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Summary 

The main aspect of the thesis is the development of bio- and chemosensors for clinical and 

personal healthcare applications with new and common materials addressing important model 

analytes like glucose and lactate, but also potassium ions and electrolytes in general by optical 

and electrochemical detection methods. Since all developed bioanalytical sensors are 

exploiting different properties of hydrogels and polymers, a critical review highlights 

advantages and disadvantages of current polymer deposition techniques, and if a genuine 

commercialization of the presented sensor concepts is possible. It should also be mentioned 

that not just in the field of medical and point-of-care (POC) applications electrochemical and 

optical sensors and biosensors with polymeric layers are widely used, but for food safety and 

environmental issues, too. 

A multianalyte sensor using exclusively laser-induce graphene (LIG)-based electrodes was 

developed for non-invasive eccrine sweat analysis. The relatively new material provides a 3-

dimensional graphene-like structure, can be manufactured easier than any other carbon 

electrode also on industrial scale, and can be modified without large effort. Therefore, LIG is 

predestinated for affordable wearable POC sensors. It is demonstrated that LIG can address 

all three electrochemical sensing strategies (voltammetry, potentiometry, impedance) in a 

multianalyte system for sweat sensing. 

A potentiometric potassium ion-selective electrode in combination with an electrodeposited 

Ag/AgCl reference electrode (RE) enabled the detection of potassium ions in the entire 

physiologically relevant range (1 mM to 500 mM) within seconds, unaffected by the presence 

of main interfering ions like chloride or sodium ions, and different sweat collecting materials. A 

kidney-shaped interdigitated unmodified LIG electrode allows the determination of the overall 

electrolyte concentration by electrochemical impedance spectroscopy at a fixed frequency. 

Enzyme-based strategies with amperometric detection share the common RE and were 

realized with Prussian blue as electron mediator and the biocompatible chitosan for enzyme 

immobilization and protection of the electrode. Using glucose and lactate oxidases, lower limits 

of detection of 13.7 ± 0.5 µM for glucose and 28 ± 3 µM for lactate were obtained, respectively. 

The sensor showed a good performance within the relevant pH range, with sweat collecting 

tissues, on a model skin system and furthermore in synthetic sweat as well as in artificial tear 
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fluid. Response time for each analytical cycle totals 75 seconds, and hence allows a quasi-

continuous and simultaneous monitoring if all analytes. This multianalyte all-LIG system is 

therefore a practical, versatile, and most simple strategy for POC applications and has the 

potential to outcompete standard screen-printed electrodes. 

The Europium(III) tetracycline complex (EuTc) is an optical probe for the sensitive detection of 

hydrogen peroxide (HP) at physiological relevant pH. In aqueous solution the inner 

coordination sphere of the Eu3+ central ion is surrounded by water molecules. This coordination 

leads to a quenched luminescence of the 5D0→7F2 transition of the lanthanide ion, detectable 

at 616 nm after an excitation at 405 nm. Reversible replacement of these water molecules by 

HP leads to an up to 16-fold enhancement of luminescence intensity. Combination of the probe 

with lactate oxidase (LOx) und glucose oxidase (GOx) forming HP as stoichiometric by-product 

during their catalytic reaction, enables the rapid and sensitive detection of the related 

substrates. The entrapment of the very selective enzyme and the sensitive luminescent probe 

within biocompatible hydrogels and polymers enlarges the thinkable bioanalytical applications 

enormously. The developed hydrogel-based sensor discs can be used in a microplate format 

as well as in flow-through systems for high-throughput detection and long-term monitoring. 

Suitable hydrogels and polymers were investigated for the entrapment of the luminescent 

probe and the respective oxidase enzymes GOx and LOx. The polymer cocktails containing 

probe or enzyme were knife-coated with 30 µm wet thickness on an in-house made coating 

device on transparent polyethylene terephthalate substrate sheets. Circular discs were hole-

punched from the foils after drying and washing, and were stuck to a 96-well microplate. Within 

microplate assay approaches the systems were optimized regarding the used polymers and 

hydrogels, solvents, and the probe as well as the enzyme content. 

A polyvinyl acetate/cellulose acetate (PVAc/CA) membrane was found as suitable for 

containing EuTc to detect HP. The probe was also embedded in a Hydromed® D4 layer 

protected by a PVAc/CA layer to reach a dynamic range from 10 µM to 10 mM HP. Glucose 

samples up to 50 mM and lactate samples up to 20 mM are mixed with the respective enzyme 

and added to the discs in a 96-well plate. After 2 min to 5 min incubation time the luminescence 

is read out at 616 nm. D4-enzyme discs were produced and optimized to detect glucose and 

lactate under comparable conditions within the same dynamic range as mentioned above 

when the sample solution is mixed with EuTc solution in the microplate. The systems work at 

25°C and 37°C. The discs can be stored light-protected for at least 6 months (probe discs) or 

up to 1 year (enzyme discs) at 4°C. They show no significant loss of probe or enzyme when in 

use for minimum 3 h at 37°C (probe discs) or 6 h at 25°C (enzyme discs). This fundamental 

work proves the reasonable application of EuTc and enzymes embedded in biocompatible 
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hydrogels for rapid hydrogen peroxide, glucose and lactate detection in a microplate format 

within physiological relevant concentrations and conditions and should be transferred into a 

flow-through system. 

The combination of enzyme and probe in a one- or multilayer setup was investigated using 

different techniques since it simplifies the integration into a flow cell system, but up to now no 

satisfying solution was found. Therefore, the optimized EuTc and enzyme sensor discs were 

placed adjacently within the flow cell chamber to prove at least the fundamental concept of 

continuous monitoring. Some scope for further optimization regarding the perfect balance of 

probe/enzyme ratio and instrumental and experimental settings like flow speed and flow-cell 

geometry was left and discussed as future perspective. 
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Zusammenfassung 

Der Hauptaspekt dieser Dissertation ist die Entwicklung von Bio- und Chemosensoren für 

klinische und individuelle Gesundheitsanwendungen mit neuen und bekannten Materialien, die 

wichtige Modellanalyten wie Glucose und Lactat, aber auch Kaliumionen und Elektrolyte im 

Allgemeinen durch optische und elektrochemische Detektionsmethoden adressieren. Da alle 

entwickelten bioanalytischen Sensoren unterschiedliche Eigenschaften von Hydrogelen und 

Polymeren ausnutzen, hebt eine kritische Überprüfung die Vor- und Nachteile der aktuellen 

Polymerabscheidungstechniken hervor und ob eine echte Kommerzialisierung der 

vorgestellten Sensorkonzepte möglich ist. Erwähnenswert ist auch, dass elektrochemische 

und optische Sensoren sowie Biosensoren mit Polymerschichten nicht nur im Bereich der 

Medizin und Point-of-Care (POC)-Anwendungen weit verbreitet sind, sondern auch für 

Lebensmittelsicherheit und Umweltfragen. 

Für die nicht-invasive Analyse von ekkrinem Schweiß wurde ein Multianalytensensor 

entwickelt, der ausschließlich auf laserinduzierten Graphen (LIG) Elektroden basiert. Das 

relativ neue Material bietet eine 3-dimensionale Graphen-ähnliche Struktur, lässt sich 

einfacher als jede andere kohlenstoffbasierte Elektrode auch im industriellen Maßstab 

herstellen und ohne großen Aufwand modifizieren und ist damit prädestiniert für 

erschwingliche Wearables and POC-Systeme. Es wird gezeigt, dass LIG alle drei 

elektrochemischen Messstrategien (Voltammetrie, Potentiometrie, Impedanz) in einem 

Multianalytensystem für die Detektion in Körperflüssigkeiten zusammenfassen kann. 

Eine potentiometrische Kaliumionen-selektive Elektrode in Kombination mit einer galvanisch 

abgeschiedenen Ag/AgCl-Referenzelektrode (RE) ermöglicht den sekundenschnellen 

Nachweis von Kaliumionen im gesamten physiologisch relevanten Bereich (1 mM bis 500 

mM), unabhängig von der Anwesenheit von Hauptstörionen wie Chlorid- oder Natriumionen 

und verschiedenen absorbierenden Materialien. Eine nierenförmig ineinandergreifende 

nichtmodifizierte LIG-Elektrode ermöglicht die Bestimmung der Gesamtelektrolytkonzentration 

durch elektrochemische Impedanzspektroskopie bei einer konstanten Frequenz. Die 

amperometrische Detektion mit enzymbasierten Strategien nutzt die gemeinsame RE. Die 

Arbeitselektrode wurde mit Berliner Blau als Elektronenmediator und einer biokompatiblen 

Chitosanschicht für die Enzymimmobilisierung und zum Schutz der Elektrode modifiziert. Unter 
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Verwendung von Glucoseoxidase (GOx) und Lactatoxidase (LOx) wurden untere 

Nachweisgrenzen von 13,7 ± 0,5 µM für Glucose bzw. 28 ± 3 µM für Lactat erzielt. Der Sensor 

zeigt eine gute Leistung im relevanten pH-Bereich, mit absorbierenden Geweben, auf einem 

Modellhautsystem und darüber hinaus in synthetischem Schweiß sowie in künstlicher 

Tränenflüssigkeit. Die Reaktionszeit für jeden Analysezyklus beträgt insgesamt 75 Sekunden 

und ermöglicht somit eine quasi-kontinuierliche und gleichzeitige Überwachung aller Analyten. 

Dieses Multianalyt-All-LIG-System ist daher eine praktische, vielseitige und einfachste 

Strategie für POC-Anwendungen und hat das Potenzial, standardmäßig genutzte 

siebgedruckte Elektroden zu übertreffen. 

Der Europium(III)-Tetracyclin-Komplex (EuTc) ist eine optische Sonde zum sensitiven 

Nachweis von Wasserstoffperoxid (HP) bei physiologisch relevanten pH-Werten. In wässriger 

Lösung ist die innere Koordinationssphäre des Eu3+-Zentralions von Wassermolekülen 

umgeben. Diese Koordination führt zu einer reduzierten Lumineszenz des 5D0→7F2-

Übergangs des Lanthanid-Ions, nachweisbar bei 616 nm nach einer Anregung bei 405 nm. 

Der reversible Austausch dieser Wassermoleküle durch HP führt zu einer bis zu 16-fachen 

Steigerung der Lumineszenzintensität. Die Kombination des Komplexes mit LOx und GOx, die 

bei ihrer katalytischen Reaktion HP als stöchiometrisches Nebenprodukt bilden, ermöglicht 

den schnellen und sensitiven Nachweis der jeweiligen Substrate. Der Einschluss des sehr 

selektiven Enzyms und der empfindlichen lumineszierenden Sonde in biokompatible 

Hydrogele und Polymere erweitert die denkbaren bioanalytischen Anwendungen enorm. Die 

entwickelten Hydrogel-basierten Sensor Discs können sowohl im Mikroplattenformat als auch 

in Durchflusssystemen zur Hochdurchsatzdetektion und Langzeitüberwachung eingesetzt 

werden. 

Geeignete Hydrogele und Polymere wurden für den Einschluss der lumineszierenden Sonde 

und der entsprechenden Enzyme GOx und LOx untersucht. Die Polymercocktails, die die 

Sonde oder das Enzym enthielten, wurden mit einer Nassdicke von 30 µm auf einer 

selbstentwickelten Beschichtungsvorrichtung auf transparente Polyethylenterephthalat-

Substratfolien aufgetragen. Aus den Folien wurden nach dem Trocknen und Waschen 

kreisförmige Discs ausgestanzt und in eine 96-Well Microplate geklebt. Die Systeme wurden 

hinsichtlich der verwendeten Polymere und Hydrogele, Lösungsmittel sowie des Komplex- und 

Enzymgehalts innerhalb der Microplate Assays optimiert. 

Eine Membran aus Polyvinylacetat/Celluloseacetat (PVAc/CA) wurde als geeignet gefunden, 

um EuTc sicher einzubetten und HP nachzuweisen. Die Sonde wurde auch in eine 

Hydromed® D4-Schicht eingebettet, die durch eine PVAc/CA-Schicht geschützt war, um einen 

dynamischen Messbereich zwischen 10 µM bis 10 mM HP zu erzielen. Glucoseproben bis 

50 mM und Lactatproben bis 20 mM werden mit dem jeweiligen Enzym gemischt und auf die 
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Discs in einer 96-Well-Platte gegeben. Nach zwei bis fünf Minuten Inkubationszeit wird die 

Lumineszenzintensität bei 616 nm ausgelesen. D4-Enzym Discs wurden entwickelt und 

optimiert, um Glucose und Lactat unter vergleichbaren Bedingungen wie oben erwähnt 

nachzuweisen, wenn die Probenlösung mit EuTc-Lösung in der Microplate gemischt werden. 

Die Systeme funtionieren bei 25°C und 37°C. Die Discs können lichtgeschützt mindestens 

6 Monate (EuTc Discs) bzw. bis zu 1 Jahr (Enzym Discs) bei 4°C gelagert werden. Die Discs 

zeigen keinen signifikanten EuTc- oder Enzymverlust, wenn sie über 3 h bei 37°C (EuTc Discs) 

oder 6 h bei 25 °C (Enzym Discs) verwendet werden. Diese Grundlagenarbeit beweist die 

sinnvolle Anwendung von EuTc und Enzymen eingebettet in biokompatible Hydrogele zum 

schnellen Nachweis von Wasserstoffperoxid, Glucose und Lactate im Microplate Format für 

physiologisch relevante Konzentrationen und unter ebensolchen Bedingungen. Die Discs 

sollen im weiteren Verlauf in ein Durchflusssystem überführt werden. 

Die Kombination von Enzym und Sonde in einem ein- oder mehrschichtigen Aufbau wurde mit 

verschiedenen Techniken versucht zu realisieren, da dies die Integration in ein 

Durchflusssystem vereinfacht, aber bisher wurde keine zufriedenstellende Lösung gefunden. 

Deshalb wurden die optimierten EuTc Discs und Enzym Discs nebeneinander in der 

Durchflusszellenkammer platziert um zumindest das grundlegende Konzept der 

kontinuierlichen Überwachung beweisen zu können. Ein Spielraum für weitere Optimierungen 

hinsichtlich der perfekten Balance zwischen EuTc/Enzym-Verhältnis und instrumentellen und 

experimentellen Einstellungen wie Strömungsgeschwindigkeit und Strömungszellengeometrie 

bleibt weiterhin offen und wird, unter anderem, als Zukunftsaussichten diskutiert. 
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1 Relevance and Structure of the Thesis 

The thesis focuses on the development of bio- and chemosensors for clinical and personal 

healthcare applications with new and common materials addressing mainly the important 

model analytes glucose and lactate, but also potassium ions and electrolytes in general by 

optical and electrochemical detection methods. 

Sentire, Latin for “to perceive”, is the etymological origin of the word “sensor”. Generally 

spoken, a sensor is a device which responds to a stimulus, e.g. optical, electrical, physical, 

etc. and transmit it into a signal [1]. According to the IUPAC definition, “a biosensor is a device 

that uses specific biochemical reactions mediated by isolated enzymes, immunosystems, 

tissues, organelles or whole cells to detect chemical compounds usually by electrical, thermal 

or optical signals” [2]. Within the scope of the thesis, mainly enzyme-based biosensors, but 

also sensors in common understanding exploiting different polymers and hydrogels were 

investigated and optimized. 

Nearly half a billion of people worldwide suffering from diabetes [3]. This disease is one of the 

leading causes of death all over the world as the World Health Organization states [3]. 

Therefore, the glucose sensor is still one of the most popular sensors and glucose, beside 

lactate and potassium ions, an acclaimed model analyte for the development of new sensors 

or sensor concepts [4] within the last two decades as a “Web of Science” record analysis 

discloses (Figure 1.1 A). Glucose sensors are available on electrochemical [5–9] and 

optical [10–13] detection platforms, with [5–7, 9, 12, 13] and without [10, 11] enzymes, 

whereby nearly always glucose oxidase (GOx) is used as biorecognition element. 

Lactate level is important for athletics to adapt and improve their endurance and power training. 

It gives important insight into oxygen supply in tissue and the entire anaerobic metabolism in 

muscles [9]. During complicated surgeries or in septic patients controlling the lactate 

concentration helps to intervene in an early state, prevent septic shocks and reduce the 

mortality [14–16]. For lactate quantification, electrochemical [8, 9, 17] and optical [14, 15] 

biosensors are available which are mostly combined with lactate oxidase (LOx) or lactate 

dehydrogenase.  
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The most common electrolyte disturbance identified in clinical practice is an abnormal 

potassium ion level which affects primarily the cardiac, neuromuscular and gastrointestinal 

systems [18]. Therefore, the demand for developing sensors monitoring potassium ion 

concentration in blood or other body fluids is present over time and still rising (Figure 1.1 A). 

Since the very beginning in the 1960’s as Pressman et al identified valinomycin as a selective 

ionophore for potassium transport in membranes [19, 20], it is used up to now for ion-selective 

electrodes (ISE) [9, 21–23] and optodes [24–26] in chemo- and biosensors. In any case, the 

valinomycin is entrapped in a polymeric film to allow almost solely potassium ions access to 

the transducer or recognition element through the membrane.  

The use of hydrogels, polymers or other not further defined membranes in combination with a 

sensor in general or a biosensor in particular, has risen constantly within the last 30 years as 

a “Web of Science” record count analysis reveals (Figure 1.1 B) [4]. This trend is 

understandable regarding the numerous advantageous and adaptable properties of natural 

and synthetic polymers with regard to mesh size, stability, water retention ability, swelling 

behavior, degradability, sterilizability, and many more [27–32].  

A

 

B 

 

Figure 1.1 Web of Science record count for A “glucose sensor”, “glucose sensor diabetes”, “lactate 
sensor” and “potassium ion sensor” between 2000 and 2021 and B “sensor AND (polymer OR hydrogel 
OR membrane)” and “biosensor AND (polymer OR hydrogel OR membrane)” between 1990 and 
2020 [4]. 

Already in 1953, Clark et al used a platinum electrode with a cellophane protection layer for 

electrochemical determination of blood oxygen during cardiovascular surgeries [33]. He and 

his group were the pioneers in biosensor development. Just a few years later, in 1960, O. 

Wichterle and D. Lím discussed in a Nature article the relevance of biocompatible polymers 

with tunable properties for clinical and biomedical applications [34]. They stated the 

necessarily hydrophilic three-dimensional materials have a structure permitting the desired 

water content and allow permeability for metabolites. Important terminology for polymers and 

hydrogels was summarized in the year 1996 by Jenkins et al [35] and reflect the IUPAC 
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recommendations up to now: A macromolecule or polymer molecule is a molecule of high 

relative molecular mass structured from repetitive units of molecules of low relative molecular 

mass. It does not change the overall properties of the polymer if some of these smaller 

molecules or monomers are removed or added. The term hydrogel, first used in 1894 to 

describe a colloidal gel [36], is a special form of a polymer with remarkable hydrophilicity.  

Since all the developed bioanalytical sensors were exploiting different properties of hydrogels 

and polymers, a critical review opens the thesis in following Chapter 2. Focus of the critical 

analysis is set on the polymer deposition techniques, if the polymers and hydrogels are suitable 

for the desired application, and if a genuine commercialization of the concept is possible. It 

should also be mentioned that not just in the field of medical and point-of-care (POC) 

applications sensors and biosensors with polymeric layers are widely used. Monitoring of 

seawater [37, 38] to observe the marine salt concentration or pH, checking wastewater [39] 

and soil [40] for pollutants and toxic compounds, or the detection of pesticides [41] on crops. 

These are just some examples for environmental and agri-food applications. Food safety is 

another very central topic and goes hand-in-hand with monitoring of the environment. Timely 

detection of spoiled food [42], especially sea food [43] or comprised toxins [44] and 

pathogens [45] can prevent many people from getting sick or even dying. Little noticed but a 

substantial worldwide humanitarian safety risk is caused by left behind buried landmines and 

explosives [46]. The fast and save detection of these can be realized with polymer-based 

biosensors [46]. Optical or electrochemical sensors are available in those fields, and even 

combined in sensors harnesses electrochemical luminescence [44, 45, 47] or 

bioluminescence [46]. 

Still most important for the detection or monitoring of the above named clinically relevant 

analytes glucose and lactate is blood or serum. But sampling is elaborately, cumbersome, and 

often painful for the patient. More affordable are non-invasive sampling techniques and 

therefore the analysis of other biological fluids like sweat [8, 9, 22, 48], tear fluid [9, 49], 

saliva [7], or urine [50, 51]. Even breath analyzers recognizing volatile organic compounds like 

acetone in diabetic patients are currently investigated [52]. Monitoring of those with a 

wearable, small, and ideally not recognizable device with a long lifetime is a growing trend 

within the last decades for POC and homecare nursery applications [9]. Smartphones can 

simplify the readout of many devices and deliver easy understandable results to the users 

without a medical background or special knowledge [10, 53]. 

An electrochemical multi-analyte platform for long-term monitoring with non-invasive sweat 

sampling technique is realized with modified graphene electrodes for a wearable device 

(Chapter 3). Laser-induced graphene (LIG) is presented and its advantages for POC 

applications are pointed out like the cost-effective mass production and easy modification of 
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the graphene-like electrode material. This relatively new material with its outstanding 

properties is suitable for wearable devices due to its stability and flexibility. Nearly every design 

can easily be realized and “printed” by a laser on a polymeric substrate like polyimide. 

Important information besides lactate and glucose levels are the hydration state and especially 

the potassium concentrations. Those can be gained from analyzing the eccrine sweat by 

wearable patches with and without more or less complex microfluidic systems [54–57]. 

An ISE is integrated in the wearable sweat-sensing device by drop-coating a valinomycin-

polymer mixture on a circular LIG electrode for potentiometric potassium ion detection. Another 

circular LIG electrode is electrochemically modified with AgNO3 and NaCl solutions to obtain 

a sharable Ag/AgCl reference electrode. A polymeric protection membrane minimizes the 

cross-sensitive towards chloride ions. The LIG working electrode of the multi-electrode setup 

was modified with a chemically deposited Prussian blue coating and drop-coated chitosan and 

enzyme layer to obtain the oxidase-based glucose and lactate sensors with amperometric 

detection of the stoichiometrically produced hydrogen peroxide. The counter electrode as well 

as the two kidney-shaped electrodes for impedimetric detection of the overall electrolyte 

concentration is completely unmodified LIG. The chapter shows the entire optimization process 

up to the final multianalyte sensor concept tested with artificial body fluid samples and filter 

paper as sweat collection pad on a skin model to prove the entire concept using LIG as 

commercially relevant POC electrode material of the future. 

Since the early 2000’s the concept of the hydrogen peroxide (HP) sensitive Europium(III) 

tetracycline (EuTc) complex is well-investigated by Wolfbeis, Dürkop, and others, and it is still 

an important luminescent probe for bioanalytical applications [58–62]. The complex is 

predestinated for applications at physiologically relevant pH levels in aqueous solutions due to 

its high sensitivity around pH 7 and its reversible luminescence intensity depending on the 

recent HP concentration. The combination of this sensitive lanthanide probe with the specific 

enzyme reactions of GOx and LOx producing stoichiometric amounts of HP opens a wide field 

of interesting and medical relevant applications for glucose and lactate detection. Chapter 4 

and Chapter 5 focus on using the EuTc probe in a microplate format for POC applications and 

investigation and optimization of an approach for long-term monitoring in flow-through systems 

for clinical applications. The probe complex and the enzymes must be incorporated in a 

hydrogel or polymer to realize polymeric sensor discs for actually relevant applications in the 

future. 

Analysis tools like simple microplate assays with fast optical readout by fluorescence 

techniques were investigated for hydrogen peroxide, glucose, and lactate detection as 

precursor strategy for online monitoring of glucose and lactate with the EuTc 

probe (Chapter 4). Biocompatible hydrogels and polymers were used for the entrapment of 
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the luminescent probe and the respective oxidase enzymes GOx and LOx. The polymer 

cocktails containing probe and enzyme were knife-coated with an in-house made coating 

device on transparent polyethylene terephthalate substrate sheets. Within the microplate 

assay approach the systems were optimized regarding the used polymers and hydrogels, 

solvents, and the probe as well as the enzyme content. Hydromed® D4, a polyurethane-based 

hydrogel dissolved in ethanol/water and a polyvinyl acetate/cellulose acetate mixture dissolved 

in dimethylformamide/water or cyclohexanone/water were found to offer a perfect environment 

for the probe and both enzymes. Furthermore, the sensor cocktails showed perfect knife-

coating and film building properties. 

As final aim, an integrated system ideally containing the probe and the enzyme within a single 

polymeric layer should be investigated since there is still no relevant optical system for glucose 

and lactate available continuously monitoring patients on the intensive care station or during 

complicated surgeries [63–66]. Now, samples are still drawn from the patient, send to an 

analytical laboratory in- or outside of the hospital or clinic, and the results are sent back to the 

treating physician. This time-consuming approach can cost lives because critical or even life-

threatening conditions in the lactate or glucose household of the patient are realized too late. 

Many approaches to fulfill the ambitious demands for a working integrated sensor system by 

combination of the probe and enzyme layer were investigated, tested, and optimized in the 

microplate format, and are discussed in the beginning of Chapter 5. 

A very promising 3-layer approach was found where a D4-EuTc layer is protected by a 

polylactic acid-based membrane (PLA) and separated from the top D4-GOx layer. The system 

was transferred to an in-house made flow cell system and tested with glucose samples 

whereas no reaction towards any concentration change was observed. It was found that the 

single membranes work in the flow through system, but the PLA layer compromises the 

complex. This led to an ascending background signal over time which was falsely interpreted 

as concentration-dependent luminescence increase. Therefore, the optimized EuTc and 

enzyme sensor discs were placed adjacently within the flow cell chamber to prove at least the 

fundamental concept within the main part of Chapter 5 and let some scope for further 

optimization regarding the perfect balance of probe/enzyme ratio and instrumental and 

experimental settings like flow speed and flow-cell geometry. 

Finally, in Chapter 6 all relevant results are wrapped up briefly. A conclusion of the thesis and 

future perspectives of the investigated concepts are given emphasizing the advantages and 

disadvantages of the strategies. 
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2 A Critical Review: Polymer and Hydrogel 

Deposition Techniques Used for Preparation of 

Optical and Electrochemical Bioanalytical 

Sensors 

Abstract 

Sensors, ranging from in vivo through to single-use systems, employ protective membranes or 

hydrogels to enhance sample collection or serve as filters, to immobilize or entrap probes or 

receptors, or to stabilize and enhance a sensor’s lifetime. Furthermore, many applications 

demand specific requirements such as biocompatibility and non-fouling properties for in vivo 

applications, or fast and inexpensive mass production capabilities for single-use sensors. We 

critically evaluated how membrane materials and their deposition methods impact optical and 

electrochemical systems with special focus on analytical figures of merit and potential toward 

large scale production. 

Over the course of the last five years, most sensing applications within healthcare diagnostics 

included glucose, lactate, uric acid, O2, H+ ions, and some specific metabolites and markers. 

In the case of food safety and environmental monitoring, the choice of analytes was much 

more comprehensive regarding a variety of natural and synthetic toxicants like bacteria, 

pesticides, or pollutants and other relevant substances.  

 

Keywords: critical review, optical and electrochemical (bio)sensors, hydrogels and polymers, 

deposition techniques, commercialization 
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2.1 Short Introduction to Hydrogels and Polymers 

The use of hydrogels, polymers or other not further defined membranes in combination with a 

sensor in general has risen constantly within the last 30 years from below 100 to nearly 

7,000 publications per year as a “Web of Science” record count analysis reveals [1]. This trend 

is understandable regarding the numerous advantageous and adaptable properties of natural 

and synthetic polymers with regard to mesh size, stability, water retention ability, swelling 

behavior, degradability, sterilizability, and many more for the immobilization and protection of 

the recognition elements [2–8]. 

Polymers and hydrogels can be classified by their properties or by categories like their origin. 

Some of the hydrogels are derived from natural sources like polysaccharides (e.g. alginates or 

chitosan derivatives), or protein-based polymers like collagen [9]. Prominent examples for 

hydrogels assembled from synthetic building blocks are polyethylene glycol (PEG), polyvinyl 

chloride (PVC), polyurethanes (PU) or Nafion®, a perfluorinated polymer which can be used 

as cation-selective and conductive membrane [8, 10]. The large 3D network provides an 

enhanced surface area and consists of physically (like hydrogen bonding, π-π-stacking or 

hydrophobic interactions) or chemically (covalently) cross-linked monomers [11]. Further 

classification can made by the charge of the hydrogel (anionic, cationic, ampholytic, or 

uncharged). The number, type, and charge of the active groups of the monomers strongly 

affects the interaction of the hydrogel and the recognition element or also the analyte. For 

stimuli-responsive hydrogels which are often charged networks, are no recognition elements 

or labels necessary. The hydrogel itself reacts directly to the changed environment e.g. 

increasing or decreasing pH, ionic strength or temperature by adapting its network structure 

by swelling or deswelling [12]. 

The active groups of the hydrogel and the net density play a major role for the choice of the 

respective immobilization technique [13]. The recognition element can be bound covalently 

and irreversibly via different coupling techniques like click-chemistry [14–16], or it is just 

entrapped within the network structure. One disadvantage of covalent binding is especially for 

protein-based labels, a structural change which induces a reduced or generally changed 

activity. Also, the polymer properties can change depending on the amount of immobilized 

label. The large advantage of this method is surely the enhanced stability and lifetime of the 

sensor due to the reduced risk of loss of the recognition element over time. The non-covalent 

incorporation into a polymeric structure does not affect the properties or activity in such a 

drastic way but offers the risk of leakage if the hydrogel network is not perfectly balanced for 

the demanded application. In other cases, the reversible embedding of a molecule is desired, 

and the hydrogel serves just as carrier [17]. The loaded molecule should be released when a 

trigger or target molecule interacts with the hydrogel or the label.  
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One the one hand side polymers derived from natural sources are usually known as 

biocompatible and show in best case no toxicity. On the other hand, some of the polymers 

tend to adhere to biological material like cells and proteins or lead to allergic reactions due to 

irreconcilable impurities [9, 13]. Non-fouling hydrogels are predestinated for in-vivo 

applications whereas others are better candidates for single-use sensors without direct contact 

to human tissue or skin. The properties can be adapted by changing or mixing different 

monomer blocks or combine natural with synthetic hydrogels to exploit the advantages from 

both sides and overcome the disadvantages [18].  

2.2 Principles and Applications of Membrane Deposition Techniques 

While the importance of the material is obvious, it is less known that the deposition method 

itself has an as relevant effect on the sensors’ performance. It influences the film’s surface 

morphology, density, thickness, and attachment to the substrate. At the same time, the 

deposition technique is affected by the substrate, the solvents used, receptor elements, and 

the polymer itself within the precursor cocktail. Most important techniques include drop-coating 

and solution-casting, knife-, blade- or bar-coating, spray-coating, dip-coating, spin-coating, 

electrospinning, and electrochemical deposition. Each method comes with unique parameters 

influencing the performance of the membrane (Table 2.1), so that it is advisable to carry out a 

thorough evaluation of the materials and receptor elements used with respect to the 

immobilization techniques and fabrication methods to optimize the resulting sensor. 

Combinations of different techniques and materials are a common strategy to overcome 

disadvantages and exploit the beneficial effects of the individual polymer and deposition 

method. Considering the purpose of sensors as mass product, their original academic 

development ought to keep a later mass production in mind. This also holds true for membrane 

deposition methods as some are significantly better suited for upscaling compared to others. 

2.2.1 Drop-Coating 

Drop-coating or drop-casting is a most simple and fast technique to deposit a polymeric layer 

on a surface and modify it with a receptor element. Especially on lab scale it is the easiest 

approach for surface modification that generates essentially no waste material. On industrial 

scale this technique can be realized by large plotters. It is best suited for coating of a small 

and defined area, because for larger areas controlling thickness, porosity, and uniformity of 

the film is more difficult [19]. The general process includes the mixing of recognition elements 

such as enzymes [20–23], DNA derivatives [24, 25], or probes such as fluorescent dyes, 

luminophores [26] or nanoparticles [27, 28] with an evaporable solvent and a binder (e.g. 

hydrogels, polymers, or cross-linkers like glutaraldehyde), followed by application of this 

cocktail to the desired surface. In addition to the cocktail composition and surface conditions, 

drying time, annealing temperature and the applied volume are contributing factors toward the 
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final homogeneity and morphology of the deposited material. Here, the coffee-ring-effect 

phenomenon presents a significant limitation on the reproducibility of drop-casted surfaces and 

requires partly complex strategies to be overcome [29]. While mainly organic solvents and 

binders are used, water-based solvents are needed for the entrapment of fragile biological 

molecules such as enzymes. 

The sheer simplicity of the approach ensures wide-spread use with mixtures based on Nafion, 

chitosan (CS), cellulose acetate (CA) or conducting polymers like poly(3,4-

ethylenedioxythiophene) (PEDOT) and other hydrogels and polymers  for electrochemical 

detection of glucose [20, 21], lactate [22], and uric acid [30] in different body fluids like sweat, 

blood, and tears, tetrodotoxin in seafood samples [27], heavy metals in wastewater [21], HIV-

1-gene in blood [24] and pH values of various aqueous solutions [26]. 

Cui et al drop-coated a acetylcholinesterase/bovine serum albumin (AChE/BSA) mixture on 

top of an electrodeposited TiO2/chitosan film which is immobilized by electrostatic interactions 

due to the oppositely charged materials for detection of pesticides in food samples [31]. 

Wang et al drop-coated a mixture of their ssDNA/EDC/NHS for covalent bonding on an 

electrodeposited PEDOT for electrochemical detection of tumor markers [32]. Gong et al drop-

coated simply a Nafion solution on a pretreated glassy carbon electrode (GCE) and let it dry 

under ambient conditions [24]. The membrane was used for immobilization of ssDNA for 

electrical impedance spectroscopic (EIS) detection of HIV-1 gene in blood samples. It was 

found that Nafion could not only stabilize graphene but also increase the dispersion of 

graphene applied without using a more complex deposition technique [24]. Due to the self-

assembling behavior of the ssDNA on the surface the straightforward drop-coating method 

does not seem problematic regarding homogeneous covering of the surface.  

Zohourtalab and Razmi used this simple technique for application of all layers of their 

amperometric glucose sensor with a chitosan/Nafion/ionic liquid (IL)/ferrocene composite film 

on top of a carbon electrode [20]. The group around Ashrafi et al used comparable materials 

like chitosan and Nafion and the simple-drop coating technique for modification of a GCE with 

multi-wall carbon nanotubes and GOx to use it as glucose sensor, and furthermore for the 

detection of heavy metals by non-competitive inhibition of the enzyme activity [21]. Besides 

the simple and suitable film application, the chitosan membrane based sensor is probably not 

suitable for the detection of the positively charged metal ions since chitosan’s mainly positively 

charged surface will repel the heavy metals impairing the sensor’s performance [31]. Using 

another neutral or negatively charged hydrogel or polymer would be better and may increase 

the sensitivity. 
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Figure 2.1 Arakawa et al demonstrated a biocompatible glucose sensor placed within a mouthguard 
using the straightforward drop-coating method since film thickness and morphology are irrelevant for 
the performance (reprinted with permission from [33]. Copyright © 2020 American Chemical Society.) 

A really innovative electrochemical glucose sensing system exploiting different properties of 

the used polymers is presented by Arakawa et al [33]. An already existing mouthguard is 

simply drop-coated with polyethylene terephthalat glycol (PETG) as biocompatible supporting 

structure due to its good adhesion to the sputtered metals which serve as Pt WE and Ag CE/RE 

(Figure 2.1). Thickness of the drop-coated layers does not play any role. The electrode strains 

are insulated by drop-coated polydimethylsiloxane (PDMS) before the Ag electrode is 

chloridized electrochemically. Drop-coating is here the simplest method since no special film 

thickness or surface morphology is needed. The GOx as recognition element is mixed with a 

PMEHB solution and drop-coated on an additional interference rejection membrane made from 

CA on top of the WE. After drying und UV-light indicated cross-linking of the enzyme, the entire 

area is again drop-coated by another layer of PMEHB to avoid leakage of the enzyme and the 

adsorption of proteins in saliva on the electrodes. All used polymeric materials are highly 

biocompatible and approved for human in-vivo use. PMEHB avoids adsorption of proteins from 

the saliva. Therefore, the combination of the used materials with the simple drop-coating 

technique is an adequate solution for realizing this proof-of-concept saliva glucose sensor. 

2.2.2 Solution Casting 

For solution casting methods, the polymeric solution can be poured and dried in a mold or 

between glass plates to obtain a defined thickness or shape. Film morphology and its quality 

in general mainly depend on the homogeneity of the cocktail, its concentration, solvents used, 

temperature, and pressure applied during evaporation or annealing [19, 34]. It is a common 

technique for casting PDMS generating specific sensor shapes with low demands toward the 

substrate. Importantly, casting of larger areas can be accomplished on an industrial scale, but 
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just as a batch process. Continuous approaches are difficult for film productions but have been 

demonstrated successfully for castings of small molds in special shapes. 

As one example a temperature-sensitive PDMS layer based on Eu-complexes is named, 

developed and optimized by the group of Gaspar et al [35]. The PDMS-complex mixture is 

molded in a Teflon petri dish to obtain a circular layer. By adaption of the chemically bonded 

Eu(III) β-diketonate complexes different temperature ranges between 25°C and 110°C can be 

covered with high sensitivity by luminescence lifetime measurements. The luminescent optical 

probe is highly soluble within the polymeric cocktail to avoid inhomogeneities within the casted 

sensor. Furthermore, PDMS offers high thermal conductivity and stability which makes it the 

ideal candidate for this application in combination with the casting method [35]. 

Another example for casting polymeric solutions for sensing applications is the fiber optic 

ratiometric fluorescence pH sensor for monitoring corrosion in concrete, presented by 

Bartelmess et al  [36]. A hydrogel D4/thymol blue (TB) cocktail is filled in a ceramic tube with 

Teflon plugs and dried layer-by-layer. After removing the inner Teflon plug, a polystyrene 

cocktail containing quantum dots is filled in and dried in the hollow D4-TB to obtain the 

ratiometric bi-layered sensing optode. The unique design of their sensor enables the long-term 

monitoring of concrete to avoid degradation-initiated breaks and therefore severe accidents in 

civil engineering. The preparation process is laborious and takes a lot of time due to the 

different drying step after filling the molds, but it is the only technique to obtain this special 

shaped sensor heads on a lab scale as a proof of principle. On industrial scale casting methods 

for large films are realizable easier but just as batch production. Continuous approaches are 

difficult to realize for film production but useful for casting of small forms in special shapes. 

2.2.3 Knife-Coating 

Knife-coating, also known as spread coating, bar coating or blade coating, is a simple and fast 

coating technique for large areas on a flexible substrate without a defined surface pattern [19]. 

This technique can easily be adapted to industrial scale (role-to-role fabrication) which enables 

a continuous and cost-effective high-throughput production [37, 38]. Usually, the knife or blade 

is fixed, and the substrate is moved underneath at a certain distance to define the wet layer 

thickness. There is low waste of the coating material and therefore the method is also useful 

for expensive coatings. On lab scale, typically the supporting material is fixed, and the blade 

or knife is moved with a defined gap over the substrate [38]. Other approaches use a bar [39] 

or rod twined around with a wire of stated thickness to define the gap between the substrate 

and the moving part, and subsequently the layer thickness [34]. Tape or other spacer materials 

are similarly used at lab scale to define the distance between substrate and blade. Commonly, 

the resulting film thickness can be regulated by the gap size between substrate and knife, the 

viscosity of the coated cocktail which is mainly influenced by its composition and temperature, 
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the coating speed, surface tension and wetting properties of the substrate and the amount of 

volatile solvent contained in the cocktail [37, 38]. Therefore, cleaning and perhaps a pre-

treatment step of the substrate is necessary to obtain a smooth, even, and lasting film. But 

most critically, this method is unsuitable for making sub-micro scale films, and furthermore, 

controlling the micrometric precision of the blade is difficult or restricted by the thickness of the 

used spacers [19, 40]. Furthermore, drying, or annealing processes after the actual deposition 

process can influence the film building and must be optimized or automated to obtain 

reproducible films. 

However, knife-coating has received least attention in electrode fabrication but is a low-cost 

and straightforward process for fabrication of optical sensor membranes like many research 

groups showed. Important examples are optical sensors for pH [39, 41], oxygen [41, 42], 

gaseous sulfur mustard [43] and ammonia [44]. Many groups use Hydromed D4, a 

polyurethane based hydrogel as 5 wt% or 10 wt% solution in ethanol/water mixtures for knife-

coating on flexible substrates due to its superb film-building properties [39, 43, 44] but also 

polystyrene [42] and Nafion [39] solutions are suitable candidates for knife-coating. The active 

components are dissolved or suspended homogeneously within the polymeric solution. This 

cocktail is then coated with a defined layer thickness to obtain even and homogeneous films 

without special surface morphology containing enzymes, probes, or fluorescent dyes. 

Additional cross-linking agents like glutaraldehyde (GA) fix soluble components within the 

hydrogel network by covalent cross-linking. Additionally, GA crosslinking can also serve to 

form molecular imprints in the polymer to form unique biomimetic materials working as 

receptors for recognition and binding of target molecules [45, 46]. 

Maierhofer et al investigated knife-coated dual-lifetime referencing ammonia sensors with 

tunable sensitivity and limit of detection (LOD) based on the respective hydrogel/polymer 

mixtures [44]. Polymers, solvents, and dyes are perfectly balanced regarding hydrophilicity that 

allow coating layer-by-layer without influencing the lower layer. The hydrophobic layer on top 

of the membrane ensemble enables the gaseous compounds to enter but prevents the 

recognition elements from leaching. The reference dye in each sensor membrane overcame 

the not optimum reproducibility of layer thickness for each coated sensor foil. Jiang et al 

harnessed knife-coating to obtain high spatial resolution and improved a similar oxygen sensor 

system by introduction of an optical isolation layer containing carbon black to minimize 

wavelength-dependent backscattering and reflections from any background [41]. This strategy 

can be found in many optical sensors applied to real-world samples.  

Dalfen et al demonstrated bar-coating for composite films. D4 was chosen to provide a near 

aqueous environment for the entrapped pH-sensitive diazaoxotriangulenium (DAOTA) dyes 

whereas Nafion virtually eliminates negative influence of anions like chloride and nitrate [39]. 
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Since the highly charged matrix affected the pKa values of the embedded dye negatively, the 

group concluded that covalent attachment to the polymer support may be needed. This 

suggests though, that another membrane deposition method must be chosen to enable high 

surface-to-volume ratios to provide high dye-immobilization densities. Also Tribuser et al 

demonstrated how properties like sensitivity or quantum yield of a K+ fluoroionophore change 

depending on the chosen polyurethane-based hydrogel matrix with different hydrophilicity 

using knife-coating technique for film preparation [47]. 

Bidmanova et al demonstrated that knife-coating is highly suitable for the deposition of 

polymers onto sensing materials [43]. Specifically, commercially available pH stripes were 

layered with D4 fixed with GA vapor to prevent probe leakage and to enhance the long-term 

stability. The haloalkane dehalogenase LinB was co-immobilized with bovine serum albumin 

(BSA) using different techniques. While this proof-of-principle could have been accomplished 

using drop-coating on lab scale, the demonstrated knife-coating suggests the applicability for 

mass production especially due to the commercially pH stripes and the polymer material 

chosen. 

2.2.4 Spray-Coating 

Spray-coating is a commonly used, simple and low-cost technique for the deposition of films 

in large areas. It can be performed in batch production on lab and industrial scales or as roll-

to-roll process in industry. It is a contactless deposition procedure that makes it an optimal 

coating process for sensitive substrate surfaces and materials. The coating fluid is atomized 

to droplets within a spray nozzle by pressurized air or gases like nitrogen or argon, and 

transferred on the substrate [34, 37, 38]. 

Although, it is a simple method, many process parameters are crucial to determine surface 

morphology and layer thicknesses like nozzle configurations, pressure and composition of the 

carrier gas, coating speed, work distance, temperature and number of sprayed layers [19, 37, 

48–50]. Furthermore, the liquid properties of the coating solution or suspension like surface 

tension, viscosity, density, and vapor pressure influence the quality of the sprayed coating 

layer [19, 51]. Disadvantageous could be harmful exposure to the aerosols of the spray mist 

and the difficulty of preventing the nozzle from clogging which requires a sophisticated and 

careful cleaning processes of the nozzles. The method is especially useful for coating of full 

and large areas. When masks or templates are used, much waste may be produced and often 

low edge resolution is observed [37, 51]. On the other hand, complicated sensor shapes 

become accessible, easily. As a main advantage the method enables a simple generation of 

thick films via layer-by-layer applications [49, 52]. 
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Skin-mountable microelectronics are a promising technique for personalized medicine 

applications and biointegrated devices [53]. Cai et al presented a fully flexible electrode array 

using MXene-polypyrrole nanowires mixture as interconnecting components which was 

fabricated via a shadow mask–assisted spray coating [53]. Nishinaka et al use spray-coating 

for the deposition of a thick and uniform PEDOT:PSS layer as organic electrochemical 

transistor (OECT) for monitoring electrophysiological activities [49]. The group compared the 

application to spin coating where production of thick films is more difficult. Chen et al exploits 

the technique for application of silver nanoparticle composite [52]. The morphology and self-

assembly of AgNPs mixed with cellulose nanofibrils is emphasized as positive effect of the 

layer-by-layer application via spray-coating (Figure 2.2). AgNP coating be used for hydrophilic 

antifouling coverings and label-free biosensors. Struchkov et al us spray-coating for the 

application of thin graphene oxide (GO) films [48]. They emphasize that especially the low 

substrate heating temperature preserves most of the oxygen-containing functional groups and 

is therefore an optimal method for application of GO films.  

 

Figure 2.2 Chen et al presented the self-assembling of spray-coated Ag nanoparticles (AgNP) on blank 
SiO2 substrate (AS), with cellulose nanofibrils (CNFs) as bottom layer (AC) and applying both within a 
mixture (AM) on the SiO2 substrate. They demonstrate the modification of the surface contact angle 
and suppose their potential as antifouling coating or use as label-free biosensors. (reprinted with 
permission from [50]. Copyright © 2021 The Authors. Published under a Creative Common Attribution 
CC-BY License.) 

2.2.5 Dip-Coating 

Dip-coating is a common technique used on lab and industrial scale for thin-film coatings and 

involves four stages: immersion, dwelling, withdrawal, and drying [34]. Surface morphology 

and thickness of the layer is influenced mainly by the properties of the dip solution and the 

substrate to be treated, like similar polarity, and furthermore from process parameters like 

process temperature, dwelling time, dipping and withdrawal speed, and finally drying time and 

temperature. The method does not require any special equipment [34] and can also be carried 

out as batch or continuous process on industrial scale [54]. Preferably, controlled conditions 

are applied since the method is susceptible to defects caused by contamination, aggregation 
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of precursors, microscopic air bubbles in the solution, and irregularities in the supporting 

substrate surface [55]. Repeating the process for several times can also minimize the defects 

but results in increased thickness. Dip-coating can coat membranes and substrates by adding 

layers with 100 nm to 100 μm thickness and with pore sizes ranging between 1 nm and 

5 µm [55]. Best thin film building can be observed for high-viscosity solutions and cocktails with 

high surface tension [37, 38]. 

While classical dip-coating may waste material covering front and backsides of substrates, 

Ceratti et al demonstrated a novel process coating large areas on just one side with a high 

uniformity [56], which also largely impacts multi-layer processes. Further refined deposition of 

material is also possible as demonstrated by Xiong et al [57] where the distal end of a fiber 

optic is appended with a carbon quantum dots/cellulose acetate (CQDs/CA) mixture enabling 

the formation of a highly adrenaline sensitive sensor for continuous and real-time detection via 

fluorescence quenching within physiological relevant concentration ranges. Similarly, the end 

of a quartz fiber was dip-coated with a CQDs/glucose oxidase (GOx)/CAcomposite material to 

obtain a highly selective glucose sensor [58]. Finally, also electrochemical concepts have been 

demonstrated such as the wearable motion sensors using a spandex strand dip-coated with 

graphene nanoplatelets and shielded by silicon rubber that are used as electrical conductive 

yarn [59]. Common to all these approaches is the use of relatively inexpensive materials, the 

avoidance of material waste and limiting the applications solely for single-layer coatings.  

2.2.6 Spin-Coating 

Spin-coating is a technique used for spreading a uniform thin film layers on a substrate by 

centrifugal forces. The method can be performed on laboratory scale in small benchtop devices 

which is a fast and cheap method. On industrial scale, spin-coating is used in batch processes 

since it is not suitable for continuous roll-to-roll processes. In general, an excess amount of the 

solution is placed in the middle of the substrate and is rapidly spread during the spinning 

process to the edges of the fast-rotating substrate. Film thickness can be empirically controlled 

by spin speed, time, temperature, volume of added substrate, composition, and viscosity of 

the applied solution as well as the wetting properties of the substrate [19]. Spin coating can 

coat membranes with thickness in the range of 70 to 500 nm and pore size varies continuously 

from 4 to 200 nm [55]. Reproducibility issues limit this technique to a few substrates and goes 

along with some waste of the coating solution unless spun-off solution can be safely re-

used [51]. Drying or annealing of the spin-coated material is necessary and influences quality 

and thickness of the applied layer. A very flat substrate surface is required to obtain a 

homogeneous film thickness over the entire area and to avoid streaks. Usually, the spinning 

itself is done within seconds but the annealing and drying may take hours or days. 
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Biring et al used spin coating for the preparation of an optical dual gas sensor for the 

simultaneous detection of oxygen and ammonia [60]. The oxygen sensitive Pt porphyrin 

derivative complex was mixed with ethyl cellulose in THF and spin coated on one side of a 

glass slide. The backside was spin-coated with a cellulose acetate membrane containing the 

ammonia sensitive eosin Y dye. Coating process itself was done within 20 seconds but the 

membranes must be dried for 24 h at ambient conditions for each side. The group around 

Kenney et al spin-coated fluorescein-containing D4-hydrogel on a PET support to obtain an 

optical pH sensor for paper-based cell cultures [61]. The multiple sensor layers are shown in 

Figure 2.3. Spinning process was executed for just 10 seconds on 18 mm PET circles, and 

the films are dried overnight and rehydrated for 48 hours in buffer before UV-sterilization. None 

of them fixed their recognition element after the deposition process and simple presume that 

dyes stay inside the membranes. 

 

Figure 2.3 Kenney et al presented an optical pH sensor for mapping spatiotemporal gradients in three-
dimensional paper-based cell cultures. The D4 membrane contains the pH sensitive fluorescein dye and 
diphenylanthracene (DPA) as reference dye. The respective polymer cocktail was spin-coated on a 
transparent PET support (reprinted with permission from [61]. Copyright © 2018 American Chemical 
Society.)  

Also, for electrochemical sensors spin coating is advantageous including polymers and 

composite materials of polymers and nanoparticles. For example, Yoon et al presented a 

flexible Kapton® polymer electrode with sputtered gold and spin coated MoS2 nanoparticles 

with chemically bound GOx for glucose sensing [62]. They emphasize especially their 

fabrication process as simple and fast. The covalently bound enzyme promises a long-lasting 

and non-leaching recognition element. Gao et al uses spin-coating for the entrapment of 

uricase immobilized in SiO2 mesoporous foams and SiNPs in a polyethylene glycol/polyvinyl 

alcohol (PEG/PVA) composite gel on a gold surface to create a surface plasmon resonance 

biosensor for detection of uric acid [63]. Spin-coating seems here the best choice of deposition 

method since a very flat and thin surface film can be created. A comparison of their work with 
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an SPR sensor for uric acid by Kant el al [64] who used dip-coating for functionalization reveals 

that Gao group’s LOD is nearly two orders of magnitude lower.  

2.2.7 Electrospinning 

Electrospinning is an electrodynamic one-step process which uses electrical potential 

differences to produce ultrafine, long and continuous nanofibers with diameters at micro to 

nanoscale on a conductive collector substrate [19, 34, 65]. Electrospun nanofibers are 

favorable for applications where a large and porous surface area with high functionalization 

ability is beneficial [66]. Therefore, electrospinning is a predestinated technique for sensor film 

coatings with subsequent immobilization steps. Beside other techniques for generating 

nanofiber networks on surfaces [65], electrospinning appears as a simple inexpensive process 

which is controllable via many process parameters like temperature, air humidity, potential, 

distance between collector and nozzle, and the properties of the spinning solution itself [67]. 

But on lab scale, it can be difficult to keep temperature and air humidity constant which are 

critical parameters for reproducibility. Furthermore, clogging of the polymeric solution within 

the syringe and nozzle must be avoided by optimizing the cocktail composition and parameters 

like feed speed. Electrospinning on a conductive but non-transparent material can lead in case 

of optical approaches to the necessity of an additional transfer step to a transparent substrate. 

Enzymes, dyes, nanoparticles or other transducers can be directly entrapped within the fiber 

by dispersing or dissolving them within the spinning solution or can be afterwards immobilized 

either on the fiber surface or on top of the porous network by different techniques [66, 68]. 

Hardware requirements are more complex than for the other techniques regarding especially 

the high-voltage power supply safety restrictions, [69] however, a large number of natural and 

synthetic polymers can be spun, the morphology of the nanofibers and the collected mats can 

be tailored toward special features and the method is easily scalable [70] albeit with still 

relatively slow production rates [71]. Through the spinning parameters, the thickness of the 

nanofibers can be influenced, but generating nanofibers with diameters below 10 nm is 

challenging [19]. Compared to the other methods, electrospinning enables easy production of 

very thin films with a large surface-to-volume ratio due to the extended porosity [34]. 

Yurova and Mobarez et al used functionalized electrospun nanofibers for optical sensing of 

biogenic amines in food samples as a simple dipstick format [72, 73]. CA and the respective 

dyes are dissolved in acetic acid/acetone mixtures and the fiber mats were deposited on indium 

tin oxide (ITO) substrate. They emphasize that the sensors based on electrospun fiber mats 

offer a one order of magnitude enhanced linear range and LOD compared to sensors based 

on simple polymer films although a lower sample volume is required for their sensor. El-

Moghazy et al even showed a replacement of conventionally casted membranes by their 

electrospun cellulose membranes increased the active surface area on the working electrode 
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of a screen-printed three-electrode sensor by more than two times, and consequently 

enhancing the fabricated aptamer sensor performance detecting ochratoxin A in coffee 

samples [15]. 

The group around Yezer et al uses CA-chitosan mixtures for electrospinning and show an easy 

production process for highly biocompatible sensors and straightforward covalent 

immobilization of the model enzyme GOx within the porous network [74]. They characterized 

their CA–chitosan electrospun NFs on detail based on the composition of the solution and 

process parameters like spinning time to show the influence of these parameters on the sensor 

performance. Furthermore, they cross-linked the GOx with the polymeric network afterwards 

with GA to avoid leakage of the enzyme. 

2.2.8 Electrochemical Deposition 

Electrochemical deposition, also known as electrodeposition, electrophoretic deposition, or 

electroplating, is a traditional and inexpensive process used for thin-film coating of polymers 

and metal-based nanostructures on a conductive or semiconductive support such as indium 

tin oxide , gold or carbon-based materials by an electrical current or redox reaction [19, 55]. It 

has been the method of choice for the functionalization of electrochemical sensors and 

deposition of conductive polymers such as poly(acetylene), PEDOT, poly(thiophene), poly(p-

phenylene vinylene), poly(pyrrole) and poly(aniline) [75, 76]. A simple two or three electrode 

setup is dipped into the precursor solution. An appropriate potential is applied, typically through 

cyclic voltammetry or chronoamperometry causing sufficient current flow to initiate the 

polymerization of the polymeric precursors directly on the electrode surface by oxidation of the 

monomers to form reactive radicals [77–79]. The characteristics of the polymeric film, i.e. 

thickness, porosity, and uniformity can be controlled by the applied potential, current flow, and 

scanning speed as well as by additives within the precursor solution, temperature, and pH and 

ionic strength of the solution. Within a single step this technique allows the growth of a 

conductive film from nanometers up to several hundreds of microns [55]. General 

characteristics of the electrode surface such as surface morphology, wettability and electrical 

properties are equally influential [19, 75, 77, 78]. In contrast to most other methods, parameters 

change throughout the process, which is not limited to the concentration of the precursor 

molecules but especially also the conductivity in dependence of the increasing layer thickness. 

Overall, electrochemical deposition allows a highly controllable formation of the structure and 

properties of the conductive polymeric layer. 

Many groups use electrodeposited conductive polymers for improving their electrochemical 

bio- and chemosensors. Mello and Mulato presented in 2018 their studies about optimized 

polyaniline (PANI) thin films as optical and potentiometric pH sensor [80]. For galvanostatic 

electrodeposition they used a simple two-electrode system with a Pt-counter electrode and 
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fluorine-doped tin oxide substrate as WE. By variation of process parameters like the 

deposition time, they showed the influence on thickness, morphology, and reflectance of the 

deposited PANI films. Following, the sensitivity of the resulting extended-gate field-effect-

transistor (EGFET) and optical reflectance chemical sensors can easily be adapted based on 

these properties. Wang et al developed an anti-fouling ultrasensitive DNA sensor for the 

electrochemical detection of breast cancer marker BRCA1 in serum based on 

electrochemically deposited PEDOT membranes [32]. The PEDOT layer was deposited from 

a 3,4-ethylendioxythiophene/sodium citrate solution on a GCE whereas the citrate ions 

incorporate carboxyl groups for the subsequent immobilization of the antifouling peptide by 

Ni(II)-ions via Ni-O coordination [76]. The simple and easy production of the highly sensitive 

and selective sensor is achievable thanks to the deposition method for the conductive PEDOT 

polymer and would not be easy to realize with other deposition methods. They improved their 

LOD from 1.72 fM to 0.03 fM compared to previous works. 

 

Figure 2.4 Yoon et al present an electrodeposited PEDOT:PSS based biocompatible polymer that is 
capable of self-healing via hydrogen bonding. Combination with carbon fiber thread (c) and ion-selective 
membranes (b) makes it a versatile new toolset for a wearable perspiration sensor which can be directly 
knitted into textiles (a). Via scanning electron microscopy images (d to f) the group proved the self-
healing properties. (reprinted with permission from [79]. Copyright © 2021 American Chemical Society.) 

The group around Yoon et al investigated autonomous self-healing sensors based on 

electrodeposited PEDOT:PSS carbon fiber threads for the preparation of wearable K+ and Na+ 

sweat sensors [79] like shown in Figure 2.4. The conductive polymer plays the role of a solid 

contact transducer converting charge carriers from ions to electrons by the redox process of 

PEDOT:PSS. The afterwards applied ion selective membrane is applied via dip coating into 

the respective ionophore polymer cocktails based on PVC with bis(2-ethylhexyl) sebacate 

(DOS) as plasticizer in THF. Interestingly, Cui et al used the electrochemical technique for the 

deposition of a chitosan layer on a chitosan-TiO2 sol-gel film on a reduced graphene oxide 

(rGO) modified GCE for detection of organophosphate pesticides with immobilized AChE [31]. 
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The non-conductive CS film is positively charged after the deposition and therefore the 

negatively charged AChE/BSA mixture can be easily drop-coated on top. The probe is then 

adsorbed homogeneously on the surface by the electrostatic interactions due to the different 

charges. Further advantageous properties of the mesoporous TiO2/CS layer are named with 

large specific surface area, non-toxicity, semi-conductivity, and excellent biocompatibility, 

offering effective AChE loading and high electrocatalytic activity  [31]. All groups showed that 

the combination of different deposition techniques is very useful to get access to the different 

advantages of the respective method. 

2.3 Strengths and Weaknesses of the Deposition Techniques 

The overall purpose and goal of any sensor modification through a film (gel or membrane) is 

to enable or improve its performance. Deposition techniques foremostly affect the film’s 

surface morphology and thickness and hence have to be wisely chosen. Furthermore, they 

determine the overall coating area and shapes achievable, which influences their potential for 

the production of large quantities of sensors such as in a commercialized product. Each 

method has its own strengths and weaknesses with respect to these parameters, which is 

summarized in Table 2.1. The other relevant properties of the polymer and hydrogel films are 

more determined by their chemical nature, such as mechanical stability, mesh size and cross-

linking degree, concentration of the active ingredients, and adherence to their substrate. 

Surface morphology plays a role regarding contact angle and therefore wettability of the sensor 

membrane, and may also influence resistance against fouling processes, albeit this property 

is most often addressed through additional protective membranes. The three methods of 

greatest interest here are solution casting, electrospinning and electrodeposition as in for each 

case the surface morphology can be influenced and even designed toward specific outcomes. 

Film thickness influences sample molecule accumulation, diffusion and hence reaction 

kinetics. Most techniques allow for easy adjustment of thicknesses in the nanometer to 

micrometer range, with the exception of knife coating where sub-micrometer heights are 

difficult to achieve. In the case of affordability, lab vs. production scale, drop-coating for small 

flat areas like electrodes and dip-coating for fibers and sensor stripes remain the best for 

inexpensive lab-scale fabrication. Both are very simple without special equipment needed and 

useful for demonstrating a new sensor concept and prove its fundamental functionality. Drop-

coating on lab scale is the right choice when no special morphology is needed, and the film 

thickness does not play a large role. 

For increased production purposes and the fabrication of large areas, knife-coating, spray-

coating and spin-coating offer a straightforward approach when no special surface morphology 

is needed, and will support role-to-role production. Thickness of the prepared films can be 
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adapted easily and ranges between lower sub-micron region for spray-coating and spin-

coating and hundreds of micron whereas for knife-coating it is difficult to reach the sub-micron 

range [49, 52, 55]. These techniques are preferable for preparing optical sensor membranes 

since it is lavish to coat small electrode areas using masks or templates. Disadvantages like 

inhomogeneity of the foils or batch-to-batch reproducibility especially on lab scale can be 

overcome by embedding reference dyes and measure ratiometrically at two different 

wavelengths. 

In the case of multi-layer films, a combination of the deposition methods may be advantageous 

rather than sticking with one method, albeit the latter is easier on large scale production. 

However, often times combinations of the more refined methods such as solution casting, 

electrospinning or electrodeposition may be combined with the simpler methods for generating 

additional protective layers. 

Solution casting enables the creation of special forms and shapes by using molds and can be 

realized on all scales in batch processes. Interestingly, a support or carrier material is not 

necessary since the dried or tempered casting represents the sensor shape itself. But it can 

be a lavish preparation and production process if more than one mold or layer is needed each 

requiring drying or tempering steps in-between [36]. 

Electrochemical deposition is a precise and well-tunable deposition technique with the 

opportunity to adapt the resulting surface morphology and thickness by instrumental 

parameters [19, 55]. But it is limited to conductive substrates and therefore best suited for 

electrochemical sensors. A thorough evaluation of the instrumental parameters is necessary 

since the surface is changing its properties like conductivity with progressive deposition time. 

It is not mandatory to apply the polymeric solution exactly and solely on the electrode area 

because the polymerization just takes place on the conductive structure of the substrate. 

Electrospinning should be the method of choice when a high surface-to-volume ratio is 

inevitable which is realized by creating a highly porous network of nanofibers on a collector 

substrate [66]. Although reproducibility is not ideal on lab scale and safety requirements are 

high the method provides the most pronounced surface structure of the deposited polymeric 

material on nanoscale which can be further processed [81]. Due to the extended surface area 

small sensors with high sensitivity can be obtained. 

The combination of the different techniques is a mighty tool to overcome drawbacks and exploit 

solely the advantages of each individual deposition method to open decent possibilities for 

polymeric film generation. A deeper knowledge about and understanding of the influence of 

the deposition method on the quality of the polymeric film and the general properties of the 

used polymers and hydrogels is essential for a successful application of those in a 
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commercialized sensing system. Additionally, it must be evaluated which properties of the 

membrane are relevant for the targeted sensing application. As an example, an anti-fouling 

but negatively charged Nafion membrane is the worst choice for the detection of e.g. anions 

since the sensitivity will be reduced unintentionally. But Nafion or comparable polymers with 

negatively charged surface groups like sulfonate will be an excellent option for pH sensing in 

a matrix with anionic interferences like sweat or seawater. Blending polymers and hydrogels 

to adjust their properties at a certain degree and influence the properties of the active 

compound is a conceivable compromise regarding selectivity, sensitivity, and other indicators 

of a sensor. Simple and straightforward techniques with the possibility for role-to-role 

production like knife-coating can prepare an inexpensive substrate for the deposition of an 

additional layer by another technique with better surface morphology control like spray-coating 

or spin-coating. A conductive electrode surface can be treated by electrochemical deposition 

in a first way to modify solely the conductive areas where the redox reactions take place. 

Following in a second step, a protective membrane can be deposited without the need of an 

accurate or precise limitation of the exact electrode area like knife-coating, dip-coating, or 

spray-coating. 

Therefore, the choice of the suitable polymer or hydrogel mixture, the support material and 

specially the respective deposition method should not be underestimated but chosen rather 

deliberately for each sensor type and its intended application. More criteria must be considered 

than one may think if a genuine commercialization for a long-living, stable, and reliable and 

reasonable end-consumer product is envisaged. 
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2.4 Conclusion and Perspective 

Hydrogels and polymers are essential components of most sensors enabling in vivo, 

continuous and rapid analysis in an analyte’s original (most complex) sample matrix. Much 

research is hence put toward the development of new, sophisticated and customized polymers 

and hydrogels [82]. Also, layered and blended polymer cocktails are investigated to provide an 

optimal sensing environment. Yet, the importance of the deposition method is too often 

underestimated and may in fact become the sole reason why lab-scale sensors will not be 

easily adaptable to large-scale production as critical sensor performance may rely on the 

special features obtained through the deposition method chosen. 

Therefore, initial screening of various production methods is advisable already during the initial 

sensor development phase. Common characterization methods for of the polymeric layers 

include scanning electron microscopy, atomic force microscopy, and contact angle 

measurements [83, 84] providing important information about the surface morphology and 

surface-to-volume-ratio where applicable, and the wetting properties of the deposited films. 

Testing the basic functionality of each sensor prototype to determine crucial characteristics like 

sensitivity and selectivity helps to make an appropriate decision for the right deposition 

technique.  

Similarly, some dead-end research studies especially in bioanalytical sensor development are 

preventable where the interplay between solvents needed for special polymers, for an effective 

deposition technique and the delicate nature of the biorecognition element may not be well 

balanced. A change in deposition techniques may instead rapidly provide new avenues to be 

followed.  

To sum up, this review offers a critical summary of popular thin and thick film deposition 

techniques with application examples in the field of bioanalytical sensors. Hopefully, more 

people get aware of the delicate choice of a convenient membrane deposition technique with 

the appropriate polymers, hydrogels, and substrates for the envisaged sensor application by a 

critical evaluation of the strengths and weaknesses of each method ahead of or at least in the 

early phase of their sensor development. 
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3 Electrochemical Multi-Analyte Point-of-Care 

Perspiration Sensors Using On-Chip Three-

Dimensional Graphene Electrodes 

Abstract 

Multianalyte sensing using exclusively laser-induced graphene (LIG)-based planar electrode 

systems was developed for sweat analysis. LIG provides 3D structures of graphene, can be 

manufactured easier than any other carbon electrode also on large scale, and in form of 

electrodes: hence, it is predestinated for affordable, wearable point-of-care sensors. Here, it is 

demonstrated that LIG facilitates all three electrochemical sensing strategies (voltammetry, 

potentiometry, impedance) in a multianalyte system for sweat analysis. A potentiometric 

potassium ion-selective electrode in combination with an electrodeposited Ag/AgCl reference 

electrode (RE) enabled the detection of potassium ions in the entire physiologically relevant 

range (1 mM to 500 mM) with a fast response time, unaffected by the presence of main 

interfering ions and sweat collecting materials. A kidney-shaped interdigitated LIG electrode 

enabled the determination of the overall electrolyte concentration by electrochemical 

impedance spectroscopy at a fixed frequency. Enzyme-based strategies with amperometric 

detection share the common RE and were realized with Prussian blue as electron mediator 

and the biocompatible chitosan for enzyme immobilization and protection of the electrode. 

Using glucose and lactate oxidases, lower limits of detection of 13.7 ± 0.5 µM for glucose and 

28 ± 3 µM for lactate were obtained, respectively. The sensor showed a good performance at 

different pH, with sweat collecting tissues, on a model skin system and furthermore in synthetic 

sweat as well as in artificial tear fluid. Response time for each analytical cycle totals 75 

seconds, and hence allows a quasi-continuous and simultaneous monitoring if all analytes. 

This multianalyte all-LIG system is therefore a practical, versatile and most simple strategy for 

point-of-care applications and has the potential to outcompete standard screen-printed 

electrodes. 
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3.1 Introduction 

The pursuit of developing bio- and chemosensors has long been driven by the realization that 

these sensors have a powerful potential to address the analytical challenges of on-site, rapid, 

accurate, simple, and inexpensive detection. Through miniaturization, advancements in 

biorecognition elements, in coating chemistries, and signal amplification new sensor designs 

indeed keep proving exactly this potential. A quite current trend in on-site diagnostics seeks to 

develop wearable sensors not only for clinical diagnostics but also for monitoring of fitness or 

health state [1]. Here, the miniaturization of electronic components and development of new 

materials are equally key to advance wearable sensing technology further, as can be 

evidenced by products ranging from smart watches and wristbands which monitor heartbeat 

or body temperature through adhesive stickers and screen-printed tattoos to smart textiles and 

contact lenses which are capable of collecting more information than physical vital signs [2]. 

In the year 1953 Paul di Sant’ Agnese et al. published the first article on the detection of cystic 

fibrosis, a genetic disorder, in context of increased salt concentration in sweat and saliva [3, *]. 

Thus, standard test procedures for sodium chloride content in sweat for the immediate 

detection of the pernicious disease were developed [4, *]. Sweat also contains many different 

electrolytes, and other relevant biomarkers like organic acids, metal ions, amino acids, 

carbohydrates, and vitamins which can be used for drawing conclusions on an individual’s 

health status [5, 6, *]. Therefore, besides the sensitivity of the respective detection method for 

biomarkers in lower concentration ranges, the selectivity of the receptor of the sensor is very 

important for reliable measurements [*]. 

Easy accessibility of sweat at any time with non-invasive collecting methods qualify sweat as 

a perfect bio matrix for point-of-care (POC) diagnostics and long-term health monitoring. In 

general, many factors like environment, activity level, hormones, sympathetic nervous system, 

and also the individual diet, induce perspiration [7, *]. Eccrine sweat is generated easily over 

the entire body during physical activities or without exercising in warmer surroundings to 

regulate the body temperature [8, *]. For subjects at rest, the sweat rate may be too low for 

continuous monitoring. However, perspiration can be stimulated simply with heat or by 

iontophoretic techniques using low electrical currents in combination with agonists like 

pilocarpine [9, *]. The analysis of sweat is predestined to be realized in a wearable device for 

continuous monitoring over a long-term period [*]. As such, reliable glucose level diagnosis by 

sweat analysis would improve millions of diabetics’ daily live routine in a significantly more 

comfortable way [*]. Studies reveal promising results that the glucose concentration in sweat 

correlates with blood glucose level and contains no glucose from the environment, albeit 

studies indicate that blood and interstitial analysis are more reliable [7, 10]. 
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A light-weighted and in the best case not noticeable wearable sweat sensor is the favorable 

way to perform real-time monitoring of body conditions for medical home-care applications or 

during physical activity [*]. Hydration level, the related electrolyte content and concentrations 

of biomolecules give a good overview of the current state of the user’s physiological 

conditions [*]. Potassium ions in general are required for correct nerve transmission and an 

oversupply as well as a lack thereof can cause several effects up to an abnormal heart rhythm 

and finally death [11, *]. An increased electrolyte content in sweat during workout is a direct 

indication for dehydration [12, *]. Lactate is an important biomarker for providing information 

on the oxygen supply in tissue and the entire anaerobic metabolism in muscles. Its 

concentration in sweat correlates directly with the concentration in blood [13, *]. If anomalies 

in these biomarker concentrations are detected in a timely manner a fast-acting electrolyte or 

drug intake can prevent malfunctions of the body like muscle cramps or much more threatening 

consequences occurring due to nutrient deficits [14, *]. 

Sweat analysis of such analytes can easily be performed through electrochemical detection. 

Furthermore, inexpensive mass production possibilities, miniaturization, integration into fluidic 

systems and with flexible circuit boards, makes electrochemical detection a preferred 

technology for sweat analysis. In fact, carbon-based electrodes dominate the electrochemical 

point-of-care market [15–20] and advances and better understanding of graphene suggests 

that it is a highly favorable transducer material [*]. 

In search of economic and straight-forward synthesis routes for graphene, Lin et al. reported 

the new concept of laser-induced graphene (LIG) also termed laser-scribed graphene (LSG) 

by others [21–23, *]. It was made from commercial polymers such as polyimide (PI) derivatives 

in 2014 by exposing those to a computer-controlled CO2 infrared laser which generates 3D-

graphene layers under ambient conditions [24, *]. This economic and reagent-free one-step 

synthesis of porous graphene on a polymer substrate opened incredible new applications for 

bioanalytical demands [21–23, 25–28, *]. It was thus studied here as a material for sweat-

based sensing. Of special interest was to demonstrate that an all-LIG sensor can be generated 

for multi-analyte detection, employing the three important electrochemical detection strategies 

of voltammetry, potentiometry and conductometry. Through LIG surface modifications 

enzyme-based biosensors for glucose and lactate, an ion-selective chemosensor for 

potassium ions, and a simple conductometric electrolyte setup were developed. The multi-

analyte performance was evaluated to prove that it functioned well within the physiological 

ranges of all analytes in sweat, was tested on skin and in artificial sweat samples. 
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3.2 Experimental 

3.2.1 Materials 

Chemicals 

All solid and liquid chemicals were of at least analytical grade and purchased from Sigma-

Aldrich (Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany), Fluka (Fluka Chemie GmbH, 

Buchs, Switzerland), VWR (VWR International GmbH, Darmstadt, Germany), Merck (Merck 

KGaA, Darmstadt, Germany) or Roth (Carl Roth GmbH + Co. KG, Karlsruhe, Germany). 

Chitosan from crab shells (practical grade) was purchased from Sigma-Aldrich. All reagents 

were used without further purification. Millipore water was used for preparation of all aqueous 

solutions. [*] 

Enzymes  

Lactate oxidase (LOx) type II (from aerococcis viridans, 36.0 Umg-1 powder) was purchased 

from Hölzel Diagnostika (Hoelzel Diagnostika Handels GmbH, Cologne, Germany). Glucose 

oxidase (GOx) type VII (from aspergillus niger, 168.8 kUmg-1 powder) was purchased from 

Sigma-Aldrich. [*] 

Other Materials 

Polyimide film with a thickness of 125 µm was purchased from CMC Klebetechnik (CMC 

Klebetechnik GmbH, Frankenthal, Germany). As sweat collecting pads the following materials 

were used: Kimtech Science labor tissues (Kimberly-Clark GmbH, Koblenz, Germany), 

Whatman® 595 filter paper (Schleicher & Schuell, Dassel, Germany), gauze (EAZ GmbH, 

Boeblingen, Germany). Chicken leg was purchased from local supermarkets. Different nail 

polishes, kitchen towels and artificial tear fluid were purchased from local drug stores. [*] 

Equipment and Accessories 

The following equipment with suitable software and accessories were used: Keithley 175 

autoranging multimeter (Keithley Instruments Inc., Cleveland, Ohio, USA), CHI 650 A 

potentiostat (CH Instruments Inc., Austin, Texas, USA), portable bipotentiostats/galvanostats 

µStat400 (Methrom DropSens, Filderstadt, Germany), PalmSens4 and EmStatBlue 

(PalmSens BV, GA Houten, Netherlands). The handheld plating device was purchased from 

Conrad Electronic (Conrad Electronic SE, Hirschau, Germany). Commercially available 

Ag/AgCl reference electrodes (Bioanalytical Systems Inc., West Lafayette, IN, USA) and a Pt 

wire (Goodfellow GmbH, Hamburg, Germany) were used. A Dino Lite digital USB microscope 

with suitable software DinoCapture 2.0 was used to capture magnified images of the modified 

LIG electrodes (Dunwell Tech, Inc, Torrance, CA, USA). For all laser-scribing processes a 
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laser-engraving device VLS 2.30 equipped with a 30 W CO2 laser (λ = 10.6 µm) from Universal 

Laser Systems (Universal Laser Systems Inc., Scottsdale, Arizona, USA) was used. [*] 

For imaging the morphology and structure of the laser-induced graphene, a scanning electron 

microscope (SEM) LEO 1530 from Zeiss (Carl Zeiss AG, Oberkochen, Germany) was used. 

Raman spectroscopy was performed with a DXR Raman microscope from Thermo Fisher 

(Thermo Fisher Scientific GmbH, Dreieich, Germany). 

Preparation of Solutions and Buffers 

1X PBS (phosphate buffered saline) solution with pH 7.4, 0.1 molL-1 citrate buffers with pH 4 

and 5, 0.1 molL-1 phosphate buffers with pH 6 and 7 and a potassium free phosphate buffer 

(0.1 molL-1, pH 7.4) for the multianalyte-sensor was prepared with and without 

1 mmolL-1 glucose. All buffers were stored at 4 °C. [*] 

A potassium chloride stock solution with concentration of 1 molL-1 was prepared in water and 

diluted to concentrations ranging between 110-7 and 0.5 molL-1. For the interfering cation 

study, MgCl2, CaCl2 and NaCl stock solutions with a concentration of 0.1 molL-1 were prepared 

in 10 mmolL-1 KCl solution and diluted with 10 mmolL-1 KCl solution. AgNO3 solution for silver 

deposition with mass concentration  = 400 mgmL-1 in water was prepared. For the 

K+-selective membrane two precursor solutions were made: solution A: 270 mg 

polyvinylchloride (PVC) were dissolved in 2.7 mL of tetrahydrofuran (THF). Solution B: 520 µL 

dibutylsebacat (DBS) as plasticizer were mixed with 50 µL of valinomycin solution 

( = 80 mgmL-1 in methanol). Solution B was continuously stirred while solution A was added. 

The membrane solution contained 16 mg of valinomycin ionophore per gram PVC. A second 

PVC cocktail without valinomycin was prepared as described before as protection membrane 

for the reference electrode. These solutions were stored in a THF atmosphere at 4 °C and 

have to be stirred for at least 1 hour at room temperature before use. Nafion solution was 

mixed with an excess of solid KCl and continuously stirred to obtain a saturated solution. [*] 

For Prussian blue deposition on the working electrode two 10 mmolL-1 iron (III) salt solutions 

(precursor solutions) were prepared from FeCl3 and K3[Fe(CN)6]. Both were dissolved in a 

0.1 molL-1 HCl solution containing 0.1 molL-1 KCl. Storage at 4 °C in the dark is 

recommended. A 0.1% weight chitosan solution was prepared by dissolving chitosan in 

0.1 molL-1 acetic acid. A 100 mmolL-1 hydrogen peroxide (HP) stock solution was freshly 

prepared before use. Dilution series of HP in buffer ranging between 1 µmolL-1 and 10 mmolL-

1 were prepared. Synthetic sweat solution according to DIN 53160-2 was prepared by 

dissolving 5 g NaCl and 1 g urea in 1 L water and its pH was adjusted with 1% NH4OH solution 

to 6.5. For the biosensor assays 100 mmolL-1 D-glucose and sodium L-lactate stock solutions 
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were prepared and diluted with the respective buffers to a concentration range between 

1 µmolL-1 and 10 mmolL-1. D-glucose solutions were allowed to mutarotate overnight. Lactate 

solutions in concentrations ranging between 10 µmolL-1 and 10 mmolL-1 were additionally 

prepared in synthetic sweat and artificial tear fluid. Lyophilized enzymes were dissolved in 

PBS. The activity of the solution of glucose oxidase was 4 UµL-1. For lactate oxidase, an 

activity of 5 UµL-1 was adjusted. [*] 

3.2.2 Methods 

Laser-Scribing Process and General Electrode Treatment 

The desired electrode structures were drawn in original size with the vector graphic software 

CorelDRAW 17 (Corel Corporation, Ottawa, Ontario, Canada) The CoralDRAW data are 

compatible with the software of the used laser-engraving device VLS 2.30 (Universal Laser 

Systems Inc., Scottsdale, Arizona, USA) and needs no further conversion. The electrodes 

were fabricated on a 125 µm thick polyimide film. The scribing was performed by exposing the 

film to a 30 W CO2 laser with 1% laser power and 10% scribing speed (maximum speed is 

0.127 m·s-1). The image density parameter was set to level 7, representing 1,000 laser pulses 

per inch (PPI) in x-direction and 2,000 PPI in y-direction. SI Figure 3.1 shows the schematic 

procedure of the laser-scribing process. Further optimizations of the scribing process are 

explained in the SI. The electrodes were cleaned with water and isopropyl alcohol and dried 

with compressed air to remove dust traces around the pattern. The strands were isolated with 

two layers of nail polish. Connection pads were protected with copper tape or silver paint. [*] 

Characterization of Electrode Material 

Morphology and graphene-like characteristics of the LIG were determined by SEM and Raman 

spectroscopy (see supporting information (SI), SI Figure 3.23). Morphology was studied by 

SEM at 5.0 kV. The samples have been cut with a scissor and gold sputtered for 30 s (≈ 7 nm 

layer thickness) after placing them on specimen stubs. Raman spectra from 50 cm-1 to 

3500 cm-1 were collected on a Raman microscope with a 532 nm laser set to 8 mW power and 

a 50X objective with an estimated focal spot diameter of 0.7 µm. 16 scans were averaged per 

spot. 

Fabrication of the Potentiometric Sensor 

A simple design with two circular electrodes was used. 8 µL of the ISE-membrane cocktail 

were deposited onto one electrode to coat the whole electrode area. The membrane was dried 

overnight at ambient conditions. For RE fabrication, 20 µL of AgNO3 solution ( = 400 mg∙mL-1) 

were dropped on the RE and equilibrated on the electrode for 5 min. A commercial handheld 

plating device with a voltage of 3 V and a current of 300 mA was used. The plating process 
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was carried out for 1 minute. The electrode was immersed into a saturated KCl solution and a 

0.8 V (vs. Ag/AgCl) DC voltage was applied for 200 s to receive the silver chloride layer on 

top. [*] The entire modification process is schematically shown in SI Figure 3.9. For further 

information regarding the optimization process, see SI. 

Design of the Impedance Sensor 

An applicable design with interdigitated two-electrode structure was developed and optimized 

(see SI). The sensor needed no further modifications. 

Amperometric Biosensor with Layered Working Electrode 

A three-electrode setup based on commercially available planar sensor systems was chosen. 

2 µL of each iron salt precursor solution were applied exclusively onto the working electrode 

(WE) area and allowed to react there for 20 minutes under ambient conditions. The formed PB 

layer is stabilized for 2 h at 100 °C. The chitosan membrane was applied by drop-coating 2 µL 

of the chitosan solution on the PB-modified WE. The membrane was dried for 90 minutes 

under ambient conditions. 2 µL of the respective enzyme solution were applied to the dried 

chitosan membrane. For incubation, the electrodes were stored at least two hours at ambient 

conditions, or overnight at 4 °C. A scheme of the entire buildup of the modified WE is shown 

in Figure 3.1. Reference electrode (RE) and counter electrode (CE) were made from 

unmodified LIG. After cleaning with a few droplets of buffer solution, the sensors were ready 

to use. [*] 

 

Figure 3.1 Scheme of the WE of the amperometric biosensor after all modification steps. The laser-
induced graphene on the flexible PI substrate is the base for the chemical deposited PB layer. The 
chitosan membrane fixes the PB layer while providing the polymer network on which the enzyme is 
immobilized. The sweat sample or any other solution is applied on top [*] 
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Multi-Analyte Design 

The three single-analyte sensor designs were combined so that the amperometric and 

potentiometric sensors share a circular RE with electrodeposited Ag/AgCl layer like shown in 

Figure 3.2 c. 

General Procedures and Instrumental Settings 

For potentiometric measurements, both electrodes were connected to a multimeter, 30 µL of 

sample solution were applied, and the potential was read off immediately. The sensor was 

carefully swabbed with tissue and the next solution was applied. The same procedure was 

performed with all other sample solutions. Sample application without using sweat collection 

pads is herein called droplet method. In case of using filter paper or gauze as sample collection 

pad, sample volume was doubled. [*] 

For impedance measurements, 100 µL of the respective ion solution were applied and the 

measurement was started at a fixed frequency of 1000 Hz with an AC amplitude of 10 mV and 

DC potential of 0 V, immediately. After the measurement was finished, the solution was 

carefully swabbed away with a paper towel and the respective following solution with 

increasing analyte concentration was applied. [*] 

The amperometric sensor was connected to a commercial software-controlled potentiostat. 

For the general procedure, a droplet of 30 µL of the respective sample solution was applied to 

the biosensor (with and without filter paper as sweat collection substrate) and the 

measurement was started immediately. Different experimental setups are shown in 

Figures 3.2 a and 3.2 b. The working range of the sensors was determined by measuring a 

cyclic voltammogram (CV) of PBS between 0.85 V and -0.95 V vs. LIG with a scan speed of 

50 mVs-1. The CVs showed usually four characteristic peaks of the respective reduction and 

oxidation steps of the PB mediator layer. A potential in the decay of the first oxidation peak, 

usually between -0.1 V and 0.1 V vs. LIG, was chosen for the amperometric determinations. If 

the Ag/AgCl RE was used, the CV settings were adjusted to a slightly higher potential. With 

the same experimental setup, the chronoamperometric measurements were performed with a 

run time of 60 seconds and the potential determined from the CV. To equilibrate the sensor, 

buffer was measured for at least five times. The measurement was started immediately after 

sample application without further incubation time. The droplet on the electrode was carefully 

absorbed with a paper towel and the next sample solution was applied. [*] 
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Figure 3.2 a Sensor connected to the EmStatBlue potentiostat via three crocodile clamps attached to 
the connection pads. For planar setup, a sample droplet of 30 µL which covers all three electrodes was 
added. There is a wireless connection of the potentiostat via Bluetooth® to the software application 
installed on a smartphone. [*] b Experimental setup for detection of glucose and lactate with 
amperometric measurements on a chicken leg to simulate human skin and to provide a biological 
substrate. A piece of filter paper is used as simulated sweat collection pad. Modelling clay protects the 
contacts from moisture due to the shortened strands. The sensor is in a fixed position whereas the 
chicken substrate with the applied sample can be moved up and down. [*] c Combined LIG sensor. 
Connection pads are protected with adhesive copper tape against abrasion through the crocodile 
clamps. The strands are isolated by nail polish. 150 µL to 200 µL of sample solution are suitable to cover 
the active electrode area. d Schematic view of the combined LIG biosensor on polyimide substrate 
connected to two potentiostats and a multimeter. 150 µL to 200 µL of mixed samples containing all 
potential analytes are applied and can be measured quasi simultaneously after calibration of the single 
sensors 

For the multianalyte sensor, 150 µL of sample solution containing different amounts of each 

analyte were applied to the multi-electrode system. For a quasi-simultaneous acquisition, the 

potential difference of the ISE was read out first after sample application. Then, the impedance 

was measured and as last step, the amperometric detection was done. In summary, one 
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analytical cycle takes approximately 75 seconds. A schematic experimental setup is shown in 

Figures 3.2 c and 3.2 d.  

Some measurements were performed with filter paper or gauze as sweat collection pad and 

on a chicken leg with skin to simulate detection under more real conditions (see Figure 3.2 b 

for the experimental setup). Moreover, lactate quantification was performed in synthetic sweat 

solution according to DIN 53160-2 and in artificial tear fluid. [*] 

Statistics and Data Evaluation 

All calculation, especially the arithmetic mean values and standard deviation (SD) were 

calculated with Microsoft Excel 2016 (Microsoft Corporation, Redmond, Washington, USA). 

Usually, measurements were performed at least in triplicate (n = 3). Suspicious values were 

removed after failing the outlier Q-test. SD is represented by error bars in y-direction. [*] 

Linear and non-linear regression curves were accomplished with following equations (1) and 

(2). Lower limit of detection (LOD) and lower limit of quantification (LOQ) for linear calibration 

curves were calculated with equations (3) and (4). To calculate the LOD and LOQ from a 

sigmoidal fit curve, the equations (5) and (6) were used. [*] 

linear curve fit: 𝑦 = 𝑚 ∙ 𝑥 + 𝑏 (1) 𝑚 … 𝑠𝑙𝑜𝑝𝑒 

𝑏 … 𝑦 − 𝑎𝑥𝑖𝑠 𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡 

𝐴1 … 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑣𝑎𝑙𝑢𝑒 

𝐴2 … 𝑓𝑖𝑛𝑎𝑙 𝑣𝑎𝑙𝑢𝑒 

𝑥0 … 𝑐𝑒𝑛𝑡𝑒𝑟 

𝑝 … 𝑝𝑜𝑤𝑒𝑟 

𝜎𝑏𝑙𝑎𝑛𝑘 … 𝑆𝐷 𝑜𝑓 𝑏𝑙𝑎𝑛𝑘 (𝑜𝑟 

𝑙𝑜𝑤𝑒𝑠𝑡 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑣𝑎𝑙𝑢𝑒) 

sigmoidal curve fit: 
𝑦 =  

𝐴1 − 𝐴2

1 + (
𝑥
𝑥0

)
𝑝 + 𝐴2 

(2) 

LOD (linear fit): 𝐿𝑂𝐷 =
3 ∙ 𝜎𝑏𝑙𝑎𝑛𝑘

𝑚
 (3) 

LOQ (linear fit): 𝐿𝑂𝑄 =
10 ∙ 𝜎𝑏𝑙𝑎𝑛𝑘

𝑚
 (4) 

LOD (sigmoidal fit): 𝐿𝑂𝐷 = 𝐴1 − 3 ∙ 𝜎𝑏𝑙𝑎𝑛𝑘 (5) 

LOQ (sigmoidal fit): 𝐿𝑂𝑄 =  𝐴1 − 10 ∙ 𝜎𝑏𝑙𝑎𝑛𝑘 (6) 
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3.3 Results and Discussion 

The development strategy of the multi-analyte all-LIG sensor is based on an initial study of 

each single sensing principle separately. Electrode layout, laser-scribing conditions and all 

other depending parameters and procedures were optimized to serve all three sensing 

concepts well. The key was to demonstrate that an all-LIG concept is possible for all three 

electroanalytical detection strategies and that those can easily be combined for multi-analyte 

detection. 

Potentiometric Sensor for Potassium Ion Quantification 

The LIG-based sensor for potentiometric determination of potassium ions consists of an ion-

selective electrode with valinomycin embedding PVC membrane and an electro-deposited 

Ag/AgCl reference electrode. The potential of the reference electrode fabricated via galvanic 

silver plating and subsequent electrochemical oxidation in saturated KCl solution was 

measured vs. a silver chloride coated silver wire. A difference below 1 mV indicated a well-

working production process. A planar design with circular electrodes was chosen considering 

a future application as sweat sensor worn on skin. Size, distance, and shape of the electrodes 

were optimized for best performance (see SI, SI Figures 3.3-3.9) resulting in a well-working 

all-LIG sensor with relative errors below 4% (Figure 3.3). Specifically, K+ detection worked 

within a concentration range of 110-5 molL-1 to 1 molL-1 KCl when covering the electrodes 

with a single droplet of sample solution. Using filter paper as simulated sweat collection pad, 

the lower linear range limit increased to 1 mmolL-1 KCl indicating an expected direct negative 

impact on the ion diffusion profile to the sensor surface. As the median range of interest for K+ 

analysis in sweat is fluctuating around 5 mmolL-1 with peak values up to 38 mmolL-1 [5, 29, 

30], the dynamic range of the sensor is an excellent fit. Furthermore, due to valinomycin a 

good selectivity towards K+ ions was demonstrated compared to the main interfering cations 

Na+, Mg2+ and Ca2+ as shown in SI Figure 3.5. 

As can be seen in Figure 3.3 a and Figure 3.3 b, the slopes of the dose response curves are 

around 95 mVdec-1 in case of using the electrodeposited Ag/AgCl RE. This indicates that our 

pseudo Ag/AgCl reference electrode contributes to the signal and responds to the chloride ions 

of the KCl standards accordingly. This was demonstrated by simply performing the same 

experiments with KNO3, NaCl and KH2PO4 (Figure 3.3 c) whereas the other electrolytes 

showed just half of the slope in contrast to the dose-response curve for KCl.  
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Figure 3.3 a Dose-response-curve of a potentiometric, planar LIG based sensor with Ag/AgCl RE 

measuring KCl concentrations ranging from 10-6 to 1 molL-1 with the droplet method (Nsensor = 3). The 

linear range goes down to 110-5 molL-1 KCl and the slope is 96  2 mVdec-1. The small standard 
deviation, represented as error bars, especially in the linear range, indicates a reproducible electrode 
fabrication procedure. [*] b Dose-response curves of the potentiometric LIG sensor with Ag/AgCl RE. 
KCl samples were measured by application of droplets (grey boxes), using a filter paper as sweat 
collection pad (red circles), measuring sample droplets on chicken skin (blue triangle) and on chicken 
skin with filter paper (green triangle) [*] c Dose-response curves of one sensor when different 
electrolytes containing K+ and Cl- ions, are measured to demonstrate the sensor’s sensitivity towards 
both species (grey boxes: KCl, red circles KH2PO4, blue triangles: KNO3 green triangles: NaCl) 

In theory, a 118 mV slope (i.e. 2x Nernstian slope of 59 mV) would be expected for KCl 

additions. However, the pre-deposition of AgCl on the pseudo reference electrode likely 

prevents that. For actual K+ ion quantification in sweat, two strategies can be used. Either, a 

simple LIG electrode can be applied as reference material or the pseudo RE will be covered 

with a Nafion/KCl/PVC membrane (Figure 3.4). The additional membrane keeps chloride 

concentration at the RE constant and prevents Cl- ions from the sample to interfere. Besides 

the reduced sensitivity caused by the increased resistance, both strategies show a suitable 

way to minimize the influence of chloride ions within the relevant range. Moreover, we expect 

that the unprotected Ag/AgCl electrode in combination with another RE works as simple 

chloride ion sensor. 



Electrochemical Multi-Analyte Point-of-Care Perspiration Sensors 

51 

 

Figure 3.4 Dose-response curves of all-LIG potentiometric sensors with an ISE versus different RE a 
Ag/AgCl pseudo-RE was protected by a Nafion/KCl/PVC layer and b an unmodified LIG was used as 
RE material to minimize the influence of chloride ions (grey boxes: KCl, red circles KNO3, blue triangles: 
NaCl; n = 3) 

It should be pointed out that the overall fabrication of the potentiometric sensors is reliable 

even on lab-scale as shown by minimal differences in slopes and low standard deviations 

(Figures 3.3, 3.4 and 3.8). However, it can also be seen that each change in sensor set-up 

creates additional resistance layers which is reflected in the varying slopes observed in these 

data sets, i.e. sensors without Nafion layer follow a Nernstian behavior, as those with additional 

PVC and Nafion layers, or when mechanically disturbed by filter paper or gauzes show an 

overall decrease in slope. 

Impedance Sensor for Electrolyte Quantification 

EIS was used to quantify the overall electrolyte content in sweat. Electrolyte concentration in 

sweat is an important indicator for the hydration level of the body. Therefore, an interdigitated 

LIG electrode structure was designed and optimized (see SI, Figures 3.10 – 3.15). The 

impedance measurement with the kidney-shaped sensor was performed at constant frequency 

of 1 kHz with a fixed amplitude of 10 mV to enable a fast response of the sensor. Application 

of KCl solutions to the sensor with and without filter paper as sweat collection pad showed 

small standard deviations and similar curve shapes in the physiological relevant electrolyte 

concentration range of 1 mmolL-1 to 1 molL-1 [5, *] (see Figure 3.5). Ion concentrations in 

sweat range from lower millimolar concentrations up to peak values over 0.5 molL-1 which is 

well within the reliable detection range of this sensor [5, 12, *]. 
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Figure 3.5 Dose-response curve of impedance measurements of KCl solutions with concentrations 

ranging between 510-4 and 1 molL-1 in a planar all LIG setup (Nsensor = 3) with the droplet method (blue 
circles) and Whatman® 595 filter paper (red boxes) to simulate a sweat collection pad. The inset shows 
a zoomed-in section for the concentration range below the relevant range. Instrumental settings: fixed 
frequency of 1000 Hz with an AC amplitude of 10 mV and DC potential of 0 V [*] 

 

Amperometric Glucose and Lactate Biosensors  

Enzyme-based biosensors were developed for the amperometric detection of glucose and 

lactate. Glucose oxidase and lactate oxidase were used as their reaction with the respective 

analytes produce H2O2, which can easily be detected on Prussian blue-coated carbon 

electrodes. Chitosan membranes were selected as protection membranes and scaffolds for 

enzyme immobilization due to their wide-spread and established performance in such enzyme 

sensors [1, 2, 31–37]. Here, these well-established concepts were established on the LIG 

electrodes. Enzyme immobilization, Prussian blue coating, chitosan membrane protection as 

well as acquisition and incubation time were optimized (see SI, Figures 3.16 – 3.20). For most 

of the optimizations steps, hydrogen peroxide (HP) sensors (without immobilized enzyme) 

were used and the characteristics of the underlying H2O2-sensor are shown in Table 3.1. 

Subsequently, the glucose sensor was tested in solution by dropping sample volumes onto the 

electrodes (Figure 3.6), with a simulated sweat collection pad (wipe) and on chicken skin 

(Table 3.1). In the case of the droplet method, a limit of detection (LOD) of 13.7  0.5 µmolL-1 

and a limit of quantification (LOQ) of 42  2 µmolL-1 were calculated from dose-response 

curves with an upper limit of the dynamic range around 2 mmolL-1 and a sensitivity of 

20.0  0.8 µALmmol-1cm-2
. For the application intended, the detectable concentration range 

is appropriate, as glucose concentrations in sweat are in the range between 6 µmolL-1 and 

2.2 mmolL-1 with a median value of 170 µmolL-1 reported [5]. 
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Figure 3.6 a Exemplary time versus current curves of chronoamperometric characterization of a 
modified glucose biosensor with chemical deposited Prussian blue layer, 0.1% chitosan membrane and 

theoretical GOx activity of 1 Umm-2(n = 3, error bars are hidden for clarity). The applied potential 
was -50 mV vs. LIG. Run time was 60 seconds and the sample was applied as a droplet. The magnified 
cutout demonstrates that low glucose solutions can be distinguished from each other. [*] b Dose-
response curve (n = 3, SD represented by error bars, droplet method) resulting from the respective I vs. 

t curve after a run time of 60 seconds on half-logarithmic scale. LOD is 13.7  0.5 µmolL-1 and LOQ is 

42  2 µmolL-1 [*] 

In the case of filter paper and chicken skin analyses, LOD and LOQ are increased by a factor 

of nine to 120  4 µmolL-1 and 365  11 µmolL-1, respectively. The sensitivity of the sensor 

decreased by a factor of five to 4.5  0.1 µALmmol-1cm-2 (SI Figure 3.21 b). We therefore 

suggest to change the sweat collection to other strategies in the future, such as macro-

collection channels as published by Lei et al. [38], as also indicated by further CV analyses 

(SI Figure 3.21 a). This strategy would provide better analyte diffusion profiles and hence 

create conditions similar to those established in the droplet method. 

Due to the broad pH range of sweat based on different factors like collection point, extent of 

activity or fitness level of the individuals [6, 39], dose-response curves for glucose were 

recorded between pH 4 and pH 7. Each curve was measured on one sensor with an applied 

potential of 0 V vs LIG. The resulting dose-response curves and the calculated sensor 

specifications are comparable (Figure 3.7). The dose-response curves were normalized due 

to the varying sensitivities of the different sensors. If the manual modification steps are 

replaced by an automated method, we assume that the reproducibility of the sensitivity can be 

increased. Currently, a two-point calibration for the lowest and highest concentration and 

normalization is a satisfying procedure for comparison. 
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Figure 3.7 a Normalized dose-response curves of glucose in phosphate/citrate buffers at different 
physiological relevant pH values (between 4 and 7). For each pH value, a new sensor was taken. A 
potential of E = 0 V vs. LIG was applied for all chronoamperometric measurements. All curves have a 
highly comparable shape independent of pH. Normalization of the signals from different sensors is 
necessary due to the varying sensitivity of the manually fabricated sensors. b Summary of important 
characteristics for the glucose sensors at different physiological relevant pH ranges 

Upon simply exchanging the enzyme from glucose to lactate oxidase, the strength of the 

sensor concept became obvious. No further optimization experiments were required. The 

lactate detection in the droplet format was performed within a concentration range from 

10 µmolL-1 to 5 mmolL-1. A LOD of 28  3 µmolL-1 and a LOQ of 86  8 µmolL-1 were 

obtained with a sensitivity of 16  1 µALmmol-1cm-2 (Table 3.1). Interestingly, the sensor is 

too sensitive for lactate concentrations in sweat, which ranges from 3.7 up to 50 mmolL-1
 [5, 

40]. This high level is a well-known challenge for oxidase-based biosensors in literature [5, 29, 

41]. To overcome this challenge, perforated membranes could be used as demonstrated 

previously by our groups [38]. Experiments with gauze for sweat collection showed the same 

trend as previously seen for glucose detection. LOD and LOQ declined nearly by a factor of 

five compared to the droplet method to 133  1 µmolL-1 and 415  3 µmolL-1, respectively, 

with a sensitivity of 1.75  0.01 µALmmol-1cm-2. In the case of lactate, the LIG-lactate sensor 

performs well within the lower physiological relevant range. At the same time, materials other 

than gauze should be investigated in the future such as specialized polymer sponges, 

hydrophobic fibers or microfluidic channels [41–46].  
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In the case of lactate as analyte, measurements in synthetic sweat matrix (DIN 53160-2) and 

in artificial tear fluid were also performed using the droplet method. Data plots for lactate 

measurements are shown in SI Figure 3.22. The values of sensitivity, LOD and LOQ are 

summarized and compared to all other amperometric determinations in Table 3.1. 

Table 3.1 Comparison of important sensor characteristics determined with droplet method and sweat 
collecting substrate for chronoamperometric detection of the respective analytes hydrogen peroxide, 
glucose and lactate in 1X PBS pH 7.4 as well as in synthetic sweat solution according to DIN 53160-2 
and artificial tear fluid with droplet application 

analyte H2O2 glucose lactate 

sample 

application via 
droplet droplet 

filter on 

skin 
droplet 

synthetic 

sweat 

solution 

droplet 

artificial 

tear 

fluid 

droplet 

gauze 

LOD 

[µmolL-1] 
121  6 13.7  0.5 120  4 28  3 25  4 82  1 133  1 

LOQ 

[µmolL-1] 
367  2 42  2 365  11 86  6 76  11 249  2 415  3 

linear range up to 

[mmolL-1] 
5 1.5 1.5 1 5 1 2.5 

sensitivity 

[µALmmol-1cm-2] 
3.0  0.1 20.0  0.8 4.5  0.1 16  1 6.1  0.4 4.5  0.6 

1.75  

0.01 

adj. R2 0.9736 0.9860 0.9895 0.9633 0.9377 0.9989 0.9864 

 

The enzymatic sensors show at least comparable or even better LOD/LOQ and sensitivity than 

the underlying HP sensor. As the HP is produced directly on the sensor surface in the case of 

the enzyme sensors, dependence on HP diffusion is minimized and therefore the sensitivity 

can be improved. The sensor’s performances prove their applicability for the detection of 

glucose and lactate in the respective fluids representing real samples. While LOD and upper 

detection limit are shifted to higher values in comparison to their performance in buffer solution, 

the sensors are a suitable platform for quantification within the physiological range of lactate 

in eccrine sweat (3.7 - 50 mmolL-1
 [5]) and tear fluid (1 mmolL-1 to 5 mmolL-1 [47]). As 

indicated in Table 3.1, various filter papers were studied to function as sweat collection 

material. Depending on the ability to hold aqueous solution on top of the sensor surface, more 

or less hindrance of the detection itself was observed. Materials similar to simple filter paper 

work well in most instances as indicated by the filter paper, Kimwipe tissue and gauze data 

shown. Moreover, all favorable data obtained from the single-parameter sensors suggested to 

combine the sensors to a miniaturized POC multi-analyte sensing platform for a reliable and 

affordable sweat analysis. 
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Combined Multi-Analyte Sensor 

For the multi-analyte concept, the first challenge was to minimize the sensor area to provide 

reliable responses with analyte volumes as low as possible. Therefore, the Ag/AgCl reference 

electrode is successfully shared by the potentiometric and the amperometic setup (Figures 

3.2 c and 3.2 d). Cross talk of the electrodes is minimized by choosing a semi-simultaneous 

measurement approach in which sensors are turned on and off consecutively within a short 

time. Each analytical cycle (potentiometry, impedance, and chronoamperometry) requires only 

75 seconds, and hence allows a quasi-continuous and simultaneous monitoring of all analytes. 

In this format, dynamic ranges and LOD/LOQ are comparable to the characteristics obtained 

for the single-parameter sensors (Figure 3.8). This indicates that the changed layout and 

electrode geometry do not affect the performance. Most interestingly, it proves that 

multianalyte sensing in an all-LIG format using any of the desirable electrochemical techniques 

can be realized and easily adapted to other analytes of interest to which ionophores or 

enzymes are available.  
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Figure 3.8 Dose-response curves of combined multi-analyte sensor for three determination methods 
under the same conditions as for the single-analyte sensor. All techniques show a comparable response 
as the single-analyte sensors a The all-electrolyte concentration with the impedance measurement is 

highly reliable in the physiological relevant range from 1 to 500 mmolL-1 b A similar reliability within the 
relevant range is provided for the detection of potassium concentrations with the potentiometric sensor. 

The slope of the linear fit is 103  1 mmoldec-1 c Glucose determination with the amperometric setup. 

LOD of 135  5 µmolL-1 and LOQ of 410  15 µmolL-1 were obtained Potentiometric determinations 
were performed with a d Nafion/KCl/PVC protected RE and a e LIG RE 
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Table 3.2 shows similar sweat sensing platforms in comparison to important key 

characteristics of our presented work. Our all-LIG multi-analyte sweat sensor scores well or 

even better than most comparable works, especially with respect to the simplicity of the 

fabrication process and the flexibility of introducing new analytes by changing ionophores or 

enzymes. 

Table 3.2 Overview of comparable sweat sensing devices (single analyte and multi-detection systems) 
in comparison to our work 

analyte 
detection 

method 

electrode 

material 
LOD 

detection 

range 
sensitivity 

response 

time 
year 

glucose 

amperometric, 

enzymatic 

(GOx) 

rGO on PI with 

Au/Pt NPs + 

chitosan 

5 µM 0–2.4 mM 
48 μA/mM 

cm2 
20 s 

2018 

[48] 

glucose 

amperometric, 

enzymatic 

(GOx) 

SPE, 

graphite/Ag in 

microfluidic PET 

patch 

11 µM 50–200 µM 1 nA/µM 1 min 

2019 

[49] 

K+ 

potentiometric, 

ISE 

(valinomycin) 

- 5–40 mM 
51.3 

mV/dec 
- 

glucose 

amperometric, 

enzymatic 

(GOx) 

photo litho-

graphy on 

flexible PET; 

Ag/AgCl RE and 

CE, PB/ 

chitosan/CNT on 

WE; PVB-RE, 

carbon/ 

PEDOT:PSS 

- 0-200 µM 
2.35 

nA/µM 
1 min 

2016 

[29] 
K+ 

potentiometric, 

ISE 

(valinomycin) 

- 1–32 mM 
61.3 

mV/dec 
- 

lactate 
amperometric, 

enzymatic (LOx) 
- 0-30 mM 220 nA/µM 1 min 

lactate 
amperometric, 

enzymatic (LOx) 

SPE, Ag/AgCl , 

CNT, TTF, 

chitosan, on 

temporary tattoo 

- up to 30 mM 

10.31 

μA/mM 

cm2 

1 min 
2013 

[50] 

lactate 
amperometric, 

enzymatic (LOx) 

SPE, 

PB/graphite, 

Ag/AgCl, 

Carbon, 

chitosan 

0.39 

mM 
0-14 mM - 30 s 

2017 

[34] 
K+ 

potentiometric, 

ISE 

(valinomycin) 

10-3.9 

M 
0-100 mM 

58.0 

mV/dec 
20 s 

glucose 

amperometric, 

enzymatic 

(GOx) 

LIG, PtNPs, 

chitosan 

< 300 

nM 
up to 2.1 mM 

4.622 

μA/mM 
- 

2020 

[51] 

glucose amperometric, 

enzymatic 

(GOx/LOx) 

all LIG-based, 

drop-

coated/electro-

deposited/ 

chemical 

deposited 

Ag/AgCl RE, 

LIG RE 

possible, 

PB/chitosan WE 

13.5 

µM 
up to 1.5 mM 

20.0 

μA/mM 

cm2 60 s 

This 

work 

lactate 28 µM up to 5 mM 
16 μA/mM 

cm2 

K+ 

potentiometric, 

ISE 

(valinomycin) 

10-4.5 

M 
up to 1 M 96 mV/dec 1 s 

electro-

lytes 
impedance 

10-3.5 

M 
1 mM-1 M - 5 s 

GOx: glucose oxidase; LOx: lacate oxidase; ISE: ion-selective electrode; PI: polyimide rGO: reduced graphene; 
NPs: nanoparticles; SPE: screen-printed electrodes; PET: polyethylene terephthalate; RE: reference electrode, 
CE: counter electrode; WE: working electrode; PB: Prussian blue; CNT: carbon nanotubes; PVB: polyvinyl butyral; 
PEDOT:PSS: poly(3,4-ethylenedioxythiophene) polystyrene sulfonate; TTF: tetrathiafulvalene; LIG: laser-induced 
graphene  
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3.4 Conclusion 

Laser-induced graphene (LIG) is a reasonably new, alternate graphene-like 3D carbon 

material investigated for electrochemical sensing, supercapacitors and fuel cells [21, 27, 52]. 

Its simple fabrication requires a polyimide foil (such as commercially available Kapton sheets 

used herein), and a CO2-laser [24]. No additional pastes, substrates, gas environments, 

cleanroom conditions or special know-how is needed, which catapults LIG electrodes into a 

category of most-easy-to-prepare electrochemical transducers from small lab-scale to large-

scale production, easily amenable also to roll-to-roll fabrication. In this study, we demonstrated 

an all-LIG multianalyte sensing platform, employing the three relevant electrochemical 

principles used in point-of-care sensors (i.e. voltammetry, potentiometry, impedance) and 

addressing a relevant analytical challenge by applying it to sweat analysis. The inherent 

mechanical flexibility of the LIG substrate paired with the electroanalytical performance of the 

3D graphene-like network enabled the detection of all chosen analytes (electrolyte, potassium 

ion, glucose and lactate) in their relevant physiological range. Furthermore, most recent work 

demonstrated the non-toxicity of the LIG electrodes [53] and previous studies using aptamers 

indicated that highly sensitive bioanalytical sensors are feasible [21, 54]. Interestingly, when 

using more advanced substrates, such as polyimide nanofiber mats, new strategies are 

possible that create nanoparticle-embedding LIG-nanofibers [55]. Similar strategies may be 

feasible when generating polyimide-nanoparticle blends and spin-coating those onto flat 

surfaces prior to pyrolysis via the laser. We predict that LIG electrodes will play a major role in 

future electroanalytical systems, not only applied to the point-of-care, but also to other low-

cost analytical challenges such as food and environmental monitoring, since the all-LIG 

sensing platform is feasible and can easily be fabricated even under resource-limited 

conditions. 
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3.7 Supporting Information 

3.7.1 Laser-Scribing Process 

The general laser-scribing process is schematically shown in the following SI Figure 3.1. 

Flexible PI substrate is exposed to a commercial infrared CO2 laser. The desired pattern can 

be “printed” on the substrate using suitable power and speed settings to obtain the porous 

graphene-like material. 

 

SI Figure 3.1 Scheme of the laser-scribing process: a polyimide foil (orange) as flexible substrate for 

the desired pattern is exposed to a commercial infrared CO2 laser (λ = 10.6 µm) with suitable laser power 

settings and scribing speed under ambient conditions to provide a porous 3D graphene material (black) 
with properties appropriate for electrochemical analysis [*] 

LIG electrodes produced with the VLS 2.30 laser scriber show different performance 

depending on the orientation during the scribing process. The scribing direction is always along 

the Y-axis, the laser pathway is always perpendicular to the scribing direction along the X-axis. 

Primitive designs were created that consisted only of two contact pads connected by a 

conductive strand. A design with a linear connection was produced; once orientated 

perpendicular to the scribing direction, once rotated by 45°, and another one parallel to the 

scribing direction (SI Figure 3.2 a). The resistance of the designs (N = 3) was measured from 

the middle of one pad to the middle of the other pad with a commercial voltmeter (distance of 

5 cm). 

While orientated in scribing direction, the resistance was 594 ± 27 Ω and therefore the lowest. 

If produced in a 45° angle, an increase in resistance by 76 % could be observed (1048 ± 13 Ω). 

Production perpendicular to the scribing direction leads to an increase by 128 % (1353 ± 37 Ω).  

All structures that are not aligned to the scribing direction increase the resistance of an 

electrode significantly. A second set of designs was created with the same length and 

thickness as before but once with a 90° bend and once with the kink smoothed to a curve. 

(SI Figure 3.2 b) The design with the 90° bend showed an increase in resistance by 65 % 

(982 ± 19 Ω), introducing the curve leads to an increase of 54 % (916 ± 9 Ω). 
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SI Figure 3.2 a Linear designs for resistance measurements; b Designs with kink or curve 

 

3.7.2 Optimization and Modification Process for Potentiometric Potassium Ion Sensor 

To prove the measurement principle, at first a simple potentiometric setup was tested in bulk 

solution by using the ion selective membrane modified LIG electrode (diameter d = 2.5 mm) 

versus a commercial external Ag/AgCl electrode. As can be seen in SI Figure 3.3, the dose-

response curve shows the expected trend over a large concentration range. The slope of 51 

mV is quite close to the theoretically expected value of 59 mV. Changes in ionic strength did 

not influence the potential between an unmodified LIG electrode and the commercial Ag/AgCl 

RE. 

 

SI Figure 3.3 Dose-response curve of a LIG electrode with a valinomycin doped membrane, using a 
standard Ag/AgCl electrode as reference in bulk solution. Coherence which shows LIG potassium 
selective electrode is suitable (n = 1). 

Since the initial measurements were performed by dipping the electrodes into solution, the 

setup was changed to a planar LIG electrodes on one flexible substrate. To enable a planar 

electrode setup a new design had to be found Therefore, both electrodes had to be closer 

together, to enable a full coating of both electrodes with just one drop of sample solution. The 

setup used for measurements shown in SI Figure 3.4 is the best compromise between 

analogy to the real wearable setup and working convenience. 
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SI Figure 3.4 Dose response curve of a valinomycin coated electrode versus a planar Ag/AgCl-coated 
LIG reference electrode. The corresponding electrode design is shown as inset. The measurements 
were performed by depositing a drop of potassium chloride solution on the planar electrode. Since the 
curve show a linear behavior the measurement principle was approved working (n = 1). 

The thickness of the ion-selective membrane was about 70 µm (measured by optical light 

microscopy) and the concentration of the ionophore in the membrane solution was 16 mg per 

gram PVC. Both parameters might have potential to be optimized, but as the slope of the 

calibration curve is close to the theoretical value no other combinations have been tested. 

Furthermore, valinomycin selectivity towards K+ ions was demonstrated against to the main 

interfering cations Na+, Mg2+ and Ca2+ as shown in SI Figure 3.5. Potassium ion concentration 

was constant at 10 mmolL-1 whereas the interfering cation concentrations were varied 

between 0.1 and 50 mmolL-1
. 

 

SI Figure 3.5 10 mM KCl solution in water were measured (mean value with standard deviation is shown 
as violet box, n = 9). 10 mM KCl solutions with main interfering cation concentrations between 0.1 and 
50 mM were measured. They show a small signal decrease to the sample solution without interfering 
ions. Grey boxes NaCl red circles CaCl2 blue triangles MgCl2 solutions were measured with the 
planar design using the drop-coated ISE vs. unmodified LIG electrode 

The dose-response curve reveals that the principle will work on LIG electrodes. The signal 

changes upon changing the concentration were measured immediately after sample 
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application and after 60 seconds with the silver paste based Ag/AgCl RE. Both resulted in 

stable and reproducible values (SI Figure 3.6).  

 

SI Figure 3.6 Dose-response-curve the potentiometric, planar LIG based sensor, measuring a KCl 
concentration ranging from 10-7 to 1 M. In this case the reference electrode was synthesized using a 
conductive silver paste (n = 3). The linear range goes down to 10-4 M KCl. The red curve shows the 
potential directly after sample application with a slope of 98 mV per decade, whereas the blue curve 
shows the potential after 60 s with a slope of 101 mV per decade, respectively. For both times the curves 
show good coherence 

As a next step, to further improve the LIG based electrode setup, a different planar reference 

electrode was used. Up to now a conductive silver paste with deposited silver chloride was 

used (SI Figure 3.7 a), which was suitable for initial measurements, but since the deposition 

of this paste cannot be performed reproducibly and it is not known which additional ingredients 

are contained in this paste, the reference electrode needed further improvement. 

 

SI Figure 3.7 a LIG based reference electrode, using a conductive silver paste. b Ag/AgCl RE which 
was made by using a plating device and AgNO3 electrolyte. The improved procedure, using a plating 
device, enables a much more reproducible fabrication process 

Therefore, first Ag should be electrodeposited with from a silver nitrate solution and, in a 

second step, the surface layer oxidized to silver chloride. A commercially available handheld 

plating device was used for deposition with a AgNO3 solutions, mass concentration ranging 

between 200 mg∙mL-1 and 1000 mg∙mL-1. One drop of electrolyte, between 10 and 50 µL, was 

deposited on the LIG. For a uniform deposition it was needed to equilibrate the silver nitrate 

solution on the LIG. Different equilibration times between 1 minute and 15 minutes were tested 
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and the uniformity after the plating process was evaluated by naked eye. The actual plating 

was executed between a few seconds and 2 minutes. An immediate formation of a silver layer 

on the LIG could be observed. To form the silver chloride coating, the silver-plated electrode 

was immersed into a saturated KCl solution and a DV voltage of 800 mV was applied for 60 

seconds up to 200 seconds. A slight darkening of the silver layer could be seen 

(SI Figure 3.7 b).  

In a 10-2 M KCl solution this new planar LIG based reference electrode shows a potential of 

2 mV versus a silver wire coated with silver chloride, which indicates that the coated LIG 

electrode should be suitable as reference electrode. As can be seen in SI Figure 3.8 the 

improved LIG-based RE decreases the linear range of the potentiometric potassium selective 

sensor down to 10-5 M KCl. 

 

SI Figure 3.8 Dose-response-curve the potentiometric, planar LIG based sensor, measuring a KCl 
concentration ranging from 10-7 to 1 M. In this case the Ag/AgCl RE was electrodeposited with a plating 
device. The sensor design is shown as inlet. The linear range goes down to 10-5 M KCl. The red curve 
shows the potential after 0 s with a slope of 79 mV per decade, whereas the blue curve shows the 
potential after 60 s with a slope of 87 mV per decade, respectively. For both times the curves show good 
coherence 

Finalized parameters are summarized in the experimental section. The final modification 

procedure to obtain a potentiometric LIG sensor is shown in the following SI Figure 3.9. 

 

SI Figure 3.9 The entire modification process for the potentiometric sensor is shown schematically from 
left to right starting with the raw LIG pattern, followed by the insulation of the strands and drop-coating 
of the ion-selective membrane cocktail on the left electrode. Afterwards, on the right electrode, a silver 
layer is plated and in the last drawing the formed AgCl layer is shown [*] 
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3.7.3 Optimization of Impedance-based Electrolyte Sensor 

Cell constants for the interdigitated structure are calculated from the ratio of the space S 

between two fingers and the width W of one finger. According to literature [56] an optimized 

cell constant is obtained for a S/W ratio of 0.54. Furthermore, the length L and the number N 

of the electrode fingers are important characteristics, and both should be as large as possible 

to improve the cell constant. In a first attempt, L was set to 6 mm and N was set to 10, which 

results in a total electrode size of approximately 15 mm height and 8 mm width. 

 

SI Figure 3.10 Layout of an interdigitated Laser-Induced-Graphene electrode on polyimide substrate 

The electrode layout needed further improvements with regard to respective scribing 

conditions. Right angles and lines perpendicular to the scribing direction should be avoided as 

explained above. The evolution of the layout is shown in SI Figure 3.11 where we finally ended 

up with the kidney-shaped design which was used for all investigations in the main part. For 

all designs, the line width of the electrodes is 0.5 mm and spacing between the electrodes is 

0.2 mm. 

 

SI Figure 3.11 Optimization of LIG electrode layout for impedance measurements. Since right angles 
increase the electrode resistance, the design was created with the least numbers of right angles. It 
turned out, that an interdigitated design with a higher electrode area showed better results. Horizontal 
structures show decreased resistance since they are orientated in the scribing direction.  

The in following described optimization procedures were performed with the previously 

developed spiral design (SI Figure 3.12 a). These procedures are concerning especially the 

instrumental settings and sample application techniques. For the measurements shown in the 

main part of the work the kidney-shaped design (SI Figure 3.12 b) was used. 
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SI Figure 3.12 a Spiral electrode design for impedance measurement as previous version of the finally 
used kidney-shaped design shown in b. Line width is 0.5 mm; line spacing between the electrodes is 
0.2 mm [*] 

A full impedance spectrum of a LIG electrode was measured at EDC = 0 V, EAC = 0.1 V, from 

100 kHz to 1 Hz for a 0.5 M NaCl solution (SI Figure 3.13 a). The full spectrum is compared 

to a measurement at a fixed frequency at 1000 Hz (SI Figure 3.13 b). It can be seen, that the 

impedance value of the fixed frequency matches the value obtained out of the full spectrum. 

Measuring at a fixed frequency of 1000 Hz reduces sensor’s response time from minutes to a 

few seconds. 

 

SI Figure 3.13 Spiral design was used for all measurements. a Impedance spectrum of a LIG electrode 
measured at EDC = 0 V, EAC = 0.1 V, from 100 kHz to 1 Hz immersed into a 0.5 M NaCl solution. 
b Comparison of the full spectrum (black, magnified cut-out from a) with a measurement at a fixed 
frequency of 1000 Hz (red). It can be seen, that the impedance value of the fixed frequency matches 
the value obtained out of the full spectrum 

Next, the dose-response curves are shown. NaCl solution in a concentration range between 

28 and 200 mM were measured. The data shown in SI Figure 3.14 a were derived from a full 

spectrum measurement. The values were taken at a frequency of 1 kHz. Data shown in 

SI Figure 3.14 b were obtained from a measurement of the same samples at fixed frequency 

of 1 kHz. There is no significant difference between both. A measurement at fixed frequency 

is much faster and therefore preferable. 
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SI Figure 3.14 Dose-response-curves of LIG electrodes, measured at EDC = 0 V, EAC = 0.1 V, from 100 
kHz to 1 Hz for NaCl concentrations ranging from 28 mM to 200 mM. Impedance values at 1000 Hz are 
taken from a a full spectrum and b a measurement at fixed frequency was performed with the same 
samples 

SI Figure 3.15 a shows full impedance spectra, measured at EDC = 0 V, EAC = 0.1 V, from 

100 kHz to 1 Hz for a 0.2 M NaCl solution. The black spectrum was measured by immersing 

the electrode into solution, whereas for obtaining the red spectrum a drop of salt solution was 

deposited on the electrode structure. SI Figure 3.15 b shows the corresponding dose-

response-curves for NaCl concentrations ranging between 28 mM and 200 mM. The 

impedance value was taken out of the full spectra at 1000 Hz. The curves do not match; 

therefore, one application mode must be chosen. 

 

SI Figure 3.15 a Impedance spectra, measured at EDC = 0 V, EAC = 0.1 V, from 100 kHz to 1 Hz for a 
0.2 M NaCl solution. The black spectrum was measured by immersing the electrode into solution, 
whereas for obtaining the red spectrum a drop of salt solution was deposited on the electrode structure 
b Corresponding dose-response-curves for NaCl concentrations ranging from 28 mM to 200 mM. The 
impedance value was taken out of the full spectra at 1000 Hz. The curves do not match; therefore, one 
mode of application should be chosen 
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3.7.4 Optimization of Amperometric Biosensors 

Two different methods for PB deposition were investigated [57, 58]. Subsequently, differently 

concentrated chitosan solutions for drop-coating a suitable membrane were applied using 

literature conditions [35, 59]. Furthermore, the electrodeposited and well-reproducible Ag/AgCl 

RE was compared to a LIG reference electrode. Reproducibility and complexity of production 

were also taken into account for the decisions. During these fundamental optimization steps a 

suitable run time for the amperometric measurement was determined, which meets the 

requirements with regard to accuracy and time effort. Last step was optimization of enzyme 

immobilization and incubation time. [*] 

Electrodeposition of Prussian Blue 

An often-reported method for PB deposition on a graphene or carbon-based surface is the 

electrochemical deposition using cyclic voltammetry [58, 60]. The electrodeposition was 

investigated with different experimental setups and electrodes. In the beginning a vertical 

three-electrode setup with an external Ag/AgCl RE and a platinum wire CE was used. Later, 

the electrodeposition was performed in the planar all-LIG setup with a LIG reference electrode 

and the self-made electrodeposited Ag/AgCl RE, respectively. Different scan speeds and 

number of cycles were investigated. [*] 

First, the planar sensor with the electrodeposited Ag/AgCl reference electrode was tested. 

Depositing PB solely on the LIG WE was not possible using the sensor layout. After 

drop-coating the PB precursor solution, without applying a potential or current, a redox reaction 

started forming a clearly visible blue PB layer on the Ag/AgCl surface. Therefore, the sequence 

of electrode modification was swapped. The PB layer was deposited first in vertical setup using 

an external RE and in the second step the Ag/AgCl deposition procedure was performed. It is 

important to ensure the silver nitrate solution does not touch the PB layer due to the 

spontaneous formation of silver on the WE surface. [*] 

The unmodified sensor and both external electrodes were fixed and immersed into the 

deoxygenated and freshly mixed precursor solution. After a few CV scans, independent of 

scan rate and potential step width, a dark blue layer on the WE was recognizable with the 

naked eye. After at least ten cycles the PB layer was distinctive visible and furthermore PB 

was precipitated in the precursor solution. During removing the sensor from the setup and also 

during electrode cleaning with water, a large part of the blue layer dropped off. This vertical 

setup proved soon to be a laborious method where a large amount of the precursor solution is 

needed. Therefore, the planar setup was tested again with the unmodified LIG as reference 

electrode. SI Figure 3.16 a shows the resulting CV scans during the electrodeposition process 
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of Prussian blue versus a LIG reference electrode in a planar setup (SI Figure 3.16 b). The 

resulting PB layer before cleaning with water is shown in SI Figure 3.16 c. [*] 

Compared with literature data measured in conventional cells under similar conditions (pH, 

buffer, concentrations, instrumental settings), the shape of the single CVs and also the 

observation with increasing repetitions are similar [58, 60]. With every additional scan the peak 

currents increase whereas a slight potential shift, especially for the reduction peaks, is 

observed. The characteristic four main peaks of both redox couples Prussian blue/Prussian 

white and Prussian blue/Berlin green are clearly differentiable. For a reproducible sensor 

production and also with regard to instrumental effort, the electrochemical deposition of PB 

was not the best option. The formed PB layer was rather sensitive and even got damaged 

during rinsing to remove the excess PB precursor solutions.[*] 

Chemical Deposition of Prussian Blue 

Ricci et al. described a simple procedure for the modification of screen-printed graphite 

electrodes via chemical deposition of PB [57]. The protocol was varied to increase the 

reproducibility of the redox mediator layer. Therefore, the PB precursor solutions are mixed 

exclusively on the WE area (d = 3 mm) and soaked in the porous graphene layer for 20 minutes 

at ambient conditions. Afterwards, the layer was stabilized and activated for 2 hours at 100 °C. 

To avoid an undefined loss of PB, the chitosan membrane was drop-coated before the final 

washing step was performed. An image of the modified sensor was captured with a handheld 

digital microscope and is shown in SI Figure 3.16 d. Due to the comparable performance of 

the sensors and the straightforward production process, which is also more compatible with 

the Ag/AgCl deposition, the chemical deposition was chosen. [*] 
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SI Figure 3.16 a CV scans of Prussian blue electrodeposition on the LIG working electrode. The CV 

was performed from 0.5 to -1.2 V vs. LIG (20 mVs-1) in a planar setup [*] b with applied PB precursor 
solutions. [*] c The WE area modified with electrodeposited PB. The electrochemical deposition was 
used in a planar setup vs. LIG RE and the image was captured before washing steps. The LIG counter 
electrode is unmodified [*] d PB layer on the WE was chemically deposited. To avoid an undefined loss 
of PB, the chitosan membrane was drop-coated before the final washing step was performed. On the 
RE the Ag/AgCl layer was electrodeposited after PB deposition. The CE is unmodified. (The magnified 
images were captured with Dino Lite digital USB microscope with suitable software Dino Capture 2.0 [*] 

 

Ag/AgCl and LIG as Reference Electrode Material 

CVs of pure buffer were measured in the planar setup versus internal RE. The sensors were 

prepared with chemical deposited Prussian blue and 0.5% chitosan solution. Representative 

cyclic voltammograms are shown for both setups in SI Figure 3.17. The whole CV versus 

Ag/AgCl is shifted by around 0.4 V to higher potentials in comparison to the LIG reference 

electrode. Using a LIG reference electrode is favorable because the sensor’s working range is 

near 0 V. The peak currents are higher than the ones using the Ag/AgCl electrode that 

promises an increased sensitivity of the sensor. Furthermore, the practically nonexistent 

modification step pleads also for LIG as RE material. A large drawback of the LIG RE was the 

occurring potential shift during repeated CV scans as well as during the amperometric 

detection. Therefore, the RE modification is necessary. [*] 
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SI Figure 3.17 Comparison of representative CVs (PBS; scan speed 50 mVs-1) were determined in a 
planar sensor setup with droplet method. The PB layer was chemically deposited and covered by a 
chitosan membrane (0.5% chitosan solution). CVs were measured versus internal LIG (blue) and versus 
electrodeposited Ag/AgCl reference electrode (red). Dependent on the RE used the peak potentials are 
shifted [*] 

 

Optimization of Chitosan Membrane Thickness 

Same volumes of chitosan solutions with concentrations of 0.1%, 0.25% and 0.5% were 

applied to the WE area and dried overnight at ambient conditions. After buffer measurements, 

four H2O2 solutions in a concentration range from 10 to 500 µmolL-1 were applied three times. 

Chronoamperometry was run for 60 s at the respective suitable potential. The resulting 

currents and the signal-to-noise ratio are shown and compared in SI Figure 3.18. The sensor 

with the lowest chitosan concentration (0.1%) applied, showed for all hydrogen peroxide (HP) 

concentrations the highest current. It is plausible that the lower concentrated chitosan solutions 

result in a thinner membrane than higher concentrated ones when the same volume was 

applied. Therefore, the diffusion of the analyte but also interfering compounds, is less hindered 

in a thinner membrane. On the other hand, with the 0.5% chitosan membrane for HP 

concentrations of 50 µmolL-1 and above, a significant increased S/N was obtained. The thicker 

membrane increases the selectivity but reduces the sensitivity. Experiments were continued 

with 0.1% and 0.5% chitosan membranes but subsequently the 0.1% chitosan solution was 

used solely. The later immobilized biorecognition element increases the selectivity and 

therefore the higher sensitivity of the thin membrane is preferable. [*] 
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SI Figure 3.18 Different concentrated chitosan solutions (0%, 0.1%, 0.25%, 0.5%) were drop-coated on 
the WE of hydrogen peroxide sensors with chemical deposited PB layer (n = 3). The signals, which were 
obtained 60 s after application of HP solutions in 1X PBS pH 7.4, were compared [*] 

 

Optimization of Chronoamperometric Response Time 

During all the modification and optimization steps a suitable chronoamperometric run time was 

determined. Chronoamperometry was run for 180 s. Every 30 seconds the responded data 

were evaluated with regard to signal and principally stability. Results for 10 and 100 µmolL-1 

H2O2 solutions are shown in SI Figure 3.19. The signal is almost stable after 60 seconds for 

0.1 mmolL-1 HP solutions. All signals of lower concentration are similar within the error bars. 

The standard deviations of the three-fold determinations are slightly decreasing for both H2O2 

concentrations with increasing response times. With regard to real-time monitoring, a short run 

time is preferable. Therefore, 60 seconds acquisition time is a suitable compromise between 

response time and reliability of the signal. [*] 

 

SI Figure 3.19 10 and 100 µM hydrogen peroxide solutions were applied onto the sensor and the 
chronoamperometric measurements were run for 180 s (n = 3). Every 30 seconds the response data 
were evaluated. Signal and signal stability (refers to standard deviation) were considered to find a 
compromise between response time and reliability of the signal [*] 
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Immobilization of Enzyme, Activity and Incubation Time Experiments 

For the amperometric sensor, different enzyme immobilization strategies found in 

literature [29, 33, 34] were adapted and tested. The sensors’ performances were compared, 

and the results are shown summarized in SI Figure 3.20 a. A reason for failing of the 

immobilization strategies a) and b) is the acidic milieu of the chitosan solution. Chitosan is only 

soluble in acidic aqueous solution that is no suitable medium for the sensitive enzymes over a 

longer period. Therefore, extended contact with the acetic solution probably inactivated or 

damaged the glucose oxidase. Applying the enzyme solution on top of the chitosan network, 

could lead to a loose entrapment within the polymer structure. [*] 

The same volume of GOx aliquots (theoretically calculated activity of 0.4 and 4 UµL-1) was 

applied onto the chitosan membrane. The resulting GOx activities therefore were 0.1 and 

1 Umm-2 on the working electrode, assuming a planar surface. Incubation times of 1 and 5 

minutes were tested and the respective signals were compared (SI Figure 3.20 b). To 

compare different sensors directly with each other, the signal of glucose was normalized to the 

signal of the respective H2O2 solution. As expected, higher enzyme activity within the same 

incubation time provided a higher signal (50 % higher for the 5 min incubation example shown 

in SI Figure 3.20 b). Similarly, longer incubation resulted in higher signals. The incubation time 

experiment was repeated with 5 UµL-1 LOx instead of GOx solutions (SI Figure 3.20 c). Also 

here, longer incubation times provide a higher normalized signal. With regard to the later 

application as continuous sensing device long incubation times are not preferable. Therefore, 

the application of a high enzyme amount is favorable. [*] 

 

SI Figure 3.20 a Different immobilization strategies with chitosan as enzyme-friendly material were 
adapted and tested. The sensor performances suggested an enzyme application on top of the chitosan 
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layer [*] b 2 µL of two different GOx solutions (0.4 UµL-1 and 4 UµL-1) were applied on top of the sensors 
and incubated overnight at 4 °C. The resulting enzyme activities at the WE were calculated as 

0.1 Umm-2 (grey) and 1 Umm-2 (red). The signals are normalized to the signal of 1 mM hydrogen 

peroxide solution [*] c Enzyme incubation experiments were also performed with a 5 UµL-1 lactate 
oxidase solution drop-coated on top of a chitosan/PB modified WE (each n = 3) [*] 

 

3.7.5 Glucose Biosensor Performance on Skin 

To proof the sensors functionality on biological substrates, the experiments were repeated on 

chicken skin using filter paper as sweat collecting tissue. Detection on the blank chicken skin 

was not possible. Poor conductivity and a blocked electrode surface were observed, but the 

reasons therefore were not further investigated. With a sweat absorbing substrate layer 

between electrodes and chicken skin the sensors performance was recovered. A noticeable 

difference to the droplet method was the shift of sensor’s suitable working potential to a higher 

potential as shown in SI Figure 3.21 a. Especially, in the anodic current region the peaks were 

distorted compared to CVs obtained with droplet method. Thus, the peak separations were 

significantly increased indicating a restricted electron transfer. Glucose concentrations 

between 1 µmolL-1 and 10 mmolL-1 were measured three times on chicken skin with filter 

paper at a slightly increased potential compared to droplet method. The resulting calibration 

curve is shown in Figure 3.21 b. Due to the previous obtained results during potassium sensor 

characterization, higher LOD and LOQ were expected. Indeed, both values are increased by 

a factor of nine to 120  4 µmolL-1 and 365  11 µmolL-1compared to droplet method. Sensor 

sensitivity decreased by a factor of five to 4.5  0.1 µALmmol-1cm-2. [*] 

 

SI Figure 3.21 a CVs of glucose sensor in buffer (50 mVs-1 vs. LIG) with droplet method (blue) and 
measured on chicken with filter paper as sweat collection pad (red) [*] b Dose-response curve (n = 3, 
SD represented by error bars) of amperometric detection of glucose on chicken skin with filter paper as 
sweat collection pad at a potential of 0.2 V vs. LIG, acquisition time of 60 s and no further incubation 

time A slope of -0.32  0.01 µALmmol-1 and an adjusted R2 value of 0.9895 were calculated. The LOD 

is 120  4 µmolL-1 and the LOQ is 365  11 µmolL-1 [*] 
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3.7.6 Lactate Biosensors’ Performance Under Different Conditions 

The simple exchangeability of the enzyme was proven by replacing GOx with LOx. The lactate 

detection with LOx immobilized was performed within a concentration range of 10 µmolL-1 and 

5 mmolL-1. The resulting calibration curve for lactate detection with droplet method is shown 

in SI Figure 3.22 a. A LOD of 28  3 µmolL-1 and a LOQ of 86  8 µmolL-1 were reached. The 

obtained sensitivity is 16  1 µALmmol-1cm-2. Especially the lower quantification limit is 

completely satisfying for sensing in sweat. [*] 

Gauze was tested as sweat collecting material due to the unsatisfying results with filter paper 

as soaking material. It was necessary to use 60 µL of sample solution to wet the whole gauze 

pad. The results of a triple measurement on one sensor in comparison to droplet method are 

shown in SI Figure 3.22 b. [*] 

A triple measurement of different lactate concentrations ranging between 0.1 and 5 mmolL-1 

in pure buffer and in a synthetic sweat matrix according to DIN 53160-2 was performed on one 

sensor, respectively. Droplet method was used for both investigations. The resulting dose-

response curves are shown in SI Figure 3.22 c. The curve shapes of both data sets are very 

similar. The curve of synthetic sweat spiked with lactate is shifted parallel to lower currents 

compared to the measurements of lactate in 1X PBS pH 7.4. [*] 

Lactate is also present in human tears. Therefore, lactate determination was performed in an 

artificial tear fluid. The used commercial eye drops contain 0.15% sodium hyaluronate and 

sodium chloride in a citrate buffer around pH 7. The pure solution was used as solvent for 

different lactate concentrations between 0.01 mmolL-1and 2.5 mmolL-1. The results in 

comparison to lactate in 1X PBS pH 7.4 are shown in SI Figure 3.22 d. Both determinations 

were performed on the same sensor to enable a direct comparison of the curves. The curve 

shapes of both data sets are related and comparable. [*] 
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SI Figure 3.22 a Dose-response curve (n = 3, SD represented by error bars, droplet method) for 
amperometric detection of lactate at a potential of -20 mV vs. LIG and an acquisition time of 60 s on 
half-logarithmic scale. The biosensor was modified with chemical deposited Prussian blue and a 0.1% 

chitosan membrane. LOx activity on the WE was 1.4 Umm-2. There was no further incubation time [*] 
b Lactate determination in 1X PBS pH 7.4 with the droplet method (blue boxes) and gauze as sweat 
collecting pad (red circles). Chronoamperometry was performed at a potential of -20 mV vs. LIG. The 
tests were performed three times for each concentration (n = 3) on the same sensor to compare the 
results directly [*] c Triplicate measurement of lactate in pure 1X PBS pH 7.4 (blue boxes) and dilutions 
in synthetic sweat solution pH 6.5 (red circles) according to DIN 53160-2 with the same lactate sensor 
at E = -50 mV vs. LIG [*] d Lactate determination with the droplet method in 1X PBS pH 7.4 (blue boxes) 
and in artificial tear fluid (red circles). Tests were performed three times for each concentration on the 
same sensor to compare the results directly [*] 

 

3.7.7 Characterization of Electrode Material 

Surface morphology and graphene-like characteristics of the LIG was determined by SEM 

imaging and Raman spectroscopy. The SEM images (Figures 3.23 a, 3.23 b and 3.23 c) show 

the same spot of the LIG with different magnifications. One can clearly see the roughness and 

porosity of the three-dimensional material. Furthermore, thin sheets and flakes are visible. For 

further characterization, Raman spectra were recorded (SI Figure 3.23 d). The pronounced 

2D peak at around 2700 cm-1 is comparable with the one in single-layer graphene. The 2D 
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band profile can be typically found in 2D graphite with randomly stacked graphene layers along 

the c-axis [24].  

 

SI Figure 3.23 SEM images (magnification factors a 1,000 b 2,500 c 5,000). The porous and rough 
structure of the LIG is clearly visible. d Raman spectra of the LIG structure (n = 16, error bars are hidden 
for clarity, 532 nm laser, set at 8 mW, 50 µm slit aperture, 50 X objective) 
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4 Europium(III) Tetracycline as Probe for Detection 

of Hydrogen Peroxide in Microplate Assays 

Abstract 

Many biological relevant reactions release or depends on hydrogen peroxide (HP). Therefore, 

HP is a very important model analyte in the field of (bio)medical applications. Europium(III) 

tetracycline complex (EuTc) coordinates reversible with HP at physiological relevant pH. This 

coordination leads to an increase of luminescence intensity of the 5D0→7F2 transition of the 

Eu3+ ion, detectable at 616 nm after an excitation at 405 nm. The mechanism behind this 

phenomenon is the replacement of the quenching water molecules from the inner coordination 

sphere around the Eu3+ central ion by the HP molecules. 

Including oxidase enzymes, where HP is formed as a stoichiometric by-product, enables the 

rapid and sensitive detection of the related substrates like glucose with glucose oxidase (GOx) 

and lactate with lactate oxidase (LOx) with EuTc. The entrapment of the very selective enzyme 

and the sensitive luminescent probe within biocompatible hydrogels and polymers enlarges 

the thinkable bioanalytical applications enormously, not just in a microplate format. The 

assembling of sensor discs in a microplate by factory side enables a simple assay type for 

rapid detection of large numbers of samples. 

Herein, we present a polyvinyl acetate/cellulose acetate (PVAc/CA) membrane containing 

EuTc to detect hydrogen peroxide. Furthermore, the probe was embedded in a D4 layer 

protected by a PVAc/CA layer to reach a dynamic range from 10 µM to 10 mM. Glucose 

samples up to 50 mM and lactate samples up to 20 mM are mixed with the respective enzyme 

and added to the discs in a 96-well plate. After 2 min to 5 min incubation time the luminescence 

is read out at 616 nm. Hydromed® D4-GOx and D4-LOx discs were produced and optimized 

to detect glucose and lactate under comparable conditions within the same dynamic range as 

mentioned above when the sample solution is mixed with EuTc solution in the microplate. All 

systems work at 25°C and 37°C. The discs can be stored light-protected for at least 6 months 

(probe discs) or up to 1 year (enzyme discs) at 4°C. They show no significant loss of probe or 

enzyme when in use for minimum 3 h at 37°C (probe discs) or 6 h at 25°C (enzyme discs). 
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This fundamental work proves the reasonable application of EuTc and enzymes embedded in 

biocompatible hydrogels for rapid hydrogen peroxide, glucose and lactate detection in a 

microplate format within physiological relevant concentrations and conditions. 
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4.1 Introduction 

Since hydrogen peroxide (HP) plays a large role throughout physiological processes, it is one 

of the most popular analytes, not just for medical applications [1]. Many assays and sensors 

were developed over time [2]. Modification of existing HP sensors with biorecognition elements 

like enzymes increases the scope of this sensor type enormously [3]. In many oxidase-

catalyzed reactions HP is released as stoichiometric byproduct and therefore an indirect 

determination of the respective substrate is possible [4]. The other way round application of an 

assay format for the reliable quantification of an enzyme is thinkable [5]. Especially 

electrochemically based sensors are popular and were continuously improved since 

amperometric or potentiometric determination methods are fast and sufficient. The best-known 

indirect hydrogen peroxide sensor is still the glucometer, a small point-of-care (POC) device 

for the reliable determination of blood glucose by amperometry [6]. A small blood droplet 

applied on the sophisticated single-use electrode provides within seconds the current glucose 

concentration in a understandable way for the user [7]. This is fine for single determinations, 

performed by the patient itself or clinic staff for a controllable number of samples. As soon as 

the sample throughput rises the requirements for the technical effort and equipment increases. 

Besides the advantages of microfluidic systems like the economical mass production of the 

chips themselves, the development of the sophisticated microfluidics is time-consuming and 

expensive, the staff needs special training or even experts are required for the operation of the 

complex devices to run the microfluidic chip in a reliable way [8]. Samples cannot be prepared 

in the run-up, thus one chip after another must be loaded with sample and applied to the 

machine. 

Therefore, the development of simple optical microtiter plate (MTP) assays is a convenient 

way to overcome at least some of the named challenges of the electrochemical screening of 

samples. A prominent example for MTP assays is the enzyme-linked immunosorbent assay 

(ELISA) which was already carried out in the 1970’s by Voller et al for the detection of 

toxoplasma antibodies [9]. MTPs are standardized in size, bottom-shape, and number of wells 

and therefore each standard plate reader device with a suitable optic and detector can be used 

for the read-out. The wells of a 96-well MTP can easily be pretreated or coated with the 

respective reagents by adsorption, through covalent bonds, or the chemicals are embedded in 

polymers or hydrogels [10]. All wells can be filled with sample solution at once with 

multichannel pipettes. Further, the entire plate is scanned in one step within seconds by the 

reader. With an internal calibration or reference, a fast, simple, and convenient method for 

determination of hydrogen peroxide or other analytes in a large number of multiple samples 

can be offered [11]. 
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Absorbance and luminescence, including fluorescence, bio- and chemiluminescence, 

measurements are suitable methods for straightforward MTP assays. The methods have some 

advantages and disadvantages whereas the most pronounced advantage for the fluorescence 

is the generally around 1,000 times higher sensitivity and the thereof resulting lower detection 

limits [12]. Another factor against absorbance measurements in microplates is the limited 

pathway in the well. Furthermore, especially in the field of medical applications, absorbance at 

many wavelengths is not very specific or nearly impossible in highly concentrated serum or 

blood samples. Excitation and emission wavelengths can be better tuned by the choice of a 

suitable fluorophore. For the sake of completeness must be said that organic fluorophores and 

fluorescent proteins suffer from photobleaching, strong background autofluorescence in the 

visible spectrum and the broad emission bands often results in significant spectral overlapping, 

too [13–15]. But luminophores and luminescent dyes exist in a large variety and a suitable 

compound with the right detection technique like time-resolved measurements for 

metal−organic complexes can be found to outnumber matrix effects and background 

fluorescence [13, 16]. 

With the exception of La(III) and Lu(III), all of the Ln(III) ions are luminescent and their narrow 

f–f emission lines cover the entire spectrum, from ultraviolet (UV) like Gd(III) to visible (e.g. 

Eu(III) or Tb(III)) and near-infrared (NIR, e.g. Er(III) or Yb(III)) ranges with long lifetimes [17]. 

The lanthanide ions show generally a small stokes shift which explains the partial overlap of 

excitation and emission band [18]. But with organic ligands as sensitizer the energy 

absorbance band of the complex can be shifted to the absorbance band of the organic ligand. 

The from the organic molecule absorbed energy is transferred via intersystem crossing 

mechanisms to the excited states of the central ion. The Ln(III) relaxes to the ground state and 

the energy is emitted in form of light. This results in strong emission intensities with a large 

pseudo-stokes shift up to [13, 19]. 

Since 2002, Wolfbeis et al and other research groups have reported using Eu(III)-based 

complexes as probe for different analytes and in particular the Europium(III) tetracycline (EuTc) 

complex for selective and sensitive detection of HP or related compounds in microplate assays 

and flow-through systems [20–26]. The organo-metal complex coordinates with hydrogen 

peroxide at physiological relevant pH range. This coordination leads to an increase of 

luminescence intensity of the 5D0→7F2 transition of the Eu3+ ion, detectable at 616 nm [17]. 

The mechanism behind the possible detection of HP is the reversible replacement of 

quenching water molecules from the inner coordination sphere around the Eu3+ central ion by 

non-quenching HP molecules [20, 21]. Replacing the water molecules by HP leads to a strong 

concentration-dependent increase of the emission intensity like shown in Figure 4.1. 
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Figure 4.1 The luminescence intensity of the 5D0→7F2 transition of the Eu3+ ion, detectable at 616 nm, 
is increased when quenching water molecules, coordinating the inner sphere of the Eu(III) tetracycline 
complex are replaced by hydrogen peroxide molecules. 

As mentioned in the beginning, many biological relevant reactions include oxidase enzymes, 

where HP is formed as by-product. The HP concentration correlates consequently with the 

related substrate concentration. Important model substrates for medical applications are still 

glucose and lactate and the associated enzymes glucose oxidase (GOx) and lactate 

oxidase (LOx). Combination of the very selective enzyme reactions with the sensitive 

luminescent probe EuTc opens a wide field of interesting and important bioanalytical and 

medical applications. 

Homogeneous as well as heterogeneous assay formats are thinkable in the microplate. 

Generally, luminescent probes as well as enzymes can be entrapped within suitable 

membranes and hydrogels to obtain optical sensors or optodes for detection of the related 

metabolites [13, 22, 27–29]. For a microplate assay the probes and enzymes can already be 

immobilized within the wells to obtain a feasible detection system. Two polymers or polymer 

mixtures have very promising properties regarding biocompatibility and diffusion. A mixture of 

polyvinyl acetate (PVAc) and cellulose acetate (CA) was already used in 1983 by 

Tsuchida et al for a multi-enzyme membrane electrode used in human serum for detection of 

creatinine and creatine [30]. Hydromed® D4, a polyurethane-based hydrogel with a water 

content of around 50 % is an often used material for the entrapment of enzymes or organic 

dye molecules for chemo- and biosensor applications [23, 31–33] and enables a fast hydrogen 

peroxide diffusion [34]. Fully optimized biocompatible probe-enzyme-hydrogel systems for 

implantable optical sensors and therefore long-term, real-time and continuous monitoring of 

arbitrary analytes are hence possible and the future perspective of this work. 
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4.2 Experimental 

4.2.1 Materials and Equipment 

For all experiments bi-distilled water (just referred as water) is used.  

Following chemicals are used without further purification: 

Hydromed® D4 was purchased from AdvanSource Biomaterials (www.advbiomaterials.com). 

Europium trichloride hexahydrate EuCl3*6 H2O (99.9 %), tetracycline HCl (≥ 95%), polyvinyl 

acetate (average Mw ≈ 100,000), cellulose acetate (average Mn ≈ 30,000), cyclohexanone 

(p.a.; ≥ 99.5 %), glucose oxidase from Aspergillus Niger (type VII, lyophilized powder, 

≥100,000 units / g solid), sodium hydroxide (p.a.; ≥ 98 %), hydrogen peroxide solution (35 %) 

ethanol (p.a.; ≥ 99.8 %), sodium lactate (p.a.; ≥ 99.0 %), sodium chloride (p.a.; ≥ 99.0 %) and 

monosodium phosphate dihydrate (p.a.; ≥ 99.0 %) were purchased from Sigma-Aldrich 

(https://www.sigmaaldrich.com). HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) 

(for biochemistry) was purchased from VWR (https://www.vwr.com). D(+)-glucose 

monohydrate (for microbiology) and sodium azide NaN3, (extra pure), were purchased from 

Merck (https://www.merckmillipore.com). Lactate oxidase from Aerococcis Viridans (type II, 

lyophilized powder, 36.0 U/mg powder) was purchased from Hölzel Diagnostika 

HandelsGmbH (https://www.hoelzel-biotech.com). 

Following other materials are used: 

Mylar® (bi-axial oriented poly-terephthalate foils with 125 µm thickness) was purchased from 

GoodFellow GmbH (http://www.goodfellow.com). Adhesive tape (tesa® Verlegeband) was 

purchased from tesa SE (https://www.tesa.com). Aluminum foil purchased from local stores 

was used for light protection. 

Following further equipment and accessories are used: 

FLUOstar Omega from BMG LABTECH GmbH (https://www.bmglabtech.com) and Synergy 

Neo2 Hybrid Multi-Mode Reader from BioTek Instruments (www.biotek.de) with 96-well 

microtiter plates, white, medium binding, flat bottom, purchased from greiner BIO-ONE, 

product# 655075 (https://www.gbo.com). Laser-engraving device VLS 2.30 equipped with a 

30 W CO2 laser (λ = 10.6 μm) and two optical lens systems (2.0 lens and High-Power Density 

Focusing Optics (HPDFO)) from Universal Laser Systems (https://www.ulsinc.com). Toggle 

press HK 800 for hole-punching with different-sized circular cutting tools from Berg & Schmid 

(https://www.bergundschmid.de). 

4.2.2 Preparation of Solutions 

In general, all weights and volumes can be adapted proportionally if higher or lower number of 

samples, foils or discs must be prepared. 

http://www.advbiomaterials.com/
https://www.sigmaaldrich.com/
https://www.vwr.com/
https://www.merckmillipore.com/
http://www.goodfellow.com/
https://www.tesa.com/
https://www.bmglabtech.com/
http://www.biotek.de/
https://www.gbo.com/
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4.2.2.1 0.1 M HEPES pH 7.4 

119.16 g ± 1.12 g HEPES are dissolved in approx. 4.75 L water in a 5 L volumetric flask while 

stirring with a magnetic stirring bar. NaOH pellets are added under strong stirring to reach a 

pH value of 7.40 ± 0.05. Volume is filled up to 5 L with water. After mixing, pH value is checked 

and noted. If necessary, 0.50 ± 0.05 g NaN3 are added and dissolved by shaking. The solution 

can be stored up to 12 months at ambient conditions in a glass bottle. If the buffer is prepared 

without sodium azide, it should be stored not longer than 4 weeks at ambient conditions. 

4.2.2.2 Chloride and Phosphate Solutions for Interference Study 

584.4 mg ± 5.8 mg are dissolved in 50 ml buffer to obtain a 200 mM chloride stock solution. 

The stock solution is diluted to 150 mM, 100 mM and 50 mM chloride with buffer. The dilutions 

are used for the interference studies. 

156.0 mg ± 1.6 mg are dissolved in 50 ml buffer to obtain a 20 mM phopshate stock solution. 

The stock solution is diluted to 2 mM, 1 mM and 0.5 mM phopshate with buffer. The dilutions 

are used for the interference studies. 

4.2.2.3 Hydrogen Peroxide Solutions 

To obtain a 100 mM HP stock solution, 5190 µL buffer is mixed with 45 µL of 35 % HP solution 

in a 10 mL glass vial by shaking. The respective dilutions with HP concentrations of 0, 0.1, 0.5, 

1, 5 and 10 mM for the standard assay are prepared by diluting the stock solution or the 

respective other solution with buffer in 15 mL plastic tubes. 1:10 dilutions are prepared by 

mixing 1.5 mL 100 mM HP stock solution with 13.5 mL buffer. 1:2 dilution to obtain the 5 mM 

HP solution is prepared by mixing 7.5 mL of 10 mM HP solution with the same volume of buffer. 

The samples must be used within 24 h and must be stored at 4°C. The sample volume is 

suitable for the measurement of 96 wells. 0 mM HP refers to pure buffer. 

4.2.2.4 Glucose and Lactate Solutions 

To obtain a 100 mM glucose stock solution, 1981.7 ± 2.0 mg glucose monohydrate is weighed 

in a 100 mL volumetric flask and dissolved in approx. 75 mL buffer. 

To obtain a 100 mM lactate stock solution, 1120.6 ± 1.1 mg sodium lactate is weighed in a 

100 mL volumetric flask and dissolved in approx. 75 mL buffer. 

Then the volume is filled up to 100 mL and the solution is mixed by shaking. The stock solution 

is diluted with buffer like shown in the following Table 4.1. The sample volume is suitable for 

the measurement of 4 x 96 wells. 0 mM glucose or lactate sample refers to pure buffer. The 

samples can be stored over 6 months at ambient conditions when sodium azide is contained. 
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Table 4.1 Dilution scheme for glucose or lactate samples with the respective final glucose or lactate 
concentrations. 

csample 

[mM] 

Vbuffer 

[mL] 

Vstock solution 

[mL] 

50.0 25.0 25.0 

25.0 37.5 12.5 

20.0 40.0 10.0 

10.0 45.0 5.0 

5.0 47.5 2.5 

2.5 48.75 1.25 

1.0 49.5 0.5 

0.5 49.75 0.25 

0.0 50.0 0.0 

 

4.2.2.5 Eu3+ Stock Solution 

1832.1 ± 0.9 mg of EuCl3∙6 H2O is dissolved in approx. 5 mL of water using a 10.0 mL 

volumetric flask. Volume is filled up to 10 mL volume with water. The solution is split into 

aliquots of 400 µL. These can be stored for at least 6 months under light protection at 4°C. 

4.2.2.6 Tetracycline Stock Solution 

31.84 ± 0.06 mg of tetracycline HCl is dissolved in 4.0 mL of water in a glass flask. The solution 

must be used within 30 minutes and must be stored light protected. 

4.2.2.7 EuTc Solution for Functionality Test 

500 µL of the tetracycline stock solution (chapter 4.2.2.6) is mixed with 50 µL of the Eu3+ stock 

solution (chapter 4.2.2.5) in 4.45 mL water in an amber 50 mL plastic tube. 45.0 mL of 0.1 M 

HEPES pH 7.4 is added, and the solution is mixed by shaking shortly. The solution must be 

used within 6 h and must be stored light protected.  

4.2.2.8 Glucose/EuTc and Lactate/EuTc Solutions 

Sample solutions containing glucose and EuTc or lactate and EuTc are prepared by mixing 

6 mL of the EuTc solution for functionality test (chapter 4.2.2.7) and 6 mL of the respective 

glucose or lactate samples (chapter 4.2.2.4). Additionally, a 0 mM glucose/EuTc or 

lactate/EuTc sample is prepared. Following Table 4.2 gives an overview of the final glucose 

concentration and the concentration of the used glucose or lactate samples. The solutions 

must be used within 6 h and must be stored light protected. The sample volume is suitable for 

the measurement of 96 wells. 
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Table 4.2 Glucose or lactate concentrations in the used glucose or lactate samples and the final glucose 
or lactate concentration in the glucose/EuTc or lactate/EuTc samples in mM. 

cglucose/lactate sample 

[mM] 

csample final 

[mM] 

100.0 50.0 

50.0 25.0 

20.0 10.0 

10.0 5.0 

5.0 2.5 

1.0 0.5 

0.0 (= 0.1 M HEPES pH 7.4) 0.0 

 

4.2.2.9 Enzyme Solutions for Homogeneous Assays 

To obtain a GOx stock solution with a theoretical activity of 1 U/µL, 2.0 ± 0.2 mg of GOx is 

dissolved by gentle shaking within 450 µL of buffer in a 500 µL plastic reaction tube until no 

lumps are visible. To obtain a LOx stock solution with a theoretical activity of 1 U/µL, 

2.0 ± 0.2 mg of LOx is dissolved by gentle shaking within 72 µL of buffer in a 200 µL plastic 

reaction tube until no lumps are visible. The enzyme stock solution can be stored light-

protected at 4°C for up to at least 6 months but it is recommended to use it within 4 weeks. To 

obtain 40 mU/µL enzyme solutions, the stock solutions are diluted 1:25 (v/v) with buffer. 

4.2.2.10 Polymer Cocktails 

10 wt% D4 in EtOH/H2O 

90.0 ± 0.9 mL ethanol is mixed with 10.0 ± 0.1 mL. 10.0 ± 0.1 g Hydromed D4 is dissolved in 

90.0 ± 0.9 g of EtOH/water in a 100 mL glass flask under strong stirring with a magnetic stirring 

bar until no limps are visible (preferrable overnight (ON) stirring). Temperature should be 

between 20°C and 50°C. 

10 wt% PVAc/CA in CHon/H2O 

99.0 ± 0.1 mL CHon is mixed with 1.00 ± 0.01 mL water. 7.92 ± 0.08 g CA and 0.080 ± 0.008 g 

PVAc are dissolved in 72.0 ± 0.7 g CHon/H2O in a 100 mL glass flask under strong stirring with 

a magnetic stirring bar until no limps are visible (preferrable ON stirring). Temperature should 

be between 20°C and 50°C. 

10 wt% PVAc/CA in DMF/H2O 

90.0 ± 0.1 mL DMF is mixed with 10.0 ± 0.1 mL water. 7.92 ± 0.08 g CA and 0.080 ± 0.008 g 

PVAc are dissolved in 72.0 ± 0.7 g DMF/H2O in a 100 mL glass flask under strong stirring with 

a magnetic stirring bar until no limps are visible (preferrable ON stirring). Temperature should 

be between 20°C and 50°C. 
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4.2.2.11 EuTc Stock Solution for Sensor Cocktails 

6.97 ± 0.06 mg tetracycline HCl are weighed in a 500 µL plastic reaction tube and dissolved 

under strong shaking in 75 µL of the Eu3+ stock solution (chapter 5.2.2.5). The solution must 

be used immediately and cannot be stored. 

4.2.2.12 Sensor Cocktails 

EuTc in 10 wt% D4 in EtOH/H2O 

A 5 mL glass vial with plastic snap cap is used. 1.499 ± 0.015 g of the 10 wt% D4 in 

ethanol/H2O are weighed in. To obtain a 0.1 wt% EuTc cocktail, 10 µL of the EuTc stock 

solution are added. To obtain a 0.2 wt% EuTc cocktail, 20 µL of the EuTc stock solution are 

added. To obtain a 0.5 wt% EuTc cocktail, 50 µL of the EuTc stock solution are added. The 

vial is sealed tightly with Parafilm. The cocktail is stirred 10 ± 1 minutes at ambient conditions. 

It is recommended to use the cocktail as soon as possible. The volume is suitable for the 

preparation of up to 6 to 8 foils. 

EuTc in 10 wt% PVAc/CA in DMF/H2O 

A 5 mL glass vial with plastic snap cap is used. 1.499 ± 0.015 g of the 10 wt% PVAc/CA in 

DMF/H2O are weighed in. To obtain a 0.1 wt% EuTc cocktail, 10 µL of the EuTc stock solution 

are added. The vial is sealed tightly with Parafilm. The cocktail is stirred 70 ± 10 minutes at 

ambient conditions. It is recommended to use the cocktail as soon as possible. The volume is 

suitable for the preparation of up to 6 foils. 

4.2.2.13 Enzyme Stock Solutions for Enzyme Cocktails 

To obtain an enzyme stock solution for 0.25 wt% enzyme cocktails, 6.0 ± 0.1 mg of the enzyme 

is dissolved within 80 µL of 0.1 M HEPES pH 7.4 in a 500 µL plastic reaction tube until no 

lumps are visible. To obtain an enzyme stock solution for 0.5 wt% enzyme cocktails, 

9.0 ± 0.1 mg of the enzyme is dissolved within 60 µL of 0.1 M HEPES pH 7.4 in a 500 µL 

plastic reaction tube until no lumps are visible. A thermal cycler set at 35 ± 1 °C and 500 rpm 

is used for 12.5 ± 2.5 min. The solution can be stored light-protected overnight at 4°C but it is 

recommended to use it immediately.  

4.2.2.14 Enzyme Cocktails 

Two methods were tested and optimized and lead to the same performance of the discs. 

Method A (With Enzyme Stock Solution) 

A 5 mL glass vial with plastic snap cap is used. 1.499 ± 0.015 g of the 10 wt% D4 cocktail in 

EtOH/H2O are weighed in. 50 µL of the enzyme stock solution for 0.25 wt% enzyme cocktails 

are added to obtain a 0.25 wt% enzyme cocktail. 50 µL of the enzyme stock solution for 
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0.5 wt% enzyme cocktails are added to obtain a 0.5 wt% enzyme cocktail. The vial is sealed 

tightly with Parafilm. The cocktail is stirred 1.5 to 2 hours at 37°C until a homogeneous 

suspension is obtained. It is recommended to use the cocktail within 1 h. The volume is suitable 

for the preparation of up to 6 to 8 foils.  

Method B (Without Enzyme Stock Solution) 

A 5 mL glass vial with plastic snap cap is used. To obtain a 0.25 wt% enzyme cocktail, 

5.0 ± 0.1 mg of the enzyme is dissolved within 200 µL of 0.1 M HEPES pH 7.4. 1800 µL of 

ethanol and 0.20 ± 0.02 g Hydromed D4 polymer is added under strong stirring. To obtain a 

0.5 wt% enzyme cocktail, 7.5 ± 0.1 mg of the enzyme is dissolved within 150 µL of 0.1 M 

HEPES pH 7.4. 1350 µL of ethanol and 0.149 ± 0.015 g Hydromed D4 polymer is added under 

strong stirring. The vial is sealed tightly with Parafilm. The cocktail is stirred 6 to 8 hours at 

37°C until a homogeneous suspension is obtained. It is recommended to use the cocktail 

immediately within 1 to 2 h. The volume is suitable for the preparation of up to 6 to 8 foils. 

4.2.3 Methods 

4.2.3.1 Knife-Coating 

An in-house made knife-coater device (Figure 4.2 A) is used for production of all sensor and 

enzyme foils. The schematic (not-to-scale) side-view of the application of a first layer on the 

support material is shown in Figure 4.2 B. 

A

 

B

 

Figure 4.2 A An in-house made knife-coating device for preparation of foils with a maximum size of 
approx. 5.5 x 11.0 cm B Schematic side-view of the knife-coating process for the first layer (not to scale). 

 

Application of First Layer 

The 30 µm or 60 µm spacers and pieces of Mylar support are placed in the knife-coater at both 

sides to define the wet layer thickness. If not mentioned otherwise, usually 30 µm spacers 

were used. A planar, rectangular Mylar substrate (approx. 5.5 cm x 11.0 cm) is placed on the 
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knife-coating device and fixed by turning on the vacuum pump. The sheet is cleaned by using 

a wipe soaked with ethanol and rubbing. After the rubbing alcohol is completely evaporated, 

200 µL to 300 µL of the respective sensor, enzyme or polymer 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. After around 30 seconds, the vacuum pump is 

turned off and the foils are moved to the oven on an even plate for drying. The foils are dried 

for 2.5 ± 0.5 h at 39 ± 1 °C. A second layer can be applied immediately after the drying time. 

If no second layer is applied, the sheets are washed for 15 ± 1 minutes in an excess of buffer 

on an orbital shaker (300 to 350 rpm) to remove unbound complex or enzyme and organic 

solvent residues, and to rehydrate the hydrogel after drying. The sheets can then be stacked 

carefully and stored light-protected in a closed zipper bag at 4°C until sensor disc preparation. 

Application of Further Layers 

The 30 µm or 60 µm spacers and pieces of Mylar support are placed in the knife-coater at both 

sides to define the wet layer thickness for the second or third layer. If not mentioned otherwise, 

usually 30 µm spacers were used. The Mylar substrate with the dried layer(s) on top is placed 

on the knife-coater and fixed by turning on the vacuum pump. 250 µL to 300 µL of the 

respective second layer 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 

that covers the first layer(s). After around 30 seconds, the vacuum pump is turned off and the 

foils are moved to the oven on an even plate. The foils are dried for 2.5 ± 0.5 h at 39 ± 1 °C. A 

further layer can be applied immediately after the drying time. 

If no further layer is applied, the sheets are washed for 15 ± 1 minutes in an excess of buffer 

on an orbital shaker (300 to 350 rpm) to remove unbound complex or enzyme and organic 

solvent residues, and to rehydrate the hydrogel after drying. The sheets can then be stacked 

carefully and stored light-protected in a closed zipper bag at 4°C until sensor disc preparation. 

4.2.3.2 Sensor Disc Preparation 

On the backside of the Mylar support (= the uncoated side), double-adhesive tape is applied. 

With a toggle press, discs with a diameter of 6 mm are punched out of the foil. Elsewise, the 

laser cutter can be used (100% laser power, 70% speed, 1000 ppi). It must be avoided to take 

discs from nearby the edges, a distance to the edges of at least 2 mm is recommended. 

Furthermore, all applied polymer and hydrogel layers should overlap completely in the used 

area. After removing the protective cover of the adhesive tape, the sensor discs are fixed on 

the bottom of the MTP wells. Usually, n = 4 or n = 8 discs are used for an assay. The prepared 

MTPs are covered with a plastic lid and can be stored light protected at 4°C until a functionality 

test is performed, or they can be used immediately. 
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4.2.3.3 Assay Types 

Within this chapter, all performed assay types within the microplate are described. If not stated 

otherwise in the captions or Results and Discussion part, all experiments were performed like 

described in following with the same settings. 

4.2.3.3.1 Homogeneous Assays without Discs 

In general, every assay was performed by mixing 50 µL of EuTc solution for functionality test 

(chapter 5.2.2.7) with 50 µL of buffer for blank measurement or sample solution (glucose or 

lactate) and adding 1 µL of the respective enzyme solution (theoretical activity of 1 U/µL) or 

50 µL of the respective enzyme solution (theoretical activity of 40 mU/µL) before starting the 

measurement. 

Following settings (Table 4.3) of the plate reader FLUOstar Omega from BMG LABTECH 

GmbH are used for the within this chapter described assay types (if not stated otherwise): 

Table 4.3 Parameters and the respective settings of the used FLUOstar Omega plate reader for the 
homogeneous assays. 

parameter 15 min 10 min 

protocol name EuTc_kinetic_15min EuTc_kinetic_10min 

no. of multichromatics 1 

excitation filter 405/10 nm 

emission filter 615/10 nm 

gain 1200 

well scan none 

optic top optic 

settling time 0.2 s 

no. of kinetic windows 1 

no. of cycles 16 11 

measurement start time 0.0 s 

no. of flashes 20 

cycle time 60 s 

pause before cycle no 

shaking 1 shake between reading; double orbital @300 rpm 

shaking 2 shake before first cycle, double orbital @300 rpm for 5 s 

 

Temperature is set to 25.0 ± 0.5 °C, 30.0 ± 0.5 °C or 37.0 ± 0.5 °C and the measurements can 

be started when the desired temperature is reached. For measurements at 25°C, the samples 

are not prewarmed. For 30°C and 37°C measurements, the samples are prewarmed in a 

tempered water bath at the desired temperature. 
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4.2.3.3.2 Heterogeneous Assays with Discs 

Following settings (Table 4.4) of the plate reader FLUOstar Omega from BMG LABTECH 

GmbH are used for the within this chapter named assay types (if not stated otherwise): 

Table 4.4 Parameters and the respective settings of the used FLUOstar Omega plate reader for each 
assay type. Glucose/EuTc and glucose assay are equally used for the respective lactate/EuTc and 
lactate assay. 

parameter 
washing 

step 

HP 

assay 

glucose/EuTc 

assay 

glucose  

assays 

protocol name 
EuTc_wash 

_15min 

EuTc_6min 

_kinetic 

EuTc_10min 

_kinetic 

EuTc_10min 

_kinetic 

no. of multichromatics 1 

excitation filter 405/10 nm 

emission filter 615/10 nm 

gain 1200 

well scan none 

optic top optic 

settling time 0.2 s 

no. of kinetic windows 1 

no. of cycles 2 7 11 11 

measurement start time 0.0 s 

no. of flashes 20 

cycle time 900 s 60 s 

pause before cycle no 

shaking 1 shake between reading; double orbital @300 rpm 

shaking 2 shake before first cycle, double orbital @300 rpm for 5 s 

 

Temperature is set to 25.0 ± 0.5 °C, 30.0 ± 0.5 °C or 37.0 ± 0.5 °C and the measurements can 

be started when the desired temperature is reached. For measurements at 25°C, the samples 

are not prewarmed. For 30°C and 37°C measurements, the samples are prewarmed in a 

tempered water bath at the desired temperature. The washing procedure is performed for all 

discs in the very beginning. 

Washing Procedure for All Disc Types 

100 µL buffer is added with an 8-channel pipette to each sensor disc and is washed for 

15 minutes in the plate reader. Therefore, a kinetic measurement is started for 15 minutes. 

During the washing procedure, the samples are shaken orbitally by the plate reader at 300 rpm. 

The samples are excited at 405/10 nm and the emission intensity is measured at 615/10 nm 

at the beginning and in the end at 25.0 ± 0.5 °C or 37.0 ± 0.5 °C (protocol for “washing step” 

shown in Table 4.4). Washing solution is removed completely by flipping the MTP over the 

sink and pounded the MTP on a tissue for three times. 
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Functionality Test 1 (HP Assay with EuTc Discs in MTP) 

100 µL of 0 mM HP sample is added with the multichannel pipette to each sensor discs. The 

plate is shaken for 5 seconds before the kinetic measurement is started for 6 minutes (protocol 

for “HP assay” shown in Table 4.4; 10 minutes is possible, too). During the measurement, the 

samples are shaken orbitally by the plate reader at 300 rpm. The samples are excited at 

405/10 nm and the emission intensity is measured at 615/10 nm at regular intervals (usually 

1 min) at defined temperature. When the kinetic measurement is finished, the MTP is flipped 

over to remove the sample solutions. The MTP is pounded three times on a tissue to 

completely remove all remaining solution. The described procedure is repeated with the same 

discs for the next higher concentrated HP sample. 

Functionality Test 2 (Glucose/EuTc and Lactate/EuTc Assay with Enzyme Discs in MTP) 

100 µL of 0 mM glucose/EuTc or lactate/EuTc sample is added with the multichannel pipette 

to each sensor discs. The plate is shaken for 5 seconds before the kinetic measurement is 

started for 10 minutes (protocol for “glucose/EuTc assay” shown in Table 4.4). During the 

measurement, the samples are shaken orbitally by the plate reader at 300 rpm. The samples 

are excited at 405/10 nm and the emission intensity is measured at 615/10 nm at regular 

intervals (usually 1 min) at defined temperature. When the kinetic measurement is finished, 

the MTP is flipped over to remove the sample solutions. The MTP is pounded three times on 

a tissue to completely remove all remaining solution. The described procedure is repeated with 

the same discs for the next higher concentrated glucose/EuTc or lactate/EuTc sample. 

Functionality Test 3 (Glucose and Lactate Assay with Enyzme/EuTc Discs in MTP) 

100 µL of 0 mM glucose or lactate sample is added with the multichannel pipette to each 

sensor discs. The plate is shaken for 5 seconds before the kinetic measurement is started for 

10 minutes (detailed protocol for “glucose assay” shown in Table 4.4). During the 

measurement, the samples are shaken orbitally by the plate reader at 300 rpm. The samples 

are excited at 405/10 nm and the emission intensity is measured at 615/10 nm at regular 

intervals (usually 1 min) at defined temperature. When the kinetic measurement is finished, 

the MTP is flipped over to remove the sample solutions. The MTP is pounded three times on 

a tissue to completely remove all remaining solution. The described procedure is repeated with 

the same discs for the next higher concentrated glucose or lactate sample. 

Functionality Test 4 (Glucose/GOx and Lactate/LOx Assay with EuTc Discs in MTP) 

100 µL of 0 mM glucose or lactate sample is added with the multichannel pipette to each 

sensor discs. Then, 1 µL of the respective enzyme solution (theoretical activity of 1 U/µL) or 

50 µL of the respective enzyme solution (theoretical activity of 40 mU/µL) is added immediately 
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before start. The plate is shaken for 5 seconds before the kinetic measurement is started for 

10 minutes (detailed protocol for “glucose assay” shown in Table 4.4). During the 

measurement, the samples are shaken orbitally by the plate reader at 300 rpm. The samples 

are excited at 405/10 nm and the emission intensity is measured at 615/10 nm at regular 

intervals (usually 1 min) at defined temperature. When the kinetic measurement is finished, 

the MTP is flipped over to remove the sample solutions. The MTP is pounded three times on 

a tissue to completely remove all remaining solution. The described procedure is repeated with 

the same discs for the next higher concentrated glucose or lactate sample. Same amount of 

the respective enzyme is added. 

4.2.3.4 Interference Study 

PVAc/CA-EuTc discs are measured with 100 µL buffer with and without interfering ions 

(chloride and phosphate) like described for a regular HP assay (Functionality Assay 1) at 25°C. 

Instead of increasing HP concentrations, the respective next higher concentrated interference 

solution is added to the discs. 

4.2.3.5 Leakage Study 

EuTc Discs 

Functionality assays were performed as described above with EuTc and blank discs. The 

supernatant solutions from each sample concentration are not discarded after the runtime of 

the assay is over but collected in another microplate. The supernatants are mixed with 1 µL of 

100 mM HP solution to obtain a 1 mM HP concentration per well. The samples were excited 

at 405 nm and the emission intensity was measured at 615 nm every 60 seconds within 

10 minutes (detailed protocol for “glucose assay” shown in Table 4.4). Intensities are 

compared to the mean values of the supernatants obtained from blank discs without EuTc.  

Enzyme Discs 

Substrate/EuTc assays were performed like described above with the enzyme and blank discs. 

D4-enzyme discs and blank discs were shaken at 350 rpm with 100 µL of buffer. The buffer is 

changed in regular time intervals (e.g., within 6 hours: 4x15 min, 2x30 min, 4x60 min). The 

supernatant solutions were transferred to another MTP and mixed with 100 µL of glucose/EuTc 

solution (100 mM glucose solution mixed 1:1 (v/v) with EuTc solution). The measurement was 

started immediately. The samples were excited at 405 nm and the emission intensity was 

measured at 615 nm every 60 seconds within 10 minutes (detailed protocol for “glucose assay” 

shown in Table 4.4). The substrate/EuTc assay was repeated with the washed discs. Results 

are compared to the initial performance of the discs. 
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4.2.3.6 Storage Stability Study 

The ready-to-use sensor or enzyme discs are stuck and stored within microplates. 200 µL of 

0.1 M HEPES pH 7.4 (contains 0.01 wt% sodium azide) is added to half of the discs in each 

prepared plate. The entire plate is sealed with adhesive protection foil and covered with 

aluminum foil for light protection. One plate is stored at 22°C, the other one at 4°C. After the 

respective storage times (between 1 and 52 weeks), the storage buffer is removed completely 

by flipping the plate and pounding it three times on tissue. The plate can be used immediately 

for the next step, performing an assay by starting with the washing procedure. 

4.2.4 Statistics and Data Evaluation 

All calculation, especially the arithmetic mean values and standard deviation (SD) were 

calculated with Microsoft Excel 2016 (Microsoft Corporation, Redmond, Washington, USA) or 

by the respective plate reader software MARS Data Analysis Software from BMG LABTECH 

GmbH (https://www.bmglabtech.com) and Gen5 Microplate Reader and Imager Software from 

BioTek Instruments (www.biotek.de). Measurements were performed at least in triplicate 

(n ≥ 3). Suspicious values were removed after failing the outlier Q-test. Calculated SD is 

represented by error bars in y-direction. 

Linear and non-linear regression curves were accomplished with following equation (1) and 

equation (2). 

linear curve fit: 𝑦 = 𝑚 ∙ 𝑥 + 𝑏 (1) 𝑚 … 𝑠𝑙𝑜𝑝𝑒 

𝑏 … 𝑦 − 𝑎𝑥𝑖𝑠 𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡 

𝐴1 … 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑣𝑎𝑙𝑢𝑒 

𝐴2 … 𝑓𝑖𝑛𝑎𝑙 𝑣𝑎𝑙𝑢𝑒 

𝑥0 … 𝑐𝑒𝑛𝑡𝑒𝑟 

𝑝 … 𝑝𝑜𝑤𝑒𝑟 

sigmoidal curve fit: 
𝑦 =  

𝐴1 − 𝐴2

1 + (
𝑥
𝑥0

)
𝑝 + 𝐴2 

(2) 

  

https://www.bmglabtech.com/
http://www.biotek.de/
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4.3 Results and Discussion 

As mentioned in the introduction part, our and other groups developed already well-established 

assays for the detection of HP using Europium(III) tetracycline as metal-organic probe. But 

these assays are optimized for concentrations below 1 mM HP. Best performance of the 

luminescent probe was obtained when Eu(III) ions and tetracycline are mixed in molar ratio of 

3:1 and at a pH value of 6.9 [20, 21]. First step of the presented work is to prove if the EuTc 

probe is suitable for higher concentrations and other pH to enable a broader application area. 

Therefore, a suitable probe concentration for the detection of hydrogen peroxide samples in 

the range from 50 µM to 10 mM in 0.1 M HEPES pH 7.4, representing the regular blood 

pH [35], was established. The next step was to find a suitable enzyme concentration to realize 

a glucose and lactate detection in the physiological relevant ranges as well as for exceptional 

situation like hypo- and hyperglycemia or -lactatemia. Assays are performed at 25°C and 37°C 

to investigate the impact of temperature on the assay performance through changes in enzyme 

activity or luminescence intensity. 

The entrapment of enzymes and probe were realized in simple one-component and one- or 

two-layer hydrogel or polymer discs to show the functionality regarding future applications for 

fully implantable sensors. The capability of retaining the enzyme and the probe within the 

hydrogel or polymer structure was tested in leakage experiments. Furthermore, the storage 

stability of the GOx and EuTc discs were investigated at two temperatures in dried state and 

incubated in buffer. 

4.3.1 Detection of Hydrogen Peroxide, Glucose and Lactate  

4.3.1.1 Homogeneous Assays 

The already existing protocols from Dürkop and Wolfbeis et al [20–22] were adapted by 

increasing the EuTc concentration for the assays. Furthermore, instead of MOPS buffer at 

pH 6.9, a 0.1 M HEPES pH 7.4 for simulating the blood pH were used for the further 

optimization steps and assays. 

The following Figure 4.3 shows collected emission spectra of homogeneous HP/EuTc 

mixtures in a 96-well microplate after an excitation at 405 nm. The inlet shows the deviated 

signal intensities at 616 nm plotted versus the HP concentration as dose-response curve. The 

system is still more sensitive for HP concentration below 1 mM. But it is possible to make semi-

quantitative statements for HP concentrations above 1 mM. Luminescence increases with 

rising HP concentration. Combination of the EuTc probe with the right amount of enzyme 

activity makes it a powerful tool for glucose and lactate detection in a homogeneous assay in 

a plate format. This knowledge works as proof of concept for the following experiments, and 

this simple HP assay was not further optimized.  
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Figure 4.3 The emission spectra of EuTc solution with and without HP was measured between 550 nm 

and 750 nm. The pronounced emission peak around 616 nm represents the 5D0→7F2 transition of the 

Eu3+ ion. With increasing HP concentration, the intensity of the emission peak rises due to the reversible 
exchange of quenching water molecules by the HP molecules. Inlet: Dose-response curve obtained 
from the emission values at 616 nm from three separately recorded spectra (BioTek plate reader, 
λexc=405/8 nm, scan from 550 nm to 750 nm with step width of 1 nm, n = 1-3, gain 85, 25°C, 10 min 
incubation time). 

The following dose-response curves shown in Figure 4.4 were obtained from homogeneous 

assays. An EuTc solution was mixed with the same volume of lactate or glucose samples in 

buffer at pH 7.4. A suitable volume of the respective enzyme solution is added to obtain a 

theoretical activity of 1 U/well. The dose-response curves were obtained from the kinetic 

measurements after 2.5 minutes at 25°C and 37°C to investigate the temperature dependency 

of the assay. On the one hand side, the luminescence of the EuTc is reduced with increasing 

temperature [19], but on the other hand side enzyme activity increases with temperature [36]. 

These opposite effects are assumed to outnumber each other fully or at least in parts. 

In case of glucose, the assumption was not confirmed, and the sensitivity of the assay is 

reduced at higher temperature. The homogeneous assay for glucose should be carried out at 

ambient temperature. Lactate oxidase outnumbers the negative temperature effect on the 

luminescence properties of the EuTc complex at higher temperature. As the dose-response 

curves of the lactate assay reveals the sensitivity of the assay is the same at 25°C and 37°C. 

Furthermore, at high temperature the signal intensity for the added lactate concentrations 

above 20 mM is higher than for the same concentrations measured at ambient temperature. 

Apparently, the enzyme activity is improved at higher temperature and comes over the 

negative temperature effect. 
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Figure 4.4 Blank corrected dose-response curves of 50 µL EuTc solution mixed with 50 µL of sample 
solution (0-100 mM) and 1 µL of the respective enzyme solution (1 U/µL) at 25°C and 37°C. All solutions 
were prepared in 0.1 M HEPES pH 7.4 A glucose B lactate (FluoStar Ω, λexc=405/10 nm, 
λem=615/10 nm, n = 3-4, gain 1200, 25°C and 37°C, 5 min incubation time) 

Nevertheless, an appropriate temperature monitoring is highly recommended in every case to 

obtain reliable and reproducible results. Calibration of the system or the assay should always 

be carried out at the same temperature at the later assay is performed. As proof of concept 

the shown dose-response curves support the possibility of a successful heterogeneous assay 

where the probe and/or the enzyme are entrapped within a hydrogel or polymer. 

4.3.1.2 Heterogeneous Assays with Probe Discs 

Two polymer or polymer mixtures have very promising properties regarding biocompatibility 

and diffusion properties, and the knife-coating process gives smooth and even sensor foils 

with suitable solvent mixtures. A combination of one mass equivalent polyvinyl acetate (PVAc) 

and 99 mass equivalents cellulose acetate (CA) dissolved in a cyclohexanone/acetone mixture 

was already used in 1983 by Tsuchida et al for the preparation of a multi-enzyme membrane 

electrode [30]. Hydromed® D4, a polyurethane-based hydrogel with a water content of around 

50 % is an often used material for the entrapment of enzymes, organic dyes or other probes 

for chemo- and biosensor applications [23, 31–33] and enables a fast hydrogen peroxide 

diffusion [34]. 

10 wt% of the respective polymer mixture or hydrogel are dissolved in a suitable solvent 

mixture. For PVAc/CA, cyclohexanone/water (CHon/H2O, 99:1, v/v) and dimethyl 

formamide/water (DMF/H2O, 9:1, v/v) mixtures are appropriate to dissolve both polymers. If 

the EuTc complex or enzyme should be entrapped within the polymer, a water content of 

10 vol% is recommended. Low water content seems to hinder the formation of the EuTc 

complex. Acetone as solvent should be avoided in case of EuTc entrapment. It is assumed 

from initial solvent experiments that acetone irreversibly forms a complex with Eu(III) and 
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makes it impossible to detect hydrogen peroxide. For D4, 10 wt% polymer cocktails can be 

obtained with ethanol/water mixtures (EtOH/H2O, 9:1, v/v). Other short-chained alcohols like 

2-propanol and tert-butanol are appropriate, too. Using them for the preparation of sensor or 

polymer cocktails results in higher viscosity of the cocktail and therefore an impeded knife-

coating process. It would be necessary to warm the cocktail up to 40°C or even higher to 

decrease the viscosity to obtain smooth foils during the knife-coating process. An increased 

cocktail temperature is always a risk for destabilization or destruction of the suspended enzyme 

or the dissolved EuTc complex. Furthermore, the used solvents evaporate faster at higher 

temperature. This can lead to cracks or other irregularities on the surface of the sensor and 

enzyme foils. 

The EuTc content is optimized for both hydrogels and polymer mixtures. Sensor cocktails with 

10 wt% polymer and EuTc contents between 0.01 wt% and 1.0 wt% were prepared, sensor 

foils with a wet thickness of 30 µm were coated, dried, and washed. The discs obtained from 

these foils were stuck into a microplate by adhesive tape to prevent them from moving around 

or swimming up. A heterogeneous HP assay was performed. The resulting dose-response 

curves after 5 min of incubation time at 25°C are shown in the following Figure 4.5.  

A

 

B

 

Figure 4.5 Normalized dose-response curves obtained from sensor discs incubated for 5 min with the 
respective HP samples. A PVAc/CA-EuTc sensor discs were obtained from sensor cocktails with 
10 wt% PVAc/CA and x.y wt% EuTc in DMF/H2O B D4-EuTc // PVAc/CA sensor discs were obtained 
from sensor cocktails with 10 wt% D4 and x.y wt% EuTc in EtOH/H2O covered with a protection layer 
obtained from a polymer cocktail containing 10 wt% PVAc/CA in CHon/H2O (FluoStar Ω, 
λexc=405/10 nm, λem=615/10 nm, n = 4, gain 1200, 25°C, 5 min incubation time) 

For both tested polymer and hydrogel systems, the optimum EuTc is different. For PVAc/CA 

polymer mixture, the most sensitive dose-response curve for HP detection was obtained for 

discs with 0.1 wt% complex in the initial sensor cocktail. Using D4 as immobilizing hydrogel 

with a PVAc/CA protection layer to prevent EuTc from leakage, 0.5 wt EuTc in the initial sensor 

cocktail is recommended to get the most sensitive dose-response curve for HP detection. For 
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higher or lower EuTc content, the sensitivity of the dose-response behavior especially for HP 

concentrations above 1 mM decreases rapidly. A dynamic range for HP detection between 

0.1 µM and 10 mM is shown with D4-EuTc discs protected by a PVAc/CA membrane. 

Therefore, for all further experiments and follow-up optimizations, PVAc/CA-EuTc discs 

obtained from 10 wt% PVAc/CA with 0.1 wt% EuTc in a DMF/water mixture were used. 

Furthermore, D4-EuTc discs were obtained from 10 wt% D4 with 0.5 wt% EuTc in an 

ethanol/water mixture. As protection layer, a 10 wt% PVAc/CA polymer cocktail dissolved in 

99:1 (v/v) CHon/water is applied on top. 

Different cutting techniques for the sensor discs were tested. From an exemplary PVAc/CA-

EuTc senor discs were cut with a laser-engraving machine with two different optics, and hole-

punched with a toggle press. Laser cutting offers beside the fastness an assumed welding of 

the different polymer layers. The influence of the cutting technique on the discs’ performance 

is illustrated by emission scans of the discs with and without HP. The cut sensor foil and the 

normalized emission scans are shown in the SI part (SI Figure 4.1). There is a drastic 

difference in the emission intensity patterns of the sensor discs. Especially the discs cut by 

laser show a worse response towards the added HP. It is assumed that the released heat 

during the cutting process destroys the complex by oxidation. The oxidized tetracycline 

molecule is not functional as antenna and therefore the energy transfer from the organic ligand 

to the central metal ion is repealed. Without this energy transfer the luminescence is strongly 

decreased. Therefore, the discs are hole-punched manually with the toggle press for all further 

experiments to reduce the risk of diminished activity by oxidation processes during the laser 

cutting process. 

Another important parameter which must be investigated for the sensor discs is the 

temperature. It is known that luminescence is a temperature-dependent process. With 

increasing temperature, the probability of radiation-free relaxation of excited states increases 

whereas the probability for internal energy transfer from the antenna ligand to the central ion 

decreases [17, 19]. Both effects lead to a reduced luminescence intensity at higher 

temperature. For PVAc/CA-EuTc sensor discs spectra were collected at temperatures 

between 25°C and 40°C. The excitation and emission spectra and the resulting emission 

intensity at 616 nm plotted versus the temperature are shown in the following Figure 4.6. 

Emission intensity decreases linearly by over 50 % within the observed temperature range of 

25°C to 40°C. Therefore, it must be kept in mind that the calibration of the system is just valid 

at one set temperature. For measurements at any other temperature, the system needs 

another calibration beforehand, or the obtained results must be re-calculated internally by an 
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implanted software for the current temperature. Subsequently, a reliable temperature 

monitoring system must be added if the system is used for implantable sensors in the future.  

A 

 

B 

 

Figure 4.6 A Mean value of emission and excitation spectra of PVAc/CA-EuTc discs (10 wt% PVAc/CA 
and 0.1 wt% EuTc in DMF/H2O) are shown at different temperatures between 25°c and 40°C. B The 
emission intensity at 616 nm was plotted versus temperature. A linear decrease by over 50 % of the 
signal intensity can be observed by increasing the temperature from 25°C to 40°C. (BioTek plate reader, 
λexc=405/8 nm, λem=616/8 nm, n = 16, gain 100, 25°C to 40°C). 

Combination of the luminescent system with an enzyme introduces an antagonist about 

temperature dependency. Usually, enzyme catalysis, as well as many other chemical 

reactions, are accelerated by rising temperature [36]. The PVAc/CA-EuTc discs were 

incubated with substrate/enzyme mixtures and the kinetic curves are recorded. Deviated from 

the kinetics after 2.5 minutes, the dose-response curves for glucose and lactate detection at 

25°C and 37°C are shown in the following Figure 4.7. Theoretical enzyme activity is 2 U/well. 
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Figure 4.7 Normalized dose-response curves obtained from kinetic assays including discs made from 
10 wt% PVAc/CA with 0.1 wt% EuTc (cocktail prepared in DMF/water). 100 µL of the respective sample 
solution and 50 µL of 40 mU/µL enzyme solution are added. A glucose/GOx assay B lactate/LOx assay 
(BioTek plate reader, λexc=405/8 nm, λem=616/8 nm, n = 4/7, gain 80, 25°C/37°C, 2.5 min incubation 
time) 
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Within standard deviations, there is no significant difference between the assays’ sensitivity at 

different temperatures. As discussed previously, two opponent effects, namely the decreased 

luminescence and the increased enzyme activity, are affecting the performance of the assay, 

also in case of PVAc/CA-EuTc sensor discs. But the luminescence decrease is lower than it 

was observed in the homogeneous assays for glucose determination (Figure 4.4 A) or for the 

blank PVAc/CA-EuTc discs (Figure 4.6). These are promising results for the future application 

as implantable sensor for continuous monitoring. Within the PVAc/CA membrane the EuTc 

performance is less affected by temperature changes than in case of homogeneous assays 

used for detection of glucose and lactate. Nevertheless, temperature control or monitoring is 

recommended also for the heterogeneous assay types to obtain reliable results. 

In summary, a simple optical sensing approach is realized by physical entrapment of the HP-

sensitive probe EuTc within a one- or two-layer system of biocompatible hydrogels and 

polymers. The discs are stuck into a microplate. By adding the sample solution and the 

respective enzyme, within less than 5 minutes reliable results in up to 96 samples can be 

obtained simultaneously. 

4.3.1.3 Heterogeneous Assays with Enzyme Discs 

Next step was to realize the entrapment of GOx and LOx within a hydrogel or polymer layer. It 

is preferable to use the same biocompatible hydrogels as for the EuTc discs due to their 

excellent properties regarding the future applications as implantable optode. Production 

process should be as simple as possible and comparable to the production of the probe discs 

to have a consistent procedure for all processes. 

Therefore, polymer cocktails with relatively mild organic solvents were tested for getting 

suitable enzyme cocktails. Most promising is 10 wt% D4 in EtOH/water for lactate oxidase and 

glucose oxidase. A highly concentrated enzyme stock solution is added to the polymer cocktail 

and the enzyme is carefully dispersed under stirring at slightly elevated temperature for 1 to 

2 hours. Enzyme foils and discs are made and prepared for the microplate assays. Enzyme 

cocktails with 0.2 wt%, 0.5 wt% and 1.0 wt% of the respective enzyme were prepared. The 

respective substrate is mixed with EuTc solution and added to enzyme discs. The 

luminescence at 615 nm is monitored over time and dose-response curves are derived usually 

after 5 minutes of kinetic measurements. The assays were performed 25°C, 30°C and 37°C to 

investigate the influence of temperature on enzyme activity and luminescence quenching. The 

normalized dose-response curves of D4-GOx discs derived from kinetic measurements with 

glucose/EuTc solutions are shown in the following Figure 4.8. 
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Figure 4.8 Normalized dose-response curves of D4-GOx discs (10 wt% D4 in EtOH/buffer) after 5 min 
of incubation time with glucose/EuTc solutions. The resulting glucose concentrations per well are 
ranging between 0.5 mM and 25 mM (cadded between 1 mM and 50 mM) A Discs were prepared from 
enzyme cocktails with 0.2 wt%, 0.5 wt% and 1.0 wt% GOx and measured at 25°C B Discs were 
prepared from enzyme cocktail with 0.5 wt% GOx and measured at 25°C, 30°C and 37°C (FluoStar Ω, 
λexc=405/10 nm, λem=615/10 nm, n = 4, gain 1200, 25°C, 30°C, 37°C) 

Figure 4.8 A shows how the different enzyme amount changes the performance and therefore 

the sensitivity of the assay. For the highest tested GOx amount (1.0 wt% GOx in the enzyme 

cocktail) the signal change is higher for lower concentrations. But there is no great difference 

in the signal of 10 mM and 25 mM glucose recognizable. The lowest tested enzyme amount 

(0.2 wt% GOx) has a good sensitivity over the entire range. But the best performance at 25°C 

is obtained for discs derived from enzyme cocktails containing 0.5 wt% GOx. The 

luminescence intensity especially for 10 mM and 25 mM of final glucose concentration is well 

distinguishable in the assay for those discs. Therefore, D4-GOx discs obtained from 0.5 wt% 

GOx cocktails were used for further experiments. 

Figure 4.8 B shows the dose-response curves of D4-GOx discs obtained from 0.5 wt% 

enzyme cocktails within glucose/EuTc assays at three different temperatures. As mentioned 

earlier, it is assumed that the accelerated substrate conversion at elevated temperature can 

somehow outnumber the negative temperature effect on the luminescence intensity. For low 

and medium glucose concentrations up to 5 mM (results in final concentration of 2.5 mM per 

well) this may be true but especially for higher concentrations the sensitivity of the assay 

decreases with temperature and best results are obtained at 25°C. Same observations were 

made for the other tested enzyme concentrations. 

The fundamental investigations were repeated under same conditions but GOx was replaced 

by the same amount of LOx. Lactate/EuTc solutions were added to the D4-enzyme discs and 

the assay was performed like described in the Experimental section. The derived dose-

response curves after 5 minutes are shown for discs with three different LOx in amounts in 
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Figure 4.9 A. The respective dose-response curves at 25°C, 30°C and 37°C for discs obtained 

from cocktails with 0.2 wt% LOx are shown in Figure 4.9 B. 

A 

 

B 

 

Figure 4.9 Normalized dose-response curves of D4-LOx discs (10 wt% D4 in EtOH/buffer) after 5 min 
of incubation time with lactate/EuTc solutions. The resulting lactate concentrations per well are ranging 
between 0.5 mM and 10 mM (cadded between 1 mM and 20 mM) A Discs were prepared from enzyme 
cocktails with 0.2 wt%, 0.5 wt% and 1.0 wt% LOx and measured at 25°C B Discs were prepared from 
enzyme cocktail with 0.2 wt% LOx and measured at 25°C, 30°C and 37°C (FluoStar Ω, λexc=405/10 nm, 
λem=615/10 nm, n = 4, gain 1200, 25°C, 30°C, 37°C) 

There is no great difference in performance or sensitivity for the tested LOx amount within the 

D4 hydrogel discs. Just discs obtained from the cocktail with 1.0 wt% LOx show a higher signal 

for the lowest lactate concentration of 0.5 mM compared to the discs with the lower enzyme 

content. With respect to economy, further experiments were focused on discs with 0.2 wt% or 

0.5 wt% LOx in the initial cocktails. Lactate/EuTc assays are performed at 25°C, 30°C and 

37°C with these discs. The three dose-response plots are very similar, and it can be assumed 

that the increased LOx activity outnumbers the negative temperature effect at higher 

temperature. 

To sum up, a GOx amount of 0.5 wt% within the initial 10 wt% D4 cocktail in EtOH/water or 

EtOH/buffer leads to best performance of the assay at 25°C. The assay can also be conducted 

at 30°c or 37°C but sensitivity is significantly decreased for added glucose concentrations 

above 5 mM. In case of D4-LOx discs, an initial amount of 0.2 wt% within the enzyme cocktail 

is suitable to obtain highly sensitive discs. The negative effect on the luminescence intensity 

can be outnumbered by the increased enzyme activity at elevated temperature. The 

lactate/EuTc with D4-LOx discs assay can be performed without loss of sensitivity at 

temperatures up to 37°C in the microplate format. 

4.3.2 Interference Studies 

The probe EuTc is not just very sensitive but highly specific for HP as Dürkop and 

Wolfbeis et al reported previously. The luminescence is not affected by alkali and ammonium 
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ions. Chloride, sulfate, and nitrate ions in concentrations up to 100 mM do not interfere with 

the probe. However, citrate and phosphate are known to lead to an increase of the 

luminescence. Furthermore, proton concentration has an influence on the charge of the 

organic ligand and therefore on the luminescence intensity. Strongest luminescence is 

observed within a pH window of 6.6 and 7.2 and drops rapidly outside of this range [20]. 

Therefore, the PVAc/CA-EuTc discs were tested in a small interference assay. The discs were 

incubated with buffer samples without interfering ions and with a physiological relevant low, 

medium, and high phosphate or chloride concentration. The resulting data are shown in the 

following SI Figure 4.2. Neither chloride anions, as assumed, nor phosphate ions within the 

physiological relevant range interfere significantly with the probe complex entrapped in the 

PVAc/CA membrane. Regarding the future aim of getting a fully implantable system, more 

interferences beside ions like other metabolites in blood or serum components will be tested 

as well as chemicals which are usually used during surgeries. 

4.3.3 Leakage Studies 

The sensor and enzyme discs were tested for their capability to entrap the probe or protein 

safely without leakage and ensures a reliable functionality for long-term monitoring. Regarding 

the pursued future application, the implantable optical sensor system, leakage of all 

compounds should be avoided to prevent the chemicals from entering a patient’s blood circuit. 

But for non-implantable sensors, a leakage of the recognition element or probe also leads to 

reduced shelf-life and diminish the sensitivity of the system over time. 

For the PVAc/CA-EuTc system derived from sensor cocktails with 10 wt PVAc/CA and 0.1 wt% 

EuTc in DMF/H2O, the regular HP and glucose/GOx or lactate/LOx assays were performed at 

25°C and 37°C. The supernatant solutions were collected every 15 min, mixed with HP in case 

of glucose and lactate and after a short incubation time, the luminescence intensities were 

compared to sample solutions incubated with blank PVAc/CA discs under the same conditions. 

Exemplary bar charts are shown in the following Figure 4.10 for an initial HP assay at 25°C (A) 

for 1.5 h and an extended glucose/EuTc assay at 37°C (B) for over 3 h in the microplate format. 

For the first trial, six different HP solutions (from 0 mM to 10 mM) were added to the sensor 

discs and shaken for 15 min at 25°C. None of the investigated supernatants show a significant 

difference to the blank signals. This means there is no washed out EuTc present in the 

supernatant solutions. The experiment was repeated with the probe discs but at elevated 

temperature and with extended number of samples. Within 3 h at 37°C and fresh solution in 

certain intervals, there is no significant leakage of the probe complex from the PVAc/CA 

membrane.  
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A

 

B

 

Figure 4.10 Supernatants from glucose/GOx assays with PVAc/CA-EuTc discs (10 wt% polymer 
mixture and 0.1 wt% EuTc were dissolved in DMF/H2O for the sensor cocktail) were collected, incubated 
with HP and the luminescence after 5 min was compared to the mean signal of all supernatant solutions 
collected from blank PVAc/CA discs. The glucose/GOx assays were performed at A 25°C and at B 37°C 
(BioTek plate reader, λexc=405/8 nm, λem=616/8 nm, n = 8/16, gain 80, 25°C) 

The study was repeated for the D4-enzyme discs. Therefore, D4-GOx and D4-LOx discs 

(obtained from enzyme cocktails with 10 wt% D4 and 0.5 wt% enzyme dissolved in 

EtOH/HEPES) were investigated regarding the ability to retain the enzyme. The experimental 

trial was adapted to check the discs’ performance before and after intensive washing 

procedure to prove the enzyme is retained within the hydrogel structure. The results from those 

investigations are shown in the following Figure 4.11 for D4-GOx (A) and D4-LOx (B). Both 

disc types were obtained from cocktails containing 10 wt% D4 and 0.5 wt of the respective 

oxidase dissolved in ethanol/buffer mixture. 

A

 

B

 

Figure 4.11 Normalized dose-response curves of initially tested enzyme discs (grey squares) and after 
6 h of intensive washing tested (red dots). Data sets from 5 minutes assay time were taken for A D4-
GOx and B D4-LOx discs. Discs were obtained from cocktails with 10 wt% D4 and 0.5 wt% enzyme in 
EtOH/HEPES (FluoStar Ω, λexc=405/10 nm, λem=615/10 nm, n = 8, gain 1200, 25°C) 
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First, the initial performance of the discs was determined by a subtsrate/EuTc assay. 

Afterwards, the discs were incubated in 100 µL buffer in the microplate and shaken up to 6 h. 

The buffer solution was exchanged by fresh buffer solution in regular time intervals (4x15 min, 

2x30 min and 4x60 min). The supernatants were collected, and possible enzyme leakage was 

determined by detection of produced HP. There was no enzyme activity detected in any 

supernatant solutions of each assay. 

Following, the D4-enzyme discs were used again in a substrate/EuTc assay and showed 

comparable results to the initial assay performance like shown in Figure 4.11 A for GOx and 

Figure 4.11 B for LOx. Comparing the normalized data to each other, the dose-response 

curves look identical within standard deviation. Therefore, a significant enzyme leakage can 

be excluded based on the data sets. To sum up, both enzymes stay inside the D4 hydrogel 

also during a 6-hour long-term study. The enzymes are still functional after that time and shows 

a comparable performance as initially was observed. 

Concluding the leakage study, no significant loss of EuTc from PVAc/CA membranes was 

observed, neither with HP at ambient conditions nor with substrate/enzyme samples at 37°C 

over a period of over 3 hours. The enzyme discs were washed for over 6 h whereas the 

washing solutions was changed in defined intervals. It is assumed that no leakage occurs over 

this time because the initial and after the intensive washing procedure derived dose-response 

curves are highly comparable. These are promising results for all tested disc types in the 

microplate format. A successful adaption to a flow-through system can be expected based on 

the data. 

4.3.4 Storage Stability Studies 

With respect to future commercialization of the assay, a shelf storage or lifetime determination 

of the sensor and enzyme discs is mandatory. The sensor and enzyme discs were stored 

sealed and light-protected at 4°C and 22°C within the microplate. Half of the discs were 

covered with 0.1 M HEPES pH 7.4 containing sodium azide to prevent microbiological growth. 

The other discs were stored in dried state. The initial performance was determined with the 

respective assay type and compared with the dose-response plots after certain time intervals. 

Figure 4.12 shows the recovered signals over a time frame of nearly 6 months obtained from 

PVAc/CA-EuTc discs (10 wt% PVAc/CA and 0.1 wt% EuTc in DMF/H2O) for 1 mM (A) and 

10 mM (B) hydrogen peroxide samples. 

Within standard deviation, nearly all recoveries range between ± 12.5 % or even ± 5 % 

compared to the initial signal response. After 3 weeks and 4 weeks, the recoveries of the discs 

stored at 4°C in dried state are still not higher than 125 % recovery for both tested 

concentrations. Due to the large number of needed discs, different foils were used for the 
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stability study, but the recoveries are always calculated back to the initial value of the same 

foil to overcome possible foil-to-foil variations. Changing recoveries are a sign for leakage of 

the probe from the hydrogel, oxidation of the tetracycline ligand or other not further specified 

degradation processes within the probe complex or the hydrogel. Especially in solution a weak 

stability of the complex was reported by Wolfbeis et al [20, 22] but within the PVAc/CA layer 

and under the named conditions, it is shown that the probe complex is stabilized over time. 

The complex shows a comparable signal to the initial measurements independent of the used 

storage conditions and temperature for at least 24 weeks. 

A

 

B

 

Figure 4.12 PVAc/CA-EuTc (10 wt% PVAc/CA and 0.1 wt% EuTc in DMF/H2O discs were stored light-
protected with and without 0.1 M HEPES pH 7.4 at 4°C and 22°C. HP assays were performed after 
defined time intervals and the signal intensity was compared to the initial ones. A 1 mM and B 10 mM 
HP concentration per disc (FluoStar Ω, λexc=405/10 nm, λem=615/10 nm, n = 4, gain 1200, 25°C) 

The storage stability is tested under the same conditions for D4-enzyme discs and was 

performed with D4-GOx discs obtained from cocktails with 10 wt% D4 and 0.5 wt% GOx in 

EtOH/buffer. The resulting recoveries are shown in Figure 4.13 for a final glucose 

concentration of 2.5 mM (A) and 10 mM (B). 
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A 

 

B

 

Figure 4.13 D4-GOx (10/0.5) discs were stored light-protected with and without 0.1 M HEPES pH 7.4 
at 4°C and 22°C. Glucose/EuTc assays were performed after defined time intervals and the signal 
intensity was compared to the initial signal intensity. A 2.5 mM and B 10 mM final glucose concentration 
per well and disc (* value after week 1 is not reliable due to incorrect storage of the used EuTc solution; 
FluoStar Ω, λexc=405/10 nm, λem=615/10 nm, n = 8, gain 1200, 25°C) 

The recoveries are always calculated back to the initial value of the same foil to overcome 

possible foil-to-foil variations. Within standard deviation, nearly all recoveries range between 

± 25 % or even ± 12.5 % compared to the initial signal response. The marked values after 

week 1 are not reliable due to an afterwards detected incorrect storage of the used EuTc 

solution. Changing recoveries are a sign for leakage of the enzyme or other not further 

specified processes leading to activity loss of the enzyme. But within the hydrophilic D4 layer 

and especially at 4°C, it is shown that the GOx is stabilized over time. Comparable 

performance of the discs compared to the initial one is shown for around one year of storage. 

In case of storage at 22°C, the recovery starts dropping for the lower glucose concentration 

after 40 weeks. 

To summarize, the probe complex is stabilized within the used PVAc/CA membrane for at least 

24 weeks. It does not make a significant difference if the foils are stored in buffer or in dried 

state, neither if the discs are stored at 4°C or 22°C. Regarding the performance of the D4-GOx 

discs over a period of 52 weeks under the same storage conditions and the later planned 

combination of the both systems, the recommended storage for all presented disc types is 

protected from light at 4°C with or without buffer. With respect to the future application, it is an 

enormous gain to be relatively flexible with the storage conditions. It is assumed that the 

optimization of storage buffer can further improve the lifetime of the sensor and enzyme discs.  
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4.4 Conclusion 

The here presented work shows that the by Wolfbeis et al and Duerkop et al [20–22] 

developed sensing strategy using the HP-sensitive Europium(III) tetracycline complex can be 

adapted for much higher hydrogen peroxide concentrations up to 10 mM in a homogeneous 

microplate assay. The luminescence intensity decreases strongly with increasing temperature. 

Therefore, a strict temperature control for all assays is recommended. The combination with 

different oxidases enables furthermore the fast detection of glucose and lactate within a 

concentration range up to 20 mM for lactate and up to 50 mM for glucose at pH 7.4 in 0.1 M 

HEPES solution. 

It was shown that EuTc can be integrated into a PVAc/CA membrane without leakage of the 

probe. The foils are produced by simply spreading a polymer cocktail of 10 wt% PVAc/CA 

(1:99, w/w) and 0.1 wt% EuTc in DMF/water (9:1, v/v) using an in-house made knife-coating 

device on a transparent PET support with a wet thickness of 30 µm. The five-fold amount of 

EuTc (0.5 wt%) can be embedded in a hydrophilic D4 membrane (10 wt% in EtOH/H2O (9:1, 

v/v)) which is covered with a thin PVAc/CA layer (10 wt% in CHon/H2O (99:1, v/v)) to improve 

the dynamic range from 0.1 µM up to 10 mM for HP detection in the heterogeneous assay. 

The discs obtained from the dried and washed sensor foils can be stored light-protected at 

least up to 6 months in dried state or covered with buffer at 4°C or at ambient conditions in the 

microplate. Comparable detection ranges like for the homogeneous approach are obtained for 

glucose and lactate with the heterogeneous assay concept when the respective oxidase 

enzyme is added in solution. Luminescence is decreased with increasing temperature whereas 

the enzyme activity is enhanced. It was assumed that both effects are outnumbered by each 

other. The assays were tested at 25°C and at 37°C and the dose-response plots show no 

significant difference in sensitivity. The sensor discs are unaffected by physiological relevant 

concentrations of chloride and phosphate. 

The enzymes GOx and LOx were embedded in D4 hydrogel membranes. Therefore, 0.5 wt% 

GOx or 0.2 wt% LOx is dispersed in a 10 wt% D4 cocktail in EtOH/H2O (9:1, v/v). It was shown 

that the enzymes do not leak from the hydrogel layers without any further protection layer. The 

discs obtained from the enzyme foils can be stored light-protected for at least up to 1 year at 

4°C in dried state or covered with buffer in the microplate. Heterogeneous assays with lactate 

and glucose samples mixed with EuTc were performed with the enzyme discs. A dynamic 

range up to 50 mM sample concentration was obtained for glucose and up to 20 mM for lactate 

samples in buffer. 

The shown concepts are proofed for the possible mass production of selective and sensitive 

microplates with immobilized EuTc probe or enzymes for a rapid optical high-throughput 
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detection of lactate and glucose. Samples can be added directly to the EuTc discs, mixed with 

the enzyme and after 2 to 5 minutes incubation the luminescence at 616 nm is read out within 

seconds. The other way round, where the sample is mixed with the EuTc solution and added 

to the enzyme discs, show comparable results regarding dynamic ranges and sensitivity. 

In the future, both systems, namely the EuTc sensing layer and the enzyme layer, will be 

combined to obtain an integrated, simple, and rapid test system for glucose and lactate. No 

additional pipetting steps or addition of further reagents will be necessary for the microplate 

format. Samples can be added simply in the microplate where the integrated sensor and 

enzyme discs are attached. After short incubation time the luminescence intensity is recorded 

and compared to the calibration plot. Successful combination of the biocompatible layers 

enables testing and optimization for use in a flow-through system to permit a future 

implementation as optode into the living organism. 
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4.7 Supporting Information 

4.7.1 Influence of Different Cutting Techniques 

From an exemplary PVAc/CA-EuTc foil, senor discs were cut with a laser-engraving machine 

with two different optics, and hole-punched with a toggle press (SI Figure 4.1 A). The influence 

of the cutting technique on the discs’ performance is illustrated by emission scans of the discs 

with and without HP. The obtained emission values from both scans are normalized to allow a 

direct comparison of the sensitivity (SI Figure 4.1 B). 

A     1th      2nd     3rd 

 

 

      B                 1th                 2nd                 3rd 

 

SI Figure 4.1 The sensor foil is obtained by knife-coating a sensor cocktail (10 wt% PVAc/CA with 0.1 
wt% EuTc, spacer distance 60 µm) A The sensor discs in the 1st row are obtained by laser-cutting (100% 
laser power, 70% speed, 1000 ppi with the 2” lens with a focus spot of 0.13 mm in diameter). The discs 
in the 2nd row are obtained by laser-cutting (same settings, but HPDFO lens which enables a focus size 
of 0.03 mm). The discs in the 3rd row were obtained by hole-punching with a toggle press. Diameter of 
all discs is 6 mm. B The discs are incubated with buffer for 10 minutes and scanned. The discs are 
incubated for 10 minutes with 1 mM HP solution and scanned. The blank values are subtracted from the 
signal intensities with HP sample. The resulting heat map is shown. (BioTek plate reader, λexc=405/8 nm, 
λem=616/8 nm, 49x49 scans/well, n = 1, gain 80, 25°C, 10 min incubation time) 

 

  

25 50 75 100 125

350

300

250

200

150

100

50

X - Direction [nscan]

Y
 -

 D
ir

e
c
ti

o
n

 [
n

s
c
a
n
]

0

2,500

5,000

7,500

10,000

12,500

15,000

17,500

emission intensity

@616nm [rfu]



SI: EuTc as Probe for HP Detection in Microplate Assays 

118 

4.7.2 Interference Study 

PVAc/CA-EuTc discs were tested in a small interference assay. The discs were incubated with 

buffer samples without interfering ions and with physiological relevant low, medium, and high 

phosphate or chloride concentrations. The resulting data are shown in SI Figure 4.2. The 

range of the probe discs’ blank emission intensity is highlighted with a transparent box in blue 

for chloride and in red for phosphate determination. 

  

SI Figure 4.2 Dose-response plot of PVAc/CA-EuTc discs (10 wt% PVAc/CA an 0.1 wt% EuTc in 
DMF/water) after 5 min of incubation time. The discs were incubated with buffer containing no, low, 
medium, and high physiological relevant concentration of chloride and phosphate ions. Blank value with 
standard deviation is marked as transparent box (FluoStar Ω, λexc=405/10 nm, λem=615/10 nm, n = 4, 
gain 1200, 25°C) 
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5 Combination of Europium(III) Tetracycline with 

Oxidase Enzymes in Biocompatible Hydrogels for 

Detection of Hydrogen Peroxide in Flow-Through 

Systems 

Abstract 

The Europium(III) tetracycline (EuTc) complex was already investigated by different work 

groups in the past. The emitted lanthanide luminescence with the main peak at 616 nm is 

quenched in aqueous solutions by surrounding water molecules. These can be replaced 

reversibly by hydrogen peroxide (HP) leading to an increased luminescence intensity. 

Hydromed® D4, a polyurethane-based hydrogel was found to provide a suitable environment 

for the EuTc complex as well as for enzymes like glucose oxidase (GOx). The D4-EuTc layer 

is covered with a polyvinyl acetate (PVAc) cellulose acetate (CA) layer to avoid leakage of the 

complex. The different sensor layers are produced with a wet thickness of 30 µm by an in-

house made knife-coating device. 

Combination of the enzyme and the probe layer enables the optical detection of the respective 

substrate in an integrated sensor in microplate assays and flow-through systems. Different 

immobilization techniques were investigated. A polylactic acid-based polymer, LRP t 7016 by 

Evonik® was found as suitable connection and protection layer in-between a D4-EuTc layer 

and a D4-GOx layer. The system showed promising results for glucose, glucose/EuTc and HP 

assays in the microplate format and was therefore tested in the flow-through system where no 

response towards glucose solutions was observed. It was found that the intermediate layer 

corrupts the complex over time which was falsely interpreted in the microplate assays as 

concentration-depending signal increase. Since no other tested approach for the combination 

of EuTc and GOx worked, the probe and enzyme discs were tested independently from each 

other in the flow-through system. Both showed a clear response when glucose or HP was 

injected in the flow cell device. The discs were mounted adjacently within the flow cell chamber, 

and it was proven that the probe and enzyme layers work together reversibly with an immediate 

response towards changing concentrations. 
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The system must still be optimized regarding layer thickness, ratio of EuTc and GOx or other 

oxidases, as well as instrumental settings to quantify analyte concentrations reliable and 

reproducible. The use of biocompatible materials addresses a future application as fully 

implantable optical sensor for continuous monitoring during surgeries since there is a lack of 

relevant monitoring devices in the clinical field for glucose and lactate. 

 

Graphical Abstract 
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5.1 Introduction 

Hydrogen peroxide (HP) plays a large role within physiological relevant processes as 

byproduct during catalytic oxidase reactions. Besides oxygen and other blood gases like CO2 

or electrolyte levels, HP is one of the most popular indirect analytes in the scope of patients’ 

monitoring during surgeries, in the intensive care unit (ICU) or for medical home care 

devices [1, 2]. Countless optical and electrochemical biosensors based on the catalytic 

enzyme reactions were developed over time [3–9]. Electrochemical sensors are commonly 

based on the quantification of the produced HP by voltammetry. Reduction of the 

stoichiometrically produced HP at an enzyme-modified working electrode and the detection of 

the current at a constant potential versus an Ag/AgCl reference electrode is a widely used and 

still further optimized technique especially for affordable point-of-care applications [10, 11]. 

Most prominent example is the glucometer fabricated and distributed by many companies for 

diabetic home care [12]. Optical sensors are usually based on fluorescent dyes, quantum dots 

or nanoparticles embedded in polymeric membranes. Their fluorescence in quenched by 

present oxygen. During the oxidase-based catalysis oxygen is consumed, and fluorescence 

intensity is increasing [13–15]. Many of these systems suffer from photobleaching and blinking 

which results in bad reproducibility and decreased long-term stability. 

Since 2002, Wolfbeis et al and other research groups have reported using the Europium(III) 

tetracycline (EuTc) complex for selective and sensitive detection of HP or related compounds 

in cuvettes and flow-through systems [16–22]. The Eu(III) ion is complexed by the sensitizing 

antibiotic molecule which enables an excitation at 405 nm. Absorbed energy of the ligand is 

transferred to the central ion. Quenching water molecules can be replaced reversibly from the 

inner coordination sphere around the Eu3+ central ion by HP [16, 17]. This process takes place 

at physiological relevant pH range. The ligand exchange leads to an increase of luminescence 

intensity of the 5D0→7F2 transition of the Eu3+ ion, detectable around 616 nm [23].  

The integration of the sensitive luminescent probe EuTc with the respective enzymes like 

glucose oxidase (GOx) or lactate oxidase (LOx) in a biocompatible membrane addresses an 

important field of medical applications. Since there is up to now no clinical relevant method for 

optical monitoring a patients’ glucose or lactate levels during complicated heart surgeries or in 

the ICU, the development of a continuously working optode can save lives  [5, 14, 24–27]. 

Blood samples are drawn from the line of the patient’s heart-lung machine and analyzed with 

commercial POC kits by the clinical staff or send to a laboratory. This is unwieldy and time-

consuming, and not carried out in regular intervals. Critical changes in the patients` metabolism 

are perhaps not detected fast enough. Findings confirm that lactate monitoring is a valuable 

parameter in the early resuscitation of critically ill patients with organ failure and sepsis, and 
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lactate-assisted therapy significantly reduced hospital mortality in patients with 

hyperlactatemia by 20 % [3, 28].  

Intravascular blood gas monitoring started in the early 1950’s with Clark et al and the 

development of an implantable oxygen sensitive electrode [29]. Up to now, clinical relevant 

systems for blood gas monitoring were developed by different companies [2, 30–33]. Currently 

available modern blood gas monitors are usually able to quantify Po2, Pco2, pH, oximetry 

parameters, temperature, metabolites and different electrolytes based on optical and 

electrochemical detection [3]. The large advantage of such a monitor is the nearly real-time 

and continuous control of important parameters over a long period. It allows near-patient 

analysis and therefore a fast decision making for the treating physicians and clinical staff. Since 

patients are anyway connected to the heart-lung machine for heart transplantation or critically 

ill persons have implanted sensors for monitoring, the development of a non-invasive sensor 

system is redundant in this case. It makes sense to optimize already established systems and 

upgrade them for further analytes. Glucose and lactate are primarily determined by 

electrochemical detection methods. Therefore, the development of an optical detection system 

would enlarge the range of possible applications. The complex and expensive process from 

an initial concept to a clinical approved sensor is certainly one of the largest barriers but is 

worthwhile going if lives can be saved.  

Biocompatible and non-fouling sensor membranes or protection layers produced from 

hydrogels and polymers are essential for the development of an implantable sensor. A mixture 

of polyvinyl acetate (PVAc) and cellulose acetate (CA) was already used in 1983 by 

Tsuchida et al for a multi-enzyme membrane electrode used in human serum for detection of 

creatinine and creatine [34]. Hydromed® D4, a polyurethane-based hydrogel with a water 

content of around 50 % is a modern commonly used material for fabrication of sensor 

membranes via entrapment of fluorescent dyes, enzymes or other recognition elements [19, 

35–37] and enables a fast hydrogen peroxide diffusion [38]. Multi- and single layer sensor 

membranes made from these polymers containing EuTc and enzyme are a valuable solution 

to tackle the challenge. 

Former work of our group showed fundamental functionality of the sensor system in microplate 

assays. The functionality of the probe and enzyme membranes is shown independently from 

each other in a flow-through system and additionally in combination. Future perspective of this 

work is to enable the system for optical intravascular glucose and lactate detection in patients 

during heart surgeries. 
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5.2 Experimental 

5.2.1 Materials and Equipment 

For all experiments bi-distilled water (just referred as water) is used.  

Following chemicals are used without further purification: 

Hydromed® D4, D7 and D640 was purchased from AdvanSource Biomaterials 

(www.advbiomaterials.com). Evonik® Resomer LRP t 7016 was purchased from Evonik 

Industries AG (https://healthcare.evonik.com). Europium trichloride hexahydrate EuCl3*6 H2O 

(99.9 %), tetracycline HCl (Tc, ≥ 95%), polyvinyl acetate (PVAc, average Mw ≈ 100,000), 

cellulose acetate (CA, average Mn ≈ 30,000), cyclohexanone (CHon, p.a.; ≥ 99.5 %), glucose 

oxidase (GOx) from Aspergillus Niger (type VII, lyophilized powder, ≥100,000 units/g solid), 

horseradish peroxidase (HRP, type II, lyophilized powder, 150-250 units/mg solid), sodium 

hydroxide NaOH (p.a.; ≥ 98 %), hydrogen peroxide solution (HP, 35 %) ethanol (EtOH, p.a.; 

≥ 99.8 %), iso-propyl alcohol (IPA, ACS reagent, ≥ 99.5 %), tert-butanol (≥ 99 %) and 

3,3',5,5'-tetramethylbenzidine (TMB, ≥ 99 %) were purchased from Sigma-Aldrich 

(https://www.sigmaaldrich.com). 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES, 

for biochemistry) was purchased from VWR (https://www.vwr.com). D(+)-glucose 

monohydrate (for microbiology), dimethyl sulfoxide (DMSO, p.a.; ≥ 99.9 %), 0.5 M sulfuric acid 

(Titrisol®), 65 % nitric acid (for analysis) and sodium azide NaN3, (extra pure), were purchased 

from Merck (https://www.merckmillipore.com).  

Following other materials are used: 

Mylar® (bi-axial oriented poly-terephthalate foils with 125 µm thickness) was purchased from 

GoodFellow GmbH (http://www.goodfellow.com). Adhesive tape (tesa® Verlegeband) was 

purchased from tesa SE (https://www.tesa.com). Aluminum foil purchased from local stores 

was used for light protection. 

Following further equipment and accessories are used: 

Toggle press HK 800 for hole-punching with different-sized circular cutting tools from 

Berg & Schmid (https://www.bergundschmid.de) was used. 

FLUOstar Omega and preceding model FLUOstar from BMG LABTECH GmbH 

(https://www.bmglabtech.com) and Synergy Neo2 Hybrid Multi-Mode Reader from BioTek 

Instruments (www.biotek.de) with 96-well microtiter plates, white, medium binding, flat bottom 

(product# 655075) and 96-well microtiter plates, transparent, flat bottom (product# 655101) 

purchased from greiner BIO-ONE (https://www.gbo.com). 

An in-house made flow cell system with suitable tubing is used to fix the sensor disc within the 

experimental setup. AMINCO Bowman Series 2 spectrofluorometer (AB2) with fiber optics 

http://www.advbiomaterials.com/
https://healthcare.evonik.com/
https://www.sigmaaldrich.com/
https://www.vwr.com/
https://www.merckmillipore.com/
http://www.goodfellow.com/
https://www.tesa.com/
https://www.bmglabtech.com/
http://www.biotek.de/
https://www.gbo.com/
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from Thermo Spectronics (now: Thermo Fisher Scientific, https://www.thermofisher.com) and 

MINIPULS 3 peristaltic pump from Gilson Incorporated (https://www.gilson.com) are used for 

pumping and detection.  

The Europium content is verified by using a flame-EOP (end on plasma) inductively coupled 

plasma optical emission spectrometer (ICP-OES) from Spectro (https://www.spectro.com). 

5.2.2 Preparation of Solutions 

In general, all weights and volumes can be adapted proportionally if higher or lower number of 

samples, foils or discs must be prepared. 

5.2.2.1 0.1 M HEPES pH 7.4 

119.16 g ± 1.12 g HEPES are dissolved in approx. 4.75 L water in a 5 L volumetric flask while 

stirring with a magnetic stirring bar. NaOH pellets are added under strong stirring to reach a 

pH value of 7.40 ± 0.05. Volume is filled up to 5 L with water. After mixing, pH value is checked 

and noted. If necessary, 0.50 ± 0.05 g NaN3 are added and dissolved by shaking. The solution 

can be stored up to 12 months at ambient conditions in a glass bottle. If the buffer is prepared 

without sodium azide, it should be stored not longer than 4 weeks at ambient conditions. 

5.2.2.2 Hydrogen Peroxide Solutions 

For EuTc Assays 

To obtain a 100 mM HP stock solution, 5190 µL buffer is mixed with 45 µL of 35 % HP solution 

in a 10 mL glass vial by shaking. The respective dilutions with HP concentrations of 0, 0.1, 0.5, 

1, 5 and 10 mM for the standard assay are prepared by diluting the stock solution or the 

respective other solution with buffer. The samples must be used within 24 h. 

For TMB/HRP Assays 

The 1 mM HP solution is diluted to 1:10 by volume with buffer to obtain a 100 µM HP solution. 

The 100 µM is further diluted with buffer to obtain HP samples with concentrations ranging 

between 5 µM and 100 µM. 0 µM HP refers to pure buffer. 

5.2.2.3 Solutions for TMB/HRP Assay 

9.62 mg TMB are dissolved in 2.0 mL DMSO to obtain a 20 mM TMB solution. 2.28 mg of HRP 

is dissolved in 2.0 mL buffer to obtain a HRP solution with an activity of 0.25 U/µL. TMB and 

HRP solution are mixed 2:1 by volume. The solution is cooled down for 30 min and must be 

used immediately.  

5.2.2.4 Glucose Solutions 

To obtain a 100 mM glucose stock solution, 1981.7 ± 2.0 mg glucose monohydrate is weighed 

in a 100 mL volumetric flask and dissolved in approx. 75 mL buffer. Then the volume is filled 

https://www.thermofisher.com/
https://www.gilson.com/
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up to 100 mL and the solution is mixed by shaking. The stock solution is diluted with buffer to 

suitable concentrations ranging between 0.5 mM and 20 mM (for lactate) or 50 mM (for 

glucose). 

5.2.2.5 Eu3+ Stock Solution 

1832.1 ± 0.9 mg of EuCl3∙6 H2O is dissolved in approx. 5 mL of water using a 10.0 mL 

volumetric flask. Volume is filled up to 10 mL volume with water. The solution is split into 

aliquots of 400 µL. These can be stored for at least 6 months under light protection at 4°C and 

are used for preparation of fresh EuTc solutions. 

5.2.2.6 Tetracycline Stock Solution 

31.84 ± 0.06 mg of tetracycline HCl is dissolved in 4.0 mL of water in a glass flask. The solution 

must be used immediately and must be stored light protected. 

5.2.2.7 EuTc Solution for Functionality Test 

500 µL of the tetracycline stock solution (chapter 5.2.2.6) is mixed with 50 µL of the Eu3+ stock 

solution (chapter 5.2.2.5) in 4.45 mL water in an amber 50 mL plastic tube. 45.0 mL of buffer 

is added, and the solution is mixed by shaking shortly. The solution must be used within 6 h 

and must be stored light protected.  

5.2.2.8 Glucose/EuTc Solutions 

Sample solutions containing glucose and EuTc are prepared by mixing 6 mL of the EuTc 

solution for functionality test (chapter 5.2.2.7) and 6 mL of the respective glucose samples 

(chapter 5.2.2.4). Additionally, a 0 mM glucose/EuTc sample is prepared. Final concentrations 

range between 0 mM and or 50 mM. 

5.2.2.9 Polymer Cocktails 

The polymer cocktails can be heated up to 50°C accelerating the dissolution of the polymer or 

hydrogel in the solvent mixtures. 

10 wt% D4 in alcohol/H2O 

90.0 ± 0.9 mL alcohol (ethanol, iso-propanol and tert-butanol were tested) is mixed with 

10.0 ± 0.1 mL. 10.0 ± 0.1 g Hydromed D4 is dissolved in 90.0 ± 0.9 g of alcohol/water in a 

100 mL glass flask under strong stirring with a magnetic stirring bar. 

10 wt% PVAc/CA in CHon/H2O or DMF/H2O 

99.0 ± 0.1 mL CHon is mixed with 1.00 ± 0.01 mL water. 90.0 ± 0.1 mL DMF is mixed with 

10.0 ± 0.1 mL water. 7.92 ± 0.08 g CA and 0.080 ± 0.008 g PVAc are dissolved in 72.0 ± 0.7 g 

solvent/H2O in a 100 mL glass flask under strong stirring with a magnetic stirring bar. 
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2.5 wt% LRP t 7016 in THF/H2O 

99.0 ± 0.1 mL THF are mixed with 1.00 ± 0.01 mL water. 1.25 ± 0.05 g Evonik® Resomer 

LRP t 7 16 is dissolved in 48.75 ± 0.5 g of the prepared THF/H2O mixture in a 100 mL glass 

flask under strong stirring with a magnetic stirring bar. 

5.2.2.10 EuTc Stock Solution for Sensor Cocktails 

6.97 ± 0.06 mg tetracycline HCl are weighed in a 500 µL plastic reaction tube and dissolved 

under strong shaking in 75 µL of the Eu3+ stock solution (chapter 5.2.2.5). The solution is used 

immediately. 

5.2.2.11 Sensor Cocktails 

EuTc in 10 wt% D4 in alcohol/H2O 

A 5 mL glass vial with plastic snap cap is used. 1.499 ± 0.015 g of the 10 wt% D4 in 

alcohol/H2O are weighed in. To obtain a 0.1 wt% EuTc cocktail, 10 µL of the EuTc stock 

solution are added. To obtain a 0.2 wt% EuTc cocktail, 20 µL of the EuTc stock solution are 

added. To obtain a 0.5 wt% EuTc cocktail, 50 µL of the EuTc stock solution are added and so 

on. The vial is sealed tightly with Parafilm. The cocktail is stirred 10 ± 1 minutes at ambient 

conditions and used immediately for preparation of up to 8 foils. 

EuTc in 10 wt% PVAc/CA in DMF/H2O 

A 5 mL glass vial with plastic snap cap is used. 1.499 ± 0.015 g of the 10 wt% PVAc/CA in 

DMF/H2O are weighed in. To obtain a 0.1 wt% EuTc cocktail, 10 µL of the EuTc stock solution 

are added. The vial is sealed tightly with Parafilm. The cocktail is stirred 70 ± 10 minutes at 

ambient conditions and used immediately for preparation of up to 6 foils. 

5.2.2.12 Enzyme Cocktails 

To obtain an enzyme stock solution for 0.25 wt% enzyme cocktails, 6.0 ± 0.1 mg of the enzyme 

is dissolved within 80 µL buffer. To obtain an enzyme stock solution for 0.5 wt% enzyme 

cocktails, 9.0 ± 0.1 mg of the enzyme is dissolved within 60 µL buffer. A thermal cycler set at 

35 ± 1 °C and 500 rpm is used for 12.5 ± 2.5 min. 

A 5 mL glass vial with plastic snap cap is used. 1.499 ± 0.015 g of the 10 wt% D4 cocktail in 

EtOH/H2O are weighed in. 50 µL of the enzyme stock solution for 0.25 wt% enzyme cocktails 

are added to obtain a 0.25 wt% enzyme cocktail. 50 µL of the enzyme stock solution for 

0.5 wt% enzyme cocktails are added to obtain a 0.5 wt% enzyme cocktail. The vial is sealed 

tightly with Parafilm. The cocktail is stirred 1.5 to 2 hours at 37°C until a homogeneous 

suspension is obtained. It is recommended to use the cocktail within 1 h. The volume is suitable 

for the preparation of up to 6 to 8 foils.  
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5.2.3 Methods 

5.2.3.1 Knife-Coating 

An in-house made knife-coater device is used for production of all sensor and enzyme foils. 

Application of First Layer 

The 30 µm or 60 µm spacers and pieces of Mylar support are placed in the knife-coater at both 

sides to define the wet layer thickness. If not mentioned otherwise, usually 30 µm spacers 

were used. A planar, rectangular Mylar substrate (approx. 5.5 cm x 11.0 cm) is placed on the 

knife-coating device and fixed by turning on the vacuum pump. The sheet is cleaned by using 

a wipe soaked with ethanol and rubbing. After the rubbing alcohol is completely evaporated, 

200 µL to 300 µL of the respective sensor, enzyme or polymer 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. After around 30 seconds, the vacuum pump is 

turned off and the foils are moved to the oven on an even plate for drying. The foils are dried 

for 2.5 ± 0.5 h at 39 ± 1 °C. A second layer can be applied immediately after the drying time. 

If no second layer is applied, the sheets are washed for 15 ± 1 minutes in an excess of buffer 

on an orbital shaker (300 to 350 rpm) to remove unbound complex or enzyme and organic 

solvent residues, and to rehydrate the hydrogel after drying. The sheets can then be stacked 

carefully and stored light-protected in a closed zipper bag at 4°C until sensor disc preparation. 

Application of Further Layers 

The 30 µm or 60 µm spacers and pieces of Mylar support are placed in the knife-coater at both 

sides to define the wet layer thickness for the second or third layer. If not mentioned otherwise, 

usually 30 µm spacers were used. The Mylar substrate with the dried layer(s) on top is placed 

on the knife-coater and fixed by turning on the vacuum pump. 250 µL to 300 µL of the 

respective second layer 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 

that covers the first layer(s). After around 30 seconds, the vacuum pump is turned off and the 

foils are moved to the oven on an even plate. The foils are dried for 2.5 ± 0.5 h at 39 ± 1 °C. A 

further layer can be applied immediately after the drying time. 

If no further layer is applied, the sheets are washed for 15 ± 1 minutes in an excess of buffer 

on an orbital shaker (300 to 350 rpm) to remove unbound complex or enzyme and organic 

solvent residues, and to rehydrate the hydrogel after drying. The sheets can then be stacked 

carefully and stored light-protected in a closed zipper bag at 4°C until sensor disc preparation. 
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5.2.3.2 Sensor Disc Preparation 

On the backside of the Mylar support (= the uncoated side), double-adhesive tape is applied 

when the discs are used for a microplate assay. With a toggle press, discs with a diameter of 

6 mm are punched out of the foil. It must be avoided to take discs from nearby the edges, a 

distance to the edges of at least 2 mm is recommended. Furthermore, it has to be taken care 

that both layers overlap completely. After removing the protective cover of the adhesive tape, 

the sensor discs are fixed on the bottom of the MTP wells. Usually, n = 4 or n = 8 discs are 

used for an assay. The prepared MTPs are covered with a plastic lid and can be stored 

overnight light protected at 4°C until a functionality test is performed, or they can be used 

immediately. 

For flow cell assays, no tape is applied to the discs. With a toggle press, discs with an outer 

diameter of 24 mm are punched out of the foil and used immediately. An inner circle can be 

removed from the disc and overlapped with another disc to combine enzyme and probe disc. 

Using a dummy disc (blank Mylar) or D4 disc as outmost disc reduces the active area of the 

probe or enzyme disc within the used setup like schematically shown in Figure 5.1 D5,    

Figure 5.1 D6, and Figure 5.1 D7. 

5.2.3.3 Assays in Microplate 

Within this chapter, all performed assay types within the microplate are described. If not stated 

otherwise in the captions or Results and Discussion part, all experiments were performed like 

described in following with the same settings. 

5.2.3.3.1 Heterogeneous Assays with Discs 

Following settings (Table 5.1) of the plate reader FLUOstar Omega from BMG LABTECH 

GmbH are used for the within this chapter named assay types (if not stated otherwise): 

Table 5.1 Parameters and the respective settings of the used FLUOstar Omega plate reader for each 
assay type. Glucose/EuTc and glucose assay are equally used for the respective lactate/EuTc and 
lactate assay. 

parameter 
washing 

step 

HP 

assay 

glucose/EuTc 

assay 

glucose  

assays 

protocol name 
EuTc_wash 

_15min 

EuTc_6min 

_kinetic 

EuTc_10min 

_kinetic 

EuTc_10min 

_kinetic 

no. of multichromatics 1 

excitation filter 405/10 nm 

emission filter 615/10 nm 

gain 1200 

well scan none 

optic top optic 

settling time 0.2 s 
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parameter 
washing 

step 

HP 

assay 

glucose/EuTc 

assay 

glucose  

assays 

no. of kinetic windows 1 

no. of cycles 2 7 11 11 

measurement start time 0.0 s 

no. of flashes 20 

cycle time 900 s 60 s 

pause before cycle no 

shaking 1 shake between reading; double orbital @300 rpm 

shaking 2 shake before first cycle, double orbital @300 rpm for 5 s 

 

Temperature is set to 25.0 ± 0.5 °C, 30.0 ± 0.5 °C or 37.0 ± 0.5 °C and the measurements can 

be started when the desired temperature is reached. For measurements at 25°C, the samples 

are not prewarmed. For 30°C and 37°C measurements, the samples are prewarmed in a 

tempered water bath at the desired temperature. The washing procedure is performed for all 

discs in the very beginning. 

Washing Procedure for All Disc Types 

100 µL buffer is added with an 8-channel pipette to each sensor disc and is washed for 

15 minutes in the plate reader. Therefore, a kinetic measurement is started for 15 minutes. 

During the washing procedure, the samples are shaken orbitally by the plate reader at 300 rpm. 

The samples are excited at 405/10 nm and the emission intensity is measured at 615/10 nm 

at the beginning and in the end at 25.0 ± 0.5 °C or 37.0 ± 0.5 °C (protocol for “washing step” 

shown in Table 5.1). Washing solution is removed completely by flipping the MTP over the 

sink and pounded the MTP on a tissue for three times. 

Functionality Tests 

100 µL of 0 mM sample (HP, substrate or substrate/EuTc) is added with the multichannel 

pipette to each sensor discs. The kinetic measurement is started according to the protocol for 

the different assay types shown in Table 5.1. When the kinetic measurement is finished, the 

MTP is flipped over to remove the sample solutions. The MTP is pounded on a tissue to 

completely remove all remaining solution. The described procedure is repeated with the same 

discs for the next higher concentrated sample. 

5.2.3.3.2 TMB/HRP Assay 

If an enzyme disc is tested for its activity, the disc is incubated with 100 µL of the respective 

substrate concentration (up to 20 mM for lactate and up to 50 mM for glucose) for a certain 

time (usually 2 to 5 min) to obtain a sample solution containing HP. 97 µL of sample solution 

containing HP is mixed with 3 µL of a TMB/HRP mixture (20 mM TMB in DMSO and 0.25 U/µL 
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HRP in HEPES, 2:1, v/v) in another transparent plate. After strong mixing by pipetting up and 

down, and short incubation (usually 30 s to 5 min) 50 µL of 0.5 M sulfuric acid is added and 

mixed. Absorbance at 450 nm is measured. A linear calibration plot is created by performing 

the same assay but with HP samples of known concentrations between 0 µM and100 µM. 

5.2.3.4 Assays in Flow Cell 

An in-house made flow cell with suitable tubing is used in combination with the AB2 

spectrophotomer with fiber optics and a peristaltic pump. Following settings (Table 5.2) of the 

devices are used (if not stated otherwise): 

Table 5.2 Parameters and the respective settings of the used AB2 spectrofluorometer and the pump for 
each flow cell measurement with EuTc-containing discs. 

parameter setting 

pump 8.0 to 48.0 rpm 

sensitivity 

(Detector high voltage) 

30% of full scale 

(650 V – 750 V) 

monochromators 

(excitation) 

step size 1 nm 

wavelength 405 nm 

bandpass 8 nm 

monochromators 

(emission) 

step size 1 nm 

wavelength 615 nm 

bandpass 8 nm 

lamp source continuous wave 

time trace measurement 

start 0 s 

end xx,xxx s 

step 1 s 

 

The experimental setup is illustrated in Figure 5.1. The main parts of the setup are shown, and 

the simplified flow chart is schematically drawn. Assembling of the sensor disc within the flow 

cell chamber is shown systematically in Figure 5.1 B1 (from top to bottom). Most important is 

to take care that the coated (active) side of the sensor disc must face downwards to be in 

contact with the solution. 

The inlet tube is put in the buffer reservoir, the outlet tube to the waste or is the solution is 

collected for further investigations, and the pump is started at suitable speed. Pump settings 

were converted experimentally in the actual flow speed for the used flow-through system (see 

SI Figure 5.1). The flow cell is checked for leakage for the first 5 minutes. If no leakage occurs, 

the flow cell is mounted within the measurement chamber and the fiber optic is adjusted to 

touch the optical window. Parameters for the AB2 are set like in Table 5.2. A time trace 

measurement with suitable data acquisition interval is started for a certain time. 
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The flow cell system is equilibrated for 30 min to 45 min with buffer before the first sample is 

injected. Therefore, the pump is stopped, and the inlet tube is put in the sample solution. The 

pump is started for a certain time to inject sample solution. The pump is stopped again, the 

outside of the tube is wiped with a tissue and the tube is put back in the buffer reservoir or the 

next sample. The pump is restarted immediately or after a certain time for incubation within the 

flow cell. 

A 

 

B1 

 

B2 

 

 

C  

  

D1

 

D2

 

D3 

 

 

D4

 



EuTc as Probe for HP Detection in Flow-Through Systems 

132 

D5

 

D6

 

D7

 

 

Figure 5.1 Experimental setup for detection of luminescent sensor discs in a flow cell A The peristaltic 
pump with buffer reservoir and sample solution B1 In-house made flow cell chamber and how it is 
assembled B2 front view (optical window and 24 mm in diameter sensor disc, sealed with a rubber ring) 
and back view (inlet and outlet for solutions) C The fiber optic of the spectrometer can be attached to 
the flow cell in two different ways: top horizontal arrangement, bottom: vertical arrangement to avoid air 
bubbles in the system D schematic representation of different arrangements of or  in the flow-through 
system for different assays and approaches 

 

5.2.3.5 Interference Study 

The setup shown in Figure 5.1 D7 is used for the interference study. A D4-EuTc // PVAc/CA 

disc and a blank D4 disc is used. Glucose samples are pumped through the system. 

Luminescence at 616 nm is monitored according to the protocol shown in Table 5.2. 

5.2.3.6 Leakage Study 

The setup shown in Figure 5.1 D2 is used for the leakage study. A D4-EuTc // LRP t 7016 // 

D4-GOx (10/0.5 wt% // 2.5 wt% // 10/0.2 wt%) sensor disc is used. Buffer and HP samples are 

pumped through the system. Luminescence at 616 nm is monitored according to the protocol 

shown in Table 5.2. Solutions are collected in aliquots which are vaporized and redissolved in 

5.0 mL of 1.5 M nitric acid. Samples are analyzed via ICP-OES to quantify the Eu content. 

5.2.4 Statistics and Data Evaluation 

All calculation, especially the arithmetic mean values and standard deviation (SD) were 

calculated with Microsoft Excel 2016 (Microsoft Corporation, Redmond, Washington, USA) or 

by the respective plate reader software MARS Data Analysis Software from BMG LABTECH 

GmbH (https://www.bmglabtech.com) and Gen5 Microplate Reader and Imager Software from 

BioTek Instruments (www.biotek.de). Measurements in the plate format were performed at 

https://www.bmglabtech.com/
http://www.biotek.de/
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least in triplicate (n ≥ 3). Suspicious values were removed after failing the outlier Q-test. 

Calculated SD is represented by error bars in y-direction.  

Linear and non-linear regression curves were accomplished with following equation (1) and 

equation (2). 

linear curve fit: 𝑦 = 𝑚 ∙ 𝑥 + 𝑏 (1) 𝑚 … 𝑠𝑙𝑜𝑝𝑒 

𝑏 … 𝑦 − 𝑎𝑥𝑖𝑠 𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡 

𝐴1 … 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑣𝑎𝑙𝑢𝑒 

𝐴2 … 𝑓𝑖𝑛𝑎𝑙 𝑣𝑎𝑙𝑢𝑒 

𝑥0 … 𝑐𝑒𝑛𝑡𝑒𝑟 

𝑝 … 𝑝𝑜𝑤𝑒𝑟 

sigmoidal curve fit: 
𝑦 =  

𝐴1 − 𝐴2

1 + (
𝑥
𝑥0

)
𝑝 + 𝐴2 

(2) 

For HP detection in the flow cell system, following equation (3) was used to calculate the signal 

change over time in 10 s intervals. 

derivation: HP 

detection in flow cell: 
∆𝑖 = 𝑖(𝑡 + 10𝑠) − 𝑖(𝑡) (3) 

𝑓𝑜𝑟 𝑡 = 0 𝑠, 10 𝑠, 20 𝑠, … 

𝑖 … 𝑠𝑖𝑔𝑛𝑎𝑙 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 

𝑡 … 𝑡𝑖𝑚𝑒 
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5.3 Results and Discussion 

Different approaches are shown in the following Figure 5.2. They were tested, investigated, 

and optimized or finally discarded to combine the enzyme and the probe in an integrated 

sensor system to realize a continuous and real-time detection in flow-through systems. 

 

Figure 5.2 Starting from the already investigated stand-alone systems in the middle to obtain an 
integrated sensor system for detection in flow-through systems: PVAc/CA-EuTc, D4-EuTc // PVAc/CA 
and D4-enzyme discs. Different approaches were tested within the scope of this work: 1 simple 
entrapment of enzyme and probe in the same layer 2 the enzyme is attached by drop-coating or 
immersion via adsorption forces 3 the enzyme is covalently immobilized or cross-linked on top of the 
sensing membrane 4 like 3 but with a protective membrane in-between 5 to 9 different combinations of 
the active membranes with and without protection layers, other biocompatible hydrogels besides D4 and 
PVAc/CA were tested. Most promising results were obtained with approach 7: D4-EuTc // LRP t 7016 // 
D4-GOx 

Easiest way would be to entrap both elements within one single layer (approach 1). This was 

investigated by dissolving or dispersing probe ad enzyme in the same cocktail and preparing 

foils and subsequently sensor discs. Another tested, very mild strategy was soaking a D4-GOx 

membrane for several hours in an EuTc solution and add a protective PVAc/CA membrane on 

top because EuTc is washed out quickly from the D4 hydrogel. None of the tested approaches 

showed promising data at all in the HP assay. Usually, the enzyme shows still a high activity 

when tested in HRP/TMB assays or with substrate/EuTc assays, but the probe complex was 

inactive, destroyed or otherwise altered and does not response to the changing HP 

concentrations anymore. 

Adding the enzyme on top of the probe discs by adsorption, cross-linking by glutardialdehyde 

(GA) or covalent binding with linker molecules or EDC/NHS (1-ethyl-3-(3-dimethyl 

aminopropyl)-carbodiimide/2 N-hydroxysuccinimide) chemistry with or without an additional 
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protective layer (approaches 2 to 4) would be other elegant and well-known solutions [39, 40]. 

For these approaches, different methods were tested. First, PVAc/CA-EuTc sensor discs were 

simply soaked with GOx solution but adsorption forces were not strong enough for a lasting 

immobilization of the enzyme. Other approaches were tested with diluted GA solution and 

vapor, with and without bovine serum albumin (BSA) as stabilizer for the enzyme. Within the 

scope of these approaches the enzyme usually stays active but the probe complex was 

inhibited or destroyed and does not react to even high hydrogen peroxide concentrations 

above 1 mM at all.  

The approaches 5 to 9 represent different combinations of the up to now used polymers and 

hydrogels. The layers are coated on top of each other like described previously for the D4-EuTc 

layer with a PVAc/CA protection layer on top. Comparable organic solvents besides ethanol, 

DMF and CHon like IPA, acetone or THF were mixed with water and tested to investigate the 

compatibility with probe, enzyme, and hydrogels. A small amount of water or buffer in the 

cocktail is necessary for a successful formation of the complex. It was found that acetone 

interferes with the probe complex, presumptively by the non-reversible formation of another 

relatively stable complex with the Eu(III) ion, and must be avoided as solvent for all cocktails. 

Stirring and drying times were checked and optimized again in this context. The used solvent 

and the amount of loaded enzyme within the cocktail were also found being crucial parameters. 

Depending on those, it makes a difference if the about each other coated membranes stick 

together or if the layers are separated easily. Furthermore, other hydrogels like Hydromed® 

D7 and D640 were tested due to its different swelling properties, water content and 

hydrophilicity compared to D4. Besides ethanol, iso-propyl alcohol and tert-butanol as bulkier 

short-chained alcohols were tested. This resulted in changed viscosity of the cocktails compard 

to the cocktails prepared with EtOH/water. Especially tert-butanol-based cocktails must be 

warmed up at least at 40°C to get an easy to spread mixture for obtaining even and 

homogeneous foils. Heating of the cocktails can lead to problems regarding the stability of the 

solved complex or enzyme. Gaining comparable results for probe and enzyme discs 

independent of the used alcohol for cocktail preparation, the ethanol/water mixture was used 

for all D4 cocktails. A biocompatible polylactic acid-based hydrogel by Evonik®, the resomer 

LRP t 7016, was investigated and found as suitable intermediate layer for a stable and 

leakage-hindering connection between the D4-EuTc and a D4-GOx layer like shown above in 

Figure 5.2 approach 7. Other investigated membranes were not able to cohere probe and 

enzyme layer although different combinations, solvents, and layer sequences were checked. 

Latest after the initial washing procedure the upper layer peeled off or it was not possible to 

coat even layers at all. 
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5.3.1 3-Layer System: D4-EuTc // LRP t 7016 // D4-GOx 

Due to the promising results in all functionality microplate assay (with HP, glucose, and 

glucose/EuTc) and the stability of the stacked layers, the approach is tested in the flow-through 

system (Figure 5.3 A). The three-layered sensor disc containing the probe complex as well as 

the glucose oxidase is mounted in the flow cell setup like shown in the Experimental part in 

Figure 5.1 D1. After an initial equilibration with buffer, glucose samples are injected for several 

times. A second disc was also tested after the first disc showed no reaction towards any 

glucose solutions. Furthermore, the setup was checked in-between for the formation of air 

bubbles. The resulting raw data graph (signal vs. time) is shown in Figure 5.3 B. 

A 

 

B 

 

Figure 5.3 D4-EuTc // LRP t 7016 // D4-GOx (10/05 // 2.5 // 10/0.2 wt%) discs: A The discs were tested 
in microplate assays with HP (grey squares), glucose (red circles) and glucose/EuTc (blue triangles) 
samples and showed promising dose-response curves after 5 min. (FluoStar Ω, λexc=405/10 nm, 
λem=615/10 nm, n = 4, gain 1200, top optic, 25°C) B A 24 mm disc is mounted in the flow cell setup. 
0.1 M HEPES pH 7.4 is pumped through the system with 3.8 mL/min for around 45 min. The system is 
checked for air bubbles. After further 15 min, glucose solutions are injected for 60 s (without holding 
time). A second disc was tested after around 35 min of pre-equilibration (pump 48.0 rpm, AB2, 
λexc=405/8 nm, λem=615/8 nm, n = 1, PMT voltage 710 V and 750 V, data acquisition 1 s, 25°C) 

The experiment was repeated with three discs from another batch (same layer/probe/enzyme 

composition) to exclude inhomogeneity of the sensor foil or some other issues due to wrong 

storage conditions or other unexpected batch-dependent issues. None of the other discs 

showed any response towards 100 mM glucose (SI Figure 5.2). But the microplate assays 

showed for all three performance assays satisfying dose-response curves as can be seen in 

one example shown in Figure 5.3 A. 

The alarming assumption, that the sensor discs do not react to any sample solution in the flow-

through system must be checked. Therefore, MTPs with 2-layered sensor discs (D4-EuTc 

10/0.5 wt% in EtOH/H2O // LRP t 7016 1.25 wt% in THF/H2O) were prepared. The previously 

used LRP t 7016 polymer cocktail was diluted 1:1 by mass fractions to obtain a 1.25 wt% 
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cocktail to realize a thinner membrane for the tests. Washing procedure and analyzing the 

0 mM HP sample were performed for all discs like usual for the HP microplate assay. 

For one set of the sensor discs, the remaining concentrations were measured like usual with 

0.1, 0.5, 1.0, 5.0 and 10 mM HP samples which are added one after another by hand (volume 

is always 100 µL per well, complete assay time ca. 60 min). For another set of discs, in 

intervals of 10 min 5 µL of a 20 mM HP solution was added automatically by the device 

(20  times, end volume 200 µL per well, end concentration 10 mM HP, assay time ca. 5 h). The 

last disc set (in the same microplate) was incubated with 100 µL 0.1 M HEPES pH 7.4 over 

the entire assay time (ca. 5 h). For the last measurement of these discs, 100 µL buffer was 

added to reach the same volume as for the other samples with automated sample addition and 

the luminescence at 616 nm was recorded in the end. 

Figure 5.4 shows the kinetics over time of sensor discs with D4-EuTc and a protective second 

layer (1.25 wt% LRP t 7016 in THF/H2O (99:1, v/v)) in the manually performed microplate 

assay (Functionality Assay with HP samples, blue triangles) and the assay with automated HP 

sample addition (red circles). The emission intensity in the beginning and in the end of the 

sensor discs incubated with pure buffer over the entire time are represented by the grey 

squares and are connected by a dotted line for the sake of clarity. The labels at each data point 

refers to the current hydrogen peroxide concentration in the well in millimole per liter. 

 

Figure 5.4 D4-EuTc sensor foils (10/0.5 wt%) were coated with 1.25 wt% LRP t 7016. HP assays like 
usual were performed (functionality assay with HP samples, sample addition by hand, crossed boxes). 
A continuous HP detection with discs from the same foil were performed for nearly 2.5 h (filled boxes). 
Additionally, blank values of the used foils were determined before and after the continuous assay time 
to observe the change of the disc over time (empty boxes). (FluoStar Ω, λexc=405/10 nm, 
λem=615/10 nm, n = 3-4, gain 1200, top optic, 25°C) 
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Within standard deviation, the initial intensities are between 36,000 and 40,000 rfu for all discs. 

The intensity increases clearly for the first 50 min. The slope is nearly independent of the added 

concentration. 10 mM HP concentration in the well is reached within 50 min for the manually 

performed assay whereas by automatic sample addition within the same time an HP 

concentration of just 4 mM is reached. The continuous assay is continued for further 4 h. Within 

this time the emission intensity increases slowly but steady for the remaining time. The blank 

signal of the discs rises also over time comparable to the discs where HP samples were added.  

To sum up, D4-EuTc sensor discs with LRP t 7016 as protection layer do not react significantly 

to added HP, the background luminescence increases as strong as for discs with HP sample 

addition. Therefore, it is assumed that the polymer is not permeable for HP at all (also not 

through the sides of the disc as shortcut) but accelerates the alteration of the complex. This 

signal increase of nearly 50 % over 5 h compared to the initial signal (from ca. 40,000 to 

60,000 rfu) was falsely interpreted as enhanced luminescence due to the added analytes. It is 

furthermore assumed that this signal increase, when glucose or lactate are added, was falsely 

misinterpreted as interferences of the respective substrate in some initial trials.  

Having no promising integrated system for further flow cell analysis, the stand-alone systems 

were tested in the flow cell to prove their functionality in the flow before further combination 

approaches are tested. Additionally, the enzyme and probe discs are combined in one flow cell 

holder to prove that the systems work together. 

5.3.2 Hydrogen Peroxide Detection 

The D4-EuTc // PVAc/CA (10/0.5 wt% in EtOH/H2O // 10 wt% in CHon/H2O) discs were tested 

in the flow cell with different pump speeds, injection times and with and without holding time. 

Flow speed, injection time and data evaluation were optimized with a 1 mM HP solution (see 

SI: General Investigations with 1 mM HP Solution in the Flow Cell, SI Figure 5.4). Best results 

were obtained with high flow speed (48.0 rpm; 3.8 mL/min). An injection time of 60 s was 

chosen. 

A new sensor disc is mounted in the flow cell system, that is flushed for at least 40 min with 

buffer before the first HP sample is injected. Increasing and decreasing HP concentrations are 

added to system in intervals of 10 min. The experiment was carried out for two times with 

different sensor discs. Raw data and derived data according to the Statistics and Data 

Evaluation part are presented in the SI (HP Detection, SI Figure 5.5). The resulting dose 

response curves derived from the absolute peak heights are shown in the following Figure 5.5. 
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A

 

B

 

Figure 5.5 Dose response curves of two independent experiments show reproducibility and reversibility 
of the D4-EuTc // PVAc/CA (10/0.5 // 10 wt%) sensor discs in the flow cell system. The data were 
obtained from the absolute maximum peak heights of the derived raw data plots shown in the SI (pump 
48.0 rpm, AB2, λexc=405/8 nm, λem=615/8 nm, n = 1, PMT voltage 695 V, data acquisition A 10 s and 
B 1 s, 25°C) 

For both repetitions, all four curves and their shapes are comparable. The negative peak 

values are up to 3.5 times higher than for the positive peak which makes the evaluation of 

these peaks more sensitive. But there is also a bigger difference of the signals from the same 

HP concentrations when measured in increasing or decreasing concentration order (mean 

deviation is 46 ± 25 %). This deviation is less for the comparing the signals derived from the 

positive peaks for increasing and decreasing concentration ranges (mean deviation is 

19 ± 15 %). Therefore, it makes sense to investigate both, positive and negative peak maxima 

to enable a reliable quantification. 

5.3.3 Glucose Detection 

The experimental setup shown in in the Experimental Part in Figure 5.1 D3 was used for the 

following experiment. A D4-GOx disc was obtained from a cocktail with 10 wt% D4 and 0.5 wt% 

GOx in EtOH/water and mounted in the flow cell. Buffer and glucose solutions are pumped 

through the system at constant speed (16 rpm;1.3 mL/min) without holding time. Some of the 

outcoming solution is collected every minute in a microplate. A defined volume of each fraction 

is investigated with a TMB/HRP assay for quantification of the HP concentration. The results 

are shown in the following Figure 5.6 with a raw data plot versus time and the resulting dose-

response graph.  
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A 

 

B 

 

Figure 5.6 D4-GOx (10/0.5 wt% in EtOH/H2O) disc in flow cell, solution was collected every minute and 
the HP content was determined by an HRP/TMB assay with a linear calibration plot for HP 
concentrations between 0 and 9.8 nmole/well HP. A raw data over time B resulting dose-response plot 
(pump setting 16.0 rpm, BioTek plate reader, absorbance @450 nm, 25°C, n = 1 for samples, n = 3 for 
calibration) 

It is shown that there is a fast and reversible response of the enzyme disc towards the different 

glucose samples. Hydrogen peroxide concentrations correlates with the injected glucose 

concentrations. For lower concentrations the sensitivity is higher, for glucose concentrations 

above 5 mM sensitivity is reduced and it would be hard to distinguish small concentration 

changes in the upper range. But the results must be taken with care. The optimum pH for the 

TMB/HRP assay is up to pH 4 [41]. The samples’ pH is 7.4 and therefore the calibration curve 

was recorded at the same non-optimum proton concentration in 0.1 M HEPES. 

In conclusion, the assay can be taken as semi-quantitative and a proof-of principle for the GOx 

discs work in the flow cell system. Hydrogen peroxide is produced during the catalytic reaction 

and can be determined. The system responses fast and reversible as Figure 5.6 A shows. 

5.3.4 Leakage and Interference Study 

A 3-layered sensor disc was mounted in the flow cell setup, flushed with buffer at highest speed 

(48.0 rpm equals 3.8 mL/min) and later HP samples were injected. The solution is collected in 

certain time intervals of 30 min. The last fraction was collected over 2 h The emission intensity 

of the sensor discs versus time is shown in SI Figure 5.6. The collected solutions were 

evaporated at 140°C to dryness. The residues were re-dissolved in 5.0 mL 1.5 M HNO3 and 

20 mL for the fraction collected over 2 h and measured with a calibrated ICP-OES device. 

Detailed results for each fraction are shown in SI Table 5.1. 

Theoretical Europium amount of a 24 mm disc was calculated in accordance by ICP-OES 

measurements confirmed calculation for a 6 mm disc (see SI: Determination of Eu(III) Content 

in 6 mm Disc via ICP-OES). A disc with a diameter of 24 mm contains 376.1 nmol of Eu(III) 
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and is taken as 100 % into account. Consequently, the detected Eu(III) amount in the different 

fractions results in a total loss of 0.2 % Eu(III) over 5 h at 3.8 mL/min flow speed. Actually, the 

theoretically calculated amount of Eu(III) is below the calculated limit of detection (LOD) for the 

calibration for Europium. Therefore, the exact amount of loss the final sensor system should 

be quantified with a MS-based method, which has experiential lower LOD. But these results 

give a good hint for a sufficient long-term in-use stability of the tested system.  

Due to some hints in the previously performed microplate assays, it was assumed that glucose 

itself can interact with the Europium complex. Therefore, a flow cell setup with an EuTc disc in 

combination with a blank D4 discs was assembled. Buffer was pumped through the system 

until a stable baseline was observed. Glucose samples with increasing concentrations was 

injected for at least 5 to 10 minutes. As positive control a 1 mM HP solution was injected at the 

end. The emission intensity versus time with sample injection profile is shown in SI Figure 5.7. 

The probe disc does not react to any of the glucose concentrations but show a strong response 

towards the positive control. Therefore, an interfering behavior of the analyte itself can be 

excluded in the flow through system. Further interfering substances like phosphate, citrate or 

other metabolites present in blood must be investigated in future experiments.  

5.3.5 Adjacently Placed Sensor Discs 

Since the combination of the different sensing layers in one integrated sensor disc was not as 

successful as expected, the two systems were combined physically adjacent in the flow cell 

holder as shown in Figure 5.7. A blank Mylar disc (“dummy disc”) was used as sealing to 

reduce the outer diameters and to adjust the active area ratio of enzyme and probe discs. 

A 

 

 

B 

 

Figure 5.7 A Discs arranged in the flow cell chamber with a dummy disc to adapt the active areas of 
the probe and enzyme discs. B Schematic flow scheme and setup of the used flow cell system. The 
diameters of the discs can be varied to adjust the ratio of the active areas. 

Different ratio of GOx to EuTc were tested, furthermore different pump speeds. All 

investigations were carried out without holding or incubation time because the previous 

experiments showed that enough HP for detection is produced at a flow speed of 1.3 mL/min 

by the enzyme disc. An overview of tested GOX/EuTc ratio with the actual diameter of the 

respective discs and qualitative evaluation is shown in SI Table 5.2. Best results were obtained 
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for GOx/EuTc ratio equal or higher than 2.0. An exemplary graph for glucose detection with 

the above-described setup is shown in the following Figure 5.8.  

 

Figure 5.8 Dummy, probe and enzyme disc are placed in the same flow cell housing: D4-GOx 
(10/0.5 wt% in EtOH/H2O) and D4-EuTc//PVAc/CA (10/0.5 wt% in EtOH/H2O // 10 wt% in CHon/H2O) 
discs: 16 rpm, no incubation or holding time, dummy disc outer diameter 24 mm, inner diameter 14 mm, 
0.5 wt% GOx, outer diameter 16 mm, inner diameter 6 mm, EuTc discs 8 mm diameter (AB2, 
λexc=405/8 nm, λem=615/8 nm, n = 1, PMT voltage 730 V; 25°C) 

The baseline in the beginning increases strongly but after the plateau region is reached after 

around 45 min, 0 mM sample solution is injected as negative control. Thereof, it is excluded to 

miss a signal change caused by the pressure fluctuations during the injection process. 

Observing no change, glucose samples with concentrations between 0.1 mM and 10 mM are 

injected for around 5 minutes. Afterwards the feed solution is changed back to buffer for 

another 5 minutes or until the baseline seems recovered. In the end a 1 mM HP samples is 

injected as positive control and as indicator for expected signal heights. 

The sensor responses nearly immediately as soon as the sample solution reaches the discs 

after around 30 s injection time. Within 5 minutes the signal is stabilized. The sensor is 

reversible which is shown by a recovery of the baseline signal when buffer is pumped through 

the system again. A glucose concentration of 0.1 mM is enough to obtain a clear response of 

the sensor discs. The signal change is nearly the same for all tested concentrations up to 

10 mM glucose. Therefore, further investigations especially about the GOx/EuTc ratio and 

furthermore the thickness of the layers are still necessary to overcome this challenge. 

Many reasons are thinkable why the system does not work perfectly in the flow-through 

approach. The enzyme seems already saturated with the low glucose concentrations. This 

means the enzyme amount must be adjusted by reducing the GOx amount in the membrane 

or the size of the active area. This would be in accordance with the results obtained from the 

0.0 0.3 0.6 0.9 1.2 1.5 1.8 2.1

4.0

4.2

4.4

4.6

4.8

5.0

e
m

is
s
io

n
 i
n

te
n

s
it

y
 @

6
1
5

 n
m

 [
rf

u
]

t [h]

 n = 1

* 0 mM (negative control)   ** 1 mM HP (positive control)

**
*

0

2

4

6

8

10
 c(glucose) [mM]

c
(g

lu
c

o
s
e

) 
[m

M
]



EuTc as Probe for HP Detection in Flow-Through Systems 

143 

TMB/HRP assay. Other parameters are the EuTc content, the flow speed, and the membrane 

thickness including diffusion driven reasons. The kinetics of the enzyme and the ligand 

exchange reaction of the complex play a major role in the equilibration of the entire system. 

Furthermore, within the different membrane materials diffusion limitations must be considered 

depending on the flow speed. Diffusion layers nearby the surface or within the membrane 

changes with increasing or decreasing flow. Temperature plays another role but was tried to 

hold constant during the experiments and should not be the main reason. Regarding the 

enzyme reaction, a stoichiometric amount of oxygen is necessary for the conversion of the 

substrate. Oxygen is present just in limited amount in aqueous solutions in a closed system. 

Lack of oxygen for the enzymatic catalysis and therefore impeded detection of high substrate 

concentrations is a well-known challenge in glucose oxidase-based sensor development [42, 

43]. The thickness of the sensor foil is estimated as 3 µm. A much thinner membrane allows 

the faster equilibration of the system but is difficult to realize with the simple in-house-made 

knife-coater device. More professional devices used in industry or testing of completely 

different methods like spray-, electro- or spin-coating methods must be investigated. This 

would entail an adaption of the composition of the used sensor and enzyme cocktails to get a 

mixture with suitable viscosity for the used technique. Therefore, the already existing probe 

and enzyme discs will be investigated further to find out the right ratio of EuTc and GOx. 

Another step towards optimization is changing of the geometry of the used flow cell chamber 

to reduce dilution and convection events like it could easily happen in the circular chamber.  
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5.4 Conclusion 

The functionality and reversibility of EuTc and GOx sensor foils was shown in flow-through 

systems for increasing and decreasing hydrogen peroxide and glucose concentrations. The 

single systems were not further optimized since the EuTc and GOx layers should be integrated 

in one system. 

Different immobilization techniques for the enzyme on top or within of the sensing layer were 

investigated. Simple approaches like co-entrapment of both elements within the same layer, 

soaking and adsorption, or with glutardialdehyde/BSA for cross-linking of the enzyme layer on 

top of the EuTc membrane or EDC/NHS chemistry were tested. None of them led to success 

since the EuTc complex does not react to changing HP concentrations at all. The reasons 

therefore were not further investigated, and the combination of probe and enzyme layer with 

an interlayer showed most promising results, at least in the microplate assays with HP, 

glucose, and EuTc/glucose. The 3-layered D4-EuTc // LRP t 7016 // D4-GOx system was 

transferred to the flow-through system and tested in a continuous assay within the plate reader. 

It was figured out that the intermediate layer compromises the EuTc complex which led to an 

increasing background signal over time. This was falsely interpreted as signal-dependent 

intensity change in previous microplate assays. 

To conclude, within the scope of the up to now performed experiments it was not possible to 

find a working multi-layer disc arrangement for the quantification of different glucose 

concentrations in a flow-through system. Therefore, the two working stand-alone systems were 

adjacently placed within one flow cell chamber to proof their fundamental functionality together. 

This approach showed promising initial results but needs further optimization regarding 

distinguishability of glucose concentrations above 1 mM. Enzyme/probe ratio and membrane 

thickness are the most critical parameters and must be improved in the future for GOx and 

later LOx. A fully optimized probe-enzyme system opens a new field for clinical applications 

regarding optical long-term monitoring of important metabolites like glucose and lactate.  
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5.7 Supporting Information 

5.7.1 Determination of Flow Speed of the Peristaltic Pump 

To determine the actual flow rate of the peristaltic pump, water was pumped through the 

system for a certain time at pump settings between 2.0 and 48.0 rpm. Time is stopped and the 

solution is collected in a graduated cylinder to determine the volume per time for the respective 

setting. The flow rate is plotted versus the pump setting. The curve was fitted linearly and 

forced through zero to obtain a respective equation to calculate the flow rate depending on 

each pump setting (SI Figure 5.1). 

 

SI Figure 5.1 Determination of flow speed for different pump settings of the peristaltic pump. 

 

5.7.2 3-Layered Sensor Discs in Flow Cell Setup 

3-layered sensor discs from different batches were tested in the flow-cell setup to exclude 

batch-dependent reasons for malfunction. Exemplary graphs are shown in SI Figure 5.2. 
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SI Figure 5.2 A to C D4-EuTc // LRP t 7016 // D4-GOx (10/05 // 2.5 // 10/0.5 wt%) sensor discs are 
mounted in the flow cell setup. 0.1 M HEPES pH 7.4 is pumped through the system with 0.6 mL/min 
until the feed solution is changed to 100 mM glucose solution. (pump 8.0 rpm, AB2, λexc=405/8 nm, 
λem=615/8 nm, n = 1, PMT voltage 740 V, data acquisition 18,000/1 s, 25°C) 
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5.7.3 Determination of Eu(III) Content in 6 mm Disc via ICP-OES 

Sensor discs with a diameter of 6 mm (D4-EuTc (10/0.5 wt%) // PVAc/CA (10 wt%) are 

weighed and stirred for different times in 5.0 mL of 1.5 M nitric acid (105 mL 65 % HNO3 

solution is mixed with water and filled up at 1 L in a volumetric flask). Mean weight of a sensor 

disc is 5.45 ± 0.08 mg (n = 15). 

Another three discs were incinerated at 980°C overnight. The ash is dissolved in 5.0 mL nitric 

acid. The samples are measured with an existing calibration (re-calibration with blank and 

5000 ppm Eu standard) with ICP-OES. The resulting amounts of Eu per disc with the different 

extraction methods and stirring times are compared in following SI Figure 5.3 with the 

theoretical amount of a sensor disc (calculated as 23.5 nmol Europium per disc). Assuming an 

inaccuracy of 10 % of the made estimations, the longest stirring time or the incineration method 

seems to be suitable for the determination of the Eu content in a 6 mm disc with 0.5 wt% EuTc 

in the initial sensor cocktail. 

For further ICP-OES determinations, the discs can be incinerated, and the ash is re-dissolved 

in nitric acid or the discs are stirred in nitric acid for at least 18 h. 

 

SI Figure 5.3 Eu(III) content in a 6 mm diameter sensor disc containing 0.5 wt% EuTc in the initial 
sensor cocktail. Estimated Eu content with an assumed inaccuracy of 10 % is marked as red box 
(determined by ICP-OES, n = 3) 
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5.7.4 General Investigations with 1 mM HP Solution in the Flow Cell 

A new sensor disc is mounted in the flow cell system, that is flushed for around 40 min with 

buffer before the first 1 mM HP sample is injected for 5 seconds. In intervals of 10 to 30 min 

the next 1 mM HP sample is injected for increasing injection times up to 60 s. Furthermore, the 

1 mM HP sample is injected 5 times for 15 s. The resulting raw data and the derived, evaluated 

data sets are shown in SI Figure 5.4. 

A 

 

B 

 

C 

 

D 

 

SI Figure 5.4 A D4-EuTc // PVAc/CA (10/0.5 wt% in EtOH/H2O // 10 wt% in CHon/H2O) sensor disc is 
mounted in the flow cell setup. 0.1 M HEPES pH 7.4 is pumped through the system with 3.8 mL/min for 
45 min before the first sample injection. Injection time of the 1 mM HP solution is varied between 5 s 
and 60 s (stop&go) Next sample is added after each 10 min up to 60 s injection. The system is flushed 
for 1 h with buffer. Next sample is injected after each 30 min. A Raw data B Data evaluation of the 
obtained raw data: signal intensity i(t+10) – i(t) for t = 0, 10, 20, … s. C The maximum height of the 
positive and negative peak after the respective injection of 1 mM HP is compared and related to the 
respective injection time. The dotted lines and colored boxes represent the mean value with respective 
SD D Reproducibility of the peak maxima was determined for 5 injections for 15 s injection time using 
1 mM HP sample solution (pump 48.0 rpm, AB2, λexc=405/8 nm, λem=615/8 nm, n = 1, PMT voltage 
710 V, data acquisition 1 s, 25°C) 
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signal as well as the overall signal decrease significantly. Moreover, the sample injections 

result first in a significant drop of the signal and rise afterwards, just to decrease again when 

the system is flushed with buffer. Therefore, the signal change over time was calculated in 10 s 

intervals to eliminate the drastic baseline shift (see equation (3) in the Statistics and Data 

Evaluation chapter). 

These signal changes were plotted versus time (B). Herein, a stable baseline signal can be 

observed with positive and negative peaks. Both peak directions were evaluated by taking the 

maximum absolute amount and plot these absolute maximum peak heights versus the injection 

time (C). The respective mean values and SD are represented as dotted lines and colored 

boxes. Within standard deviation, the injection time does not change the peak heights 

significantly (besides 5 s injection time for the positive peak and 30 s for the negative maximum 

peak height). Relative standard deviations were calculated as 27 % (11 % assuming 5 s 

injection time as outlier) for the positive and 12 % for the negative peak heights. To determine 

the injection reproducibility, the 1 mM HP sample was injected five times for 15 s and the 

respective maximum absolute peak heights were compared (D). Relative standard deviations 

were calculated as 21 % for the positive and 30 % for the negative peak heights. 
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5.7.5 HP Detection 

Two independent D4-EuTc // PVAc/CA sensor discs were tested in the flow-through system 

with HP solutions. The raw data (1) and the derived data sets (2) are shown in the following SI 

Figure 5.5 for both experiments (A and B). 

A1 

 

A2 

 

B1 

 

B2 

 

SI Figure 5.5 A D4-EuTc // PVAc/CA (10/0.5 // 10 wt%) sensor disc is mounted in the flow cell setup. 
0.1 M HEPES pH 7.4 is pumped through the system with 3.8 mL/min for certain time (not shown) before 
the first sample injection. Injection time of the respective HP solution is 60 s. Next sample is added after 
each 10 min. Experiment A and B, 1 Raw data 2 Data evaluation of the obtained raw data: signal 
intensity i(t+10) – i(t) for t = 0, 10, 20, … s. (pump 48.0 rpm, AB2, λexc=405/8 nm, λem=615/8 nm, n = 1, 
PMT voltage 695 V, data acquisition A 10 s and B 1 s, 25°C) 
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5.7.6 Leakage Study 

The emission intensity of the used sensor disc versus time is shown in SI Figure 5.6.  

 

SI Figure 5.6 A D4-EuTc // LRP t 7016 // D4-GOx (10/0.5 // 2.5 // 10/0.2 wt%) sensor disc is mounted 
in the flow cell setup. 0.1 M HEPES pH 7.4 is pumped through the system with 3.8 mL/min for 5 hours. 
1 mM HP solutions are injected for 4 min (stop&go). The solution is collected for certain time and used 
for Eu(III) leakage detection. (pump 48.0 rpm, AB2, λexc=405/8 nm, λem=615/8 nm, n = 1, PMT voltage 
740 V, data acquisition 1 s, 25°C) 

The results from ICP-OES measurements of the leakage study for the single fractions are listed 

in following SI Table 5.1. 

SI Table 5.1 Leakage test in flow cell setup: Solutions from the flow cell were collected over certain time 
intervals, completely evaporated and the residues were dissolved in 5.0 mL/30 min 1.5 M HNO3 solution 
and analyzed with ICP-OES. Eu(III) content per disc and 0.5 h fraction was calculated and compared to 
the theoretical calculated Eu(III) amount (376 nmol Eu(III) per disc) of a 24 mm diameter sensor disc. 
The LOD of the used calibration was calculated as 0.2 µmol/L 

time [h] 
ICP-OES Eu(III) 

[µmol/L] 

calculated Eu (III) 

[nmol/disc/0.5 h] 

loss of 

24 mm disc [%] 

LOD 

0.2 µmol/L 

0.0 - 0.5 0.0248 0.124 0.03 < LOD 

0.5 - 1.0 0 0 0.00 < LOD 

1.0 - 1.5 0.1026 0.513 0.14 < LOD 

1.5 - 2.0 0 0 0.00 < LOD 

2.0 - 2.5 0 0 0.00 < LOD 

2.5 - 3.0 0 0 0.00 < LOD 

3.0 – 5.0 0 0 0.00 < LOD 

Σ 

0.0 – 5.0 0.1274 0.637 0.17 < LOD 
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5.7.7 Interference Study 

The emission intensity of an EuTc disc (D4-EuTc 10/0.5 wt% in EtOH/H2O // 10 wt% PVAc/CA 

in CHon/H2O) in combination with a blank D4 disc is shown in the following SI Figure 5.7.  

 

SI Figure 5.7 Probe disc and blank D4 disc are placed in the same flow cell housing: D4 (10 wt% in 
EtOH/H2O) and D4-EuTc//PVAc/CA (10/0.5 wt% in EtOH/H2O // 10 wt% in CHon/H2O) discs: 16 rpm, 
no incubation or holding time, D4 disc outer diameter 24 mm, inner diameter 8 mm, 0.5 wt%, EuTc discs 
10 mm diameter (AB2, λexc=405/8 nm, λem=615/8 nm, n = 1, PMT voltage 715 V; 25°C) 

 

5.7.8 Investigation of EuTc/GOx Ratio in Flow Cell Setup 

Different EuTc/GOx ratio with different disc sizes and with or without dummy discs were tested. 

The results are summed up in the following SI Table 5.2. 
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6 Conclusion and Future Perspectives 

About 500 million of people all over the world are suffering from diabetes which is one of the 

leading causes of deaths worldwide according to the World Health Organization [1]. Therefore, 

the development of new and improved glucose sensors is still one of the most popular research 

tasks within the last 20 years as a “Web of Science” record analysis showed [2]. Glucose 

sensors are available on electrochemical and optical detection platforms, with and without 

enzymes, whereby often glucose oxidase (GOx) is used as biorecognition element enabling a 

very selective quantification [3–10]. The same is true for the enzyme lactate oxidase (LOx) and 

its related substrate lactate which is playing a fundamental part in the entire oxygen supply in 

tissue and anaerobic metabolism in all muscles. Therefore, it is interesting to monitor this 

metabolite for athletics adapting and improving their endurance and power training. But lactate 

level monitoring is more important during complicated surgeries or in septic patients where it 

helps to intervene in early states of critical situations and reduces mortality. The further 

development of wearables and continuously working sensor systems are still imperative 

research fields for detection of glucose and lactate [8, 11–15]. Eventually, both are and will 

stay the most important model analytes in the future and therefore, they were chosen for the 

investigation and development of new sensor platforms addressing analytical challenges in 

continuous monitoring for invasive and non-invasive sensing concepts. 

In the scope of the thesis, a wearable multi-analyte sensor system based on laser-induced 

graphene (LIG) was investigated and presented in Chapter 3. Well-knowing that already a 

variety of wearable systems are available collecting sweat via more or less sophisticated 

microfluidic systems, the focus herein was set to the reasonably new electrode material 

presenting it for a bioanalytical application. LIG is an alternate graphene-like 3-dimensional 

carbon material investigated for electrochemical sensing, supercapacitors, and fuel cells [16]. 

The straightforward fabrication requires a polyimide substrate (like commercially available 

Kapton sheets used in this thesis), and a high-power CO2-laser. No additional materials like 

pastes or further substrates, or special gas environments and cleanroom conditions are 

needed [17]. Even untrained persons can learn making LIG within minutes which brings these 

electrodes to a leading position in the most-easy-to-prepare electrochemical transducers from 

small lab-scale to industrial roll-to-roll fabrication. The investigations in the chapter 

demonstrated an all-LIG multianalyte sensing platform, taking an advantage of the most 
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relevant electrochemical detection principles used in point-of-care sensors (i.e. voltammetry, 

potentiometry, and impedance). The application of the concept to sweat analysis meets the 

relevant analytical challenge replacing invasive sampling for glucose quantification. The 

immanent mechanical flexibility and stability of the LIG substrate coupled with the unique 

properties of the conductive 3D graphene-like network enabled the detection of all chosen 

model analytes (electrolyte, potassium ion, glucose, and lactate) in their physiologically 

relevant range.  

Previous and recent studies demonstrated the non-toxicity of the LIG electrodes and using 

different recognition elements like aptamers showed that highly sensitive biosensors are 

achievable [17–19]. The creation of metal nanoparticle-embedding LIG nanofibers can be 

realized using more advanced substrates like polyimide nanofiber mats made from polymer-

nanoparticle blends [20]. Since the COVID-19 pandemic started the whole world was made 

aware of the need of inexpensive and fast available testing systems [21]. LIG-based sensing 

materials meet this requirements for sensor development and are going to play an important 

role in future electrochemical point-of-care (POC) detection systems due to its fast and easy 

fabrication process even under resource-limited conditions [22, 23]. Recent studies also 

showed that a large percentage of COVID-19 patients represent high blood lactate 

dehydrogenase levels, leading to hyperglycemia and increased blood lactate concentrations 

along with the exacerbation [24]. For patients with chronical diseases like diabetes this can 

quickly lead to life-threatening situations beside the well-known symptoms and complaints of 

the virus infection. Therefore, it can be advantageous to monitor glucose and lactate levels 

more often during an infection with the novel coronavirus also for supposedly healthy 

individuals to be able to intervene in an early state. But not only in the field of healthcare and 

POC analysis, also for future applications in microelectronics and energy storage this 

graphene-like material with its outstanding and easily tunable properties will be one of the 

future winners on the market [25, 26]. 

Generally, wearable devices and POC applications exploiting non-invasive sampling 

techniques play a major role in recently developed and future sensor systems. Mostly 

addressed are biological fluids like sweat, tear fluid, urine, and saliva, or even breath analyzers 

for recognizing volatile organic compounds were investigated within the last years and will be 

even addressed in the future [5, 9, 11, 27–30]. Monitoring of important metabolites and 

analytes with a wearable, small, and ideally not recognizable sensor device with a long lifetime 

is an increasingly critical challenge within the last years for POC and homecare nursery 

applications. Besides the medical demands, in the field of food safety and environmentally 

relevant issues an increasing demand for small or even portable devices can be observed. 

Smartphones and miniaturized electronics will simplify the readout of many sensing devices 
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by user-friendly interfaces and deliver easy understandable results to untrained users without 

a medical background or special knowledge [9, 31]. 

Beside the sustainable non-invasive homecare devices and wearables, clinically relevant 

applications of implantable sensor systems play another important role in the research and 

development of biosensors. Currently, there is a lack of reliable and relevant integrated optical 

systems for continuous monitoring of glucose and lactate during surgeries or for patients on 

the intensive care station [32–35]. Blood samples are usually drawn irregularly or periodically 

from the patient, send to an analytical laboratory which sends the results back to the treating 

physician. However, the time-consuming approach can cost lives since inconspicuous but life-

threatening health conditions of the patient are realized lately. Therefore, the development of 

new as well as the improvement of currently used continuous monitoring systems with 

straightforward production processes adaptable to industrial scale play a large role in recent 

and future investigations [36]. This issue is tackled in Chapter 4 and Chapter 5 of the thesis 

using the hydrogen peroxide (HP) sensitive organometallic complex Europium(III) tetracycline 

(EuTc). 

The concept is already well-known and was investigated since the early 2000’s for different 

bioanalytical applications since the highest sensitivity was observed around pH 7 [37–41]. The 

combination of the sensitive luminescent probe with the selectivity of oxidase enzymes enables 

interesting application possibilities for the two chosen model analytes glucose and lactate. 

Since the luminescence enhancement is reversible, fast, and depends clearly on the HP 

concentration, this concept is predestinated for the development of a long-term flow-through 

monitoring system. Embedding of probe and enzymes within biocompatible hydrogels and 

polymers enables the application as implantable sensor. Knife-coating on a transparent 

polyethylene terephthalate (PET) support as straightforward polymer deposition technique 

concedes the fast and inexpensive production of large and homogeneous sensor foils and 

allows an industrial relevant roll-to-roll process in the future [42]. 

The herein presented work shows that glucose and lactate can be detected using EuTc 

embedded in biocompatible membranes like the polyurethane based Hydromed® D4 in a 

microplate format. Polymer discs were hole-punched from a knife-coated sensor foil and fixed 

in a 96-well plate. Mixing glucose and lactate samples with the respective enzymes and adding 

to the plate enables a dynamic detection range up to 20 mM for lactate and 50 mM for glucose 

at pH 7.4 at 25°C and 37°C with incubation times of less than 5 minutes. The system also 

works vice versa, i.e., for embedded enzymes mixed with samples and EuTc solution. Long-

term stability up to 6 or even 12 months was proven at different storage conditions to facilitate 

a realistic commercialization and shelf-life in the future. Fundamental interfering studies 

showed that the EuTc complex responses strongly to the analytes itself but the integration 



Conclusion and Future Perspectives 

160 

within a thoroughly chosen membrane reduces this effect drastically. The enzyme and probe 

discs were furthermore tested in different flow-through setups to show their crucial functionality 

and the reversibility of the system under more realistic conditions for the aimed application. 

Since the integration of both, enzyme and EuTc probe complex, within a single-layer or multi-

layer system exploiting different immobilization and embedding strategies was not successful, 

the discs were placed interlaced in the flow-cell chamber. The fundamental functionality of the 

discs was proven. 

Some space for further optimization regarding sensitivity of the system for substrate 

concentrations above 1 mM is still left. The mean glucose concentration within blood is around 

5 mM and for lactate it is between 1 mM and 2 mM [43]. Enzyme to probe ratio and membrane 

thickness seems to be the most critical parameters and must be improved to meet at least 

these demands for an accurate quantification. Since thinner membranes react faster to 

alternating concentrations and are less likely to accumulate chemicals in underlying layers the 

reversibility and signal stability of the system can be enhanced, too. Therefore, it makes sense 

to test other polymer deposition techniques like spray-coating which allows the application of 

sub-micron layers on lab scale and is applicable as roll-to-roll process on industrial scale [44, 

45]. The batch-to-batch or sometimes observed within-batch variations of the luminescence 

intensity and sensitivity of the sensor discs can be outnumbered by an additional reference 

layer. Usage of reference dyes and dual-wavelength read-out are commonly used methods for 

reducing effects like inhomogeneity of the sensor foils and time-dependent signal changes due 

to effects like photobleaching [46].  

A fully optimized probe-enzyme system opens a new field for clinical applications regarding 

long-term monitoring of important metabolite. Besides glucose and lactate, monitoring of 

further analytes is thinkable and can be realized with the here presented systems in the future. 

The investigated techniques, materials, and concepts are applicable to a variety of analytical 

challenges since they offer fundamental tools for the development of integrated sensor 

systems. Both enzyme-based approaches, the electrochemical and optical one, can easily be 

adapted to other substrates and enzymes producing HP as by-product. Even a combination of 

both strategies could be imagined. Due to their flexibility and non-toxicity, simple or highly 

modified LIG electrodes can be embedded within non-fouling biocompatible polymers for 

application as implantable electrochemical sensors. Same is true for the EuTc complex that 

could also be used in sensitive and selective single-use sensor systems in different formats 

like microplate formats (as shown in Chapter 4) or test stripe. Changing the chosen polymers 

or deposition technique can also enlarge the range of possible applications for the EuTc 

complex and exploit the system’s sensitivity towards a former interfering substance. Here, it 



Conclusion and Future Perspectives 

161 

must also be mentioned that the role of the polymer or hydrogel and its respective deposition 

technique should not be underestimated as the critical review in Chapter 2 reveals.  

Conclusively, the thesis provides a broad research and knowledge collection that shows the 

functionality of different concepts and techniques with primary focus on medical relevant 

applications. Further optimization is forsooth necessary at several points to obtain 

commercially attractive sensor concepts applicable for many individuals. Pre-calibration at the 

manufacturer side and reliable long-term signal stability should be named as a two of the 

critical challenges of the presented sensors which has to be tackled soon. But all in all, a 

promising future is expected for LIG as electrode material or for other applications as well as 

for EuTc as sensitive probe in optical sensing systems.  
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