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List of used Symbols and Abbreviations

In the following, all used symbols and abbreviations, besides common abbreviations, are explained.

Abbreviation/Symbol

A
AA
bidest
c(x)
CA
Ccv
DA
EC
ESA

Fe-LCNFs
Glu

HRP
HR-TEM
I

ICP-MS
ITO-PET

kWh
LCNFs

LIG
LIG-LCNFs

LOD
LOQ

LP
MWCNT
NF

Meaning

Ampere

Ascorbic acid
Double-distilled
Concentration of x
Chronoamperometry
Cyclovoltammetry
Dopamine
Electrochemical

Effective surface area. The active surface of an electrode which

takes part in an electrochemical reaction.

Laser-induced carbon nanofibers which contain Fe-nanoparticles
Glucose

Horseradish peroxidase

High resolution Transmission electron microscopy

Current in ampere

Inductively coupled plasma mass spectrometry

Polyethylene terephthalate coated with a layer of indium-tin-oxide

to make it conductive.

Kilowatt-hour

Laser-induced carbon nanofibers

Laser-induced graphene

Laser-induced carbon nanofibers that do not contain any metals.
For a better laser scribing, laser induced graphene was added to the
spinning solution.

Limit of detection (= 3 - Std(blank) / slope)

Limit of quantification

Laser power

Multi-walled carbon nanotube

Nanofibers



Ni-LCNFs
OPP

PBS

PEG
Pegylation
PET

pH

PI

POC

POM

Pot. (vs. Ag/AgCl)
Pt-LCNFs
Pt-Ni-LCNFs

R2R
SAXS
SEM

SEM EDX

SiMo

Std

TEM
TEM-EDX

UA

w/
w/o
w%
XPS
XRD

XI

Laser-induced carbon nanofibers which contain Ni-nanoparticles
Organophosphorus pesticides

Phosphate buffered solution

Polyethylen glygol

Coating a surface with polyethylen glygol

Polyethylene terephthalate

-lg(c(H30")

Polyimide

Point of care. Medical diagnostic testing that is at or near the place
of the patient with a small waiting time.

Polyoxometalate

Potential versus an Ag/AgCl (3 M KCI) reference electrode in Volt.
Laser-induced carbon nanofibers which contain Pt-nanoparticles

Laser-induced carbon nanofibers which contain Pt-Ni-alloyed

nanoparticles

Roll-to-roll

Small Angle X-ray scattering
Scanning electron microscope

Scanning electron microscope coupled with energy-dispersive

X-ray spectroscopy

H4SiMo01204¢

Standard deviation

Transmission electron microscopy

Transmission electron microscopy coupled with energy-dispersive

X ray spectroscopy

Uric acid

Volt

With

Without

Weight-percent

X-ray photoelectron spectroscopy
X-ray diffraction

Micro-
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1. Non-enzymatic electrochemical sensors for point-of-care testing:

Current status, challenges, and future prospects

1.1 Abstract

Current electrochemical sensors in point-of-care (POC) testing devices mainly rely on enzyme-based
sensors owing to superior sensitivity and selectivity. Nevertheless, the poor stability, high reagent cost,
complex fabrication and requirement of specific operational conditions make their adaptability in
real-world applications unfavorable. Non-enzymatic electrochemical sensors are thus developed as they
are more robust and cost-effective. The advancement in material science and nanotechnology enables
the development of novel non-enzymatic electrodes with favorable analytical performance. However,
the developments are yet far from being adopted as viable products. This review therefore aims to gain
insight into the field and evaluate the current progress and challenges to eventually propose future
research directions. Here, fabrication strategies based on traditional and emerging technology are
discussed in the light of analytical performance and cost-effectiveness. Moreover, the discussion is given
on the pros and cons of non-enzymatic sensors when they are employed with various kinds of sample
matrices, i.e., clinical and non-clinical samples, which must be taken into consideration for sensor
development. Finally, promising strategies from literature for solving the remaining challenges are
included which could facilitate further development of robust POC testing devices based non-enzymatic
sensors. We believe that once researchers and technology developers have reached the point where most
problems are solved, non-enzymatic sensors are going to be the robust choice for POC testing in clinical

diagnostic, ensuring food safety, monitoring contaminants in environment, and bioprocess control.

This chapter will be further used as a manuscript that is intended to be submitted to Talanta as a critical

review article.

1.2 Author distribution
The author and Dr. Nongnoot Wongkaew contributed equally to literature search and manuscript

preparation.

1.3 Introduction

In 2004, Wild et al. estimated that global diabetes cases would rise from 171 million in the year 2000 to
366 million by 2030'. However, by 2021, diabetes already far exceeded this estimation, i.e., with 537
million people suffering from diabetes, a majority of whom resided in low- and middle-income
countries®. This significant deviation from projections not only raises questions about the current

prevalence of diabetes but also highlights the urgency of developing affordable point-of-care (POC)



sensors. This need is particularly critical in economically disadvantaged regions where access to
advanced healthcare facilities is limited. Such POC sensors will enable individuals who are suffering
from diabetes to monitor their blood glucose levels inexpensively and without the need for elaborate

laboratory tests.

POC sensors play a crucial role not only in diabetes management but also in addressing other diseases.
The POC diagnostics market reached a substantial size of over 44 billion dollars in 2023, and it is
projected to grow annually at a rate of 6.1% until 2030°. This remarkable growth is primarily driven by
the increasing lifespan of people and the anticipated surge in cancer screening POC devices®. In addition,
the recent pandemic has remarkably emphasized the necessity of POC testing that should be able to get
access by anyone to allow disease containment in a rapid and effective manner. Beyond diagnostics in
healthcare settings, POC testing also holds significance in broader contexts such as in environmental

monitoring, and quality control in food/beverage or bioprocess industry.

Electrochemical sensors are emerging as ideal candidates for POC applications due to their miniaturized
design, rapid response times, robustness, cost-effectiveness, sensitivity, versatility, scalability, ease of
use, low power consumption, and portability. Typical measurement methods used in electrochemical
sensors include amperometry, cyclic voltammetry, differential pulse voltammetry, or square-wave
voltammetry, potentiometry, and impedance spectroscopy. Generally, the analyte can be detected either
directly through oxidation or reduction of electroactive analytes, or indirectly, via affinity elements, e.g.,
antibody, and aptamer, that specifically bind to the analyte. The interaction in the latter case leads to

changes in the current which can be monitored directly or indirectly through an additional redox marker.

Presently, commercially successful diagnostic tools in this domain are predominantly enabled by
biosensors, with a strong reliance on enzyme-based systems*. This is not surprising as enzymes offer a
superior combination of high selectivity, sensitivity, biocompatibility, and the ability to function
effectively under physiological conditions. In principle, there are three generations of enzymatic
biosensors that have been developed so far®. First-generation sensors rely on the measurement of current
resulted from co-substrate (e.g., oxygen) consumption or co-product generation (e.g., H.O;) as a
consequent of enzymatic reaction. However, electroactive interferences and the requirement of a
sufficient amount of free oxygen in the samples make the first-generation sensors problematic. This
issue has thus led to the development of the second-generation sensors which use synthetic mediators,
e.g., ferrocene or osmium, for shuttling electrons between the enzyme’s redox active center and
electrode. Nevertheless, maintaining the presence of the redox mediator constantly near the electrode
has proved to be challenging. As a result, the third-generation enzymatic sensors have been developed
and aimed for promoting direct electron transfer between the enzyme and the electrode, eliminating the
need for redox mediators. In this context, advances in nanostructures and porous materials have

contributed to achieving mediator-free oxidation and reducing interference effects.

Although enzyme-based biosensors with various configurations have served as a goal standard platform

for POC testing devices, they yet suffer from high material and fabrication cost®®, instability during



sterilization, vulnerability to changes in temperature, pH or other environmental factors®, the need for
specific storage conditions, and short-term stability, that seek for more robust approaches. To overcome
the challenges, there has been attempts to promote the detection of analyte of interest directly on
electrode material which is considered as ‘the fourth-generation sensor’. The term, e.g., ‘non-
enzymatic”, ‘enzyme-free’, or ‘enzyme-less’ has been used interchangeably for this type of sensors. In
fact, analytes can be directly undergone redox reaction at any electrode. Nevertheless, electron transfer
kinetics of many electrodes are too sluggish, thus requiring high overpotential to drive the redox reaction
of interest. For example, a bare glassy carbon electrode (GCE) allows oxidation of glucose at 1.0 V to
1.4 V (in an alkaline solution)!®. Such high overpotentials are not favorable as they tend to cause side
reactions, e.g., oxygen evolution, concomitantly occur with the intended reaction, making the
measurements of analyte at low concentrations troublesome. In addition, other electroactive species,
e.g., ascorbic acid (AA), can easily undergo redox reactions at lower potentials, further generating false-
positive signals. Therefore, researchers are attempting to develop electrodes that permit the redox

reaction at relatively low over potentials.

Various kinds of electrodes have been introduced in which the significant progress in this field has been
promoted majorly through the remarkable advancement in synthesis and fabrication of nanomaterials
and nanostructures''""*. The research on enzyme-free sensor has been continually active over the past
decade as it can be seen from an impressive high number of publications reported each year (Figure 1.1).
The numbers of enzyme-free sensors are considered highly comparable to the enzyme-based
electrochemical sensors (Figure 1.1: blank vs. patterned columns). It is interesting to see that in 2016
enzyme-free sensors started to gain more attention compared to enzyme-based strategies. Glucose, H>O2,
and uric acid have been widely investigated for both enzyme- and enzyme-less sensors but pesticides
and cholesterol have seen to rely majorly on using enzymes which suggests further research on

enzyme-less strategies for these analytes.
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Figure 1. 1: The growth of research published in the past 11 years when searching with the terms “non-enzymatic
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electrochemical sensors”, “enzyme-free electrochemical sensors”, and “enzyme-less electrochemical sensors” combined with
the specific analyte (blank columns), and representation of the search with the same keywords but with enzyme-based strategies
instead (patterned columns). Web of Science searched on July 2nd, 2024.

Up to now enzyme-free sensors have been seen as a promising platform to address the needs for POC
testing. However, most researchers attempted to develop novel electrode materials and improve
analytical performance which have been successfully demonstrated mostly in ideal environments, e.g.,
pure buffer medium, where the electrodes can yield the greatest performance. Besides, the as-reported
excellent sensing performance must be typically traded off with high costs of nanomaterial and
fabrication methods, difficulty in large-scale manufacturing, and, for some cases, requirements of strict
operational conditions, e.g., in alkaline media. Moreover, the biocompatibility of nanomaterials used for
enzyme-free electrodes has been doubtful so far. These raise some crucial questions, i.e., are
enzyme-less sensors able to be implemented in the field of POC testing, are there any restrictions/issues
in using them, and what else should researchers do to facilitate the efficient translation of enzyme-less

sensor into commercial products and to be practical in real-world applications?

So far, a great number of review articles related to non-enzymatic electrochemical sensors have been
provided. For example, He et al. focused on a certain type of catalyst and reported the recent advances
of perovskite oxide-based detection, highlighting their synthesis methods, electrocatalytic mechanisms,
and the need for composites to overcome limitations in electron transfer kinetics, stability, and
selectivity'. Govindaraj et al. on the other side focused on a certain analyte'®. Their review covered
recent advancements and future perspectives in enzymatic and non-enzymatic glucose detection such as
fabrication processes, materials, detection principles, and effectiveness in various bodily fluids.
Furthermore, strides made in wearable sensors and in the development of new nanomaterials and
biomolecules for improved glucose detection are highlighted. As a last example, Panahi et al. focusses

on the detection of hydrophobic analytes in biofluids, highlighting recent advances and surface



modification technologies in non-enzymatic electrochemical biosensors, addressing challenges in
sensitivity and selectivity in complex biological fluids'®. Despite significant merits of the previous
review articles, to our knowledge, none of them has addressed the aforementioned questions. Even
though these reviews provide significant value to the respective community by sharing general methods
and strategies to improve electrochemical sensors, there is a risk that researchers focusing on other

catalysts, analytes, or matrices may never read them.

In this review, we aim to provide a comprehensive overview of the entire development process for
non-enzymatic electrochemical sensors (Figure 1.2). First, we give the basic principles and mechanism
of enzyme-free sensors to not only help non-experienced readers in entering the field but also to define
the definition in our review. This section also included the discussion on the most common materials
used in sensors development. We will then highlight the current state-of-the-art of fabrication methods
for non-enzymatic electrochemical sensors and evaluate their advantages and disadvantages, particularly
in the context of their implementation in POC testing devices. With this, we will highlight laser-induced
non-enzymatic electrochemical sensors as an emerging technology that offers mass-production
capability and high-performing electrodes at low cost. We will also discuss current challenges that need
to be addressed in future research. Additionally, we will critically evaluate specific sensor requirements
for POC detection with respect to properties of sample matrices and the design of measurement and
devices. This is crucial for researchers to consider from the outset in employing enzyme-less sensor
strategies in the development process based on the intended application. Finally, we will emphasize the

remaining challenges and promising strategies that may apply in the future before concluding with future

prospects.

Figure 1. 2: Structure of this review.



1.4 Definition, principle, and mechanism

To our knowledge, the term “non-enzymatic electrochemical sensors” or the other (as-mentioned earlier)
have been ambiguously used for various meanings where it tends to broadly cover any electrochemical
sensors without the use of enzyme. Therefore, it is not surprising to see the use of this term in many
affinity biosensors, e.g., using molecular imprinted polymers, aptamers, or antibodies, and detecting
changes upon analyte binding through impedance or signal blocking. However, in this review we will
focus only on non-enzymatic sensors-based electrocatalytic reactions induced by inorganic catalysts. In
general, non-enzymatic electrochemical sensors consist of a functional material embedded or modified
on the electrode surface in which an electrochemical signal can be obtained by catalytic reaction of the
analyte!”!®, Hereby, the functional electrode material enhances electron transfer kinetics, i.e., lowering
the required potential compared to pristine electrodes'®. Various kinds of functional material have been
reported for this purpose, namely 1) metal- or metal oxide-based materials, e.g., noble and transition
metal and their composites, 2) carbon-based materials, e.g., graphene and its derivatives, and 3)

combinations of carbon and metals or metal oxide.

In non-enzymatic detection, electrocatalysts play an important role in triggering redox reaction of the
analyte. To understand the basic mechanism, an exemplary catalytic reaction of glucose, the most-
studied analyte, is discussed as follows. Catalysis is in fact a complex topic, and in principle, each
catalyst material could follow a different mechanism. Additionally, for a single catalyst, multiple
adsorption geometries can exist*’, and even the crystal plane facing the analyte significantly influences
the catalytic properties?'. However, by simplifying this topic and reducing it to a common denominator,
we can generally distinguish between two fundamental mechanisms in glucose oxidation, i.e.,
1) reactions based on noble metal surfaces and 2) reactions based on non-noble metal surfaces”.

Both mechanisms basically involve hydroxide species adsorbed on the surface. However, noble metal
can catalyze its reaction in neutral conditions, while base metal usually requires basic conditions. For
noble metals, e.g., Pt or Au, at neutral pH, water can be oxidized at low potentials on their surface,
forming a covalently attached layer of hydroxide species according to the ‘Incipient Hydrous Oxide
Adatom Mediator IHOAM)’ model>*:

Pt+H,O - Pt-OH+H" +¢

According to the concentric adsorption theory, glucose also adsorbs on the surface of the noble metal
by breaking the bond between the hydrogen atom and the C'-atom of glucose>*:

2 Pt + [CsH1106]C'-H - [CsH;106]C'-Pt + Pt-H

The hydrogen-atom is then oxidized:

Pt-H-> Pt+H' +¢

Both the covalently bound hydroxide species and the glucose subsequently react with each other on the
Pt surface to form gluconolactone and water:

[CsH1106]C'-Pt + Pt-OH = 2 Pt + H,0O + [CsH;005]C'=0



In contrast, for non-nobel metals such as Ni or Cu, basic conditions are required to form hydroxides
such as Ni(OH), . These hydroxide ions are not covalently bound but interact ionically. During

oxidation of Ni(OH), in a basic medium, Ni(IIl) oxyhydroxide is formed:

Ni(OH), - NiO(OH) + H' + ¢’

This species can abstract the hydrogen atom at the C'-atom in glucose in a rate-determining step, forming
radicals:

NiO(OH) + [CsH;106]C'-H = Ni(OH), + [CsH;,06]C

The radical further reacts with a hydroxide ion to form gluconolactone and water:

[CsH1106]C" + OH™ = [CsH100s]C'=0 + H,0 + ¢

In summary, on the catalyst surface of noble metals, water is first oxidized, and hydroxide is covalently
bound to the noble metal. Additionally, glucose can adsorb to the surface by breaking the bond between
the C! and hydrogen atoms, with both fragments being covalently bound. The glucose fragment then
reacts with hydroxide to form gluconolactone. In contrast, for non-noble metals, hydroxide ions must
be present in solution (basic conditions), and glucose is oxidized by the strong oxidant, i.e.,
Ni(III)-oxyhydroxide. Considering both mechanisms, the key difference between noble and base metals
lies in their electron composition. Here, the 5d orbitals of Pt (electron configuration: [Xe]4f'45d%6s') or
noble metals in general, should effectively overlap with the orbitals of glucose due to their geometric
size and energy levels. This overlap enables the adsorption of glucose and direct participation in redox
reactions®. On the contrary, non-noble metals such as Ni (electron configuration: [Ar]3d®4s?) only have
3d orbitals, which are likely not able to interact with other molecular orbitals as effective as 5d orbitals.
Therefore, the surrounding hydroxide species are necessary to enable electrocatalytic oxidation of

glucose.

1.5 Fabrication of non-enzymatic electrodes
1.5.1 Conventional strategy

1.5.1.1 Drop-casting and dip-coating

Drop-casting and dip coating are straightforward methods used to modify the surface of an electrode
with nanocatalysts. In drop-casting, catalyst material suspension in a small volume is placed and
adsorbed directly onto the electrode, while in dip coating, the electrode is immersed in the catalyst
solution which requires a greater volume of suspension. The former technique is superior in terms of
material usage, as the catalyst material is selectively deposited only on the electrode’s surface, unlike
the latter one. After electrode drying, the modification process is complete. Although both methods are
highly facile and widely employed for generating enzyme-free POC sensors, the major drawback of
these methods is the inhomogeneous distribution of the catalyst material caused by the coffee ring
effect?®. This effect occurs during liquid droplet evaporation. As liquid evaporates from the edge, it is

replaced by interior liquid, creating radial flow. This flow carries dispersed material to the edge, resulting



in a characteristic ring pattern. To mitigate this effect, co-solvents with low evaporation rates and higher
viscosity can be added?”-*8. These two properties will reduce the driving force of radial flow and increase
resistance towards radial flow, respectively. Furthermore, various other attempts have been conducted
to overcome the issue as reviewed by Kumar et al.?®. These include (i) using substrates with super
hydrophobic surfaces®, (ii) employing electrowetting®, (iii) utilizing anisotropic particles’!,
(iv) introducing surface acoustic waves?, and (v) enhancing Marangoni flow**. Among these, adjusting
the solvent to enhance the Marangoni flow (e.g., by using a mixture of solvents with different surface

tensions) and using anisotropic particles appear to be the most practical solutions.

1.5.1.2 Electro- or electroless deposition

Electro- or electroless deposition is a technique that has gained prominence in the field of enzyme-free
sensors. In case of electrodeposition, ion precursors from the surrounding solution deposit on the
electrode by applying an oxidative or reductive potential. Alternatively, the formation of metal ion
precursors into catalyst nanoparticles is also feasible without application of external potential, termed
electroless deposition. For example, Kawakami et al. electropolymerized polypyrrole onto Pt electrode
followed by drop-casting KAuCls solution on the as-prepared electrode®®. After drying, AuNPs with
diameters ranging from 20-40 nm, depending on the volume of KAuCls solution introduced, were
formed and the electrodes were used for glucose detection. Both methods are a highly controllable
manner with relatively high precision. Here, the morphological structures and sizes of nanocatalysts
obtained from electrodeposition can be precisely controlled by fine-tuning the solution compositions,

13%. Similarly, the nanocatalyst’ features based electroless

time, and/or the applied current and potentia
deposition can be controlled via chemical compositions introduced, deposition time, and/or volume used
for deposition®*. In addition, the techniques allow ones to exclusively deposit the nanoparticle catalysts

on the specified working area, thus avoiding contamination of any other unwanted sensor components.

Nevertheless, during electrocatalytic reaction the deposited nanocatalyst films can be unstable and
peeled off from electrode surface easily. To address the issue, Viswanathan et al. used methionine to
strengthen electrodeposited copper-cobalt nanostructures on indium tin oxide electrodes®®. Hereby, the
thiol group of methionine interacts with metal ions (Cu** and Co?*") during electrodeposition. This
interaction stabilizes the films by forming a protective layer on the electrode surface, preventing the
detachment during electrocatalysis. Apart from instability during electrocatalysis, mechanical force such
as from solution stirring can raise the issue during operation, especially when deposition of nanocatalysts
is carried out on 3D-porous electrodes containing high number of edges and defects. Our research group
has demonstrated that under shaking at 50 rpm continuously for 5 h, nearly 100% of the electrodeposited
Ni nanoparticles on carbon nanofiber electrode detached from the surface®*. The electrodeposition of
nanocatalysts on 3D-porpous carbon or any rough surface electrodes can suffer from poor adhesion
stability apart from poor fabrication reproducibility. Therefore, a learning study is mandatory to carry

out when sensor operation has to be performed inline, real-time, and under flow-condition.



1.5.1.3 Printing

Screen-printing

Screen printing, a versatile, cost-effective, and user-friendly technique, is commonly used for
manufacturing electrochemical sensors®’. It relies on applying conductive ink such as carbon and
metallic inks, or their mixture onto a substrate support, e.g., ceramic or plastic, using a screen mesh
containing electrode patterns®’. The formulation of conductive ink is critical in this process. Typically,
the inks consist of conductive material such as carbon or metal powder/particles to ensure electrical
conductivity, and binders to enhance interactions between the conductive material and the substrate as
well as the material itself®’. Solvents regulate ink rheology and viscosity, aiding printability?’.
Additionally, some additives, e.g. surfactants or chelating agents, improve wettability and drying rate,
and prevent agglomeration of conductive particles’’. However, the use of binders and other additives,
while essential in ink formulation, can lead to poor electron transfer kinetics of the embedding
nanocatalsysts, necessitating surface activation prior their uses of electrodes®’. The electrode surface can
be activated by electrochemical pretreatment or plasma treatment. For example, Su et al. investigated
effect of electrochemical pretreatment procedures with varying scan ranges and observed significant
changes such as increased porosity, enhanced electron transfer kinetics, and a larger effective surface

area’s.

In principle catalytic functionalities such as metal nanoparticles can be principally incorporated into the
ink to fabricate enzyme-free sensors by screen printing. However, to our knowledge, there are relatively
few publications on this method which is probably due to the challenge of preventing nanoparticle
agglomeration within the ink***’. Agglomeration, especially during drying, leads to the formation of
larger particle clusters, diminishing the overall high catalyst surface area achieved by the nanometric
size of the nanoparticles. Addition of stabilizing agents to prevent agglomeration of nanoparticles is
possible but their excess amount can adversely reduce viscosity and subsequently diminish printability*!.
Furthermore, since nanoparticles are distributed throughout the entire ink (not just on the surface), the
portion of nanoparticles contributing to the catalytic reaction is significantly lower than the total number
of nanoparticles added. This aspect is especially important when working with costly catalyst materials,

e.g., platinum or gold nanoparticles.

For real-world applications, a screen-printed electrode that does not require pretreatments to overcome
the limitations of additives would be highly beneficial. Therefore, the catalyst material in the binder-
free ink must exhibit thixotropic properties to ensure printability’’. In their comprehensive review,
Suresh et al. proposed that water-based ink containing rGO nanofibers could be particularly interesting®’.
The basic idea is that the catalyst material itself includes structural elements necessary for a printable
ink. We suggest that these rGO nanofibers could be functionalized, for example, by attaching
nanocatalysts. To name an example that proofed such approaches, Abdolhosseinzadeh et al. used MXene
sediments, which are two-dimensional inorganic compounds consisting of carbides and nitrides of

transition metals, to formulate an additive-free ink with suitable rheological properties*2.
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Inkjet printing

Inkjet printing is a versatile, fast, and low-cost production method for creating electrochemical sensors.
With inkjet printing, electrodes can be directly printed onto a substrate using a commercial inkjet printer.
Its high adaptability comes from the fact that inkjet printing is a digital printing technique, allowing us
to print a digital file (e.g., a PDF file with the electrode designs) directly, without the need for masks,
unlike screen printing or photolithography*. The printing technique can be either continuous (a jet of
ink deflected by an electric field) or drop-on-demand, where either an oscillating crystal (piezo inkjet
printing) or a heating element (thermal inkjet printing) ejects a drop as needed. Each of these techniques
has different advantages (speed, cost, robustness) and requires different ink properties, such as viscosity
or thermal stability. Lab-compatible inkjet printers, such as the EPSON L130, are affordable (available
for under €300) and can be used with ink tanks instead of ink cartridges for easier refilling purpose**.
The printing process efficiently utilizes inks and is highly scalable*’. Substrates for inkjet printing range
from commercial A4 paper* to flexible PET plastic*’. However, precise ink formulation is crucial. While
screen printing can handle higher ink viscosities and solid loadings, inkjet printing may face nozzle
clogging and printability issues*. Additionally, the wettability of the ink on the substrate impacts overall
resolution, which can be fine-tuned through ink formulation or substrate treatment®. For inkjet printing,
the coffee ring effect (chapter 1.5.1.1) plays a crucial role but can be solved by the same strategies as
mentioned before. In addition, nanofibers (e.g. cellulose nanofibers in aqueous solution) also reduce the
coffee-ring effect by preventing the rush hour phenomenon, which is a drastic acceleration of radial flow
at the final stage of the drying*®. However, a possible nozzle clogging needs to be kept in mind with

these approaches.

There have been attempts to formulate the ink by combining nanocatalysts with carbon nanomaterials
such as graphene*’*8. However, metal nanoparticles alone can be successfully fabricated via inkjet-
printing method as well*. The authors ensured homogeneity of the ink solution by filtering through a
0.45 pm membrane®. However, to improve conductivity when electrodes are printed on substrates like
paper, it may be necessary to print several times on the same position*. Similar to screen-printing,

additive free approaches using MXemes exist°.

3D-printing

Three-dimensional (3D) printing is a versatile and cost-effective technique to create electrochemical
sensors®!'. One significant advantage of 3D printing is the ability to produce complete, customized
analytical systems. In addition to using conductive filament for the electrode, non-conductive filament
can be employed for support or surrounding structures. However, there are some drawbacks to 3D
printing. The specialized knowledge required for 3D design software and the steps involved in
transitioning from a 3D model to a physical print can be challenging. Additionally, the cost of 3D printers
varies significantly, ranging from as low as US$ 150 to as high as US$ 8300, depending on specifications

such as resolution, compatible polymers, and dual nozzle printer for a faster printing when more
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filaments are used®'. Customized conductive filament with additive nanocatalysts also requires a
filament extruder. Despite these challenges, there are user-friendly 3D modeling software options
available, such as Autodesk’s Fusion 360. These programs allow users to export STL files after designing
their 3D models. The next step involves using a “slicer” software (such as PrusaSlicer) that converts the
STL file into a “G-code” file- a set of precise instructions for the 3D printer. For learning about 3D-

printing and modeling, YouTube offers a wealth of tutorials.

Commercial PLA conductive filament, e.g., Black Magic 3D Conductive Graphene Composite®
(graphene contained PLA), can be used for printing 3D structure of electrode support. However, to
construct non-enzymatic sensors, electrocatalysts have to be introduced via post-treatments such as
electrodeposition. The technique is considered inconvenient, leading to many attempts in the direct
incorporation of electrocatalysts into the filament to avoid such issue. For example, Rocha et al.
synthesized Ni(OH), microparticles and mixed them with a commercial conductive filament (cut into
small pieces) in a proper solvent prior to drying and subsequently extruding into a filament for 3D
printing>?. However, the 3D-printed electrode requires polishing and electrochemical activating steps

before detecting glucose performed in alkaline conditions™.

Roll-to-Roll (R2R) printing

Compared to previous printing techniques, Roll-to-Roll (R2R) printing works like a stamp which is
alternately immersed into an ink and pressed onto the substrate. With that, R2R is a fast and high-
throughput technique with low adaptability for sensor design and a significant entry barrier due to the
investment required for R2R printing machines. Additionally, drying chambers are typically needed after
each printing step, consuming a substantial amount of energy. However, once the design is finalized and
the printing parameters, as well as ink formulation (rheology, printability, surface tension, stability), are
optimized, the major advantage of R2R printing is its high throughput. Furthermore, additional
electrodes containing different materials can be added consecutively by using additional printing rolls.
Substrates for R2R printing are thin polymer films such as poly(ethylene terephthalate)®*~ or flexible
polyimide®®*?. There are two promising R2R printing techniques: R2R gravure printing and flexography.
In R2R gravure printing® (Figure 1.3), a metal cylinder with a gravure (the negative imprint of the
sensor design) dips into the ink solution. A doctor blade removes excess ink that is not in the engraved
cavities of the roll. After the doctor blade, the ink-loaded gravure roll contacts the substrate, which is
guided by the impression cylinder, transferring the ink to the substrate. As demonstrated by Bariya et al.
multiple layers of various materials can be printed in a continuous process where the finished printing
layer in each step is subjected to drying in between. The authors demonstrated that 150,000 electrodes
on 150 meter-long of PET substrate with multiple materials can be printed within only 30 minutes>.

In flexography®’ (Figure 1.3), ink is transferred onto the anilox roll, which has uniformly distributed
engraved cavities capable of loading a defined amount of dye. After the removal of excess ink by a

doctor blade, the defined amount of ink is transferred to the flexo plate, a positive imprint of the sensor
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design. The ink on the flexo plate is then transferred to the substrate on the impression cylinder. Fung et
al. used flexographic printing on a polyimide substrate to consecutively print an Ag/AgCl reference
electrode, a carbon working and counter electrode, and a zinc acetate precursor layer on top of the
working electrode®”. After each step, the ink was dried at 150°C for 10 minutes. During heating, the zinc
acetate precursor formed zinc oxide (ZnO) nanowires®’. Even though the authors employed electrodes
for enzymatic glucose sensors, the strategy is highly practical for enzyme-free sensors.

Comparing both methods, R2R gravure printing offers exceptional detail and high volumes, but it comes
with a high upfront cost due to the need for cylinder engraving, making it an ideal technique for high-
volume prints. Furthermore, it is more limited in terms of absorbent substrate material. Flexography, on
the other hand, has lower upfront costs and setup time due to the easier adaptability of the flexo plate
and is suitable for various substrates, making it an ideal candidate for lower volumes and more

individualized prints due to its easier adaptability.

R2R gravure printing Flexography

Substrate

Flexo Plate

Substrate

doctor blade

Figure 1. 3: Setup of Roll to Roll (R2R) gravure printing and Flexography.
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1.5.2 Laser-induced functional hybrid electrodes as emerging technology
Laser-induced catalyst synthesis is a promising single-step preparation method for non-enzymatic
electrodes, as both the embedded catalyst and the conductive material (i.e., laser-induced graphene

(LIG)) can be generated simultaneously, forming a functional hybrid material'®

. A wide range of
precursors can be used for LIG, including polymers (such as polyimide), wood, cloth, or paper'. During
the laser scribing process, the substrate (usually polymers) is carbonized, resulting in a reduced graphene
oxide-like structure. This method is fast, inexpensive, and easy to adapt, as electrodes can be scribed in
any pattern. Furthermore, it enables 3D-porous electrodes with immense surface area which is highly
favorable for sensor development. The size, structure, and composition of LIG are highly dependent on
the laser settings (e.g., power, speed, scribing mode, lens, atmosphere), and the laser power needed to
convert material to LIG is very dependent on the thickness and composition of the precursor. In 2015,
Tour’s group conducted pioneering work by in situ generating metal oxide nanoparticles embedded in
LIG using a CO; laser (A = 10.6 um) with a metal salt-containing polyimide film as the precursor
material®®. The functional hybrids have been used for oxygen reduction reactions in the field of energy
storage. This pioneered work has significantly enabled the fabrication of many novel carbon

nanocatalyst hybrids for enzyme-free electrodes used in POC testing. In this section, discussion will be

given based on how the substrate precursor is prepared prior to laser exposure.

1.5.2.1 Coating catalyst precursor on carbonizable substrate

To introduce metal nanocatalysts, coating a polyimide film substrate with metal precursors has been
demonstrated. For example, Fan et al. covered a polyimide film with a thin metal leaf, e.g., gold, silver,
platinum, palladium, and copper, prior to laser scribing the material with a CO; laser® (Figure 1.4i). In
addition to generating monocatalyst-graphene hybrid, the authors also demonstrated that AuAg alloy
could be facilely obtained via the combination of gold and silver leaf coating®. The AuAg alloy LIG
electrodes were successfully employed as enzyme-free electrodes for glucose detection in blood plasma
sample®®. Although the authors have shown superior analytical performance, the stability of the as-
generated nanoparticles remains a question as the initial interaction between metal leaves and PI
substrate could be very weak. The nanocatalysts might be weakly bound to the LIG surface which may
raise stability issue when applying the electrodes under stirred or flow-condition. Furthermore, applying
very thin metal leaves may cause poor reproducibility when the process is not well-controlled. The
method could be possibly circumvented through making a mixture of metal precursor together with a
polymer matrix and homogeneously coated on a polyimide substrate as recently proposed by Zhang et
al.%° (Figure 1.4ii). Here, the mixture of Cu?* precursor and ethyl cellulose in ethanol was spin-coated
on a polyimide substrate®”. The ethyl cellulose may assist the spin-coating process and/or adhesion
stability between precursor and polyimide film substrate. After drying the polymer film, a copper-
embedded graphene electrode was generated using a CO; laser similar to the work shown by Feng et al.

The authors successfully applied the resulting electrodes for determination of glucose in beverages.
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Similarly, Zhao et al. knife-coated a polyamic acid mixed with Co*" precursor on a polyimide substrate
film and laser-generated Co;O4 nanoparticles-graphene hybrids®! (Figure 1.4iii). Here, polyamic acid is
considered a carbon precursor and needs to be converted into polyimide via imidization process under
high temperatures, e.g., 180°C, prior exposure to the CO, laser®'. Unlike using ethyl cellulose as a

matrix, the Co-doped PI layer could adhere better to polyimide layer underneath.
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Figure 1. 4: Examples for coating catalyst precursor on carbonizable substrate by (i) attaching a metal leave on polyimide (PI)
substrate, (ii) spin coating a PI substrate with an ethyl cellulose + metal salt solution, and (iii) by knife coating a PAA + metal
salt solution onto a PI substrate.

1.5.2.2 Blending catalyst precursor with carbonizable substrate

Although coating catalyst metal precursor on a carbonizable substrate, e.g., polyimide or Kapton, is high
facile, direct doping the metal catalyst precursor with graphitizable materials is considered more
effective as homogeneous distribution of catalysts through the entire 3D-electrodes can be expected. In
this regard, the polymer precursor can be prepared similarly to the work proposed by Tour’s group where
polyamic acid precursor is blended with metal salt and later converted into metal-doped polyimide prior
to laser scribing without the need of polyimide film underneath® (Figure 1.5i). Alternatively, a solvent
soluble polyimide (Matrimid® 5218) is commercially available which allows direct preparation of metal
salt-doped polyimide precursor without the need of imidization process. Our group has employed this
material to create electrospun carbon nanofibers doped with nanocatalysts and develop non-enzymatic
electrochemical sensors® (Figure 1.5ii). For example, in the pioneered work, the spinning solution made
from nickel acetyl acetate blended with Matrimid® 5218 was electrospun and later subjected to CO»
laser for generating Ni embedded laser-induced carbon nanofibers (Ni-LCNFs)?. The electrospun
nanofibrous precursor facilitates the formation of 3D-porous structure and the homogenous distribution
of Ni particles®. The Ni-LCNF electrodes enabled glucose detection in sub-micromolar range which is

attributed to high surface area and immense porosity of the electrodes®*. In addition, we have proven



15

that the stability of Ni within LCNFs is higher than the electrodeposited Ni counter parts when the
electrodes were subjected to stirring condition?*. We also later generated Pt-LCNF electrodes and

successfully employed them for H,O», highlighting the versatility of the strategy®.

Apart from the polymers mentioned earlier, graphene oxide film mixed with metal has been proposed.
Recently, Scroccarello et al. prepared a film substrate by filtering a suspension of graphene oxide
blended with metal salt, e.g., Au*", Ag", or Pt?* ¢ After drying the film coated filter paper, non-
enzymatic working electrodes were generated using CO» laser (Figure 1.5iii). The authors have
demonstrated the utility of their electrodes, namely Au@rGO-, Ag@rGO-, and Pt@rGO for
determination of caffeic acid nitrite, and hydrogen peroxide, respectively, with detection limits in sub-
micromolar range®. Nevertheless, the sensor manufacturing still requires transferring the metal/rGO
film onto an additional substrate where counter and reference electrodes were accommodated. This may

subsequently lead to poor reproducibility of the sensors due to additional steps required.
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Figure 1. 5: Examples for blending catalyst precursor with carbonizable substrate by (i) distributing polymer-metal salt solution
on a surface, drying, and a consecutive heat treatment, (ii) electrospinning a polymer-metal salt solution, and (iii) by preparing
a graphene oxide (GO)-metal salt solution and consecutive filtration.

Both coating and blending strategies are highly promising for upscaling the manufacturing process of
non-enzymatic sensors. In comparison to the screen-printing technique, the 3D-porous structure of laser-
generated non-enzymatic electrodes allows more efficient contact between analytes and catalysts
anchored or embedded within LIG. However, to reach this favorable characteristic, wettability of LIG
electrodes must be ensured as the roughness and microstructures could make the electrode surface highly
hydrophobic, hindering the access to the inner porous structure. Oxygen-plasma or UV-zone treatment,

and introduction of surfactant in the measuring samples could be conducted to hydrophilize LIG



electrodes. Nevertheless, it is necessary to

capability of nanocatalyst.

Table 1. 1: Comparison of fabrication techniques.
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1.6 Effects of matrices on sensing performance

1.6.1 Clinical sample
Blood

Blood is undoubtedly the most accurate biofluid in terms of analyte concentration found in the body and
widely used sample in clinical settings and POC testing as seen from glucometers commonly used by
diabetic patients. As analytes in blood are typically present in high concentrations (e.g., glucose levels
ranging from 3.9 to 5.6 mmol/L)%, the detection does not need highly sensitive enzyme-free electrodes.
Instead, the sensor development should rather focus on selectivity and antibiofouling strategies due to
the numerous interfering substances present. Since catalytic reactions are usually pH-dependent, all
measurements and optimizations should be ideally carried out at the blood pH, i.e., 7.3-7.4%, in order to
enable a direct measurement without the need for sample preparation steps like pH-adjustments.

In selectivity studies, it is essential to consider key substances that can be easily oxidized or reduced
during electrochemical measurements, depending on the potential used for analyte detection. Notably,
urea and lactate are significant molecules commonly found in blood, with average concentrations around
5 mmol/L (tending to increase with age)®” and below 2.2 mmol/L®, respectively. In enzyme-free sensors,
the same catalytic strategy, e.g., nickel oxide species in alkaline conditions, not only allows oxidation at
similar potentials for both urea® and lactate” but also glucose?*. Therefore, careful attention has to be
paid to the selectivity when one of these analytes is measured by non-enzymatic approach. Additionally,
antioxidants like uric acid or ascorbic acid, both present in blood with concentrations at around
500 umol/L”" and below 114 pumol/L7*, respectively, should be also investigated. Even without
metallic catalysts on reduced graphene oxide/graphene oxide-based electrodes, these antioxidants can
be easily oxidized at low potentials®®. Other vitamins present in blood, such as biotin (<3.1 uM)™, folic
acid (<45 nM)® or riboflavin (<98 nM)’7 do not require as much attention in selectivity studies due to
their relatively low concentration. Neurotransmitter, i.e. dopamine, which can be easily oxidized at a
low potential’® without the need of a certain catalyst®® are usually also negligible in selectivity studies
due to their extremely low concentrations (pM to uM range)®®7°8! In blood, there are also unbound
amino acids, which could possibly interfere with the analyte by oxidation reaction at relatively high
potentials®?. The concentration of free amino acids in blood varies from <20 uM (i.e., glutamic acid) up
to 780 puM (i.e. glutamine)®. Thus, if a high oxidation potential is needed for the analyte of interest
(>0.5V vs. Ag/AgCl), a selectivity study should at least take glutamine into account. In addition,
although cholesterol is not soluble in water, its concentration in blood is approximately 5.5 mM® due to
the presence of lipoproteins. Consequently, apart from selectivity studies it is essential to emphasize the
importance of anti-biofouling strategies when performing measurements in pure blood or human serum,
not only because of the possible interference of cholesterol, but also because of blocking of the electrode

due to high protein levels (60-80 mg/mL)*®.
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Dermal interstitial fluid

Interstitial fluid, a biofluid akin to blood, has been considered an alternative sample fluid as it can be
accessible through minimally invasive means with just a few millimeters beneath the skin, holds great
promise for continuous biomolecule monitoring through wearable enzyme-free sensor. In principle,
analytes can enter the interstitial fluid in mainly three ways, (i) through the plasma membrane of
endothelial cells (transcellular), (ii) by diffusion through the space between cells (paracellular), and (iii)
within vesicles through cells (transcytosis)®. One crucial parameter in such online-measurements is the
lag-time, which denotes the duration from when a rise in blood concentration occurs to when it is
mirrored in the biofluid concentration, i.e., interstitial fluid. The lag time of interstitial fluid varies
depending on the patient* and the study, typically ranging from 0 and 20 minutes®. It is notable that the
commercially available continuous glucose monitoring systems are using interstitial fluid, realized by
microneedle electrode systems®’. The pH present in interstitial fluid is also similar to blood (pH= 7.2-
7.4)%6.

Concentrations of analyte, e.g., glucose, cholesterol and lactate in interstitial fluid are highly similar to
blood levels®”. As a result, similar considerations towards selectivity and anti-fouling studies should be
performed as for blood, mentioned above. Nevertheless, in comparison to blood the total protein
concentration in interstitial fluid is much (13-20 mg/mL)%’, making the measurement in interstitial fluid

less prone to biofouling.

Sweat

Sweat is a non-invasive biofluid that provides easy access for sensors, which can be integrated into
wearable devices typically placed on the skin*. Additionally, interstitial fluid surrounds sweat glands,

t%. However, the

allowing important analytes present in interstitial fluid to also be found in the swea
sweat rate varies depending on factors such as the patient’s condition, the environmental humidity, the
specific body location of the sensor, and the patient’s activity level. There are additional challenges
associated with sweat-based sensing itself. First, the skin is susceptible to contamination, and old sweat
mixing with new sweat can lead to inaccurate result because the changes in analyte concentrations in
the new sweat are altered by the presence of the old sweat. Second, the temperature of the sensor is
highly dependent on its position on the body, the patient’s activity, and the weather conditions. Last, the

analyte-concentration levels and pH of the sweat are dependent on the specific body location of the

sensor®®.

The pH of sweat typically ranges from 4.0 to 6.8%% and the lag time between blood and sweat

1°° and glucose®! are approximately 10 minutes. The sweat-glucose to

measurements for both ethano
blood-glucose ratio varies from 0.005 to 0.03, depending on the sweat rate®>. Notably, a study by Moyer
et al. observed a slightly higher sweat-glucose to blood-glucose ratio for increased sweat rates®>. Despite
these variations, changes in sweat-glucose levels do indeed indicate corresponding changes in blood-

glucose levels®. Calibration by measuring glucose levels in both blood and sweat is however essential
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to mitigate inaccuracies arising from individual patient differences. Given that glucose concentrations
in human sweat are considered low (ranging from 0.06 to 0.2 mM?? or in some studies up to 1.11 mM*%),
thus achieving high sensitivity in sweat-based sensor is crucial compared to the sensors developed for
measuring in blood or interstitial fluid. Although biofouling is less problematic due to low total protein
concentrations in sweat (typically 0.1 to 0.7 mg/mL)%, the presence of high metabolite concentrations
necessitates a thorough selectivity study. Especially the high concentration of lactate (5-40 mM)®* and
of urea (4-12 mM)* highlights the need in investigating the interference of these two biomarkers when
ones want to measure glucose in sweat, for instance. Ammonia, a waste product formed by bacteria
during protein digestion, is found in sweat (1-8 mM) at higher concentrations than in blood’®. With that,
also ammonia should be part of a selectivity study for non-enzymatic detection in sweat sensors, since
it can be oxidized at low potentials by for example core-shell Pt—Ni(OH), nanosheets on Ni foam
electrodes”. The low concentration of other metabolites like uric acid (~25 pM)®’ or ascorbic acid

(~10 uM)* and free amino acids (<13 uM)®> make them in selectivity studies negligible.

Saliva

Saliva is a non-invasive biofluid that provides easy access for sensors, which can be integrated into
pacifiers®® or mouth guards®”. Furthermore, saliva can be conveniently used for non-continuous
measurements by spitting into a sample collector. The implementation of a sensor into a pacifier is
especially relevant for newborns and babies. On average, a normal person produces 1000-1500 mL of
saliva per day*. However, the secretion of saliva can vary significantly based on the patient’s age,
diseases or diet. Additionally, the average correlation between blood glucose and saliva glucose levels
varies - sometimes better and sometimes worse- depending very much on the study and subject (study 1:
R2=0.629'%; study 2: R?=0.881'°"). However, in a study with only one patient, blood and saliva glucose
levels were measured at fasting state on different days, and a very good correlation between both body
fluids was observed (R>=0.962)!'°2. This indicates the need for individual calibration using both blood
and saliva for each patient. Other analytes like cortisol are present in saliva in similar concentrations
like in blood and the correlation between both levels seems to be very promising®®, especially since
much less interferences are present in saliva compared to blood. Although saliva is a very promising
biofluid, studies suggest that patients should fast during measurement to prevent contamination from
food or drinks®. With a saliva-to-blood concentration ratio of around 1:100'°!, low total protein
concentrations (0.2-5 mg/mL)®, and a pH range between 6.2 and 7.4%, prioritizing sensitivity over anti-
biofouling is advisable.

Considering a selectivity study, saliva consists of around 99% of water and the rest are inorganic
compounds, such as electrolytes, and organic compounds such as uric acid (~200 uM)!%, creatinine
(3-400 uM, mean: 11uM)'* glucose (0-55 puM)!%2 cholesterol (up to 460 uM for patients with
hyperlipidemia)!®, lactate (200-600 uM)!'%, and polypeptides'?’. Mashazi et al developed a glucose
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sensor for saliva and investigated interference caused by sodium chloride, urea, sucrose, fructose,

ascorbic acid, uric acid and dopamine at a concentration of 500 pM'%8,

Urine

Urine is a non-invasive biofluid that provides convenient access for sensors, which can be integrated
into diapers'?”, making it relevant for in-situ monitoring relevant biomarkers from newborns or babies.
Furthermore, collecting a urine sample is painless and straightforward. The pH of urine varies from 4.5
to 8, and it primarily consists of waste substances that the body needs to excrete®®. However, measuring
urine analytes can be challenging due to significant variations in concentration based on factors such as
urine volume, sample collection time, and patient characteristics (e.g., gender, age, food intake,
medication, and exercise)!!°. Additionally, urine analytes may differ in their existing form compared to
their counterparts in blood due to metabolism. To obtain reliable data, it is essential to collect samples
from the same patient over an extended period. Considering the lag time of urine is unnecessary since
continuous sampling is not feasible.

With over 3000 metabolites identified, urine serves as an excellent matrix since it has the potential to be
an indicator for various diseases, especially for diabetes and kidney disorders'!’. However, the
abundance of diverse substances in urine can pose significant challenges to non-enzymatic sensors, in
particular, in terms of selectivity. Nevertheless, the primary composition of urine includes water (95%),
urea (2%), creatinine (0.1%), uric acid (0.03%), and ions (Na*, CI, SO4*, NH4", PO+*)''°, For instance,
when creatinine is the analyte of interest, researchers like Chen et al. have investigated interfering

1 Duye to the immense number of

substances such as uric acid, ascorbic acid, ammonium, and urea
metabolites, the choice of additional interfering substances in a selectivity study should involve
molecules present in urine that share a similar structure and concentration with the specific analyte.
Notably, urine has the lowest protein concentration among all mentioned biofluids (below 0.1 mg/mL)®®,

eliminating concerns related to antibiofouling.

Breath

Breath serves as a non-invasive sample of the body, offering high potential for early disease detection'!2.
Additionally, sensors can be easily integrated into a mask, enabling POC detection or even online
measurements''®, A significant advantage, even in continuous monitoring, is that the biocompatibility of
the sensor is less concerned, because, when implemented in a mask, there is no direct contact between
the sensor and the patient. The pH of exhaled breath condensate typically ranges from 7.8 to 8.1'!*, and

respiratory fluid is believed to have a stable exchange with plasma, with short lag times''.

Regarding selectivity, exhaled breath primarily contains nitrogen, oxygen, carbon dioxide, water, and
various compounds which are also found in blood. However, most of these compounds exist at
concentrations 100 to 1000 times lower than in blood!'®. Sakumura et al. identified 63 volatile organic

compounds (VOCs) in breath, with 43 of them approaching the limit of detection using gas-
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chromatography/mass spectrometry'!'>. These borderline VOCs can be disregarded in selectivity studies.
The remaining VOCs are present at concentrations up to 0.3 ppb (e.g., CH3CN), between 1 and 5 ppb
(e.g., CHCls, CHN, 1-propanol, C,H3CN, limonene) and between 100 and 200 ppb (e.g., methanol,
ethanol, isoprene)'’>. Other VOCs detected include butane, acetone, 2-propanol, CsHis,
dichlorobenzene, CsHi7OH, xylene, methylcyclohexane, toluene, and nonanal''®. Furthermore, non-

volatile components such as glucose or peptides are also present!'?

. While the average concentration of
glucose in respiratory fluid within the lungs is approximately 0.4 mM (diluted by a factor of 12 compared
to blood), the concentration in exhaled breath condensate ranges from 0.24 to 5.5 uM!!*. Additionally,
low molecular-weight components like ammonia and hydrogen peroxide are found in breath!™,
Ammonia levels can be elevated in exhaled breath condensate due to the high partial pressure of CO»,

114 However, hydrogen peroxide levels are

creating an acidic environment that efficiently traps ammonia
typically elevated in patients who are suffering from lung cancer and asthma''*. When studying breath
measurements, the focus should primarily be on sensitivity, and considerations related to antibiofouling

may be less relevant, since total protein concentration of breath condensate is very low, i.e., at around 1

pg/mL116’117.

1.6.2 Non-clinical sample
Water

Water serves as the foundation of human life, and the quality of drinking water significantly impacts
human health and well-being. Although the release of pollutants into European water bodies due to
economic activities has decreased over the last decade, there remains room for improvement. Notably,
heavy metals releases -such as cadmium (Cd), mercury (Hg), nickel (Ni), and lead (Pb)- have not shown

18, However, these heavy metals pose serious health risks even at

improvement between 2016 and 202
low concentrations. Beyond Europe, underdeveloped and developing countries face even greater
challenges due to lack of strict policies, insufficient capital for expensive waste treatment, and the
prevalence of large-scale mining industries. Consequently, water pollution poses a significant problem
in these regions.

Given this context, monitoring water pollution becomes crucial for efficient pollutant removal.
Pollutants can be categorized into two main classes, i.e., organic pollutants (e.g., antibiotics and
pesticides), originating from human and veterinary medicine!"” or agricultural runoff'?’, and inorganic
pollutants (e.g. Cd, Hg, Ni, Pb, chromium (Cr), and arsenic (As) ions), usually caused by industrial
processes'?!. Additionally, several other parameters warrant measurement, including pH, nitrogen-
containing molecules (ammonia, nitrate, and nitrite), water hardness, dissolved oxygen levels,
disinfectants (such as free chlorine or hydrogen peroxide), and sulfide/sulfite content'??. Furthermore,

the presence of microplastic caused by rising plastic waste in water has become increasingly more

relevant due to their potential health impacts. A study by Goodman et al. demonstrated the need of
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comprehensive microplastic monitoring, as microplastic intake can adversely affect kidney and liver

function, thereby impacting human health negatively'?.

In the field of toxic metal ion detection, selectivity and anti-biofouling studies depend on the specific
water being analyzed. Cho et al.’s review highlights typical ions studied for selectivity, including Cu(Il),
Fe(I), Fe(IlI), Ni(Il), Zn(II), Cr(III), As(III), Sb(IlI), Se(IV), Pb(Il), Al(1ll), Fe (III), Ni (II), Co (II),
fluoride (F"), thiocyanate (SCN"), iodide (1), phosphate (PO4*"), sulfate (SO4*), nitrate (NO3~), sodium
(Na"), calcium (Ca(Il)), magnesium (Mg(II)), potassium (K*), and carbonate (CO5%")!?2. Additionally,
investigations have explored the interactions of benzene, xylene, surfactants, and
ethylenediaminetetraacetic acid (EDTA) with analyte metal ion'?%,

Altahan et al. developed a non-enzymatic sensor for ammonium in water and tested its selectivity against
interfering ions such as Na(I), Ca(Il), Mg(Il), nitrate, phosphate, F(-I), CI(-1), formate, acetate, oxalate
and B-phthalate'?*. Furthermore, they measured the recovery after spiking tap and mineral water samples
with ammonium'*%. For such cases, anti-biofouling studies are not needed due to the expected low
amount of proteins in the real samples.

Considering pesticides, especially organophosphorus pesticides (OPPs), which are derivatives of
phosphoric, phosphinic, phosphonic acids, or phosphorothionate, are very popular due to their
efficiency, selectivity, and fast degradation'>. However, OPPs pose significant ecological and health
risks, necessitating the development of effective detection methods!?. Due to the low maximum residue
limits of OPPs (ranging from 0.01 to single-digit ppm concentrations, depending on the country),
achieving good selectivity through direct electrochemical detection is challenging'?. This is because
fruits and vegetables contain many antioxidants in high concentrations, which, due to their function as
antioxidants, have low oxidation potentials. Furthermore, non-enzymatic sensors offer hardly the ability
to distinguish between structurally similar organophosphorus pesticides. Therefore, affinity-based

approaches such as molecularly imprinted polymers (MIPs) seem to be more promising'®’.

Food and beverages

Food and beverages play a crucial role in our daily lives, and ensuring their safety and quality is
essential. Just as water quality affects human health, the composition of food and beverages can
significantly impact consumers. Common analytes in food and beverage samples include

126 such as hydrazine (N,Ha), malachite green, and bisphenol A), additives'? (like ascorbic

contaminants
acid, caffeine, caffeic acid, sulfite, and nitrite), inorganic pollutions (as discussed in chapter 4.2, water),
pesticides (categorized into insecticides, miticides, herbicides, nematicides, fungicides, molluscicides,

8 such as Escherichia coli, allergens'® (e.g., gliadin, a protein

and rodenticides)!?’, pathogens'?
component of gluten), and toxins'?® such as botulinum toxin. The vast majority of complex analytes

highlights the need for affinity elements, including antibodies, aptamers, and molecular imprinted

polymers'?’.
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Regarding antibiofouling and selectivity studies, given the wide variability in sample matrices, it is
crucial to recognize that generalizing findings across all samples may not be appropriate. However, one
approach we recommend for such studies is to measure the analyte in the real matrix of the final
application (which is of course also essential for other matrices than food and beverage). Analyzing the
analyte within the actual matrix of its intended application provides insights into real-world behavior,
accounting for potential interferences and matrix effects. Researchers can spike the sample with the
analyte at various concentrations and investigate reproducibility and recovery. Additionally, exploring
structurally related compounds, especially those with similar applications, allows us to assess cross-
reactivity and specificity (for example, investigating other pesticides when an insecticide is the
analyte)'?. However, it is important to note that diluting the real matrix with a buffer is acceptable, but
extreme dilution can distort results and is prone to cause errors especially when applied to analytes with
extremely low concentrations. Researchers should aim for a dilution factor within the range of 1 to 10
to maintain relevance. Many recovery studies have reported great recovery rates. However, it should be
noted that many of these studies typically performed sample dilution prior to spiking the analyte of
interest. Such experiment does not well-reflect the real effects of matrix that has on the spiked analyte.
Instead, the analyte should be spiked into undiluted samples, and later perform dilution to eliminate

interfering effects from the food or beverage matrices.

Cell culture medium

Monitoring substrate consumption and product generation of bioreactor in a precise and, ideally, real-
time manner is crucial in controlling productivity and product quality'*°. Non-enzymatic electrodes are
highly promising and practical in this area owing to their low cost and superior stability under common
sterilization techniques. Bioreactor typically contains cell culture media that play a pivotal role in
preserving, amplifying, and differentiating various cell types for bio-manufacturing products of interest.
Cell culture media are essential for maintaining and growing cells in vitro, providing an artificial
environment that simulates the natural conditions for cultured cells. The main tasks of cell culture media
include supplying energy sources to the cells, maintaining proper salt balance and pH for a healthy cell

growth, and facilitating the removal of cellular waste products.

Cell culture media typically contains well-defined composition. For example, a typical E.coli culture
medium, namely LB-Bouillon (Lennox; Sigma Aldrich), contains 5 g/LL NaCl, 10 g/L tryptone, 5 g/L
yeast extract. It is buffered between a pH of 6.8 to 7.2 (usually using a phosphate buffer). Additionally,
glucose, a crucial energy substrate, is added to cell culture media in concentrations, typically ranging
from 5 to 25 mM. The typical high concentration of substrate makes the development of highly sensitive
non-enzymatic sensors less concerned. However, a number of electroactive species in the culture media
can potentially generate interfering signals which have to seriously take into account for selectivity
studies. For example, tryptone and yeast extract contribute a variety of amino acids, e.g., glutamic acid,

aspartic acid and lysine, in relative high concentrations, and vitamins, e.g., Bi, B2, Be, nicotinic acid,
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biotin, pantothenic acid, and folacin'*'. Furthermore, yeast extract provides a rich source of proteins,

emphasizing the need for anti-biofouling studies, in particular for online-monitoring purpose. It is also

plausible to develop in situ cleaning procedure to recovery non-enzymatic electrode’ functionality

during operation.

Table 1. 2: Sample matrices, their properties, and considerations for enzyme-free sensor development.

Matrix (pH) Relevant compound Advantages Disadvantages Concerns for enzyme-
(concentration) free sensors
development
Clinical sample
Blood (7.3- -Glucose (3.9-5.6 mM) -High abundance of -Invasive -Selectivity
7.4) -Urea (~5 mM) analytes -High protein and -Antibiofouling
-Lactate (<2.2 mM) -High accuracy interference
-Uric acid (~0.5 mM) concentration
-Ascorbic acid (~0.1 mM)
-Free amino acids (0.02-
0.78 mM)
-Cholesterol (5.5 mM)
-Total protein (60-80
mg/mL)
Interstitial Similar to blood -Continuous -Minimal invasive -Selectivity
fluid (7.2-7.4) | _Total protein (13-30 monitoring -Antibiofouling

-Lactate (0.2-0.6 mM)

-Total protein (0.2- 5
mg/mL)

in pacifier (newborn
diagnostics)
-low amount of

interferents

mg/mL) -Wearable devices -Lag time (0-20 min)
Sweat (4.0- -Glucose (0.06-0.2 mM) -Continuous -many factors that -Sensitivity
6.8) -Lactate (5-40 mM) monitoring influence individual -Selectivity
-Urea (4-12 mM) -wearable devices sweat rate -Body location of
-Ammonia (1-8 mM -Non-invasive sensor
-Total protein (0.1- 0.7 -Lag time (~10 min)
mg/mL) -Correlation between
blood and sweat level
Saliva (6.2- -Glucose (<0.055 mM) -Non-invasive -many factors that -Sensitivity
7.4) -Uric acid (0.2 mM) -Continuous influence secretion of | _(Selectivity)
-Creatinin (<0.4 mM) monitoring saliva -Lag time
-Cholesterol (<0.46 mM) -Sensor integrateable -Contamination from -Correlation between

food and drinks

blood and saliva level
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Matrix (pH) Relevant compound Advantages Disadvantages Concerns for enzyme-
(concentration) free sensors
development
Urine (4.5- -Urea (2 %) -Non-invasive -Continuous -Sensitivity
8.0) -Creatinine (0.1 %) -Sensor integrateable | monitoring not -(Selectivity)
_Uric acid (0.03 %) in diapers possible ~Sample should be
~Total protein (0.1 mg/mL) | -low protein content -many factors that taken over a longer
influence periode
concentrations
Breath (7.8- -Glucose (0.005 mM) -Non-invasive -Sensitivity
8.1) -Volatile organic -Sensor integrateable -(Selectivity)
compounds in mask
-Ammonia -Continuous
-Hydrogen peroxide monitoring
_Lactate -low protein content
-Total protein
(0.001 mg/mL)
Non-clinical sample
Water -Heavy metals -Less fouling -Many possible -Sensitivity
-Antibiotics interferences -Selectivity
_Pesticides -Hard to be selective
-Fertilizer
-pH
Food and -Contaminants -Usually, matrix is -Many possible -Sensitivity
beverages -Additives (Vitamins) very well known interferences -Selectivity
_Pesticides -Hard to be selective -Fouling
-Allergens
-Toxins
-pH
Cell culture -Glucose (5-25 mM) -Very defined matrix -Too high conc. -Selectivity
medium -Phosphate -High concentrated -Fouling

-Amino acids
-Vitamins

_pH

interferences
(Tryptone (10 g/L);
Yeast extract (5g/L))
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1.7 Other challenges and promising studies

1.7.1 Anti-fouling

Fouling, the non-specific adsorption of biological materials such as proteins (biofouling) or reaction
products, poses significant challenges in non-enzymatic sensors. In POC diagnostics, minimizing
sample treatment is crucial to reduce errors associated with additional processing steps and to simplify
detection. The goal is to measure the analyte of interest in the presence of these fouling molecules
without any influence or minimal disturbance from them. To achieve this, effective antifouling strategies
are essential, ensuring accurate and reliable measurements especially in complex biological
environments. Antifouling strategies include the use of polymer coatings'*?'%¢ (e.g., electro-neutral,

hydrophilic polymers such as PEG, zwitterionic polymers, or conducting polymers), hydrogels!3#135:137,

132,134,135 135 136,137

biomolecules such as peptides or proteins -, nanoporous membranes , and self-assembled
monolayers!3> 1341367138 (e o thiols on gold surfaces). For example, Moonla et al. applied a layer of
chitosan and poly(vinyl chloride) onto their microneedle working electrode using a drop-coating

139 This layer reduced biofouling during ketone measurements in human interstitial fluid'*°.

technique
Additionally, Shin et al. applied a conductive PEG-PEDOT hydrogel, which ensured the sensor’s non-
fouling properties even in bovine blood diluted 1:1 in PBS!#°, They photopolymerized a PEG hydrogel
on an ITO electrode and then electropolymerized PEDOT!¥. In this setup, PEDOT within the hydrogel
coating served as an electrochemical transducer. Furthermore, Zhu et al. utilized a branched-shaped
zwitterionic peptide on electrodeposited gold nanoparticles to enhance electron transfer and antifouling
properties'*!. The biosensor exhibited excellent stability in wastewater, retaining 91.8% of its initial
signal after 15 days'*!.

Apart from coatings, an electrochemical cleaning step can be used before measurement to remove
adsorbed molecules'. Additionally, the composition of the catalyst can influence the adsorption energy
of the reaction product, thereby affecting the fouling caused by the analyte itself. Xi et al. showed
through density functional theory calculations that the reaction product of hydrogen peroxide reduction

binds more strongly to pure platinum nanoparticles compared to Pt-Ni alloyed nanoparticles, leading to

a significant increase in the reaction rate when the alloy was used'**.

1.7.2 Measurements performed under physiological conditions

Often, enzyme-free reactions are highly pH-dependent and do not work under physiological conditions.
For example, glucose only reacts with certain catalysts in an alkaline medium!®*. However, some
catalysts do work under neutral conditions, but they often consist of expensive materials such as Au/Pt
alloys or require complex synthesis strategies, such as creating core-shell structures'**. Furthermore, not
only the catalyst but also the carbon matrix plays an important role. Mei et al. observed that PtNi
nanoparticles could oxidize glucose at physiological pH when the particles were attached to multi-
walled carbon nanotubes, but they observed no catalytic effect when a pristine carbon black sample was

used as the matrix'¥. Hence, the question of whether a catalyst can oxidize the analyte under



27

physiological conditions may be more complex than expected, and strategies to adjust the pH on the
catalyst surface seem to be very useful. In this regard, researchers have proposed various strategies. For
example, Zhu et al. used an Ecoflex™ porous rubber membrane containing 0.05 mM NaOH as a layer
on top of the electrode to provide an alkaline environment'*®. The authors successfully demonstrated the
practical utility of the porous membrane integrated microfluidic non-enzymatic glucose sensors in
sampling sweat and detecting glucose in sweat'“. Alternatively, Strakosas et al. exploited an electrode
containing Pd nanoparticles to generate hydroxide ions at -1.0 V (vs. Ag/AgCl)!'¥’. These ions diffused
to the closely placed cobalt-oxide working electrode, which, at the reduced local pH, was capable of
oxidizing glucose at +0.5 V¥, In a similar manner, Zhu et al. used a gold rod as a working electrode
and applied a potential of -2.0 V for 20 s (vs. a polypyrrole-coated Pt quasi-reference electrode) to
increase the local pH on the working electrode and subsequently oxidized glucose at +0.2 V48, After
that, a potential of +1.0 V was used to clean the electrode surface, enabling nonenzymatic wearable

sensor for continuous real-time monitoring of perspiration glucose during physical activities!*s,

1.7.3 Biocompatibility

Since non-enzymatic electrochemical sensors contain reactive and nanometric-sized catalysts,
biocompatibility needs to be considered, even though the catalyst material itself may be macroscopically
safe, such as noble metals. Especially for continuous measurements where the sensor, for example,
directly touches the patient’s skin over weeks, the safety of the product needs to be ensured by
minimizing possible adverse reactions such as inflammation or toxicity. Biocompatibility also maintains
the functionality of devices in preventing immune responses from the patient. Thus, biocompatibility is
not only essential for safety and the patient’s well-being but also enhances the longevity and stability of
devices, making them suitable for long-term use. Furthermore, regulatory compliance needs to be
considered to gain approval for clinical use. In the literature, several approaches have been proposed to
achieve or prove biocompatibility of electrode materials. For example, Dang et al. tested the
biocompatibility of their Prussian blue (PB) nanoparticles intercalated TisC. nanosheets biosensor by

149 Cells were co-cultivated with

conducting cytotoxicity assays using L.292 mammalian fibroblast cells
various concentrations of the sensor components, i.e., PB, TisC,, and PB/Ti;C,'®. The cytotoxicity was
assessed using the MTT method'’. The authors have proven that the PB/Ti3C> did not cause significant
cytotoxicity to the investigated skin cells for 48 hr'®. They further demonstrated the real-time and in
situ detection of H,O; secreted from living HeLa cells using glassy carbon electrode modified with
PB/Ti;C,'%. Besides the in vitro study shown by Dang et al., Chen et al. recently developed a non-
enzymatic glucose sensor for sweat by incorporating gold nanoparticles onto aminated multi-walled
carbon nanotubes as a catalyst'>!. The material was cross-linked in a carboxylated styrene-butadiene
rubber and PEDOT:PSS matrix, which was consecutively dropped-cast onto a screen-printed

electrode!!. Biocompatibility was demonstrated by observing no allergic reactions or skin irritations

after 48 hours of contact with a volunteer’s skin'®'.
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1.7.4 Long-term stability and storage conditions
In sensor development, studying the long-term usability of a sensor is crucial as it enables continuous
monitoring. Continuous monitoring provides comprehensive data on a patient’s health, detecting short-

lived but significant health events that single measurements might miss'>

. Additionally, it reduces the
impact of temporary fluctuations, allowing for a more accurate determination of the patient’s health
status'>2. Therefore, investigating the aging of electrodes during long-term measurements is essential,
ideally identifying and preventing its causes. Furthermore, examining the storage conditions of a sensor
and the effect of aging is vital if the sensor is to become a viable product. Several studies in the literature
address long-term measurements and aging during storage. For example, Li et al demonstrated that
freshly prepared graphene/graphite is more hydrophilic than traditionally expected'>. The adsorption of
hydrocarbon contaminants from the air increases hydrophobicity!®. In addition, Behrent et al.
investigated the aging of LIG electrodes under various conditions'>*. They found that storage
environment such as the container (glass or plastic) and sources of hydrocarbon contaminants, e.g., glue
or nail polish used to insulate the electrode, significantly impacted the electrochemical performance and
contact angle during aging!**. These examples highlight the need of effective strategies in protecting
LIG surface after scribing. Here, Zhang et al. electrodeposited gold on a LIG electrode and further coated
it with chitosan'>. The super hydrophilic Chitosan-Au-LIG showed superior performance not only after
storage in ambient conditions (bare LIG: 90% decrease in redox peak currents after 30 days; Chitosan-
Au-LIG: 3% decrease in redox peak currents after 30 days) but also after reuse'>. While bare LIG
electrodes lost 33% of redox peak currents in a second measurement one day later, Chitosan-Au-LIG

only lost 5% of performance after 10 consecutive days with a measurement each day'*.

1.7.5 Mobility and placement

In real-life scenarios, the use of commercial reference and counter electrodes, such as an Ag/AgCl-
reference electrode or a platinum wire as a counter electrode often presents mobility challenges and
restricts the possible sensor placement locations. Consequently, it becomes crucial to explore alternative
approaches with high reliability. One such approach involves testing the material of the working
electrode itself as a counter electrode or even using it as a reference electrode. By doing so, the stability
of the produced pseudo reference electrode can be investigated by measuring its open circuit potential
versus a commercial reference electrode’®. Notably, printed electrodes offer a convenient solution. In a
printed 3-electrode system, all three electrodes can be placed next to each other on a planar surface,
simplifying handling, ensuring always the same distance between the electrodes to enhance
reproducibility, and reducing overall system complexity. This streamlined design also enhances cost-

effectiveness and facilitates mass production.

Considering wearable sensors, the comfort of the user is paramount. The device should be lightweight,

flexible, unobtrusive, and easy to wear for extended periods. Furthermore, they should be mechanically
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stable and have a long lifespan, particularly for wearable devices that may be exposed to various

environmental conditions and physical movements.

Especially when using the most common measurement techniques, such as chronoamperometry, cyclic
voltammetry, differential pulse voltammetry, and square wave voltammetry, a battery-less NFC
potentiostat offers significant advantages with comparable performance to commercial benchtop

potentiostats!3¢158,

These potentiostats are approximately the size of a credit card and are
affordable'®!’, The wireless power supply operates through inductive coupling between an NFC-
capable smartphone and the potentiostat. The primary coil (smartphone) generates a magnetic field,
while the secondary coil (potentiostat) receives energy'>. This enables devices to charge or power up
without physical connections at distances of up to five centimeters'®. Additionally, communication

159 However, there

between the potentiostat and the smartphone is based on electromagnetic induction
are limitations in the potential ranges that can be used due to the NFC technology’s limited power supply,

which can be addressed through sensor miniaturization'*.

1.7.6 Efficiency, cost, and simplicity

Electrochemical sensors play a crucial role in rapid and efficient analyte detection, especially when
working with minimal sample volumes. To achieve cost-effectiveness, it is advisable to produce
electrodes from inexpensive raw materials, such as polymers or paper, rather than relying on for example
commercial screen-printed electrodes as the foundation for the electrode system. This approach not only
reduces overall costs but also minimizes dependence on external suppliers.

When designing the production process, consider energy efficiency. Avoid energy-intensive steps (such
as heating) and aim for a continuous, streamlined process. As a general guideline, fewer production steps
are the key for low-cost sensors. Prioritize simplicity in the overall product design—devices should be

user-friendly, effective, and affordable.

Researchers are encouraged to provide detailed cost analyses of electrode materials and production
expenses in their sensor publications. For instance, Perju et al. demonstrated a comprehensive
breakdown of material costs for their electrode manufacturing in the supplementary information’.
Additionally, consider estimating the energy consumption associated with power-intensive steps (e.g.,
using ovens, heat plates, laser scribing, or electrospinning) in kilowatt-hours (kWh). This holistic

approach ensures transparency and facilitates informed decision-making.

1.7.7 Practical considerations

Numerous studies investigating new electrode materials utilize chronoamperometry in stirred solutions.
However, it is crucial to assess whether this approach aligns with the final intended application. The
primary benefit of employing a stirred solution lies in the ability to conduct chronoamperometry until
the signal stabilizes. This stabilization leads to improved standard deviation of the blank due to reduced

signal fluctuations, resulting in significantly enhanced limits of detection (LODs). Additionally, the
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stirred approach permits incremental addition of the analyte, facilitating the construction of a calibration
curve on the same electrode within a single measurement. Consequently, this further minimizes standard
deviation and enhances LOD. Furthermore, using a stirred measurement approach enhances mass
transport, and since we patiently await a stable signal, there are no abrupt charging currents or
background current shifts, as seen in non-stirred approaches when initiating a new measurement for each

analyte concentration.

However, the stirred approach often proves impractical because customers prefer a simpler method:
directly adding the sample onto the electrode and initiating the measurement. Despite its convenience
for customers, the non-stirred approach presents challenges. It exhibits charging current at the
measurement’s outset, and variations in background currents occur from electrode to electrode and
measurement to measurement, ultimately leading to an increased LOD. In conclusion, we encourage
researchers to directly explore the certainly more challenging, non-stirred approaches. Hereby,
alternative strategies are required to address the unique challenges associated with this approach. For
example, in our research group, we developed a non-stirred hydrogen peroxide sensor. As part of the
pretreatment, we needed to perform ten consecutive measurements in the blank at the same potential as
the measurement itself, in order to ensure a stable background current before introducing hydrogen
peroxide®. If the resulting LODs of the non-stirred approach are not low enough for the desired
application, an implementation of customer-friendly and simple strategies to preconcentrate or purify

the samples before measurement could be used'?.

Another practical consideration for researchers is that some enzyme-free sensors face challenges in
oxygen-dissolved solutions, as the presence of dissolved oxygen can interfere with the sensor’s

performance!'®°

. This problem is often addressed by attempting to remove oxygen by bubbling nitrogen
(N2) through the solution, which is highly impractical for real applications. To address this issue, one
potential solution is to incorporate oxygen-scavenging molecules to the sample such as sodium
thiosulfate or ascorbic acid, which can remove or neutralize dissolved oxygen. However, these oxygen-
scavengers could lead to interfering signals at the electrode (due to the low oxidation potential) or
quench analytes such as hydrogen peroxide'®. Additionally, electrochemical filters can be used to

161

remove oxygen'°. In this method, a porous electrode is placed on top of the electrochemical sensor,

separated by an additional porous layer, allowing for the electrochemically induced oxygen-reduction

reaction to remove oxygen'®!

. However, it is important to consider that the electrochemical removal of
oxygen may change the local pH near the electrochemical sensor. Another approach could involve the
development of sensor materials that are inherently resistant to oxygen interference, ensuring reliable

performance even in oxygen-rich environments.
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1.8 Conclusion and outlook

The review provided an overview of the advancement in non-enzymatic sensors and their potential
applications towards point-of-care (POC) testing. Various strategies including conventional techniques,
e.g., screen printing, and emerging strategy, have been employed for generating non-enzymatic
electrodes in a mass-producing manner which will ultimately provide POC devices with low cost. In
this regard, we evaluate the pros and cons of each technique. Moreover, we also provide characteristics
of sample matrices as well as relevant analytes which need to be considered to efficiently apply non-
enzymatic sensors raising specific points of concern in sensor development. We lastly give the
discussion on other remaining challenges and some published studies as well as our viewpoints, which
are promising to tackle such issues. In addition to this, we also want to give our perspective in the light
of fabrication to end-users which could make non-enzymatic sensors to be more attractive for POC
testing.

Although various kinds of fabrication technology have been proposed for generating non-enzymatic
transducers, only some of them possess potential for POC devices considering speed and cost of
production. Herein, screen-printing and roll-to-roll (R2R) printing are well established techniques
allowing massive production of electrodes within a short time period. However, manufacturers must
critically investigate the catalyst-ink formular to ensure its homogeneity and consequently electrode
reproducibility. Typically, catalysts need to be blended with other conductive materials, e.g. carbon
powder, and binding agent to assist printing and film formation process. This makes the embedded
catalyst not useful, raising the concern about their cost-effectiveness, in particular, with costly catalyst
materials. Therefore, creating a very thin film or developing the printing of pure catalysts would be
favorable. In addition, further studies on adhesion between the formulated ink and various substrates,
e.g., paper and textile materials, would allow the applications of non-enzymatic sensors to be

expandable.

Apart from the conventional strategies, laser-induced carbon-graphene hybrid technology has emerged
and gained popularity nowadays. Unlike thin film electrodes obtained from screen-printing and R2R
printing, the laser-based fabrication method provides 3D-porous film with immense surface area which
can rationally boost detection sensitivity. Even though the initial investment cost is high, it is considered
effective for the long run overall. Nevertheless, laser-scribing technology is at an early stage which
requires more development and careful attention. For example, highly porous electrodes, on one hand,
are highly sensitive but could, on the other hand, cause poor reproducibility as well. This is because
rough surfaces with microstructure typically exhibit hydrophobic properties which hinder
inhomogeneous contact between aqueous solutions and electrodes. Thus, high wettability of the entire
electrode surface must be ensured. This could be probably done by plasma treatment or chemical
treatment. However, in case the problem still exists, variations between electrode-to-electrode may be
solved by ratio metric measurements in which internal reference signal is used for normalization.

Furthermore, properties of laser-induced non-enzymatic electrodes after production must be carefully
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investigated. Based on our experience, the freshly produced electrodes yield high sensitivity, but the
performance diminished over time after storage. Studies on storage conditions or development of

protective coatings are encouraged to standardize electrode’s property.

Various sample matrices constitute not only different levels of analyte but also distinct potential
interferences which pose significant challenges in non-enzymatic sensors. Although blood contains a
high abundance of analyte and is widely used in clinical diagnostics, other biological fluids which can
be accessed non-invasively and contain fewer interfering species are preferential. These fluids include
sweat, saliva, urine, and breath. However, the analytes in such biological samples are typically in a low
amount. Therefore, highly sensitive non-enzymatic sensors are majorly required. Concerning the lag
time, comparison analyte levels between blood and non-invasive biological fluids must be intensively
conducted to guarantee reliability of the result. In addition to clinical samples, non-enzymatic sensors
possess potential applications in measurement of analyte in water, food and beverages, and cell culture
medium in bioprocess. Except water, the non-clinical samples typically contain high amount of analytes
and interfering species. Most of reports suppress the interfering effect by diluting samples with
measurement buffer. Nevertheless, an extreme dilution could potentially cause errors as analyte

concentrations are reduced as well.

Finally, as discussed in the remaining challenges there have been many promising studies which can be
exploited to overcome the issues. With these altogether and further developments we strongly believe
that non-enzymatic sensors will become a robust and viable tool in POC testing in the future where
desired analytical performance can be achieved in an affordable manner which eventually can improve

quality of life.
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2. Motivation and Structure of the Thesis

Electrochemistry is one of the most promising point-of-care techniques in analyte detection due to its
direct on-site data readout, sensitivity, and scalability. These and more advantages, which were discussed
in Chapter 1, make it a valuable tool. With more complex samples, electrochemical biosensors must
become more sophisticated to achieve sensitive and selective detection of specific analytes amidst many
interfering substances. This is typically achieved with enzyme-based electrochemical sensors. Currently,
three generations of enzyme-based biosensors exist, distinguishable by how the electrode communicates
with the enzyme: (i) detecting the co-substrate/-product of the enzyme reaction, (ii) using a synthetic
redox mediator, or (iii) enabling direct electron transfer with a nanomaterial-based electrode. Besides
their high specificity that also works in complex sample matrices, enzymes have several disadvantages,
such as high costs and instability under harsh conditions (e.g., sterilization). Therefore, the 4™ generation
of electrochemical biosensors, which employs an enzyme-free approach with the analyte reacting
directly on the electrode surface, needs to emerge as the future of biosensor technology.

Chapter 1 provides a broad overview of the 4™ generation of electrochemical biosensors, i.e., enzyme-
free sensors. It begins by highlighting the need for affordable sensors not only in diagnostics but also in
environmental monitoring and food safety, which can be fulfilled by enzyme-free electrochemical
sensors. Furthermore, it defines “non-enzymatic”, a term ambiguously used in literature, and
investigates the non-enzymatic detection mechanism of one of the most widely measured analyte,
glucose. The chapter then introduces conventional and emerging fabrication methods for producing non-
enzymatic electrochemical sensors and compares them in terms of their practicability for mass
production. It also discusses the problems and possibilities of clinical and non-clinical sample matrices,
focusing on what to consider when developing an electrochemical sensor for each matrix. The final part
of this chapter discusses promising strategies and technologies for addressing remaining challenges,
e.g., anti-fouling, biocompatibility, and practical considerations.

In our working group, we developed one of the emerging fabrication methods introduced in
Chapter 1.5, namely laser scribing of nanofibers, to produce a porous electrode material with embedded
nanocatalysts. This method involves a two-step production process: (i) electrospinning a spinning
solution of commercially available raw materials (polymer granulate, metal salts, organic solvent) to
produce nanofibers, and (ii) laser-scribing these nanofibers with a CO, laser to form laser-induced
carbon nanofibers (LCNFs) used as an electrode. Both methods are suitable for mass production and
can be rapidly adjusted to meet other challenges and applications (e.g., adjusting fiber mat thickness by
spinning time, catalyst material by the introduced metal salt, and carbonization of the fiber mat by laser
power).

However, in the detection of glucose of a previous LCNF study, despite achieving very low limits of
detection, impractical conditions such as a stirred measurement setup and a high pH of the analyte
solution (0.5 M NaOH) were used, which strongly deviates from the pH of biological samples. To fit the

requirement of electrochemical sensors applicable to real sample matrices, the electrodes need to be



34

adapted. Therefore, first an in-depth characterization of the electrode material to fully understand the
chemistry behind the electrochemical measurement is conducted. The main goal is then to further
develop the LCNF electrode material and detection method to ensure practical and user-friendly analyte
detection suitable for real-world applications. In the development of the electrode material, pure metal
LCNFs (Ni, Pt) are compared with their alloyed LCNFs, as these are known to improve the catalytic

behavior.

In Chapter 3, pure Pt and Ni LCNFs, as well as Pt-Ni-alloyed LCNFs of various compositions, are
investigated for their catalytic behavior towards hydrogen peroxide, an important molecule in many
metabolic processes. It shows how metal concentration and composition influences the morphology
(investigated by SEM) and the effective surface area (measured electrochemically) of the electrode
material. Due to selectivity issues in the presence of ascorbic acid, uric acid, and dopamine, strategies
to prevent interferences are tested. Additionally, the recovery of measurements in pure and diluted
human serum as well as the impact of thin polymer films added by drop-coating on top of the electrode

were examined.

Furthermore, Chapter 3 contains unpublished results aimed at further solving the selectivity problem
in hydrogen peroxide detection. The first approach involved using the same electrode material but at a
lower/slightly negative potential. Since no good stabilization of the blank measurement was observed
in non-stirred conditions, a new measurement strategy was employed. Here, a blank measurement in
PBS was followed by a measurement in a hydrogen peroxide solution, and the difference between both

signals was plotted against the hydrogen peroxide concentration as a calibration curve.

The second approach in the unpublished results of Chapter 3 explores using polyoxometalates (POMs)
as catalysts for hydrogen peroxide detection at a slightly negative potential. Initially, POMs were
investigated by cyclic voltammetry at various pH conditions for stability and catalytic activity towards
hydrogen peroxide reduction. SiM012040* (SiMo) emerged as the most promising candidate. Various
methods to attach SiMo onto the LCNF surface were explored, such as co-spinning and consecutive

laser scribing, drop-coating on untreated LCNF, and drop-coating on PEGylated (Pt-)LCNF.

Chapter 4 contains the most promising results of the thesis and starts with an extensive characterization
of the Pt-Ni-alloyed LCNFs using various methods. The formation, structure and composition of the
nanoparticles is investigated by transmission electron microscopy coupled with energy-dispersive X-ray
spectroscopy (TEM-EDX) and X-ray photoelectron spectroscopy (XPS). The structure and chemistry
of the carbon matrix is revealed by small angle X-ray scattering (SAXS) and XPS, respectively. The
goal was to enable glucose detection, one of the most important analytes in diagnostics, under
physiological conditions. Usually, glucose oxidation on Ni catalysts is only achieved at an alkaline pH.
The goal could then be accomplished by in situ generating a local high pH electrochemically at the Pt
sites of the alloy, prior to the measurement. Hereby, pretreatment and catalyst-cleaning conditions are
optimized, and the selectivity of the sensor is investigated. Additionally, the aging of the electrodes is

monitored by contact angle measurements and the impact on the overall performance of these electrode
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(limit of detection). For future goals such as an application in health diagnostics, the impact of
sterilization on the performance of the electrode towards glucose detection is also investigated, as well

as the recovery of glucose signal in 20% human serum.

In Chapter 5, the previously investigated Ni-LCNFs are applied for non-invasive diagnostics, i.e.,
detection of glucose in simulated breath. For better applicability, working-, counter- and reference-
electrode are laser scribed as a 3-electrode system on the nanofiber mat. In this approach, the porosity
of the LCNF electrodes is used to capture glucose from an aerosolized glucose solution. Drying the
electrode after the capturing is not only used to concentrate glucose at the electrode surface but also to
remove interferent volatile components which could be found in human breath. After drying, a defined
amount of 0.1 M NaOH solution is placed on the electrode as an electrolyte and a source of hydroxide
ions, needed for a functional nickel catalyst. The challenge in this work is that the electrode can’t be
calibrated before the measurement since the glucose is already deposited and would be consumed.
Furthermore, batch to batch variations are too high to enable a simple current readout. Facing these
problems, our approach conducts a simple CV measurement, which contains the oxidation peak and the
reduction peak of the Ni-catalyst. Since, at low glucose concentrations, mainly the oxidation peak is
increased by the addition of glucose, the reduction peak of the catalyst only reflects the amount of
Ni-catalyst in contact with the solution on each individual electrode. By taking the ratio of both peaks,
we achieve to have a glucose concentration measurement and an internal calibration just by using one
measurement. Furthermore, the correlation between the glucose solution in the nebulizer and the

captured solution on the electrode as well as the signal of possible interferents are investigated.

Chapter 6 summarized the overall results and key findings of this thesis. Furthermore, remaining

problems and suggestions to solve them as well as future perspectives of LCNFs are discussed.
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3. Investigating nanocatalyst-embedding laser-induced carbon
nanofibers for non-enzymatic electrochemical sensing of hydrogen

peroxide

3.1 Abstract

In this present study, we explored the catalytic behaviors of the in situ generated metal nanoparticles,
i.e., Pt/Ni, embedded in laser induced carbon nanofibers (LCNFs) and their potential for H,O» detection
under physiological conditions. Furthermore, we demonstrate current limitations of laser-generated
nanocatalyst embedded within LCNFs as electrochemical detectors and possible strategies to overcome
the issues. Cyclic voltammetry revealed the distinctive electrocatalytic behaviors of carbon nanofibers
embedding Pt and Ni in various ratios. With chronoamperometry at +0.5V, it was found that modulation
of Pt and Ni content affected only current related to H,O» but not other interfering electroactive
substances, i.¢., ascorbic acid (AA), uric acid (UA), dopamine (DA), and glucose. This implies that the
interferences react to the carbon nanofibers regardless of the presence of metal nanocatalysts. Carbon
nanofibers loaded only with Pt and without Ni performed best in H,O, detection in phosphate buffered
solution with a limit of detection (LOD) of 1.4 uM, a limit of quantification (LOQ) of 5.7 uM, a linear
range from 5-500 uM and a sensitivity of 15 nA - mM™ - cm?. By increasing Pt loading the interfering
signals from UA and DA could be minimized. Furthermore, we found that modification of electrodes
with nylon improves the recovery of H>O, spiked in diluted and undiluted human serum. The study is
paving the way for the efficient utilization of laser-generated nanocatalyst embedding carbon
nanomaterials for non-enzymatic sensors, which ultimately will lead to inexpensive point-of-need

devices with favorable analytical performance.

This chapter has been published and formatted to fit this thesis:

Bruckschlegel, C., Schlosser, M. & Wongkaew, N. Investigating nanocatalyst-embedding laser-induced
carbon nanofibers for non-enzymatic electrochemical sensing of hydrogen peroxide. Analytical and

Bioanalytical Chemistry 415.18 (2023): 4487-4499.

3.2 Author contributions

The author and Dr. Nongnoot Wongkaew contributed equally to design of the experiments. The author
conducted the experiments and evaluated the data. Dr. Marc Schlosser conducted SEM-EDX
measurements shown in Figure 3.2. The author and Dr. Nongnoot Wongkaew wrote the manuscript draft.

Dr. Nongnoot Wongkaew led the project administration.
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3.3 Graphical abstract
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Figure 3. 1: Graphical abstract of chapter 3.

3.4 Introduction

Hydrogen peroxide (H»O>) is one of crucial small molecules not only present in living organisms but
also in industries and environment as usage agents or contaminants'®?, Apart from these, H>O, is formed
in catalytic reactions by many oxidases, e.g., glucose oxidase, which are commonly detected or used in

many biosensing platforms!®3164

. Monitoring H>O, both released from cells or inside cellular
compartment under physiological conditions is of interest as H>O: plays a crucial role in regulating
characteristics of cells. Abnormality in H>O: level in physiological processes can potentially be an
indicator of many diseases, including cancer'®. Continuous monitoring of H,O, through wearable
devices has recently received much attention. For example, detecting H,O; in wound through a bandage
is beneficial for preventing chronic and infectious wounds'®. Furthermore, H>O; in exhaled breath can
be a biomarker for asthma, lung cancer, and pulmonary disease'". Trends in developing H,O, sensors

is thus pointed towards onsite and continuous measurement.

168,169 171

Titration!®”, spectroscopic- , fluorescent-'”%, and chemiluminescent methods'’! have been
traditionally employed for detecting H,O,. Nevertheless, the aforementioned techniques are not suitable
for onsite monitoring. Instead, with well-established miniaturized readers, electrochemical methods are
more attractive and can realize simpler, faster, more sensitive and cost-effective measurements.
Electrochemical detection of H,O, using peroxidase, e.g., horseradish peroxidase (HRP), has been

widely used due to favorable sensitivity and selectivity'’?

. Nevertheless, cost and instability of enzyme
make enzyme-based biosensors less attractive in practice, in particular in resource-limited areas.
Therefore, the development of non-enzymatic electrochemical sensors for H>O, detection has thus

caught our attention.

Since Tour’s group pioneered the utilization of a CO; laser for patterning carbon nanomaterials on
commercial plastics, e.g., polyimide (PI) film, a great number of follow-up research has been carried
out, which also included the development of smart sensors'’*!7*, Large production capacity, high
flexibility in electrode design, cost-effectiveness in terms of materials and instrumentation, and desirable
analytical performance of the laser-generated carbon nanoporous materials make the strategy highly

attractive to be used in electrochemical sensors, especially towards affordable point-of-need devices.
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Furthermore, introducing functional entities into polymeric carbon precursors prior to laser-pyrolysis
allows one to create carbon nanomaterial hybrids, which not only further enhance electron transfer but
also enable additional capability, e.g., electrocatalytic reaction that cannot be obtained from pristine

carbon nanomaterials.

Previous studies have demonstrated incorporation of metal salts into or onto polymeric carbon
precursors and the in situ generation of metal nanocatalysts embedded within the as-obtained carbon
nanomaterials®!7>177_ For example, Tour’s group prepared PI film containing organic metal salt, e.g.,
metal complex cobalt(III) acetylacetonate, iron(III) acetylacetonate, or molybdenyl(VI) acetylacetonate,
and exposed the film to a CO, laser, enabling the formation of nanocrystal metal oxides embedded within
laser-induced graphene. The work opens up for a variety of applications not only in energy-related
fields, as shown by the authors, but also in non-enzymatic electrochemical sensors. In our group, instead
of preparing a polymer film, we used electrospinning technology to obtain a functional 3D-fibrous
polymeric carbon precursor. Here, high porosity, immense surface area, and homogeneous dispersion of
metal salt realized by electrospinning potentially provide the resulting carbon electrodes with high-
performance when compared to that of polymeric films. As an example, in our previous study, the
electrodes made from laser-induced carbon nanofibers embedded with Ni (Ni-LCNFs) have enabled the
detection of glucose in basic medium at sub-micromolar range with negligible interferences®. As
recently demonstrated also by our group, the 3D-porous LCNFs can be further integrated into
microfluidic analytical devices, enabling the detection of dopamine in pM range’®.

Various metals have been in fact successfully incorporated to carbon electrodes for H,O» detection!!”,
For example, Mei et al. proposed a construction of PtNi alloy decorated MWCNTs for non-enzymatic
electrochemical sensors of H,O, with excellent sensitivity and limit of detection (LOD) in the nanomolar
range'®. Additionally, the PtNi alloy offered the possibility to detect glucose under physiological pH,
unlike traditional detection strategies where basic solution medium is required?*. Recently, Xi et al.
reported PtNi nanoparticles with Ni-rich cores and Pt-rich shells that possessed a record high catalytic
efficiency with Kcy of 107 s7!, which is much more efficient than pure Pt nanoparticles (a well-known
type of efficient peroxidase mimics with similar sizes)!**. Therefore, the combination of Pt and Ni within
LCNFs is of an interest in this study. In particular, we expected to gain new knowledge on fabricating

LCNF electrodes with more than a single metal and their applicability for H,O; sensing.

Herein, we aim to explore the effect of various combinations of Pt and Ni embedded within LCNFs and
reveal their electrochemical behaviors towards non-enzymatic detection of H,O». In this study, cyclic
voltammetry was used to assess the electrocatalytic behaviors whereas chronoamperometric detection
was mainly employed to evaluate the analytical performance. As non-enzymatic electrochemical sensors
typically suffer from electroactive interferences, in particular at high applied voltage, we thus thoroughly
investigated the effect of each metal composition on selectivity. Furthermore, we investigated some

strategies to overcome the signal interferences both in buffer and human serum samples.
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3.5 Materials and methods
3.5.1 Preparation of LCNF

Nanofiber mats were prepared by electrospinning of 15% (w/v) Matrimid® 5218 (Huntsman Advanced
Materials BVBA, Belgium) and various ratios and amounts of platin(Il)-acetylacetonate ((97%, Sigma-
Aldrich, Germany) and nickel(Il)-acetylacetonate (95% Sigma-Aldrich, Germany) dissolved in N,N-
dimethylacetamide (Merck, Germany) (see supporting information: table S1 and figure S2). All Ni:Pt-
ratios are given in mol-percent. The metal-salt percentages refer to the dry mass of the polymer. For
nanofibers without any metal, a suspension of laser-induced graphene flakes was added to the spinning
solution instead of a metal salt. The spinning solutions were stirred at least overnight for homogeneous
distribution of all components. The electrospinning was conducted with a rotary drum, tip-to-collector
distance of 15 cm, flow rate of spinning solution (10 pL/min) and fiber-deposition substrate (indium tin
oxide coated poly(ethylene terephthalate); ITO/PET, sheet resistivity 60 Q/sq, 1 ft X 1 ft X 5 mil, Sigma
Aldrich, Germany). For the rotary drum, an ITO/PET piece of 10 cm X 30 cm and two slides of
aluminum foil touching both long sides of the ITO/PET were attached to the collector of the rotary drum
with adhesive tape to ensure electrical connection between the ITO surface and the grounding. The size
of the resulting collecting area was around 9 cm X 25 cm, the applied voltage was 11-12 kV and the
drum rotation speed was set to 150 rpm. The optimized spinning time of the rotary drum was 3h 30 min.
The exact temperature and humidity during the spinning is shown in Table S1. The resulting nanofibers
were at least dried overnight in the fume hood from organic solvent. The laser-induced carbon nanofibers
(LCNFs) were generated by laser-scribing the electro spun fibers with a CO»-laser (10.6 um, VLS 2.30,
Universal Laser System, Polytech Systeme GmbH, Germany). The laser settings were set to a lasing
speed of 60% (1,270 mm-s™), an image density of 1,000 DPI and a laser power of 1.5 W. If the laser
conditions were adjusted (lower laser power or higher lasing speed; see Table S1), the LCNFs were
destroyed (electrode burning) with standard conditions. The reasons of such deviations are (i) the various
metal compositions with different resulting heat transfer during laser scribing and (ii) low humidity (<
40%) during electrospinning which usually results in thinner mats. To keep constant laser conditions
despite of point (i), the total metal-salt percentages compared to polymer-dry mass were reduced from

25% (LCNFs with 100% Ni) to 15% (LCNFs with 100% Pt).

3.5.2 Morphology characterization

Elemental mapping and energy dispersive X-ray (EDX)-spectra of LCNFs were investigated with
scanning electron microscopy-energy dispersive X-ray (SEM-EDX) (Zeiss’EVO MA 5 with Bruker
XFlash Detector 630M. The samples were cut with a scissor and not further treated before the
measurement.

The morphology of the nanofibers and the various LCNFs were investigated by scanning electron
microscopy (SEM, Zeiss/LEO 1530, Germany). The samples were cut with a scissor and platinum-

sputtered (1-2 nm layer thickness) before the measurement.
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3.5.3 Electrochemical characterization

The MultiPalmSens4® (PalmSens, Netherlands) with a 3-electrode system (working electrode: LCNF,
counter electrode: Pt-wire, reference electrode: Ag/AgCl) was used for all electrochemical
measurements. The working area of the LCNF had a geometric size of 0.07 cm? and was separated from
the contact-part of the LCNF with the potentiostat by candle wax. For both measurements
cyclovoltammetry (CV) and chronoamperometry (CA), a drop of the solution (40 pL) was placed on the

LCNF while the counter and reference electrodes were reaching into the drop.

CV for effective surface area (ESA) determination was performed from -0.6 to 1.2 V at 25, 50, 75, 100,
150 and 200 mV-sin 1 mM ferri/ferrocyanide (in 0.1 M phosohate buffer (phosphate buffered saline
tablet, Sigma Aldrich, Germany; dissolved in Millipore water; if slight deviations from pH were
measured, the solution was adjusted with HCl/ NaOH (1M) to pH= 7.4), 0.1 M KClI).

CVs to see the catalytic effect of the LCNFs were performed from -0.8 V to 0.8 V at 50 mV-s™! in
phosphate buffer (pH= 7.4) and in 10 mM H,O, (Merck, Germany, diluted from a stem solution (CAS-
Nr.: 7722-84-1)) in phosphate buffer (pH= 7.4). Firstly, one electrode was measured for 3 cycles in PBS.
After that, the same electrode measured a drop of 10 mM H>O, in PBS. For the figures, the 3" cycle of
the PBS measurement (usually slight changes of the CV are observed from cycle 1 to cycle 2. From
cycle 2 on, the CV is stable) and the 1* cycle of the measurement with H>O, were used. In the figures

which show CVs, the average CV of n electrodes (see ‘n’ in the figure caption) is shown.

Chronoamperometry (CA) was measured in a non-stirred solution (40 pL placed on the electrode) with
a fixed potential of 0.5 V for 100 s. The average signal of the timespan 50-55 s was used as a signal of
the CA since this timespan showed low standard-deviation between electrodes. As a pretreatment, CAs
in pure PBS of one and the same electrode were measured until the signal was constant (usually 10
measurements). After each CA-measurement, the drop was removed and a fresh one was placed. After
that, a dose-response curve for the analyte (H2O-) or of a disturbing molecule (ascorbic acid (Merck,
Germany), uric acid (Sigma Aldrich, Germany), dopamine Sigma Aldrich, Germany) and glucose
(Sigma Aldrich, Germany)) in PBS was measured with the same electrode. Considering LOD-
calculation, the last 3 measurements in PBS buffer (the stabilized blank signal) of one electrode were
used to calculate the standard deviation of the blank for this electrode. The LOD of a certain LCNF was
then calculated by using the average standard deviation of the blank measurement of n electrodes (see
‘n’ in figure caption) and the average slope of the calibration curve.

To study the impact of sample matrix, CA measurements were initially performed on an electrode 3
times in PBS-buffer to establish a stable background current. Then the buffer was removed. After that,
40 pL of human serum (Sigma Aldrich, H4522) was dropped (either pure or diluted, i.e., 50% human
serum + 50% PBS) onto the same electrode for a 4" CA measurement. Hereby, for every H,O,
concentration spiked in human serum (0, 50, and 100 uM), a fresh electrode was used. In case of a
polymer coating, 1 uL of the respective polymer-solution (5 w% nylon in formic acid) was dropped onto

the electrode and evaporated in the fume hood at room temperature for approximately 1h.
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3.6 Results and discussion

3.6.1 Characterization of nanocatalyst embedding LCNFs

In a previous study, we found that electrospinning enabled the uniform distributions of Ni throughout
the as-spun PI nanofibrous precursor as well as within the LCNF electrodes studied by scanning electron
microscopy with energy dispersive X-ray analysis (SEM-EDX)*. Similarly, to ensure no adverse effect
resulted from the metal mixture in their distribution, elemental mapping of Ni- and Pt-atoms was
performed for the most representative component, i.e., (50% Pt + 50% Ni)- LCNFs. As shown in
Figure 3.2A, the EDX-signals resulting from Ni and Pt are equally distributed across the whole imaging
area. In addition, the intensities of EDX-spectra taken from the selected areas for the various LCNF

hybrids are highly correlated with the investigated Pt/Ni compositions (Figure 3.2B).

An evaluation and a summary of these EDX-spectra is given in Table 3.1. Herein, comparisons between
the measured mass concentrations of Pt- and Ni-atoms presented in the as-prepared LCNFs and their
original content in the spinning solution were made. It should be noted that even though inductively
coupled plasma mass spectrometry (ICP-MS) is known as a more suitable and accurate technique to
determine mass concentration of metals the challenges encountered during the sample preparation did
not allow us to achieve reliable data with ICP-MS. Therefore, the data from SEM-EDX are provided for

the discussion.

As expected, when increasing Pt or Ni in the spinning dope, the mass of metals in the fibers (rel. to total
mass of LCNFs) significantly increased. This implies that during laser-scribing, most of the oxygen and
nitrogen in acetylacetonate and PI nanofibers (or Matrimid®) was removed®”. We observed that LCNFs
with higher Ni contents, i.e., (25% Pt + 75% Ni) and (100% Ni), contained more oxygen which
suggested that during laser-scribing, not all PI nanofibers were completely converted into LCNFs, which
is also in good agreement with the SEM study of various investigated LCNFs (see Figure S3.1A, B).
This is likely due to the fact that higher thermal conductivity of Ni leads to lower heat localization. In
other words, the heat carried by Ni diffuses away faster than that of Pt. The carbon content was
nevertheless roughly the same in all investigated LCNFs. In addition to SEM-EDX characterization,
electroactive surface area (ESA) was determined for the investigated LCNF hybrids (Figure S3.2). As
well as the peaks of the ferro/ferricyanide redox couple, another anodic and cathodic peak couple
appeared at around +0.7 V and +0.6 V, respectively, when Ni was present in the LCNFs in relatively
high amounts, as reported in our previous study?*. Such peaks prove the formation of Nio[Fe(CN)s],
which requires a Ni**-ion, indicating that the nanocatalysts rather consists of NiO than other possible
forms, e.g., NiO, and NizO4**!7%17 The incorporation of high Pt content in Pt/Ni-LCNF hybrids tended
to reduce ESA, which is likely due to greater heat localization behavior of Pt during the lasing process,
causing stronger material ablation and less fiber-like structures on top of the usual grid-pattern of the
laser-scriber (see Figure S3.1A-E). However, when Pt is present alone within LCNFs, a larger amount
of Pt is required to increase ESA (see also Table S3.1), caused by an increased amount of very fine

structures arising on top of the usual grid pattern (compare Figure S3.1E and S3.1G). This suggests that
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Pt and Ni mutually facilitated the heat localization during laser-carbonization. For LCNFs without any
metal, the laser-power had to be reduced to 0.9 W in order to avoid the electrode burning, leading to a
LCNF without the typical pattern of the laser scriber (see Figure S3.1F) and a subsequent lower ESA
(see Figure S3.2F). Finally, we have proven that incorporation of metal into PI nanofibers plays a great
role in maintaining the integrity of laser-carbonization as the LCNFs without metal possessed approx.

2- to 3-times less surface area in comparison to the others (Figure S3.1F).
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Figure 3. 2: (A) Elemental mapping of Ni and Pt for a (50% Pt + 50% Ni)-LCNFs by SEM-EDX. (B) EDX spectra of
various LCNF hybrids focused on Ni and Pt for an area with the size of the SEM image shown in (A), i.e., of around 520 um

x 350 pm.

Table 3. 1: Summary of the results from EDX-spectra shown in Figure 1B.

- m(Pt(acac)) m(Pt) i . m(Ni(acac)) m(Ni) m(0) m(C)
m(spinning soln.) m(LCNFs) m(spinning soln.) m(LCNFs) m(LCNFs) m(LCNFs)
(mol-%) (% wt) by EDX) | (mO-%) (% wt) (%byEDX) | (%byEDX) | (% byEDX)

100 6.45 8.5%0.3 0 0 - 2.94+0.6 70+8

75 6.23 8.1+£0.3 25 0.69 0.79+0.06 2.840.6 70£8

50 537 7.2+0.3 50 1.67 2.00+0.09 2.540.5 7118

25 3.5 2.840.1 75 2.96 2.5+0.1 5.7+0.9 60+7

0 0 100 4.57 5.3£0.2 61 7118
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3.6.2 Electrochemical characterization towards H20:

Variation of the metal ratio did not only affect the ESA but also played a significant role in the
electrocatalytic reaction for non-enzymatic electrochemical detection of H>O,. Therefore, we
systematically characterized the LCNFs loaded with Pt and/or Ni by cyclic voltammetry (CV) to see
which LCNF hybrid offered the best catalytic effect towards H,O, (Figure 3.3). LCNFs containing only
Ni nanocatalysts (Figure 3.3A) did not show a prominent electrocatalytic activity towards H>O, for both
oxidative and reductive regions as expected. However, (25% Pt + 75% Ni)-LCNFs (Figure 3.3B) were
already sufficient to enable the oxidation and reduction of H»O,, exhibiting oxidation and reduction
peaks at around +0.2 V and -0.4 V, respectively. The oxidative peak was independent of Pt content when
considered within Pt/Ni-LCNF hybrids (Figure 3.3B to 3.3D). However, the LCNFs containing only Pt
exhibited lower anodic peak intensity as well as an undistinguishable cathodic response from the
background (Figure 3.3E). The decreased anodic peak could be attributed to a smaller ESA comparing
to the others (Figure S3.1E). No significant oxidative or reductive action towards H»O, is displayed by
the LCNF electrode without any metal (Figure 3.3F), which clearly shows that the Pt and/or Ni within
LCNF majorly promote electrocatalytic reaction of H,O» while edge/defects of the graphitic sheets play

no significant role '*,

Finally, increasing the Pt content resulted in a strong reduction of water, i.e.,
hydrogen evolution reaction '8!,

The results shown in Figure 3.3 indicate that Pt plays a major role in the electrocatalytic activity of
H,0,. As suggested by the other studies '*>!%3, the oxidation and reduction should start with spontaneous

adsorption of H,O» (non-electrochemical process) on the free Pt-surface:

2Pt + H,O, » 2Pt(OH) (formula 1: adsorption)

As Katsounaros et al. showed by quantum chemical ab initio calculations, in an oxidation-reaction,
another H>O,-molecule interacts with the two OH-groups adsorbed on the Pt-surface and is oxidized to
oxygen (formula 2: oxidation-1%), whereas the resulting water-molecules are further oxidized by the Pt

surface (formula 3: oxidation-2" )!®2, which yields the measurable current at the electrode:

2Pt(OH) + H,O, — 2Pt(H.0) + O,  (formula 2: oxidation-1%")
2Pt(H,0) - 2Pt(OH) + 2H" +2 ¢=  (formula 3:o0xidation-2" at ca. +0.2 V for Figure 3.3)

On the other hand, in a reduction-reaction, this OH-group will be spontaneously reduced into water, and

free Pt-sites are available for new coming H>O, molecules again'®?:

2Pt(OH) + 2H" + 2¢” = 2Pt(H,O)  (formula 4: reduction)
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As reported by Xi et al, a Ni/Pt alloy potentially enhances the catalytic activity towards H,O» because
of weaker binding of the products to the alloy surface!*’. By density functional theory (DFT)
calculations, Xi et al. also showed that the adsorption energy of both the OH-species and the O-species

142

on the Pt surface decreases by incorporation of Ni'**. By considering the intermediate steps of formula 4,

both species as following could appear during reduction reaction:

2Pt(OH) — Pt(H,O) + Pt(O) (formula 5: reduction-1%")
Pt(O) + 2H" + 2¢” - Pt(H,O) (formula 6: reduction-2" at ca. -0.4 V for Figure 3.3)

As can be seen from Figure 3.3B to 3.3E, no significant difference was observed for the anodic peaks
when introducing Ni into the LCNF hybrids in contrast to the cathodic currents. This is likely due to the
fact that Ni tended to reduce the adsorption energy of the intermediates only for the reduction reaction

142 thus modulating catalytic behavior for H>O, reduction.
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Figure 3. 3: Cyclic voltammograms of LCNFs with various metal compositions where A to E are from (100% Ni)-LCNFs,

(75% Ni + 25% Pt)-LCNFs, (50% Ni + 50% Pt)-LCNFs, (25% Ni + 75% Pt)-LCNFs, and (100% Pt)-LCNFs, respectively,

(mol-% are given). (F) LCNFs without metal. The characterizations were performed in PBS (pH = 7.4) with and without 10
mM H202 (n=3). The potential (Pot.) is given against Ag/AgCl reference electrode. Scan rate of 50 mV/s was used.

For H,O, detection at constant potential (chronoamperometry, CA), one might want to use the (25% Pt
+ 75% Ni)-LCNF electrode set to -0.5 V, where a better selectivity towards H>O, can be generally

realized '8

, judging from the cyclic voltammograms in Figure 3.3. However, we chose a potential of
+0.5 V instead. This contrary decision can be explained by the fact that, in our experiment, a positive

potential usually showed good reproducibility from electrode to electrode, good sensitivity towards
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H,0; when using CA, and finally provided a stable signal during CA measurements. On the contrary,
the application of -0.5 V mostly gave poor reproducibility and signals uncorrelated with H,O»
concentrations (data not shown). It might be possible that during the oxidative scans of CVs shown in
Figure 3.3B, the embedded nanocatalyst underwent a necessary oxidation prior to being able to reduce
H,0O,. This encourages further intensive studies, which we unfortunately have not been able to address

so far in this investigation.

3.6.3 Influence of various Pt and Ni content on analytical performance

3.6.3.1 Sensitivity and limit of detection

As discussed in section 2, CA at a positive potential (+0.5 V) was performed for all LCNF electrodes
with various Pt/Ni content. Figure 3.4A shows the average current in the timespan from 50-55s of a
chronoamperometric measurement as a function of the H,O,-concentration in PBS solution (pH= 7.4).
The slopes of the resulting calibration curves increased with the Pt to Ni ratio. This was particularly
obvious when Pt content rose from 0% to 50% in the Pt/Ni-LCNF hybrids. The sensitivity already
reached the maximum at 50% Pt content in the mixture. This indicates that Pt majorly controls the
electrocatalytic oxidation of H»O,. In addition, the result here may suggest that laser-scribing probably
led to the generation of individual Pt- and Ni-oxides rather than the formation of a PtNi alloy, as such

an alloy was suspected to improve the catalytic reaction of H,O,, as reported previously 414,

As a next step, we compared the limit of detection (LOD) of the various LCNFs by using the slopes of
the calibration curves in Figure 3.4A from a concentration range of 5 — 500 pM H,O, (compare with
Figure S3.3), which yielded a good linear correlation. As mentioned earlier in the experimental parts,
CA was run for ten times in pure PBS before each calibration to ensure a stable background-signal
whereas the last three consecutive measurements were used to calculate the standard deviation of the
blank within the same electrode (with this standard deviation, a LOQ of 5.7 uM was calculated for the
pure Pt-electrodes). Since we repeated such measurements also for several different electrodes of the
same material type, a measure of uncertainty can be assigned to the standard deviation of the blank
measurement. Hence, both the slope and the standard deviation of the blank measurement have an
uncertainty, which leads, of course, to a standard-deviation of the LOD, calculated by the sum of the
partial derivatives multiplied with the respective uncertainty. The LODs of the different LCNFs were
shown in Figure 3.4B. Although the sensitivities were highly comparable for Pt/Ni-LCNFs with Pt
content above 50% in the metal mixture, the LOD tends to decrease, reaching the best value of 1.4+0.4
puM for (100% Pt)-LCNF. This can be explained by the fact that the standard deviation of the blank
decreases when Pt content increases, i.e., £5 nA, 1.3 nA, and £0.7 nA, for (50% Pt + 50% Ni)-LCNFs),
(75% Pt + 25% Ni LCNFs), and (100% Pt)-LCNFs, respectively. This may also imply that addition of
Ni causes inhomogeneity of the resultant Pt/Ni-LCNFs hybrids, thus generating higher variation
between different electrodes (see also the standard deviations of current response from (75% Ni + 25%

Pt)-LCNFs shown in Figure 3.4A.
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Figure 3. 4: Analytical performance of various LCNFs hybrid electrodes. (A) Calibration curves of the various metal LCNFs
for the detection of H2O2 obtained by non-stirred chronoamperometry at +0.5 V (n>6). (B) Limit of detection for LCNFs with
various Pt-ratios.

Overall, the analytical performance obtained in this work is highly competitive to the other studies
(Table 3.2), especially considering time, cost, and effort in manufacturing process. The estimated total
material cost per electrode with the current electrode design is less than 20 euro cent which is highly
suitable for single use analysis. Furthermore, the high flexibility of material and detection limit in low
micromolar range for monitoring H.O, without the need of stirring make the nanocatalyst-LCNF hybrids
attractive for developing wearable devices.

Since Pt has a higher heat localization capability than Ni, we thus had to reduce the total mass of metal-
salt added to the spinning solution when increasing Pt-content (Figure S3.4A) to keep the same laser
scribing conditions for a better comparison. As a result, we could not obviously see the direct impact of
the various metal compositions asserted only from Figure 3.4A. In addition, the ESA also slightly varied
when LCNFs contained different Pt/Ni combinations (Figure S3.4B). For a better comparison of the
LCNFs, the sensitivities obtained from Figure 3.4A were divided by (i) the metal-salt- or the Pt-salt-
concentration of the respective spinning solution, and by (ii) their ESA (Figure S3.2B). As shown in
Figure 3.5, by increasing the Pt content, the sensitivity per metal-salt (concentration of both Ni and Pt
ions in the spinning solution) is linearly increased from 0% Pt to 100% Pt whereas the sensitivity per
Pt-salt (concentration of Pt-ions in the spinning solution) is almost constant with the best performance
obtained at 100% Pt. These two observations confirmed that increasing the amount of Pt in the LCNFs
improved the detection sensitivity of H>O in which Pt is mostly responsible for the sensitivity towards
H,0,, not from bimetallic Pt/Ni alloy as reported by other studies'**'**. Instead, adding Ni to the Pt-
LCNF tended to poison the Pt-nanocatalyst, hindering electrocatalytic reaction of H2O».
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Table 3. 2: Comparison of Pt-LCNF with various Pt- and carbon-nanomaterial-based electrodes considering the effort of

production, Limit of detection (LOD), measurement conditions, linear range, and applied potential.

Material Production steps LOD / uM Linear range | Pot. vs. | literature
+ measurement | / LM Ag/AgCl/V
condition

Pt-LCNF Electrospinning, Laser-scribing 14+04 5-500 +0.5 This study
Non-stirred
Pt- rGO?, synthesis of Pt-NPs, preparation of 0.5 2-710 0.0 185
nanoparticles | Pt-NP-rGO nanocomposite, deposition on stirred
(NPs)-rGO glassy carbon electrode (GCE)
Pt-NPs-multi- | MWCNT was bought and pretreated, 0.01 Up to 25 - 0.05 186
walled carbon | preparation of freestanding GO*-CNT stirred
nanotubes paper, reduction to rGO*-CNT paper, Pt-
(MWCNT) - | sputtering
rGO
Pt-nanoflower | Synthesis of N-graphene, electrophoretic 0.34 1-1000 -04 187
— nitrogen deposition of N-graphene-modified ITO, stirred
doped rGO electrochemical  deposition of Pt
nanoflower
Pt-NPs- Electrospinning, deposition of Pt on NFs, 1.7 5-15000 -0.2 188
carbon carbonization of NFs, deposition on GCE stirred
nanofibers
(CNF)
Pt-TiO»- SWCNT was bought, preparation of 0.73 +£ 0.04 1-1500 +0.7 189
SWCNT SWCNT-film, electrochemical deposition stirred
of TiO2 structures, Photoinduction of
platinum nanoparticles
PtosAuos @C- | Preparation of PtAu@C catalyst by 2.4 7-6500 +0.3 190
GCE microwave- stirred
assisted polyol process, catalyst in nafion-
solution drop-coated on cleaned GCE
Pt-MWCNT | screen-printing carbon black ink onto an Not specified 1000-15000 +0.3 (vs. 191
Ag coated PET plastic film, Pt-MWCNT Non-stirred 100-1000 screen
nanohybrid was prepared based on 10-100 printed
Watanabe method deposition of Pt- Ag/AgCl-
MWCNT on screen printed electrode ink)
PtNi- MWCNT was bought and acid-pretreated, 0.06 0.2-24600 -0.4 145
MWCNT Synthesis of PtNi/C nanocomposites, stirred

preparation of-catalyst-ink and drop-

coating on GCE

a) Graphene oxide (GO): was either synthesized or purchased; Reduced graphene oxide (rGO): GO was reduced in a

further production step
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Figure 3. 5: Impact of Pt on the normalized sensitivities shown in Figure 3A of various Pt/Ni-LCNF hybrids.

3.6.3.2 Selectivity

As important as the sensitivity and LOD, the selectivity was studied, especially when applying a high
oxidative potential. Therefore, we investigated common electroactive species, which may potentially
interfere the detection of H»O,, e.g., ascorbic acid (AA), uric acid (UA), dopamine (DA) and glucose
(Glu). As shown in Figure 3.6A to 3.6E, the CA signals of 100uM AA, UA, DA and Glu in PBS seem
to be quite similar for all Pt/Ni-LCNF hybrids whereas current responses from H202 (100 uM in PBS)
is highly dependent on Pt content. When using LCNF electrodes without metal (Figure 3.6F), the
currents from the interferences are prominently seen and approx. 2-times of the signals obtained from
LCNFs electrodes which contained metal(s). This is likely due to the fact that edge/defects of the LCNFs
are the major cause of poor selectivity where the highly electroactive species, e.g., AA, UA, and DA,
can easily oxidize at the sites '>. These findings emphasize the importance of the exposure of
nanocatalyst on the exterior of LCNF surfaces to specifically facilitate electrocatalytic oxidation of H,O»
193 In order to achieve such features, core-shell electrospinning, i.e., PI solution and Pt salt solution is,
respectively, fed inside and outside a concentric spinneret, could potentially be applied. Alternatively,

spraying or applying Pt salt solution on PI nanofibers prior to laser-scribing may efficiently provide

nanocatalysts on LCNF surface.
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Figure 3. 6: Selectivity of LCNFs with various metal compositions (A: 100% Ni, B: 75% Ni + 25% Pt, C: 50% Ni + 50% Pt,
D: 25% Ni + 75% Pt, E: 100% Pt, F: no metal) in PBS solution (pH = 7.4) towards H202, ascorbic acid (AA), uric acid (UA),
dopamine (DA) and glucos ¢ (Glu) (n=3). The diagrams show the amperometric response of 100 uM substance in PBS from
which the signal in pure PBS solution was subtracted.

3.6.4 Investigating strategies for suppressing signals from UA, AA, and DA

In this section, various strategies on suppressing current signals from UA, AA, and DA were mainly
investigated as Glu exhibits negligible signal in our current setup. Since the high interfering signals of
AA, UA, and DA resulted from the laser-induced graphene itself, one strategy to enhance selectivity is
to increase the metal content compared to the dry mass of the PI polymer of the spinning solution. This
should principally lead to a higher amount of nanocatalyst present on the LCNF surface while reducing
the effect of electrochemical oxidation by the laser-induced graphene. We here continued to investigate
the LCNFs containing only Pt as those provided greater analytical performance towards H,O» detection

than the others.

Prior to considering the selectivity, we assessed the effect of Pt content on the detection sensitivity of
H>O;. As shown in Figure 3.7A, the increase of Pt content from 15% to 25% slightly improved the
detection sensitivity of H»O» which is mainly attributed to the elevated ESA. The currents normalized
by their ESAs were similar for both cases. However, at an increased Pt content of 25% the electrodes
became more exclusive to UA and DA as indicated by the drop of their signals (relative to that of H>O5)
comparing to 15% Pt (Figure 3.7B). The results suggested that UA and DA are more difficult to be
oxidized at 25% Pt-LCNFs when compared to H»O. It should be noted that even though the interfering
signal from DA is relatively high, DA is commonly present in real samples at a very low level, i.e., pico-
to nanomolar range'®*, and should not cause problems during measurements. To further improve the

selectivity against UA, increasing Pt content higher than 25% is promising. In contrast to UA and DA,
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incorporating more Pt in LCNFs rather facilitated better electron transfer for AA which is known to be

an easily oxidizable species'®.

We then further studied different electrode modifications where polymers, i.e., Nafion and nylon, were
applied onto the 25% Pt -LCNFs by drop-casting, aiming to suppress the signal interferences from AA.
As can be seen in Figure S3.5, electrodes coated with either Nafion or nylon yielded poorer current
ratios of H,O» to AA in comparison to unmodified electrodes, which is likely due to the blockage of
electroactive surfaces by non-conductive polymers. Nevertheless, we found that using the same amount
of polymer, nylon is superior to Nafion which is probably attributed by its non-bulky chemical structure
as well as intrinsic highly hydrophilic property that provides less hinderance for electron transfer

between analytes and the electrodes.
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Figure 3. 7: (A) Calibration curves of pure Pt-LCNFs with different metal-to-polymer ratios for the detection of H202 obtained
by non-stirred chronoamperometry at +0.5 V (n>3). (B) The % relative signal (at +0.5V) of AA, UA, and DA (100 uM in PBS)
compared to the signal of a 100 uM H202 solution in PBS for investigated metal ratios (compared to dry mass of the polymer
in the spinning solution).

Although, nylon did not exhibit a favorable effect on suppressing signal from AA we found that it
improved the recovery of H,O; in a matrix of diluted human serum as can be seen from Figure 3.8,
which has never before been reported'. It thus suggests that nylon may be a good candidate as anti-

fouling for bioelectronic devices.
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Figure 3. 8: The current response of 50 uM and 100 uM of H20: added to a blank minus the current response of the blank
without any H202. Hereby, the blank is either pure PBS, a 50:50 mixture of PBS and human serum, or pure human serum for
(A) the 25% metal pure Pt- LCNF and for (B) the 25% metal pure Pt-LCNF with a 1 pL of 5 w% Nylon-coating. The green
numbers refer to the recovery, whereas current responses in pure PBS solution are defined as 100% (n>3).
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3.7 Conclusions

Although the laser-induced carbonization strategy has promised the fabrication of non-enzymatic
electrochemical transducers, to the best of our knowledge, there have not been systematic studies which
addresses the effect of nanocatalyst composition on H,O, sensing with respect to sensitivity and
selectivity when measured under physiological conditions. Here, we demonstrated the incorporation of
Pt and/or Ni within electrospun polyimide nanofibers and their conversion into nanocatalysts embedded
within laser-induced carbon nanofibers by CO; laser. The carbon nanofiber hybrids were studied towards
their capability in non-enzymatic electrochemical detection of HO,. Modulation of Pt and Ni content
within the nanofiber substrate resulted in distinctive electrocatalytic behavior of H>O, oxidation and
reduction as well as the analytical performance with respect to sensitivity and selectivity. The
combination between Pt and Ni within the carbon nanofibers did not show superior analytical
performance as compared to the present of Pt alone. With the optimal hybrid composition the favorable
detection sensitivity and linear range could be attained. However, at the current stage of our
development, the hybrid electrodes are not ready for final applications yet as further effort has to be
made towards the improvement of selectivity. The results shown in the study suggest further
developments on generating electrospun nanofibers where metal salts can be exposed on the exterior to
eliminate interfering signal from electroactive species. In addition, to apply other electrochemical
detection methods, e.g., differential pulse or square wave voltammetry, may allow distinguishable
signals from interfering and H,O» species. Furthermore, electrode modification with cationic nanofibers
may be considered as anionic interfering species such as ascorbic and uric acid could be electrostatically
trapped to the fibers. These findings will ultimately strengthen research and applications of the laser-

generated nanocatalysts for non-enzymatic electrochemical sensors.
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3.8 Supporting information

3.8.1 Optimized conditions for preparing LCNFs-embedded with nanocatalysts at various

metal compositions

Table S3. 1: Composition of metal precursors, electrospinning conditions, laser settings, and their electroactive surface area
determined by Randles—Sev¢ik equation.

Metal salt
Laser scriber
Name of metal compared to Humidity | Temp.
Spinning (power; ESA/ em?
composition dry mass of ! % /°C
scribing rate)
Matrimid / %
100% Ni 25 Rotary drum 59 23 1.5W; 60% 0.52+0.03
100% Ni 25 Rotary drum 37 22 1.5W; 60% 0.54 £ 0.04
75% Ni + 25% Pt 22.5 Rotary drum 42 23 1.2W; 60% 0.53+0.03
50% Ni + 50% Pt 20 Rotary drum 48 22 1.5W; 60% 0.59+0.03
25% Ni + 75% Pt 17.5 Rotary drum 33 22 1.2W; 75% 0.39 £+ 0.04
25% Ni + 75% Pt 17.5 Rotary drum 43 22 1.5W; 60% 0.44+0.01
100% Pt 15 Rotary drum 49 26 1.5W; 60% 0.41 £ 0.06
100% Pt 15 Rotary drum 54 23 1.5W; 60% 0.42+0.04
100% Pt 25 Rotary drum 48 22 1.5 W; 60% 0.52 £ 0.05
100% Pt 25 Rotary drum 50+5 22 1.5 W; 60% 0.64 +0.04
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3.8.2 Morphological characterization of LCNFs by SEM

x 300 x 3000
100 ym

100% Ni,
A 25% metal

75% Ni + 25% Pt,
B 22.5% metal

50% Ni + 50% Pt
C  20% metal

25% Ni + 75% Pt
D 17.5% metal

E 100% Pt
15% metal

F no metal

100% Pt

G 25% metal

Figure S3. 1: SEM pictures of various LCNFs with a magnification of 300 in the left and 3000 in the right column. The red
arrows point at the fibrous samples that may be under carbonized.
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3.8.3 Determining electroactive surface area
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Figure S3. 2: Cyclic voltammograms at various scan rates of LCNFs (A: 100% Ni, B: 75% Ni +25% Pt, C: 50% Ni + 50% Pt,
D: 25% Ni + 75% Pt, E: 100% Pt, F: no metal) in 1mM ferri/ferrocyanide in PBS-solution (pH = 7.4) (n>5), the respective
Randles-Sevcik plot of the ferri/ferrocyanide peak (~300 mV, oxidation scan (IUPAC)) and the resulting effective surface area
(ESA). The peak couple above +0.6 V in A-C (also slightly visible in D) relate to the formation of nickel hexacyanoferrate
species.



3.8.4 The linar range of 100% Pt-LCNF
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Figure S3. 3: LCNFs with 100% Pt data from Figure 3.4A; a plot of low concentrations shows that there is a perfect linear

correlation from at least 5-500uM H20s.
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3.8.5 Evaluating impact of Pt at various mol-%
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Figure S3. 4: Mass of the Pt- and Ni-salt per mL spinning solution of the investigated LCNFs and the resulting ESAs from
Figure S1.
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3.8.6 Effect of anionic polymer coating on minimizing signal interference from ascorbic
acid (AA)

2,0

o

-
(3}
1
—

-
o
1
=

I(H,0,) / 1 (AA)

o
3]
1

0,0

1 ~ 1 L4 T L H 1
no coating 2.5 % Nafion 5 % Nafion 3.3 % Nylon 5% Nylon

Figure S3. S: Effect of polymer coatings of 25% Pt-LCNF on the selectivity shown by the signal ratios of H202 to ascorbic
acid (AA). The H202 and AA concentrations were prepared at 100 pM in PBS (n=3).
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3.9 Additional studies towards H20: detection — lower measurement potential

This chapter has not been published. All experiments were performed by the author.

3.9.1 Motivation and strategy

The published results demonstrated an approach requiring a high voltage of +0.5 V for the
electrocatalytic oxidation of H20.%. This method was robust and reproducible, but led to the generation
of interfering current signals, particularly from ascorbic acid (AA). Thus, the challenge of selectivity
needs to be addressed. To improve selectivity, a potential close to 0 V or even negative potentials would
be necessary. However, our previous studies showed that negative potentials did not stabilize even after
many consecutive measurements, as described in Chapter 3.6.2. With that, a new measurement approach

needs to be applied as well.

In the previous work, the characterization of electrodes by cyclic voltammetry (CV) was performed
using an anodic scan from -0.8 V to +0.8 V. This yielded maximum anodic currents around +0.5 V, with
currents increasing as Pt content increased. Therefore, LCNFs containing only Pt exhibited the best
performance in the previous study, excluding the beneficial feature of the Pt/Ni combination. Unlike our
previous study, in this approach, we conducted a cathodic sweep from +0.3 V to -0.3 V to avoid dramatic
changes in the properties of the nanocatalysts, such as oxidation or reduction of the catalyst itself, and
the effects of water splitting at high and low potentials prior to the electrocatalytic reaction. Additionally,
we considered the reduction current of H20: instead. Considering a new measurement approach, instead
of measuring several consecutive times in a buffer until the signal stabilizes (which did not occur at
negative potentials even after 10 consecutive measurements), the new approach included one
measurement in PBS and a second one in an H,O; solution. Afterwards, the difference between the two
measurements was taken into account. This approach helped to limit deviations between electrodes and

decreased the measurement time.

3.9.2 Experimental

Cyclic voltammetry (CV) was performed with 3 consecutive scans from +0.3 V to -0.3 V at 50 mV-s!
in phosphate buffer (1x PBS, pH = 7.4) to ensure a stabilized background current. After that, 10 mM
H,O, (Merck, Germany, (CAS-Nr.: 7722-84-1)) in phosphate buffer (1x, pH = 7.4) was used for a

consecutive scan to investigate the catalytic behavior of various alloys.

Chronoamperometry (CA) was performed for 50 s in PBS solution at various potentials. After waiting
50 s (and meanwhile removing the drop and placing a new drop of either PBS, 25 pM, 50 uM, 75 uM,
100 pM, 500 uM of hydrogen peroxide in PBS or 100 pM of ascorbic acid in PBS), a second
measurement on the same electrode was performed for 50 s at the same potential. For both
measurements, the average signal from 45-50 s was used as the signal of the measurement to prevent
charging current. After that, the signal of the first measurement was subtracted from the second

measurement to remove influences of the background. The difference is called “dI” and will be further



60

stated in this paper. For every concentration, a fresh electrode was used. Thus, for a dose-response curve
with 6 concentrations (0, 25 pM, 50 uM, 75 pM, 100 pM, 500 uM) and 6 repetitions (n=6), a total of
36 electrodes were used.

For LOD-calculation, three times the standard deviation of dI (0 pM H»O» in PBS) was divided by the

slope of the dose-response curve in the range of 0-100 uM.

3.9.3 Results and discussion
Similar to the published study, Figure S3.6 clearly shows that Pt alone plays a major role in generating
either reduction or oxidation current from H>O, which is not the case for Ni. The electrocatalytic

reduction signal at around +0.05V should be attributed to the two steps as following.

2Pt + H,O, = 2Pt(OH) (1) Non-electrochemical dissociation of H>O; at Pt
2Pt(OH) + 2H" + 2¢” - 2Pt(H,0) (2) Electrochemical reduction of unstable OHags on Pt

In contrast, the anodic current at ca. +0.15 V should be ascribed to the reactions shown below.

2Pt(OH) + H,0; = 2Pt(H,0) + O, (3) Non-electrochemical oxidation of H>O,
2Pt(H,0) > 2Pt(OH) + 2H" + 2¢ (4) Electrochemical oxidation of unstable Pt active sites
A 100 B 100 CiDﬂ
04 0 04—
E_ -100 - ? 100 f:_ 100 ’
Ve
2004 100Pt 2004 S50Pt/50Ni <2004 .0 100Ni
——PBS ——PBS — ——PBS
—— 10 mM H,0, ——10mM H,0, 10 mMH,0,
-300 T T T T T -300 T T T T T -300 T T T T T
-0.3 0.2 0.1 0.0 0.1 0.2 0.3 0.3 -0.2 0.1 0.0 01 0.2 0.3 0.3 -0.2 0.1 0.0 01 0.2 0.3
Pot. / V (vs. Ag/AgCl) Pot. / V (vs. Ag/AgCl) Pot. I V (vs. AgAgCl)

Figure S3. 6: Cyclic voltammograms of LCNF electrodes with various Pt and Ni compositions running from +0.3 V to -0.3
V. The characterizations were performed in 40 pL solution droplet (PBS with and without H20O2, pH = 7.4) using scan rate of
50 mVs-1.

However, it should be noted that the presence of Pt also modulates the potential window when the
measurements are carried out in PBS (without oxygen removal). Here, reduction of oxygen
(O, +4H" + 4e° > 2H,0) strongly started at around -0.05 V for 100Pt-LCNF electrode (Figure
S3.6A)', and -0.15 V for 50Pt/50Ni-LCNFs (Figure S3.6B) while slightly occurred at ca. -0.2 V for
100Ni-LCNFs (Figure S3.6C). The strong current signal from oxygen reduction critically affects the
detection sensitivity of H>O, specifically when determined at low concentrations. As can be seen in
Figure S3.7 where the potential at -0.2 V applied to 100Pt-LCNF electrodes did not provide any signal

responses that correlated to H,O: concentrations, especially, at the low micromolar ranges, attributed to
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the dominant effect of oxygen reduction. With this, we thus chose to investigate the voltages of -0.1 V,
0 V, and +0.1 V for 100Pt-LCNFs, 50Pt/50Ni-LCNFs, and 100Ni-LCNFs electrodes in further

chronoamperometric measurements.

T T T T T v T T T
100% Pt LCNF :
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\ 4
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— 0- ]
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3 -6 . . ‘
124 3 4 f I ! i
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v
51— ; . ;
0 20 40 60 80 100
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0 200 400 600 800 1000
c(H,0,) / uM

Figure S3. 7: Dose response curve of H2O2 measured by chronoamperometry at -0.2 V under stagnant condition using 100Pt-
LCNEF electrodes. H202 solutions were prepared in PBS buffer (pH 7.4). (n=5) Inset (i) and (ii) represents the exemplary
chronoamperograms for data evaluation, and the background-subtracted signals at low H202 concentrations.

As shown in Figure S.3.8A-i, application of +0.1 V resulted in high fluctuation in cathodic currents for
100Pt-LCNFs and 50Pt/50Ni-LCNFs. This could be attributed to H»O; oxidation concomitantly
occuring at this potential (see also the CVs in Figure S3.6A and S3.6B). Moving towards the more
cathodic potentials (Figure S3.8A-ii and S3.8A-iii), i.e., 0.0 V, the current responses against H,O»
concentrations were improved and 100Pt-LCNF electrodes performed better than 50Pt/SONi-LCNFs
considering the overall analytical performance. However, by using -0.1 V, the LOD drastically increased

for both 100Pt-LCNFs and 50Pt/50Ni-LCNFs due to a less stable background signal.
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Figure S3. 8: Characterization of analytical performance of the electrodes for H2O2 detection. (A) Dose response curves
obtained from chronoamperometric measurements when applying the potential at (i) +0.1 V, (ii) 0.0 V, and (iii) -0.1V (n=6).
(B) Chronoamperometric signals (blank was subtracted) for selectivity studies against AA performed at (i) +0.1V, (ii) 0.0 V,
and (iii) -0.1V (n=6).

At first glance, the results shown in Figure S3.8A suggested that using 50Pt5ONi-LCNFs and
conducting chronoamperometric measurements at +0.1 V would be the best option. Nevertheless, it is
necessary to perform a parallel experiment to ensure the selectivity of the electrodes, especially against
AA. As shown in Figure S3.8B, 100Pt-LCNFs at all investigated potentials generated non-negligible
anodic currents from AA whereas 100Ni-LCNFs only oxidized AA at 0.0 V and +0.1 V. Although AA
and H>O, undergo different redox reactions when they are co-present in the mixture, the oxidative
current can potentially diminish the cathodic current intensities of H>O.. Therefore, suppression of
anodic current generated from AA while being able to detect H>O; is much more favorable. Interestingly,
50Pt50Ni-LCNFs could meet such requirements where the others could not consider the measurement

at -0.1 V. This may imply that Ni could potentially suppress the reactivity of 50Pt/5S0Ni-LCNFs towards
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oxidation of AA in the cathodic region, i.e. voltages below 0.0 V, while retaining desired activity of Pt
nanocatalyst for H,O, reduction. We suggest that the higher amount of negatively charged oxygen
groups as observed in XPS spectra repels ascorbic acid when Ni is present (later shown in
Figure S4.2Biii). Thus, the results highlight the synergistic effect gained from Pt/Ni alloy in improving
selectivity of H,O» detection against AA. However, the reproducibility, limit of detection (LOD), and
linearity from applying -0.1 V were not satisfactory (Figure S3.8A-iii), requiring further improvements.
The high variation within 50Pt/50Ni-LCNFs could be ascribed to the fact that the well-maintained
fibrous structure of LCNFs containing Ni prevented homogeneous spreading of H>O, solutions on the
transducer interface. This could be possibly overcome by hydrophilic treatments of the as-prepared
electrodes prior to performing the measurements. Such treatments could further allow the utilization of

available active surface area, which subsequently can improve LODs and linearity.

3.9.4 Conclusions

The carbon nanofibers carrying Pt/Ni alloy were employed as enzyme-free electrodes for H»O,
detection. The Pt/Ni alloy enhances the selectivity towards H,O detection against interfering species,
i.e., ascorbic acid. However, it was observed that a lower potential (e.g., -0.2 V) is needed to achieve
better selectivity (reduce signals from ascorbic acid), which results in worse sensitivity towards H,O»
due to the reduction of oxygen. There are strategies to remove oxygen from the analyte solution (chapter

1.7.7), but this would complicate the construction of the sensor or measurement setup.
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3.10 Additional studies towards H20:2 detection — Polyoxometalates as catalysts
This chapter has not been published. Most experiments were performed by the author. Michael

Fodlmeier supported experiment implementation during a research lab course.

3.10.1 Motivation and strategy

As we have observed in chapter 3.9, it seems to be not possible to find a potential window to detect
H,O: sensitive and selective enough to be competitive with other sensors, just by using Pt/Ni-LCNFs.
With that, a new catalyst for hydrogen peroxide reduction needed to be investigated. In this context,
Polyoxometalates (POMs) are a very promising candidate due to their excellent redox properties and
peroxidase-mimicking activities!**!”’. For example, the SiW,04* -ion (SiMo) can be reduced 3

consecutive times as suggested in literature!®¢:

SiMoV1,040* + 2H™ + 2¢” < H,SiMoYaMoVY0O40* (1)198
HzSiM0V2M0V1100404' +2H "+ 2¢ & H4SiM0V4MOVIgo4o4" (2)198
H4SiMoVsMoY5040* + 2H' + 2¢” & HgSiMoVsMoV5040* (3)198

To show the electrochemical activity and catalyst-behavior of SiMo, CV measurements of laser-induced
graphene-LCNFs (LIG-LCNFs; LCNFs without any metal; prepared as described in chapter 3.5.1;
electrochemical behavior of LIG-LCNF in PBS shown in Figure 3.3F) with SiMo and with
SiMo + 10 mM H,0, were performed:

50
0
<
3 50
-100
150 +1 mM SiMo,,0,,*
+1 mM SiMo,,0,,* + 10 mM H,0,
T T T T T

0.6 I 0.4 I -ol.z I o.lo 0!2 0.4 0.6
Pot./V ( vs. Ag/AgCl)

Figure S3. 9: CV scan of laser induced graphene-LCNFs (LIG-LCNF) with 1 mM SiMo in citrate buffered solution (pH= 3)
with and without 10 mM H2O:. Numbers in brackets refer to reactions shown above.
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The first and second reduction peak ((1), (2) in Figure S3.9) show no changes after the addition of H,O».
However, the corresponding oxidation peak ((2’) in Figure S3.9) decreases after the addition of H,O».
This indicates that SiMo, after the second reduction (i.e., HsSiMo"sMo"'s049*), is capable of reducing
H,0O:> (a decreased (2’) peak means that SiMo is already oxidized by H»0,), but at low reaction rates.
The more pronounced reduction peak after the addition of H,O» ((3) in Figure S3.9) indicates that SiMo,
after the third reduction (i.e., HsSiMoYsMo"604¢*), is capable of reducing H>O; at -0.2 V. The kinetics
of this H>O, reduction reaction are much faster, as evidenced by the increased reduction current at (3)
and the absence of the corresponding oxidation current, which means that all of the catalyst is already
oxidized by H>O.. It also appears that the reduction of oxygen occurs below -0.3 V. This suggests that
SiMo could be a potential catalyst for H,O, reduction within a potential window where ascorbic acid is
not oxidized, and only small amounts of oxygen are reduced. However, it is important to note that the
stability of polyoxometalates (POMs) is highly sensitive to pH, with optimal stability at low pH values.
In this chapter, only measurements with SiMo will be presented. Measurements with other POMs, such
as PMo012040*, SiW1204*, and PW1204*, did not show good stability during electrochemical
measurements or increased pH values (data not shown), which (stability towards increased pH) is
consistent with the literature!””!*?. The performance and stability of SiMo in different solutions (pH 2

to 7.4) will be investigated, along strategies to deposit it on the electrode surface and prevent leaching.

3.10.2 Experimental
LCNF-preparation:
LIG-LCNFs and Pt-LCNFs were prepared as described in chapter 3.5.1.

POM-co-spun nanofibers:

POM-co-spun nanofiber mats were prepared by electrospinning of 15% (w/v) Matrimid® 5218
(Huntsman Advanced Materials BVBA, Belgium) as described in chapter 3.5.1. To prepare a spinning
solution, SiMo12049* was bought as an aqueous solution from Sigma Aldrich, water was evaporated at
room temperature in the fume hood over the weekend, and further dried in a desiccator. For POM-fibers,
Matrimid® and dried H4SiMo12049 powder was weighted in a vial (15 w% compared to polymer dry
mass) and dissolved in N,N-dimethylacetamide (Merck, Germany). For POM-Pt- and POM-Ni-fibers,
20 w% (compared to polymer dry mass) of the respective metal salt (Pt(II)-/Ni(Il)-acetylacetonate),
5 w% (compared to polymer dry mass) of dried H4SiMo012040- powder, and Matrimid® was dissolved in

N,N-dimethylacetamide.
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POM-co-spun LCNFs:

POM-/POM-Pt-/POM-Ni-fibers were laser scribed as described in Chapter 3.5.1, with a laser power
ranging from 1.5 to 2.1 W.

Direct drop-coating of POM:

10 puL of a 10 mM H4SiMo1,049 solution in double-distilled (bidest) water was dropped onto the working
area of the LCNF. The electrode was placed in a fume hood for approximately one hour until the solvent
evaporated and the electrode was dry again. Afterwards, the electrode was washed three times with
bidest water to remove weakly attached POM. In this approach, POMs are expected to adsorb due to

electrostatic interactions with n-electrons of the graphene like structure®®.

Drop-coating of POM on hydrophilic monolayers:
PEGylation of Pt-nanoparticles of Pt-LCNFs:

Pt-sites of 100% Pt-LCNF (15 wt% metal) were PEGylated with 10 pL of an aqueous 50 mM PEG-thiol
solution [poly(ethylene glycol) methyl ether thiol (Maverage = 800 g/mol)] for 1 hour in a closed petri
dish (to prevent evaporation of the water). The thiol group of the PEG-thiol is expected to build covalent
bonds with Pt-atoms on the surface of the electrode. After that, the remaining drop was removed, and
the PEGylated electrode was washed three times with bidest water. This procedure was followed by
POM drop-coating as described above. In this approach, POMs are expected to adsorb on the hydrophilic
PEG-groups due to the superchaotropic effect?!.

Ethomeen C/25 coating on LIG-LCNF:

LIG-LCNFs were treated with O, plasma at 100 W for 5 minutes to increase the amount of oxygen-

containing, negatively charged groups on the electrode surface?%*?%

. 1.5 pL of a 10 mM aqueous
Ethomeen C/25 (tertiary amine ethoxylatebased; M= 861 g/mol; Akzo Nobel company) solution was
dropped onto the electrode. The surfactant is expected to interact strongly with the negatively charged
groups on the electrode surface due to the positively charged R3(NH)". After washing, the procedure
was followed by POM drop-coating as described above. In this approach, POMs are expected to adsorb

on the hydrophilic groups of the surfactant due to the superchaotropic effect®"'.

Small Angle X-Ray Scattering (SAXS)

SAXS measurements were performed as described in chapter 4.5.2.
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3.10.3 Results and discussion

As a first step, the pH stability of SiMo was investigated using cyclic voltammetry (CV) measurements
of LIG-LCNF electrodes of 1 mM SiMo, dissolved in either 10 mM phosphate-buffered or 10 mM
citrate-buffered solutions. The exact pH was adjusted from the initial citrate buffer (pH 3) or phosphate
buffer (pH 7.4) by adding HC1 or NaOH. The presence of the well-defined reduction peaks of SiMo at
approximately +0.15 V, -0.05 V, and -0.2 V were used to predict if SiMo remained sufficiently stable
within roughly 30 minutes (the time between solution preparation and the end of measurement), which
would be adequate for a later application in a sensor. From Figure S3.10, it can be observed that only a
pH of 7 and above leads to the direct decomposition of SiMo, and a pH of 6 already shows a smaller
reduction peak at -0.2 V, indicating stability issues with the polyoxometalate. For a pH of 5 and below,
SiMo seems to be sufficiently stable. Considering the catalytic activity towards H,O» reduction, focusing
on the reduction peak at -0.2 V, H,O» reduction improves as the pH decreases from 7 to 5, reaching its

optimum between pH 5 and 3, and then decreases at pH 2.

Examining the corresponding oxidation peak located between -0.1 and -0.2 V (HeSiMoYsMoVYs040* >
HsSiMoYsMoY5040* + 2H' + 2¢), it is evident that at pH 3, the oxidation peak is mostly absent. This
indicates that all the HeSiMoYsMo"YsO4* was already oxidized by H,O,, whereas there is still
HsSiMoY¢MoY'6040* present at other pH values. In conclusion, the best catalytic behavior was observed
at pH 3, while the optimal pH for biomedical applications would be pH 7.4.

In the next step, various strategies to deposit SiMo on the electrode surface were investigated (instead
of having SiMo in the solution). The two pH values of 3 and 7.4 were compared, as the electrode matrix

could potentially protect SiMo from the solution, thereby stabilizing it at higher pH levels.
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Figure S3. 10: CVs (50 mV/s) of 1 mM SiMo in solutions with various pH-values on LIG-LCNFs with and without 10 mM
H20:.
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The first strategy to deposit the polyoxometalate (POM) was co-spinning. The major advantage of this
method is that it requires no additional production steps, as POMs are dissolved directly in the spinning
solution. Three approaches were investigated: 15 w% POM @ Matrimid® fibers, 5 w% POM + 20 w%
Ni @ Matrimid® fibers, and 5 w% POM + 20 w% Pt @ Matrimid® fibers. The rationale behind the
hybrid POM-metal material was to test whether the presence of a metal salt during laser scribing

influences the stability of POM and leads to a stable metal-nanoparticle-POM composite.

However, neither the POM-LCNF alone nor the POM co-spun LCNF with metal salts exhibited typical
SiMo peaks during CV measurements in citrated buffered solution (Figure S3.11i) or phosphate
buffered solution (Figure S3.12i) after laser scribing the electro spun fibers. Additionally, no catalytic
activity towards hydrogen peroxide reduction at around -0.2 V was observed (Figures S3.11ii and
S3.12ii). Only a slightly increased reduction current at -0.2 V was noted when Pt was co-spun for both
pH values, which can be attributed to the catalytic activity of platinum rather than SiMo. Furthermore,
the redox couple at -0.6 V could be attributed to cycling Pt species (Figures S3.11Cii), as it only occurs
at pH 3 when Pt is present. When Ni was present, an additional oxidation peak at +0.3 V was observed

at both pH 3 and 7.4 (Figures S3.11Bii and S3.12Bii).
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Figure S3. 11: CV measurements of SiMo-co-spun LCNF (i) for ten consecutive times in citrate buffered solution (pH= 3) and
(ii) the 10™ scan in buffer versus an additional scan in citrate buffered solution with 1 mM H20.. For (A), 15 w% POM @
Matrimid® fibers, for (B), 5 w% POM + 20 w% Ni @ Matrimid® fibers, and, for (C), 5 w% POM + 20 w% Pt @ Matrimid®

fibers were used.
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Figure S3. 12: CV measurements of SiMo-co-spun LCNF (i) for ten consecutive times in phosphate buffered solution (pH=
7.4) and (ii) the 10" scan in buffer versus an additional scan in phosphate buffered solution with 1 mM H202. For (A), 15 w%
POM @ Matrimid® fibers, for (B), 5 w% POM + 20 w% Ni @ Matrimid® fibers, and, for (C), 5 w% POM + 20 w% Pt @
Matrimid® fibers were used.

To determine whether POMs are destroyed in the spinning solution, during electrospinning, or -most
likely- during laser exposure, small-angle X-ray scattering (SAXS) was used to check if POMs retained
their well-defined spherical shape in the co-spun nanofibers before and after laser exposure. Therefore,
concentrations ranging from 1.5 mM to 150 mM SiMo in water were investigated using SAXS
(Figure S3.13) to understand which signal comes from SiMo when measuring the solid samples. A very
defined scattering from 1 to 10 nm™ can be observed for both raw spectra and spectra after the
subtraction of water. The size of SiMo was further determined by fitting the spectra of the 1.5 mM SiMo
solution (Figure S3.14) with a simple sphere model (r= 0.456 nm) by using the program SASfit.
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Figure S3. 13: SAXS spectra of aqueous SiMo samples (0, 1.5, 15, 50, 150 mM)(left) and the spectra after substraction of
scattering from water (right).

According to SAXS measurements, SiMo is still present in the electrospun nanofibers, as indicated by
the scattering similar to the scattering of SiMo (S3.15A), which is absent in the SAXS spectra of, for
example, Pt-nanofibers (Figure S3.15B). Furthermore, a reflex at ¢ = 6 nm™' is present in POM-co-spun
nanofibers (Figure S3.15A), corresponding to a repetitive distance between two objects of
(2 - m/q = 1.05 nm). This could be interpreted as the POM-POM distance on the nanofibers, suggesting
that POMs are very close to each other, considering that the diameter of SiMo is 0.91 nm (Figure S3.14).
POMs were added to these fibers at 15 wt% compared to the dry mass of the polymer, so it is indeed
possible that there are regions within the nanofiber matrix where these distances are prevalent. However,
after laser scribing, the contribution of POM to the SAXS spectra almost disappeared (Figure S3.16),
although it is still present when comparing the spectra with Pt-LCNFs, which do not contain any POMs.
In conclusion, according to SAXS, POMs are not harmed during electrospinning, but POMs are almost
completely destroyed after laser scribing. This raises the question of whether the remaining POM is even
present on the surface of the LCNF and thus accessible to the solution, or within the LCNF matrix,
making it undetectable on the electrode. This would explain the recoded CV spectra in Figure S3.11 and
Figure S3.12.
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Figure S3. 14: SAXS spectra of 1.5 mM SiMo (water subtracted) and a fit by using a monodisperse sphere-model (r=0.456 nm;

SASfit).

100000 4
10000 o
1000

100 A

q

|

=6nm?t 92?“= 1.05nm

-
= 10y e

- 50 mM SiMo,,0,,"

14 POM-form faktor
01 S
0014
0.001 T T
01 1 10
q/nm”’

-
e

100000 4
10000 ‘ - fibers 25% Pt(ll)-salt
1000 - .
\‘\
100 4 \
\
104 \'y\’\
¢ @#’fﬁ\h\\
; . Y :
01 1 10
q/nm”’

Figure S3. 15: SAXS spectra of (A) SiMo in aqueous solution (50 mM) and Matrimid-nanofibers with SiMo embedded (co-
spun) and (B) Matrimid-nanofibers with and without SiMo embedded.
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Figure S3. 16: SAXS spectra of Matrimid-nanofibers with SiMo embedded before (fibers POM) and after (LCNF_POM)
laser scribing and in comparison, a laser scribed LCNF without POMs (LCNF_25Pt). The form factor of SiMo present in
LCNF_POM is implied by the black arrow.

Since co-spinning of POMs did not result in sufficient amounts of working catalyst at the electrode
surface, drop-coating of POM with consecutive drying of the electrode was investigated. However, drop-
coating SiMo onto untreated LIG-LCNFs did not lead to stable attachment due to electrostatic
interactions between POM and LCNF?®. This was evidenced by the reduced CV signals after

exchanging the drop and starting a second measurement (Figure S3.17).

As a result, a second strategy to attach POMs on the LCNF surface was explored: the adsorption of
polyoxometalates onto hydrophilic surfaces, with the dehydration of POMs serving as an enthalpic
driving force (superchaotropic effect)?*!?*. Note that the adsorption behavior of ions can be linked to
their charge density, with superchaotropic ions to be expected between 6 and 12 charges per nm? 2°!,
Due to their charge density, these ions can’t build as much hydrogen bonds with water as water does in
its bulk?°>2% In conclusion, the enthalpic gain during the adsorption of superchaotropic ions is achieved

by the formation of additional hydrogen bonds when water is released in its bulk. With a size of 0.38 nm?
(V= 4'{ - (0.45 nm)*= 0.38 nm?®) and 4 charges, SiMo has a charge density of 10.5 charges per nm* and

can be classified as superchaotropic. To achieve a superchaotropic adsorption, a hydrophilic surface of
the electrode is required. In conclusion, a Pegylation of the surface is promising®!. For a PEGylation,
nanoparticles of Pt-LCNF were functionalized by incubating the Pt-LCNF in a PEG-thiol solution®"’.
The PEG-thiol is expected to covalently bind to the Pt nanoparticles by a Pt-S bond. After
functionalization with PEG, drop-coating of the POM indeed led to more stable attachment of POMs
(Figure S3.18Bi: (pH=3), Figure S3.19Bi: pH=7.4) compared to untreated Pt-LCNF (Figure S3.18Ai:
(pH=3), Figure S3.19Ai: pH=7.4). Additionally, for both pH=3 and pH=7.4, the catalytic reduction of
H,0O; between -0.2 V and -0.6 V was significantly improved for PEGylated Pt-LCNF compared to
untreated Pt-LCNF (Figure S3.18Bii vs. Figure S3.18Aii; Figure S3.19Bii vs. Figure S3.19Aii).
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Figure S3. 17: Two consecutive measuremtens of POM deposited on LIG-LCNF by dropcoating in citrate buffered solution.
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Figure S3. 18: CV measurements of SiMo dropcoated on (A) Pt-LCNF and on (B) PEGylated Pt-LCNF (i) for ten

consecutive times in citrate buffered solution (pH= 3), and (ii) the 10 scan in buffer versus an additional scan in citrate

buffered solution with 1 mM H20Ox.
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Figure S3. 19: CV measurements of SiMo dropcoated on (A) Pt-LCNF and on (B) PEGylated Pt-LCNF (i) for ten

consecutive times in phosphate buffered solution (pH= 7.4), and (ii) the 10" scan in buffer versus an additional scan in

phosphate buftered solution with 1 mM H20Ox.
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As the scan ranges in previous measurements were chosen to reflect harsh conditions to induce

detachment of POMs (scan range from -0.8 V to +0.6 V), the POM-drop-coated PEGylated Pt-LCNF

was again investigated within a range where the third reduction of SiMo was just about to occur (+0.5 V

to -0.3 V; Figure S3.20). However, even with PEG-coating, SiMo is much better stabilized at pH 3

(Figure S3.20A) compared to pH 7.4 (Figure S3.20B).
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Figure S3. 20: CV measurements with a smaller scan range of SiMo dropcoated on PEGylated Pt-LCNF in (A) citrate buffer
(pH= 3) and (B) phosphate buffer (pH= 7.4), (i) for ten consecutive times in buffered solution, and (ii) the 10* scan in buffer
versus an additional scan in buffered solution with 1 mM H20:.

Additionally, a cheaper approach to PEGylate LCNFs than with Pt-LCNFs and a PEG-thiol was
investigated. This approach involved adding negative charges to the LIG-LCNF (metal-free) surface
with an oxygen plasma treatment®®, followed by drop-coating the positively charged surfactant
Ethomeen C/25*%®. The plasma treatment should enhance the electrostatic interactions between the
LCNF and the surfactant. This PEGylation also led to stable attachment of POM in citrate buffer
(Figure S3.21D). Note that the oxygen plasma treatment increased the effective surface area of the
electrode because of the increased hydrophilicity (higher signal of the first scan), but the negative
charges of the added oxygen groups repelled the negatively charged SiMo, which led to a weaker
attachment (faster decay of signal in consecutive scans, Figure S3.21A, B). Furthermore, without the
negative charges due to the oxygen plasma®”, the positively charged surfactant seems to be weaker
bound to the LCNF, which can be seen the drop of signal after washing the electrode (Figure S3.21C).
However, only a slight catalytic effect towards reduction of hydrogen peroxide was observed for the

plasma treated LCNF and the plasma treated Ethomeen-coated LCNF (compare blue (H2O,) vs. orange
(10™scan) lines at -0.2 V in Figure S3.21).
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Figure S3. 21: CV measurements of SiMo dropcoated on (A) laser induced graphene (LIG) LCNF, (B) oxygen-plasma treated
LIG LCNF, (C) Ethomeen C/25 dropcoated LIG-LCNF, and (D) ) oxygen-plasma treated, Ethomeen C/25 dropcoated LIG-
LCNEF in citrate buffered solution (pH= 3). CV measurements show the first and the fifth scan in one solution. The sixth and
the tenth scan of a consecutive measurement after washing the electrode are shown as well. After that, a scan in 1 mM H20:2
was recorded.

As indicated in Figure S3.22, Pt-LCNF alone also catalyzes H>O, reduction in both the phosphate and
citrated buffered solutions. Various experiments (CV-ratiometric approaches, stirred and unstirred
chronoamperometric approaches, both PEGylation strategies; data not shown) did not lead to a better or
similar sensitivity towards hydrogen peroxide detection when using SiMo. The problem was the high
reduction current of the catalyst itself, which was only slightly increased by adding 1 mM of hydrogen
peroxide, meaning that the catalyst is not fast enough at low analyte concentrations. Another problem
was, similar to the approaches with Pt-LCNF, that no good stabilization of the blank measurement was
achieved for non-stirred measurement setups. This is probably due to the fact that reduced forms of
POMs can get oxidized by dissolved oxygen®”, leading to the same problem as observed with Pt-

LCNFs.
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Figure S3. 22: CV measurement of pure Pt-LCNF (15 w%) in phosphate and citrate buffered solution with and without 1

mM H>0s.

3.10.4 Conclusions

In this chapter, polyoxometalates were successfully attached to PEGylated LCNFs. This was achieved

in two ways: (i) by a PEG-thiol forming covalent bonds with the Pt-nanoparticles of Pt-LCNF, and (ii)

by electrostatic interactions of the negatively charged, oxygen-plasma treated LCNF and the positively

charged surfactant Ethomeen C/25. Unfortunately, sensitive detection of H,O, was not achieved in either

citrated buffered solution or phosphate buffered solution. Nevertheless, it was shown how to deposit

POMs onto LCNFs. Due to the low prices of both LCNFs and POMs, this system could be applied in

catalysis, because various POMs have shown to catalyze many different reactions, like for example

water splitting

209-211
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4. Laser generated Pt/Ni nanocatalysts-carbon nanofibers enabling

ratiometric enzyme-free glucose detection at physiological pH

4.1 Abstract

We propose a bimetallic alloy composed of Pt and Ni embedded within laser-induced carbon nanofibers
(Pt/Ni-LCNFs) as enzyme-free transducer for detection of glucose under physiological pH. Laser-
exposure on electrospun polyimide nanofibers, embedded with Pt and Ni precursors, facilitated not only
the formation of LCNFs but also the generation of Pt/Ni nanoparticles with a radius of approximately 2
nm and a distinctive crystalline structure. X-ray photoelectron spectroscopy revealed the oxidation the
states of the laser generated Pt/Ni and confirmed the formation of the Pt/Ni alloy nanocatalysts.
Additionally, small-angle X-ray scattering has shown that the graphitic structures of the LCNFs strongly
depend on the metal salts concentrations and molar ratio. Pt/Ni-LCNFs were exploited as enzyme-free
electrodes for glucose sensing at physiological pH. The presence of Pt in the alloy enabled a low
potential (-0.9 V for 20 s) in situ generation of highly localized OH which facilitated glucose
electrooxidation by Ni. Under optimized conditions, Pt/Ni-LCNFs achieved reliable glucose detection
in physiological conditions (pH 7.4), with detection limit of 0.3 mM, linearity from 0.1 mM - 4 mM,
and minimal interference from other electroactive species. Ratiometric data acquisition strategy
provided an excellent recovery rate (95 £ 10 %) in diluted human serum. Furthermore, unlike enzyme-
based sensors, the catalytic activity of Pt/Ni LCNFs was maintained after sterilization, highlighting their

robustness and potential in biomedical applications and bioprocess monitoring.

This chapter has been submitted as an original research article in Sensors and Actuators B and was

formatted to fit for this thesis.
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4.3 Graphical abstract

Laser-induce

I5nmI

pH-modulation at Pt:
2HO+2e — H,+20H

Oxidation at in situ generated Ni(OH),
Glucose —» Gluconolactone + 2e

Figure 4. 1: Graphical abstract of chapter 4.

4.4 Introduction

Electrochemical sensors-based enzyme-free approaches have shown superior features in terms of cost
and stability when compared to conventional enzyme-based sensing strategies. Various kinds of metal
and metal oxide nanomaterials have been proposed as useful nanocatalysts in this endeavor, but
bimetallic ones have gained significant interest nowadays because they offer synergistic effects that
typically make the electrocatalytic reaction better than their monometallic counterparts?'?. In particular,
Pt/Ni nanocatalysts have received a lot of attention in the development of enzyme-free sensors. For
example, Pt/Ni nanocatalysts are highly attractive for glucose sensing, as seen from previous studies
that demonstrated superior analytical performance for glucose detection at either alkaline or
physiological pH?"*!5, When using Pt alone, the sensors typically suffer from surface poisoning of the
nanocatalyst due to dehydrogenated intermediates during the electrooxidation of glucose. The addition
of a non-noble metal to the nanocatalyst can potentially remove the poisonous intermediates and thus
promote electron-transfer reactions, rendering a desirable catalytic effect when compared to
monometallic Pt nanoparticles®'®. Pt/Ni alloys decorated multi-walled carbon nanotubes (MWCNT)
have been successfully employed for glucose detection at physiological pH'**. Herein, the amperometric
measurements at +0.1 V were applied to electrocatalyze glucose oxidation. The Pt/Ni alloys have also

217,218

been proven to be biocompatible , making them highly attractive for biomedical applications.

Various approaches have been reported for synthesis of Pt/Ni alloys or with carbon hybrids and have

been successfully applied to enzyme-free sensors. These include chemical reduction'*>!%,

213,219 t220

electrodeposition , and thermal treatment**. Despite the great success of the previous reports on
synthesis and using Pt/Ni nanocatalysts in enzyme-free sensors, their utility in point-of-care (POC)
testing is yet to be achieved. This is mainly because the proposed fabrication techniques are
sophisticated, and incompatible for scaling up, and rather costly. Moreover, the measurements mostly

require laboratory equipment, e.g. a stirrer, to achieve the greatest analytical performance.
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Carbon nanomaterials and their functional hybrids fabricated by laser-writing hold great promise in
addressing the aforementioned challenges'. Here, the mixture of carbon and metal nanocatalyst
precursors can be facilely and economically converted into nanocatalyst-carbon hybrids via CO, laser
exposure, as shown in the pioneered work by Tour’s group, in which the as-generated electrodes were
mainly used for the oxygen reduction reaction applicable in energy conversion and storage.*®
Nevertheless, their proposed strategy inevitably requires annealing of the precursor substrate prior to
the laser exposure. Also, the formation of mixed metal precursors has not yet been investigated.® These
issues leave room for further studies, in particular towards the manufacturing of enzyme-free sensors in
which mass-production capability, arbitrary electrode designs, and low overall cost are advantageous.
Moreover, the strategy offers a highly controllable manner and needs only simple instrumentation

without expensive cleanroom facilities.

Our group has employed laser pyrolysis technology to generate 3D-porous carbon electrodes from
electrospun polyimide (PI) nanofiber substrates, termed laser-induced carbon nanofibers (LCNFs).
Here, unlike the polyamic acid (PAA) which was used by Tour’s group, a solvent-soluble PI,
Matrimid®5218, has been employed. This thus eliminates the need for an imidization process, i.e., PAA
being converted into PI prior to annealing and laser-pyrolysis. Upon optimization of fabrication process
parameters as reported earlier®?, the LCNFs exhibit 3D-porous structures and superior analytical
performance for common redox markers in comparison to commercially available screen-printed
electrodes. We later demonstrated the integration of the LCNF electrodes within miniaturized analytical
systems where the devices were able to detect dopamine’, and DNA targets in pM range®?!. This is
clearly attributed to the presence of a 3D-porous nanostructure within the microfluidic analytical system.
This development thus opens many promising future prospects, especially in the area of POC testing
where high detection sensitivity is required.

Furthermore, we have proven that metal salt precursors, e.g., Ni acetylacetonate, doped within
electrospun PI nanofibers can be in situ converted into Ni nanocatalysts embedded within the LCNFs?,
The as-generated Ni-LCNFs have been successfully applied for glucose detection under alkaline
conditions, providing a limit of detection (LOD) in the sub uM range. We also proved that the stability
of the Ni nanocatalysts embedded within LCNFs under stirred solution for a long period is much greater
than that of electrodeposited Ni onto LCNFs. To take a step further, we recently attempted to fabricate
bimetallic Pt/Ni alloys embedded within LCNFs where optimization of fabrication processes and
electrochemical performance were assessed for H,O, as a model analyte®. However, the studies mostly
focused on analytical aspects where in-depth investigations on the Pt/Ni-LCNFs have not yet explored.
In addition, unlike Ni-LCNFs that require alkaline detection medium for the measurement®, the Pt/Ni-
LCNFs are highly promising for glucose detection under physiological pH. Here, nobel metals such as
Au, Pd, and Pt have been exploited for in sifu generation of OH" via electrochemical reduction of proton
(water splitting), subsequently promoting electrocatalytic oxidation of glucose by the catalyst itself'*

or the added active one, e.g., Co or Ni'*¥?22 Despite their excellent analytical performance and potential
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for integration into wearable glucose sensing devices, the studies still presented some shortcomings.
These include the need for complex fabrication systems and high reduction potentials in OH"
generation'*?22, Moreover, the nanocatalyts must be coated with a polymer layer to ensure mechanical
stability after electrodeposition?”?. which could diminish their electrocatalytic activity and possibly
explain the need for higher reduction potential. Taken together, the beneficial features of Pt/Ni-LCNFs

could help address these issues, ultimately leading to highly practical and efficient sensors at lower cost.

In the present work, we thus aimed to fabricate Pt/Ni-LCNFs and perform in-depth studies focused on
material characterizations and their associated electroanalytical performance in order to exploit the
electrodes for enzyme-free glucose detection at physiological pH. Herein, we characterized the materials
by transmission electron microscopy (TEM) and high spatial resolution TEM (HRTEM) to explore the
sizes and crystallinity of the nanocatalysts, respectively. In addition, we elucidated the Pt/Ni alloyed
structure via scanning TEM coupled with energy-dispersive X-ray spectrometry (STEM-EDS). We also
revealed the influence of Pt and/or Ni on the resulting graphite/graphene oxide structure, i.e.
arrangement of graphene sheets and defects, of LCNFs and the oxidation states of added metal(s) via X-
ray photoelectron spectroscopy (XPS). Additionally, small-angle X-ray scattering (SAXS) was used to
characterize the graphitic structure of the LCNFs, specifically the stacking of graphene sheets and their
interlamellar distance. The capability of Pt/Ni nanocatalysts to generate local OH™ and subsequently
oxidize glucose, as well as the influence of their composition, were carefully examined. Two distinct
measurement approaches were explored: 1) single measurement, and 2) multiple measurements
performed on each electrode, in which their detection sensitivity and selectivity were compared and
discussed. Furthermore, we also investigated the effects of electrode ageing and sterilization to access

the remaining electrocatalytic activity of Pt/Ni nanocatalysts.
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4.5 Materials and methods

4.5.1 Fabrication of laser-induced carbon nanofibers

For electrospinning, a polymer solution containing 15% (w/v) Matrimid® 5218 (Huntsman Advanced
Materials BVBA, Belgium) in N,N-dimethylacetamide (Merck, Germany) was prepared. Additionally,
25% w/w metal salt (based on the dry mass of the polymer) was added, specifically platinum(II)-
acetylacetonate (97%, Sigma-Aldrich, Germany) and nickel(Il)-acetylacetonate (95%, Sigma-Aldrich,
Germany), in various molar ratios (1:0, 3:1, 1:1, 1:3, 0:1). These mixtures were called 100Pt, 75Pt/25Ni,
50Pt/50Ni, 25Pt/75Ni, and 100Ni, respectively. The resulting solutions were stirred overnight.
Electrospinning was performed following a method similar to that in a previous publication.®
Specifically, a rotary drum collector with a rotation speed of 150 rpm and a 15 cm distance between the
needle (20 G) and collector was used. The applied potential during electrospinning ranged between 12
and 13 kV, at a flow rate of the spinning solution of 10 uL/min. As an additional substrate for collecting
nanofibers, an indium tin oxide-coated poly(ethylene terephthalate) sheet (ITO/PET) with a sheet
resistivity of 60 Q/sq (1 ft x 1 ft x 5 mil, Sigma Aldrich, Germany) was employed. The substrate, cut
into pieces of 10 x 30 cm, was attached to the collector of the rotary drum, with the non-conductive side
touching the collector. Grounding of the conductive side of the substrate was achieved using aluminum
foil, which made contact with both the substrate and the rotary drum collector. The spinning time was
set to 3 hours, and the temperature ranged between 22 and 28 degrees Celsius, with humidity maintained
between 30% and 50%. After spinning, nanofiber mats were dried at room temperature overnight in a

fume hood to remove any organic solvent residues.

Laser-induced carbon nanofibers (LCNFs) were generated using a CO; laser (10.6 pm, VLS 2.30,
Universal Laser System, Polytech Systeme GmbH, Germany). The lasing speed was maintained at 60%
(1,270 mm-s™'), the image density was set to 1,000 DPI, and optimal reproducibility was achieved with
a laser power of 2.4 W.

The price per electrode, depending on the metal composition, was estimated in Figure S4.1A for an
electrode size shown in Figure S4.1B. Hereby, one fiber mat was electrospun within 3 h and 228
electrodes could be laser-scribed (a row of electrodes was scribed at the same time) at on one mat within

approximately 45 minutes.

4.5.2 Characterization methods

The TEM analysis was performed at a JEOL NEOARM F200 instrument, equipped with a JEOL EDS
detector, at 200kV beam energy. The samples were prepared by scratching LCNFs off the ITO/PET
substrate. The resulting powder was suspended in ethanol and ultrasonicated for 1 minute. After waiting
for 10 minutes so that the bigger particles would settle, 10 pL of the supernatant solution was deposited
on a TEM grid (carbon film on 400 squares copper grid mesh). The grid was dried at room temperature.

No further treatment like plasma cleaning was applied.
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For SEM, samples were PdAu-sputtered (2.45 kV, 22 mA, 20 s) before the measurement (SEM,
Zeiss/LEO 1530, Germany).

The surface composition was monitored by X-ray photoelectron spectroscopy (XPS) on an ESCALAB
250 (Thermo Electron). The X-ray excitation was provided by a monochromatic Al Ka (1486.6 eV)
source. Analyzed surface has a 500 um diameter. The background signal was removed using the Shirley
method®?. The surface atomic concentrations were determined from photoelectron peaks areas using
the atomic sensitivity factors reported by Scofield***. Binding energies (BE) of all core levels were

referred to the C-C of Cls carbon at 284.8eV.
SAXS measurements were performed on a bench built by XENOCS with Mo radiation (A= 0.071 nm).

A g-range from 0.2 to 35 nm™ was recorded on an online scanner detector from MAR Research
(diameter: 345 mm). Data analysis was performed with pySAXS. As the sample holder, a self-made
powder holder was used (a tube with a diameter of roughly 0.5 cm, closed on both sides with Kapton
foil. For background correction, the empty holder with Kapton foil on both sides was subtracted. Silver
behenate in a 2 mm quartz capillary was used for scattering vector calibration. For sample preparation,
untreated LCNF electrodes were scratched off the ITO/PET substrate and directly filled into the sample
holder.

4.5.3 Electrochemical measurements

As a potentiostat, the MultiPalmSens4® (PalmSens, Netherlands) was used. All measurements were
performed with a 3-electrode system, i.e., LCNF as a working electrode, a Pt-wire as a counter electrode,
and an Ag/AgCl electrode as reference electrode for all electrochemical measurements. The geometric
size of the LCNF was 0.07 cm?, isolated from the contact part of the electrode by candle wax. All
measurements were conducted non-stirred with a 40 pL drop of the solution placed on the LCNF, with
the Pt-wire and Ag/AgCl electrode dipping into the drop. All electrodes were used (if not stated
otherwise) without any pretreatment on the same day they were laser-scribed (usually 1-6 h after
scribing).

Glucose measurements:

To investigate the impact of pH on alloyed LCNFs, NaOH (Sigma-Aldrich, Germany) was added to a
1x PBS solution (Merck, Germany, initial pH = 7.4, 10 mM phosphate buffer, 2.7 mM KCIl, 137 mM
NaCl) until reaching pH values of 7.7, 11.8, 12.6, or 12.9. Subsequently, these solutions were used to
perform three cyclic voltammetry (CV) scans on untreated, fresh LCNF electrodes (scan range from -
0.1 V to +0.9 V). Additionally, a fourth CV scan was conducted on the same electrode using the same
PBS+NaOH solution containing 10 mM glucose.

For investigating pH modulation, LCNFs in a 1x PBS solution (pH = 7.4) were employed. Prior to the
CV scan, electrochemical pretreatments (20 s at -0.8 V, 20 s at -0.9 V, and 40 s at -0.8 V) were applied
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directly before the CV scan (ranging from -0.1 V to +0.9 V). Notably, a pretreatment at -0.7 V did not

enable glucose detectability.

For the single measurement performed on each electrode (used in the calibration curve and aging study),
pristine Pt/Ni-LCNF electrode was immersed in a 1x PBS solution (pH = 7.4, 10 mM phosphate buffer,
2.7 mM KCI, 137 mM NaCl) containing glucose concentration of interest. Following a pretreatment at
-0.9V for 20 s, a CV scan was performed from 0.0 V to +0.8 V. Contact angles in the aging study were
determined on untreated electrodes. For a pretreatment with Tween to enhance wettability of 20-day-old
electrodes, a 0.05 w% Tween in PBS solution was placed on the electrode. After 10 s, the drop was

removed and washed 3 times with PBS buffer.

For multiple measurements on the same electrode the following procedure was sequentially carried out:
1) pretreatment at -0.9 V for 20s (unless stated otherwise) in PBS; 2) a CV scan from 0.0 V to +0.8 V;
3) electrode cleaning by application of -0.2 V for 60s (unless stated otherwise); and 4) repeating steps
1) to 3) for five times in the new PBS solution for every CV to establish stable background signal; and
5) repeating steps 1) to 3) again for new analyte solution. The sequential electrochemical measurement
steps were computed by using a script in the software MultiTrace 4.5 from PalmSense. The script was

constructed in the following sequence:

{

-Measurement (Cyclic Voltammetry (pretreatment setting: E deposition: -0.9 V; t deposition: 20 s; Cyclic
voltammetry settings: t equilibrium: 0 s, E begin: 0.0 V, E vertex1: +0.8 V, E vertex 2: 0.0 V, E step:
0.001 V, Scan rate: 0.05 V/s);

-Wait (Wait for 10 seconds)

-Chronoamperometry (Chronoamperometry settings: t equilibrium: 0 s, E dc -0.2 V, t interval: 0.1 s, t

run: 60 s).
b

In the recovery study, human serum was bought form Sigma-Aldrich (H4522) and either used pure or
diluted by 1:5 in PBS.
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4.6 Results and discussion

4.6.1 Structural and composition analysis

We investigated LCNF without metal (Figure 4.2Ai), 100Pt-LCNF (Figure 4.2Aii), S0Pt/50Ni-LCNF
(Figure 4.2Aiii), and 100Ni-LCNF (Figure 4.2Aiv) using transmission electron microscopy (TEM).
The average radii of the nanoparticles investigated are as follows: 1.4 £ 0.6 nm for 100Pt, 1.1 = 0.7 nm
for 50Pt/50Ni, and 2 + 1 nm for 100Ni. Figure 4.2A also provides a detailed size distribution of the
radii for each metal composition.

Furthermore, high-resolution TEM (HRTEM) was employed to investigate the crystal structure.
Specifically, we examined (i) the graphite-like structure of LCNF and (ii) the metal nanoparticles
(Figure 4.2B). In Figure 4.2Bi, we observed various (001)-d-spacings of the graphite-like carbon
matrix, ranging from 0.71 nm to 0.75 nm. For comparison, pure graphite would exhibit a (001)-d-spacing
of 0.672 nm.?*® This result suggests that LCNFs contain several functional oxygen groups, which
increase the distance between stacked graphene sheets. An irregular occurrence of these functional
groups likely contributes to the varying distances between the sheets. Consequently, we can infer that
the carbon matrix is similar to graphene oxide (GO) or reduced graphene oxide (rGO).

Regarding the nanoparticles in 100Pt-LCNF and 50Pt/50Ni-LCNF (Figure 4.2Bii+iii), both exhibit
similar (111)- and (100)-d-spacings. These values align with literature data: (111)-d-spacing of 0.226
nm/0.236 nm vs. 0.227 nm for pure Pt*** and 0.225 nm for PtNi alloy**’; (100)-d-spacing of 0.398
nm/0.396 nm vs. 0.392 nm for pure Pt**° and 0.389 nm for PtNi alloy*?’. The measured angle between
the (111) and (100) planes of 55° matches perfectly with the theoretical value of 54.7° for a cubic system.

Figure 4.2Biv shows that 100Ni particles have a (111)-d-spacing of 0.246 nm and a (100)-d-spacing of
0.429 nm. Comparing these values to XRD measurements in literature??, we find that they are closer to
a NiO lattice rather than a Ni lattice (20 of (111) equals 37.26° for NiO and 44.50° for pure Ni, resulting
in a (111)-d-spacing of 0.24 nm and 0.20 nm, respectively. Furthermore, 26 of (200) equals 43.29° for
NiO and 51.86° for Ni, giving a (100)-d-spacing of 0.42 nm and 0.36 nm, respectively).

Finally, STEM-EDX analysis of different 50Pt/SONi particles revealed that out of 10 investigated
particles, 70% of them are nanoparticles with a Ni-rich core and a Pt-rich shell as shown in
Figures 4.2 Ci-iv, and 30% of the investigated nanoparticles have an equal distribution of both elements
(Figure 4.2 Di-iv). The results suggested that synthesis of nanoparticles during laser scribing tends to
be rather random, with a general preference of Ni-atoms to be located inside the particles. However,
when the nanoparticles contain higher amounts of Ni, there is a greater likelihood that Ni will be also

present on the surface.
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Figure 4. 2: Structural and composition analysis of the laser-generated LCNFs with various Pt and Ni content. (A) An overview
of TEM images and the respective size distribution (radius of nanoparticles) of (i) LCNFs, (ii) 100Pt-LCNFs, (iii) SOPt/50Ni-
LCNFs, and (iv) 100Ni-LCNFs. (B) The crystalline structure of (i) LCNFs, (ii) 100Pt-LCNFs, (iii) 50Pt/50Ni-LCNFs, and (iv)
100Ni-LCNFs revealed by HRTEM. (C) STEM-EDS image showing (i) the mapping area of 50Pt/SONi alloy core-shell
nanoparticle focused on (ii) Pt, (iii) Ni, and (iv) Pt-Ni overlay. (D) STEM-EDS image showing (i) the mapping area of
50Pt/50Ni alloy non-core-shell nanoparticle focused on (ii) Pt, (iii) Ni, and (iv) Pt-Ni overlay.

The correlation between morphological structures and the metal compositions of Pt/Ni-LCNFs were
thoroughly characterized using scanning electron microscopy (SEM) in a previous work®. Thus, we
only provided the exemplary SEM images of 50Pt/50Ni-LCNFs in the current study (Figure S4.1C).
The distorted fibrous structure can be expected due to harsh conditions of the single laser exposure
process. However, the resulting edges and defects are likely to be beneficial as they may serve as active

sites and enhance the accessibility of analytes to the embedded nanocatalysts. For further detail on the
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microstructures of LCNFs with other metal combinations, the authors guided readers to our previous

study®.

In the previous study, we also performed SEM-EDX analysis to reveal global information on the
distribution of nanoparticles over the chosen electrode area and the percentage of Pt, Ni, O, and C found
within the Pt and/or Ni-LCNFs. However, as the surface chemistry of Pt and/or Ni-LCNFs play a pivotal
role in electrocatalytic reactions of enzyme-free sensors the SEM-EDX data in the previous study are
insufficient. Therefore, want to further explore these aspects in more detail using X-ray photoelectron

spectroscopy (XPS).

To reveal the impact of Pt and/or Ni on the graphitic characteristics of LCNFs, the deconvoluted XPS
spectrum of Cls orbitals for each type of electrode was divided into four peaks (Figure S4.2A). These
peaks were assigned to different carbon environments, i.e., C (sp?) at 284.3 eV, C(sp®) at 284.7 eV, C-
O at 285.7 eV, C=0 / O-C=0 at 288.3 ¢V**?*!, The quantitative evaluation of XPS data shown in
Figure 4.3A demonstrated that the 100Pt-LCNFs possessed a greater amount of graphite, indicated by
C(sp?) peak, than 100Ni-LCNFs. When combining the two metals (50Pt/50Ni-LCNFs), Ni induced a
stronger impact than Pt in the formation of sp? hybrid as indicated by the reduction of C(sp?) peak by
12% (compared to 100Pt-LCNFs). Considering the presence of edges/defects where oxygenated
functional groups are present, 100Ni-LCNFs exhibited O-C=0 and C=0 contents higher than those of
100Pt-LCNFs. 50Pt/50Ni LCNFs possessed O-C=0 and C=O0 contents similar to those of 100Pt-LCNFs,
which may imply that Pt plays a major role in removing these functional groups. This could be due to
the lower intrinsic thermal conductivity of Pt that allows better heat localization within PI nanofibers
during laser exposure, thus facilitating more complete thermal reduction processes. In contrast Ni, with
its higher thermal conductivity, enables faster heat dissipation along the PI nanofibers, leading to less
generation of rGO in comparison to 100Pt-LCNFs. For 50Pt/50Ni-LCNFs, Ni seemed to play an
essential role in the heat dissipation process as seen from the similar rGO content obtained when
compared to 100Ni-LCNFs.Nevertheless, the combination of SOPt/SONi promoted the presence of C-O,
which is still unclear to us. Overall, it could be concluded that Ni induced the generation of oxygenated
groups on LCNFs more than Pt. The data from the Cls orbital (Figure 4.3A) are consistent with those
observed for the O1s orbital (Figure S4.2B).
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Figure 4. 3: XPS analysis of surface chemistries at (A) Cls orbitals, (B) Pt4f orbitals (Pt° and Pt*" and their satellites are
combined), and (C) Ni2p orbitals (Ni** and its satellite are combined).
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Considering the XPS spectra of the Pt4f orbital for the 100Pt- and 50Pt/50Ni-LCNFs, the deconvolution
of the spectra resulted in five peaks, which corresponded to various oxidation states, i.e., Pt° (at 70.9
and 74.3 eV), Pt*" (at 72.2 and 75.7 €V), and Pt*" (at 77.2 eV) (see also Figure S4.3A)*2. Here, Pt° is
the dominant species among the others (Figure 4.3B), and has commonly been employed for
electrocatalytic reactions in enzyme-free electrochemical sensors. The obtained three valence states of
Pt in our study are in accordance with the study in which Pt nanoparticles decorated carbon nanotubes
in aqueous solution were generated via femtosecond laser’*’. This work employed potassium
hexachloroplatinate (IV) (K;PtCls) as the precursor, which is different from ours where platinum(II)
acetylacetonate is used. Nevertheless, Liu et al. and co-worker reported the presence of Pt* and Pt**
when used ultraviolet (355 nm) picosecond laser to convert platinum(Il) acetylacetonate mixed with
polybenzimidazole (instead of PI) into Pt nanoparticles embedded in graphene films.?** However, in the
work reported by Scroccarello et al.®%, the major valence state of Pt nanoparticles generated by using
CO: laser exposure on the film made from GO and K,PtCls was Pt°. These could suggest that the valance
states of laser-generated Pt nanoparticles are affected by various factors, i.e., lasing environment
including matrices and other compositions where Pt precursor is embedded, type of Pt precursor (counter
ion), and type of laser. However, it should be noted that introducing Ni did not significantly alter the
content of valence states for Pt (Figure 4.3B). This may be due to its inherent characteristics as a noble

metal.

The deconvoluted XPS spectra for Ni2p orbitals of 100Ni- and 50Pt/50Ni-LCNFs displayed in Figure
S4.3B revealed the presence of Ni’ Ni*, and Ni*" within 100Ni-LCNFs and 50Pt/50Ni-LCNFs.
However, unlike Pt shown in Figure 4.3B, Figure 4.3C illustrated the notable difference in the
proportions of the valence states when compared between 100Ni-LCNFs and 50Pt/50Ni-LCNFs. Here,
Ni** was the prominent valence state within 100Ni-LCNFs while Ni®and Ni** were majorly present in
50Pt/50Ni-LCNFs. The decrease of Ni** and the increase of Ni’ and Ni** in 50Pt/50Ni-LCNFs may be
attributed to the intrinsic low heat conduction of Pt that allows more efficient heat localization. In
agreement with Cls orbitals, less heat hinders generation of reduced GO (lower rGO:GO ratio), where
Ni could serve as a reduction agent. The observation of Ni’, Ni**, and Ni*" in our study was consistent
with the work reported by Jiménez-Pérez et al. where Pt/Ni electrocatalysts were synthesized via
electrodeposition of KoPtCls and Ni(CH3CO,), on screen-printed electrodes®®. It is interesting to point
out that the proposed electrodeposition strategy by Jiménez-Pérez et al. also enabled the valence states
of Pt°, Pt*, and Pt*". The as-developed Pt/Ni porous nanoarchitectures on screen-printed carbon
electrodes exhibited superior electrocatalytic activity for H,O; detection in the aerosol phase.

Furthermore, according to XPS spectra of Pt’ for 50Pt/50Ni-LCNFs (Figure S4.3A-ii), the slight shifts
to higher binding energy in comparison to that of 100Pt-LCNFs (Figure S4.3A-i) suggested Pt/Ni alloy
formation'*>?2°, However, it is worth mentioning that in the previous report??, negative shifts of Pt4f
were observed in contrast to our case. This might be caused by the difference in the synthesis atmosphere

where the Pt/Ni alloy synthesis shown in the literature®?, proceeded under inert gas while ours was
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performed under an ambient environment. The evidence of alloy formation was also supported by the
shifts of Ni** and Ni” towards lower binding energies (Figure S4.3B). To our knowledge, this is the first
report elucidating the potential of CO; laser for in situ generation of Pt/Ni alloy embedded within carbon

nanomaterial matrices, carried out in one-step.?!%220-236,

Small-angle X-ray scattering (SAXS) is a useful technique for assessing structural information of carbon
nanomaterials**’. To our knowledge, SAXS has never been used for characterization of laser-induced
carbon nanomaterials and their hybrids. A typical SAXS spectrum, which plots the scattered intensity,
I(q), against the scattering vector, q, on a logarithmic scale, is shown in Figure S4.4. This figure presents
the spectra of 100Pt-LCNFs, 100Ni-LCNFs, and 50Pt/50Ni-LCNFs. Interestingly, only the 100Pt-
LCNFs sample exhibits a g dependency in the low q region (0.2 to 0.6 nm™'), indicating the presence
of flat surface structures. These structures, ranging in size from approximately 10 up to at least 30 nm
(calculated as (2-m)/q), reflect the size of reduced graphene oxide (rGO) or graphene oxide (GO) sheets.
However, this scattering is largely overshadowed by a q dependency, which suggests the presence of

undefined structural arrangement of the graphitic sheets within the LCNFs.

To eliminate this overshadowing scattering, we used an I(q) - g*> vs. q plot shown in Figure 4.4.
Figure 4.4 displays the scattering from LCNFs containing various metal compositions and metal
concentrations. Interestingly, a broad reflex at 18.7 nm™!' emerges with both increasing Ni content (Pt <
PtNi < Ni) and increasing overall metal content (15 wt% < 20 wt% < 25 wt%). It is also possible to
compare this reflex with X-Ray Diffraction (XRD) data. Here, we converted the g-vector of 18.7 nm'!
to its corresponding 26 angle for copper radiation (A= 0.154 nm), resulting in 26 = 26.5°. According to
the literature®*®?, this angle corresponds to the interlayer distance between two graphene layers, C

(002) in crystal structure; a distance of 0.335 nm.
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Figure 4. 4: 1(q) - q3 vs. q plot of 100Pt-LCNFs (A), 50Pt/SONi-LCNFs (B) and 100Ni-LCNFs with various metal
concentrations.

For pure graphite, the reflex at 18.7 nm™ is typically sharp and pronounced due to graphite’s well-

defined crystal structure®*®

. However, for less defined structures like reduced graphene oxide (rGO), as
observed in TEM images in Figure 4.2Ai, a broad reflex similar to the SAXS (I(q) - q° vs. q) plot in
Figure 4.4B and 4.4C is present®. Therefore, we propose that the more pronounced peak indicates an

increasing formation of consistently stacked rGO-like layers. When oxygen-containing groups within
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the graphite layers are unevenly distributed, the uniform layering structure breaks down, resulting in the
disappearance of the reflex at 18.7 nm™'. The results presented in Figure 4.4 suggest that the type and
amount of metal (Ni or Pt) play critical roles in the uniform conversion of Matrimid to rGO. Specifically,
Ni appears to be more effective than Pt in such a conversion process. Notably, 100Ni-LCNFs exhibit a
greater degree of uniform stacking of rGO, particularly at elevated Ni content, which is not observed in
the case of 100Pt-LCNFs. A comparison to HRTEM pictures of rGO structures in 100Ni and 100Pt

LCNFs shown in Figure S4.5 is in agreement with this observation.

In conclusion, we can propose/hypothesize that the enhanced heat conduction of Ni facilitates fast heat
dissipation along the nanofiber precursor, promoting the uniform generation of stacked rGO sheets. In
contrast, Pt leads to greater heat localization, resulting in intense local and unevenly distributed heat
spots within 100Pt-LCNFs. These heat spots disrupt the uniform stacking, affecting the distribution of
oxygenated groups. Hence, SAXS is here a powerful method for elucidating the graphitic structure of

LCNFs.

4.6.2 Pt/Ni-LCNFs for glucose detection — single measurement per electrode

4.6.2.1 Pt/Ni alloy in LCNFs enabled the detection of glucose present in physiological pH
Originally, we aimed to introduce Pt and Ni into LCNFs to enable the detection of glucose under
physiological pH as previously reported by other studies!*?*’. However, the laser-generated Pt/Ni
embedded LCNFs did not provide the result as expected. None of the metal combinations yielded any
useful signal for glucose detection at pH 7.7 (Figure S4.6). This is likely due to the difference in
preparation method of Pt/Ni alloy and how Pt/Ni are organized within the carbon nanomaterial matrix,
which critically affects the electrocatalytic ability. As shown by Mei et al.!*> PtNi nanoparticles were
able to oxidize glucose at physiological pH when attached to multi-walled carbon nanotubes
(MWCNTs). However, no catalytic activity was observed when pristine carbon black was used as the
matrix.

The electrocatalytic reaction of our LCNF electrodes can be seen only when Ni is present in high
contents, and the measurement is performed at basic pHs. This might be explained by the formation of
core-shell structure rather than random distribution of Pt and Ni atoms on the nanocatalyst’s surface (see
also Figure 4.2C) which may hinder the mutual benefit of Pt and Ni in enabling electrocatalytic reaction
of glucose at neutral pHs. Figure 4.5A depicted the linear correlation between detection sensitivity of
glucose per pH and Ni content (from 25% -100%) evaluated from Figure S4.6, suggesting the important

role of Ni and OH" for glucose oxidation, as generally known in the following reactions:

Ni2* + 2 OH > Ni(OH), (1)
Ni(OH), + OH" <> NiO(OH) + & + H,0 )
NiO(OH) + Glucose = Ni(OH), + Gluconolactone 3)
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Figure 4. 5: Electrochemical characterizations of electrodes for glucose detection. (A) Impact of Ni content on the sensitivity
of glucose considering the anodic currents at +0.7 V and a pH above 11.5 (Figure S4.5). (B) Optimization of electrochemical
pretreatment conditions for increasing pH locally (n=3).

As it is important to provide OH" to allow the electrocatalytic reaction of glucose to be possible under
physiological pH, in situ electrochemically generation of OH™ at the Pt vicinity through the water
splitting reaction (4 H,O + 4e > 2 H,+ 4 OH) prior to glucose measurement by CV was thus studied.
Hereby, the LCNF electrodes containing either Pt or Ni alone did not result in any promising anodic
peak from glucose oxidation under the investigated pretreatment conditions (Figure S4.7). In contrast,
the electrodes with Pt/Ni alloy exhibited the expected outcome. Nevertheless, it is necessary to modulate
Pt and Ni composition as well as the pretreatment conditions, i.e., voltage and time, to enable efficient
in situ generation of OH™ and electrocatalytic oxidation of glucose (Figure 4.5B). The ratio of Pt and Ni
can greatly affect the electrocatalytic oxidation. As the core (Ni)-shell (Pt) structure is formed
(Figure 4.2C-iv) in this case, a small amount of Ni is unfavorable. This can be clearly supported by the
inability of 75Pt/25Ni-LCNFs to promote electrocatalytic oxidation of glucose even when the electrodes
were pretreated prior to glucose measurement (Figure S4.7). The pretreatment at greater negative
voltages and longer times generates higher glucose responses as expected. Here, the 25Pt/75Ni-LCNFs
pretreated at -0.9 V for 20s were selected due to their greatest sensitivity, favorable reproducibility, short
pretreatment time, and lower cost (less use of Pt). It should be noted that increasing the voltage of
pretreatment, e.g., up to -1 V, adversely resulted in poorer signal reproducibility. Some other previous
studies have employed much higher voltages: -1.5 V for OH- generation and +1.0 V for 2 s for electrode
cleaning®*?, and multiple potential steps including —2.0 V for 20 s to provide the alkaline condition, 0.2
V for 5 s to oxidize glucose, and 1.0 V for 2 s to clean the electrode surface'*. The lower potential used
in our study underscores the efficiency of the bimetallic catalysts and allows the use of more affordable
potentiostats that are not capable of applying high potentials, further reducing the overall cost of the
setup.

In order to prove whether the glucose properly undergoes electrocatalytic reaction as commonly
achieved from basic solution, we performed CVs that compared the signals of the glucose measurements
in PBS buffer with adjusted pH of 11.8 and with electrochemically generated OH™ prior to the CV

measurements (Figure 4.6A). The region from +0.6 V to +0.9 V, where electrocatalytic reaction of
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glucose occurs, is still similar to the case of PBS buffer at pH 11.8 (absence of glucose), indicating the
formation of Ni(OH), species which gets oxidized to NiO(OH) (see Figure S4.6 and reaction 2)*.
Additionally, the proper increase of anodic current at around +0.7 V when glucose is present thus
confirmed that in sifu generation of OH"assisted by Pt allows glucose measurement even if'it is originally
present at physiological pH. Furthermore, the intensity of anodic current at around +0.7 V is proportional
to glucose concentration (Figure 4.6B-ii) but suffers from undesirable reproducibility (5-16% RSD).
However, for freshly used electrodes, the pretreatment produces a non-negligible peak at around +0.15
V, which is absent when performing CV in PBS buffer pH 11.8. Although we are not clear yet about the
source of the peak, the intensity of the peak at +0.15 V correlates with the peak intensity at +0.7 V and
provides additional information on the activity of the individual electrode. With this, normalization of
the signals at +0.7 V with the maximum peaks at around +0.15 V enabled the generation of greater
reproducible signals with variations at only 2 — 8% RSD when using a new electrode for each

measurement (Figure 4.6B-iii).
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Figure 4. 6: Electrochemical detection of glucose using in situ generation of OH- strategy prior to CV measurement. (A)
Proof-of-principle of electrocatalytic reaction (i) without and (ii) with glucose characterized by CV. (B) (i) Exemplary CVs at
various concentrations of glucose using pretreatment strategy (-0.9 V for 20s), and (ii and iii) improving reliability of data
acquisition (n= 6). The CV measurement was conducted using a 50 mVs-1 scan rate.
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4.6.2.2 Effect of electrode ageing and sterilization on electrocatalytic activity for glucose

In general, it is known that electrodes with high surface activity show ageing effects over time when
stored under ambient conditions. It was also shown here that storage affected electroanalytical
performance and wettability (Figure 4.7 and Figure S4.8). In general, high signals were obtained for
fresh electrodes resulting though also in high standard deviations and hence worse limit of detection
(LOD) than those aged for a few days under ambient conditions. Furthermore, the increase of water
contact angle from ca. 100° to ca. 120° well supports the diminishing performance of the sensor with
age. Herein, the increase in electrodes’ hydrophobicity prevents homogeneous contact between the
analyte solution and the electrode’s surface. This problem can be circumvented by, for example, the
addition of a surfactant, e.g., Tween. Here, the dramatic increase in linear correlation and approximately
5-fold improvement in LOD after addition of Tween emphasize the necessity of wettability when using

3D-porous carbon nanofiber electrodes (Figure 4.7D to 4.7F).
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Figure 4. 7: Effect of electrode ageing on the detection sensitivity of glucose when electrodes were stored under ambient
conditions for 0, 2, 8, and 18 days (A-D, respectively), where the insets display water contact angles for each case. (E)
Improvement of analytical performance of 20-day old electrodes by the addition of Tween-20 to the measurement solution
(n=5). (F) Summary of LODs from A-E.

The best analytical performance using the single measurement per electrode approach was achieved
from electrodes aged for two days, resulting in a limit of detection (LOD) of 0.82 mM (S/N = 3), a
sensitivity of 0.06 mM™, and a linear range from 0 mM — 10 mM (R* = 0.93).

Bioanalytical applications in general can require the use of electrodes under sterile conditions, which is
a major hurdle for enzyme-based biosensors, as the proteins seldomly withstand required sterilization
procedures. This opens a unique application field for nanozyme sensors. Therefore, we investigated the

effect of sterilization using two common techniques, i.e., heat steam (autoclaved) and 70% alcohol
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solution. Both sterilization techniques did not result in any obvious change of signal in comparison to

non-sterilized electrodes (Figure S4.9), paving the way for their usability in these areas.

4.6.3 Pt/Ni-LCNFs for glucose detection — multiple measurements per electrode

Even though the single measurement approach shown in section 4.6.2 offers acceptable detection
sensitivity, we still aim to further enhance the analytical performance. The poor wettability and
microstructures with rough surface topography of pristine Pt/Ni LCNF electrodes could be a limiting
factor for detection ability in the single measurement approach described in section 4.6.2
(Figure S4.1C). In this case, the glucose solution may primarily react with the surface, rather than
penetrating deeper into the porous structure. As a result, we attempted to measure the glucose solution
using the same electrodes over multiple runs, which could improve surface wettability. However, it is
crucial to ensure that the signal from each subsequent measurement remains unaffected by the previous
one. Initially, we performed multiple measurements of 10 mM glucose on the same electrode, applying
a pretreatment at -0.9 V for 20 seconds prior to each CV scan. However, the oxidation current
significantly decreased over successive scans (Figure S4.10A), likely due to electrode fouling from
adsorbed reaction products. To address this, we tested an electrochemical cleaning procedure by
applying potentials of -0.2 V, 0.0 V, or +0.2 V for 60 seconds after each CV scan, prior to replacing the
old drop with a new drop of glucose solution (Figure S4.10B). We found that a slightly negative
potential (-0.2 V) was optimal, while potentials of 0.0 V and +0.2 V worsened the reusability of the
electrode. Since the reaction product of glucose oxidation is gluconolactone, which further reacts with
water in a hydrolysis reaction to gluconic acid®, we assume that deprotonated gluconic acid interacts
with Ni sites in higher oxidation states (Figure 4.3). Gluconic acid can be removed from the catalyst
surface through a slightly negative electrochemical cleaning step. Without such a cleaning step, the harsh
pretreatment at -0.9 V for 20 seconds might induce further reactions with gluconic acid, rather than
simply removing it from the catalyst surface.

In addition, we hypothesized that the detection sensitivity is mainly hindered by the large capacitive
background current after OH™ generation (Figure 4.6). To address this issue, we implemented an
electrochemical stabilization procedure to achieve lower background CV signal. Specifically, five CV
scans were performed repeatedly in PBS, with a fresh drop introduced for each measurement scan on
the same electrode (see section 4.5.3 for details). Clearly, the stabilization step reduced the capacitive
current over the course of the five CV scans. The unknown anodic peaks at around +0.15 V disappeared,
while the peak couples at ca. +0.7 V and +0.5 V (corresponding to reaction 2) became more prominent
in the later scans (Figure 4.8A). We assumed that the repeated CV scans in PBS helped remove
edges/defects of LCNFs, thereby exposing more catalytic sites through electrochemical etching.
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Figure 4. 8: Continuous measurements of glucose on one electrode. A pretreatment of -0.9 V before each CV measurement
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in (A). (C) Dose-response curve considering the anodic current at +0.7 V. (D) Dose response curve considering the ratio
between the current at +0.7 V and the reduction peak at +0.5 V. Since the ratio is a negative value, the absolute value was
plotted.

As expected, the consecutive CV signals show a strong proportional relationship with the introduced
glucose concentrations (Figure 4.8B). The anodic current at +0.7 V was taken as the signal response

(Figure 4.8C), exhibiting Michaelis-Menten behavior with Ky = 1.3 mM and Ve = 112 pA. These

Vimax ~c(Glu)

toenn  (e(Glu) = 0 mM. The Ko value suggests,

values were calculated using the equation [ =

that at a glucose concentration of 1.3 mM, half of the available catalyst actively undergoes reactions
with glucose at a potential of +0.7 V. The linearity of the curve was observed in the range of 0.1 mM —
0.5 mM (R? = 0.999; considering the data points at 0 mM, 0.1 mM and 0.5 mM), resulting in the LOD
0f 0.06 £ 0.04 mM (S/N = 3) and a sensitivity of 50 uA/mM.

As an alternative to direct data readout of the anodic peak at +0.7 V (Figure 4.8C), we found that taking
the ratio between the anodic current (around +0.7 V) and the cathodic current (around +0.5 V) extended
the linear range (Figure 4.8D). This approach revealed two distinct linear correlations: one between 0.1
mM and 4 mM (R? = 0.994) and another between 5 mM and 8 mM ((R? = 0.992), with a LOD of 0.3 +
0.1 mM (S/N = 3). Compared to Figure 4.8C, this data acquisition strategy expanded the linear range
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by a factor of 8. We hypothesize this following discussion to support why taking the ratio can expand

the linear range.

Compared to using the oxidation peak at +0.7 V for ratiometirc data analysis, we understand the meaning
of the reduction peak (at around +0.5 V), which corresponds to the reduction of the catalyst that did not
react with glucose:

NiO(OH) + H20 + e = Ni(OH), + OH"

At concentrations of 0.5 mM and above, sufficient glucose is present to significantly reduce the catalyst
during the entire scan. Consequently, even though the catalyst is saturated during the anodic scan, a
lower cathodic current corresponding to the reduction peak of the catalyst is additionally observed,
further increasing the ratio at higher glucose concentrations. This straightforward approach extends the
linear range from 0.1 mM — 0.5 mM (Figure 4.8C) to 0.1 mM — 4 mM (Figure 4.8D), as we are no

longer only dependent on the maximal reaction rate at +0.7 V in the anodic scan.

4.6.4 Selectivity study

Like other enzyme-free electrodes, electroactive interfering species can be problematic, requiring
careful investigation. To address this, we examine the effect of interfering species commonly found in
blood by adding them to the 1 mM glucose in PBS solution at their relevant clinical concentrations,’
i.e., 0.4 mM uric acid (UA), 125 mM NaCl (nearly double the NaCl concentration in PBS), 0.1 mM

ascorbic acid (AA), 0.02 mM cysteine, and a mixture of all of these species.

Initially, we assessed the selectivity of these interfering species for the single measurement per electrode
approach (see also section 4.6.2). Unfortunately, species such as UA, NaCl, and AA interfered with the
glucose measurements (Figure 4.9A). This could be due to the high number of edges/defects the pristine
Pt/Ni-LCNFs, which may provide favorable site for electroactive interfering species.?*! Additionally, in
comparison to our previous study where glucose was measured on Ni-LCNF electrodes in alkaline
medium, NaCl at 250 mM showed negligible interference.?* This suggests that the high background
current in the single measurement approach, used to calculate the ratiometrc signal, can be easily
influenced by interfering species. However, in practical applications involving complex samples like
blood, food, and beverage, dilution is commonly performed, which could help mitigate interference

effects.

Alternatively, when we conducted the selectivity study using the multiple measurements per electrode
approach (see section 4.6.3), we observed that this strategy showed high selectivity for glucose, as
indicated by the slight deviations in the signal when comparing glucose in PBS with and without
interfering species (Figure 4.9B). This favorable selectivity could be attributed to the electrochemical
etching that occurs during stabilization process (five consecutive CV scans in PBS). This procedure not
only eliminates edges and defects where electroactive species such as AA and UA prefer to react, but
also exposes more active catalytic sites for glucose, allowing for a more selective reaction. Furthermore,

because CV is used, fast reacting species react at lower potentials, reducing their concentrations during
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the glucose oxidation. The most prominent interfering signal arose from UA, as evidenced by the
oxidation peak at around +0.3 V (Figure 4.9B i). Additionally, consecutive measurements on the same
electrode with and without glucose exhibited the high reliability of this approach (Figure 4.9B ii).
Finally, apart from the superior selectivity, the multiple measurement per electrode approach obviously
enables a large discrimination between glucose and background signal (see also Figure 4.9A-ii and

4.9B-ii).
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Figure 4. 9: Selectivity study. (A) single measurement per electrode approach: (i) the exemplary CVs randomly chosen from
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4.6.5 Recovery study

As a final step, we assessed the performance of the sensor in human serum using the multiple
measurements per electrode approach. The human serum contained 4.8 mM £ 0.1 mM (n = 3) glucose,
according to measurements made with the commercially available Roche Accu-Chek®. However, we
still faced challenges due to the matrix effect when measuring glucose in the human serum without
dilution. Specifically, the pure human serum caused a significant reduction in the peaks associated with
Ni(OH), (Figure S4.11A), resulting in a ratiometric signal of 5.4, which corresponds to approximately
1 mM glucose (compared to Figure 4.8D). From the shift of the Ni peaks to higher potentials, we
concluded that it was not possible to achieve the same local pH increase in undiluted human serum as

was achieved with PBS solution. Attempts to increase the pretreatment time (up to 40 s) and apply a
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more negative potential (up to -1.8 V) (Figure S4.11B) did not yield favorable results. We hypothesize
that the proteins in human serum predominantly blocked the catalyst on the electrode, thereby hindering

the performance of the sensor.

As an alternative approach, we conducted measurements in diluted serum (20% human serum, 80%
PBS; resulting glucose concentration: 0.96 mM). We initially recorded a calibration curve (0 mM, 0.1
mM, 0.5 mM, 0.8 mM, 1.0 mM, 1.2 mM glucose in PBS) and then measured either the diluted human
serum (20% human serum in PBS; 0.96 mM glucose) or the same solution spiked with 0.25 mM glucose
(20% human serum in PBS; 1.21 mM glucose) (Figure 4.10). Since good linearity was achieved within
the calibration curve (Figure 4.10 B), we reduced the number of calibration points to a single glucose
concentration (Figure S4.12, electrode 5,6) after the stabilization in PBS (5 measurements). Despite the
catalyst being blocked by proteins, the ratiomertic approach enabled to achieve a good recovery for
diluted serum (99 + 10%), and spiked diluted serum (91 + 12 %) (Table 4.1). This could be attributed
to the self-correction of the CV signal, where both oxidation and reduction currents decreased
concomitantly with catalyst blocking. Overall, the recovery for both the spiked and non-spiked
measurements was 95 £ 10% (n = 6).
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Table 4. 1: Measurement in undiluted and diluted (20%) human serum. Concentrations are calculated from data shown in

Figure S4.12 (n=3).

spiked

sample c(Roche AccuChek®) c(measured) Recovery
Undiluted serum 48 +£0.1 mM - -

20% serum 80% PBS 0.96 + 0.02 mM' 0.95 £+ 0.08 mM 99 +10 %

20% serum 80% PBS, 1.21 £ 0.02 mM! 1.1 £ 0.1 mM 91+ 12 %

! calculated from measurement in undiluted serum
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4.7 Conclusions

We demonstrated the in situ generation of Pt/Ni alloy embedded within carbon nanofibers by CO, laser
writing. Through extensive characterization techniques (HR)TEM, STEM-EDS, XPS, and SAXS, we
gained valuable insights into the chemistry and structural morphologies of Pt/Ni alloy embedded within
carbon nanofibers, shedding light on the effects of the added metals on the materials’ properties. These
Pt/Ni alloy embedded in carbon nanofibers were then employed as enzyme-free electrodes for glucose
detection, specifically at physiological pH. The beneficial role of Pt/Ni alloy was realized in its ability
to efficiently facilitate local OH- generation at Pt sites, which is critical for the electrocatalytic oxidation
of glucose by Ni. Consequently, these electrodes offer promising potential for glucose detection under

physiological conditions, paving the way for wearable sensor development.

Moreover, we highlighted the significant impact of electrode ageing on performance and reproducibility,
an area that requires further investigation. Nevertheless, our study emphasized the high stability of these
nanocatalysts, even under harsh sterilized conditions, showcasing their potential for bioprocess
monitoring and biomedical applications. The simplicity of electrode fabrication, combined with their
favorable electrocatalytic properties, straightforward data analysis, and durability, makes the laser-

generated Pt/Ni carbon nanofibers highly attractive for point-of-care testing applications.
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4.8 Supporting information

4.8.1 Price per electrode
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Figure S4. 1: Price estimation per electrode when using the scribing pattern shown in (B). (C) SEM pictures of the produced
electrode material (LCNF) with a 1000- and 5000-fold and magnification.

Price estimation of the electrode is shown in Figure S1A for a scribing pattern shown in Figure S1B.
We estimated the price per electrode for two different supports (PET/ITO as used in this publication and
filter paper, which could be used to further decrease cost). For calculations, a price of 27.2 € per 30 cm
x 30 cm ITO/PET sheet, 0.042 € per mL DMAc, 212 € per g Pt(Il) acetyleacetonate, 5.74 € per g
Ni(IT)acetylacetonate, 0.5 € per g Matrimid was used. Furthermore, we estimated that a nanofiber mat
(place for 228 electrodes) should consume at the current manufacturing state (stirring overnight,
electrospinning for 3h, laser scribing the whole mat) less than 2 kWh, resulting in an additional cost of

0.5 € (assuming a price of 0.25 € per kWh).



4.8.2 Characterization of surface chemistry focusing on carbon and oxygen

A. C1s-orbitals B O1s-orbitals
8000
100% Pt LCNF 100% Pt LCNF
88000 measured measured
i i 0-C=0
(| S O —
I 25000 sp -C » C-OH
20000 c-o 2 agoo |- - - -fit
5 C=0/0-C=0 5
&8 15000 . 3
--- fit
10000 - 2000 -
5000 -
N P ]
202 290 288 286 284 262 536 635 534 538 532 631 630 628 528
BE / eV BE / eV
35000
50% Pt + 50% Ni LCNF 50% Pt
30000 { —— measured 80001 + 50% Ni LCNF
2 measured N
ii) 25000 {—— sp=-C . PR
(ii) P ([ii)so0o | — S0
2 20000 sp>-C @ —cC=0
-.2 —C-0 % (.:-OH
3 180001 C=0/0-C=0 g 4000 - - it
(& = 5]
10000 |- - - - fit
2000
5000
o e
202 290 288 286 284 282 536 535 534 533 532 531 630 629 528
BE / eV BE / eV
25000 14000
100% Ni LCNF 100% Ni LCNF
20000 - measured 12000 -| measured
HH ==y 10000 |
11
( )15000- ("I)
& 2 8000
8 2
g 10000 S 000"
o
5 o
4000 -
5000
2000
0 0
292 290 288 286 284 282 536 535 534 533 532 531 630 529 528

BE/eV

BE /eV

Figure S4. 2: Deconvoluted XPS spectra with background subtracted of (A) C1S orbitals, and (B) Ols orbitals for (i) 100Pt-
LCNFs, (ii) 50Pt/50Ni-LCNFs, and (iii) 100Ni-LCNFs. Blue- and purple-colored arrows indicate an increase of oxygen-
containing groups with increasing Ni-content. The red arrow highlights an increasing appearance of O with increasing Ni-
content, arising from Ni-oxide species.
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4.8.3 Characterization of surface chemistry focusing on Pt and Ni
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Figure S4. 3: Deconvoluted XPS spectra with background subtracted of (A) Pt4f orbitals, and (B) Ni2p orbitals for (i)
individual metal either 100Pt-LCNFs or 100Ni-LCNFs, and (ii) 50Pt/50Ni-LCNFs.
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4.8.4 Small Angle X-ray Scattering (SAXS) analysis
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Figure S4. 4: Full range SAXS spectra and fitted patterns of the as-generated materials.

Figure S4. 5: HRTEM of (A)100Ni and (B)100Pt LCNFs focusing on rGO structure. An additional zoom highlights the more
ordered structure within 100Ni-LCNFs compared to 100Pt-LCNFs, explaining the appearance of the 18.6 nm™ reflex in SAXS
spectra of 100Ni-LCNFs.
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4.8.5 Electrocatalytic oxidation of glucose at various pHs and metal compositions
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Figure S4. 6: Cyclic voltammograms (CVs) of 10 mM glucose (solid line) compared with 0 mM glucose (dash line) from
LCNF electrodes contained various metal compositions measured under different pHs. Glucose solutions were prepared in PBS
buffer adjusted to the desired pHs by NaOH (1 M). CV was performed using scan rate of 0.05 V/s. Each CV was from the
averaged current obtained from individual triplicate measurements.
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4.8.6 Optimization of pretreatment conditions for electrocatalytic oxidation of glucose

present in physiological pH
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Figure S4. 7: CVs of 10 mM glucose (solid line) compared with 0 mM glucose (dash line) from LCNF electrodes contained
various metal compositions after pretreatment at various times and applied voltages. Here, the pretreatment condition was
applied directly before the respective CV scan, either in the absence or presence of glucose. Glucose solution was prepared in
PBS buffer (pH 7.4). The absence of the oxidation peak at around 0.15 V is due to the fact that the electrodes were no fresh
electrodes and already performed measurements for Figure S4.6.
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4.8.7 Effect of electrode ageing
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Figure S4. 8: Effect of electrode ageing on detection sensitivity of glucose when electrodes were stored under ambient
conditions for (A) 1 day, and (B) 4 days.) where the insets display water contact angle for each case. (n =5)

4.8.8 Effect of sterilizations
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Figure S4. 9: Comparison of the glucose signals obtained from electrodes without and without sterilization by (A) autoclaved
at 121°C for 15 min, and (B) exposed to 70% ethanol for 10 min. For both conditions, electrodes were dried prior to the
measurements.
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4.8.9 Reusability of electrodes
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Figure S4. 10: (A) Reusing an electrode for several consecutive measurements in PBS + 10 mM glucose solution. After each
CV measurement, a fresh drop of solution was placed. (B) Impact of an electrode cleaning. The procedure was: pretreatment
(0.9 V for 20 s) - measurement (CV) - recovery treatment (-0.2/0.0/+0.2 V for 60 s) — place fresh drop on electrode. After 6
consecutive measurements in 10 mM glucose solution, a 0 mM, 5 mM, 10 mM, 15 mM, and 20 mM glucose in PBS was
measured. For a better comparison between the electrodes, the ratio 1(0.7 V)/I(0.1 V of first measurement) was used.

4.8.10 Measurement in undiluted and diluted human serum

A B

300 300
250 1 5" measurement in PBS 2501
—— human serum -0.9 V for 20s
200 200
150 150 4
< <
Z 100 4 Z 1004 human serum -0.9 V for 40s

— human serum -1.0 V for 20s
~——— human serum -1.2 V for 20s
50 4 —— human serum -1.5 V for 20s
human serum -1.8 V for 20s

50

0,0 u:z 0:4 0:6 0,8 0,0 u:z 014 0:6 0,8
Pot. / V (vs. Ag/AgCl) Pot./V (vs. Ag/AgCl)

Figure S4. 11: (A) The stabilized, 5" measurement in PBS and a consecutive measurement in undiluted human serum. (B) CVs
with various pretreatments in undiluted human serum.
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Figure S4. 12: Calibration and measurements of (A) 20 % human serum (0.96 mM glucose according to Roche AccuChec)
and (B) 20% human serum spiked with 0.25 mM glucose (in total 1.21 mM glucose. Due to good linearity of electrodes 1, 2
and 4, calibration measurements were reduced for electrodes 3, 5 and 6.
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5. Laser-induced Carbon Nanofibers as Permeable Non-enzymatic

sensor for Biomarker Detection in Breath Aerosol

5.1 Abstract

Detection of biomarkers in breath aerosol has become an attractive tool for non-invasive diagnostics.
Herein, a novel breathable electrochemical enzyme-free sensor made from laser-induced carbon
nanofibers embedding Ni nanocatalysts (Ni-LCNFs) is proposed. The porous sensing film was generated
via an instantaneous LCNF formation with concomitant reduction of Ni cations. Unlike traditional non-
breathable sensors, the 3D porous Ni-LCNF electrode allows efficient capture and straightforward
sensitive detection of aerosolized glucose, which were enabled through its permeability, large surface
area, and nano-Ni catalytic ability. The sensor potentiality was proved by measuring aerosolized glucose
as a model analyte and its integration onto a breathing mask. The detection mode is based on the
electrocatalytic oxidation of glucose mediated by the nano-Ni catalysts where reproducible and accurate
data can be easily and reliably obtained using the oxidation/reduction peak ratio as analytical signal. The
final device configuration shows a limit of detection of 0.7 uM with high selectivity toward potential
interferents commonly present in breath. The Ni-LCNF sensors were able to determine simulated
aerosols containing clinically relevant glucose levels. Although in-vivo validation studies must be
conducted in future work, the proposed device results in a captivating point-of-care device integrable in

breathing masks and breath analysis devices.

This chapter will be further used as a manuscript that is intended to be submitted to Analytical Chemistry

as a technical note article.
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5.3 Graphical abstract
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Figure 5. 1: Graphical abstract of chapter 5.

5.4 Introduction

In the diagnostics field, the detection of biological biomarkers via non-invasive methods has received
increasing attention, since they offer simple sampling and a more extensive screening capacity, avoiding
injury due to the insertion of tools inside the body or skin puncture®**?%, Alternative to conventional
biological fluids, i.e., saliva, urine, tears, sweat, plasma, blood, etc., breath has become a captivating
sample for non-invasive analysis**. Indeed, breath can be easily collected in the form of aerosol and
contains diagnostically important markers whose concentration is related to their content in blood?*.
Nevertheless, the main problem with the analysis of exhaled breath aerosol is the concentration of the
biomarkers, significantly lower than blood. Among others, glucose, a relevant biomarker for several
diseases and chronic health problems, has an average concentration of 4.8 mM in blood in healthy
people, while in respiratory fluids it is present in about 10-fold less amount''*. The glucose undergoes a
further dilution during the condensation of exhaled breath aerosol, necessitating the use of a proper

'breath collection' strategy associated with adequate detection methods?®.
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Several analytical approaches are currently used for analysis of breath condensate such as gas
chromatography, mass spectrometry, and laser spectroscopy?*??%®. In this framework, electrochemical
sensors are emerging as easy-to-use and low-cost analytical devices for clinical diagnostic'#.
Electrochemical sensors include enzyme-based and enzyme-free detection strategies'®. The former has
the advantage of high selectivity and sensitivity, nevertheless, it requires a dedicated enzyme
immobilization process, needs controlled temperature, humidity, and pH, and often shows poor
stability/storability?*’. These drawbacks make enzyme-free sensors attractive, considering their facile

preparation, low-cost, and suitability for mass production!4-248,

Carbon nanofibers (CNFs) are useful sensing materials for electrochemical sensors, particularly
appealing for breath analysis. CNF films, properly manufactured/used, possess a 3D porous structure

with high surface and electron-transfer capability®*’

. Noteworthy, thanks to their structure, CNF porous
films enable effective permeation of gaseous phases, potentially allowing capturing/concentrating

biomarkers in breath aerosol**.

CNFs are usually obtained via a two-step manufacturing process, including the production of nanofibers
precursor and consecutive carbonization. Several methods have been proposed for the production of
nanofibers, among these, electrospinning turns out to be simple, versatile, and prone to large-scale
production?’2%° Briefly, a polymer solution is subjected to a high voltage, and, when the repulsive
forces on the charged polymer exceed the surface tension of the formed droplet, a jet of the polymer is
obtained, enabling nanofiber formation onto the collector'®. Subsequent carbonization is usually
conducted at extremely high temperatures under inert gas’¥’. However, conventional carbonization
approaches are not very suitable for direct electrode patterning and integration in sensors/devices,

making them unfavorable for mass production.

On-site direct laser-induced fiber pyrolysis can effectively resolve the aforementioned issues. Indeed,
COs-laser treatment can straightforwardly convert electrospun polyimide (PI) nanofibers into laser-
induced carbon nanofibers (LCNFs), allowing the formation of conductive porous films with on-demand
shape and design®. Moreover, simply adding a metal precursor into the PI spinning solution, LCNFs
decorated with nanoparticles/nanostructures can be produced, improving the electron transfer ability
and/or inducing additional catalytic features at the sensing film®. This co-synthesis using CO, laser
approach has proven to be efficient and practical for other materials such as graphene and conductive
carbon inks where the as-developed sensors were successfully applied for H,O», neurotransmitters and

flavonoids determination®2!-254,

Our group has previously generated Ni-LCNF working electrodes demonstrating their ability in the non-
enzymatic detection of glucose in basic environment*. The Ni-LCNF electrodes were fabricated on
conductive indium tin oxide (ITO) coated polyethylene terephthalate (PET) support. In this pioneering
work, even though the electrodes provided a favorable analytical performance, the carbon nanofibrous
sensing film does not provide permeability to gases and the measurement setup necessitates the use of

external reference (RE) and counter (CE) electrodes. These unfavorable features thus limit their



114

applicability for breath sensor development. In another study by our group, we developed a
manufacturing process where LCNF electrodes can be fabricated without ITO/PET support’®. Herein,
Fe-LCNF electrodes were generated and employed as working, reference, and counter electrodes within
a sensing device. The use of Fe-LCNFs as a RE has proven to be reliable and stable for electrochemical

measurements.

In this work, a permeable Ni-LCNF integrated sensor for breath analysis was developed and its
exploitability proved by using aerosolized glucose as model analyte. The sensor allows a direct
measurement of glucose from 'the captured glucose aerosol'. The sensor design and catalytic features
were optimized, together with the breath capture and measurement set-up. Moreover, the effect of sensor
storage conditions and interferent studies were also investigated. Eventually, we demonstrated the
sensors’ capability to detect glucose at clinically relevant levels when integrated into medical breathing

masks.

5.5 Materials and methods

5.5.1 Chemicals and materials

Solvent soluble PI Matrimid 5218 was purchased from Huntsman Corporation (The Woodlands, Texas,
U.S.). Nickel (II) acetylacetonate, sodium hydroxide, D-glucose monohydrate, hydrogen peroxide,
nickel (II) nitrate hexahydrate, potassium chloride, acetone (= 99.5% purity), ethanol (> 99.8% purity),
ammonia and sodium L-lactate were purchased from Sigma Aldrich (St Louis, MO, USA).
Dimethylacetamide (DMAc) was purchased from Acros Organics (Thermo Fisher Scientific Inc., Geel,
Belgium). Screen-printed carbon electrodes were purchased from Metrohm DropSens (Llanera,
Asturias,Spain). 100 mM stock solution of glucose was prepared in 0.1 M NaOH aqueous solution and

stored at 4 °C.

5.5.2 Apparatus

Electrospinning was performed using a Starter Kit-Aligned 40kV (Linari Engineering srl, Pisa, Italy)
with a rotating aluminum collector cylinder (diameter of 80 mm and length of 120 mm), equipped with
a 5 mL glass syringe with a 20G needle. A CO; laser (VLS 2.30 system, 30W) from Universal Laser
System Inc. (Scottsdale, Arizona, USA) with a 2.0’-lens in focus was used for laser scribing of
nanofibers. To increase the hydrophilicity of Ni-LCNF film a UV-ozone cleaner from Jelight Co. Inc.,
model n° 42-220 (Irvine, California, USA) was employed, with a power of 200-240 V and frequency of
50 Hz. A wax printer (ColorQube 8880DN, Xerox Corporation, USA) was used to print hydrophobic
regions onto polyester plastic foils (Overhead transparencies, thickness 0.10 mm, Avery Zweckform,
Code: 3560) to define the working area and insulate the back of the sensors. Designs for the laser and
wax printer were realized using CorelDRAW 2022 software. Electrochemical measurements were

conducted using a multichannel potentiostat (MultiPalmSens4) from PalmSens (Palm Instruments BV,
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Houten, Netherlands). Breath simulation process was performed by nebulizing glucose solutions using

an Inhalator from Medisana (Neuss, Germany), power 60 W, nebulization speed of 0.2 mL min-".

5.5.3 Sensor manufacturing

The main manufacturing steps of Ni-LCNFs based sensor are illustrated in Figure 5.2 A-H.
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Figure 5. 2: Schematic representation of sensor fabrication and measurement procedure. (A) Preparation of the spinning
solution. (B) Electrospinning set-up to produce a nanofiber mat on filter paper. (C) Laser-induced carbon nanofibers (LCNFs)
embedding Ni nanocatalysts generation using CO: laser. (D) UV-Ozone treatment for enhancing the hydrophilicity of sensors’
surface. (E) Wax transferring to confine the sensor working area. (F) Experimental set-up to test the potentiality of the sensor
when integrated into a breathing mask. (G) Electrochemical measurement set-up for determining the glucose aerosol after
capturing in a closed configuration. (H) Example of cyclic voltammograms in absence and presence of glucose. (I) Picture of
the Ni-LCNFs device (i). SEM micrograph of the sensor’s side-view (ii). Micrograph of the as-spun nanofibers (iii) and the Ni-
LCNFs after device assembly (iv).

In brief, a spinning solution containing 0.6 g of Matrimid and 0.15 g of Ni (II) acetylacetonate was
prepared in a total volume of 4 mL of DMAc (Figure 5.2A). The solution was stirred overnight and
subjected to the electrospinning process (Figure 5.2B). The electrospinning was conducted at a voltage
of 12 kV with a flow rate of 10 pL min™! for 5 h. The nanofibers were collected onto a chromatography
filter paper (Whatman 1 CHR, 0.18 mm, 87 g m™) fixed around a drum rotating at 150 rpm. A tip-to-
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collector distance was maintained at 15 cm. The conditions of the spinning chamber were settled at 24
+ 1 °C and 34 + 9 % of humidity. After leaving the nanofibers drying overnight under room conditions,
they were subjected to a CO; laser scribing process to obtain in one step laser-induced carbon nanofibers
decorated with Ni-nanoparticles (Ni-LCNFs) (Figure 5.2C). CO, laser conditions employed: 2.55 W
laser power, 76.2 cm s™! laser speed 76.2 cm s™!, and 1000 DPI (dots per inch) image density resolution.
For each nanofibers mat (size of 26 cm x 10 cm) 120 complete Ni-LCNF sensors are obtained; each
sensor includes a working electrode (WE; d = 3 mm), reference electrode (RE), and counter electrode
(CE), including the respective contacts (1 mm x 1 cm long). To improve the hydrophilicity of the sensing
surface, sensors were treated with a UV-ozone cleaner for 5 min (Figure 5.2D). Afterward, to delimitate
the sensors' working area and insulate the back side, hydrophobic wax barriers were employed. The wax
was initially printed on two plastic foils according to Figure 5.2E, then the sensor was sandwiched
between them employing two glass slides held together by paper clips. Eventually, the wax was
transferred into the sensor via melting in the oven (100 °C, 15 min), resulting in its transfer and
percolation among nanofibers and paper pores (Figure 5.2E). Finally, the glass slides were

disassembled, and the plastic foils removed.

5.5.4 Measurement setup

Electrochemical measurements for glucose detection optimization were conducted by dropping 40 puL
of the working solution onto the sensor working area; these measurements were performed without
placing the plastic cover on top of the sensor, configuration named “open device” (Figure 5.2E).
Figure 5.2F illustrates the setup for measuring glucose in nebulized samples (breath simulation). To
simulate the generation of breath aerosol, a plastic breathing mask with two lateral holes was placed
onto a 3D-printed head model with an opening hole at the mouth in which the nebulizer was positioned.
The sensor was placed on the external side of the mask, positioning the sensor working area
correspondingly to a mask lateral hole (the other hole was plugged) (Figure 5.2F). Aqueous glucose
solutions were nebulized for 5 min and the generated aerosol was collected on the sensor. After drying
for 20 min at room temperature, 40 uL. of 0.1 M NaOH was dropped on the working area of the sensor
and a plastic tape was placed to close the working area (Figure 5.2G). This configuration, named "closed
device", forces the aerosol to penetrate the nanofibers enhancing the detection sensitivity. Eventually,
the measurement was performed via cyclic voltammetry (CV) in the potential range of window 0.0 - 1.0

V, using a scan rate of 50 mV s! and E step of 0.001 V; Ni-LCNF was used as RE. (Figure 5.2H).

5.5.5 Morphological characterization

Scanning electron microscope (Zeiss/LEO 1530, Germany) was used to characterize
micro/nanostructure of the Ni-LCNFs film (Figure 5.21, i-iv); micrographs acquisition was done after
Au-Pd sputtering. Sensor side-view micrograph (Figure 5.2I-ii) was obtained by cutting the sensor with

the CO; laser in the cutting mode (laser power: 30W; laser speed: 50.8 cm s™).
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5.6 Results and discussion

5.6.1 Sensor fabrication

In a previous study of our group, a sensor prototype constituted of Fe-LCNFs as WE, RE, and CE was
proposed; the manufacturing approach, based on a static nanofibers collector, enabled the fabrication of
12 sensors per batch’®. While, in this study, PI nanofibers were collected on a larger rotating drum,
allowing to obtain ca. 120 complete sensors per batch. The strategic use of the rotating drum nanofibers
collector returns a nanofiber mat with random orientation (Figure 5.21-iii), with an average diameter of
ca. 300 nm. The longer collection time per collecting area in this study 52 cm*h (vs. 32 cm?/h)’® made
the fiber mat thicker (ca. 1.5-times) (Figure 5.21-ii), thus necessitates stronger laser power to sufficiently
carbonize the entire nanofiber mat in vertical direction. Eventually, when subjected to laser treatment
the nanofibers results in a conductive 3D-porous structure (Figure 5.2I-iv). The complete device

fabrication process is detailed in section "Sensor manufacturing".

5.6.2 Measuring glucose by direct detection mode
Initially, to understand the ability of the Ni-LCNF sensors to directly determine glucose, cyclic

voltammetry (CV) was run using the sensor in the configuration “open device”.

Figure 5.3A shows CVs performed in 0.1 M NaOH at three different Ni-LCNF sensors.
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Figure 5. 3: (A) High signal variations of CVs obtained from three different Ni-LCNF sensors performed in 0.1 M NaOH
without glucose. (B) Anodic peak current (iox) obtained with glucose 5, 10 and 25 uM.(C) Peak intensity ratio (iox/ire)
determined at glucose 5, 10 and 25 pM. The data in B and C were extrapolated from the same CVs. (D) Comparison of relative
standard deviation (RSD) calculated from anodic peak current (red) and iox/ire (blue) evaluated at concentrations of glucose
enclosed between 0.1 and 10 uM. All data were obtained using the individual sensors (open device configuration) (n=3).



118

Ni-LCNF sensors, in an alkaline environment, give rise to characteristic peaks; these peaks are
attributable to the nano-Ni redox chemistry?*?%°. In particular, Ni(OH), is oxidized during the anodic

scan at around +0.7 V, following the reaction reported below.

Ni(OH): + OH™ - NiO(OH) + H20 + ¢ (D)

In the reverse scan (cathodic scan) the Ni(O)OH is reduced at around +0.55 V, according to the reaction
reported below.

NiO(OH) + H,O + e - Ni(OH), + OH" 2)

It is well known that, the NiO(OH) enables the electrocatalytic oxidation of glucose to gluconolactone

following this reaction®2%3,

NiO(OH) + glucose = Ni(OH), + gluconolactone 3)

Therefore, the presence of glucose can lead to a concentration-proportional increase in oxidation
currents, which can be employed as analytical signals.

The sensor was then tested in the presence of increasing concentrations of glucose; the obtained CVs
are reported in Figure S5.1. In the presence of glucose, the redox behavior changes, and the oxidation
reaction results in a more pronounced anodic peak. Unfortunately, the peak current obtained does not
give rise to proper dose-response behaviour and the reproducibility of the signals is rather poor (RSD <
31%, n=3) (Figure 5.3B). This can be attributed to the high heterogeneity between device-to-device,
which makes absolute oxidation currents not reproducible. To overcome this issue, the ratio between
anodic and cathodic peak current (Iox/Ir.) was employed to evaluate the glucose response. While the
oxidation peak accounts for the active Ni(OH); sites on the electrode and the glucose concentration in
the solution (see also reaction 1 and 3), the reduction peak well reflects the amount of as-generated
NiO(OH) species in the electrocatalytic system (see also reaction 2) which can be varied from electrode-
to-electrode. Therefore, the cathodic peak current resulting from NiO(OH) species can be rationally
served as an internal signal reference, indicating actual functional sites available on each electrode. As
a result, this ratiometric data analysis facilitates the drastic improvement in signal reproducibility
(Figure 5.3C and 5.3D).

In addition, the greater dose-response curve behaviour (Figure 5.3B) can be also achieved because
elevating glucose concentration not only enables an increase in oxidation peak but also a decrease in the
reduction peak as demonstrated in our previous study?*. Consequently, a greater discrimination among
various glucose concentrations can be obtained. The decrease in reduction peak at higher glucose
concentrations is attributed to the lower amount of NiO(OH), during cathodic scan, i.e., higher number
of NiO(OH); are spent for electrocatalytic oxidation of glucose. The reduction in cathodic peak intensity
when increased glucose concentration cannot be seen clearly in the present study (Figure S5.1) owing
to high variations between device-to-device.

In comparison to the widely used amperometric signal, the intrinsic self-correcting factors offered by

the CV signal make our evaluation method more reliable, specifically for 3D-porous electrodes that
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possess high heterogeneity?¢2¢!. In addition, unlike amperometric signals, the potential shifts from

electrode-to-electrode that may occur do not significantly affect the ratiometric analytical signal.

5.6.3 Optimization of sensor production

To achieve the best analytical performance, different parameters were optimized during the sensor
fabrication process, whose main steps are resumed in Figure 5.2. In this phase, the measurements were
simply performed by dropping the NaOH solution containing glucose onto the working area (open
device configuration).

Since the surface of pristine LCNFs is typically highly hydrophobic, a hydrophilic treatment to enhance
their wettability is required. Therefore, two different strategies, i.e., oxygen plasma treatment and UV-
Ozone treatment, were initially investigated. Both techniques induce the formation of -OH and other
oxygen-containing groups on the LCNFs surface, improving in this way the hydrophilicity of the
sensors??2203, Hydrophilic treatments were carried out after laser-scribing Ni-LCNF film formation. The
hydrophilic treatments greatly reduced the electrode variability, making the response of the sensor more
reproducible (RSDhon-treated < 75%; RSDplasma < 22%; RSDuv-0z0ne < 5%; n=3). Owing to the greatest
reproducibility, the UV-ozone treatment was chosen for further studies. The UV-Ozone treatment did
not significantly affect the LCNF referencing system, as can be seen from the slight peak potential shift
in Figure S5.2A (approx. 30 mV - 25 mV vs. the untreated sensor). Afterward, the UV-Ozone treatment
time was further optimized (Figure S5.2B); 10 min-treatment was too aggressive and thus returned poor
reproducible signals (RSD < 22%, n=3). Even though treatment times of 3 and 5 min provided highly
comparable performance, 5 min was chosen for further studies considering the greater signal
reproducibility (RSD3min < 4% vs. RSDsmin < 2%, n=3).

Eventually, the laser power (LP) was optimized, attempting Ni-LCNFs synthesis applying a power
enclosed to 2.25 and 3.00 W (Figure S5.3). The calculated LOD tends to improve up to an LP of 2.55 W,
after which it is drastically worsened. This can be due to the excessive power that can destroy the
nanofibers. On the other hand, too low LP is not energetic enough to effectively induce the carbonization
of the nanofibers and the formation of nickel nanoparticles. According to the results, a laser power of

2.55 W was selected.

5.6.4 Sensor electroanalytical performance

As already demonstrated in our previous study, the performance of LCNF-based sensors can be
improved using a closed working chamber’®. This approach is easily applicable by closing the working
area with a plastic foil after the deposition of the working solution (Figure 5.2G); this gives rise to a
homogeneous spreading of the solution. In addition, the pressure exercised from the closing foil forces
the solution to percolate the 3D-porous structure of LCNFs. As expected, the closed device remarkably
enhanced the analytical performance as seen from the improvements in sensitivity (11.5-times) and LOD

(50-times) in comparison to the open device (Figure S5.4). The extremely low LOD (0.71 pM) obtained
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confirms that the closed system approach is highly efficient in boosting the sensitivity of the Ni-LCNF

sensors and was therefore used for the following nebulization experiment (Figure 5.4).
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Figure 5. 4: (A) Exemplary CVs obtained with increasing concentrations of glucose using the closed device configuration. (B)
Calibration curve obtained with the closed device configuration (n=3). Linear fit equation y=0.0161[+ 0.0011]x + 1.3701 [+
0.0038], R2=0.9709.

5.6.5 Capturing and measurement of aerosolized glucose

The permeability to aerosol phases of our sensing devices makes them highly attractive for capturing
analytes present in breath. Nevertheless, owing to the limitation of facility, real-breath testing has not
been yet performed in this study but it will be conducted in the future. Instead, to simulate breath analysis
the sensor was integrated into a plastic breathing mask and placed on a 3D-printed head model as
described in section "Measurement set-up"; the measurement was performed in the "closed device"

configuration after capturing (Figure 5.2F-G).

Aerosolized glucose generated by the nebulizer was employed to demonstrate the proof-of-concept and
investigate the capability of the sensor to capture and determine an analyte in an aerosol phase. At first,
to maximize the capture efficiency of glucose, the sensor was vertically placed over the nebulizer outlet
in which the aerosol collection time (Figure 5.5A) and the distance between the nebulizer outlet and the

sensor (Figure 5.5B) were investigated. In this phase, the 3D-printed head model was not used.

The aerosol collection time was initially studied using a distance of 0 cm (meaning the sensor was placed
directly at the nebulizer outlet). A glucose concentration of 0.4 mM was selected for the nebulizer
because this concentration mirrors the glucose level found in healthy lung fluid. This is based on the
typical ratio of glucose concentration in lung fluid to that in blood, which is approximately 1:12'%, After
glucose aerosol capturing, the sensor was dried for 20 min and measured according to section
"Measurement setup". Figure 5.5A reports the glucose concentration measured; the amount of glucose
determined increased up to 3 min while extending the collection time did not significantly increase
glucose capturing ability. Instead, too long collection time (30 min) negatively affects the measurement
probably because the collected drops become larger and fall off the sensor. A collection time of 5 min
was selected as the best compromise between signal intensity and reproducibility. Nevertheless, as a

nebulizer generates aerosolized glucose much more efficiently and intensely than the real breathing
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system, the proper collection time can take longer. Therefore, it is mandatory to study in real-world

applications, particularly when considering the additional breathing-in process.
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Figure 5. 5: (A) The concentration of glucose measured with the close device configuration after nebulization of 0.4 mM
glucose solution at different times. (B) Optimization of the distance between sensor surface and nebulization source. Graph
reports the glucose concentrations obtained from nebulizing 0.4 mM glucose for 5 min, placing the sensor at 0, 1 and 3 cm of
distance from the nebulizer. Red dashed lines represent the LOD and the superior limit of linear range. (C) Correlation between
concentrations of glucose in the nebulized solutions and the captured glucose measured with the device (n=3).

Subsequently, the distance between the nebulization source and the sensor was investigated (Figure
5.5B). The distance of 0 cm was discarded since it was practically inapplicable in real situations and too
close to the linear range limit. Therefore, as compromise, a practical distance of 1 cm (in blue in
Figure 5.5B) was selected, since it can be used in real breath analysis allowing glucose level oscillation.
Therefore, using the optimized parameters, the impact of nebulizer solution concentration was studied,
simulating physiological changes in lung fluid concentration. Glucose concentration was studied from
0.2 to 0.6 mM, corresponding to blood concentrations ranging from 2.4 mM to 7.2 mM (healthy
individuals typically have about 5 mM glucose)''*. The obtained cyclic voltammograms are reported in

Figure S5.5.

Figure 5.5C proves the nice correlation (r = 0.9761) between the glucose present in the nebulization
solution and the sensor-captured glucose, moreover, the sensor yields reproducible data (RSD < 12%,
n=3).

In order to highlight the beneficial features of the proposed permeable sensors over traditional screen-
printed carbon electrodes (SPEs) for capturing and detecting aerosolized glucose, their electrochemical
performances were compared (Figure S5.6). A commercial SPE was modified via electrodeposition of
a 10 mM solution of Ni(NOs), in 0.1 M KCl, carried out by CV in the potential range 0.0/ -1.5 V for 3
consecutive scans???%3, The presence of an oxidation peak at 0.55 V and a reduction peak at 0.15 V in
alkaline conditions (Figure S5.6A), which are not present in the CVs of unmodified SPE (Figure S5.6A
black lines and inset), confirms successful nickel deposition (note that the silver ink reference electrode
shifts the peak potential compared to the Ni-LCNF reference electrode). Afterward, the Ni-modified
SPE was tested to capture glucose under the conditions reported in section “Measurement setup”. The
Ni-modified SPE allows glucose detection at 0.4 mM only when a drop of the solution is deposited onto

the sensor surface, while it is unable to detect glucose from the nebulized solution (Figure S5.6A and
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S5.6B). This result greatly emphasizes the advantages of the proposed sensors over conventional SPEs

in capturing and detecting aerosolized analytes.

Eventually, the sensor stability over time was studied in closed (petri dish) and unprotected ambient
conditions (Figure 5.6A). As expected, after 2h the signal from the unprotected sensor significantly
decreased, compared to the freshly UV-Ozone-treated electrode; subsequently, the sensor response
further decreased over time. On the other hand, by shielding the sensors from the air, the sensors'

response is less affected over time.

Interferent studies were finally conducted. Overall, breath aerosol is considered a 'clean' sample matrix,
majorly constituted of water. However, some potential interferent species, including lactate, acetone,
ethanol, ammonia, and H>O», can be co-present with glucose in the breath aerosol. Figure 5.6B greatly
demonstrates the high selectivity of the proposed sensor toward glucose detection even in the presence

of electroactive or potential interfering compounds present at glucose-equimolar level.
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Figure 5. 6: (A) Stability of the sensor of the complete devices shown in Figure 5.2E. Graph reports the electrochemical
response from nebulized glucose solution at 0.4 mM. (B) Selectivity study for potential interference found in breath. Glucose
and interfering species at concentration of 0.4 mM were used in nebulized solutions.
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5.7 Conclusions

Fabrication of laser-induced carbon nanofiber-embedded with nickel nanoparticles (Ni-LCNFs)
transducer and its use as a permeable enzyme-free electrochemical transducer for capturing and
detecting aerosolized glucose have been demonstrated. The three-electrode system made from Ni-LCNF
electrodes enabled reliable cyclic voltametric signals resulted from electrocatalytic oxidation of glucose
by Ni nanocatalysts. Unlike conventional amperometry, taking the ratio of anodic to cathodic current
(internal reference signal) in cyclic voltammetry can significantly overcome the high variation between
device-to-device. Upon optimization of sensor manufacturing and electrochemical measurement
procedure, detection of glucose at sub-micro molar concentrations was feasible without the need of
solution stirring. When we further applied the sensors for capturing and detecting glucose in aerosol
form, the high surface area and breathability of Ni-LCNF electrodes unsurprisingly exhibited superior
analytical performance, especially comparing to non-permeable electrodes. The drying step of captured
aerosol prior detection was also believed to play a key role in enhancing detection sensitivity, i.e.
strengthen adhesion between analyte and electrode surface, and selectivity, i.e., removal of volatile and
labile interfering compounds. The analytical performance of the sensors can be maintained with closed
environment, shielding from the ambient air. In the future work, the analytical performance and
practicality of the sensors for in vivo measurements will be investigated. Furthermore, as the fabrication
strategy is highly versatile, i.e., types of nanocatalysts can be changed into others such as platinum,
extension to other breath analytes, e.g., H»O,, can be foreseen. Thus, the as-developed permeable
enzyme-free electrochemical sensors are highly attractive for developing breath analysis in which not

only low-cost manufacturing cost, but also high analytical performance can be achieved.
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Figure S5. 1: Cyclic voltammograms obtained in presence of different amount of glucose. CVs obtained from Ni-LCNF sensor
performed in 0.1 M NaOH (blank) and with 5, 10 and 25 uM of glucose.
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Figure S5. 2: Effect of UV-0zone treatment. (A) Cyclic voltammograms obtained from Ni-LCNF sensor untreated and treated
with UV-ozone (5 min, and 0.5 L min-1 O flow rate). Measurements were performed in 40 pL of 0.1 M NaOH without (dashed
lines) and with 50 pM glucose (continuous lines). (B) Comparison of signal ratio obtained in presence of different amount of
glucose, after UV-ozone treatment performed with different duration.
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Figure SS. 3: Influence of laser power on the limit of detection. Limit of detections calculated from the dose response curve
(glucose concentration range 0-500 uM in 0.1 M NaOH). The measurements were performed using the open device
configuration with triplicate measurement.
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Figure S5. 4: Dose response curve obtained from open device configuration. Linear fit of the data extrapolated from CV in the
range 0-500 uM of glucose in 0.1 M NaOH. Equation: y=0.0014 [+ 1.6422 x 10-4] x + 1.4503 [+ 0.0165], R2=0.9362 (n=3).
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Figure S5. 5: Cyclic voltammograms obtained from different glucose concentrations nebulized.
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Figure S5. 6: Glucose measurement using Ni-modified commercial screen-printed electrodes (A) Electrochemical behavior of
SPEs with and without electrodeposited Ni. The inset reports the zoomed signal of the unmodified SPE. The CVs of SPE-Nidrop
were obtained from drop-testing for 0.1 M NaOH (dashed line) and 0.4 mM of glucose (solid line). The CVs of SPE-Nine» were
obtained after capturing nebulized glucose using 0 mM (dashed line) or 0.4 mM (solid line). (B) Comparison of the Iox/Ire With
(0.4 mM glucose) and without glucose for drop and aerosol measurements using SPE-Ni electrodes.
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6. Conclusion and Future Perspectives

This thesis discusses the need for enzyme-free electrochemical sensors due to their numerous
advantages, such as capability of miniaturization, immediate data readout, sensitivity, low cost,
scalability, and portability, which make them suitable for point-of-care applications. Nowadays, often
enzymes are used to enhance the selectivity of the electrochemical sensors'>. However, enzyme-based
sensors do have some drawbacks such as high cost and stability issues, which underlines the need of an

enzyme-free alternative®®1.

Non-enzymatic sensors consist of a conductive material that enables an electrocatalytic reaction with an
analyte, typically involving metals, metal oxides, and/or graphene and its derivatives'>!'?. There are
many ways to fabricate non-enzymatic electrochemical sensors, either by modifying already conductive
material with the functional catalyst material (drop casting, dip coating, electrodeposition, electroless

deposition)?6-3433

or by producing the catalyst material and the conductive support in one step (screen-,
inkjet-, 3D-, Roll-to-roll-printing, laser-induced carbonization)*’4+323362 Each of these techniques has

its own strengths, weaknesses, and potential for mass production.

Among these, the emerging technology of laser-induced carbonization is very promising due to its
simplicity, adaptability, minimal production steps from raw materials to complete electrode, and
extremely low production cost after the initial invest in a laser engraver. There are many strategies to

5864 however, in terms of production cost,

fabricate laser-induced functional hybrid electrodes
reproducibility, and porosity (which increases the accessibility of catalyst material), electrospinning to
produce the precursor material seems most promising and was used in this thesis. In this process,
precursor materials (polymer, metal salts) are dissolved in an organic solvent (spinning solution), electro

spun, and laser scribed, all without the need for energy-consuming heating steps>*6263,

In the first project of this thesis, spinning solutions containing Matrimid® (polyimide) and various
amounts of Pt(II)- and Ni(II)-acetylacetonate were electro spun on conductive ITO-coated PET sheets
(ITO-PET) at around 12 kV to produce a nanofiber mat. Both metals were chosen because of the well-
known catalytic properties of their alloys towards hydrogen peroxide reaction'**'*>., LCNFs were
produced by laser scribing these fibers with a CO;-laser engraver. The aforementioned Pt-Ni-alloys are
expected to form when laser scribing a fiber mat that contains both metal salts. SEM-EDX measurements
revealed the metal-, carbon- and oxygen composition of the surface of the LCNFs. A higher amount of
nickel increased the oxygen content from 2.9 + 0.6% to 6 £+ 1%, which implies that not all of the
nanofibers were converted into LCNFs. This was also confirmed by SEM measurements (fiber
fragments within the LCNFs) and is probably caused by the higher thermal conductivity of nickel, which
leads to a lower local heat during the laser treatment. Elemental mapping showed a very homogeneous
distribution of the metals, meaning an equal distribution of the catalyst. The catalyst behavior was
investigated by cyclic voltammetry of hydrogen peroxide solutions and showed that platinum is mainly
responsible for the catalytic reaction. Especially the oxidation of hydrogen peroxide was not improved

by increasing the nickel content of the alloyed LCNF. In contrast, hydrogen peroxide reduction was
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strongly enhanced by the addition of nickel, likely because Pt-Ni-alloy decreases the adsorption energy
of reduction reaction intermediates compared to pure Pt'*2. However, applying a negative potential
caused stabilization issues of blank measurements in unstirred conditions probably due to oxygen
reduction reaction of dissolved oxygen. In conclusion, a positive potential was chosen to sensitively
oxidize hydrogen peroxide. For pure Pt, a LOD of 1.4 + 0.4 uM with a linear range from 5-500 uM was
achieved (chronoamperometry; potential: +0.5 V vs. Ag/AgCl), which worsened with increasing Ni
content. The drawback of the high oxidation potential is the low selectivity because electroactive
molecules such as ascorbic acid, uric acid, or dopamine can be oxidized at the graphene oxide/reduced
graphene oxide sites of the electrode. This is evident not only from the fact that signals from these
interferences appeared even with LIG-LCNFs (metal-free), but also because increasing the metal content
of the electrode improved selectivity. Anionic polymer coatings of the electrode consisting of Nafion®
worsened selectivity, whereas a Nylon coating did not change it. However, by using Nylon as an
antifouling-coating, the recovery of spiked real sample measurements in pure and diluted human serum

was significantly enhanced.

To further improve selectivity towards hydrogen peroxide, a new measurement approach was used. Even
though the blank measurements of potentials used for hydrogen peroxide reduction did not stabilize, the
potentials -0.1 V, 0V, and +0.1 V (vs. Ag/AgCl) were investigated to prevent oxidation of interfering
molecules. In this approach, instead of waiting for a stabilization of the signal, one electrode was used
for exactly two chronoamperometry measurements, i.e. (i) a blank measurement in PBS and (ii) a
measurement in PBS spiked with hydrogen peroxide. This procedure was repeated for various hydrogen
peroxide concentrations and the difference in current, dI, between the spiked and the blank measurement
was used versus the spiked concentration as a calibration curve. The best LOD (21 uM) was achieved
by using the 50% Ni + 50% Pt LCNF at +0.1 V, but with ascorbic acid being oxidized in a large manner.
The best selectivity was achieved by using 50% Ni + 50% Pt LCNF at -0.1 V but led to an insufficient
LOD of 150 uM. Future research in this direction could investigate strategies to remove dissolved
oxygen such as the incorporation of oxygen-scavenging molecules as discussed in Chapter 1.7.7. This

approach could lead to a better limit of detection at negative potentials due to lower background current.

In a next step, a catalyst that allows hydrogen peroxide reduction at potentials equal to or below -0.1 V
(vs. Ag/AgCl) without leading to oxygen reduction reaction was needed. Therefore, the polyoxometalate
(POM) H4SiMo1,04 (SiMo) was a promising candidate due to its catalytic activity towards hydrogen
peroxide reduction'®® and its (at least short-term) stability in almost neutral pH'®. An initial study
showed that SiMo is stable during the time of a measurement in solutions of a pH ranging up to 6.
Furthermore, catalysis of hydrogen peroxide reduction started at -0.2 V and was most active at a pH of
3. Various approaches to attach POM to the LCNF were tested such as co-spinning with consecutive
laser scribing and drop-coating. While laser-scribing of POM-co-spun fibers destroyed most of the
catalyst (detected by small-angle X-ray scattering (SAXS)), drop-coating on untreated LCNF

(attachment due to electrostatic interactions)*” led to significant loss of signal due to leaching during
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measurement. The next approach was to PEGylate Pt-LCNF with poly(ethylene glycol)-methyl-ether-
thiol (PEG-thiol) to provide a hydrophilic surface. With an enthalpic gain due to the recovery of
hydrogen bonds between water molecules by dehydration of both the hydrophilic surface and the POMs,
SiMo adsorbed much more stable onto the LCNF due to the so-called superchaotropic effect?!. The
same effect was later achieved by attaching the cationic surfactant Ethomeen C/25 onto
UV-ozone-treated LCNF. The ozone treatment was used to increase negatively charged groups on the
LCNF surface which enhanced electrostatic interactions with the positively charged surfactant.
However, no satisfactory results for sensitive hydrogen peroxide detection were achieved in non-stirred
measurement. Nevertheless, it was shown how to efficiently deposit POMs onto LCNFs, offering a great
potential since this could be used for various catalyst materials in many applications, e.g. water
splitting209-211:264,

In the second project, the Pt-Ni-alloyed LCNFs were tested for the detection of glucose in physiological
conditions, due to promising results of this alloy in literature'#*. First, an in-depth characterization of the
LCNFs was performed by using high resolution TEM, STEM-EDX, XPS, and SAXS. High-resolution
TEM of LCNFs revealed a metal nanoparticle radius of roughly 2 nm. Nanoparticles in Pt- and Pt-Ni-
alloyed LCNFs have similar d-spacings like pure Pt and Pt-Ni-alloys found in literature??*?*’. The
d-spacings found in Ni-nanoparticles of Ni-LCNFs seemed to be closer to NiO species than pure Ni**8,
STEM-EDX measurements of nanoparticles in the 50% Ni+ 50% Pt LCNFs revealed that both
Ni-core-Pt-shell as well as homogeneous particles exist. Furthermore, the XPS data confirmed the
observation of SEM-EDX data in the previous chapter, that Ni-LCNF indeed lead to a higher oxygen
content in the carbon matrix of the LCNF. In addition, the formation of Ni-Pt-alloy in 50% Ni + 50% Pt
LCNFs was confirmed. SAXS data showed that nickel, probably due to its better heat conductivity, lead
to a more consistently stacking of reduced graphene oxide/ graphene oxide layers, which was observed

in high-resolution TEM pictures as well.

An electrochemical investigation by cyclovoltammetry showed that none of the prepared LCNFs
showed any catalytic behavior towards glucose oxidation at physiological pH at all. Since it is known
that Ni-LCNFs can catalyze glucose oxidation at alkaline conditions', an electrochemical pretreatment
which should locally increases the pH was investigated for various LCNFs, with both pure Pt- and Ni-
LCNFs as well as alloys of them. In terms of signal and standard deviation, 25% Pt + 75% Ni LCNFs
and a treatment of -0.9 V for 20 s was most promising. Note that neither pure Pt- nor pure Ni-LCNF led
to a promising signal after the electrochemical pretreatment, which suggests that the role of platinum is
to efficiently increase the local pH, whereas the in situ generated Ni(OH). species catalyzes the oxidation
of glucose. In order to enhance the overall performance, electrodes were used for multiple consecutive
measurements which reduced the background current caused by the pretreatment. However, the multiple
measurements lead to a poisoning of the catalyst, and an electrochemical catalyst cleaning step,
i.e. -0.2 V for 60 s, was performed after each measurement. A ratiometric data readout further improved

the overall performance of the sensor and lead to a selective detection of glucose with two linear ranges
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(0.1 mM —4 mM and 5 mM — 8 mM) and a LOD of 0.3 £ 0.1 mM. A prominent problem with laser-
induced carbon electrodes is the increasing hydrophobicity during aging, which leads to less contact
between the sample and the electrode and worsens the overall performance'*. This issue could be solved
by a simple 10 s incubation of the LCNF with a 0.05 w% Tween in PBS solution. To proof applicability
of the LCNFs in medical diagnostics, sterilization of the electrodes was tested and did not harm their
performance. Lastly, a recovery of 95 + 10% was achieved in spiked and non-spiked diluted human

serum (20% human serum in PBS).

To enhance practicability, future research could use the developed fibers to laser scribe not only the
working electrode but also counter- and reference electrodes and investigate the effect towards the
pretreatment caused by these changes. Furthermore, strategies to prevent electrode fouling when
performing measurement in undiluted blood or human serum should be explored. Due to the fact that
simple drop-coating of polymer solutions on top of the electrode harmed the pretreatment, other
strategies should be tried. Perhaps electrospinning nanofibers on top of the LCNFs as a filtration system

could be a promising solution.

In the last project, Ni-nanofibers were used to produce a LCNF-based 3-electrode system used in a mask
to capture artificial breath and consequently detect glucose under alkaline conditions. Nanofibers were
collected on filter paper instead of the conductive ITO-PET to prevent a short-circuit during the
measurement since electrodes are laser-scribed next to each other. Cyclovoltammetry and a ratiometric
data-readout was chosen to enable sensitive detection of glucose in a measurement that does not require
a calibration of the electrode before the measurement. The laser power of the scribing process was
optimized and hydrophilic treatments to increase the penetration depth of the solution into the LCNF
nanostructure, i.e. oxygen plasma and UV-ozone, were investigated to further improve the sensitivity
and linear range of the measurement. A laser power of 2.55 W and a UV-ozone treatment of 5 min led
to the best signal and reproducibility. After adding the measurement solution (glucose in 0.1 M NaOH),
closing the 3-electrode system by a plastic foil on top of the sensor further improved the performance’.
The pressure originated from the foil is expected to force the solution deeper into the nanostructures of
the LCNF. The linear range of the optimized sensor was between 0 - 25 uM with a LOD of 0.7 uM. With
the optimized measurement setup, the capturing of glucose from artificial breath was investigated. In
this approach, a nebulizer was used to produce the artificial breath by nebulizing a glucose solution with
a concentration that is present in lung fluids (0.4 mM)''*. The optimized capturing resulted in a time of
5 min and a distance between the outlet of the nebulizer and the electrode of 1 cm. The final approach
was to place the electrode-system in a mask, collect the simulated breath for 5 min, dry the electrode,
and measure. Overall, it was possible to differentiate various nebulized glucose solutions (0.2 mM;
0.3 mM; 0.4 mM; 0.5 mM; 0.6 mM), reflecting blood glucose levels ranging from 2.4 mM to 7.2 mM!!4,
Note that a typical blood glucose level of a healthy individuum is around 5 mM!''4. A selectivity study
showed perfect selectivity towards glucose when interferents expected in breath were present. Further

studies in this direction could use a better simulation of the breath, e.g. by using in- and exhaling phases.
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Furthermore, glucose levels of real breath before and 1 h after a meal could be investigated and

compared to respective blood sugar levels as a final proof of concept.

Overall, in this thesis, the LCNF material was extensively characterized by using various methods to
thoroughly understand the surface chemistry of the electrodes. The lightweight nature of the nanofibers
and the resulting nanostructured LCNFs led to a material cost below €0.10 per electrode, even when
25 wt% platinum salt relative to the dry mass of the polymer was used. This makes the electrode material
a very promising candidate for point-of-care (POC) testing, considering the early stage of development.
Although sensitive and selective detection of hydrogen peroxide was not achieved, the results for
glucose detection in both physiological conditions and simulated breath are very promising. Even though
it was possible to grow cells on laser-scribed graphene®®, toxicity of Pt-Ni-LCNFs need to be tested in
future research as well. Further studies, as mentioned in this chapter, could ultimately lead to the
commercialization of LCNFs in the diagnostics market as non-enzymatic electrochemical sensors. In
the context of physiological conditions, implementation of a miniaturized LCNF-based 3-electrode
system into a multiple-use test stripe of a glucose meter (blood test) seems to be most-promising.
Considering breath analysis, a reuseable and washable LCNF system to detect glucose in a mask would
make glucose testing for patients much more convenient. Apart from electrochemistry, obtaining
approval from the European Medicines Agency (EMA) or the Food and Drug Administration (FDA), as
well as developing and producing an affordable home-use potentiostat, are an additional challenging

entry barrier into the market.
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7. Summary

Electrochemical sensors are ideal candidates for point-of-care diagnostics due to their low cost,
sensitivity, and direct data readout. Nowadays, enzyme-based sensors dominate the electrochemical
diagnostics market due to their outstanding selectivity. However, there are some drawbacks related to
the use of enzyme like stability issues or high manufacturing costs. This thesis highlights the need for
enzyme-free alternatives and provides a comprehensive overview of non-enzymatic sensors and their
development. The definition, principles, and typical detection mechanisms of electrochemical sensing
are explained. Various conventional strategies for fabricating enzyme-free electrochemical sensors, such
as drop-casting, dip-coating, electro- and electroless deposition, screen/inkjet/3D-/roll-to-roll printing,
and the emerging technology of laser scribing, are introduced and compared in terms of cost, complexity,
mass production capability, and their individual pros and cons. Additionally, considerations regarding
selectivity, sensitivity, and biofouling when applying these sensors to different matrices, such as clinical
samples (blood, dermal interstitial fluid, sweat, saliva, urine, breath) and non-clinical samples (water
from rivers, lakes, seas, food and beverages, cell culture media), are presented. Other challenges and
potential solutions related to electrode fouling, measurements under physiological conditions,
biocompatibility, long-term stability, storage, practical issues, and efficiency are also discussed.

In this thesis, a non-enzymatic electrochemical sensor based on laser-induced carbon nanofibers
(LCNFs) for detecting hydrogen peroxide was developed. The working electrode was laser-scribed on
polyimide nanofibers produced by electrospinning. These fibers contained either one or a mixture of
both metal salts Pt(II)- and Ni(II)-acetylacetonate, which were converted to nanoparticles embedded
within the LCNF during the laser treatment. The resulting nanoparticles consisted either of Pt- or Ni-
metals and their oxides, or Pt-Ni-alloyed metal and its oxide in the case of a mixture. In the measurement
setup, a Pt-wire and an Ag/AgCl electrode were used as the counter and reference electrodes,
respectively, to investigate hydrogen peroxide detection. LCNFs with various compositions of the metal
salts were tested towards the catalytic behavior to hydrogen peroxide and their selectivity. The best
sensitivity (with a limit of detection (LOD) of 1.4 £+ 0.4 uM) in an un-stirred approach was achieved by
oxidizing hydrogen peroxide on a pure Pt-LCNF, but this led to unsatisfactory selectivity. Strategies
such as increasing the metal content or using polymer coatings were applied to improve selectivity.
Drop-coating the electrode with nylon also improved the recovery of hydrogen peroxide spiked in real
matrices (undiluted and diluted human serum). Selectivity was further improved by reducing the
measurement potential and switching from oxidation to reduction of hydrogen peroxide, although this
came at the cost of sensitivity. Additionally, strategies to attach polyoxometalates as alternative catalysts
onto the LCNF surface were explored but did not result in sensitive hydrogen peroxide detection.

A second project in this thesis focused on the non-enzymatic electrochemical detection of glucose under
physiological conditions. It is well-known that glucose oxidation is catalyzed on Ni-surfaces at an
alkaline pH. Therefore, the Pt/Ni-alloyed LCNF described in the previous project was used to efficiently
generate a high local pH by an electrochemical pretreatment (-0.9 V for 20 s) on the Pt-sites of the
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LCNF, enabling glucose measurement on the Ni-sites of the alloy in a consecutive cyclovoltammetry
measurement, even though the initial pH of the solution was 7.4. To enable long-term measurements, an
electrochemical treatment after each measurement was introduced to clean the catalyst surface. After
optimizing (i) the pretreatment, (ii) the catalyst cleaning, (iii) the measurement conditions, and (iv) the
data treatment, glucose could be selectively detected in physiologically relevant concentrations with a
LOD of 0.3 + 0.1 mM. Furthermore, the aging of the electrode was investigated, where hydrophobicity
is increasing with time, leading to a reduced contact between electrode and solution. To resolve this, a
simple Tween-20 incubation was applied prior to measurement. Finally, the electrode performance was

not affected after sterilization, and a recovery of 95 + 10% in spiked, diluted human serum was achieved.

In the last project, pure Ni-LCNF were laser-scribed as a 3-electrode system (LCNF was used as the
working, counter, and reference electrode) and used to detect glucose in simulated breath. Glucose
solutions with concentrations similar to those present in lung fluids were nebulized, captured on the
porous LCNFs, and electrochemically measured in NaOH solution. With optimized manufacturing,
glucose-capturing, and measurement parameters, glucose was detected selectively using
cyclovoltammetry and a ratiometric data readout. To simulate variations in lung fluid concentration
(reflecting blood sugar level variations), various glucose concentrations of the nebulized solutions were

captured, measured, and could be distinguished from each other.
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8. Zusammenfassung

Elektrochemische Sensoren erweisen sich durch ihre Zuverldssigkeit, Bestindigkeit, geringen Kosten,
Sensitivitdt sowie der Moglichkeit, direkt vor Ort ausgelesen zu werden, als ideale Kandidaten der Vor-
Ort-Diagnostik. Heutzutage dominieren vor allem auf Enzym basierende Sensoren den
elektrochemischen Diagnostikmarkt, da diese duBerst selektiv sind. Jedoch haben Enzyme durchaus
Nachteil beziiglich ihrer Stabilitdt und Fabrikationskosten. In dieser Arbeit wird die Wichtigkeit
nichtenzymatischer Sensoren als Alternative hervorgehoben. Des Weiteren wird ein umfangreicher
Uberblick nicht-enzymatischer elektrochemischer Sensoren und deren Entwicklung gegeben, welche
mit der allgemeinen Definition, dem Messprinzip und einem beispielhaften Reaktionsmechanismus
beginnt. Verschiedene etablierte und neue Herstellungsmethoden der nichtenzymatischen Sensoren
werden vorgestellt und miteinander in den Punkten Kosten, Komplexitidt, Umsetzbarkeit in die
Massenproduktion und individueller Vor- und Nachteile verglichen. Unter den diskutierten Methoden
sind Beschichten durch Auftropfen, Tauchbeschichten, galvanische und stromlose Abscheidung, Sieb-
/Tintenstrahl-/3D-/Rollen-Druck und das Karbonisieren mit Hilfe eines Lasers. Zudem wird darauf
hingewiesen, welcher Fokus (auf zum Beispiel Sensitivitit, Selektivitdt oder Ablagerungen auf der
Elektrode) bei den jeweiligen realen Probenmatrices gesetzt werden sollte. Diese beinhalten sowohl
klinische (Blut, Interstitialfliissigkeit, Schweill, Speichel, Urin, Atem) also auch nicht-klinische
Matrices  (Fluss-/See-/Meer-Wasser, Essen und Getrinke, Zellkulturmedium). Weitere
Herausforderungen und potenzielle Losungen wéhrend der Sensorentwicklung, wie Ablagerungen auf
der FElektrode wihrend der Messung, die Messung unter physiologischen Bedingungen,
Biokompatibilitét, die Stabilitdt wahrend Langzeit-Messungen, Lagerung, praktische Abwégungen und

die Effizienz werden diskutiert.

In dieser Arbeit wurde ein nicht-enzymatischer elektrochemischer Sensor auf Basis von Laser-
induzierten Kohlenstoffnanofasern zur Detektion von Wasserstoffperoxid entwickelt. Die
Arbeitselektrode wurde mittels Laser auf Polyimid-Nanofasern geschrieben, nachdem diese durch
Elektrospinnen hergestellt wurden. Diese Fasern enthielten entweder eines der beiden oder beide
Metallsalze Pt(Il)- und Ni(Il)-acetylacetonat, die wihrend der Laserbehandlung in Nanopartikel
umgewandelt und in die Kohlenstoffnanofasern eingebettet wurden. Die entstandenen Nanopartikel
bestanden entweder aus Platin- oder Nickelmetall und deren Oxide oder einer Platin-Nickel Legierung
zusammen mit dem entsprechenden Oxid im Falle einer Salzmischung. Um Wasserstoffperoxid zu
detektieren, wurde als Gegen- bzw. Referenzelektroden ein Platin Draht und eine Silber/Silberchlorid-
Elektrode verwendet. Kohlenstoffnanofasern mit verschiedenen Zusammensetzungen der Metallsalze
wurden auf das katalytische Verhalten gegeniiber Wasserstoffperoxid und deren Selektivitit getestet.
Die beste Sensitivitdt in einem nicht geriihrten Ansatz wurde mit einer Nachweisgrenze von 1,4 +
0,4 uM durch das Oxidieren von Wasserstoffperoxid an einer Platin-Kohlenstoffnanofasern-Elektrode
erreicht, was jedoch zu einer unbefriedigenden Selektivitdt fiihrte. Strategien, wie die Erhdhung des

Metallgehalts der Elektrode oder die Verwendung von Polymerbeschichtungen wurden verwendet, um
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die Selektivitit zu verbessern. Eine Nylon-Beschichtung verbesserte die Signalausbeute von
Wasserstoffperoxid, welches in realen Matrices (unverdiinntes und verdiinntes menschliches Serum)
hinzugefiigt wurde. Die Selektivitdt wurde weiter verbessert, indem das Messpotential reduziert und
somit statt der Oxidation eine Reduktion von Wasserstoffperoxid durchgefiihrt wurde, was aber auf
Kosten der Sensitivitét ging. Dariiber hinaus wurden Strategien zur Anbringung von Polyoxometallaten
als alternative Katalysatoren auf der Oberfliche der Kohlenstoffnanofasern untersucht, was jedoch nicht

zu einer sensitiven Wasserstoffperoxid-Detektion fiihrte.

Ein zweites Projekt dieser Arbeit konzentrierte sich auf die nicht-enzymatische elektrochemische
Detektion von Glucose unter physiologischen Bedingungen. Es ist bekannt, dass die Glucose-Oxidation
auf Nickel-Oberfliachen bei alkalischem pH-Wert katalysiert wird. Daher wurden die im vorherigen
Projekt beschriebenen Pt/Ni-legierten Kohlenstoffnanofasern verwendet, um effizient mit Hilfe einer
elektrochemischen Vorbehandlung (-0,9 V fiir 20 s) einen hohen lokalen pH-Wert an den Platin-Atomen
der Legierung zu erzeugen, wodurch die Glucose-Detektion an den Nickel-Atomen der Legierung in
einer darauffolgenden Cyclo Voltammetrie-Messung ermdglicht wurde, obwohl der anfangliche pH-
Wert der Losung 7,4 betrug. Um eine Langzeitmessung zu ermoglichen, wurde eine elektrochemische
Reinigung der Katalysatoroberfliche nach jeder Messung eingefiihrt. Nach der Optimierung (i) der
lokalen pH-Vorbehandlung, (ii) der Katalysatorreinigung, (iii) der eigentlichen Messungsparameter und
(iv) der Datenauswertung konnte Glucose selektiv in physiologisch relevanten Konzentrationen und mit
einer Nachweisgrenze von 0,3 + 0,1 mM bestimmt werden. Dariiber hinaus wurde die Alterung der
Elektroden untersucht, bei der mit voranschreitender Zeit die Hydrophobie zunimmt, welche den
Kontakt zwischen Elektrode und Losung verschlechtert. Diese Problematik wurde mit einer einfachen
Inkubation einer Tween-20-Losung vor der Messung behoben. Aullerdem wurde die Leistung der
Elektrode nach einer Sterilisation nicht beeintridchtigt und es wurde eine Signalausbeute der Glucose

von 95 + 10 % in verdiinntem (20 % in PBS) menschlichen Serum erreicht.

Zuletzt wurden Nickel enthaltende Laser-induzierte Kohlenstoffnanofasern als 3-Elektrodensystem
hergestellt (Kohlenstoffnanofasern wurden als Arbeits-, Gegen- und Referenzelektrode verwendet) und
zur Detektion von Glukose in simuliertem Atem verwendet. Glukosel6sungen mit Konzentrationen
dhnlich denen in der Lungenfliissigkeit wurden mit Hilfe eines Inhalators vernebelt, auf den pordsen
Kohlenstoffnanofaser-Elektroden aufgefangen und elektrochemisch in einer NaOH-Ldsung vermessen.
Mit optimierten Herstellungs-, Glukosefang- und Messparametern wurde Glukose selektiv mithilfe von
Cyclo Voltammetrie und einer ratiometrischen Datenauswertung detektiert. Um Schwankungen in der
Lungenflissigkeitskonzentration (die die Schwankungen des Blutzuckerspiegels widerspiegeln) zu
simulieren, wurden Anderungen in der Konzentration der Inhalator-Lésung vorgenommen, welche nach

auffangen und vermessen durch den Sensor unterschieden werden konnten.
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