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If Simorgh unveils its face to you, you will find

that all the birds, be they thirty or forty or more,

are but the shadows cast by that unveiling.

What shadow is ever separated from its maker?
Do you see?

The shadow and its makers are one and the same,
so get over the surface and delve into mysteries

Attar of Nishapur
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Abstract

Non-invasive or semi-invasive bioimaging is of great interest for diagnosis as it allows the
mapping of the distribution and concentration of biomarkers in a biological sample. The as-obtained
information can be used to design and define efficient treatments against cancer and pathogenic
biological structures like biofilms. Electrochemical bioimaging is based on the local detection of redox
reactions at local substrate sites, and its resolution can reach (sub)micrometers. Its tolerance to
optical perturbations is a particular advantage over light-based detection methods. Electrochemical
bioimaging can be applied to study electron transfer reactions and the metabolic activity of biological
samples. By the implementation of immuno-affinity complexes, it can be made specific to proteins
and other biomolecules. An electrochemical scanning probe platform can be used, such as Scanning
Electrochemical Microscopy (SECM), in which a micrometric electrochemical probe is translated in
close proximity to a surface. The active part of the tip senses electro-active species generated or
consumed by an active site on the substrate. In terms of biological samples, SECM has in particular
found applications for studying living cells, yeast, and bacteria.

This thesis looked at utilizing electrochemical bioimaging for sensing biomarkers of melanoma
non- and semi-invasively and at developing new electrochemical strategies to study biofilms and the
effects of biofilm treatments.

First, a non-invasive electrochemical melanoma detection approach is presented based on
using adhesive tapes to collect and fix cells from a suspicious skin area and transfer them into an
SECM for their analysis. The adhesive layer collects the cells from the stratum corneum and keeps
them well adhered to the adhesive layer of the tape during experiments in an electrolyte solution. A
melanoma biomarker, here the intracellular enzyme tyrosinase (TYR), was detected in the tape-
collected cells, made permeable by the tape-stripping process. TYR-specific antibodies were used
that were labeled with horseradish peroxidase (HRP). The HRP labels catalyzed the oxidation of a
dissolved redox-active probe, which was detected at a soft microelectrode. The soft microelectrode
was scanned over the sample in a gentle contact mode, which was essential for realizing and
maintaining a constant working distance. The melanoma biomarker was first detected on tape-
stripped samples with murine melanoma cells of different concentrations. After that, increasing levels
of TYR were recorded in cells that were collected from the skin of melanoma mouse models
representing three different stages of tumor growth. Additionally, SECM results of tape-stripped
different human melanoma cell lines were in accordance with previous studies based on traditionally
fixed and permeabilized melanoma cells.

The second study envisaged the semi-invasive direct electrochemical detection of melanoma
biomarkers in non-treated skin. The enzyme tyrosinase was to be addressed with a microneedle
electrochemical sensor. The microneedles were fabricated by polydimethylsiloxane (PDMS) casting
with stable polymers. The as-prepared microneedles (MNs) were then coated by gold sputtering.
The gold MNs were finally covered by alginate/catechol to provide a liquid electrolyte layer that
contained electroactive species, such as catechol, whose redox state can be linked to the
concentration of TYR in the skin. The sensor showed high sensitivity of 7.52 yA-mg~"-mL TYR in
dummy skin. A relative standard deviation (RSD) of 9% (n=5) demonstrated that the
Catechol@alginate: gold MN electrode had an excellent reproducibility for continuous TYR
detection. Also, five parallel Catechol@alginate: gold MN electrodes were fabricated using the same
experimental setup and showed an RSD of 4% (n=5). These results suggest that the electrode
fabrication process was reproducible, and Catechol@alginate: gold MN biosensors demonstrated
high stability for the repetitive detection of TYR. Furthermore, the sensor has high selectivity against
interfering components towards TYR screening.

The third study presents micrometric electrochemical imaging of Escherichia coli (E. coli)
biofilms using Soft-Probe-SECM. The on-film reduction of an electro-active compound, here the
oxidized form of ferrocene methanol, was used to create in situ biofilm metabolic activity maps by
applying the feedback mode of SECM. SECM approach curves of identically grown biofilms suggest
that the SECM-based detection of metabolic activity was surface-confined. The analysis could
therefore be carried out on entire biofilms and tape-stripped biofilm surface layers. The method could

distinguish between biofilms containing E. coli cells either with or without ampicillin resistance.
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Finally, the SECM detection of the degradation of an E. coli biofilm in the presence of different
gentamicin concentrations was studied.

In the fourth study, the direct effects of various antimicrobial agents, i.e., sodium azide, silver
nanoparticles, and flashlight, on the E. coli biofilms, were investigated using Soft-Probe-SECM. The
degradation of E. coli biofilms was investigated by using the feedback mode of SECM. The recorded
current depended on the redox activity of the biofilm to regenerate the redox mediator ferrocene
methanol. SECM showed the possibility of recording the effect of antimicrobial agents, especially
those with intracellular impact. Soft-Probe-SECM recorded the inhibitory effect of sodium azide on
the plasma membrane of bacteria. The SECM feedback current decreased by 27% and 46% after 5
min and 15 min of incubation in sodium azide, respectively showing the decrease of the biofilm redox
activity and its viability. The inhibitory effect of silver nanoparticles of different sizes and
concentrations after one-day incubation were also recorded by SECM feedback mode. The result
has shown a 90% reduction of the feedback current after incubation of the biofilm in silver
nanoparticles for one day. The flashlight treatments reduced SECM feedback currents by 20%, 78%,
and 88% after treating the biofilm with 550 V flashlight irradiations using one, three, and five shots.
The flashlight treatment kills bacteria as well as leads to the eradication of the biofilm. Results were
compared with complementary detection of live/dead and biomass staining and recording by using
fluorescence microscopy. Biofilm viability was recorded based on the permeability of propidium
iodide as a fluorescent intercalating agent. SECM was shown to be a sensitive and fast response
technique to quantify the antimicrobial effects on the respiratory chain. It can be used as a
complementary, for instance, optical microscopic technique, for recording the biofilm activity.

Finally, a novel antibiofilm material was developed based on DNA origami nanostructures
loaded by Doxorubicin (DOX) to efficiently and selectively kill bacteria within a biofilm. The DNA
origami nanostructures were utilized as nanocarriers to transport an antibiotic through the 3D
structure of a biofilm and address one of the main challenges for treating biofilms, which is the
efficient penetration of antibiofilm reagents through the extracellular polymeric matrix of the biofilm.
The antimicrobial drug DOX, which inhibits bacteria growth, was loaded into DNA origami
nanostructure. After that, a readout strategy was designed and developed to study the DOX/DNA
origami treatment effects against biofilms using confocal laser scanning microscopy imaging and
microelectrode arrays. The complementary readout showed that the DOX/DNA origami penetrated
the biofilm efficiently. Furthermore, the treatment of DOX/DNA origami led to both the inhibition of
biofilm formation and the eradication of the biofilm. The novel DOX/DNA origami could be a
promising material for the selective treatment against biofilms thanks to their efficient penetration.

Keywords

Scanning electrochemical microscopy, Soft probe, Tyrosinase, Catechol, Melanoma, E. coli biofilm,
Bioimaging, Antibiofilm treatments, silver nanoparticle, Sodium azide, microelectrode array, DNA
origami, Doxorubicin, confocal laser scanning microscopy, Structured illumination microscopy.



Résumeé

La bioimagerie non invasive ou semi-invasive est d'un grand intérét pour le diagnostic car elle
permet de cartographier la distribution et la concentration de biomarqueurs dans un échantillon
biologique. Les informations obtenues peuvent étre utilisées pour concevoir et définir des
traitements efficaces contre le cancer et les structures biologiques pathogénes telles que les
biofilms. La bioimagerie électrochimique est basée sur la détection locale de réactions
d'oxydoréduction sur des sites de substrats locaux, et sa résolution peut atteindre des
(sub)micrométres. Sa tolérance aux perturbations optiques est un avantage particulier par rapport
aux méthodes de détection basées sur la lumiére. La bioimagerie électrochimique peut étre
appliquée pour étudier les réactions de transfert d'électrons et I'activité métabolique d'échantillons
biologiques. Par la mise en ceuvre de complexes d'immuno-affinité, il peut étre rendu spécifique de
protéines et d'autres biomolécules. Une plate-forme de sonde a balayage électrochimique peut étre
utilisée, telle que la microscopie électrochimique a balayage (SECM), dans laquelle une sonde
électrochimique micrométrique est traduite a proximité immeédiate d'une surface. La partie active de
la pointe détecte les espéces électro-actives générées ou consommeées par un site actif sur le
substrat. En matiére d'échantillons biologiques, la SECM a notamment trouvé des applications pour
I'étude des cellules vivantes, des levures et des bactéries.

Cette thése portait sur I'utilisation de la bioimagerie électrochimique pour détecter les
biomarqueurs du mélanome de maniére non et semi-invasive et sur le développement de nouvelles
stratégies électrochimiques pour étudier les biofilms et les effets des traitements par biofilm.

Tout d'abord, une approche de détection électrochimique non invasive du mélanome est
présentée, basée sur I'utilisation de rubans adhésifs pour collecter et fixer les cellules d'une zone
cutanée suspecte et les transférer dans un SECM pour leur analyse. La couche adhésive recueille
les cellules de la couche cornée et les maintient bien collées a la couche adhésive du ruban pendant
les expériences dans une solution d'électrolyte. Un biomarqueur de mélanome, ici I'enzyme
intracellulaire tyrosinase (TYR), a été détecté dans les cellules collectées sur bande, rendues
perméables par le processus de stripping. Des anticorps spécifiques de TYR ont été utilisés qui ont
été marqués avec de la peroxydase de raifort (HRP). Les marqueurs HRP ont catalysé I'oxydation
d'une sonde a activité redox dissoute, qui a été détectée au niveau d'une microélectrode souple. La
microélectrode souple a été balayée sur I'échantillon dans un mode de contact doux, ce qui était
essentiel pour réaliser et maintenir une distance de travail constante. Le biomarqueur du mélanome
a été détecté pour la premiére fois sur des échantillons prélevés sur bande avec des cellules de
mélanome murin de différentes concentrations. Aprés cela, des niveaux croissants de TYR ont été
enregistrés dans des cellules prélevées sur la peau de modéles murins de mélanome représentant
trois stades différents de croissance tumorale. De plus, les résultats SECM de différentes lignées
cellulaires de mélanome humain dépouillées de bandes étaient conformes aux études précédentes
basées sur des cellules de mélanome traditionnellement fixées et perméabilisées.

La deuxiéme étude envisageait la détection électrochimique directe semi-invasive de
biomarqueurs de mélanome dans la peau non traitée. L'enzyme tyrosinase devait étre traitée avec
un capteur électrochimique a micro-aiguille. Les microaiguilles ont été fabriquées par coulée de
polydiméthylsiloxane (PDMS) avec des polyméres stables. Les micro-aiguilles (MN) telles que
préparées ont ensuite été recouvertes par pulvérisation d'or. Les MN d'or ont finalement été
recouverts d'alginate/catéchol pour fournir une couche d'électrolyte liquide contenant des espéces
électroactives, telles que le catéchol, dont I'état redox peut étre lié a la concentration de TYR dans
la peau. Le capteur a montré une sensibilité élevée de 7,52 yA-mg—1-mL TYR dans une peau
factice. Un écart type relatif (RSD) de 9 % (n = 5) a démontré que I'électrode catéchol@alginate : or
MN avait une excellente reproductibilité pour la détection continue de TYR. De plus, cinq électrodes
paralleles Catechol@alginate : or MN ont été fabriquées en utilisant la méme configuration
expérimentale et ont montré un RSD de 4% (n=5). Ces résultats suggérent que le processus de
fabrication des électrodes était reproductible et que les biocapteurs Catechol@alginate: gold MN
ont démontré une stabilité élevée pour la détection répétitive de TYR. De plus, le capteur a une
sélectivité élevée contre les composants interférents vers le dépistage TYR.

La troisieme étude présente limagerie électrochimique micrométrique des biofilms
d'Escherichia coli (E. coli) a l'aide de Soft-Probe-SECM. La réduction sur film d'un composé



électroactif, ici la forme oxydée du ferrocéne méthanol, a été utilisée pour créer des cartes d'activité
métabolique du biofilm in situ en appliquant le mode de rétroaction de SECM. Les courbes
d'approche SECM de biofilms cultivés de maniére identique suggérent que la détection de l'activité
métabolique basée sur SECM était confinée a la surface. L'analyse pourrait donc étre réalisée sur
des biofilms entiers et des couches superficielles de biofilms striées. La méthode pourrait faire la
distinction entre les biofilms contenant des cellules d'E. coli avec ou sans résistance a I'ampicilline.
Enfin, la détection SECM de la dégradation d'un biofiim d'E. coli en présence de différentes
concentrations de gentamicine a été étudiée.

Dans la quatrieme étude, les effets directs de divers agents antimicrobiens, c'est-a-dire
I'azoture de sodium, les nanoparticules d'argent et la lampe de poche, sur les biofilms d'E. coli, ont
été étudiés a l'aide de Soft-Probe-SECM. La dégradation des biofilms d'E. coli a été étudiée en
utilisant le mode de rétroaction de SECM. Le courant enregistré dépendait de I'activité redox du
biofilm pour régénérer le médiateur redox ferrocéne méthanol. SECM a montré la possibilité
d'enregistrer l'effet des agents antimicrobiens, en particulier ceux a impact intracellulaire. Soft-
Probe-SECM a enregistré I'effet inhibiteur de I'azoture de sodium sur la membrane plasmique des
bactéries. Le courant de rétroaction SECM a diminué de 27% et 46% aprés 5 min et 15 min
d'incubation dans I'azoture de sodium, montrant respectivement la diminution de I'activité redox du
biofilm et sa viabilité. L'effet inhibiteur des nanoparticules d'argent de différentes tailles et
concentrations apres une journée d'incubation a également été enregistré par le mode de rétroaction
SECM. Le résultat a montré une réduction de 90 % du courant de rétroaction aprés incubation du
biofilm dans des nanoparticules d'argent pendant une journée. Les traitements a la lampe de poche
ont réduit les courants de rétroaction SECM de 20 %, 78 % et 88 % aprés avoir traité le biofilm avec
des irradiations de lampe de poche de 550 V en utilisant un, trois et cinq coups. Le traitement a la
lampe de poche tue les bactéries et conduit a I'éradication du biofilm. Les résultats ont été comparés
a la détection complémentaire de la coloration et de I'enregistrement des vivants/morts et de la
biomasse en utilisant la microscopie a fluorescence. La viabilité du biofilm a été enregistrée sur la
base de la perméabilité de l'iodure de propidium en tant qu'agent d'intercalation fluorescent. La
SECM s'est avérée étre une technique de réponse sensible et rapide pour quantifier les effets
antimicrobiens sur la chaine respiratoire. Elle peut étre utilisée comme technique complémentaire,
par exemple en microscopie optique, pour enregistrer I'activité du biofilm.

Enfin, un nouveau matériau antibiofiim a été développé sur la base de nanostructures
d'origami d'ADN chargées par la doxorubicine (DOX) pour tuer efficacement et sélectivement les
bactéries dans un biofilm. Les nanostructures d'origami d'ADN ont été utilisées comme
nanosupports pour transporter un antibiotique a travers la structure 3D d'un biofilm et relever I'un
des principaux défis du traitement des biofilms, a savoir la pénétration efficace des réactifs
antibiofilm a travers la matrice polymérique extracellulaire du biofilm. Le médicament antimicrobien
DOX, qui inhibe la croissance des bactéries, a été chargé dans la nanostructure de I'origami d'ADN.
Aprés cela, une stratégie de lecture a été congue et développée pour étudier les effets du traitement
origami DOX/ADN contre les biofilms en utilisant I'imagerie confocale par microscopie a balayage
laser et des matrices de microélectrodes. La lecture complémentaire a montré que I'origami
DOX/ADN a pénétré efficacement le biofilm. De plus, le traitement de I'origami DOX/ADN a conduit
a la fois a l'inhibition de la formation de biofilm et a I'éradication du biofilm. Le nouvel origami
DOX/ADN pourrait étre un matériau prometteur pour le traitement sélectif contre les biofilms grace
a leur pénétration efficace.

Mots-clés

Microscopie électrochimique a balayage, Sonde souple, Tyrosinase, Catéchol, Mélanome, Biofilm
E. coli, Bioimagerie, Traitements antibiofilm, nanoparticule d'argent, Azoture de sodium, barrette de
microélectrodes, Origami DNA, Doxorubicine, Microscopie confocale a balayage laser, Microscopie
a illumination structurée.



List of abbreviations

Abbreviation

Full form of a word or phrase

ABNC Active but nonculturable
AgNP Silver nanoparticle
2D Two dimensional
3D Three dimensional
Ab Antibody
AC Approach curve
AFM Atomic force microscopy
AgNP Silver nanoparticle
BSA Bovine serum ablbumin
Ccv Cyclic voltammograms
CVv Crystal violet
CFU Colony-forming unit
CLSM Confocal laser scanning microscopy
DMSO Dimethylsulphoxide
DOX Doxorubicin
E. coli Escherichia coli
EcN E. coli Nissle
EPS Extracellular polymeric substances
EMA Ethidium monoazide
ETC Electron transport chain
EDTA Ethylenediaminetetraacetic acid
FACS Fluorescent activated cell sorting
FCM Flow cytometry
FNA Fine needle aspiration
HRP Horse radish peroxidase
IHC Immunohistochemistry
ISF interstitial fluid
LCMM Laser capture microdissection microscopy
LSM Laser scanning micrograph
LPS lipopolysaccharides
MN Microneedle
MEA Microelectrode array
MS Multispectral
NASBA Nucleic acid sequence-based amplification
NP Nanoparticle
©) Oxidized form of the redox active species
OCTA Optical coherence tomography
PBS Phosphate buffered saline
PCA Phenazine-1-carboxylic acid
PCR Polymerase chain reaction
PET Polyethylene terephathalate
PGA Poly-glycolic acid
Pl Propidium iodide
PIA Polysaccharide intercellular adhesin
PLA Poly-L-lactic acid
PLGA Poly-lactic-co-glycolic acid
PMA propidium monoazide
PMM Poly (methyl methacrylate)
P. aeruginosa Pseudomonas aeruginosa
PVP 9 Polyvinylpyrrolidone




PYO

Phenazine pyocyanin
gPCR quantitative PCR
QRE quasi-reference electrode
R Reduced form of the redox active species
RC Redox competition
RE Reference electrode
RT Reverse transcription
RT-PCR Reverse transcriptase PCR
RT-gPCT Real time-quantitative polymerase chain reaction
RT-SDA reverse transcriptase-strand displacement amplification
RIERT-SDA Reactive ion. etchingreverse tr'a.nsc.riptase-strand
displacement amplification
RGP Radial growth phase
RNA Ribonucleic acid
rms Root mean square
rRNA Ribosomal ribonucleic acid
[Ru(NHa)e]** Ruthenium (llIl) hexaamine ion
S. aureus Staphylococcus aureus
S. epidermidis Staphylococcus epidermidis
SECM Scanning electrochemical microscopy
SECCM Scanning electrochemical cell microscopy
SEMS Scanning electron microscopy
SG/TC Substrate generation/tip collection
SICM Scanning ion-conductive microscopy
SOB Super Optimal Broth
SOC Standard of care
SPD Surfactant polymer dressing
SWvV Square-wave-voltammetry
T Tip
TiO Titanium oxide
TG/ISG Tip generation/substrate collection
TyR Tyrosinase
UME Ultramicroelectrode
uv Ultraviolet
VGP Vertical growth phase
WE Working electrode
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List of symbols

Symbol Meaning Units Units
c Concentration mol-cm™
Co Maximum concentration mol-cm™
CRulk Bulk concentration mol cm™
D Diffusion coefficient sz‘s_l
d Probe-substrate distance in SECM um
Er Probe (tip “T”) potential \Y
F Faraday constant C
A Height of probe, plastic probe body-substrate distance for
P plastic microelectrode in Soft-Probe-SECM Hm
i Current nA
/ Normalized current dimensionless
s Substrate current in SECM nA
it Tip (“t”) current recorded at the microelectrode in SECM nA
I Normalized current recorded at each point steady—state di onl
T diffusion imensionless
IT 00 current recorded at the SECM tip in the solution bulk nA
t Time S
Vr Translation rate of the tip in SECM !

pum-s-
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CHAPTER1 INTRODUCTION

This thesis proposes and implements complementary detection based on electrochemical and
fluorescence bioimaging for early and non-invasive detection. The thesis is divided into two main
targets, melanoma and bacteria biofilms.

A non-invasive method has been developed to collect sample surfaces, such as cutaneous cells
from suspicious areas of skin that was followed by the detection of the expression of tyrosinase, a
melanoma protein marker. In the second part of the thesis, the surface activity of a bacteria biofilm
was studied based on Soft-Probe-Scanning electrochemical microscopy (SECM). Finally, several

complementary studies were performed to investigate the impact of antibiofilm reagents.
1.1 Electrochemical imaging

Taking high-resolution images of electrochemical reactions is important for many applications in
various fields that include material science, energy research, life sciences, (electro-) and (photo-)
catalysis, transport phenomena studies, and neurochemistry [1]. It is possible to divide
electrochemical imaging platforms into two groups. First, an electrical probe records data at defined
raster points over a biological sample using a nano- or micrometric probe (called a tip) whose position
is controlled with nano-resolved motoric positioners. Secondly, the biological sample is deposited
onto a microchip, consisting of an array of individually addressable microelectrodes (MEs) or
nanoelectrodes. The imaging resolution depends on for instance on the microelectrode size, working
distance, the active region under the ME and the relationships thereof. Most electrochemical imaging
methods developed to date have been scanning probe microscope (SPM) techniques, such as
scanning electrochemical microscopy (SECM) [2]. Still, microelectrode arrays with increasing
numbers of individually addressable MEs, increasing resolution, and faster data acquisition rates get
increasingly into the focus.

Furthermore, the hyphenation of SPMs with an optical microscope enables accurate probe
positioning and complementary optical detection methods of biological samples such as living cell
cultures on glass or in plastic dishes. This thesis reports several studies using Soft-Probe SECM for
electrochemical bioimaging, complementary with optical and fluorescence microscopy, of a range of

complex biological samples, such as biofilms and skin samples. Complex in this context relates to
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the sample morphology, the addressability of a target analyte, and potential interferences to the

signal (e.g., presence of interfering compounds and sample porosity).

1.1.1 Scanning electrochemical microscopy (SECM)

SECM was used in this thesis as the major tool for detecting the expression of cancer biomarkers in
skin samples and investigating biofiims. SECM is a scanning probe microscopy technique that
exploits for instance faradaic currents (in case of amperometric microelectrodes) to obtain
topographical and microelectrochemical information of a substrate surface. Potentiometric SECM
tips record local distributions of ions or local pH values. Considering Engstrom et al. [3], the first
measurement that was later considered as the SECM experiment, was made in 1986 using a
microelectrode to measure the concentration profile of a redox species, thus the diffusion layer,
above a biased macroscopic electrode. In another work at about the same time, Bard and co-workers
observed surprisingly large currents recorded at the tip of an electrochemical scanning tunneling
microscope (ECSTM) when it was positioned near a conductive substrate outside the tunneling
distance [4]. The authors realized that the current was caused by a flux of redox-active species from
the substrate and not by tunneling currents. Based on these discoveries, Bard and colleagues
developed a quantitative description of the diffusion-limited current at a ME as a function of the
working distance above a macroscopic planar sample and called it "scanning electrochemical
microscopy (SECM)" [5-8].

In SECM, a tiny electrode tip generally called an ultramicroelectrode (UME) or simply microelectrode
ME, with a disc-shaped active part with a diameter of < 25 um is positioned near a conductive,
semiconductive, or insulating substrate. It is also denoted as tip “T". The substrate and the UME are
immersed in an electrolyte solution. The type of probe electrode used in SECM depends on the
particular process under investigation. A diversity of probes is available for amperometry and
potentiometry. An amperometric UME is fabricated by sealing a metal wire or carbon fibre into a
glass capillary, making an electrical connection, and polishing the end of the sealed tip flat to obtain
the disk shape; Fig.1.1a and Fig.1.1b show illustrations of such a UME. Pt, Au, and C UMEs have
been successfully fabricated in this way. For most SECM studies, the ratio of the radius of the entire
tip (electrode plus surrounding insulator, rw) to that of the active part, a, RG = ra/a is typically
around 10. Still, it can be larger and smaller depending on the purpose of use. Larger RG values
minimize the effects of diffusion from behind the probe and make the electrode response more
sensitive to the surface process [9]. Still, it is often more challenging to approach them as close as
possible to a sample, as most of the time, the tip and sample are not positioned 90° to each other.
In that case, the tip corner can touch the substrate while the active part of the microelectrode is still
far. Smaller tips can be easier approached very close to a sample, but, as mentioned, diffusion from

the back of the tip can contribute substantially to the tip response.
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Fig.1.1 Optical microscope images: (a) disc-shaped UME (top view). (b) disc-shaped UME (side view). Adapted with
permission from ref. [9]. Copyright 2018 Springer.

SECM is used to characterize processes and structural features at the surface of a substrate while
the tip is translated near the surface. Microelectrodes have several typical attributes, including small
currents, steady-state responses, and short response times [10]. The tip can be translated from the
bulk solution towards the surface (z-direction, for instance, to probe the diffusion layer), or the tip
can be scanned at constant height (z constant) along the surface (the x and y directions). The tip
and substrate are part of an electrochemical cell that usually contains an auxiliary and a reference
electrode. For amperometric microelectrodes, the tip current results from electron transfer reactions
at the tip and the substrate and is controlled by the electron transfer kinetics at the interfaces and

mass transfer processes in solution.

Other similar scanning electrochemical probe techniques, such as scanning ion conductance
microscopy (SICM) [11], scanning electrochemical cell microscopy (SECCM) [12], SECM-atomic
force microscopy [13], and combinations of them, such as SECM-SICM [14, 15], have been
developed and were used for a variety of electrochemical imaging-based studies. Together, these
scanning electrochemical probe techniques make a very useful suite of electrochemical imaging
methods. They have been applied for the imaging of a variety of subjects, including living cells [16],
electrocatalyst arrays [17], surface corrosion [18], nanopore transport [19], and single nanoparticles
[20].

SECM can be used to image the reactivity and topography of biological specimens and detect
electrochemically metabolites for mapping localized biochemical activity [21-25]. Several SECM
modes of operation have been developed, including the feedback mode, the tip generation/substrate
collection (TG/SC) mode, the substrate generation/tip collection mode (SG/TC), the redox
competition (RC) mode, the penetration mode, and the ion transfer mode. However, the feedback

and generation/collection modes are the most widely used ones for SECM imaging.
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Feedback mode

The feedback mode is widely used to investigate electron transfer kinetics [26]. In this mode, a UME
is immersed in a solution containing a so-called redox mediator, for example, in its reduced form R.
When a suitably positive potential is applied at the tip, R is oxidized to its oxidized form O according
to (Equation 1.1):

R—ne” -0 (Equation 1.1)
Usually, the system selected (electrode material and redox mediator) demonstrates fast electrode
kinetics. The current at the UME is determined by the diffusion of R to the UME tip surface. When
the tip is positioned far from the substrate (d > 10a, where d is the distance between tip and substrate
and a is the radius of the active part of a disk-shaped electrode), the steady-state current in bulk
solution it  is:

it = 4nFDca (Equation 1.2)
Where F is the Faraday constant, n is the number of electrons exchanged in the redox reaction, D
is the diffusion coefficient of R, and c- is the bulk concentration of R. The number 4 is a factor related
to the geometry of the UME and is valid for disc-shaped active parts with an infinitely large RG value.
When the tip is brought very close to a conducting substrate (i.e., within few tip radii), the species O
that was generated at the UME and that diffused to the substrate can be reduced back to R based
on the reaction:

O+ne” -R (Equation 1.3)
This process causes the production of an additional flux of R to the tip, defined as “positive feedback”
if the reaction at the sample is very fast. The resulting current is it > it . In contrast, when the
substrate is inert, the diffusion of R to the active part of the UME is physically hindered by the
presence of the substrate, and therefore it < it .(“negative feedback”) (Fig.1.2). On the one hand,
the feedback currents depend on the working distance and recording tip current-working distance
relationships, so called approach curves, results in very characteristic graphs, in which positive
feedback represents the limiting case of fast sample reaction kinetics and negative feedback of a
purely insulating surface. On the other hand, the feedback currents depend on the kinetics of the
electrode reactions at the substrate. Electrode reactions of finite kinetics result in a reduced flux of
regenerated redox mediator to the SECM tip and the obtained feedback currents are lower than for
the limiting case of positive feedback but higher than for negative feedback. Indeed, approach curves
can be used to extract the rates of heterogeneous reactions at the sample by fitting experimentally
obtained approach curve data to analytical approximations using software. What can be obtained
are heterogeneous reaction rate constants. However, in this thesis no quantitative analysis of

approach curve data was made and the theory is therefore not discussed in detail.
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Fig.1.2 Schematic representation of the SECM operation in feedback mode: (a) UME tip far from the substrate. (b) Positive
feedback: the species R is regenerated at the substrate. (c) Negative feedback: the diffusion of R to the UME tip is hindered
by the substrate.

Tip generation/substrate collection (TG/SC) and substrate generation/tip collection (SG/TC)

modes

A schematic of generation/collection modes is shown in Fig.1.3. In this SECM mode, both the tip
and the substrate can be used as working electrodes, for instance, to generate an electro-active
species at one electrode electrochemically and to collect the product at the other electrode.
Simultaneous measurements of the tip current, i, and substrate current, ig, are performed and a
collection efficiency is /it for the TG/SC mode can be expressed. For realizing the SG/TC mode, the
substrate can be made of an immunoassay with an HRP label, which catalyzes the oxidation of a
redox-active species like ferrocene methanol that is collected by the SECM tip. This is often applied

in biotechnology applications, for instance, to study and optimize biosensors.
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Fig.1.3 Schematic representation of the SECM operation in (a) TG/SC mode and (b) SG/TC mode. The UME tip generates
the species R by reduction of O in solution. R diffuses to the substrate and is re-oxidized to O (a). O is electrogenerated at
the substrate and collected at the UME. Both tip and substrate currents are recorded.

Redox competition mode

The redox competition mode (RC-SECM), in which the UME and the sample compete for the same
analyte in solution, often oxygen, was introduced by Schuhmann and coworkers [27]. During the
experiment, the oxygen reduction current recorded at a UME remained constant unless the UME
approached an oxygen-consuming feature on a substrate, e.g., an electrocatalyst, as the oxygen
concentration in the gap between UME and substrate is depleted. For this mode, both the UME and
a conductive substrate must be held at the oxygen reduction potential [28, 29].

Major SECM constraints

The study of real samples requires overcoming several drawbacks encountered in SECM, such as
the probe response dependence on both the chemical reactivity of the sample surface and the
working distance. Consequently, it is required to maintain a constant d during scanning to avoid
topographic artifacts (e.g., with tilted or rough samples). Furthermore, when scanning large area
samples (e.g., > 1 cm?), experimental times could be as long as 24 h, because rather slow probe
translations in the range of micrometers per second must be realized as faster tip movements cause

convective disturbances of the diffusion and thus limit resolution.
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SECM applied to biological samples

SECM can be used to image the topography and reactivity of biological specimens and detect
electrochemically metabolites for mapping localized biochemical activity. SECM analysis of
biological samples can require less extensive sample preparation times compared to traditional
fluorescence and colorimetric assays [30].Fluorescence assays could be invasive and can adversely
affect cell health due to labeling and intense illumination required for those measurements [31, 32].
In contrast, SECM measurements of living cells can be non-invasive (when analytes in the cell's
microenvironment are investigated) or semi-invasive (when intracellular measurements are
performed with nanoelectrodes penetrate the cells). Electrochemical measurements, also when
applying the immunoaffinity concept for specific detections of proteins, do not suffer from light-
interfering issues, such as photobleaching. SECM has been successfully used to investigate various
biological systems because a localized chemical reaction under physiological conditions can be
quantitatively characterized in situ in a non-invasive manner [33-38]. Interestingly, SECM can detect
changes in cellular activity more rapidly than conventional live/dead stains [39]. Further examples of
SECM of cells include intracellular measurements of the cell redox activity [40, 41] and assays to
evaluate the differentiation status of embryonic stem cells using an indirect enzymatic assay [42,
43].

Constant-height mode cellular scanning electrochemical microscopy has been used for cell
visualization. In a first general approach using the feedback mode, a redox mediator was used that
did not penetrate through the cell membrane sensing the surface of a living cell like it is a three-
dimensional insulator. Scanning in constant height in feedback mode over the cells will reduce the
feedback current above the cells as the working distance decreases. Therefore, lower feedback
currents compared to the bare substrate surface, usually, a glass slide, indicate the presence of a
live cell underneath the UME. The as-obtained SECM line scan or imaging data can approximate
the cell shape and height using mathematical functions. The RC mode of SECM can be used to
study the oxygen consumption rates of living cells. However, in the latter case, the challenge is to
separate the topographic contribution of the SECM signal (hindered diffusion due to the live cell
topography) from the oxygen consumption by the cell [44], as both reduce the SECM feedback

current.

Soft-Probe-SECM electrochemical microscopy

Conventional SECM experiments are carried out in constant height mode, which has limitations
regarding the required constant working distance d if substrates are tilted or uneven. As shown in
Fig.1.4, scanning over tilted or topographic samples leads to a change of d, which affects ir. In this
case, reactivity and topography contribute both to the signal making it challenging to extract just the
reactivity component of the measured signal. In addition, the probe and the sample can be damaged

and or contaminated during a mechanical probe-sample contact.

22



Scan direction

Constant distance mode Constant height mode

Soft probe )
/ \ Conventional
electrode RN,

Curved sample d Curved sample

Fig.1.4 Schematic representation of lateral SECM scanning over a curved sample with a conventional microelectrode
(right) and a soft probe (left).

So-called soft SECM probes represent an attractive alternative. They are made of thin, flexible
materials and were jointly introduced in 2009 by the groups of Girault and Wittstock [45]. Upon
mechanical contact with a substrate, the probes bend and are brushed in contact mode over
irregularly curved and tilted substrates (Fig.1.4). The setup itself operates in standard constant
height mode configuration and does not require additional constant distance accessories. For
fabricating a soft probe, a microchannel is drilled by UV laser ablation into a thin PET sheet. Then,
the channel is filled with a graphite paste, followed by thermal curing at 80°C. Finally, the channels,
filled with a conductive carbon track, are covered and sealed with a Parylene C coating of a few
micrometer thicknesses. The soft probe production steps are shown in Fig.1.5. These thin and
flexible probes can be used for scanning biological samples, which often have irregular morphology.
For instance, Lin et al. [46] [47] reported Soft-Probe-SECM for mapping the distribution of biomarkers

and injected nanomaterials in animal and human tissues.
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Fig.1.5 Soft probe fabrication: (1) the base of the probe is PET. (2) UV laser ablation of a microchannel in a PET sheet.
(3) filling the microchannel with a carbon paste followed by a curing process at 80 °C. (4) Cover and seal the conductive
carbon track with a Parylene C coating. (5) Shape the probe body and prepare the electrical connection pad. A razor blade
or laser-assisted cutting exposes the active microelectrode area.

These soft probes also known as Soft Stylus Probes, allow SECM imaging in contact mode of tilted
and curved substrates since the flexibility of the soft probes allows the probe body to follow the
topography of the sample surface. As a result, a nearly constant working distance is achieved,
avoiding changes in the recorded current related to different topographic artifacts. This is true as long
as the soft probe scans surface artifacts that are larger than the soft probe width. Furthermore, the
soft stylus probe concept can be multiplexed into an array format [46] so that a larger sample area
can be scanned in a shorter time than a single microelectrode [48-50]. In order to achieve this,
multichannel potentiostats or multiplexers need to be integrated into the SECM setup.

For plotting approach curves that include the touching of the sample and bending/sliding of the soft
probe on the surface, a vertical coordinate 4, (height of the probe) is applied (Fig.1.6). It describes
the difference h» = ha — I+ between the height of the attachment point above the sample ha and the
vertical extension k of the unbent probe. Thus, the effective working distance d is defined as where
a is the angle between the cross-sectional plane of the probe and the sample surface and ¢ is the
thickness of an insulating film, such as a Parylene C film, that covers the carbon tracks. In Eq. 1.4,
the working distance depends on £, while in Eq. 1. 5, the working distances change only if a

changes, which happens only slightly.

d = hp + t, sin(a); (hp > 0, non-contact region) (Equation 1. 4)

d =t sin(a); (hp < 0, contact region) (Equation 1. 5)
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Fig.1.6 (a) Recording current-distance curves with a soft probe on gold and glass surfaces. (b) Schematic representation
of soft probe translations during SECM imaging. (a-b) Adapted with permission from ref. [51]. Copyright 2018 Springer.

During Soft-Probe-SECM imaging, the soft probe is translated in an x-y plane and the SECM currents
are recorded at defined grid points. With soft probes, the scanning mode is different from typical
SECMSs, where the probe is moved forward and backward identically. Soft probes must be retracted
properly from the substrate surface using a lift-off mode after a contact mode line scan has been
completed. Consequently, there is no overbending or mechanical stress on the probe or the
substrate. After repositioning the probe with a small displacement perpendicular to the scanning
direction, the probe is reapproached and the following line scan started. As the soft probe is bent,
the bending direction when being in contact is predefined (Fig.1.6b). This brings advantages for
scanning stability.

Instrumentation of Soft-Probe-SECM

The basic SECM setup consists of hardware components to precisely position and translate a soft
probe vertically and horizontally over a sample surface (Fig.1.7). The soft probe is attached to a fine
X,y,z positioning system composed of piezoelectric, stepper, or hybrid motor to control the probe
position. Additionally, a (bi)potentiostat is required to control the applied potential at the tip and/or
the substrate and measure the current produced at the substrate and/or the tip. Since low current
values (i.e., pA to nA) are measured and high precision probe positioning (i.e., um range) is required,
electromagnetic noise and mechanical vibrations should be avoided by isolating the SECM setup
inside a Faraday cage by placing it on top of an anti-vibration table. However, rapid tip movements
can cause convection in the solution around the microelectrode, which perturbs the diffusion of
redox-active species and thus influences the measurement results, especially for high-resolution
experiments. As a result, experiments with translation speeds higher than 10 um s™' could already

affect the obtained results [52]. A delay time, which is the time between probe translation and data
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acquisition, is typically applied to let the electrode rest for a short moment after a translation step in
order to avoid interference from convection. Convection is affecting the diffusion of the redox species
being detected or generated at the SECM tip. Soft-Probe SECM was used in Chapters 3-6.

Potentiostat

® & &

Fig.1.7 The basic setup of Soft-Probe-SECM consisting of a soft microelectrode probe, a potentiostat, that controls a three-
electrode cell (i.e., working electrode (WE), reference electrode (RE) and counter electrode (CE)). The positioning system
allows the probe to move in x,y,z directions.

1.1.2 2D chips with microelectrode arrays

Microelectrode arrays (MEAs, Fig.1.8) are widely used in electro-analytical chemistry due to their
numerous advantages over conventional electrodes. (i) Their miniaturized size and compact design
allow experiments to perform measurements in tiny sample volumes. (ii) MEAs provide an increased
signal-to-noise ratio that scales with the square root of the number of implemented microelectrodes
[53-55]. (iii) The magnitude of current produced by MEAs is minimal and less destructive to the
samples being analyzed, making them very useful for in vivo electrochemistry applications [53]. (iv)
MEAs exhibit increased rates of mass transport to the surface of the electrode, which facilitates
steady-state electrochemistry, and reduces the iR (ohmic) drop, enabling analysis in highly resistive

solutions, such as organic solvents [53]. An MEA was used in Chapter 7 of this thesis.

26



Fig.1.8 (a) Schematic of a microelectrode array. (b) Optical image of close-up view of the transparent recording region
(middle), and (c) optical micrograph of the recording electrodes (right) [56]. The MEs are located in the center, hardly visible
due to their small size. They are located in the round small volume cell whose cell walls are indicated by a cylinder. The
larger squares at the lateral sizes of the MEA chip are the electrical connections.

Design of a Microelectrode Array (MEA)

The geometric characteristics of a MEA play a critical role, for instance, in cyclic voltammetry (CV)
because there are different possible diffusion profiles around each electrode. MEAs are classified
into two categories based on diffusion: radial diffusion (nonlinear diffusion) and planar diffusion
(linear diffusion). As shown in Fig.1.9a for an array of microband electrodes, for radial diffusion, the
diffusion zone around each microband electrode should be independent, i.e., the diffusion layers of
adjacent microband electrodes should not overlap. Radial diffusion will yield the highest ratio of
faradic current to background current [55]. If radial diffusion occurs at the array, the response of the
MEA is equivalent to the individual responses of each electrode times the total number of electrodes
[55]. MEAs operating under radial diffusion can produce steady-state currents as shown in the -V
curve in Fig.1.9a. Fig.1.9b shows how MEAs, made of microband electrodes, can have diffusional
overlap between microband electrodes, resulting in planar diffusion and a CV with redox peaks at

the maximum mass transport rate.
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Fig.1.9 Diffusion field (left) and voltammetric response (right, drawn manually) for different MEA designs. a) Independent
diffusion layers of microbands. b) overlapping diffusion layers of microbands.

1.2 Melanoma
1.2.1 Characteristics of Melanoma

Melanoma is cancer typically occurring in the skin. It is the most dangerous skin cancer. When it is
still superficial, detecting melanoma at its early stage enables curing by minor surgery. Melanoma
occurs in the top layer of skin, i.e., the epidermis. At later stages, the penetration of melanoma from
the upper layers of the skin to lower levels, i.e., the dermis, can result in a distribution of melanoma
cells in the body reaching the bloodstream. The result is the formation of global metastases.
Melanoma and nonmelanoma (i.e., basal and squamous cell carcinomas) skin cancers are now the
most common types of cancer in white populations [57]. Both tumor entities show an increasing
incidence rate worldwide [57, 58].

Many risk factors for melanoma have been identified, such as exposure to ultraviolet (UV) light,
including sunlight and tanning beds. Still, it is not always obvious how they exactly cause this cancer.
Melanoma cells originate from melanocytes, which are generally located near the basal layer of the
epidermis [59]. The melanocytes produce the skin pigment melanin in small organelles called
melanosomes, which are then transferred into surrounding keratinocytes [60]. Keratinocytes migrate
within a few weeks towards the outer part of the skin, where they transform into flattened, stratified
corneocytes constructing the outermost skin protection layer called stratum corneum [61]. This skin
layer is generally less than 20 um thick [62] but contains important information due to its continuous
growth from the depth. Melanoma grows first radially, i.e., horizontal spreading, and then vertically
reaching on the one hand upper skin layers and on the other hand blood vessels and the lymphatic

system in the dermis underneath, facilitating metastasis [63].
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The classification of malignant melanoma can be done as follows: superficial spreading melanoma,
nodular melanoma, lentigo malignant melanoma, acral lentiginous melanoma, desmoplastic
melanoma (uncommon), miscellaneous group (rare).
Melanoma presents three clinically and histomorphological discernable steps in tumor progression
[64] (Fig.1.10).
1. Malignant melanoma is confined to the epidermis (melanoma in situ) called Radial Growth
Phase- (RGP) determined melanoma.
2. Radial Growth Phase (RGP)-confined microinvasive shows some malignant cells present in
the superficial papillary dermis.
3. Vertical Growth Phase (VGP), which means melanoma, has entered the tumorigenic and/or

mitogenic phase.
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Fig.1.10 Different stages of melanoma [64]. The scheme was created on the Biorender website with a license.

1.2.2 Conventional detection methods

Most melanomas are brought to a doctor’s attention because of signs or symptoms in the skin. There
is a suspicious area that might be skin cancer. In that case, a doctor will examine it and organize
further tests to determine whether it is a melanoma, another type of skin cancer, or another skin
condition. If a melanoma is found, other tests may be done to determine already metastatic. Briefly,

these methods are based on the patient's physical examination and medical history at the beginning.
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If melanoma cancer is diagnosed, the dermatologist uses skin biopsy. Different kinds of biopsy can
be performed, such as shave (tangential) biopsy, punch biopsy, incisional and excisional biopsies,
optical biopsies, fine needle aspiration (FNA) biopsy, surgical (excisional) lymph node biopsy, and
sentinel lymph node biopsy.

All those methods are invasive, causing discomfort for patients. One of the critical barriers in early
skin cancer detection is the lack of reliable non-invasive techniques [65]. It needs a high detection
probability (i.e., the probability of correctly detecting a malignant lesion) and low false-alarm
likelihood (i.e., declaring a benign lesion as malignant) to detect cancer early.

Non-invasive techniques for skin-cancer detection include multispectral (MS) imaging [66-68], digital
dermatoscopy and videodermatoscopy (sequential digital dermatoscopy) [69, 70], reflectance-mode
confocal microscopy [71], ultrasound [72, 73], laser Doppler perfusion imaging [74], and optical
coherence tomography (OCT) [75, 76]. Each technology presents some restrictions and limitations
to non-invasively detect skin cancer with high detection probability and low false-alarm probability.
Electrochemical biosensors for melanoma biomarker detection carry a considerable potential for
melanoma diagnosis. An effective and low-cost diagnostic tool for detecting functional biomarkers

may provide a reliable diagnosis of melanoma, substantially improving sensitivity and specificity.

1.2.3 Electrochemical biosensors for the detection of the Melanoma biomarkers

The main application of biosensors is the quantification of biological or biochemical processes. This
provides quantitative or semi-quantitative analytical information by using a biological recognition
element. This qualification is of outmost importance for medical, biological, and biotechnological
applications. Electrochemical biosensors are attractive to analyze the content of a biological sample
due to the conversion of a biological event to an electronic signal.

Recently, the electrochemical detection of melanoma has been demonstrated by addressing the
enzyme tyrosinase (TYR), a known skin cancer biomarker over-expressed in melanoma [46, 77].
Studies have shown tyrosinase to be a highly selective marker for melanoma, not cross-reacting with

other tumors or normal tissues.

1.2.3.1 Tyrosinase

Tyrosinase, a typical polyphenol oxidase, is a copper-containing enzyme widely distributed in all
kinds of organisms, such as plants, animal tissues, and fungi [78, 79]. It can catalyze the
hydroxylation of phenolic substrates to catechol derivatives, further oxidized to orthoquinone [80].
These reactions have been recognized as critical processes in the biosynthetic pathway of some
natural pigments [78]. TYR is considered a targeting enzyme to establish treatments for several
hypopigmentation-related problems [81]. More importantly, the disruption of tyrosinase will lead to
severe skin diseases such as oculocutaneous albinism type | [82]. Accumulated tyrosinase is a

biomarker of melanoma cancer cells [83]. Literature also indicates that tyrosinase is a more sensitive
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marker than other markers such as HMB-45 and MART-1 [84]. Therefore, sensitive detection of

tyrosinase activity is of great importance for melanoma diagnosis [85].

1.2.3.2 Electrochemical detection and microneedle-based biosensors

There is an interest in non-invasive and painless electrochemical methods using microneedle-type

electrodes to penetrate the epidermis and detect TYR inside the skin cells.

Skin can be divided into three regions: (1) the outermost cellular layer, the epidermis, which contains
the stratum corneum, (2) the middle layer, the dermis, and (3) the innermost layer, hypodermis
(Fig.1.11) [86]. The epidermis layer is 150-200 um thick and consists of viable cells without a
vascular network. This layer obtains its nutritional needs by passive diffusion through interstitial fluid
[87]. The outermost layer of the epidermis (10-20 ym) contains dead cells and is known as the
stratum corneum [88]. The dermis, an integrated fibro-elastic structure, provides mechanical strength
to the skin. This layer contains an extensive nervous and vascular network. TYR-based biosensors
should be inserted into the epidermis layer and not the dermis to detect TYR for early-stage detection
of melanoma. So, the biosensor should be thin enough to insert in the stratum corneum. Microneedle
devices are generally known for transdermal drug delivery. They can insert in the skin with low injury,

pass the hydrophobic stratum corneum and release hydrophilic drugs.
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Fig.1.11 Skin structure shows three major regions: epidermis, dermis, and hypodermis [86]. The scheme was created on
the Biorender website with a license.
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Microneedles (MNs) can be defined as a solid or hollow cannula with an approximate length of 50—
900 ym and an external diameter of not more than 300 um [89]. Microneedles were first proposed in
1976 [90]. Microneedles are thin and short and do not penetrate the dermis layer with their nerves;
hence, the painless application can penetrate through the epidermis up to 200 uym in-depth [91, 92].
There are a lot of advantages for microneedles as biosensors besides their painlessness, which
includes faster healing at the injection site than with a hypodermic needle, no fear of needle and
biopsy by the patient, ease of application, decreased microbial penetration as compared with a
hypodermic needle and a specific skin area can be targeted for the suspected spot of cancer.
Microneedles (MN) can be broadly divided into solid, degradable/dissolvable, and hollow. The
material selection for the microneedle fabrication should be based on sufficient mechanical strength
for insertion into the skin, and they should be made of biocompatible materials.

The first MN devices were fabricated from silicon [93, 94]. Still, many other materials have also been
used in MN fabrication, such as stainless steel [95], dextrin [96], glass [97], ceramic [98], maltose
[99], galactose [100], and various polymers [101-103]. In the first published study, solid silicon MN
arrays were fabricated using a reactive ion etching (RIE) process, a chromium mask, a dry-etch
process [94]. Although silicon is attractive, as a common microelectronic substrate with extensive
processing experience for more than 30 years, it is relatively expensive and requires cleanroom
processing [104]. In contrast, metal and glass MNs are equally effective in skin penetration and can
be produced at lower costs than silicon MNs.

Polymeric MNs are gaining importance due to various properties, such as biocompatibility,
biodegradability, strength, toughness, and optical clarity [105, 106]. Polymeric materials which have
been efficiently fabricated into MNs include; poly (methyl methacrylate) (PMMA), poly-L-lactic acid
(PLA), poly-glycolic acid (PGA), and poly-lactic-co-glycolic acid (PLGA), cyclic-olefin copolymer, poly
(vinyl pyrrolidone), and sodium carboxymethyl cellulose [107].

MNs should demonstrate sufficient strength to penetrate the skin or other biological tissues without
breaking or bending before or during insertion [108]. Major factors accountable for MN performance
are the type of material, needle height, tip radius, base diameter, needle geometry, needle thickness,
and needle density, which, in turn, determine the overall insertion and fracture force of the MN [109].
The importance of the experimental testing of MN failure forces can only be assessed appropriately
compared with the equivalent insertion forces [102]. Human or animal skin tissue is required to
measure the insertion forces. In most studies, researchers evaluate the ability of the MNs to pierce
the skin using techniques such as microscopy or histological analysis.

The microneedles must be coated with a suitable electrode material and in vivo monitoring of TYR
requires biocompatible coatings, such as hydrogels. It provides (a) a liquid electrolyte layer and (b)
contains electroactive species whose redox state can be linked to the concentration of TYR in the
skin [110].
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1.3 Bacterial biofilms

Bacterial biofilms are 3D structures consisting of extracellular polymeric substances (EPSs) and
single or multiple bacteria species forming clusters and adhering to surfaces [111, 112]. Biofilms are
micro-organisms in which microbes produce EPS. EPS include proteins (<1-2%, including enzymes),
DNA (<1%), polysaccharides (1-2%) and RNA (<1%). Water (up to 97%) is the major part enabling
the transport of nutrients inside the biofilm matrix [113]. Compared to planktonic bacteria, bacteria
in biofilms survive better harsh environmental conditions, and consequently, biofilm bacteria show a
10-1'000 times higher resistance towards antibiotics than planktonic bacteria [114]. Indeed, culture
media provide nutrients to planktonic organisms unnaturally, which is why they multiply rapidly and
are highly motile. This makes planktonic bacteria more susceptible to antibiotics, environmental
factors, and host factors [115]. The bacteria embedded in biofilms, on the other hand, are able to
resist or evade such destructive factors by forming aggregates, altering their physiology, and taking
advantage of a host's inability to clear them [115]. This has become a significant healthcare concern
for treating harmful biofilms. The antibiotic resistance of bacteria in a biofilm has been attributed to
the EPS matrix, acting as a protective barrier [116] and preventing nutrients from penetrating the
deeper layers of biofilms. The metabolic degradation further limits the availability of nutrients in
deeper biofilm layers by organisms residing in the upper layers, leaving bacteria in the deeper layers
of a biofilm in a dormant state [117-120]. Multiple factors contribute to the resistance character of
biofilms, including physical and chemical diffusion barriers [121], reduced sensitivity towards
antibiotics due to the slow growth rate of bacteria in biofilms [119, 122], as well as the structural
heterogeneity within biofilms and development of biofilm-specific biocides-resistant bacteria
phenotypes [114, 123].

The viability of bacteria in biofilm, or at least a relative reduction in viable bacteria due to the
treatment, should be assessed to determine antibiotic susceptibility or the effectiveness of other
bactericidal treatments. The ideal scenario for most microbial diagnostic applications is to detect only
viable cells. Pathogens only threaten humans, animals, and plants when they are alive. Several
methods are available for quantifying bacterial viability, but these are generally better suited to
assessing planktonic cultures. There is no way to transfer tests performed on planktonic bacteria to
tests done on biofilm bacteria since it is known, for example, that biofilm bacteria are less susceptible
to antibiotics than planktonic bacteria of the same species. The term 'viability' refers to the ability of
cells to replicate themselves and has been the subject of many discussions. There are different
physiological states between "live" and "dead". Fig.1.12 illustrates four of these states and illustrates
the wide spectrum of opinions concerning viability (Table 1.1). There are three viability criteria
(Fig.1.12): culturability, metabolic activity, and membrane integrity. According to this simplified
scheme, viable cells would fulfill all three viability criteria. "Active but nonculturable" (ABNC) refers

to active and intact cells but cannot be cultured on a standard medium. On the other hand, intact
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cells that no longer exhibit respiration or metabolic activity are called 'ghosts'. In membrane-

compromised cells, none of these three viability characteristics would be present.

. ‘ Q l.\‘ :I:
Live ABNC Ghosts Membrane
compromised

Culturable .
Metabolically active ‘ .
Intact ‘ . Q

Fig.1.12 Schematic representation of selected viability states and their main characteristics [124]

Table 1.1 Major physiological states of bacteria cells.
Physiological state Phenotype Reference
Intact cytoplasmic membrane, functional synthesis of
protein and other cell components (nucleic acids,
Viable (live) polysaccharides, etc.), and energy production necessary to [125]
maintain cellular metabolism and, eventually, growth and
multiplication.

Will not form a colony on an agar plate nor proliferate

Non-replicating (in observably in a liquid medium but may have active

stationary phase;

. - o, physiologic activity and intact cytoplasmic membrane. Cells [126]
|nI:Z;ﬁ::t:t?(l)en?zl:cii;}fgz;or may be inhibited by the medium or injured but capable of
’ repair

Cells undergo dramatic decreases in metabolism but remain

Starving fully culturable [127]
In a low metabolic activity and unable to divide or form a
Dormant (viable but not colony on an agar plate without a preceding resuscitation
: - [128, 129]
culturable) phase. A protective response. Also seen in "post-
acidification.”
Will not grow with vigor under any conditions due to
Irreparably damaged cells progressive metabolic decline. These cells may be [126]
irreparably injured
Non-viable (dead) No metabolic activity. [126, 128]
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As the viable ability of microorganisms can typically not be determined directly in their natural
environment, different techniques to assess viability are used, including traditional cultivation on
artificial substrates, detection of RNA, detection of the metabolic activity or substrate
responsiveness, and the determination of membrane integrity, briefly shows in Fig.1.13 [130].
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Fig.1.13 Summary of the facets of a biofilm/ bacterial that may be probed via various direct and indirect-based techniques
to assess biofilm/ bacteria viability [131].
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1.3.1 Detection methods for biofilms viability
1.3.1.1 Colony forming units (CFU)

An aerobic plate count, or viable cell enumeration, is a standard quantification method that

determines how many viable cells are in culture [132-134]. This assay involves growing colonies

from cells on an agar plate so one can distinguish between living and dead cells and quantify the

live cells without using dyes or instruments. The starting point is liquid planktonic cultures or mature

biofilms that are scraped, vortexed, or sonicated in a liquid medium. Plated biofilm is removed by
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aseptically removing small amounts, followed by serial dilution, and then plated onto nutrient-
containing agar. Colonies are counted after incubation (usually 24—72 hours). Based on the number
of colony forming units per milliliter (CFU/mL) and the volume of culture plated on the plate, the
number of CFU/mL in the original culture can be calculated (Fig.1.14a). To assess the population
dynamics with E. coli (E. coli Nissle 1917 (EcN)) in dual-species biofilms, Hong et al. [135] examined
molecular interactions between E. coli (E. coli Nissle 1917 (EcN)) biofilms and four other bacteria
species. EcN has been examined for its influence on the formation of dual-species biofilms by CFU.
The authors did not find an effect of ECN or commensal E. coli BW25113 (BW) on the formation of
Pseudomonas aeruginosa (P. Aeruginosa) PAO1 (PA) (Fig.1.14b), suggesting that the biofilm
formation of PA is unaffected by the presence of E. coli strains. Dual-species biofilms formed with
EcN showed a substantial decrease in biofilm formation by 1'100-times and 8'300-times compared
to their single-species biofilms (Fig.1.14b). In contrast, when non-probiotic E. coli was added to
Staphylococcus aureus (S. Aureus) JE2 (SA) and Staphylococcus epidermidis (S. Epidermidis)
RP62A (SE), their biofilm formation did not decrease.
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Fig.1.14 Viability test of biofilms with CFU method: (a) Scheme represents the CFU method's basis. (b) Single- and dual-
species biofilms were formed in polypropylene culture tubes, and CFU quantified viable biofilm cells. Probiotics EcCN, BW,
enterohemorrhagic E. coli EDL933 (EHEC), PA, SA, and SE were tested to determine the effect of EcN on biofilm formation
in other bacteria. (b) Adapted with permission from ref. [135] Copyright 2018 Nature.
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Counting the number of colony forming units after plating cultures is the classical method for
determining bacterial viability. Since the presence of the biofilm matrix can result in high levels of
aggregation, using the CFU method to assess biofilm viability can lead to significant errors. It is

possible to remove bacteria from the matrix or surface to which they are attached using techniques
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such as sonication or matrix-degrading enzymes. Still, such methods may negatively impact the

bacteria's viability. To perform CFU counting, the bacteria should also be re-suspended.

1.3.1.2 Polymerase chain reaction (PCR)

Viability is determined by enumerating the definitive and relative composition of treated biofilms
using PCR, a technique that has been shown to distinguish viable and dead bacteria from various
bacteria biofilms [136-138]. In recent publications, PCR has been used for a variety of purposes. For
instance, PCR analysis was used to investigate the mechanism of water-soluble surfactant polymer
dressings (SPD) on inhibition of bacterial biofilm development [139]. There are different types of

PCR techniques that could be used. They are briefly explained below.
Ethidium monoazide (EMA)- and propidium monoazide (PMA)- PCR

Nogva et al.[140] introduced the idea of (ethidium monoazide) EMA PCR, a diagnostic method that
relies on membrane integrity as a determinant of viability in the DNA-based detection of bacteria.
Viability is determined by membrane integrity in this approach. DNA-intercalating dye, EMA, has an
azide group attached to it. There is a theory that EMA can enter only membrane-compromised
('dead') cells, whereas intact membranes of 'live' cells act as a barrier. Within membrane-
compromised cells, EMA intercalates into DNA (Fig.1.15a). After exposure to bright visible light,
such samples are subsequently covalently linked to DNA (photolysis of EMA converts the azide
group into a highly reactive radicals that forms covalent bonds). In the covalent crosslinking of EMA
to DNA, PCR amplification of the modified DNA is strongly inhibited. Only DNA that has not been
crosslinked with EMA and was not modified by EMA can be amplified during treatment. Contrary to
this, DNA modified in membrane-compromised cells is efficiently suppressed from amplification. The
analysis results might be changed if cells with damaged membranes are excluded after treatment
[141, 142]. As a result, only live cells can be detected in quantitative PCR (qPCR) due to covalent
bonding. For instance, Fig. 1.15b shows the design of a novel three-dimensional inter-kingdom
wound biofilm model conducted by Townsend et al. [143]. The viability of the biofilms was evaluated
using live-dead qPCR at a molecular level. A triadic biofilm composed of Candida albicans,
Pseudomonas aeruginosa, and Staphylococcus aureus was characterized using complex hydrogel-
derived cellulose substrates to evaluate frequently used topical wound treatments. PCR was
performed on samples modified with PMA, which prevented DNA from cells with compromised

membranes from being detected.
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attached to the hyphae. (b) Adapted with permission from ref. [1743]. Copyright 2016 Taylor & Francis.

EMA has also been shown to penetrate intact membranes in later studies [144-146]. Intact cells
absorb EMA to varying degrees depending on the species of bacteria [144]. As a result, EMA's use
is severely restricted. As a result, PMA was assessed using EMA [144]. It was shown that PMA, as
opposed to EMA, is efficiently excluded from intact cells, perhaps because of its higher positive
charge [147].

Reverse transcriptase PCR (RT-PCR)

RT-PCR allows the amplification of multiple copies of a particular sequence and is one of many PCR
variants. Reverse transcriptase is used to convert ribonucleic acid (RNA) into its DNA complement.
MRNA has been used as a viability marker. Markers like this are highly labile molecules with a very
short half-life (seconds). As a result, detecting mRNA transcription rather than DNA synthesis should
be a more reliable viability indicator. RT-PCR and nucleic acid sequence-based amplification
(NASBA) [154] are the two most common methods for detecting mRNA [148]. Both methods have

been used to determine bacterial viability to varying degrees of success. A more recent technique
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for measuring bacterial viability is reverse transcriptase-strand displacement amplification (RT-SDA)
[149]. In some bacterial conditions, ribosomal ribonucleic acid (rRNA)can also be used to measure

viability, and it can be correlated positively with viability [150].
Real time quantitative polymerase chain reaction (RT-qPCT or qPCR)

The genes expressed by biofilm-forming bacteria are often different than those expressed by
planktonic strains. Real-time quantitative reverse transcription PCR (qRT-PCR) is an effective
method for quantifying the amount of RNA transcripts from specific genes in bacteria growing in
biofilms. The RT-gPCR method offers a wide dynamic range and may be used to verify the results
of gene expression microarrays. In addition, gRT-PCR is highly sensitive. So, it can be used to
quantitate gene expression from biofilm samples that contain only a small amount of biological
material, such as those obtained by laser capture microdissection microscopy (LCMM). Methods
commonly used for qRT-PCR include SYBR Green and dual-labeled probes (Tagman). In both
methods, reverse transcription converts mMRNA to cDNA followed by PCR amplifying the cDNA [151].

1.3.1.3 Flow cytometry (FC)/fluorescent activated cell sorting (FACS)

Multiparametric flow cytometry allows simultaneous analysis of physical and chemical properties of
large numbers of particles in real time. A fluorescent dye must first be applied to the cell surface.
Monodisperse suspensions (single, unclamped cells) are aligned in a laser beam so that each
labeled cell can pass through the laser beam. Fluorescent molecules are excited by laser light, which
causes them to emit light at different wavelengths. Different cell types or cell components are present

in the sample (Fig.1.16).
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Fig.1.16 Schematic representing the main steps in flow cytometry. The scheme was created on the Biorender website
with a license.

The FC can examine many cells at once (200 to 2000 cells per second), recording several
parameters for each cell that can be later correlated with a wide variety of cell characteristics [152].
Fluorescent probes can be used to measure the viability criteria of living cells, including cytoplasmic
pH, intracellular enzyme activity, and membrane potential [153]. The Fluorescent Activated Cell
Sorting (FACS) technique is a type of flow cytometry that sorts a heterogeneous mixture of biological
cells according to their fluorescent characteristics and light scattering characteristics. The fast and
powerful cell-sorting techniques could reduce the time required to determine bacteria abundance,
size, and metabolic activity. The use of fluorescent DNA stains, nucleic acid probes, and
immunofluorescence probes targeting cell proteins increase the technique's capabilities,
distinguishing cells based on their nucleic acid amount and type, respiratory enzyme content, and

membrane integrity.
1.3.1.4 Microscopy methods

Staining techniques such as crystal violet and live/dead staining [154] offer valuable information but
also have inherent limitations. For visualizing biofilm formation quantitatively in vitro, i.e., the total

biofilm biomass, crystal violet staining is the gold standard [155]. However, this method does not
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measure the viability of biofilms. In addition to the bacteria, it also stains the extracellular polymeric
matrix [156]. This method has some further limitations, including the possibility that parts of the
biofilm could be washed away during sample washing [157].

A live/dead stain is used to quantify planktonic bacteria in conjunction with flow cytometry [154] and
for imaging biofilms. Despite this, it is not ideal for high-throughput quantification of biofilm viability
since it requires a laser scanning confocal microscope in a time-consuming process where only a
small section of the biofilm can be assessed at a time. Metabolic assays are excellent candidates
for quantifying bacterial viability in biofilms. It is an indirect method that relies on detecting metabolic
products produced by bacteria and offers the advantage of determining viability without undergoing
sample manipulation since biofilms are generally not removed from adherent surfaces. Bacterial
metabolic activity can be detected using several different indicators. For example, reducing resazurin
is the basis for the resazurin assay (also known as the Alamar Blue assay). Metabolically active cells
can reduce the blue dye to pink resorufin, a fluorescent dye, within the respiratory electron transport
chain [158]. As a result, fluorescent measurements of a biofilm with resazurin assay can be used to
quantify the viability of the biofilm [134, 159]. The variety of metabolic assays is partly due to the fact
that some of the assays are strain-specific or work well with certain types of bacteria [160-164].
There is, however, one significant limitation of these metabolic assays that have not been adequately
addressed: bacteria in biofilms do not have the same metabolic activity as planktonic, i.e., free-
floating, bacteria. Biofilm assays are usually calibrated based on their planktonic cultures, assuming
their metabolic rates are similar. Since planktonic bacteria and biofilm bacteria may have significant
metabolic rates that differ from each other [114, 117, 165], this introduces significant errors. In the
resazurin metabolic assay, for instance, it has been demonstrated that S. aureus planktonic bacterial
suspensions generate a higher signal than the same concentration of corresponding biofilm bacteria
[166].

Electrochemical bio-imaging

Biofilms can be investigated with electrochemical methods. These methods are increasingly used
for monitoring biofilms at an early stage of development [167]. Various ways can be used to detect
biofilm formation, including electrochemical impedance spectroscopy [168], cyclic voltammetry
[169], and chronoamperometry [170]. Single bacterial cells and bacterial cell aggregates have been
studied using electrochemical methods [171-174]. Quorum sensing, for instance, is an important
mechanism that identifies a stimuli-response mechanism of bacteria aggregates that monitors their
population density and enhances gene transcription when a certain number of bacteria is reached.
Researchers have electrochemically imaged the release of quorum-sensing molecules from
aggregates of P. aeruginosa, such as pyocyanin (PYO, the blue phenazine) [174-176]. SECM
imaging revealed that a single aggregate of 500 cells produced PYO (Fig.1.17) [174].
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Fig.1.17 (a) (1) Bright-field image of microtrap. (II) Microscope image of SECM probe (l1l) SECM feedback approach curve
(solid line). The experimental curve (gray line) fit a simulated negative feedback approach curve (black circles). (b) (I) PYO
redox reaction. (Il) Schematic of the microtrap-SECM system for measuring PYO in real-time. (lll) Simulated approach
curve (points). The solid line represents the theoretical diffusion-limited response. (IV) An SECM reactive image for PYO.
(V) A 3D confocal reconstruction. (a-b) Adapted with permission from ref. [174]. Copyright 2014 Proceedings of the
National Academy of Sciences.

Electrochemical methods have the benefit of being able to reach high sensitivities while operating in
small liquid volumes. Depending on the detection strategy, it is possible to analyze biofilms and
bacterial cells without fixing them. Portable and small electrochemical hardware is possible. To study
the electron transfer and metabolic activity of biofilms, electrochemical bio-imaging can use
(sub)micrometric electrodes [177]. In close proximity to a sample, a micrometric electrochemical
probe is translated on an electrochemical scanning probe platform, such as SECM. Particularly, it
has been used to study living cells [178, 179], yeast [180], and bacteria, as well as biofilms [181-
184]. SECM has diverse applications in terms of analytes to detect and types of bacteria to be
investigated [177, 185]. SECM may also be combined with other techniques, including atomic force
microscopy [186], fluorescence microscopy [187, 188], or used alone, such as scanning ion
conductance microscopy (SICM), for bacterial and biofilm studies [189]. Due to the redox-active
compounds that produced or consumed by bacteria cell, the SECM signal can be as the result of an
amperometric current [175, 185, 190, 191]. SECM has demonstrated and studied the reduction of
ferricyanide to ferrocyanide by the respiratory activity of E. coli cells [191, 192]. In addition, SECM
was used to detect hydrogen peroxide at Streptococcus gordonii biofilms to determine glucose
metabolism and catalase activity [193]. Researchers have used amperometric glucose micro-
sensors to detect metabolites selectively in Streptococcus mutans biofilms [194]. Alternatively, a
two-dimensional microelectrode array chip can be used to achieve micrometer-resolved

electrochemical imaging of biofilms [176, 195]. To detect multiple metabolites, Bellin et al. [176] used
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square-wave-voltammetry (SWV) (Fig.1.18). Voltammetric peaks at specific potentials may be linked
to specific redox-active phenazines. In less than 7 minutes, large biofilms were measured onto a
chip with 1'824 MEs using track-etched, agar-soaked membranes [176]. Phenazine production was

correlated with specific locations and oxygenation time inside the bacterial colony.
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Fig.1.18 (a) (I) Block diagram of the electrochemical camera chip. (II) Optical micrograph of the electrochemical camera
chip. (Ill) Diagram of the imaging platform. (b)(I) Electrochemical imaging, based on reductive SWV, of a DphzHM biofilm
after two days of development. (II) Locations of example squarewave voltammogram and cross-section. (l1I) Example SWV
from a single electrode. (IV) Example cross-section from the electrochemical image. (a-b) Adapted with permission from
ref. [176]. Copyright 2016 Nature.

1.3.2 Methods for the treatment of biofilm

It can become difficult to treat mature biofilms once they have been established. Biofilms can be
treated in several ways. Biofilm eradication through conventional treatment is currently the Standard
Of Care (SOC) for biofilms. In the treatment of biofilms, physical and chemical debridement and
topical and systemic antimicrobials are applied (Fig.1.19) [196, 197]. Antimicrobial agents,
disinfectants, and the host's immune system cannot treat mature biofilms with high efficiency. It is
important to note that biofilm biology extends beyond biofilms alone. Biofilms are defined by the
dynamic exchange of microbial biofiims and host responses [198]. Thus, nanomaterials and

ultrasonic treatments have led to new methods and reagents (Fig.1.19).
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Fig.1.19 Methods for biofilm therapy: Conventional methods and novel methods. The scheme was created on the
Biorender website with a license.

By containing EPS in the biofilm, the residing microorganisms are protected from antibiotic therapies
and the host's innate immune responses. A biofilm may also develop oxygen gradients and/or anoxic
environments, leading to anaerobic conditions deep within the structure [146, 147]. As these cells
are located within the biofilm, they have reduced metabolism, making them less susceptible to
antibiotics. Since clinicians have limited options for treating biofilm infections, there is an urgent need

for a non-toxic antimicrobial treatment that disrupts biofilms rapidly and efficiently.
1.3.2.1 Antibiotics

Chronic biofilm infections can be treated only minimally with topical or systemic antibiotics currently
available [199]. Due to the protective barrier formed by EPS, the penetration of antimicrobials to
bacteria is slowed or incomplete [200]. Aside from this, antibacterial agents may chemically bind to
the extracellular components of the biofilm or attach to the anionic polysaccharides without affecting
the target bacterial cells [121]. There is a growing trend to replace antibiotics in healing applications
with alternative materials due to the increased concern about antibiotic overuse leading to drug-
resistant bacteria. The biofilms in implanted devices remain resistant to antibiotics, making their

treatment challenging, especially when they are infected by bacteria [201, 202].

1.3.2.2 Biofilm eradication

There are two main types of biofilm eradication: physical (e.g., ultrasound, mechanical) debridement
and chemical debridement. [203-205] (Fig.1.20).
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Fig.1.20 Principle of different types of debridement. (a) Conceptualization of ultrasound-mediated microbubble treatment.
After delivering nano/microbubbles and antimicrobials to the biofilm-infected site (before treatment), the nano/microbubbles
are acoustically activated to disrupt the biofilm and allow the antibiotics to penetrate (after treatment).

1.3.2.2.1 Ultrasound debridement

In addition to treating biofilm-infected wounds, ultrasound debridement has been shown to enhance
antibiotic efficacy and promote healing [206-209]. The advantages of ultrasound debridement over
mechanical debridement include that ultrasound is less painful for patients [210]. Furthermore,
ultrasound may be useful in treating implanted biofilm infections and increasing their antibiotic
efficacy [211]. More clinical research is needed for the large-scale implementation of ultrasound-
based treatment in a healthcare setting. Ultrasound-based therapies may be used to treat wounds
and implants infected with biofilms. Moreover, nano/microbubbles have gaseous cores surrounded
by stabilizing shells that can be acoustically activated to deliver drugs and mechanically disrupt
biofilms [212]. Researchers have recently emphasized their adaptable composition, size, and
fabrication and their ability to control their reactivity in the body [212-214]. In the past few years,
nano/microbubble research has focused on cancer therapies; however, there has been increasing

interest in its application to biofilms.
1.3.2.2.2 Mechanical / sharp debridement

Sharp or mechanical debridement will primarily eliminate biofilm by scraping off bacteria and necrotic
tissues. There are some disadvantages to the current SOC since treatments often do not remove all
bacterial colonies. Biofilms have been shown to regain antibiotic resistance 72 h after debridement,
reducing treatment efficacy [215]. In addition, sharp debridement is a painful and uncomfortable

procedure, affecting patient compliance and treatment effectiveness.
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1.3.2.2.3 Chemical debridement

Using a corrosive material to sterilize surfaces is one of the most effective and basic techniques
[216]. It is also possible to chemically degrade biofilm EPS. Polysaccharide cross-linking within EPS
is carried out by divalent cations such as calcium and magnesium, and manganese and iron
contribute to bacteria's cell membrane and metabolic functions [217]. As a result, biofilm formation
and strength are affected by competition for these ions or their removal (chelation). There is a wide
variety of metal chelating agents. However, the consideration of biocompatibility and safety criteria
is still limited. In terms of anti-biofilm agents and with the best affinity for calcium and magnesium
cations, the most commonly discussed is ethylenediaminetetraacetic acid (EDTA). In vitro and in
vivo anti-biofilm activity has been demonstrated with an anti-biofilm gel containing a surfactant and
calcium chelator. Even though the gel is not yet commercially available, it has shown to be superior

to standard care and synergistic effects [218].
1.3.2.3 Nanotechnology

Nanoparticle-based technologies offer new and promising opportunities for effectively defending
against infections associated with biofilms. Nanoparticle-based approaches against biofilm infection
increasingly focus on developing nanoparticles with specific chemical properties and properties that
inhibit biofilm growth. Fig.1.21 illustrates the mechanism of action of different nanoparticle-based
anti-biofilm systems. In some studies, nanoparticle-coated surfaces have been shown to inhibit
biofilm formation [219, 220]. The small size of nanoparticles allows them to penetrate cell walls and
biofilm layers, causing irreversible damage to cell membranes and DNA. They make effective drug
loading and targeting agents due to their long plasma half-life and the high surface-to-volume ratio
[221].

1.3.2.3.1 Antibiofilm Mechanism of Nanoparticles

The exact mechanism by which nanoparticles prevent biofilm formation is still unknown. Damage
can be caused by DNA damage, oxidative damage, or the generation of free radicals. Below are a
few of the properties associated with nanoparticles and their antibiofilm capabilities. Nanoparticles
may develop antibiofilm properties by altering the cell membrane, causing impairment of respiratory
activity, membrane lipid peroxidation, ROS generation, inducing DNA unwinding, or disrupting
metabolic pathways by releasing nitric oxide [222]. According to research, smaller diameters have
greater antimicrobial properties. In other words, nanopatrticles that are smaller in size would be more
effective at penetrating bacterial membranes. It decreases the viability of cells, therefore, inhibiting
biofilm formation [223]. Transmission electron microscopy analysis showed significant changes in

the cell membrane upon treatment with different shapes of nanoparticles, causing cell death.
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Fig.1.21 Schematic on the mechanism of actions for various nanoparticle (NP)-based approaches for treating biofilm
infections. The scheme was created on the Biorender website with a license.

1.3.2.3.2 Metal/ metal oxide-based nanoparticles

Silver, copper, gold, titanium, and zinc are among the nanoparticles showing antimicrobial properties
against biofilms. Particular attention has been paid to nanoparticles based on silver. Silver ions
require interactions with thiol groups [224, 225]. Thus, bacteria's membrane, respiratory chain, and
enzyme activity are disrupted [226]. Silver compromises the intermolecular forces and destabilizes
biofilms' matrix as a result. [227, 228]. By decreasing the particle size to nanometers, the surface
area, as well as its antibacterial property hasnd its antibacterial property, have been increased [229].
Several metal oxide nanoparticles have been studied for their antibacterial and antibiofilm properties,
including titanium oxide, copper oxide, zinc oxide, iron oxide, magnesium oxide, aluminum oxide,

and cerium oxide [230].
1.3.2.3.3 Polymeric nanoparticles

The use of polymer-based nanoparticles to deliver antibacterial properties can be achieved in
various ways, such as the controlled release of antimicrobial agents, antibiotics or modifying their
surfaces with quaternary ammonium compounds. The ion exchange interaction between
polycationic polymers and bacterial membranes causes the polymers to interact with the membrane.
The result is a disruption of bacterial membranes that causes cell death and damage [231].

Biodegradable hydrogels are another class of emerging antibacterial products [232]. These
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polycarbonate hydrogel nanoparticles were also shown to remove planktonic and sessile organisms

from biofilms, providing an effective method of preventing biofilm-mediated infections. [232].

1.4 Thesis outline

This thesis aimed at applying Soft-Probe-SECM for bioimaging of melanoma markers in skin-related
specimens and bacterial biofilms. The information from the SECM images can be used to identify
cancer and biofilm activity. The experimental part presents the chemicals used in this thesis and
gives a detailed overview of the experimental procedures developed and used at the EPFL and in
Cambridge. In Chapter 3, a tape-stripping method for collecting skin cells and an electrochemical
method for detecting melanoma biomarkers in the tape-collected cells are presented. In Chapter 4,
the design, fabrication and initial electrochemical characterization of transdermal gold injectable
microneedle electrodes with catechol-containing hydrogel coating are introduced for tyrosinase
sensing in skin dummies. In Chapter 5, Soft-Probe-SECM was used to detect the electrochemical
surface reactivity of E.coli biofilms. Chapter 6 presents a non-invasive electrochemical strategy for
detecting with Soft-Probe-SECM the effect of an antibiofilm treatment. Finally, in Chapter 7, the novel
antibiofilm reagent is developed based on DNA origami, penetrating efficiently through the EPS
barrier. In this chapter, the complementary device has also been designed for correlative

fluorescence and electrochemical readout.
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CHAPTER 2 EXPERIMENTAL PART

All chemicals were of analytical grade and used as received. They are listed in Annexe 2.1.
The phosphate buffer (PB) was prepared with monopotassium phosphate (KH2PO4, 99%) and
sodium hydroxide (NaOH, 98%). Phosphate buffered saline (PBS, 10 mM, pH 7.4) was prepared
with disodium phosphate (Na:HPO4, 99.5%), monosodium phosphate (NaH2PO4, 99.5%) and
sodium chloride (NaCl, 99.5%)).

2.1. Sample preparations
2.1.1 In vitro cell culture methods on adhesive tape

Melanoma cell lines B16, WM239, WM115, and SBcl2 were purchased from the American Type
Culture Collection (ATCC) and kept in medium containing ~9.9% v/v newborn calf serum (heat
inactivated, Life Technologies), ~89.1% v/v Dulbecco’s modified Eagle’s medium (DMEM)/Nutrient
Mixture F-12 with GlutaMAX Supplement (Life Technologies), and ~1% v/v penicillin-streptomycin
(10'000 U/mL, Life Technologies). The cells were cultured in cell culture dishes 60 (growth area 22.1
cm?) within an incubator (37 °C, humidified atmosphere, 5% CQO.). Cell counting was done by taking
a representative image (area 0.26 mm?) of the adhered cells in the Petri dish by using a Axio
Observer inverted microscope (Zeiss) and extrapolating the cell number (obtained with ImageJ
software, W. Rasband, National Institutes of Health, USA) to the entire dish surface area. All cells
were assumed to be transferred into the DMEM mixture of known volume following the above-
described protocol. Solutions with B16 cells were diluted to obtain cell dropping solutions of 240
cells/pL (for 4x samples), 120 cells/pL (for 2x samples), and 60 cells/pL (for 1x samples). For human
melanoma, cells solutions contained 2200 WM115 cells/uL, 1200 WM239 cells/uL, and 2000 SBcl2
cells/uL. Then, 10 uL of the cells suspensions were pipetted on the adhesive layer as a single spot
and incubated overnight (37 °C, humidified atmosphere, 5% CO.) to settle the cells and further
growth on the tape. Afterward, the culture medium was removed, and the tape was washed with
water three times, while in-between the washing steps, the tape was incubated in water for 5 min.
The tape was dried for 30 min, and then the cells were tightly pressed with a non-adhesive plastic
film to fix and compress the cells. The cells were well adhered, as rinsing with water and bending
the tape did not remove them. The samples were stored in a refrigerator at 4 °C. In order to provide

samples with tape-collected cells from the mouse skin, the adhesive layer was first non-invasively
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applied to the real skin of mice. Then, circular adhesive pads were placed on top for the growth of

B16 melanoma cells from dropped cell suspensions (Fig.2.1).
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Fig.2.1 Schematic of exemplary sample preparation of a tape sample with B16 melanoma cells, previously grown in Petri
dishes and dropped on the adhesive layers; normal mouse skin was collected from the melanoma-free back of mice.

2.1.2 Melanoma mouse model and tape stripping of melanoma samples

All experiments with mice followed ethical guidelines. The murine Braf®?; Tyr::CreER; Pten'™4*
(Braf/Pten) melanoma mouse model was used and prepared following previous reports in the
literature [233]. For local tumor induction, 3-week-old Braf/Pten mice were administered 1.5 uL 4-
hydroxytamoxifen (4-HT; 50 mg/mL in dimethylsulphoxide (DMSQ)) typically on the back skin and
examined every week for melanoma growth. Mutation of the BRAF gene and deactivation of the
tumor suppression gene PTEN resulted in tumor growth. The transgene Tyr::CreER encodes
CreER™ to avoid lethality by the embryonic expression of Braf'é%€, Indeed, BRAFY®%E  a protein
serine kinase, is often mutated in melanoma and enhances the growth and spread of this type of
cancer. As the oncogenic activation of BRAFV%E alone is insufficient for transforming melanocytes
into melanoma cells, the tumor suppressor gene PTEN has been deactivated in the mice used
herein. After sacrificing, the part of the back of the mice, where the tumor had been induced, was
shaved with a razor blade and disinfected with a wipe containing 70% ethanol solution to provide
hairless and clean skin. The adhesive tape from DermTech was then pressed firmly onto the skin
under slight lateral movements for several seconds to provide good adhesion before the tape was
gently removed. The successful collection of cells could be verified by microscopy. As both the
adhesive layer and the plastic support of the tape are transparent, the melanoma region on the
sample was conveniently marked with a dark pen on the backside of the tape (Fig.2.2). Tape
stripping of three mice at 3, 4.5, and 6 weeks following the tumor induction, respectively, was carried

out, and each of the three samples was analyzed (vide infra).
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marked melanory

Fig.2.2 Photographs showing the tape-stripping procedure on a melanoma mouse model. (a) Melanoma region on shaved
skin region. (b) Transparent adhesive tape placed on the melanoma region with a black mark on the backside of the tape
to locate the melanoma region in SECM experiments.

2.1.3 TYR Immunoassay for melanoma detection

A solution of 1% bovine serum albumin (BSA) in 50 mM phosphate buffer was applied to the sample
to block the non-specific binding of antibodies to the tissue. Afterward, the BSA solution was removed
and a 10 uL solution of the primary antibody against TYR in 1 mL PBS was added and followed by
30 min of incubation (Fig.2.3). Then, the sample was washed three times with PBS, each time for 5
min. Afterward, a 10 pL solution of the secondary antibody labeled with horse radish peroxidase
(HRP) in 1 mL PBS against the primary antibody was added and incubated at room temperature for
another 30 min. Finally, the sample was washed three times with PBS for 5 min. The steps of

immunostaining of cells and the adhesive layer are shown in Fig.2.3.
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2.1.4 Colorimetric visualization of TYR immunoassays for melanoma detection

For the colorimetric visualization, immuno-labeled samples were incubated in 2 pL solution of TMBieq
and H>O; for 2 min. The HRP-catalyzed oxidation of TMB.q to TMB. resulted in a blue coloration of

the solution.

2.1.5 Ampicillin resistant E. coli DH5a cells

E. coli DH5a cells were transformed with pBluescript SK Il (+), conferring resistance to ampicillin. 50
uL of a solution with competent E. coli DH5a cells were incubated on ice with 10 ng of pBluescript
plasmid DNA. After that, a heat shock at 42 °C was applied for 45 seconds with subsequent
incubation on ice for 2 min. The outgrowth of transformed bacteria was performed in LB by shaking
(200 rpm) at 37 °C for 30 min. The cells were then distributed on LB agar plates containing 100
pug/mL ampicillin and incubated for 16 h at 37 °C. Finally, single bacterial colonies were picked to
start suspension cultures and were grown for 12-16 h at 37 °C in LB containing 100 pg/mL ampicillin.
This treatment affected all non-ampicillin-resistant bacteria and avoided cross-contamination of E.

coli with other bacteria in the environment.

2.1.6 Preparation of E. coli DH5a and ampicillin-resistant E. coli DH5«a cell cultures

E. coli strain DH5a was grown as pre-cultures in LB at 37°C for 6 h with continuous shaking at 200
rom. 100 pL of each pre-culture was added into 900 uL of 2xYT and incubated overnight at 37 °C
with constant shaking at 150 rpm. E. coli strain DH5a with resistance to ampicillin was also cultured
in the same way as native E. coli, but the culture medium was enriched with a solution of 100 yg/mL
ampicillin during all incubation steps. The obtained fresh cultures were then used for measurements

of ampicillin-resistant E. coli.

2.1.7 E. coli DH5«a biofilm culture

4 mL of 5 mM MgSOs in 2xYT was added to the solution of E. coli DH5a cells (prepared in section
2.1.6), which was incubated for 2 h under continuous shaking at 150 rpm. Glass slides were placed
in the culture dish 60 (Thermo fisher scientific, Switzerland) and incubated overnight at 37 °C and
50% humidity. The biofilm formed at the interface between the glass substrate surface and air and/or
culture medium. The presence of Mg?* in the medium positively affects the initial attachment of

bacterial cells fostering biofilm formation [234] and the biofilms' mechanical strengts [235].

2.1.8 E. coli BL21biofilm culture

E. coli strain the BL21(DE3) was grown as pre-cultures in LB at 37 °C for 24 h with continuous
shaking at 200 rpm. 100 pL of each pre-culture was added into 900 pyL of 5 mM MgSO4 2xYT and

incubated overnight at 37 °C with constant shaking at 150 rpm. Further, E.coli cells had been
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transformed with pUC19GFP plasmid and express GFP, meaning no additional staining is required
for this strain. Biofilm was cultured as in the previous study [25]. Briefly, cultured E. coli BL21 cells
after adding 4 mL fresh 5 mM MgSO. 2xYT were incubated for 2 h under continuous shaking at 150
rpm. Glass slides were placed in culture dishes 60 (Thermo fisher scientific) and incubated overnight
at 37 °C and 50% humidity.

2.1.9 Biofilm tape stripping procedure and sample preparation

The biofilm-coated glass slides were removed from the culture dishes and air-dried. An adhesive
tape was then pressed firmly onto the biofilms under slight lateral movements for several seconds
to provide good adhesion before the tape was gently removed and further air-dried. This procedure
removes the surface layer of the biofilm and fixes it on the adhesive (vide infra). The adhesive tape

with the collected biofilm top layer was fixed with double-side tape on a glass slide.

2.1.10 Antibiotic treatments for biofilm degradation
Gentamicin treatment

Antibiotic treatments were carried out for 1 h or 24 h of incubation in aqueous solutions with 32
pug/mL and 640 ug/mL of gentamicin. The biofilms were collected from the glass slides with adhesive
tapes and transferred and fixed to the bottom of an SECM cell. Antibiotic treatments with gentamicin
were made on the tape-collected biofilms. After each antibiotic treatment and before each SECM
measurement, i.e., the SECM cell was washed three times with DI water when the solutions were

changed.
Sodium azide

Sodium azide was prepared in 4 mM solution in DI water at room temperature. One-day-old biofilms
on the glass slides were incubated at room temperature for 5 min and 15 min in the sodium azide-
containing solution. After that, the sodium azide solution was washed away gently three times with

DI water.
Silver nanoparticles in three methods
Silver nanoparticles were synthesized using three different methods:

Synthesis 1. Silver nanoparticles were prepared by reducing dissolved silver nitrate using citrate
[236]. An aqueous solution of 17 mg of AgQNO3 in 100 mL water was heated under reflux and vigorous
stirring for two minutes. After that, 10 mL of a 35 mM aqueous sodium citrate solution was rapidly

added. The solution gradually turned yellow within a few minutes, indicating the formation of Ag
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nanoparticles. The solution was heated under reflux for 6 minutes. After that, the solution was cooled

down to room temperature.

Synthesis 2. 50 mg AgNO3 (29.4 mmol) was first dissolved in 0.15 mL deionized water, then 40 mL
acetone was added, and the resulting solution was mixed under magnetic agitation for 20 min. In
this solution, 1.6 g PVP powder was added, and the agitation was continued for another 35 min.
After 30 min stirring, PVP was observed to agglomerate and stick on the beaker's bottom and wall.
The remaining acetone was decanted at the end of the mixing period. At the end of the experiment,
the solid PVP (initially white) turned into a light brown and then dark brown paste, indicating silver
nanoparticles' formation embedded in the polymer matrix. The final solid was then allowed to dry in
the air for 48 h. The Ag/PVP colloid powder was dissolved in 50 ml water under magnetic agitation

and kept stirring for 10 days, giving the colloidal dispersions of PVP-protected silver in water [237].

Synthesis 3. In this synthesis, in the final steps, instead of dissolving in water (Synthesis 2), the
Ag/PVP colloid was dissolved in 50 ml ethylene glycol to make a colloidal dispersion of PVP-

protected silver in ethylene glycol for 10 days [237].

2.1.11 Reactions of silver NPs with biofilms

0.1 ug-mL~"and 1 ug-mL~" of AgNPs were added to the one-day-old biofilms on the glass slides and
incubated at 37 °C with 50% humidity for one day. Afterward, the sample was thoroughly rinsed with

water three times to wash away the silver nanoparticles.

For both azide and silver treatments, the samples were air-dried and were used for complementary

detections of live/dead fluorescence microscopy measurements and soft-probe-SECM.

2.1.12 Flashlight irradiation for treating biofilms

The PulseForge 1300 photonic curing system (Novacentrix) was utilized for the irradiation of biofilms.
Flashlight irradiation has been done with a Xenon flashlight by pre-charging the capacitors of the

lamp control units at 550 V for one, three, and five consecutive shots.

2.1.13 Synthesis of DNA origami nanostructures for biofilm studies

DNA Origami design is based on the work of Yoshidome et al.[238] and DNA origami functionalities
as in the work of Mela et al. [239]. In an origami buffer, staples and scaffold were mixed together to

50 nM and 10 nM, respectively [239]. The assembly was completed by decreasing the temperature
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from 85 °C to 25 °C at a rate of —1.0 °C/min. The designs incorporated two functionalities: Alexa-

Fluor 647 for fluorescence analysis and aptamers for targeting E. coli [240].

2.1.14 Loading of DOX to DNA origami for biofilm treatments

A mixture of different concentrations of DOX (20 uM, 40 uM, and 60 yM) and DNA origami at two
temperatures (23 °C and 37 °C) was shaken up to 60 h at 100 rpm to evaluate drug loading
efficiency. The loading efficiency was calculated by measuring the absorption of doxorubicin at 480

nm.

2.1.15 Filtering of DOX loaded to DNA origami for DOX loading efficiency studies

After loading DOX to DNA origami, the excess DOX, which were not fully loaded, were removed
using a Micro Biospin column (Bio-Rad) packed with Sephacryl S-300 (GE Healthcare). Micro Bio-
Spin columns clean up DNA and protein samples quickly. First, Sephacryl S-300 was washed three
times with 1x DNA origami at 3000 rpm for 3 min. Then DOX-loaded DNA origami was washed at
1000 rpm for 3 min three times with Sephacryl S-300 and one time with DNA origami.

2.1.16 In vitro release profiles of Doxorubicin for biofilm studies

Five conditions of PBS (pH 7.4), PBS (pH 5.5), DNA origami (pH 7.2), DNase |, and extracellular
polymeric matrix that mimic intracellular and physiological conditions and demonstrate pH influence
on the release of DOX from DNA origami were evaluated. Generally, normal cells show an
extracellular pH value around 7.4 which contrasts with the pH of cancer cells, typically varying
between 6.7-7.1 [241]. Further, biofilm has a variant pH that is influenced by environmental
conditions. Drug-loaded origami was incubated for 0, 5, 10, 15, 20, 40, and 60 hours at 37 °C and
then centrifuged at 10000 rpm at room temperature for 10 min. After centrifuging, the released
doxorubicin in the supernatant was collected and quantified by measuring doxorubicin's emission
(480nm).

2.2. Characterization methods
2.2.1 Soft-Probe-SECM measurements for melanoma and biofilm studies.

SECM measurements were carried out in a three-electrode configuration using a homemade SECM
setup running under SECMx software (G. Wittstock, University of Oldenburg) and comprising an
Ivium Compactstat (lvium Technologies). A soft SECM probe containing a carbon paste
microelectrode (ME, active electrode area ~100 um?) acted as a working electrode, a silver wire was
used as a quasi-reference electrode (QRE), and a platinum wire as a counter electrode (CE). All
potentials noted herein for SECM measurements were referred to the QRE. The soft SECM probe
(VersaScan (VS) Stylus probes obtained from Princeton Applied Research — Ametek) was made of
a thin and flexible PET sheet of 100 um thickness where the ME (electrode area ~100 pm?) was
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embedded into a laser-drilled microchannel and sealed with a 2 um thin Parylene C layer. Soft SECM
probes are brushed over the samples in a gentle contact mode with the Parylene C side touching
the substrate. Prior to each experiment, the tip of the soft SECM probe was cut with a razor blade to

provide a clean active electrode surface (Fig.2.4).

Parylene C coating
Fig.2.4 Optical micrographs of a soft SECM probe on an adhesive tape with collected sample (insets show the side and
cross-sectional view of the tip). Note: blue marks are guides to the eye on the backside of the tapes.

The soft SECM probe was brushed over the samples in a gentle contact mode with the Parylene C
side touching the substrate. The probe was tilted by 20° with respect to the surface normal. All
experiments were performed at room temperature (23 + 2 °C).

For chapter 3, all the SECM experiments were performed at room temperature (23 = 2 °C) in 2 mM
FcMeOH and 1 mM HO in 50 mM PB with pH 6. Adhesive tapes were fixed with the collected
sample facing upwards onto a microscope glass slide for stabilization and placed on the bottom of
an electrochemical cell. HRP catalyzed the oxidation of FcMeOH to FcMeOH®. Lateral SECM probe
translations were carried out with a working electrode potential Er = -0.2 V for the reduction of
FcMeOH?*, probe translation speed = 50 um/s, step size = 25 ym and delay time between probe
movement and current reading = 0.1 s. SECM soft probe translation experiments were carried out
in an alternating probe translation and probe resting period. After a translation step, the soft probe
rested for data acquisition and digitization. In order to bring the SECM probe into contact with the
substrate, a vertical probe movement was made until the soft probe touched the substrate. The
SECM data were analyzed using statistical significance tests. Variance (ANOVA) and t-tests were
applied (details vide infra). For all analyzes, p < 0.05 was considered statistically different.

For Chapters 5 and 6, lateral SECM probe translations were carried out with a working electrode
potential Er = 0.5 V for the oxidation of FcMeOH and FcCOOH, Er = -0.4 V for the reduction of

[Ru(NHs)s]** with probe translation speed = 25 ym/s, step size = 10 um and delay time between
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probe movement and current reading = 0.1 s. The experimental solution contained 2.5 mM FcMeOH
in 100 mM PBS with pH 7.4.

2.2.2 Electrochemical characterization of the Gold MN electrode for melanoma studies

In Chapter 4, cyclic voltammetry of a gold microneedle electrode in 2 mM FcMeOH and 0.1 M KNO3

solution was performed. The potential scan rate was 10 mV/s.

2.2.3 Optical microscopy of melanoma and biofilm samples

The collected cells from culture and mice were observed either under a Keyence VK-8700 laser

scanning microscope, Axio Observer (Zeiss), or by a Dino-Lite camera AM4013MT (1.3 M Pixels).

2.2.4 Electroanalytical measurements with the MN electrode for tyrosinase detection

The analytical performance of the Catechol@alginate: gold MN sensor toward melanoma detection
was tested with samples that mimicked human skin using a TYR-dosed agarose dummy skin.
Dummy gels are commonly employed in diagnosis in vitro research due to their skin-like properties
and reproducible behavior. Therefore, a flexible 1 x 1 cm?, 500 um high PDMS platform to confine
1% wi/v agarose-based dummy skin for SECM imaging was designed. The dummy gel was injected
with different concentrations of TYR, ranging from 0.1 to 0.5 mg-mL™" that were allowed to diffuse
into the gel before applying the MN sensor. A new skin phantom platform was used for each TYR
screening test because the immobilized catechol, reacting with the target TYR, is oxidized to

benzoquinone (BQ), as indicated by the yellow color of the gel.

2.2.5 Confocal laser scanning microscopy (CLSM) for biofilm characterization

CLSM was applied for biofilm studies. A 20 uM solution of SYTO 9 was prepared from a 5 mM stock
solution in DMSO by dilution with PBS. 300 uL of the solution was dropped on a biofilm-coated glass
coverslip and incubated for 30 min at room temperature. The absorption wavelength and emission
wavelength of SYTO 9 are 485 nm and 500 nm, respectively. Then, a 500 nM solution of Pl was
prepared by diluting a 1 mg/mL 1.5 mM stock solution in LB. 300 uL of the solution was dropped on
the biofilm-coated glass coverslip and incubated for 5 min at room temperature. The absorption and
emission wavelengths of Pl are 535 nm and 617 nm, respectively. A solution of 50 mM CTC was
prepared in PBS for CTC staining. 20 pL were dropped on the biofilm-coated glass coverslip and
incubated for 2 h at 37 °C. CTC's absorption wavelength and emission wavelength are 480 nm and
630 nm, respectively. For DAPI staining, 1 ug/mL of DAPI in DMSO was prepared. 300 pL of the

solution was dropped on the biofilm-coated glass coverslip and incubated for 10 min at room
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temperature. The absorption wavelength and emission wavelength of DAPI are 358 nm and 461 nm,
respectively.
The Leica TCS SP8 white light laser (WLL) confocal microscope was used to visualize fluorescent

markers.

2.2.6 Crystal violet staining of biofilms

Biofilm-coated glass coverslips were washed three times with PBS and then dried at 60 °C for 15
min. Afterward, the coverslips were incubated in 2 mL of 0.1 wt% crystal violet staining solution for
15 min. After that, the coverslips were washed with PBS three times and dried at 60°C for 15 min.
Afterward, the stained biofilm was immersed in 30% acetic acid for 15 min to detach the stained
biofilm from the glass slide. The solution was then analyzed with a Lambda 950S UV-Vis

spectrophotometer (PerkinElmer), and the results are given as optical density at 630 nm (ODe3o).

2.2.7 Scanning electron microscopy (SEM) of biofilms

Gold was sputtered with a 6 nm thickness on chromium pre-treated glass slide using a DP650
sputtering machine (Alliance-Concept). A bacterial biofilm was grown on a gold-coated glass slide
in the culture medium for one day. Then, the Au-coated glass slide with biofilm on top was dried for
1 h in an incubator at 60 °C. The SEM images were acquired with a Thermo Scientific Teneo SEM

at 5 kV accelerating voltage and a beam current of 13 pA.

For SEM analysis of gold-coated MNs, the samples were fixed on the stand with double-sided tape.

2.2.8 Statistical analysis

Statistically significant differences for Chapter 3 and Chapter 6 were determined using the f-test,
one-way ANOVA, and two-way ANOVA. Tukey-Kramer posthoc analysis was used when the
ANOVA rejected the null hypothesis. All data were presented as the average + standard deviation,

and comparisons with p < 0.05 were considered statistically different.

For statistical analysis of Chapter 3, the SECM data from the study of the patterns of the normal
mouse skin and the B16 melanoma cell line and simulated skin sample (WM239, WM115, SBcl2
cells, normal skin, and plastic) were analyzed with one-way ANOVA. The null hypothesis for all

statistical analyses was that two sample means were identical.

2.2.9 Characterization of AgNPs, Ag/PVP nanocomposites

The synthesized AgNPs and Ag/PVP nanocomposites were characterized by using Ultraviolet-
visible spectroscopy (UV/Vis) (Lambda 950S UV-Vis spectrophotometer (PerkinElmer)). Colloidal
Ag/PVP of 0.05 mL was added to 5 mL water in a quartz cell. For syntheses 1 and 2, the blank test

was the corresponding water-PVP solution. In the case of ethylene glycol (Synthesis 3), the blank
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solution was the corresponding ethylene glycol-PVP solution, and the chosen volume is the same

as the sample preparation for Syntheses 1 and 2.

Furthermore, AgNPs and nanocomposites' size was measured using dynamic light scattering (DLS)

(Nano series, Malvern, UK).

2.2.10 Atomic Force Microscopy (AFM) of DNA origami for biofilm treatments

The formation of DNA origami was verified using atomic force microscopy (AFM). For AFM, the DNA
nanostructures were diluted 10 times in Origami Buffer (OB). 20 yL was deposited on mica and
incubated for 15 minutes at room temperature before washing three times with 1 mL of OB. The
Bioscope Resolve BioAFM was used with SCANASYST-FLUID+ tips (Bruker). Stability assessment
for storage at 4 °C was done using weekly AFM images and calculating the percentages of correctly
formed structures. Nanoscope 1.9 (Bruker) software was used to analyze dimensions and structure

features.

2.2.11 Structured Illumination Microscopy (SIM) for bacteria studies

SIM images of planktonic bacteria were collected using 3-color SIM for optical sectioning.[242] The
same lense of A x60/1.2 NA water immersion lens (UPLSAPO 60XW, Olympus) focused on the
structured illumination pattern and captured the fluorescence emission light before imaging onto an
sCMOS camera (C11440, Hamamatsu). The wavelengths for excitation were 488 nm (iBEAM-
SMART-488, Toptica), 561 nm (OBIS 561, Coherent), and 640 nm (MLD 640, Cobolt). Images were
acquired using custom SIM software [243]. The images were processed with an automated analysis
which was written in MatLab. For each SIM imaging, 3 UL of the sample were deposited on a glass
coverslip, and an agarose pad was positioned over the sample to prevent the bacteria from moving

during imaging. Another coverslip was positioned on top to minimize drying of the agarose pads.

2.2.12 SIM images of E.coli treated by DNA origami

10 ul of bacterial suspension (ODego of ~1) were mixed with 10 ul of DNA origami (final concentration

~10 nM) and incubated with shaking at room temperature for 15 min.

2.2.13 SIM images of E.coli treated by DOX

Bacterial suspensions (ODeoo of ~1) in solutions with different concentrations of DOX, such as 20
MM, 40 uM, and 60 uM, were incubated either at room temperature (23 °C) or body temperature (37
°C).

2.2.14 Fabrication of 2D microelectrode arrays (MEAs) for biofilm analysis

PEDOT:PSS coated Au MEAs were fabricated by lithography as reported in [56]. Briefly, a 10 nm
Ti/100 nm Au layer was first patterned by lift-off. Next, PEDOT:PSS dispersion (Clevios PH 1000,
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Heraeus, Germany) containing 5% (v/v) ethylene glycol, ~0.0015% (v/v) of dodecyl benzene sulfonic
acid (DBSA) and 1% (v/v) 3-Glycidyloxypropyl)trimethoxysilane (GOPS) (Sigma Aldrich, UK) was
spin-coated to a thickness of around 380 nm. The film was baked at 110 °C for 1 hr and soaked in
de-ionised (DI) water overnight. It was subsequently patterned by photolithography and reactive ion
etching. An insulating Parylene C layer was deposited by chemical vapor deposition (SCS
Labcoater, Speciality Coating Systems, USA). The openings for the electrodes and contact pads
were defined in the PaC layer by lithography followed by reactive ion etching. Since the PaC surface

is hydrophobic, the MEAs were treated with O, plasma prior to culturing biofilms on them.

2.2.15 Electrochemical characterization of the MEAs for biofilm analysis

EIS measurements were conducted with an Ilvium Compactstat (Ivium Technologies), and the data
were fitted by the “impedance.py” package from python. The measured frequency range was from
1 Hz to 100 kHz with an amplitude of £10 mV at the open-circuit voltage. All experiments were

performed at room temperature.
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Annex 2.1

Chemical Supplier Formula Chapter
Anti-tyrosinase
monoclonal antibody Bio Medical (USA) 3
(Ab)
T311
Bovine serum albumin Sigma—Aldrich 3
(BSA) (Switzerland)
Catechol Fluka (Switzerland) CsH4(OH), 3
Commercial 3,3',5,5'-
tetramethylbenzidine ABRAXIS (USA) 3
(TMBred) solution
Deionized water Milli-Q
plus 185 model Millipore (Switzerland) H.O 3,4,5,6
(produced on site)
Dipotassium . .
monohydrogen Slgma—AIdrlch K;HPO, 3,4,5,6
(Switzerland)
phosphate
Sigma-Aldrich
Ethanol (Switzerland) CH3CHOH 3,4,5,6
Hydrogen peroxide (3%) S(gvrafz_e'?ll:;g)h H.0. 3
Hydrogen peroxide, 60% F'?g%ggﬁ;:gils H20- 3
Ferrocenemethanol 97% ?Ing:/?ti-eAr\:gzg;‘ FcMeOH 3,4,6
Polydimethylsiloxane Biesterfeld, Germany PDMS 3
UV curable resins .
(EMD6415) Sun chemical, USA 3
Calcium chloride ?éngtig:ggg? CaCl 3
Alginic acid sodium salt ?éngtig:ggg? NaAlg 3
Sigma Aldrich
Glycerol (Switzerland) 3
Sigma-Aldrich
Lysogeny broth (Sgwitzerlan d) LB 5,6
2xYT microbial growth Sigma-Aldrich T 56
medium (Switzerland) ’
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- Sigma-Aldrich
Ampicillin (Switzerland) 5
I Sigma-Aldrich
Gentamicin (Switzerland) 5
- c Thermo Fisher Scientific
Propidium iodide company (USA) Pl 5,6
. . Sigma-Aldrich
Polyvinylpyrrolidone (Switzerland) PVP 6
SYTO™ 9 Green , —
Fluorescent Nucleic Acid Thermo Fisher Scientific SYTO 9 5,6
. company (USA)
Stain
D-Squame adhesive Clinical and Derm (USA) 5,6
sampling discs
E. coli strain DH5a Invitrogen (USA) 5,6
E.coli strain BL21 Invitrogen (USA) 7
pBluescript SK Il (+) Stratagene (USA) 5
Ferrocenecarboxylic, Sigma-Aldrich
97% (Switzerland) FeCOOH 6
. . Sigma-Aldrich
[1)
Silver nitrate (>99%) (Switzerland) AgNOs3 6
. . Sigma-Aldrich
Sodium Azid (Switzerland) NaNs 6
Trisodium citrate Sigma-Aldrich 6
dihydrate (99.0%) (Switzerland)
L-3,4- : ,
dihydroxyphenylalanine S(gvufz_eﬂ:;g)h CoH11NOy4 3
(L-DOPA, 99%)
Monopotassium Sigma-Aldrich
dihydrogen phosphate (Switzerland) KH,PO. 3,4,5.6
Secondary anti-mouse
Abs conjugated with
horse radish peroxidase Abcam (UK) 3
(Abs-
HRP)
Disodium phosphate Sigma—Aldrich
(99.5%) (Switzerland) Na;HPO, 3,4,5,6
Monosodium phosphate Sigma-Aldrich
(99.5%) (Switzerland) NaHPO. 3456
Sodium chloride (99.5%) Fluka (Switzerland) NaCl 3,4,5,6
Sodium hydroxide J.T. Baker (USA) NaOH 3,456
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Tris base, 3,3°,5,5’-

tetramethylbenzidine S(gvr;;;ﬂ:;g; C1sH20N2
(TMB) powder
Tyrosinase (from
mushroom, lyophilized Sigma—Aldrich
powder, >=1000 unit/mg (Switzerland)
solid)
Hexaammineruthenium
(INl) chloride (99%) aber [Ru(NHs)e]Cls
Doxorubicin Sigma-Aldrich C27H20NO14

(United Kingdom)
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CHAPTER 3 Tape-stripping electrochemical

detection of melanoma!t

Soft-Probe-SECM
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' Adapted from: Sorour Darvishi, Horst Pick, Tzu-En Lin, Yingdi Zhu, Xiaoyun Li, Ping-Chih Ho,
Hubert H Girault, Andreas Lesch, Analytical Chemistry 2019, 91, 12900-12908.
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3.1 Introduction

The identification and surgical removal of melanoma at early stages, i.e., when it is still superficial,
show higher survival rates. The gold standard for diagnosing melanoma is histopathology, where
dermatologists, after visual inspection of a suspicious skin area, excise a piece of skin, and
pathologists examine immuno-stained slices of it for the confirmation of melanoma. A major issue is
that 20-25 biopsies are needed to identify one melanoma correctly [244]. A high rate of false positives
on the dermatologic level leads to a large number of unnecessary excisions. To assist dermatologists
in decision making for or against an excision, several non- and semi-invasive technologies, including
multispectral imaging, Raman spectroscopy, and electrical impedance spectroscopy with
microneedles, have been proposed [245]. These methods generally aim to detect microstructural
changes inside the different skin layers due to the presence of a tumor. As a straightforward and
rapid alternative, tape-stripping with adhesive films on thin plastic foils has been proposed to remove
cells from the stratum corneum to diagnose various skin diseases, e.g., by applying genomic and
protein analyses [244, 246-248]. The stratum corneum has limited functions, apart from being a
hydrophobic protection layer, and its superficial removal is considered as a non-invasive or semi-
invasive process. Sampling with tapes is particularly attractive for melanoma and other skin cancers,
such as squamous cell carcinoma [249, 250], as it provides an elegant and painless way of collecting,
preparing (also with harsh post-collection treatments) and analyzing cutaneous samples. However,
genomic methods require a large genetic profile for differentiating melanoma from benign lesions. It
is important to note that non-invasive methods are not supposed to replace histopathology, but only
positive test results lead to an excision reducing the false positive rate. On the other hand, negative
results lead to follow-up medical visits with higher frequency for visual inspection and possible
excision at a later stage. Liquid biopsy on the contrary, i.e., the non-invasive detection of circulating
tumor cells or melanoma cell-derived free DNA or exosomes in blood, requires usually complex
sample preparation steps and is limited to later melanoma stages (tumor components reaching the
bloodstream). However, the detection of blood circulating methods is currently under evaluation for

being potentially used for personalized therapy and prognosis [251-254].

Non-invasive melanoma detection aims to address the point-of-care testing (POCT) market, which
finds growing attention in various diagnostic areas [255]. In particular, compact electrochemical
platforms have been demonstrated to be reliable, affordable, and time-saving [256-258].
Electrochemical methods have the advantage of being unaffected by optical interferences or opaque
sample matrices. Various groups have recently applied electrochemical approaches to excised
melanoma tissue to detect tyrosinase (TYR) [77, 259]. TYR is a transmembrane, Cu-containing
monooxygenase inside the melanosomes where it catalyzes mono- and di-phenols oxidation, such
as L-tyrosine and L-3,4-dihydroxyphenylalanine (L-DOPA) [260]. The follow-up cyclization products

are derivatives of melanin. Histopathologic TYR assays show high sensitivity (>90%) and specificity
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(>97%) for primary melanoma [261]. They can also be electrochemically read out by applying
immunoassays with enzymatic labels that generate electroactive species [262, 263] or by employing
electro-active TYR substrates and di-phenol derivatives, such as L-DOPA [259, 262] and catechol
[264]. In the first case, peroxidase-labeled antibodies can be used to catalyze the generation of
colored or electroactive species, while in the latter case, TYR oxidizes diphenols directly into
detectable quinones. Besides the overall TYR activity, the micrometric distribution of TYR in tumor
tissue provides important information for melanoma staging, as recently demonstrated by TYR
mapping using scanning electrochemical microscopy (SECM) [77]. Electrochemical scanning probe
microscopies [265] have been applied to investigate the metabolic activity of a broad range of live
cells [266, 267], the redox activity of cancer cells [268-270], enzymatic activity on cell membranes
[271], and cellular responses to toxins [272]. Nanometric tips, including nanopipettes measuring the
ion conductance, provide enhanced sensitivity and lateral resolution on the single-cell level by

damage-free tip insertion into single cells [273-275].

Herein, an electrochemical tape-stripping approach is presented. It is based on removing and
collecting outermost cellular layers from a patient's skin (here a mouse) with an adhesive tape
(Fig.3.1a) and analyzing the sample in an SECM. The well-characterized method of using a TYR
antibody with an HRP label has been adopted for immunolabeling and detection. In contrast to

measuring excised and fixed samples, the tape-stripping approach is operated without further cell

lysing.
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Fig.3.1 Tape-Stripping-SECM. (a) Workflow: (i) collection of skin cells from the skin with an adhesive layer, (ii) staining
melanoma antigens with antibodies and (iii) micro-electrochemical imaging. (b) Colorimetric readout (visualizes antigen
accessibility). (c) Electrochemical readout (micrometric antigen detection).
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A low-resolution colorimetric visualization (Fig.3.1b), e.g., with 3,3',5,5'-tetramethylbenzidine (TMB)
as substrate, with its oxidation catalyzed by HRP presence of H>O,, provides a rapid proof-of-concept
test to visualize the accessibility of the intracellular TYR activity. The electrochemical readout
(Fig.3.1c) with ferrocene methanol (FcMeOH) as a substrate for HRP measures local TYR activity
with high resolution. Soft microelectrodes are ideal probes for contact mode scanning of flexible and

bent substrates, such as the tapes, with a constant working distance.

3.2 Results and discussion

A photograph of intact B-16 cells grown in a Petri dish is shown in Fig.3.2.
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Fig.3.2 Microsopic imag of B16 melanoma cell culture in Petri dish.

Cultured B-16 cells (Fig.3.2) were cultured and then placed on three different circular bare spots of
adhesive (Fig3.3a) that was surrounding by previously collected normal mouse skin cells. Cell
suspensions with decreasing concentrations of B16 melanoma cells (murine tumor cell line) [276],
with the highest relative cell number (4x), two times dilution (2x), and four times dilution (1x) were
grown on the three adhesive spots. After culturing, washing, and drying, the cells were pressed with
a plastic film onto the adhesive layer to imitate tape-stripping of melanoma cells from the skin. This
resulted in flattened and deliberately damaged cells (Fig3.3b). Normal skin cells appeared flat and
stratified (Fig3.3b). Fig3.3c shows macroscopic images of the individual cell patterns before and
after the colorimetric TYR visualization (2 min). A bluish color in the tape area indicated the presence
of TYR activity as a result of the HRP-catalyzed oxidation of TMBq into its cation-free-radical TMBox
(a blue-colored charge transfer complex) [277]. The solution droplets on the tape above the pattern
with melanoma cells turned stronger to blue than the droplet over the normal skin pattern indicating
higher TYR activity in B16-containing sample regions. Indeed, the compression of the cells affected
the integrity of the cell membrane, allowing the TYR antibody to access the TYR without prior

chemical membrane permeabilization [278].

Furthermore, a more significant cell density colored the solution stronger. Notably, the colorimetric
approach serves as a rapid and straightforward visual tool to verify the success of immuno-labeling.
Different cell concentrations and locations in a real skin sample can result in a mixed-colored droplet
(optical disturbances). Furthermore, droplets can spread differently on such samples affecting the
color intensity for the inspector. Therefore, alternative readouts are necessary when melanoma

staging is aimed.
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B16 1x B162x B164x| B161x B16 2% B16 4x

Fig.3.3 (a) Schematic of the sample composition with different relative B16 melanoma cell concentrations. (b) Laser
scanning micrographs of cells collected and pressed on the adhesive layer. (c) Colorimetric TYR visualization. Note: blue
marks are guides to the eye on the backside of the tapes.

For the localized electrochemical detection, an identically prepared tape with B16 murine melanoma
cells was placed after immunostaining into an electrochemical cell and covered with FcMeOH
containing solution. A soft microelectrode (Fig.3.4) was brushed linearly in contact mode five times

along the circular cell patterns with step sizes Ax = 25 ym and line displacement Ay = 200 um.
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Fig.3.4 Schematic of Soft-Probe-SECM line scan directions on a sample with normal mouse skin and B16 cells of
different relative concentrations. The number of line-scans L were either 1-5 or 1-10. The scanning direction was from
right to left, and line-scan 3 (L3) and line-scans 5-6 (L5, L6) were located near the center of all patterns for experiments
with 5 and 10 line-scans, respectively.

FcMeOH?*, generated by the HRP labels in the sample, was electrochemically reduced at the soft
SECM probe. Higher SECM currents refer to higher concentrations of the immuno-labelled TYR, i.e.,
a larger coverage with B16 cells, in close vicinity of the soft microelectrode (Fig.3.5). Lower SECM
currents were recorded over the normal skin patterns. The position of the soft SECM probe on the
tape was simultaneously observed with optical microscopy in transmission mode thanks to the
transparency of the cellular layer, adhesive and plastic support. SECM signals were precisely
correlated with the sample regions of interest (labeled with a blue marker on the backside of the
samples). However, the position of all cells on the tape cannot match exactly the grid points of the

SECM scanning parameters (step sizes in x- and y-directions).

Moreover, regions with higher cell density or fewer cells (e.g., multi-layers versus incomplete
coverage) could be present. In addition, variations in sample roughness, porosity, and permeability
for electro-active species can affect the measured current. It is essential to define a sustainable

procedure for tape stripping and data collection and data treatment to consider these effects.
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translation speed = 50 um s, step size = 25 um. 2 mM FcMeOH and 1 mM H202 in PB (pH 6).

Therefore, the mean currents and standard deviations from each of the four sample regions for the
five line scans were calculated (Fig.3.6 and Table 3.1). A constant background current was recorded
over bare plastic, which resulted from the diffusion of redox-active species from the solution bulk into
the gap between insulating plastic and the soft microelectrode. Partially air-oxidized FcMeOH could
already be present in the solution or accumulated over time from its conversion by catalytically active

sites spread all over the sample.

Table 3.1 Details about SECM data of B16 melanoma mouse cell samples (Fig.3.6):

Pattern Mean current / Std. Dev./ No. of data points
nA nA
Normal mouse skin -0.073 0.019 910
B16 1x -0.076 0.021 435
B16 2x -0.099 0.021 595
B16 4x -0.105 0.034 614
-0.25
B16 1x
mmm B16 2x
-0.20- ™= B164x
Normal mouse skin
< -0.15
| o=
~—
'~ -0.10-
-0.05
0.00

Fig.3.6 Mean values * the standard deviation of all data points recorded for each of the five line scans of Fig.3.6 - B16

L1 L2 L3 L4 L6

melanoma mouse cell samples.
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The background currents varied slightly between experiments due to minor variations of the soft
microelectrode dimensions and microelectrode angle [279]. The bar plot of the region-separated
mean currents shows increasing SECM currents with increasing B16 cell numbers. Also, the murine
corneocytes (normal mouse skin) gave a small signal, which on the one hand can be explained by
low TYR activity in these cells and on the other hand by other proteins than TYR that are present in
the sample. While the SECM signals over the 2x and 4x concentrated B16 samples increased
significantly, the SECM currents over the B16 1x sample were only slightly higher than the SECM
signal over the normal mouse skin sample, which served as a reference for the detection of TYR in
the melanoma cells. This was most likely due to the relatively low coverage with B16 cells leading to
a non-linear trend in the SECM signals. The increase of the mean SECM currents with B16 cell
concentration was confirmed by one-way ANOVA using as N here the number of data points per
sample region of one analyzed sample (Fig.3.7). It was consistent with the rise of color intensity

observed with the colorimetric visualization.
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Fig.3.7 Mean currents * the standard deviation from the five line-scans of Figure 2 and background current on bare plastic.
N corresponds to the number of data points for each sample region in this experiment. One sample with different regions
was analyzed. Meanings: n.s. not significant, ***p < 0.001 and ****p < 0.0001. For all analyzes, p < 0.05 was considered
statistically different.

However, these artificial melanoma samples were homogeneous and pure in their composition, while
melanoma samples from the skin are complex and heterogeneous. Micrometer-resolved SECM
detection represents, therefore, a significant advantage to detect both the TYR global activity and
local heterogeneity. Both characteristics can be linked to disease progression as previously
demonstrated on excised and sliced tissues [77]. Importantly, electrode fouling and contamination of
the solution with the glue from the adhesive layer were not observed thanks to the quality of the
materials employed. In addition, due to the preset angle of the soft probe (generally 20° versus the

surface normal), the active part of the microelectrode was never in physical contact with the glue.

Tape-stripping SECM was then applied to the skin of melanoma mouse models with mutated BRAF
gene and deletion of tumor suppression gene PTEN at weeks 3, 4.5, and 6 after tumor induction.
Both the BRAF and PTEN gens mutations are often found in melanoma [233]. The mouse melanoma

model has been designed and applied for the fast development of metastasis in less than seven
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weeks, as confirmed by using the gold standard IHC [233]. The melanoma regions of the mice, which
were visible by the eye as small pigmented spots, were marked on the backside of the tape
(Fig.3.8a,b). It must be noted that the adhesive tapes used herein were commercial products
routinely used as skin sampling kits for genomic melanoma detection [280]. The tapes are composed
of a strong adhesive layer, specifically designed and fabricated for reproducible cell collection from

the skin [62, 246]. Furthermore, non-invasiveness has been demonstrated in the literature [250].

a)

Tape with backs
marked melanoma regior

Fig.3.8 Photographs of the tape-stripping procedure on a melanoma mouse model. (a) Melanoma region on shaved skin
region. (b) Transparent adhesive tape was placed on the melanoma region with a black mark on the backside of the
location of the melanoma region in SECM experiments.

After the tapes were removed from the mouse skin, the TYR assay was applied to the entire collected
material. The signals from the electrochemical measurements inside the marked area ("melanoma
region") were compared with those outside the mark ("normal skin region"). The normal skin region
served as a reference. The confluence of the cells in both areas was considered equal. Few hairs,
which remained after shaving and collected together with the cells, were equally distributed over
both sample regions and present in all specimens. To verify the accessibility of TYR in the skin
samples, collected by tape-stripping and not treated by cell lysing, first, the rapid colorimetric TYR
test was applied to the skin samples from all three weeks (photographs in Fig.3.9).
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Fig.3.9 Colorimetric detection of TYR in tape-stripped mouse melanoma model skin at different periods after melanoma
induction: (a) 3 weeks, (b) 4.5 weeks and (c) 6 weeks.

Indeed, the solution over the melanoma regions turned blue, demonstrating that tape-stripping of the
cells from the stratum corneum provided direct access to TYR. In addition, the solution over the
normal skin region remained colorless, which confirmed a higher TYR activity in the melanoma
region. After that, ten SECM line-scans were performed over an identically prepared sample, and
the mean current values inside and outside the marks for each line-scan L1 - L10 (Ax = 25 ym and
Ay = 200 ym) and for all ten-line scans together are shown in the bar plots in Fig.3.10 and Table
3.2

Table 3.2 Details about SECM data of the mice skin samples (Fig.3.10):

Normal skin region Melanoma region
Time/ Mean current/ Std. Dev. / No.of data Mean current/ Std.Dev./ No. of data
weeks nA nA points nA nA points
3 -0.078 0.012 635 -0.089 0.034 1067
4.5 -0.094 0.051 954 -0.124 0.055 1434
6 -0.089 0.048 1105 -0.193 0.082 1794
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Fig.3.10 Electrochemical detection at different time periods after melanoma induction: (a) 3 weeks, (b) 4.5 weeks and (c)
6 weeks with mean currents + standard deviation for each out of ten performed SECM line-scans. Experimental details:
One mouse for each week, working potential Er =-0.2 V, probe translation speed = 50 um s, step size = 25 ym, 2 mM
FcMeOH and 1 mM H202 PB (pH 6).

Comparing first the individual line scans for each week, it becomes directly clear that variations
between the line-scan regions for both the normal skin and melanoma region can be significant (e.g.,
for week 4.5). This demonstrates the importance of recording sufficient data points from the entire
sample area, which here was at least 635 for one sample region. Comparing the mean values from
Fig.3.11, it is clear that the recorded currents over the melanoma region of week 3 were just slightly
higher (=10 pA) compared to the normal skin region. For week 4.5, the difference between the
melanoma region and normal skin cell region became more significant (absolute current difference
was —30 pA), which can be associated with higher TYR activity as a direct result of progressed tumor
growth. This effect became even more pronounced after 6 weeks (—100 pA absolute current
difference between normal skin region and melanoma region), indicating further melanoma
progression. Between different experiments, the SECM currents can vary due to slight variations in
electrode area and soft probe angle due to the mechanical cutting of the SECM tip [279]. Tape-
stripping removes a cellular layer of single or strongly connected cells. The electrochemical and
colorimetric readout results represent the biomarker concentration in that particular layer.
Subsequent tape-stripping removes the next layer of cells. By analyzing the samples with
profilometry can provide information about the depth of this sample [62]. Consequently, a layer-by-

layer depth profile could be envisaged in future studies.
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Fig.3.11 Mean current *+ standard deviation of the electrochemical detection at different periods after melanoma induction
(3, 4.5, and 6 weeks) with the data from Fig.3.11. N indicates the number of data points per sample region. For each week,
the melanoma region and normal skin region of one mouse were investigated (1 sample per week, three samples in total).
Grey horizontal lines indicate the background SECM current on bare plastic.

A statistical analysis has been performed for Table 3.3 and Fig.3.12 and showed the differences
after cancer development between TYR expression from normal skin vs. the melanoma part. With
tumor progression, the probability that the mean currents of the melanoma region and normal skin

sample were not different decreased drastically.

Table 3.3 t-tests of SECM currents over melanoma region vs. normal skin for each week of tumor progression. Comment:
The p values are that extremely small because of the large N values used in this case (N = number of data points per
sample area = line scan coordinate)

Test p value
Week 3: normal mouse skin vs. melanoma 1.4-10%4
Week 4.5: normal mouse skin vs. melanoma 9.8-1042
Week 6: normal mouse skin vs melanoma 0
=== Normal skin region * % % %
-0.3- wmm |\elanoma region T N=1794

% 3k %k sk
< -0.2+ N = 1434
% %

: | pa—— |
—_— N = 1067 N = 954
e

-0.1-

0.0-

Week 3 Week 4.5 Week 6

Fig.3.12 Mean current + the standard deviation of electrochemical detection at different periods after melanoma induction
(3, 4.5, and 6 weeks). N indicates the data points on the normal skin region and melanoma region of the same tapped skin.
For each week, the melanoma region and normal skin region of one mouse were investigated. Grey horizontal lines indicate
the background SECM current in bare plastic. Meanings: **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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The tape-stripping concept was further applied to human melanoma cell lines, which have recently
been studied using fixation and cell membrane permeabilization approaches [278]. Herein, an
adhesive tape with three patterns of the human melanoma cell lines SBcl2 (radial growth phase of
melanoma, RGP, earliest stage between the three investigated ones), WM115 (vertical growth phase
of melanoma, VGP), and WM239 (metastatic melanoma, the latest stage of the three investigated
human melanoma cell lines) was prepared. Fig.3.13 shows the photograph of the cells on the petri
dish.

2 B\ o

115, (b) SBcl2, and (c) WM239 cells.

As indicated, the melanoma cell lines can be attributed to different melanoma stages. The cell
suspensions were dropped on the bare adhesive layer and incubated. The cells were let dry and

then compressed to imitate the tape stripping procedure (Fig.3.14).
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Fig.3.14 Laser scanning micrographs of 1 15, SBcl2, WM239, a
collection and pressing.

The colorimetric TYR immunoassay was first applied to intact cells. The schematic in Fig.3.15a
shows the design of the sample with WM115, WM239, and SBcl2 melanoma cells, dead normal skin
cells, and a bare adhesive layer on a PET foil. The macroscopic image of the adhesive tapes before
and 2 min after covering the cell patterns with TMB solution are shown in Fig.3.15b,c. The solution
above non-pressed cell patterns did not turn blue, confirming that the antibodies did not access the
TYR inside the cells without damaging the cell membranes. In addition, the immunoassay test on
the bare adhesive layer confirmed that non-specific binding of the antibodies to the adhesive layer

was excluded (no color change).
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Fig.3.15 Colorimetric visualization of three melanoma cell lines on adhesive tape without mechanical pressing of the cells.
a) Schematic of the sample design. b) Before and c) after 2 min of the colorimetric TYR assay using TMB as a reagent.
Note: black lines in (b) and (c) were drawn on the back of the tape as guides to the eye to indicate the location of the cell
patterns.

Thereafter, the cells were pressed after culturing to imitate cell membrane rupture as for tape

stripping. Fig.3.16 shows that after pressing the solution above the cell patterns turned blue

confirming that the antibodies got access to the TYR inside the cells.

Adhesive layers
Before TYR assay with TMB

b)

tape-collected
Corneocytes

TYR assay with T
SBel2

tape=collected
corneoc{yt&.

Fig.3.16 Exemplary sample with human melanoma cells lines WM115, SBcl2, and WM239, and tape-collected
corneocytes cells after tape collection and pressing. (a) Schematic representation of sample design. (b) Colorimetric
visualization. Note: Black marks are on the back of the tape as guides to the eye.
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The analysis by SECM after immuno-labeling is shown in Fig3.17a,b. Five line scans were
performed with Ax = 25 ym and Ay = 200 pm.
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Fig.3.17 (a) Sample design with WM115, SBcl2, WM239 human melanoma cell lines and tape-collected cells from the
stratum corneum. (b) SECM line scan with Er = 0.2 V, probe translation speed = 50 ym s, step size = 25 ym. 2 mM
FcMeOH and 1 mM H20z in PB (pH 6).

In the mean currents, it can be seen that the pattern with WM115 (VGP) cells showed the highest
TYR activity among the investigated human cell lines, which is confirmed by previous literature
reports [278]. Cells of the RGP (earlier melanoma stage than VGP) and metastatic phase (later
melanoma stage than VGP) presented both lower mean activity of TYR, being not significantly
different from each other (Fig.3.18).
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Fig.3.18 Mean current values + the standard deviation of all data points of each of the five line scans of human
melanoma cell lines. Er =-0.2 V, probe translation speed = 50 um s, step size = 25 ym. 2 mM FcMeOH and 1 mM
H202 in PB (pH 6).
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This was confirmed by one-way ANOVA (Table 3.4 and Fig.3.19). Tumors have developed strategies
to become invisible to the immune system. Therefore, although TYR expression increases with
cancer progression, enzyme degradation at advanced melanoma stages occurs [281, 282]. This
leads, besides a decrease of the global TYR activity, to a heterogeneous antigen expression. Hence,
both information, from which heterogeneity can be correlated to the more considerable variation of
the mean current, are essential parameters. Compared to a previous study on fixed and
permeabilized melanoma cells, the data recorded herein over the WM-239 cell pattern on tape gave

the same trends [77].

Table 3.4 Details about SECM data of human melanoma cell lines (Fig.3.19):

Pattern Mean current / Std. Dev./ No. of data points
nA nA
WM115 -0.400 0.061 361
SBcl2 -0.287 0.050 344
WM239 -0.292 0.082 365
Tape-collected -0.108 0.019 728
corneocytes
ES
I 1
I M 1
1
n.s.
o4 N = 344
g N$365 |
—
027 N = 728
0.0 T
WM239 SBcl2 WM115 tape-collected

corneocytes
Fig.3.19 Mean currents + the standard deviation from five line scans of Figure 6. N indicates the number of data points for
each sample region in one experiment. Blue horizontal lines indicate the background SECM current on bare plastic.
Meanings: n.s. not significant, *p < 0.05, ***p < 0.001 and ****p < 0.0001.

The number of human melanoma cells on the tape samples before incubation were by a factor of
about ten higher than for the murine melanoma cells (vide supra) resulting consequently in higher
SECM signals in Fig.3.19 compared to Fig.3.6. The SECM signals of human corneocytes were
slightly higher than for murine corneocytes, which could be explained by the higher content of TYR

in human skin due to sunlight exposure.
3.3 Conclusions

Tape-Stripping-SECM was used to collect and analyze biological samples with micrometric
electrodes. In vitro grown skin cancer cells and cells from the stratum corneum of melanoma mouse

models were investigated for the presence of the melanoma biomarker TYR. The quality of the tapes
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ensured reproducible cell collection. Removing the stratum corneum with the tape damaged cell
membranes sufficiently for enzyme labeling with antibodies. Increased TYR levels were recorded
following melanoma progression. The colorimetric visualization of immuno-labeled TYR confirmed
the accessibility of intracellular proteins by the tape stripping method. Immunostaining of intact viable
adherent melanoma cells did not give a TYR signal, showing the importance of cell membrane
damage during tape-stripping. Further studies are ongoing on developing imaging protocols towards
melanoma staging based on global and local protein activity. Three-dimensional information about
melanoma biomarker distribution can be obtained by analyzing cells from the stratum corneum of
different depths, subsequently taken with various adhesive tapes from the same skin area. This
sample collection method combined with electrochemical analysis can be further developed as a
skin screening tool for skin disease diagnostics on a broader range. This will require studies on more
samples, but the method may also be applicable to organoids and 3D micro-tissues, increasingly
applied for cancer research. Also, in the recent study based on laser desorption ionization mass
spectrometry is coordinated to record skin surface molecular mass in minutes [283]. The samples
are collected also by adhesive tape and automated result interpretation is achieved by data learning,
using similarity scoring and machine learning algorithms. Furthermore, the progression of
malignancy and also prediction of skin disorder progression have been developed. Furthermore, the
time of SECM analysis could be drastically reduced by using linear arrays of microelectrodes [279].
By placing a taped sample onto a flat microchip with implemented microelectrode array (MEA), the
MEs are arranged in a grid format [284], the presented electrochemical TYR detection approach can
potentially be integrated into Point-Of-Care Testing (POCT) devices. SECM scanning parameters,
such as ME size and step size, can be used to determine the best design experimentally before

fabricating MEA prototypes.
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CHAPTER4 Toward exvivo performance evaluation
of a transdermal gold injectable microneedle for

tyrosinase sensing!
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' Adapted from: Sorour Darvishi and Hubert H Girault, ChemRxiv 2021.
(https://doi.org/10.26434/chemrxiv-2021-g6rj2).
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4.1 Introduction

Diagnostic devices, including dermal biosensors, are becoming increasingly popular due to their high
potential in the laboratory and their potential for personal health observations. Dermal biosensors,
i.e., sensors applied to detect analytes selectivelyis, in the skin are principally divided into wearable
sensors, including skin-worn surface electrodes, and needle-type skin-penetrable biosensors. These
classes of devices were broadly developed to analyze a wide range of analytes in skin tissue and
fluids, including sweat [285] and interstitial fluid (ISF) [286], to detect biomarkers for diseases and
cancer, such as melanoma [264]. One of the most promising skin-diagnostic devices is the skin-
penetrating microneedle array biosensor. At the same time, and if well-designed in terms of materials
and geometries, they enable access to the dermal layers without or only with minimal pain or
bleeding while providing robust information [287]. Apart from the potentially pain or bleeding,
penetrating needles should not provoke the spread of for instance cancer cells to other body parts

when hitting blood vessels.

The sensitive and reliable detection of tumor markers, particularly at the early stage of cancer, is
currently the subject of many intensive studies, particularly melanoma. In general, a wide range of
label-free immunosensing methods has been reported for the detection of cancers, which includes
the use of optical techniques, such as surface plasmon resonance [288], ellipsometry [289], and
electrochemical methods [290, 291]. The electrochemical methods have many theoretical
advantages such as fast operation, ease of use, inexpensiveness, portability, tolerance to sample
turbidity, and often ultrasensitivity for identifying target analytes in complex biological samples [292,
293].

Melanoma can be electrochemically read out by employing electro-active TYR substrates and
derivatives, such as L-3,4-dihydroxyphenylalanine (L-DOPA) [294]. Although histopathologic
analysis of biopsied skin samples will remain the gold standard for confirming melanoma, there is
also an interest in non-invasive and painless screening methods that support dermatologists in
deciding whether a suspicious skin region should be excised for pathology or whether it can be
inspected over a more extended period without invasive intervention. Electrochemical sensing in this
sense can be realized by using microneedle-type electrodes penetrating the epidermis. The
microneedles must be coated with or made of suitable electrode material that is non-toxic, stable,
and provides a sensitive response. In vivo electrochemical detection of TYR requires further
biocompatible needle electrode coatings, such as solid electrolytes or hydrogels, to provide a liquid
electrolyte layer between the electrodes (including a counter and optionally a reference electrode)
and the skin. This electrolyte layer must contain an electroactive species, which diffuses inside the
electrolyte layer and can react with one or more analytes in the skin, such as with the protein TYR.
TYRis an intracellular protein, and addressing it sufficiently might require permeabilizing or rupturing

the cell membrane. The permeabilization step removes more cellular membrane lipids to allow large
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molecules like antibodies to get inside the cell [295]. This might be achievable directly by using the
needles. So far, only a few works have been published on wearable TYR electrochemical sensors
for the screening of melanoma on the skin, from which one example is the work of Wang and co-
workers [264].

This chapter presents the fabrication and electrochemical characterization of nine gold coated
microneedles on one base as a working electrode with external reference electrode and counter
electrode. This work shows preliminary data, but the strategy could be further developed in the future
and applied for in vivo skin measurements. The active electrode area at the cone of the gold needle
was defined by insulating the base part of the MNs with a photo-curable polymer. An ex vivo study
has been done herein with dummy skin composed of an agarose gel with controllable concentrations
and distribution patterns of TYR. The gold MNs were coated with an alginate-based hydrogel loaded
with an electrolyte and catechol. TYR catalyzes the oxidation of catechol in the presence of oxygen,
and the main product of the reaction, o-benzoquinone, is electrochemically detectable at the gold
electrodes. This concept principally enables the use of electrochemical catechol redox cycling as a
measure for the presence and expression of TYR in the immediate environment of the MN, similar
to the work from Wang and co-workers [264]. The microneedle chip was mounted to the z-motor of
an SECM to enable the precise penetration of the MNs into a dummy skin. Depending on the
penetration depth, this principally allows the recording of the lateral and vertical distribution of TYR,
which is important for the electrochemical identification of the progression stage of melanoma and

for studying the MN performance in general.

4.2 Results and discussion

4.2.1 Fabrication of the polymeric base of MNs

The microneedle (MN) chip was fabricated as positive mold from a stainless steel MN template. This
stainless steel MN template was fabricated by using electrical discharge machining, which uses
electrical discharges (sparks) generated between a workpiece (anode) and a shaping piece (anode).
Material is anodically removed from the workpiece in a three-dimensional manner by a series of
rapidly recurring current discharges between the two electrodes. The gap between the two is filled
with a dielectric liquid due to an applied electric voltage [296]. Fig.4.1(a-d) shows the different steps
of electrical discharge machining to fabricate stainless steel MN of the machine, which was carried
out in collaboration with the mechanical workshop of the EPFL site in Sion. A very thin copper wire
(Fig.4.1a) is guided near to the stainless steel block (i.e., the workpiece) into which the MNs were to
be fabricated (Fig.4.1b). The block stand on the holder and the wire were translated relative to each
other in the directions shown in Fig.4.1e. The result was a three-dimensional steel template
containing nine needles in the shape of equal pyramides (Fig.4.1f). In order to get the pyramide-
shaped needles, the electrical discharge machining process was carried out twice with intermediate

rotation of the workpiece by 90 °.
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Electric field

Fig.4.1 (a) Copper wire for electrosparking. (b) Stainless steel block. (c) Holders of the stainless steel block. (d) The whole
system of electrosparking. (e) The direction of movement of copper wire. (f) Stainless steel microneedle.

Laser scanning microscopy (LSM) was used to characterize the dimensions of the microneedles.
LSM images of one example of the as-obtained stainless steel microneedle template is shown in
Fig.4.2. Four side views of the MN template are presented. As it can be seen in Fig.4.2, the MNs
have the same shape and size on all four sides. The MNs have a further height of ~675 um and a
base width of ~363 um, which are dimensions suitable for insertion into the skin, in which the
epidermis that includes the proteins of interest of this work has a thickness of up to 700 um. However,
the applied MN template fabrication method is flexible in terms of the design of the MN template so
that geometry adjustments are facile by modifying the digital process parameters.
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Fig.4.2 Laser microscopy images of stainless steel MNs of the template from the four lateral sides of the template.

After that, a polydimethylsiloxane (PDMS) negative mold of the MNs was made from the stainless
steel template. The mold’s replicate was created by casting the PDMS precursor mixture with a 10:1
weight ratio of elastomer to curing agent. The PDMS precursor mixture was degassed and
subsequently cured in an oven at 80 °C for 4 h to generate the negative mold of the stainless steel
master. The solid PDMS negative mold was detached from the steel template and, afterward, its
surface was treated with oxygen plasma to make the surface hydrophilic. This will enable an easier
removable of the pieces fabricated after that. The cross-section of a PDMS negative mold is shown
in Fig.4.3.

Fig.4.3 Laser microscopy image of PDMS negative mold for the production of a MN chip; side view.
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The PDMS negative mold contained MN negatives of a depth of ~650 ym and a maximum width of
~278 ym. PDMS molds are suitable for casting many kinds of polymers. In this thesis, polystyrene
(PS) was first cast into the PDMS negative mold. Fig.4.4a shows the LSM image of the entire PS
MN plate, and Fig.4.4b shows the LSM of three adjacent PS microneedles with dimensions.
Although having the desired dimensions, the PS MNs were mechanically very fragile. As it is shown
in Fig.4.4a, the tips of certain MNs have partially bent already after the removal from the PDMS
mold. The mechanical strength of MNs is one of the key parameters to insert them into matrixes like
skin successfully. Therefore, the casting polymer for MN production was changed to a commercial

methacrylate-based UV photopolymerizable ink (EMD6415 from SunChemical).

'
- B .;\‘.“":'7"' .
> ; .
g P p
s

Fig.4.4 (a) Macroscopic image of PS microneéc]le chip. (b) Laser microscopy image of PS microneedles with

dimensions.
The procedure for the fabrication of the EMD6415-based MN chip was rather facile. The UV-photo-

curable ink was poured into the PDMS mold and cured under UV light irradiation for 48 hours. A
solid and rigid polymer was obtained after 4 hours. It is known that methacrylates are rather toxic.
Therefore, it must be guaranteed that the polymerization was complete before using the MN chips
further. Indeed, the ink was photochemically cured until the yellowish color of the initial EMD6415

88



ink changed to nearly completely transparent. Fig.4.5 shows a microscopic image of an MN chip
based on the EMD6415-based polymer.

e e 0.5 mm

Fig.4.5 Macrocopic image of anEMD6415-based MN chip.

Furthermore, the MNs were characterized by scanning electron microscopy (SEM, Fig. 4.6). The tip
of the MN contained a quasi-plateau with a length of about 8 um and a width of about 500 nm. Ideally,
a sharp tip would have been desired, but the accuracy of the template fabrication was limited.

Fig.4.6 SEM images of the EMD6415-based MN base plfe (top views with different
magnifications).

4.2.2 Gold coating
A gold layer was deposited as a conductive electrode layer onto the polymeric EMD6415 MN base

plate by thermally subliming gold particles at around 0.185 A/s (1 hour evaporation procedure) using
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a DP650 sputtering machine (Alliance-Concept). Fig.4.7 shows a microscopic photo of an Au-coated
MN electrode (a) and an LSM of the cross-section of a single microneedle (b).

Fig.4.7 Mcocopiimage ogl-coatd MN chip.
Fig.4.8 shows the XRD pattern of the thin gold layer on the EMD6415 MN chip. Gold nanocrystals
exhibited four distinct peaks at 26 = 38.1, 44.3, 64.5, and 77.7. All the four peaks corresponded to
standard Bragg reflections (111), (200), (220), and (311) of face center cubic (fcc) lattice [297],

indicating the successful gold coating on the EMD6415 MN base plate. XRD was used instead of
XPS or EDS just because it was immediately available.
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Fig.4.8 XRD pattern of the gold layer on the MN chip.

4.2.3 Mechanical behavior of gold-coated MNs

An important requirement for using MNs is the effective and reproducibe penetration of the MNs
into the skin. For establishing designs allowing effective and repeatable MN punctures, a good
understanding of the mechanical characteristics of the MNs is essential. The mechanical behavior
of the MNs was evaluated by gently applying a force from the top of the needles until they fail, i.e.
their breaking. The force loading system for assessing the mechanical properties of the MNs is
shown schematically in Fig.4.9.
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Fig.4.9 Machine for characterization the mechanical behavior of MNs.

Fig.4.10 shows the mechanical behavior of the gold-coated EMD6415 MN chip. Fig.4.10a shows
the load-displacement curves recorded with the speed of 50 um-s~'. The failure of the microneedle
chip occurred at 0.22 mm with an applied force of 0.7 N. The results show that the MNs showed a
2.5-3 times higher strength compared to many other values reported in the literature [298]. The
stress-strain curve of the MN chip was also plotted, in which the stress is defined as force per area
of the applied force. The total area of the MN chip was 1 mm? as shown in Fig.4.10b. The mechanical
strain is defined as the displacement per the whole length, which for the microneedles on average
is 675 um. Fig.4.10c shows the stress-strain plot of the EMD6415 MN chip. The Young’s Modulus
data collected in this study at low levels of deformation in the elastic part is shown in Fig.4.10d. The
elasticity of the MN is 0.78 N-mm~, which demonstrates a value that is suitable for initial insertion

into a material like skin [299].
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Fig.4.10 Analysis of the mechanical strength of the EMD6415 MN chip. (a) Load- displacement plot. (b) The scheme of
the top view of MN shows the dimensions used for calculations for creating Fig4.10c and Fig.4.10d. (c) The stress-strain
plot, and (d) the stress-strain plot zooms into the elastic part.

4.2.4 Definition of the active areas of the gold microneedles

The base of the gold MN chip was insulated using the UV-curable dielectric ink EMD6415, as shown

in Fig. 4.11.

Catechol-loaded
hydrogel

—

Catechol-loaded
hydrogel

Gold MN Gold MN

Fig.4.11 Scheme illustrating all layers of the final MN sensor (cross-sectional view).
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4.2.5 Hydrogel coating of the microneedles

For electrochemical measurements in skin the MN electrodes must be coated with a solid or highly
viscous, stable electrolyte layer. Herein, a calcium alginate hydrogel was deposited on the needles
after cross-linking sodium alginate with Ca?* (added as CaCl.) in the presence of glycol according to
the scheme shown in Fig.4.12. The deposition of the hydrogel on the MNs was realized by dip-
coating the MNs into the freshly-prepared hydrogel. After that, the gel-coated MNs were immersed

in a solution containing catechol to load the sensor with that electro-active compound.

Fig.4.12 Schematic representation of alginate hydrogel formation and subsequent loading with catechol.

The thickness of Ca-alginate/glycerol hydrogels on the sensor was estimated for different times of
dip-coating (5 min - 180 min) using a flat gold-coated sample and measuring the hydrogel thickness
with a laser microscope. The plot in Fig.4.13 shows the thickness obtained by dip-coating as a
function of the dipping time. As shown, after 50 min, the thickness of the hydrogel coating
approached a plateau, and after about 1 hr, the thickness of hydrogel reached 90 uym. It was

assumed that the thickness of the hydrogel coating on the microneedle surface was similar.
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Fig.4.13 Thickness of CaAlg/glycerol hydrogel layer on gold as a function of the time of immersion.

4.2.6 Electrochemical properties of hydrogel coated gold MNs

Electrochemical measurements have been carried out by mounting an MN chip holder, produced in-

house, to the Z motor of the Marzhauser SECM system (Fig.4.14(a-c)). One needle plate was used
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as WE (consisting of nine electrically connected Au MNs), one needle plate of Au MN as CE, and
one needle plate of Ag MN as a QRE. First, cyclic voltammetry measurements were performed for
the bare, alginate, and catechol/alginate coated gold MN electrode, from which some examples are
shown in (Fig.4.14d). The sensor was immersed in PBS that contained in all cases FcMeOH. The
redox peaks for FcMeOH are clearly observed in all cases. Comparing the response of the gold MN
electrode with and without hydrogel, it can be clearly seen that the presence of the alginate gel
reduced the active area of the WE as the redox peaks for the oxidation and reduction of FcMeOH
were substantially reduced. However, this result demonstrates that a redox species like FcMeOH
diffused from the sample solution through the alginate gel to the MN electrode. When the gel had
been loaded with catechol, the redox peaks in the CV were increased, most likely due to the
presence of the two redox-active species (FcMeOH plus catechol). In all of the cases, the supporting
electrolyte was PBS. In order to investigate the sensitivity of the sensor for TYR, first solutions with
different concentrations of TYR in PBS were prepared, and the catechol-loaded hydrogel MN chip
was inserted. The detection principle was the following: the oxidation of catechol was catalyzed by
TYR, and the as-generated o-benzoquinone was electrochemically reduced at the Au-MN electrode.
The concept is based on the assumption that the higher the TYR concentration in the environment
of the gel-coated MN chip, the higher the reduction current of o-benzoquinone. The sensitivity for
TYR of the sensor was determined as 47.04 pyAmg'mL (Fig.4.14e). To obtain this value,
chronoamperometry was carried out in an unstirred solution, and the current values at 100s were

taken.

— Catechol/lginate/gold MN
10{— Alginate/gold MN
Gold MN

Y = -47.04*X + 2.942
R?=0.9763

-10 -30
-06 -04 -02 00 02 04 06 00 01 02 03 04 05 08

Potential (V) vs Ag MN Concentration of TYR in agarose gel / mgmL"’
Fig.4.14 (a) Schematic representation of the three-electrode setup connected to the z-motor of an SECM. (b) Photograph
of the holder. (c) Photograph of the holder mounted to the z-motor. (d) Cyclic voltammogram of Gold MN, Alginate/gold
MN, and Catechol@alginate: gold MN biosensors in 5 mM FcMeOH in 0.1 M PBS. Scan rate= 50 mV/s. (e) Calibration
curve extracted from chronoamperometry curves of Catechol@alginate: gold MN biosensor for different concentrations of
TYR in PBS. Applied potential =-0.115V, time = 100 s.
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The final measurements of this part of the thesis were done in dummy skin made of an agarose gel
(Fig.4.15a). TYR of different concentrations was injected locally into the dummy skin generating a
simplified model with TYR-containing features. Fig.4.15b demonstrates the electrochemical
detection principle discussed vide supra. Fig.4.15(c,d) show the electrochemical behavior of the
catechol-loaded gel MN electrodes that were fully inserted into the dummy skin to detect TYR.
Compared to the sensor response in the solution, the concentration of TYR in the gel is an
assumption due to the practical difficulties in preparing a skin model accurately. The sensitivity for
TYR of the MN sensor in dummy skin, obtained from reading the MN reduction current at 100s with
an applied potential of -0.115 V, was about 7.52 yAmg—'mL. This relatively long time of 100s was
selected as the current signals reached quasi-plateaus. The enzymatic oxidation of catechol requires
oxygen. Whether the availability of oxygen during this extended time was constant was not
experimentally verified. This should be done in follow up studies.

a) b)

Gold microneedle

Retract coated with hydrogel

l] Catechol-loaded
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Insert TYR A
++ e_
o |
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©
TVMZ
Dummy skin
0
), d

Y =-7.526*X - 1.772
R?=0.9799
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= TYR concentration =
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Fig.4.15 (a) Schematic representing the electrochemical readout strategy of the gel-based MN sensor for TYR. (b)
Schematic is representing the detection principle for TYR based on the recycling of catechol. (c) Electrochemical detection
of TYR using chronoamperometry of 0.1-0.5 mg/mL TYR in agarose gel. (d) Calibration curve extracted from
chronoamperometry curves (c). Applied potential = -0.115 V, time = 100 s.

Selectivity is an important factor in analytical measurements to determine the performance of a
designed sensor. Catechol@alginate: gold MN shows a low negative potential of about —-0.115V vs
Ag/AgCl for the detection of benzoquinone, and the probability of catechol oxidation with a variety of
components in skin or sweat is low. Several electroactive skin components include glucose [300],
ascorbic acid [301], uric acid [302], histidine [303], cysteamine [304], and glutathione [305] were
examined by inserting 1 mM of each component in the dummy skin. However, as most of these
compounds are reducing agents, they are not suspected of oxidizing catechol. However, they could
reduce o-benzoquinone. The current signals in Fig.4.16 in the bare 1 wt% agarose (black line,
"blank") and in the presence of other constitutes such as 1 mM glutathione (Fig.4.16a), 1 mM uric
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acid (Fig.4.16b), 1 mM glucose (Fig.4.16¢c), 1 mM ascorbic acid (Fig.4.16d), 1 mM histidine
(Fig.4.16e), 1 mM cysteamine (Fig.4.16f), and 1 mg-mL™" TYR (Fig.4.16g) were evaluated. The
current signal in the presence of TYR demonstrated a clear difference compared to all other
components. The relative current values corresponding to different compounds in dummy skin are
shown in Fig.4.16h. Such differences in the responses between TYR and other components suggest
a high selectivity of the MN sensor toward TYR screening, however not considering that competing
compounds in the skin could reduce o-benzoquinone and thus compete with the electrode for this

electro-active species.
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Fig.4.16 Sensor selectivity in the presence of potential interferences. Amperometric response of the microneedle sensor
before (black) and after (red) contact with dummy skin, (a) 1 mM glutathione, (b) 1 mM uric acid, (c) 1 mM glucose, (d) 1
mM ascorbic acid, (e) 1 mM histidine, (f) 1 mM cysteamine, (g) 0.1 mg/mL TYR. (h) Relative current values corresponding
to different compounds in phantom tissue (a—g). Applied potential = -0.115 V, time = 100 s.
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To investigate the reproducibility and stability of catechol@alginate:gold MN biosensors, five
continuous measurements for the detection of o-benzoquinone were carried out in 1 wt% agarose
gel containing 0.1 mg-mL~" TYR. Differential pulse voltammetry (DPV) was applied from 0.1 V to -
0.8 V. The reduction of o-benzoquinone, which was produced by the oxidation of catechol at the
electrode as well as by TYR, was carried out at the Au MN electrode leading to a reduction peak at
-0.15 V. A relative standard deviation (RSD) was calculated by dividing the standard deviation by
the average of currents. An RSD of 9% (n 5 measurements with the same electrode) confirmed that
the catechol@alginate: gold MN shows a reproducible performance for continuous TYR detection
(Fig.4.17(a,b)). With experiment number, the current increased, which could probably be linked to
slight continuous degradation of the hydrogel increasing the active Au electrode surfaces. In another

set of experiments, five catechol@alginate: gold MN electrodes were fabricated and measured. An
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RSD of 4% (n 5 electrodes) was obtained (Fig.4.17(c,d)). These results suggest that the electrode
fabrication process was reproducible, and Catechol@alginate: gold MN biosensors demonstrated

high stability for the repetitive detection of TYR.
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Fig.4.17 (a) and (b) Current response of Catechol@alginate: gold MN for detecting 0.1 mg/mL of TYR with five continuous
measurements using the same electrode. (c) and (d) Current response Catechol@alginate: gold MN for detecting 0.1
mg/mL of TYR with five identically made electrodes. The scan rate = 10 mV/s, and the scan is from -0.8 V to 0.1 V.

4.3 Conclusion

This study proposed a fabrication protocol of an MN electrode chip that could be used for the large-
scale fabrication of transdermal TYR sensors. The preliminary results in dummy skin showed
promising properties of the MNs for sensing the TYR expression present in the matrix where the
MNs are inserted. The microneedles were fabricated via PDMS casting to fabricate a polymer needle
support. After that, the plastic microneedles were coated with a gold film by sputtering to produce an
Au MN electrode. The gold MNs were then covered with an alginate gel loaded with catechol and
PBS to provide a liquid electrolyte layer that contained an electroactive species, which is sensitive
to oxidation that TYR catalyzes. The sensor showed high sensitivity of 7.52 yAmg~'mL TYR in
dummy skin using chronoamperometry (readout time 100s). A relative standard deviation (RSD) of
9% (n 5 measurements with the same electrode) confirmed that Catechol@alginate: gold MN is
reproducible, allowing for continuous TYR detection. Also, five parallel Catechol@alginate: gold MN
electrodes were fabricated using the same experimental setup and showed an RSD of 4% (n 5
electrodes). These results suggest that the electrode fabrication process was reproducible, and
Catechol@alginate: gold MN biosensors demonstrated high stability for repetitive detection of TYR.
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Furthermore, the sensor showed reasonable selectivity in potentially interfering compounds; here
reducing agents were tested. Considering that this work was preliminary, it can be envisaged to
continue this approach by a) addressing the MNs individually for electrochemical bicimaging and c)
to fabricate a more robust solid electrolyte layer, for instance, with a conductive polymer as catechol

derivate to improve the sensing further and to approach in vivo sensing.
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CHAPTER 5  Soft-Probe-Scanning Electrochemical
Microscopy reveals electrochemical surface

reactivity of E. coli biofilms1

Electrochemical readout

T Fluorescence imaging

' Adapted from: Sorour Darvishi, Horst Pick, Emad Oveisi, Hubert H Girault, Andreas Lesch.
Sensors and Actuators B: Chemical 2021, 91, 12900-12908.
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5.1 Introduction

Although much progress has been made in recent years, little is still known about biofilm growth and
the development of its defense mechanisms against antimicrobials [306]. This is often linked to the
limited information that can be obtained by using state-of-the-art analytical methods, which include
for instance the tissue culture plate method [307], tube adherence method [308], congo red agar
method [309], bioluminescent assays [310], and fluorescent microscopic examination [311].
Scanning electron microscopy is applied to visualize the morphology of biofilms, but it cannot
measure the viability of bacteria. Fluorescence microscopy relies on dyes and might require bacterial
cell fixation [312]. High-resolution techniques, such as electron and fluorescence microscopies, are
generally used for micrometric sample regions at certain time points of biofilm development. /n situ
methods for the long-term monitoring of larger areas during biofilm formation and growth are
therefore of high relevance in order to complement the state-of-the-art methods towards a deeper
understanding of the processes involved. One approach to simplify the experimental procedures is
the application of soft contact mode microelectrodes (MEs) that were developed for Soft-Probe-
SECM imaging of extremely delicate targets with irregular topographic features [46, 77]. Using soft
probes in contact mode, the working distance is kept nearly constant without implementing specific

hardware and software, which is required for many other constant distant SECM probes and modes.

This chapter presents approach curves and electrochemical imaging of E. coli strain DH5a biofilms
over square millimeter-sized biofilm regions using soft microelectrodes. Biofilms were grown and
analyzed on different substrates and at different periods of the biofilm development. The concept of
detection was to visualize biofilms by their bacterial metabolic activity that was most likely based on
the ability of the biofilm surface to reduce the oxidized form of ferrocene methanol. Nevertheless, as
biofilms represent complex samples, alternative signal origins are also discussed. Soft-Probe-SECM
electrochemical imaging was specifically utilized to analyze various biofilm samples with and without
ampicillin resistance as well as after gentamicin treatments. The number of samples and
measurements was elevated to approach size data sets that allow the statistical verification of the

results.

5.2 Results and discussion
5.2.1 Optical characterization of biofilm surfaces

Biofilms of E. coli strain DH5a were grown in vitro on glass under static conditions. An alternative
would be the growth of biofilms under flow conditions. The presence of a biofilm on the glass slide
was confirmed by using state-of-the-art microscopic techniques, i.e., SEM, LSM, and CLSM. Fig.5.1
shows an exemplary biofilm of several square millimeters in lateral size. As the varying intensity can
see it of the white color, the biofilm contained regions with higher and lower density. Crystal violet
staining visualized the presence of bacterial cells and extracellular polymeric substances (EPS) by

turning the color of the biofilm violet (inset in Fig.5.1).
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Fig.5.1 E. coli biofilm that was grown for one day on a glass slide was investigated by using optical microscopy. Light
micrographs using crystal violet staining before (main figure) and after (inset) biomass testing. (Note: two different
samples).

CLSM of the biofilm was used to investigate the viability of E. coli cells in the biofilm. The continuous
z-stack confocal bright-field image demonstrated the presence of a three-dimensional biofilm
structure (Fig.5.2a). Only a few bacterial cells moved within and near the biofilm, demonstrating that
the major part of the bacterial cells was fixed in a matrix. SYTO 9/PI co-staining of nucleic acids was
applied to distinguish live from dead bacterial cells (Fig.5.2b,c). SYTO 9 is a green fluorescing,
intercalating and membrane-permeable molecule that initially stains all bacterial cells, i.e., live and
dead cells. In contrast, Pl is a red intercalating stain for which the membranes of intact bacterial cells
is impermeable. PI stains, therefore, only dead bacterial cells with the damaged and porous cell
membrane. As a result, green stains indicate all the bacterial cells (Fig.5.2b), and red (here shown
in yellow) stains indicate dead bacterial cells (Fig.5.2c). The images suggest that the number of
living bacterial cells was clearly higher than for dead bacterial cells indicating an intact biofilm.
CTC/DAPI staining confirmed the results (Fig.5.2d,e). CTC and DAPI offer a fast, facile, and reliable
method for metabolic investigation of bacteria in both suspension and attached to surfaces [313].
DAPI labels nucleic acids of cells. DAPI does not penetrate living bacterial cells and shows,
therefore, only the extracellular DNA (eDNA) of bacterial cells within a biofilm (Fig.5.2d) [314]. CTC
is @ monotetrazolium redox stain that produces a red fluorescent formazan. Red formazan forms
when CTC is chemically or biologically reduced (Fig.5.2e) [315]. It is a marker for respiratory activity,

thus of viable bacterial cells.
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Fig.5.2 Confocal laser scanning fluorescence microscope images of one-day-old biofilm. (a) Bright field, (b) SYTO 9
staining, (c) Pl staining, (d) DAPI staining, and (e) CTC staining. Confocal fluorescence images (a), (b), and (c) were in the
same area of the sample. Confocal fluorescence images (d) and (e) were in the same area of the sample.

Analyzing the morphology of the biofilms, SEM showed densely packed, multi-layered bacterial cells
(Fig.5.3). A thin layer of the EPS matrix covered and connected individual bacterial cells and

confirmed the presence of a biofilm.
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Fig.5.3 Scanning electron microscopy images of one-day-old E. coli biofilm with four different magnifications.
Fig.5.4 shows EPS-covered E. coli cells. The bacterial cell in the center is dividing while coated with

EPS. This makes the EPS layer very clear.

Fig.5.4 Scanning electron microscopy imag of a dividing E. coli cell. E. coli cells are clearly covered by a connecting
EPS layer.

The EPS layer is shown in the SEM of Fig.5.5. The EPS layer divided, maybe due to mechanical
stress during drying under the ultra-high vacuum conditions of the SEM or because bacterial cells of
the biofilm started the process of detaching [316]. This is one of the processes in the growth cycle
of biofilms, which includes the attachment of bacterial cells to a surface, the formation of a monolayer
of bacterial cells that initiate the production of the EPS, colony, and multilayer growth, matured

heterogeneous biofilm with a detachment of planktonic bacterial cells for attaching to a new surface.
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Fig.5.5 Scanning electron microscopy images of a biofilm with a cracked EPS layer demonstrating its presence.

A laser scanning micrograph determined the thickness of a one-day-old biofilm on a glass slide as
shown in Fig.5.6. The biofilm thickness was extracted from the 2D profile created by the microscope

software and resulted in being up to 10 um from the biofilm edge, i.e. the bare glass surface.
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Fig.5.6 Laser scanning micrograph of one-day-old biofilm grown on the glass slide.
The thickness of the top layer of a one-day-old biofilm, which was removed from the glass slide with
an adhesive tape of high quality (medical scotch tape for skin cell sampling), was estimated from
SEM images that were taken from a cross-section of the adhesive tape (Fig.5.7a). ImagedJ (1.52a,
USA) software was used to measure the biofilm layer's thickness from the high magnification SEM
image in Fig.5.7b. Due to the limited resolution of the tape-stripped biofilms as a result of the
exposure of large areas of plastic to the electron beam, individual bacterial cells cannot be seen.
The thickness of the vacuum-dried biofilm on tape in ten different places (separated by 2 ym) was
determined. The diameter of living individual E. coli cells is ~1 um. Therefore, some of the following

values indicate that several parts of the collected biofilm on the adhesive tape were most likely not
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covered by bacterial cells. The following values were measured: 1.15 ym, 1 ym, 0.06 ym (no
bacterial cells), 1.43 um, 3.35 ym, 0.213 um (no bacterial cells), 3.17 ym, 2.98 um, 0.54 ym (no
bacterial cells), and 0.03 um (no bacterial cells). The average and standard deviations were 2.18 ym

and 1.1 ym, respectively.
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Fig.5.7 Scanning electron microscopy images of the cross-section of adhesive tape covered with the surface layer of a
one-day-old biofilm taken from a biofilm on glass. (a) and (b) are images with two different magnifications.

5.2.2 SECM feedback mode characterization of E. coli biofilms surfaces

Soft-Probe-SECM in feedback mode was carried out in 100 mM PBS (pH 7.4) using 2.5 mM FcMeOH
as a redox mediator in order to investigate the electrochemical surface reactivity of a biofilm and the
possibility of electrochemical biofilm imaging. During approach curves, the soft probe was tilted with
an angle of 20° respect to the surface normal and controlled by the SECM probe holder. The probe
height he is considered for approach curve analysis instead of the working distance d. he is positive
when the soft probe is in solution, and it becomes zero when the deepest part of the soft probe

touches the sample (d > 0) and negative when it is pressed against the substrate (d > 0) (Fig.5.8).
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Fig.5.8 Schematic representation of the meaning of the probe height he and the relation to the working distance d
between active part of the soft probe and the sample surface as already explained in Fig.1.6.

Once the probe touched the substrate surface, slight bending of the SECM probe on the plastic sets
in while the SECM current remains nearly constant, demonstrating the constant working distance.
The probe during that period is pressed against the substrate by moving the SECM probe holder
further downwards to reach an hp = =35 pm (vertical distance of the probe after the probe had
contacted the substrate surface). This value or similar ones (he generally ranged from —25 ym to —
35 pm) were applied. They were changed and adjusted according to the needs to guarantee that the
soft probe was always in contact with the sample during line scan experiments. Fig.5.9 shows a
photo with the soft probe being translated over the biofilm-coated area. This photo was made for
demonstration purposes and does not contain a QRE or CE. Furthermore, the biofilm and the tip of
the soft probe were covered with a droplet of the solution rather than immersing the sample

completely into the electrolyte solution as it was done for all SECM measurements.

Soft
microelectrode

Fig.5.9 Soft-Probe-SECM over tape collected bioﬁr-n: Photo for demonstration purposes. Iéxperiments were always
carried out in an electrochemical cell with QRE and CE.
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The reduction of Fe''-containing species, which can compete with oxygen as terminal electron
acceptors within the respiratory electron transport chain in E. coli cells, as previously reported [317].
In this work, FcMeOH* (Fe'') is generated by electrochemical oxidation of FcMeOH at the soft ME,
from where it then diffuses towards the sample (Fig.5.10). Compared to a soft probe in solution bulk
(probe height he = 1 mm), the SECM currents are lower when the soft probe is in physical contact
(he < 0 pm) with biofilm-free, insulating sample regions. The diffusion of FcMeOH from the solution
bulk is physically hindered by the substrate ("negative feedback"). FcMeOH reaches the soft
microelectrode only through the tiny gap between microelectrode and sample, leading to the

remaining current recorded (Fig.5.10).
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Fig.5.10 SECM feedback mode approach curves over one-day-old-E. coli biofilm-coated and biofilm-free glass and
adhesive tape substrates. (a) Schematic representation of the "unhindered", nearly hemispherical diffusion of FcMeOH
towards the microelectrode with the soft probe in the solution bulk (/Normbuik = 1), hindered diffusion when the soft probe is
near or in contact with a smooth insulator like glass (/Nom,insuiator = —0), hindered diffusion with redox mediator regeneration
when the soft probe contacts the biofilm (/Norm,insulator< INorm,biofilm/insulator < /Norm,bulk).

When the soft probe touched a glass slide, it started sliding forward with a nearly constant working
distance, which becomes clear by the constant SECM current for hp < 0 pm (INorm,giass < 0.20, black
curve in Fig.5.11a). For the approach curves in Fig.5.11, the SECM currents / were normalized by
the current recorded in the solution bulk /suk giving in the bulk normbuk = 1. In contrast, approaching
the soft microelectrode towards a one-day-old E. coli biofilm on glass resulted in the contact point
between soft probe and biofilm in a feedback current significantly larger than over bare glass
(INorm piocfimiglass = 0.88, Fig.5.11a,b). This could be due to the ability of the biofilm to reduce FcMeOH"*
back to FcMeOH, for instance, within the respiratory electron transport chain of metabolically active
E. coli cells (redox potential of FcMeOH = 0.44 V vs SHE) [318]. The electrochemical reactivity of
the biofilm results in an additional flux of FcMeOH from the E. coli cells embedded in the biofilm and
thus towards the soft microelectrode. The SECM current over the biofilm on glass was up to eight
times higher than over bare glass (Fig.5.11a) but lower than the steady-state diffusion-controlled

current for the oxidation of FcMeOH in the solution bulk (/normpuk = 1). This suggests finite kinetics
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for the regeneration reaction in the biofilm and/or limited mass transport within the biofilm matrix and
across the bacterial cell membranes. In the literature, similar approach curves with FcMeOH as a
redox mediator were reported to locate the surface of E. coli biofilms [319]. However, the diffusion
of FcMeOH from the solution bulk within the biofilm matrix and reaching the microelectrode as an
additional flux from the bottom could principally contribute to the signal (the water content in biofilms
can be up to 97%, [156]). It would depend on the thickness of the biofilm and also on the size of
available diffusion channels in the three-dimensional biofilm structure. However, as the estimated
thickness of one-day-old biofilms on glass was herein generally in the range of 10 ym (Fig.5.7), it
should not explain alone the higher current compared to bare glass (/Norm,giass,hp=10 pm = ~0.5).
Finally, also redox activity of the extracellular matrix and biofilm microenvironment (e.g., by the
release of redox-active molecules) could contribute to the signal. Still, the release of compounds,
such as quorum-sensing molecules, plays a larger role in other bacterial species than E. coli [174,
175, 320, 321]. Approach curves were then performed over three identically grown E. coli biofilms
on glass (Nsampie = 3, Fig.5.11a) duplicate and laterally separated by 100 ym (six approach curves
in total). The normalized feedback current at the contact point between soft probe and sample for all
six approach curves over the biofilm was ~0.87 and varied by 2% (Fig.5.11b). This suggests
repeatability for the biofilm growth protocol, as well as for the feedback mode approach curves. After
that, three identically grown biofilms on glass were tape-stripped with adhesive tape (Nsample = 3).
This procedure removes a few micrometers (determined as (2.2 £ 1.1) uym, Fig.5.7) surface of the
biofilm, demonstrating the possibility of collecting biofilm surface layers from any surface of interest
for analysis using Soft-Probe-SECM. Notably, the approach curves over the bare adhesive tape and
tape-collected biofilm surface layers resulted in very similar feedback mode currents compared to
the entire biofilms on glass. The normalized currents at the contact points between the soft probe
and the biofiim-free adhesive layer were Inorm,adhesive = 0.2, and with the tape-collected biofilm surface
INorm piofim surface/adhesive = 0.86 (Fig.5.11¢). This was verified for a total of six approach curves on the
three different samples (Fig.5.11d). These results suggest that the sensitivity of the SECM feedback
mode is restricted to the surface layer of the biofilm. Therefore, the SECM approach seems to
operate in a surface-confined mode and enables the analysis of biofilm surface layers on entire
biofilms and tape-collected biofilm surface layers. The concentration of FcMeOH was quite high. In
the future it could be tested how lower concentrations will affect the approach curves. It could result

in larger normalized currents.
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Fig.5.11 (a) Approach curves over glass and biofilm/glass. (b) Two locally separated approach curves over three identically
grown biofilms/glass (Nsample = 3). (c) Approach curves over the adhesive tape and tape-stripped biofilm surface layer on
adhesive tape. (d) Two locally separated approach curves over each of three identically grown, tape-stripped biofilm
surface layers on adhesive tape (Nsample = 3). Experimental details: Er = 0.5 V, probe translation speed = 5 ym s, step
size = 2 ym, 2.5 mM FcMeOH in 100 mM PBS (pH 7.4). Orange dashed lines indicate the contact point between the
approaching soft probe and sample.

After that, an E. coli biofilm, grown for one day on a glass slide, was partially cleared using a soft
wipe wetted with alcohol to create a sample with an almost sharp biofilm-glass border for SECM
feedback mode imaging (Fig.5.12a-b). The sample was air-dried at room temperature for 15 min
before SECM measurement. A soft probe was repeatedly placed with continuous perpendicular
displacements onto the glass part and horizontally translated over the biofilm-coated region
constructing the SECM feedback mode image in Fig.5.12c. As expected, the SECM feedback mode
currents over the biofilm were higher than over the glass, suggesting that the biofilm-coated region
reduced FcMeOH* (plus the other possible signal generating events discussed vide supra). The
mean SECM current over the glass was generally (0.09 £ 0.04) nA and (0.70 £ 0.24) nA on the
biofilm-coated site. The presence of a few remaining active bacterial cells and biofilm (Fig.5.12b) on
the cleaned glass side most likely could not contribute to the SECM signal due to the sensitivity limits
of the used probe. The integrity of the biofilm and thus the ability to regenerate the redox mediator
metabolically could have been influenced by the nearby alcohol treatment. In conclusion, the biofilm
during consecutive contact mode line scanning remained adhered. The active part of the soft probe

did not get contaminated by biofilm material, as seen by its stable response.
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Fig.5.12 Soft-Probe-SECM imaging of E. coli biofilm on glass. (a,b) LSMs of the biofilm with two magnifications. (c) Soft-
Probe-SECM feedback mode image of an E. coli biofilm-glass border, generated with an alcohol-soaked wipe. Considered

biofilm area = 0.5 mm?2. Experimental details: Et = 0.5 V, probe translation speed = 25 um s, step size = 10 ym, 2.5 mM
FcMeOH in 100 mM PBS (pH 7.4).

5.2.3 Feedback mode imaging of biofilm formation with ampicillin resistant or susceptible DH5«
E. coli cells

Biofilm formation is a stepwise process (Fig.5.13): (1) attachment of bacterial cells to a substrate
surface, (2) maturation of the biofilm (formation of a viable 3D structure), and (3) partial
dispersion/detachment of biofilm components (bacterial cells are released from biofilm regions with

less nutrient).
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Fig.5.13 Steps of biofilm attachment, maturation, and detachment.
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Crystal violet staining was first carried out daily on ten separately grown ampicillin-susceptible E. coli
biofilms on glass (Nsampie = 10, Fig.5.14a). Ampicillin-susceptible bacterial cells are grown in a
solution without ampicillin protection against co-bacterial contamination. An overall increase of the
total biofilm mass was detected by the increasing ODe30nm leading to a sigmoidal shape of the ODe3onm

value as a function of culturing time, approaching a quasi-plateau at day six (Fig.5.14b).
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Fig.5.14 (a) Fluorescence images of entire crystal violet stained biofilms on glass. (b) ODs3so of crystal violet-stained total
biomass of E. coli biofilms after removal from glass.

This quasi-plateau could indicate a continuous biofilm growth with the constant detachment of similar
daily amounts of biofilm material. Based on the conclusions made in the previous section, i.e., tape-
stripped biofilm surface layers give similar SECM signals as the direct analysis of the surface layers
of entire biofilms, the top layer of one biofilm for each of the ten samples with progressing growth
period was collected with an adhesive tape and then analyzed by SECM feedback mode imaging
(Fig.5.15). The SECM feedback mode images indicate local variations in current over lateral
dimensions of about 50 pym to 100 pm.
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Fig.5.15 Soft-probe-SECM images of native E. coli biofilm collected with adhesive tape in 10 days. Experimental details:
working potential Er = 0.5 V, probe translation speed = 25 ym s, step size = 10 ym, 2.5 mM FcMeOH in 100 mM PBS
(pH 7.4).

For instance, these features are repeatedly observed, seen by repeatedly recorded SECM line scans
(Fig.5.16). This could be due to the morphology of the adhesive tape after sample collection and by
mounting the tape in the SECM cell. The tape morphology could affect probe sliding and probe angle

but was not seen in similar experiments with skin cells in chapter 3 [290].
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Fig.5.16 Repeatability of Soft-Probe-SECM line scans over one E. coli biofilm surface layer, collected with an adhesive
tape. Three linescans L1 to L3. Experimental details: Er = 0.5 V, probe translation speed = 25 ym s, step size = 10 ym,
2.5 mM FcMeOH in 100 mM PBS (pH 7.4).

Further, variations in local biofilm collection efficiency of the adhesive layer could affect the biofilm
coverage on the tape. Finally, signal variations could result from a yet to be determined intrinsic
heterogeneous metabolic activity of the biofilm. Features of similar dimensions can be seen in the

images of crystal violet-stained biofilms from Day 6 to Day 9. The mean feedback mode current was
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calculated for each SECM image (1 mm?) using all 10'251 data points per image. To compensate
for possible variations between SECM experiments in terms of the exact soft probe dimension after
mechanical cutting and the exact probe angle [46, 290], the mean soft probe responses were
calibrated by considering the bulk current and negative feedback current over an insulator (Equation
5.1 and Equation 5.2).

*

I solution bulk = ] solution bulk, AC - ] insulator, AC (Equation 5.1 )

where [*sowtion buik (/sol. buik ) is calculated by subtracting from the current lsoiution buik, Ac (Isol. buik), measured
in the solution bulk at the beginning of an approach curve (AC), the negative feedback current with
the soft probe in contact with the insulating surface of the substrate (/insuator, ac). For the bar plots,

Equation 5.2 is used,

I i I ro -
calmean ( mean, FB-image - insulator,AC ) ( solution bulk ) (Equatlon 52)

where Imean, FB-image IS the average current of all SECM image points either over the biofilm, adhesive
layer, or insulator. The bulk current then normalizes the mean SECM current *soution buik- In this way,
the purely negative feedback current over an insulating surface is nearly zero. The calibrated /camean

would be equal to 1 if the FB current over the biofilm would be the same as in the solution bulk.

Table 5.1 Details about SECM data from Fig.5.15 and Fig.5.17a and its calibration to create Fig.5.17b. N = number of
data points per SECM image.

Day Isol. bulk/ nA Iinsulator/ nA rsol. bulk/ nA Imean,FB-image/ nA rcal,mean
_ (0.43£0.13) (N =
1 3.95 0.02 3.93 (1.73 £ 0.54) (N = 10251) Tovan
2 3.75 0.02 3.74 (1.49+0.54) (N=10251) (039014 (N=
10251)
3 3.91 0.08 3.84 (129+035) (N=10251) (0322 0.07)(N=
10251)
4 3.76 0.02 3.75 (0.72+0.24) (N=10251)  (0-19£0.06)(N=
10251)
_ (0.18 £0.10) (N =
5 3.58 0.01 3.56 (0.64 £ 0.37) (N = 10251) Tovan
6 4.28 0.02 4.26 (090 +0.38) (N=10251) (0212 0.09)(N=
10251)
7 4.44 0.05 4.38 (243+0.33) (N=10251) (034000 (N=
10251)
8 4.36 0.03 4.32 (2.48 +0.25) (N=10251)  (0-57£0.05)(N=
10251)
_ (0.36 £0.17) (N =
9 4.07 0.13 3.94 (1,53 £ 0.78) (N = 10251) Tova)
10 3.52 0.09 3.43 (136 £0.62) (N=10251) (037 1*02'51%) (N=

113



a) 3 b) 08

N = 10251 T Calibrated

T 0.6 M =102&1

<L ) - -
__:_ : i 3 0.4

N ‘ I_l
g5 : 0.0 ’7
NGO

RETER R EERERERRE

Fig.5.17 Bar plots show the mean currents + standard deviation from all data points of ten SECM images of tape-
collected E. coli biofilm surface layers without (a) and with (b) calibration according to Table 5.1. One biofilm per day.

—

The mean SECM feedback mode current during SECM imaging of the biofilm-coated adhesive layer
(one-day biofilm growth) was ten times higher ((1.73 + 0.54) nA, (Fig.5.15 and Table 5.1) than the
current over bare adhesive tape (0.17 £ 0.05) nA (Fig.5.18 and Table 5.2).
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Fig.5.18 Soft-Probe-SECM FB image of bare adhesive tape. Experimental details: Er = 0.5 V, probe translation speed =
25 um s, step size = 10 ym, 2.5 mM FcMeOH in 100 mM PBS (pH 7.4).

Table 5.2 Details about SECM data of the calibration of the SECM FB currents from Fig.5.18.

lso::‘bAulkl linsutator /| NA rsoll;lzjlk / Imean,FB-image | NA lcalmean

4.635 0.04 4.59 (0.17 + 0.05) (N = 10201) 0.11 (N = 10201)

As the SECM detection sensitivity seems to be surface-confined, the mean currents of the SECM
images of the tape-collected top biofilm layer over ten days cannot follow the same trend as the
increasing ODe3onm intensities from the crystal violet stained entire biofilm mass on glass. The mean
SECM current of the measurement series with ampicillin-susceptible E. coli biofilms was calculated
and compared with the mean current of the ten images taken daily during the growth of ten separate

ampicillin-resistant E. coli biofilms (grown in the presence of ampicillin, (Fig.5.19 and Table 5.3)).
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Fig.5.19 Soft-probe-SECM images of resistant E. coli biofilm with ampicillin collected with adhesive tape in 10 days.
Experimental details: working potential £t = 0.5 V, probe translation speed = 25 um s, step size = 10 um, 2.5 mM

FcMeOH in 100 mM PBS (pH 7.4).

Table 5.3 Details about SECM data from Fig.5.19 and Fig.5.20a and its calibration to create Fig.5.20b. N = number of

data points per SECM image.

Day Jsoi.buik/ NA  fnsuiator/ NA  T'sol. buik/ NA Imean,FB-image | NA I caimean

1 7.2 0.07 744 (4.61+0.41)(N=10201) (0.64+ 0.05) (N = 10201)

2 8.2 0.07 813  (2.83+0.15)(N=10201) (0.34 +0.010) (N = 10201)
3 6.7 0.05 665  (3.80+0.45)(N=10201) (0.56+0.06) (N = 10201)

4 8.1 0.15 795  (6.43+0.22)(N=10201) (0.79 +0.01) (N = 10201)
5 73 0.04 726  (3.55+0.81)(N=10201) (0.48 +0.01) (N = 10201)
6 8.3 0.06 824  (3.97+0.74)(N=10201) (0.47 +0.08) (N = 10201)
7 8.1 0.02 7.86  (3.24+0.05) (N = 10201) 0.41 (N = 10201)

8 8.1 0.09 8.01 (3.45 + 0.83) (N= 10201)  (0.42 + 0.09) (N = 10201)
9 7.9 0.01 789  (5.65+0.08) (N=10201) (0.71+0.01) (N = 10201)
10 7.8 0.05 775  (4.35+0.68) (N=10201) (0.55+0.08) (N = 10201)
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Fig.5.20 Bar plots show mean SECM FB currents + standard deviation from all data points of ten SECM images of tape-
collected E. coli biofilm surface layers with ampicillin-resistant E. coli cells without (a) and (b) calibration according to
Table S10.
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The lower calibrated mean current of 0.36 + 0.14 versus 0.54 + 0.14 suggests that the use of
ampicillin-resistant E. coli resulted in a biofilm with higher metabolic activity (or increased side events
increasing the SECM feedback current, vide infra) (Fig.5.21).
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Fig.5.21 Mean currents + standard deviation of ten biofilms with E. coli without and with ampicillin resistance.
Experimental SECM details: Er = 0.5 V, probe translation speed = 25 um s, step size = 10 um, 2.5 mM FcMeOH in 100
mM PBS (pH 7.4). Reported SECM imaging area: 1 mm?.

5.2.4 SECM imaging of E. coli biofilm during antibiotic treatment

Gentamicin is one of the most effective antibiotics against E. coli biofilms [322]. It is an
aminoglycoside-based hydrophobic compound that permeates through the outer membrane of E.
coli cells [323]. The effectiveness of aminoglycosides is based on the inhibition of the synthesis of
proteins through binding to the 30S ribosome. A second lethal effect could be the perturbation of the
surface of the bacterial cells [322]. Herein, the minimum inhibitory concentration (MIC) of 32 pg/mL
gentamicin was applied for 1 h (Fig.5.22a) and 24 h (Fig.5.22b) to two tape-collected E. coli biofilms.
Thereafter, 20 times the MIC (20 MIC = 640 ug/mL) was applied for 1 h (Fig.5.22¢) to a third tape-
collected E. coli biofilm [324]. SECM imaging of the same areas was carried out in all three cases
before and after the antibiotic treatment. The two solutions with FcMeOH and the antibiotics were
changed, and the samples were washed. However after antibiotic treatment, the SECM FB currents
over the biofilms decreased to a different extent. At the MIC, the mean SECM current decreased by

80% after 1 h and 94% after 24h. Therefore, it can be concluded that only little biofilm activity
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remained. After 1 h with 20 MIC, the activity of the biofilms was nearly completely reduced (i.e.,
99%). As expected, the antibiotic treatment was more efficient with longer treatment times and higher
antibiotic concentrations. LSMs of the biofilm after (Fig.5.22d,e) antibiotic treatment with 20 MIC

demonstrated the presence of remaining biofilm on the tape.
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Fig.5.22 Soft-Probe-SECM imaging of tape-collected one day old, ampicillin-resistant E. coli biofilm before (i) and after (ii)
gentamicin treatment. (a) 32 pyg/mL (MIC), incubation time = 1 h. (b) 32 pg/mL (MIC), incubation time = 24 h. (c) 640 pg/mL
(20 MIC), incubation time = 1 h. (a-c, iii) Mean SECM FB currents * standard deviation. (d) and (e) LSMs of one E. coli
biofilm after the gentamicin treatment with 20 MIC and an incubation time of 1 h in two magnifications. Experimental SECM
details: Et = 0.5V, probe translation speed = 25 ym s, step size = 10 ym, 2.5 mM FcMeOH in 100 mM PBS (pH7.4).

5.3 Conclusions

In this chapter, Soft-Probe-SECM imaging of the metabolic activity of E. coli biofilms using a redox

mediator was presented. First, the formation of E. coli biofilms was confirmed using standard

microscopic methods. FcMeOH was used as a metabolic activity indicator for visualizing biofilm
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metabolic activity electrochemically. The biofilms showed the ability to reduce FcMeOH™* and enabled
SECM feedback mode characterization and imaging. Soft microelectrodes were gently brushed over
the biofilm allowing scanning experiments with a nearly constant working distance while keeping the
biofilm intact. Biofilms were analyzed on glass slides and their top surface layer of ~2 uym thickness
after collection with adhesive tapes. As the responses of both systems appeared very similar, the
SECM method seemed sensitive to the surface layer of the biofilms. The micro-electrochemical
imaging procedure was repeated during several days of biofilm growth and could distinguish the
growth of ampicillin-susceptible and -resistant E. coli biofilms. Finally, this work demonstrated that
Soft-Probe-SECM imaging is a powerful tool to analyze the degradation of biofilms in the presence
of antimicrobial agents such as antibiotics. The work showed that FcMeOH is a suitable redox
indicator for general and long-lasting biofilms studies with accessible recording the biofilm metabolic
activity. The technique complements microscopic techniques, gene expression analysis, and

proteomics and could open the door for further SECM-based biofilm studies.
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CHAPTER 6 Revealing the effects of four different
antimicrobial agents on E. coli biofilms by using Soft-

Probe Scanning Electrochemical Microscopy
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6.1 Introduction

Bacterial biofilms are thin organic layers composed of more bacterial cells embedded in a matrix
containing extracellular polymeric substances (EPS) and water [325]. The EPS-based matrix
behaves as a physicochemical barrier limiting the accessibility of nutrient supplements and
antimicrobial reagents [326]. The lack of nutrients reduces the metabolism of bacteria deep inside
the biofilm, and they adapt to a dormant state, making them less susceptible to antimicrobial agents
[327]. The efficiency of antibiotic treatments is evaluated by detecting the viability of bacterial cells
in the biofilm when exposed to antimicrobial agents. Several techniques can be applied to assess
biofilm viability based on biofilm's culturability, RNA detection, metabolic activity, or the determination
of membrane integrity [124]. For instance, counting colony-forming unit (CFU) of bacteria grown in
agar plates with artificial nutrients is one such method. It quantifies the number of colonies that are
formed by viable cells. Utilizing the CFU method for evaluating biofilm viability may generate potential
errors due to the significant merging of adjacent colonies during readout [132, 134]. Molecular
methods based on the polymerase chain reaction (PCR) provide genetic information that is
correlated to bacterial species and their mutations [136, 138]. Although PCR is very powerful and is
being increasingly used, it lacks antimicrobial sensitivity [328]. Flow cytometry (FCM) comprises
multiparametric analysis, in which the bacterial cell surface or its components are labeled with one
or more fluorescent dyes [329, 330]. FCM shows limitations when distinguishing between small cells
and cellular debris due to the small size of bacteria [331]. Static biofilms can be analyzed using
fluorescence imaging [332] alone or with staining techniques like crystal violet staining or live/ dead
staining [154]. It provides worthy information. However, these methods can suffer from intrinsic
defects. Crystal violet indicates the biomass of biofilms (i.e., bacteria and the extracellular matrix),
but it does not show biofilm viability. Live/dead staining with microscopic fluorescence imaging is
time-consuming (e.g., stacked imaging to investigate the 3D structure) and limited to a small biofilm

section. Therefore, it is not suitable for high-throughput quantification.

In situ and ex situ methods, metabolic assays detect metabolic compounds produced or consumed
by bacteria. This approach evaluates the viability of intact biofilms and can be realized by utilizing
metabolic indicator dyes such as resazurin [134, 159], fluorescein diacetate [162], or pH indicators
[156]. Metabolic assays often evaluate the free-floating bacteria and the bacteria within the biofilm
differently. This could be the main drawback of the metabolic assays for detecting biofilm viability
[333]. Alternatively, electrochemical methods can be applied for the in situ investigation of the
metabolic activity of biofilms. Electrochemical detection is sensitive, can be non-destructive to living
biological samples, is operational in small sample volumes, can be applied in portable devices (e.g.,
sensors), and is generally less prone to interferences than optical methods [290, 334-337].
Electrochemical investigations of biofilms with microelectrodes offer many opportunities, as recently

reviewed [177]. In particular, scanning electrochemical microscopy (SECM) is attractive for real-time
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detection of redox-active small molecules and a biofilm's metabolic activity with micrometer
resolution. SECM has been used for different investigations on biofilms, e.g., the detection of H,0;
at biofilms to study glucose metabolism of various biofilms [183, 193], catalase activity of Vibrio
fischeri biofilms [183], quorum sensing molecules with the aid of the detection of pyocyanin [174,
175, 338]. Also, SECM was proposed to detect the effect of antimicrobial treatments [339-342].

Several chemical and physical methods have demonstrated antimicrobial effects on biofilms,
including antibiotics, various materials, heat treatment, light treatment, or filtration [343, 344].
Antimicrobial reagents have been discussed in detail in Chapter 1. Briefly, antimicrobial agents can
be divided into different groups based on the mechanism of antimicrobial activity [114, 345],
including; i) inhibition of the microbial adherence, ii) inhibition of microbial quorum sensing, iii)
degradation of the extracellular matrix, iv) inhibition of bacterial cell wall synthesis, v) depolarizing of
the bacteria cell membrane, vi) inhibition of protein and nucleic acid synthesis, and vii) inhibition of
metabolic pathways in bacteria [114, 343, 344, 346, 347]. Metal nanoparticles such as gold (AuNPs)
and silver nanoparticles (AgNPs) possess an intrinsic antimicrobial activity. This thesis used silver
nanoparticles as antimicrobial agents [348, 349]. Furthermore, antimicrobial chemicals including
fluoride [350], chlorine [351], and chlorhexidine [352], and sodium azide [353, 354] were used to
eradicate biofilms. Among the antimicrobial chemicals, azide has a significant effect as an inhibitory

agent on bacteria's metabolic pathways within the biofilm.

In chapter 5, the potential to use Soft-Probe-SECM for the investigation of metabolic activity of
biofilms by using the feedback mode of SECM was demonstrated [355]. In this chapter, the
objectives were to determine the inherent impacts of antimicrobial reagents on the biofilm of the
model bacterium E. coli strain DH5a by recording the electrochemical surface reactivity of biofilm
and to determine whether Soft-Probe-SECM is sensitive to the impact of incubation time and
concentration of antimicrobial reagents on the biofilms. We present the use of SECM to visualize the
response of E. coli biofiims to two different antimicrobial agents: sodium azide and silver
nanoparticles and flashlight treatment, and the constraints of combining and comparing with data
obtained from state-of-the-art biofilm detection methods. Further, since nanoparticle transport in the
biofilm are affected by particle size and therefore aggregation state, the treatment effects of using

three types of AgNPs with different colloidal stability were compared.
6.2. Results and discussion

6.2.1 Selection of redox mediator for feedback mode imaging of native E. coli biofilms

First, two redox mediators were compared to identify a more sensitive redox-active mediator to
detect the redox activity of biofilms by SECM. One day old E. coli biofilms were grown on glass slides
in a culture medium. The successful formation of the biofilm, i.e., viable and intact bacterial cells

embedded in EPS were confirmed by laser scanning microscopy, SEM, and live/ dead fluorescence
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microscopy. Laser scanning micrographs (LSMs) in Fig.6.1a,b show the 3D structure of an E. coli
biofilm attached to a glass slide in two magnifications. Low magnifications (Fig.6.1a) show the
compact and homogeneous biofilm grown on the glass slide. The higher magnification (Fig.6.1b)
shows the bacteria embedded in the EPS. Scanning electron microscopy (SEM) also shows biofilm
morphology in Fig.6.1c,d and supports the results from LSMs. The fluorescence image of crystal
violet, which stained both bacteria and the EPS of the biofilmbiofilm's formation and biomass, is used
to visualize the biofilm's formation and biomass (Fig.6.1d). The live/dead co-staining of E. coli biofilm
was investigated by staining with SYTO 9 and propidium iodide (PI). The SYTO 9 stain labels all
bacteria green, whereas propidium iodide labels (red color) nonviable bacteria with compromised
membranes. Fig.6.1f shows the 3D z-stack fluorescence image of the biofilm, which indicates the
3D structure of the E. coli biofilm on the glass slide. The fluorescence image (Fig.6.1f) shows mostly
the green fluorescence emitted by SYTO 9, which indicates that most of the bacteria embedded in

the EPS were alive.

Fig.6.1 Investigate the presence of one-day-old E. coli biofilm grown on a coverslip using microscopy: (a-b) laser scanning
micrograph in two magnifications. (c-d) SEM images at three different magnifications. e) Fluorescence crystal violet
biomass staining. (f) Fluorescence images of SYTO 9/ PI co-staining. SYTO 9 (green color) stained all bacteria, and Pl
(red color) stained dead bacteria.

Furthermore, the 3D structure of the biofilm was evaluated by z-stack CLSM (Fig.6.2a). The biofilm

thickness was less than 10 ym, as shown in Fig 6.2b.
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Fig.6.2 (a) 3D structure of one day old E. coli biofilm on the coverslip. (b) Height profile of the biofilm. The color bar
indicates the height of the biofilm.

In chapter 5, Soft-Probe-SECM in feedback mode was recorded based on ferrocene methanol
(FcMeOH) oxidation at the tip of the SECM soft probe. An enhanced SECM current was recorded
over the biofilm compared to a biofilm-free surface, most likely due to the transfer of FcMeOH" inside
the biofilm matrix (biofilms contain channels for nutrient supply and a significant amount of water
[113]) and/or the ability of the biofilm to reduce the as-oxidized redox mediator, e.g., as the final
electron acceptor in the respiratory electron transport chain (ETC) of the bacterial cells embedded
in the biofilm. The reduction might also partially occur outside the bacterial cells, thus by the EPS or
redox species released from the biofilms into the microenvironment [174-176, 320, 321]. It is known
that generally, there are different species secreted from bacterial cells (Fig.6.3). For the E. coli
biofilm, quinone-derivatives are the electro-active components secreted from E.coli and entrapped
in the EPS.
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123



Herein, anionic and hydrophilic ferrocenecarboxylic acid (FcCOO~, pKa 4.2) [356] (Fig.6.4a) and
neutral and more lipophilic ferrocene methanol (Fig.6.4b) were compared in separate experiments.
The biofilm samples were grown on a thin coverslip (the coverslip thickness was 170 uym). The
electron transfer chain of bacteria is located on the plasma membrane of the E. coli cells (Fig.6.4a,b)
[357]. Therefore, the redox mediator must permeate through the outer membrane of the E. coli cells,
reaching terminal metabolic redox enzymes of the electron transfer chain [358]. The outer leaflet of
the outer membrane is composed of lipopolysaccharides (LPS), whichare highly negatively charged
and works as a selective permeability barrier [359]. One possibility for the transfer of the redox
mediator is beta-barrel proteins, such as porins located in the outer membrane [360]. Porins are
narrow channels that allow selective diffusion, driven by the concentration gradient between the two
sides of the membrane. Porins allow, by passive diffusion, the passage of hydrophilic and lipophilic
ions and molecules with molecular weights below 600 Da. Furthermore, lipophilic compounds may
also cross the membranes directly [361, 362]. The reduced form of the redox mediator must leave

the bacterial cells through the outer membrane.

Soft-Probe-SECM in feedback mode was ied out in 100 mM PBS (pH 7.4) using 2.5 mM FcCOOH
and FcMeOH separately as a redox mediator to investigate the sensitivity of the redox mediators for
reading out the surface reactivity of the E.coli biofilm. By applying 0.5 V to the SECM probe, the
oxidized forms of the redox mediators, i.e., neutral albeit zwitterionic Fc*COO~and positively charged

FcMeOH?*, were continuously generated and diffused towards the nearby biofilm.

Soft microelectrode approach curves were recorded by approaching the soft probe to the substrate
from the bulk solution. The SECM currents / were normalized by the current recorded in the solution
bulk /suk giving in the bulk /nom, uk = 1. When the soft probe touched the coverslip, the current for
both redox mediators was close to zero (Table 6.1, Fig.6.4c,d). In contrast, approaching the soft
microelectrode towards a one-day-old biofilm on the coverslip shows a significantly higher current
indicating the ability of the biofilm to reduce both Fc*COO~and FcMeOH* and back to FcCOO~ and
FcMeOH, respectively. Notably, the feedback current recorded for the reduction of FcMeOH was
59% higher than for FcCOOH, which is rather significant (Table 6.1, Fig.6.4c,d). Approach curves
were then performed over three different but identically grown biofilms on a coverslip in duplicate
and laterally separated by 250 um (Fig.6.4e,f). The normalized feedback currents between the soft
probe and samples at the contact point are presented in Table 6.2 and Table 6.3 for FcCOOH and
FcMeOH, respectively. The average normalized feedback current for FcCOOH was 0.18, which
varied by 5%, and for FcMeOH, it was 0.48 and varied by 5%. The feedback current recorded over
six different samples and in total for 12 measurements by FcMeOH was 63% higher than the
normalized feedback currents recorded with FCCOOH as a redox mediator. The oxidized forms of
the redox mediators, i.e., Fc*COO~ and FcMeOH?*, are hydrophilic. They diffuse through the biofilm
matrix and could permeate the outer membrane via porins [323]. The reduced forms of the redox
mediator FcMeOH and FcCOO~ [363] diffuse through the porins as well with the additional possibility
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for FcMeOH to cross the outer membrane due to its slightly higher lipophilicity. This might have
contributed to the higher SECM current.

Table 6.1 Details of INorm, coverslip, and INorm, biofilm surface/coverslip of Fig.6.1c and Fig.6.1d.

Sample Bare coverslip Biofilm grown on coverslip
Inorm ( MIBui ) of FECOOH 0.08 0.24
Inorm ( Wlguik ) of FcMeOH 0.1 0.58

Table 6.2 Details about INorm, biofim surface/coversiip Of Fig.6.1e for FCCOOH mediator.
Sample 11 1-2 241 2-2 341 3-2

INorm = lllux 0.19 0.10 0.21 0.13 0.20 0.26

Table 6.3 Details about INorm, biofilm surface/coversiip Of Fig.6.1f for FcMeOH mediator.
Sample 41 42 541 52 61 6-2

INorm = lllsux 0.53 048 042 042 054 0.52
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Fig.6.4 Schematic representation of the main possible transport paths of (a) FcMeOH and FcMeOH*, (b) FcCOO- and
Fc*COO~ between the exterior part and periplasmic space of E. coli. Solid arrows indicate high permeability, dashed lines
low or absent permeability. Approach curves over bare coverslip and biofilm grew on glass in solution with (c) FcCOOH
and (d) FcMeOH. Two locally separated approach curves (lateral Ax =250 ym) over each of three identically grown biofilm
surfaces (Nsample= 3) performed in () FECOOH and (f) FcMeOH. Experimental details: Er = 0.5V, probe translation speed
=5 um s, step size =2 ym, 2.5 mM FcMeOH in 100 mM PBS (pH 7.4).

Furthermore, [Ru(NHs)s]** was a positively charged and hydrophilic redox mediator. FcMeOH and
FcCOOH are more hydrophobic than [Ru(NHs)s]**, which resulted in a higher permeability in the
biofilm for the Fc derivatives, influencing the mass transport and improving most likely by this effect
the feedback current. [Ru(NHs)s]** is a positively-charged mediator that is reduced at the
microelectrode, contrary to FcMeOH, like other hydrophilic mediators [Ru(NHs)s]** cannot diffuse
through the cell membrane, and the cell effectively acts as an insulator [364, 365]. As the

microelectrode approaches the cell, the diffusion of [Ru(NH3)e]** toward the microelectrode is
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hindered, creating negative feedback. Due to the higher feedback current, FcMeOH was selected for

all further experiments (Fig.6.5).

Table 6.4 Details of INorm, coverslip and INorm, biofilm surface/coverslip of Fig.6.2a and Fig.6.2b.

Sample Bare coverslip Biofilm grown on coverslip
Inorm ( Illguik ) of FcMeOH 0.10 0.85
INorm ( Mguik ) of [Ru(NH3)e]** 0.09 0.19

Table 6.5 Details about INom, biofiim surface/coverslip Of Fig.6.2¢ for [Ru(NHs)e]** mediator.
Sample 11 12 214 22 31 32

INorm = lllsux 0.17 0.26 0.18 0.21 0.13 0.16

Table 6.6 Details about /Norm, biofim surface/coverstip Of Fig.6.2d for FcMeOH mediator.
Sample 4-1 4-2 541 5-2 6-1 6-2

INorm =Illlsux 0.82 0.88 0.81 082 0.78 0.86
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Fig.6.5 Approach curves over bare coverslip and biofilm grown on in two redox active mediators of (a) [Ru(NHs)s]** and
(b) FcMeOH. Two locally separated approach curves (lateral Ax = 250 uym) over each of three identically grown biofilm
surface (Nsample= 3) performed in (c) [Ru(NHa3)s]** and (d) FcMeOH. Experimental details: Er = 0.5 V for FcMeOH, Er =
-0.4 V for n [Ru(NH3)e]** probe translation speed =5 um s, step size =2 ym, 2.5 mM FcMeOH in 100 mM PBS (pH7.4).

6.2.2 SECM investigation of biofilm degradation induced with azide

First, sodium azide was used to inhibit the metabolic activity of an E.coli biofilm. In metabolically
active bacteria, ATPase in the plasma membrane catalyzes the synthesis of ATP from ADP
(Fig.6.6a). This oxidative phosphorylation reaction is coupled to the proton motive force and proton
transport from the outside of bacterial cells into the cytoplasm [366]. Electron transfer reactions
maintain the proton motive force (and thus the membrane potential). NADH serves as an electron
donor. Its oxidation at NADH dehydrogenase pumps protons out of the cytoplasm. Under aerobic

conditions, oxygen is the final electron acceptor. This results in the transport of up to eight protons
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[320]. The ETC consists of membrane-bound cytochromes (a-, b-, d-, o-type), dehydrogenases,
quinones, and flavins. The sites of electron transfer of the anodic electron transport are cytochrome
bo, cytochrome bd, Ubiquinone-pool, FAD reduction, and NADH oxidation, according to Equations
6.1-6.3 (Fig.6.3, EY given at 25°C and pH 7 [320]):

NADH d 26_ + NAD+ + 2H+cytop|asm EO = —032 V (Equatlon 61)
FADH, — 2e™ + FAD* + 2H"¢ytoplasm E=-0.219V (Equation 6.2)
UQH2 — 2e™ + UQ + 2H+periplasm E% =0.045V (Equation 63)

Reported potentials (ox/ red) of cytochromes a-, b-, d- and o-type are 0.290 V, 0.080 V, 0.024 V, and
0.200 V, respectively [320]. In the aerobic respiration of E. coli, oxygen (E* = 0.82 V) acts as electron
acceptor [320]. FcMeOH* with the standard redox potential of 0.44 V [367] competes with O; as an
electron acceptor. Inhibition of the respiratory chain affects the viability of E. coli cells through the
proton motive force and electron transport chain [353, 354], thus reducing FcMeOH®. Biofilms on a
coverslip were incubated in solution with 4 mM sodium azide, a potent inhibitor of bacterial growth
[368]. Sodium azide inhibits bacterial growth by inhibiting the activity of SecA, an ATPase required
for translocation of proteins across the cytoplasmic membrane [369]. The inhibition of the three F1-
ATPase catalytic sites was discussed in the literature [370]. Three different biofilms were grown on
the coverslip and incubated in a sodium azide-containing solution. The same biofilms were evaluated
for the non-treated samples. Three SECM approach curves were performed over the biofilms before
incubation in sodium azide and after, each time by changing the solution and washing of the biofilm.
SECM measurements were carried out without antimicrobial agents. The details of SECM approach

curve signals are presented in Table 6.7 and shown in Fig.6.6b.

Table 6.7 Details of SECM currents at the contact point of the soft probe with the biofilm surface.

Sample INorm = llguik
Non treated-1 0.62
Non treated-2 0.60
Non treated-3 0.64

5 min-1 0.43

5 min-2 0.46

5 min-3 0.45

15 min-1 0.38

15 min-2 0.30

15 min-3 0.36

The average of the normalized currents over nontreated samples was (0.62 £ 0.02), and after 5 min
and 15 min decreased to (0.45 + 0.01) and (0.34 £ 0.02) for three different samples. The feedback
current decreased by 27% and 46%, respectively, after 5 min and 15 min incubation in sodium azide.
As the results show, the developed SECM approach is very sensitive to the effect of sodium azide
treatment. It can record a significant change of the SECM current after 5 min of azide incubation.

This may result from the reduced activity of the electron transport chain to reduce FcMeOH* and a
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reduced number of living bacterial cells. Therefore, with the feedback mode of SECM, the effect of

ETC inhibitors on biofilms could be recorded fast and with high sensitivity.
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Fig.6.6 (a) Schematic representation of the respiratory electron transport chain in E. coli, including possible sites of electron
transfer on plasma membrane (adapted from Ref [320]). Drak yellow lines indicate the transfer paths of electrons and
protons within the electron transport chain. (c) Mean +* standard deviation of current at the touching point on the substrates.
(d) Percentage of reduction of feedback current after 5 min and 15 min compared to the non-treated condition. Experimental
details for approach curve SECM scans: working potential Et = 0.5 V, probe translation speed = 5 ym s, step size = 2
pm, 2.5 mM FcMeOH in 100 mM PBS (pH 7.4).

Furthermore, four SECM feedback line scans were performed, with lateral space of 250 um between
them, on the same sample (Table 6.8 and Fig.6.7), and the mean calibrated current values for each
line scan are shown in the bar plot in Fig. 6.7d. The average of calibrated current over nontreated
samples were (0.58 £ 0.004), and after 5 min and 15 min were (0.41 £ 0.003) and (0.33 + 0.004),
respectively, for four different locations. The calibrated feedback current decreased about 30% and
44% after 5 min and 15 min incubation in sodium azide-containing solution. Therefore, the biofilm

activity to reduce FcMeOH* upon inhibition of cellular respiration by sodium azide was reduced.
Table 6.8 Details of SECM x-line scan data of Fig.6.7 using Equation 5.1 and Equation 5.2.

Position Time Iouik/ NA Ipiastic | NA Ioui" | NA Imean,FB-image/ nA Fmean
non 3.74 0.10 3.64 (2.08 + 0.005) (N = 81) 0.57 (N = 81)
Position 1 5 3.69 0.09 3.60 (1.47 +0.006) (N = 81) 0.41 (N = 81)
15 3.66 0.1 3.55 (1.06 £ 0.01) (N=81) 0.26 (N =81)
non 3.74 0.10 3.64 (2.09 + 0.009) (N = 81) 0.58 (N = 81)
Position 2 5 3.68 0.09 3.59 (1.44 +0.02) (N = 81) 0.40 (N = 81)
15 3.66 0.11 3.55 (1.24 +0.19) (N = 81) 0.35 (N = 81)
non 3.74 0.10 3.64 (2.11 £ 0.007) (N = 81) 0.58 (N = 81)
Position 3 5 3.69 0.09 3.59 (1.47 +£0.03) (N = 81) 0.41 (N = 81)
15 3.66 0.1 3.55 (1.22 £ 0.20) (N = 81) 0.35 (N =81)
non 3.74 0.10 3.64 (2.08 + 0.02) (N = 81) 0.57 (N = 81)
Position 4 5 3.69 0.09 3.59 (1.47 £ 0.03) (N = 81) 0.41 (N = 81)
15 3.66 0.11 3.55 (1.21 +£0.20) (N = 81) 0.34 (N = 81)
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Fig.6.7 X-line scan SECM in four separated positions with a lateral distance of 250 um before sodium azide treatment (a),
after 5 min (b), and after 15 min of sodium azide treatment. (d) Calibrated mean currents * standard deviation of three
SECM feedback line scans over tape stripped one E. coli biofilm before and after 5 min and 15 min incubation of the biofilm
in sodium azide containing solution, grouped by (b) line scan position and (c) grouped by treatment time. Experimental
details for x-line SECM scans: working potential Er = 0.5 V, probe translation speed = 25 ym s, step size = 10 ym, 2.5
mM FcMeOH in 100 mM PBS (pH 7.4).

Furthermore, the inhibitory effect of sodium azide was evaluated by live/dead staining CLSM.
Furthermore, the effect of sodium azide treatment on the intact biomass of the biofilm was
investigated by Cristal Violett (CV) staining. Before sodium azide treatment, as it is shown in
Fig.6.8(a-c)(i), the biofilm mostly emitted a green colour (both dead and living bacterial cells) and
very few red color (dead cells) indicating the bacteria within the biofilm were predominantly alive.

Fig.6.8(d)(i) shows the biomass of the biofilm before incubation in sodium azide containing solution.
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Fig.6.8 Live/dead co-staining of E. coli biofilm with (a) SYTO 9/ (b) Pl and overlap of staining (c). (d) Biomass staining
was performed by crystal violet staining. (i) Fluorescence image of biofilm before azide treatment. Fluorescence image of
biofilm after (ii) 5 min and (iii) 15 min incubation in a solution with 10 mM sodium azide.

as calculated by ImagedJ calculated the intensity of fluorescence images calculated the intensity of
fluorescence images. The intensity values are presented in Table 6.9 and Fig.6.9. The intensity of
SYTO 9 staining was similar between the non-treated and azide-treated biofilms for short incubation
time, and it decreased by 9% after 5 min incubation. Furthermore, the biomass of the biofilm
decreased by 6%. Both few changes in the intensity of SYTO 9 and CV suggest that the biofilm's
total biomass was stable after 5 min. The changes in the intensity of SYTO 9 and CV after 15 min
was 21% and 21%, respectively. The intensity of the red color emitted by the biofilms increased by
8% and 67% after 5 min and 15 min, indicating an increasing number of dead bacteria within the
biofilm, with a particular impact after 15 min. As result suggests, the optical microscopy techniques
seem to detect the effect of sodium azide in the longer time with less sensitivity than SECM.
Furthermore, the loss of biomass has been observed, which mainly resulted from washing the dyes
essential for staining the biofilm. In the other study, Rapp et al. [371] used sodium azide as a biocide
agent for monitoring biofilm destabilization and deactivation effects in real-time. They have treated
P.aeruginosa biofilm with 1% v/v sodium azide solution and observed the impact of the treatment
via continuous amperometric monitoring. They have reported that the biofilm's respiratory activity

was significantly impaired, and most of the bacteria within the biofilm were dead.
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Table 6.9 Details about quantification intensity data of Fig.6.9.

Time of incubation Stain Mean Standard deviation Area Mean
SYTO 9 47.92 20.40 213904 43.37
Non treated Pl 3.51 8.83 217622 6.15
(93" 98.31 29.87 104949 96.01
SYTO 9 43.37 19.09 218556 -8.59
5 min Pl 6.15 7.79 218089 13.03
CvV 96.01 24.36 104619 -6.02
SYTO 9 41.66 12.11 221370 -21.20
15 min Pl 8.28 14.92 222312 66.67
CvV 60.48 41.19 104949 -21.03
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Fig.6.9 Analysis of intensity from live/dead co-staining and biomass staining of E. coli biofilm with SYTO 9/ Pl and CV. (a)
Bar plot of mean * standard deviation of the intensity of images in Fig.6.8a,b calculated by ImageJ. (b) Bar plot of mean *
standard deviation of the intensity of images in Fig.6.8d calculated by ImagedJ.(d) Percentage of intensity changes
compared to non-treated samples after different time of sodium azide incubation.

The statistical analysis of the results from live/ dead fluorescence microscopy and SECM shows that
the SECM readout is more sensitive for detecting the harsh effect of azide treatment than Pl staining,
which didn't show a significant impact in a short time. Pl is a membrane-impermeable dye generally
used to distinguish the intact from damaged cells. Sodium azide has the main inhibitory effect on the
respiratory chain, and from the investigations herein, it is more readable by the feedback mode of
SECM. Furthermore, as the results in chapter 5 show, Soft-Probe-SECM appears to be sensitive to
surface reactivity. Therefore, even though washing the antimicrobial agents has a minor effect on
biomass, it does not interfere with the SECM results. Furthermore, washing steps in the staining
protocols leads to the removal of biomass, which has prominent external effects on the intensity of
the images after treatments. As this result shows, just after 15 min, the biomass decreased about

21% after sodium azide treatment and washing steps. Also, SECM could be recorded right after
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treating the biofilm and washing away sodium azide since it does not need any treatment; however,

for CLSM, sample preparation and staining steps are required.

6.3.3 SECM investigation of biofilm degradation by silver nanoparticles

Silver nanoparticles (AgNPs) are widely used as antimicrobial agents [372]. The antibacterial activity
of AgNPs is mainly associated with the generation of silver ions (Fig.6.10a). For instance, Ag(l) ions
can interact with Thiol groups on the cell surface, leading to the collapse of proton motive force
collapse and eventually cell death [373]. Ag(l) ions (ionic radius of 0.115 nm) [372] pass through
porin channels (pore size, 1-3 nm) [372]. They can bind to membrane-bound enzymes and proteins
containing thiol groups [374], interfere with DNA replication and deactivate many enzymatic functions
[372]. Ag(l) ions further increase the level of reactive oxygen species (ROS) inside the cell [375].
Moreover, AQNPs can mechanically create pores in the outer membrane inducing physical damages
to the bacterial cells. The mechanism of action of silver is linked with its interaction with thiol group
compounds found in the respiratory enzymes of bacterial cells. Silver binds to the bacterial cell wall,
cell membrane and inhibits the respiration process [376]. In the case of E. coli, silver acts by inhibiting
phosphate uptake and releasing phosphate, mannitol, succinate, proline, and glutamine from E. coli
cells [377]. The nanoparticles preferably attack the respiratory chain, cell division finally leading to
cell death. Our study also suggests a similar mechanism of action in the case of silver nanoparticles
as they penetrate the cell wall forming pits and thus causing cell death. Herein, three different silver
nanoparticles were synthesized. Citrate capped AgNPs and Ag/PVP nanocomposites capped by
PVP in water and ethylene glycol were successfully synthesized using a solution chemistry method
(Fig.6.10b). UV/Vis absorption spectra of AgNPs are shown in Fig.6.10(c,d,e). The maximum
absorption of the studied nanocomposites was found at 438 nm, 435 nm, and 445 nm for citrate
capped AgNPs, PVP capped AgNPs in water and, PVP capped AgNPs in EG, respectively [236,
237]. It has been reported that the absorption spectrum of spherical silver nanoparticles shows a
maximum between 420 nm and 450 nm with a blue or red shift when particles size diminishes or
increases, respectively. Due to this reason, the nanocomposites synthesized in ethylene glycol show
a plasmon, which is red shifted. AgNP size distributions determined by dynamic light scattering (DLS)
are included in Fig.6.10(f,g,h). ANPs showed a single peak of hydrodynamic diameter distribution

with the average peak in the number weighted distribution at (23 + 4) nm, (8 £ 2) nm, and (4 £ 1) nm
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for citrate capped AgNP, PVP capped AgNP in water and EG. The obtained single peaks indicating
the homogeneity of particles size.
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Fig.6.10 Treating biofilm with AgNPs: (a) Schematic representing the effect of AQNPs against E.coli. (b) Synthesis of
different AgNPs. UV-Vis spectra of (c) ANPs capped with citrate, PVP capped AgNPs in (d) water, and EG just after and
24 hr after synthesis. Dynamic light scattering results of (f) citrate capped AgNPs, PVP capped AgNPs in water (g), and
EG (h) based on the percentage of the count of number distribution.

Further intensity-weighted distributions are shown in Fig6.11. The difference between intensity- and
number-weighted distribution indicates that the initial suspension contained a fraction of aggregate
particles that could not be thoroughly dispersed [378].
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Fig.6.11 Dynamic light scattering results of (a) citrate capped AgNPs, PVP capped AgNPs in water (b), and EG (c)
based on the percentage of the count of the intensity distribution.

The biofilm was incubated for 24 hr in AQNP suspension. Therefore, the DLS and UV-Vis were also

performed after 24hr (without dispersion and ultrasonication to simulate biofilm incubation over 24 h
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in a static environment). The peaks of the UV-Vis spectra of AgNPs after 24 h incubation were shifted
to lower absorbance in Fig.6.10(c-e). The absorbance decreases with increasing size for larger
particle sizes due to the reduction of particle concentration [379]. The same effect has been shown
in the DLS spectra. As shown in Fig.6.10(f-h), after 24 h incubation, the peak of the number weighted
hydrodynamic diameter shifted to the larger particle size, indicating substantial aggregation of
primary particles. Citrate capped AgNPs had shown a higher shift of the peak, indicating PVP capped
AgNPs have aggregated less. The PVP-capped AgNPs maintained their stability when incubated for
24 h, as indicated by stable DLS size distribution. Therefore, the important observation is that in
contrast to citrate capped AgNPs, after 24 h, PVP capped AgNPs remain suspended, and these

suspended particles are mostly unaggregated.

For SECM analysis, an E. coli biofilm was grown for one day on a coverslip and then partially covered
with AgNPs for one additional day. Biofilms were exposed for one day to 0.1 pug.mL"' AgNP
suspension, the minimum inhibitory concentration of The AgNP suspension for E.coli biofilm [380],
and 1 yg-mL~" AgNOs3, 10 fold of MIC. The MIC of The AgNP suspension for biofilm is about 10
times higher than the MIC of planktonic bacteria due to the known enhanced resistance of the biofilm
against antimicrobial reagents [380]. The AgNP suspension (0.1 ug-mL~" and 1 yg-mL~" of AgNPs,
10 uL) was dropped carefully on a small sample region only. This region appeared greyish and was
therefore easy to locate by the naked eye. After the treatment, the solution and the AgNPs were
gently but thoroughly washed away from the biofilm. Soft-Probe-SECM feedback z-line scanning

(approach curves) of the treated and non-treated areas were performed for all three different AGNPs
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and for the two concentrations of AGQNO3 (MIC and 10xMIC) in triplicate with 250 um lateral distance

and is shown in Fig.6.12.
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Fig.6.12 Soft-Probe-SECM approach curves for the detection of the effect of AgNP on E. coli biofilm on a glass
coverslip: Treating one day old E.coli biofilm with 0.1 pg/mL AgNOs (a, b, ¢c) and 1 uyg/mL AgNOs (d, e, f). (a) and (d) E.coli
biofilms were treated with citrate capped AgNPs. (b) and (e) E.coli biofilms were treated with PVP capped AgNPs in water.
(c) and (f) E.coli biofilm were treated with PVP capped AgNPs in EG. For each experiment, three different samples were
evaluated. Experimental details for SECM approach curves: working potential Er = 0.5 V, probe translation speed = 5
pum/s, step size =2 ym, 2.5 mM FcMeOH in 100 mM PBS (pH 7.4).

Table 6.10 includes the normalized currents when the soft probe contacted the sample surface. The

average of the normalized SECM currents is indicated in Table 6.11.
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Table 6.10 Details of SECM z-line scan data at the approached point of Fig.6.12.

Concentration of AgNO3 /

Treatment

Hg/mL

AgNPs

Repitition

INorm = HIBuik

Non

treated

AgNPs/Citrate

0.59

0.64

0.64

AgNPs/PVP/Water

0.55

0.54

0.59

AgNPs/PVP/EG

0.57

0.60

0.58

0.1

Treated

AgNPs/Citrate

0.48

0.48

0.46

AgNPs/PVP/Water

0.36

0.37

0.39

AgNPs/PVP/EG

0.16

0.15

0.19

Non

treated

AgNPs/Citrate

0.65

0.54

0.55

AgNPs/PVP/Water

0.56

0.63

0.59

AgNPs/PVP/EG

0.56

0.52

0.60

Treated

AgNPs/Citrate

0.28

0.22

0.26

AgNPs/PVP/Water

0.24

0.16

0.18

AgNPs/PVP/EG

0.05

0.05

W N = WO N = WO N 2WOIN_2ON=_2WON=2 WO N 2 O N 2 O DN 2OINOIIN VN~

0.06
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Table 6.11 Details of the average of SECM z-line scan data at the approached point of Table 6.7. N = sample number.

Concentration of Average of
Treatment AgNPs
AgNO; / pg/mL INorm = Nlguik
N AgNPs/Citrate (0.62 + 0.02) (N = 3)
on
AgNPs/PVP in water (0.56 + 0.02) (N = 3)
treated . .
01 AgNPs/PVP in EG (0.58 £ 0.01) (N = 3)
' AgNPs/Citrate (0.47 £0.01) (N=3)
Treated AgNPs/PVP in water (0.37 £0.01) (N=3)
AgNPs/PVP in EG (0.16 £ 0.01) (N=3)
N AgNPs/Citrate (0.58 + 0.05) (N = 3)
on
AgNPs/PVP in water (0.60 + 0.02) (N = 3)
treated .
1 AgNPs/PVP in EG (0.56 + 0.03) (N = 3)
AgNPs/Citrate (0.25+0.03) (N=3)
Treated AgNPs/PVP in water (0.19 £ 0.04) (N=3)
AgNPs/PVP in EG (0.06 £ 0.005) (N = 3)

The feedback current decreased about 24 %, 32%, and 72% for 0.1 ug-mL~" of AgNPs and 55%,
68%, and 90% for 1 ug-mL~" of AgNPs of citrate capped AgNPs, PVP tapped AgNPs in water and
EG, respectively (Fig.6.13). SECM results show that treated biofilms with Ag* have lower feedback
currents. This means that Ag* treatment could damage the respiratory chain. Despite the effect of
AgNPs on the electron transport chain, it has different effects, e.g., disruption of the cell membrane,
inactivation of proteins/enzymes, etc. This leads to reducing biofilm activity, specifically the
respiratory of the bacterial cells in the biofilm, which affects the feedback current recorded by SECM.
EPS could act as a barrier for antimicrobial transport into the biofilm and play a role in biofilm's
extraordinary antimicrobial tolerance [381]. Transport hindrance in hydrogels becomess significant
and increasingly severe for several nanometers or larger [382]. The relatively large sizes of AQNPs
and especially their aggregates suggest that transport hindrance could play a role in biofilm
tolerance. As a result shows, the PVP capped AgNPs in EG show a prominent inhibitory effect with
a clear dropping of the feedback SECM current. Compared with PVP capped AgNPs in water, it has
almost twice the effect. This could come from two reasons. First, PVP-capped AgNPs in EG is small
enough to pass through porin channels and has significant inhibitory effects. Second, the capping
agents could decrease the interaction of AgQNPs with the outer membrane. Therefore, PVP for the
larger AQNPs could behave as a barrier and decrease the interaction while they are located outside
of bacteria cells [378]. Hindered nanoparticle diffusion in biofilms has been demonstrated by Peulen

and Wilkinson [383]. Theyobserved negligible diffusion of carboxylated polymer nanoparticles with
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diameters greater than 50 nm in laboratory grown P. fluorescens biofilms with a reported thickness

of less than 30 ym.
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Fig.6.13 (a) Mean + standard deviation of the normalized SECM current when the soft probe contacted the biofilm
surface during approach curves shown in Fig.6.12. (b) Relative changes of the current response in respect to the non-
treated sample.

In another study, Bard and co-workers [339] discussed the interaction of Ag* with the enzymes of
the respiratory chain of E. coli. The authors suggested an inhibitory effect of Ag*™ at a low potential
point, possibly NADH dehydrogenase. Ferricyanide was used as an alternative electron acceptor to
oxygen so that the reduction of ferricyanide to ferrocyanide by the respiration of E. coli was
electrochemically followed. Ferricyanide is a hydrophilic molecule that doesn’'t pass the outer
membrane to reach the plasma membrane. Therefore, the authors suggested the interaction of
ferricyanide with a membrane-spanning protein, such as complex | or lll, at some point in the

periplasmic space, outside the cytoplasmic membrane [384].

Furthermore, the live/dead and biomass staining have been investigated as complementary
detection. PVP capped AgNPs in EG (1 ug-mL~" of AgNPs) were considered for biofilm treatment.
Fig.6.14 shows the fluorescence images of two-day-old biofilm, including one day of growth in the
solution with AgNPs, and details of the intensity of figures, which were measured by ImageJ and
were written in Table 6.12. The control was one-day-old biofilms (the same biofilm before treatment)
without exposure to the AgNPs solution demonstrating the bacterial cells' viability embedded in the
non-treated biofilm (Fig.6.14(a-d)). As seen from the live/dead stained fluorescence images and
biomass staining, most bacteria died and the intensity of Pl staining increased by 90%. Furthermore,
the biomass also decreased by about 57%, indicating the silver treatments also lead to the biofilm
eradication. As reported in chapter 5, = the surface reactivity is most likely recorded. The recorded
result of SECM and CLSM were quite the same, in contrast to the azide treatment discussed above.
SECM showed a 90% reduction of feedback current, and CLSM showed a 90% increase of the PI

intensity. However, SECM approach curves are much faster than recording CLSM images. In this
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study, each approach curve took 50 sec; however, each CLSM image took more than 45 minutes

since the biofilm is about 12 ym thick and z-stacking imaging takes a long time.

Table 6.12 Details about quantification intensity data of Fig.6.14.

Non treated AgNPs
Stain
Mean Star_1da_|rd Area Mean Star_1da_|rd Area Changes
deviation deviation 1 %
SYTO 9 47.69 19.81 212517 39.10 17.45 218085 -15
PI 2.908 1.87 212517 24.70 24.36 218085 90
cv 89.65 15.60 213443 18.51 26.22 213443 -57

SYTO 9 staining SYTO 9/ Pl staining CV staining

a_) Oneday old biofilm b) One day old biofilm C) One day ald biofilm d) One day old biofilm
Non treated Non treated Non treated Non treated

Pl staining

f) Two days old biofilm 4 (SN T ) Two days old biofilm
AgNPs treated | AgNPs treated

100 pm
1) T svroo mm svroo agnes | 1% k)00
» AgNPs
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Fig.6.14 Fluorescence images of co-live/dead staining of SYTO 9/PI and biomass staining of biofilm with CV. One day old
biofilm was treated for one day with 1 pg/mL AgNOs, which was synthesized with PVP capped AgNPs in EG. (a) SYTO 9,
(b) PI, (c) overlap of SYTO 9/PI, and (d) CV staining of non-treated sample. (e) SYTO 9, (f) PI, (g) overlap of SYTO 9/PI,
and (h) CV staining of a treated sample after one-day incubation of one-day old E.coli biofilm in AgNPs. (i) Mean intensity
+ standard deviation of the live/dead fluorescence image intensity was obtained from ImageJ for the non-treated and
treated E.coli biofilm. (j) Mean intensity + standard deviation of the intensity of CV fluorescence images was obtained from

Imaged for the non-treated and treated biofilm. (k) Changes in intensity of the treated sample in comparison to the non-
treated sample.

6.3.4 SECM investigation of biofilm treatment by flashlight

Lastly, the E. coli biofilm was treated by flashlight irradiation. The method uses a high-intensity Xe
flash lamp whose emission contains UV and white light (wavelengths from 200 nm to 1500 nm). As
bacterial cells are prone to damage when they are exposed to UV light, rapid flashes might be used
to disinfect environmental (water pipes) or clinical surfaces (operation equipment). The intensity of
the flashlight is relatively high reaching several J/cm? in a single flash. Flashlight is an eco-friendly
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method, which has mostly been used in the laboratory of this thesis to synthesize uniformly-sized
single and alloyed nanoparticles by photochemical reduction from precursor solutions with good
control over precursor composition and particle size/loading. The flashlight irradiation technique is
conducted at room temperature and air, thus under ambient conditions [385-387]. Herein, a one-
day-old E. coli biofilm was treated with flashlight irradiation applying 550 V for charging the lamp
driving capacitors for different numbers of shots, i.e., one, three, and five. Fig.6.15 shows the SECM
feedback response of the flash-light treated biofilms. Table 6.13 and Table 6.14 indicate the details

of the SECM currents at the contact point between the soft probe and the biofilm surface
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Fig.6.15 Soft-Probe-SECM approach curves of detection of the effect flash light on E. coli biofilm on the coverslip:
Treating one day old E.coli biofilm with (a) 550 V, 1 shot, (a) 550 V, 3 shots, (a) 550 V, 5 shots of the flash light. Experimental

details for approach curve SECM scans: working potential Er = 0.5 V, probe translation speed = 5 um/s, step size = 2 ym,
2.5 mM FcMeOH in 100 mM PBS (pH 7.4).
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Table 6.13 Details of SECM z-line scan data at the approached point of Fig.6.15.

Treatment Flashlight Repetition Inorm = Hlguik

—_

0.85

Non treated 0.86

550 V, 1 shot 0.85

0.67

Treated 0.68

0.68
0.86

Non treated 0.87

0.86
0.20

550 V, 3 shots

Treated 0.18

0.21
0.84

Non treated 0.85

0.86
0.09

550 V, 5 shots

Treated 0.08

WIN=2WIN = W N = W N 2N~ WN

0.12

Table 6.14 Details of the average of SECM z-line scan data at the approached point of Table 6.13.

Treatment INorm = I”Bulk
Non treated
550 V, 1 shot 0.85
Treated 0.68
Non treated 0.86
550 V, 3 shots
Treated 0.19
Non treated
550 V, 5 shots 0.85
Treated 0.10

As indicated in Fig.6.16 the current decreased by 20%, 78%, and 88% after treating the biofilm with

the 550 V flashlight irradiation in one, three, and five shots.
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Fig.6.16 (a) Mean * standard deviation of SECM approach curve of Fig.6.15. (b) Changes in response in respect to the
non-treated sample.
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Complementary detection has been performed based on Co-SYTO 9/ PI staining (Fig.6.17). As
illustrated, the flash light treatment killed the bacteria, but it also partially removed the biofilm, leading
to biofilm eradication. The details of each fluorescence image haseach fluorescence image's

intensity has been assessed by ImagedJ andare indicated in Table 6.15.

SYTO 9 staining
a) 1) Non treated | a) i) Non treated |

Pl staining

SYTO 9 Pl staining

Cyi)7 - B0V ="
3 shots

Fig.6.17 Fluorescence imags of co-live/dead staining of SYTO 9/PI. (a) on-treated sample. One day old biofilm was
treated by flashlight in 550 V with one (b), three (c), and five shots (d). (i) SYTO 9 staining, (ii) PI staining, and (iii) co
SYTO 9/PI staining.

Table 6.15 Details about quantification intensity data of Fig.6.17.

SYTO 9 Pl
Stain Mean Standard deviation Area Ch7:|/ges Mean Standard deviation Area Ch7:|/ges
0 0
Non -
46.52 31.50 429016 6.67 11.90 429016 -

treated

1shot 35.56 17.66 429016 -32 27.58 11.80 429016 +21
3 shots 21.52 19.88 429016 -47 11.90 28.26 429016 +63
5shots 15.83 23.28 429016 -50 18.83 25.78 429016 +79
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The intensity of Pl staining increased by 21%, 63%, and 79% by treating of the biofilm by 550 V

driven flashlight using one, three, and five shots.

Flashlight irradiation is a quick and clean technique for treating biofilm. In a case in vivo applications
are envisaged, the large portion of UV with high intensity must be considered, and measures must
be applied to enable a safe operation for the organs. However, for environmental applications,

flashlight treatments of biofilms could be considered a powerful biofilm eradication technique.
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Fig.6.18 (a) Mean intensity + standard deviation of the live/dead fluorescence image intensity was obtained from ImageJ
for the non-treated and treated E.coli biofilm. (b) Changes in intensity of the treated sample in comparison to the non-
treated sample.

6.3 Conclusions

To conclude, Soft-Probe-SECM of E. coli biofilms treated with different antimicrobial agents and
treatments was presented. Antimicrobial agents were sodium azide, which acts as a respiratory
chain inhibitor, and silver nanoparticles, disruptive effects on cellular membranes, proteins, and
polysaccharides. In addition, biofilms were treated with light flashes generated from a high-intensity
Xenon flash lamp. The antimicrobial concentrations were (4 mM sodium azide and 0.1 pg-mL™
AgNO; and 1 ug-mL~" AgNQ3), and the change of the biofilm properties was followed depending on
the treatment time for sodium azide and size of nanoparticles for silver nanoparticle treatment. The
inhibitory effect of these agents on cell viability was confirmed by using live/ dead fluorescence
imaging and biomass staining. SYTO 9 intensity indicated that the total number of living and dead
bacterial cells remained constant, independent of the applied antimicrobial treatment. Pl intensity

showed an increasing number of dead bacterial cells with treatment. The SECM feedback mode was
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used, and feedback currents decreased after the biofilms were treated with antimicrobial strategies.
The feedback current reduction was most likelyfeedback current reduction was most likely recorded
based on the surface reactivity of treated samples. SECM revealed a change of biofilm activity
already after 5 min. Similarly, the feedback SECM current reduction after exposure to AgNPs was
significant, suggesting that SECM could record the biocide effects of sodium azide on the electron
transfer chain more sensitively than fluorescence at short treatment times. Furthermore, flashlight
irradiation was used as a quick technique. The results indicated that this technique is a powerful tool
for biofilm eradication. The results demonstrate further that SECM could become a powerful
technique for recording various agents' effects with an inhibitory effect at the intracellular level,
especially those affecting the respiratory chain. SECM showed to be very sensitive with fast
responses compared to the complementary techniques. SECM approach curves were recorded in
less than a minute. Furthermore, SECM in the modes applied herein does not acquire any sample

pre-treatment as the sensitive marker is a redox mediator in the solution.
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CHAPTER 7 Destruction of E.coli biofilms with DNA

nanostructures loaded Doxorubicin!

LWithout DOX/DNA origami
— —p D G

With DOX/DNA origami

' This work has been carried out in collaboration with my Ph.D. group at EPFL and under the
supervision of Professor Clemens Kaminski and Dr. loanna Mela during my visit to the University of

Cambridge in the United Kingdom.
| was awarded a six-month Doc. Mobility Swiss National Science Foundation (SNSF) visiting

fellowship for this project at the University of Cambridge.
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7.1 Introduction

A first challenge in developing new infection control strategies is developing an antimicrobial or
antimicrobial delivery system that allows the antimicrobial to penetrate deeply into a biofilm and kill
biofilm-bacteria across the entire biofilm thickness [388, 389]. Many nanotechnology-based drugs
and drug-delivery systems have been developed to self-target, penetrate, and eradicate [390-392].
Biofilms and tumors are, on the one hand, very different, yet are both characterized by a low pH
environment, allowing self-targeting of pH adaptive, innovative carriers [393]. Also, their clinical
treatment poses the same challenges, including preventing resistance and recurrence. Not
surprisingly, new strategies for infection control are arising nowadays that are derived from
technologies initially designed for tumor treatment. Nanotechnology-derived antimicrobial delivery
systems have excellent biocompatibility and can be designed to be environmentally responsive and
self-targeting [394-396], provided their diameter is below the limit for reticuloendothelial rejection of
around 100-200 nm [397]. However, their antimicrobial efficacy is usually low without suitable
functionalizing their outermost surface or drug-loading. The delivery of active compounds to the
biofilms is often hindered due to the EPS of biofilm existence and the poor solubility of drugs and
antibiotics. A possible strategy to overcome the EPS barrier is incorporating antimicrobial agents into

a nanocarrier, penetrating the matrix and delivering the active substance to the cells [398].

As it has been mentioned in Chapters 5 and 6, recently, interest in electrochemical methods for
biofilm detection has increased due to the many advantages, such as simplicity, rapidity, label-free,
and low-cost detection of biomolecules [399]. It is noteworthy that electrochemical methods can also
selectively analyze the electrochemical signals for each target molecule under certain conditions.
Among various electrochemical methods, electrochemical impedance spectroscopy (EIS) is
appropriate for monitoring bacterial cells since the electrochemical signals caused by the bacterial
cells can be collected without damaging the cells or changing the environment. The difference in the
electrochemical phenomenon can be measured over a wide frequency range. Targeted signals are
also recorded at a fixed frequency [400]. The adoption of microelectrode array (MEA) technology in
different fields has played a pivotal role in supporting the biological studies of electrogenic tissues
both in vivo and in vitro [401-405]. Compared to patch-clamp or microwire electrodes, the greater
flexibility of MEAs in their design and use has made them the preferred option for studying large cell
populations. MEAs can record both low and high-frequency signals arising from the fluctuation of
ions across cell membranes. For in vitro applications, metal microelectrodes patterned on glass are
extensively used to interface with cell cultures and tissue slices for drug screening and toxicology
studies [401]. A recent trend in the field involves the use of conducting polymer electrodes. Materials
such as poly(3,4-ethylenedioxythiophene) doped with polystyrene sulfonate (PEDOT: PSS) have
been successfully employed for the recording of neural activity in vivo [406-408] and in vitro [409-
412]. PEDOT: PSS is a mixed electronic/ionic conductor with a capacitance that depends on the

volume rather than the area of the film [413]. Consequently, PEDOT: PSS electrodes have a
147



significantly lower impedance than Pt and Au electrodes, which are limited by the capacitance of the
electrochemical double layer formed at the metal/electrolyte interface. Their lower equivalent
resistance in an electrolyte reduces thermal noise, a significant noise source in electrical recordings
[414]. As a result, PEDOT: PSS electrodes lead to recordings with a high signal-to-noise ratio (SNR)
and to effective neural stimulation [406, 409, 415] while being biocompatible and promoting neuron
attachment and growth [416]. Furthermore, they show low impedance in a physiological
environment, which derives from high electrical conductivity and high surface-to-volume ratio,
consequently reducing their impedance signal [417]. Conducting polymers show several advantages
over their inorganic counterparts, most importantly 1) ease of processability by simple wet deposition
methods, such as spin-coating and screen printing, at low temperature; and 2) the ability to tune
material properties through chemical synthesis and modifications [418-420]. Overall, the integration
of these micro- and/or nanofabricated devices with biorecognition elements yields multiplexed,
compact, high-throughput analysis allowing simultaneous detection of multiple bacteria or bacterial

analytes.

In this chapter, novel antibiofilm agents in the form of antimicrobial carriers have been developed to
treat E.coli biofilms and analyze electrochemically the treatment effect. The project had, therefore,
two main goals. First, antibiofilm agents was to be made with high selectivity and efficiency for
attacking the biofilm. The antibiofilm agent can pass through the extracellular polymeric matrix of the
biofilm and penetrate through the biofilm. The novel materials were developed based on DNA
nanotechnology, in which the drug doxorubicin (DOX) was loaded to DNA origami. Second, an
electrochemical device was used for the complementary analysis to follow the impact of the

treatment with the newly developed drug carrier (Fig.7.1).
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Figure.7.1 Complementary analysis of the effect of antibiofilm treatment based on DNA origami loaded with DOX using
confocal laser scanning microscopy and electrochemical readout.

7.2 Results and discussion

7.2.1 Doxorubicin loaded DNA origami

DNA origami design was based on the work of Yoshidome et al.[238] and DNA origami functionalities
were based on the research of Mela et al. [239]. The designs incorporated two functionalities: Alexa-
Fluor 647 for fluorescence analysis and aptamers targeting specifically E. coli cells [240] (Fig.7.2).
Fig.7.2a shows the structure of DNA origami was used in this study schematically and the AFM
image (Fig.7.2b) shows the structure of the DNA origami. The DNA origami was 100 nm long and
contained four open wells. Due to the DNA origami design, doxorubicin (DOX) was noncovalently
intercalated into these nanostructures (Fig.7.2c). DOX, one of the most effective cytotoxic drugs,
has been widely used in chemotherapy regimens against various cancers [421], but it is also an
antimicrobial agent. Previously, it has been reported that two origami shapes were used to load
doxorubicin through intercalation [422], and the nanostructural morphology of DNA origami was
retained after DOX intercalation [423].
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Figure.7.2 DOX/DNA origami: (a) Schematic representation of a DNA origami structure was used in this study. (b) AFM
of the DNA origami. (¢) Schematic representing DOX loading to the DNA origami structure (DOX/DNA origami).

DOX binds to the bacteria and inhibits FtsZ proteins, a structural protein involved in bacterial cell
division. FtsZ assembles into a ring at the future site of bacterial cell division, and when inhibited,
cell division does not happen. As a result, DOX-treated E.coli cells grow as filaments due to the
inability of the daughter cells to separate one from another [424] (Fig.7.3).

FtsZ assembles into a ring at the
future site of bacterial cell division.

.

DOX
binds and inhibits FtsZ

= p = 20202020N p 2 00@0000ON -
Figure.7.3 Schematic illustration of the inhibitory mechanism of the DOX against E.coli bacteria cell division.

The DOX loading process depends on the temperature and concentration of the drug. Therefore,
different mixtures of different concentrations of DOX (20 uM, 40 uM, and 60 uM) and DNA origami
at two temperatures (23 °C and 37 °C) were shaken up to 60 h in 100 rpm to evaluate the drug
loading efficiency. Loading efficiency was calculated by measuring the absorption of doxorubicin at
480 nm using UV/Vis spectroscopy. The doxorubicin loading content and efficiency of loading into

the DNA nanocarriers were calculated based on Equations 7.1 and 7.2.

Loading content of DOX = Initial content of DOX — Unloaded DOX in the supernatant
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(Equation 7. 1)

. . . Loading content of DOX .
Loading efficiency = =——-E=22m 2 < 100 (Equation 7. 2)

As depicted in Fig 7.4a and Fig 7.4b, DNA loading consistently reached a plateau after about a day.
Further, loading at 37 °C showed higher loading efficiency of 68%, 77%, and 86% while the 23 °C
showed 35%, 48%, and 69% after 24 h incubation in 20 uM, 40 uM, and 60 uM DOX solutions to 10
nM DNA origami (Fig 7.4c).
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Figure.7.4 Characterization of Doxorubicin (DOX) loading efficiency in DNA origami nanostructures. The drug
loading efficiency of DNA origami was analyzed by incubating 10 nM DNA origami with DOX at (a) 25 °C and (b) 37 °C for
5h, 10 h, 15 h, 20 h, 40 h, and 60 h, respectively, with three different DOX concentrations. The error bar represents the
standard deviation of three independent measurements for each group. (c) Bar plot comparison of loading efficiency after
24 h incubation in 25 °C and 37 °C solutions.

The releasing profile of DOX is an important factor since the controlled and efficient release of the
antimicrobial agent at a target site is essential for an ideal antimicrobial delivery system. Therefore,
the in vitro release profiles of DOX-loaded DNA origami was evaluated. Five condition of PBS (pH
7.4), DNA origami (pH 7.2), PBS (pH 5.5), DNase |, and extracellular polymeric matrix were
considered with the goal to study conditions that mimic intracellular and physiological conditions. A
biofilm has a variable pH based on environmental conditions. DOX-loaded origamis were incubated
for 0, 5,10, 15, 20, 40, and 60 hours at 37 °C and then centrifuged at 10'000 rpm at room temperature
for 10 min. After centrifugation, the released doxorubicin in the supernatant was collected and
quantified by measuring doxorubicin's absorption (480nm). The results reveal that the DOX release

exhibited a one-phase profile based on the Langmuir desorption isotherm (Fig.7.5).
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The experimental data were fitted to the one-phase association equation. This equation describes
the pseudo-first-order association kinetics of the interaction between a ligand and its receptor, or a
substrate and an enzyme. A certain fraction of the unoccupied receptors could be released during
each time interval. But as time advances, fewer receptors are unoccupied, so fewer ligands release

and the curve levels off. The model is as in Equation 7.3 and Fig.7.6:

Y=Y, + (Plateau-Yo)*(1-exp(-K*x)) (Equation 7.3)

Yo is the Y value when X (time) is zero. It is expressed in the same units as Y,

Plateau is the Y value at infinite times, expressed in the same units as Y.

K is the rate constant, expressed in reciprocal X-axis time units. If X is in minutes, then K is
expressed in inverse minutes.

Tau is the time constant, expressed in the same units as the X-axis. It is computed as the reciprocal
of K.

Half-time is in the time units of the X-axis. It is computed as In(2)/K.
Span is the difference between Y0 and Plateau, expressed in the same units as the Y values.
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Figure.7.6 The fitting curve of one phase association equation. In the experiments of this study, y-axis is cumulative
DOX release percentages.

The experimental data were fitted based on equation 7.3, and the best-fitted data is recorded in
Table 7.1.

Table 7.1 Best fitted data of Fig.7.5. The values after fitting have been reported and have the same values as the main

data.
Best-fit values pH7.4 Origami buffer DNasel pH5.5 Extracellular polymeric matrix
Yo (%) 0.6847 0.03170 0.6746 0.1122 0.03335
Plateau (%) 20.39 20.58 45.04 34.15 30.66
K 0.09878 0.1002 0.1632 0.3129 0.08791
Tau (h) 10.12 6.659 6.129 3.196 11.38
Half-time (h) 7.017 4.615 4.248 2.215 7.885
Span (%) 19.70 20.55 44.36 34.03 30.63
R squared 0.8953 0.8980 0.9805 0.9458 0.9763

An initial burst release that occurred within the first 5 h was followed by a slower release rate for
almost all solutions. Comparing the results obtained under-tested pH conditions clearly shows that
DOX was released very slowly from the DNA origami in neutral (pH 7.4) and origami buffer (pH 7.2)
K values 0.098 and 0.10, respectively. Release efficiencies were about 20% for 60 h. When the pH
dropped to 5.5, approximately 34% of DOX was released within 60 h, a higher release than at pH
7.4 and pH 7.2. This observation indicates that the release of DOX from DNA origami carriers is
acid-responsive [422]. The drug release from DNA origami carriers was enhanced in buffers
containing DNase |, and the K value reached 0.1632. For the initial 5 h, less than 30% of the drug
was released, and the release proceeded slowly but continuously for 60 h until the maximum release
of above 44% was achieved. Furthermore, DOX released from DOX-loaded DNA origami in EPS is

close to 12% after 5 hours and reached a maximum of ~30% after 60 hours.

7.2.2 DOX/DNA origami against E.coli planktonic bacteria

Structured lllumination Microscopy (SIM) images were collected using 3-color SIM for optical
sectioning [242]. The same lens of the Ax60/1.2 NA water immersion lens (UPLSAPO 60XW,
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Olympus) focused the structured illumination pattern and captured the fluorescence emission light
before imaging onto an sCMOS camera (C11440, Hamamatsu). The wavelengths for excitation were
488 nm (iBEAM-SMART-488, Toptica), 561 nm (OBIS 561, Coherent), and 640 nm (MLD 640,
Cobolt). Images were acquired using custom SIM software [243]. To find the minimum inhibitory
concentration of DOX, bacteria were incubated in different conditions. Fig.7.7 shows the incubation
of E.coli planktonic bacteria in different concentrations of 0 uM, 20 pM, 40 uM, and 60 uM DOX (no
DNA origami) for 2 hr, 4 hr, 6 hr, and 8 hr. As illustrated in Fig.7.7, DOX is effective against E.coli

bacteria, and bacteria are formed as a filament.

0 uM DOX 20 pyMm DOX 40 uM DOX 60 pM DOX

2 hr

Figure.7.7 SIM images of E.coli bacteria after treating by DOX: Incubation of planktonic E.coli bacteria in (i) 0 uM
DOX, (ii) 20 uM DOX, (iii) 40 uM DOX, and (iv) 60 uM DOX for (a) 2 hr, (b) 4 hr, (c) 6 hr, and (d) 8 hr.

The images were processed with an automated analysis tool, which had been written in MatLab by
a colleague in Cambridge. The code defines the length of bacteria. Based on the image processing
results, the size of bacteria was calculated and illustrated in Fig.7.8. The length of bacteria is
increased by increasing the DOX concentration. The most prolonged bacteria appeared at 60 uM
after 6 hr of incubation in DOX. The effect of DOX was observed from the concentration of 40 pM.
Therefore, this concentration is considered the minimum inhibitory concentration and 6 hr as the

maximum effective incubation time.
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Figure.7.8 Length of E.coli bacteria after DOX treatment: (a) 0 uM, (b) 20 yM, (c) 40 uM and (d) 60 uM of DOX.

In the next step, DOX was loaded to the DNA origami. SIM evaluated the effect of DOX/DNA origami.
As Fig 7.9 shows, the DOX/DNA origami has a selective and effective inhibitory effect against
planktonic bacteria. The given concentrations give the concentration of DOX in the DOX loading
solution. The wavelengths used for excitation were 488 nm (iBEAM-SMART-488, Toptica) for the
GFP channel for bacteria detection, 561 nm (OBIS 561, Coherent) for DOX detection, and 640 nm

Time/ hr

(MLD 640, Cobolt) for observation of DNA origami.
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Figure.7.9 SIM images of E.coli bacteria after treating by DOX-loaded DNA origami: Incubation of planktonic E.coli
bacteria in (i) 20 yM DOX, (ii) 40 uM DOX, and (iii) 60 yM DOX for (a) 2 hr, (b) 6 hr, and (c) 24 hr.

As shown in Fig.7.10, there is a loss of the green fluorescent protein (GFP) signal in the area where
the Z-ring of the bacteria would form, which indicates the harsh local treatment (Red arrows in

Fig.7.10). It reveals the outer membrane's shrinkage and consequently releases the GFP [425]. This
suggests that DOX/DNA origami locally attacked the FtsZ, in other words, the Z ring.
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Figure.7.10 SIM images of E.coli bacteria after treating by filtered DOX/DNA origami. Red arrows show the local parts
that lost the GFP.

7.2.3 DOX/DNA origami against E.coli biofilm

Mature biofilms are more tolerant to most disinfectants than the initial state of biofilms [426].
Therefore, monitoring the initial biofilm formation could be a strategy for effective biofilm treatment
[427, 428]. In this project, DOX/DNA origami was utilized to prevent biofilm formation and eradicate
mature biofilms.First, the DNA origami was incubated from the beginning of biofilm culture. A BL21
E.coli biofilm was grown in vitro on a coverslip under static conditions in the Petri dish. Fig.7.11

shows the CLSM image of a one-day-old biofilm that is thoroughly formed on the coverslip.

Extraceflular polymeric
. substance

\

\

E.coli Cells

“ 10 ym

Figure.7.11 BL21 E.coli biofilm is grown on the coverslip: (a) and (b) CLSM image of BL21 E.coli biofilm in two
magnifications.
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The DNA origami was incubated from the beginning in the same culture as BL21 E.coli planktonic
bacteria in order to evaluate the inhibitory effect of DNA origami. Fig.7.12 shows the CLSM image
of one-day-old biofilm which formed in the presence of DNA origami. The green channel is the
expression of GFP. The red emission comes from the emission of Alexa 647 located on the DNA
origami indicating the DNA origami. As it is illustrated, the biofilm in the presence of DNA origami
formed in the colony. This may result due to the electrostatic interactions between DNA origami and
the biofilm. A DNA origami is negatively charged. However, in this study, it is synthesized in the
presence of Mg*2. It should also be noted that negatively charged unmodified DNA origami
nanostructures can be electrostatically adsorbed onto a zwitterionic bilayer in the presence of
divalent cations [429-431] such as Mg®** and Ca?". Therefore, DNA origami is partially positively
charged in the presence of Mg?*. Furthermore, the culture medium also has 2.5 mM MgSO,,
consequently, has free Mg*2. DNA origami is positively charged, and the biofilm is negatively
charged. Therefore, due to electrostatic effects, the biofilm is aggregated in the spherical shape, and
DNA origami is covered by the colonies.

Suzuki et al. [432] reported that DNA origami nanostructures are strongly adsorbed and immobilized
on negatively charged mica surfaces with the aid of buffer-derived Mg?* ions. Furthermore, this
electrostatic effect has been reported in other applications mainly to make specific arrangements of
nanoparticles. DNA origami has been used to arrange metal nanoparticles into spatially ordered
structures based on electrostatic interaction [433]. Julin et al. [433] have shown that ordered 3D
metal nanoparticle superlattices could be formed by employing electrostatic interactions between
particles and DNA nanostructures. They utilized the negatively charged DNA origami surface to
assemble 6-helix bundle DNA origami and cationic gold nanoparticles (AuNPs) into well-ordered 3D
tetragonal superlattices. In the other study, Shang et al. [434] reported a novel method to site-
specifically synthesize silica nanostructures with designed patterns on DNA origami templates. The
molecular dynamic simulation confirms that the positively charged silica precursors have a strong

electrostatic affinity to protruding double-stranded DNA (dsDNA).
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Figure.7.12 Growing BL21 E.coli biofilm for one day in the presence of DNA origami: (a) Brightfield image (b) bacteria
channel, and (c) bacteria and DNA origami channel

Furthermore, mature biofilm was treated by DNA origami. Mature biofilms, which are much harder
to control than initial biofilms, impede the treatment of biofilms [114, 435, 436]. Fig.7.13 shows a 3-
day treatment of a formed biofilm with DNA origami. Fig.7.13a shows the biofilm before adding the
DNA origami, and Fig.7.13b was captured after adding DNA origami. As illustrated, the EPS
behaves as a barrier, and the DNA signal is like a halo on the biofilm, indicating that DNA is blocked

as the biofilm is treated.

E.coli biofilm

E.coli

' /_‘m r}tera

Figure.7.13 Treating the mature three-day-old biofilm with DNA origmi: CLSM of 3 days old BL21 E.coli biofilm (a)
before and (b) after adding DNA origami.

In order to evaluate the penetration of DNA origami through the 3D structure of the biofilm, a 3-day
old BL21 E.coli biofilm was treated with DNA origami. The biofilm was incubated for 1 hour in a DNA
solution. The Z-stack CLSM was recorded to investigate the penetration of DNA origami. Z-stack

CLSM images (Fig.7.14) indicate that the DNA origami can successfully penetrate through the EPS.
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Fig.7.14a shows the 3D view of the penetration of the biofilm. Fig.7.14b shows the 2D image with
the cross-sections. The green cross-section indicates the X-Z view of the middle of Fig.7.14a.
However, the red cross-section shows the X-Z view of the middle of Fig.7.14a. Also, Fig.7.14c is
illustrated the X-Z 3D view of penetrating the DNA origami through mature biofilm. These results
indicate that DNA origami can penetrate successfully through the biofilm structure. The hydrophobic
character of DNA origami in their free form is probably an obstacle for the effective permeation
throughout the network of hydrophilic biomolecules (proteins, polysaccharides, eDNA) of EPS [398].
In addition to this effect, the fact that an aptamer is linked to the DNA scaffold makes them prone to
prefer to be attached to the bacteria embedded in EPS [239]. Furthermore, the strong electrostatic
attraction that we clearly observed with previous results (Fig.7.12) could enhance the penetration of
DNA origami in the biofilm [437, 438].

‘ DNA origami channel ‘

120 160 200 240 2
X/ pm
Figure.7.14 Penetration of DNA origami through 3 days old BL21 E.coli biofilm: (a) 3D view of the penetration of DNA
origami through biofilm structure. (b) 2D view of biofilm with X-Z and Y-Z section in green (top) and red (right) views. (c) X-
Z 3D view on the penetration of DNA origami in EPS.

The inhibitory effect of DOX against BL21 E.coli biofilm was further evaluated. Fig.7.15a shows the
CLSM image of one-day-old BL21 E.coli biofilm grown in the presence of DOX-loaded DNA origami.
One long filament of bacteria remained after most bacteria were killed. The length of bacteria is
about 1200 ym which is almost 1000 times longer than the length of E.coli bacteria. This is because
DOX accumulated in EPS causing an intense effect. Furthermore, the DOX was treated against
mature, three days old BL21 E.coli biofilm. As indicated in Fig.7.15b, There is a low level of GFP
signal showing most bacteria were killed when DOX is applied to mature biofilms. Furthermore, the
length of bacteria is about 650 ym which is almost 650 times more than normal E.coli bacteria. For
both Fig.7.15a and Fig.7.15a, there is just a DOX signal, and there is no signal in the GFP channel
indicating that the bacteria is dead [439, 440] and the DOX on the outer membrane could be
detected. As observed in planktonic results, some of the treated bacteria with DOX could be

observed just in the DOX channel since they are dead and do not express GFP anymore.
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Figure.7.15 Inhibitory ffect of DOX against BL21 E.coli biofilm: (a) CLSM image of one-day-old BL21 E.coli biofilm
was grown in the presence of DOX. (b) CLSM image of three-days-old BL21 E.coli biofilm was treated with DOX-loaded
DNA origami.

Furthermore, electrochemical measurements have been done with microelectrode arrays. This work
is preliminary, and more elaboration is needed. However, to complete the project's goal, the
preliminary results are presented here. The electrodes were made of the conducting polymer
PEDOT: PSS for the electrochemical readout and were patterned by optical lithography, ensuring
scalable fabrication with reasonable control over device parameters. A thickness of 380 nm provides
low enough impedance and >75% transparency throughout the visible part of the spectrum, making
them suitable for artifact-free recording in the presence of laser illumination of CLSM (Fig.7.16). Au
interconnects were used outside the transparent window to minimize resistive losses. The recording

area had 59 recording electrodes which are circular with 30 um in diameter. The distance between

electrodes was 200 ym (Fig.7.16).

In previous studies, selective detection has been reported through the change in conductivity and
double-layer capacitance of the medium caused by bacterial growth [441-443]. In particular, an
impedance biosensor integrated with an interdigitated array (IDA) electrode can generate sensitive
electrochemical signals due to its low ohmic drop, rapid reaction kinetics, and high signal-to-noise
ratio [444-446]. Using the interdigitated microelectrode impedance sensor has shown changes in

electrochemical signals with bacterial growth [447].
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Figure.7.16 Schematic representing the microelectrode arrays: Optical image of the transparent MEA (left), close-up
view of the transparent recording region (right, bottom).

Before biofilm culture, a PDMS mold was mounted on the active area. The biofilm was then cultured
in the PDMS well (Fig.7.17).

Figure.7.17 Biofilm culture in the PDMS well on the MEA.

To evaluate the effect of biofilm culture on the swelling of PEDOT: PSS, AFM microscopy was done

before (Fig.7.18) and after (Fig.7.19) adding the culture medium on the polymer.
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Comparing Fig.7.18 and Fig.7.19 indicated that the PEDOT: PSS after introducing the culture
medium swell about 11 nm, which is very little to consider the polymer as a scaffold platform for

entrapping the E.coli cells.

Figure.7.19 AFM image of the wet PEDOT: PSS polymer.

The biofilms were then cultured on MEAs (PEDOT: PSS coated Au microelectrodes), and
electrochemical impedance spectroscopy (EIS) was performed. Although EIS of biofilms is well-
known and often discussed in the literature, in this thesis, an MEA with 30 um microelectrodes was
used that could provide some localized information by EIS imaging. At each grid point of the MEA,
an EIS spectrum can be recorded, which could be very useful for biofilms that contain structural and
chemical heterogeneities, such as gradients of nutrients and metabolites. Fig.7.20 represents
Randles equivalent circuit often used for a working electrode-electrolyte solution interface. It consists
of a solution resistance Rs, a charge transfer resistance (Rc), a diffusion element (Warburg element,
Zy) to account for the diffusion of species, and a constant phase element (CPE). The CPE represents

the double layer capacitance at the electrode-electrolyte solution interface and describes an
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imperfect capacitor [448]. Constructing a Randles equivalent circuit for the system under study is
more complex. It contains various phases and interfaces, such as Au-PEDOT: PSS, PEDOT: PSS-
biofilm biofilm-electrolyte solution. The different contributions of the double layer (pseudo-

)capacitances and interface resistances might both play all separate critical roles.

RCt Zd

R

CPE

Figure.7.20 Equivalent circuit for describing bacterial attachment with the MEA electrode. Rs refers to the solution
resistance; CPE refers to the constant phase element, which represents the double layer capacitance, R refers to the
charge transfer resistance, which accounts for the leakage current.

Although the simple Randles equivalent circuit shown in Fig.7.20 is not accurate enough to describe
the studied system in detail, a preliminary analysis of EIS spectra and fitting those to the simplified
equivalent circuit from Fig.7.20 was performed. Suitable limits on each of the parameters were
selected, and fitting was done using the Python package "Impedance.py". The electrodes where any
of the fitted parameters were at the upper or lower frequency limits were not considered for

comparison, even if the fitting errors were low.

In order to eliminate possible electrode-to-electrode variations in one MEA, the CPE from each
experiment with biofilm was normalized by the CPE of the same electrode of the MEA without biofilm
(Eqg. 7.4). Measurements without biofilm are indicated below as bare culture medium Super Optimal
Broth (SOB):

CPE in the presence of biofilm (CPE)

Normalized CPE = (Equation 7.4)

CPE in culture medium,SOB (no biofilm)(CPEsyp)

According to previous studies, the double-layer capacitance can be affected by two contrary factors;
ionic species generated by bacterial cell growth and accumulated at the biofilm surface could
increase the double-layer capacitances of the involved biofilm interfaces, but physically attached

bacteria could decrease the double layer capacitance of an electrode by blocking it [447, 449].

In this very preliminary approach, the total apparent CPE value was considered a rough
electrochemical reference value to have an indication whether the antibiofiim reagents and
treatments affected the biofilm. EIS results were thus compared with fluorescence images. Ideally,
the EIS with a microchip could provide a simplified, compact measurement platform in the future.
However, it is very clear that a deeper study of the construction of the Randles equivalent circuit and

data elaboration of the whole system is needed. Moreover, more measurements have to be done in

164



order to obtain statistically solid data sets. As this work was done at the end of the internship period
at Cambridge, time constraints did not allow a deeper investigation so far. Therefore, the following
analysis must be considered as a preliminary investigation. It is assumed that the pseudo-
capacitance depends on various factors, such as the concentration of ions in the phases and the
surface areas of the electrode [447, 449]. The general procedure was the following, biofilm growth
was initiated directly in the presence of reagents, or a three-day-old, more robust biofiim was

continued to grow with the reagents.

First, an E. coli biofilm was grown on the chip in the presence of free 40 uM DOX, thus without DNA
origami (Fig.7.21). The CLSM images show the BL21 E.coli biofilm growth on the MEA in the
presence of DOX for five days. In all CLSM images, the MEs are shown as shadows, and the biofilm
can easier be seen in the areas in-between. The GFP signal (= mass of bacteria) decreased by 35%
and 57% after three and five days, respectively. Table 7.2 illustrates the normalized total apparent
CPE values, and Table 7.3 shows the average values, considering a set of eight MEs of the MEA.
The total apparent CPE was higher at day one in comparison to Super Optimal Broth (SOB, blank),
which was the bacteria and biofilm-free culture medium being in contact with the PEDOT: PSS-Au
electrode. However, the total apparent CPE decreased after that by 53% and 50% after three and
five days, respectively, but still being higher than the blank. After five days, an accumulation of DOX
in the biofilm appears in the CLSM image, and DOX accumulation and affected biofilm material
composition might influence the EIS signal. There was no significant difference between day 3 and
day 5 when analyzing the electrode mean signals, indicating a stable situation regarding total

apparent CPE. The total apparent CPE might not be a suitable indicator as the GFP decreases.

Table 7.2 CPE = CPE | CPEsos

Time of DOX Electrod Electrod Electrod Electrod Electrod Electrod Electrod Electrod
treatment / day e1 e2 e3 e4 eb eb e7 e8
Bare 1 1 1 1 1 1 1 1
One 1.64 19.9 35.0 7.01 8.03 4.41 6.70 6.15
Three 4.73 8.05 15.6 3.26 4.92 2.30 2.29 1.96
Five 5.00 8.78 12.1 2.63 5.21 2.74 3.71 3.75

Table 7.3 CPE = CPE | CPEsos

Bare 1

One 11.11
Three 5.39

Five 5.49
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apparent CPE. Growth of BL21 E.coli biofilm in the presence of free 40 yM DOX for one day (a), three days (b), and five
days (c).

In general, all CPE values were higher than SOB (bare) due to different ionic environments after
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Figure.7.21 Growing a BL21 E.coli biofilm in the presence of DOX: (a-c) CLSM images and (d) normalized total

introducing DOX and having a biofilm on the electrode.

After that, a robust and mature three-day-old biofilm was pre-grown and treated with free 40 yM DOX
for one day. The CLSM images show the three 3-day old BL21 E.coli biofilms before and after DOX
treatment (Fig.7.22). The GFP signal decreased by 43% after one day of treatment with 40 yM DOX
(Fig.7.21). Table 7.3 illustrates the CPE values, and Table 7.4 shows the average values.

Table 7.4 CPE = CPE | CPEsos

Electrod Electrode Electrode Electrode Electrode Electrode Electrode Electrode
e1 2 3 4 5 6 7 8
Bare 1 1 1 1 1 1 1 1
Before 0.20 0.23 0.20 1.19 0.55 0.73 0.18 0.24
After 0.12 0.36 0.25 1.14 0.42 0.67 0.23 0.51
Table 7.5 CPE = CPE | CPEsos
Bare 1
Before 0.44
After 0.46
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Figure.7.22 Treating mature BL21 E.coli biofilm with DOX: CLSM image of a 3-day-old biofilm (a) before and (b) after
treating with 40 uM DOX for one day. (c) The fitted CPE was extracted from EIS results.

The biofilm grown for three days shows a lower total apparent CPE compared to the blank (= 1) for
almost all the electrodes. The value of the total apparent CPE did not change between day 0 (before)

and 1 (after treatment). This result could indicate that the total biofilm mass is stable, and the total

apparent CPE is not indicative of the treatment.

An E. coli biofilm was then grown in the presence of DOX-free DNA origami on the MEA (Fig.7.23).
Having DNA origami in the culture let the biofilm grow in clusters (Fig.7.12 and Fig.7.23b) due to
the electrostatic interactions between DNA origami and the biofilm. The initial total apparent CPE is
higher than the blank, as it was observed vide supra (Tab 7.6 and Tab. 7.7). The mean total apparent
CPE increased by 28% after three days compared to day 1. This was different from the DOX-
containing solutions and could indicate that the biofilm continues growing without DOX, however, in
clusters. Furthermore, the GFP signal is also decreased by about 19%. But as it is shown in

Fig.7.23a,b, the GFP signal is more local and in the cluster.

Table 7.6 CPE = CPE | CPEsos

Electrode 1 Electrode 2 Electrode 3 Electrode 4
Bare 1 1 1 1
One 10.8 9.29 7.22 3.99
Three 18.2 11.5 4.88 5.61

Table 7.7 CPE = CPE | CPEsos

Bare 1
One 7.825
Three 10.048
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Figure.7.23 Growing BL21 E.coli biofilm with DNA origami: (a and b) CLSM images and (c and d) MEAs readout.
Growth of BL21 E.coli biofilm in the presence of DNA origami for one day (a), three days (b). (c) The fitted CPE was
extracted from EIS results.
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An E. coli biofilm was then grown in the presence of DOX-loaded DNA origami nanostructures
(Fig.7.24). The GFP signal decreased drastically (83%) and much more than the DOX solutions as
expected and discussed vide supra (Fig.7.24a and Fig.7.24b). When the bacteria and DOX-loaded
DNA origami nanostructures were cultured together, biofilms did not even form on some electrodes,
generating a very heterogeneous biofilm "coating". Therefore, the total apparent CPE for some
electrodes was below 1 and for others above 1 at day one (Table 7.7 and Table 7.8), thus much

lower than in the previous cases. The heterogeneity can also clearly be seen in CLSM images.

Table 7.8 CPE = CPE | CPEsos
Electrode 1 Electrode 2 Electrode 3 Electrode4 Electrode5 Electrode 6 Electrode 7
Bare 1 1 1 1 1 1 1
One 0.21 1.16 0.36 4.11 0.59 3.45 0.36
Three 0.44 1.20 0.35 3.66 1.68 2.87 0.42

Table 7.9 CPE = CPE | CPEsos

Bare 1
One 1.463
Three 1.517
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Figure.7.24 Growing BL21 E.coli biofilm with DOX/DNA origami: (a and b) CLSM images and (¢ and d) MEAs
readout. Growth of BL21 E.coli biofilm in the presence of DOX/DNA origami for one day (a), three days (b). (c) The fitted
CPE was extracted from EIS results.

Finally, the three-day-old and thus robust biofilm was treated with DOX-loaded DNA origami
nanostructures for one day and three days (Fig. 7.25). The CLSM shows that the GFP signals
decreased drastically, i.e., by 73% and 91% after one day and three days of treatment, respectively.
Furthermore, the electrochemical readout of the three-day biofilm shows an increase of the total
apparent CPE over time (Table 7.9 and Table 7.10). The capacitance of each electrode reflects its

local environment, and since the biofilm is non-uniform, variations are noticed across different

electrodes.

Therefore, while the GFP-based CLSM showed the effect of DOX treatments clearly, the
electrochemically obtained total apparent CPE changed partially in a contrary way. This suggests
that a better equivalent circuit should be designed, as the species added to the solution and the

attacked biofilm might influence the EIS spectra differently.

Table 7.10 CPE = CPE | CPEsoB
Electrode 1 Electrode 2 Electrode 3 Electrode4 Electrode5 Electrode 6 Electrode 7

Bare 1 1 1 1 1 1 1
One 5.57 1.20 0.73 1.90 0.69 1.15 0.96
Three 9.70 1.48 3.50 4.91 2.85 3.63 4.37

Table 7.11 CPE = CPE | CPEsos

Bare 1
One 1.743
Three 4.349
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Figure.7.25 Treating mature BL21 E.coli biofilm with DOX/DNA origami: CLSM image of 3 days of biofilm (a) before
and after treating with DOX/DNA origami for one day (b) and three days (c). (d) The fitted CPE was extracted from EIS
results.

7.3 Conclusion

This chapter discusses antibiofilm agents with high selectivity and efficiency for attacking E. coli
biofilms. The novel materials were developed based on DNA nanotechnology and loading of DNA
origami with DOX. The antibiofilm agent can pass through the extracellular polymeric matrix of the
biofilm and penetrate through its 3D structure. The results show that DOX/DNA origami are
promising antibiofilm reagents for inhibition of biofilm formation as well as biofilm eradication.
Complementary detection has been addressed by using CLSM and MEAs. The MEAs were used to
record localized EIS spectra. A simplified Randles equivalent circuit was used to fit the experimental
EIS spectra. This led to a total apparent CPE that changed with treatments, but was difficult to
compare with the CLSM image data. Therefore, the electrochemical detection concept should be

optimized in view of the experimental design, hardware, and data elaboration.
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CHAPTER 8 General conclusions and future

perspectives

In this thesis, complementary detection methods based on electrochemical analysis and
fluorescence imaging were investigated to provide new insights and new approaches for
electrochemical imaging of complex biological materials. Melanoma and bacterial biofilms were the
two main targets of this thesis, and the results were discussed in five results chapters. The
measurement of tyrosinase, a melanoma protein marker, was realized non-invasive and semi-
invasive (Chapters 3 and 4). Tyrosinase was detected Soft-Probe-SECM by first linking a primary
TYR antibody, which wasSoft-Probe-SECM by first linking a primary TYR antibody, followed by
linking a secondary antibody with a secondary antibody peroxidase label to produce
electrochemically detectable species. Soft-Probe-SECM has been used to study bacterial biofilm
electrochemical surface reactivity in Chapters 5 and 6 and to investigate the effect of antibiofilm
treatment with different reagents and treatments. Finally, in Chapter 7, an antimicrobial-loaded DNA
origami has been applied for the selective and efficient treatment of the biofilm. The achievements

of each project are summarized below.

In Chapter 3, an adhesive tape collection method for cutaneous cells from a suspicious skin area
and subsequent transfer of the tape with collected cells into an SECM was presented. The adhesive
tape removed the cells and kept them well attached to the adhesive layer during experiments in an
electrolyte solution. An antibody labeled with horseradish peroxidase was applied to visualize by
Soft-Probe-SECM the intracellular enzyme tyrosinase (TYR) on the tape-collected cells. Notably, the
tape stripping procedure seemed to have damaged the cell membranes sufficiently, not requiring
cell lysis or cell membrane permeabilization strategies. First, mouse model melanoma cells were
analyzed in different concentrations. Following this, increased TYR levels were observed in
melanoma mouse models reflecting three different stages of tumor growth. By analyzing cells from
the stratum corneum in different depths, e.g., by consecutive tape stripping on the same area, three-
dimensional information about melanoma biomarker distributions might be obtainable in the future.
This method could develop into a skin screening tool for skin disease diagnosis in a broader range
of skin conditions. Although it would require more testing, the method may also be applied to

organoids and 3D microtissues to study cancer.
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In Chapter 4, the fabrication of a microneedle array electrode was presented as a potentially semi-
invasive device for the in vivo detection of TYR. Microneedles (MNs) were fabricated with a steel
template and a PDMS negative mold. Various polymers were tested to generate a mechanical strong
MN base. The polymeric microneedles were then coated with gold by sputtering. A liquid electrolyte
layer was deposited on the gold microneedles in the form of an alginate hydrogel loaded with
catechol. Catechol is an electroactive species whose oxidation to o-benzoquinone can be catalyzed
by TYR. If the MN electrode is immersed in a sample that contained TYR, a negative MN current will
be recorded due to the reduction of o-benzoquinone. The sensor showed a high sensitivity for TYR
of 7.52 pyA-mg~"-mL in dummy skin. A relative standard deviation (RSD) of 9% (n=5 repetitive)
confirmed that catechol@alginate: gold microneedle had excellent stability. Moreover, five
catechol@alginate: gold microneedle electrodes showed an RSD of 4% (n=5). Based on these
results, it appears that the electrode fabrication process was reproducible, and catechol@alginate:
gold microneedle biosensors are stable for repeated detection of tyrosinase. A further advantage of

this sensor is its selectivity over potential interference components.

In Chapters 5 and 6, the electrochemical surface reactivity of biofilms was investigated with Soft-
Probe-SECM. The feedback mode of SECM was used to generate in situ metabolic activity maps
by the on film reduction of ferrocene methanol. Comparing SECM approach curves over entire
biofilms on glass and the tape-stripped top surface layer of the biofilm, it can be inferred that
SECM-based metabolic activity measurements are surface-confined. Additionally, it was

possible to distinguish biofilms containing E. coli cells with or without ampicillin resistance.

The reduction of redox mediators based on various redox-active materials has been
investigated. Based on the results, hydrophobicity is the critical parameter for the redox mediator
to penetrate the extracellular polymeric matrix of biofilms and the outer membrane of E.coli. The
extracellular polymeric matrix has a network of hydrophilic biomolecules, including proteins,
polysaccharides, and extracellular DNA. And also, an outer membrane of E.coli has just one type of
transport channel opening: porin. A higher reduction current from hydrophobic redox material. These
considerations were discussed by recording approach curves over biofilms with different redox

mediators.

Furthermore, the effects of different antimicrobial agents based on a chemical treatment
(sodium azide), nanotechnology (silver nanoparticles), antibiotics (gentamicin), and flashlight
treatment on the E. coli biofilms were investigated using Soft-Probe-SECM in feedback mode.
SECM showed the possibility of recording the effect of antimicrobial agents, especially those
with intracellular effects. The mean feedback currents were reduced the more effective was the
antibiotic. Soft-Probe-SECM was used to study the inhibitory effect of sodium azide on the
plasma membrane of bacteria. The inhibitory effect of silver nanoparticles in different sizes and

concentrations after one-day incubation of E. coli biofiims was further analyzed, which was
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followed by using flashlight to degrade biofilms with UV and white light irradiation. Soft-Probe-
SECM was shown to be a sensitive and fast response technique to quantify the antimicrobial
effects on the respiratory chain. It can be used as a complementary readout with other methods

for recording the biofilm activity.

In Chapter 7, a novel antibiofilm material, i.e., a DOX-loaded DNA origami, was developed
for biofilms' selective and efficient treatment. The DNA origami behaved as a nanocarrier that
could penetrate through the 3D structure of biofilm. DNA origamis were loaded with a
Doxorubicin (DOX) drug, which inhibits the growth of bacteria, but cannot surpass the EPS of a
biofilm alone, making it less effective for treating biofilms. Indeed, the DOX, when loaded on
DNA origami nanostructures, was able to penetrate successfully through the biofilm to attack
the internal part of the biofilms and to treat it efficiently. Furthermore, complementary detection
has been designed in this study. A microelectrode array was designed and fabricated for rapid
biofilm analysis. In preliminary experiments and data elaboration approaches, the antibiofilm
properties of the DOX/DNA origiami were addressed by trials to extract the total apparent

constant phase element.

One of the most acute problems associated with biofilms is their formation on wound surfaces.
Bacteria in this form impede the healing of 60% of chronic wounds and 6% of acute wounds [450-
452]. A wound biofilm is formed when microorganisms, mostly pathogenic bacteria, adhere to the
wound surface. The extracellular polymeric matrix, a three-dimensional (3D) matrix, provides
protection and cohesion for bacteria growing in wound sites [453, 454]. Bacteria are more likely to
attach to wound surfaces when the immune system is dysfunctional or dysregulated. All open
wounds contain microorganisms from endogenous or exogenous sources because the innate
protective covering of the skin is compromised [455]. The host's immune system controls or destroys
pathogenic bacteria early in the development of wounds, leading to a normal wound healing process.
However, a biofilm matrix can develop when bacteria successfully attach to the wound surface [456],
effectively protecting bacteria from phagocytic attack by neutrophils and macrophages [457].
Detecting wound infections can be challenging, especially in wounds with pathogenic biofilms.
Although some clinical symptoms of the formation of pathogenic biofilms, such as yellow exudate,
pale wound bed, necrotic tissue, and clear tissue fluid, are distinguishable, the bacterial aggregates
in wound biofilms are not discernible by the unaided eye as they usually measure less than 100 um

in size [458]. Therefore, an approach to detect specific bacterial species on the wound site is vital.

Traditionally, chronic wound biofilm detection techniques are categorized into microbiology,
molecular and imaging assays. Microbiology culture-based techniques have been used to detect
viable culturable bacteria in the wound. However, diagnosis of chronic wound infection using this
method lacks accuracy and was demonstrated to considerably underestimate the existence and the

variety of bacteria in the wound [458, 459]. Inaccuracies in the detection may arise because many
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bacteria do not form colonies in normal culturing conditions (slow-growing variants, dormant persister

cells, and anaerobic bacteria) [460, 461].

DNA- and RNA-based analyses of biofilm bacterial species are more precise than culturing
methods and can detect unculturable cells and samples with mixed species (anaerobic and aerobic
bacteria) [462]. Nevertheless, some limitations are associated with DNA-based technologies. The
three primary concerns are the possibility of DNA contamination from the clinical environment or the
patient's skin, not communicating cell viability information, and not distinguishing between biofilms

and planktonic microbes [463].

A wound biofilm can also be detected and investigated using microscopy. For the identification of
biofilms in wounds, confocal laser scanning microscopy (CLSM) and scanning electron microscopy
(SEM), which examine biofilms by imaging their polysaccharide matrix and bacterial morphologies,
have also been used [464-466]. Nevertheless, these imaging techniques may require time-
consuming staining of the biofilm components (bacteria or EPS), special equipment, and highly

trained staff. Because of this, they are not applicable in clinical settings [467].

While the methods described above have offered advances in biofilm detection, there is still a
need for precise and reproducible biofilm detection on the wound site. This can be achieved through
biosensor technologies that exploit specific characteristics of biofilms. Biofilms on wound beds
produce quantifiable biomarkers and lend themselves as indicators for a wound's normal or
pathological state [468]. They can be a powerful tool in designing personalized treatment options
according to the needs of specific patient populations. Apart from specific biomarkers, other
indicators of wound biofilm establishment include pH, transepidermal water loss from peri-wound
skin, nutritional factors, and temperature [469]. Fig.8.1 shows the methods for the detection of

chronic wound biofilm.

Detection methods
for chronic wound biofilm

Microbiology Specific
culture-based bacterial species
techniques . sensors

DNA-based RNA-based Biomarker
analyses analyses

SENsors

Novel and improved
method based on
Sensors

Conventional
method

Scanning electron Electrochemical Enzyme

2 Temperature
microscopy

readout SEnsors Sensors

“onfocal laser scanning Wound biofilm
microscopy matrix sensor

Figure.8.1 Methods for detecting chronic wound biofilm: Methods are separated into conventional and novel
methods.
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The first category of studies used in wound biofilms indicates whole bacteria in the wound site
rather than specific biomarkers. In a recent study, Thet et al. [470] describe a sensor for detecting
skin pathogenic bacteria at an early stage of biofilm formation. An embedded fluorescent dye is
encapsulated within liposomes. Toxins from infecting bacteria cause liposomes to break down,
trigger dye activation, and cause the sensor color to turn yellow to green, demonstrating infection. In
another study, Jones et al. [471] focused on visualizing polymicrobial populations based on porphyrin
fluorescence. In this study, 32 bacteria and 4 yeast species were plated on agar and tested for red
fluorescence. According to the findings, 28 of 32 bacteria studied and one in four yeast species and
monomicrobial biofilms produce red fluorescence when they can produce porphyrin. These sensors
offer precise detection for pathogenic bacteria and particularly for chronic nonhealing infected

wounds.

Different studies have demonstrated that chronic, acute, and healthy skin pH profiles differ
significantly [472]. The pH within the wound milieu is a significant biochemical marker, an important
contributing factor throughout the wound healing process [469, 473]. pH of normal skin and healing
wounds is between 4-6.5 (i.e., acidic) [474, 475]. However, chronic wounds have an alkaline pH
[476]. When an infected wound has a high pH, it inhibits microorganism growth and invasion. These
pH changes affect matrix metalloproteinases, fibroblast activity, keratinocyte proliferation, microbial
proliferation, and immunologic reactions in the wound [474]. Since pH changes can modulate
biological and biochemical processes in wound healing, various pH sensors have been developed
to monitor wound status. Electrochemical pH sensors mainly measure the pH-sensitive potential,
current, or impedance [477]. In a study by Rahimi et al. [478], a potentiometric pH sensor was

developed for wound infection detection.

Additionally, wound inflammation and infection are closely linked to wound temperature [479]. As
recently demonstrated, it is possible to predict infection by observing any abnormal changes in
wound temperature before any secondary symptoms appear [480]. As such, temperature is an
essential indicator of wound biofilms. Different innovative wound dressings with integrated
temperature sensors have been designed to provide precise real-time information about the wound
environment [481]. For instance, Pang et al. [482] developed a double-layer structure including
polydimethylsiloxane-encapsulated flexible electronics integrated with a temperature sensor and

ultraviolet (UV) light-emitting diodes.

Furthermore, various studies have demonstrated the role of enzymes, precisely that of matrix
metalloproteinases (MMPs), in the healing process of chronic wounds. Some of these enzymes are
excessively released and activated in chronic cutaneous wounds, which leads to long-term healing.
For a wound to heal, MMPs should be at an appropriate level, in the correct location, and for a
precise duration of time. TIMPs (tissue inhibitors of metalloproteinases) are generally produced in
excessive amounts during wound healing, and their levels are concomitantly downregulated,

resulting in decreased production of MMPs. In response, the balance between MMP and TIMP is
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altered [483-486]. MMPs were chronically elevated in chronic wounds, and TIMPS were reduced,
leading to aberrations in their ratios serving as potential diagnostic biomarkers to detect wound

biofilms.

Furthermore, the growing aging populations and limited clinical resources have created an
enormous demand for wearable health devices and portable medical monitoring. Wearable
biosensors now make it possible to monitor human bodies and health without any invasive input for
long periods [487, 488]. Through continuous monitoring of an individual's health status, wearable
sensors are the key to personalized medicine [489]. While wearable sensor technologies are rapidly
growing in popularity, it is crucial to develop flexible devices to collect more insightful information

regarding skin infections from the human skin.

As illustrated, there is an increasing interest in developing sensors for the precise detection of
different wound biofilm-associated markers and providing reliable information about wound status.
Personalized medicine is made possible by wearable sensors. In this way, continuous monitoring of
the human body and collecting meaningful health status data can be captured and used for
preventive intervention. The epidermal measurement is often prone to errors due to motion artifacts
and mechanical mismatches between conventional rigid electronic materials and soft skin. Unique
properties of flexible electronics, such as high flexibility and conformability, allow for a natural

interface between humans and devices [490-493].

Personalized healthcare has recently significantly improved because of advances in
nanotechnology and materials science. Wearable electronics can monitor individuals' movements
without interrupting them or limiting their movements while wearing it or mating it with their skin [492-
495]. A wearable biosensor could thus be used to continuously monitor an individual's physiological
variables in real-time [489, 496, 497]. Currently, commercially available wearable sensors can only

track one physical activity and vital signs. They are unable to offer insight into a user's state of health.

The integration of flexible sensors in a bandage or so-called innovative wound dressings has
recently attracted much attention. Smart bandages have been engineered to provide precise real-
time information about wound conditions, including pH, temperature, moisture, and oxygen, to
personalize an individual patient's clinical treatment [481, 498]. Although sensor-integrated wound
dressings can provide information about the wound environment, some detectable symptoms may
stem from other reactions in the body, leading to an incorrect diagnosis. Multiple sensors must be
incorporated simultaneously in wound dressings to provide orthogonal information from various
wound parameters to counteract this problem. Integrating more than one sensor can give even more

accurate information about the wound environment and biofilm formation status.

Based on my biofilm sensing and treatments expertise, | would suggest having an electroactive
hydrogel containing redox-active species on the wearable sensor for continuous detection. Based
on my expertise, ferrocenemethanol is a promising option for detecting the metabolic activity of

biofilm.
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Therefore, for future work, | propose fabricating a wearable electronic sensor on a mechanically
flexible polyethylene terephthalate (PET) substrate. The sensor will need two main parts based on
sensor arrays and wireless flexible printed circuit board (FPCB) (Fig.8.2). Wearable sensors could
record different wound biofilm properties through multiple channels. The five main characteristics
are temperature, pH, enzyme markers, bacteria, and EPS species. Therefore, the four sensing
panels are suggested for being developed: (i) Specific bacterial species and wound biofilm EPS

sensors. Sensors to indicate environmental parameters, (ii) pH and (iii) temperature. (iv) Enzymes

Sensors.
.Bacteria sensor ]
.pH sensor \ . ,
.Enzyme sensor Ag/AgCI .. '
~V Temperature

Flexible
sensor array

Figure.8.2 Schematic represents the flexible electronic device with various simultaneous readouts for detecting wound
chronic biofilm.

The sensor array has several key components, including the substrate, active, and interface. First,
the transparent sensor array shall be fabricated (Fig.8.3). The sensors could be fabricated on flexible
transparent PET to ease the wearable application and microscopy investigations. The electroactive
material could be provided by a gold (Au) coating. Before Au coating, a thin layer of chromium (Cr)
shall be sputtered to improve the adhesion of Au on PET. A parylene coating shall cover the active
area. Ag/AgCl electrodes could be used as reference electrodes for the electrochemical readout.

PET cleaning Au patterning Parylene deposition

S G

Ag etching . )
and ¢ lormauon Ag patterning 0, plasma etching

28,28

Figure.8.3 Fabrication process of the flexible sensor array: (a) PET cleaning. (b) Patterning of Cr/Au electrodes using
photolithography. (c) Parylene insulating layer deposition. (d) Photolithography and O2 plasma etching of parylene in the
electrode areas. (e) Electron-beam deposition of the Ag. (f) Ag etching on the Au working electrode area and Ag
chlorination on the reference electrode area.
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The next step shall be to fabricate pH sensor, temperature sensor, enzyme sensor, and bacteria
sensor on the same base on sensor arrays. This step shall be done in a stepwise process. The
sensory characteristics of each sensor, including the limit of detection, sensitivity, selectivity, and
long-term performance, shall be developed precisely for each step.
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