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Summary

Summary

Access to safe and nutritious food is mandatory for sustaining life and promoting health. While
contaminated food directly is connected to illness and death food safety also is closely linked to
nutrition and food security, whereby a safe food supply chain is supporting national economies,
trade, and tourism. Modern challenges in the food supply include a growing world population,
globalization as well as climate change, or soil degradation. While these changes affect everyone,
the developing world is predominantly affected by unsafe food while suffering from a lack of
infrastructure especially expensive equipment and trained personnel. To overcome these
challenges biosensors are identified as promising tools to enable the monitoring of food along the
whole food supply chain with the ease of their integration into mobile solutions. The fields of
electrochemistry, microfluidics, and biosensors complement one another in this objective with
special emphasis on novel electrode materials and detection strategies for the design of highly

sensitive, reliable but cost-efficient biosensors.
Substrate-independent laser-induced graphene electrodes

Discovered in 2014 laser-induced graphene (LIG), directly derived from polyimide films, is
particularly interesting with the ease of its production in contrast to other materials from the
graphene family. While the growing number of publications on electrochemical sensors represent
this interest the inertness of the polyimide substrate limits its integration into microfluidic devices.
In addition to already established transfer techniques, a pressure-driven transfer of LIG to
thermoplastic polymeric substrates was developed and the derived transferred laser-induced
graphene (tLIG) was compared with LIG. Morphologically and chemically the surface of tLIG and LIG
differed whereby tLIG showed a much smoother surface, resulting in a much lower
electrochemically active surface area, a higher sheet resistance, and a slightly decreased electron
transfer rate. Additionally, the graphene characteristic Raman 2D peak was not maintained after
transfer. Besides all morphological differences, in amperometric detection both LIG compounds
performed equally well for the detection of p-aminophenol, ruthenium (lll) hexamine, and
potassium ferrocyanide. A microfluidic chip was fabricated using adhesive tape for the indirect
binding using a poly(methyl methacrylate) (PMMA) microfluidic channel. Channel height and flow
rate were optimized towards the sensitive amperometric detection of p-aminophenol, the product
of the enzymatic conversion of p-aminophenyl phosphate by alkaline phosphatase. Alkaline
phosphatase, commonly detected as a biomarker or used as a biosensing amplification system, was

detected with a limit of detection of 0.3 U L requiring a sample volume of only 40 pL.



Summary

Bioassays for microbial detection

For the detection of Escherichia coli (E. coli) an electrochemical bioassay based on the utilization of
genetically modified bacteriophages (phages) was developed. A lytic T7 phage was engineered to
overexpress alkaline phosphatase (ALP) fused to a cellulose-specific carbohydrate-binding module
after the infection of viable E. coli cells within 30 min incubation. Before the electrochemical
detection, the expressed ALP is concentrated out of the media, by its affinity tag, simply by filtration
of the bacteria lysate through cellulose. The amount of immobilized ALP directly correlates to the
original bacteria concentration and is utilized for the enzymatic conversion of a substrate and the
following electrochemical detection of the generated product. The enzymatic substrates
p-aminophenyl phosphate (pAPP) and p-nitrophenyl phosphate (pNPP) were tested whereby pAPP
outperformed pNPP for the electrochemical detection of the resulting product with screen-printed
carbon electrodes. The enzymatic reaction was optimized with respect to pH, reaction time,
reaction temperature, and substrate concentration resulting in a limit-of-detection of 103 CFU mL*?
within just 2 h. The simplicity of the bioassay, its low cost, and its ruggedness against matrix
interferences displays the potential for the application in various complex sample matrices
especially in resource-limited areas. Hereby the sensitivity can be enhanced by the cultivation of
the bacteria before phage infection or the processing of higher sample volumes or even further by

a combination of both approaches.

Streptococcus pyogenes (S. pyogenes) are usually detected by their beta-hemolytic activity with
cultivation on a blood agar plate in laboratory diagnosis. Besides the requirement of trained
personnel, the detection is time-consuming and limits the timely decision on the right medical
treatment. Liposomes, as erythrocyte surrogates, were exploited for the detection of S. pyogenes
by utilizing their beta-hemolytic activity. Liposomes, composed of phospholipids and cholesterol,
are synthesized by the reverse-phase evaporation method and encapsulate electrochemical active
potassium ferrocyanide. Hereby the liposome size was directly controlled with the applied
membranes, with various pore sizes, at the extrusion. The detection principle relies on the lysis of
the liposomes by exotoxins of S. pyogenes and the electrochemical detection of the released
potassium ferrocyanide using LIG electrodes. After 7 h of cultivation, S. pyogenes was detected
within 15 min. The limits of detection were 10 to 10® CFU mL? whereby larger liposomes
(hydrodynamic diameter 700 nm and 340 nm, respectively) were found to be slightly more sensitive
compared to smaller liposomes (180 nm hydrodynamic diameter). Furthermore, the specificity of
the detection for beta-hemolysis was verified with non-hemolytic E. coli and heat-inactivated

S. pyogenes.
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Zusammenfassung

Der Zugang zu gesunden und nahrhaften Lebensmitteln ist zwingend erforderlich, um Leben zu
erhalten und die Gesundheit zu férdern. Wahrend direkte Folgen von kontaminierter Nahrung
Krankheit und auch Todesfille beinhalten, besteht auch eine Verbindung zwischen
Lebensmittelsicherheit und Erndahrung sowie der Erndhrungssicherung. Hierbei unterstltzt eine
gesicherte Lebensmittelversorgung fiir nationale Wirtschaften, Handel und Tourismus. Moderne
Herausforderungen in der Lebensmittelversorgung beinhalten eine steigende Weltbevélkerung, die
zunehmende Globalisierung, den Klimawandel und die, sich zunehmend verschlechternde,
Bodenqualitit. Obwohl diese Anderungen jeden betreffen sind, insbesondere Entwicklungsldnder
von den Folgen fehlender Lebensmittelsicherheit, aufgrund fehlender Infrastruktur, teurer
Laborausstattung und qualifiziertem Personal, betroffen. Biosensoren wurden als
vielversprechende Werkzeuge identifiziert, um diese Herausforderungen zu meistern. lhre
Integrierbarkeit in portable Gerite erméglicht die Uberwachung von Lebensmitteln entlang der
gesamten Lebensmittelkette. Die Fachgebiete Elektrochemie, Microfluidik und Biosensoren
erganzen sich hierbei. Insbesondere neue Elektrodenmaterialien und Nachweisstrategien sind
hierbei der Schllssel fir die Entwicklung von hochsensitiven, verlasslichen und kostenglinstigen

Biosensoren.
Substratunabhdngige laser-induced graphene Elektroden

Das 2014 entdeckte laser-induced graphene (LIG) kann direkt aus Polyimidfolien gewonnen werden.
Aufgrund dieser einfachen Fabrikation ist LIG von besonderem Interesse, da es sich hierdurch von
anderen Graphenmaterialien unterscheidet. Wahrend die zunehmende Anzahl von Publikationen
an elektrochemischen LIG-Sensoren dieses Interesse unterstreicht, ist die Integration von Polyimide
in mikrofluidische Detektionssysteme erschwert durch seine L&sungsmittelbestdndigkeit und
thermische Stabilitat. Zusatzlich zu bestehenden Transferstrategien wurde ein neues, auf Druck
basierendes, Transferverfahren fiir den Transfer von LIG auf Thermoplaste entwickelt. Die
morphologischen und elektrochemischen Eigenschaften des transferierten LIG (tLIG) wurden
untersucht und mit LIG verglichen. Hierbei weist tLIG eine weniger pordse Oberflache im Vergleich
mit LIG auf. tLIG weist eine geringere aktive Elektrodenoberfliche, einen hoheren
Flachenwiderstand und geringfiigig verringerte Elektrontransferraten auf. Zusatzlich bleibt der, fur
Graphen, charakteristische 2D -Peak im Ramanspektrum nicht wahrend des Transfers erhalten.
Trotz aller morphologischen Unterschieden sind die Ergebnisse in amperometrischen Messungen
fiir beide LIG-Materialien vergleichbar fiir die Analyten p-Aminophenol, Hexaamineruthenium(lll)

und Kaliumhexacyanoferrat(ll). Mittels doppelseitiger Klebebander wurden mikrofluidische Chips,
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Zusammenfassung

unter Verwendung von Polymethylmethacrylat (PMMA), hergestellt. Der Einfluss der Hohe des
mikrofluidischen Kanals und der FlieRgeschwindigkeit der Probenlosung wurde fiir die
nachweisstarke Bestimmung von p-Aminophenol, dem Reaktionsprodukt der enzymatischen
Umsetzung von p-Aminophenolphosphat mittels alkaliner Phosphatase, optimiert. Alkaline
Phosphatase ist zum einen ein haufig detektierter Biomarker und andererseits zur enzymatischen
Signalverstarkung in der Biosensorik. In dem entwickelten mikrofluidischen System konnte alkaline
Phosphatase mit einem Detektionslimit von 0.3 U L}, unter Verwendung von 40 pL Probel6sung,

detektiert werden.
Bakteriellen Nachweis durch Bioassays

Zur Bestimmung von Escherichia coli (E. coli) wurde ein elektrochemischer Bioassay unter der
Verwendung von genetisch veranderten Bakteriophagen entwickelt. Eine lytische T7 Bakteriophage
wurde gentechnisch verandert um alkaline Phosphatase (ALP), die ein fir Zellulose spezifischen
Kohlenhydrat-Bindungsmodul beinhaltet, zu exprimieren. Hierbei wird ALP innerhalb von 30 min
nach der Infektion von vitalen E. coli Zellen freigesetzt. Der Affinitats-Tag ermoglicht die einfache
Anreicherung von ALP auf Zellulose durch Filtration des Mediums, nach Lyse der Bakterien, vor der
elektrochemischen Bestimmung. Die Menge an immobilisierter ALP korreliert hierbei direkt mit der
urspriinglichen E. coli Konzentration und wird fir die enzymatische Umsetzung eines
Enzymsubstrats und der folgenden elektrochemischen Detektion des Produkts verwendet. Hierzu
wurden die Substrate p-Nitrophenolphosphat (pNPP) und p-Aminophenolphosphat (pAPP) getestet
wobei pAPP eine nachweisstarkere Detektion mittels screen-printed carbon electrodes ermdglicht.
Die enzymatische Reaktion wurde unter Einbeziehung von pH-Wert, Reaktionszeit,
Reaktionstemperatur und Substratkonzentration optimiert, wodurch eine untere Nachweisgrenze
von 10% CFU mL! E. coli innerhalb von 2 h mit dem entwickelten Bioassay erreicht wurde. Die
Einfachheit des Bioassays kombiniert mit geringen Kosten und die hohe Robustheit gegeniiber
storenden Matrixeffekten zeigt das Potential fir zukiinftige Anwendungen, insbesondere in
Gebieten mit beschrankten Ressourcen. Durch die Kultivierung von Bakterien vor der Infektion mit
Bakteriophagen oder die Filtration von grofReren Volumina, sowie eine Kombination beider

Strategien kann die Sensitivitat der Detektion weiter verbessert werden.

In der Labordiagnostik wird zum Nachweis von Streptococcus pyogenes (S. pyogenes), mittels
Kultivierung auf Blutagar, deren Beta-Hamolyse genutzt. Neben der Notwendigkeit von
qualifiziertem Personal ist diese Nachweismethode sehr zeitaufwandig und begrenzt die zeitige
Einbeziehung der Ergebnisse fiir medizinische Behandlungen. Liposome, als Stellvertreter fiir
Erythrozyten, wurden fir den Nachweis von S. pyogenes, aufgrund ihrer Beta-Hamolyse, genutzt.

Liposome, zusammengesetzt aus Phospholipiden und Cholesterol, wurden mittels

4
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Rickphasenverdampfung synthetisiert wobei elektrochemisch aktives Kaliumhexacyanoferrat(ll)
eingeschlossen wurde. Hierbei wurde die GréRe der Liposome durch die Verwendung von
Membranen mit unterschiedlichen Porengroflen, wahrend der Extrusion, kontrolliert. Die
Detektionsstrategie basiert auf der Lyse von Liposomen durch, von S. pyogenes produzierten,
Exotoxine und der anschlieBRenden elektrochemischen Bestimmung von freigesetztem
Kaliumhexacyanoferrat(ll) unter Verwendung von LIG Elektroden. Nach 7 h Kultivierung konnte
S. pyogenes innerhalb von 15 min detektiert werden wobei untere Nachweisgrenzen von
102 CFU mL? bis 10®° CFU mL?! erreicht wurden. GréBere Liposome mit hydrodynamischen
Durchmessern von 700 nm und 340 nm erwiesen sich hierbei ein wenig nachweisstarker im
Vergleich zu Liposomen mit einem hydrodynamischen Durchmesser von 180 nm. Die Sensitivitat
des Nachweises von Beta-Hamolyse wurde anhand von nicht-hdmolysierenden E. coli und

hitzedeaktivierten S. pyogenes gezeigt.



Introduction and Structure of the Thesis

Introduction and Structure of the Thesis

This thesis describes the preparation, characterization, and (bio)analytical application of
microfluidic chips incorporating laser-induced graphene electrodes for electrochemical sensing and
the development of advanced biosensing principles for fast and inexpensive microbial detection
with special consideration of novel reporter probes for the possible implementation in sensitive,

miniaturized and cost-efficient mobile sensors.

Since the invention of the first biosensor by Clark and Lyons in 1962 [1] subsequent research on
biosensors has contributed to tremendous advances in multiple scientific and technological areas
with an emphasis on healthcare and medical areas, environmental areas, and the food industry [2].
Throughout the decades the combination of various biorecognition elements and transducers has
led to numerous biosensor platforms for countless analytes and biosensors have been identified as
powerful tools for highly sensitive, specific, rapid, and inexpensive detection. Food contaminants,
including harmful bacteria, viruses, parasites, or chemical substances, are related to more than 200
diseases and 600 million sick people worldwide every year with the developing world been affected
particularly severely [3]. Already existing and ongoing challenges in ensuring food safety are the
globalization of the food market, climate change, and a growing world population and require effort
to monitor food along the food chain and sustainable agricultural practices. Chapter 1 gives an
overview of the latest biosensor developments addressing food safety and the affiliated areas of
sustainable agriculture and food fraud. The major trends that can be observed within the latest
biosensor development are the integration and combination of novel materials, with a focus on
nanomaterials, to long-time established sensors as well as the increasing use of synthetic aptamers

as biorecognition element [4].

Being ideal tools for simple, quick and affordable analysis the miniaturization of biosensors
miniaturization is key for their application in point-of-care applications or the detection on-field
whereby electrochemically is particularly suited. While the miniaturization of sensing electrodes, in
general, does not compromise detection limits downscaled electrochemical components can be
produced with advanced microfabrication technologies with low production cost and operated with
low-power requirements [5]. In recent years the convergence of biosensors, electrochemistry, and
microfluidics has formed new application areas including lab-on-a-chip formats [6].
Chapter 2 highlights electrochemical lab-on-a-chip systems with a focus on the variety and

fabrication of applied microfluidic substrates and electrode materials.

Being key for the sensitivity of the electrochemical detection in lab-on-chip devices the working

electrode material ideally exhibits a favorable redox behavior towards the respective analyte [7].
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The most commonly used electrode materials are carbon electrodes and novel metals like gold and
platinum with their long-established thin-film and thick-film fabrication techniques. In the last
decades, the steadily growing graphene hype led to the development of numerous novel electrode
materials [8]. Among that novel, carbon materials laser-induced graphene (LIG) is predestined as
electrode material for microfluidic chips due to its excellent electrochemical properties and simple
one-step fabrication using commercial polyimide films enabling roll-to-roll manufacturing [9]. To
overcome the challenging integration of inert polyimide into polymeric microfluidic chips transfer
strategies of LIG to PMMA and the integration into microfluidic chips are described (Chapter 3). LIG
and transferred LIG (tLIG) are characterized electrochemically off-chip using common redox-
markers ruthenium hexamine and potassium ferrocyanide. The performance of electrochemical
microfluidic chips is optimized towards the detection of alkaline-phosphatase regarding the channel

height and flow rate.

Chapter 4 describes a novel electrochemical bioassay format for the detection of Escherichia coli
(E. coli). For this purpose, bacteriophages, genetically engineered to overexpress alkaline
phosphatase (ALP), are utilized as biorecognition elements. In contrast to commonly used aptamers
and antibodies, bacteriophages can distinguish between dead and alive bacteria. Solely viable E.
coli are infected by the bacteriophages and produce ALP fused with a cellulose affinity tag.
Automated filtration through cellulose disc captures and concentrates the expressed alkaline
phosphatase. Hereby the amount of captured alkaline phosphatase directly correlates with the
number of viable E. coliand is quantified by the electrochemical detection of enzymatically
generated p-aminophenol using p-aminophenyl phosphate as enzymatic substrate. The sensitivity
of the assay was optimized to pH, temperature, reaction time, and substrate concentration of the

enzymatic reaction.

Liposomes — artificial vesicles consisting of a hydrophobic bilayer separating the inner hydrophilic
cavity from the outer hydrophilic medium — were described first by the group of Bangham in 1964
and originally used as a model for biological cell membranes [10]. Today liposomes are widely used
as versatile tools for drug delivery [11] as well as in analytical bioassays as powerful signal amplifiers
[12]. Chapter 5 describes the electrochemical detection of B-hemolyticStreptococcus
pyogenes (S. pyogenes). S. pyogenes produces exotoxins that lyse red blood cells. Used as cell
substitutes liposomes, encapsulating electrochemical active potassium ferrocyanide, are lysed in
the presence of B-hemolyticS. pyogenes and the encapsulated potassium ferrocyanide is
released. The number of lysed liposomes and the amount of released potassium ferrocyanide is
found to directly correlate with the bacterial concentration and is quantified amperometrically

using LSG electrodes. The time-dependency and concentration-dependency of the bacteria-
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liposome interaction were investigated for liposomes of different sizes and the specificity of

liposome lysis was verified using non-hemolytic E. coli and heat-inactivated S. pyogenes.

In Chapter 6 the results and insights of this thesis are discussed with respect to the main advantages

but also drawbacks of electrochemical biosensors with special emphasis on combination with the

utilized detection principles. Furthermore, this chapter addresses the future challenges and

perspectives of biosensor applications.
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1 Biosensors to support sustainable agriculture and food safety

Highlights
e The most current biosensors for food safety and food fraud are reviewed
e Biosensors supporting sustainable agriculture and livestock are highlighted

e The future role of biosensors for improving food safety is discussed

Abstract

Food safety affects everyone worldwide and will remain a global challenge to human health in the
foreseeable future requiring the rapid, sensitive, efficient and inexpensive detection of food
contaminants. Biosensors have long been investigated to be part of a solution. In fact, current
research trends of nanoscale science and technology, efforts of miniaturization and connectivity
enabled through the internet of things boost biosensors’ capabilities to a degree that they surely
will play a major part of the answer to this global challenge. Surprisingly though, the adaption of
such biosensors to function along the entire food value chain and hence also include important
aspects of sustainable agriculture and food fraud has been neglected so far. In this review, the latest
developments of biosensors addressing these issues are presented for the years 2015 — 2019 and
point toward important new strategies needed to truly ensure safe food in a sustainable global

market.
Keywords

biosensors, food safety, food fraud, sustainable agriculture, livestock monitoring, wearable sensors
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Abbreviations

EIS electrochemical impedance spectroscopy

ELISA enzyme-linked immunosorbent assay

FAO  Food and Agriculture Organization of the United Nations
GMO genetically modified organism

ICSDP isothermal circular strand displacement polymerization
IUPAC International Union of Pure and Applied Chemistry
LAMP loop-mediated isothermal amplification

LOD  Limit of Detection

OTA  Ochratoxin A

PCR  polymerase chain reaction

PNA  peptide nucleic acid

SERS  surface-enhanced Raman scattering

SPR surface plasmon resonance

ssDNA single-stranded DNA

TTI time-temperature integrators

UCNP upconverting nanoparticle

USD  United States dollar

USDA United States Department of Agriculture

VOC volatile organic compound

WHO World Health Organization

1.1 Introduction

Access to safe and nutritious food not only is key to sustaining life and promoting good health but
also underpins sustainable development by supporting national economies [1]. This effect of safe
food was often underestimated due to underreporting and difficulty to establish a causation

between contaminated food, until the WHO Foodborne Disease Burden Epidemiology Reference
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Group (FERG) published their report “WHO estimates of the global burden of foodborne diseases”
in 2015. [1][2] Just 31 foodborne hazards causing 32 diseases were included in this report being
responsible for 600 million foodborne illnesses and 420,000 deaths in one year. According to the
WHQO’s findings the burden of foodborne diseases is differently distributed by age and location.
Especially children under the age of 5 and low-income subregions of e.g. Africa or South East Asia,

suffer from foodborne diseases [2].

As food safety clearly has to be increased for the developing world, ensuring food safety also is a
continuous challenge everywhere else. This need becomes obvious as constant or even increasing
number of food recalls are seen among developed countries in this decade. In the US the number
of food recalls increased by 10% from 2013 to 2018 [3] while in Germany the warnings on dangerous

food were more than doubled in the same period [4].

The world’s growing population, leading to increasing demands of food and being linked to the
industrialization and intensification of agriculture and animal husbandry, results in both challenges
and opportunities for safe food. Other factors contributing to emerging risks are caused by the
climate change and in globalization. Higher temperatures are predicted to modify food safety risks
during production, storage and distribution, while the globalization leads to a longer and more
complex food chain, often passing several borders. [1][5] The lack of keeping track of food from
field to plate became obvious in the European E. Coli outbreak with its center in Germany in 2011
resulting in more than 50 deaths. Due to insufficient monitoring of the food chain the outbreak was
wrongly attributed to imported cucumbers in a first action. This lead to huge economic loss in
producing countries and insecurity among costumers before the outbreak was finally attributed to

sprouts and even one year after the outbreak the identity of source remained a controversy [6].

The relevance of biosensors for ensuring food safety is shown by a projected market growth from
17 billion dollars in 2018 to 24.6 billion dollars in 2023 [7]. Consequently, biosensors in their
applications to food safety are a research field of growing interest with rising numbers of
publications (Fig. 1A) including a range of reviews covering topics including those focusing on
specific analytes or detection methods to those that provide a comprehensive overview of recent
publications. This review will focus on publications of the last two years regarding the detection of
food contaminants and highlight biosensor development of 2015 — 2019 that supports food safety

throughout the entire food chain.
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Fig. 1 A Number of publications from 2005 to 2019 for biosensors for food safety (results according to Web
of science for “biosensor” + “food safety”) B Volume of the north american food safety testing market by

contaminants, estimated for 2018 and 2025, adapted from ref [8].

1.1.1 Contamination of Food

1.1.1.1 Contaminants in food

In the "General Standard for Contaminants and Toxins in Food and Feed” the WHO, together with
the Food and Agriculture Organization of the United Nations (FAQ) define a contaminant as any
substance not being intentionally added to food or feed and being present as a result of the
production, manufacture, processing, preparation, treatment, packing, packaging transport or
holding or being present due to environmental contamination [9]. The Codex Alimentarius
Commission set maximum limits for mycotoxins, metals, radionuclides and other organic chemicals.
While other contaminants as pesticide residues, residues of veterinary drugs, microorganisms,
microbial toxins and residues of processing aids are excluded due to being in the terms of other
committees. In addition to above mentioned contaminants publications for the detection of food
allergens are included as the prevalence of food allergy, especially in developed countries, are
increasingly resulting in a growing health burden [10]. For all categories of analytes, except
radionucleotides, biosensors were published in 2018 and 2019 and are summarized in table 1,
sorted by analytes and providing information about the used biorecognition elements, the used
detection technique, the assay time and their limits of detection (LOD). The same trend on the

analyte choice from researchers could be observed when monitoring a longer period [11].
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The largest number of biosensors is developed towards the sensitive detection of food
contaminants whereby research interests highly correlate with market interest (Fig. 1B) as the
biggest number of publications focuses on the detection of microorganism, followed by mycotoxins,

pesticides and veterinary drugs [8,12].
1.1.1.2 Food Fraud

Today, with longer, more complex food chains the risk of food fraud for economic gain by
producers, manufacturers, distributors or retailers is gaining increasing attention [13]. Primarily,
food fraud is considered to be an economic issue instead of being a concern of food safety.
However, by the adulteration of food the original composition is changed by dilution, substation of
ingredients, adding of other ingredients or modifying original ingredients, only the criminal is aware
of the foods’ composition. Consequently, with their focus on economic gain and evading quality
assurance and control systems public health risks of adulterated food often is unknown and can
have dramatic consequences. By example, before 2007 melamine was not considered to be a
potential contaminant or adulterant for food safety. With the incidents in 2007, contaminated pet
food in the US and Canada, and 2008, milk adulterated with melamine in China, the risk of food
adulteration for consumers became obvious so that melamine is listed as food contaminant in the
Codex Alimentarius for “General Standards for Contaminants and Toxins in Food and Feed” today
[9]. Between 1980 and 2010 the most food fraud incidents were reported for olive oil, milk, honey,
saffron, orange juice, coffee, apple juice and fish [13]. Biosensor developments for the detection of
food frauds are summarized in table 2. Recent biosensor developments mainly focus on the
identification of meat and fish, followed by urea and single publications on the identification of

wine or manuka honey.
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1.1.2 Sustainable Agriculture

According to the United States Department of Agriculture (USDA), sustainable agriculture practices
are intended to protect the environment, expand the Earth’s natural resource base and maintain
and improve soil fertility [14]. With an ongoing growth of the world population agriculture has to
fulfill the needs of present and future generations. Today, commercial agriculture is often
unsustainable because of its negative impact on natural resources and the environment with high
amounts of degraded farmland, loss of genetic diversity in crops, overfishing and forests being
converted into other land use [15]. Topics within sustainable agriculture are wide spread among
producers, politicians, distributors and consumers ranging from water use efficiency, water quality
management, soil nutrient management, zero-emission freight transport, addressing of food
insecurity, biofuels, conservation tillage, food waste management, integrated pest management,
nutrition and food systems education, biological integrated farming systems, food
labeling/certifications to global sustainable sourcing of commodities [16]. The deployment of
sensor technology including biosensors is possible within several of these topics. Most likely
(bio)sensors can be advantageous in addressing food insecurity, monitoring and thereby managing
water and soil quality, which can reduce the overuse of fertilizers and pesticides. Biosensors could
also be helpful for integrated pest management among crops and livestock by continuous

monitoring or early detection of diseases avoiding the outbreak.

1.1.3 Biosensors

1.1.3.1 Definition

The International Union of Pure and Applied Chemistry (IUPAC) defines a biosensor as “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” [17]. In addition to biosensors following the IUPAC definition bioprobes being single-use

devices, e.g. lateral flow assay, are included in this review.
1.1.3.2 Biorecognition elements

The most reviewed biosensors for the detection of contaminants, food fraud or pathogens utilized
antibodies, aptamers, nucleic acids and enzymes as biorecognition element. Occasionally, other

proteins, viruses or bacteriophages are applied within biosensors.

Antibodies are a common used recognition element in immunoassays to separate the desired

analyte from the sample matrix by specific binding. The high binding constants of antibodies are,
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to-date, not realized with other recognition elements, making them irreplaceable in numerous
established assays as well as in the development of new sensitive detection strategies. In the here
reviewed literature, antibodies are utilized in the detection for food contaminants such as
microorganism, mycotoxins, veterinary drugs and allergens. In the detection of food fraud or
agricultural pathogens antibodies against specific labels introduced in the duplicated DNA strands,

e.g. carboxyfluorescein, are used instead of target-specific antibodies.

Aptamers are a well-known alternative to antibodies with an increased use as biorecognition
element in the scientific community since the 2000s. The growing interest is founded in their
production, not relying on animals or cells, and their high batch-to-batch reproducibility making
them inexpensive to synthesize compared with antibodies. Aptamers also display prolonged shelf
life, are stable under non-physiological conditions and can be flexibly modified to improve their
functionality. Especially for the detection of small molecules the use of aptamers is advantageous
over their analogue antibodies [18]. This advantage is displayed in the here reviewed literature
where aptamers are the biorecognition element of choice for the detection of the mycotoxins and

are also utilized in the assays for the detection of microorganism, veterinary drugs and pesticides.

Nucleic Acids are widely used as specific biorecognition elements in traditional DNA hybridization
assays with examples for the detection of microorganism in the here reviewed literature. Within
the field of food safety the rare use of DNA analysis is in part caused by the need of additional
sample preparation steps which are unnecessary using antibodies or aptamers. Within the needed
sensitive detection of agricultural pathogens, like viruses, funghi or bacteria species, or the
identification of alien species in the case of food fraud DNA hybridization assays (not sensors) are

more common after DNA amplification.

Enzymes are widely used as labels in immunoassays to catalyze chemical reactions resulting in the
formation of colored or fluorescent dyes or electrochemically active marker molecules. In addition
enzymes can be utilized as biorecognition elements. Here, enzymes can be used as target-specific
biorecognition element for the direct detection of an enzymatic substrate. On the other hand,
enzymes can be used for the unspecific detection of numerous inhibitory molecules by monitoring

the enzyme activity.

Bacteriophages, viruses that infect and replicate within bacteria can be used as a biorecognition
element for the detection of bacterial cells by their specific binding to receptors. In addition to their
high specificity towards the bacterial target bacteriophages can distinguish between dead and alive

bacterial cells, an often-missing feature in antibody-based assays.
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1.2 Biosensors within the food supply chain

All parties involved in the food chain are interested to ensure food safety but are subjected to
different restrictions in their scope of action. Agricultural products are usually processed before
being distributed to retailers before ending at the consumers (see Fig. 2). All parties during the food
chain should be concerned in ensuring that produced food is not tainted with any contaminant
above the maximum level and does not underly food fraud (chapter 1.4). In addition, especially
farmers are interested in maintaining healthy productive crops and soils (chapter 1.5) as well as
livestock (chapter 1.6). The ideal biosensor fulfilling a farmer’s needs is easy-to-use, requires no
sample preparation and is designed for the in-field handling. In contrast to the farmer, food
manufacturers usually have the opportunity for testing under laboratory conditions by technically
trained personnel. To ensure an uninterrupted manufacturing process fast analysis time of the food

samples are key.

In direct contrast, the possibilities of testing for the costumer and during retailing are strongly
limited. Therefore, the integration of (bio)sensors into food packaging is of great interest resulting
in smart or intelligent packaging. For example, smart packaging enables tracking of changes in food
freshness by the detection of markers, bacteria or temperature changes. Commercially available
biosensors for the detection of bacteria based on antibody recognition are available under the trade
names Food Sentinal System™ (SIRA Technologies Inc.) and ToxinGuard™ (Toxin Alert Inc.) [19-21].
Biosensor-based time-temperature integrators (TTI) are also commercially available. The
Vitsab L5-8 Smart TTI Seafood Label is based on the time dependence of an enzymatic reaction
which is activated by mixing the enzyme and the enzymatic substrate [22]. In the case of
Cryologs (e0)® TTI is determined based on the pH changes caused by microbial growth [23].
Biological reactions, such as enzymatic autolysis and microbial growth, and oxidation are the main
causes of meat spoilage. Thus, such biosensor TTl are advantageous over other types of TTl sensors
or indicators [24]. However, it must be pointed out that research for TTl, and the detection of O,
CO; and volatile compounds directly in packaging focusses primarily on indicators and sensors, as
biosensors simply are too expensive for this application [24]. Nonetheless, Yousefi et al. have
recently demonstrated a noteworthy exception. They developed a fluorescent turn-on biosensor
based on DNAzymes and proven its functionality after attachment of the DNAzyme to a cyclo-olefin
polymer [25]. Other biosensors stated for monitoring of food freshness are electrochemical
biosensors based on enzymes which are reported for metabolites like glucose, lactic acid or biogenic
amines [26—28]. However, again, high costs and the challenging integration into packaging makes

their application for smart packaging rather impractical. Their use is more likely applicable for
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quality control laboratories of manufacturers, distributors or local authorities. A more detailed
overview about (bio)sensor developments for smart/intelligent packaging is given in lately
published reviews [21,24,29,30]. It should finally be noted that local authorities should also be
concerned about testing food during throughout the food chain. For example, at border patrols fast
in-field useable biosensors would be advantageous to avoid delivery delays but protect costumers
of harmful products. As more time-consuming laboratory tests identify a harmful food product, its
successful tracking and ease of identification throughout the whole food chain is key to limit the

negative effects on public health.

Food Supply Chain

\ :
iRaw Materials
y N
Food Processing & Manufactoring

N

Distribution

Fig. 2: Food supply chain with involved parties from the raw materials to costumer.

1.3 Biosensors in food safety
1.3.1 Bacteria

Literature review of the most recent years shows that bacteria detection strategies are mainly
based on specific recognition by antibodies or aptamers. Antibodies clearly dominated, which
suggests that research effort into the development of new aptamers for bacterial detection was
amiss. Here, the group of Stanciu was a notable exception using one anti-E. coli aptamer in two
sandwich format biosensors. Beside readouts with established methods like spectroscopy,
fluorescence or electrochemistry less popular detection techniques are also reported. Surprisingly
in the reviewed literature only a single biosensor is developed towards multiplexing, which clearly

misses the current trend in other biosensor fields such as those for medical diagnostics, and also
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the need requested by the end-users. Also, the biosensors are typically based on well-known,
already long-time established strategies, where novelty is obtained often only with the
implementation of various nanomaterials. In contrast, the following examples describe bioassays
based on the dual-functionality of aptamers having the property to hybridize with a complementary
DNA string in addition to its specific binding to the target. These strategies could easily be
integrated into biosensors. Specifically, Wu et al. describe a fast, highly sensitive dual-mode sensor
for the detection of Vibrio parahaemolyticus using multifunctional nanomaterials. The detection is
based on photon upconversion combined with inner filter effect or colorimetric readout. Platinum-
plated gold nanorods (AuNR@Pt) are functionalized with a Vibrio parahaemolyticus aptamer.
Upconverting nanoparticles (UCNP) are conjugated with complementary DNA (cDNA) of the
aptamer and both materials are hybridized to form a duplex structure. Inner filter effect within this
composite is caused by the overlap of AUNR@Pt absorption with UCNP emission (Aexc = 980nm). In
the presence of target bacteria the aptamer conjugated to AUNR@Pt forms a stable complex with
the bacteria cell and releases the UCNP. After centrifugation the cDNA-UCNPs are left in the
supernatant and a higher luminescent signal compared to the absence of bacteria is measured. The
peroxidase-like activity of AUNR@Pt is used for a colorimetric detection by resuspending the
sediment, containing the AUNR@Pt-Aptamer-V. parahaemolyticus complex) and addition of TMB
and hydrogenperoxide. The color intensity caused by substrate conversion correlates with bacteria
concentration. The photon upconversion mode of the aptasensor enables a fast and sensitive (LOD

=10 CFU/mL) detection [67] (see Fig. 3).

A highly sensitive assay (LOD = 1.5 CFU/mL) with aptameric recognition for Salmonella typhimurium
uses a fluorescent sensing strategy by combining the dual functionality of phi29 polymerase with
isothermal circular strand displacement polymerization (ICSDP) (Fig. 4). The sensing system is
composed of five elements. The arched probe for the recognition of the target bacteria S.
typhimurium, two hairpin probes (HAP1 and HAP2) and two nucleic acid enzymes, phi29 DNA
polymerase (phi29) and nicking endonuclease Nt. Alwl. HAP1 affords the template of ICSDP and
fluorescence-quenched HAP2 act as pre-primer for the ICSDP and as indicator for the emitted
fluorescence. The arched probe contains the anti-S- typhimurium aptamer hybridized with a trigger
oligonucleotide (T). T can anneal with the 5’end of HAP1. HAP1 itself contains a trigger-annealing
sequence (T*), a recognition sequence for Nt. Alwl (R*) and a complementary DNA segment to the
loop of HAP2 (S*). In the presence of S. typhimurium specific recognition of the aptamer releases T
which binds to the 5'rerminus of HAP1. Upon a conformation switch the 3"terminus of HAP1 (S*)
attaches to the loop of HAP2 (S) and functions as a primer to initiate an extension reaction in the

presence of phi29 and dNTPs utilizing HAP2 as the template. The unmatched tail of HAP2 (L) is
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digested via the processive 3" 5’exonuclease activity of phi29. The fluorophor (FAM) is detached
from the quencher (Dabcyl) leading to an enhanced fluorescent signal. The trimmed 3 end of HAP2
can act as a mature primer for initiating the strand displacement polymerization reaction. During
the polymerization process T is displaced and a recognition site for Nt. Alwl is generated in the DNA
duplex. Nt. Alwl nicked the side and induces the formation of single-stranded DNA fragments
(secondary T, T’) that can combine with HAP1 promoting more rounds of the strand displacement
polymerization reaction [68]. Even though the assay concept seems rather complicated on a first
view the ICSDP can be performed in an one-pot reaction for 90 min at 37 °C by mixing all

components (only aptamer and T need to be hybridized beforehand).

Incubation [] == b
2 '
m \? TMB-H202 - Re-suspending - Centrifugation (x =
1l v y g
j’{ 980 nm
A
AuNR@Pt UCNPs «  Pathogen
s IFE ~ Aptamer ~  ¢cDNA

Fig. 3: A dual-mode (Fluorimetric and Colorimetric) Aptasensor for Vibrio parahaemolyticus Detection Using

Multifunctional Nanoparticles. Reproduced with permission from ref [54]. Copyright 2019 Springer Nature.
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Fig. 4: Schematic illustration of the fluorescence sensing of S. typhimurium using dual-functional phi29 DNA-
polymerase-mediated ICSDP. Reproduced with permission from ref [68]. Copyright 2019 The Royal Society

of Chemistry.

One of the latest trends in the detection of bacterial species is based on the usage of
bacteriophages. In principle three different strategies for the detection of bacteria are reported,
which are based on the infection of bacteria, the immobilization of bacteriophages to create sensing
layers, or the capture and separation of bacteria from the matrix, respectively. Lysis of infected
bacteria releases intracellular content which serves as specific detection markers, e.g. indigenous
enzymes and their catalytic signal enhancement are used these assays. For Escherichia coli B-
galactosidase was used as a marker and the color change from the enzymatic substrate
chlorophenol Red-B-D-galactopyranoside was studied to evaluate the bacteria concentration [69].
Furthermore, through genetically engineering bacteriophages the strategy of enzymatic catalysis
was successfully adapted to the expression of alkaline phosphatase [70], NanoLuc luciferase [71] or
protease [72] followed by electrochemical [70], bioluminescent [71] or fluorescent [72] detection,

respectively.

For the preconcentration of bacteria cells bacteriophages are often coupled to magnetic beads. The

preconcentrated bacteria cells can be detected utilizing the enzymatic catalysis of expressed
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enzymes [69,70]. A sandwich-type immunoassay after phagomagnetic separation of Salmonella is
reported by Laube et al. [73]. Specific anti-Salmonella antibodies with conjugated horseradish
peroxidase are added to the preconcentrated bacteria cells followed by the colorimetric readout of

the enzymatic reaction of 3,3°,5,5"-tetramethylbenzidine.

Since Bennett et al. described a novel biosorbent consisting of a Salmonella-specific bacteriophages
immobilized to a solid phase of polystyrene in 1997 [74] this concept was applied towards a variety
of materials and detection methods. For example, bacterial detections are realized via surface
plasmon resonance (SPR) on gold surface (Escherichia Coli) [75], surface-enhanced Raman
spectroscopy (SERS) on nanosculptured thin films of silver (Eschericia Coli) [76] or electrochemical
impedance spectroscopy (EIS) on screen-printed graphene electrodes (Staphylococcus arlettae)

[77].

A detailed review on recent advances in the phage-based detection of bacteria was recently

published by Richter et al [78].
1.3.2 Veterinary Drugs

The researchers focus on the detection of veterinary drugs is dominated by antibiotics
(chloramphenicol, sulfadiazine, neomycin, kanamycin) as they are widely used in industrial livestock
farming. A highly sensitive bioassay for the detection of chloramphenicol is reported by Sharma et
al. whose principle can be transferred easily into a biosensor format. [79]. An aptamer for
chloramphenicol (thiolated aptamer) is immobilized on a microtiterplate and hybridized with a
fluorophore-tagged oligonucleotide (6-carboxyfluorescein). If chloramphenicol is present it binds
to the aptamer and the oligonucleotide is detached and further removed by washing. By removing

the oligonucleotid the aptaswitch is turned off resulting in a reduced fluorescent signal (Fig. 5).

Thiolated Fluorophore Chloramphenicol Oligomer
aptamer _ tagged oligomer (CAP) removed
i / . . (
' 7 ¥
o oo 007 oo0o®Oo (‘% =) y
OO0 OO0 O ooocoCocoo o o
O OO OO O QOO O0OOCO (=) (=4
( = (
Maleimide modified Fluorescence Decreasing concentration
solid support on of CAP added (left to right)

Fig. 5: Schematic of a bioassay for the detection of chloramphenicol (CAP) based on a fluorescent “turn-off”

approach. Reproduced with permission from ref [79]. Copyright 2019 Elsevier.
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1.3.3 Mycotoxins

Mycotoxins are produced by certain molds (fungi) and can be found in foods like nuts, cereals or
dried fruits. Adverse health effects for humans or livestock can range from acute poisoning to long-
term effects such as cancer or immune deficiency [80]. Mycotoxins (Aflatoxin Mj, Ochratoxin A) are
the only category of food contaminants where aptamers are the preferred biorecognition elements,
most likely due to their advantage in the detection of small molecules. Gu et al. developed a highly
sensitive electrochemical biosensor for the detection of Ochratoxin A (OTA) utilizing an aptamer
[50]. OTA aptamer is immobilized on a nanocomposite (AUNP@CuCoPBA) of bimetallic (Cu-Co)
Prussian Blue analogons (PBAs) coupled to gold nanoparticles (AuNP). A gold electrode is modified
with the nanocomposite and the OTA concentration is directly determined by electrochemical
impedance spectroscopy (Fig. 6). The excellent biosensing feature of the aptasensor is caused by
the high surface area and porosity, fast electron-transfer kinetics and favorable tuned electronic
structure by the combination of transition metals. The biosensor can be easily modified towards

other analytes for which aptamers are available.

Somerson and Plaxco developed an inexpensive electrochemical aptamer-based biosensor for the
real-time monitoring of ochratoxin A in a food stream. An OTA aptamer, modified with a methylene
blue redox reporter, is immobilized on a gold electrode. The aptamer configuration changes upon
binding of OTA and the change in methylene blue electron transfer rate can be monitored

electrochemically [51].
1.3.4 Pesticides

For the detection of organophosphate pesticides (malathion and monocrotophos) and carbamates
(carbaryl) new concepts are missing in the latest literature and established principles using
acetylcholinesterase as an unspecific biorecognition element are widely applied. Organophosphate
pesticides act as inhibitors and thus reduce the enzymatic catalysis. Acetylthiolcholine chloride is
usually used as enzymatic substrate and the produced thiolcholine is either detected
electrochemically or within bioassays its affinity to bind metal ions such as Cu?* [81][82] or Ag* [83]
is utilized. Both recently published electrochemical biosensors used glassy carbon electrodes and
modified them with nanomaterial composites. Bao et al. used 3D-graphene-copper oxide-
nanoflowers to increase the effective specific surface area that provide a micro-environment for
the deposition of an acetylcholine esterase-chitosan film [53]. The electrochemical enzyme-based
biosensors enable a faster detection with similar sensitivities compared to aptamer- or antibody-

based sensors but due to their nature they are not specific toward single pesticides.

27



Biosensors to support sustainable agriculture and food safety

-

- ~

K;[Co(CN)gl

4

-

e

Cu(NQO;), i

sodium citrate

4
\
~

-

(ii) immobilization of aptamers

AuNP@CuCoPBA

(i) preparation of materials

1.0

K AE
+ AuNP@CuCoPBA/AE
0.81. Apt/AuNP@CuCoPBA/AE

+ OTA/Apt/AuNP@CuCoPBA/AE Electrochemical

signal out

0.6 1

0.41

-Z" / kohm

0.2 1

0.0

5 2.0

0.5 1.0 1.
Z' / kohm

———————————————————————————————————————————————————————————————————————————

Fig. 6: Schematic diagram of the aptasensor fabrication based on the series of CoCu PBA, including (i)
preparation of the CuCo PBA, and AUNP@CuCoPBA, (ii) immobilization of the aptamer strands, and (iii)

detection of OTA. Reproduced with permission from ref [50]. Copyright 2019 Springer Nature.

1.3.5 Other contaminants

For other contaminants like metals, packaging components and allergens only a small number of
publications is found. Melamine detection gained most attention [52, 53], but surprisingly
allergenic compounds were not targeted frequently, which again puts most recent research efforts
at odds with societal needs. Notable exception is an antibody-based biosensor for the detection
of the major shellfish allergen, the protein tropomyosin [64] A biosensor for the detection of

bisphenol A was designed using a tyrosinase Au-Pt@SiO,/Au-graphene modified glassy carbon
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electrode. Au-graphene was used to increase the specific area, while Au-Pt@SiO; has a peroxidase-
and catalase-like activity. Combined with tyrosinase the direct electrochemical detection of

bisphenol A was realized with square wave voltammetry and differential pulse voltammetry [62].

1.4 Food Fraud

In contrast to food safety, food fraud is rather seldomly targeted within the development of
biosensors as the detection of food fraud mainly focuses on the identification of DNA of plants,
meat or fish. As DNA extraction and amplification is required to enable the desired sensitivity,
implementation into biosensor concepts remains difficult and expensive. Furthermore, these steps
typically require the expertise of a user, negating any advantages of biosensors in contrast to
bioassays. DNA amplification is performed with polymerase chain reaction (PCR) using specific
primers [84][85] or loop-mediated isothermal amplification (LAMP) [86]. By performing those
amplifications of the analyte DNA labels can be introduced into the duplicated DNA via primers and
detected using specific antibodies, e.g. anti-biotin antibodies [84] or anti-carboxyfluorescein
antibodies [85]. In another strategy, urea is identified as an adulteration compound in milk similar
to melamine, feigning a higher protein concentration. One biosensor specific towards urea is based
on enzymatic recognition using urease [87]. Another one uses acetylcholinesterase which is capable
of detecting urea as well as melamine by its inhibition but is unable to distinguish between those
two compounds [88]. For the identification of manuka honey, a honey from New Zealand, the
detection of biomarkers is used. Kato et al. developed a lateral flow assay for the detection of
leptosperin, a glycoside, based on a competitive immunoassay. Anti-leptosperin monoclonal
antibodies conjugated with gold nanoparticles are added to the honey sample before the sample is
applied to the lateral flow strip. The antibody-leptosperin complex as well as single antibodies
migrates towards the test line (leptosperin-conjugated BSA) where solely the single antibodies are
captured and are visualized by the reddish-violet color of the gold nanoparticles. The assay standard
curve covers a range from 0.014 umol/L to 10 pmol/L and showed excellent accordance with
determinations using high pressure liquid chromatography (HPLC) or ELISA [89]. A recent review
article compromises modern analytical methods for the detection of food fraud and adulteration

by food category [90].
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1.5 Biosensors supporting sustainable agriculture

In comparison to food safety matters biosensors supporting sustainable agriculture are published

in much lower numbers. Those published between 2015-2019 are summarized in table 3.

Two predominant categories include on the one hand the majority of biosensor developed for the
direct detection of pathogens, while a small number is detecting marker molecules that are directly
connected to plant health (methyl salicylate and azelaic acid) or indicate if fertilizers are needed
(nitrate). This trend will change in the coming years since biosensors can support efforts to enable
a sustainable way of agricultural production. This includes the identification of local and transient
needs of energy, water and chemicals, and the avoidance of toxins and pesticides above allowable
levels. With the high variety of agricultural crops a variety of biosensors for the detection of viruses
and fungi are reported. This variety is missing in the detection of pathogenic bacteria or oomycetes.
Interestingly, the detection within the reported biosensors is dominated by electrochemistry, which
is likely due to the hardware simplicity and inexpensive fabrication costs of electrochemical sensors.
Other biosensors are based on the lateral flow assay format. Zhan et al. use a DNA hybridization
assay for the detection of Phytophthora infestans DNA using a gold nanoparticle modified detection
probe [96] which enables a visual readout with the bare eye. Other optical lateral flow assay based
biosensors use carbon nanoparticles [97] or gold nanoparticles followed by silver enhancement

which leads to a 15-fold lower LOD [98].

Biosensors for the detection for markers to identify infected plants are reported for methyl
salicylate and azelaic acid. Methyl salicylate is a volatile organic compound (VOC) that’s released by
plants and was identified as a useful marker for non-destructive identification of pathogenic
infections, as infected and healthy plants produce significantly different amounts of VOCs. A bi-
enzyme biosensor for methyl salicylate is based on enzymatic recognition by alcohol oxidase.
Therefor methyl salicylate needs to be hydrolyzed to methanol which is the substrate for the
alcohol oxidase. The hydrogen peroxide formed within the enzymatic reaction is detected
electrochemically utilizing its conversion by horseradish peroxidase. The enzymes were

immobilized on a glassy carbon rotating disc electrode modified with multiwall carbon nanotubes.
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A biosensor for the detection of the nitrate concentration in plants is developed by the group of
Nicolas Plumeré [99]. The developed nitrate biosensor only requires one droplet of plant juice and
is designed to be user friendly enabling its use by an untrained user, most likely the farmers
themselves. Nitrate is recognized by the enzyme nitrate reductase and the amount of nitrate is
quantified electrochemically. The further development of this biosensor towards market maturity
is granted by a proof-of-concept project of the European Research Council. For the future, the
collection of data from several farmers and their combination with weather and satellite data is

planned to predict the plants nitrate needs.

In addition to those biosensors monitoring the agricultural crops’ health status and enabling the
cautious usage of pesticides and fertilizers, the condition of the soil itself is also key for ensuring
sustainable agriculture. The presence of possible food contaminants can be monitored already
before cultivation of the field. Soil analysis using biosensors mainly focus on heavy metal, pesticide
contamination and the detection of explosive residues (cf. table 4). While the detection of heavy
metals is dominated using DNAzymes and aptamers combined with electrochemical detection for
the detection of pesticides, the same strategies are applied as used for food samples (cf. table 1).
The detection of organophosphorus often is based on enzyme inhibition of acetylcholinesterase. A
whole-cell biosensor is reported by Pabbi et al. who use the inhibition of alkaline phosphatase on
the surface of algal cells for the detection of acephate [107]. A different approach was developed
by Khatun et al. using engineered bacteria with a colorimetric readout. With utilizing two E. coli
strains one has the task to hydrolyze the organophosphorus pesticide to p-nitrophenol which
induces the production of B-galactosidase [108]. For the potential in-field use the whole cell
biosensor showed promising results with a paper-based platform and incubation at mild 28 °C.
Other whole-cell biosensors using engineered bacteria for the detection of heavy metals and
explosives are also reported. Being considered relatively insensitive with long response times [108]
the advantage of whole cell biosensors is their ability is to detect only the bioavailable amount of

the respective analyte [109].

1.6 Biosensors supporting livestock and animal health

In vivo-sensing developed for humans is currently an emerging trend in the (bio)-sensor field. As
these will become commercial devices, efforts toward the lowering of costs will go hand-in-hand,
which in turn means that ultimately livestock monitoring will benefit through targeting even the

individual animal. Recently published biosensors, supporting livestock and animal health are
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developed for the detection of pathogens with a focus on bacteria of the genus Brucella causing
brucellosis. Biosensors focus on either the direct detection of bacteria [122][123], detection of
Brucella DNA [124][125][126] or the detection of brucellosis antibody in blood serum [127]. In
addition pathogenic viruses or the detection of markers are of interest. Like the biosensors
supporting sustainable agriculture the biosensors supporting livestock and animal health use
predominantly electrochemical detection. A portable, robust inexpensive electrochemical
magnetic microbeads-based biosensor for point-of-care serodiagnosis was published by Cortina et
al. [128]. The potential use of this platform for in situ diagnosis is demonstrated for the animal

infections bovine brucellosis and foot-mouth disease caused by bacteria and virus, respectively.

Furthermore, online monitoring of physiological markers is of great interest. Carrara et al.
developed a wireless implantable biosensor suitable for in-vivo detection of glucose, lactate,
glutamate and ATP based on enzymatic recognition and electrochemical detection [129].
Implantable sensors for monitoring the glucose level of small as well as large animals are already
commercial available [130]. An alternative to implantable sensors is the use of wearable sensors
monitoring the physiological state of the individual animal by simultaneous monitoring of
electrolytes and marker molecules. Today, researcher focus on the use of such sensors for mankind
monitoring analytes like glucose or lactate in sweat [131] or saliva as a promising approach adapting
towards monitoring livestock health. For readers more interested in this topic reviews on the recent
advantages in wearable sensors [132] and biosensors technology [133] for animal health are
recommended. These reviews include further information about the application of biosensors in
breath analysis, progesterone (detecting ovulation), pathogen detection, salivary detection and the

monitoring of animal behavior and movement.
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1.7 Conclusion and Future Perspective

Biosensors to assist in the monitoring of safe food have been a research focus already for decades,
as biosensors’ key characteristics such as simplicity, sensitivity and low cost match well with the
challenging demands that need to be met when ensuring food safety. Considering though that there
remain quite many problems which cannot yet be addressed with today’s biosensor technologies,
it is surprising to see that the trend throughout the latest publications remains on the detection of
classical food contaminants, dominated by bacteria, pesticides and mycotoxins, using already well
established sensor principles. In fact, truly innovative sensor designs are missing and those new
developments published are most often based on established strategies with the implementation
of nanomaterials or nanomaterial composites resulting in more sensitive systems. The more
complex questions such as integrated sample preparation, direct detection in the food matrix, long-
term stability, lowering sensor costs, and further simplification of their use persist. This lack of a
major breakthrough in food safety analysis is not only limited to biosensor development but also
holds true to food safety analysis in general when observing the last 5 years [11]. On the bright side,
novel sensing strategies have been introduced lately in bioassay formats, which clearly have the
potential of being integrated into future biosensors. Also, nanomaterials are studied for sample
preparation and lowering of detection limits. Yet, nanomaterials are also notoriously associated
with increased costs and additional complexity in large-scale production and hence require more
in-depth evaluation, especially for their application of food safety and sustainable agriculture. [142]
With respect to increased stability and lowered fabrication costs, aptamers as replacement for
antibodies are being studied across the bioanalytical field. Their dual functionality for analyte
binding and simultaneously nucleic acid hybridization capability offer additional biosensor design
strategies. Here, integration of complex food matrices and agricultural matrices would assist in
designing those high-affinity aptamers that would then truly address some of the major challenges

aforementioned.

It is also surprising that biosensor application toward allergen detection and for food fraud
identification were only addressed in smaller numbers over the course of the last five years.
Considering that problems associated with food fraud and food adulteration are rising and that
these are of high societal, economic and safety concern, the markers identified by food chemists
today for food fingerprinting will be a rich target for biosensor development in the future [143].
The same holds true for the identification of allergens in food, as the need and demand for end-

product testing increases.
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Also reported only in small numbers and hence yet completely underestimated with respect to their
potential impact, are biosensors addressing challenges in sustainable agriculture. Where resource
spending has to be minimized, and where smart, localized strategies be dynamically adapted to
best support agricultural production, biosensors will play a key role in providing required data. For
example, continuous monitoring of plant health and the adequate detection of plant pathogens will
minimize the amounts of fertilizers and pesticides used. This not only reduces contamination of
food but also saves environmental resources. Advanced, but still limited, is the development of
biosensors for livestock and animal health focusing on the detection of pathogenic species and
therefore the early recognition of diseases. Due to the progress of implantable and wearable
sensors in human medical diagnostics, implantable glucose sensors for animals are also
commercially available, representing the stepping stone toward further similar (bio)sensors
enabling the monitoring of physiological parameters of the individual animal. But even less specific
wearable sensors used for real-time monitoring will become of great interest as these can trigger
further diagnostics (through portable biosensors) or other actions. These types of (bio)sensors will

thus increasingly become a useful tool for livestock monitoring in sustainable agriculture.

With the progressing possibility to store and share large data sets the evolving Internet of Things
(loT) will be a key part to increase food safety and obtain a more sustainable agriculture. With a
connected network of devices gathering and sharing information about product irregularities within
the food value chain are more likely to be detected early. For the traceability of food, the use of
block chain technology is a promising approach to increase food safety and secure food quality. In
first pilot projects block chain technology was already tested for this purpose with tracing every
single step of mangos in the Americas and pork in China throughout the whole supply chain [144].
This task requires the connectivity of all parties with access to all data, and requires regular testing
at many points, at all stages from field-to-fork. The loT combined with block chain technology
means that data from real-time monitoring and from point-to-point determinations are combined.
This will be a powerful tool to ensure food safety and avoid food fraud within global food chains.
Here, advantageous combination of biosensors with already established sensors and detection
methods will be key. In the end, the slowly starting change in costumer thinking, i.e. becoming more
aware of food quality, animal welfare and the environmental consequences of today’s agricultural
practices can be taken as a start signal, and push towards sustainable developments. In this case,
the possibly increased costs of (bio)sensors supporting the sustainability in agriculture and

additional testing of food may either be negligible or simply accepted.
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2 Electrochemical Lab-on-a-Chip Systems

2.1 Definition

LOC is a device which is capable to scale down laboratory functions to a chip-format up to a range
of only a few square centimeters [1]. A LOC platform integrates and automates different laboratory
functions. For analytical LOC systems, as here reviewed electrochemical LOC, the term miniaturized
or micro total-analysis-system (UTAS) often is used as a synonym. Manz et al. defined uTAS as a
total analysis system performing all sample handling steps extremely close to the place of

measurement [2].

2.2 Design of lab-on-a-chip systems

As LOC systems enable the complete analysis of a sample the components of each system are
chosen according to the analysis. Usually LOC systems contain microfluidic channels for the
transportation of the sample. In addition to the microfluidic system several functionalities are
combined on a LOC system according to the analytical problem. The most important features

integrated into analytical LOC systems are sample preparation, separation and a detection system.
2.2.1 Materials and fabrication

Fabrications of LOC systems from a variety of materials are reported (Figure 1 and Table 1). The first
microfluidic devices were fabricated with inorganic substrates such as silicon or glass. With ongoing
research and increasing popularity in the field of microfluidics polymers became the most common
substrate for the fabrication of LOC systems. More recently, LOC systems based on paper have been
described. Three main factors have to be taken into account when designing the microfluidic
system: required function, degree of integration and application [3]. A brief overview of LOC
materials with respect to their characteristics and fabrication techniques is given in Table 1. Each
material for fabrications of LOC systems has its pros and cons (shown in Table 2) that have to be
taken into consideration for proper applications. Excellent comprehensive reviews about the

fabrication of microfluidic chips have been published recently [3-7].

This chapter is published as chapter 2 in a review article.
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Figure 1 Schematic presentation of the relationship between fabrication costs of LOC devices using common
materials and the fields of application. (1) Reproduced from [8]. Copyright 2017 American Chemical Society.
(2) Reproduced from [9] Copyright 2017 American Chemical Society. (3) Reproduced from [10]. Copyright
2011 American Chemical Society. (4) Reproduced from [11]. Copyright 2012 American Chemical Society.

2.2.2 Integration of Sample Preparation

When handling real samples a variety of the sample characteristics can disturb the detection.
Typically interfering species, complex matrix effects or non-specific binding affect the detection
signal in a negative manner up to a disabled analysis. One strategy to reduce matrix effects and
unspecific binding is the coating and blocking of the microfluidic structures. When coating and
blocking is not sufficient for the required sensitivity two pathways are possible to obtain the same
sample preparation as available during the bench-top approach. Micro-techniques can copy macro-
techniques or micro-phenomena can be exploited [26]. Reviews with more detailed microfluidic

sample preparation were published recently [26-29].
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Table 1 Comparison of typical materials used for the fabrication of LOC systems.

Material Characteristics Material Fabrication techniques References
costs
Silicon Rigid, High temperature ~2 $/kg photolithography, dry [6,12,13]
resistance, Ease of surface etching, wet etching, deep
modifications (silanol), reactive ion etching,
Biocompatible, Low chemical vapor deposition
unspecific binding, Not
gas-permeable, An active
fluidic system requires a
polymer hybrid device
Ceramics Rigid, Good mechanical, mechanical milling or using a [14,15]
thermal and electrical laser mean followed by firing
properties of the organic binder
Glass Rigid, transparent, Ease of 1~ 13 S/kg photolithography, wet [6,16,17]
surface modification etching, dry etching,
Poly(methyl Rigid, Transparent, Low 2~45/kg injection molding, hot [17-21]
methacrylate) water absorption embossing, laser
(PMMA) photoablation, X-ray
lithography
Cyclic olefin Rigid, Transparent, Low 20~ 25 S$/kg injection molding, hot [17,19-22]
copolymer (COC) water absorption embossing
Polystyrene (PS) Rigid, Transparent <3S/kg injection molding, hot [17-19,21]
embossing, laser
photoablation
Polycarbonate Rigid, Transparent, Highly <35/kg injection molding, hot [17-21]
(PC) heat resistant embossing, laser
photoablation
Polydimethylsilox Flexible, Transparent, ~ 150 S/Kit soft-lithography, direct laser [17-
ane (PDMS) Biocompatible, Chemically (1 kg) plotting, casting 19,23,24]
inert, Highly gas
permeable
Whatman Rigid, Pure cellulose, ~65$/m? photolithography, plotting, [25]
chromatography Homogenous, plasma treatment, inkjet
paper Reproducible,

Biocompatible

printing, wax printing, screen
printing
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Table 2 Evaluation of practicability of LOC materials for use in biosensor-related applications [6].

applications silicon/glass elastomers thermoplastics paper
electrochemical good limited moderate moderate
detection
cost of production high medium low low
reusability yes no yes no
disposable device expensive good good good
use
online-monitoring yes yes yes no

For several miniaturized preparation techniques as filtration, extraction, purification and
enrichment significant progress is reported [3]. Yang et al. developed microfilter membranes based
on paper for the separation of plasma from whole blood with comparable results to conventional
centrifugation methods [30]. Solid-phase extraction (SPE) is used for purification and enrichment
of samples. Together with other processes such as separation and detection SPE can be integrated
into LOC systems [31]. Reversed-phase, using silica columns, and affinity SPE are the most common
ones used in LOC systems. Monolithic structures for reversed phase SPE can be directly formed on
the chip by UV polymerization of butyl-, lauryl-, octadecyl-, or 2-hydroxyethyl methacrylates [3].

Acrylate polymers also are reported for their application in on-chip SPE [27].

Immunoaffinity monolith is integrated in microchip electrophoresis for extraction and separation
of preterm birth biomarkers directly from a human serum matrix [32]. The use of magnetic bead-
based preconcentration is widely applied as an immune affinity interaction preconcentration
method. Clean-up of the sample as well as preconcentration is achieved when the magnetic beads
exhibit high affinity to the analyte [27]. The immobilization of analyte molecules and the following

cleanup enable full control about solvent specific parameters as conductivity, pH and ionic strength.

Other preconcentration techniques applied to LOC systems utilize analyte characteristics like
charge, affinity, mobility and size. Electrocapture can be used for preconcentration and cleanup of
the sample by applying an electric field on a conductive membrane [27]. Other preparation and
separation techniques based on electrophoresis are widely applied to LOC systems.[3] Porous
membranes and a variety of nanomaterials can be used for a size-dependent sample

preconcentration.
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The lysis of cells in LOC systems can be performed with the same lysis efficiency as in the macro

system using a miniaturized magnetically actuated bead-beating system [33].

For the cell separation and concentration various techniques exploiting micro-phenomena that
leads to comparable results with bench-top approaches are reported. Cell separation was
performed using the Zweifach-Fung bifurcation effect, inertial force-based cell separation, pinched
flow fractionation, hydrodynamic filtration or diffusion-based separation using H-filters as well as

electrokinetic or acoustic strategies [26].
2.2.3 On-chip electrochemistry

Electrochemistry is a promising detection strategy combined with LOC systems as it offers high
sensitivity, low costs, low power requirement, independency of optical pathways and a distinctive
compatibility with microfabrication and micromachining technologies [34]. The WE is the heart of
the electrochemical detection. It is the place where the detection reaction occurs. The WE has to
be selected regarding the redox behavior of the target analyte and the background current over
the region of interest. The most common WE materials in LOC devices are carbon, gold and
platinum. Different forms of carbon electrodes are integrated into LOC systems, e.g. carbon paste,
carbon ink or glassy carbon [35]. In the following, the most successful strategies of how to integrate
electrochemical detection with LOC are described. Some refer back to older publications so that a
good overview of possible solutions can be provided. The most recent publications were selected
as they portray the range of new strategies that help in overcoming the inherent challenges of

electrode integration.

Electrodes in microfluidic systems can be produced with thin-film or thick-film techniques,
respectively. Thick-film technology, with screen printing as its most established technique, in
general is significantly cheaper than thin-film technology of noble metals and highly compatible
with the fabrication of carbon electrodes. Screen printing of carbon electrodes can be performed
on various substrates, e.g. alumina ceramic plate, [36] PDMS, [37] thermoplastics, [38][39][40] and
can successfully be integrated in to microfluidic systems. Also, the technique is popular to provide
Ag/AgCl REs (Figure 2) [41][42]. In fact, for the integration of electrodes into paper-based LOC

platforms screen printing of the electrodes is the most common technique.
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Figure 2 Screen-printed electrode. (1) Co-Phthalocyanine mediated SPE (a) and the electrode region (b).
Reproduced with permission from Ref. [41]. Copyright 2014 Springer. (2) Electrochemical sensor (ECS)
modules, ECS1 and ECS2. Reproduced with permission from Ref. [42]. Copyright 2017 Wiley-VCH Verlag
GmbH & Co.

Additionally, inkjet printing has been employed as an efficient technique to pattern electrodes on
flexible substrates. For example, inkjet printing of silver electrodes on PDMS is reported by Wu et
al. [43] (Figure 3-1). Inkjet-printed gold electrodes on paper are reported as well [44]. Common
electrode materials for the WE and CE are carbon, copper, gold or aluminum ink while the RE is
usually fabricated with Ag/AgCl inks [25]. In 2009 Dungchai et al. demonstrated the electrochemical
detection of glucose, lactate and uric acid (UA) on a paper-based LOC system [45]. Ko et al. report

an electrical paper device with inkjet printed carbon nanotube electrodes (Figure 3-2) [46].

Figure 3 (1) Optical image of a three-electrode electrochemical sensor on PDMS after AgCl (black)
formation. Reproduced with permission from Ref. [43]. Copyright 2015 The Royal Society of Chemistry. (2)
Photograph of the printed-paper chip. Reproduced with permission from Ref. [46]. Copyright 2014 Wiley-

VCH Verlag GmbH & Co.

Thin-film technology requires sophisticated instruments to create an electrode film (tens to a few
hundreds of nanometers film thickness), especially for metals such as gold and platinum on rigid
substrates such as glass and silicon wafers. For example, Ginet et al. fabricated gold microwires on

a glass wafer by thermal evaporation (Figure 4-1) [47].
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Figure 4 (1) Image of a device consisting of five gold electrodes deposited on a glass substrate. Microwires

Microwire
area

are patterned in the central part of the electrodes as indicated by the white rectangle. Reproduced with
permission from Ref. [47]. Copyright 2011 The Royal Society of Chemistry. (2) Electrical biochip for
single electrode redox cycling. Reproduced with permission from Ref. [48]. Copyright 2012 The Royal

Society of Chemistry.

Deposition of gold electrodes by sputtering is also widely used [49]. In addition, Hilmi et al. reported
electroless deposition of thin film gold electrodes to a glass substrate, which can be simply and
routinely performed in any wet-chemistry laboratory [50]. Thin-film fabrication-based techniques
typically requires added adhesive layer, e.g. Ti and Cr, in order to support the bonding between
metal film and substrates [47][48][50][51]. Patterning electrodes can be performed using
depositing thin film through a mask,[52] laser ablation, or using standard lithography followed by a
lift-off process with higher resolution [53]. Furthermore, electrodeposition performed on base

conductive electrodes has been employed to form thin-film bismuth electrodes on patterned gold

electrodes [54,55].

The REs can be integrated using Ag/AgCl pastes, [39] screen printing,[42][56] using an Ag/AgCl wire
as RE [40] or using sputtered Ag REs [57]. The integration of Ag/AgCl REs into microfluidic systems
often is challenging. One major problem is the difficulty in transferring an internal electrolyte
solution to miniaturized systems to construct the Ag/AgCl RE configuration similar to the stable
macro RE. Thus, most miniaturized Ag/AgCl REs simply rely on “quasi-REs” or “pseudo-REs” where
the Ag/AgCl is in direct contact with test solutions. Although the RE system has been successfully
implemented to LOCs-based voltammetric sensors degradation of AgCl limits the longevity of
pseudo-Ag/AgCl REs.[58] Moreover, the unstable ionic strength restricts the application of pseudo-
REs in potentiometric measurement. As a result, a variety of strategies are proposed to overcome
those problems [59]. A widely used strategy is the generation of salt bridges between the electrode
and the channel [60-62]. A similar approach without the need of a solid salt bridge is reported by
Wongkaew et al. A Ag RE is implemented into a side channel, containing KCl solution, that is pushed

uninterrupted into the main channel [63]. The strategy is highly suitable for application in
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miniaturized potentiometric sensors in which a stable potential regardless of ionic strengths of test

solutions is required.

Alternatively, also pseudo-REs made of other metallic materials were integrated into microfluidic
systems. For example, Odijk et al. used sputtered palladium as quasi-RE [64] while Noh et al. used
a RE of nanoporous platinum [65]. Schumacher et al. reported the use of a sputtered

iridium/iridiumoxide RE on a silicon wafer (Figure 4-2) [48].
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Abstract

Laser-induced graphene’s (LIG) inherent graphene-like and highly porous characteristics and its
simple, scalable, and inexpensive fabrication render it a desirable electrode material for bio- and
chemosensors. The best LIG electrodes are made in polyimide foils using a CO2 laser scriber, which
unfortunately limits their integration into more sophisticated analytical devices due to polyimide’s
inertness. The transfer of LIG electrodes onto standard polymer substrates used in microfluidic
systems and their use in microfluidic assays were therefore studied and the resulting electrodes
characterized morphologically, chemically, and electroanalytically. It was found that a direct
pressure-driven transfer produces highly functional transfer-LIG (tLIG) electrodes. tLIG differed
from LIG electrodes with respect to a much smoother surface and hence a lower active surface
area, a loss of the graphene characteristic Raman 2D peak, and a slight decrease in electron transfer
rates. biosensors, food safety, food fraud, sustainable agriculture, livestock monitoring, wearable

sensors.

However, their performance in amperometric detection strategies were comparable also when
used in adhesive-tape enabled microfluidic channels for the detection of p-aminophenol. tLIG
outperformed LIG electrodes in their ability to be integrated into more advanced microfluidic
channel systems made of an all-polymethyl methacrylate (PMMA) substrate for the biosensing
detection of alkaline phosphatase, commonly used as a biomarker and as a biosensor amplification
system. LIG and tLIG have hence the potential to change electroanalytical sensing in diagnostic
systems as their fabrication requires minimal resources, is highly scalable, and allows their

integration into simple and, as tLIG, also sophisticated analytical systems.
Keywords

Laser-induced graphene, functional composite, microfluidics, electrochemical detection, biosensor,

lab-on-a-chip

3.1 Introduction

Since 2010 the laser reduction of graphene oxide (GO) was reported [1-3]. In 2012, the group of
Kaner reported then on a cheap method for the reduction of GO using a DVD optical drive unit. The
hereby formed graphene material was named laser-scribed graphene (LSG) [4]. LIG derived from

the direct formation of polyimide using a CO,-laser was discovered by the group of James M. Tour
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in 2014 [5]. Since then, in several publications the term laser-scribed graphene is used as an

equivalent to laser-induced graphene.

Kapton HN is a commercially available polyimide with high chemical resistance toward known
organic solvents and high thermal stability until 400 °C. These properties enable the direct scribing
of laser-induced graphene but also cause limitations for other applications. These limitations
influence possible applications of LIG as integration into existing platforms, microfluidic systems,
and sensors is difficult. This can be overcome by the transfer of LIG to other substrates as well as
the generation of LIG from other materials. In early studies polymers with similar structure to P,
such as polyetherimide or polysulfone-class polymers, were reported to be suitable for LIG
synthesis [5,6]. Later, LIG was generated from phenolic resins [7] as well as other materials like
wood, cloth, paper, food, and cross-linked polystyrene [8,9]. However, for vinyl polymers and
polymers with low melting points that are desirable for microfluidic device fabrication,
depolymerization and ablation are reported instead of LIG formation [9]. This puts emphasis on
finding strategies to transfer LIG electrodes after their synthesis onto other substrates. Such
transfer strategies include the infiltration of the porous LIG with a viscous compound which enables
transfer of LIG after peeling off of the solidified/hardened compound. Latex paint, Portland cement,
wax, epoxy, alkaline activated geopolymer, polydimethylsiloxane (PDMS), and PMMA have been
reported to work with this strategy [10]. The quality of LIG to function as electrode after such
treatment, however, remains uninvestigated and questionable. Physical methods are more
promising, such as through adhesive tapes [11,12], the hot pressing into melted thermoplastic
materials like polyethylene (PE), polypropylene (PP), and polystyrene (PS) [10] or via a lamination
process [13]. The multifunctional surfaces of LIG composites have been shown to be a promising
material for several applications in electronic or joule heating devices, microsupercapacitors,
resistive memory devices, or salinity sensors; however, also here its characterization for

electroanalytical detection has not been described [10,14,15].

The inherent inertness of the polyimide substrate slowed down studies focusing on the integration
of LIG electrodes into microfluidic systems. So far, one PDMS channel strategy was reported by
Karakurt et al., [16] and an adhesive tape transfer into 15 mm wide channels consisting of two
PMMA sidewalls was reported by Khan et al. [11] Hence, much work needs to be done in order to
prepare LIG electrode integrated with microfluidic systems in order to render electroanalytical
miniaturized sensing platforms. We therefore report here on two such strategies, i.e., a novel
solvent bonding protocol for the integration of LIG using hot-embossed PMMA microfluidic
channels, and a pressure-driven transfer method of LIG electrodes to thermoplastic polymers. They

are compared to an adhesive tape transfer and the infiltration approach. The electrodes are
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electrochemically characterized, and their performance inside the microfluidic chips was studied
with respect to the influence of channel height and flow rate on amperometric detection of

bioanalytical enzyme reactions.

3.2 Experimental Section
3.2.1 Reagents

Phosphate buffered saline (PBS), pH 7.4, contained 137 mmol L™ NaCl (Carl Roth GmbH, Germany),
2.7 mmol L KCl (neoFroxx GmbH, Germany), 2 mmol L™ KH2PO4 (Merck, Germany), and
10 mmol LY Na;HPO4-2 H,O (Merck, Germany). KsFe(CN)s:3 H20, Ru(NHs)sCls, Ru(NHs)sCly, p-
aminophenol, p-aminophenyl phosphate, ZnCl,, MgCl,-6 H,0, and alkaline phosphatase from
bovine intestinal mucosa were obtained from Sigma (Germany). TRIS was obtained from Affymetrix

(USA). All chemicals were obtained in analytical grade and used without further purification.
3.2.2 Laser-Induced Graphene (LIG)

Laser-induced graphene was generated from Kapton HN polyimide film (thickness 125 um) using a
VLS 2.30 laser cutting platform (Universal Laser Systems, USA) with a wavelength of 10.6 um. The
electrodes were scribed under ambient conditions with a 2 in. lens. The polyimide foil was placed
in the focus of the laser beam, and LIG was scribed in raster mode with laser power of 1 %
corresponding to 0.3 W, speed of 10 % corresponding to 12.7 cm s7%, and image density 7 under

ambient conditions.
3.2.2.1 Infiltration Transfer of Laser-Induced Graphene to PDMS

PDMS is made from Dowsil Sylgard 184 silicone elastomer kit. Sylgard 184 elastomer kit base is
mixed with the Sylgard 184 elastomer kit curing agent at a ratio of 10:1 and degassed under vacuum
for 30 min. PDMS is poured on top of LIG in a mold and cured at room temperature for 24 h. The

transfer is finalized by peeling of the polyimide film and removing the mold.
3.2.2.2 Pressure-Driven Transfer of Laser-Induced Graphene to PMMA (tLIG)

PMMA was used as template for the transfer of laser-scribed graphene from its original polyimide
substrate using a hot-pressing process. PMMA and polyimide film containing LIG are stacked in a
press equipped with heated platens, ATLAS manual 15Ton hydraulic press (Specac Ltd., Great
Britain), and heated from RT to 105 °C (30 °C min™). The optimized pressure of 370 kg cm™ was
evaluated by performing experiments with pressures of 370 kg cm™, 185 kg cm™, and 37 kg cm™,
respectively. The pressure is applied for 15 min at 105 °C followed by cooling of the substrates to

RT (1.3 °C min™Y). The transfer is finalized by peeling of the polyimide film.
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3.2.3 Microfluidic Setup

All measurements are performed using an in-house designed chip-holder. Fluidic transport outside
the microfluidic setup is carried out through Teflon tubing with inner diameter of 0.25 mm and an
outer diameter of 1.59 mm (Techlab GmbH, Germany). Inlets and outlets of the microfluidic chips
are sealed using flexible PDMS seals, while the electrodes are contacted with spring-loaded gold—
copper contacts. For the injection of probes Legato 180 syringe pumps (KD Scientific, USA) equipped

with BD syringes or Hamilton glass syringes are used.

3.2.3.1 Fabrication of Microfluidic Channels with Indirect Bonding using Adhesive

Tape

Prototypes of microfluidic chips are fabricated using a VLS 2.30 laser cutting platform. Double-sided
adhesive tape (3M 9088FL, 210 um thickness) is taped on top of a 1.5 mm thick PMMA slide
(Plexiglas XT, Kunststoff Acryl Design GmbH, Germany). The microfluidic channel is cut out of the
adhesive tape (100 % power, 75 % speed, 200 PPI). To create channels of different height, the
desired amount of PMMA is removed by engraving the PMMA base (45 % power, 90 % speed, 500
PPI). Inlets and outlets are cut using the laser cutting platform (100 % power, 6.7 % speed, 1000
PPI) followed by gluing the channel on the substrate containing the electrodes. The dimensions of
the microfluidic chips are 60 mm x 45 mm with thicknesses of approximately 1.8 mm (polyimide
substrate) or 3.2 mm (PMMA substrate), respectively. Contact pads of the electrodes are protected
using conductive adhesive copper tape. Thicker adhesive tape could substitute for the here

described method.

3.2.3.2 Fabrication of Microfluidic Channels with Solvent Bonding of Polyimide to

PMMA Microfluidic Channels

PMMA microfluidic channels are fabricated via hot embossing using an ATLAS manual 15Ton
hydraulic press. PMMA is placed on a brazen mold and heated to 120 °C (30 °C min™2). The brass
template was fabricated using a Kern Evo micromilling machine. The temperature is hold for 10 min
before applying a pressure of 5 kg cm? for 30 s followed by cooling to RT (1.3 °C min™%). The channel
width is 500 um and channel height 250 or 1000 um. For solvent bonding the PMMA channel and
the polyimide containing LIG are clamped together and an amount of 60 pL of toluene is injected
between the polymers. Bonding is completed by applying UV/ozone (Jelight UVO cleaner 144 AX-
220) for 5 min (oxygen flow rate 0.5 L min™?). Contact pads of the electrodes are protected using

conductive adhesive copper tape.
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3.2.4 LIG Characterization

3.2.4.1 Sheet Resistance
The sheet resistance of LIG and tLIG was measured with the four-point probe method (/ = 10 pA).
3.2.4.2 Contact Angle

Contact angles were measured with a sessile drop method using optical contact angle system OCA
25 (DataPhysics Instruments GmbH, Germany) with software-guided (SCA 20) droplet shape

detection.

3.2.4.3 Electrode Morphology

SEM (Zeiss/LEO 1530, Germany) was used to image LIG and tLIG morphology and thickness.
3.2.4.4 Raman Spectroscopy

Raman spectra were performed using a DXR Raman microscope (Thermo Fisher Scientific GmbH,
Germany) at 532 nm laser excitation (8 mW), 50 um slit width with 100 times magnification (Mplan
N objective 100x/0.90 BD, Olympus SE Co. KG, Hamburg, Germany). Spectra were acquired for 0.2 s

and averaged over 40 spectra.
3.2.5 Electrochemical Measurements

Electrochemical measurements were performed using a potentiostat (PalmSens4, Palmsens BV,
Houten, The Netherlands). Data evaluation was performed with PSTrace 5.7 software (Palmsens
BV, Houten, The Netherlands). All analytes are dissolved in phosphate buffered saline buffer (pH
7.4). Electrochemical measurements outside the microfluidic channel were performed using LSG or
tLIG (4 mm diameter, as working electrode (WE) and a Pt wire (0.5 mm diameter) as counter
electrode (CE). All measurements were performed versus an Ag/AgCl (3 M KCl) reference electrode
(RE). tLIG transferred with 370 kg cm™ was used in all experiments. Electrochemical measurements
in the microfluidic chip were performed using a LIG or tLIG WE. CE and RE were painted with

conductive silver paint (Silber-Leitlack, Busch GmbH & Co. KG, Germany).
3.2.5.1 Cyclic Voltammetry

Cyclic voltammetry of 5 mmol L™ K4Fe(CN)s in PBS was performed with 5 s equilibration time from
-0.2 to 0.7 V with varying scan rates (25 mV s, 50 mV s, 100 mV s}, and 200 mV s7%). Cyclic
voltammetry of 5 mmol L™ Ru(NHs)sCl, in PBS was performed with 5 s equilibration time from -0.6
to 0.3 V with varying scan rates (25 mV s, 50 mV s7%, 100 mV s7%, and 200 mV s™). k° values were

determined using a modified Nicholson method. k° was evaluated by the slope of plotting the
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dimensionless parameter W versus [nDnF/(RT)]?>vY? [17]. Diffusion coefficients for the

calculations were 6.50 x 10°° cm? s7* for Fe(CN)s* and 5.48 x 107° cm? s7* for Ru(NH3s)e>* [18,19].
3.2.5.2 Square Wave Voltammetry

Square wave voltammetry for Ru(NH3)sClz in PBS was measured from -0.6 t0 0.2 V with Estep =5 mV,
an amplitude of 50 mV, and frequency of 10 Hz. Peak currents are determined after subtraction of
a nonlinear baseline created with PSTrace5.7 software (nonlinear baseline with markers at -0.52 V,
-0.48 V, and 0.07 V). Square wave voltammetry for KsFe(CN)s in PBS was from -0.4 to 0.8 V
with Estep =5 mV, an amplitude of 50 mV, and frequency of 10 Hz. Peak heights are determined after
subtraction of a nonlinear baseline created with PSTrace5.7 software (nonlinear baseline with

markers at 0.0 V, 0.08 V, and 0.40 V).
3.2.5.3 Amperometry

Amperometric measurements were performed at constant potentials for the oxidation of
Fe(CN)e* (0.34 V), the reduction of Ru(NHs)s** (-0.10 V), and the oxidation of p-aminophenol
(0.08 V). Within the data evaluation the measured current after 60 s was plotted versus the analyte

concentration.
3.2.5.4 Detection of Alkaline Phosphatase

Alkaline phosphatase was diluted in 100 mmol L™ Tris-HCI buffer, pH 7.5, containing 100 mmol L*
KCl, 1 mmol L™ ZnCl,, and 1 mmol L™ MgCl,, to a total volume of 25 pL. An amount of 25 pL of
10 mmol Lt p-aminophenyl phosphate was added, and the mixture was incubated for 30 min at
37 °Cunder shaking (400 rpm, Eppendorf Thermomixer comfort). The complete sample volume was
injected into the microfluidic chip via a side channel. The enzymatically generated p-aminophenol

was detected at 0.08 V using a flow rate of 5 pL min™.

3.3 Results and Discussion

The transfer of LIG onto other polymeric substrates and the resulting electrochemical performance
were investigated using an infiltration method through PDMS, adhesive tape delamination, and a
novel transfer strategy using high pressure in combination with heating of the polymeric substrate
(Scheme 1) just to its glass transition temperature (Figure S1). In all scenarios, the LIG is flipped
upon transfer which leads to a less porous surface (Figure 1A—C and Figure S2). Compared to
adhesive tape delamination the here presented transfer and the infiltration method were found to
be more reproducible and also allow transfer to multiple substrates [10]. In fact, the here reported

method can be applied to various thermoplastic polymers by solely adjusting the transfer
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temperature toward the substrates glass transition temperature. Besides the transfer to PMMA the
transfer to PET, PS, and PVC was achieved (Figure S3). The infiltration methods can be adapted
toward a wider range of materials which only require the ability of getting solidified during the
transfer process. Further experiments were performed with PMMA as a widely accepted and used
polymer substrate for microfluidic devices. Especially for further integration into microfluidic chips
the transfer to a thermoplastic material like PMMA is advantageous. By bonding of the polymer to
itself, chips consisting of a single material can be generated that have advantageous uniform

properties [20].

A

COz-laser

=

polyimide laser scribing LIG
foil electrodes

Laser-induced
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transferred LIG
hydraulic press (tLIG)

Scheme 1. (A) lllustration of the Direct Fabrication of Laser-Induced Graphene (LIG) from Polyimide Using a
CO:2 Laser and (B) Schematic of the Pressure-Driven Transfer of LIG to a PMMA Substrate and the Fabricated

Electrochemical Microfluidic Chips.

It was found that the transfer using high pressure only minimally influences the thickness with a
decrease from 39 + 1 um to 37 + 1 um (Figure 1D,E). Furthermore, the cross-sectional laminar

structure is as well maintained in the pressure-assisted transfer as in the infiltration transfer as
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additionally indicated by the comparable Raman spectra (Figure 1H,l) and sheet resistance values
(Figure 2). Interestingly though, the characteristic 2D peak at approximately 2600 cm™ is not

observed any more upon transfer independently of the transfer technique.

T T

L e

e 50
1000 -
7 o T 50 f e
4 a | 4
%0
- 200 1200
20
g a
o 8
508 1000 1830 2000 2500 M0 3800 500 1000 1830 2008 25 M0 3800 530 1900 1550 2000 2500 WO 1800
Raman wsift fom'| Raman shift fom'] Rarman st fom ']

Figure 1. SEM pictures of LIG (left), tLIG (middle), and infiltration-transferred LIG (right): (A) top view on LIG,
(B) top view on tLIG, (C) top view on infiltration-transferred LIG, (D) side view to LIG, (E) side view to tLIG,
and (F) side view on infiltration-transferred LIG. All scale bars represent 2 um. Raman spectra of (G) LIG, (H)

tLIG, and (l) infiltration-transferred LIG are shown.

Hence the originally observed peak is presumably caused by the turbostratic nature of the LIG prior
to transfer. With respect to the hydrophilicity of the materials, it is not surprising that in the case
of LIG its porous surface leads to complete spreading of the surface, whereas the change in its
surface microstructure after transfer results in a hydrophobic surface. For pressure derived tLIG a
contact angle of 68° + 4° shows it to be significantly more hydrophilic than infiltration-derived tLIG
with 127° £ 2° (Figure S4). This latter value compares well to those reported by others with

infiltration materials of PDMS, PE, PP, PS, or wax resulting in contact angles above 150° [10].
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Figure 2. (A) Sheet resistance of LIG, tLIG, and tLIG measured in scribing direction and perpendicular to
scribing direction (n = 3). (B) Cyclic voltammograms of LIG (black), tLIG (red), and infiltration-transferred LIG
(blue) of 5 mmol L™ Ka[Fe(CN)e] in PBS with v =50 mV s™2.

Besides all similarities in the morphological characterization of the obtained tLIG composites, the
electrochemical performance for the redox-marker K4[Fe(CN)s] shows substantial differences in
their suitability as electrode materials. In cyclic voltammetry the infiltration-transferred LIG shows
a much lower sensitivity toward the analyte and higher peak separation of the redox couple while
the pressure-transferred LIG only shows slight differences compared to LIG and maintains the
electrochemical performance (Figure 2B). Since this transfer method utilizes relatively high
pressures but low heating temperatures (i.e., just to PMMA'’s glass temperature of 105 °C), the
electrode structure is reliably maintained in its original shape during the transfer [20]. This is in
contrast to the hot pressing transfer reported by Luong et al., using higher temperatures but low
pressure, making it more similar to the infiltration method as the melted polymer is more prone to

fill the porous LIG [10].

When comparing the sheet resistance of the three different LIG variations, the lowest values are
obtained for LIG which are in good accordance with literature values [5,21] and not surprisingly
slightly increased values for the two tLIGs. Also, due to different overlap of the laser beam during
the fabrication process higher sheet resistances are measured perpendicular to the scribing
direction for LIG and tLIG, respectively (Figure 2 A). With increasing pressures during the transfer,
a more stable tLIG/PMMA composite is obtained while observing a slightly increasing sheet
resistance toward higher pressures (Figure S5). Further electrochemical characterization of LIG and
tLIG electrodes was performed with the inner-sphere redox-marker potassium ferrocyanide (Figure
S6) and outer-sphere redox-marker ruthenium hexamine using cyclic voltammetry (Figure S7). The
heterogeneous electron transfer rates (k°) of LIG and tLIG in PBS containing 5 mmol L™t K4[Fe(CN)e]

or 5 mmol L™ Ru(NHs)sCl, were calculated with an extended method of the Nicholson treatment
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(Figure S8) [17]. Regardless of all structural changes resulting from the transfer of LIG, the electron
transfer rate k° for both investigated redox-markers differs only slightly. The fabricated electrodes
exhibit high electron transfer rates with k° values being higher compared to reported electrodes,
fabricated with the same technique [22]. Interestingly, when compared to other carbon-based
materials the electron transfer rates obtained for LIG and tLIG are very favorable, especially when
considering the ease of their fabrication (Table S1). In some instances, they are better (e.g., for the
inner redox-marker [Fe(CN)s]* compared to highly ordered pyrolytic graphite electrodes (basal-
and edge-plane pyrolytic graphite)) [23] or comparable (e.g., for [Ru(NHs)s]** in comparison to BPPG
and EPPG) [24]. In some instances they are slower, especially when compared to electrodes with
more complex fabrication processes, such as for CVD graphene on copper [25] or laser-scribed
graphene from graphene oxide [23]. Thus, among all of these carbon materials tLIG appears as a

promising candidate to further expand the diverse field of carbon-based electrode materials.

While the heterogeneous electron transfer rate is barely affected by the transfer, the active surface
area decreases significantly upon transfer. The active surface areas of LIG and tLIG composites
respectively were calculated from cyclic voltammetry with varying scan rates for
[Fe(CN)e]* (Figure S6) and [Ru(NHs)s]** (Figure S7) using the Randles—Sevcik equation. As to be
expected, all transfer methods resulted in a reduced electroactive surface area, with the most
drastic effect observed for the infiltration method using PDMS. Pressure-driven transfer and
adhesive tape delamination resulted in surface areas close to the actual geometrical electrode area
(Table 1). Considering the obtained electroactive surface area and the reproducibility, the pressure-

driven transfer performed best.
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Table 1. Electrochemical Active Surface Areas and Geometrical Electrode Areas Determined with the Randles—

Sevcik Equation®

geometrical active surface area active surface area
surface area (mm?) [Fe(CN)s]* (mm?) [Ru(NHz)e]** (mm?)

LIG 12.6 19.6+1.6 27.6+£0.5

tLIG (pressure- 12.6 14.7 £ 0.6 14.4+1.6

driven transfer)

tLIG (infiltration 12.6 4.0+£0.6 8917

transfer)

tLIG 12.6 11.9+0.5 13.0+0.3

(adhesive tape

delamination)

@Resolution of the laser scriber is 0.1 mm.

The electrochemical performance of LIG and tLIG was evaluated with the detection of
[Fe(CN)s]* and [Ru(NHs)e]?>* using amperometry and square wave voltammetry (Figure 3).
Interestingly, in the amperometric strategy both electrodes behave similar to both analytes, in
contrast to analyses with CV (Figure S6) and SWV (Figure 3, Table S2). We assume that the different
electrode behavior is most likely influenced by differences in the material porosity rather than other
material variations. The porous nature of LIG effectively increases the reaction rate in SWV and CV
which consequently results in its enhanced performance. This influence of electrode morphology
on the electrochemical behavior is not often considered in electroanalytical investigations when
comparing different electrode materials, even though already in 1997 Zu et al. reported theoretical
calculations stating a change of peak separation in cyclic voltammograms and a dependency of peak
current and potential scan rate in linear scan voltammetry are caused by electrode roughness
[26]. More detailed theoretical and experimental works on cyclic voltammetry were done by the
group of Compton. They investigated a high influence of electrode porosity on the peak current and

peak separation [27]. While only extremely high values of electrode roughness have a significant
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effect on these parameters [28]. The morphology-related electrocatalytic effect was approved by
Punckt et al.’s experimental findings using porous electrodes. They found that increasing porosity
of their porous functionalized graphene electrodes leads to more falsified kinetics for reversible
and irreversible reactions, respectively [29]. Additionally, different edge densities of the electrode
materials contribute to the different behavior. For a linear-diffusion based system the theoretical
wave current density for a planar electrode at a scan rate of 10 mV s is 3.54 x 10*A cm?,
calculated with the Randles—Sevcik equation. The measured wave current density for tLIG
(3.54 x10* A cm™) is in excellent agreement with the planar electrode, while the original LIG
electrodes show a higher edge density with a measured wave current density of 4.14 x 10™* A cm?
(Figure S9). As a drawback of this electrocatalytic effect of porous LIG the linear detection range

tends to be more limited which is indicated by the correlation coefficients of the linear fit (Figure 3).
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Figure 3. Detection of Ka[Fe(CN)s] using amperometry (A) and square wave voltammetry (B). Detection of
[Ru(NHs)e]Cls using amperometry (C) and detection of [Ru(NH3)s]Cl2 using square wave voltammetry (D). All

determinations are performed with LIG (red) and tLIG (black) (n = 3).

3.3.1 Laser-Induced Graphene Electrodes in Microfluidics

Amperometric detection using pump driven electrochemical microfluidic setups enables two

detection strategies, i.e., stopped flow or in-flow measurements. LIG and tLIG were studied in
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adhesive tape and in PMMA-based microfluidic channels, studying furthermore the influence of the
channel height on the electrode performance (0.2, 0.5, and 1 mm) (Figure 4A). The tape-based
microfluidic systems were easily assembled but suffer from the fact that the walls are made of the
tape rather than a defined polymer substrate (Figure 5A). Here, it was quickly determined that the
electrode material itself had minimal influence on the analytical performance, whereas low channel
heights led to lower sensitivities and higher LOQs (Figure 4A and B, Table S3). Higher channels
behaved similar to bulk measurements in all criteria (Figure 4D, Table S3), in contrast to the low
channel heights used. Since measurements are done under stop-flow conditions, it can be assumed

that not enough bulk concentration solution is available above the diffusion layer to maintain its

stable formation.
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Figure 4. Calibration curves of p-aminophenol in microfluidic channels using indirect bonding with adhesive
tape of different heights, 0.2 mm (blue), 0.5 mm (red), and 1 mm (black) using (A) LIG and (B) tLIG and (C)
microfluidic channels incorporating LIG with toluene bonding. (D) Calibration curve for p-aminophenol

measured outside a microfluidic channel (n = 3).
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Figure 5. (A) Picture of a microfluidic chip containing a LIG working electrode on polyimide substrate,
fabricated by solvent bonding with a hot-embossed PMMA microfluidic channel. (B) Picture of a microfluidic
chip containing a tLIG working electrode on PMMA substrate, fabricated with indirect bonding using

adhesive tape and a PMMA cover.

More interesting is the approach in which polyimide was bonded to PMMA microfluidic channels,
generating a mere 2-polymer system (Figure5B). In our strategy, microfluidic channels
incorporating LIG were achieved by using toluene in a novel UV/ozone assisted solvent bonding
technique with PMMA hot embossed channels. In order to compare findings to the tape-based
method, two channel heights (0.25 mm and 1.0 mm) were studied and found to give very
comparable results (Figure 4C). The bonding of polyimide to other polymers is rarely reported
because of its inertness to organic solvents and high thermal stability. In the literature several
bonding protocols for the bonding to PDMS via oxygen plasma treatment of PDMS, a thiol-epoxy
based click reaction, or using epoxy adhesive are described [16,30,31]. While PDMS has the
advantage of being flexible leading to flexible microfluidic devices when combined with thin
polyimide films, it does not lend itself well for large scale manufacturing, hence limiting its

commercial use [32].

The electrochemical detection of different concentrations of p-aminophenol in flow measurements
was performed using both electrode materials in adhesive tape-based channels of different heights
(0.2, 0.5, 1.0 mm) with varying flow rates (0-100 pL min™?) (Figure S10). Corresponding to earlier
observations solely, the channel height is causing different electrochemical responses independent
of the respective electrode material. Overall, the amount of sample passing the electrode is
influenced by the channel dimensions and the flow rate. Therefore, increasing signals are expected
with higher flow rates and/or smaller channels, which was confirmed for high flow rates leading to
highest currents for the 0.2 mm channels. However, studies at low flow rates gave a contrary image.
At low flow rates the higher channels lead to higher currents and better resolution. It is assumed
that the developing analyte concentration gradient directly above the surface cannot be

replenished well in small channels at slow flow rates. With little difference between the two higher
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channel types, the 0.5 mm high channel was chosen for further investigations as it required less
sample and provided higher currents. Two flow rates (5 and 25 pL min™) were studied, and it was
found that a higher sensitivity (factor 1.5 for LIG and 1.4 for tLIG) was achieved at faster flow with
the cost of a 5 times higher sample volume (Figure 6, Table S4). For both flow rates the limit of
guantification (LOQ = blank value + 100), represented by the lowest value of the linear range, was
increased compared to measurements under the previously described stopped flow conditions. In
future applications, depending on the respective analytical question, the channel height and flow
rates of microfluidic chips using LIG/tLIG can therefore be adjusted toward the individual

requirements such as available sample volumes or required detection range.
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Figure 6. Determination of p-aminophenol in a 0.5 mm high microfluidic channel using flow rates of

5 uL mint (black) and 25 pL min~ (red) with (A) LIG WE and (B) tLIG WE (n = 4).

3.3.2 Detection of Alkaline Phosphatase

Finally, the optimized system was applied toward the detection of enzymatically generated p-
aminophenol to determine alkaline phosphatase (ALP) concentrations. Enzyme product was
injected through a side channel for on-chip detection. (Figure 7A). It can be observed that the
signals increase over time, which is likely due to the continuing enzymatic reaction. A linear
correlation of the measured current and the concentration of alkaline phosphatase was obtained
(Figure 7B). The limit of detection (blank value + 30) of the microfluidic chip is 0.3 U L™, ALP itself is
often used for the diagnostics and monitoring of several diseases. Besides its direct detection, ALP
is frequently used as label in bioassay formats. Researchers have published a variety of
electrochemical sensors for both applications [33]. Lately published electrochemical sensors for the
direct detection of ALP reach limits of detection of 0.03 U L%, 0.25 U L%, and 2 U L,

[34-36] matching commercial available optical alkaline phosphatase kits with LOD of
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0.02 U L (fluorescence) and 2 U L (absorbance) [37,38].As a proof-of-concept, the tLIG

microfluidic chip has shown its ability to serve as platform for future (bio)sensor developments.
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Figure 7. (A) Chronoamperogram of the electrochemical detection of enzymatically generated pAP at 0.08 V
using increasing amounts of ALP (OU L™, 1 UL, 25U L, 5U0L%, 10U L%, 25 U L%, and 50 U LY). (B) Dose—

response curve for the detection of alkaline phosphatase (n = 3).

3.4 Conclusions

In summary, we have presented a simple method for the transfer of LIG to thermoplastic polymers
exemplary for PMMA as well as a method for solvent bonding of polyimide to PMMA. Especially
the reliable transfer to thermoplastic polymeric materials, like PMMA, enables the manifold
integration of LIG in the form of tLIG into microfluidic devices using several well-known direct
bonding techniques, like solvent vapor bonding, thermal bonding or solvent bonding [39,40]. A
microfluid chip consisting of a single material offers several advantages due to its uniform thermal,
chemical, and electrical properties [20]. While tLIG behaves very similarly to the original LIG, the
most remarkable change is its reduced porosity which reduces the electrocatalytic effect and
thereby reduces the sensitivity in electrochemical detection methods like SWV and CV.
Interestingly, this effect is less distinctive if nonexistent within amperometric detections applying a
constant potential. Thus, when studying the amperometric detection of p-aminophenol, tLIG and
LIG perform the same in microfluidic channels. As to be expected, the channel height significantly
influences amperometric detections as these are dependent on the diffusion gradient. Thus, careful
selection of channel height and flow rates can be used to quickly optimize the electrochemical on-
chip detection. Considering LIG and tLIG future applications, research studies on surface
modifications for signal enhancement [41,42] and biofunctionalization [22] point toward a rapid

adaptation toward highly functional point-of-care sensing in the future.
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3.6 Supporting Information

L}

Figure S1 (A) LIG electrode on polyimide. (B) tLIG transferred to PMMA transferred with pressure transfer.

(C) tLIG on PDMS transferred using the infiltration method. (D) tLIG transferred to scotch tape via

delamination.
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Figure S2: SEM picture of tLIG transferred to scotch tape via delamination.
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Figure S3: tLIG transferred to (A) polyethylene terephthalate (PET), (B) polystyrene (PS) and (C) polyvinyl
chloride (PVC). Transfer of LIG was obtained according to the for PMMA described protocol with adjusted
transfer temperatures of 77 °C (PET), 100 °C (PS) and 75 °C (PVC).

Figure S4: Contact angles of transferred laser-induced graphene. Pressure-driven tLIG on PMMA (left) and

tLIG on PDMS transferred by the infiltration method (right).
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Figure S5: Sheet resistance of LIG and tLIG, transferred with varying pressure. Sheet resistance is measured

in scribing direction and perpendicular towards scribing direction (n=3).
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Figure S6 Cyclic voltammograms of 5 mmol L™ Ka[Fe(CN)s] using LIG (A), tLIG (B), tLIG obtained with PDMS

infiltration (C) and tLIG transferred by adhesive tape delamination (D).
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Figure S7: Cyclic voltammograms of 5 mmol L [Ru(NHs)s]Cls using LIG (A), tLIG (B), tLIG obtained with PDMS

infiltration (C) and tLIG transferred by adhesive tape delamination (D).
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Figure S8: Plot of the wave current densities for LIG (A) and tLIG (B) versus square root of scan rate

measured with cyclic voltammetry of 5 mM Ka[Fe(CN)e] in PBS buffer. (n = 3)
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Figure S9: Plot of Nicholson’s kinetic parameter W versus C multiplied by reciprocal of the scan rate (Cv®?).

The standard HET rate constant k%is calculated by the slope of linear fitting. R? values for the linear fit are

given. (A) [Fe(CN)s]* with LIG electrode (B) [Fe(CN)s]* with tLIG electrode (C) [Ru(NHs)s]** with LIG electrode
(D) [Ru(NHs)g]3* with tLIG electrode. (n = 3).
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Figure S10 (A) Electrochemical response of LIG towards different concentrations of p-aminophenol (0; 10;

50; 100; 250; 500 umol L) with varying flow rates in microfluidic channels of different heights, 200 um

(blue), 500 um (red) and 1000 um (black). (B) Electrochemical response of tLIG towards different

concentrations of p-aminophenol (0; 10; 50; 100; 250; 500 umol L) with varying flow rates in microfluidic

channels of different heights, 200 um (blue), 500 um (red) and 1000 um (black).
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Table S1: Heterogeneous electrochemical rate constants (k°) for different carbon-based graphite and

graphene materials for the redox-markers [Fe(CN)s]* and [Ru(NH3)s)3*.

Electrode k°/ cm s Reference
[Fe(CN)e]* [Ru(NHs)e]**

LIG 0.0081 £ 0.0010 0.0045 = 0.0007 This work
tLiIG 0.0075 £ 0.0006 0.0062 = 0.0005 This work
LSG (derived from 0.02373 - 1
graphene oxide)
EPPG 0.002601 1

0.00877 2
BPPG 0.00033 !

0.00158 2
CVD-Graphene 0.0140 £ 0.0005 0.012 £0.001 3
(on copper)
g-graphene 0.00158 2
(on silicon dioxide)
m-graphene - 0.00111 2

(on silicon dioxide)

LSG (derived from

polyimide)

0.0044 +0.0003

*LSG: laser-scribed graphene; EPPG: edge-plane pyrolytic graphite; BPPG: basal-plane pyrolytic graphite; g-

graphene: quasi-graphene (ca. 4 layers); m-graphene: monolayer-graphene
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Table S2: Electrode sensitivity of LIG and tLIG for the detection of redox-markers using amperometry and

SWV. Data are corresponding to the measurements presented in Figure 3.

Electrochemical Analyte LIG tLIG
method Sensitivity / Sensitivity /

MA L-umol? MA L-umol?
Amperometry Ka[Fe(CN)s] 0.00364 + 0.00003 0.00334 + 0.00004
Amperometry [Ru(NHs)e]Cl3 -0.00239 £ 0.00014 -0.00135 £ 0.00003
SWv Ka[Fe(CN)s] 0.353 £ 0.008 0.192 £ 0.002
SWv [Ru(NH3)s]Cl2 0.937 £0.073 0.489 +£0.016
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Table S3: Amperometric detection of p-aminophenol in microfluidic channels and bulk measurements. Using

tLIG and LIG as electrode material and channels of varying height. Data are corresponding to the

measurements presented in Figure 4.

Adhesive tape-based channels

LIG

Channel height Sensitivity / Linear range R?

/ nA L umol? /

mm umol L1

0.2 0.296 £0.017  25-1000 0.981

0.5 0.531+0.016 5-1000 0.993

1.0 0.538+0.017 5-1000 0.992

tLIG

0.2 0.277 £0.009  10- 1000 0.992

0.5 0.541+0.013  5-1000 0.996

1.0 0.614 £0.006  5-1000 0.999

Solvent bonding

LIG

0.25 0.251£0.005  25-1000 0.997

1.0 0.673£0.006 1-1000 0.999

Bulk

LIG 0.588 + 0.039 5-500 0.970
*

tLIG 0.616 + 0.020 5-500 0.992

* Data normalized to electrode area of electrodes in microfluidic channel measurements.
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Table S4: Amperometric detection of p-aminophenol in 0.5 mm high microfluidic channels using tLIG and LIG

as electrode material under different flow rates. Data are corresponding to the measurements presented in

Figure 5.
Laser-induced graphene

Flow rate / Sensitivity / Linear range / R?
pL-mint nA L-umol? umol L?

25 2.68 £ 0.06 0.5-250 0.996
5 1.74 £0.08 0.5-250 0.983
0* 0.531+£0.016 5-1000 0.993

Transferred laser-induced graphene

25 2.36 £0.02 1-250 0.999
5 1.73+0.05 1-250 0.994
o* 0.541 +0.013 5-1000 0.996

* measured in stopped-flow (cf. Table SI 2)
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4 Electrochemical detection of Escherichia coli via genetically

modified bacteriophages

Abstract

Bacteriophages offer a unique opportunity for highly specific detection of viable bacteria due to
their inherent host specificity. Their easy-to-manipulate genome enables rapid, sensitive and simple
detection platforms. Here, we engineered the lytic T7 bacteriophage (phage) to overexpress
alkaline phosphatase fused to a cellulose-specific carbohydrate-binding module (ALP-CBM). In the
bioassay, a sample containing E. coli is infected by the phage in a 30 min. incubation period, during
which large quantities of ALP-CBM are expressed and freely released into the media. Then, prior to
detecting the fusion protein as a direct correlate to the original bacterial concentration, it is
concentrated out of the media via its CBM function by simple filtration through a cellulose disc,
followed by substrate addition and quantification via differential pulse voltammetry. This extremely
simple bioassay resulted in a limit of detection of 10® CFU-mL? within just 2 h. The simplicity and
low-cost of the bioassay associated with its ruggedness against matrix interferences or reporter
concentrations that typically plague antibody-based biosensors and bioassays make it a relevant
inexpensive very simple detection system for viable bacteria in complex matrices especially for

resource-limited settings.
Keywords

engineered bacteriophages, electrochemical biosensor, bacterial detection, alkaline phosphatase,

food safety, E. coli
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4.1 Introduction

The World Health Organization (WHO) estimates that almost one in ten people worldwide fall sick
after eating food contaminated with bacteria, viruses, parasites or chemical substances every year.
With those contaminations causing over 200 diseases resulting in 420,000 annual deaths the access
to safe food is essential for sustaining life and promoting good health [1,2]. Noroviruses are found
to cause the largest number of foodborne illnesses in the US with bacterial contamination next to
that being an increasing threat to human health [3,4]. Hence the rapid and sensitive detection of

bacterial contamination in water samples and food is of great importance to ensure food safety [5].

Escherichia coli (E. coli) is one of the most studied bacteria [6]. It is found in the intestine of warm-
blooded animals as well as humans. While most E. coli strains are harmless to humans
enterohemorrhagic E. coli (EHEC) can cause severe intestinal diseases. Yet, even the detection of
harmless E. coli cells is of utmost relevance, as they are a precise indicator for fecal contamination
in food and water, which in turn could also indicate the presence of pathogenic intestinal strains.
WHO guidelines for drinking water henceforth contain a zero tolerance of E. coli or thermotolerant
coliform bacteria, naming E. coli the more precise indicator. This zero tolerance is translated into a
guantitative measure by requiring that E. coli is not detectable in 100 mL of sample [7]. Therefore,
the common detection methods for E. coli involve culturing and plate counting with the use of
selective medium. While those methods are accurate and highly reliable they are laborious and
time-consuming due to long incubation times [8]. Alternative strategies for the detection of E. coli
include nucleic acid-based methods, like PCR, surface enhanced Raman spectroscopy or optical
nanomaterials [9—11] are often unable to distinguish viable from nonviable cells. That is, neither
antibody- nor DNA-based approaches can provide this distinction, unless a pre-culturing step is
included. The detection of mMRNA has been proposed as a strategy to overcome this hurdle [12].
Another approach for the rapid detection of bacteria, being able to distinguish viable and nonviable
cells, utilizes genetically engineered bacteriophages. Bacteriophages specifically infect bacteria by
their attachment to unique receptors on the cell surface. After attachment, the phage genome is
injected into the host cell, altering the bacterial metabolism to predominantly replicate the
bacteriophages. By altering the phage genome and including reporter genes, these become easily
detectable. As such, various reporter genes were engineered in bacteriophages, including the

reporter enzymes alkaline phosphatase [13], B-galactosidase [14] and luciferase [15,16].

Undoubtedly, these bacteriophage-based bioassays are truly promising approaches for the simple,
low-cost, rapid and highly sensitive detection of viable bacteria, but many challenges to their

practical operation maintain. Specifically, the reliable detection of bacteria in low concentration
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needs to be carried out in large sample volumes to fulfill government requirements. Furthermore,
real-world samples often consist of complex matrices containing compounds potentially interfering
with the reporter enzyme itself or disabling the signal readout, e.g. signal quenching or increasing
background signals. While dilution is a method used to reduce matrix effects it also affects the
amounts of analytes or expressed reporter present. Thus, inevitably, long bacteria cultivation
remains to be required. To shorten such incubation times to a minimum, effort has recently also
focused on a better separation and pre-concentration of the target cells or reporter enzymes. The
former can easily be done using filtration methods [17] or antibody coated magnetic nanoparticles
[18]. For reporter enzyme pre-concentration, smart genetic engineering approaches have been
demonstrated, in which the reporter enzyme is fused with a protein or peptide bearing specific
affinity to synthetic polymers, cellulose or gold [19—-21]. For example, this principle was successfully
applied to engineer bacteriophages expressing phosphatase or luciferase fused to a cellulose-
specific carbohydrate binding module and alkaline phosphatase fused to gold binding peptides
[16,22].

In this study, we present a strategy for the rapid detection of E. coli in agueous samples based on
the electrochemical quantification of alkaline phosphatase fused with a cellulose binding peptide.
This peptide allows the pre-concentration of the fusion enzyme on simple cellulose discs and hence
the use of larger amounts of sample. Enzymatically generated p-amino phenol was detected
electrochemically using screen-printed carbon electrodes requiring minimal equipment. The
combination of engineered bacteriophages with electrochemical detection offers hence sensitive,

low-cost detection of E. coli.

4.2 Material and Methods
4.2.1 Reagents and Materials

Whatman® antibiotic assay discs were obtained from Sigma-Aldrich. 1M NaOH and glycine were
obtained from Merck. ZnCl, and MgCl, were obtained from Sigma. DropSens Screen-printed carbon
electrodes (DRP-110) were purchased from Metrohm (Germany). p-aminophenyl phosphate and
Luria-Bertrani broth (LB broth, 10.0 g of tryptone, 5.0 g yeast extract, 10.0 g sodium chloride in 1 L
of Millipore water, pH 7.2) was obtained from Sigma (USA). A PalmSens 4 potentiostat (PalmSens,
Netherlands) was used for electrochemical measurements. Electrodes were connected to the
potentiostat using a boxed-connector for screen-printed electrodes to connect the electrodes

(DropSens, Spain).
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Glycine-NaOH buffer contains 50 mM glycine, 1 mM ZnCl, and 1 mM MgCl,. The respective pH was
adjusted with 1 M NaOH.

4.2.2 Bacteriophage and Bacterial Cultures

The T7-based reporter bacteriophage (NRGp2) was engineered as previously described by
Hinkley et al. [16]. Briefly, NRGp2 was engineered using the T7Select 415-1 kit (EMD Millipore,
Burlington, MA, USA). A mammalianized alkaline phosphatase [23] was inserted after an inserted
capsid gene stop codon and ribosome binding site (RBS) which was designed for high translation
rates using an RBS calculator. [24] The alkaline phosphatase (ALP) was fused with a carbohydrate-
binding module (CBM) specific to cellulose to allow for immobilization of the reporter enzyme (ALP-
CBM) following infection. The assembled phage genome containing the ALP-CBM gene was
transformed into E. coli BL21 for a reboot and subsequent progeny phages were further propagated
and purified. The ALP-CBM gene was verified in an isolated phage genome via whole genome

sequencing (NCBI Accession No. MH651796).

E. coli BL21 ATCC (Manassas, VA USA) was used for all experiments and was prepared as previously

described by Hinkley et al. [16].

4.2.3 Assay Procedure
E. coli infection

E. coli BL21 was grown in 20 mL LB broth from a single colony to an ODego of 0.64 at 37 °C shaking
constantly at 90 rpm. At this time, 10 mL of E. coli culture were infected with 5 x 10° plaque-forming
units of NRGp2 and returned to 37 °C and 90 RPM shaking for a further 30 minutes, at which point
the lysate was clear Scheme 1-1). The initial bacterial culture was plated in triplicate to determine

the concentration and the equivalent concentration of the lysate dilutions.

In order to capture and concentrate the ALP-CBM reporter probe due to its specific binding to
cellulose, 1 mL of E. coli lysate was filtered through a Whatman® cellulose antibiotic assay disc
(diameter 6 mm) at a flow rate of 50 pL min! using Legato 180 syringe pumps (kd Scientific)
(Scheme 1 -2). The antibiotic assay discs were washed with 200 uL of Glycine-NaOH buffer pH 10 at
a flow rate of 50 uL min! (Scheme 1 - 3). After washing, the disc was directly placed on the DropSens
SPCE and 20 pL of 10 mmol L p-aminophenyl phosphate (in Glycine-NaOH buffer pH 10) were

added (Scheme 1 - 4). For the enzymatic reaction the electrode was incubated for 30 min at 37 °C.
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Enzymatically generated p-aminophenol was electrochemically determined using differential pulse
voltammetry (DPV) from -0.2V to 0.3 V with 5s equilibration time (Scheme 1 - 5). Additional

parameters for DPV measurements were Epyise = 25 MV, tpuise = 80 ms and a scan rate of 20 mV-s™.

For the optimization of single assay parameters (T, pH, substrate concentration and reaction time),
the assay protocol was used with a single varying parameter with a negative control (LB broth) and
a 10° CFU mLE. coli sample. For data evaluation the signal—to—noise ratio of the electrochemical
signals obtained for 10° CFU-mL* E. coli sample vs the negative control LB broth was calculated. The
electrochemical response was evaluated with varied settings (tpuse=60—100 ms, Epuse =10 —
40 mV; scan rate = 10 — 20 mV s1). The best separation of the oxidation potential of pAP and pAPP
and the most reliable electrochemical response were obtained with tpuse = 80 ms, Epuise =25 mV and

a scan rate of 20 mV s™.
4.2.4 Statistical evaluation

The mean values (n = 4) among different concentrations of E. coli were determined to be
statistically different with Tukey’s t-test (P < 0.05). The lowest bacteria concentration being
significantly different from the negative control was declared to be the limit of detection (LOD) of

the bioassay.
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Scheme 1: Assay principle for the detection of E. coli via genetically modified bacteriophages. (1) E. coli is
incubated with NRGp2 bacteriophages. (2) The E. coli lysate is filtered through a cellulose disc and ALP-CBM
is binding to cellulose followed by (3) washing of the disc. (4) The enzymatic substrate pAPP is added to the

cellulose disc and enzymatically formed pAP (5) is detected electrochemically with DPV.

4.3 Results and Discussion

Based on prior research, a simple and sensitive, quantitative electrochemical biosensor was
developed for the detection of E. coli in drinking water. E. coli-specific bacteriophages had
previously been engineered to contain an alkaline phosphatase-carbohydrate binding module (ALP-
CBM) fusion gene. Specifically, the enzyme is a double mutant bacterial (E. coli) alkaline
phosphatase with a 40-fold higher activity compared to the wild-type bacteria. While the
temperature stability was maintained, the pH dependency of the enzymatic activity was shifted
from pH 8 to pH 10 [23]. This highly active ALP was then genetically fused to a carbohydrate binding
module (CBM) being highly specific to cellulose. The binding of this genetically modified enzyme to

cellulose is reported by Hinkley et al. within the colorimetric detection of E. coli [16].

Here, ALP activity was detected using differential pulse voltammetry on single-use screen-printed

carbon electrodes (SPCE) with the goal of developing a stand-alone, highly quantitative simple
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biosensor. Initially, the enzymatic reaction was optimized with respect to substrate, substrate

concentration, pH, reaction time and incubation temperature.

Two well-known ALP substrates were evaluated for electrochemical detection, p-nitrophenyl
phosphate (pNPP), and p-aminophenyl phosphate (pAPP). It was found that the LB broth had a high
background signal at enzyme reaction product pNP’s oxidation potential, which made the detection
of concentrations below 25 umol L impossible (Fig. S1A). In contrast, the lower oxidation potential
of the enzyme reaction product pAP had a limit of detection of only 5 umol L (Fig. S1C). However,
in order to further lower the limit of detection and overcome the limited stability of pAPP in LB
broth at 37 °C (Fig. S2) it was determined that a washing step between substrate addition to the
cellulose disc and prior to electrochemical detection was optimal. DPV settings were optimized for
the direct detection of pAP under optimized conditions for the enzymatic reaction. In Gly-NaOH
buffer (0.05M, pH 10.0) a significantly more sensitive detection for both analytes (10 pmol L pNP
and 0.5 pmol L pAP) (Fig. S1C and S1D) was achieved. A cellulose disc on top of the SPCE induced
a higher charge transfer resistance compared to the plain electrode but still enabled the
electrochemical detection with only slightly decreased sensitivity (Fig. S3). The use of alkaline
phosphatase without a cellulose-affinity tag demonstrates that only bacteriophage-derived alkaline
phosphatase activity is detected. Here, the washing process essentially eliminated any signal as the

alkaline phosphatase is washed off the membrane (Fig. S4 and Table S1).

For the enzymatic reaction of ALP and p-aminophenyl phosphate within the concentration range of
5 mmol-L to 20 mmol-L?, minimal differences were observed when considering the high standard
deviations (Fig. S5). A pAPP concentration of 10 mmol-L'? was determined to result in optimal

reactions.

Furthermore, temperature, pH and incubation times were optimized (Fig. 1). The physiological
temperature of 37 °C would increase the S/N only by a factor of 1.2 so that a use at room
temperature is clearly a possibility. In case of the pH, as expected, a more alkaline pH was favorable,
but reached an optimum at pH 10, above which background signals and standard deviations
increase due to signal substrate instability (Fig. S6). Similar effects were observed with respect to
the incubation time. While the S/N doubled between 15 and 30 min of incubation, additional
minutes lead to increased background signals and hence overall similar S/N albeit the overall signal
height increased (Fig. S6). In the end, the optimized condition was identified to incubate the ALP-
CBM for 30 minutes at 37 °C at pH 10 with 10 mmol L pAPP substrate.
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Fig. 1: Dependency of the signal-to-noise ratios for the electrochemical detection of E. coli. The S/N value is
defined as the ratio of the current obtained for 10° CFU mL* E. coli divided by the current obtained for the
negative control (LB broth). (A) S/N ratio obtained for varying reaction temperatures (25 °C and 37 °C) with
a reaction pH of 10.0 and 30 min reaction time. (B) S/N ratio obtained for varying reaction pH values (8.6;
9.3; 10.0; 10.6) with a reaction temperature of 37 °C and 30 min reaction time. (C) S/N ratio obtained for
varying reaction times (15, 30 and 45 min) with a reaction temperature of 37 °C. and reaction pH of 10.0.

Actual current signals with standard deviations of the n=3 measurements are provided in Fig. S5.

The detection principle is based on the activity of alkaline phosphatase generated by E. coli bacteria
upon phage infection. The amount of expressed alkaline phosphatase depends on the dynamic
interaction of E. coli and the phage as well as incubation time [6]. The concentration of utilized
phages 5 x 108 PFU/mL and the incubation time of 30 min were based on earlier findings. The lytic
nature of the T7 phages induces lysis of the bacterial cells at the end of the infection cycle which
releases the reporter enzyme and replicated phages. Without any further sample treatment, the
generated ALP was immobilized on a cellulose disc via its CBM and utilized for the enzymatic
dephosphorylation of pAPP. Hence, the amount of immobilized ALP correlates with the number of

E. coli cells and is determined by the amount of enzymatically generated pAP via DPV.

Two major aspects were optimized with respect to the design of the electrochemical biosensor.
First, a method for the filtration of bacterial lysate and hence pre-concentration of ALP-CBM on
cellulose filter discs had to be established. The ultimate goal is a reliable method that could be
applied to various volumes in a simple format. Preliminary experiments using manually dropped
solution onto the discs demonstrated, that gravity-based flow through the filter discs combined
with their inherent capillarity was sufficient and no complex or slower flow was needed. Automated
processing was obtained by continuous dropping through syringe pumps by setting flows that relied
on the gravity and capillary-driven flow through the discs and facilitates the processing of larger
sample volumes (e.g. 1 mL, 5 mL). With the use of cellulose membranes this method is adaptable

to larger scale filtration as shown by the WHO for ceramic pot filters and fiber membranes [25,26].
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Secondly, the combination of cellulose discs on top of SPCE for the detection of pAPP was

optimized. Specifically, the smaller the volume needed, the lower ALP-CBM concentrations could

be determined. It was found that volumes below 35 pL when added to a dry disc would not result

in stable electrochemical signals as in this case the solution is held within the cellulose matrix and

does not allow proper wetting of the electrode surface. Ultimately, an addition of 20 pL of

enzymatic substrate to the wet cellulose disc resulted in highly reliable signals after 30 minutes

incubation at 37 °C. In the future, such volumes could be minimized by integration of the electrodes

and discs into microfluidic channels, which would consequently lower the limit of detection [27].

The analytical performance of the proposed electrochemical biosensor was analyzed using varying

E. coli concentration (0, 10, 102, 103, 10%, 10°, 108 CFU mL™). For concentrations above 103 CFU mL

! the oxidation peak for pAP is easily discernible (Fig. 2A), and a limit of detection was accordingly

established at 10® CFU mL! which is significantly different (P < 0.05) from the negative control.

(Fig. 2B).
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Fig. 2: A DPV curve for increasing concentration of E. coli. The inset is the amplification of the control and low

E. coli concentrations (10, 102, 10 CFU-mL™). B Absolute peak height determined for varying concentration

of E. coli. The inset is the amplification of the control and low E. coli concentrations (10, 102, 10® CFU-mL1).

Bars with different letters (a, b, ¢, d, e) are significantly different (P < 0.05). (n = 4; error bars represent

standard deviations). C Calibration curve for the electrochemical detection of E. Coli (n=4; error bars

represent standard deviations).
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Table 1: Recently published electrochemical bioassays for the bacteriophage-based electrochemical

detection of E. coli are listed including the electrochemical detection method used, LOD and detection time.

Detection method LOD Detection time Reference

Bioassays Linear Sweep 10°CFU mL? 4h [22]

Voltammetry 1 CFU / 100 mL 12h

Differential Pulse 10?CFU mL™* 7h [6]

Voltammetry

Potentiometry 2 CFU >8 h [28]
Electrochemical 103 CFU mL? 20 min [29]
Impedance

Spectroscopy

Differential Pulse 103CFU mL™? 2h This work

Voltammetry

The LOD of 10® CFU mL! is comparable to other electrochemical bioassay approaches using
bacteriophages for the detection of E. coli. Wang et al. were able to detect 10? CFU-mL™ within 7 h
utilizing engineered phages overexpressing B-galactosidase without any sample pretreatment [6].
With the use of NRGp7 phage coupled to magnetic beads for preconcentration of bacteria and
preconcentration Wang et al. were able to detect 1 CFU in 100 mL within 12 h of assay time [22].
Hereby they were using overexpressed alkaline phosphatase fused to gold binding peptides
enabling the immobilization of the reporter enzyme directly on the electrode. Shabani et al. as well
utilized phage-coated magnetic beads for the separation of phages before the detection of E. coli
with electrochemical impedance spectroscopy on phage-modified screen-printed carbon
electrodes [29]. Using filtration for the sample pretreatment and preconcentration of E. coli
followed by preincubation before phage infection Neufeld et al. have shown to be able to detect
E. coli within 8 h [30]. In a phagemid assay as well using filtration as pretreatment they were able
to lower the limit of detection to 1 CFU-mL? within 3 h [31]. The here presented approach hence
falls within the same category of tests with the advantage of relying on simple SPCEs, simple
filtration processes for pre-concentration and an overall low-cost approach. It can be concluded
that also this assay can reach an even lower limit of detection but processing higher sample

volumes. Gravitational pressure driven membrane ultrafiltration with flow rates up to 12 L/hour
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are reported for household water treatment [26]. In combination with novel developments of
(nano-)cellulose membranes this approach can increase the assay performance directly by the
processing of larger volumes of bacterial lysate without costly equipment [25,32]. Besides the
processing of larger lysate volumes the bacterial cells can be preconcentrated beforehand the
phage infection using filtration techniques like vortex flow filtration or tangential flow filtration
[33,34]. While filtrations are scalable to liters the rapid preconcentration of viable bacteria in the
mL-range can be reached reliably with novel methods, e.g. the use of magnetic ionic liquids or
superparamagnetic anion exchangers [35,36]. Alternatively, especially in order to detect
concentrations as low as 1 CFU/ 100mL, preincubation of the sample prior to detection is suggested.
Since incubation of cells with the bacteriophages is needed in any event, it would not further
complicate the assay, but only prolong it be a few hours. With a doubling time of 31 + 3 min [37]

1 CFU/ 100 mL E.coli to 10® CFU mL™* within 8.5 h.

4.4 Conclusion

The detection of bacterial contamination in food and water is required to ensure public health.
Therefore, a strategy combining engineered T7 phages with electrochemical detection was
developed for the detection of E. coli. Without preconcentration this approach was able to detect
103 CFU mL™ E. coli within 2 h in a very simple mix-and-wait assay strategy. Recent research proved
that phages are an excellent alternative biorecognition element to antibodies or aptamers for the
specific detection of bacteria. [38] In addition to their extremely high binding affinity they can also
distinguish between viable and non-viable bacteria cells, which is otherwise only possible through
lengthy additional metabolic assays or mRNA detection strategies. Compared to antibodies, phage
production is significantly less costly and phages are less demanding in storage, making them
especially attractive for resource-limited applications as lyophilized phages have been reported to
maintain viability up to 10 months when stored at 37 °C [39]. With unspecific binding and
corresponding background signals being a common challenge in bioassay formats the lytic phage
approach overcomes this due to the phage’s inherent life cycle, i.e. reporter enzymes and phages
are only replicated after the successful infection of the specific viable host bacteria cell [6]. All of
those properties favor the implementation of phages into cost-efficient bioassays or biosensors

which are especially needed in the developing world to ensure drinking water quality.

Most phages are highly specific toward their host bacteria, which on the one hand requires multiple
engineered phages to cover an appropriate host range of E. coli from fecal contamination [16]. On

the other hand, it suggests that the here presented principle can easily be adapted to the specific
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detection of other pathogens. It thus paves the way for a new class of biosensors for the
identification and quantification of bacteria by the engineering of different phages. Furthermore,
multi-analyte detection strategies can be realized through the use of various engineered host-

specific phages expressing different enzymes.
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Figure S1: (A) Differential-pulse voltammograms for the detection of different concentration of
p-nitrophenol (0; 5; 10; 25; 50; 100 umol L) in LB broth. (B) Differential-pulse voltammograms for the
detection of different concentration of p-nitrophenol (0; 5; 10; 25; 50; 100 pmol L) in Gly-NaOH (0.05M,
pH 10.0). (C) Differential-pulse voltammograms for the detection of different concentration of
p-aminophenol (0; 5; 10; 25; 50; 100 umol L) in LB broth. (D) Differential-pulse voltammograms for the
detection of different concentration of p-aminophenol (0; 0.1; 0.5; 1; 5; 10; 25 umol L) in Gly-NaOH
(0.05M, pH 10.0).

108



Electrochemical detection of Escherichia coli via genetically modified bacteriophages

20

-
(4.}
1

current / pA
—
(=]

02 00 02 04 06 08
potential / V

Figure S2: Differential-pulse voltammogram of 5 mmol L™ p-aminophenyl phosphate in Gly-NaOH (0.05M,
pH 10.0) (black) and 5 mmol L'tin LB broth after incubation for 15 min at 37 °C, respectively.
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Figure S3: A Cyclic voltammetry of 1 mmol L' p-aminophenyl phosphate and 1 mmol L'! p-aminophenol on
screen-printed carbon electrodes with or without cellulose disc in 50 mM Gly-NaOH buffer pH 10 (scan rate

50 mV s). B Nyquist plot for electrochemical impedance spectroscopy measurements of 1 mmol L p-
aminophenol on screen-printed carbon electrodes with or without cellulose disc in 50 mm Gly-NaOH buffer
pH 10 8 (Fixed potential 0.01V, Max. frequency 50000 Hz, Min. frequency 0.1 Hz, n(frequencies) 57 =

9.8 dec.).
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Figure S4: Differential-pulse voltammograms, from -0.2 V to 0.15 V), performing the assay with alkaline
phosphatase from bovine intestinal mucosa (purchased from Sigma-Aldrich, Germany) (ALP) without a
cellulose-specific carbohydrate-binding module (0.01 U mL?) without washing of the cellulose disc,
including washing of the cellulose disc and a negative control not containing alkaline phosphatase. The

sharp oxidation peak for the negative control is caused by silver impurities on the SPCE.

Table S1: Results of the assay performance with and without washing, respectively, using alkaline

phosphatase without a cellulose-specific carbohydrate-binding module (n =3).

Experiment Abs. peak height / pA

0.01 U mL! ALP without washing  0.320 + 0.020
0.01 U mL* ALP with washing 0.017 £ 0.003

Negative control 0.009 +£0.004
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Figure S5: Dependency of the current on varying concentration of the enzymatic substrate p-aminophenyl
phosphate (0, 5, 10, 15, 20 mmol-L') detecting 10° CFU/mL E. coli infected with the genetically engineered
bacteriophage. The enzymatic reaction carried out at pH 10, 37 °C for 30 min. (n = 4; error bars represent

standard deviations)
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Figure S6: Dependency of the currents for the electrochemical detection of 0 and 10° CFU mL E. coli. 20 uL
of 10 mM pAPP was used within all measurements. (A) Currents for the enzymatic reaction being
performed at pH 10.0 with 30 min reaction time under varying reaction temperatures (25 °C; 37 °C). (B)
Currents for the enzymatic reaction being performed at 37 °C with 30 min reaction time with varying pH
(8.6; 9.3; 10.0; 10.6). (C) Currents for the enzymatic reaction being performed at 37 °C pH 10.0 with varying

reaction times (15 min, 30 min, 45 min).n =3
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5 Liposome-based POCT sensors for the detection of beta-

hemolytic Streptococcus pyogenes

Abstract

A simple amperometric approach for the detection of Streptococcus pyogenes (S. pyogenes),
exemplary for beta-hemolytic bacteria, was investigated using liposomes of varying sizes. Beta-
hemolysis was detected electrochemically using low-cost laser-induced graphene (LIG) electrodes
and liposomes encapsulation the electrochemical marker potassium ferrocyanide. Interaction of
hemolysins of beta-hemolytic S. pyogenes releases the encapsulant. Liposomes with increasing size
were found to directly correlate with higher sensitivities for the detection of S. pyogenes with a
limit of detection of 102 CFU mL? within 7.25 h. Liposomes were stable against non-hemolytic
Escherichia coli (E. coli) and S. pyogenes were successfully detectable in the presence of E. coli. The
developed sensor has the potential to outperform conventional blood agar plates for more timely

results in clinical diagnostics.

This chapter has not been submitted.
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5.1 Introduction

While nonpathogenic bacteria being beta-hemolytic are rare to find beta-hemolysis is considered
of highly predictive indication for the presence of pathogenic bacteria [1]. Hence a test for the
detection of beta-hemolysis not only would be limited for clinical samples but could be utilized for
the monitoring of food safety [2]. Listeria monocytogenes, Vibrio vulnificus and Clostridium
botulinum are beta-hemolytic bacteria and are related with the highest hospitalization and death
rates among foodborne pathogens, of 15.9 %, 34.8 % and 17.3 %, respectively. [3] A rapid beta-
hemolytic test would allow to exclude those pathogens in addition to other beta-hemolytic
foodborne pathogens [2]. Particularly, for multiple of these beta-hemolytic pathogens methods
based on genetic or antigenic detection, e.g. antibody-antigen tests [4] or nucleic acid-based tests
[5,6], and not relying on their beta-hemolytic properties. While those tests are limited to single
analytes a rapid, sensitive assay for the detection of beta-hemolysis would cover multiple beta-

hemolytic bacteria.

Streptococci are Gram-positive bacteria which can cause various human diseases [7]. They are
characterized based on their ability of erythrocyte lysis using blood agar plates, sub-classifying them
into alpha, beta and gamma hemolytic bacteria, causing partial, complete or no lysis of
erythrocytes, respectively [7]. The most prominent is Streptococcus pyogenes, often referred to as
Group A streptococcus (GAS). It causes mild to severe infections of skin, soft tissues, joints and the
lower respiratory system. Scarlet fever remains a serious childhood disease and even antibiotic
treatment did not decrease in several developed countries [8]. Millions of infections are caused by
S. pyogenes each year with approximately 1100 to 1600 death per year [9] and substantial costs for
health systems [7,10]. With overuse and misuse of antibiotics being identified to highly contribute
to the rapid emerging of resistant bacteria it has become crucial to avoid unnecessary antibiotic
treatment [11]. Even today, the 1903 invented, blood agar plates are the gold standard for the
diagnosis of S. pyogenes in throat swab samples. Being not timely enough to supporting antibiotic
treatment decisions it is yet inly used to confirm negative rapid antigen detection tests [1]. Hence,
highly sensitive and timely analytical tests are required to enable fast and sufficient medical
treatments. After their discovery in 1964 by Bangham et al. liposomes have been proven to have

several practical uses, including their ability to serve as erythrocyte surrogates [13,14].

Almost all clinical isolates of S. pyogenes produce the potent cytolytic products Streptolysin O and
Streptolysin S [15]. Interactions of those hemolysins with liposomes and their ability to not only lyse
erythrocytes but also synthetic liposomes were already investigated in the 1970s and 1980s [16—

18]. Hence the principle of using liposomes as erythrocyte surrogates for the quantitative and
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qualitative detection of B-hemolysis was applied for liposomes in a proof-of-concept for pore-
forming bacterial toxins [19] as well as for the direct detection of B-hemolytic bacteria using

liposomes encapsulating electrochemical active species or fluorescent dyes, respectively [1,20].

If outperforming blood agar plates in speed this assay principle is applicable to multiple fields, e. g.
food safety or diagnostics, for the rapid screening of samples for possible pathogenic bacteria. We
demonstrate a simple electrochemical approach based on liposomes, encapsulating electroactive
potassium ferrocyanide, and laser-induced graphene electrodes (LIG). The detection principle relies
on the lysis of liposomes by beta-hemolytic S. pyogenes and the following electrochemical

detection of released electroactive encapsulant.

5.2 Material and Methods
5.2.1 Materials and Bacterial Strains

1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 1,2-dipalmitoyl-sn-glycero-3-phospho-(1'-
rac-glycerol) sodium salt (DPPG), as well as the liposome extrusion kit, were purchased from Avanti
Polar Lipids, Inc. (United States). 2-[4-(2-hydroxyethyl)-1-piperazinyllethanesulfonic acid (HEPES),
chloroform and sucrose were bought from VWR (Germany). Brain-Heart infusion broth (BHI),
Cholesterol, methanol, sodium azide, 1 mol L'¥sodium hydroxide solution, potassium ferrocyanide
trihydrate, Sephadex G-50 medium and Whatman nuclepore track-etched polycarbonate
membranes (1.0; 0.4; 0.2 and 0.1 um pore size) were obtained from Sigma-Aldrich (Germany).
Sodium chloride was purchased from Roth Chemie GmbH (Germany). The dialysis tubes,
Spectra/Por 4 regenerated cellulose dialysis tubing (MWCO 12 kDa), were bought from Spectrum
Chemical Manufacturing Corp. (United States). Nitric acid was purchased from Fisher Scientific
GmbH (Germany) and the phosphorus standard solution (p(P) = 1.000 g L) was obtained from
Bernd Kraft GmbH (Germany). Kapton HN polyimide film was purchased from cmc Klebetechnik
(Germany), Busch 5900 silver conductive paint was purchased from Conrad Electronic SE
(Germany). The bacterial strains Streptococcus Pyogenes (ATCC 12344) and Escherichia Coli K12
(ATCC 23716), were purchased from the DSMZ (German Collection of Microorganisms and Cell

Cultures GmbH, Germany).

Single colonies of bacterial strains were inoculated into 5 mL of sterile BHI and incubated overnight
at 37 °C. Overnight cultures were 1:100 diluted into 10 mL of fresh BHI and allowed to grow to an
ODgoo 0f 0.8 —1.0 at 37 °Cand gently shaking (180 rpm). These bacterial cultures were freshly diluted

in BHI before measurements. The number of bacteria was determined with plate counting.
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5.2.2 Liposome preparation

Liposomes were prepared using a slightly modified reverse-phase evaporation protocol by Edwards
et al. DPPC (30.0 mg, 40.9 umol), DPPG (15.0 mg, 20.1 umol) and cholesterol (20.1 mg, 52.0 mol)
are dissolved in a mixture of chloroform (3 mL) and methanol (0.5 mL) at 42 °C and sonicated for
1 min in a sonication bath. A 42 °C solution (2 mL of 200 mM K4[Fe(CN)g] in 0.1 M HEPES) was added
and sonicated for additional 4 min. The organic solvents were removed at 42 °C and 400 mbar using
a rotary evaporator for 30 min. After a second addition of 2 mL 42 °C 200 mM Ka4[Fe(CN)e] in 0.1 M
HEPES the mixture was vortexed for 5 min before additional removal of remaining organic solvents
using the rotary evaporator at 42 °C (20 min at 380 mbar followed by 20 min at 280 mbar). The
crude liposome dispersion is in the following extruded at 45 °C through 1.0 um membranes for
21 times. To synthesize liposomes of different size the dispersion is partly extruded to smaller
membranes for 21 times with decreasing pore size (0.4; 0.2; 0.1 um). The liposomes were purified
with size-exclusion chromatography with Sephadex G-50 8medium) in a 60 x 20 mm column using
HEPES-saline sucrose buffer (HSS; 10 mmol L' HEPES, 200 mmol L™ NaCl, 200 mmol L? sucrose,

1.5 mmol L't NaNs at pH 7.5). Liposomes were dialyzed overnight against HSS and stored at 4 °C.
5.2.3 Preparation of laser-induced graphene electrodes

Laser-induced graphene was generated of Kapton HN polyimide film (thickness 125 um) using a VLS
2.30 laser cutting platform (Universal Laser Systems, USA) with a wavelength of 10.6 um. LIG
working and counter electrode were scribed under ambient conditions with a 2 inch lens. The
polyimide foil was placed in focus of the laser beam and LIG was scribed in raster mode with laser
power of 1 % corresponding to 0.3 W, speed of 10 % corresponding to 12.7 cm s and image
density 7 under ambient conditions. LIG was used as working electrode and counter electrode. The
quasi silver reference electrode was painted with silver conductive paint. Nail polish was used to
passivate electrode leads and electrode contacts were protected with conductive adhesive copper

tape. (Figure S1).
5.2.4 Electrochemical measurements

Electrochemical measurements were performed using a potentiostat (PalmSens4, Palmsens BV,
Houten, The Netherlands). Data evaluation was performed with PSTrace 5.7 software (Palmsens
BV, Houten, The Netherlands). Electrodes were connected to the potentiostat via a Palmsens SPE
Connector (2 mm banana). Dilutions of the bacterial cultures were grown in BHI for varying times
(0; 3; 7 h) at 37 °C under shaking (150 rpm) using an Eppendorf thermostat. Liposomes were diluted
in HSS to a total lipid concentration of 2.5 mmol L. 20 pL of the bacteria sample were mixed with

5 uL of the liposome solution (2.5 mmol L total phospholipids) to yield a total lipid concentration
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of 0.5 mmol L! in the final assay and incubated for 10 min before amperometric detection of
released potassium ferrocyanide by applying a potential of 340 mV for 60 s. For data evaluation the
measured current of a negative control, containing 80 % BHI and 0.5 mmol L, was subtracted from
the measured current after 60 s. For the heat-inactivated samples S. pyogenes was grown in BHI for

7 h before heat inactivation at 95 °C for 30 min.

5.3 Results and Discussion

Liposomes are spherical particles consisting of a lipid bilayer being formed by hydrophobic tails of
the lipids forming the bilayer, whereby phospholipids are usually the main component. [21] The
addition of cholesterol to liposomes, consisting of phospholipids, reduces the permeability of the
membrane. [22] Duncan et al. reported on the crucial role of cholesterol for the interaction of
Streptolysin O with rabbit erythrocytes as well as liposomes in 1975 [16]. More detailed studies by
Rosenquist et al. suggest 50 mol% cholesterol to be optimal for Streptolysin O-induced lysis of
egg lecithin/cholesterol liposomes [17] while Duncan et al. demonstrated a more complex
relationship between lipids and cholesterol content with respect to Streptolysin S-induced lysis.
Liposomes containing phospholipids with unsaturated fatty acids were found to get lysed
irrespective of the cholesterol content. In contrast liposomes containing C16 :0 and C18:0
phosphatidylcholine were stealth without cholesterol yet significantly lysed with 40 mol%
cholesterol included in the liposomal membrane [18]. Due to our own experience with these
phospholipids and cholesterol content with a variety of encapsulants, beside potassium
ferro/ferricyanide also sulforhodamine B, NaCl or m-carboxy luminol [23][24-26], the hence
possibility to design liposome-based bioassays and the outstanding long term stability of these
liposomes of over years at 4 °C and at least 1 year at room temperature [25], such composition was

chosen for the studies with hemolytic bacteria.

Liposomes of different sizes were synthesized using the reverse phase evaporation method
combined with extrusion through membranes of different pore size since unilamellar liposomes
produced by reverse-phase evaporation are reported to be extremely sensitive models for
membrane-damaging effects of cytolytic toxins [18]. The hydrodynamic diameter of the synthesized
liposomes shows an excellent correlation with pore size of the applied extrusion membranes for
pore sizes of 1.0 um and 0.4 um. While for the additional extrusion through 0.1 um pore size
membranes did not reduce the liposome size below the pore size (Figure 1). The influence of
liposome size and the time dependency towards lysis in the presence of S. pyogenes is investigated

with liposomes of different sizes (180 nm, 340 nm and 700 nm) (Figure 1). For all liposomes a fast
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lysis by S. pyogenes is observed reaching the maximum electrochemical response after 10 — 20 min
(Figure 2).
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Figure 1: Hydrodynamic diameters of liposomes synthesized using membranes with different pore sizes
during extrusion. 180 nm liposomes (black) extruded through membranes of 1.0 pm, 0.4 um, 0.2 um and
0.1 um pore size. 340 nm liposomes (blue) extruded through membranes of 1.0 um and 0.4 um pore size.

700 nm liposomes (orange) extruded through membranes of 1.0 um pore size.
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Figure 2: Time-dependent electrochemical measurements of differently-sized liposomes (500 pmol L total
lipid) with 108 CFU mL* S. pyogenes. Liposome hydrodynamic diameters 180 nm (A), 340 nm (B) and
700nm (C).n=3

Higher electrochemical signals in the presence as well as in the absence of S. pyogenes are
measured with increasing liposome size. While a higher volume-to-surface ratio for liposomes with
larger hydrodynamic diameters a higher amount of encapsulated ferrocyanide enables a higher

electrochemical signal with complete liposome lysis (TableS1) (1.6 : 14 : 1 for
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700 nm : 340 nm : 180 nm liposomes). Hence a similar behavior in BHI as well as in the presence of
S. pyogenes should represented by this ratio if liposomes show the same lysis independently of
their size. For 340 nm liposomes compared with 180 nm liposomes the encapsulant ratioof 1.4 : 1
is maintained in BHI (1.4 : 1) as well as in 108 CFU mL? S. pyogenes (1.3 : 1). Contrary results are
obtained for the larger 700 nm liposomes. Compared to 180 nm liposomes the determined
encapsulant ratio of 1.6 : 1 increased in BHI (2.6 : 1) as well as in 108 CFU mL? S. pyogenes (1.9 : 1)
and hence clearly indicate a reduced stability in the BHI overlaying possible effects of beta-

hemolysis.

The different-sized liposomes were tested for the detection of S. pyogenes (Figure 3). Interestingly,
without cultivation of S. pyogenes the direct detection only was achieved with the larger liposomes
(340 nm and 700 nm) for concentration above 10° CFU mL S. pyogenes. To enable a more sensitive
detection of S. pyogenes samples are pre-cultivated at 37 °C before detection for 3 h or 7 h,
respectively. While a pre-incubation of 3 h only slightly improves the assay’s sensitivity with 7 h of
pre-incubation S. pyogenes was detected at concentrations of 10° CFU mL* (180 nm liposomes) or
at slightly more sensitive with larger liposomes, 340 nm and 700 nm, with a limit-of-detection (LOD)
of 10% CFU mL?! matching the infectious dose of 103 CFU [1]. Relatively high standard deviations
hereby are causing relatively high LODs in the electrochemical detection, especially for the smaller

liposomes, and hence play a crucial role for further developments.
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Figure 3: Electrochemical detection of S. pyogenes with different pre-cultivation times (0 h orange; 3 h
green and 7 h blue) using liposomes of different size. Liposome hydrodynamic diameters 180 nm (A), 340
nm (B) and 700 nm (C). * marked concentration of S. pyogenes are significantly different from the negative

control BHI (P <0.05).n=3

To verify the detection of the beta-hemolytic activity of S. pyogenes non-hemolytic E. coli and heat-

inactivated S. pyogenes were tested using the most sensitive approach identified, i.e. after 7 h pre-

118



Liposome-based POCT sensors for the detection of beta-hemolytic Streptococcus pyogenes

cultivation (Figure 4A and 4B) using 700 nm liposomes. In both cases a current lower than that of
the negative control, containing only BHI and liposomes, was determined. The same effect had been
already observed earlier (Figure 3) and is assumed to be caused by metabolic products or bacterial
cells settling on the electrode surfaces and blocking electron transfer and hence no additional lysis
of the liposomes took place. This effect reduces the assay sensitivity as it disturbs the
electrochemical reaction of the released liposome encapsulant and should be taken into
consideration in real-world samples, which will involve coexistence of bacterial populations. Thus,
the detection of S. pyogenes in the presence of 10* CFU mL? E. coli was found to decrease the

sensitivity of the assay by an order of magnitude to 10 CFU mLS. pyogenes (Figure 4C).
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Figure 4: Electrochemical detection of (A) E. coli, (B) heat-inactivated S. pyogenes and (C)
S. pyogenes in mixture with 10* CFU mL™ E. coli with 7 h pre-cultivation time using 700 nm

liposomes. n =3

With a total analysis time of 7.25 h and a LOD of 102 CFU mL* this end-point assay is a promising
approach for the detection of beta-hemolytic bacteria in a portable sensor format. While the LOD
A time-resolved sensing concept for the detection of beta-hemolytic bacteria using liposomes
encapsulating a fluorescence dye was published by Sum et al. [1]. With a higher LOD of 10* CFU mL!
they were able to detect S. pyogenes within 50 min and showed the selective lysis of the utilized

liposomes by multiple beta-hemolytic bacteria.

5.4 Conclusion

The electrochemical detection of S. pyogenes utilizing its beta-hemolytic properties was achieved

in a simple assay format utilizing lysis of liposomes in the presence of beta-hemolytic bacteria by
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direct measurement in the bacteria media. The concept of using liposomes for the replacement of
blood erythrocytes for the detection of beta-hemolysis is not new and the principle was applied for
optical and electrochemical detection [1,20,27,28]. While earlier investigations on the interaction
between liposomes and beta-hemolytic bacteria mainly focus on the lipid composition of the lipid
vesicles [28] this work investigated the influence of differently sized liposomes. Whereas
S. pyogenes was detected with slightly higher sensitivities utilizing larger liposomes. Since it was
proven that the hereby used liposomes are stable against non-hemolytic E. coli a wider study needs
to verify the assay principle by on the one hand the stability of the utilized liposomes against various
non-hemolytic and alpha-hemolytic bacteria. On the other hand, the assays’ suitability for
numerous other beta-hemolytic bacteria needs to be verified. Sum et al. reported on beta-
hemolysis selective liposomes with highly varying detection times for severe bacteria being caused
by differently expressed hemolysins and microbial grow rates [1]. The hereby presented sensor
enables the design of a portable detection system and easy execution protocols to identify the
presence of beta-hemolytic pathogens. Similar to methods applied in lateral flow assays, the
dehydration of liposomes on top of the electrode followed by rehydration during the addition of

the bacterial sample could further simplify the sensor [29].

The interest of detecting beta-hemolysis exists in clinical diagnostics where faster detection of beta-
hemolysis could replace the established blood agar plate and not only reduce costs in diagnostics
but with more timely results as well avoid antibiotic overuse being a key driver for antimicrobial
resistance [30]. With low costs and easy instrumentalization, the hereby presented sensor principle
offers new possibilities for the future detection of pathogenic beta-hemolytic microorganisms not

being limited to POCT but also for other relevant fields like food safety.
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5.6 Supporting Information

Figure S1: Three electrode system for the electrochemical detection of beta-hemolytic S. pyogenes, (a)

Laser-induced graphene (LIG) counter electrode, (b) LIG working electrode (c) Ag quasi-reference electrode.
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Figure S2: Electrochemical detection of Ka[Fe(CN)s] (0, 25 and 250 pmol L) in the presence of liposomes
(hydrodynamic diameter 700 + 290 nm) in different concentrations (0; 10; 50; 100 and 500 pmol L total
lipids (tL)). n=3
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6 Conclusions and Future Perspective

This thesis discusses advantageous electrochemical bioassay formats that provide analytical
answers for the detection of bacteria with relevance in the fields of food safety and medical
diagnostics. Furthermore, in combination with the findings on novel electrochemical microfluidic
sensing systems a basis for the future development of powerful sensor technologies for the

detection of microbial contamination for food safety and point-of-care-testing (POCT) is provided.

Although the convergence in the fields of biosensors, microfluidics, and electrochemistry has led to
outstanding developments the latest electrochemical biosensor developments are neglecting novel
concepts and mostly focus on small improvements, e.g. simple electrode modification with a large
variety of nanomaterials, to reach higher sensitivities [1,2]. In the last two decades, biosensors using
carbon-based electrodes with an emphasis on carbon nanotubes and graphene have received a lot
of attention [3-5]. As stand-alone electrodes laser-induced graphene (LIG) is particularly interesting
due to its ease-of-fabrication [6] combined with excellent electrochemical properties including
small peak potential differences, high electrode transfer rates, and a good peak-current response
[7]. The pressure-driven transfer of LIG to thermoplastic substrates was proven to
electrochemically outperform established transfer strategies and makes high quality LIG electrode
production independent from the substrate material. Consequently, this strategy dramatically
expands the applicability for LIG also for electrochemical microfluidics systems as transferred LIG
(tLIG) is independent of chemical and thermal properties of the polyimide substrate. A detailed
characterization of the tLIG revealed differences mainly only in the surface morphology in
comparison to LIG due to the non-homogeneous nature of LIG itself, i.e. with a less porous bottom
of LIG, the turn-over of the electrode material due to the transfer process, reduces the
electrochemically active surface area of LIG. In electrochemical applications, the sensitivity of tLIG
was found to be reduced for cyclic voltammetry and square wave voltammetry, while for
amperometric measurements the two materials performed equally, both off-chip and on-chip for
p-aminophenol detection. Since the surface morphology of LIG is strongly dependent on the energy
density of the CO,-laser during fabrication further investigations and improvements of tLIG are
envisioned through optimization of the original LIG fabrication [8]. For example, with increasing
scribing speed and higher laser power a fiber-like LIG structure with lower density and stiffness is
obtained often correlating with higher sheet resistance [9]. The transfer process of those LIG
compounds may be highly beneficial by slightly compressing the structures, hence decreasing the

sheet resistance while maintaining an overall superior surface area through high porosity.
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Since the transfer process adds an additional fabrication step, its commercial applications may be
limited, as long as polyimide can be tolerated as substrate material. In this case, the direct use of
LIG for the fabrication of microfluidic chips would be of primary interest. In addition to the
substrate-independent use of double-sided adhesive tape, substantial advances for the direct
bonding of polyimide with PMMA were gained with a UV/ozone assisted solvent bonding protocol.
Further improvements in the bonding might be obtained by combining the developed solvent
bonding with silane coupling agents, as various silane agent couplings have already been
successfully applied for the bonding of polyimide to PDMS [10,11] and also to enhance the bonding

of PMMA to e.g. alumina or titanium [12,13].

Electrochemical detection strategies for the bacteria Escherichia coli and Streptococcus pyogenes,
as a representative of B-hemolytic bacteria, using bacteriophages (phages) and liposomes as
biorecognition elements were developed. The detection of the bacterial species is of interest to the
field of food safety or medical diagnostics, respectively. The developed bioassay strategies were
designed aiming for simple, user-friendly, low-cost but highly sensitive detection strategies based

on carbon electrodes.

While the use of genetically modified reporter phages, with introduced genes, for the detection of
bacteria already has been described in the late 80s by Ulitzur and Kuhn [14], the number of
publications on bioassay and biosensors using bacteriophages just has increased in the last years.
The use of reporter phage systems has emerged as a promising strategy besides the direct detection
using bacteriophages as biorecognition elements in impedance sensors [15,16]. Here, for the
detection of E. coli, an indicator for fecal contamination in drinking and environmental water, the
developed electrochemical bioassay uses genetically engineered reporter T7 phages. After
infection, viable E. coli cells overexpress an optimized alkaline phosphatase, fused to a cellulose-
specific carbohydrate-binding module. This affinity tag enables the enrichment of produced alkaline
phosphatase by simple filtration through cellulose and hence overcomes limitations of the direct
detection in the sample solution, e.g. low enzyme concentrations or matrix interferences. After the
addition of the enzymatic substrate p-aminophenyl phosphate, the amount of captured enzyme,
directly correlating with the number of viable E. coli, was successfully detected electrochemically
simply by placing the cellulose filter disc on a screen-printed electrode. With this proof-of-principle
further optimization for eventual application in the field relate to both the assay set-up and also
pretreatment strategies. The enrichment of the bacteria before the phage infection would be a
simple approach to enhance the assay performance. Pre-enrichment methods for bacteria include
centrifugation, immunomagnetic separation, bacterial concentration, and cultivation [17].

Considering the often-required detection limit, for drinking water, 1 bacteria / 100 mL, cultivation
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is the most suited enrichment strategy. Furthermore, within the proposed assay the filtration of
the lysate is a crucial step in determining the assay’s sensitivity directly by the amount of
immobilized enzyme. Improvements during filtration may include the filtration of larger sample
volumes and/or the more efficient enrichment due to a higher surface area. While the electrode
size is a limiting factor for the cellulose disc the use of cellulose nanofibers could provide a higher
surface within the same geometrical size. Finally, an obvious drawback results from the simple
bioassay design with a decreased sensitivity in the electrochemical detection itself caused by the
cellulose disc on top of the electrode resulting in higher charge transfer resistance. While the use
of more porous cellulose nanofibers may already be an improvement an even more efficient
strategy might be the direct immobilization of produced enzyme to the electrode via an affinity tag.
Being already successfully developed for phages expressing gold-binding peptides fused alkaline
phosphatases, [18] a promising approach may be the modification of alkaline phosphatase with
graphene-binding peptides for the direct immobilization on LIG [19,20]. Hereby the integration of
LIG in microfluidic chips, as presented in chapter 2, can form the basis for not only improving the
sensitivity of the assay but also a reduction of manual assay steps. Furthermore, the future use of
capillary microfluidics has the potential to simplify the assay protocol even more and reduce costs
without the need for pumps [21]. When considering the application in on-field applications the
temperature dependency of the bacterial growth, the phage infection and the enzymatic reaction
must be taken into consideration. In laboratories the incubation at 37 °C can be assured while lower
temperatures have an adverse effect. For in-field applications, especially in the developing world,
testing at ambient temperatures would be highly advantageous to ensure the fast, reliable testing
of drinking water in particularly affected rural areas. While the enzymatic reaction performed
almost equally well at 25 °C the influence of lower temperature on the growth of E. coli growth and
the T7 phage infection needs further investigation. Within a final sensor application, the integration
of a temperature sensor would enable to either adjust the incubation times depending on the

temperature or normalize the assay results accordingly.

Besides the specific detection of E. coli, a sensor for the general detection of f-hemolytic bacteria
was developed utilizing liposomes as a biorecognition element. The proof-of-principle was
performed utilizing S. pyogenes as a representative of B-hemolytic bacteria. While POCT for
S. pyogenes is of interest in medical diagnostics the sensor principle also should be suitable to
detect pathogenic B-hemolytic food contaminants including Listeria monocytogenes, Vibrio
vulnificus, and Clostridium botulinum [22]. Hereby the bacteria sample was cultivated for 7 h and
directly mixed with anionic liposomes encapsulating potassium ferrocyanide. The sensor was able

to distinguish B-hemolytic S. pyogenes from non-hemolytic E. coli whereas only in the presence of
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B-hemolytic S. pyogenes concentration-dependent lysis of liposomes took place and the released
amount of encapsulant was quantified electrochemically. Since the interaction of liposomes with
hemolytic exotoxins already was reported in the 1970s the crucial role of cholesterol content and
saturation of the phospholipid tails for liposome hemolytic exotoxin interaction causing liposome
lysis is known. Within this thesis additionally, the correlation of liposome size to lysis induced by
S. pyogenes was investigated. Here, larger liposomes were found to enable a more sensitive
detection, whereby the liposomes show reduced stability not only against hemolytic bacteria but
also in the growth medium thus increasing the background signal. Potassium ferrocyanide was
chosen as encapsulant because of its good solubility in agueous solutions and prior results in the
electrochemical quantification with LIG. The complex matrix, bacteria growth medium, was limiting
the sensitivity of the electrochemical detection, since the overlap of background signals at the
oxidation potential of potassium ferrocyanide strongly interfered in more sensitive electrochemical
techniques, e.g. square wave voltammetry and differential pulse voltammetry. Besides the
interferences of the growth medium, blocking of the electrode was observed within the assay,
reducing the limit of detection for S. pyogenes in the presence of E. coli which is a huge drawback
as real samples most likely contain mixtures of bacteria. In this case, the large electrode area might
be disadvantageous compared to planar electrodes. Furthermore, a wider sensitivity study should
include additional non-hemolytic as well as a-hemolytic bacteria although earlier publications
demonstrated the selectivity of liposome lysis for B-hemolysis [22]. Even if the assay principle is
applicable for the detection of B-hemolysis in general the results clearly showed that a
preconcentration of the bacteria is required for sensitive detection and needs to be adjusted

depending on the respective bacterial growth rate.

The results demonstrate the manifold potential of electrochemical biosensors with the applied
bioassay concepts. Synergies of those developments with the tLIG or LIG in microfluidic chips exhibit
remarkable potential. With a view to the future, electrochemistry and its favorable miniaturization,
without losing performance, and minimal instrumentation requirements is the ideal tool for the
design of portable low-cost microfluidic biosensors. Within an ever-evolving Internet of Things
(1oT), the demand for such solutions will continuously rise as the integration of analytical chemistry
is set to become one of its integral parts. Consequently, the generation of data is prone to be shifted
from centralized labs to individuals, to remote sensing locations, and to the cloud [23]. With its
minimal instrumentation and low power requirements electrochemistry offers the ideal platform
for this approach. To date, miniaturized potentiostats for the direct connectivity to the smartphone
and/or Bluetooth solutions for wireless data transfer are already commercialized and for future loT

requirements, the direct implementation of chips for the direct communication between sensors
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and real-time upload to the cloud is feasible. Hence, in combination with complex lab-based
techniques, electrochemical biosensors could take on a key role among analytical sensors within
the loT. Thus, besides the development of better sensors, analytical chemists must provide answers
toward true long-term, autonomous, and reliable sensing functions for various environments from

the vantage point of sustainability [24].
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