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palavras-chave

resumo

Grafeno induzido por laser (LIG); biossensor eletroquimico; Escherichia coli
(E. coli); imunossensores impedimétricos

No presente trabalho, pretende-se desenvolver imunossensores
impedimétricos a base de grafeno induzido por laser (LIG) para detecdo de
E. coli. Este estudo foi desenvolvido em colaboragdo com a Bosch
Termotecnologia, S.A. Aveiro, no dmbito do projecto Smart Green Homes em
CO-promocao.

Primeiramente, procedeu-se a producao de elétrodos de LIG, explorando o
efeito da velocidade de varrimento do feixe laser, v, SoObre a folha de
poliimida (Kapton®). Para tal, foram estudados 5 valores: 150, 200, 250, 300 e
350 mm/s. De forma a comparar o efeito das diferentes velocidades de
varrimento, foi realizada uma caracterizagdo abrangente através das técnicas
de espetroscopia de Raman, microscopia eletronica de varrimento (SEM) e
caracterizacdo eletroquimica, definindo as respetivas constante de
transferéncia de carga heterogénea, K°, area eletroquimica efetiva, Aen, €
capacitancia por unidade de area, y4;. De acordo com os resultados obtidos, a
amostra de LIG produzida com 250 mm/s foi selecionada para continuar o
trabalho, nomeadamente, a funcionalizacdo. Para tal, a amostra foi analisada
por espetroscopia de fotoeletrdes excitados por raios-X (XPS).

O protocolo de funcionalizacdo foi estudado por espetroscopia de
impedancia eletroquimica (EIS) e voltametria ciclica (CV). O processo de
funcionalizacdo foi dividido em quatro passos: hidroxilacédo, silanizagdo de
APTES, funcionalizagcdo covalente do anti-E. coli e passivagdo com BSA. Em
particular, foi estudada a necessidade de hidroxilar os elétrodos de LIG
recorrendo a espetroscopia de Raman, XPS e a respetiva caracterizagao
eletroquimica (K%, Aerr and y4;). Além disso, também foi considerado relevante,
para compreender os resultados obtidos através de EIS e CV, realizar a
caracterizagdo eletroquimica das amostras silanizadas com APTES. Deste
modo, foi possivel estabelecer um protocolo de funcionalizagdo apropriado a
aplicagao em vista.

A resposta dos biossensores desenvolvidos foi testada através de medidas
de EIS, utilizando 7 concentragées de E. coli (5, 10, 10°, 10° 10% 10°
10° CFU/mL). Nestes testes também foram contemplados controlos para
determinacéao de falsos-positivos e seletividade. Contudo, os resultados obtidos
foram inconclusivos relativamente a detecdo de E. coli, levando ao
planeamento de novos testes. Desta forma, recorreu-se a duas estirpes de
E. coli e a testes de EIS, de DNA bacteriano e andlise de SEM, com os quais
Se provou que o0s sensores produzidos s&o capazes de detetar E. coli.
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In this work, it was intended the development of a laser induced graphene
(LIG) impedimetric immunosensor for Escherichia coli detection. This
investigation was explored in cooperation with Bosch Thermotechnology S.A.
Aveiro within the co-promoted Smart Green Home project.

To start, LIG electrodes were produced, fixating all the laser parameters with
exception of the laser scan speed, Viaser, for which five values (150, 200, 250, 300
and 350 mm/s) were explored. A comprehensive study to compare the five Vs,
was done through Raman spectroscopy, scanning electron microscopy (SEM)
and determination of the respective electrochemical parameters: heterogeneous
charge transfer rate constant, K°, effective electroactive area, Ay and
capacitance per unit area, y4;. As a result, the sample produced with 250 mm/s
was chosen to proceed with functionalisation, being subjected to X-ray
photoelectron spectroscopy (XPS).

Afterwards, a four steps functionalisation, comprehending hydroxylation,
APTES silanization, anti-E.coli covalent immobilisation and BSA passivation,
was studied through electrochemical impedance spectroscopy (EIS) and cyclic
voltammetry (CV). Particularly, it was explored the need to perform hydroxylation
using Raman spectroscopy, XPS and determination of the corresponding K°, A
and y4;. Also, in the case of APTES silanization, it was relevant to establish the
respective K°, Ao and va to better understand the EIS and CV measurements.
Consequently, a suitable functionalisation protocol was achieved.

Lastly, the biosensing response of the produced biosensors was investigated
by EIS towards 7 E. coli concentrations (5, 10, 10°, 10°, 10*, 10°, 10° CFU/mL).
These tests also comprised false-positive and selectivity controls.

However, the obtained results were inconclusive regarding E. coli detection,
so a set of confirmatory tests was established using two strains of E. colito verify
the efficiency of antibody-antigen interaction. To prove E. coli detection, the
biosensors, upon bacteria immobilisation, were submitted to EIS measurements,
bacterial DNA tests and SEM analysis. In fact, E. coli detection was confirmed.






Table of Contents

TABLE OF CONTENTS

LIST OF FIGURES

LIST OF TABLES 1V
LIST OF ACRONYMS AND SYMBOLS \")
1| INTRODUCTION 1
Il FUNDAMENTALS AND TECHNOLOGICAL BACKGROUND 3
2.1 ESCHERICHIA COLI DETECTION 3

E. COLI AND FAECAL-CONTAMINATED WATER 3

E. cOLI CURRENT DETECTION METHODS 3

2.2 BIOSENSORS: PRINCIPLES AND METHODOLOGIES 5
BIORECEPTORS 5
TRANSDUCERS 6
ELECTROCHEMICAL BIOSENSORS 8

2.3 NANOMATERIALS IN BIOSENSING 11
CARBON-BASED MATERIALS AND ELECTROCHEMISTRY 11

IV] EXPERIMENTAL PROCEDURE 17
4.1 LIG ELECTRODES PRODUCTION 17

4.2 |IMPEDIMETRIC BIOSENSOR PRODUCTION 19

4.3 E. COLI IMMOBILISATION AND TESTS 21

V| RESULTS AND DISCUSSION 23
5.1 LIG ELECTRODES CHARACTERISATION 23

5.2 FUNCTIONALISATION ANALYSIS 32

5.3 BIOSENSING RESPONSE 38

5.4 EVIDENCE OF E. COLI DETECTION 40

VI| CONCLUSIONS AND FUTURE WORK 45

VIl | REFERENCES

46




List of Figures

Figure 2.1: Representative scheme of biosensor, including the stimulus flow from the analyte to the

SIZNAL PIOCESSING STAZE. c.veuveireuiitiiiitietietete sttt et ettt e sbe et st et aesaesbesae e s e s e b e sseesesae e s e s eaesneeneeanens 5

Figure 2.2: (a) Typical Nyquist plot attained with impedimetric faradaic biosensors, for which in (b)
there are sketched the corresponding regions on the electrochemical cell and in (c) it is presented the

EQUIVALEIIE CITCULL. weutiitiiitieiieieiete ettt sttt e a e s st besaesae s st enenenes 10

Figure 3.1: Scheme of LIG samples production, where (a) is the top view and (b) is the cross-section
corresponding to the dashed line. ..., 17

Figure 3.2: Scheme of the production of one LIG electrode for electrochemical measurements, in
which (a) represents a single LIG sample, (b) the LIG sample after establishing the electrical contact
using silver ink and a copper wire and (c) the final step of the electrode production with chemical
isolation of the electrical contact and fixation of the electrochemical active area with the Lacomit
VAITISIL 1ot 18

Figure 3.3: Schematic representation of the electrochemical cell. ........ccooiiiiiiiiiiiiiiiiii, 19

Figure 3.4: Representative scheme of the functionalisation protocol for production of the
impedimetric biosensor, in which (a) is the LIG electrode, (b) the APTES-functionalised electrode,
(c) the electrode with the immobilised anti- E. coli and (d) the passivated electrode. .......c.ccooueueee 21

Figure 4.1: SEM images of the LIG samples produced by laser interaction with the Kapton® foil
using the five vlaser, (a) 150 mm/s, (b) 200 mm/s, (c) 250 mm/s, (d) 300 mm/s and (e) 350 mm/s.23

Figure 4.2: Magnified SEM images of the LIG sample produced with 300 mm/s. In (a), it is
highlighted the surface morphology and the porous distribution. In (b), one focus on a porous
STIUCEULE. 1veveuteutetetest ettt ettt ettt ettt ettt et et e e ae e b et easeae e b e b e aeeae e b e b easebe e b e s eaeete et et easeae b e ns e 24

Figure 4.3: Raman spectra of LIG samples. (a) Representative Raman spectrum for LIG produced
with 150, 200, 300 and 350 mm/s. (b) Raman spectrum obtained for LIG produced with 250 mm/s.

Figure 4.4: (a) Obtained voltammograms using ten different scan rates on one of the electrodes
produced with 250 mm/s laser scan speed, measurements using [Fe(CN),]* in PBS. (b) Anodic peak
current behaviour regarding voltammetric scan rate. The three symbols represent three electrodes

Produced With SAIME Vs .eeveeveeieiiiiiiriiiiiiiiieietcee ettt 26
Figure 4.5: (a) Fitting function (black line) used to determine the W parameter towards AEp and the
Nicholson method set of points (orange squares) that originated the same. (b) ¥ parameter linear
dependence concerning v-12 for the three electrodes produced with 250 mm/s, as an example.....27
Figure 4.6: Heterogeneous charge transfer rate constant, k’, for each laser scan speed, Vi «eovve... 28
Figure 4.7: (a) Obtained chronocoulometric plot using one of the electrodes produced with vy, =

250 mm/s, as an example. (b) Plot of the accumulated charge, Qacc, against t12 obtained for the five
Viser Using as electrolyte 1 mM K, [Fe(CN),] in PBS (10 mM, pH= 7.4). ccoooviiiniiniiicicce 29

Figure 4.8: The effective electroactive area, A 4 for each laser scan speed, vj,., using the 1 mM

[Fe(CN)]* in PBS a5 €leCtrOlYte. .vouiuiurueiiiieieieiiecieieieieieietees ettt se s esssesessesssssesesnes 30



Figure 4.9: (a) Obtained voltammograms using eight different scan rates on one of the electrodes

produced with 250 mm/s laser scan speed, using PBS as electrolyte. (b) Plot of the current density,

J, against the scan rate, vy, obtained for the five Vi, «ooeeeriririiiiiiiiiiiiiicicceee 30
Figure 4.10: Capacitance per unit area, ydl, for each laser scan speed, Vi -eeeeerereeerenereerenennenes 31
Figure 4.11: (a) C 1s, (b) O 1s and (c) N 1s regions of the XPS spectrum (black curves) of LIG
produced with 250 mm/s. The corresponding fitted peaks are the coloured lines........cccceevevuennenee. 32

Figure 4.12: C 1s (a, b), O 1s (¢, d) N 1s (e, ) and Si 2p:Fe 3s (g, h) regions of the XPS spectra
(black lines) of both LIG electrodes after APTES functionalisation, the non hydroxylated (left side)
and the hydroxylated (right side). The respective fitted peaks are the coloured lines. ..................... 34

Figure 4.13: Quantitative analysis of C 1s region of the XPS spectra obtained for the bare LIG
sample, in Figure 4.11-(a) (black) and both APTES-modified LIG, non- and hydroxylated samples,
in Figure 4.12- (a,b) (red and blue), reSpectively. .....c.courueirieueririeinieienieeirieeseee et 35

Figure 4.14: Voltammograms ((a),(b),(c)) and Nyquist plots ((d),(e),(f)) of bare LIG electrodes
(black) and LIG electrodes after APTES functionalisation using 0.1% (light pink), 1% (red) and
10% (brown) concentrations. Measurements performed using [Fe(CN)¢]*”* (1:1 mM) in PBS....36

Figure 4.15: Electrochemical characterisation of the APTES-modified LIG electrodes, with 0.1 ()
and 1% (e) concentrations. For each of the parameters, &’ (a), A.#(b) and ydl (c), the obtained results
for the bare LIG electrode (3 replicas) in section 4.1 (A) and for a bare LIG electrode of the new

batch produced for functionalisation (A) are shown for COMPArisOn. .....cccoveveervereerenrecierenennennn. 37

Figure 4.16: Characterisation of the functionalisation steps, comprising APTES, anti-E. coli and
BSA, through (a) cyclic voltammetry and (b) electrochemical impedance spectroscopy, using
[Fe(CN)J*"* (1:1 mM) in PBS (10 mM) as €leCtrolyte. ......ovrurirrrireeirreerrenissessesnaesesesseessseesenes 38

Figure 4.17: (a) Obtained Nyquist plots for the EIS measurements performed with the Biosensor
before (blank) and after being in contact with E. coli concentrations, using [Fe(CN)]*"* (1:1 mM)
in PBS (10 mM) as electrolyte. (b) Nyquist plot obtained for the Biosensor’s blank test and respective

fitted spectrum, accomplished considering the equivalent Circuit........coceeveeveereniecieieneneceeiencnnenes 39

Figure 4.18: Normalised biosensing response, Rer variation, of the fully functionalised biosensors

(Biosensor and Selectivity) and controls (Controly, epe/nms and Controly, ang k. o) before (blank) and

upon contact with 5, 10, 10% 10°, 10, 10° and 10°* CFU/mL of E. coli in 10 mM PBS solution...40
Figure 4.19: Acquired Nyquist plots for the new set of electrochemical tests before (black squares)

and after (red dots) E. coli immobilisation, in which (a) corresponds to the biosensor functionalised
with double the anti-E. coli concentration (~1 mg/mL), (b) to the control with no anti-E. coli
functionalised and (c) to the biosensor with the regular functionalisation protocol (0.5 mg/mL of
anti- E. coli). The measurements were performed using [Fe(CN)¢]*”* (1:1 mM) in PBS (10 mM) as
ELECEIOLYTE. .ttt b et s st a e 41

Figure 4.20: Result of the PCR amplification of DNA extracted from biosensor samples immobilised
with ECR 1 and ECR 15, separated in an agarose gel (1.5%) at 90 V for 1 h. .cccooevviniiinincnnenen. 42

Figure 4.21: SEM images of (a) the porously morphology and finely structure of the biosensors’
surface and (b) a perceptively curved E. coli cell on the biosensor’s surface..........ccoceevveuecvvninnnennne. 43



List of Tables

Table 2.1: Some of the most convenient figures of merit for biosensors performance analysis defined

bY TUPAC [55], [S6]. ettt 7

Table 2.2: Brief list of mainly EIS-based immunosensors for E. coli detection, endeavouring to

acknowledge suitable graphene-based devices. ........cccueviiviiiiniiiiiiiiiiiiiiicce e 15
Table 3.1: Set of tests performed, including the controls, and the designated target bacteria tested.22
Table 4.1: Intensity ratios Ip/Ig and I,p/I for each laser scan speed...........cccooovviiiiiiiiiiis 25
Table 4.2: List of some relevant carbon-based electrodes and respective kO values, using [Fe(CN),]*
or [Fe(CN),]* in PBS or potassium chloride (KCI) SOIUtiON. «....cvevririurueeeiinierieiriecieieiseeeeeeeeennes 28
Table 4.3: Intensity ratios Ip/I; and I,p/Ig of LIG prepared at 250 mm/s before and after Fenton
FEACTIONL. 1vuveietieit ettt sttt ettt ettt et e bt e b s b e s et e be e bt e b e e b e sabeebs e bt e s s esaesabesbe e bt en s e b e sabesan e reenes 33

Table 4.4: k°, A, ydl and images for qualitative evaluation of the contact angle of LIG electrode
prepared at 250 mm/s before and after hydroxylation (Fenton reaction). .......ccoeueueecininiricuccnnnes 33

Table 4.5: New set of biosensors produced and respective tests performed as well as the designated

target DACtEria USEA. ...oviiiiiiiiiiiiiieieiee et 41



List of Acronyms and symbols

AC - Alternate current

APTES - (3-aminopropyl)triethoxysilane
BDD - Boron-doped diamond

BSA - Bovine serum albumin

CC - Chronocoulometry

CCD - Charge coupled device

CE - Counter electrode

CNT - Carbon nanotube

CFU - Colony forming unit

CPE - Constant phase element

CV - Cyclic voltammetry

CVD - Chemical vapor deposition

DC - Direct current

DI - Deionised

EDC - N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochlorine
EIS - Electrochemical impedance spectroscopy
ELISA - Enzyme-linked immunosorbent assay
FET - Field effect transistor

FGS-ML - Functionalised graphene sheets monolayer
GC - Glassy carbon

GF - graphene foam

GO - Graphene oxide

HOPG - Highly-oriented pyrolytic graphite
LA — Luria Bertani medium supplemented with agar at 1.5%
LB — Luria Bertani medium

LIG - Laser induced graphene

LOD - Limit of detection

LOQ_~- Limit of quantitation

MG — monolayer graphene

MF — Membrane Filtration

MTF — Multiple Tube Fermentation

MNP - Magnetic nanoparticle

MPN - Most Probable Number

MWCNT - multi-walled carbon nanotubes
NHS - N-hydroxysuccinimide

NP - Nanoparticle

OCP - Open circuit potential

OD - Optical density

PBS - Phosphate Buffer Saline

PC - Plate Count

PCR - Polymerase chain reaction

PI - Polyimide



RE - Reference electrode

rGO - Reduced graphene oxide

rGS - reduced graphene sheets

SEM - Scanning electron microscopy
SWCNT - Single wall carbon nanotube
WE - Working electrode

XPS — X-ray photoelectron spectroscopy

A s— Electrochemical effective area

C - Concentration

Cq — Double-layer capacitance

D - Diffusion coefficient

d — distance between lines of laser scanning

E — Potential

F — Faraday's constant

f - Frequency in Hz

h — distance between the laser head and the PI sheet
I ori - Electric current

Ip — Raman D band intensity

I,p — Raman 2D band intensity

I — Raman G band intensity

J — Current density

j — Imaginary unit

k? — Heterogeneous charge transfer rate constant
P,...— Laser power output

R — Universal gas constant

Rer — Faradaic charge transfer resistance

Rg — Series ohmic resistance

S — Sensitivity

T — Temperature

t — Temporal coordinate

Viser — Laaser scan speed

Z — Impedance

Z;,, — Imaginary component of the impedance vector
Zg. — Real component of the impedance vector
Zyy — Warburg impedance

a — charge transfer coefficient

va — Capacitance per unit area

V or voy — Voltammetric scan rate

¢ — Phase angle

W — Nicholson's kinetic function

w — Angular frequency

vi



|| Introduction

“Ensure availability and sustainable management of water and sanitation for all” was established
as 6™ of 17 goals to achieve in The 2030 Agenda for Sustainable Development. This goal is directly
related to others of the agenda, as eradication of poverty and hunger, since water quality, as well as
potable water quantity, is completely indispensable to human health and development [1]. The
World Health Organisation (WHO)/United Nations Children’s Fund (UNICEF) Joint Monitoring
Programme (JMP) for Water Supplies has estimated that, in 2012, at least 1.8 billion people globally
used a source of drinking water that is faecally contaminated [2]. Hence, the program assigned as its
highest priority, towards water quality, the identification of faecal contamination in drinking water.
For that matter, it is standardised the detection of the indicator bacteria Escherichia coli (E. coli)
[2]-[4].

Despite the fact that legislation globally and WHQO’s Guidelines for Drinking-Water Quality
are very strict on the absence of E. coli in 100 mL water sample, the quantification of this organism
allows a clearer evaluation of the water treatment being implemented and the health risk
amplification. Obviously, if the enumeration method is sensitive to very low concentrations of E. coli
(e. g. 1-10 CFU/mL) it means that is able to detect very small quantities, which usually is difficult
to analyse through the presence/absence detection tests [2].

Nowadays, the detection and quantification of E. coli still resorts to traditional culture-based
methods that have well-known and reliable protocols, but are very time-consuming (2-3 days) and
usually need qualified personnel and prepared installations to perform it [3], [5]. Yet, during the past
century, progresses had been made both on detection and quantification methods. In terms of
detection, biochemical assays have shown capable protocols for bacteria detection leaning on
enzymatic and molecular approaches [6]. Nevertheless, enzymatic techniques are still very time-
consuming and dependent on competent workers and convenient laboratories. Although molecular
techniques improve significantly the time concern, it demands sample preparation and specific
reagents, which clearly depends upon laboratory specificities and workers and higher costs [5]-[8].

Therefore, the new promising trend that targets all the issues mentioned before are the
biosensors. Biosensors are defined as devices able to biologically recognise a target molecule by a
biochemical element that is linked to the transducer, which is responsible for convert the biological
recognition into a detectable and/or measurable signal that adjusts accordingly to the quantity of the
target bioanalyte detected [5], [7], [9]-[12]. As a result of its definition, biosensors can be categorised
by the biological sensing element (e.g. enzyme, antibody, DNA) and by the type of signal produced
by the transducer (e.g. electrochemical, optical, electric, mechanical, etc.) [5], [9]. Consequently,
research on biosensors complies the characterisation of the transduction component and its suitability
on the proposed application as well as the study of the most convenient functionalisation for the
proper biorecognition [13], [14]. Both studies are necessary to obtain biosensors with significant
selectivity, sensitivity, reliability, portability, real-time analysis, simplicity of operation and reduced
costs [15].

Electrochemical biosensors are currently one of the main attractions on the biosensors universe
due to the ease for miniaturisation of the whole device, which allows for point-of-care testing, no
need sample preparation, fast time response, high sensitivity and low costs of production. More

specifically, impedance-based electrochemical biosensors highlight the aspects mentioned above,



especially in the case of bacteria detection [5], [10], [13], [14], [16]-[18]. High specificity can be
attained with a convenient biorecognition element, that in cases of bacteria depends upon the target
analyte. In other words, if it is intended to detect the bacteria itself, an antibody or aptamer can be
used. In the case of a metabolic product detection, which indirectly represents its presence, enzymes
or other specific proteins are frequently used. As far as sensitivity is concerned, it is important to use
materials that have electrochemical stability, high electron transfer rate, large surface area and also
manifest low currents in an electroactive species-free electrolyte solution over a wide potential
window [13], [19]. Therefore, it is common to use metals, metal-oxides, organic conductive polymers
and carbon-based materials as transducer for electrochemical biosensors. More recently,
nanomaterials such as graphene, carbon nanotubes and nanoparticles have been studied to improve
the sensitivity, selectivity and reliability of biosensors [13], [19]-[22].

Regarding carbon-based materials, the popularity ascribed to graphene due to its unique
properties has opened horizons to improve technological applications. However, large-scale
production of such nanostructure remains very expensive and time consuming. To overcome these
drawbacks, new techniques have been studied and developed to produce graphene in order to preserve
high quality aspects, such as the absence of defects and being single-layer. Consequently, the
resultant structures are inserted in the category of graphene-based materials [20]-[22].

In electrochemical applications, the advantages and disadvantages that some of these graphene-
based materials present relative to pristine graphene have been studied. Interestingly, regarding
electron transfer rate, graphene-based electrodes have been shown to provide higher values and,
consequently, are more suitable for impedance-based biosensing [23]-[25].

Nonetheless, the synthesis of graphene-based structures involves multiple steps protocols and/or
exhaustive thermal conditions, what recedes the commercial impact of graphene-based materials.

In 2014, Tour’s group presented a one-step process to obtain porous graphene-based structures
from a polymer sheet [26]. This process consisted on the incidence of a CO, laser beam on a
polyimide sheet at atmospheric conditions, which generated a photothermal reaction on its structure
and resulted in a 3D graphene-based material designated by laser-induced graphene (LIG) [26].
Additionally, this process enabled the synthesis of flexible, patternable and scalable graphene-based
structures, amplifying its applications in supercapacitors, flexible electronics and biosensors.

In this thesis, it is explored the development of a LIG electrode to detect E. coli for a label-free
immunological impedimetric biosensing system. The purpose of the system is to analyse faecal-
contamination in water samples.

Therefore, in Chapter II, some concepts, principles and methodologies relative to E. coli
detection and biosensors are explored. Also, a brief state of the art is reviewed regarding graphene-
based materials in electrochemical applications and LIG development. In Chapter III, the whole
experimental procedure is displayed, beginning with LIG production and ending with tests for E. coli
detection. In Chapter IV, it is introduced a comprehensive characterisation of the LIG electrodes
through its morphology, composition and electrochemical properties. Consequently, the steps for
complete functionalisation of the electrode are covered, from hydroxylation to passivation steps.
Finally, tests for E. coli detection are analysed and discussed. The conclusion remarks and

suggestions as future work are undertaken on the final Chapter V.



|l | Fundamentals and Technological Background

2.1  Escherichia colidetection

E coli and faecal-contaminated water

Usually, to assess drinking-water quality and effectiveness of the cleaning treatments, the total
coliforms are among the most used indicators [3]. This group comprises bacteria belonging to the
genera Escherichia, Enterobacter, Klebsiella and Citrobacter and some species that belong to genera
such as Serratia, Hafnia, Leclercia, among others [6], [27]-[29]. These are, indeed, included in the
Enterobacteriacea family. Consequently, total coliforms behold facultative aerobic, non-spore
forming, rod-shaped, gram-negative bacteria able to ferment glucose [27], [28]. Among other
morphological and metabolic characteristics, this family is also well-defined by the presence of
enterobacterial common antigen (ECA) and, most importantly, by some gene sequences common
within the Enterobacteriacea family [27].

The total coliforms distinguish from the rest of the Enterobacteriacea family by the abilities of
producing the enzyme beta-galactosidase and fermenting to acid and gas, along its growth at 35-
37 °C. However, the total coliforms group is heterogeneous and presents bacteria that grow in animal
and human colon (feacal source) and some can also survive and grow in other nutrient-rich
environments (soil and water). Some of these non-faecal bacteria are tolerated in some types of water
and their detection is not conclusive of faecal contamination. Therefore, the detection of faecal
contamination cannot rely on the detection of total coliforms [3], [29]-[31].

Among total coliforms, it is appropriate to distinguish the thermotolerant bacteria that are
known for fermenting lactose at 44-45 °C. Although FEscherichia coli makes part of this subgroup,
outstands by the capability of producing indole from tryptophan and the enzyme beta-glucuronidase
[6], [29]. Also, E. coli remains the only bacteria within the group that is originated only from faeces.
Hence, it is extremely relevant to identify E. coli species as a reliable faecal indicator since is very
abundant in intestines of human and other warm-blooded animals and is very rarely found in non-
faecal polluted environments [3], [32], [33]. Therefore, E. coli can be characterised separately from

the other coliform bacteria and so, it can and should be distinguishably detected, too.

E colicurrent detection methods

Culture-based methods are still the most used regarding bacteria detection in water [34]. These
include techniques such as Multiple Tube Fermentation (MTF), Most Probable Number (MPN),
membrane filtration (MF) and plate count (PC) methods. Essentially, these methods demand
inoculation and incubation of the harvested sample on selective differential and/or broth media, for
a convenient growing time interval, at a suitable temperature, stimulating growth of the bacterial
colonies. Consequently, in the case of coliform bacteria, for each of these methods the evaluation is
determined by the products regarding lactose fermentation. In the case of E. coli, the detection
usually relies on the expression of the beta-glucuronidase [35].

For instance, in the MTF technique, the water sample is diluted in a series of tubes with culture

medium broth supplemented with lactose. After growth, e. g. at 45 °C for 24 hours regarding



thermotolerant coliforms, it is aimed to evaluate a change in colour, indicating the production of
acids resultant from lactose fermentation, as well as the presence of gas bubbles, expressing gas
production. This method involves three steps, presumptive, confirmatory and completed tests, which
will produce a pattern of detection, regarding the dilution and by analysis of statistical tables is
possible to determine the most probable number of bacteria in the original sample [6].

Plate count methods also require several dilutions of the water sample, that are poured into Petri
dishes with suitable medium and are incubated at growing constrains. Then, the viable cells multiply
arising what is named colony-forming units (CFU) which can be detectable by the naked-eye,
enabling its count that is correlated to the number of bacterial cells in the original sample [36].
Similarly, the membrane filtration method only contrast with PC methods on the initial step of the
procedure. In fact, the MF requires the water sample to be filtrated through a sterile membrane filter
with porous size ranging from 0.2 to 0.45 um. Then, the filter is inoculated to a culture medium, in
a Petri dish, and follows the rest of the steps described for the PC methods [6].

Culture-based methods are reliable for detection and enumeration of bacteria [35], [37], [38].
However, besides being very time-consuming, taking 2 to 3 days, the methods require specialised
workers and installations. In order to reduce the test time, molecular methods relying on detection
of bacteria characteristics, instead of its metabolic products, had been developed. These methods
should focus on bacteria features that specifies well the strain under evaluation without the demand
of confirmation tests. Immunological tests, based on the interaction between antibodies and the
specific correspondent antigen, and nucleic acid-based methods, based on the hybridisation of
complementary nucleic acids, were developed [6].

Enzyme-linked immunoabsorbent assay (ELISA) leans on the use of antibodies to specifically
detect antigens of bacteria. Generally, this method comprises a microtiter plate where antigens are
immobilised, which can be executed with a primary antibody, and then are spotted by an antibody
that is linked to an enzyme, in which its purpose is to catalyse a substrate reaction producing a
luminescent or colorimetric signal, that constitute the signal of detection. The most common way to
perform this technique in a “sandwich”-like method. Also, instead of an enzyme linked to the
secondary antibody, it is typical to use a fluorochrome [6], [39].

Polymerase chain reaction (PCR) takes advantage of DNA-DNA and DNA-RNA
hybridisations to perform identification and detection of bacteria. Firstly, the technique requires an
extraction of the DNA or RNA content of the bacteria (normally, by bacterial lysis) followed by its
denaturation (from double- to single-stranded). Secondly, it compels the use of primers which are
single-stranded oligonucleotides that will link to the denaturated DNA. At specific temperature
conditions, the hybridisation reaction occurs between complementary strands. Thirdly, PCR
includes an amplification step, in which replication of the target DNA sequence is performed.
Amplification relies on an enzyme, DNA polymerase, that catalyses the replication. Lastly, the
detection process can be achieved by electrophoresis of the amplicons, visualised by labelling the
primer with a fluorochrome or staining the amplification products [6], [40].

Both techniques do not require pre-enrichment of the sample (inoculation and incubation),
decreasing the time requested for detection from days to hours, but still require qualified workers and
specific laboratory materials and conditions, what, besides summing costs to the process, are not

user-friendly.



In fact, the principles of ELISA and PCR methods can be recovered for biorecognition events
that combined with a structure ready to translate the produced phenomenon to a measurable signal

(transducer), in a wise time set, gives rise to the biosensor device.

2.2 Biosensors: principles and methodologies

A biosensor is a device that allows detecting and/or quantifying the presence of a certain analyte
(protein, bacteria, virus, etc.) in a given matrix (blood, water, food, etc.). For that matter, these
devices are composed of two very important components. The first, the bioreceptor that is responsible
to link or react with the analyte to be detected or an analyte component. The second, the transduction
electrode that can produce a signal as a consequence of the stimulus generated by the biorecognition
event, whether if it is a reaction or a bound (Figure 2.1).
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Figure 2.1: Representative scheme of biosensor, including the stimulus flow from the analyte to the signal
processing stage.

Bioreceptors

The biochemical recognition element can characterise the type of detection addressed to the
device, and for the choice of the bioreceptor, it is critical to have in mind the analyte to be detected,
specially, since this element is responsible for the selectivity of the biosensor [10]. Bioreceptors can
be displayed by antibodies, enzymes, nucleic acids, proteins, viruses or cells [41]. Fundamentally, the
recognition can be induced by biocatalytic events or by an affinity mechanism, both between the
receptor and the analyte.

In the case of biocatalytic events, the biorecognition element assumes a catalyst role on the
analyte, stimulating the rate of a characteristic chemical reaction (that can be metabolic) and
consequently, enabling a fast production of specific molecules that are detectable by the transducer,
e. g. electroactive species, gas [10], [41]-[43]. Usually, this biocatalytic recognition is performed by
enzymes, but it can also be executed by cells or tissues. Indeed, the enzymatic approach is the oldest
and most studied one, it is a simple, inexpensive with high specificity biorecognition method [10],
[43]. The application of this method recalls the birth of biosensors, which is associated with the
presentation of a system based on electrochemical sensors for monitoring blood constituents by Clark
and Lyons [44]. In this work, an oxygen sensor was combined with an enzymatic membrane that
catalysed the oxidation of glucose, which generates oxygen, allowing a reading of glucose
concentration [44].



In the case of bioaffinity mechanism, the recognition settles on binding interaction between the
biorecognition element and the analyte or analyte component. Generally, affinity-based recognition
embraces antibody-antigen interaction, DNA hybridisation and receptor-protein (non-catalytic and
non-immuno enzymes) affinity [42], [45]. However, the latter implicates more complexity,
specifically in isolation of such receptor-proteins [45], [46]. As a matter of fact, affinity-based
biorecognition presents simple, selective and sensitive detection methods, since, in the case of
antibodies, these bioreceptors are chosen to recognise an antigen which are usually proteins [42],
[45]. In the case of DNA sequences, it is intended that the binding will only occur if the target
analyte has the complementary sequence [42], [45]. So, indeed, affinity-based techniques are very
specific. The most common and reliable bioaffinity technique is antibody-antigen interaction. Even
though this binding is non-covalent, it is very strong and is extremely selective [42], [45].

In addition, another classification arises from the biorecognition event based on the necessity of
a label element essential to the detection. In other words, the biorecognition event might not depend
only on one bioreceptor, but also on a second that has an integrated tag, like a luminescent or
magnetic particle, that will label the analyte for detection, in a “sandwich”-like method. Accordingly,

biosensors can be label-free or label-based, establishing whether the detection is direct or indirect.

Transducers

The transducer defines the type of signal analysis inherent to the device. For this matter, it is
relevant to keep in mind the type of biosensing approach, meaning if it is a direct or indirect
detection, the biorecognition technique and, specially, what type of material used in the transduction
component. Transducers are classified based on the type of measurable signal produced under the
biorecognition event. This signal can manifest in terms of luminescence, reflectance, mass,
temperature, potential, current and impedance, among others. Hence, the classification of the
biosensors, accordingly to the transduction mechanism, can be generally divided into optical,
mechanical, thermal, magnetic and electrochemical transducers.

Optical Biosensors | The optical signal, consequent from the interaction between the
bioreceptor and the analyte, can be displayed by direct interaction of the analysed analyte with the
transducer’s surface or by the use of a colorimetric or luminescent element that labels the recognition
[5], [47]. The direct detection is label-free and benefits from several optical phenomena, such as
surface plasmon resonance, evanescent wave, Raman-scattering interferometric and ellipsometric
spectroscopy, among others [47], [48]. In the label-based case, the colorimetric or luminescent tag
can be integrated on the bioreceptor itself or on a second bioreceptor that will interact only with the
analyte molecules that were recognised and induces a colorimetric or luminescent signal, respectively.

Mechanical Biosensors | Generally, these biosensors depend on a (micro)cantilever element
that, upon recognition of target analyte on its surface, can have two different behaviours. In the case
of a quasistatic cantilever, biorecognition triggers surface stress inducing the cantilever to deflect. In
the case of a dynamic device, the cantilever oscillates at a resonance frequency that modulates when
biochemical binding events take place [49]. There is also the Piezoelectric Quartz Microbalance
which operation is equivalent to the dynamic microcantilever, but with quartz crystal as the sensing
probe [49].

Thermal Biosensors | The transducers of such biosensors are consistently thermistors, which

fundamentally are resistances whose value is dependent on temperature. Therefore, along with a



catalytic event of biorecognition, absorption or release of heat occurs, changing the temperature of
the sample. The latter provokes a change in the resistance [50], [51].

Magnetic Biosensors | Since most biological samples do not present significant magnetic
susceptibility, integration of magnetic nanoparticles into biorecognition elements enables the
detection of biological analytes through magnetic transducers. Indeed, the magnetic particles work
as labels that will be detected by magnetometers, such as superconducting quantum interference
device (SQUID), magnetoresistive sensors and hall-effect sensors [52].

Electrochemical Biosensors | The transducers are electrodes that generate an electric response
as a consequence of a biochemical reaction or affinity linkage between the analyte and the
biorecognition element on the surface of the electrode [53], [54].

The general principle of biosensors allows one to establish a relation between the concentration
of the target analyte (input) and the signal generated by its recognition (output), under certain
conditions. This relation can be settle by means of a calibration curve, including the correspondent
measurement uncertainty [55]. As demonstrated above, the biosensing universe embodies a very large
scope of operation systems, constraining direct comparison between them. So, regarding the output
signal and respective calibration curves, some figures of merit were established by the International
Union Of Pure And Applied Chemistry (IUPAC) to validate and provide a general consensual basis
to confront devices and systems [55], [56]. Some of the most convenient are shown in Table 2.1.

Table 2.1: Some of the most convenient figures of merit for biosensors performance analysis defined by IUPAC

[55], [56].

. It confines the concentration values for which the calibration
Linear range . h
function is linear.
. It defines the absolute limits of concentration that can be
Dynamic range detected. i
It states the minimum concentration value that the device can
The limit of measure. Meaning, the lowest concentration value for which the | LOD = sp + ko
detection (LOD) | output signal is distinguishable from the signal generated in k=3
absence of analyte (sg), with a reasonable certainty (k=3).
The limit of Similarly to LOD, it designates the minimal analyte
o . . . . LOQ = sz + ko
quantitation concentration for which the originated response can be reliably I = 10
(LOQ) determined, with great certainty (k=10).
It is the slope of the calibration curve, indicating that as greater
Sensitivity the ratio between the output signal (As) and the correspondent . As
concentration (AC) of the analyte can be, the easier it is to AC
distinct the response from two very close concentrations.
It is represented by the ratio between the sensitivity (S) and
Analytical instrumental noise (n). Along with this parameter, its reciprocal S
sensitivity value defines the minimum concentration variation, within the Sa = n
linear range.
It is determined by the ratio between the signal produced by the
Selectivity target analyte and the signal generated by interference elements, )
which can be crucial to validate the device ability to detect the
analyte on a complex matrix.

o — standard deviation of the signal.



To accomplish their function, a strategy of the whole biosensor development should be traced,
knowing which analyte to detect and which material to use for transducer fabrication, choosing the
biorecognition element and what type of detection signal generated for detection. With respect to
the goal proposed in this thesis, it is clear the intention to detect the bacteria E. coli. Consequently,
it was selected the antibody-antigen affinity approach for recognition of the bacteria, since it presents
ease in immobilisation, high levels of selectivity and stability [57] and, particularly, it allows a
detection approach that recognizes the whole cell without the need for lysis or extraction of inner-
cell components [5]. Regarding the transducer element, the goal was to implement a graphene-based
material with a fast and cost-effective synthesis. Therefore, the more suitable response system seemed

the electrochemical branch of transducers.

Electrochemical Biosensors

Electrochemical biosensors became the most commercially developed category of biosensors
largely due to the fame and success ascribed to glucose detection, for diabetes monitoring.

The general working principle of electrochemical biosensors depends on the generation or
consume of electrochemical species (ions or electrons), as consequence of the biorecognition event,
that originate a signal that can be translated by potentiometric, amperometric, conductometric, field-
effect transistors and impedimetric transducers [53]. Frequently, these systems use an electrolyte, as
the mean for the measurement, and a three electrodes setup, settling the electrochemical cell. The
latter is composed by a working electrode (WE), where the sensing event occurs, a reference electrode
(RE), whose function is to bear a known and stable potential, and a counter electrode (CE),
responsible to establish the connection with the electrolyte [58].

Potentiometric biosensors frequently use ion-selective, pH or gas electrodes for transducing the
biochemical event of recognition [59]. The measurements are taken under equilibrium conditions at
open-circuit. The signal is the potential (also named electromotive force, EMF), between the WE
and RE, created by the accumulation of charges (ionic species) on the WE interface. Hence, the
potential generated (E) has a logarithmic relation to the analyte concentration that is described by
the Nernst equation,

E=F0_— Eln(ai), (eq- 2.1)
z;F
in which E° is a constant potential contribution, R the universal gas constant, T the absolute
temperature, F the Faraday’s constant, z; the charge of the detected ion and, finally, a; the ion activity
[58]. The a; parameter is the product of ion concentration and the ion mean activity coefficient,
which for very diluted solutions is equal to one [60].

In contrast, amperometric devices measure the current generated by oxidation or reduction of an
electroactive species, resulted from biochemical recognition of the analyte. These devices perform on
a fixed potential, or by scanning a range of potentials set between the WE and RE, corresponding
to amperometry or voltammetry techniques, respectively. Regarding amperometry, the current peaks,
generated by the redox reaction, have a linear proportionality with the analyte concentration,

described by
i = nFkOC (eq. 2.2)

where n is the number of electrons implicated in the reaction, F the Faraday’s constant, k” the

heterogeneous electron transfer rate constant and C the analyte concentration [58], [61].



Field-effect transistor (FET) biosensors resemble in components and performance to regular
FET device. Likewise, it is a transistor, with two metallic electrodes, the source and drain, and a
semiconducting channel, linking both electrodes, through which charge carriers flow. The current
flowing from the source to the drain depends on the potential applied at the gate electrode, on top
of the channel. The potential creates an electric field across the channel, controlling the current. In
biosensing technology, the gate potential is designated by the reference electrode, which is located
above the sensing electrode, carried out by the channel. Upon biochemical interaction with the
analyte, the charge distribution changes the charge carrier density on the channel and, consequently,
the current flowing on it. Thus, it enables the detection through a linear relation between analyte
concentration and source-drain conductivity [23].

In the case of conductometric biosensors, the reference electrode is dispensed. As a matter of
fact, the principle of performance of these devices leans on changes of conductivity between two
electrodes. The measurements take place in a solution where, usually, the biorecognition is performed
by an enzyme. The latter reacts with the analyte and, consequently, alters the concentration of
charged species in the solution between the electrodes [42], [58], [62]. This approach is not suitable
for matrixes with high ionic-background, such as in clinical assays. In alternative, conductometric
measurements can be applied to monitor changes in the surface of an electrode by means of
biorecognition [58].

Lastly, impedimetric biosensors recall impedance-based measurements, which permit the
characterisation of electrochemical systems, analysing both interface and bulk electric properties of
an electrochemical cell. For that matter, it benefits from techniques such as electrochemical
impedance spectroscopy (EIS) that uses the three electrodes configuration immersed in an
electrolyte, which is pictured in a scheme presented in section 4.1 (Figure 3.3).

The working principle settles on applying a low-amplitude (2-10 mV) sine-wave signal, e,
sweeping a range of frequencies, f, to the electrochemical cell, at its open-circuit potential (OCP) or
at a pre-defined DC bias.

e = Esin(wt), w = 2xnf (eq. 2.3)

Consequently, this AC perturbation will generate a current response, i, dependent on the frequency

of the applied signal with an additional phase shift, ¢, relative to the imposed signal.

i = Isin(wt + ¢) (eq. 2.4)
The response is read in terms of impedance, Z, which is established by Ohm’s law
i
E sin(wt) (eq. 2.6)

Z(w) = I sin(wt + ¢)

The dependence of the current’s phase relative to the frequency of the imposed signal concedes a Z
phasor behaviour, which can be graphically represented by a Nyquist plot, in which the reactance
(imaginary impedance), Zypy,, is plotted against the resistance (real impedance), Zg, (Figure 2.2-a).

Z = |Z| cos ¢ —j|Z| sin ¢ (eq. 2.8)
Z((,l)) = ZR@ _]Zlm (Cq 29)



Generally, these plots enable one to distinguish events occurring in the interface of the WE, for high
frequencies, and in the bulk electrolyte, for low frequencies. For a suitable analysis of the system, it
is consistently required the appliance of a theoretical model regarding electric circuits. Consequently,
one needs to identify the phenomena conceding certain behaviours to the system, define each one of
them in terms of electric components, such as resistances and capacitors, and layout the equivalent
circuit. Frequently, for impedimetric biosensors, the most commonly fitted is the modified-Randles
circuit [63] (Figure 2.2-c). Here, the resistance Ry provides the resistivity of the bulk electrolyte, the
capacitor Cy models the double-layer capacitance, and R, reads the resistance of charge transfer on
the interface of WE, and finally the Warburg element Zyy describes the diffusion of electroactive
species towards the interface of the WE. Experimentally, the electrolyte-electrode interface has a
non-ideal capacitor behaviour so, usually, the Cy element is replaced by a constant phase element
(CPE) that adjusts its value, accordingly to
Zenp = 1 (eq. 2.10)
P(jo)™

for which P is analogous to a capacitance and n is a constant modulating the phase of the element,
assuming values within 0.5 and 1. For n=1, the constant phase element turns into a true capacitor.
Similarly, the Warburg impedance, Zyy, is also a special case of a constant phase element for which
the n=0.5, meaning the phase is % independently of the frequency. Accordingly,

1
7 (2)5 (eq- 2.11)
w=\g) ¢
where ¢ is the Warburg coefficient, whose value depends only on the electrolyte.
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Figure 2.2: (a) Typical Nyquist plot attained with impedimetric faradaic biosensors, for which in (b) there are
sketched the corresponding regions on the electrochemical cell and in (c) it is presented the equivalent circuit.
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In biosensing, one can distinguish non-faradaic and faradaic biosensors. For the first case, it is
common the absence of redox species in the electrolyte, implying that the capacitive behaviour will
prevail over the charge transfer on the WE. In this case, the biorecognition event, taking place on
the WE, originates a change on the charging of the double-layer capacitor, which permit to obtain
a calibration curve of the capacitance relative to analyte concentration. In this case, the equivalent
circuit does not integrate a Warburg element and the R, assumes a value of leak resistance, Rjeqk-
In faradaic biosensors, it is mandatory the use of redox species on the electrolyte, since these act as
probes for the WE interface. The biorecognition happens exactly as described previously, but its
influence is modelled by the charge transfer resistance and the Warburg impedance. For this case,
the modified-Randles equivalent circuit fits the best (Figure 2.2). Consequently, R, evolution is
linearly proportional to the analyte concentration. Further, this analysis is also very useful to

characterise electrodes surface chemical modification.

2.3 Nanomaterials in biosensing

The development of electrochemical biosensors has set on improving its electroanalytical
performance, namely sensitivity and selectivity [13]. For that matter, researchers have been
intensively working on new strategies for electrodes fabrication. Hence, the introduction of
nanomaterials and nanostructures on electrodes development enabled to overcome those challenges
[13], [64].

Nanomaterials such as metallic, magnetic nanoparticles and carbon-based materials, mainly
carbon nanotubes (CNTs) and graphene, have been applied to electrochemical biosensors, in general,
offering advantageous properties commonly associated with its high surface-to-volume ratio, such as
enabling larger number of immobilised bioreceptors for sensing purposes [65], [66].

In the case on nanoparticles (NPs), one can resort to metals, metal-oxides, semiconductors and
composites [13], [19], [64]. Its functions, in biosensing, relies mainly on immobilisation of
biomolecules for analyte recognition, labelling the biorecognition event, providing high catalytic
activity and electron transfer and acting as reactant [67]. These result from the unique physical,
chemical and electronic properties of such nanomaterials that generally include low dimensions,
ranging 1-100 nm, low-background current, high signal-to-noise ratio, fast electron transfer as well
as large surface area [19], [67]. Among NPs in electrochemical biosensors, one of the most commonly
reported is gold nanoparticles (AuNPs), specially due to its ability, upon biomolecules
immobilisation, to retain their bioactivity that improves significantly the sensitivity [64]. Also, in this
biosensing category, one can combine magnetic nanoparticles (MNPs) for bioreceptors
immobilisation, whether MNPs are integrated into the electrode or dispersed in the sample [13].
The appliance of MNPs allows to take advantage of not only large surface area, but also
superparamagnetic property of MNPs which allows selective separation of the target analyte from
the sample, enhancing selectivity and detection response speed of the biosensor [13], [19]. For this,

it is usual to exploit iron-oxides nanoparticles [52].

Carbon-based materials and electrochemistry

Carbon-based nanomaterials have received special attention regarding electrochemical
biosensing, particularly, the nanostructures such as CNT's and graphene. These materials present

remarkable high surface-to-volume ratio, high electrical conductivity, chemical stability and



biocompatibility, offering diverse advantages upon integration on electrochemical transducers, as
increasing electroactive surface area, enhancing electron transfer and promoting adsorption of
molecules [65], [68].

Carbon nanotubes consist on hollow cylinder structures, whose wall can be defined by a single or
multi layers of sp’~hybridised carbon arranged in a honeycomb structure, also known as graphene
[68], [69]. Therefore, CNTs can be divided into two categories, single-walled carbon nanotubes
(SWCNTs) or multiple-walled carbon nanotubes (MWCNTs), depending if the CNT comprise
only one graphene sheet or more than one stacked concentrically [68]-[71]. These present diameters
from 0.4 to 2 nm, in the case of SWCNTs, and from 2-100 nm, in the case of MWCNTs, engaging
high surface-to-volume ratio [68]. Along with the diameter, SWCNTSs chirality (atomic
arrangement) defines the conducting nature of the CNTs, metallic or semiconducting [68], [69],
[71]. Accordingly, the electrical properties of SWCNT's vary, in the case of metallic nature it displays
conductivities around 1000 times greater than copper, in the case of semiconducting nature, it
behaves closely like silicon [69], [72]. Besides, these carbon structures provide high chemical stability,
good mechanical strength and, more specifically, CNTs offer fast electron transfer rates, low residual
current, wide potential window and high adsorptive ability assuring adequacy for implementation in
electrochemical transducers for biosensing applications [13], [68]-[70]. Concerning biosensing,
these structures offer both sidewalls and ends to a multitude of options for functionalisation [19],
[69]. Additionally, CNTs can be arranged in diverse forms, such as isolated nanotubes, oriented or
random planar arrays or even 3D forests, allowing to explore suitability and sensitivity of the desired
biosensor [19], [71].

Despite the synthesis of such carbon structures has been well-established by three techniques
(arc-discharge, chemical vapour deposition (CVD) and laser ablation [72]), the main issues of
implementing CNTs on electrochemical sensing are associated with the following concerns [68],
[71]. Firstly, the methods require metallic catalysts, which results in impurities on the CNT
structure. Consequently, it becomes necessary to resort to exhaustive cleaning processes to separate
the CNTs from the metallic impurities, raising defects on CNT's surface [68], [71]. As a matter of
fact, a perfect cleanse is very difficult to achieve, which emerges in the dominant electrochemical
activity of these impurities over the CNTs one [68], [71]. Secondly, the synthesis of CNT's always
includes both metallic and semiconducting CNTs, demanding once more extra processes for
separation (based on selective functionalisation or selective destruction) [68], so that the biosensing
surface properties can be properly tailored. Lastly, CNTs have a natural tendency to aggregate
through van der Waals interactions, creating bundles [68], which can be beneficial depending on the
desired geometrical arrangement and acting function of CNT's [69].

Eventhough there are still some limitations concerning CNT's production, these structures have
been extensively studied regarding electrochemical biosensing. The introduction of CNTs in such
biosensors is mainly on amperometric and FET-based devices. However, its relevance is not only
confined on benefiting sensitivity by its physical properties, but also on providing reliability on
biomolecules immobilisation by its outstanding surface chemical properties [13], [19], [68], [71].

Graphene, as already mentioned, is a single layer of sp>-hybridised carbon atoms arranged in a
honeycomb structure. This two-dimensional carbon nanostructure presents high surface area
(2630 m?/g), high carrier mobility at room temperature (~10,000 cm®V''s™), good optical
transparency (~97.7 %), high Young's modulus (~1 TPa) and excellent thermal conductivity (3000~
5000 Wm'K™) [73]. These unique properties provide its implementation to a wide set of
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applications such as electronics, supercapacitors, solar cells, OLED’s and biosensing technology
[73]-[75].

Graphene was first isolated in 2004 by mechanical exfoliation, meaning repeated peeling, of
highly oriented pyrolytic graphite (HOPG) [76]. Indeed, this process enabled the observation and
characterisation of graphene sheets for the first time, but in order to obtain pristine graphene this
method revealed to be very laborious and not effective for large-scale production. So, since then, the
production of large-scale graphene has been on the spotlight of research [74]. Alternatively to
mechanical exfoliation, Chemical Vapour Deposition (CVD) [77], epitaxial growth on silicon
carbide (SiC) substrates [78], unzipping of CNTs [79] and chemical exfoliation-reduction of
graphite oxide [80], [81] are some of the methods that have been explored. Regarding high quality
graphene large-scale synthesis, it is considered, nowadays, that CVD is the most promising technique
[82]. However, it implies disadvantages as being very expensive and time consuming.

Overcoming these problems, chemical exfoliation-reduction of graphite oxide provides the
possibility of producing large-scale graphene-based materials named reduced graphene oxide (rGO)
[73]. This method consists of oxidation of graphite, followed by chemical or thermal exfoliation into
graphene oxide (GO) sheets that are later submitted to thermal [83], chemical [84], [85] or
electrochemical [86]—[88] reduction. The reduction process function as a recover step to eliminate
the functional groups originated by the oxidation and, consequently, to regain electric properties
more alike to graphene sheets [23], [85]. Consequently, a multi-layer graphene sample is usually
obtained presenting not only some functional groups, still from the oxidation, but also a significant
amount of defects on the basal plane due to the exfoliation step.

In electrochemistry, it had been studied that, in sp® carbon materials, edges have a high rate of
electron transfer, while in the basal plane it is incredibly low [24], [25]. So, graphene-based materials,
such as rGO, provide enhanced electron transfer, which is a major advantage for electrochemical
applications [23]. Besides, the presence of residual functional groups on its structure, such as
hydroxyl, contribute for functionalisation and immobilisation of biomolecules on its surface,
complying these materials for electrochemical biosensors [89]. Another strategy used to improve
immobilisation of biomolecules is to perform this step on GO, since it carries a greater number of
functional groups, and then, reduced it electrochemically [90].

For the synthesis of graphene-based materials, novel methods have been emerging in order to
reduce the multiple steps (e. g. for tGO) and exhaustive temperatures (e. g. for graphene foams)
protocols that recede the commercial impact of these materials. The introduction of one-step cost-
effective production of graphene-based materials, resorting to a laser beam and a polymer sheet,
raised high expectations on this materials appliance. This technique was based on the photothermal
effect produced by the incidence of an infrared (IR) laser beam on the polymer sheet. It was firstly
studied for commercial polymer polyimide (PI) [26].

The laser-induced graphene technique was first reported by the Tour group, in 2014 [26]. It
consists on induced vibrational perturbations on the lattice of PI through absorption of energy of the
radiation, which provokes local increment of temperature. Subsequently, this thermal effect causes
rearrangement of the PI structure, breaking and recombining molecular structure. Particularly, this
process enables to transform sp® carbon on PI into sp® carbon [26]. Along with this reaction, gases
are liberated, creating a porous structure. This way, a 3D porous graphitic material is grown with PI
as substrate and precursor [26]. Further, this technique does not require special atmosphere

conditions nor preparation of the PI.



The graphitic material presents graphene-based characteristics and so, it is named laser-induced
graphene, LIG. Thus, this process allows to produce a graphene-based material in a fast, simple and
cost-effective way, envisioning large-scale production.

LIG has been explored in the past 4 years in terms of promising applications, such as
microsupercapacitors [26], [91]-[99], electrochemical [100]-[105] and piezoresistive sensors [106],
[107]. In 2016, it was reported the first LIG impedimetric capacitance-based biosensor for detection
of bisphenol-A, using aptamer-based biorecognition [101]. Later, in 2017, also using aptamers as
bioreceptor, a LIG amperometric biosensor for thrombin detection was developed [108]. In 2018,
three more LIG biosensors were documented: two enzyme-based amperometric devices, one
detecting biogenic amines in food samples [109] and another glucose [104]; one in which the
biorecognition element, Eriochrome black T, was molecularly-imprinted to detect chloramphenicol
through Electrochemical Impedance Spectroscopy (EIS) [110].

In this thesis, we present a proof-of-concept of LIG as biosensor for bacteria detection,
specifically for Escherichia coli, using specific antibodies as biorecognition through EIS technique.
In order to present a very brief state of the art of dominantly EIS-based immunosensors for E. coli
detection, some relevant examples are introduced in Table 2.2, endeavouring to acknowledge suitable

graphene-based devices.
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IV| Experimental Procedure

4.1 LIG electrodes production

The transducer element of the biosensor proposed in the present work is a laser-induced
graphene (LIG) electrode. As mentioned before, LIG is the result of a photo-thermal effect of a
laser beam on a polymer sheet, usually polyimide (PI).

In this thesis, the procedure takes advantage of a continuous CO, laser with a 10.6 pm
wavelength for carbonisation of commercially available polyimide (PI) sheets, more specifically
Kapton®. The process for LIG synthesis involves a scanning movement of the laser beam on the PI
sheet setting plane. The scanning movement is controlled by two laser parameters: the speed of
scanning, Vi, (mm/s), and the distance between lines of scanning, d (mm). Along with these, one
can control the laser power output, P, (%P,,), and the distance between the laser head and the PI
sheet, h (mm). Altogether, one can work these parameters to obtain LIG with the most suitable
properties for the application intended. In Figure 3.1, a representative scheme of how LIG samples

are produced is introduced.

(a)

v
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\ —
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(b)

cross-section

[ i@;« aat />J

Figure 3.1: Scheme of LIG samples production, where (a) is the top view and (b) is the cross-section
corresponding to the dashed line.

In this work, the synthesis of LIG was conducted on 127 pm thick Kapton® foil, using P, d
and h at constant values. Py, was kept at 20% of maximum laser power, corresponding to ~9 W, d
at 0.075 mm and h at 18 mm. These values were select based on a previous work of our group [121].
Thus, laser scan speed was the determinant variable studied, regarding the production of LIG with
adequate electrochemical parameters. For that, five different vy, were explored, 150, 200, 250, 300
and 350 mm/s. For each v;,,,, three 10x5 mm?” LIG samples were produced, as replicates (Figure 3.2-

a).

17



Afterwards, each sample was submitted to a preparation protocol in order to obtain electrodes
suitable for electrochemical measurements.

Primarily, all samples were washed by dipping them in deionised water and using magnetic
stirring at 500 rpm for 5 minutes. Then, they were dried with a gentle N, flow.

Secondly, it was established an electrical contact to ensure simplicity when implemented into the
electrochemical cell. For that, a silver-plated copper wire and silver ink (Agar Scientific) were used
(Figure 3.2-b). To guarantee the maximum conductivity from the silver ink, at this phase the
electrodes were allocated in an oven at a temperature between 70 and 80 °C for 30 minutes, following
the instructions given by the supplier. Then, to fixate the electrochemical active area of the samples
as well as to isolate the electrical contact from the electrolyte, one resorted to chemically inert
Lacomit Varnish (Agar Scientific) (Figure 3.2-c).

Copper wire Copper wire

Electrochemical
active area

(a) (b) (©)

Figure 3.2: Scheme of the production of one LIG electrode for electrochemical measurements, in which (a)
represents a single LIG sample, (b) the LIG sample after establishing the electrical contact using silver ink and
a copper wire and (c) the final step of the electrode production with chemical isolation of the electrical contact
and fixation of the electrochemical active area with the Lacomit varnish.

To understand the adequacy of the LIG electrodes towards electrochemical biosensing, one explored
the heterogeneous rate transfer constant, k&’ (cm + s™1), the effective electroactive area, A4 (cm?),
and the capacitance per unit area, y4; (F - cm?). For the determination of these values, each electrode
was submitted to electrochemical measurements, cyclic voltammetry (CV) and chronocoulometry
(CC) techniques. These measurements were performed using a Versastat3 electrochemical station
(Princeton Applied Research) and a three-electrode configuration set up, where LIG was the
working electrode (WE), Ag/AgCl (1 M KCl) (CHI111, CH Instruments, Inc) the reference
electrode (RE) and a Pt wire the counter electrode (CE). The supporting electrolyte comprised 1mM
of K [Fe(CN)¢] (Merck) as the active redox specie dissolved in a 10 mM phosphate buffer saline
solution (PBS, pH=7.4, from Fisher Bioreagent). In Figure 3.3, it is presented a representative
scheme of the electrochemical cell used throughout the measurements. Further, the measurements
were performed at low area-volume ratio conditions, since a 0.25 cm” working electrode area was
measured in a 50 mL electrolyte solution. Prior to any electrochemical assessments, the electrolyte
solution was bubbled with a N, flow, for 30 min. Throughout the discussion of the results (section

5.1), it will be explained the analysis employed to determine k%, A rand yg;.
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Figure 3.3: Schematic representation of the electrochemical cell.

Simultaneously, further characterisation was conducted, regarding the 5 laser scan speeds. So, for
each vy, a representative electrode was characterised by Raman spectroscopy and scanning electron
microscopy (SEM). The former was conducted on a Jobin Yvon HR800 instrument (Horiba, Japan),
using backscattering configuration, with a 600 lines/mm grating and a He-Cd laser (Kimmon Japan)
with a wavelength of 442 nm. To focus the laser onto the samples and to collect the backscattered
Raman radiation, a 50x objective was used. The detection of such radiation was performed by a
Peltier cooled (223 K) CCD sensor and the spectrometer was used in the confocal mode, with the
iris set to 300 pm. The SEM imaging was accomplished using a TESCAN Vega3 SB instrument,
in secondary electron mode. Further, after choosing the most fitted v, a compositional
characterisation was operated on the correspondent electrode by X-ray photoelectron spectroscopy
(XPS). The XPS spectra were acquired in TEMA, University of Aveiro, using an Ultra High
Vacuum (UHV) system with a base pressure of 2x107° mbar. The system comprises a
monochromatic AlKa (1486.74 V) X-ray source, a hemispherical electron energy analyser (SPECS
Phoibos 150) and a delay-line detector. The spectra were recorded at normal emission take-off angle

and with a pass-energy of 20 eV, providing an overall instrumental peak broadening of 0.5 eV.

4.2 Impedimetric Biosensor production

After choosing the best laser scan speed to produce the LIG electrochemical electrodes, it was
required to plan and test a complete functionalisation of the electrode in order to detect the E. coli.

It was previously chosen that the biological recognition element of this biosensor would be an
antibody, in this case E. coli serotype O/K Polyclonal Antiboby from Thermo Fisher Scientific. In
order to immobilise the antibody correctly, meaning that the surface of the electrode is covalently
bound to the antibody through its heavy chain, it is necessary to have an amine-terminated surface.
So, following some functionalisation protocols contempling carbon-based biosensors [122], [123], it
was decided to use the (3-aminopropyl)triethoxysilane (APTES, from Merck) as the ligand between
the LIG surface and the antibody. Further, to ensure that after the silanization occurs, the amine
groups are the ones available on the surface, it was required the presence of hydroxyl groups on the

LIG surface. Hence, a four steps functionalisation was proposed and studied: surface hydroxylation,
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APTES silanization, antibody immobilisation and passivation using bovine serum albumin (BSA).
The latter is required to eliminate possible analyte and electrolyte adsorptions on the free (non-
functionalised) electrode surface.

Initially, it was unclear the amount and distribution of hydroxyl groups on LIG’s surface, so the
need of a hydroxylation step was explored. Particularly, it was intended to explore the effect of
performing this step, upon APTES functionalisation.

The hydroxylation was carried out via Fenton reaction, which is promoted by Fe(II) and H,0O,
generating hydroxyl radicals (eq. 3.1) that attacks the graphene structure and provides hydroxylated
LIG.

Fe?* + Hy0, — Fe3* + OH" + OH~ (eq. 3.1)
The Fenton reaction solution was prepared by slowly adding 103 mg of FeSO,*7H,O
(Panreac Aplichem) to a continuously stirred aqueous solution of H,0, (16 mL of H,0, (30% v/v)
diluted in 44 mL of deionised water). Before adding the electrodes, a 15 min wait secured less violent
bubbling of the reaction and more stable pH (~4) and temperature (25 °C). Then, the active area of
the electrodes was dipped in the stirred solution for 1h. The stop mechanism relied on dipping the
active area of the electrodes on stirred DI water for 5 minutes followed by drying it with a gentle N,
flow. To study the impact of the hydroxylation, three electrodes were submitted to electrochemical
characterisation (determination of &, A.zand y4;), to Raman spectroscopy and, also to XPS analysis.

Secondly, to acquire a amine surface termination, APTES silanization was carried out through
immersing the electrodes on APTES (0.1, 1 and 10 %) dissolved in ethanol:H,O (7:3 v/v) during
1 h. Afterwards, the electrodes were rinsed with DI water, dried with a gentle N, flow and soft baked
at 120 °C for 20 minutes. This functionalisation was explored using XPS, along with the
hydroxylation analysis, and later with EIS and CV electrochemical approaches to evaluate the
concentration impact on it.

Once the electrode was amine-terminated (Figure 3.4-b), it enabled the anti-E. coli covalent
immobilisation. For that, one resorted to N-(3-dimethylaminopropyl)-N*-
ethylcarbodiimide hydrochlorine (EDC, Sigma-Aldrich) and N-hydroxysuccinimide (NHS, from
Sigma-Aldrich, 98%), guaranteeing the covalent bond between the amine groups and the carboxylic
groups on heavy chains of the anti-E. coli. The mixture consisted on 50 puL of anti-E. coli (1
mg/mL), 25 uLL of NHS (0.2 M) and 25 pL of EDC (0.5 M). Here, a drop (50 pL) of this mixture
was placed on the electrode active area during 2 hours (Figure 3.4-c). Then the electrodes were rinsed
with PBS and dried with a gentle N, flow.

Finally, the passivation of the electrode was carried out using a 1% BSA (Standard Grade
Powder from Fisher Bioreagents) solution. For that, the electrode was exposed to a 50 puLL drop for
30 minutes (Figure 3.4-d), then rinsed with PBS and dried with a gentle N, flow. During both
antibody and BSA functionalisation, the electrodes were kept at 4 °C. The same was done, while
resting until electrochemical measurements and /or bacteria immobilisation protocol.

All the functionalisation steps were characterised through EIS and CV measurements. The
experimental setup was equivalent to the one used in electrochemical techniques, in section 4.1.
Nonetheless, for both techniques the electrolyte consisted on a 1 mM of K,[Fe(CN)] and 1 mM of
K;[Fe(CN)¢] in 10 mM PBS solution. During EIS measurements, the solution was kept under
stirring (500 rpm). Since this technique allows to capture responses from electrochemical phenomena

occurring both on the WE interface and on the bulk solution, it was verified that in this case, a
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natural convection phenomena raised on the electrolyte. The latter disturbed the system resulting on
non-stable EIS response through time. To solve this problem, it was suggested stirring the bulk
solution, provoking a forced convection on the system and, consequently, stabilizing the EIS
response [63]. Moreover, the EIS measurements were performed using a 5 mV AC perturbation in
the 1-10* Hz range upon the OCP DC bias (~0.19 V vs Ag/AgCl (1M)). On the other hand, during
CV measurements, the solution was not stirred. These were performed applying a DC potential,
from -0.2 to 0.6 V and backwards, with a 50 mV/s scan speed.

The results from EIS and CV measurements are presented and discussed in section 5.2. From
this discussion, a complete functionalisation protocol was chosen to embody the impedimetric
biosensor prototype to be tested for E. coli presence and it is presented in Figure 3.4.
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Figure 3.4: Representative scheme of the functionalisation protocol for production of the impedimetric
biosensor, in which (a) is the LIG electrode, (b) the APTES-functionalised electrode, (c) the electrode with
the immobilised anti-E. coli and (d) the passivated electrode.

4.3 E coliimmobilisation and tests

Having the functionalisation protocol studied, the final step of this work was to test the fully
functionalised electrodes towards different E. coli concentrations in order to prove the concept of
biosensor.

To start, the E. coli strain ECR1, from a private collection of the Microbiology group in
University of Aveiro (http://biomicrolab.web.ua.pt/) [124], was inoculated in Luria Bertani (LB)
medium and incubated for 16h at 37 °C. In order to establish the several E. coli concentrations to
test, optical density was measured at 600 nm. In fact, this measurement provides an estimation
number of E. coli cells in the solution (1 OD at 600 nm approximately corresponds to
8 x 10° cells/mL), enabling to proceed with the biosensor tests using fresh cells. However, the result
was confirmed later through plate counting technique as protocol. Then, after addressing the E. coli

concentration of the inoculum, the latter was diluted in PBS, resulting in 7 concentrations: 5, 10,
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10%, 10%, 10%, 10°, 10° CFU/mL. Cell numbers estimations were confirmed through plate counting.
For this, the bacterial culture was serially diluted in PBS and plated in triplicate on LA (LB
supplemented with agar at 1.5%). After 16h of incubation at 37 °C, the colony forming units were
enumerated. The exact same procedure was performed for Shewanella strain IR24 [125], the bacteria
used to prove selectivity. Both E. coli and Shewanella dilutions were kept at ~4 °C before and during
the biosensor tests.

Concerning the biosensor test, besides the fully functionalised electrodes, a set of electrodes was
prepared with the intent of disclose false-positive results. Hence, the set of electrodes tested is

presented in Table 3.1, where for each test the corresponding target bacteria are mentioned.

Table 3.1: Set of tests performed, including the controls, and the designated target bacteria tested.

EIS Tests Target Bacteria

Biosensor
(Fully functionalized)

E. coli (ECR 1)

Selectivity

(Fully functionalized) Shewanelia

Control

(No anti- E. coli) E. coli (ECR 1)

Control

(No EDC/NHS) E. coli (ECR 1)

‘W’l’Anti-Ecoli i BSA

Each electrode was tested for the 7 concentrations of bacteria prepared, in ascending order. That
said, the electrodes were initially dipped in the 5 CFU/mL solution for 45 min, to assure enough
time for bacteria immobilisation. Afterwards, the electrodes were rinsed with PBS to remove non-
bounded material, such as bacteria and culture medium nutrients, and gently dried with a N, flow.
Then, to obtain the test response, each electrode was submitted to one EIS measurement, under the
same conditions used in the section before. Finally, the electrodes were rinsed with PBS and dried
with a gentle N, flow. Consequently, this procedure was repeated for each concentration and the

results obtained are presented and discussed in section 5.3.
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V [Results and Discussion

5.1 LIG electrodes Characterisation

The aim of this thesis was to develop a LIG impedimetric biosensor for E. coli detection. So, to
adequately accomplish it, the starting point of this work settled on the production and
characterisation of the LIG samples, using as starting material a polyimide (PI) foil. More
specifically, attempting to evaluate the influence of the laser scan speed (vj,.) on morphological
characteristics and electrochemical properties of LIG. With respect to that, samples for each of the
five v, (150, 200, 250, 300 and 350 mm/s) were studied through scanning electron microscopy
(SEM) and Raman spectroscopy and by electrochemical measurements.

In Figure 4.1, SEM images acquired for each v, are presented. Recalling the laser process
described in section 4.1, the samples arise from linear spaced passages of the laser beam onto the
Kapton foil. In fact, one can notice well these passages for the lower v, (Figure 4.1-a and b) which
can be interpreted as the formation of valley- and hill-like morphologies. These morphologies are
inherent to the effect of the laser beam on the PI, including the temperature diffusion, as depicted
in the work developed by Sida et al. [106], where the influence of laser power on these morphologies
was studied. In Figure 4.1, one can see the impact of the v, which can be interpreted as the time
that the laser spot interacts with PI, on these formations and on the porous distribution. Indeed,
with increasing laser scan speed, one observes that the uneven morphology turns less accentuated and
the number of porous tends to rise. These morphologies are related to laser spot overlapping on the
nearby regions of the LIG structure, meaning new temperature gradients responsible for
rearrangements of the structure, emphasizing these formations and the number of porous. A
magnified view of these surfaces can be seen in Figure 4.2 that enables to observe in detail the typical

surface and the porous structure inherent to LIG samples.

it S el e L Ry e S
1L, ’ 100'pm-

Figure 4.1: SEM images of the LIG samples produced by laser interaction with the Kapton® foil using the
five vlaser, (a) 150 mm/s, (b) 200 mm/s, (c) 250 mm/s, (d) 300 mm/s and (e) 350 mm/s.
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Figure 4.2: Magnified SEM images of the LIG sample produced with 300 mm/s. In (a), it is highlighted the
surface morphology and the porous distribution. In (b), one focus on a porous structure.

In order to structurally characterise the LIG samples processed under different v, Raman
spectroscopy was performed. This is a well-established characterisation technique for carbon
allotropes, providing information about structural and electronic properties, particularly in graphene
samples, in a non-destructive way [126]. For each sample, five random sites were chosen for
acquisition of spectra. Also, within these five sites, an effort was made to obtain spectra for valley-
and hill-like localisations. For every v, the spectra obtained are very similar, even between valley-
and hill-like sites, with exception for the LIG sample produced with 250 mm/s, where the presence
of the D’ band is slightly perceptive. Thus, in Figure 4.3, the Raman spectra of LIG samples are
presented, distinguishing the LIG produced with 250 mm/s (Figure 4.3-b). In both spectra, one can
identify the three most prominent bands, the G, the D and the 2D, typical of graphene-based

materials.
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Figure 4.3: Raman spectra of LIG samples. (a) Representative Raman spectrum for LIG produced with 150,
200, 300 and 350 mm/s. (b) Raman spectrum obtained for LIG produced with 250 mm/s.

The most intense band, appearing at ~1573 cm™, is the G band and is ascribed to one-phonon
scattering of the stretching mode of sp” carbon bonds [127]. Moreover, the presence of the D band,
at ~1358 cm™, indicates the existence of defects on graphene structure. This band is originated by

double-resonance mechanism comprising the scattering of one-phonon of the breathing mode of
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defective aromatic rings, which present an additional scattering at the defect sites [126]. The ratio
between intensities of the D and G bands, Ip/I, enables the evaluation of the defect density on the
graphene-based material. In contrast, the 2D band, which is the D band overtone, does not require
defects for its activation since it rises from the scattering of two phonons, with symmetric momenta,
of the breathing mode of (perfect) aromatic rings. In this case, the double-resonance process
associates the phonons to the electronic bands of graphene [126]. So, for single-layer graphene, the
2D is a sharp peak with the highest intensity of the spectrum. Increasing the number of graphene
layers the peak will broaden and its intensity decreases. The interaction between graphene layers
causes a splitting of the electronic bands and, consequently, splitting the 2D signal [126], [128].
Nonetheless, the splitting of this peak occurs for samples where the graphene layers follow Bernal
stacking. For disordered multilayer graphene samples, as incommensurable graphene, a much less
intense single 2D peak is presented [126], [129]. Hence, the shape and intensity of this band enables
one to report about the number of graphene layers and, simultaneously, to state about its stacking.
Usually, this information is integrated in the ratio between intensities of the 2D and G bands, I,p/1,
identifying the number of graphene layers, for samples up to five layers. In Figure 4.3, the 2D appears
at ~2719 cm™ presenting a broad single peak shape with lower intensity than the G band.
Additionally, one can spot other bands in Figure 4.3, such as D’, only perceptive in Figure 4.3-(b),
2D’, D+D” and D+D’. Similarly to the D band, D’ is generated from double-resonance of one-
phonon process also activated by the presence of defects, but it was explored to outstands upon
vacancy-type defects [130]. In Figure 4.3, D’ appears at ~1620 cm™ and its overtone, 2D, at
~3203 cm™. As 2D band, 2D’ involves two-phonon scattering, not requiring defects for its
appearance on the Raman spectrum. Besides D and D’ bands, the presence of defects also gives rise
to two-phonon processes assisted by electron-defect scattering, originating combination bands, such
as D+D” and D+D’ [126]. In Figure 4.3, these appear at ~2429 and ~2949 cm’’, respectively. Further,
in order to have a good fitting of the obtained spectra, it was necessary to account with the broad
band assigned to amorphous carbon at ~1440 cm™ [126]. Lastly, one can notice a small peak at
~2327 cm™ ascribed to atmospheric nitrogen in the laser focus region [131].

To evaluate the differences between the LIG produced by the different vy, both Ip/I and Ip/1¢
were determined and are introduced in Table 4.1. These values were established by the mean of the

ratios for each of the five sites analysed, for each v

Table 4.1: Intensity ratios Ip/I; and I,p/1 for each laser scan speed.

150 mm/s 200 mm/s 250 mm/s 300 mm/s 350 mm/s
I/1g 0.30 + 0.04 0.33 +0.04 0.29 +0.08 0.37 +0.07 0.36 + 0.07
Lp/Ig 0.42 +0.03 0.43 +0.02 0.40 + 0.04 0.43 +0.03 0.41 +0.03

Analysing Table 4.1, it is not noticeable significant differences between LIG produced by the five
Vise Lhus, one concludes that the laser scan speed, for these five speeds, does not influence
significantly the density of defects as well as the orientation and number of layers of LIG. Actually,
the unique difference noted was the manifest of a small D’ band for the LIG produced with
250 mm/s. Accordingly to the previous results, one can state that LIG samples are in fact defective
graphene, as it is an aspired result for the main aim of this work. As mentioned in section 2.3, the
presence of defects raises the kinetics in electrochemical systems, conceding great sensibility towards

impedimetric measurements.
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Envisioning the electrochemical characterisation, LIG electrodes were prepared as described in
section 4.1, in which electrical contacts were established, using a copper wire and silver ink, and the
electrochemical area of each electrode was fixed. This constituted an important step, since the aim
of such characterisation was to determine and compare the values of the heterogeneous rate transfer
constant (k), the effective electroactive area (A.z) and the capacitance per unit area (y4;) for each
Visser» Which will be explained in the following paragraphs. The electrolyte used to accomplish the
voltammetric and chronocoulometric measurements required to determine the K’ and A,z values,
respectively, was a 1mM [Fe(CN);]* in phosphate buffer saline, PBS (10mM), solution. To
determine the yg4;, the electrolyte consisted only on PBS (10mM) solution, without resorting to any
redox species. The use of 10 mM PBS solution as supporting electrolyte is crucial to settle the pH
and ionic strength conditions of the electrochemical measurements. Consequently, establishing the
oxidation-reduction potential and uniformity of ionic strength throughout the solution, maintaining
the diffusion layer sufficiently thick (semi-infinite) in comparison to the double-layer on the
electrodes’ surface, for mass transport purposes [63], [132].

The heterogeneous charge transfer rate constant, K, describes the kinetics at electrode-electrolyte
interface. Conveniently, this rate is intimately related to the charge-transfer resistance in faradaic
impedimetric biosensors. Hence, the determination of this parameter enables to evaluate the
suitability of LIG in this type of electrochemical sensing technology. Further, establishing the
electrochemical active area, A,z allows to assess the effective area of the electrodes for which faradaic
processes take place. Finally, the capacitance per unit area, y4;, concedes an estimation of the double-
layer capacitance, which turns useful when fitting the Nyquist plots to the equivalent circuit.

Particularly, K’ enables to understand if the charge-transfer process is sufficiently fast in
comparison with the rate for which diffusive processes take place. Consequently, it is also a good
indicator of the reversibility of the system, clarifying the aptitude of the electrodes to work on
reversible, quasi-reversible or irreversible regimes [63]. To determine k’, one resorted to cyclic
voltammetry (CV) at different scan rates (100, 150, 200, 250, 300, 350, 400, 450, 500 and 600 mV/s).
These were performed by applying a DC potential from -0.2 to 0.6 V. An example of the

voltammograms obtained is introduced in Figure 4.4-(a).
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Figure 4.4: (a) Obtained voltammograms using ten different scan rates on one of the electrodes produced with
250 mm/s laser scan speed, measurements using [Fe(CN)s]* in PBS. (b) Anodic peak current behaviour
regarding voltammetric scan rate. The three symbols represent three electrodes produced with same vj,,,..
The voltammograms consistently spot two peaks, the anodic and the cathodic peaks,
corresponding to the oxidation and reduction of the redox species ([Fe(CN)¢]*"*), respectively.

Further, increasing scan rate, an evolution of the current response and respective potential is

26



noticeable. For fact, the difference between the anodic and cathodic peaks potential, AE, =

i

. (14 i

, as well as the current ratio, —aztedic.
P cathodic

towards irreversibility for higher scan rates. In the ideal case, i.e. for reversible systems, the peak

—-E evolve regarding the scan rate, usuall
P anodic Pcathodic ’ g & ’ y

current (i _ ) is described by the Randles-Sevcik equation [63],
Panodic y !
i, = (2.69X10%)n%/2AC (Dv)"/2 (eq. 41)

where n is the number of electrons involved in the redox event, A (cm?) is the electroactive area of
the electrode, C (mol/cm®) is the reduced electroactive species concentration, D (6.67X107° cm’s
for [Fe(CN)(]*"*) is its diffusion coefficient and v (V/s) the applied scan rate. Constricting n, A, C
and D to invariable behaviour, one observes the peak current dependence on the square root of the
scan rate (Figure 4.4-b). However, the AE,, is constant for this working regime, AE,, = 57 mV /n,
meaning that the heterogeneous electron transfer rate is sufficiently fast, so that the diffusion, mass
transport of the species to the electrode, governs the net charge reactions completely [63], [133]. In
fact, the shift of AE,, is only detected when the system starts to move away from reversibility (from
v=0.10 V/s, inclusive). In Figure 4.4-(a), this shift is perceived and, for all the scan rates used, the
AE, takes values between 57 and 230 mV, guaranteeing a quasi-reversible working regime. It is
important to highlight that this was verified for the samples produced with the five v,. A very
common method for determining the &’ is the Nicholson method [63]. The latter applies to quasi-
reversible systems and allows to connect the evolution of AE, against the scan rate with a
dimensionless parameter, ¥. Subsequently, one can determine &’ through the following equation
K0
V= - 1 (eq- 4.2)
(mTF Dv)z
RT

in which F'is the Faraday constant (96485.33 C/mol), R the universal gas constant (8.314 J/Kmol)
and T the temperature (K). Nicholson determined very exact and precise values of W for certain AE,,.
By means of fitting a proper function to this well-known set of points, one can then determine the

W for every AE, obtained for each scan rate (Figure 4.5-a). Finally, the linearly proportionality

1
between the W and the vz (Figure 4.5-b) concedes the assessment to the k” of the electrode.
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Figure 4.5: (a) Fitting function (black line) used to determine the W parameter towards AE, and the

Nicholson method set of points (orange squares) that originated the same. (b) W parameter linear dependence

1
concerning v~ 2 for the three electrodes produced with 250 mm/s, as an example.

21



This analysis was performed on three electrodes for each of the five vy, assuring reproducibility on
the measurement. In Figure 4.6, it is introduced the &’ for each v, which values are the means of
the k° obtained for each of the three electrodes.
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Figure 4.6: Heterogeneous charge transfer rate constant, k’, for each laser scan speed, v,

It is noteworthy that the heterogeneous charge transfer rate constant was very similar for all the
LIG produced, presenting values in the order of 10 cm/s. In comparison with other carbon-based
electrodes of reference, such as boron-doped diamond (BDD), bare glassy carbon (GC), graphite
and carbon nanotubes (CNTs), among others, the presented LIG electrodes exhibit an excellent
heterogeneous electron transfer rate constant. In Table 4.2, it is presented a brief list of carbon-based
electrodes and the correspondent &’ using [Fe(CN)¢]* or [Fe(CN),]* in PBS or potassium chloride
(KCI) solution.

Table 4.2: List of some relevant carbon-based electrodes and respective kO values, using [Fe(CN)(]* or
[Fe(CN),]* in PBS or potassium chloride (KCI) solution.

Electrode K’ (cm/s) Ref. Electrode K’ (cm/s) Ref.
GC 3.22x10° BDD ~107 [135]
CNTs 5.09x10° GC 2.9x107
' ) [134] ‘ [136]
Graphite 1.76 x 107 rGS* 49x107
NC* 3.30x 107 MG! 1.2x10° [137]
FGS-ML" 5x10° [138] MWCNT 5x10" [139]

*Nanoporous Carbon; "Functionalised graphene sheets monolayer; ‘Reduced graphene sheets; “Monolayer
graphene.

To determine the A4 instead of using the Randles-Sevcik equation, which can only be applied
in reversible systems, it is preferable to use a reversibility independent method that takes advantage
of chronocoulometry (CC) technique. In this technique, a potential step, slightly over the oxidation
potential, is applied to the system for a certain amount of time (0.1-2.0 s). Thus, guaranteeing the
oxidation of the species for all the electroactive area of the electrode under a controlled-diffusion
regime [63]. As the name of the technique indicates, one measures the amount of charge
(coulometry) accumulated on the electrode’s electroactive surface as a function of time (chrono)
[140]. The time (¢) dependence of the accumulated charge (Qgc.) is governed by the integral form
of the Cottrel equation [63]
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1
2nd prFC(DU)2 (eq. 4.3)
acc = 1 + constant d
T2
in which the constant is associated with the adsorbed species, defining the linear dependence of Qg

1
towards tz and, subsequently, enabling the determination of the A 4
In this work, a complete chronocoulometry was performed. So, concerning the used supporting

electrolyte ([Fe(CN),]* in PBS), a 0.4 V potential step was applied, oxidizing the species, for 2 s
followed by a 0 V potential step, reducing the product of the first step, for 2 s (Figure 4.7-a). To note
that only the data related to oxidation of the species was further used for the analysis. Similarly to
the &’ analysis, three electrodes, for each vy, were submitted to this technique for three times each.

Moreover, the electroactive area was analysed for three electrolyte concentrations, 1, 2 and 5 mM of
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Figure 4.7: (a) Obtained chronocoulometric plot using one of the electrodes produced with vy, = 250 mm/s,

1
as an example. (b) Plot of the accumulated charge, Q ., against t2 obtained for the five v, using as electrolyte

1 mM K,[Fe(CN),] in PBS (10 mM, pH= 7.4).
The linearized charge response for ImM K,[Fe(CN),] electrolyte is introduced in Figure 4.7-

(b), as an example. In fact, the charge response obtained for the three concentrations followed the
linear proportionality described by (eq. 4.3). So, as expected, the A 4 for each v, presented the
same values for the three electrolyte concentrations. Accordingly, in Figure 4.8 are depicted, as an
example, the values determined using 1mM K,[Fe(CN),] electrolyte. The values obtained indicate
that, for the five v, the effective electroactive area is very close to the geometric area (0.25 cm®) of
the electrodes. As a matter of fact, it was expected a significant difference between the effective and
the geometric area, since LIG detains a prominent porous structure, shown in Figure 4.1. It was
thought that the similarity between the effective and geometric electroactive area was due to low
wettability of the LIG electrodes, which could depress the porous structure potentiality to increase
the effective electroactive area. So, in section 5.2, regarding the Fenton reaction results, the effect of

increasing wettability on the effective electroactive area is discussed.
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1 mM [Fe(CN)J in PBS
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Figure 4.8: The effective electroactive area, A, for each laser scan speed, v, using the 1 mM [Fe(CN),]* in
PBS as electrolyte.

The analysis to determine the capacitance per unit area, ¥4, starts similarly to the K’ by applying
cyclic voltammetry at different scan rates (5, 10, 20, 30, 50, 100, 250 and 500 mV/s), but using PBS
without any redox species ([Fe(CN)]*"*) as electrolyte (Figure 4.9-a). The applied DC potential
range was the same as for the &’ (from -0.2 to 0.6 V). In this analysis, the key point is to determine
the current contribution of the double-layer, which contributes as background in faradaic processes
analyses [63]. In Figure 4.9-(a), it is noticeable that the current response is not linearly constant from
-0.2 to 0.6 V, implying some oxidation or adsorption reactions, mainly between -0.2 and 0.1 V. So,
to ensure that the current response is strictly from the PBS, meaning from the double-layer
capacitance, the value chosen was 0.2 V, which also is very close to the open-circuit potential (OCP)

3/-4 -

of the electrochemical cell, using [Fe(CN)y]™ in PBS as electrolyte.
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Figure 4.9: (a) Obtained voltammograms using eight different scan rates on one of the electrodes produced
with 250 mm/s laser scan speed, using PBS as electrolyte. (b) Plot of the current density, J, against the scan
rate, vey, obtained for the five vy,
Consequently, for each of the voltammograms, the current value, i, for 0.2 V potential was extracted.
This value is used to determine the current density, J, by means of dividing it with the effective
electroactive area, A,z As a consequence, J has a linear dependence on the applied scan rate defined

by the following equation

J= ; (eq. 4.4)
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In Figure 4.9-(b), it is presented the current density linear dependence on the scan rate, for each of

the v, and, in Figure 4.10, the y4; for each v, is shown. The values presented correspond to only
one electrode per vj,q,.
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Figure 4.10: Capacitance per unit area, Yg;, for each laser scan speed, v,

In a pragmatic point a view, the main goal of this thesis is to use LIG electrodes as base of
impedimetric biosensors, employing electrochemical impedance spectroscopy (EIS). Regarding the
K’ results, it was clarified the potentiality of LIG in faradaic biosensors. As explained in section 2.2,
this type of biosensors comprehends both kinetics and diffusion processes, which can be interpreted
by means of an equivalent circuit (Figure 2.2). Hence, it is required a limiting criterion so that the
analysis can be done through the modified Randles circuit. That said, the Ry values, which are
intimately related with the &°, should not be too high so that the charge transfer is dominated by the
CPE branch. Therefore, there is a k&’ low-limit, ensuring that the latter situation does not occur and

is set by the following condition

RTCdl(U

(eq- 4.5)
FZCAeff

0
Kiim 2

In which Aci = yq; [63]. In fact, this condition clarifies that the y4; parameter should be kept low
eff

so that, upon EIS measurements and biosensing response, one can obtain measurable and
distinguishable Rt values, with good sensibility.

As a matter of fact, the characterisation of the LIG samples and electrodes, regarding the v,
have shown that for these laser scan speeds (150, 200, 250, 300 and 350 mm/s) the properties of the
electrode do not differ significantly, resulting in very similar electrodes. Nonetheless, the LIG
electrodes produced with 250 mm/s presented a lower yg;, insuring a more modest &° low-limit to
proceed with functionalisation steps. Therefore, it seemed adequate to choose the sample produced
with 250 mm/s to proceed with the functionalisation.

In this thesis, in order to attain a biosensor, the functionalisation of the electrodes comprised
chemical modification of its surface through a series of chemical reactions, as specified in section 4.2.
Since the main goal of this step was to covalently bound the antibody with the right orientation, it
was imperative to have an amine-terminated surface. Therefore, according with the selected protocol,
it was mandatory to have hydroxyl (OH) groups on the surface. Thus, the chosen LIG sample was
analysed through X-ray photon spectroscopy (XPS), in order to identify its surface functional groups.
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In Figure 4.11, the C 1s (a) and O 1s (b) regions of the XPS spectrum are presented as well as the
respective fitted peaks.
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Figure 4.11: (a) C 1s, (b) O 1s and (c) N 1s regions of the XPS spectrum (black curves) of LIG produced with
250 mm/s. The corresponding fitted peaks are the coloured lines.

The C 1s spectrum is dominated by the two peaks at ~284.4 ¢V (red line) and ~284.7 eV (green line),
corresponding to sp’ (C=C) and sp’ (C-C and C-H,) bonding. The former has a greater contribution,
which agrees with the Raman characterisation and confirms the graphitic nature of LIG [26], [94],
[100], [141]-[145]. The presence of oxidised carbon is verified by the suppressed peaks at ~285.0 eV
(vellow line), ~285.9 eV (dark blue line), ~286.9 eV (pink line) and ~288.1 eV (light blue line). The
first, at ~285.0 eV, can be associated to the presence of hydroxyl groups (C-OH) and graphitic
nitrogen (C-N) [92], [142]-[144]. Confronting this information with the O 1s and N 1s region of
the spectrum, presenting the latter a non-defined contribution [100], one can conclude that this peak
is mainly due to C-OH groups. The second peak, at ~285.9 ¢V, is assigned to epoxy and ether groups
(C-0) [94], [141] and verified by the fitted peak at ~532.8 eV (green line) [26], [94], [146] in Figure
4.11-(b). Further, at ~287.9 eV (pink line) appears the small contribution of carbonyl groups (C=0)
[144], [145], also confirmed in the O 1s region with the peak at ~531.4 eV (red line) [26], [94],
[141], and at ~288.1 eV (light blue line) the highly suppressed peak related to carboxylic and ester
groups (O-C=0) [142]. Therefore, in terms of surface’s composition, the produced LIG exhibits
very similar results to reduced graphene oxide (rGO) synthesised from graphene oxide (GO),
mentioned in section 2.3, particularly by the presence of hydroxylated and oxidised carbon.

5.2 Functionalisation analysis

Having the LIG electrode characterised, the second milestone, in order to obtain an
impedimetric biosensor, was to explore the electrode’s surface functionalisation. The aim of this
procedure is to insure an adequate binding of the antibody onto LIG’s surface so that, later, the

E. coli cells are immobilised onto the electrodes surface through binding between its antigens and

32



the aactivated antibody. Therefore, the functionalisation process was subdivided in the four steps:
hydroxylation, APTES silanization, antibody immobilisation and BSA passivation.

As already mentioned in section 4.2, the hydroxylation was carried out through Fenton reaction
with the intention of increasing the density of hydroxyl groups on LIG’s surface. So, to analyse the
performance of such reaction, Raman and X-ray photon spectroscopies were used. Besides, since in
section 5.1 the value of the Az of LIG electrodes was ascribed to low wettability of the same, one
also resorted to electrochemical characterisation of LIG after the Fenton reaction to clarify this
question.

Regarding Raman characterisation, the spectra acquirement followed the procedure used in
section 5.1. The obtained results were similar to the spectrum in Figure 4.3-(b). It was expected an
increase of the D band intensity, since it is known that this reaction attacks the sp” carbon, bonding
OH groups to it, and, consequently, turning it sp® hybridised [147], [148]. Accordingly, it would
promote a higher ratio Ip/I. In Table 4.3, both intensity ratios of LIG prepared at 250 mm/s before
and after being submitted to the Fenton reaction are presented. From these results, it is perceptive

that the effect of the reaction was not as strong as expected.

Table 4.3: Intensity ratios Ip/I; and I,p/I of LIG prepared at 250 mm/s before and after Fenton reaction.

Bare LIG (250 mm/s) LIG (250 mm/s) after Fenton
I/1g 0.29 £ 0.08 0.35 +0.04
Lo/ls 0.40 + 0.04 0.44 + 0.02

Likewise, the electrochemical characterisation of the LIG electrode after hydroxylation
emphasised the similarity between the LIG electrode before and after the Fenton reaction. In Table
4.4 the £, A yand y 4 obtained for hydroxylated LIG are compared with the ones obtained in section
5.1 for bare LIG. In addition, in this table images for qualitative evaluation of the contact angle are
shown, allowing one to conclude that the obtained low effective electroactive area is not related with
the surface’s wettability. The latter consisted on a quick and simple procedure by placing a 50 pL
drop of DI water on the electrochemical area of the electrode and photographing it with a cellphone
camera, roughly aligned with the electrode plane.

Table 4.4: k&, Az v, and images for qualitative evaluation of the contact angle of LIG electrode prepared at
250 mm/s before and after hydroxylation (Fenton reaction).

Bare LIG (250 mm/s) LIG (250 mm/s) after Fenton
Kk’ (cm/s) 1.42+0.52 1.41+0.31
A g (cm?) 2.57 £ 0.07 2.66 = 0.03
Yar (pE/em?) 90.32 £ 6.19 101.54 £ 9.87

- —_

Considering these analyses, it is conspicuous that the Fenton reaction did not enhance the

number of hydroxyl groups on the surface of the electrode. However, to develop a more defined and
certain conclusion, XPS analysis was performed.
Concerning the XPS study, it was taken into consideration some reports that lively recommend

to perform the APTES functionalisation immediately after the hydroxylation step [122], to
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guarantee the formation of an uniform amine-terminated self-assembled monolayer on the surface
of the electrode. Actually, this is the final purpose of the hydroxylation step. So, to study the effective
impact of the Fenton reaction with XPS, two APTES (1%) functionalised electrodes were analysed:
one that was hydroxylated before the silanization and another not. In Figure 4.12, the obtained XPS
spectra, and respective fitted peaks, for both APTES-modified electrodes are shown.
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Figure 4.12: C 1s (a, b), O 1s (¢, d) N 1s (e, f) and Si 2p:Fe 3s (g, h) regions of the XPS spectra (black lines)
of both LIG electrodes after APTES functionalisation, the non hydroxylated (left side) and the hydroxylated
(right side). The respective fitted peaks are the coloured lines.

Regarding the C 1s region (Figure 4.12-a, b) and comparing with the bare LIG electrode (Figure
4.1-2), although it is clear the increase of sp’® hybridised carbon (red line), epoxy and ether groups
(dark blue line) as well as the carbonyl groups (pink line) are more abrupt for the hydroxylated
electrode. In fact, the hydroxylated electrode presents a higher sp’ hybridised carbon peak in
comparison with the sp® hybridised one. In the case of the O 1s region (Figure 4.12-c, d), the non-
hydroxylated electrode (c) presented evident APTES contributions with the high intensity peak at
~532.8 eV, corresponding to Si-O-C (dark blue line), and the suppressed peak at ~534.0 eV assigned
to O-Si-O groups (green line) [149]-[151]. Similarly, the peaks ascribed to C-O (red line) and C=O
(light orange line) also follow the same tendency, in which the former presents a high intensity peak
and the latter a much lower. In contrast, the O 1s spectrum region of the electrode submitted to
Fenton reaction (Figure 4.12-d) exhibits a much higher contribution of the carbonyl groups (C=0,
light orange line) at ~531.3 ¢V [152]. In addition, it also presents other two peaks, one corresponding
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to carboxylic groups (light blue line), at ~530.5 eV, and another associated to the presence of iron
oxide (Fe-O, pink line), at ~529.9 eV [153]. Regarding the high intensity peak at ~532.3 eV, this
was assigned to both Si-O-C and C-O groups, since it was not possible to distinguish both for the
fitting. To complement this information, the analysis of the Si 2p region (Figure 4.12-g, h)
emphasizes the presence of groups such as Si-O-C, at ~102.6 ¢V, and O-Si-O, at ~103.3 ¢V, [150],
[154] as in the case of non-hydroxylated electrode (Figure 4.12-g). In the case of the hydroxylated
one (Figure 4.12-h), once again the proportions in terms of peak intensities diverse from the one
before. Other contributions arise, both from APTES presence as in the case of Si-C, at ~101.6 €V,
[154] and O-Si-C bonding, at ~ 102.9 ¢V, as well as from the presence of contaminants, such as
Fe- O, at ~94.4 ¢V [155]. Lastly, the signal captured in the N 1s region confirms, for both electrodes,
the presence of APTES by the emergence of two peaks at ~399.9 and ~401.6 eV addressed to amine
groups (NH,) and protonated amine groups (NH;") [156], respectively.

To clarify the effect of the Fenton reaction, a quantification of the carbon groups was undertaken
tor the three explored samples, bare LIG and the two APTES-modified LIG samples. In Figure
4.13, it is presented a histogram displaying such quantification, confirming the oxidative effect of
Fenton on LIG. In fact, a significant increase of ether (C-O) and carbonyl (C=0) groups is verified
for the hydroxylated (Fenton) sample, maintaining the contribution of the hydroxyl groups (C-OH)
very similar to the non-hydroxylated sample.
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Figure 4.13: Quantitative analysis of C 1s region of the XPS spectra obtained for the bare LIG sample, in
Figure 4.11-(a) (black) and both APTES-modified LIG, non- and hydroxylated samples, in Figure
4.12- (a,b) (red and blue), respectively.

In conclusion, the Fenton reaction seems that did not enhance significantly the APTES
functionalisation on LIG samples, so that would not justify to include this extra step into the
biosensor production. Besides, the XPS analysis confirmed that some contaminants, such as iron
oxide (Fe-O), were introduced into the electrode’s surface, which is not desirable. Hence, to proceed
with the functionalisation, one opted to not hydroxylate the electrode.

Posteriorly, the APTES functionalisation was performed. Throughout this study, three APTES
concentrations, 0.1, 1 and 10 %, were used to functionalise three LIG electrodes and to analyse the
influence of such parameter, one resorted to EIS and CV electrochemical techniques. In Figure 4.14,
the respective voltammograms and Nyquist plots are presented, comparing the three LIG electrodes
before and after silanization.
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Figure 4.14: Voltammograms ((a),(b),(c)) and Nyquist plots ((d),(e),(f)) of bare LIG electrodes (black) and
LIG electrodes after APTES functionalisation using 0.1% (light pink), 1% (red) and 10% (brown)
concentrations. Measurements performed using [Fe(CN)]*’* (1:1 mM) in PBS.

Regardless the used concentration of APTES, it is evident the disappearance of the semi-circle, after
the silanization (Figure 4.14-d, e, f). This can apparently be related to the decrease of the charge
transfer resistance, Rer. In fact, in terms of sensibility, it is desirable that the biosensor has a low
Rer. However, if this is too low, as in the case of not being able to measure it as shown in Figure
4.14-(d, e, f), it can complicate the analysis of the rest of the functionalisation and, afterwards, the
establishment of the biosensor’s limit of detection (LOD). Highlighting this behaviour, the
respective voltammograms show an increase of the current response (Figure 4.14-a, b, ¢), upon
APTES functionalisation. These data seem to indicate that a greater number of redox species
([Fe(CN)]*"*) is accessing to the surface of the electrode, conflicting with the expectations of
functionalisation. In fact, the concept of functionalisation relies on modifying the surface by bonding
or adsorption organic and/or biomolecules to it. So, it is expected that along the functionalisation,
the charge transfer between of the redox species and the electrode’s surface is progressively reduced
and, consequently, the Rer progressively increases. Contrasting, in this case, the inverse appears to
happen. Some authors have observed the same result for APTES functionalisation [157]-[161],
explaining it through the polarisation of the amino groups (NH,) in aqueous solution. As a matter
of fact, this tend to protonate at pH 7.4 (NHj;"), polarizing the surface positively, which will attract

the redox species to it, by electrostatic interactions, and increase the charge transfer on the surface of
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the electrode. As a result, the current response increases which can be observed within the
voltammograms and the impedance spectra. Nevertheless, to confirm and clarify the electrochemical
properties of the APTES-modified LIG electrodes, one obtained the k’, A.4and y4; for the 0.1 and
1% APTES-modified electrodes, since the current and impedance responses of the 10% were too
accentuated, 1. e. the voltammetric response was very high and the impedimetric signal presented a
neglected Rer. Consequently, implying loss of sensibility for further functionalisation using CV and
EIS measurements.

Since for the study of APTES functionalisation, a new batch of LIG electrodes was produced,
one of these new bare LIG electrodes was also submitted to the electrochemical characterisation to
assure maintenance of the electrochemical properties. Therefore, in Figure 4.15, the obtained results
for each electrochemical parameter & (2), A4 (b) and y4; (c) are presented, comparing the two
concentrations APTES functionalised electrodes and the two bare LIG electrodes (section 5.1)
electrodes and the new batch).
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Figure 4.15: Electrochemical characterisation of the APTES-modified LIG electrodes, with 0.1 () and 1%
(®) concentrations. For each of the parameters, &’ (a), A.+(b) and y4 (c), the obtained results for the bare
LIG electrode (triplicates) in section 5.1 (A) and for a bare LIG electrode of the new batch produced for
functionalisation (A) are shown for comparison.

Concerning the bare LIG electrodes, the results for the new batch are very similar to the one analysed
in section 5.1, with exception of the heterogeneous charge transfer rate that is slightly higher for the
new one. Interestingly and confirming the behaviour observed for CV and EIS measurements, both
the APTES-modified electrodes display significantly higher &’ values. Regarding the A.;and yg;,
the values obtained for these functionalised electrodes are very similar to the ones of the bare LIG
electrodes. Hence, in terms of electrochemical parameters, one did not note considerable differences
between using 0.1% or 1% APTES for its functionalisation.
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Therefore, one opted to follow the 0.1% APTES functionalisation, since it guarantees for the

rest of the functionalisation a measurable Rcr and, consequently, a measurable sensitivity, using only
1 .
T, of the quantity of APTES.

Finally, the last two steps of functionalisation were implemented and characterised. Both anti-
E. coli (biological recognition element) immobilisation and bovine serum albumin (BSA) passivation
were performed using drop casting technique and were characterised through EIS and CV
measurements, employing [Fe(CN),]*’* (1:1 mM) in PBS (10 mM) as electrolyte. Firstly, a 50 uL
drop of anti-E. coli (0.5 mg/mL) solution, including NHS and EDC to assure covalent
immobilisation, was deposited on the APTES-modified LIG surface. Subsequently, a 50 pL drop
consisting on 1% BSA solution was casted on the resulting surface of the electrode, to block charge
transfer and bacteria adsorption on the electrodes’ surface, where antibody was not immobilised.
Both procedures were specified in section 4.2. In Figure 4.16, the performed voltammetric (CV) and

impedimmetric (EIS) measurements, for each functionalisation step, are shown.
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Figure 4.16: Characterisation of the functionalisation steps, comprising APTES, anti-E. coli and BSA,
through (a) cyclic voltammetry and (b) electrochemical impedance spectroscopy, using [Fe(CN),]*"* (1:1 mM)
in PBS (10 mM) as electrolyte.

The immobilisation of the antibody increased the Rer of the electrode, as one can verify in
Figure 4.16-(b) by the appearance of the semi-circle. This result is corroborated by the current drop
on the voltammogram in Figure 4.16-(a). Similarly, it would be expected that after BSA passivation
the Rcr would increase and the current would decrease. However, in Figure 4.16, this is not
perceptive. In fact, both Rer and current maintain similar values after the passivation. This result can
be associated with the fact that the sites where no antibody was immobilised were not contributing
significantly to the charge transfer process. Some authors have published perceptively increases of
Rer along with very similar current response [112], [116].

Therefore, a functionalisation protocol was defined and characterised for the development of an
impedimetric immunosensor based on LIG electrodes for detection of Escherichia coli, consisting

on three steps: APTES silanization, antibody immobilisation and BSA passivation (Figure 3.4).

5.3 Biosensing Response

Regarding the biosensing response of fully functionalised LIG electrodes, a set of Escherichia
coli (ECR 1) concentrations was established (5, 10, 10%, 10°, 10*, 10°, 10° CFU/mL) as well as control
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electrodes, verifying the selectivity and specificity of the produced biosensor towards the E. coli
(Table 3.1), as stated in section 4.3. Accordingly, the set comprised two fully functionalised
electrodes, one tested with ECR 1 (Biosensor) and another with Shewanella (Selectivity), and two
controls, one without anti-E. coli (Controly, ani-i o) and another where EDC and NHS were not
used during anti-E. coli immobilisation (Controly, epenms)- For each of the mentioned electrodes,
EIS measurements were performed before being in contact with any E. coli solution (referred as
blanks) and after being submitted to each of the E. coli concentrations, using [Fe(CN),]*"* (1:1 mM)
in PBS (10 mM) as electrolyte. In Figure 4.17-(a), the Nyquist plots obtained for the tests performed
with the Biosensor are shown, as an example. Unexpectedly, it is noticeable that upon E. coli
immobilisation, the semi-circle region of the Nyquist plot diminishes, corresponding to a decrease
in the charge transfer resistance, Rcr. Nonetheless, one proceeded with fitting the obtained results,
allowing an evaluation of the normalised biosensing response, considering the biosensors and
controls tested. In fact, the biosensing response, as exposed in section 2.2, is assumed by the Rer
value extracted from the Nyquist plots by fitting it to an equivalent circuit, which for faradaic
impedance-based sensors is commonly the modified-Randles circuit (Figure 2.2). However, during
functionalisation and E. coli testing, the obtained Nyquist plots showed a phase deviation of the part
related to the diffusion controlled region (Figure 4.17-a), which is normally described by a Warburg

element. The latter is defined by a constant % phase. Therefore, to accomplish a more suitable fitting,

a new equivalent circuit was considered, in which the Warburg element was substituted by a constant
phase element (CPE), and is presented as an inset in Figure 4.17-(b), along with the Nyquist plot of
the Biosensor blank test and respective fitting, as an example.

All the fittings were executed using EIS Spectrum Analyser 1.0 program and all the fitted spectra

had a relative deviation from the obtained experimentally lower than 2%.
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Figure 4.17: (a) Obtained Nyquist plots for the EIS measurements performed with the Biosensor before (blank)
and after being in contact with E. coli concentrations, using [Fe(CN)¢]*”* (1:1 mM) in PBS (10 mM) as
electrolyte. (b) Nyquist plot obtained for the Biosensor’s blank test and respective fitted spectrum,
accomplished considering the equivalent circuit.

0

Subsequently, the normalised biosensing response (Rer) was established through (eq. 4.6) and it is
presented in Figure 4.18 for the tested biosensors (Biosensor and Selectivity) and controls

(COHU"OINO epc/nns and Controly, ani-E. co)-

ARcr . |Rer — Rngank (eq. 4.6)
Rg%ank - Rg%ank
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Figure 4.18: Normalised biosensing response, Rey variation, of the fully functionalised biosensors (Biosensor
and Selectivity) and controls (Controly, gpe/nms and Controly, ank. coi) before (blank) and upon contact with
5,10, 102, 10% 10 10° and 10° CFU/mL of E. coli in 10 mM PBS solution.

Unfortunately, the normalised Biosensor response does not clarify the odd behaviour already spotted
in Figure 4.17-(a). As a matter of fact, in Figure 4.18, the Biosensor response is undistinguishable
from the Selectivity and Controls one, not being clear a specific Rey variation. Consequently, it is
not conclusive if the produced biosensors can detect E. coli. Therefore, in order to assuredly
acknowledge if the produced biosensors are able to detect E. coli and, subsequently, to explore the
origin of the Rer reduction upon contact with E. coli solution, a new set of tests was performed,
which are described and discussed in the next section (5.4).

5.4 Evidence of £ colidetection

The bizarre behaviour of the biosensing response, led us to perform a confirmatory analysis to
guarantee the detection of E. coli, using the produced LIG impedimetric immunosensors. First, a
brief analysis concerning the origin of such behaviour was done. Since nothing in the
functionalisation protocol seemed to be erratic, particularly taking into consideration the
characterisation explored throughout section 5.2, a new plan to evaluate the effectiveness of the
antibody-antigen interaction was delineated taking into account the sufficiency of the quantity of
antibody available to bound and the ability of the medium (PBS) to interact with the biosensor.

The new batch of biosensors was produced with the intent of being tested towards 10° CFU/mL
of E. coli solution (in 10 mM PBS), using two different strains, ECR 1 and a second E. coli strain
ECR 15 since both have the same type of antigens, K and O. The proof of E. coli detection was
settle on a series of tests: electrochemical impedance spectroscopy (EIS) measurements, bacterial
DNA test and scanning electron microscopy (SEM) visualisation. The new set of biosensors was
functionalised accordingly with the protocol discussed before (section 4.2), except for the samples
prepared for DNA testing and the two biosensors produced for analysing the sufficiency of antibody
quantity, for which the concentration of anti-E. coli used was doubled (~1 mg/mL), as designated
in Table 4.5. The procedure to obtain the 10° CFU/mL concentration of both E. coli, ECR 1 and
ECR 15, was the same as described in section 4.3. Similarly, the bacteria immobilisation onto the
biosensors and samples prepared for DNA testing also followed the same protocol described

previously (section 4.3), for which each sample and biosensor was dipped in the respective
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10° CFU/mL solution for 45 minutes. Then, they were rinsed with PBS and dried with a gentle N,
tflow. Afterwards, for preservation purposes, the samples for DNA testing were conserved in PBS at

~4°C.

Table 4.5: New set of biosensors produced and respective tests performed as well as the designated target
bacteria used.

DNA Tests EIS and SEM Tests Target Bacteria

Biosensor

(~1 mg/mL anti-E. coli) E. coli (ECR 1)

Biosensor

(~1 mg/mL anti-E. coli) E. coli (ECR 15)

Control

(No anti- E. coli) E. coli (ECR 1)

Biosensor =

(0.5 mg/mL) PBS

Y Anti-Ecoli ; .. BSA
Concerning the EIS measurements, the obtained results are presented in Figure 4.19. These
confirm the behaviour already attained in section 5.3, proving that Rcr decreases after being in
contact with E. coli solution. Further, it also confirms that the acquired response does not depend
on the quantity of anti- E. coli immobilised on the electrodes’ surface. Moreover, the biosensor tested
tor PBS also proved that the response is not provided from interaction between PBS and biosensor.
The obtained results concerning the electrochemical test of the biosensor tested against ECR 15 are

not presented, since no EIS measurement was taken for the blank biosensor, meaning before ECR 15

immobilisation.
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Figure 4.19: Acquired Nyquist plots for the new set of electrochemical tests before (black squares) and after
(red dots) E. coli immobilisation, in which (a) corresponds to the biosensor functionalised with double the
anti-E. coli concentration (~1 mg/mL), (b) to the control with no anti-E. coli functionalised and (c) to the
biosensor with the regular functionalisation protocol (0.5 mg/mL of anti-E. coli). The measurements were
performed using [Fe(CN)]*”* (1:1 mM) in PBS (10 mM) as electrolyte.

Regarding the DNA tests, the purpose of such tests was to verify the presence of E. coli after its

immobilisation onto the biosensor, confirming that the response obtained through EIS
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measurements can be directly related to the E. coli detection. Further, two different strains of E. coli
were tested, ECR 1 and ECR 15, with the aim of proving the effectiveness of the antibody-antigen
interaction, since both strains present antigens K and O specific for the immobilised anti-E. coli
(polyclonal anti-E. coli K/O). The DNA tests were performed by the Microbiology group from
University Aveiro (http://biomicerolab.web.ua.pt/). These tests can be divided in three major parts
DNA extraction, DNA amplification and DNA separation and staining. Initially, the DNA
extraction was performed using MoBio Power Soil DNA Purification Kit, acquired from MoBio.
Afterwards, the extracted and purified DNA segments were amplified through polymerase chain-
reaction (PCR), targeting two envisioned genes for each sample: a general one that codifies for
ribosomal RNA subunit 16S, present in all bacteria; and a specific one that codifies for a beta-
lactamase of CTX-M type (blacrx), corresponding to more specific antibiotic resistance genes
previously detected in both strains ([124], blacrx p 15 in ECR 1 and blacry v 3, in ECR 15). Lastly,
the resultant DNA segments were separated by electrophoresis in agarose gel (1.5%) scanned with
90 V for 1h and stained with ethidium bromide. Then, by UV fluorescence, (Gel Doc system, Bio-
Rad) the amplified DNA segments can be distinguish, as in Figure 4.20.

ECR1 amplification of the codifying gene
. for ribosomal RNA subunit 16S of
[ 16S  the ECR 1 sample.

.o
ECR1 ECR15+ =«
165' 16S e ECR 15 amplification of the codifying gene

for ribosomal RNA subunit 165 of

- e » : 165 the ECR 15 sample.

I ' ECR1 ECR15 ECR1 amplification of the codifying gene
:

¢ for beta-lactamase of CTX-M type
¢ X CTX CTX  ofthe ECR 1 sample.

[ )

ECR15 amplification of the codifying gene
for beta-lactamase of CTX-M type
CTX  ofthe ECR 15 sample.

M molecular weight marker

Figure 4.20: Result of the PCR amplification of DNA extracted from biosensor samples immobilised with
ECR 1 and ECR 15, separated in an agarose gel (1.5%) at 90 V for 1 h.

In Figure 4.20, it is confirmed the strong presence of bacteria in both samples, by the high intensities
of the amplification of the codifying gene for ribosomal RNA subunit 16S (ECR 1-16S and ECR
15-16S). More specifically, the amplification of the codifying gene for CTX-M beta-lactamase
strongly suggests that the bacteria present in the samples correspond to ECR 1 and ECR 15,
respectively. Thus, one can conclude that the functionalisation protocol used and characterised
throughout this thesis is suitable to immobilise E. coli.

Finally, after the EIS measurements each biosensor was submitted to fixation and dehydration
protocol with the goal of visualizing E. coli cells on the biosensors’ surface through SEM analysis.
So, the biosensors were dipped in a glutaraldehyde (2.5%) solution overnight, at ~4 °C, in order to
inhibit the bacteria from lysing and to preserve its morphology throughout dehydration and SEM
analysis. Then, each of the latter was submitted to a dehydration procedure, assuring that the bacteria
would not blast when in vacuum environment. This consisted in dipping each biosensor in ethanol
solutions with different concentrations, 50, 70, 80, 90 and 100%, in ascending order, for 30, 15, 15,
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15 and 15 minutes, respectively, repeating the last concentration. Further, the biosensors were dried
with a gentle N, flow and kept at ~4 °C. Regarding the SEM analysis, several factors were required
to be taken into consideration. To start, the biosensors’ electroactive area is 5 x 5 mm? and an E. coli
cell has, approximately, 1 x 2 um?, constituting a tremendous effort to scan meticulously the entire
area to find E. coli cells. Further, the LIG’s surface has very porously morphology along with finely
disorder structure (Figure 4.21-a), complicating to differentiate the cells from the unique surface
structure. However, great endeavour was put on such analysis and, fortunately, a SEM image of a
single E. coli cell was taken from the biosensor targeting ECR 1 and is presented in Figure 4.21-(b).

Figure 4.21: SEM images of (a) the porously morphology and finely structure of the biosensors” surface and
(b) a perceptively curved E. coli cell on the biosensor’s surface.

In conclusion, these confirmatory tests enabled to evidence that the produced LIG impedimetric
immunosensors detect E. coli. However, regarding the impedimetric biosensing response, further
tests need to be done in order to obtain a distinguishable response in terms of selectivity and false-
positives (controls), confronting the obtained results in Figure 4.18. Even though, these tests also
verified that the corresponding response manifests through decreasing of the charge transfer
resistance, Rer. The latter constitutes an unexpected result, since it was envisioned and verified by
other impedimetric biosensors for E. coli detection that these bacteria, once immobilised onto the
electrode’s surface, consist on a charge transfer barrier, thus increasing the Rer value. However, EIS
measurements were performed using an AC input signal of 5 mV amplitude, alternating around a
DC bias that assumed the electrochemical cell's OCP value, ~190 mV. Until now, this DC bias has
been neglected, but since E. coli cells are attached to the biosensor’s surface through antibody-antigen
interaction, this might become a point to be noted. In fact, most of the DC potential drop is
experienced at the working electrode’s interface [63], so, it is quite probable that the bacteria are
perceiving it. In that case, it has been thought that the DC bias might be inducing a transmembrane
potential on E. col’s membrane. In fact, it has been reported that E. coli cells with incubation times,
for culture enrichment, similar to the ones used in this work (~16h) have a membrane potential
between -140 and -160 mV, approximately [162]. Thus, upon EIS measurements the cells were
subjected to a ~190 mV DC bias, which would change the membrane potential and, consequentially,
enable the transport of some cations, mainly potassium (K*) and sodium (Na*) [162], [163], to the
nearby external environment of the bacteria, which is the biosensor’s surface. Consequentially, along
with this hypothesis, it is considered that these liberated substances would exercise an electrostatic
attraction on the redox probe ([Fe(CN)4]*"*), as verified for APTES, enhancing the charge transfer
and diminishing the Rer.
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VI| Conclusions and Future Work

The main goal of this work was to develop a LIG-based impedimetric immunosensor for
Escherichia coli detection.

At first, LIG electrodes were produced, fixating all the laser parameters with exception of the
laser scan speed, V., for which five values (150, 200, 250, 300 and 350 mm/s) were explored. The
comprehensive characterisation enabled to establish that in fact these laser parameters allow to
produce laser-induced graphene electrodes with high heterogeneous charge transfer rate constant, &’
which is determinant for well-succeeded impedimetric sensors. Particularly, one concluded that the
250 mm/s v, generated the most suitable electrodes to proceed with functionalisation.

Secondly, a four steps functionalisation protocol was thoroughly analysed with the purpose of
having an efficient LIG immunosensor for E. coli. Regarding the adequacy of LIG’s hydroxylation,
one confirmed that this was not a mandatory step, having LIG sufficient hydroxyl groups to follow
functionalisation. Then, the following steps, APTES (0.1%) silanization, anti-E. coli (0.5 mg/mL)
immobilisation and BSA (1%) passivation were successfully achieved and characterised, qualifying
the functionalised electrodes to be tested with respect to its biosensing response.

Finally, the prepared biosensors were submitted to different E. coli solution concentrations and
tested through EIS, resulting in an ambiguous biosensing response, inconclusive towards E. coli
detection. Therefore, extra tests were performed, exploring the ability of the produced sensors to
detect E. coli. The obtained results clearly confirmed that the prepared biosensors were able to detect
the target bacteria. However, further studies testing selectivity and false-positive responses are
required in order to securely prove these electrodes as E.coli biosensors. Besides, considering the
work developed and discussed during this thesis, further experiments and tests should be examined
towards the optimisation of these biosensors. The following suggestions should be considered as
future work:

- Reduce the electrodes’ electrochemical area in order to increase the Ror and have a better

control of the whole functionalisation, especially after APTES silanization;

- Study different protocols of the Fenton reaction and other hydroxylation procedures, to assure

the upper limit of hydroxyl groups on LIG’s surface for further functionalisation steps;

- Investigate the ability of the biosensor to distinguish different concentrations of E. coli and

optimise it;

- Understand and explore the integration of such biosensors in water quality monitoring

systems.
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