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ABSTRACT

Carbon nanomaterials, more specifically graphene, have become highly valuable re-
sources in the development of soft conductors, for highly conformable, epidermic biomedical
devices. From the different graphene synthesis and processing techniques available nowadays,
Direct Laser Writing (DLW) has become increasingly investigated, for the simultaneous synthe-
sis and patterning of three-dimensional, porous graphene geometries, through the synthesis
of Laser-Induced Graphene (LIG). Significant advancements have been made in the synthesis
and translation of LIG derived from petroleum-based aromatic polymers, towards wearable
device fabrication. However, the exploration of more accessible, less environmentally impactful
materials derived from vegetable biomass, such as paper substrates, is lacking in comparison.

In this thesis, a longitudinal study is presented, aiming at developing LIG synthesis strat-
egies on paper substrates, to determine their potential as suitable substrates for high efficiency
graphitization and patterning, towards on-skin biomedical applications. At a first stage, focus
is given on the study and optimizations of LIG synthesis and laser processing strategies to
develop paper-based electrochemical sensors. At a second stage, novel strategies to develop
conformable, paper-based LIG soft conducting architectures, through the development of ma-
terial transfer methods, is explored. Finally, these flexible, conformable LIG architectures are
translated into functional devices, where LIG bioelectrodes are explored for the acquisition of
electrophysiological signals, iontophoresis-based stimulation for sweat secretion and electro-
chemical sweat sensing applications, for non-invasive glucose sensing.

Overall, novel laser processing strategies developed in this work include paper in the
toolbox of highly efficient LIG precursors, with the developed manufacturing approaches
demonstrating compatibility for on-skin, bioelectronics applications for different biomedical

applications.

Keywords: Laser-induced graphene, bioelectronics, electrochemical sensors, glucose biosensors,

wearable devices
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RESUMO

Nanomateriais de carbono, mais especificamente o grafeno, tornaram-se recursos
altamente valiosos no desenvolvimento de condutores macios, para dispositivos biomédicos
epidérmicos altamente conformaveis. Das diferentes técnicas de sintese e processamento de
grafeno atualmente disponiveis, Direct Laser Writing (DLW) tem sido cada vez mais
investigado, para a sintese e padronizacao simultanea de geometrias tridimensionais e porosas
de grafeno, através da sintese de Grafeno Induzido por Laser (LIG). Avangos significativos foram
feitos na sintese e translacdo de LIG derivado de polimeros aromaticos a base de petroleo,
para o fabrico de dispositivos epidermicos. No entanto, a utilizagdo de materiais mais acessiveis
e com menor impacto ambiental, derivados de biomassa vegetal, como os substratos de papel,
nao tém o mésmo nivel de desenvolvimento.

Nesta tese, é apresentado um estudo longitudinal, com o objetivo de desenvolver
estratégias de sintese de LIG em substratos de papel, para determinar o seu potencial como
substratos adequados para grafitizacdo e padronizacao, para aplicacdes biomédicas na pele.
Numa primeira fase, foi realizado um estudo focado na otimizacdo da sintese de LIG e
estratégias de processamento laser para o desenvolvimento de sensores electroquimicos
baseados em papel. Numa segunda fase, novas estratégias para desenvolver arquitecturas
condutoras flexiveis e conformaveis de LIG a base de papel sdo exploradas, através do
desenvolvimento de métodos de transferéncia. Finalmente, a integracdo destas arquitecturas
LIG flexiveis e conformaveis é traduzida em dispositivos funcionais, onde bioelectrodos a base
de LIG sdo explorados para a aquisicao de sinais electrofisiologicos, estimulagdo baseada em
iontoforese para a secrecdo de suor e aplicacbes electroquimicas de detecdo de suor, para
detecdo ndo invasiva de glucose.

De um modo geral, as novas estratégias de processamento laser desenvolvidas neste
trabalho incluem o papel como um precursor compativel para a sintese de LIG, com as
abordagens de fabrico desenvolvidas a demonstrarem compatibilidade com aplicacbes

bioelectronicas na pele para diferentes aplicagdes biomédicas.

Palavras chave: grafeno induzido por laser, bioelectronica, sensores electroquimicos, sensores de

glucose, dispositivos epidermicos.

Xiii






CONTENTS

1 MOTIVATION AND AIM 1
1.1 SOCIELAI CONTEXLE .ttt ettt bbb bbb bbb 1
1.2 SCENTIFIC CONTEXT .ottt ettt e 3
1.3 OBDJECHIVES .ovreerreeeeeeie ettt ssss sttt st ss s s8R E RS s bbbt 8
14 THESIS OUEIINE ...ttt bbb bbb bbb 9
1.5 RESEAICIN OULPUL ..ottt sttt sttt b st s s st s 10
2 DIRECT LASER WRITING FOR MATERIAL SYNTHESIS AND DEVICE PROCESSING 15
2.1 Introduction to Laser Material PrOCESSING ...t ss s ssses s ssssssenns 16
2.1.1 Early application of lasers in electronics microfabrication..........c.ccovreneconeconecnnecnnecneeen, 20
2.1.2  Laser systems and operating principles for DLW microfabrication ... 22
2.2 Introduction to Laser Carbonization and Graphitization ... 32
2.3 DLW of Carbon-based Materials ... essseeessessssssssse s ss et sssssssssssss e 35
2.3.1 DLW of synthetic aromatic POIYMETS ...t sssssssssssssssssssssssssssssssssses 38
2.3.2 DLW of naturally SOUrced Materials.......cerrnecmiecriecsrieesiessisnesssmesssensssesessssnessssnesssenens 40
2.4 DLW-enabled bioelectronics appliCatioNs .........c.cvierierieriesisssississississsissssssssssesssssssssssssssssssnns 50
241 EleCtrOCh@MICEAI SENSOIS ..ottt sttt beseies 51
24.2  Wearable biochemical SENSING ... sees et st ss s sssesssesens 56
243  ElectrophySiolOgQiCal SENSING ...ttt st ssssssssssss s s s sss s ssssssssssseses 64
244  Laser-induced graphene transfer strategies for conformable bioelectronics........................ 66
2.5 SUMMATY @NA OULIOOK ..ottt sttt ss s s s sesteees 67

3 LASER-INDUCED GRAPHENE PLANAR ELECTRODES FOR ELECTROCHEMICAL SENSING 87

XV



3.1 INEFOAUCTION <.ttt ettt e ss s s s ssseses s s sasssesasesssessnases 88

32 EXPEIMENTAL SECHION ...ttt sttt sttt st 90
33 Paper-based LIG synthesis and Characterization .........ccceeeeesecsieceseesesennes 93
3.3.1 Laser parameter optimization for LIG SYNthesis .......ccccencenneeneeeneeeessecesssseseseeesssesesee 93
3.3.2  Paper-based LIG charaCterization ... ssssssssssssssssssssssessssssssssssssesssesens 95
34 Paper-based LIG Electrode Fabrication and Electrochemical Characterization ............cccoo....... 100
35 Proof-of-Concept AMPEromMetric BIOSENSOIS..........covvvivrivreissiessissssisssssssssssssssssssssssssssssssssseess 105
3.5.1 Unmediated gluCOSE DIOSENSON ... sssssssssssss st st st st st s senas 105
3.52  Mediated gluCOSE DIOSENSON .......ccucvrcrriereieerieceiiesssesesssisesssseessssessseesssenesssssesssissessssnesssenesssens 107
3.6 CONCIUSIONS ..ottt ettt e ekt 115

4 INFLUENCE OF CO; LASER-BEAM MODELLING ON ELECTRONIC AND ELECTROCHEMICAL PROPERTIES OF LASER-

INDUCED GRAPHENE 121
4.1 INEFOTUCTION ottt ettt et 122
4.2 EXPEIMENTAL SECHION ...ttt ss s bbbttt s s s st eens 124
43 RESUILS @NA DISCUSSION ..ccoorireirciinnciiieerieesieesseeesseeessseessssse st esssesesssss sttt sssesess st ssssessssnsens 127

4.3.1 Laser Parameter Optimization for LIG Fabrication on Paper.........nenneenecenecenne. 127

432 Influence of Fabrication Setting on Electrochemical Properties of LIG Three-Electrode

PLANAE CIIS oottt e et et et 134
433  Disposable Paper-based LIG Electrodes for pH Detection ..........oneeneeenecenecenecenneeens 136
44 CONCIUSIONS ..ottt ittt e bbbt e 137

5 ONE-STEP LASER SYNTHESIS OF COPPER NANOPARTICLES AND LASER-INDUCED GRAPHENE IN A PAPER SUBSTRATE

FOR NON-ENZYMATIC GLUCOSE SENSING 141
5.1 INEFOTUCTION oottt ettt 142
52 EXPEMMENTAl SECLION ... .ottt sttt sttt sb st ss bt se s 145
5.3 RESUIES @NA DISCUSSION w...ovvreerreereeeeieseeeeeeeee e eseeessssessseesesssse sttt s st st ssssssss s st sssssssnees 147

531 Morphological, chemical, structural and electrical characterization of LIG/CuNPs

COMPOSIEES .ot bbb e e bbbt 147
5.3.2  Electrochemical characterization of LIG/CUNPS €leCtrodes ..........rmreenneceenneceeneeennenens 152
533 Nonenzymatic Glucose SENSOr PErforManCe........o.orreneceneeeneeeeeesseeesseessse e esssssssessssessenes 153
534  Glucose Sensing in Artificial SWEAL ...t sssssssssssssssssens 155

XVi



54 CONCIUSIONS .ttt ettt ettt ettt ettt et s et st et as s st st esassstassstassssassseas

6 WATER PEEL-OFF TRANSFER OF ELECTRONICALLY ENHANCED, PAPER-BASED LASER-INDUCED GRAPHENE FOR
WEARABLE SENSING 161
6.1 INEFOTUCTION oottt ettt ettt 162
6.2 EXPEMMENTAL SECLION ...ttt sttt sttt st st s sttt sss st ss e 164
6.3 RESUIELS @NA DISCUSSION ...coorreerreerceaeiereeeee e e seesssssssssssssssse st st st s st sssssssssnsssssssssssssssssssessssssssness 167
6.3.1 Boosting the properties of paper-based LIG through colored paraffin and laser fluence
CONTION. .ttt etttk b e kbbbt sttt 167
6.3.2  Water Peel-off Transfer of Paper-based LIG ... ninnnssnnssesssseesssessssessssenns 173
6.3.3  Demonstration of flexible, wearable electronics from transferred paper-based LIG........ 177

6.4 CONCIUSIONS ..ottt e bbbt 181

7 PAPER-BASED, LASER-INDUCED GRAPHENE BIOELECTRODES FOR  SKIN-INTERFACED BIOELECTRONICS
APPLICATIONS... 185
7.1 INEFOTUCTION ottt ekttt 186
7.2 EXPEIMENTAI SECHION «..oorieeetie sttt ss s bbbt st s s bs s s st 190
7.3 RESUILS @NA DISCUSSION ..ccoorireimciinnciiieeiieesieesieeesssesssseessssss st esssssessss sttt sssses st st s sssnsens 196
7.3.1  Surface characterization of LIG and biocompatibility assessment..........ccocconecennecererecerenee. 196
7.3.2  LIG bioelectrode-skin impedance @analysis.........ninninnenneinneneisssisssse s 200
7.3.3  ECG and EMG acquisition using dry LIG bioelectrodes .........rnecrnecenecennecerne. 204
734 LIG DIOCIECIIOTAE @ITAYS ....cucveenceienceiircerireerireesisecsiaseceseses s ssissessisesssssesssasesssessssessssssnessssnessssnsssenees 208
73.5  LIG-based iontophoresis device for sweat stimulation and sensing ........cc.cooevcenevenerrnrrennnns 211

7.4 CONCIUSIONS ..ottt s bt 217

8 CONCLUSIONS AND OUTLOOK 223
A APPENDIX FOR CHAPTER 3 1
B APPENDIX FOR CHAPTER 4 5
C  APPENDIX FOR CHAPTER 5 8
D APPENDIX FOR CHAPTER 6 11
E  APPENDIX FOR CHAPTER 7 20

XVii






LIST OF FIGURES

Figure 1.1 - World medical wearables market. (a) Market size and growth analysis globally and

in Europe. Adapted from ® ™. Different wearable device formats present in the market and in

research. Reproduced with permission ’. Copyright 2018, Wiley-VCH. ..................ccccoommmmmmmmmrnrrreee. 2
Figure 1.2 - Landmarks in bioelectronics, from materials to fabrication techniques. ................... 3
Figure 1.3 - Composition and bonds of graphene lattices..............ccoooomemrenecnnrnnecnneecreeeees 4
Figure 1.4 - Framework of application of graphene for printed electronics fabrication............... 6

Figure 2.1 - Modalities of DLW, comparison with established microfabrication technologies and
literature outlook. (a) Schematic of subtractive DLW (SDLW) for ablation-based geometry
writing. (b) Schematic of additive DLW (ADLW) for simultaneous material synthesis and
patterning. (c) Schematic of transformative DLW (TDLW), characterized by selective chemical
and structural material transformation. (d) Spider chart comparing DLW with lithography
techniques, inkjet, screen and 3D printing, in relation to key fabrication and implementation
characteristics. (e) Scopus literature survey, portraying the evolution of publication for various
laser systems, laser-material processing and DLW............cccomneneinseneineinecnesnesseiseisesssesssesaseenees 18
Figure 2.2 — Timeline of breakthroughs and literature advances on laser-material processing in
the framework of electronics microfabrication. Image for “laser machining”. Reproduced with
permission ¢, Copyright 1969, Wiley-VCH. Image for “laser pattern generation”. Reproduced

3

with permission 3’. Copyright 1974, Optica Publishing Group. Image for “laser copper

deposition”. Reproduced with permission *°. Copyright 1989, AIP Publishing. Image for “laser

5

writing of graphene circuits”. Reproduced with permission *'. Copyright 2010, America

Chemical Society. Image for “biodegradable conductors”. Reproduced with permission .
Copyright 2019, American Chemical Society. Image for "wafer transistor array”. Reproduced
with permission 3. Copyright 2020 American Chemical Society. Image for “laser writing of

transition metal oxide”. Reproduced with permission >*. Copyright 2022, AAAS. Image for “ laser

XiX



printed microelectronics”. Reproduced with permission >>. Copyright 2023, Springmages ander
Nature. Image for “large-area laser-induced graphene”. Reproduced with permission 56.
COPYIght 2023 WIIEY-VCH. L.ttt ssss s st ssssssssss s st sssssssssssssssssssssssssssanes 21
Figure 2.3 - Schematic of laser setups for DLW microfabrication tasks. (a) Representation of a
generic laser source and its components. (b) Graph relating wavelength and PWof common
laser sources employed for DLW and material processing, depending on their gain medium. (c)
Representation of a scribing system based on moving optics system. Adapted with permission
>3 Copyright 2020, American Chemical Society. (d) Representation of a scribing system based
on movable stage and static optics. Adapted with permission "°. Copyright 2022, American
Chemical Society. (e) Representation of a writing system based on the use of a galvanometer
system. Adapted with permission 3. Copyright 2021, American Chemical Society.................... 23
Figure 2.4 - Scheme of DLW fabrication parameters in the energy, time/frequency and spatial
domains and their iNterdePeNAENCE...........cc.o et sseeseans 25
Figure 2.5 - Influence of fabrication parameters on DLW laser-material interactions. (a)
Comparison of visible and NIR laser on their penetration depth, absorption and scattering on
a silver NP sintering model over a glass. Adapted with permission '°. Copyright 2020, American
Chemical Society. (b) Absorption spectrum of several bulk metals at specific laser wavelengths.
Adapted with permission . Copyright 2021, MDPI. (c) Representative absorption spectrum of
a plasmonic gold nanocluster. Reproduced with permission *'". Copyright 2023, Wiley-VCH. (d)
Influence of laser power and irradiation duration on reduction and oxidation outcomes of a
copper metal ion precursor. (e) Heatmap of temperature distribution for different writing
speeds. Reproduced with permission ®. Copyright 2017, Springer Nature. (f) Schematic
comparison of photothermal vs. photochemical material processing depending on CW or
femtosecond pulsed laser. (g) Deposition profile of a transition metal dichalcogenide
processed by DLW, depending on laser beam focus. Adapted with permission '8 Copyright
2022, American Chemical Society. (h) Pulse spot overlapping profile of a CO2 laser, depending
on laser defocus degree. Adapted with permission . Copyright 2018, American Chemical
Society. (i) Comparison of Gaussian and flat top beam energy distributions and effects over
silver NP sintering by DLW. Adapted with permission '">. Copyright 2018, American Chemical
SOCIBLY. oottt e et 27
Figure 2.6 - DLW for laser-induced carbonization and graphitization. (a) ReaxFF molecular
dynamics simulations of Pl carbonization/graphitization over time and the distribution of
pentagonal and hexagonal carbon arrangements. Reproduced with permission '%. Copyright

2020, American Chemical Society. Transmission electron microscope images of LIG for (b)

XX



interlayer distance and (c) carbon atom lattice distribution analysis. Scanning electron
microscope images of LIG (d) cross-section and (e) distribution of porous material over the
laser beam irradiation path. Reproduced with permission ®. Copyright 2014, Springer Nature.
(f) Raman spectroscopy mapping of a wood derived LIG surface and the distribution of G peak
intensities. Adapted with permission '8, Copyright 2022, Springer Nature. (g) Layered synthesis
of LIG from a polyether sulfone precursor and the distribution of chemical properties in depth,
surveyed by Raman spectroscopy for (h) 1 precursor layer and (i) 2 precursor layers.
Reproduced with permission ™!. Copyright 2023, Wiley-VCH. (j) Laser beam defocus method
for spot size and laser fluence selection. (k) Dependency on laser power and defocus distance
towards morphological transition levels. Adapted with permission *. Copyright 2021, American
CREMICAI SOCIBLY....ouee ettt s st 33
Figure 2.7- DLW processing of a liquid aromatic precursor for LIG synthesis and patterning. (a)
Chemical structure of aromatic liquid precursor made from aromatic monomers and long alkyl
chains (PGE-a). (b) Images of converted liquid precursor, showing mechanical stability and
flexibility. (c) SEM image of porous LIG structure arising from graphitization of liquid precursor.
(d) Raman spectroscopy process-property optimization of chemical properties of LIG,
depending on laser spot size. (e) Printing of 3D LIG microstructures from aromatic liquid
precursor and (f) resulting thickness of the LIG macrostructure. Adapted with permission 7.
CopYright 2022, WIlEY-VHC ...ttt ss et 39
Figure 2.8 - Schematic illustration of the conversion mechanism for green LIG. (a) Sources of
green LIG from raw materials and processed by-products obtained from these natural sources.
(b) Macromolecule chemical structure of lignocellulose biopolymers, its composition range on
natural sources. (c¢) Aromatic and (d) aliphatic chemical mechanism conversion to green LIG,
TESPECTIVEIY. oottt sttt ss e 41
Figure 2.9 - DLW processing of a lignocellulosic and polysaccharide precursors for LIG synthesis
and patterning. (g) Modification of wood with iron-tannic acid ink for improved DLW
processability and LIG conversion. (h-i) TEM image of LIG and iron carbide NPs, responsible for
improving graphitization potential. Adapted with permission '?. Copyright 2022, Springer
Nature. (j) DLW conversion of chitosan-class polymers: (1) carboxymethyl chitosan (CMCS), (ii)
chitosan oligosaccharide and (jii) chitosan hydrochloride. (k-m) Process-property optimization
of sheet resistance employing duty cycle has the fabrication parameter of study. Adapted with
permission "', Copyright 2023, American Chemical SOCIELY.......ooooovvvoreeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee 45
Figure 2.10 - Electrode setups and typical response curves of electrochemical sensors.

Assembly of electrochemical cells based on two electrode (a) and three-electrode systems.

XXi



Reproduced with permission 309. Copyright 2020, Springer Nature. Representative electrical
response curves of (a) potentiometric, (b) voltammetric, (c) amperometric and (d) impedimetric
DIOSENSOIS. ..ottt bbb 52
Figure 2.11 - LIG-based electrochemical sensors and biosensors. (a) LIG on-chip
electrochemical sensors fabricated on polyimide sheet precursor. Cyclic voltammograms of LIG
electrochemical cells using inner-sphere (a) and (b) outer-sphere redox probes. (d) Differential
pulse voltammetry oxidation peaks of ascorbic acid, dopamine and uric acid. (e) Cyclic
voltammograms of LIG electrochemical cells at flat and bent conformation. Reproduced with
permission 143. Copyright 2016, Wiley-VCH. (f) Schematic of lignin-derived LIG electrochemical
sensors and their functionalization. (g) Chronoamperometric characterization of enzymatic
glucose quantification and corresponding calibration curve. (h) Reproducibility assessment of
enzymatic glucose biosensors. Reproduced with permission 165. Copyright 2019 American
CREMICAI SOCIBLY. ..ottt st 55
Figure 2.12 - State-of-the-art miniaturized, flexible patch-like devices for on-body sweat
biochemical sensing. (a) Schematic of electrode array for metabolite (glucose and lactate) and
electrolyte (Na+ and K+) sensing and (b) its implementation as a wrist worn device. (c) Real-
life testing of devices as wrist and headband for exercise induced sweat sensing. (d) Continuous
monitoring of physical and biochemical parameters for the exercise period. (e) External
validation curves of Na+ and glucose sensors on-body sensors. Reproduced with permission
22 Copyright 2016 Springer Nature. (f) Schematic of layer components of epifluidic devices for
on-body sweat sampling, transportation and colorimetric biochemical analysis. (g) Operation
of epifluidic device after sweat accumulation, inducing color changes in reaction chamber
associated with analyte concentrations and within a microfluidic channel designed to assess
sweat rate. Reproduced with permission %>, Copyright 2016 American Association for the
Advancement of Science. (h) Schematic of fully laser processed system for biophysical and
biochemical on-body sensing integrate with epifluidics. (i) Representation of device layer
components, including adhesive layer, hydrophilic membrane for epifluidic module assembly
and Pl-derived LIG components for sensing. (j) Long-term on body measurements of
biophysical (temparature and respiration rate) and biochemical (uric acid and tyrosine)
parameters. Reproduced with permission 2”>. Copyright 2019 Springer Nature. ...........ccoooooooc... 58
Figure 2.13 - lontophoresis-based systems for on-body sensing of sweat analytes. (a)
Schematic of electrode arrays on PET substrates that include and anode and cathode for
iontophoretic delivery and an electrochemical sensing array for cystic fibrosis diagnosis. (b)

Implementation of the device as a wrist-worn band for on-body sensing. (c) Schematic of

XXii



iontophoresis and sensing operation of the device, starting with iontophoretic delivery of
choligernic agonist, followed by sweat secretion and capture at electrochemical sensing
module. (d) Sweat rate profile of acetylcholine delivery using 10% (w/v) hydrogel vs. a control
without the cholinergic agonist. Reproduced with permission 279. Copyright 2017 National
Academy of Sciences. (e) lontophoresis-based device integrated with a PDMS-based epifluidic
module for sweat sampling and transportation. (f) Study of epifluidic module features, namely
inlet number and its influence on sweat filling time. (g) Profile of device operation from start
of iontophoretic sweat induction, filling of microfluidc channels and interaction with
electrochemical sensor for glucose monitoring, tracked before and after meals ingestion in
several subjects. Reproduced with permission 283. Copyright 2022 Springer Nature. (h) Laser
processed, integrated iontophoresis, electrochemical sensing and microfluidic device. (i)
Sweat-rate profile comparison of carbachol and pilocarpine delivery. (j) Images of device after
stimulation, portraying the filling of the microfluidic channels over time. Reproduced with
permission 285. Copyright 2022 Springer NatUIe. ... sssesssssesssssssesssssanes 62
Figure 2.14 -DLW fabrication of bioelectrode for electrophysiological signal acquisition. (a)
Neural recording device based on laser selective phase transformation of PEDOT:PSS and
schematic in-situ recording and neural stimulation of mice brain slice hippocampus. (b) Local
field potential signals of brain tissue and corresponding Fourier transform before and after
stimulation with bicuculline. Reproduced with permission . Copyright 2022, American
Association for the Advancement of Science. (c) Kirigami-inspired LIG electrodes produced
from liquid crystal polymer and its stretching characteristics for biopotential measurements.
(d) ECG signals monitored for different activity states. Adapted with permission *°. Copyright
2023, WIIEY-VHC . ...ttt bse s s bbb 65
Figure 2.15 — LIG transfer strategies toward conformable applications. (a) Schematic of
elastomer casting and curing for LIG transfer, using PDMS. (b) Pattern before and after transfer
and bendable properties of the elastomer-LIG composite. Adapted with permission 2%
Copyright 2015, American Chemical Society. (c) Schematic of adhesive membrane peel-off
transfer, using PU adhesive tape. (d) Resulting transfer patterns placed on the skin and their
stretchable properties. Adapted from 3. Copyright 2022 American Chemical Society............. 67
Figure 3.1 - Laser operation parameter optimization conducing towards LIG formation. (a)
Chemical treatment imposed to paper substrates, with sodium borate acting as fire-retardant.
(b) Wax printing for modification of paper substrates for laser irradiation and LIG synthesis.
Matrices of laser operation parameters (P - power, S — scan speed) for chromatography paper

(c) and office paper (d). (e) Different LIG coverage areas for three different laser operation

Xxiii



coordinates (1- P7S9, 2- P3S3, 3- P10S10). Heatmaps of laser irradiation effect towards
chromatography paper (f) and office paper (g), in terms of laser ability to produce LIG, in
opposition to paper ablation or absence of CONVEISION. ........c..cvierirrineierse s 94
Figure 3.2 - Scanning electron microscopy study of surface morphology of laser treated paper
for LIG synthesis. LIG synthesized using chromatography paper at operational laser parameter
(a) P6S6, (b) P10S10. LIG synthesized using office paper at operational laser parameters (c)
P6S6, (d) P10S10. Cross-sectional analysis of LIG structures for Whatman paper (e-f) and office
PAPEE (GN). ettt 96
Figure 3.3 - Chemical characterization of paper-based LIG for different laser operational
parameter coordinates. (a) Raman spectra of LIG produced using chromatography paper. (b)
Raman spectra of LIG produced using office paper. (c) Distribution of 10 measure at LIG sample
with Van der Pauw geometry (TL — top left, TR — top right, BL — bottom left, BR — bottom right)
and corresponding Raman spectra, using P10S10 operation coordinates. Relative element
composition for LIG samples for each laser operation coordinate set for (d) Whatman paper
and (e) office paper, from EDS MEASUIEMENTS.........c.oovurierrierrieneeeeieeireiessisssse s ssssssssssssssssssssnnes 97
Figure 3.4 - Electrochemical sensor production and cyclic voltammogram characterization. (a)
Schematic representation of fabrication workflow used to produce paper-based LIG 3-
electrode systems and resulting device architecture. Cyclic voltammograms obtained for (b)
chromatography paper and (c) office paper for scan rates from 10 to 150 mV.s™" using 5 mM
Fe(CN)s*>/ Fe(CN)s* as redox probe (inset shows the plot of peak currents vs. square root of
COMTESPONAING SCAN FALE). ...ttt sttt st ss st s s st s ensnnes 101
Figure 3.5 - Electron transfer characterization and impedance spectroscopy characterization of
paper-based electrochemical systems. (a) Plot of AEp vs. corresponding scan rate, for paper
substrate under analysis. (b) Dependency of AEp toward scan rate, using the dimensionless
kinetic parameter W, for calculation of HET rate. (c) Nyquist plots obtained from impedance
spectroscopy analysis for both paper substrates under study, with fitting of Nyquist plot for
Whatman paper with Randles modified Circuit (INSEtL). ....ovvvrvvreerererereirrieee s 103
Figure 3.6 - Paper-based LIG three-electrode systems applied as unmediated enzymatic,
amperometric glucose biosensor. (a) CVs for different amounts of glucose in PBS buffer. (b)
Chronoamperometric sensor response to different glucose concentrations (0 to 15 mM),
measured at 1V applied potential. (c) Resulting calibration curve from chronoamperometric
response 150 seconds after glucose introduction. (d) Continuous amperometric sensor
response to the introduction glucose (inset showing the first current increase step). (e)

Selectivity of enzymatic biosensing strategy towards glucose, assessed by monitoring current

XXiV



response to the introduction of ascorbic acid (AA), uric acid (UA), fructose and a mixture of
glucose and interfering MEtabOlItES. ...ttt enes 106
Figure 3.7 - LIG-based mediated enzymatic glucose biosensor. (a) Biodetection mechanisms
and reaction cascade for mediated glucose detection using GOx and Fe(CN)s*>. (b) CV response
of sensors in the absence and presence of glucose. (c) Chronoamperometry response of for
increasing concentrations of glucose. Influence on estimation time (d), reaction time (e) and
enzyme/mediator concentrations (f) on sensor response (n=3 for each concentration
CONAITION). ettt e e e st st ee ettt as et sestas e e s s et aesessesasesssssasassesseasassessessasaesesseasasnessensas 108
Figure 3.8 - LIG-based, miniaturized mediated glucose biosensor. (a) Scheme of miniaturized
glucose test strips and its components. (b) Chronoamperometry response of miniaturized
glucose test strips for increasing glucose concentrations in PBS matrix. (c) Calibration curve for
the analytical response of sensors in PBS matrix. (d) Chronoamperometry response of
miniaturized glucose test strips for increasing glucose concentrations in human serum matrix.
(e) Calibration curve for the analytical response of sensors in PBS human serum matrix (n=3 for
€ach coNCeNration CONAILION)........oieeeeee ettt sttt sttt ssasssnans 110
Figure 3.9 - Validation of miniaturized test strips using human serum samples. (a) Parkes
consensus error grid and (b) Bland-Altman accuracy plot. ... 113
Figure 4.1 - CO; laser operation for LIG synthesis. (a) Schematic of laser beam and resulting
pulse profiles manipulated by PRF and PW. (b) Calculation of laser beam spot radius for tested
irradiation defocus z values. () LIG film matrix and fluence heatmap identifying graphitization
region and its distribution in different fluence levels. ... 128
Figure 4.2 - Influence of fabrication settings on graphitization onset and conductivity.
Heatmaps of laser irradiation outcomes as a function of PRF and PW for (a) z = -0.79 mm, (b)
z = 0.48 mm and (c) z = 3.02 mm. Resulting sheet resistance values of LIG films synthesized at
(d)z=-0.79mm, (d) z = 0.48 mMm and (€) Z = 3.02 MM c.oovimriieeeeee s 130
Figure 4.3 - Chemical characterization of LIG films depending on operational parameters. (a)
Raman spectra of films synthesized with 4% power and 6% speed at different defocus levels
and (b) corresponding Raman peak ratios. (c) Raman spectra of films synthesized at z = - 0.79
mm and 6% scanning speed and varying power percentages and (d) corresponding Raman
peak ratios. (e) Wide XPS spectra and (f) C1s deconvoluted spectra comparison between paper
and LIG synthesized using 6% power and speed settings at z = - 0.79 mMM.......ccccoverrrerrnrenne. 133
Figure 4.4 - Influence of fabrication settings on electrochemical properties of planar LIG
electrochemical cells. (a) LIG-based planar electrochemical cells and potential-induced

electrochemical mechanisms associated with faradaic redox current signals.  Cyclic

XXV



voltammograms of cells produced employing 6% power and speed settings for (b) 1 patterning
scan and (c) 2 patterning scans. (d) Plots of anodic and cathodic peak currents and kinetic
parameter W derived from CVs, for calculation of electrochemically active surface area and ko.
Distribution of (e) electrochemically active surface area and (f) ko for different fabrication
settings. (g) Plot of LIG sheet resistance, Ae and ko in function of fabrication setting PW...... 135
Figure 4.5 - LIG riboflavin-based electrochemical pH sensor performance. (a) SWV response of
the sensor at different pH levels. (b) Resulting calibration curve of peak potential positions vs.
pH. (c) Measurements distribution of 8 sensors and (d) sensor stability testing over a period of
T NOUTS. oottt e bbb bbb 137
Figure 5.1 - Process optimization for copper sulfate precursor deposition and synthesis of
LIG/CuNPs composites. (a) Optimization of modification volume and concentration of copper
sulfate precursor for homogeneous distribution over the paper surface. (b) Morphological
study of pre-treated paper substrate with copper precursor before laser irradiation, showing
CuSO45H,0 crystals. (c) Matrix of power/speed laser setting and outcomes of irradiation for
different VA ratios. (d) Analysis of sheet resistance for irradiation conditions leading to resistive
films (n=3). (e) Morphological analysis of LIG/CuNPs composites. (f) Morphological and
elemental analysis of inverted surface of exfoliated LIG/CUNPS films. ..., 148
Figure 5.2 - Chemical characterization of LIG and LIG/CuNPs composite. (a) Raman spectra of
LIG and LIG/CuNPs. (b) XRD analysis of the substrate with copper precursor before and after
laser irradiation. (c) Survey XPS spectra of LIG and LIG/CuNPs composites. XPS spectrum of (d)
C1s and (e) Cu2p peaks of LIG/CuNPs. (f) Cu LMM Auger spectrum of LIG/CuNPs................. 151
Figure 5.3 - Electrochemical performance of LIG/CuNPs and LIG electrodes. (a) Cyclic
voltammograms of LIG/CuNPs sensor obtained for a scan rate range of 10 to 150 mV.s™", using
5 mM [Fe(CN)s]**~ as redox probe. Both insets represent auxiliary plots for the determination
of the kinetic parameters: the right graph is a plot of peak currents vs. square root of
corresponding scan rate and the left one is a plot of kinetic parameter W vs. Cv™"2 (b)
Comparison between the plots obtained for the LIG/CuNPs and the LIG electrodes, at a scan
FALE OF 5O MV.ST\ 1 ..oooooeeeeeeeee e eeeeeeeeeeeessssssse s 152
Figure 54 - Glucose sensing performance of LIG/CuNPs based sensor. (a) Continuous
amperometric sensor response to different glucose concentrations using applied potentials of
0.4, 0.5, and 0.6 V. The inset shows the magnified section for the additions of the two lowest
glucose concentrations. (b) Corresponding calibration curve for the 0.4 V potential. The inset
shows the magnified section considered for a linear range response. (c) Sensor response to

successive additions of 0.1 mM glucose using an applied potential of 0.4 V. (d) Corresponding

XXVi



calibration curve. (e) Reproducibility tests performed on six LIG/CuNPs sensors. (f) Selectivity

study for the addition of 0.2 mM glucose in the presence of interfering species (each 0.1 mM).

Figure 5.5 - LIG/CuNPs sensor operation with artificial eccrine sweat matrix. (a) Continuous
amperometric sensor response in artificial sweat matrix and (b) corresponding calibration curve
at 0.4 V. (c) Sensor response after electrochemical oxidation of CuNPs and (d) corresponding
CAIDIATION CUINVE. ...t e 156
Figure 6.1 - Synthesis of LIG from wax-modified chromatography paper. (a) Schematic
representation of conversion mechanism. (b) FTIR spectra of LIG precursor materials, showing
the introduction of aromatic moieties into the volume of paper substrate from colored paraffin
wax. (c) Optical image of converted LIG square with three distinct regions, corresponding to
the number of lasing scans and the resulting SEM micrograph. (d) SEM micrographs of
converted LIG after three 1asing SCANS. ...t 168
Figure 6.2 - Characterization of LIG synthesized on wax-modified paper. (a) Raman spectra on
the effect of the number of lasing scans used for conversion and (b) EDS relative elemental
analysis of resulting LIG, using paper modified with 4 wax layers and 4 W laser power. (c) Sheet
resistivity of LIG applying one to three lasing scans and varying laser powers over paper
modified with 4 wax layers. (d) Raman spectra on the effect on the amount of wax used to
modify paper substrates. () Raman spectra on the effect of increasing laser source power on
LIG chemical properties. (f) Sheet resistivity measurements on the effect of increasing laser
source power for LIG synthesized using three lasing scans and paper modified with varying
WAX JAYETS (2 TO 5).euerieiieiee ettt 171
Figure 6.3 - Water induced peel-off transfer process of paper-based LIG and characterization
of transferred LIG chemical structures. (a) Schematic representation of the three-step transfer
process, starting with laser scribing and patterning of functional architectures, wetting of
substrate and LIG patterns for mild separation and sticking and peel-off of LIG patterns onto
the transfer substrate. (b) Raman and (c) XPS C1s deconvoluted spectra of pristine and
transferred LIG. (d) Sheet resistivity of pristine and transferred LIG. (e) Transferred LIG electric
lines and resistances at an electric circuit for connection of a battery and LED. (f) Analysis of
nominal vs. scribed line widths before and after transfer, depending on scribing direction. (g)
I-V curves and resistance of transferred lines, depending on scribing direction...........c.......... 174
Figure 6.4 - Demonstration of flexible, wearable applications for transferred paper-based LIG.
(a) lllustrative circuit with planar microelectronic elements for skin-worn functional patches. (b-

f) Flexible, skin-worn electrochemical planar cell development and characterization. (b)

XXVil



Electrode components for the developed cells on the skin. (c) CVs for Fe(CN)¢*"*

at different scan rates (20 — 200 mV.s™). (d) LIG-WE surface after PtNPs electrodeposition. (e)

redox probes

Chonoamperometry response of PtNPs modified LIG-WE towards H;O, at 0.7 V applied
potential. (f) Amperometric calibration of H,O, sensor. (g-i) Wearable strains sensor from
transferred paper-based LIG. (g) Bending strain cycling at 10% applied strain with 1 Hz
frequency and 3600 cycles. (h) Strain gauge applied in the wrist, for pulse wave monitoring
from the radial artery, with inset showing skin conformability of the LIG-polyurethane sensor.

(i) Pulse wave signal for heart rate determination and distinction of systolic and diastolic signal

Figure 7.1 - PI-LIG, P-LIG and LIG@PU surface, electrical characterization and biocompatibility
assessment. Surface Raman mapping and contact angle analysis of (a) PI-LIG, (b) P-LIG and (c)
LIG@PU. (d) SEM imaging of PI-LIG and P-LIG. Scale bar 100 pm. (e) Sheet resistance analysis
of LIG materials. (f) Live/dead assays of human fibroblasts cultured over PI-LIG and LIG@PU.
Scale bar 100 um. (g) Presto Blue assays for cell viability testing. (h) Fluorescence imaging of
marked cell nuclei and actin structures. Scale bar 50 um. (i) SEM imaging of LIG@PU before
(top) and after (bottom) cell culture. Scale bar 50 M. ... 197
Figure 7.2 - LIG bioelectrode-skin impedance characterization. (a) Schematic representation of
electrode construction, placement in the skin and equivalent circuit model. (b) Bode plot of
absolute impedance and phase shift of gelled LIG and commercial Ag/AgCl electrodes. (c)
Impedance bode plot of PI-LIG and LIG@PU electrode over a 4 hour period and electrode
diameter of 2, 5 and 10 mm. (d) Bar plot comparison of absolute impedance for 10, 30, 100
and 300 Hz AC signal frequencies. (e) Impedance analysis of LIG@PU electrodes with 5 mm
diameter for different subjects (n=7), after electrode placement and after 3 hours. (f)
Impedance analysis of electrode response at different frequencies.........coccoevoveneroneinerenecnecen. 201
Figure 7.3 - ECG and EMG signal acquisition with LIG bioelectrodes. (a) Signal comparison
between Ag/AgCl electrode and LIG bioelectrodes. (b) Long-term ECG acquisition comparison
between PI-LIG and LIG@PU bioelectrodes with 10 mm diameter and extracted signal
segments. (c) Long-term ECG acquisition comparison of LIG@PU bioelectrode with different
diameters (2, 5 and 10 mm). (d) SNR analysis of ECG signals. (e) EMG signal comparison of
long-term acquisition of bicep muscle contraction using LIG@PU electrode with different
diameters. (f) SNR analysis Of EMG SIQNalS.......cc.ccourirrinrinrinriesiseisssssississessssssssesssssssssssssssssssssssssses 205
Figure 7.4 - Paper-based laser-induced graphene bioelectrode arrays. Schematic
representation of components and placement of (a) chest-scale patch for 6 chest lead

acquisition and (b) sEMG electrode array for motion recognition. Signals for (c) limb and

XXVili



augmented limb leads and (d) chest leads of 12 lead ECG protocol performed with LIG
electrode and array patch. (e) SNR analysis of ECG leads. sSEMG signals of five channels during
(f) wrist extension and (g) individual finger @XtENSION. ... 209
Figure 7.5 - LIG-based iontophoresis patch for sweat glucose detection. (a) Scheme of device
components and assembly, placement in the skin, electrochemical biosensor modification
strategy and biosensing scheme for sweat glucose detection. (b) Working principle of
iontophorestic cholinergic agonist delivery for sweat stimulation. (c) lontophoresis module for
sweat rate and volume estimation. (d) Representative iontophoresis protocol, by application of
100 pA and resulting potential and charge profile. (e) Electrode-skin impedance before and
after iontophoresis protocol. (f) Sweat rate for iontophoresis protocol with different stimulation
currents and (g) total collected sweat volume. (h) Electrochemical sweat glucose sensor
response curve and calibration curve. (i) Testing of integrated iontophoresis device and

resulting sensor response curve at a fasting state and after a meal.........cccooooevoneneinrnecnneenne. 213

XXiX






LIST OF TABLES

Table 1.1 - Comparison of top-down and bottom-up graphene synthesis methods. Adapted
FTOM 22 ssssss s 5

Table 2.1 - Overview of LIG synthesis from carbon-based precursors and resulting properties.

Table 3.1 - Comparison of chemical properties obtained by Raman characterization and
electrical properties of LIG produced from different substrates. .........cccovovrrrnrenricnrinrrnrnncnnns 100

Table 3.2 - Stochastic electrochemical parameters for electrochemical systems produced from

chromatography and OffiCE PAPEIS. ...t sseees 105
Table 3.3 - Enzyme/mediator combinations employed in commercial test strips. Adapted from
B oo e e e s sess AR 107
Table 3.4 - Results obtained in the validation test of the system developed with real blood
samples obtained in a laboratory environment (NOVA-NMS). ......cocomimromrinrnsrneenninsessesesenenes 114
Table 5.1 - Performance comparison of several copper nanostructure-based glucose sensors.
.................................................................................................................................................................................... 155
Table 7.1 - lontophoretic current application protocols for sweat rate estimation................... 214

XXXI






AC - alternate current

ADLW -additive direct laser writing
AFM - atomic force microscopy
BGM - blood glucose meter

BR - Britton-Robisson buffer

BSA — bovine serum albumin

CAGR - compound annual growth
CE - counter electrode

CGM - continuous glucose monitor
CNT — carbon nanotube

CPE - constant phase element
CuNP — copper nanoparticles

CuOx - copper oxide

CV — cyclic voltammetry

CVD - chemical vapor deposition
CW - continuous wave

DLW — direct laser writing

ECG - electrocardiogram

EDS - energy dispersive x-ray spectroscopy
EEG - electroencephalography

EIS — electrochemical impedance spectroscopy

EMG - electromyogram

XXXl

ABBREVIATIONS



FTIR — Fourier transform infrared spectroscopy

GO - graphene oxide

GOx — glucose oxidase

HET — heterogenous electron transfer
HRP — horseradish peroxidase

IC — integrated circuit

IF — interstitial fluid

IR — infrared

loT — internet-of-things

LEG — laser-engraved graphene

LIG — laser-induced graphene

LOD - limit of detection

LSG - laser-scribed graphene

MEM — minimum essential medium
MPA — multiphoton absorption
MSC — microsupercapacitor

NP — nanoparticles

PAH — polycyclic aromatic hydrocarbon
PBI — polybenzimidazole

PBS — phosphate buffer saline
PDMS — polydimethylsiloxane

PEI — polyetherimide

PEO — polyethylene oxide

PES — polyethersulfone

PHH - polycyclic heavy hydrocarbon
Pl — polyimide

PLA — pulsed laser annealing

PLD - pulsed laser deposition

PLLA — poly-I-lactic acid

PMMA - polymethyl methacrylate
PPI — points per inch

PRF — pulse repetition frequency
PtNP — platinum nanoparticle

PU — polyurethane

XXXV



PVD - physical vapor deposition

PW - pulse width

PWM - pulse width modulation

QD - quantum dots

R2R - roll-to-roll

RE — reference electrode

RMS - root mean square

RS — resistive switching

S2S - sheet-to-sheet

SCE - standard calomel electrode

SDLW - subtractive direct laser writing
SEBS - styrene-ethylene-buthylene-styrene
SEMG — surface electromyography

SHE - standard hydrogen electrode

SNR - signal-to-noise ratio

SPA - single-photon absorption

SPE — screen-printed electrode

SWV - square wave voltammetry

TDLW - transformative direct laser writing
TENG - triboelectric nanogenerator

TFT — thin-film transistor

TPA — two-photon absorption

TP-DLW - two-photon direct laser writing
TRL — technology readiness level

UV — ultraviolet

WE — working electrode

XPS — x-ray photoelectron spectroscopy
XRD — x-ray diffraction

ZnO - zinc oxide

XXXV






Aw

w(z)

Ae

avF

avl

avrR

BPM

co

aB

Laser beam penetration depth
Wavelength

Frequency/scan rate

Anodic-cathodic peak potential separation
Weight difference

Laser beam radius at focus

Laser beam radius

Area

Electrochemically active surface area
Electrode geometric area

Augmented vector foot

Augmented vector left

Augmented vector right

Beats per minute

Concentration

Carbon-oxygen element ratio

Relative logarithmic unit of signal ratio

Diffusion coefficient

XXX Vil

SYMBOLS



Do Diffusion coefficient for oxidized species

Dr Diffusion coefficient for reduced species
Er Laser pulse energy

F Faraday constant

F Laser light intensity

Ip Raman D peak intensity

l2p Raman 2D peak intensity

e Raman G peak intensity

ko Heterogeneous electron transfer rate constant
ke Extinction coefficient

Ls Crystallite size in the a plane

n Number of electrons participating in an electrochemical reaction
R Universal gas constant

R Sheet resistance

Rs Solution resistance

Rer Charge transfer resistance

RMS Root-mean square

om Rotation per minute

RSD Relative standard deviation

S Sensor sensitivity

SD Standard deviation

T Absolute temperature

t Time

VA Volume-to-area ratio

Vior Peak-to-peak potential

z laser beam defocus

XXXViii



MOTIVATION AND AIM

1.1 Societal context

One of the fastest growing trends in our society and in academic research is development
of non-invasive and minimally intrusive platforms for monitorization of biophysical and bio-
chemical parameters directly from the body '. These wearable sensors present themselves as
alternatives to established, commercial technologies, in settings where rigid, inflexible and
large designs are not suitable. As such, these devices have found applications in many sectors,
including in sports 2, military 3, entertainment #, agriculture ®> and in the healthcare sector, as
tools for diagnostics and prognosis ®’. The constant demand for accessible, fast, reliable, and
accurate diagnostic and prognostic tools has led to the need for delocalized monitorization of
health status, outside clinical facilities, as evidenced, for example, by the COVID-19 pandemic
8 Driven by this great interest in such portable, worn tools and systems, various market analysis
indicate a steep increase in market values, for example with the wearable sensor market ex-
pecting a compound annual growth rate (CAGR) of around 17% until 2028 ° and the medical
wearable market expecting a CAGR of 18% until 2030 ' (Figure 1.1a). More specifically in
Europe, market size and growth reports for wearable medical devices predict a rise to USD 100
billion in 2033, from a value a size of USD 10.65 billion in 2023, mainly boosted by remote
patient monitoring in several scenarios, including devices for vital sign monitoring, sleep mon-
itoring and therapeutic devices, from insulin/glucose monitoring systems to rehabilitation de-
vices ',

Other growth factors are also associated to other aspects, including the increasing ac-
ceptance of the public towards these technologies, but also aspects related to a rise in preva-
lence of chronic complications, such as diabetes mellitus, and the increase in geriatric popula-
tion, leading to less capacity of global healthcare systems to locally treat patients "2 As such,
different device formats have been presented for distinct sensing tasks, from wrist-worn de-
vices, smartclothes and more recently, skin-worn electronic patches (Figure 1.1b) 7, that can be
complementary used in clinical protocols within telemedicine schemes for personalized

healthcare ™.
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Figure 1.1 - World medical wearables market. (a) Market size and growth analysis globally and in Eu-
rope. Adapted from ' 1", Different wearable device formats present in the market and in research. Re-

produced with permission 7. Copyright 2018, Wiley-VCH.

In this context, many commercial devices able to monitor several relevant biophysical
parameters already exist in the wearables market. These are mostly recognizable by, for exam-
ple, smartwatches capable of measuring step count, heart rate and temperature, amongst
other physiological information that can be relevant for diagnosis . However, these commer-
cial options lack integration of more comprehensive physiological information retrieval, for
example by sourcing relevant biochemical information from the body. The first such example
was the Glucowatch, the first FDA approved, commercial wrist-worn non-invasive glucose
monitor, that did not receive positive acceptance by users due to various drawbacks in its use
and performance. As such, biochemical-based diagnostic tools have mostly remained in the
category of portable biosensors, being the main example the several commercial alternative
glucometers, that are one of the main drives in the biosensors market. However, it is accepted
that non-invasive, wearable biosensing systems can bring several benefits *. Conventionally,
blood has been the biological matrix of choice to identify and quantify relevant analytes for
diagnostic of several complications. In opposition, wearable devices are designed and devel-
oped with the intention of accessing information in more easily sampled biological fluids, such
as saliva, tears, sweat or interstitial fluid, that allow for minimally or non-invasive extraction ".
In this setting, sweat has been one of the matrices of choice, since it is highly accessible both

by passive and active sampling methods for continuous physiological information retrieval,



while containing a myriad of chemical information that has been less explored for the purpose

of diagnosis and health monitoring ®.

1.2 Scientific context

With the purpose of bridging the gap between current accepted technologies and future
wearable tools, capable of providing more comprehensive physiological information, develop-
ment and application of multifunctional materials must be a key aspect, within the framework
of bioelectronics. This field was sparked by the discovery of bioelectricity within biological sys-
tems by Luigi Galvani "/, leading to present devices capable of measuring a myriad of physio-
logical phenomenon. In the context of biochemical diagnosis, electrochemical biosensors have
been a great research focus, including in the setting of wearable devices. For these devices,
several materials have been explored, both in the electrode transducing materials, support
substrates and the recognition elements employed for the biosensing task. Such materials in-
clude hydrogels, conductive polymers and carbon-based materials, amongst others, employed
using versatile fabrication techniques, such as inkjet, screen and 3D printing. In terms of cap-
turing and measuring biological phenomenon, the development of immunoassays, enzyme
electrodes and more recently, the use of synthetic recognition elements, are landmarks that

helped boost the performance of bioelectronic sensing systems (Figure 1.2).
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Figure 1.2 - Landmarks in bioelectronics, from materials to fabrication techniques.

More recently, the discovery of graphene and other two-dimensional (2D) materials have
further boosted several properties and capabilities of such devices for bioelectronic applica-
tions, due to many outstanding mechanical and electrical properties, allowing for higher flexi-

bility and conformability .



Graphene is a 2D carbon material, characterized by a honeycomb arrangement of carbon
atoms within a single-atom thick lattice. Each carbon atom is linked to other three additional
carbon atoms, except at sheet edges, resulting in a sp® hybridization of C-C linkages, that
contain both sigma (o) and pi () bonds '°. Due to this hybridization, in-plane o bonds contain-
ing one electron give graphene outstanding mechanical strength, while m bonds in the z-axis
overlap and create a continuous mnt orbital across the entire graphene sheet. This orbital is re-
sponsible for turning graphene into a highly conductive material since electrons at this orbital

are delocalized and can flow through the 2D sheet extension (Figure 1.3).

Delocalized electron cloud at it orbital

I

Figure 1.3 - Composition and bonds of graphene lattices.

This conductivity has been meticulously studied for different purposes, with the material
being characterized as a zero bandgap semiconductor, with many interesting properties that
make it a useful material for several applications, while presenting drawbacks to others °. Out-
standing electrical conductivity and mobility, high thermal conductivity, great strength, light
transparency and the possibility to chemically tune physical properties, rendered graphene as
a wonder material that has been studied in high-performance electronic components such as
transistors and memories, heat and energy storage elements, composite materials, transparent
electrodes and biosensors ?'.

This material had been hypothesized in the past, by studying graphite and its structure,
made of layered graphene lattices. However, it was firstly isolated by Andre Geim and Kon-
stantin Novoselov in 2004, by employing a physical exfoliation method of graphite using scotch
tape, followed by transferring to an oxidized silicon substrate %. Since then, many different
graphene synthesis methods have been developed, presenting several advantages and disad-
vantages. They are divided into top-down approaches, where graphite is used as the source
material, and bottom-up approaches, where hydrocarbon molecules are used as templates for

build-up reactions that lead to the synthesis of graphene lattices ?'. Examples of top-down



approaches are mechanical, liquid phase and electrochemical exfoliation, reduction of graphite
oxide and arc discharge, capable of effectively separating graphene lattices within graphite.
Most common bottom-up approaches include chemical vapor deposition (CVD), epitaxial
growth in different substrates, pyrolysis production and more recently, laser assisted synthesis

methods. A comparison between several synthesis methods is drawn in Table 1.1, regarding

their advantages and drawbacks.

Table 1.1 - Comparison of top-down and bottom-up graphene synthesis methods. Adapted from 23.

Method

Description

Advantages

Disadvantages

Top-down methods

Mechanical exfolia-

tion

Electrochemical ex-

foliation

Liquid exfoliation

First method of graphene
isolation, using adhesive tape
for separation. Other meth-
ods employ AFM tips

Use of graphite sacrificial
electrode and separation and
collection of graphene within
employed electrolyte

Solvent-assisted exfoliation
by chemical or thermal
mechanisms; Sonication of
graphite in solvents; exfolia-
tion of graphite oxide to ob-

tain graphene oxide

High quality graphene sheets
with low defects; easily per-

formed

Graphite flakes of different
layer content are produced,
able to be separated by cen-
trifugation

Hazardous and expensive sol-
vents, solvent contamination
and effect over properties,

low flake sizes

Slow method, with low yield; mainly
employed to study graphene prop-

erties and not production

Electrolyte and surfactant molecules
difficult to remove and influence

properties of resulting graphene

Synthesis of graphene derivative
with different properties, including
graphene oxide and defect dense
graphene, due to harsh synthesis

conditions

Bottom-up methods

CvD

Epitaxial growth

Pyrolytic synthesis of gra-
phene lattices by imposing
high temperatures and pres-
sures over gaseous atmos-
pheres onto a metal sub-
strate

Graphene synthesis from sili-
con carbide (SiC) at high
temperature and vaccum,
leading to sublimation of Si

and graphitization of remain-

ing carbon

High-quality graphene, with
large sheet areas, capable of
producing monolayer gra-

phene

High quality graphene

Several process factors influence the
number of layers; need for transfer
deteriorates quality and causes de-

formation; Expensive technique

Difficulty to produce few layers gra-
phene; SiC substrates are expensive,
rendering the technique less scalable

for commercial applications

Analysis of the state-of-the-art synthesis methods of graphene encapsulated in Table
1.1 show that some technological drawbacks still exist for large scale, scalable production and
use of graphene. These are mostly related to standardization of resulting graphene from dif-

ferent techniques and finding suitable techniques that allow for high synthesis throughput at



lower costs 2. Several researchers are attempting to bridge these gaps between research and
industrialization, with more accessible, higher yield fabrication techniques. Some examples are
laser-assisted techniques, that will be discussed in the following chapters, and similar pyrolysis
inspired methods, such as flash joule heating 2**. At the same time, drawbacks related to
transfer, stacking and patterning of synthesized graphene are also a consideration, since cur-
rent state-of-the-art synthesis methods are not capable of localized synthesis within customi-
zable geometries. As such, the use of graphene in functional architectures towards the produc-
tion of consumer electronics needs additional processes, for assembly of multilayered gra-
phene patterns.

In this framework, graphene has been mainly employed in the printed electronics field,
where the synthesis is followed by the formulation of graphene inks and their printing into the
required geometry, targeting a specific application (Figure 1.4). Graphene inks with very distinct
properties can be produced, depending on the concentration of graphene, selected solvent
and presence of surfactants or polymers that aid in stabilization of graphene phases . Several
challenges remain in ink formulations within flexible substrates, including the stability of gra-
phene sheets, suitable viscosities and surface tensions compatible with the selected printing
methods and adequate adhesion to the substrate, while recurringly using toxic solvents and
reagents. Thus, the burden of optimization of such resources is laborious and time consuming,

although it is of high importance to potentiate the use of graphene in areas such as

Graphite Flexographic Inkjet printing
printing e *
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Mechanical Chemical synthesis
exfoliation (GO reduction)

Chemical
exfoliation
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malerial inks,

—_—
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Chemical Vapor Sheet/flaze size Flagship
Deposition distribution and .
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Epitaxial
growth Dispersing solvent and ——
tabili
Bottom up LR 7 \
Hyd rocarbon Printed electrode Printed circuit
precursors Kwon, YT., Kim, YS., Kwon, S. et al. Nat Commun 11, =—5mm
. . 3450 (2020). L.
Dispersion and Printing and
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Synthesis ink formulation assembly

Figure 1.4 - Framework of application of graphene for printed electronics fabrication.



bioelectronics. Finally, the need for a printing technique further increases the final cost of this
multi-step process, making it less accessible.

In this context, researchers have worked on reaching alternative fabrication technologies
that can improve on these aspects of accessibility and ease of synthesis and patterning of
graphene-based electronics. One of the most recently explored methods has been Direct Laser
Writing (DLW) of carbon-based polymers, to synthesize and pattern a graphitic material named
in the literature as laser-induced graphene (LIG). For LIG, the straightforward fabrication stands
on the need for minimal infrastructure and precursor materials, in a maskless, catalyst-free,
non-toxic synthesis route, allowing for low-cost, high-throughput patterning of graphitic
structures with very high selectivity and localized conversion, within fully customizable geom-
etries #’. LIG has found space in the production of planar microelectronic devices, due to the
resulting porous nature of the three-dimensionally stacked 2D lattices of the converted gra-
phene structures, that circumvent some cumbersome processes of single layer graphene trans-
fer, patterning and stacking for the production of functional architectures %*2°. Most of these
applications have been developed on plastic polymers, mainly polyimide (Pl), resulting in LIG
with very attractive intrinsic properties %’. More recently, other precursor substrates have been
put forward to improve on the accessibility and environmental impact of such plastic substrates
30, Although LIG has recently established itself as a very attractive material for the simultaneous
synthesis and patterning of multi-layered graphene for development of consumer electronic
elements, some challenges on the synthesis and application of this material within bioelectron-

ics can still be addressed.
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Objectives

Due to the relevant and attractive characteristic of LIG for the fabrication of microelectronic

components and devices, as well as its suitability for the development of new approaches for

wearable device fabrication, this graphitic material was selected as the topic of study, with the

purpose of tackling some of the challenges described before, that inspire the main goals of

this work, which are:

7
0.0

X3

%

Use of more accessible and sustainable materials for LIG synthesis, capable of providing
alternatives to conventional aromatic polymer precursors. The use of paper substrates
is envisioned as viable alternatives to develop LIG-based bioelectronic applications.

Study and optimization of LIG produced from paper precursors, with the purpose of
reaching and even surpassing the state of the art of conductive properties reported in
the literature for conventional aromatic polymer precursors.

Apply patterned and optimized LIG from such substrates towards the fabrication of
bioelectronic applications, with focus on electrochemical sensor development. Different
strategies are explored to develop electrodes using the envisioned precursors, but also
their translation towards wearable scenarios, using transfer methodologies and elasto-
meric support materials.

As a final goal, the integration of paper-based LIG bioelectrodes for skin interfaced
bioelectronic applications is targeted, where the material can be used both for the de-
tection of physiological signals directly in the body and for electrical stimulation. Elec-
trophysiological signal acquisition electrodes and electrode arrays and iontophoresis-
based sweat stimulation system for electrochemical sweat glucose quantification are
targeted, based on laser processing paradigms developed throughout the work.
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Thesis outline

Chapter 1 provides a societal and scientific context of the presented work, along with
motivations and aim of the study.

Chapter 2 provides an extensive overview on DLW as the main material synthesis and
fabrication approach used in this work. A review detailing the main operating variables
associated with this technique, material synthesis outcomes and state of the art of
DLW-based device processing, with a focus on electrochemical sensing and wearable
devices, is given.

Chapter 3 describes the main results obtained for the synthesis of laser-induced gra-
phene (LIG) derived from two distinct paper substrates, along with material characteri-
zation, to determine the most suitable substrate of study. Furthermore, the implemen-
tation of paper-derived LIG for electrochemical sensor development and glucose bio-
sensing implementation is also described.

Chapter 4 is dedicated to deepening the study of DLW fabrication variables and their
influence, through process-property optimization experiments. Alternative study met-
rics are proposed, to establish the underlaying pulse width modulation parameters that
influence the properties of LIG and electrochemical cells toward electrochemical sens-
ing applications.

Chapter 5 describes a one-step synthesis method through DLW for the fabrication of
LIG/CuNPs hybrid materials. The resulting composite surfaces are characterized and
their use for nonenzymatic sensing of glucose in the physiological concentration range
found in sweat is described.

Chapter 6 focuses on boosting the conductive properties of paper-based LIG, through
substrate chemical composition modeling, towards the fabrication of LIG soft conduc-
tors. To achieve this, a novel transfer methodology based on a water-induced peel-off
strategy is presented, used for the construction of conformable LIG architercture for
wearable sensing.

Chapter 7 expands on the application of transferred, paper-based LIG for the develop-
ment of skin-interfaced devices for bioelectronics applications, focusing on LIG-skin
interface properties. Devices for electrophysiological signal acquisition (ECG and EMG)
and iontophoresis-based sweat stimulation, extraction and analysis are described and
characterized.

Chapter 8 presents conclusions drawn from this work, along with future considerations
for further maturing of the technologies developed in this work and their implementa-
tion.
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Research output

The main results presented in this thesis, described in the 8 chapters of the document,

have been published in several high-impact peer-reviewed publications and presented in na-

tional and international symposiums and conferences, listed below.

Publications

Pinheiro, T., Morais, M., Silvestre, S., Carlos, E., Coelho, J., Almeida, H. V., ... & Martins, R.
Direct Laser Writing: From Materials Synthesis and Conversion to Electronic Device Pro-
cessing. Advanced Materials, 2024, 2402014.

Claro, P. I., Pinheiro, T., Silvestre, S. L., Marques, A. C., Coelho, J., Marconcini, J. M., ... &
Martins, R. Sustainable carbon sources for green laser-induced graphene: A perspective
on fundamental principles, applications, and challenges. Appl. Phys. Rev, 2022, 94),
041305.

Pinheiro, T., Silvestre, S., Coelho, J.,, Marques, A. C,, Martins, R., Sales, M. G. F., & Fortu-
nato, E. Laser-induced graphene on paper toward efficient fabrication of flexible, planar
electrodes for electrochemical sensing. Advanced Materials Interfaces, 2021 8(22),
2101502.

Pinheiro, T., Rosa, A, Ornelas, C., Coelho, J.,, Fortunato, E., Marques, A. C., & Martins, R.
(2023). Influence of CO2 laser beam modelling on electronic and electrochemical prop-
erties of paper-based laser-induced graphene for disposable pH electrochemical sen-
sors. Carbon Trends, 2023, 11, 100271.

Pinheiro, T., Caetano, J., Fortunato, E., Sales, M. G. F., Almeida, H., & Martins, R. One-
Step Laser Synthesis of Copper Nanoparticles and Laser-Induced Graphene in a Paper
Substrate for Non-Enzymatic Glucose Sensing. Advanced Sensor Research, 2024,
2400052.

Pinheiro, T., Correia, R., Morais, M., Coelho, J,, Fortunato, E., Sales, M. G. F., ... & Martins,
R. Water peel-off transfer of electronically enhanced, paper-based laser-induced gra-
phene for wearable electronics. ACS nano, 76(12), 2022, 20633-20646.

Pinheiro, T. Stretchable interfaces come in from the cold. Nature Electronics, 2024, /1),
4-5.

Silvestre, S. L., Pinheiro, T., Marques, A. C., Deuermeier, J., Coelho, J., Martins, R, ... &
Fortunato, E. Cork derived laser-induced graphene for sustainable green electron-
ics. Flexible and Printed Electronics, 2022, 7(3), 035021.

Coelho, J,, Correia, R. F., Silvestre, S., Pinheiro, T., Marques, A. C., Correia, M. R. P, ... &
Martins, R. Paper-based laser-induced graphene for sustainable and flexible microsu-
percapacitor applications. Microchimica Acta, 2023, 190(1), 40.
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Klem, M. D. S., Abreu, R,, Pinheiro, T., Coelho, J.,, Alves, N., & Martins, R. Electrochemical
Deposition of Manganese Oxide on Paper-Based Laser-Induced Graphene for the Fab-
rication of Sustainable High-Energy-Density Supercapacitors. Advanced Sustainable
Systems, 2024, 2400254.

Abreu, R., dos Santos Klem, M., Pinheiro, T., Pinto, J. V., Alves, N., Martins, R,, ... & Coelho,
J. Direct laser writing of MnOx decorated laser-induced graphene on paper for sustain-
able microsupercapacitor fabrication. FlatChem, 2024, 46, 100672.

Pinheiro, T., Cardoso, A. R, Sousa, C. E.,, Marques, A. C,, Tavares, A. P, Matos, A. M., ... &
Sales, M. G. F. Paper-based biosensors for COVID-19: a review of innovative tools for
controlling the pandemic. ACS Omega, 2021, 6(44), 29268-29290.

Morais, M., Marques, A. C., Ferreira, S. H., Pinheiro, T., Pimentel, A., Macedo, P., ... &
Fortunato, E. Visible photoluminescent zinc oxide nanorods for label-free nonenzymatic
glucose detection. ACS Applied Nano Materials, 2022, 5(3), 4386-4396.

Meneses, M. J., Patarrao, R. S., Pinheiro, T., Coelho, I., Carrico, N., Marques, A. C,, ... &
Macedo, M. P. Leveraging the future of diagnosis and management of diabetes: From
old indexes to new technologies. European Journal of Clinical Investigation, 2023, 53(4),
e13934.

Presentations

Oral Presentations

Tomas Pinheiro, R. Martins, M. Goreti F. Sales, Elvira Fortunato. Laser-Induced Graphene
for Wearable Bioelectronics and Biochemical Sweat Sensing Systems. 10th International
PhD Meeting, Dresden, Germany.

Tomas Pinheiro, Sara Silvestre, Jodo Coelho, Ana C. Marques, Rodrigo Martins, M. Goreti

F. Sales, Elvira Fortunato. "Paper-based Laser-induced Graphene for Bioelectronic Ap-
plications and Electrochemical Sensor Production”. InnoLAE 2022 - Innovations in Large
Area Electronics.

Tomas Pinheiro, Sara Silvestre, Jodo Coelho, M. Goreti F. Sales, Elvira Fortunato, Ana C.

Marques, Rodrigo Martins. "Paper-based Laser-induced Graphene for Bioelectronic Ap-
plications and Electrochemical Sensor Production". XX B-MRS Meeting 2022, Foz
Iguacu, Brazil. Presentation recipient of the Bernhard Gross student award and ACS Best
Oral Presentation Prize.

Tomas Pinheiro, Elvira Fortunato, M. Goreti F. Sales, Ana C. Marques, Rodrigo Martins.
"From Disposable to Wearable Bioelectronics using Paper-derived Laser-induced Gra-
phene". Materiais 2023 - XXI Congresso da Sociedade Portuguesa de Materiais and XIl
International Symposium on Materials, Guimaraes, Portugal.
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Tomas Pinheiro, Elvira Fortunato, M. Goreti F. Sales, Ana C. Marques, Rodrigo Martins.
"Skin-Interfaced, Graphene-based Bioelectronics for Biomedical Applications". VIII An-
nual Meeting i3N, 2023, Leiria, Portugal.

Rodrigo Martins, Tomas Pinheiro, Ana C. Marques, Elvira Fortunato. "From Disposable

to Wearable Bioelectronics using Paper-derived Laser-induced Graphene". MRS Spring
Meeting 2023, San Franscisco, USA.
Tomas Pinheiro, Elvira Fortunato, Henrique Almeida, Rodrigo Martins. From Disposable
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Spring Meeting 2024, Strasbourg, France.
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Tomas Pinheiro, Sara Silvestre, André Rosa, Joana Caetano, Jodo Coelho, Rodrigo
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Applications". IX Annual Meeting i3N, Leiria, Portugal. Recipient of Best PhD Poster
Award
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2
DIRECT LASER WRITING FOR MATERIAL
SYNTHESIS AND DEVICE PROCESSING

Direct Laser Writing has been increasingly selected as a microfabrication route for effi-
cient, cost-effective, high-resolution material synthesis and conversion. Concurrently, lasers
participate in the patterning and assembly of functional geometries in several fields of appli-
cation, of which electronics and sensing stand out. In this chapter, recent advances and strat-
egies based on DLW for electronics microfabrication are surveyed and outlined, based on laser
material growth strategies. First, the main DLW parameters influencing material synthesis and
transformation mechanisms are summarized, aimed at selective, tailored writing of laser-in-
duced graphene (LIG). Since its discovery, significant advances have been made to obtain green
LIG (gLIG) from abundant, eco-friendly, natural and organic renewable bio-based carbon
sources, along with cost-effective electronic device fabrication, resulting in diverse solutions to
the environmental impact caused by electronic waste (e-waste). Specifically in this chapter,
state-of-the-art bioelectronics applications towards wearable devices, including electrochem-
ical sensing, sweat biochemical analysis and electrophysiological sensing is presented, portray-
ing which challenges and opportunities LIG has and can meet in future implementations. As
portrayed by LIG, the expanded capability of lasers to participate in multiple fabrication steps
at different implementation levels, from material engineering to device processing, indicates
their future applicability to next-generation electronics, where more accessible, green micro-
fabrication approaches integrate lasers as comprehensive tools.

Keywords: Lasers, laser-material processing, Direct Laser Writing, material synthesis, electronics, bioe-
lectronics
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2.1 Introduction to Laser Material Processing

Since the first developments in laser technologies that occurred in the 1960s ', great
advances have been made in the capability of generating these coherent, monochromatic, di-
rectional electromagnetic radiation beams with different properties, including a wide range of
radiation wavelengths, pulsing capabilities, temporal, frequency and spatial characteristics and
distinct energy profiles 2. Accompanied by this progress, application areas for laser technolo-
gies also expanded, encompassing fields as distinct as communication, medical care, and ana-
lytical chemistry 3. Concurrently, intense study on laser-material interactions has been in pro-
gress, opening new avenues for electronics microfabrication.

The ever-growing demand for electronic devices and our societal dependency on these
systems and their interconnectivity are leading to novel requirements that need to be consid-
ered at different implementation levels. On the side of materials, processing paradigms require
compatibility with conventional rigid conductors, semiconductors, and insulators, but also ca-
pabilities for processing mechanically flexible materials. With the increase in interconnectivity
promoted by the Internet-of-Things (IoT), electronic devices need to be present in diverse set-
tings, requiring mechanically robust, but flexible substrates, compatible materials, and manu-
facturing processes.* Even though several conventional microfabrication techniques for semi-
conductor devices and integrated circuits (ICs) fabrication, such as lithography techniques,
chemical vapor deposition (CVD), and physical vapor deposition (PVD) methods, have shown
great capabilities for flexible inorganic device manufacturing °, they are incompatible with
many emerging electronic-grade organic materials and the paradigm shift from rigid to flexible
electronics, mostly due to high-vacuum and temperature requirements.®

Several fabrication routes capable of increasing the range of processable materials and
enabling large-area production using both rigid and flexible substrates have arisen. One such
alternative is solution processing for thin film technologies ’, which gives prospects for high
processability and throughput, with expanded control of the composition of processable solu-
tions, while opening up routes for low-temperature processing. Great advances have been
made using solution-processable techniques, including in thin-film transistors (TFTs) &, resistive
switching (RS) devices ° and solar cells ° fabrication, among others. In addition, other fabrica-
tion technologies within additive manufacturing approaches have appeared as a good solution
for fabricating several electronic component categories. These include batteries, solar cells, and

11,12

other energy management applications '"'%, as well as communication, sensing, processing,

memory, and interface components *'. Such technologies overcome the dependency on
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subtractive processes, circumventing the need for toxic etching chemicals, photoresists, and
the wastage of deposited metals and semiconductors. 3D printing and its several modalities,
including extrusion-based, vat polymerization and powder bed fusion processes have allowed
for manipulation of a wide range of materials, from metals to ceramics and polymers, both for
layer fabrication as well as complex 3D geometries . Alternatively, printed electronics have
also been performed through planar printing processes, highly compatible with solution pro-
cessability. Several printing modalities, including screen-printing, flexographic and gravure
printing, and inkjet or aerosol printing, allow for layer-by-layer printing of conductor, semicon-
ductor, and dielectric materials within complex planar geometries, as well as vertical layered
devices '®. Furthermore, these printing techniques can be a valuable resource for scalability,
lower-cost and waste reduction, due to their compatibility with sheet-to-sheet (S2S) and roll-
to-roll (R2R) manufacturing, for large-area device fabrication ®'°. However, for complex geo-
metric patterns, some of these techniques have drawbacks since they need masters or plates
for patterning. On the other hand, while 3D printing and inkjet printing are digital and allow
for patterning with complex shapes and a wide range of resolutions, complex ink formulation
and rheological control of printed material are required, while in some cases, multi-step post-
processing is necessary ",

Although solution processing and additive printing technologies having occupied an im-
portant part in flexible electronics fabrication, alternative techniques that further improve ver-
satility and efficiency in large-area processing are sought after, capable of simultaneously per-
forming multiple fabrication steps with energy, time, and resource efficiency, within multi-ma-
terial processing systems. Lasers and their high-throughput material processing capabilities
have amassed a great focus of research over the years, as a comprehensive resource to com-
plement and substitute many manufacturing paradigms for more versatile approaches. The
integrated capability of laser systems to participate in several fabrication stages, from synthesis
'8, doping ', polymerization %, and curing !, simultaneously with patterning % and assembly
2 has made laser technologies an important asset in material engineering and processing.

Relying on thermal induced effects, the ablation capabilities of lasers have been exten-
sively studied for the synthesis of nanostructures, such as metallic nanoparticles (NPs) or sem-
iconducting quantum dots (QDs) #. With the further coupling of control systems capable of
directing laser beams, paired with computer-aided designing, many fields have taken lasers as
reliable tools for manufacturing, both in subtractive and additive frameworks %5 Hence, Direct
Laser Writing (DLW) has appeared in several fabrication settings, which include micromachin-

ing, lithographic-based techniques, and 3D printing approaches. In this context, DLW can be
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distinguished into three categories, depending on the desired effect promoted by the interac-
tion between the laser beam and processable materials and substrate. Firstly, subtractive DLW
(SDLW) relies on ablation and etching principle, by removing selective areas of deposited ma-
terials (Figure 2.1a), such as in photothermal ablation mechanisms for micromachining ¢ or
material drilling #’. Secondly, additive DLW (ADLW), relies on several mechanisms aiming at
synthesis and simultaneous patterning of material geometries, employing a precursor formu-
lation (Figure 2.1b). This modality has been prolifically employed in 3D printing paradigms,
such as in photon-induced polymerization reactions of photoinitiators and monomers, at the
voxels created by focused beam paths 28 Finally, transformative DLW (TDLW), is based on the
direct irradiation of materials to transform their chemical or structural properties, without sig-
nificant ablation and the need for external precursors (Figure 2.1c). Examples of transformative
approaches include the crystallization of amorphous materials %°, laser-promoted reversible

structural transformations of carbon-based materials *°, or laser doping of semiconductors 19,
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Some distinguishing features can be drawn between SDLW and the remaining processes.
For ADLW and TDLW, the laser stimulus directly affects and dictates the resulting outcomes of
irradiation over the processed substrate or precursor, in terms of its physical state, crystallinity
and other properties, such as mechanical resistance and electrical or thermal conductance. For
SDLW, the purpose is only to shape the geometry and architecture of solid materials with pre-
defined properties and functions *'4. This is fundamental for several processes, including ge-
ometry definition in micromachining, but also in cutting processes used for mask manufactur-
ing or via hole establishment 2"*°. However, other techniques must be used to synthesize and
deposit materials with pre-determined properties, also generating ablation waste. Thus, ADLW
and TDLW present improved degrees of freedom for material processing, since manipulated
laser stimuli provide tailoring capabilities for synthesis and conversion, while the writing and
patterning tasks occur simultaneously. Additionally, not only solid materials may be engi-
neered, but also aqueous precursor formulation, liquid polymers and other material sources
can be subjected to laser irradiation. Because of this versatility, ADLW and TDLW have increas-
ingly been explored as an alternative to conventional physical and chemical deposition, as well
as additive printing technologies in electronics.

The plethora of different laser types and their associated beam properties results in ad-
vantageous features when selecting microfabrication approaches, related to material processa-
bility, device prototyping, fabrication throughput, and other relevant aspects. This is outlined
in Figure 2.1d, where a comparison is drawn between several popular microfabrication ap-
proaches and their key characteristics. Even though lithography techniques (e.g. nanoimprint
lithography) present outstanding resolution in the low nanometer range, several laser systems
allow for sub-micron resolution, mostly the ones promoting two-photon absorption (TPA) and
polymerization processes *°. However, DLW achieves this resolution with improved material
processability, throughput and facile prototyping, due to the digital patterning capabilities.
Conversely, DLW also improves some aspects when compared to printing technologies, namely
the reduced consumable needs of laser systems at similar equipment costs, while also improv-
ing processability and prototyping, by incorporating several stages of fabrication in one-step
processes. When studying multiparametric influences of fabrication variables in conventional
fabrication strategies, such processes are strenuous and very resource and energy-consuming,
while for laser systems, facile manipulation of irradiation and writing parameters is straightfor-
ward. This greatly improves the prototyping and implementation from lab to fab. Concurrently,
most laser fabrication paradigms also present higher processability when compared to these

printing techniques, since they are compatible with almost any type of material of interest for
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electronic device fabrication, from liquid precursors manipulated using solution processing, to
direct solid substrate engineering. This high adaptability of lasers for very distinct tasks is rep-
resented by the immense exploration of their different configurations and capabilities in sci-
entific literature, presented in a literature survey portrayed in Figure 2.1e. The development of
lasers with distinct gain medium or pumping operations has been ongoing for several decades,
promoting the exploration of laser-based material processing and engineering for different
purposes, reflected in the increasing interest of the scientific and industrial community in DLW

paradigms.

2.1.1 Early application of lasers in electronics microfabrication

Regarding laser material processing in the setting of electronics, most of the early ap-
plications were developed within conventional, high-vacuum thin film deposition and machin-
ing approaches. A timeline of important breakthroughs and representative literature advances
is presented in Figure 2.2. Some of the earliest applications were the machining and mask
patterning for IC fabrication, using laser ablation principles ***’. DLW also found relevant use
for laser lithography in these early stages, to expose photoresist coated substrates within mi-
crofabrication processes *. Other relevant uses of lasers were also found for the deposition of
dielectric and semiconducting films, using laser-promoted evaporation of targets under high-
vacuum **“°. Moreover, another early application was the crystallization of semiconducting
materials, including amorphous silicon, through laser annealing at lower temperatures, below
the melting threshold *'*3. Thereafter, pulsed laser annealing (PLA) and pulsed laser deposition
(PLD) techniques have become very attractive for semiconducting material processing with
much lower thermal budgets, capable of developing different functional homo and hetero-
junctions for applications such as diodes, TFTs, and solar cells **'. Then, interestingly, some
works demonstrated that thorough control of laser irradiation schemes and resulting temper-
atures enabled solution processing frameworks with flexible polymeric substrates, such as pol-

45,48,49

yimide (PI), without their thermal degradation , opening the door for laser processing in

flexible electronics.
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Figure 2.2 — Timeline of breakthroughs and literature advances on laser-material processing in the
framework of electronics microfabrication. Image for “laser machining”. Reproduced with permission 3.
Copyright 1969, Wiley-VCH. Image for “laser pattern generation”. Reproduced with permission 3’. Cop-
yright 1974, Optica Publishing Group. Image for “laser copper deposition”. Reproduced with permission
%0, Copyright 1989, AIP Publishing. Image for “laser writing of graphene circuits”. Reproduced with per-
mission 1. Copyright 2010, America Chemical Society. Image for “biodegradable conductors”. Repro-
duced with permission 2. Copyright 2019, American Chemical Society. Image for “wafer transistor array”.
Reproduced with permission *3. Copyright 2020 American Chemical Society. Image for “laser writing of
transition metal oxide”. Reproduced with permission >*. Copyright 2022, AAAS. Image for “ laser printed
microelectronics”. Reproduced with permission *°. Copyright 2023, Springer Nature. Image for “large-

area laser-induced graphene”. Reproduced with permission 6. Copyright 2023 Wiley-VCH.I

Besides these direct material-laser interactions, aiming at selective decomposition or phase
shifts, other appealing techniques based on laser-induced transfer, printing, and assembly
gained preponderance in electronics microfabrication. These rely on interfacial interactions be-
tween a donor material deposited over a transparent substrate, to transfer irradiated material
geometries to a receiver substrate, such as in laser-induced forward and backward transfer >~
> Another possibility is to use pulsed lasers with short wavelengths to perform laser lift-off
techniques and separate support materials from rigid carriers, including lift-off of flexible sub-
strates such as PI 2%, New paradigms of material processing for electronics have evolved over
the years, taking full advantage of the capabilities of lasers for manufacturing *°¢'. Allied to

their energy efficiency, lack of consumable needs and chemicals for processing, engineering of
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conducting, semiconducting, and insulating materials from different origins have created new
opportunities to expand the range of techniques and processable materials employing more
versatile approaches. An example is the production of metal lines and other geometries from
metal salt precursor, by reduction mechanisms *°, that also benefited by the development of
TPA processes for 3D metal microstructure printing ®. Other important metal processing mech-
anisms using alternative material sources, has been laser sintering of nanomaterials, such as
gold NPs ?'. The discovery of many carbon-based electronic grade materials, such as carbon
nanotubes (CNTs) or graphene, opened new opportunities for flexible electronics processed
by DLW, including controlled growth ®, patterned reduction for graphene oxide (GO) ® or
ablation °".

Underpinned by these developments over the decades, recent developments on ADLW
and TDLW for synthesis of distinct materials have been developed, besides metal conductors
and common semiconductors beyond silicon. For carbon-based materials, the direct irradiation
of polymeric substrates have created the capability for producing a vast array of carbonized
and graphitized conductors and semiconductors, where the discovery of laser-induced gra-

t ©. At the same time, advancements are being made for the laser synthesis

phene stands ou
of multifunctional materials employed for electronic device fabrication by ADLW and TDLW,
including biodegradable metallic conductors >, transition metal dichalcogenides ** and several
metal oxide semiconductors ***°. These synthesis and conversion paradigms are being em-
ployed in large area fabrication, including wafer scale arrays of transistors ** and memristors *,
as well as implementing laser processed products within R2R manufacturing *°. This demon-
strates the ongoing attempt for large-scale, mass-production implementation of laser-pro-
cessed electronics, especially for flexible devices with novel architectures and more accessible

material sources, crucial for the progressing loT *.

2.1.2 Laser systems and operating principles for DLW microfabrication

Physical and chemical phenomena governing laser beam-material interactions are
complex and depend on the multiparametric characteristics of laser beams and the absorption
and thermal coefficients of irradiated materials. In this section, an overview of key fabrication
factors is outlined, establishing some considerations for compatible laser systems and re-
sources for DLW microfabrication paradigms, aiming towards customizable material proper-

ties, writing resolutions, and resulting functional material designs.
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2.1.2.1 Laser Setups for DLW

Laser systems are usually characterized by fundamental components in their setup. De-
pending on the active medium used as the radiation source, lasers can be divided into gas
(e.g., CO, and excimer lasers), liquid (dye lasers), solid-state (e.g., fiber lasers) and semiconduc-
tor (e.g., diode) lasers % Besides the laser gain medium, different configurations of pumping
energy sources and resonators can be deployed (Figure 2.3a), to create laser beams with dif-
ferent characteristics, including wavelengths, energy levels, and time development. For radia-
tion wavelengths, lasers mostly range from ultraviolet (UV) to far infrared (IR), leading to pho-
tons with corresponding energies according to Planck’s equation: E = h.v (Figure 2.3b). For the
temporal characteristics, laser systems can be divided into two main categories, namely con-
tinuous wave (CW) and pulsed lasers. While CW lasers emit steady beams with consistent en-
ergy characteristics over time, pulsed lasers allow for a train of individual pulses to be emitted

with different pulse widths and frequencies. For example, CO: lasers are very limited regarding
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Figure 2.3 - Schematic of laser setups for DLW microfabrication tasks. (a) Representation of a generic
laser source and its components. (b) Graph relating wavelength and PWof common laser sources em-
ployed for DLW and material processing, depending on their gain medium. (c) Representation of a
scribing system based on moving optics system. Adapted with permission 3. Copyright 2020, American
Chemical Society. (d) Representation of a scribing system based on movable stage and static optics.
Adapted with permission 7. Copyright 2022, American Chemical Society. (e) Representation of a writing
system based on the use of a galvanometer system. Adapted with permission 82, Copyright 2021, Amer-

ican Chemical Society.
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pulse width (PW) in the millisecond to microsecond range ®, while other laser configurations
allow for very short laser pulses in the pico to femtosecond range, using different pulsing strat-
egies such as g-switching and mode-locking ¢ (Figure 2.3b).

For writing and patterning tasks, the optics systems that shape the laser beam must be
coupled with control systems, capable of directing it at determined locations. Movable laser
beams have been produced through several routes, each one relying on different hardware
assemblies and their coupling with the laser source. A common approach is to integrate mirrors
and lens setups with motors that move them, while computer-controlled designs dictate when
the laser beam is turned on or off (Figure 2.3c). These motion systems are common in many
commercial flatbed laser cutting and engraving machines, that have been prolifically employed
in DLW tasks %72, Another alternative is the assembly of servo or stepper motors in linear
configurations, to build translation stages that move the irradiated substrate, while the optics
system is static. (Figure 2.3d) ">”’’. Both these approaches result in adequate processing speeds
in the meter-per-second range. Besides motion systems, a different approach is the use of
scanning systems, such as galvanometers '®’®% that directly manipulate laser beam propaga-
tion direction towards selective locations, also allowing for higher processing speeds (Figure
2.3e). They can also be used to overcome some of the physical limitations of deflecting ultra-
short pulse beams as well as high-frequency pulsed lasers ®. In some cases, tilt stages are also

needed in galvanometer-based configurations, to ensure a parallel irradiation surface "®".

2.1.2.2 Fabrication parameters for DLW microfabrication

Depending on the characteristics of a laser system, control of laser material interactions
and resulting irradiation outcomes is intrinsically dependent on fabrication parameters (e.g.,
power or writing speed, points per inch, or defocus value, among others). In turn, these pa-
rameters control physically significant variables, that dictate the type of phenomenon occur-
ring during irradiation, such as photon flux or heat accumulation over the laser irradiated sur-
face. This is important since researchers can either use commercial or custom-made laser sys-
tems, digitally controlled through different fabrication parameters, that may not directly trans-
late to physically meaningful variables (e.g., pulse power, pulse width, repetition frequency, or
spot size). As such, physically meaningful fabrication parameters must be used in process-
property studies, so that significant comparisons may be drawn between studies employing
distinct laser systems or irradiation schemes ®. Thus, an overview of energy, time, frequency,

and spatial domain variables of laser operation and their interdependence are presented in
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Figure 2.4 and are further explored in the following sections in terms of their importance in
DLW fabrication tasks.
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Figure 2.4 - Scheme of DLW fabrication parameters in the energy, time/frequency and spatial domains
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Laser wavelength.

Laser wavelength is a key feature determining the nature of reactions occurring upon
irradiation of dissimilar materials. For lower wavelengths, such as in UV excimer lasers, the ab-
sorption of radiation is highly dependent on the chemical and electronic structure of irradiated
materials, dictating the photochemical phenomenon occurring during irradiation. Low wave-
length radiation usually presents higher absorptivity for organic materials and semiconductors,
due to the resonant range of chemical bond energies or electronic band structures matching
with the photonic excitation energy of the laser photons %. For organic materials, different
phenomena can occur, including bond forming, isomerization, and breaking . In the case of
semiconductor materials, photon energy can differently stimulate the excitation of electrons
and have other effects, including thermalization, carrier removal, and thermal and structural
effects ¥. For higher wavelengths, lattice vibrations dominate the effects caused by photon
energy absorption, leading to a preponderance of photothermal effects resulting in high en-

ergy accumulation and temperature increase. The promotion of phonons with high vibrational
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energies leads to the decomposition of several lower energy bonds while allowing for fast
reorganization and structural transitions of irradiated chemical structures during thermal ac-
cumulation and after thermal relaxation %,

Wavelength selection is also important to control beam penetration depth, influencing

the thickness of processable materials and desired outcomes. This penetration depth (8) is

expressed by: § = ﬁ, where k. is the extinction coefficient of the material at a specific wave-

length ®. Generally, lower laser wavelengths lead to less penetration, increasing for higher
wavelengths, although the absorptivity of materials at specific wavelengths influences these
outcomes. This creates the need to optimize photon absorption by the irradiated material at
distinct depths, either at the surface of the support substrate or at the surface of active irradi-
ation layers (Figure 2.5a). This in turn impacts material deposition and pattern resolution. Thus,
studies on the transmission or absorption of irradiated materials are usually performed, to de-
termine the suitability of specific laser wavelengths with different target mechanisms for DLW-
based synthesis. While most bulk materials, such as metals, present low absorbances at most
wavelengths above the UV (Figure 2.5b) *°, other metal micro and nanostructures or metal salt
precursors present characteristic absorption profiles due to their chemical structure or plas-
monic behavior (Figure 2.5c). Therefore, several processes based on single and multiphoton
absorption (MPA) benefit from a considerate wavelength selection for optimal reactions and
patterning outcomes >>°". Within these absorption processes, TPA is a powerful tool within
laser-based material processing and microfabrication, used for 3D photolithography and pho-
topolymerization, using photoresists and light sensitive monomers, for high-resolution laser
writing %. Because two photons are needed to induce efficient electron excitation of a target
photosensitive material, their absorption is proportional to the square of light intensity (1%,
resulting in non-linear processes, where photons must coincide in time and space. Thus, the
sum of absorbed photon energies must be sufficient to cause excitation from a ground state
to an excited state. Because of this, laser wavelength and associated photon energy for two-
photon DLW (TP-DLW) must be lower than the energy difference (AE) between the electronic
states, to avoid the occurrence of single-photon absorption (SPA) processes, that are linear
and diminish high-resolution capabilities of the DLW process. Furthermore, laser wavelength
also influences the spatial profile of focal units, usually called voxels, manipulated to achieve

sub-micrometer resolutions .

26



—_
(2]
—
~n
@

N

R o e

o

Delamination 50 pm

Intensive
Surface
Absorption

Absorption (a.u.)

o
o

1 I | T
0.1 0.2 0.3 05 1.0 2 4 6 810 300 400 500 600 700 800 900 1000

(d) Wavelength (um) Wavelength A (nm)

(e)

S00-=1W ——4W

NIR Laser e el 50
400 /

Re-oxide 200 -°
300}
T+ Surface Absorption
2% Mode by Strong 20 Reduction

B
Ppenetration ¢~ 2 Near-fiold Scattering :fv/'—/’"f 100
100 -r‘_.—'k*—A—"._—_.

Side wall of glass

1% Mode by Mild

Temperature (°C)

(20) 24mel

60 80 100 120 140
Time (ms)

Vé\, i

Photo-mvmal reaction Photo—chomlnl reaction

(i
Precursor
Material

Gaussian Flat Distribution

Distribution _El
Iniform

U
Gry|  _am Niiteit 2 giiii
‘r <7 ‘v / W !
%’s:"“.‘v -2 mm [ Substrate 2 I Sut |
Laser Focused Sintering Laser Sweeping Lithography

Figure 2.5 - Influence of fabrication parameters on DLW laser-material interactions. (a) Comparison
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Absorption spectrum of several bulk metals at specific laser wavelengths. Adapted with permission
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Reproduced with permission 3. Copyright 2023, Wiley-VCH. (d) Influence of laser power and irra-
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of temperature distribution for different writing speeds. Reproduced with permission %. Copyright
2017, Springer Nature. (f) Schematic comparison of photothermal vs. photochemical material pro-
cessing depending on CW or femtosecond pulsed laser. (g) Deposition profile of a transition metal
dichalcogenide processed by DLW, depending on laser beam focus. Adapted with permission 8.
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Society. (i) Comparison of Gaussian and flat top beam energy distributions and effects over silver
NP sintering by DLW. Adapted with permission . Copyright 2018, American Chemical Society.

27



Laser energy and power.

Laser power (Watts — J.s-1) is usually the most used metric in the energy domain, being
given by differentiating the energy (Joules - J) of the laser beam concerning time. While in
many cases the laser beam power is analogically controlled in the laser system, by modulating
the gain medium pumping and output beam, some laser systems control the output power by
pulse width modulation (PWM) %. In these cases, the laser output energy is constant, and the
resulting power is given by percentages of maximum power under continuous mode opera-
tion, depending on the pulse duration *. Thus, different energy profiles can be reached for the
same absolute power output, depending on the employed laser system, and its power control
mechanism.

Regarding laser-material interactions, laser power is crucial to establish the threshold
at which photochemical or photothermal effects are dominant . Especially for low-wavelength
lasers, lower power regimens lead to a preponderance of photochemical phenomena, due to
the higher photon energy. With the increase of power, higher temperatures are promoted and
can lead to desirable microstructural transitions and phase changes that can be temperature
dependent. Depending on the laser power and time evolution of the irradiation process, dif-
ferent temperature-dependent mechanisms can occur, including reduction or re-oxidation of
materials, in case excessive energy is employed. (Figure 2.5d) %, When surpassing the melt-
ing point, adequate power can lead to sintering and annealing processes for some metallic and
metal oxide materials *°, while allowing for photothermal-induced bond breaking and rear-
rangement in other processes, such as carbonization and graphitization &. If not properly con-
trolled, high laser power can also lead to evaporation, sublimation, and ablation of irradiated
materials, which in some cases is the desirable outcome for patterning **'%. In other cases, it
can be an undesirable outcome, that indicates that excessive laser energy degraded the chem-
ical or physical process being targeted. Hence, most process-property optimization methods
report the outcomes of irradiation within power intervals against another variable of interest
(e.g., writing speed, repetition frequency) to determine processing windows. Thus, laser power
is not an independent variable and must be considered together with the time and spatially

dependent variables that govern patterning tasks.

Laser writing speed.
Laser writing speed (m.s™") is highly dependent on the laser beam directing control sys-
tems described before, and greatly influences the accumulation of thermal effects promoted

by laser irradiation. For CW lasers, writing speed dictates the fluence (J.cm™) or irradiance
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(W.cm™), since it directly establishes the dwell time of the beam over a unit of area '°'. For
pulsed lasers, writing speed is also crucial to determine the overlapping rate of subsequent
pulses, playing a critical role in many synthesis and conversion processes, as well as in pattern-
ing resolution %2 As such, writing speed is usually used in conjunction with laser power, to
control the energy dose subjected to the irradiated material and its areal distribution, as well
as the resulting heat accumulation and dissipation effects. Usually, lower speeds lead to in-
creased temperatures at the irradiation spot and higher heat accumulation at adjacent areas
and in depth, while higher speed leads to less thermal accumulation, due to energy dissipation
caused by the movement of the laser spot (Figure 2.5e) ®. Thus, many reports of process-
property optimizations use power and speed pairs to determine useful processing windows, in
opposition to undesirable outcomes such as ablation or incomplete reactions %1% A final
aspect regarding writing speed is the fabrication and production time. While writing speed has
a relevant impact on photon and thermal-induced conversion and synthesis processes, it is
relevant to optimize DLW processes for maximum speed, allowing for higher fabrication

throughput, contingent that material performance is not compromised "0"-'%,

Pulse width and pulse repetition frequency.

PW (s) and pulse repetition frequency (PRF - Hz) are the two main variables in the time
and frequency domains of pulsed laser irradiation and writing processes. Like writing speed,
both have a great influence on photon flux and resulting energy and heat accumulation of
individual pulses or subsequent pulse trains. PW can vary greatly, depending on the assembled
laser system, going from milliseconds (107 s) to femtoseconds (107" s). Generally, PW dictates
the time a pulse interacts with the material, and depending on this duration, the radial heat
dispersion profile and penetration depth can be manipulated. This has implications not only
on patterning resolution, but also in the photochemical or photothermal reactions that can
occur during irradiation and their extent over the irradiated area. For CW lasers and short-
pulsed lasers, energy accumulation is increased, and higher writing speeds are needed to en-
sure appropriate reaction conditions and microscale patterning. Ultrashort pulsed lasers allow
for a more contained reaction environment, through the creation of reaction voxels 8 that
promote photochemical reactions instead of thermal-induced processes (Figure 2.5f). More
specifically, femtosecond lasers have gained great preponderance in TP-DLW micro and nano-
manufacturing paradigms based on photochemical reaction mechanisms, due to the non-lin-
ear and nonequilibrium phenomenon that can occur '"°. These processes rely on spatial and

temporal photon overlap, showing the non-linear, quadratic dependence of electron
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excitation. These are greatly promoted using ultra-short pulsed lasers, mostly femtosecond
lasers, that provide high photon flux and high peak power at low average power %, which
increase the occurrence of TPA, diminish the occurrence of photothermal effects and provide
higher spatial resolution over the writing process.

Usually, ultrashort laser pulses are also coupled with the capability for high PRFs, in the
MHz and GHz (10° — 10° Hz), to allow for material patterning in different settings '"". In this
regard, the duty cycle is an important metric since it establishes the relation between PW and
PRF in terms of relative activation time over a pulsing period, and can be used as an optimiza-
tion metric "% This duty cycle can be expressed as a fraction or percentage and is given by the
expression: Duty cycle = PW x 1/PRF' Knowing the PRF and energy of the laser beam, average
laser power can be derived, by the expression: P, = Ep x PRF, where £, is pulse energy. In-
versely, pulse power is computed using pulse duration, employing the inverse relation: P =
Ep / PW. For some laser systems, PW and PRF may be manipulated directly in the control soft-
ware. For some commonly used laser engraving systems, especially with PWM, they are ex-
pressed by pulse per distance metrics, such as pulses per inch (PPl) %72, In these cases, con-
versions are necessary, considering writing speed. For different writing speeds, PRF must vary,
to ensure the same number of pulses occur in a set writing distance. In cases where PW and
PRF are similar (duty cycle approximating 100 %), there may be overlaps between subsequent
pulse activations, giving rise to much higher thermal accumulation and an operation approxi-

mating a CW laser .

Laser beam focus and spot size.
Spot size and laser beam focusing are crucial variables in the spatial domain of laser
writing processes. Laser spot size depends on two main components, namely the wavelength

of laser photons and the optics system employed for beam shaping. For a Gaussian beam, laser

spot size radius (w) can be calculated by the following expression: w(z) = w, /1 + (;jz)z ,

where wo is the spot radius at focus and z is the relative distance to the focal point. It's note-

worthy that spot radius at focus depends on the focal length, characteristic of the specific lens
employed for beam shaping. Thus, irradiation spot size is directly controlled by the relative
position of the optic lens system and the substrate surface. In a focused position, spot size is
minimal, and the beam interacts with materials in its most condensed form. By varying this
positioning, irradiation spot size can be manipulated and the laser beam can be focused on

various positions relative to the processed material’'s surface or interface with a support
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substrate '3, This, in turn, can have various effects on laser-material interactions. For example,
when employing solution processing for materials synthesis from a thin precursor film, laser
writing at different focal points can determine the architecture and shape of deposited mate-
rials (Figure 2.5g)®.

In turn, defocusing beam incidence also results in increases of beam spot radius. This

directly dictates the energy density of a laser pulse, expressed by: Laser Fluence =
E . . . . . .
p/ 7% 2) (J.cm™), where £,is pulse energy and w; is the spot radius. An increase in spot size
zZ

also promotes the increase in subsequent laser pulse overlapping, alongside other variables
previously discussed. For some writing and conversion processes, overlapping can be a deter-
mining variable in the quality of converted materials, as is the case of LIG synthesis (Figure
2.5h) ", Defocus of the laser beam can also lead to either a convergent or divergent nature of
laser photon paths, which can also influence laser-material interaction outcomes, even in cases
of equal spot size *. It's also important to make some exceptions regarding alternative optic
systems and their focusing capabilities. For galvanometer-based systems, the deflection of the
laser beam requires lenses capable of focusing beams with different entry angles over a flat

working surface. This is usually achieved using f-theta lenses "

, which have distinct aspects
when considering spot size calculations and fluence. Another factor is the energy distribution
of laser beams. While most commonly, laser beams employed in DLW present a Gaussian dis-
tribution (TEMOO), specific optical hardware can be implemented to achieve alternative beam

). In such cases, the beam

energy profiles, such as a flat top energy distribution (Figure 2.5i
energy is distributed differently over the laser spot area and can lead to different geometrical

profiles of written patterns.

Irradliation atmosphere

Although not directly related to laser operation, irradiation atmosphere is an important
variable when performing DLW synthesis and conversion tasks. Usually, a choice must be made
between performing DLW under inert conditions or an ambient atmosphere. Under inert at-
mospheres, film and substrate contamination can be avoided, while the absence of reactive
volatiles suppresses the occurrence of possible oxidation or combustion promoted by the pres-
ence of oxygen ""®'"7. These inert atmospheres are usually developed by permeating the work-
ing chamber with inert gases '"® or injecting these gases through a nozzle directed at the irra-

29,117,119-121

diated area '8, being argon or argon/H> mixture (95:5) "'®''® the most common

choices. Other gases have been employed for atmosphere control in irradiation procedures, to
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accelerate certain reactions, for example, reduction, or to suppress plasma and exacerbated
heat accumulation ¥, where nitrogen flow stands out 7"1%>122 However, the need for gas
injection systems decreases the cost-effectiveness of the laser writing microfabrication proce-
dures. Thus, ambient atmosphere irradiation schemes have been preferred, in cases where this

is not detrimental to the synthesis and conversion outcomes >*7°41237123,

2.2 Introduction to Laser Carbonization and Graphitization

Laser carbonization and graphitization are similar mechanisms, related to the irradia-
tion of carbon-based precursors, resulting in photothermal effects caused by lattice vibrations
and heat accumulation. High temperatures promote the cleavage of chemical bonds, with the
release of oxygen-rich volatiles, while most of the carbon fraction of the material reorganizes,
also due to photothermal effects. This reorganization is both dependent on the imposed tem-
peratures and heat accumulation overtime, where different irradiation schemes, irradiation at-
mosphere, and other factors influence the extent of reorganization of native chemical bonds
onto pristine, crystalline hexagonal lattices, with minimized atomic defects (Figure 2.6a) '%. This
distinguishes processes that lead to carbonization and graphitization, where, more amorphous,
less crystalline carbon forms are synthesized for carbonization, while the evolution of this pro-
cess over time leads to structures with a higher degree of aromaticity and graphitic stacking.

Synthesis principles are similar for both mechanisms, in which carbon bonds are con-
verted from their original hybridization to sp>-rich chemical structures, through aromatization
and condensation processes. Ultimately, this leads to the build-up of graphene lattices in or-
ganizations analogous to graphite, with similar interlayer distances (3.37 A) (Figure 2.6b), but
more defective atomic carbon-bond organization at the lattice level. (Figure 2.6¢) %. Regarding
the microstructure of carbonized and graphitized materials of different origins, the release of
volatiles leads to the formation of porous 3D structures, where cross-section analysis is usually
employed to determine the effect of the irradiation towards the thickness and arrangement of
formed graphitic layers (Figure 2.6d). In the perpendicular axis, there is usually a distribution
of the material accompanying the laser beam path (Figure 2.6e). In cases where there is the
presence of other inorganic phases, carbonization processes can also promote the synthesis of
metal carbide materials, with carbon fraction participating in carbothermal reduction mecha-
nisms 127,128.

Laser carbonization of Pl has been observed as far back as the 1980s '?°, using argon-

ion lasers. However, these techniques took traction when Dr. James Tour's research group
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reported, in 2014, an alternative for the synthesis of 3D porous graphene resulting from the

conversion of Pl when exposed to far-IR CO; laser irradiation %. Although CO: lasers being the

65,70,128,130,131

tool of choice for carbonization and graphitization , other laser sources have shown

V 32713 and visible lasers **™¥’. For these lower wavelength sources,

compatibility, including U
authors report the concurrent occurrence of photochemical processes ', although they are

not sufficient to cause efficient carbonization and graphitization, which is mostly promoted by

139,140

temperature-induced effects
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Figure 2.6 - DLW for laser-induced carbonization and graphitization. (a) ReaxFF molecular dynamics
simulations of Pl carbonization/graphitization over time and the distribution of pentagonal and hexag-
onal carbon arrangements. Reproduced with permission 26, Copyright 2020, American Chemical Society.
Transmission electron microscope images of LIG for (b) interlayer distance and (c) carbon atom lattice
distribution analysis. Scanning electron microscope images of LIG (d) cross-section and (e) distribution
of porous material over the laser beam irradiation path. Reproduced with permission . Copyright 2014,
Springer Nature. (f) Raman spectroscopy mapping of a wood derived LIG surface and the distribution of
G peak intensities. Adapted with permission 2. Copyright 2022, Springer Nature. (g) Layered synthesis
of LIG from a polyether sulfone precursor and the distribution of chemical properties in depth, surveyed
by Raman spectroscopy for (h) 1 precursor layer and (i) 2 precursor layers. Reproduced with permission
41 Copyright 2023, Wiley-VCH. (j) Laser beam defocus method for spot size and laser fluence selection.
(k) Dependency on laser power and defocus distance towards morphological transition levels. Adapted

with permission %. Copyright 2021, American Chemical Society.
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The resulting material was labeled LIG, although other names have been used in the

142 143
) )

literature, including laser-engraved graphene (LEG or laser-scribed graphene (LSG
Since then, tremendous progress on conversion and patterning mechanisms of Pl and other
precursors has occurred, regarding conversion mechanisms, material property optimization,
and the multiple fields of application "+ '¥". Depending on the chemical structure of precursors,
different graphitization potentials result from the abundance of aromatic chemical structures
within a precursor, while for substrates without aromatic chemical moieties, different modifi-
cation strategies are needed to ensure efficient carbonization and graphitization strategies.

For synthetic aromatic polymers, such as Pl and polyetherimide (PEl), DLW leads to
direct graphitization, contingent that the laser irradiation schemes provide sufficient tempera-
ture stimuli ®>"2°, For aliphatic materials, such as several abundant biopolymers, substrate mod-
ification strategies that improve thermal resistance are needed. Appropriate laser systems that
present higher control of heat accumulation profiles can also be used ®. Contingent on the
chemical formulation of precursors and laser irradiation schemes, tailored properties of result-
ing graphitized materials are possible, aiming at improved defect densities, crystallite size, elec-
trical conductivity, and overall morphology. Being a 3D graphitic material with significant po-
rosity, control of the overall chemical properties of LIG throughout the irradiated area and film
depth is also important, usually being surveyed in many process-property experiments. This
optimization has been mainly performed using Raman spectroscopy, to determine chemical
characteristics of LIG over material topography. In the work by Dreimol et al., mapping of Ra-
man peak distribution over wood-derived LIG showed improved graphitization in more super-
ficial areas, exposed to higher temperatures (Figure 2.6f). Because of these differences in depth,
novel strategies have appeared in the DLW graphitization paradigm, designed to synthesize
more uniform LIG in all directions. An example is the work by Song et al. '*!, where the synthesis
is performed in multiple steps, each focusing on a single layer of precursor (Figure 2.6g). A
controlled thickness of precursor can be used, guaranteeing a uniform graphitization at depth
for subsequent layers, surveyed by Raman spectroscopy (Figure 2.6h-i). Along with these out-
comes, the control of the electrical conductivity of carbonized and graphitized materials has
been essential in developing this field.

Although LIG is categorized as semiconducting (o < 10° S.cm™), it has mostly been used
due to its conductive characteristics. Contrarily to laser synthesized and patterned metal oxides
and other semiconductor materials, where standardization of properties highly depends on the
metal type and other variables such as oxygen content, LIG has been mainly compared by its

sheet resistance. Another important consideration is the morphology of the resulting LIG,
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highly dependent on the coefficient of thermal expansion and melting mechanisms of the pre-
cursor and irradiation parameters. For PI, the specific manipulation of several parameters, not
only related to power but also associated with spot size, beam defocus, and resulting areal
energy density, allows for control of shape and topological distribution of LIG networks. More

specifically, in the work by Abdulhafez et al. %

, a control of laser defocus and resulting fluence
allows for the formation of distinct 3D arrangements, depending on the distance of the sub-
strate to the beam-shaping lens (Figure 2.6j). The formation of isotropic pores, cellular net-
works, and nanofibers can be selected, at transition levels depending on the applied laser flu-
ence regimen (Figure 2.6k). In addition, synergistic effects of chemical and morphological prop-
erties of LIG also influence the interaction of these graphitic materials with aqueous and liquid
phases, with the possibility of controlling hydrophobicity, an important factor in several appli-
cations requiring electrolyte/electrode interactions %%, For other emerging precursor mate-
rials, such process-properties studies have been explored in more specific cases and in less
detail but are fundamental in the future development of DLW fabrication paradigms in several

applications.

2.3 DLW of Carbon-based Materials

The manipulation of carbon-based precursors and surfaces using DLW has been explored
over the years, to achieve the synthesis of varied materials or improve their functionality in
different contexts. Processes that include annealing of amorphous carbon films *°, synthesis
of CNTs from carbon black ®, carbon-rich SiC structures over 4H-SiC wafer, '*' and writing of

diamond-like carbon materials

are some relevant examples. However, their expression and
adoption in electronics microfabrication was not widespread, since either the materials did not
provide attractive features or because they were meant to substitute established techniques
and did not provide sufficient flexibility and throughput. Recently, other relevant approaches
with much higher adoption have appeared, where laser synthesis and patterning of reduced
graphene oxide (rGO) stand out 3. Even though the popularity and prolific applicability of
laser-based rGO synthesis, this method suffers from a key disadvantage, since there is the need
for multiple preparation steps, starting with the cumbersome synthesis of GO from graphite,
GO dispersion, and ink preparation, followed by the modification of the substrate material or
surface with GO. However, this technique propelled the interest in laser fabrication and engi-

neering of graphene-based electronics ™.

35



Contrarily, DLW applied for direct carbonization and graphitization of substrates has
gained great traction, since it has shown to be compatible with a large pool of substrate
sources, from synthetic to naturally sourced. Simultaneously, it allows for one-step, selective
synthesis, and patterning of tailored graphene-based structures and seamless assembly of gra-
phene architectures. To draw comparisons between several precursor substrates and resulting
irradiation outcomes, an overview of LIG synthesis and properties using several emerging pre-
cursor substrates is presented in Table 3.1, including aromatic polymers, naturally derived pre-

cursors, and custom-made precursor formulations.

Table 2.1 - Overview of LIG synthesis from carbon-based precursors and resulting properties.

Precursor Substrate formulation/ treatment Atmosphere Laser source ID/IG Conductivity Ref
15 Qsg-1 /
PI - Ambient CO2 laser (10.6 um) 04 65
25 S.cm-1
Polyetherimide 3D printed PEI Ambient CO2 laser (10.6 um) - 0.3 Q.sg-1 155
- Ambient CO2 laser (10.6 um) 0.2 15 Q.sg-1 114
Polycar-
bonate/PEI Different blend percentages Ambient CO2 laser (10.6 pm) - 4S.cm-1 156
blends
. . 07 - 41 Qsqg-1/
Polyethersulfone Microporous PES Ambient CO2 laser (10.6 um) 141
0.3 9.24 S.cm-1
Ambient 9.2 Q.sg-1
Parylene-c - . CO2 laser (10.6 um) 0.42 157
Nitrogen flow 178.5 Q.sg-1
Polybenzimidaz- ) Picosecond UV laser (355 8 Q.sg-1/ 50
. PBI @ DMSO coated on PET and glass ~ Ambient - 132
ole ink nm) S.cm-1
Liquid crystal
Aromatic block copolymer Ambient 450 nm laser 0.58 <20 Q.sg-1 56
polymer
Yb-doped femtosecond
Para-aramid tex- | Woven, non-woven and knitted tex- 2.86 Q.sg-1
) ) Ambient fiber laser (1035 and 347.8  0.265 158
tile (Kevlar) tiles 5.02 Q.sg-1
nm)
Meta-aramid
- Ambient CO2 laser (10.6 um) - ~20 Q.sg-1 159
(Nomex paper)
Mesophase pitch carbon fibers (pre- CW semiconductor laser 7.04 x 103
Carbon fibers - 117
carbonized) (915 nm) S.cm-1
Lignin-impregnated carbon cloth Ambient CO2 laser (10.6 um) 0.85 - 160
Synthetic aromatic-rich polymeric vis-
Liquid precursor cous precursor using benzoxazine ~ Ambient CO2 laser (10.6 pm) 0.4 50 S.cm-1 70
chemistry
Furfuryl alcohol Ambient CO2 laser (10.6 um) 0.7 - 120
Wood - Ar/H2 CO2 laser (10.6 um) 0.48 10 Q.sg-1 116
. UV femtosecond laser
- Ambient 0.63 10 Q.sg-1 133
(343 nm)
o . 30 Q.sq-1/25
Iron-tannic acid ink treatment Ambient CO2 laser (10.6 um) - s 1 128
.cm-
Cork - Ambient CO2 laser (10.6 um) <1 115 Q.sg-1 161
Diode-pumped Nd:YVO4
Agglomerated and natural cork - <1 75 Q.sg-1 134

pulsed laser (355 nm)

36



Commercial cork + FR (boric acid) Ambient 450 nm laser 1 46 Q.sq-1 136
) Nd:YAG fiber laser (1.06
Agglomerated cork + wax treatment Nitrogen flow ) 0.2 7.5 Q.sg-1 162
pm
Natural cork Ambient 450 nm laser 0.8 10.8 Q.sg-1 163
Lignin / Lignocel- 38 Qsg-1
Lignin/PVA film Ambient CO2 laser (10.6 um) 0.39 164
lulose /66.2 S.cm-1
Lignin/PVA/urea film Ambient CO2 laser (10.6 um) 0.33 2.8 Q.sg-1 165
Lignin/PEO film Ambient CO2 laser (10.6 um) 1.1 363.1 Q.sg-1 166
Kraft lignin/PVA Ambient CO2 laser (10.6 um) 0.37 4.5 Q.sg-1 167
DES pretreatment for lignocellulose
. ) Ambient CO2 laser (10.6 um) 0.61 24 Q.sg-1 69
film production
2-hydroxyethyl cellulose + lignosul- 38 Qsqg-1 /
Ambient CO2 laser (10.6 um) - 168
fonate ink + FR (boric acid) 28 S.cm-1
Whatman filter paper + commercial
Paper . Ambient CO2 laser (10.6 um) 0.86 61.5 Q.sq-1 169
FR (ammonium sulfamate)
Filter paper + commercial FR (ammo- .
) Ambient CW CO2 laser (10.6 um) 0.5 32 Q.sg-1 170
nium phosphate)
Filter paper + commercial FR (ammo- Diode-pumped Nd:YVO4
Ambient - 132 Q.sg-1 135
nium phosphate) UV laser (355 nm)
Cotton cellulose paper + FR (ammo- .
. Ambient CO2 laser (10.6 um) 1 23 Q.sg-1 171
nium sulfamate)
Colored paper, paper cup & milk car- Nd:-YAG CW laser (532
- 0.9 105 Q.sg-1 172
ton nm)
Whatman filter paper + FR (sodium  Ambient with ni- 5 Qsg-1 /
CO2 laser (10.6 pm) 0.28 130
tetraborate) + coloured wax loading trogen flow 24.3 S.cm-1
Hemp fiber paper + lignin-based
epoxy acrilates + FR (ammonium  Ambient CO2 laser (10.6 um) 0.77 3 Q.sg-1 173
phosphate)
Filter paper + lignin solution + FR - 460 nm laser - 52 Q.sg-1 174
Nanocellulose TEMPO-oxidized cellulose nanofibers Ambient CO2 laser (10.6 um) >1 60 mS.cm-1 123
Femtosecond laser (522
Cellulose nanofiber film Ambient ) 0.2 6.9 S.cm-1 75
nm
Cellulose nanocrystals film Nitrogen flow CO2 laser (10.6 pm) >1 600 Q.sq-1 175
Carboxymethyl Xylan + FR (ammo-
Hemicellulose Ambient CW CO2 laser (10.6 um) - 186 Q.sg-1 176
nium phosphate)
Chitosan Chitosan/HCl solution Ambient CO2 laser (10.6 um) - 5.5 kQ.sg-1 177
3-step laser synthesis:
40 Qsg-1 /
Chitosan/acetic acid/glycerol solution ~ Ambient CO2 laser (10.6 pm) and 1 55 ] 178
.5 S.cm-
UV laser (405 nm)
Carboxymethyl chitosan aqueous so-
. Ambient CW CO2 laser (10.6 um) - 2.2 kQ.sg-1 131
lution
Chitosan oligosaccharide aqueous so-
Ambient CW CO2 laser (10.6 um) - 33.9 Q.sg-1 131
lution
Chitosan hydrochloride aqueous solu- .
Ambient CW CO2 laser (10.6 um) - 12.7 Q.sg-1 131
tion
Chitosan-borax composite film Ambient CO2 laser (10.6 pm) 110 Q.sg-1 179
Chitin Chitin nanopaper + FR (CaCl2) - CO2 laser (10.6 pm) - - 71
Cross-linked sodium alginate (CaCl2
Alginate L - CO2 laser (10.6 um) 2.2 15 kQ.sq-1 180
cross-linking agent)
Femtosecond laser (522
Agarose Agarose + lignin hydrogel Ambient ) - 150 pS 181
nm
Elastomers Ecoflex Ambient CW Verdi laser (532 nm) - - 137
PDMS Ambient CW diode laser (405 nm) 0.8 5.0 kQ.sg-1 182
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Femtosecond laser (522
PDMS Ambient ) 04 0.5 S.cm-1 183
nm

PDMS + triethylene glycol Ambient CO2 laser (10.6 pm) 1.64 130 Q.sg-1 184

Commercial woven silk fabric precar-
Natural fabrics Ambient Fiber laser (1064 nm) - 40 Q.sg-1 185
bonized before irradiation

Metal-organic Femtosecond laser (1035
NiCo-MOFs/PAA films - 0.98 45 Q.sg-1 186
frameworks nm)

2.3.1 DLW of synthetic aromatic polymers

. ® several advancements have been made in the

Since the initial report by Jian Lin et a
preparation of LIG from different aromatic polymer sources. For Pl and similar polymers con-
taining aromatic and imide repeating units, efficient graphitization is straightforward, where
fine control of irradiation parameters leads to sheet resistances around 15 Q.sq™' (o of 25 S.cm”
") or lower. Other aspects besides conductivity have also been manipulated with great effi-
ciency, including morphological characteristics %, surface hydrophobicity '*, and doping of
graphene crystalline structures '®. Many process-property optimization studies targeting dif-
ferent characteristics of LIG materials have shown to be crucial to understanding irradiation
outcomes in Pl and establishing protocols for the transfer of writing principles for the graphi-
tization of alternative polymer substrates. Several aromatic polymers have been targeted, in-
cluding PEI "', polyethersulfone (PES) ™', parylene-C '/, polybenzimidazole (PBI) '*’, and
aromatic polyamides "8'*° In terms of the conductive characteristics of resulting LIG, similar
sheet resistances are achieved to standard Pl-derived LIG. Notably, PEl has shown to be a high-
efficiency precursor, with sheet resistances below that of PI, with values as low as 0.3 Q.sq ™ for
LIG derived from 3D printed PEl surfaces . This work by Gilavan et al. '* shows the capability
of integrating conductive LIG patterns on surfaces with 3D conformations. Thus, one of the
main trends in aromatic polymer-based LIG has been the use of custom-made polymer formu-
lations, in opposition to commercial forms of these materials. One example is the work by

Correia et al. ™’

, Where LIG patterning is performed on parylene-C, a biocompatible, flexible,
highly inert substrate, deposited over a glass carrier through CVD. By employing ambient and
nitrogen-rich irradiation atmospheres, the authors showed the relevant influence of ambient
atmospheres to achieve an efficient graphitization of this aromatic polymer precursor, reaching
sheet resistances values as low as 9.2 Q.sq™' for ambient atmosphere, in opposition to 178.5

Q.sq”" when employing a nitrogen-rich atmosphere.
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Because of the efficient nature of DLW, novel fabrication paradigms have appeared for
these high-efficiency aromatic precursors. One such breakthrough is the development of LIG

from aromatic liquid precursors. In the work by Huang et al. '

, organic PBI inks were used as
a graphene-forming phase and can be printed onto different substrates, including glass and
PET. Attractive conductivities can be achieved using this process, employing a picosecond UV
laser, with a sheet resistance of 8 Q.sq™ translating to conductivities around 50 S.cm™. In the
work by Yu et al. ’°, the authors developed a custom-made formulation of a liquid, viscous
aromatic polymer precursor, made from two monomer units, that endow the precursor with its
graphitizable characteristics, arising from the aromatic structure, as well as molecular flexibility,
through the introduction of a long alkyl chain (Figure 2.7a). No detriment to the structural
integrity of the graphitized patterns was caused by the liquid nature of the precursor (Figure
2.7b), retaining the characteristic porous nature of LIG (Figure 2.7¢c). The authors performed
process-property optimization studies focusing on three fabrication variables, namely spot di-

ameter, laser power, and thickness of the precursor film. Spot size was an important variable

determining the efficiency of graphitization, surveyed by Raman spectroscopy (Figure 2.7d),
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Figure 2.7- DLW processing of a liquid aromatic precursor for LIG synthesis and patterning. (a) Chemical
structure of aromatic liquid precursor made from aromatic monomers and long alkyl chains (PGE-a). (b)
Images of converted liquid precursor, showing mechanical stability and flexibility. (c) SEM image of
porous LIG structure arising from graphitization of liquid precursor. (d) Raman spectroscopy process-
property optimization of chemical properties of LIG, depending on laser spot size. (e) Printing of 3D LIG
microstructures from aromatic liquid precursor and (f) resulting thickness of the LIG macrostructure.
Adapted with permission 7°. Copyright 2022, Wiley-VHC.
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and in conjunction with the remaining two variables, tunable conductivity and thickness of
graphitization layers were achieved, showing a maximum conductivity of around 50 S.cm™.
Most importantly, this liquid characteristic of the precursor allows for the printing of 3D LIG
structures, by employing successive irradiation cycles and manipulating beam focus, by moving
the precursor in the z-axis (Figure 2.7e). This is performed by moving the substrate platform at
a length equal to the thickness of individual LIG layers, leading to the integration of porous,
vertical layers within 3D geometries with controlled height (Figure 2.7f). This turns spot size
into a key fabrication parameter since different positionings of the laser beam leads to varied
spot sizes and possible inconsistencies of the synthesis in the vertical direction. Additive laser
printing of 3D LIG structures has thus been sought after to improve the applicability of laser
graphitization processes. Another proposed approach was reported by Song et al. ™', using
successive porous PES layer deposition and laser graphitization. This layer-by-layer covalent
growth approach allows for an efficient interconnection between subsequent LIG layers, show-
ing not only an efficient conductivity in each layer, but also an improved cross-layer conduc-
tivity for the all-graphene macrostructures. In-plane conductivity of 9.2 S.cm™ was achieved,
while comparable cross-layer conductivity of 8.2 S.cm™ was reported. This good isotropic con-
ductivity was attributed to the capacity to achieve efficient covalent interconnection between
LIG layers, also improving crystallinity over the macrostructure thickness. Other aromatic poly-
mer forms were shown to be attractive LIG precursors. Notably, aramid materials have been

158188189 or Nomex paper . In the work by Yang et

used, either in the form of Kevlar fabrics
al. ®® the use of a femtosecond fiber laser for the graphitization of non-woven, knit, and woven
Kevlar textiles allows for the efficient synthesis of LIG with low sheet resistances of 2.86 Q.sq”,
endowing several functionalities onto these textiles for multimodal applications in smart cloth-
ing. Nomex paper sheets have also resulted in LIG with attractive sheet resistances around 20
Q.sq’, enabling the production of double-sided surfaces employed for human-machine inter-

facing '°.

2.3.2 DLW of naturally sourced materials

Green LIG (gLIG) is an emerging and trendy carbon material obtained by DLW of several
bio-based carbon sources and substrates, such as wood, leaves, cork, husks and cellulose (Fig-
ure 2.8a) "°. The graphitization occurs by the same mechanisms as for aromatic polymer pre-
cursors, through photothermal and/or photochemical effects, upon which surface carbon at-
oms are converted from sp? to sp? dominated configurations, with some differences in chem-

ical reactions depending on the aromatic or aliphatic nature and composition of the substrates.
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Furthermore, different laser systems and their operational parameters influence this conver-
sion, namely in terms of bond breaking, rearrangement and the efficiency of these processes
in the synthesis of graphitic carbon forms that characterize gLIG. In this section, conversion

processes and their manipulation are addressed.
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Figure 2.8 - Schematic illustration of the conversion mechanism for green LIG. (a) Sources of green LIG
from raw materials and processed by-products obtained from these natural sources. (b) Macromolecule
chemical structure of lignocellulose biopolymers, its composition range on natural sources. (c) Aromatic

and (d) aliphatic chemical mechanism conversion to green LIG, respectively.

2.3.2.1 Aromatic lignocellulosic materials

Lignocellulosic materials found in many potential gLIG precursor substrates are the
most abundant renewable sources of aromatic chemical structures ' This is because of the
high lignin content of the natural materials, with up to 30% content depending on the biomass
source. Lignin contains in its structure an abundance of benzene rings covalently bound to
other functional groups, resulting in an amorphous branched aromatic polymer, constituted
by three different aromatic ring substitution patterns, namely p-hydroxyphenyl, guaiacyl, and
syringyl monomers (Figure 2.7b) "®2. When using bio-based gLIG sources that contain this aro-
matic macromolecule, such as wood or even engineered films composed of extracted lignin,

the conversion processes and reactions into graphitic structures are based on the breaking of
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C-C, C-O and C-H bonds both within and outside the aromatic structures, followed by reor-
ganization into char-like or graphitic structures, depending on the degree of pyrolytic activity
set by the laser irradiation parameters. These principles are analogous to the ones established
for Pl conversion into LIG, since both these precursors are rich in native aromatic structures.
However, each have specificities related to the differences in their chemical structure and the
distribution of aromatic moieties over the molecular structure '2'%,

When considering the photochemical degradation processes that can occur upon the
laser irradiation process, specific linkages within the polymeric structures of lignin and their
interaction with the incident photons must be considered. Several studies have reported the
analysis of UV photodegradation of lignin in wood and kraft pulp, showing that a and B gly-
cosidic bonds are more prone to cleavage, while carbon bonds connecting aromatic structures
have resistance to UV irradiation '*. This shows that the aromatic backbone of lignin and its
connection is usually maintained, allowing for their subsequent reorganization and polymeri-
zation into graphene structures. Similar processes have been achieved using IR laser irradiation,
by tuning the wavelength to specific vibrational modes of linkages within lignin, leading to
depolymerization . However, photochemical processes alone are not capable of inducing
graphitization. For the synthesis of more aromatic dense chemical structures leading to LIG,
photothermal processes are needed, to further break undesired chemical structures and pro-
mote an efficient reorganization. In most pyrolytic reactions of lignin, based on its exposure to
varying temperatures and pressures, its decomposition is also based on depolymerization, by
breaking of different ether linkages (C-O-C) or condensed C-C bonds, leading to the formation
of volatiles and solid carbonized materials identified as chars '*. In these cases, the increase in
photothermal induced temperature leads to further degradation of chars and lignin mono-
mers, to synthesize highly valuable, refined aromatic chemicals such as phenol or benzene,
among others 19197 For some conditions, such as in fast pyrolysis, these small aromatic
molecule precursors can be used for condensation, leading to the synthesis of polycyclic aro-
matic hydrocarbons (PAHs), with higher density of aromatic structures ',

These pyrolysis principles serve as a model to understand the laser irradiation conver-
sion process of gLIG from aromatic-rich lignin. For gLIG synthesis, lignin is exposed to much
higher temperatures for much shorter time frames, leading to the occurrence of very fast, sim-
ilar processes, that can be modeled in two distinct steps:

(i) photochemical/photothermal promoted bond cleavage and laser promoted vibra-

tion of atomic networks, resulting in high localized heating of the material, leading to
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depolymerization, decarboxylation and dehydration, by cleavage of C-O-C, C-O, C-C and C-H
bonds and subsequent recombination of oxygen, hydrogen and some carbon into volatiles.
(i) temperature-promoted rearrangement of aromatic compounds and other carbon
chemical structures to form condensed graphitic structures dominated by sp? hybridized car-
bon (Figure 2.8¢). In terms of the rearrangement of aromatic structures into sp> dominated
lattices, reactions governing these phenomena are based on ring closures that define the
graphitization process. Although there are several chemical processes for ring closure and

99 gLIG synthesis ensuing

stitching for synthesis of graphene nanostructures from PAHs
graphitization is promoted by the very fast photothermal processes caused by the laser, that
induce structural changes into more energetically stable graphene lattices and their 3D stacked
form.

During laser irradiation, both these sub-processes of removal of oxygen functional
groups and direct conversion from sp? to sp? dominated structures coexist and are manipu-
lated by laser operation parameters dictating the level of laser exposure or by the selected
laser wavelength 2. As such, most literature has proposed that this aromatic bio-based source
can be directly converted to graphitic structures. Because of the native presence of aromatic
structures in lignin, its conversion is not fully supported over additional aromatization, as op-
posed to other LIG precursors discussed in the following section. As such, control over the
aromaticity of the synthesized structures is based on the efficiency of the laser irradiation pro-
cess over the cleavage of undesirable bonds, that promote more reduced structures with less
oxygen functional groups, while the degree of aromatic condensation relies upon reaching
temperatures that promote efficient rearrangement of aromatic structures 2°', resulting into 2D
lattices composing the 3D structure of LIG. By establishing these conversion principles, more
control over the resulting properties of LIG can be achieved and tailored to specific applica-
tions.

Another class of natural aromatic precursors explored for LIG synthesis have been nat-
urally sourced polycyclic heavy hydrocarbons (PHHs), such as coal, tar, pitch and biochars 2%
204 These materials present a native abundance of aromatic carbon and sp? hybridized chemical
structures, intercalated by some aliphatic hydrocarbon structures. By employing laser irradia-
tion over these substrates, the aromatic content and sp2 concentration can be tailored from
amorphous into highly ordered graphitic structures with intrinsic conductive properties, char-
acteristic of LIG. This conversion is different from lignin conversion in that laser irradiation pro-

motes the annealing of native sp? structures and a decrease of C-H bonds present in the pre-

cursor material, without the need for additional aromatization.
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Several sources of vegetable biomass have been used as efficient LIG precursors, due
to the presence of aromatic components that endow them with graphitization potential %. For
wood, there is a significant presence of aromatic lignin, in addition to polysaccharides such as
cellulose and hemicellulose, with relative amounts dependent on the type of wood and tree
species, leading to distinct graphitization potentials. This was first reported in the pioneering
work by Ye et al. "', where pine, birch, and oak wood sources were used for LIG synthesis.
Because of the higher relative concentration of lignin in pine, a lower degree of defects in LIG
structures is achieved, as well as attractive sheet resistance around 10 Q.sq'. However, as de-
noted in this work, the significant fraction of aliphatic carbon, arising from polysaccharides,
diminishes the stability of the material for graphene induction. Polysaccharides tend to com-
pletely decompose upon irradiation, instead of participating in the carbonization and graphi-
tization process. To avoid this, the authors employed an inert Ar/H, atmosphere, to decrease
the oxidative and combustive effects. Since then, several strategies have been put forward to
avoid the use of a less accessible inert atmosphere. These include the use of femtosecond
lasers, that allow for an increased control of heat accumulation and resulting photothermal
processes, decreasing the decomposition of aliphatic phases in wood and other materials, such
as leaves "**?%>, Another approach is to perform chemical treatments of lignocellulosic precur-
sors, including fire-retardants "™ and catalyzing inks '?. In the work by Dreimol et al. '8, an
iron-tannic acid ink, made with gum arabic and glycerol, was used to enable conversion into
high-quality, conductive graphitic materials, promoted by the aromatic tannic acid and the
presence of iron (Figure 2.9a). Iron appears as a crucial component, due to the formation of
iron carbide NPs, as surveyed by TEM imaging (Figure 2.9b-c) The authors propose that these
carbide NPs promote graphitization in opposition to the formation of amorphous carbon. This
way, CO; lasers can be readily employed for the graphitization of wood materials, making this
process much more accessible.

Besides wood, other vegetable biomass sources have appeared as highly efficient pre-
cursors. One of the most prolific has been cork, due to the abundant presence of not only
lignin but also suberin, an aromatic-aliphatic cross-linked polymer, that improves the relative
aromatic content in this material. Several approaches have been used for cork graphitization
and pattern by DLW, using CO; "', UV and '® IR-fiber lasers % The use of fire-retardant chem-
icals has also been attempted °. Sheet resistances comparable to wood have been achieved

using cork substrates, with the lowest value reported in the literature of 7.5 Q.sq™” ¢

using
waxed cork substrates and a 1064 nm fiber laser. Inspired by the graphitization potential of

lignin, isolated forms of this component have also been employed for LIG production. In most
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cases, lignin has been used within polymeric composite sheets, where the concentration of
lignin can be studied for optimized irradiation outcomes. Such polymers include PVA '6>167:206

PES 2%, poly-I-lactic acid (PLLA) °%, and polyethylene oxide (PEQ) %%, Several lignin sources

166,167 208,209

have also been targeted, including kraft lignin , alkali lignin , and lignosulfonate

165168210 very attractive properties of resulting LIG can be achieved using such formulations,

-1 165 -1 164

such as sheet resistances as low as 2.8 Q.sq and conductivities as high as 66.2 S.cm
Besides these polymers, other materials have been used to disperse lignin, where cellulose-
based materials stand out. This way, lignocellulosic matrices can be mimicked, with the benefit
of controlling the relative concentration between aromatic and aliphatic components. One ex-
ample is the work by Yuan et al. 2'°, where lignin is dispersed in a hydroxyethyl cellulose slurry.
Another similar approach was presented by Edberg et al. '®® where a similar lignin/hydroxy-
ethyl cellulose formulation also including boric acid fire retardant is employed as a high-effi-
ciency LIG precursor, used in conjunction with screen-printing for patterning. Low sheet re-
sistances of 3.8 Q.sq™ are reported, translating to a conductivity of 28 S.cm™. Thus, lignin has
turned into a valuable resource in several DLW graphitization routes, used either as the sole

graphitizable element or to improve the graphitization potential and add functionality to

graphitizable substrates *'".
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Figure 2.9 - DLW processing of a lignocellulosic and polysaccharide precursors for LIG synthesis and
patterning. (g) Modification of wood with iron-tannic acid ink for improved DLW processability and LIG
conversion. (h-i) TEM image of LIG and iron carbide NPs, responsible for improving graphitization po-
tential. Adapted with permission '8, Copyright 2022, Springer Nature. (j) DLW conversion of chitosan-
class polymers: (1) carboxymethyl chitosan (CMCS), (ii) chitosan oligosaccharide and (iii) chitosan hydro-
chloride. (k-m) Process-property optimization of sheet resistance employing duty cycle has the fabrica-

tion parameter of study. Adapted with permission '*'. Copyright 2023, American Chemical Society.

45



2.3.2.2 Aliphatic polysaccharide sources

Aliphatic bio-based precursors for gLIG synthesis are mainly found in two forms, namely
cellulose and hemicellulose (Figure 2.8b). The first one is formed by a polymeric arrangement
of B-1, 4-linked glucose monomers, with relatively equal amounts of carbon and oxygen in its
functional groups. These polymeric arrangements are then connected by hydrogen bonds be-
tween oxygen functional groups both at intra and intermolecular levels, to form more complex
structures such as fibrils and fibers in wood biomass and other materials such as paper.?'
Similarly, hemicelluloses are composed of an arrangement of multiple sugar monomers, in-
cluding glucose, galactose, mannose, xylose and other sugar residues, in heteropolymer struc-
tures with higher complexity when compared to cellulose, being found with different compo-
sitions, usually lacking the crystallinity and fibrous nature found in cellulose ™.

Regarding conversion mechanisms, laser irradiation of aliphatic precursors causes the
same breaking of C-H, C-O-C and C-C bonds in their structure, through photothermal or pho-
tochemical phenomena, with rearrangement of the remaining elements depending on the im-

190

posed temperature determined by the laser fluence . When compared to aromatic LIG pre-

cursors, aliphatic ones do not possess the necessary, native aromatic ring structures with sp?
hybridized carbon bonds. Thus, different considerations are required to achieve similar degrees
of graphitization reached by aromatic precursors. In complex natural materials, where there is
a simultaneous presence of aromatic and aliphatic components, such as in wood, it has been
reported that a single step irradiation of the substrate is sufficient for gLIG synthesis, depend-
ing on laser source and irradiation atmosphere. This is because there is a synergistic effect of
the two types of precursors in the conversion, decreasing the thermal and energy barriers nec-
essary for significant rearrangement and vacancy filling of carbon bonds into sp? hybridized
structures.”™ The presence of aliphatic components can also be mobilized to form conjugated
interconnections among aromatic sheets in the synthesized aromatic clusters, as shown in
PHHs irradiation 2,

However, for substrates with high degree of aliphatic composition, such as various
types of engineered paper substrates, some impediments are imposed to direct substrate
graphitization. These include not only the lack of the native aromatic compounds, but also the
resulting inherent thermal resistance, that does not withstand the very high localized temper-
atures upon laser irradiation processes. As such, authors have resorted to the application of
different chemical treatments, that promote the increase of thermal resistance of the precursor
190,215,216

material, for example using fire retardant chemicals or promoting oxidation reactions

Such treatments increase the thermal resistance of substrates, introducing functional groups
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or external molecules, such as phosphate and boron moieties, that suffer endothermic decom-
position and act as chemical heat sinks, that allow for laser induced reactions to occur at the
molecular level, without ignition and ablation of the precursor materials 2'2'® If such pre-
treatments are not applied, most aliphatic rich substrates suffer combustion processes that
cause the formation of volatile compounds and the complete ablation of the substrates.?’
Contrarily, when such pre-treatments are applied, the aliphatic rings in cellulose will undergo
photothermal-induced modification caused by the imposed laser photon energies and high
temperatures, with different stages that lead to the formation of sp? rich carbon structures
characteristic of gLIG.

For photodegradation of cellulose and hemicellulose structures, radiation with different
wavelengths mainly causes depolymerization of polymeric chains, by scission of C-O-C glyco-
sidic bonds, or photo-oxidative degradation, that can lead to the formation of reactive radicals
220 Depending on the laser fluence, higher wavelengths near the IR can also cause cross-linking
and the formation of new chemical species that possess sp? hybridization, such as furfural, that
can have interesting properties, such as high fluorescence 222", Also, the tailoring of laser
photon wavelength to specific vibration modes in specific bonds can be used for their cleavage
% In terms of thermochemical effects arising from pyrolysis of cellulose and hemicellulose
through different methodologies, the exposure of these polysaccharides to high temperatures
causes depolymerization of sugar monomers and subsequent decarboxylation, aromatization
and intramolecular condensation of the resulting aromatic structures %22%*, Some pyrolysis
methods have been used for the synthesis of PAHs from cellulose and hemicellulose, showing
the possibility to transform the aliphatic ring structures characteristic of these polysaccharides
into aromatic rich chemical structures 2>>?2®, These aromatization mechanisms are based on the
thermal decomposition of cellulose and hemicellulose, to form intermediate species such as
furan and furfural, that already contain some degree of sp? hybridization #*’. Further thermal
decomposition also leads to the synthesis of carbon pools composed of hydrocarbons with
C=C bonds, such as ethene, propylene or butene, that can take part in cyclization reactions for
aromatization and recyclization for the extension of these aromatic chemical structures, ulti-
mately leading to the synthesis of chars and graphitic structures. As such, laser irradiation pro-
cesses for conversion of these precursors into LIG is modelled by the same reactions happening
in the fast time frames of laser pulse irradiation, namely:

(i) photochemical and/or photothermal promoted dehydration and decarboxylation of
aliphatic ring structures, that leads to depolymerization by cleavage of C-O-C glycosidic bonds

into D-glucopyranose or other sugar monomers, followed by
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(i) deoxygenation and dehydration, through cleavage of C-O, C-H and C-C bonds and
rearrangement of carbon atoms into sp? rich chemical structures, by cyclization, serving as
template for aromatization and producing H,O, CO and CO,. Finally, the high temperatures
imposed by the laser irradiation allow for

(iii) aromatization and intramolecular condensation, for rearrangement of aromatic
rings into sp® dominated graphitic structures (Figure 2.8d). It is important to note that such
reactions happen extremely fast when compared to other pyrolytic biomass treatment meth-
ods, due to the pulsed nature of most laser conversion methods and the very high tempera-
tures that can be reached, being extremely hard to model how each of these steps influence
the formation of gLIG structures from aliphatic precursors. In this case, it is important to select
laser operational parameters able to achieve high degrees of depolymerization and aromati-
zation, while simultaneously allowing for the necessary intramolecular condensation into aro-
matic-rich structures and possibly polycondensation of these structures into larger 2D lattices
composing 3D LIG structures *®. And because of the lack of native aromatic rings in these
precursors, the additional aromatization step changes the dynamics of the conversion when
compared to aromatic precursors. Consequently, many authors have reported that single step
irradiation processes of aliphatic rich substrates leads to carbonization, forming chars with sig-
nificant presence of oxygen moieties, similar to graphene oxide '#%%%°,

Thus, this conversion process presents underlying dynamic phenomena, that can be
manipulated in many ways with the purpose of achieving tailored physical, chemical, and con-
ductive properties. In addition, understanding the dynamics associated with both aromatic and
aliphatic gLIG precursors may lead to future improvements on the development of green com-
posite materials, that can assimilate the advantages of both types of precursors, similarly to
raw materials such as wood. This would potentiate the efficiency of the discussed graphitization
processes, ensuring better sp? hybridization yield and maximizing specific properties for dif-
ferent target applications.

Arising from different biomass processing chains, polysaccharides have appeared as
interesting LIG precursors, due to intrinsic properties that make them attractive for degradable
and biocompatible electronics. The first major polysaccharide used for this purpose was cellu-
lose, mostly within paper substrates. Paper has gained great popularity in the field of electron-
ics in the last decades, due to many meritorious properties. These include inherent properties
such as flexibility, porous structure, capillary capabilities for fluid transportation and dielectric
aspects in terms of conductivity, but also higher accessibility in terms of production cost, being

230-235

biodegradable and easily disposable . It is also compatible with various fabrication
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technologies for electronic element fabrication, while also presenting high adaptability, for ex-
ample by the possibility of folding it or using its capillary properties for chemical modifications
or development of microfluidic structures #*¢. Furthermore, depending on the utility of the pa-
per substrate, there might be variations in terms of this composition, or even variations in its
physical (e.g. grammage, thickness, pore sizes) and chemical properties (e.g. presence of addi-
tives) 272%® However, as previously stated, laser irradiation of cellulose in wood using CO: la-
sers results in complete degradation and combustion, showing that on its own, cellulose does
not present apparent graphitization potential. To circumvent this, the use of several fire retard-
ants has been the main strategy of choice, allowing for an increase in the thermal resistance of
cellulose substrates and the formation of chars and graphitized products, depending on the
treatment and irradiation scheme. Fire-retardant chemicals have been employed, either com-

163171 ammonium

mercial or custom-made formulations. These include ammonium sulfamate
phosphates *13>170216 ‘horic acid %, and sodium tetraborate '©>1%13%240 Depending on the
fire retardant, different mechanisms may occur upon their decomposition under laser irradia-
tion, but they commonly promote the transformation of cellulose chemical structures into char,
instead of their complete degradation. As such, initial reports stated that to achieve graphiti-
zation of paper, the application of more than one laser irradiation cycle was needed, to pro-
mote an initial char formation, while subsequent laser scanning promoted the build-up of gra-
phene lattices, characteristic of graphitization 3'%923° However, this process can also be repli-
cated by manipulating laser operational conditions, such as the lasing power, pulse resolution
and the laser spot size upon irradiation, to increase bond breaking efficiency and create pulse
overlapping patterns that mimic multiple laser scanning '’®.

As such, even with the use of fire-retardant treatments, the graphitization potential of
this polysaccharide is much lower, when compared to aromatic precursors. Different works
report higher sheet resistances of resulting LIG, such as the work by Park et al. '*°, where the

| 170

authors reached a minimum value of 61.5 Q.sq”", or the work by Kulyk et a . where a mini-

mum value of 32 Q.sq' was reached. Similarly, other forms of cellulose have been employed,

resulting in more resistive LIG, including cellulose nanofibers films ">

and cellulose nanocrys-
tals '”°. Recently, novel approaches have been employed to improve conductive properties and
boost the graphitization potential of cellulose-based precursors, resorting to modification with
not only fire-retardants but also aromatic-rich components. One straightforward solution is the
reintegration of lignin within paper, to reach compositions close to lignocellulosic materials

173174 Besides lignin, alternative sources can be employed for a similar effect. Dreimol et al. '8
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employed the same iron-tannic acid ink used to improve wood processability to modify paper
substrates, with good prospects in improving the properties of paper-derived LIG.

Other novel polysaccharide sources have steadily been rising as compatible materials
for DLW processing. The first example is hemicellulose, the remaining by-product of wood

processing. In the work by Kulyk et.al '

, xylan, a common form of hemicellulose, was success-
fully graphitized for the formation of conductive LIG. However, like cellulose, the resulting
properties show a lower potential for graphitization, with more resistive LIG films with sheet
resistances of 182 Q.sq™'. Maintaining the same principles of polysaccharide chemical treat-
ments for DLW processability, chitosan has also recently appeared as a precursor of interest.
Analogous to cellulose, most reports of chitosan-derived LIG show the need for an efficient
control of laser irradiation schemes and resulting temperatures, to initiate char formation and
subsequent graphitization ', As such, initial proposed experimental procedures employ mul-
tiple irradiation cycles until the chitosan precursor is efficiently graphitized 8. Other reports
show the capability for one-step induction, where the chemical structure of the chitosan pre-
cursor is a key variable to achieve maximized properties of resulting LIG. Huang et al. "' used
three chitosan derivatives, namely carboxymethyl chitosan, a chitosan oligosaccharide, and chi-
tosan hydrochloride, successfully implemented in DLW processing schemes (Figure 2.9d). How-
ever, the resulting outcomes of each derivative are different, both in terms of the chemical
characteristics and resulting conductive capabilities. The authors used the duty cycle as the
main process-property optimization metric to assess the effect of laser irradiation over the
resistivity of the chitosan-derived LIG films (Figure 2.9e-g). While for carboxymethyl chitosan a
highly resistive film with a minimum sheet resistance of 2.2 kQ.sq™ was reached (Figure 2.9e),
for the chitosan oligosaccharide film and chitosan hydrochloride, the sheet resistance dropped
to 33.9 (Figure 2.9f) and 12.7 Q.sq"' (Figure 2.9g), respectively. This shows the great potential
for this polysaccharide for biodegradable and biocompatible electronics, opening routes to
explore different formulations and chemical compositions of distinct polysaccharide sources

for DLW.

2.4 DLW-enabled bioelectronics applications

Because of its vast capability of synthesizing and engineering functional materials, DLW
can be employed in the end-to-end prototyping and fabrication of several applications, includ-
ing simple electrical interconnect designs and circuits, functional processing components (tran-

sistors and memristors), energy harvesting and storage elements and sensing devices. The
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production of electronic components was firstly based on clean room deposition processes.
However, alternatives to these procedures have been widely explored in the past decades to
shift into more time- and cost-effective processes. In this scope, DLW has gathered much at-
tention as it offers the possibility of producing and simultaneously patterning different mate-
rials on several substrates with relatively good resolution in a short time without resorting to
masks. In some application fields, DLW material synthesis and growth is still in an early stage
of development and further research and breakthroughs are needed to match conventional

microfabrication technologies in terms of applicability.

2.4.1 Electrochemical Sensors

Electrochemical sensors have become ubiquitous devices for the detection and meas-
urement of several chemical and biological parameters. Using electrodes made from conduc-
tive and semiconductive materials as transducing elements, they produce electrical signals cor-
related with an electrochemical reaction or an underlying biological event.

The integration of electrodes within electrochemical cell assemblies can result in differ-
ent electrode systems, being the two-electrode and three-electrode-based systems the most
common for sensing applications *’. In a two-electrode system, a working and reference elec-
trode are used (Figure 2.10a). The reference electrode has the purpose of maintaining a stable
potential to establish the operational potential at the working electrode. At the working elec-
trode, the electrochemical reaction of interest occurs. In these two-electrode systems the ref-
erence electrode is also used to close the electrodes/analyte circuit, making it a current-carry-
ing electrode, which can change its potential. Thus, two electrode-based systems present some
drawbacks and impose limits to experimental conditions, regarding electrolyte solution,
amount of current flowing in the cell and electrochemical technique used to drive the genera-
tion of electrochemical signals, so that a stable potential is kept at the reference electrode.
Three-electrode systems (Figure 2.10b) have become mainstream when developing electro-
chemical sensors and biosensors, where an additional counter electrode is used as the current-
carrying electrode, allowing for a stable reference electrode potential. Consequently, a constant
potential between the working and counter electrode is achieved and no limitation in the cur-
rent magnitude of transduced signals is needed 2*’. Other systems have also been used for
electrochemical transduction and sensing, such as organic field effect transistors %,

Based on two and three-electrode systems, electrochemical sensors can be divided into
different categories. The first distinction can be drawn between (i) electrochemical sensors de-

signed for direct electroanalysis of molecules, through redox mechanism under applied
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Figure 2.10 - Electrode setups and typical response curves of electrochemical sensors. Assembly of elec-
trochemical cells based on two electrode (a) and three-electrode systems. Reproduced with permission
309 Copyright 2020, Springer Nature. Representative electrical response curves of (a) potentiometric, (b)
voltammetric, (c) amperometric and (d) impedimetric biosensors.

249 and (ii) sensors employing recognition

potentials, resulting in significant faradaic currents
elements with affinity towards a target analyte, participating in its redox catalysis, generation
of useful products or binding to electrode surface 2*°. This second type of electrochemical sen-
sor has been the basis for the research and development of electrochemical biosensors for
detection of analytes in several fields, from environmental and food screening to medical di-
agnosis and prognosis #*°. In terms of operation principles, electrochemical biosensors have
different categories, with the following being the most preponderant (Figure 2.10c):

(i) Potentiometric biosensors - detection of analytes by measuring changes in the poten-

tial of the electrochemical system (Figure 2.10c-1). Most notably, pH and electrolyte detection
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has been performed using potentiometric biosensors, using recognition elements such as ion-
selective membranes 2",

(i) Voltammetric and amperometric biosensors - detection of analytes by measuring
changes in current generated in the electrochemical system. For voltammetric biosensors, cur-
rents are measured with varied applied potentials (Figure 2.10c-2), while amperometric bio-
sensors detect current changes at a fixed potential (Figure 2.10c-3). Usually, three-electrode
systems are most common when developing these biosensors, where the counter electrode is
used as a current source and the recognition elements are integrated in the surface of the
working electrode. The most popular sensors based on these operating principles are enzy-
matic sensors for the detection of different metabolites, using target-specific enzymes within
different biodetection schemes 2%,

(iii) Impedimetric biosensors - detection of analytes by measuring changes in the imped-
ance of the electrochemical system upon a binding event (Figure 2.10c-4). Using electrochem-
ical impedance spectroscopy (EIS), alternate current (AC) signals with varying frequencies are
applied to the electrode system, to monitor changes in electrochemical mechanisms (e.g. ad-
sorption, charge transfer or mass transfer) at the working electrode, depending on the pres-
ence of the analyte ?**. The most common impedimetric biosensors are formulated by modify-
ing the working electrode with antibodies as recognition elements, to develop immunosensors
to quantify protein analytes **. Other recognition elements, such as aptamers and molecularly
imprinted polymers, are also used to detect other molecules, such as metabolites and nucleic
acid strands #32%,

Due to the great versatility of electrochemical biosensors and their operating principles,
they have found applicability in different contexts, from single-use, easily disposable platforms
26 to long-term use in wearable and even implantable applications "%, For that, device in-
tegration strategies regarding material use and fabrication standpoints have developed to-
wards substituting bulk electrodes, as the ones shown in Figure 2.10a-b, to miniaturized, planar
electrodes fabricated by subtractive and additive technologies, compatible with small sample
volume analysis. Conventionally, a set of materials are used in the fabrication of bulk electrodes
for electrochemical experiments. For reference electrodes, the standard hydrogen electrode
(SHE) establishes the thermodynamic redox potential scale, with other alternatives, such as the
saturated calomel electrode (SCE) and the silver/silver chloride (Ag/AgCl) being more com-
monly used. For the counter electrode, inert materials are ideal, to drive charge flow without
consuming redox species in the electrolyte. Common materials used as counter electrodes are

platinum wires and graphite rods. Similarly, inert materials are also preferred for the working
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electrode, including noble metals such as gold, and carbon electrodes, being the glassy carbon
electrode the most common. To shift from bulk electrodes to other geometries and form-fac-
tors, that increase the versatility, flexibility and reach of electrochemical biosensors, microfab-

d 2°°. When biosensor inte-

rication and printing technologies have become the gold-standar
gration in comprehensive, fully functional systems is envisioned, different requirements are
needed, including flexible and sustainable substrates and electrode materials for disposable
applications, or seamless integration, flexibility, softness, stretchability and biocompatibility
when interfacing with biological soft tissue is needed. Because of these requirements, conven-
tional techniques, such as metal electroplating or evaporation associated with lithographic
techniques *° has been progressively shifting to more accessible fabrication routes, alternative
electrode materials and greener substrates. DLW has been a great asset in the fabrication and
prototyping of electrodes for electrochemical sensing tasks, mainly due to the possibility for
form factor-free design and organization of electrodes in the same substrate or chip platform.
This ultimately decreases the steps needed from design to fabrication and implementation of
an electrochemical biosensor. In this scope, LIG has been fruitfully explored as an electrode
material, presenting itself as fairly inert, while showing good charge transfer capabilities for
redox, faradaic analytical detection processes '*. Since the first reports, LIG derived from sev-

eral precursor sources has been explored for three-electrode systems, integrated on-chip elec-

trochemical sensor fabrication. Pl has been the main aromatic polymer of choice 261 but sub-

69,165 105,171,172, cork 163’

strate choice has been extended to substrates such as lignin or

, paper
chitosan 7817,

The first report of LIG-based, portable on-chip electrochemical cells for sensing purposes
was reported by Nayak et al. ', using the original Pl sheet precursor (Figure 2.11a). Three-
electrode cells were fabricated and characterized by cyclic voltammetry (CV) in terms of their
charge transfer characteristics using both inner-sphere (ferrocyanide - [Fe(CN)¢] ™) and outer-
sphere (hexaammineruthenium - [Ru(NHs)s]®) redox probes, which present different diffusion
properties and interaction with electrode surface (Figure 2.11b-c). Pristine LIG electrodes were
compared to other graphitic materials, showing more attractive characteristics, including larger
redox currents associated with faster electron transfer, along with improvements in the elec-
trochemically active surface area for both redox probes. These on-chip electrochemical cells
were used to develop simple sensors for direct electroanalysis of metabolites, including ascor-

bic acid, uric acid and dopamine, that can be directly oxidized at the LIG electrode surface and

generate electrochemical signals. Differential pulse voltammetry was the electrochemical
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techniques used for the measurements of the three metabolites, achieving good sensitivity and
selectivity. Simultaneous measurement of the analytes was achievable, since the metabolites
present distinct oxidation potentials (Figure 2.11d). Furthermore, the authors also demon-
strated the flexibility of the sensors, that maintained their stability when bent (Figure 2.11e).
Another relevant work was reported by Lei et al. '®, using an alternative lignin-based precursor

for the patterning of LIG-based electrodes for enzymatic sensing. Electrochemical cells with
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Figure 2.11 - LIG-based electrochemical sensors and biosensors. (a) LIG on-chip electrochemical sensors
fabricated on polyimide sheet precursor. Cyclic voltammograms of LIG electrochemical cells using inner-
sphere (a) and (b) outer-sphere redox probes. (d) Differential pulse voltammetry oxidation peaks of
ascorbic acid, dopamine and uric acid. (e) Cyclic voltammograms of LIG electrochemical cells at flat and
bent conformation. Reproduced with permission '#3. Copyright 2016, Wiley-VCH. (f) Schematic of lignin-
derived LIG electrochemical sensors and their functionalization. (g) Chronoamperometric characteriza-
tion of enzymatic glucose quantification and corresponding calibration curve. (h) Reproducibility as-
sessment of enzymatic glucose biosensors. Reproduced with permission '%°. Copyright 2019 American

Chemical Society.
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five electrodes (including three working electrodes for each analyte) were patterned in the
precursor film, composed of a lignin/PVA/urea mixture (Figure 2.11f). Subsequently, the au-
thors further modified the working electrodes with a MXene/Prussian Blue mixture, to intro-
duce an electrochemical mediator, followed by functionalization with target specific enzymes
(glucose oxidase, alcohol oxidase and lactate oxidase). The electrochemical method used to
characterize the biosensors was chronoamperometry, in an artificial sweat matrix, resulting in
highly sensitive sensors detecting metabolite concentration in physiologically relevant ranges
in sweat. For glucose, the biosensors presented a wide operating concentration range between
10 uM - 5.3 mM, with a sensitivity of 49.2 yA.mM'.cm?and a detection limit of 0.3 uM (Figure
2.11g). The reproducibility of the assembled sensors was also tested, by selecting four sensors
and testing them under the same analyte concentration condition, achieving low relative stand-
ard deviation for each individual sensor and electrode-to-electrode reproducibility (Figure
2.11h).

Ultimately, precursor choice, allied with the irradiation scheme and electrode designs,
dictate material and device performance, regarding the resulting charge transfer capabilities
and analytical performance, within specific biodetection schemes *. However, each specific
substrate and its inherent properties may endow the resulting electrochemical biosensors with

certain capabilities, related to mechanical flexibility, biocompatibility, and biodegradability.

2.4.2 Wearable biochemical sensing

The need for multifunctionality is a key factor in many bioelectronic applications, mostly
the ones designed for deployment in /n vivo scenarios. Devices such as electronic skins (e-
skins), wearables for human-machine interfacing, smart wound patches, or implantable elec-
tronics, require careful material selection, accommodating form factors, and several integrated
functionalities, from sensing capabilities to energy management and connectivity %, In terms
of sensing capabilities, most advanced and commercialized wearable devices for consumer
electronics have focused on the measurement of physical parameters, such as body tempera-
ture, movement and heart rate and have found acceptance by consumers as daily tools for
personal tracking %, However, in many scenarios, such as in sports or healthcare monitoring,
biochemical information is key for informed decision by a user or a healthcare provider. Thus,
prolific research on the development of miniaturized, user-friendly devices is ongoing, where
different strategies have been put forward, including wearable textile-based devices ?*> or con-

formable patch and tattoo-based sensing systems ¢,
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Such devices have promoted a shift from using invasive blood collection and analysis
or minimally invasive methods for interstitial fluid analysis, to non-invasive collection of readily
available biofluids with a plethora of biochemical information (e.g. tears %/, saliva %) . Among
these fluids, sweat has been one of the most used biofluids for noninvasive biomarker sensing,
due to a set of advantages %%%'°, Firstly, sweat can be sampled over a large body area, since
eccrine sweat glands are present throughout the body, allowing for continuous access to the
biofluid during sweat secretion periods. Because of this, comfortable and easily placeable de-
vice architectures can be designed, aiming at sampling and analysis of low fluid volumes di-
rectly on the skin, avoiding external contamination, and immediate sensing before analyte deg-
radation and evaporation **°. Secondly, sweat contains a large pool of analytes of physiological
relevance for healthcare purposes, from electrolytes (Na+, CI, K*), metabolites (lactate, urea,

271 With the increase in interest on sweat

glucose), amino acids, micronutrients and hormones
analysis, more studies using conventional analytical techniques, as well as novel wearable de-
vices in a research setting, are improving the level of confidence for the correlation of these
analytes to their levels in blood, increasing the interest in the development and use of sweat
analysis devices for personalized healthcare 2’°. Thirdly, sweat can be stimulated by two meth-
ods, either actively by performing physical activity, or passively through different methods, in
which iontophoresis is included. Depending on the target user, use case and sensing task to
be performed, both methods have shown to be efficient in generating sweat volumes appro-

priate for biosensing.

24.2.1 Sweat sensors enabled by physical activity sweat secretion

One of the first reports of a skin-interfaced wearable device for in-situ analysis of sweat
biomarkers was presented by Gao et al. 2. This device comprised a set of electrodes for elec-
trochemical sensing of sweat metabolites (glucose and lactate) and electrolytes (Na*, K%),
alongside a temperature sensor, fabricated by photolithography and electron-beam metal
evaporation on a PET substrate (Figure 2.12a). The flexible electrode array included two work-
ing electrodes modified with ion selective membranes for Na* and K* selectivity, which could

also be modified with a Prussian Blue mediator layer and enzymes immobilized in a chitosan
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sensing. (a) Schematic of electrode array for metabolite (glucose and lactate) and electrolyte (Na+ and
K+) sensing and (b) its implementation as a wrist worn device. (c) Real-life testing of devices as wrist and
headband for exercise induced sweat sensing. (d) Continuous monitoring of physical and biochemical
parameters for the exercise period. (e) External validation curves of Na+ and glucose sensors on-body
sensors. Reproduced with permission 272, Copyright 2016 Springer Nature. (f) Schematic of layer com-
ponents of epifluidic devices for on-body sweat sampling, transportation and colorimetric biochemical
analysis. (g) Operation of epifluidic device after sweat accumulation, inducing color changes in reaction
chamber associated with analyte concentrations and within a microfluidic channel designed to assess
sweat rate. Reproduced with permission 274, Copyright 2016 American Association for the Advancement
of Science. (h) Schematic of fully laser processed system for biophysical and biochemical on-body sens-
ing integrate with epifluidics. (i) Representation of device layer components, including adhesive layer,
hydrophilic membrane for epifluidic module assembly and Pl-derived LIG components for sensing. (j)
Long-term on body measurements of biophysical (temparature and respiration rate) and biochemical
(uric acid and tyrosine) parameters. Reproduced with permission 7>, Copyright 2019 Springer Nature.
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matrix, to establish the biosensing schemes for glucose and lactate detection. The sensing array
was interfaced with a flexible printed circuit board with the required instrumentation for elec-
trochemical signal analysis and transmission (Figure 2.12b). The complete sensing system was
tested as smart head and wristbands (Figure 2.12¢), to continuously analyze sweat during phys-
ical exercising periods (Figure 2.12d), using mechanically flexible components, improving user
friendliness and deployment of wearable biochemical analysis tools. Furthermore, validation of
measured analyte concentration with external measurements of collected sweat was also per-
formed by the authors, to showcase the validity and accuracy of the system (Figure 2.12e).
However, efficient sweat sampling is usually required to achieve precise measurements
in long-term operation, to minimize the influence of sweat mixing over time, which can affect
measured analyte concentrations. To avoid possible contaminations or interferences, skin-in-
terfaced microfluidic setups, or epifluidics, have been developed to sample and transport sweat
for in-situ analysis, while allowing for further functionalities to be included in such wearables,
including sweating rate estimation ”. Initially, epifluidic devices were applied for colorimetric

sensing and analysis of sweat, such as in the work by Koh et al. #"*

, Where soft lithography was
used to fabricate polydimethylsiloxane (PDMS) microfluidic devices capable of handling mi-
croliter volumes of sweat. The microfluidics included inlets, sweat transporting channels, con-
tainment reservoirs where colorimetric reactions occurred and outlets, to avoid back pressure
impeding sweat flow (Figure 2.12f). Furthermore, an NFC communication system was also em-
bedded in the microfluid device, for automatized color recording and analysis using a
smartphone app system. The microfluidic device was capable of quantifying sweat glucose,
lactate chloride, pH and sweat volume, by analyzing the filling of a dedicated microfluidic chan-
nel over time (Figure 2.12g).

Recently, the fabrication of such devices has greatly benefited from DLW, due to the
capability to straightforwardly fabricate functional components with seamless interconnectiv-
ity. Using the vast capabilities of lasers, different sensing elements can be fabricated in the
same substrates, aiming at multimodal detection of different physiological information, while
also being capable of participating in the fabrication of other passive components, such as
microfluidic networks. Yang and co-authors developed a wearable device that includes three
functional components. An electrochemical sensing unit was integrated for biochemical mon-
itoring of uric acid and tyrosine, while the remaining components were designed to detect
biophysical signals, namely temperature and respiration rate 2>. The LIG-based electrochemi-
cal, temperature, and strain sensors were all patterned in the same PI substrate, being inter-

faced with a laser-engraved microfluidic network, designed to sample and transport sweat for
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on-body biochemical sensing (Figure 2.12h). This work introduced a straightforward approach
using the same laser tool to fabricate all the required components for the integration of bio-
physical and biochemical sensing units, alongside an epifluidics module for efficient sweat
sampling. To produce these epifluidic components, the authors used different membranes,
such as double-sided adhesives and hydrophilic films, cutting in each layer the different ele-
ment of the module (Figure 2.12i). In the bottom layer, a set of inlets were cut on a double-
sided adhesive, which was attached to a PET membrane with the same patterned inlets. This
PET layer worked as the hydrophilic membrane allowing for passive sweat movement without
external pumping, being attached to another double-sided adhesive layer engraved with a
microfluidic network design, to transport sweat through the working area of the electrochem-
ical sensing module and onto an outlet. Finally, this layer arrangement was attached to the PI
substrate scribed with the required electrode for uric acid, tyrosine, respiration rate and body
temperature sensing (Figure 2.12j). Furthermore, the wearable sensing chip was connected to
a flexible PCB, designed to analyze and transmit the retrieved physiological information. This
was a breakthrough work, that showed the applicability of LIG-based, integrated bioelectronics
for sweat metabolite detection, with full functionality for autonomous operation directly in the
body.

2.4.2.2 lontophoresis-based sweat sensors

Besides active sweat stimulation through physical activity, alternative sweat induction
mechanisms have been explored, so that sweat collection becomes possible in individuals un-
able to perform physical exercise. One such method is pharmacologically induced sweat secre-
tion, performed by iontophoretic methods ?’. lontophoresis is a technique in which small elec-
tric currents are applied in a localized area of the body, using a cathode and anode interfaced
with the skin, connected to a current source. The generated electric field promotes electromi-
gration and electro-osmosis of charged and neutral particles in the vicinity of the stimulated
area, allowing for use in controlled and programmed transdermal drug delivery /. Using cho-
linergic agonists capable of interacting and stimulating sweat glands and delivering them to
the skin by iontophoresis, controlled sweat stimulation is achieved, followed by sweat collec-
tion and analysis. These drugs mimic the action of the neurotransmitter acetylcholine and its
interaction with eccrine sweat glands, binding to muscarinic, nicotinic receptors or both 278,
Different drugs have been used in iontophoretic sweat gland stimulation and sweat secretion,

including acetylcholine, methacholine, pilocarpine and carbachol, each presenting different
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interaction mechanisms, metabolism and resulting sweat gland stimulation over time, influ-
encing gland response time, sweat rate and sweat secretion duration /8%,
The first widespread use case of iontophoresis-based sweat stimulation for biochemical

analysis was for cystic fibrosis diagnosis in infants 2%

, where pilocarpine iontophoresis is per-
formed, followed by sweat collection using the commercialized Macroduct ® sweat collection
system, used until today in clinical practice. Another example is the GlucoWatch ®, a wrist worn
device commercialized to monitor blood glucose levels using reverse iontophoresis %', Differ-
ently from iontophoresis devices for drug delivery, reverse iontophoresis aims to directly con-
vect molecules from the skin through the applied electric field and onto the skin surface, where
mounted sensors can quantify the analyte ®. Although previously commercialized, the high
current magnitudes and application time needed for glucose reverse iontophoresis caused ir-
ritation and discomfort in users, ultimately leading to its discontinuation ?®". Inspired by these
products, novel iontophoresis-based system designs and implementation have been re-
searched, aiming at bringing iontophoresis-based sweat stimulation and its potential for sweat
biosensing purposes towards personalized healthcare monitoring scenarios. This trend is based
on developing highly conformable, comfortable skin-interfaced devices with careful material
selection and form-factors, for long-term monitoring of several analytes of interest. In the work
by Emaminejad et al. ”°, Au/Cr electrodes for iontophoresis and electrochemical sensing were
patterned onto a PET substrate, by photolithography and thermal evaporation, to develop a
wearable electrode array comprising all the components for in-situ sweat stimulation and bio-
chemical analysis (Figure 2.13a-b). The authors tested different cholinergic agonist molecules
within agarose hydrogels, as well as different stimulation current profiles, to determine the
most suitable setup for efficient sweat stimulation. Generally, current is employed, flowing from
the anode compartment, containing the cholinergic agonist, towards the cathode compart-
ment, containing a hydrogel without the agonist (Figure 2.13c). The ionic promoted movement
of the cholinergic agonist into the skin promotes the secretion of sweat, which is captured
within the area where the electrochemical sensors are placed. Acetylcholine, the naturally oc-
curring sweat stimulant neurotransmitter, provides efficient sweat generation. However, ac-
cording to the authors, methacholine and pilocarpine stimulation provided longer secretion
periods beyond 60 minutes, with methacholine providing a faster secretion onset and rates
above the recommended for cystic fibrosis analysis (>100 nL.min.cm™).

As for the stimulation current, the authors used a 1 mA current for 10 minutes delivery time,
resulting in characteristic sweat rate profiles displaying a peak rate, followed by a steady decay

over time (Figure 2.13d). The electrochemical sensing module was designed to quantify Na*
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Figure 2.13 - lontophoresis-based systems for on-body sensing of sweat analytes. (a) Schematic of
electrode arrays on PET substrates that include and anode and cathode for iontophoretic delivery and
an electrochemical sensing array for cystic fibrosis diagnosis. (b) Implementation of the device as a wrist-
worn band for on-body sensing. (c) Schematic of iontophoresis and sensing operation of the device,
starting with iontophoretic delivery of cholinergic agonist, followed by sweat secretion and capture at
electrochemical sensing module. (d) Sweat rate profile of acetylcholine delivery using 10% (w/v) hydro-
gel vs. a control without the cholinergic agonist. Reproduced with permission 27°. Copyright 2017 Na-
tional Academy of Sciences. (e) lontophoresis-based device integrated with a PDMS-based epifluidic
module for sweat sampling and transportation. (f) Study of epifluidic module features, namely inlet num-
ber and its influence on sweat filling time. (g) Profile of device operation from start of iontophoretic
sweat induction, filling of microfluidic channels and interaction with electrochemical sensor for glucose
monitoring, tracked before and after meals ingestion in several subjects. Reproduced with permission
283 Copyright 2022 Springer Nature. (h) Laser processed, integrated iontophoresis, electrochemical sens-
ing and microfluidic device. (i) Sweat-rate profile comparison of carbachol and pilocarpine delivery. (j)
Images of device after stimulation, portraying the filling of the microfluidic channels over time. Repro-
duced with permission 28, Copyright 2022 Springer Nature.
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and CI', aiming at cystic fibrosis diagnostics, as well as sweat glucose levels, by capturing the
secreted sweat in an absorbent membrane placed between the skin and sensor surfaces. Since
these initial developments of miniaturized iontophoresis devices paired with electrochemical
sensing modules, different advancements have been made to further potentiate this technol-
ogy. The integration of iontophoresis-based sweat stimulation with epifluidics has been a key
feature, to improve the sampling of sweat and allow for continuous electroanalysis. An example
is the work by Bolat et al. °®, where a PDMS microfluidic device was interfaced with the ionto-
phoresis and sensing units, allowing for freshly generated sweat to be naturally pumped into
the microfluidic channels, creating sweat flow within the device (Figure 2.13e). Employing pi-
locarpine-based iontophoresis, the authors studied the effect of the microfluidic inlet number
and stimulation time to optimize the network filling time (Figure 2.13f). Using a 0.4 mA.cm™
current density for stimulation, an optimized 13-minute filling time for three-inlet microfluidic
network was observed. Sweat glucose analysis was performed within the system, capable of
distinguishing glucose circulating levels before and after meals, characterized by a marked in-
crease in the current measured in the electrochemical sensor (Figure 2.13g).

Although state-of-the-art pilocarpine-based iontophoresis being capable of generat-
ing relevant sweat volumes for analysis within electrochemical sensors in the tens of microliters,
this cholinergic agent suffers from some disadvantages, having a shorter action period and not
having full nicotinic and muscarinic receptor activity, producing shorter stimulation periods %',
As such alternative agonists have been recently explored, where carbachol stands out, for being
a longer lasting, non-selective molecule that has shown to provide longer sweat secretion pe-
riods lasting for several hours, attractive for continuous sweat monitoring ?’. In the work by
Hauke et al. 4, a device integrating carbachol-based iontophoresis demonstrated the capabil-
ity of generating sweat up to two hours, and was developed to monitor alcohol levels. More
recently, Wang et al % introduced the capability of developing LIG-based electrodes for ion-
tophoresis systems, showing the compatibility of this material within these systems, paired with
carbachol delivery. Similarly to previous work from the authors' group, full laser fabrication
principles were employed, by DLW patterning of LIG electrodes for sweat stimulation, electro-
chemical sensor electrode array and laser cut microfluidic components (Figure 2.13h). Regard-
ing the iontophoretic capabilities of LIG electrodes paired with carbachol delivery, the authors
compared this arrangement with pilocarpine delivery. An increased sweating period after car-
bachol stimulation, along with increased sweat rates were verified (Figure 2.13i). In addition,
sweat was not limited only to the adjacent area of contact between cholinergic hydrogel and

skin, but also surrounding areas, increasing the reach of sweat stimulation. In addition, these
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more favorable results associated with carbachol delivery are achieved with a greatly reduced
stimulation current of 50-100 pA, when compared to convention values for pilocarpine deliv-
ery, situated around 1-1.5 mA, resulting in sweat secretion rates upwards of 4 uL.min™". Coupled
with the iontophoresis systems, the microfluidic network was able to direct small volumes of
sweat (2.36 pL volume capacity of the microfluidic module) towards sensors (Figure 2.13j) for
the quantification of different metabolites and nutrients, including essential amino acids and
vitamins, employing molecularly imprinted polymers as synthetic recognition elements. Fur-
thermore, the authors further included in-situ sensor calibration, to minimize sweat variability
effects between subjects, through temperature and electrolyte calibrations. Since then, other
LIG-based wearable devices for iontophoresis-based sweat biomarker analysis have been fab-

ricated, such as for c-reactive protein 2%® detection.

2.4.3 Electrophysiological Sensing

Measurement of biopotential signals in biological systems and their stimulation are key
when pursuing several functions for bioelectronic systems, such as human-machine interfaces,
robotics, wearables, and implantable devices. "#?® As such, flexible electrodes with good me-
chanical and electrical properties that can transport electrical stimulus are desired for applica-
tions such as the monitoring of electrophysiological signals or tissue stimulation "*. Electrodes
fabricated by DLW based on LIG and conductive polymers have been explored for this purpose,
due to their good conductivity, low contact impedance, and overall biocompatibility **2%°. Won
et al. employed laser-induced phase separation processes, to improve conductivity and water-
stability of PEDOT:PSS-based hydrogels and pattern neural recording and stimulation elec-
trodes. Three electrode arrays were used to record neuronal signals on the hippocampus within
a brane slice of mice, able to detect excited states of the local field potential signals of brain
tissue after the delivery of an excitatory drug (bicuculline, 20 uM) (Figure 2.14a-b). Using low
voltage, the same electrode array was used to stimulate the sciatic nerve, inducing significant
leg motion ?®. Apart from neural stimulation, SiC electrodes produced by laser writing of PDMS
were used to stimulate an ex-vivo isolated heart that exhibited a slow atrioventricular node
rhythm without stimulation, which synchronized with the stimulation frequency during the ex-
periments. Additionally, a sheet of smooth muscle cells was stimulated using this SiC-based
platform. After synchronization, enhanced contractility was detected, suggesting a possible
therapeutic application of the developed composites in sphincter contraction or vasocon-
striction 2°. Several LIG-based electrodes have also been used to record electrophysiological

signals, using a myriad of substrates, from liquid crystal polymers **, Whatman Grade 1 paper
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130 and Kevlar textiles '®. Notably, kirigami-inspired LIG electrodes were constructed from a
liquid crystal aromatic polymer precursor, improving the operation of such electrodes under
stretchable on-body applications (Figure 2.14c). The fabricated electrodes were used to moni-
tor the EMG and ECG signals to distinguish physical activity intensities (Figure 2.14d) °¢. The
same precursor was used to fabricate LIG three electrode arrays for in-vivo recording of cortical
potentials from the whisker somatosensory barrel cortex in mice, as well as allowing for motor
cortex stimulation to induce hind limb movement *. Additionally, copper electrodes on PDMS
substrates produced by laser-induced selective metallization were used to record EMG signals
to detect different finger gestures. The EMG signals were used to train a classifier, which then
acted on a robot hand and allowed precise control over this tool. The results demonstrated the
possibility of integrating the copper electrodes in human-machine interface applications "
Thus, recent developments of DLW have accessed time and cost-effective production of high-
performance bioelectronic platforms for both wearable and in vivo, implantable bioelectronic
applications, by engineering of low-impedance material writing on biocompatible, flexible sub-

strate materials.
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2.4.4 Laser-induced graphene transfer strategies for conformable bioelec-

tronics

As presented in previous sections, LIG has been employed in the production of several
forms of wearable devices for /n vivo applications. This portrays its vast multifunctionality,
along with good mechanical robustness under real application scenarios, associated with its
binding with precursor polymer membranes. However, for specific applications, placement of
devices in body part with high stretching motions creates motion induce stress that requires
highly conformable, flexible and even stretchable materials that withstand these stresses and
accompany body movements, without producing significant noise or measurement artifacts.
Furthermore, the characteristic topography of different body parts requires highly conformable
substrates that can robustly adhere to varying surface shapes. Common precursor polymers,
such as Pl or even paper, do not portray these specific capabilities, mostly lacking stretchability.
To further improve the functionality of LIG for application in stretchable and highly conforma-
ble bioelectronic devices, several material transfer strategies have been proposed, to efficiently
separate LIG from precursor substrates into several flexible and elastic materials, that present
the ideal mechanical properties for conformable bioelectronics and reach skin-like sensing sys-
tems *'. Several elastomeric materials have been used for LIG transferring, including PDMS 2%%

) 298

29 Ecoflex ®%>2%, Dragon Skin ™ 2% styrene-ethylene-buthylene-styrene (SEBS) 2*®, polyure-

thane (PU) *°°% and custom-made hydrogel formulation "%,
The main strategy for transferring based on elastomeric materials, as reported in several

works 292-295,297,298,301,302

, is by engraving the desired LIG patterns on the precursor, most com-
monly PI, followed by casting of liquid forms of the elastomeric materials, so that they pene-
trate the porous structure of LIG (Figure 2.15a-b). Subsequently, the elastomers are cured and
solidify, anchoring the LIG patterns over their volume. When peel-off is performed, LIG stays
within the elastomer material and is separated from the precursor surface. A simpler strategy
is based on adhesive-based peel-off methods, where an adhesive material is joined to the sur-
face of LIG patterns and the precursor substrate, followed by peeling-off the elastomeric mem-
brane. If the binding strength of the adhesive to the LIG patterns is higher than the one be-
tween LIG and the precursor substrate, efficient separation of the patterns is achieved (Figure
2.15¢-d). This method has been mostly applied for adhesive membranes, such as medical grade
PU #93% Based on these transfer strategies, several LIG-based bioelectronic applications have
been explored, including biophysical signal detection (e.g. temperature, strain) 2329397 tactile

300,303

sensors ., electrophysiological signal monitoring ~ 2%7298300-302.

electrochemical
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potentiometric sensors %, demonstrating the robustness of these methods in maintaining the
conductive properties of LIG after transfer. However, these transfer strategies have mostly been
restricted to Pl-derived LIG. Thus, exploration of these transfer strategies and their compatibil-
ity with other LIG precursors or the development of novel LIG transfer mechanisms compatible
with alternative precursors would be important to expand the toolbox of materials to be used

for conformable bioelectronics system development.

(@) Laser (©
Laser Medical PU
Induction Adhesive Film

/
Graphene
Electrode Array

Figure 2.15 — LIG transfer strategies toward conformable applications. (a) Schematic of elastomer casting
and curing for LIG transfer, using PDMS. (b) Pattern before and after transfer and bendable properties
of the elastomer-LIG composite. Adapted with permission 2°3. Copyright 2015, American Chemical Soci-
ety. (c) Schematic of adhesive membrane peel-off transfer, using PU adhesive tape. (d) Resulting transfer
patterns placed on the skin and their stretchable properties. Adapted from 3%. Copyright 2022 American

Chemical Society.

2.5 Summary and outlook

As presented in this chapter, DLW has found widespread applicability in the microfab-
rication of bioelectronic components, needed for next-generation loT sensing technologies.
This versatility arises mostly from the distinct stimulus provided by laser beams, either photo-
chemical or photothermal, to perform ablative, additive, and transformative material pro-
cessing tasks and construct functional elements and geometries. With the focus given in this
chapter to additive and transformative laser-enabled material processing, DLW-based micro-
fabrication presents itself as a straightforward, scalable production method with very high pro-
totyping and iterative capabilities, poised for decreasing the time from laboratory to fabrication
and final implementation. Laser material processing tools have become ubiquitous both in

laboratories and in industrial processes, enabling a faster process-property optimization of
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both resulting laser-processed material properties and material integration and assembly, to
reach next-generation consumable electronic and bioelectronic applications.

Both empirical and simulation studies have provided greater understanding and control
over laser-material interactions and outcomes. The straightforward adjustability of laser stim-
ulus, by manipulation of energy (e.g. beam energy, power), time/frequency (PRF, PW), and spa-
tial (e.g. spot size, writing speed) fabrication parameters, enables the tuning of writing resolu-
tion, material thickness, uniformity and suitability for specific functional roles. Furthermore,
tunable laser-processed material composition and resulting conductive or semiconductive
properties allow for selective writing of integrated geometries with distinct capabilities from a
common precursor, further highlighting the effortless, seamless integration potential of ADLW
and TDLW processes. Outside of wafer-scale microfabrication, large-area microfabrication of
functional elements, from electrodes, current collectors, semiconducting sensing channels and
others, has also benefited from the deployment of DLW, especially in the fields of energy har-
vesting and storage, sensors, and bioelectronics. Specifically, the capability to write multi-ma-
terial electrode geometries with tailored properties and functionalities has been the most ex-
plored feature of DLW schemes. However, in this case, DLW still suffers from an important
disadvantage when compared to other solution processing and printing technologies, related
to the lower throughput, associated with some setups for material writing. For several printing
processes, such as screen, flexographic, and gravure printing, S2S and R2R implementation for
high-density fabrication of electronic components can be pursued, after optimization of
printed material properties. In contrast, DLW suffers from the characteristic line-by-line pat-
terning associated with beam-directing systems, instead of the planar modality of printing
technologies. Aiming at improving the fabrication throughput of optics and stage motion sys-
tems, the integration of multi-axis and multiple lasers for synchronized and simultaneous pat-
terning could be explored to improve throughput and compatibility with S2S and R2R pro-
cesses for large-area fabrication. Furthermore, as previously pointed out, optimizing DLW tasks
for high scanning speed regimens, as well as the implementation of high-speed scanning sys-
tems can drastically improve the fabrication throughput of DLW. With further development of
DLW microfabrication paradigms, a synergy between the continuous study of laser-material
interactions and the development of laser systems would be beneficial for future industrial
implementation, because most commercial laser systems are not specifically designed for ma-
terial synthesis and conversion tasks. Thus, greater fine-tuning of applied laser stimulus with
specialized lasers would decrease variability in material properties and a greater overall repro-

ducibility of DLW processes. In addition, most studies of DLW material growth focus on
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manipulating precursors for available lasers, and not on designing laser tools with compatible
properties for maximized irradiation outputs. Some recent instances in the literature have ap-
peared, where tailoring the laser system hardware clearly benefits the laser synthesis processes
and final device performance. Thus, the final implementation of fully functional hardware for
DLW setups would need to include appropriate laser sources, optics and beam directing sys-
tems, while benefiting the nature of the irradiated precursor.

In this context, DLW of carbon-based polymers for LIG engraving has been regarded as
one of the most interesting methods for graphene production. Although its properties are not
directly comparable to single layer graphene, LIG ease of production and handling offer many
opportunities for applications that do not require the conductive and optical properties of
available graphene powder. As it was described through this chapter, LIG opens the possibility
for the simple, cost effective and scalable production of technological components. LIG pro-
duction does not require controlled environments, expensive chemicals or equipment, thus
substantially reducing production costs, while being a sustainable and environmentally friendly
manufacturing approach. It virtually produces zero waste, and it can be performed in green-
based biocompatible and biodegradable precursors. On the other hand, it is a one-step man-
ufacturing process, that does not require slurry preparation or any other deposition methods,
once again lowering production time and costs. Therefore, LIG represents a very interesting
and promising material for solving, or at least reducing, the problems associated with toxic and
harmful e-waste. Nevertheless, it is not common for new and emerging technologies to get in
the market if they do not surpass the current state of the art or if they do not follow the "ten
times cheaper or ten times better" rule 3. Therefore, it is very unlikely that LIG-based devices
will quickly surpass already available mature technologies, which can be produced in mass at
relatively low cost. However, nanomaterials, such as graphene, exhibit clear advantages for the
production and scale up of emerging flexible and wearable devices. Due to its compatibility
with flexible substrates and low-cost fabrication, LIG-based electronics can bring electronic
functionality to markets unfit for rigid and expensive silicon electronics." The technology
readiness levels (TRL) for these technologies is still low, therefore more opportunities are pre-
sented for different processing methods, materials, and products to get in the market. Along
with other printing technologies, LIG may play a relevant role on the future market of flexible
technologies and become fundamental for device fabrication, based on a trade-off between
high performance obtained by silicon-based electronics and fast device prototyping and fab-
rication. Nevertheless, one of the most important advantages of LIG processing is its sustaina-

ble nature and the capability of promoting a truly greener, circular economy.
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In terms of LIG applicability in electronic component fabrication, this chapter aimed at
showcasing the multifunctionality of this material in multiple thin film, in-plane bioelectronic
components and systems. LIG products present several advantages, such as the ability to pat-
tern complex geometries in a one-step process, while allowing for a simultaneous tuning of
surface properties, regarding conductivity, wettability and other aspects such as morphology,
giving rise to its multifunctional properties. Furthermore, in-plane components can be readily
designed and studied using LIG, reducing material usage and improving the efficiency when
compared to non-planar geometries. However, due to the transformative nature of the laser
graphitization process, LIG thin films are eventually restricted and bound to the precursor sub-
strate, slightly restricting their application in thin film technologies where complex layer stack-
ing may be required, a disadvantage when comparing to graphene in powder form. Another
aspect relevant when developing applications with LIG is substrate compatibility and durability.
Green, bio-based materials have been intensely studied in the electronics field for various pur-
poses, such as transistor fabrication 3 and soft, flexible electronics *%, pushing several avenues
for the advancement of more sustainable fabrication, with circular approaches that promote
reusability, recyclability, reducing carbon footprint and energy consumption in fabrication 3.
As such, intrinsic properties of natural materials must be carefully selected, to meet the re-
quirements of any target application, both in terms of mechanical properties, but also on the
ability to be readily converted to LIG with appropriate characteristics, while preserving all the
necessary sustainability aspects. Some natural substrates, such as wood and other rigid bio-
mass, are great candidates to be used in rigid application, such as printed circuit boards, while
flexible cellulose or lignin films are attractive for soft, flexible and wearable technologies. Care-
ful engineering of natural materials’ composition and resulting mechanical and thermal prop-
erties is a key aspect for their applicability in specific technologies *%. As such, future develop-
ment on natural composites, using blending and coating approaches are envisioned to im-
prove several aspects of LIG synthesis, including precursor substrate compatibility and resulting
mechanical, morphological, and conductive properties. In addition, promising work is being
presented, regarding the use of new chemical treatments, such the use of non-toxic, green
catalysts, which improve the efficiency and outcome of laser graphitization processes, paired
with meticulous control of the laser irradiation process. With the concepts and recent devel-
opments discussed in this chapter, challenges related to devices performance and novel func-
tionalities may be tackled, while enabling multi-level integration of different components, us-
ing other compatible fabrication technologies such as screen or inkjet printing, to produce

hybrid laser engraved and printed systems. DLW microfabrication and its additive and
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transformative modalities are becoming adaptable, multifaceted, and auspicious tools for the
manufacturing of next-generation, flexible bioelectronics for the 1oT. By itself, or complement-
ing other fabrication techniques within hybrid frameworks, alongside solution processing and
printed electronics, future developments of DLW technology have the potential to impact elec-
tronics microfabrication. With the scope of different implementation levels, from material en-
gineering, functional patterning, and system-level integration enabled by DLW, future interest
in research and industrial application is anticipated, strengthened by the overview provided to

readers in this chapter.
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3

LASER-INDUCED GRAPHENE PLANAR
ELECTRODES FOR ELECTROCHEMICAL
SENSING

Laser irradiation to induce networks of graphene-based structures towards cost effective,
flexible device fabrication has been a highly pursued area, with applications in various poly-
meric substrates. In this work, we report the application of this approach towards commonly
available, eco-friendly, low-cost substrates, namely chromatographic and office papers.
Through an appropriate chemical treatment with sodium tetraborate as a fire-retardant agent,
photothermal conversion to porous laser-induced graphene (LIG) on paper was achieved. Ra-
man peaks were identified, with I2p/lg and Ip/ls peak ratios of 0.616 + 0.095 and 1.281 + 0.173,
showing the formation of multi-layered graphitic material, exhibiting sheet resistances as low
as 56.0 Q.sq”". Co-planar, LIG-based, three-electrode systems (working, counter and reference
electrodes) were produced and characterized, showing high current faradaic oxidation and re-
duction peaks, translating in high electrochemical active area, doubling the geometric area.
Good electron transfer kinetics performed exclusively with on-chip measurements were
reached, with ko values as high as 7.15 x 10 cm.s™". Proof-of-concept, amperometric, enzymatic
glucose biosensors were developed, exhibiting good analytical performance in physiologically
relevant glucose levels, with results pointing to the applicability of paper-based LIG towards
efficient, disposable electrochemical sensor development, increasing their sustainability and

accessibility, while simplifying their production and reducing their cost.

Keywords: laser-induced graphene, cellulose, paper substrates, fire-retardant agents, electrochemical sensors, glu-

cose
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Fortunato, E. (2021). Laser-induced graphene on paper toward efficient fabrication of
flexible, planar electrodes for electrochemical sensing. Advanced Materials Interfaces,
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3.1 Introduction

Biosensors are currently one of the most pursued fields of research, with several applica-
tions finding important use in our society, from food to environmental monitoring ", forensics
34 and healthcare °, by introducing devices with little complexity, low cost of production, easy
operation and higher user friendliness ®’. Biosensors mostly distinguish themselves through
their detection methodologies, where electrochemical ones stand out, due to their high ana-
lytical performance in terms of sensitivity, selectivity and response time, paired with low-cost
and portability 8°, being highly recognized by several decades of advances in glucometers ™.

For electrochemical biosensor production, the use of lithography or screen-printed elec-
trodes (SPEs) prevails, due to advantages regarding their sensitivity in small currents (picoam-
peres to nanoamperes), reduced ohmic loss in electric potential, low response times to varia-
tions in applied potential and other analytical advantages, including small sample volume re-
quirements "". The use of easily available and low-cost carbon-based materials for their pro-
duction, such as graphene, carbon nanotubes and other carbon nanostructures, has trans-
formed biosensor development, further improving the analytical characteristics of these sys-
tems, due to their exceptional electron transfer capability and high surface-to-volume ratio '
' However, devices produced with these technologies need intricate and time-consuming
manufacturing processes, making them harder to develop and increasing their overall cost.
Furthermore, they are less flexible for exploring different device architectures or multifunctional
platform development, raising the need for alternative microfabrication techniques ™.

Since the first report on the production of porous graphene films from polymeric sub-
strates through laser irradiation, introduced by Tour and co-workers '®, new systems based on
this laser-induced graphene (LIG) have been developed and reported. Most commonly, the use
of polyimide tapes and films for photothermal conversion of the polymer into a three-dimen-
sional, porous graphene structure has been employed for the production of a myriad of appli-
cations '/, ranging from chemical and physical biosensors "', UV sensors %, energy storage
devices 2% to paper electronics %, offering a mask-less, high-resolution, scalable and inexpen-
sive approach for carbon-based electrode development. Using this method for graphene pro-
duction, graphitic structures with tailored properties can be synthesized, based on the native
polymeric substrate, from synthetic polymers such as PI or polysulfones % to natural materials
such as wood %/, paper and coal % and on experimental laser conditions being applied ', main-
taining most of the advantages offered by conventionally fabricated electrodes. Furthermore,

it introduces the possibility of easily exploring different electrode configurations, with different
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system architectures in terms of electrode size and their disposition in the substrate, readily
fabricated in a single-step approach in the same support material. Moreover, the applicability
that has been proven in laser-enabled techniques for LIG production in flexible substrates such
as Pl and paper, has given the possibility to apply these approaches in flexible electronics.
Besides the direct synthesis of materials in which LIG is included, other laser-based approaches
for substrate microprocessing #° and surface treatment are achievable, in an abundant list of
materials, including polymers *, graphene *' or metallic surfaces and nanoparticles *, for pat-
terning and fabrication of active electronic elements and to potentiate the electric and con-
ductive properties of many materials. Powered by these laser processing techniques, LIG has
shown promising properties to complement such approaches, as well as conventional printing
techniques, including screen-printing® and inkjet printing **, to develop active elements in
flexible electronics for application in bioelectronic systems, such as conductive films *, super-
capacitors * and biofuel cells *" that can be integrated with biosensors for comprehensive,
multifunctional, self-sustainable applications.

In this work, we show the versatility of laser irradiation technique for three-electrode
system development for use as electrochemical biosensors, using cellulosic substrates such as
chromatography and commercial office paper. The development of paper-based electrochem-
ical analytical devices has risen in previous years, *® due to the advantageous properties of
paper as an abundant, low-cost, flexible and easily disposable material, with improved sustain-
ability, being commercialized in various engineered forms that present multiple properties in
terms of porosity, thickness or the presence of additives **. The production of LIG using various
cellulosic substrates has been previously presented. Because of inherent mechanical and chem-
ical properties, some higher grammage papers (e.g. paperboard)* or paper composites (e.g.
phenolic paper)*', have been readily employed for graphitization through laser irradiation and
subsequent application as electrochemical sensors. However, other more common, commer-
cial and easily available cellulosic substrates have impediments for direct application for laser
scribing. These substrates, such as kraft, chromatography or standard office papers, do not
withstand the power of laser cutters used to induce graphitization in other polymeric sub-
strates, because they mainly consist of cellulose, not directly converting to LIG, but to amor-
phous carbon materials such as char. * To reduce the thermal degradation and ablation usually
observed when these substrates are submitted to laser irradiation and allow for direct conver-
sion to graphene, fire-retardant chemical treatments have been proposed for application in
these substrates, using specific chemicals such as commercial, phosphate-based fire-retardants

242 and boron derivatives, such as boric acid * and sodium tetraborate (Borax). ** More
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specifically, these boron-based, inorganic metal-hydrate chemicals, such as Borax, have been
extensively explored, to mitigate thermal degradation of natural fibers such as cellulose *,
while acting as chemical heat sinks during laser induced combustion, because they undergo
endothermic decomposition processes that can prevent ignition of the substrate *°. Adaptation
of these approaches opens the possibility for new LIG precursor materials to be used and ma-
nipulated for graphene-based material synthesis, where eco-friendly, abundant and lower-cost
paper substrates present themselves as ideal solutions for more accessible device develop-
ment, that may take part in meeting the goals proposed by the UN for sustainable develop-
ment, using more responsible and sustainable production methods and reducing waste, by
creating new functionalities for mundane paper substrates. “¢

In this scope, we present, for the first time, the application of such approaches towards
the fabrication of co-planar, three-electrode systems for electrochemical sensor development
using such paper substrates. By manipulation of laser operation parameters for LIG synthesis
optimization and its subsequent characterization in terms of morphology, surface chemistry
and electric properties, high-throughput, easily adaptable, disposable electrochemical sensors
were fabricated and characterized in terms of their electrochemical capabilities, for simple, en-
zymatic, amperometric glucose sensor development, resulting in a novel approach for electro-
chemical sensor development using more sustainable, less-costly materials and fabrication

techniques, with potential for application in bioelectronics and wearable devices.

3.2 Experimental Section

Reagents and materials

During this work, ultrapure Milli-Q water laboratory grade (conductivity < 0.1 uS cm™)
was used to prepare all solutions. Sodium tetraborate decahydrate, potassium chloride, phos-
phate buffered saline (PBS), Glucose oxidase (GOx) from Aspergillus niger, horseradish perox-
idase (HRP), D-trehalose, D-glucose, ascorbic acid, fructose, bovine serum albumin (BSA) and
uric acid were purchased from Sigma, potassium hexacyanoferrate (lll) (K3[Fe(CN)s]) and po-
tassium hexacyanoferrate (Il) trihydrate (Ka[Fe(CN)e) . 3H.O) were purchased from Roth. All re-
agents were used as received, without further purification. Whatman chromatography paper
grade 1 (Whatman International Ltd., Floram Park, NJ, USA) and commercial office paper (Xerox

Colotech+ 220 g m™) were used for laser irradiation and LIG formation.
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LIG synthesis on paper

Firstly, paper sheets of each paper type were cut into A5 standard size (148x210 mm) and
chemically treated as previously described,”® by soaking the paper sheets in sodium borate
solution (0.1 mol.L™") for 10 minutes and subsequently allowing them to dry at room tempera-
ture, overnight. After this treatment, the paper sheets were submitted to wax printing, using a
Xerox ColorCube wax printer, followed by heating of the paper sheet at 120 °C for 2 minutes,
with the purpose of inducing hydrophobicity through its volume. For LIG formation at the pa-
per substrates, a computer-controlled CO; laser cutting machine (VLS 3.50, Universal Laser
Systems), with a 10.6 um wavelength, beam diameter of 0.127 mm was used. By varying laser
parameters, more specifically laser power and laser scan speed, the effect of the laser towards
the paper substrates was assessed, in terms of its ability to produce LIG, in opposition to abla-

tion of paper fibers or no LIG formation.

Paper-based LIG characterization
LIG formed in the paper substrates was characterized by SEM (Hitachi TM 3030Plus Tab-

letop) to have a visual image of three-dimensional LIG networks. Electrical sheet resistance (Rsh,
Q.sq") was determined by measurements in Van der Pauw geometry (5x5 mm square archi-
tecture, with 1 mm circular silver conductive ink contacts at each corner) with a Biorad HL 5500
four-point probe equipment. These measurements were performed in triplicates for all LIG
samples. Raman measurements were made with a Renishaw® inVia™ Qontor® confocal Ra-
man microscope (Gloucestershire, UK) equipped with a Renishaw Centrus 2957T3 detector. The
laser beam was focused through a 50x Olympus objective lens. Measurements were performed
with a 633 nm laser with 10 s exposure time and 3 accumulations as measurement parameters,
with a laser power of 16 mW. Ten measurements were performed in each sample, in pre-de-
termined areas of the LIG film area. X-ray photoelectron spectroscopy (XPS, Kratos Axis Supra,

UK) equipped with a monochromated Al Ka radiation (1486.6 eV).

Paper-based LIG electrochemical sensor production

For paper-based LIG electrochemical sensor fabrication, a vector image software
(Adobe lllustrator, Adobe Systems software, Ireland) was used to design three-electrode sys-
tems comprised of a working electrode (WE) with 4 mm in diameter, counter electrode (CE)
and reference electrode (RE), engraved using the optimized laser parameters. Following en-

graving, the devices were encapsulated in plastic sheets incorporated with an adhesive tape
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mask, using a commercial laminator. These sheets were previously cut, using the same CO;
laser machine, to have an open area for electrodes and conductive tracks. Lastly, silver conduc-
tive ink (AG-510 silver ink, surface resistivity: <0015 Q/square/mil, Conductive Compounds,
Inc., Hudson, NH) was used to establish conductive tracks and Ag/AgCl ink (AGCL-675, Con-
ductive Compounds, Inc., Hudson, NH) was used to pattern the RE, followed by a curing pro-
cess in a hot plate (50 °C, 1 hour) and removal of the adhesive mask.

For unmediated enzymatic glucose sensing, the WEs were modified by drop-casting 10
ulL of a solution containing GOx (3 mg.mL™), peroxidase (6.5 mg.mL™") and D-trehalose (113
mg. mL™, to stabilize enzymes and their activity *’) in its surface, followed by drying overnight
at 4 °C. For mediated glucose biosensors, the WEs were modified by drop-casting a mixture of
GOx and potassium ferricyanide as the mediator, at different concentrations. For miniaturized
test strips, a double-sided adhesive and a glass fiber absorbent membrane were laser cut and
placed over the working area of the test strip, as sample uptake layer. Waxed paper was also
laser cut with a sample entrance for the introduction and wicking of samples and attached to

the sample uptake layer, to finalize the test strip construction.

Electrochemical characterization

Sensors were submitted to electrochemical characterization, to determine experimental
parameters and draw a comparison between LIG sensors produced using the paper substrates
under study. Electrochemical measurements were performed using PalmSens 4.0 Potentiostat
(PalmSens Compact Electrochemical Interfaces). Prior to characterization, an electrochemical
pre-treatment step was performed on the electrodes, as previously described, *® by CV scan-
ning a potential window from -2 to 2 V at a scan rate of 100 mV s, using the supporting
electrolyte (0.1 mmol.L™" KCl). After pre-treatment, electrochemical systems were left to dry in
air. CV assays were carried with a potential window from -0.3 to 0.7 V, at scan rates from 10 to
150 mV.s™". EIS was carried with a pulse of 5 mV in amplitude, 50 data points, over a frequency
range from 10.000 to 0.1 Hz. The electrochemical measurements both by CV and EIS were
performed using a redox probe solution of 5.0 mmol.L™" [Fe(CN)e]*" and [Fe(CN)e]*, prepared
in the supporting electrolyte. To measure the response of unmediated glucose sensors towards
the presence of glucose, the amperometric response of the sensors towards solutions with
different glucose content (0.5 to 15 mM in PBS) was followed by chronoamperometry, using
an applied potential of 1 V. Continuous measurements were carried by applying 50 pL of

testing solution to the working area of the electrode, while carrying a single
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chronoamperometry measurement at 1 V applied potential. Every 100 seconds, 25 pL were
extracted and 25 L solution of glucose with double the testing concentration was added to
monitor the current increases with increasing addition of glucose. Testing of selectivity for un-
mediated enzymatic system was carried out using the same method, to monitor current
changes and the influence of ascorbic acid (0.1 mM), uric acid (0.1 mM) and fructose (1 mM).
For the mediated sensor, chronoamperometry was also employed for signal generation, with
different applied voltages depending on sensor construction (0.7 V for regular test strips and

0.3 V for the miniaturized test strips).

3.3 Paper-based LIG Synthesis and Characterization

3.3.1 Laser Parameter Optimization for LIG synthesis

Chemical treatment with sodium borate (0.1 mol.L™" in deionized water) was performed
on the paper substrates, as represented in Figure 3.1a. This is a crucial step when using these
natural polymeric substrates for laser irradiation, since they improve the resistance of fibers to
heat accumulation caused by laser, acting as chemical heat sinks, reducing thermal degrada-
tion. This effect was verified and shown in Figure A1, where untreated paper suffered complete
fiber ablation without conversion to graphitic materials. Following chemical pre-treatment, pa-
per was modified with wax, for impermeabilization of the substrate and further use in electro-
chemical sensor production, as seen in Figure 3.1b. All further characterization and experiments
were carried out with wax treated paper substrates. The synthesis of LIG on paper substrate
was performed by determining the effects of two different laser parameters, laser power (P)
and laser scan speed (S) percentage towards the paper substrates, in terms of the laser ability
to induce the production of noticeable graphitic materials. Laser power varied from 3% to 10%
of maximum operational value (1.5 to 5 W, respectively), with the same percentages being
applied to laser scan speed (38.1 cm.s™" to 127 cm.s™, respectively).

An 8x8 matrix of S and P coordinates was constructed, to establish which power and
speed pairs could be applied for LIG synthesis and characterization. Matrices for chromatog-
raphy and office paper are presented in Figure 3.1c-d. LIG synthesis occurred at a regimen
where S and P have similar percentage values or at a low-speed regimen, where laser power is
the dominant variable. In this low-speed regimen, power percentages need be restricted, to
avoid complete paper ablation or marked alterations to the natural cellulose network. For low

power regimen (P coordinate lower than S), there is less effect of the laser over the paper
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Figure 3.1 - Laser operation parameter optimization conducing towards LIG formation. (a)
Chemical treatment imposed to paper substrates, with sodium borate acting as fire-retardant.
(b) Wax printing for modification of paper substrates for laser irradiation and LIG synthesis.
Matrices of laser operation parameters (P - power, S — scan speed) for chromatography paper
(c) and office paper (d). (e) Different LIG coverage areas for three different laser operation
coordinates (1- P7S9, 2- P3S3, 3- P10S10). Heatmaps of laser irradiation effect towards chro-
matography paper (f) and office paper (g), in terms of laser ability to produce LIG, in opposi-
tion to paper ablation or absence of conversion.

substrate, leading to mild LIG formation only at superficial paper fibers, as shown in Figure
3.1e1. For regimens conducing to LIG, P and S operation coordinates show some differences
relating to LIG area coverage. For some coordinates, LIG synthesis is more superficial (Figure
3.1e2), in opposition to higher surface coverage (Figure 3.1e3), due to laser reaching internal
fibers, with more in-depth LIG synthesis, caused by the increase in laser operation coordinates.
Heatmaps of laser influence in the paper were constructed, based on the optimization matrices
and are shown in Figures 3.1f-g. The heatmaps show the laser parameters necessary for LIG

synthesis for each paper type. A comparison shows that for office paper, higher power can be
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used to produce LIG, as this paper presents an increased grammage and the presence of ad-

ditives, taking a higher laser power to cause complete paper ablation.

3.3.2 Paper-based LIG characterization

Thorough physico-chemical characterization of LIG produced on these paper substrates
was performed, to retrieve information about its chemical, electrical and morphological prop-
erties. Taking the previously presented matrices as reference, three power and speed coordi-
nates were selected for characterization, to establish a comparative study regarding the effect
of increasing laser operation parameters and the properties of the graphitic materials produced
from paper-based laser irradiation. The selected conditions were matching power and speed
percentages of 6, 8 and 10 %. The reason for this selection was that for lower P and S percent-
ages, LIG did not establish a fully connected network, capable of transporting current and serv-
ing as electrodes for electrochemical sensor production. For higher values, the laser would
increase the thermal degradation of the formed material or cause ablation of fibers, which
ultimately impairs the possibility of using the paper substrate as a sensor, due to leakage of
solutions used in sensor operation.

A morphological study of the produced paper based LIG was performed by SEM, to un-
derstand the effect of different laser operation conditions towards the surface of cellulose fi-
bers. Results are presented in Figure 3.2. Inspection of both paper types showed different fiber
architecture of these paper substrates, with chromatography paper presenting much more de-
fined and round fibers, with higher pore size, while office paper presents thinner fibers with
lower pore sizes. Furthermore, additives used in office paper fabrication can be clearly identi-
fied, with large salt agglomerates of calcium carbonate (CaCOs). When laser modification is
imposed, fibers suffer an apparent ablation or decomposition, that is more intense when laser
power and speed coordinates are increased. For chromatography paper (Figure 3.2a-b), cellu-
lose fibers’ structure is preserved, with higher porosity and structural decomposition being
induced for higher laser power. For office paper (Figure 3.2c-d), the same trend is observed.
However, for laser coordinates P10S10, more intense ablation of superficial fibers is observed,
with some loss of the natural network structure of the substrate. It is also visible that the laser
does not seem to remove the presence of other materials in this paper type (CaCOs and other
binders or fillers used in its production), which may lead to less uniform LIG coverage. For laser
coordinates P10S10, more intense ablation appears to induce some coral like structures within

the fibers, inducing increased porosity in the topography of paper based LIG surface. The
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Figure 3.2 - Scanning electron microscopy study of surface morphology of laser treated paper for LIG

synthesis. LIG synthesized using chromatography paper at operational laser parameter (a) P6S6, (b)
P10S10. LIG synthesized using office paper at operational laser parameters (c) P6S6, (d) P10S10. Cross-

sectional analysis of LIG structures for Whatman paper (e-f) and office paper (g-h).

implications of the observed morphological alterations caused by laser scanning for LIG pro-
duction indicate that a compromise is required between using higher laser coordinates, leading
to more efficient graphitization, while not increasing these coordinates to a point where abla-
tion becomes the dominant phenomenon. When this happens, higher porosity is induced due
to excessive destruction of the native fiber structures, leading to an increase in the capillary
transportation properties. Thus, even though this paper-based LIG presents hydrophobic prop-
erties (Figure A2), this increased capillarity leads to leakage of any sample used in the produced
electrodes (that can reach contact areas and cause short-circuits) and reduce the effective con-
ductive networks responsible for electron flow, thus affecting the electrochemical properties
of the produced electrochemical cell systems. Cross-section images were also taken from
peeled off LIG structures produced using P10S10 coordinates. For chromatography paper (Fig-
ures 3.2e-f), it is visible that the natural fiber configuration is maintained in the formed LIG
network, in opposition to irradiated office paper (Figures 3.2g-h). These LIG structures showed

varying thickness, related to the width of converted fibers, ranging from 10 to 30 ym.
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Raman spectroscopy was used to study and identify the presence of LIG after laser treat-
ment. Both paper substrates were analyzed, with comparative spectra being presented in Fig-
ure 3.3a and Figure 3.3b for chromatography and office paper, respectively. Three distinct
peaks were identified in the Raman spectra, at around 1324, 1582 and 2644 cm™, correspond-
ing to D, G and 2D peaks characteristic of carbon-based structures. *° The D band is attributed
to defects of sp® carbon hybridization in hexagonal sheets of carbon atoms. In this case, the D
peak is the most prominent peak, independent of laser operation coordinates or substrate
used for synthesis, except in LIG synthesized in chromatography paper using laser operation
coordinates P10S10 (Figure 3.3c), where some LIG structures showed a more intense G peak.
G peak, resulting from first-order inelastic processes attributed to bond stretching of sp? hy-
bridized carbon atoms in the graphitic structure, mostly shows a lower intensity when com-
pared to the D peak, for the remaining laser operation conditions analyzed. The peak showing
a more pronounced dependence from laser parameters and paper substrate was the 2D peak,
attributed to second-order, two-phonon resonance process dependent on excitation laser fre-
quency. For both chromatography and office papers, this peak showed an increase in its inten-

sity when laser operation coordinates increased, indicating that structures with fewer layers
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Figure 3.3 - Chemical characterization of paper-based LIG for different laser operational parameter co-
ordinates. (a) Raman spectra of LIG produced using chromatography paper. (b) Raman spectra of LIG
produced using office paper. (c) Distribution of 10 measure at LIG sample with Van der Pauw geometry
(TL - top left, TR — top right, BL — bottom left, BR — bottom right) and corresponding Raman spectra,
using P10S10 operation coordinates. Relative element composition for LIG samples for each laser oper-

ation coordinate set for (d) Whatman paper and (e) office paper, from EDS measurements.
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were being formed. When comparing both paper types, the intensity of this peak is character-
istically higher for chromatography paper. Considering the area under the peaks, the order and
disorder properties of the synthesized LIG were studied, by following the trends in I/l and
I/l peak ratios.

The results are presented in Table A1, showing the values of these ratios for all LIG syn-
thesis conditions. The lxp/ls ratio, which gives a measure on the layered nature of produced
graphitic structures, showed an increase in value associated with the increase in laser operation
coordinates, varying from 0.132 + 0.085 to 0.616 + 0.173 for chromatography paper and
0.073+0.037 to 0.269 + 0.113 for office paper, explained by the increase in 2D peak intensity.
These values indicate that LIG produced from these paper-substrates is multi-layered, with the
highest |0/l ratio value being 0.749 using laser operation coordinates P10S10 in chromatog-
raphy paper. The opposite behavior was observed for the Ip/lc peak ratio, which slightly de-
creased its value in association with the increase in laser operation coordinates. For chroma-
tography paper, it varied from 1.580 + 0.142 to 1.281 + 0.173, while for office paper, this de-
crease is not so significant. The lowest value obtained for the Ip/lc ratio was also for laser
operation coordinates P10S10, applied to chromatography paper, resulting in a value of 0.987,
indicating that in some cases, more pristine, less defect dense LIG was synthesized. This can be
seen in Figures 3.3c, showing the distribution of 10 measures used to study each sample and
the variability in chemical structure along the sample. In fact, because paper presents a highly
porous and heterogeneous structure, the effect of the laser will differ depending on the depth
of the fiber it reaches, ultimately synthesizing LIG with varying characteristics on the same
sample. Thus, there is some intra-sample variation regarding the chemical properties of the
synthesized LIG. To also monitor the chemical constitution of LIG samples, EDS was used to
track the alterations in relative elemental composition (namely carbon and oxygen), related to
laser operation parameters (Figure 3.3d-e and Table A1). Native chromatography paper has
surface composition in which carbon and oxygen are present at similar relative percentages .
Upon laser irradiation, carbon content in LIG samples increased significantly (upwards of 70 %
for chromatography paper and 60 % for office paper), paired with a decrease in oxygen con-
tent, highlighting the graphitization of the irradiated substrate, which is in accordance with
previous reports on similar processes on cellulose-based materials processed by laser irradia-
tion.>"*2 Moreover, increase in laser operation coordinates also leads to higher carbon content
in the samples, indicating a better conversion of the cellulose into LIG. XPS was also used to
confirm this conversion, with spectra presented in Figure A3. C1s spectra showed the presence

of sp? domain for irradiation of both paper substrates, in opposition to the precursor substrate,
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confirming the formation of LIG structures in the irradiated paper. Regarding electrical and
conductive characteristics of paper based LIG, sheet resistance (Rsh) measures were taken from
each synthesis condition previously presented, with results being presented in Table A1. For
both types of paper substrates, Ry, suffered a decrease associated with an increase in laser
operations coordinates. Similarly to Raman peak ratios, Rs» showed more desirable and lower
values for chromatography paper, varying from 329 + 60.0 Q.sq™' (n=3) for P6S6 laser operation
coordinates to 56.0 + 12.3 Q.sq' (n=3) for P10S10 coordinates. For office paper, LIG produced
with P6S6 coordinates did not show measurable conductive properties, probably because a full
LIG network, covering the laser treated area and establishing conductive paths wasn’t achieved
with these conditions. For subsequent laser coordinates, R, varied from 387.7 + 135.6 and 217
+ 21.8 Q.sq" (n=3). Thus, Rs values presented an approximate 4-fold decrease for P10S10
coordinates applied to chromatography paper for the same synthesis conditions. The lowest
Rsh value was obtained for these operation coordinates, with a value as low as 46.8 Q.sq ™' being
reached. Some constraints are present when analyzing the resistivity of this material due to the
porous characteristics of the native paper substrates, that lead to LIG films with the same
fibrous morphology, as shown in Figure 3.2. Thus, it is not possible to measure the exact thick-
ness of films, which are dependent on individual fibers' thickness, inhibiting the calculation of
absolute resistivity and conductivity of the films. However, Rs» measurements portray the good
conductive properties of the synthesized paper based LIG.

In Table 3.1, a literature survey focusing on chemical and electrical properties of laser
engraving approaches applied to different substrates is presented, to draw a comparison be-
tween the presented results and LIG derived from various polymeric materials. The results ob-
tained by this paper based LIG synthesis approach show that chemical properties are similar to
LIG obtained from other laser irradiated substrates, although LIG synthesized from natural pol-
ymers such as cellulose tend to present higher Ip/Ig ratios, indicating higher defect density. In
terms of conductive properties, this paper based LIG showed similar Rs» values to LIG obtained
from other substrates, including different paper substrates and polyimide. However, these
properties are greatly influenced by laser operation variables, indicating that their manipula-
tion and study can lead to the production of higher quality LIG derived from these paper sub-

strates.

99



Table 3.1 - Comparison of chemical properties obtained by Raman characterization and electrical prop-

erties of LIG produced from different substrates.

Substrate In/lg l2n/lG Rsh (Q sq™) Ref.

Pl 0.44 0.88 15 16

Pl 0.6 0.6 n.a. 3

Pl <1 >0.2 85 >4

PEI 0.2 0.65 83.76 42
PI/PDMS 0.72 0.61 80 55
KL/PEO 0.50 0.40 363.1 24

Cork 0.41 0.37 75 56

Coal 0.78 0.92 12 28
Paperboard 0.71 n.a. n.a. 40
Paperboard 1.2 n.a. n.a. 43
Phenolic paper 0.88 n.a. n.a. 41
Watercolor paper 1 n.a. 40 57
Chromatography paper 0.88 0.84 83 25
Chromatography paper 0.5 n.a. 32 58
Chromatography paper 1.28 0.62 56.0 This work
Office paper 133 0.27 217.7 This work

Pl — polyimide; PEI — poly(ether imide); PDMS — polydimethylsiloxane; KL/PEO — kraft lignin/poly(ethylene oxide)

3.4 Paper-based LIG Electrode Fabrication and Electrochemical

Characterization

After characterization of paper based LIG, laser operation coordinates P10S10 were se-
lected for electrode fabrication, as these conditions presented more appealing chemical and
electrical properties. Electrodes were patterned by laser irradiation in the same paper sheet
(Figure 3.4a1), to establish the architecture of the WE, CE and RE. The following step aimed to
establish a passivation layer for the electrodes, using plastic laminating sheet pouches covered
with an adhesive tape layer, to serve as mask for conductive track introduction and establish a
working area for the system (Figure 3.4a2). Subsequently, conductive tracks were established
using a silver conductive ink, and the RE was manually patterned, using an Ag/AgCl ink, painted
on top of the LIG area corresponding to the RE (Figure 3.4a3). After all the fabrication steps,
the electrochemical behavior of the devices was characterized using 0.5 mmol.L™" Fe(CN)s*/
Fe(CN)s* (solution as a standard redox probe prepared in 0.1 mol.L™ KCl supporting electrolyte)
(Figure 3.4a4).
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Figure 3.4 - Electrochemical sensor production and cyclic voltammogram characterization. (a) Sche-
matic representation of fabrication workflow used to produce paper-based LIG 3-electrode systems
and resulting device architecture. Cyclic voltammograms obtained for (b) chromatography paper and
(c) office paper for scan rates from 10 to 150 mV.s™" using 5 mM Fe(CN)s>/ Fe(CN)s* as redox probe

(inset shows the plot of peak currents vs. square root of corresponding scan rate).

Prior to electrochemical characterization, electrochemical pre-treatment of the elec-
trodes was performed using the supporting electrolyte, as presented in Figure A4. After elec-
trochemical pre-treatment, sequences of cyclic voltammograms in the range -0.3 to 0.7 V were
conducted, as shown in Figure 3.4b-c, for a set of 4 electrodes for both chromatography and
office paper. Faradaic currents corresponding to cathodic and anodic redox peaks for the elec-
trochemical redox couple can be clearly seen in the voltammograms, for all applied scan rates
under study (10 to 150 mV s™). These results portrayed the electron transfer between the LIG
electrodes and redox mediator that was expected for this system. The electrochemical behavior
of the electrodes showed peak potentials dependent on scan rate, with peaks located at ap-
proximately -0.11 V and 0.25 V for chromatography paper and -0.09 V and 0.31 V for office
paper, at a scan rate of 10 mV s™'. As scan rate increased, peak potential separation (AE,) fol-
lowed the same trend, showing that these carbon-based electrodes promote a quasi-reversible
electrochemical behavior, since AE, had different values than 0.059/n (n being the number of
electrons transferred between electroactive probes), the theoretical value for a fully reversible
electrochemical charge transfer. This behavior is usually attributed to limitations on the charge

transfer processes arising from the porosity of the material comprising the electrodes, as is the
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case with this paper based LIG. From the CVs, the dependence of anodic and cathodic peak
currents towards the scan rate was followed using the Randles-Sevcik equation, described in
equation 3.1:*°

i, =2.69x1054D"/2n2v'2 ¢ 3.1
where A is the electrochemical active surface area of the WE, D is the diffusion coefficient of
the redox probe (D = 6.40x10°® cm®s™ for [Fe(CN)e]*, in 0.1 M KCl ), n is the number of
electrons participating in the charge transfer process (n=1), v is the scan rate and C is the
concentration of the redox probe molecule (in mol.cm™). The plot of anodic and cathodic peak
current vs. square root of scan rate are presented in inset Figures 3.4b and Figures 3.4c. As it
is visible, current increases linearly with scan rate, portraying an electrochemical process ruled
by diffusion of the analyte from the bulk solution towards electrode surface. Also, it is visible
that for Whatman paper, current densities upwards of 3 mA.cm™ (taking the geometric area of
electrodes, Ay = 12.56 mm2) were achieved at 150 mV.s™' scan rate, while for office paper,
maximum current densities of 2.2 mA.cm™ were reached for the same scan rate. From the cur-
rent vs. scan rate plots, the electrochemical active area (Ae) was calculated, using the anodic
peak dependency on scan rate, for two sets of four electrochemical systems for both paper
types. Results are summarized in Table 3.2, with additional CVs and complementary plots pre-
sented in Figures A5 and A6. Results show that A increased when compared to the Ag. For
chromatography paper, a mean A. of 28.59 mm? was reached, while for office paper, a mean
A.of 20.15 mm? was achieved. This resulted in an increase of the activity ratio (Ae/Ag) of more
than two-fold for chromatography paper, probably related to the natural fiber network struc-
ture of paper allowing for greater LIG surface area to form. This aspect also relates to the mor-
phology of the resulting LIG networks for both paper types, where SEM analysis showed a
greater preservation of the natural fiber structure being maintained for Whatman paper, that
may lead to this increase in active electrochemical material at the electrodes.

Regarding the electron transfer kinetics, a comparison between AE, for the studied scan
rates and both paper types is presented in Figure 3.5a. As evidenced, lower AE, are character-
istic for chromatography paper, with values varying from 146 mV for 10 mV.s™" scan rate to 370
mV for 150 mV.s™ scan rate, producing a total variation of 224 mV. For office paper, AE, for 10
mV s™ scan rate is approximately 220 mV, increasing to upwards of 700 mV for 150 mV.s™" scan
rate. This indicates that electron transfer kinetics for office paper electrodes is poorer when

compared to chromatography paper-based electrodes, which is also in agreement with LIG
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Figure 3.5 - Electron transfer characterization and impedance spectroscopy characterization of paper-
based electrochemical systems. (a) Plot of AEp vs. corresponding scan rate, for paper substrate under
analysis. (b) Dependency of AEp toward scan rate, using the dimensionless kinetic parameter W, for cal-
culation of HET rate. (c) Nyquist plots obtained from impedance spectroscopy analysis for both paper
substrates under study, with fitting of Nyquist plot for Whatman paper with Randles modified circuit
(inset).

characterization previously presented, that showed that LIG synthesized from office paper pre-
sented less desirable chemical and electric characteristics for the same applied synthesis con-
ditions. To better understand these electron transfer kinetic mechanisms, the Nicholson
method ©' and its extension, introduced by Lavagnini et al. ®, were used to determine the
heterogeneous electron transfer (HET) rate (ko) parameter. This method relates the dimension-
less kinetic parameter W with AE, and the corresponding scan rate by the relation presented in

Equation 3.2:

— Dova/2 RT
¥ =ko (DR) \IranDo v (3.2)

where Do/Dr are the diffusion coefficients for oxidized and reduced species, o is the transfer
coefficient, n is the number of electrons participating in the reaction, R is the universal gas
constant (8.314 J.K.mol™), T is the absolute temperature and F is the Faraday constant (96 489
C.mol™). To use this dependency, there is the assumption for this quasi-reversible system that

diffusion coefficients are approximately equal and that redox kinetics are symmetrical (o = 0.5),

which was confirmed by the Laviron equation, where a = 3 61’3“5 (6pq and &, being the slope
pa pc

of the curves for anodic and cathodic peak currents vs log of scan rate) *, with values presented

in Table 3.2. Then Equation 2 simplifies to Equation 3.3,

RT _ RT -
Y=k, /m= Ckov™ V%2 (C= ———=35.56, D = 6.40 x 107* cm?/s) (3.3)

The dimensionless kinetic parameter is also related to AEp by Equation 3.4:

Y = 218 [a/m]Y? exp [— (%) nAEy] (3.4)
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Using equations 3 and 4, ko can be determined by the slope of W vs. Cv~1/2, Representa-
tive plots for this dependency are presented in Figure 3.5b, corresponding to the cyclic volt-
ammograms presented in Figure 3.4. From the slopes of the curves presented in Figure 3.5b,
ko presents a much higher value of 7.15 x 10 cm.s™" for chromatography paper, confirming the
improved charge transfer properties of LIG produced from this paper source. For office paper,
this value was obtained from the slope of the linear segment of the plot, where AE, values not
exceeding 500 mV were considered (quasi-reversibility is maintained),®> with ko dropping to
4.49 x 10" cm.s™" for the CV curve presented in Figure 3.4c. To confirm this trend and test the
reproducibility of the electrochemical behavior of these electrochemical chips, this parameter
was analyzed for the additional set of electrochemical systems, with results presented in Table
3.2. An average ko value of 6.85 x 10* cm.s™ (RSD = 3.7%) was reached for chromatography
paper, whilst for office paper, this value decreased to 4.08 x 10* cm.s™" (RSD = 12.9%), showing
less reproducibility in devices produced using this substrate.

EIS was also used to characterize the electrodes and have a comparison between charge
transfer resistance (Rcr) and solution resistance (Rs) obtained from fitting of Nyquist plots pre-
sented in Figure 3.5c. Solution resistance was different for the two electrode base materials,
with characteristically lower values of Rs obtained for chromatography paper-based systems.
For chromatography paper, an Rs value of 214.6 + 10.6 Q (n=4) was achieved, increasing to 830
+ 39 Q for office paper. Since Rs is dependent on electrode area and its geometry, the differ-
ences previously presented in SEM characterization may explain the marked difference in this
parameter. For Ry, fitting with the Randles circuit, including a constant phase element replac-
ing the double layer capacitor, resulted in a value of 101.5 + 9.8 Q (n=4) for chromatography
paper as base material. For office paper no significant information was retrieved from this fit-
ting, as this parameter showed great variation for the produced electrochemical systems. Over-
all, these results indicated that LIG electrodes produced from chromatography paper could be
employed for impedimetric sensor development, but more in-depth study of these properties
should be carried out to test their suitability. Furthermore, reproducibility of the chip sensors
could be studied in terms of the mechanistic properties of the produced LIG, so that it could

be tailored to more specific and accurate application in sensing and bioelectronics.
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Table 3.2 - Stochastic electrochemical parameters for electrochemical systems produced from chroma-

tography and office papers.

Chromatography paper Office paper
Electrodes A (mm?) ol ko (10* cm.s™") A (mm3) o ko (10 cm.s™"
#1 29.81 0.499 7.15 21.72 0.499 4.51
#2 27.24 0.499 6.97 20.60 0.497 445
#3 30.12 0.491 6.68 19.14 0.490 3.98
#4 27.18 0.498 6.61 19.15 0.494 3.37
Average 28.59 0.497 6.85 20.15 0.495 4.08
RSD (%) 5.6 0.8 3.7 6.2 0.8 12.9

3.5 Proof-of-Concept Amperometric Biosensors

3.5.1 Unmediated glucose biosensor

After electrochemical characterization of the paper-based LIG three-electrode systems,
simple, disposable electrochemical sensors based on enzyme catalyzed reaction of glucose
using GOx and HRP were produced. WEs were modified by simple drop-casting method, to
allow for adsorption of enzymes into the paper-based LIG surface. CV was used to determine
if there was any alteration in current caused by the introduction of glucose standard solutions
with different concentrations, related to the catalytic reactions of the bi-enzymatic system ap-

plied for electron transfer pathways at electrode surface, without any electrochemically active

mediator .

Glucose + 0, ﬂ Gluconolactone + H,0, (D
H,0, + Peroxidase,qq — Peroxidase,, + H,0 2)
Peroxidase,y + 26~ ——— Peroxidase qq 3)
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Results presented in Figure 3.6a indicate an increase in anodic current resulting from
increasing glucose concentrations introduced into the system. This in accordance with H,0;
oxidation by peroxidase in PBS medium %, and was used to establish the amperometric meas-
urements. This anodic current appears to increase more intensely for potentials above 0.5 V,
so a measure potential of 1 V was established to guarantee that glucose-induced current
changes could be detected (this parameter was not fully studied, although it is important to
establish optimized sensitivity and detection range). In Figure 3.6b, the chronoamperometric
response of the modified electrode is presented, showing the current increase related to the
increase in glucose sample concentration. Baseline current of 12.9 + 2.7 pA for PBS buffer with
no glucose was achieved after a stabilization period of 50 seconds, increasing until 119.4 + 6.7
WA for 15 mM glucose concentration. The obtained current values after a stabilization period
of 50 seconds were used for calibrating the sensor, presented in Figure 3.6c. The sensitivity
range showed two regimens, with the first linear range (0 to 1 mM) showing a higher sensitivity

of 27.24 yAmM™", with a limit of detection of 0.13 mM (calculated as 30/S), and the second
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Figure 3.6 - Paper-based LIG three-electrode systems applied as unmediated enzymatic, amperometric
glucose biosensor. (a) CVs for different amounts of glucose in PBS buffer. (b) Chronoamperometric sen-
sor response to different glucose concentrations (0 to 15 mM), measured at 1V applied potential. (c)
Resulting calibration curve from chronoamperometric response 150 seconds after glucose introduction.
(d) Continuous amperometric sensor response to the introduction glucose (inset showing the first cur-
rent increase step). (e) Selectivity of enzymatic biosensing strategy towards glucose, assessed by moni-
toring current response to the introduction of ascorbic acid (AA), uric acid (UA), fructose and a mixture

of glucose and interfering metabolites.
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linear range having a lower sensitivity of 5.42 uA.mM™". To study the sensor response to the
introduction of glucose as a continuous measurement, the amperometric response was fol-
lowed for successive additions of glucose in the working area of the sensor. Results are pre-
sented in Figure 3.6d, showing the current step related to introduction of 1.0 to 5.0 mM glu-
cose, with inset showing one of the current steps in more detail. The current increase upon
glucose introduction has a variation with the amount of glucose, taking less time for lower
glucose concentrations. To confirm that the amperometric response of the bi-enzymatic reac-
tion started with glucose introduction, selectivity was monitored by studying if possible inter-
fering metabolites (ascorbic acid, uric acid and fructose in PBS buffer) could induce current
response in the sensor, with results in Figure 3.6e showing that significant current increases
occurred only in the presence of glucose. These results show that paper-based LIG three-elec-
trode systems can be adapted for disposable, electrochemical sensor development using am-
perometric signals for correlation with glucose levels, that could be further improved in terms

of enzyme immobilization approaches for better performance.

3.5.2 Mediated glucose biosensor

The second generation of glucose biosensors is portrayed as mediated enzymatic sen-
sors, where there is the use of non-physiological redox mediators capable of transporting elec-
trons towards the electrode surface. ® Most test strips from commercial glucometer systems
involve modifying the reaction zone (WE) with an appropriate enzyme with affinity for glucose
and an electrochemical mediator that changes its redox state due to the biological recognition
reaction between the enzyme and analyte. Table 3.3 shows various combinations of enzymes
and mediators used in various commercial test strips, serving as a source for selection of an

appropriate enzyme-mediator pair.

Table 3.3 - Enzyme/mediator combinations employed in commercial test strips. Adapted from ¢

Test strip Enzyme Mediator

One Touch Ultra GOx Ferricyanide

Arkray PQQ-GDH Hexaammineruthenium ()
Ascencia Contour FAD-GDH Ferricyanide

BD Test Strip GOx Ferricyanide

FreeStyle PQQ-GDH Osmium complex

Precision Xtra NAD-GDH Phenanthroline quinone
TrueTrack Smart System GOx Ferricyanide

Accuchek Aviva PQQ-GDH Proprietary
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GOx - Glucose oxidase; PQQ-GDH - glucose dehydrogenase pyrroloquinoline quinone; FAD-GDH - flavin adenine dinucleotide-dependent glu-

cose dehydrogenase; NAD-GDH - nicotinamide glucose dehydrogenase

The most common approach has been the combination of GOx as the biological recog-
nition element and potassium ferricyanide (Ks[Fe(CN)e]), an electroactive compound also used
throughout the work to characterize the faradaic charge transfer capabilities of LIG-based elec-
trochemical systems. This biodetection mechanism is based on the selectivity of the GOx en-
zyme for the glucose oxidation reaction, which leads to the reduction of the enzyme's cofactor
(FAD to FADH)) (Figure 3.7a). After this reaction, the enzyme is regenerated through the re-
duction of the mediator, induced by the electron acceptor cofactor. After this cascade of reac-
tions, the reduced form of the mediator (potassium ferrocyanide - Ks[Fe(CN)e]) accumulates.
The application of an appropriate potential induces an electrochemical reaction, which regen-
erates the mediator to its initial form, leading to the capture of an electron referring to the
oxidation of the accumulated mediator in its reduced form, producing an electrical response,
directly proportional to the initial concentration of glucose.

LIG-based electrochemical cells were used to develop mediated glucose sensors by mod-

ifying the working electrode with a solution containing GOx and the iron mediator. From a

2]
e
o
o
=]

(a) Ferro . (b) ( Glucose concentration:
R N Glucose | —PBS
—10mM

N

[=}

=3
o
o
o

GHOH

N
GOX{FADH,) o
c - - Con
N e N S h £
W/ L o1
i i
W

PN 2:2:
ol
Glucenolactone I ——PBS ‘L_;g

OH Gy
—— 50 mM

1.0 0 10 20 30 40 50 60 70

—20mM
——50mM

N
o
o

i

Current (nA)
N w
8 8

Current (uA)
=

@
3
t
=
@
@
g
g
B
=
w

Q
I
s}

GOX(FAD}

=
o
(=]

(=]

Potential vs Ag/AgCI(V) Time (s)
@ Tempo estimagéo (s): (8) 250 27 PBS (f) 150 7 5S (5 sec)
150 fo ] R 50 mM 125l . § ] 30 mM (5 sec)
. 20 i=223[Glucose] + 17.36 — \% § ] Ny
3100- o / 3100- § \ \§ \§
T ot oeos s 532 . 7 77
‘ E—: 10 20 30 40 50 0 § § § §
[Glucose] (mM) Reaction Time (s)

Figure 3.7 - LIG-based mediated enzymatic glucose biosensor. (a) Biodetection mechanisms and reaction
cascade for mediated glucose detection using GOx and Fe(CN)s*3. (b) CV response of sensors in the
absence and presence of glucose. (c) Chronoamperometry response of for increasing concentrations of
glucose. Influence on estimation time (d), reaction time (e) and enzyme/mediator concentrations (f) on

sensor response (n=3 for each concentration condition).
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literature survey, the initial concentration levels for the enzyme and mediator were set at 5
mg/mL and 100 mM, correspondingly °”8. Given this survey, these concentration values can
vary up to unit values for the enzyme and higher concentration values for the mediator, de-
pending on the electrode materials and configuration. It is therefore necessary to study the
response of this system applied to electrodes made from laser-induced graphene ¢~"°. Having
set an initial value for the concentration of enzyme and mediator, the biodetection scheme
was tested in a standard test matrix, without the presence of interferents. This matrix consists
of a 0.1 M PBS solution. The results show that the sensors respond well to the presence of
glucose, using the proposed scheme. CV was used to identify the potential regions where an
electrical response associated with this reaction occurs. Based on the results shown in Figure
3.7b, a measuring potential of 0.7 V was established, with which the amperometric analysis was
carried out, shown in Figure 3.7c. Three repetitions (n=3) were carried out for each concentra-
tion, from which the average response curve for each concentration was obtained. From the
time profile of the response curves, it is possible to select the estimation time, to derive the
system's calibration curve, as shown in Figure 3.7d. As can be seen, the estimation time influ-
ences the magnitude of the signal current, as well as the sensitivity of the system, and is an
important parameter when carrying out point-of-care tests, in terms of the time taken between
carrying out the test and obtaining the result. For an estimation time of 5 seconds, resulting
sensitivity of 2.2 uAmM™, with a limit of detection (LOD) of 2.3 mM was observed, while for an
estimation time of 40 seconds, the sensitivity reaches 1.1 HA.mM™" with an LOD of 2.2 mM.
Two important aspects in the measurement protocol were also studied, namely the re-
action time given for accumulation of the enzyme-promoted reduced mediator and the con-
centration of enzyme and mediator used to modify the WE. For the reaction time, three time
periods were surveyed (10, 30 and 120 seconds). As shown in Figure 3.7e, no alterations are
detected in the baseline current observed for the PBS buffer. However, for a concentration of
50 mM, an increase in current associated with increased reaction time is observed, indicating
that higher reaction times allow for a more efficient reduction of the ferricyanide mediator,
impacting the final current signal. However, it is relevant to limit this reaction time, since it
impacts the total test time when such test strips are implemented in a commercial system,
which usually displays few seconds to get a result after a finger prick blood sample is intro-
duced in the strip. For enzyme and mediator concentrations two alternative values for enzyme
(2.5 and 10 mg.mL™") and mediator (50 and 200 mM) and their combinations were tested. The
results indicate that increased enzyme concentration results in higher magnitude of measured

current (comparison between conditions A to C and B to D, Figure 3.7f) in response to glucose.
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For the same enzyme concentration condition, the variation of mediator concentration appears
to influence the measured current, although not so significantly as for enzyme concentration.
Thus, this simple analysis shows that enzyme concentration appears to be the key factor in
glucose test strips and resulting sensitivity, due to the kinetics associated with its role in glu-

cose oxidation and subsequent reaction cascade, resulting in the measured current signals.
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Figure 3.8 - LIG-based, miniaturized mediated glucose biosensor. (a) Scheme of miniaturized glucose
test strips and its components. (b) Chronoamperometry response of miniaturized glucose test strips for
increasing glucose concentrations in PBS matrix. (c) Calibration curve for the analytical response of sen-
sors in PBS matrix. (d) Chronoamperometry response of miniaturized glucose test strips for increasing
glucose concentrations in human serum matrix. (e) Calibration curve for the analytical response of sen-

sors in PBS human serum matrix (n=3 for each concentration condition).

In this way, a working window was established for the development of the final form of
the test strip, compatible with small test volumes of commercial glucometers (<5 pL) obtained
through finger-prick blood extraction. Figure 3.8a shows the architecture of the test strip, man-
ufactured using laser material processing principles. The main features of this test strip are its
miniaturization and the inclusion of components capable of automatically collecting a blood
sample after a finger prick. Additionally, because of the miniaturization, the reference electrode
in this test strip is not modified with Ag/AgCl, as in previous experiments. In addition, a com-
mercial miniaturized potentiostat unit was employed (PalmSens Emstat Pico Development Kit)

to automatize the measurement protocol.
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Various analytical tests were carried out with these test strips, to study their compatibility
with the glucose detection processes. Measurements were initially carried out in PBS, with
some changes to the electrode modification and measurement protocol, namely: (i) 2 pL of
enzyme (25 mg/mL) and mediator (0.5 M) mixture deposited over the WE (ii) 4 yL volume of
testing solution inserted in the sensor inlet zone, (iii) 15 seconds of enzyme reaction time after
sample introduction, followed by chronoamperometric measurement at 0.3 V and (iv) current
estimation time of 0.5 seconds. Figure 3.8b shows comparable results to the ones obtained
using the first sensor prototype with PBS, with some distinction. There is an increase in the
magnitude of the measured currents in relation to the smaller electrode area, due both to the
increase in the concentration of enzyme/mediator and to the reduction in estimation time.
Regarding the analytical performance of this miniaturized sensor conformation, (Figure 3.8c)
there was an increase in sensitivity, to a value of 6.82 pA/mM, which has advantages in better
discrimination of concentration values. In addition, an LOD of 0.9 mM (n=3) (approximately 16
mg/dL) was calculated, as well as a linear variation regime up to 20 mM (360 mg/dL). The LOD
is well below the values expected by patients with hypoglycemia, which demonstrates a first
technical validation of the sensors for measuring clinically significant glucose concentration, as
well as the linear variation limit including the values necessary for the efficient detection of
hyperglycemia.

Subsequently, a complex human serum matrix (Cormay Serum HN), very similar to blood
samples, was used as a test matrix. This solution contains a concentration of glucose, previously
determined by the manufacturer, of 4.71 mM (84.8 mg/dL), within the normoglycemic range.
The standard addition method was used, introducing known amounts of glucose to this serum
sample, to analyze the response of the sensors independently of the matrix effects of the so-
lution. Only two test conditions did not follow this method, namely the calibration solution
(PBS) and the diluted serum analysis condition (Serum 50%). The chronoamperometry results
shown in Figure 3.8d consist of additions of known amounts of glucose (2.5 to 30 mM) to the
same serum matrix. As expected, the same types of descending curves are obtained with this
matrix, with a shift towards higher current densities associated with increased glucose concen-
trations. In addition, the current magnitudes obtained with these samples are very similar to
those measured with standard samples in PBS, which underlines the compatibility of this bio-
detection scheme with more complex biological matrices. Regarding the analytical perfor-
mance of the sensor, a slightly different behavior was observed, namely the appearance of two
linearity regions with different measurement sensitivities (Figure 3.8e). The first shows a very

similar sensitivity to the system tested in PBS, at 6.91 yA/mM, once again validating the
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system's compatibility for measuring complex samples. However, above a concentration of ap-
proximately 15 mM, the sensitivity drops to 3.99 yA/mM. This may be due to less efficient mass
transport and diffusion of accumulated ferrocyanide at higher glucose concentrations, associ-
ated with the presence of high molecular weight interferent, such as proteins, that can block
electrode surface. Because more ferrocyanide is being produced after the enzymatic oxidation
of glucose, it starts accumulating beyond the electrode surface. Because of the smaller area of
the WE, mass transport becomes more prevalent to move these reduced mediator molecules
towards the electrode surface, decreasing the measured currents. The calculated LOD was 4
mg/dL, which demonstrates the good detection capacity in extended ranges. However, despite
the upper limit of the first linearity range being 15 mM (270 mg/dL), detection of hyperglyce-
mic states is still possible, maintaining the compatibility of use for glucose quantification.
Finally, the analytical performance was also analyzed in relation to the applicability of the
measurements in the context of diabetes diagnosis and prognosis, using the Parkes consensus
error grid and the ISO15197:2013 standard (n=32). The first analysis using the Parkes error grid
(Figure 3.92) aims to detail how many of the measurements fall within a correct diagnosis (area
A), compared to the possibility of misdiagnoses, that could influence therapy to varying de-
grees of severity (areas B to E). Results using miniaturized test strips and serum samples with
known concentration show that most measurements were within zone A, referring to correct
diagnosis, with no influence on clinical action. Six of the measurements were in zone B (18.75
%), indicating a variability of the strips that could lead to cases of altered clinical action, but
with a negligible effect on the clinical outcome of patients. Of the 32 strips used in these meas-
urements, none were found in any of the other zones, in relation to possible clinical decisions
that could lead to risks for patients. The same results were also analyzed using the Bland-
Altman precision graph (Figure 3.9b), which shows the difference obtained between the tested
measurement method and a standard measurement or, in this case, by the standard addition
method. According to ISO 15197:2013, 95% of the samples must be within a stipulated range
of variation. Up to 100 mg/dL, the strips may not show a variability of more than 15 mg/dL,
while above 100 mg/dL, a variation of 15% in relation to the correct value is tolerable. Accord-

ing to these criteria, the sensors show an accuracy of 72% (9 samples outside the tolerance
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Figure 3.9 - Validation of miniaturized test strips using human serum samples. (a) Parkes consensus error
grid and (b) Bland-Altman accuracy plot for testing with human serum samples using the standard ad-
dition method. Parkes consensus error grid (c) and Bland-Altman accuracy plot for testing under simu-

lated real environment.

range). This result falls short of what is needed to fully validate this technology but demon-
strates a Technology Readiness Level (TRL) of laboratory demonstration and simulated appli-
cation environment.

A final validation of the test strips was carried out in a simulated real environment, in
collaboration with NOVA-NMS, through real tests with blood samples collected using the
standard blood prick method. At the same time, these samples were measured both with a
commercial glucose meter (Contour Next, Bayer) and with the test strips. This initial validation
was carried out with two volunteer subjects, using an Oral Glucose Tolerance Test (OGTT) pro-
tocol. In this protocol, fasting blood glucose is measured, followed by the ingestion of a con-
trolled amount of glucose. A new measurement is then taken after 30 minutes to determine
the participant's ability to metabolize glucose. Furthermore, two stored plasma samples col-
lected from individuals with diabetes mellitus were also tested with the LIG-based test trips. A

summary of the results is shown in Table 3.4.
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Table 3.4 - Results obtained in the validation test of the system developed with real blood samples obtained in a
laboratory environment (NOVA-NMS).

Samples Commercial glucometer (mg/dL) LIG test strips (mg/dL) (n=3)
Subject 1 - fasting 92 105.5 + 16.0

Subject 1 - after 30 min 121 120.5+17.8

Subject 2 - fasting 94 1045+ 79

Subject 2 — after 30 min 97 117.0 £ 16.2

Stored plasma samples
#1 198.3 205.6 + 33.3
#2 204.0 217.6 + 25.7

An analysis of the results indicates some discrepancy between the values obtained with
the commercial glucometer and the LIG test strips, with blood glucose values measured with
LIG-based strips showing higher concentrations. Several reasons can explain this situation, in-
cluding (1) the fact that the calibrations and measurements were made with different batches,
manufactured at different times. But the main one is related to (2) the use of a calibration curve
obtained with a different matrix (human serum). This may indicate possible matrix effects, in-
dicating that there may be interference from other blood components and biomarkers in the
magnitude of measured concentrations. To resolve this situation, more robust validation stud-
ies would be needed, where the calibration used to extrapolate measured blood glucose values
would have to be done only with blood samples, to understand how much these interferents
might affect the effectiveness of the system.

However, the system functioned well in its ability to keep up with the upward trend in
blood glucose associated with the oral tolerance test. After oral consumption of glucose (30-
minute measurement), the concentration values increase for both participants, which would be
expected. It should be noted, however, that for participant 2, the blood glucose values meas-
ured at both times did not show a significant increase, which was attributed to some measure-
ment error associated with the commercial system. In addition, two stored blood plasma sam-
ples (provided by NOVA-NMS, donor data remained anonymous in the experiment) were also
measured, with values characteristic of hyperglycemia. Once again, the system's ability to fol-
low the trend of increasing concentrations was demonstrated, with similar concentration values
for both systems around 200 mg/dL. The results are also encapsulated in Figure 9.3c-d, which
shows Clarke's error grid and the precision graph according to the ISO15197:2013 standard.

Regarding the clinical relevance of the measurements according to Clarke's grid, all the
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measurements are in zone A. However, the evidence presented above is more strongly re-
flected in the precision grid, where a high number of measurements fall above the measure-

ment tolerance levels

3.6 Conclusions

This work showed that LIG is a powerful and versatile material, displaying compatibility
with scalable, flexible and efficient fabrication of electronic devices for multiple applications.
With this work, we showed its applicability towards common, commercial cellulosic substrates,
namely chromatography paper and office paper, chemically modified with sodium borate as
fire retardant chemical, that aids in the graphitization of cellulose into multilayer, laser-induced
graphitic material. This paper based LIG was fully characterized in terms of its surface chemistry,
with Raman spectra showing the characteristic D, G and 2D peaks of carbon-based, with Ip/lg
ratio as low as 0.987 showing less defect dense graphitic material being synthesized when
higher laser power and scan speed are employed, while increasing l.p/lc values as high as 0.749,
portraying the multi-layered nature of the material. This paper based LIG also presented good
electrical properties, with Rs, as low as 56.0 Q.sq™'. Using standard redox mediator Fe(CN)s>/*
for electrochemical characterization of planar electrodes in a three-electrode architecture,
quasi-reversible electron transfer was demonstrated, with high electrochemical surface area.
Electron transfer kinetics of these LIG-based electrochemical sensors was also characterized,
showing good results considering that all measurements were performed on chip, with no ex-
ternal electrodes of conventional size, thereby allowing the use of small sample volumes. Based
on this characterization, simple, enzymatic glucose biosensors were tested to determine the
applicability of this paper based LIG towards amperometric sensor development.

Overall, it may be said that simple, disposable, inexpensive biosensors can be developed
using this laser irradiation approach for electrode fabrication, with improved sustainability.
With further study and optimization of other laser parameters towards LIG synthesis, the pos-
sibility of performing compatible electrochemical treatments towards electrodes and introduc-
ing other enzyme immobilization and electrode modification strategies, promising, high-effi-
ciency biosensors can be developed with improved sustainability, lower-cost and higher ac-

cessibility for multiple analytes of interest.
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| 4

INFLUENCE OF CO, LASER-BEAM MODEL-
LING ON ELECTRONIC AND ELECTROCHEM-
ICAL PROPERTIES OF LASER-INDUCED
GRAPHENE

Laser-induced graphene (LIG) allows for the fabrication of cost-effective, flexible elec-
trodes on a multitude of recyclable and sustainable substrates, for implementation within elec-
trochemical biosensors. This work expands on current LIG research, by experimentally model-
ling the effects of several CO; laser irradiation variables towards resulting conductive and elec-
trochemical properties of paper-derived LIG. Instead of relying on the established paradigm of
manipulating power and scan speed of the laser irradiation process for optimized outcomes,
modelling of underlying laser operation principles for pulse modulation, regarding pulse rep-
etition frequencies, pulse duration and defocus are presented as the key aspects dominating
graphitization processes of materials. This approach shows that graphitization is dominated by
appropriate pulse durations, dictating the time the substrate is exposed to each laser pulse,
with laser fluence and irradiation defocus influencing the resulting conductive properties, with
sheet resistances as low as 14 Q.sq™". Similarly, fabrication settings controlled by these param-
eters have a direct influence on the properties of LIG-based electrochemical three-electrode
systems, with optimized fabrication settings reaching electrochemically active surface area as
high as 35 mm? and heterogeneous electron transfer rates of 3.4 x 102 cm.s™. As a proof-of-
concept, the production of environmentally friendly, accessible, and biocompatible pH sensors

is demonstrated, employing riboflavin as a pH-sensitive element.

Keywords: laser-induced graphene, CO: laser, paper electronics, electrochemical sensors, pH, sustainable

production
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(2023). Influence of CO; laser beam modelling on electronic and electrochemical prop-
erties of paper-based laser-induced graphene for disposable pH electrochemical sen-
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4.1 Introduction

The use of distinct carbon-based materials, such as carbon nanotubes, graphene, and
other graphene-related materials in electrochemical sensing approaches has been a key re-
search focus 2 Their use is based on relative chemical inertness, simultaneously allowing for
wide potential windows in aqueous electrolytes, with low background currents, while improv-
ing charge transfer processes due to excellent conductivity and high specific surface areas >.
More specifically, graphene and graphene-based nanocomposites have demonstrated great
significance and applicability to produce electrochemical devices and sensors with improved
analytical performance, serving as an important building blocks within sensor architectures.*
By themselves, these materials have been employed for modification of disk electrodes >, paste
electrodes ® and have also been employed for the fabrication of electrode architectures by
printing methods.” Recently, a new class of graphene-like materials synthesized by laser irra-
diation approaches have appeared, more specifically, laser-induced graphene (LIG) . Distinc-
tively to printing approaches, LIG can be simultaneously synthesized and patterned, without
the need for catalysts, ink formulations, and masks, increasing the prototyping potential of
carbon-based electrode geometries. Concurrently, the use of different precursor materials and
laser irradiation schemes allows for tailoring of material properties, in terms of morphological,
chemical and electric conductivity outcomes °. The first material employed for this purpose was
polyimide (PI), a petroleum-based polymer, used prolifically for electrochemical biosensor de-
velopment as an electrode material in different conformations '°. However, due to its petro-
leum-based origin, it raises some concerns in terms of accessibility and sustainability when
developing disposable biosensors. This has led to the study of different precursor materials,
mainly derived from vegetable biomass or other natural polysaccharide sources, and their suit-
ability for electrode fabrication in different electronic applications '".

In terms of LIG synthesis mechanisms, these are mainly based on photothermal processes
that lead to the breaking of more susceptible bonds within the precursors’ chemical structure,
followed by a thermally induced reorganization of remaining carbon into graphene lattices
composing this 3D graphitic material °. As such, these dynamic processes have been manipu-
lated by different approaches, taking advantage of the high-throughput, fast prototyping na-
ture of these direct laser writing techniques. For PI, several studies have focused on studying
the effect of several laser fabrication parameters on the resulting outcomes of laser irradiation.
Such simulation and empirical studies have focused on determining the tolerance of the sub-

strate to different energy levels, determined by exposure to different power, irradiation
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duration, and areal energy density >3, For single-pulsed conversion, pulse duration is a key
variable, determining the distribution of amorphous or conductive carbon materials within the
irradiated pulse area, as well as its overall shape '*. When moving to raster processes for pat-
terning, the movement of the laser beam introduces different variables that take a key role in
the conversion dynamics, namely pulse frequency and the degree of overlapping between ad-
jacent pulses, that allow for control of thermal accumulation and possible improvements on
the photothermal graphitization processes '>'. Besides these, other variables that can alter
pulse superposition patterns have also been studied, namely laser beam defocus . Defocus-
ing the laser creates different beam spot diameters, that allow for manipulation of laser fluence,
while increasing pulse superposition. These principles are key when investigating these dy-
namic processes and resulting morphological characteristics of LIG structures °, as well as the
distribution of graphene and its Raman profile over the irradiated area ', which influence the
resulting electrical conductivity of LIG patterns and electrodes . Similar approaches can also
be explored to optimize electrode performance in several applications, based on exploring the
effects of fabrication settings towards device performance, including for electrochemical bio-
sensors .

For lignocellulosic and cellulosic precursor substrates, several considerations must be
taken when attempting to graphitize these materials, related to the dominant presence of ali-
phatic carbon structures and decreased thermal resistance '". The main approaches to achieve
graphitization in these substrates have been the introduction of fire-retardants '® or the use of
ultra-short laser pulse systems '°. Fire retardants increase the thermal resistance of the precur-
sor material, allowing for the molecular conversion processes to occur without significant ab-
lation of precursor chemical structures %. For ultra-short laser pulse systems, mostly femtosec-
ond lasers, thermal accumulation occurs at much more controlled heat ramps, that minimize
the thermal degradation of aliphatic structures, while allowing for controlled bond breaking
and rearrangement. Thus, specific treatments or irradiation atmospheres are not needed, as is
the case when employing CO- laser sources ?'. However, LIG-based applications using several
cellulosic substrates synthesized with CO; lasers have recently appeared %, being of interest to
study laser beam and material interactions, to better understand the dynamics underlying re-
sulting material properties. Although many reports have been presented for simulation and
empiric modeling of laser-induced Pl graphitization, the surge of new precursor substrates
brings the need to perform such studies on materials that present distinct chemical composi-

tions, thermal resistances, and morphologies, including paper substrates.
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In this study, experimental modeling of pulsed operation characteristics of CO, laser
beam and resulting conductive and electrochemical properties of paper-based LIG is per-
formed, to determine the key fabrication settings influencing the conversion of this precursor
substrate. Fire-retardant and wax-modified paper is employed for irradiation *° aiming at pro-
cess-properties optimization towards the fabrication of disposable electrochemical biosensor
strips. Instead of the approach of studying the influence of power and scan speed, commonly
employed when using CO; lasers, this study focuses on the pulse modulation set by these
variables, in terms of pulse frequency and duration. In addition, the influence of defocus and
additional irradiation cycles are assessed, in terms of their influence over pulse superposition
and areal energy density towards graphitization outcomes. The same approach is also em-
ployed in the fabrication of planar electrochemical cells, to determine the effect of distinct
fabrication settings on the charge transfer capabilities of these devices. Optimized fabrication
settings are then employed to develop voltametric pH sensors. Taking advantage of the ap-
pealing characteristics of paper substrates in terms of their accessibility, recyclability and easy
disposal, high-performance electronic elements and sensors can be fabricated and easily dis-

carded, with much less carbon footprint, when compared to conventional consumer electronics

23

42 Experimental Section

Reagents and Materials

All solutions were prepared using ultrapure laboratory grade Milli-Q water. Britton-
Robinson (BR) buffers were comprised of a mixture of acetic (CH;COOH), phosphoric (H3PO.),
and boric acid (H3BOs), purchased from Sigma-Aldrich. Sodium tetraborate decahydrate
(Na2B407.10H20) and riboflavin (vitamin B2) were also attained from Sigma. Potassium hexacy-
anoferrate (lll) (K3s[Fe(CN)e]), and potassium hexacyanoferrate (Il) trihydrate (Ks[Fe(CN)s].3H20)
were acquired from Roth. Sodium hydroxide (NaOH) was purchased from Labkem. All chemi-
cals were used without any further purification. Whatman chromatography paper grade 1
(Whatman International Ltd., Florham Park, NJ, USA) was utilized as the substrate for LIG pro-
duction and subsequent electrode fabrication after a wax pre-treatment using a Xerox Col-
orQube printer. A6 glossy plastic laminating pouches (Staples Europe BV., The Netherlands)
were used to seal and encapsulate the paper-based sensors. Silver conductive ink (AG-510

silver ink, Conductive Compounds, Inc., Hudson, NH) was used to coat the electrical contacts,
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and Ag/AgCl ink (AGCL-675, Conductive Compounds, Inc., Hudson, NH) was implemented in

the fabrication of the reference electrode (RE) of all sensors.

Paper substrate pre-treatment

Before the lasing procedure, Whatman paper grade 1 was chemically pre-treated. First,
paper sheets were cut into A6 standard size (105 x 148 mm). Then, the sheets were soaked in
sodium tetraborate decahydrate solution (0.1 M), for 10 minutes on each side, and left to dry
overnight. Next, the paper was submitted to a wax coating, running the sheet through a Xerox
ColoQube wax printer. The waxed paper was placed on a hot plate for 2 minutes at 120 °C,
allowing the wax to melt and become embedded within the cellulose fibers. Wax treatment
waterproofs the paper substrate, which is required for electrochemical sensor testing. All sub-
sequent experiments and characterization steps were performed using pre-treated paper as a

model precursor substrate.

LIG Synthesis and Properties Optimization

For the conversion of treated paper substrates, a VLS3.50 Universal Laser Systems CO;
laser system was employed. This laser system generates a pulsed beam with 10.6 um photon
wavelength, the maximum power output of 50 W, and allows for a raster process with a maxi-
mum scan speed of 127 cm.s™. For pulse density manipulation, this system allows for the se-
lection of points per inch (PPI) until a maximum of 1000 PPI (393 points per cm). As such, for
different raster speed settings, the laser pulses operate at distinct frequencies. This pulse rep-

etition frequency (PRF) is given by equation 4.1, in function of raster speed setting:
PRF (Hz) = % Speed * Max speed * PPI 4.1)

Depending on the power and scan speed parameter settings, the power output of the laser
beam pulses is manipulated to match the corresponding power percentage, by changing the
pulse width (PW).

PW (s) = (1/PRF) * % power 4.2)

This dictates the duty cycle and how long the laser pulse is activated during each pulse
cycle time. With a rise and fall time of 120 ps, each total laser pulse duration is given by the

sum of PW and a total rise and fall time of 240 ps. As such, control of PRF and PW can lead to
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two distinct operation modes. For PRF below 4000 Hz, the laser operates as a pulsed laser. For
higher PRF, pulse operations overlap, leading to an irradiation closer to a continuous wave
laser. As such, this study was performed for power and speed percentages between 1 and 8 %,
to ensure a pulsed laser operation.

Additionally, two more variables were studied, namely laser beam defocus and number
of laser irradiation cycles for patterning. This laser system allows for the manipulation of the
laser stage and the z-axis, allowing for defocus irradiation that manipulates laser beam spot
size. With a knowledge of PW, laser pulse fluence was calculated based on this parameter and

the maximum laser power and the selected defocus spot area:

Laser fluence = (Power * PW) / (it * w,?) (4.3)

Where the power is constant at 50 W (J.s-1) and w; is the beam spot radius for a specific
z defocus. To perform process-properties optimization of these fabrication variables, LIG
square patterns with 5x5 mm dimensions were fabricated. For sheet resistance measures, silver
contacts were painted in the corners of the square patterns. Measures were performed using
BioRad HL5500 four-point probe equipment. Assessment of chemical characteristics of the
material was performed, using a Renishaw® inVia™ Qontor® confocal Raman microscope
(Gloucestershire, UK) equipped with a Renishaw Centrus 2957T3 detector and 532 nm laser.
Besides, X-ray photoelectron spectroscopy (XPS, Kratos Axis Supra, UK) equipped with a mon-

ochromated Al Ka radiation (1486.6 eV) was also performed.

Electrochemical sensor fabrication

Three-electrode sensors consisting of one working electrode (WE), counter electrode
(CE), and RE were designed in Adobe Illustrator and lased onto a pre-treated paper substrate.
Then they were placed and sealed in plastic laminating pouches with previously laser-cut elec-
trical contact and working area openings, establishing a passivation layer. The plastic sheets
were previously covered with adhesive tape to serve as masks in the contact painting process.
The conductive tracks were established by painting with silver conductive ink over the respec-
tive openings of the passivation layer. Ag/AgCl ink was applied over the LIG area corresponding
to the RE. After curing on a hotplate for 1 h at 50 °C, adhesive masks were removed, and the

sensors were ready for testing.
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Before characterization, electrochemical pre-treatment was applied by running 5 CV
cycles, from -2.0 to 2.0 V, at a scan rate of 150 mV.s™' with 60 uL of KCI (0.1 M) as the supporting
electrolyte. After pre-treatment, electrochemical performance was studied with CV scans, from
-0.3 t0 0.7 V, at a scan rate from 10 to 150 mV.s™", 6 cycles for each scan rate. Standard redox
probe solution composed of Fe(CN)s* / Fe(CN)s* (5 mM) in supporting electrolyte was used in

the experiments.

pH Sensor fabrication and testing

pH sensors were fabricated by modifying the WE with riboflavin. Riboflavin modification

was performed by drop-casting 15 L of riboflavin solution (3.2 mM) #

. pH measurements with
riboflavin modified WE were carried out using Square-Wave Voltammetry (SWV), from -2.00 to
2.00 V, amplitude of 0.25 V and frequency of 20 Hz. Testing was performed with in BR buffer
solutions at different pHs, made with equal parts of previously prepared acetic, boric, and
phosphoric acids solutions, all with a concentration of 0.4 M. NaOH (1.75 M) and HCI (0.70 M)

were added to adjust the pH levels of the BR buffer solution.

4.3 Results and Discussion

4.3.1 Laser Parameter Optimization for LIG Fabrication on Paper

4.3.1.1 Modelling of CO2 laser system operation and fabrication parameters

A series of systematic studies were conducted to optimize the conductive properties of
LIG patterns, exploring several variables in laser fabrication. The variables that can be directly
defined in the laser control software were laser irradiation power percentage (P), raster scan
speed percentage (S), and the defocus (z). In addition, for all the tested conditions, a defined
PPI setting of 500 was used. This allows for the control of the laser fluence imposed over the
substrates, and of different pulse profiles, set by speed and power percentage settings. Figure
4.1a shows a schematic of the laser beam control system and the pulse profiles that can be
achieved with the used system. By manipulating the speed percentage parameters, kept be-
tween 1 and 8%, PRFs between 250 to 2000 Hz can be set for pulse repetition. From then on,

variation of power percentage setting leads to differences in PW. For a speed percentage of
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Figure 4.1 - CO; laser operation for LIG synthesis. (a) Schematic of laser beam and resulting pulse profiles
manipulated by PRF and PW. (b) Calculation of laser beam spot radius for tested irradiation defocus z
values. (c) LIG film matrix and fluence heatmap identifying graphitization region and its distribution in

different fluence levels.

1%, power variation between 1 and 8% lead to PW between 40 to 320 ps, while for a speed
percentage of 8%, PW varies between 5 and 40 ps. Considering the time it takes the laser lens
to move the distance corresponding to one pulse diameter, the degree of overlapping can be
determined, by taking the period between pulses (1/PRF) and total pulse time. Lower PRFs
allow for complete pulse separation between subsequent pulses, leading to less thermal accu-
mulation. In opposition, higher PRFs lead to the overlap of subsequent rise and fall of laser
pulses, leading to higher energy and thermal accumulation between subsequent pulses. As
previously shown, this thermal accumulation is an important consideration for LIG synthesis,
allowing for higher temperatures to be reached, leading to more efficient bond breaking and
rearrangement into graphene lattices '2. For PRFs above 4000 Hz, not only the rise and fall
times can overlap, but also the on-stage of beam operation, leading to a regimen approximat-
ing a continuous wave laser.

Besides pulse repetition and overlap profiles, the effect of laser spot size was also as-
sessed, by performing the synthesis with different defocus conditions. By changing the irradi-
ation plane, different beam spot radius and areas can be used, to manipulate the laser fluence
and the degree of areal overlapping between subsequent pulses, to determine their effect over
the conversion and LIG properties. Figure 4.1b shows the determination of beam radius (w,)
for different irradiation planes, taking into consideration a Gaussian beam shape (Table B1). At
focus, the beam has a radius w; = 63.5 um. The laser system allows for the work stage to get

close to the lens, creating a negative defocus, to a maximum distance from the focus plane of
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z = - 0.79 mm, corresponding to w, = 76 um. For the opposite direction, the z axis can move
to larger distances, with the farthest tested positive defocus corresponding to z = 3.02 mm,
reaching w, = 172 um. For each of the tested defocus distances, a matrix of power vs. speed
percentages was constructed, to identify the graphitization region. Figure 4.1c shows the fab-
rication matrix for z = - 0.79 mm, where the three distinct outcomes of ablation, absence of
visual laser effects and graphitization can be distinguished. From this matrix, a heatmap of
resulting laser fluence for the set beam area was constructed, overlapping with the identified
graphitization zone. As visible, graphitization can occur at different fluence levels, as previously
reported ", leading to morphological transitions related to the response of the precursor ma-
terial to the different imposed temperatures. Thus, it is visible that laser fluence is not the main
variable responsible for the onset of graphitization. The same matrices and heatmaps were
constructed for the remaining irradiation planes (Figure B1). A comparison shows that the
graphitization regions have alterations in profile, shrinking in width for increasing positive de-

focus levels.

4.3.1.2 Pulse Modulation Influence on LIG Synthesis Outcomes

To better understand these effects, the relation between PRF and PW and the onset of
carbonization and graphitization was further studied. To do so, heatmaps of irradiation out-
comes for different PRFs and PWs were plotted for different irradiation planes, presented in
Figure 4.2a-c. These heatmaps were constructed by attributing a value to each of the laser
irradiation outcomes (no effect = 0, graphitization = 1 and ablation = 2), as seen in the opti-
mization matrices in Figure 4.1c and Figure B1. Then, these values were plotted vs. the corre-
sponding values of PRF and PW resulting from the employed power and speed percentages.
As can be seen for each heatmap, the graphitization regions span all the tested PRFs, that are
directly related to the scanning speed employed in the raster process. However, the same does
not occur for PW, since this parameter is dependent both on the speed and power percentages
set in the operation. Thus, when speed percentage and corresponding PRF is determined, PW
will be set depending on both this operation frequency and on the desired laser power output.
This way, single pulses with the same PW, independent of the operational frequency, will result
in the same output energy and substrate exposure time to the laser beam. Interestingly, it is
then visible that for different PRFs, similar values of PW are needed for graphitization to occur.
More specifically, for every tested irradiation plane, all carbonization and graphitization condi-
tions occur between narrow values of PW between 20 and 60 ps. For z = - 0.79 mm, the maxi-

mum PW values leading to graphitization without significant degradation of LIG structures
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Figure 4.2 - Influence of fabrication settings on graphitization onset and conductivity. Heatmaps of laser
irradiation outcomes as a function of PRF and PW for (a) z = -0.79 mm, (b) z = 0.48 mm and (c) z = 3.02

mm. Resulting sheet resistance values of LIG films synthesized at (d) z = -0.79 mm, (d) z = 0.48 mm and
(e) z=3.02 mm.

situates at 60 us (PRF of 500 Hz), while for the remaining irradiation planes, there is a shift
towards lower PWs. For z = 0.48 mm, only values equal or below 40 ps lead to carbonization
and graphitization, while for z = 3 mm, 40 us PW only leads to carbonization and graphitization
for lower PRFs. For higher PW, excessive degradation and ablation of LIG chemical structures
occur (zones depicted in red), rendering the films unusable. In terms of minimum PW values
leading to carbonization and graphitization, the lowest pulse duration for z = - 0.79 mm cor-
responds to 25 ps, while for the remaining planes, it situates at 20 ps. In these cases of lower
PW values, LIG is synthesized in conditions of elevated PRF, above 1500 Hz, where pulse over-
lap becomes more significant. These values and corresponding heatmaps were obtained with
the same resolution of Figure 4.1c, based on a variation of 1% power and speed between sam-
ples. Thus, it is possible that graphitization may occur for intermediate values in the interface
between graphitization and the remaining outcomes of ablation or absence of laser effects.
However, increasing this resolution leads to a steep increase in the number of samples for
analysis, so the 8x8 matrices were kept throughout the study.
The main finding of these experiments is that substrate exposure time to the laser

beam, set by PW, is the dominant factor leading to graphitization. This laser system is a pulsed
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wave laser with 50 W maximum power, where the pulse output power is set by pulse width
modulation and resulting duty cycle of each individual laser pulse. As such, the modified paper
substrate only converts to LIG when exposed to 50 J for specific pulse duration intervals. Fur-
thermore, this leads to the diagonal pattern of graphitization distribution present in Figure
4.1¢, since for increasing PRF, higher power percentages are needed to place PW at this toler-
ance interval. When within this interval, other factors come into play when attempting to ma-
nipulate irradiation outcomes, for example laser fluence and laser beam spot area, resulting in
distinct properties of LIG films, as visible in sheet resistance testing.

Figure 4.2d-f presents the results of sheet resistances measurements for all the resulting
combinations of power and speed employed in this study. Results are only presented for con-
ditions where sheet resistance was measurable, since for many fabrication combinations, there
was excessive degradation of LIG films or visible carbonization, but the film was not conductive
enough for the measure. This was mostly visible for the irradiation focal plane z = 1.75 mm. All
measurements are reported in Table B2. As can be seen, relevant differences appear for the
conductive properties of LIG films synthesized in different irradiation planes. For z = - 0.79 mm,
sheet resistance varies from 160 + 27.25 to 22 + 1.9 Q.sq”', while for the remaining planes,
there are substantial increases in measured sheet resistances. For z = 0.48 mm, sheet resistance
varies between 248 + 36.0 Q.sq” and 918 + 65.0 Q.sq™', while for z = 3.02 mm, there is a steep
increase in sheet resistance to the kQ.sq™' range, with the lowest values achieved being of 2043
+ 171.88 Q.sq”". Two differences can be identified between the irradiation schemes for each set
of planes, namely the fluence regimens dictated by the laser beam spot area and the conver-
gent or divergent nature of the laser beam, depending on the negative and positive defocus.
In terms of defocus, the laser beam area increases for both directions, meaning that similar
laser fluences can be achieved by the same |z| defocus, leading to the same fluence regimens.
However, it is visible that even in these cases, for example by comparing z = - 0.79 and z =
0.48 mm, where beam radiuses are w, = 76 and 68 um, respectively, large differences in con-
duction are observed. Thus, it is visible that laser spot size and the resulting pulse overlapping
profiles do not solely predict the resulting conductive nature of LIG films. On the other hand,
it has been observed in many laser material processing applications, that positive and negative
defocus have an effect on the interactions between the laser beam and the irradiated material
. For a negative defocus, there is a convergent nature of laser beam photons, that increases
penetration efficiency. On the other hand, for positive defocus, the divergent beam nature
diminishes this effect and can lead to different cross-sectional energy distributions %, related

to the larger path the beam has to travel to reach the substrates. Thus, the interaction of the
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laser beam and resulting temperature and depth conversion of the paper substrate is affected
by the type of defocus, leading to different graphitization efficiencies. As such, it is visible that
positive and negative defocus have great influence in paper-based LIG synthesis process using
this laser system, dictating not only morphological and chemical characteristics, as previously
reported for other materials, 2’ but impacting the resulting conductive nature of the material.
Interestingly, reports for laser irradiation of other materials has shown opposite effects of im-
provement in conduction for positive defocus, for example Pl ™ and PEI ' indicating that such
phenomena related to the nature of defocus depends on the irradiated material and the char-
acteristics of different laser systems.

Another interesting approach for improving the conductive properties of LIG films is
performing multiple raster scans in the same irradiated area, to create subsequent graphitiza-
tion cycles that can promote a more efficient bond rearrangement of pre-carbonized and
graphitized material. As shown in Figure 4.2d and Table B3, for some fabrication combinations,
performing two and even three cycles can progressively decrease the sheet resistance of LIG
films, to levels on par with Pl-derived LIG. For two irradiation cycles, the lowest obtained sheet
resistance is situated at 14.78 + 0.26 Q. sq™' for power and speed percentages of 7 and 8%,
respectively. For three irradiation cycles, a larger pool of lower sheet resistance films can be
created, but at the cost of higher patterning time and possible excessive degradation and ab-
lation of LIG films. The lowest obtained sheet resistance was 14.00 = 1.5 Q.sq™, for the same

power and speed settings.

4.3.1.3 Chemical Characterization of Paper-Based LIG Films

Chemical characterization of LIG films synthesized at different irradiation planes was
performed. Power and speed percentage settings that led to film engraving in all the studied
irradiation planes were selected, more specifically 4 % power and 6 % speed. Figure 4.3a shows
the Raman spectra obtained for LIG films synthesized using these parameters tested defocus
levels. As visible, there are some alterations regarding peak intensity and peak ratios, presented
in Figure 4.3b. Results present high defect density for all conditions, with some improvements
for planes closer to the laser focal plane, namely for z = 0.48 mm. For this plane, there is a
decrease in the Ip/lg ratio and increase in oo/l ratio, ultimately reflecting the most conductive
condition. Forz = -0.79 and z = 1.75 mm, the LIG films did not present measurable conductivity,
while for z = 3 mm, it presented a sheet resistance of 4742 Q.sq™". Figure 4.3c shows the effect

of increasing laser power and resulting PW for constant speed of 6% (PRF = 1500 Hz), at the
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Figure 4.3 - Chemical characterization of LIG films depending on operational parameters. (a) Raman
spectra of films synthesized with 4% power and 6% speed at different defocus levels and (b) corre-
sponding Raman peak ratios. (c) Raman spectra of films synthesized at z = - 0.79 mm and 6% scanning
speed and varying power percentages and (d) corresponding Raman peak ratios. (e) Wide XPS spectra
and (f) C1s deconvoluted spectra comparison between paper and LIG synthesized using 6% power and

speed settings atz = - 0.79 mm.

irradiation plane z = -0.79 mm. Results show that within the selected power interval, there is
an optimal value of power that achieves the most attractive chemical properties. This is visible
in Figure 4.3d, showing the plot of Ip/lIc and lzp/ls ratios. For a 5% power (PW = 33.3 ps), there
is @ minimum value of 0.58 + 0.06 for the Ip/Is ratio and a maximum value of 0.44 + 0.09 for
the l2p/lg ratio. For other power values, there is variations in both these ratios. All the results of
Raman peak ratios are summarized in Table B4. Figure 4.3e-f present the comparative XPS
spectra of the most conductive LIG film, synthesized employing 6 % power and speed. As visi-
ble, there is the appearance of peaks related with the fire-retardant modification in the wide
XPS spectra, namely B1s and Nals peaks. Regarding the C1s spectra, the appearance of the

peak related to sp? hybridization within graphene lattices confirms the efficient graphitization

of the modified paper substrate.
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4.3.2 Influence of Fabrication Setting on Electrochemical Properties of LIG
Three-Electrode Planar Cells

After understanding the dynamics governing the irradiation of the selected paper sub-
strate and resulting conductive properties, their effect on the electrochemical properties of
LIG-based three-electrode systems were studied. To do so, a fixed irradiation plane z = -0.79
mm was selected for electrode patterning, since this defocus resulted in the least resistive LIG
chemical structures, important in efficient electrochemical diffusion and charge transfer pro-
cesses 28, CV studies were conducted on fabricated planar cells composed of three electrodes,
presented in Figure 4.4a. The characteristics of the porous LIG electrode material and its con-
ductivity have an impact in the mass transfer and subsequent diffusion of oxidized and reduced
electrochemical species participating in electrochemical reactions, from the bulk electrolyte
solution to the electrode surface. Thus, it is interesting to assess the influence of fabrication
parameters and resulting conductive properties of the electrode materials towards these mass
transport, surface diffusion and electron transfer processes, depicted in Figure 4.4a, that shape
the resulting faradaic anodic and cathodic currents measured through CV.

Two distinct electrochemical parameters of the system were studied, namely the elec-
trochemically active surface area - A., and the HET rate constant — ko. CVs of electrochemical
three electrode planar cells fabricated using 6 % power and speed setting were taken, using 1
and 2 scanning cycles for patterning, as an example. Voltammograms are shown in Figure 4.4b-
¢. As visible, faradaic cathodic and anodic peak currents for the reduction and oxidation of the
ferri/ferrocyanide probes are present in the graphs. Two distinct differences can be seen from
the comparison of the voltammograms at different scan rates. Besides the expected quasi-
reversible behavior of the systems, characterized by the increase in cathodic and anodic peak
separation (AE,) with scan rate, an increase in peak currents and decrease in AE, is reached
when an additional patterning scan is employed. Using the Randles-Sevcik equation, that de-
tails the relationship between peak current, scan rate, and electrochemically active area, an Ae
of 29.1 mm? was computed for a single patterning scan and 35.0 mm? for double scanning
(Figure 4.4d). Employing the Nicholson method %, detailing the relation between AEy, scan rate
and ko, an electron transfer rate of 24.5 x 10 cm.s™" for a single scan and 34.3 x 10“ cms™" for

double scanning (Figure 4.4e) were achieved.
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Figure 4.4 - Influence of fabrication settings on electrochemical properties of planar LIG electrochemical
cells. (a) LIG-based planar electrochemical cells and potential-induced electrochemical mechanisms as-
sociated with faradaic redox current signals. Cyclic voltammograms of cells produced employing 6%
power and speed settings for (b) 1 patterning scan and (c) 2 patterning scans. (d) Plots of anodic and
cathodic peak currents and kinetic parameter W derived from CVs, for calculation of electrochemically
active surface area and ko. Distribution of (e) electrochemically active surface area and (f) ko for different

fabrication settings. (g) Plot of LIG sheet resistance, Ac and ko in function of fabrication setting PW.

The same analysis was performed for all the fabrication settings leading to conductive
LIG and are presented in Figures 4.4f-g. Unreported fabrication settings arise from the fact that
LIG electrodes presented excessive degradation and ablation in their structure, leading to un-
wanted capillary movement of electrolyte toward silver contacts, rendering the cells unusable.
Three repetitions (n=3) in stand-alone cells were performed for each fabrication setting, to
compute mean Ae and ko. As visible, most settings lead to improvements in both parameters
when an additional patterning scan is performed, showing the more attractive electrochemical
properties related to the improvement in electrode material conductivity. For fabrication set-

tings P4S3 and P5S4, double patterning scans led to excessive degradation of electrodes, also
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rendering them unusable. From these results, two fabrication settings result in the most attrac-
tive properties, namely P6S6 and P7S8. Figure 4.4h reports the plot of A, ko, and sheet re-
sistance vs. PW for the reported fabrication settings. As visible, a symmetrical behavior appears
around a PW of 40 ps, where the most interesting electrochemical performance is obtained for
P6S6 employing single scanning. For double scanning, conditions leading to a decrease in
sheet resistance are associated with an increase in the electrochemical capabilities of the elec-
trodes, while for conditions where sheet resistance increases (P4S3 and P554), excessive ther-
mal degradation of LIG structures led to unusable devices. Thus, it is visible that fabrication
parameters employed in the patterning of these functional architectures have an important
influence on the resulting electrochemical capabilities of devices, associated with the previ-
ously presented conductivity properties. However, several other variables, such as electrode
distances, layout, and laser-derived morphological characteristics of electrode surfaces play an
important role in the electrochemical diffusion and charge transfer processes described here,
being of relevance in future studies of LIG-derived electrochemical sensors from distinct pre-

cursor materials.

4.3.3 Disposable Paper-based LIG Electrodes for pH Detection

Riboflavin is a pH-sensitive organic compound, previously employed in pH-sensing de-
vices, ideal for single-measurement tasks ®*. For riboflavin modified WE, the voltametric re-
sponse was surveyed through SWV, resulting in the appearance of a peak related to riboflavin
oxidation reaction, where deprotonation and electron transfer occurs (Figure 4.5a). For a pH of
2.65, this peak has its maximum current at a potential of -409 mV, shifting towards a negative
potential for higher pH values. For the highest tested pH of 9.29, the peak shifts to a potential
of -938 mV, showing that the potential at which riboflavin oxidation occurs is pH dependent.
Taking the peak potentials for the tested pH values, a calibration can be established for the
system (Figure 4.5b), showing a linear response over a physiologically relevant 2-8 pH range,
resulting in a sensitivity of 81.9 mV.pH™". This linear variation range is in accordance with liter-
ature on riboflavin-based pH sensors, associated with the redox behaviors of riboflavin. These
are limited by very low acidic pH, leading to the decrease in oxidation currents *. Similarly,
very high alkaline pH values around 9 also lead to limitations in the deprotonation and charge
transfer for electrochemical redox reactions of riboflavin *'. Compared to the standard Nern-
stian behavior of pH sensors, with a maximum sensitivity of 59.16 mV.pH™, the resulting sensor
shows a super-Nernstian behavior, reported in several pH-sensing applications *2. Reproduci-

bility was also tested by performing pH measurements in 8 distinct sensors (Figure 4.5¢ and
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Table B5). The same linear behavior was reached, resulting in a mean sensitivity of 78.2 + 3.37
mV.pH™. In terms of operational stability over time, experiments were carried out by immerg-
ing the riboflavin-based pH sensor in a buffer solution for an extended period (16 hours). Every
hour, SWV measurements were taken, and the peak potential was recorded. As seen in Figure
4.5d, a stable potential is measured over time, with little drift, matching with the calibration

curve established for the sensor, with a pH around 5.5.
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Figure 4.5 - LIG riboflavin-based electrochemical pH sensor performance. (a) SWV response of the sensor

at different pH levels. (b) Resulting calibration curve of peak potential positions vs. pH. (c) Measurements

distribution of 8 sensors and (d) sensor stability testing over a period of 16 hours.

44 Conclusions

The growing exploration of LIG derived from different carbon-based precursors in several
contexts in electronics has led to several distinct applications, that require specific material
characteristics. Although laser irradiation processes of polyimide have been extensively studied
and modeled, such studies are still lacking when other materials are employed, including paper
substrates. From this study, experimental modeling of the interactions and outcomes between
CO: laser and modified paper substrate was assessed, resulting in some key considerations

when employing these types of laser systems on cellulosic material. Instead of implementing

137



the conventional paradigm of studying the influence of laser power vs. scan speed, underlying
pulse modulation operational principles of the used laser system are highlighted and empiri-
cally studied, to understand their significance in the laser graphitization phenomenon of paper
substrates. Based on the pulse modulation operation of the employed CO: laser system, it was
found that the onset of graphitization is associated with the specific thermal tolerance of the
material, associated with appropriate PW, that exposes the material to the laser beam for ap-
propriate durations. For PW leading to graphitization, the outcomes of the conversion are then
influenced by the laser fluence and employed defocus, allowing to change the sheet resistance
of LIG films from 14 Q.sq™ to 18 kQ.sq". Similar behaviors are also observed for the electro-
chemical properties of this material when employed within three-electrode electrochemical
cells, where fabrication settings leading to higher material conductivities result in more attrac-
tive properties when measuring faradaic electron transfer processes. With appropriate fabrica-
tion settings, high-performance, disposable paper-based electrodes employing paper-based

LIG can be fabricated, being employed for the voltametric sensing of pH.
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5
ONE-STEP LASER SYNTHESIS OF COPPER
NANOPARTICLES AND LASER-INDUCED
GRAPHENE IN A PAPER SUBSTRATE FOR
NON-ENZYMATIC GLUCOSE SENSING

The synergy resulting from the high conductivity of graphene and catalytic properties
of metal nanoparticles has been a resource to improve activity and functionality of electro-
chemical sensors. This work focuses on the simultaneous synthesis of copper nanoparticles
(CuNPs) and laser-induced graphene (LIG) derived from paper, through a one-step laser pro-
cessing approach. A chromatography paper substrate with drop-casted copper sulfate was
used for the fabrication of this hybrid material, characterized in terms of its morphological,
chemical, and conductive properties. Appealing conductive properties are achieved, with sheet
resistance of 170 Q.sq™' being reached, while chemical characterization confirms the simulta-
neous synthesis of the conductive carbon electrode material and metallic copper nanostruc-
tures. Using optimized laser synthesis and patterning conditions, LIG/CuNPs-based working
electrodes were fabricated within a three-electrode planar cell, and their electrochemical per-
formance was assessed against pristine LIG electrodes, demonstrating good electron transfer
kinetics appropriate for electrochemical sensing. The sensor’s ability to detect glucose through
a non-enzymatic route was optimized, to assure good sensing performance in standard sam-

ples and in artificial sweat complex matrix.

Keywords: laser-induced graphene, copper nanoparticles, one-step synthesis, glucose, non-enzymatic

sensors.
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One-Step Laser Synthesis of Copper Nanoparticles and Laser-Induced Graphene in a
Paper Substrate for Non-Enzymatic Glucose Sensing. Advanced Sensor Research,
2400052.
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5.1 Introduction

Electrochemical sensors experienced tremendous progress over the last decades and are
currently one of the most common detection methods within medical, environmental, food
safety, and pharmaceutical sensing devices . Several advantages, such as miniaturization, port-
ability, rapid response, high sensitivity, and selectivity, make electrochemical sensing a more
attractive alternative to other detection techniques * These sensors integrate electrodes capa-
ble of measuring electrically transduced signals, with the majority of the existing mechanisms
including modified electrodes that provide high reactivity, affinity, and specificity to the target
analyte. ** Regarding the fabrication methods, printing technologies have received tremen-
dous attention in recent years, including screen-printing °, inkjet printing © and other additive
methods’ . These allow for the production of electrodes on any substrate of interest, including
paper &, using accessible conductive inks, including carbon-based inks °. Printed carbon elec-
trodes, more specifically SPEs, exhibit excellent electrochemical performance and assure good
reproducibility, while showing compatibility to several categories of recognition elements, ei-
ther biological or synthetic, making them appealing for electroanalysis '°. However, the need
for synthesis steps for active ink materials and careful ink formulation prior to printing reduces
the fast prototyping capabilities of these printing processes, while some of these techniques
are resource consuming and need additional components, such as masters and plates for pat-
terning of electrode geometries ''. DLW has emerged has an alternative to these fabrication
processes, where lasers can be used to synthesize conductive materials from and embedded
in substrates of interest while functional electrode patterning occurs simultaneously ''. Several
materials can be synthesized by DLW, with laser-induced graphene (LIG) standing out has a
conductive carbon-based material with compatibility for electrochemical sensor fabrication '2.
LIG is synthesized by irradiation of carbon-based polymers, leading to photothermal reactions
that promote the cleavage of bonds and reorganization of carbon into graphene lattices, anal-
ogous to graphite .

For electrochemical sensor production based on LIG, polyimide (PI) has been the most
commonly used polymer . However, other carbon polymers have been successfully used for
LIG synthesis and electrochemical sensor production, including paper ™. Although cellulose
being an aliphatic polymer with less graphitization potential when compared to aromatic pol-
ymers such as Pl, modification with fire-retardant agents allows for an efficient patterning of

LIG, with properties useful for electroanalysis, while exploiting paper’'s advantageous features,
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including its natural origin, facile disposability, controlled porosity, capillarity for fluid trans-
portation and overall improved sustainability for disposable electrochemical platforms 8,

For the modification of printed electrodes, the use of additional techniques is needed to
introduce recognition materials capable of specifically recognizing the target analyte. In the
case of modification with metallic and metal-oxide nanostructures, used in non-enzymatic
sensing, chemical methods such as electrochemical deposition is a well-established strategy
for synthesis and is thus often selected by the scientific community to produce these compo-
sites on a previously fabricated conductive surface . However, such methods require addi-
tional equipment, and their multi-step nature and individualized treatment of electrodes hin-
ders mass production and scalability, increases manufacturing cost and diminishes the poten-
tial application in commercial devices. With these aspects in mind, DLW recently emerged as a
promising method for fabricating these modified electrodes, capable of reducing the fabrica-
tion steps, equipment and material usage needed for device prototyping. This method has
been explored in recent years to simultaneously synthesize LIG as well as other functional ma-
terials such as metal and metal oxide nanostructures (e.g. Co304, MnO;, Fe30.) through laser
irradiation of a precursor-coated substrate® . Literature reports that the synergy between the
high conductivity of graphene and catalytic properties of certain metallic nanoparticles, such

as copper 2

, improves the performance of electrochemical sensors in different settings, in-
cluding for non-enzymatic glucose detection 2. This fourth generation of glucose biosensors
provide several advantages, by removing the need for biological, organic recognition elements,
providing higher current densities and improved sensitivity, also increasing the potential for
miniaturization of such biosensing platforms %. Several materials have been used for non-en-
zymatic glucose oxidation, where transition metals, more specifically copper, stand out.
Generally, glucose oxidation using copper nanomaterials within electrochemical biosen-
sors requires an alkaline medium and copper oxide species that are capable of oxidizing glu-
cose and generate the current response proportional to the amount of glucose in an analyte.
For copper-based non-enzymatic sensor fabrication, most common approaches have been
electrochemical deposition, solution-based processing and hydrothermal synthesis methods
%6 Several studies have reported the fabrication of LIG/CuNPs nanocomposites by DLW, alt-
hough few describe their synthesis through laser irradiation. One example is the work done by
D. Xu et al. %/, using CuCl, as the precursor for Cu and Cu,O nanoparticles. After dissolving the
precursor in ethyl alcohol, the solution was spin-coated onto a polyimide film and submitted
to the laser beam to form the CuNPs/graphene nanocomposites. Lastly, the composites were

transferred to a nickel foam surface to produce a graphene/CuOy-based electrode for
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electrochemical water splitting. In 2022, J. Lee et al. ?® reported a similar methodology to fab-
ricate copper oxide nanoparticles on LIG, using the same copper precursor, but this time with
a two-step laser irradiation. Firstly, polyimide was irradiated with a laser beam to synthesize
porous LIG. Then, a CuCl; solution was drop-casted onto the LIG patterns, and a subsequent
laser scan promoted the formation of CuOx nanoparticles. Similarly, Li et al. proposed a two-
step sensor fabrication protocol ?°. Firstly, a Cu precursor film is coated onto Pl and irradiated
with a 405 nm visible laser for copper reduction. Secondly, the same laser is used to graphitize
the surface of PI, melt and sinter the copper into particles anchored onto the surface of the
conductive LIG. This LIG/CuO surface was employed for the fabrication of flexible, high-sensi-
tivity non-enzymatic glucose sensors. Besides copper, other metal nanostructures have also
been synthesized employing laser irradiation techniques alongside LIG, targeting glucose sens-
ing, such as Co304 *°.

However, the inability to fully embed metallic salt precursors within Pl leads to the need
for additional techniques for nanoparticle precursor coating, such as spin or blade coating,
further increasing the multi-step aspect of these methodologies. On the other hand, alternative
LIG precursors that allow for soaking with nanoparticle precursor solutions toward homoge-
neous embedding are ideal to decrease preparation steps and equipment usage and improve
high-throughput and fast prototyping. Organic biomass, such as wood, has been successfully
employed for this purpose, where different metallic salts are reduced to elemental metals em-
bedded in the converted wood-derived LIG *'. Another substrate that presents ideal properties
for this purpose is paper, where its capillary properties allow for an efficient embedding of
metallic salt precursors. Here, an efficient and straightforward mechanism to simultaneously
synthesize LIG/CuNPs nanocomposites on a paper substrate was developed, through a one-
step laser irradiation approach. The absorbent property of paper enables drop casting of a
copper sulfate solution onto a pre-treated Whatman paper surface that is further converted to
LIG with anchored CuNPs, when submitted to the laser beam. As proof of concept, this tech-
nique was applied to develop non-enzymatic glucose sensors with a planar three-electrode
architecture, operating within low concentration regimens, promising for glucose sensing in

alternative biofluids with lower glucose circulating concentrations, such as sweat.
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5.2 Experimental Section

Synthesis of LIG/CuNPs composites

Firstly, the Whatman paper was submersed in a fire-retardant solution of 0.1 M sodium
tetraborate decahydrate for 10 min, to prevent the substrate’s chemical degradation when
submitted to laser irradiation. After drying, wax printing was performed using a Xerox Col-
orQube wax printer. Open squares of 4x4 mm dimension (16 mm? area) were patterned by wax
printing, followed by drop-casting of different copper sulfate precursor solution volumes for
further study and optimization. The solution was then allowed to dry at room temperature. For
LIG/CuNPs synthesis, a VLS 3.50, Universal Laser Systems CO; laser, with a 10.6 um wavelength,
beam size of 0.127 mm diameter, maximum power of 50 W, and raster speed of 127 cm.s' was
employed, using different power and speed settings to achieve optimized synthesis parameters

for subsequent electrode fabrication.™

Characterization of LIG/CuNPs composites

The morphology and chemical composition of the composites was analyzed using a
SEM/EDS system (Hitachi Regulus SU8220). Raman measurements were made with a Ren-
ishaw® inVia™ Qontor® confocal Raman microscope (Gloucestershire, UK) equipped with a
Renishaw Centrus 295773 detector. The laser beam was focused through a 50x Olympus ob-
jective lens. Measurements were performed with the 532 nm laser with 10 s exposure time and
3 accumulations as measurement parameters, with a laser power of 16 mW. X-ray photoelec-
tron spectroscopy (XPS, Kratos Axis Supra, UK) equipped with a monochromated Al Ka radia-
tion (1486.6 eV) was used. Biorad HL 5500 four-point probe equipment allowed to determine
the sheet resistance (square geometry of side length 5 mm, with deposited silver conductive

ink contacts at each corner).

LIG/CuNPs electrode fabrication and characterization

Empty circular areas (2 mm diameter) were wax printed, to be filled with the copper
precursor and correspond to the active area of the WE (2.5 mm diameter). Then, 80 mM copper
sulfate precursor solution was drop-casted over the empty circles and dried at room tempera-
ture. Sensor fabrication was performed as in previously presented in Chapters 3 and 4. > For
the sensor fabrication, a three-electrode architecture was previously designed in Adobe Illus-

trator, and the substrate under optimized lasing with 4% laser power and 4% raster scan speed.
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Next, a passivation layer was laser cut to protect the sensors from handling by encapsulating
them with a lamination pouch with cut openings for the sensor working area and conductive
tracks. Finally, the RE was painted with silver/silver chloride ink (AGCL-675, Conductive Com-
pounds, Inc., Hudson, NH), and conductive tracks were established with silver ink (AG-510 silver
ink, Conductive Compounds, Inc., Hudson, NH). All electrochemical measurements were rec-
orded using a PalmSens4 Potentiostat, and pretreatment was initially performed with a scan
rate of 150 mV.s™, ranging from -2 to 2 V and using the supporting electrolyte (0.1 mM KCI).
For the determination of Ae and ko parameters, electrochemical assays were performed using
5 mM ferri/ferrocyanide, [Fe(CN)¢]>/* as the redox probe, prepared in the supporting electro-
lyte, at multiple scan rates varying from 10 to 150 mV.s™" with potentials scanned from -0.3 to

+0.7 V for LIG sensors and —0.2 to +0.6 V for LIG/CuNPs sensors.

Nonenzymatic glucose sensing protocol

The non-enzymatic glucose sensing performance was evaluated using chronoam-
perometry. For the experimental setup, a retort stand, and a three-claw clamp were used to
hold the sensor, which was immersed in a beaker containing 50 mL of 0.1 M NaOH as the
supporting electrolyte. Sensors were tested by addition of different volumes of a stock glucose
solution, under continuous stirring and different applied potentials. For the selectivity tests, the
response of sensors to sodium chloride, ascorbic acid, uric acid, fructose, galactose, lactose
and sucrose was monitored, with all the interferents at a concentration of 0.1 mM and an ap-

plied glucose concentration of 0.2 mM.

Glucose determination in artificial sweat samples

For glucose measurements in a sweat matrix, commercial artificial eccrine sweat (Pick-
ering Laboratories, 1700-0020) containing several metabolites, minerals and amino acids in
physiological concentrations was used. The pH of the artificial sweat was altered by diluting
NaOH to a concentration of 0.1 M, to provide the necessary alkaline pH for sensor operation.
After this, the same glucose measurement protocol was employed, by immersing the sensor in
20 mL of artificial sweat and introducing volumes of an artificial sweat stock solution with glu-

cose, to reach varying glucose concentrations in contact with the sensor.
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5.3 Results and Discussion

5.3.1 Morphological, chemical, structural and electrical characterization of

LIG/CuNPs composites

The first stage for assessing the ability to synthesize paper-derived LIG/CuNPs compo-
sites was to study different fabrication parameters and their influence on the properties of the
resulting hybrid materials. Firstly, a study was performed to determine the optimal volume of
copper sulfate precursor for modification of the paper substrate. By using wax printing, versa-
tile patterning of hydrophilic areas with different geometries can be fabricated to standardize
the distribution of copper precursor over the paper substrate. An open capillary area of 200
mm? was patterned through wax printing, and different volumes and concentrations of copper
sulfate were employed (Figure 5.1a). Concentrations between 8 and 800 mM of copper sulfate
were employed, at different volumes, from 50 to 200 pL. These volumes were normalized into
volume-to-area (VA) ratios so that for different wax-patterned geometries, a uniform volume
distribution can be compared, independent of the shape of the modification area. As seen, a
concentration of 800 mM leads to excessive copper salt accumulation and the appearance of
a significant coffee ring effect, for the VA ratio of 0.25 uL/mm?. Contrarily, a concentration of 8
mM leads to incomplete coverage of the copper precursor over the modified paper area, which
was undesirable. As such, a concentration of 80 mM was selected as the appropriate for mod-
ification, since for all VA ratios a consistent and uniform distribution of the copper precursor
over the paper substrate is achieved. SEM images were taken of the paper modified with 80
mM copper sulfate at a VA ratio of 1 uL/mm? (Figure 5.1b), showing the uniform distribution
of copper sulfate crystals over the fibrous structure of the paper substrate. EDS was also per-
formed, showing the relative abundance of oxygen, carbon, copper and sulfur arising from the
presence of CuSO4 over the cellulose fibers (Figure C1). As visible, there is abundance of oxygen
arising from both cellulose and CuSO4, while the relative atomic weight percentage for the
remaining elements is less pronounced. To note the relative percentage of copper and sulfur,
with copper showing around twice the relative atomic weight percentage when compared to
sulfur. Taking the atomic mass of the elements into consideration, the expected relation in
terms of the stoichiometry of CuSOs is reflected in the relative atomic weight percentages,
since the atomic mass of copper is approximately twice the one for sulfur. After determining
an appropriate copper sulfate concentration for use, irradiation with different fabrication pa-

rameters was employed, to determine the morphological, chemical, and conductive features
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Figure 5.1 - Process optimization for copper sulfate precursor deposition and synthesis of LIG/CuNPs
composites. (a) Optimization of modification volume and concentration of copper sulfate precursor for
homogeneous distribution over the paper surface. (b) Morphological study of pre-treated paper sub-
strate with copper precursor before laser irradiation, showing CuSO45H,0 crystals. (c) Matrix of
power/speed laser setting and outcomes of irradiation for different VA ratios. (d) Analysis of sheet re-
sistance for irradiation conditions leading to resistive films (n=3). (e) Morphological analysis of

LIG/CuNPs composites. (f) Morphological and elemental analysis of inverted surface of exfoliated
LIG/CuNPs films.

(Figure 5.1c). Different laser power and speed percentage settings were employed, to deter-
mine the effect caused by the laser irradiation over the substrate. The aim was to reach param-
eters that allowed for a non-destructive effect, with a homogeneous distribution of graphitized
material, that serves as the conductive, transducing platform for the electrochemical sensors.
Some of the tested laser conditions lead both to an ablative outcome (e.g., speed and power
percentages of 3 % and 4 %, respectively), that damages the irradiated surface and renders it
unusable for the purposes of electrochemical sensor fabrication and use with aqueous electro-
lytes. On the other hand, some conditions lead to visible conversion areas where copper pre-
cursor is deposited, showing inhomogeneous distribution of LIG, with a marked interface be-

tween the area with prior presence of CuSO4 and the remaining area where only LIG is present
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(e.g., speed and power percentages of 8 % and 5 %, respectively). From this pool of laser irra-
diation settings, electrical characterization was performed through four-point probe sheet re-
sistance measurements '®. Results are presented for conditions conducive for resistivity meas-
urements (e.g., conditions with no excessive ablations and cracks over the irradiated surface)
(Figure 5.1d). Overall, results show LIG/CuNPs films with high resistivity, varying with the em-
ployed irradiation settings. Three fabrication parameter combinations (P4S4, P5S6 and P6S7)
presented the lowest sheet resistances, the lowest being 132.5 + 17.5 Q.sq™' (n=3) for a power
of 6 % and scanning speed of 7 %. Furthermore, for some conditions, high variability in resis-
tivity is observed, depending on the VA ratio employed for modification. For example, for laser
settings of P4S5, a mean sheet resistance of 665.8 + 232.6 Q.sq”' (n=3) was reached. Using
these conditions, a VA ratio of 0.25 shows a minimum sheet resistance of 354 Q.sq”", while for
a VA ratio of 0.5, a maximum value of 1010 Q.sq™" is observed, indicating the influence of the
amount of copper sulfate on the efficiency of LIG synthesis. Comparing these values with pris-
tine LIG reported in Chapter 4, a significant increase is visible in the resistivity of samples. For
pristine paper LIG, values around 58 Q.sq™" are characteristic (4% power and 4% speed settings)
32 while for the same conditions, LIG/CuNP films present higher sheet resistances around 170
+ 10.4 Q.sq”" (n=3). One possible explanation is that since the CUNPs and LIG are simultane-
ously synthesized, the energy emitted by the IR laser will be used for both paper graphitization
and synthesis of CuNPs. As in a situation of exclusive LIG formation, all the laser output energy
is used to graphitize the paper fibers, while in this case, the substrate is covered with a precur-
sor, decreasing the effectiveness in converting paper into LIG.

Fabrication settings of 4% laser power and 4% laser scan speed were selected for fur-
ther characterization based on the lower resistivity and variability, accounting for different VA
ratios. Morphological analysis by SEM was performed on the paper after the laser scanning
with these conditions and a VA ratio of 1 uL.mm™ (Figure 5.1e). The results show that at super-
ficial LIG surfaces, the presence of copper nanostructures is less dense, suggesting that the
temperatures leading to graphitization also promote a full decomposition of the copper sulfate
precursor and less reduction of the precursor onto copper nanostructures. However, when sur-
veying LIG fibers at higher depths, there is the presence of dense clusters of nanoparticles, with
spherical shapes and varying sizes. This indicates the hypothesis that CuNPs are formed by
thermal-induced effects at depths where heat dissipation is greater and there is less direct
irradiation of the laser beam. In these cases, copper ions are reduced to CuNPs loaded onto
the surface of LIG fibers. Accompanying SEM analysis, EDS measures (Figure C2) show a steep

increase in the relative carbon composition of the lasered surface (70 %), while the relative
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copper percentage remains close to the one prior to the laser scribing. Regarding oxygen and
sulfur, there are significant decreases in their relative percentage, associated both with the
graphitization of cellulose fibers and conversion of CuSO4 to copper nanostructures, leading
to the release of oxygen and sulfur-rich volatiles. To further analyze the distribution of CuNPs,
a LIG/CuNPs film was exfoliated from the paper substrate, according to a protocol presented
in the following Chapter 6 *, and its inverted surface was analyzed by SEM/EDS (Figure 5.1f).
This surface represents the greatest depth at which the temperature induced by the laser irra-
diation causes graphitization of the cellulose substrate. As shown, at this depth, there is a
greater spreading of synthesized CuNPs and many particle clusters are visible. Simultaneously,
these clusters are anchored at the surface of LIG fibers, showing that heat accumulation during
the laser irradiation process is sufficient to stimulate the synthesis of CuNPs at varying depths.
EDS elemental mapping further indicates the presence of CuNP clusters, clearly distinguished
in the Cu La mapping.

Regarding the chemical characterization of LIG/CuNPs composite, three prominent
peaks located at 1346, 1586, and 2691 cm™ were identified in the Raman spectrum (Figure
5.2a), corresponding to the D, G, and 2D bands characteristic peaks of graphitic structures. 34
Calculating the two ratios used to characterize LIG, an lzp/ls ratio of 0.67 was obtained, sug-
gesting that the fabricated LIG presents a multilayer structure. In contrast, the Ip/ls ratio of 1.03
indicates that during the laser induction, defective carbon-based structures are being formed.
These results were compared to bare LIG synthesized without the copper precursor, presented
in Chapter 4 (loo/16=0.58 and Ip/1c=0.63), showing that the presence of copper sulfate solution
leads to a more defective LIG fraction within the LIG/CuNPs composite, caused by the less
efficient energy utilization for the graphitization of the paper substrate, also observed for re-
sistivity outcomes.

XRD was used to access the crystalline structure of the copper nanostructures on the
paper substrate with deposited CuSOs solution before and after the laser irradiation (Figure
5.2b). Regarding the sample irradiated with the laser beam, three major peaks at 43.3, 50.5,
and 74.1° are indexed to the (111), (200), and (220) planes of metallic copper **. The appearance
of these diffraction peaks shows that due to laser irradiation, a change in the initial oxidation
state of copper is promoted, resulting in the formation of nanoparticles arranged in an ordered
crystalline arrangement characteristic of metallic copper. Further chemical characterizations
were performed by XPS. XPS spectrum of LIG/CuNPs composites (Figure 5.2c) indicates the

presence of carbon, oxygen, copper, and sodium. The detection of sodium is related to the
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Figure 5.2 - Chemical characterization of LIG and LIG/CuNPs composite. (a) Raman spectra of LIG and
LIG/CuNPs. (b) XRD analysis of the substrate with copper precursor before and after laser irradiation. (c)
Survey XPS spectra of LIG and LIG/CuNPs composites. XPS spectrum of (d) C1s and (e) Cu2p peaks of
LIG/CuNPs. (f) Cu LMM Auger spectrum of LIG/CuNPs.

paper treatment with the fire-retardant. The high-resolution spectrum of C1s (Figure 5.2d) re-
vealed the presence of six different carbon bonds at the following binding energies: C=C (sp?)
at 284.3 eV, C-C (sp3) at 285.5 eV, C-O at 286.6 eV, C=0 at 287.5 eV, O=C-0 at 288.6 eV, and
n—mt* satellite at 290.7 eV. Since the dominant peak corresponds to the sp® hybridized carbon
atoms, the presence of LIG is confirmed *'. To further investigate the valence state distribution
of copper in the sample, the high-resolution Cu2p spectrum was surveyed (Figure 5.2e). This
spectrum shows that two copper species with different chemical states are present in the sam-
ple. The peak located at 934.4 eV can be assigned to CuO (or Cu(ll)), *® while the peak with the
binding energy of 932.8 eV could not be identified by simply analyzing the Cu2p XPS spectrum.
Since the Cu(0) and Cu(l) species have similar binding energies, they can be distinguished
through the Auger parameter (calculated through the sum of the Cu LMM kinetic energy and
the Cu 2p*? binding energy). Cu LMM Auger spectrum (Figure 5.2f), shows a dominant peak
located at 916.89 eV. The determined Auger parameter of 1849.4 eV is characteristic of Cu,O
(or Cu(l)). *° The presence of copper oxide species may arise by superficial oxidation of copper

when exposed to the air after laser synthesis. Thus, XRD and XPS results show that the
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nanoparticles anchored on the LIG surface consisted of a mixture of copper and superficial

copper oxides.

5.3.2 Electrochemical characterization of LIG/CuNPs electrodes

The electrochemical performance of LIG/CuNPs-based electrodes was evaluated by
performing sequences of voltammograms in the presence of 5 mM [Fe(CN)¢]*/*" as redox
probe. The voltammograms (Figure 5.3a) show two well-defined cathodic and anodic peaks,
corresponding to the reduction and oxidation of the electroactive species, respectively. The
voltammogram shows a slight increase in the peak-to-peak separation as the scan rate in-
creases, which means that this reaction is considered quasi-reversible. In Table C1 the obtained
electrochemically active surface area (Ae) and HET rate constant (ko) calculated for LIG/CuNPs
sensors are presented (calculated from CV curves presented in Figure C3). The average Ac value
was calculated to be 13.70 mm? (RSD = 9.61 %, n=3), which reflects an increase of 2.79 times
the geometric area (Ag) of the WE. Regarding electron transfer kinetics, a mean ko of 8.57x10°
*cm.s™ (RSD = 5.30 %, n=3) was determined. A comparison against electrochemical cells based
on bare cellulose-based LIG was also drawn, using cyclic voltammetry. It can be noticed that
bare LIG without CuNPs shows increased current densities in both anodic and cathodic peaks,
as well as a smaller peak-to-peak separation, which correlates well with the presented chemical

and conductive characterization presented before (Figure 5.3b). Comparing the
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Figure 5.3 - Electrochemical performance of LIG/CuNPs and LIG electrodes. (a) Cyclic voltammograms
of LIG/CuNPs sensor obtained for a scan rate range of 10 to 150 mV.s™", using 5 mM [Fe(CN)g]>/4~ as
redox probe. Both insets represent auxiliary plots for the determination of the kinetic parameters: the
right graph is a plot of peak currents vs. square root of corresponding scan rate and the left one is a
plot of kinetic parameter W vs. C.v="2, (b) Comparison between the plots obtained for the LIG/CuNPs

and the LIG electrodes, at a scan rate of 50 mV.s™".
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electrochemical parameters of LIG/CuNPs sensors with those of bare cellulose-based LIG sen-
sors (Ae = 21.27 mm?, RSD = 5.00 % and ko = 20.06x102 cm.s", RSD = 2.76 %, n=4 detailed in
Figure C4) a small deterioration on electrochemical performance and charge transfer capabili-
ties is observed when CuNPs are present. Although literature evidences that the incorporation

of CuNPs leads to enhanced electron transfer efficiency, 2’4

those studies report a separated
method for the CuNPs formation after LIG synthesis. As mentioned before, in this case, the
laser energy will have to be distributed by substrate graphitization and nanostructure synthesis
within the one-step laser induced synthesis process, which results in less graphitized fractions
and, ultimately, lower charge transfer capabilities of the electrode system. In addition, in the
area used for drop-casting of CuSO4 precursor, no wax is present during the laser synthesis

protocol. As shown in the following chapter %%

, wax loading used for impermeabilization of
the paper substrates also promotes higher graphitization potential and improves yield of LIG
synthesis, directly influencing the charge transfer properties of electrochemical cells. Thus, the
diminished charge transfer capabilities resulting from the patterned WE over paper modified
with CuSO4 are in accordance with previous findings. Nevertheless, electrochemical perfor-
mance shows suitable charge transfer potential features for use in sensing, where the presence

of CuNPs can participate in the catalytic oxidation of glucose molecules in alkaline medium.

5.3.3 Nonenzymatic Glucose Sensor Performance

The ability of the fabricated LIG/CuNPs sensors for glucose detection was assessed.
Firstly, chronoamperometric measures of the LIG/CuNPs sensors were taken to monitor the
current response to the addition of increasing glucose concentrations. Three different elec-
trode potentials (0.4, 0.5, and 0.6 V vs printed Ag/AgCl) were employed to determine the re-
sponse of the electrodes to the addition of glucose (Figure 5.4a). It can be noticed that for an
applied potential of 0.4 V, well-defined steps corresponding to the addition of lower glucose
concentrations are observed. Therefore, 0.4 V potential was selected in subsequent experi-
ments. The respective calibration plot (Figure 5.4b) exhibits a linear range from 20 uM to 1.51
mM and the sensitivity was 87.6 yA.mM™'.cm™. Error bars were included using the standard
deviation, and the limit of detection (LOD) was 14 uM (3¢/S). Figure C5 shows the method
employed to calculate and extract current magnitudes associated with glucose additions, used
to establish sensor calibrations. The LIG/CuNPs sensor was once again tested based on a chron-
oamperometric technique by adding successive 0.1 mM of glucose (Figure 5.4c). The measured

current was linearly correlated to glucose, at a concentration range from 50 uM to 1.79 mM
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Figure 5.4 - Glucose sensing performance of LIG/CuNPs based sensor. (a) Continuous amperometric
sensor response to different glucose concentrations using applied potentials of 0.4, 0.5, and 0.6 V. The
inset shows the magnified section for the additions of the two lowest glucose concentrations. (b) Cor-
responding calibration curve for the 0.4 V potential. The inset shows the magnified section considered
for a linear range response. (c) Sensor response to successive additions of 0.1 mM glucose using an
applied potential of 0.4 V. (d) Corresponding calibration curve. (e) Reproducibility tests performed on
six LIG/CuNPs sensors. (f) Selectivity study for the addition of 0.2 mM glucose in the presence of inter-
fering species (each 0.1 mM).

(Figure 5.4d). The sensor sensitivity toward glucose was determined to be 95.3 JAmMM™~.cm™.
Comparing the two obtained sensitivities based on the different glucose addition protocols, it
can be said that the obtained values are very approximate, which corroborates sensor viability.
An LOD of 11 uM was determined. Reproducibility tests using six LIG/CuNPs sensors prepared
with the same conditions were performed (Figure 5.4e). The amperometric responses were
measured during the addition of 0.1 mM glucose, showing a mean response of 1.23 uA. The
relative standard deviation of 2.84 % was calculated, suggesting that the developed sensors
have good glucose-sensing reproducibility. Selectivity testing was carried out by measuring
the sensor response to the addition of interferents that can influence the catalytic oxidation of
glucose by CuNPs. Figure 5.4f presents the response of the LIG/CuNPs sensor for the consec-
utive addition of 0.2 mM glucose, 0.1 mM NaCl, ascorbic acid, uric acid, fructose, galactose,

lactose and sucrose. The results show that the presence of NaCl and uric acid interfering species
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produce negligible current responses, as well as for other sugars. Considering the ascorbic acid
interference, a slight increase in the sensor current response can be observed in the graph,
although not significant when compared to the glucose additions, with the signal returning to
the baseline current associated with the presence of glucose. Therefore, LIG/CuNP composites
display good selectivity features for nonenzymatic glucose sensing

A comparison with other reports of carbon-based electrochemical sensors employing
Cu nanostructures for glucose sensing and their performance metrics is drawn in Table 5.1,
encompassing different synthesis and nanostructure deposition methods. Overall, this work is
the single one proposing a single step for graphitization and copper reduction on paper sub-
strates, offering a low-cost and efficient process of electrode fabrication, with significant ad-

vantages when scale-up is intended.

Table 5.1 - Performance comparison of several copper nanostructure-based glucose sensors.

Materials Nanostructure synthesis/ depo- Linear LOD Sensitivity Reference
sition method Range (uM) (MAMM™".cm™)

CuNPs, LIG, pol- Substrate-assisted electroless 1 uM - 6 0.39 495 41

yimide deposition mM

CuNPs, graphite Hydrothermal 01 - 34 105 7254 42

sheet mM

CuO NPs, LIG, Focused sunlight 1 uM -5 0.1 - 43

polyimide mM

CuNCGs, LIG, pol- Electrodeposition 25 uM - 4 0.025 4532 44

yimide mM

CuNPs, LIG, Electrodeposition TuM -05 - 84 35

polyimide mM

CuONPs,  LIG, Laser induction/synthesis 0-8 mM 0.049 619.43 2

polyimide

CuNPs, LIG, pa- Laser induction/synthesis 20 M - M 95.3 This work

per 1.79 mM

5.3.4 Glucose Sensing in Artificial Sweat

Although the stable and sensitive performance of the developed nonenzymatic
LIG/CuNPs sensors, testing in a complex matrix portraying real sweat environment is of signif-
icance to determine the suitability of the sensors to measure physiologically relevant glucose
levels in sweat. The sensors were tested in an artificial sweat matrix, with a suitable alkaline pH

by dissolving 0.1 M NaOH. Calibration of the sensors were repeated using this complex matrix

155



—
(1]
—
—
o
—
2

1 mM
40} 14 4,"
—_— .
<L 12 0,,:’°
= % 500 uM l l < 104 ¢
ey B ~ 7
c i l l € 8 b4
[0 200 pM o L4
st 5 61 I
= 100 uM 8] 2
S 20 i 4 &
O @
21§
o 5 4i=105 [Glucose] + 0.3
10 : ' : ' o 1 2 3
500 1000. 1500 2000 Glucose concentration (uM)
Time (s)
(c) » (d)
200 uMm 14
¥
., P 124 o e
2 251 %, \w;fy 10 o
R T 4 o 9
= Cuf| L E s )
g 20t Bef o
= 34 J
3 i Normal Sweat Glucose |evels ’
o 15 60 uM - 200uM 2
! 0+ 4i=359 [Glucose] + 0.07
10 0 200 400
300 600 990 1200 1500 1800 Glucose concentration (uM)
Time (s)

Figure 5.5 - LIG/CuNPs sensor operation with artificial eccrine sweat matrix. (a) Continuous amperomet-
ric sensor response in artificial sweat matrix and (b) corresponding calibration curve at 0.4 V. (c) Sensor

response after electrochemical oxidation of CuNPs and (d) corresponding calibration curve.

(Figure 5.5). Addition of volume fractions of sweat sample with glucose to the sensor environ-
ment leads to the expected current step response of the sensor in continuous operation, show-
ing the suitability of the LIG/CuNPs active surface for detection of glucose in this complex
sample environment (Figure 5.5a). The resulting calibration (Figure 5.5b) shows a similar re-
sponse of the sensors, but a slightly decreased sensitivity of 76.6 JAmM~".cm™ and a LOD of
26 uM, which may be attributed to the presence of other interferents in the sweat matrix, in-
cluding amino acids and ions. Regular sweat glucose levels are correlated with blood glucose
levels, but situate at more than one order of magnitude lower, varying from 10 to 200 uM *.
To reliably detect glucose in real sweat samples within physiologically relevant levels, the
LIG/CuNPs sensors require higher sensitivity and lower LOD. Generally, the catalysis of glucose
oxidation is attributed to the presence CuOx species ?°. As shown in the literature, the degree
of oxidation directly influence the sensitivity of sensors towards glucose oxidation and corre-
sponding current density ?°. As seen in the XPS characterization of LIG/CuNPs there is oxidation
of the CuNPs synthesized by the laser irradiation protocol. To further increase oxidation levels
of CuNPs and increase sensor sensitivity, electrochemical oxidation of CuNPs was further pro-

moted, by employing a chronoamperometry cycle at 0.7 V for 1 hour with 0.1 M NaOH
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electrolyte, prior to measurement. Subsequently, sensor response was assessed (Figure 5.5¢),
showing an improvement in the response at lower glucose concentrations. After oxidation, the
sensor could reliably present current increases at low concentration of 10 uM and present a
steady current step increase at physiologically relevant glucose concentrations in sweat. The
calibration (Figure 5.5d) shows an increase in sensitivity, at 262 yA.mM~".cm™and a LOD of 3.3
WM. Using the standard deviation of background current of the sensor response instead of
current response associated with glucose addition, the detection limit is as low as 338 nM. With
the one-step synthesis of LIG/CuNPs modified electrodes and employing strategies to improve
the presence of oxidized copper, the sensors present potentiality for further development and

inclusion into wearable sensing systems for sweat glucose sensing.

54 Conclusions

This work focused on the development of a new method for the synthesis of LIG/CuNPs
composites on paper. DLW technique was used for the simultaneous synthesis of LIG and
CuNPs, which provided a simple and rapid method for the fabrication of electrodes for non-
enzymatic glucose detection. The morphological, chemical, and structural properties of the
fabricated composites were analyzed. LIG/CuNPs-based sensors were fabricated, and their
charge transfer capabilities were assessed, reflecting good electrochemical performance.
Moreover, sensors’ ability to detect glucose was tested, and this non-enzymatic sensor exhib-
ited good sensitivity and reproducibility. With careful sensor construction and methods to pro-
mote the oxidation of CuNPs within the composite, sensor response can be further improved,
to show good sensitivity and detection limits for glucose determination in complex sweat ma-
trix. These findings have potential for developing flexible bioelectronics economically and sus-
tainably, allowing for sensor scalability and commercialization. Ultimately, by pointing out the
potential of this new approach to synthesize LIG and CuNPs on paper for the non-enzymatic
detection of glucose, this work brings up new possibilities for the biosensing field, translatable

for the synthesis of other active metallic nanostructures.
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6

WATER PEEL-OFF TRANSFER OF ELEC-
TRONICALLY ENHANCED, PAPER-BASED
LASER-INDUCED GRAPHENE FOR WEARA-
BLE SENSING

Laser-induced graphene (LIG) has gained preponderance in recent years, as a very attractive
material for the fabrication and patterning of graphitic structures and electrodes, for multiple applica-
tions in electronics. Preponderantly, polymeric substrates, such as polyimide, have been used as precur-
sor materials, but other organic, more sustainable, and accessible precursor materials have emerged as
viable alternatives, including cellulose substrates. However, these substrates lack the conductive and
chemical properties achieved by conventional LIG precursor substrates and have not been translated
into fully flexible, wearable scenarios. In this work, the conductive properties of paper-based LIG are
expanded, by boosting the graphitization potential of paper, through the introduction of external aro-
matic moieties and meticulous control of laser fluence. Colored wax printing over the paper substrates
introduces aromatic chemical structures, allowing for the synthesis of LIG chemical structures with sheet
resistances as low as 5 Q.sq™", translating to an apparent conductivity as high as 28.2 S.cm™'. Regarding
chemical properties, Ip/lg ratios of 0.28 showcase low defect densities of LIG chemical structures and
improve on previous reports on paper-based LIG, where sheet resistance has been limited to values
around 30 Q.sq", with more defect dense, less crystalline chemical structures. With these improved
properties, a simple transfer methodology was developed, based on a water-induced peel-off process
that efficiently separates patterned LIG structures from the native paper substrates to conformable, flex-
ible substrates, harnessing the multifunctional capabilities of LIG towards multiple applications in wear-
able electronics. Proof-of concept electrodes for electrochemical and strain sensors were patterned,
transferred, and characterized, using paper as a high-value LIG precursor for multiples scenarios in wear-
able technologies, for improved sustainability and accessibility of such applications.

Keywords: Laser-induced graphene, paper, transfer methodologies, wearable electronics, electrochemi-

cal sensors, strain sensors

The literature presented in this chapter is published in:

+»* Pinheiro, T., Correia, R., Morais, M., Coelho, J., Fortunato, E., Sales, M. G. F., ... & Martins, R.
(2022). Water peel-off transfer of electronically enhanced, paper-based laser-induced graphene
for wearable electronics. ACS Nano, 16(12), 20633-20646.
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6.1 Introduction

Ever since its discovery, laser-induced graphene (LIG) has established itself as a very
attractive material for electrode fabrication. For LIG, the straightforward fabrication stands on
the need for minimal infrastructure and precursor materials, in a maskless, catalyst-free, non-
toxic synthesis route, allowing for low-cost, high-throughput patterning of graphitic structures
with very high selectivity and localized conversion, within fully customizable geometries '. This
brings advantages when comparing to conventional graphene synthesis methods, such as
graphite exfoliation, chemical vapor deposition (CVD) or crystal epitaxy, that require expensive
and complex manufacturing equipment and processes % As such, LIG has found space in the
production of planar microelectronic devices, due to the resulting porous nature of the three-
dimensionally stacked 2D lattices of the converted graphene structures, that circumvent some
cumbersome processes of single layer graphene transfer, patterning and stacking for the pro-
duction of functional architectures **. As a consequence, LIG has been used in many applica-
tions, ranging from energy harvesting and storage devices, such as triboelectric nanogenera-
tors (TENGs) and microsupercapacitors (MSCs) °, photovoltaics °, electrophysiological signal
monitoring ’, biophysical sensors and actuator systems ® and electrochemical sensing®. Most
of these applications have been developed on plastic polymers, mainly polyimide (Pl), resulting
in LIG with very attractive intrinsic properties, such as high specific areas (around 340 m?.g™"),
good thermal stability (>900 °C) and attractive electrical properties (5-25 S.cm™) '°. More re-
cently, other precursor substrates have been put forward to improve on the accessibility and
environmental impact of such petroleum-based substrates '". These include wood ', leaves
and other organic biomass such as cork '. Besides these, other more refined forms of extracted
precursor materials have been used, including aromatic-rich lignin composite films ™ and cel-
lulose rich substrates, such as cardboard '® and paper sheets '’. Natural organic substrates can
achieve very good electrical properties, with sheet resistances as low as 10 Q.sq”’, contingent
on the presence of aromatic precursors, namely lignin, that can serve as a template for graph-
itization'>. However, aliphatic-rich cellulosic substrates, such as paper, lacked in these electrical
properties, since they do not possess the intrinsic aromatic carbon structures that aid in this
graphitization process. With cellulose being the most abundant polymer in the world, its inclu-
sion in fabrication chains in electronics is of interest, including as a high-value LIG precursor.

Another important aspect of LIG is its application in flexible microelectronic elements.
This is empowered by the native flexible properties of the used plastic polymers or organic

substrates, that lead to bound LIG microstructures that retain the mechanical properties of the

162



selected native substrate. As such, many applications have been developed, targeting flexible,
wearable electronics and bioelectronics '®. However, these native substrates have some short-
comings when envisioning stretchable, fully conformable applications, due to low elasticity of
commercial forms of these materials '*%. Hence, many authors have developed different trans-
fer techniques, to move LIG microstructures into elastomeric polymers, that can add to this
improved flexibility and conformability. These transfer techniques can be inspired by scotch-
tape exfoliation of graphite, where adhesives are used to anchor LIG architectures to the trans-
fer substrate 22, Alternative approaches have been presented, by casting elastomer polymers
over the scribed LIG structures, to produce elastomeric films that can anchor the bulk LIG vol-
ume. Such methods have been translated to use with a range of elastomers, including PDMS
and other silicone elastomers %, polymethyl methacrylate (PMMA) %, Ecoflex 2> and substrates
with other properties, such as biodegradable starch films 26, concrete or epoxy resins 2’. An-
other approach has been the embedding of LIG precursors into elastomeric films, that are then
submitted to laser irradiation and patterning. Such approach has been applied for the fabrica-
tion of MSCs in PDMS embedded with Pl % and pressure sensors from lignin embedded PDMS
2 Using these methodologies, very attractive electronic elements can be fabricated. However,
presently, none of these approaches have been adapted to the use of more accessible sub-
strates such as paper and other cellulosic materials. This may be attributed to some technical
drawbacks. Paper has high adhesion to adhesive glues, because they can incorporate its porous
structure, inhibiting a direct peel-off. The same is observed for casting of elastomeric polymers
over paper, ultimately hindering the peel-off without ripping the fibrous paper structure.

In this work, we expand the conductive properties of paper-based LIG, through a set of
modifications that improve the conversion efficiency of cellulosic substrate into conductive
graphitic structures, paired with meticulous control of laser operational parameters. Further-
more, a simple transfer method is developed, to harness these enhanced capabilities into flex-
ible, conformable substrates, targeting applications for wearable electronics. The modifications
imposed on the paper substrate are based on the introduction of aromatic carbon chemical
structures, that promote a more efficient rearrangement of cleaved carbon bonds upon the
laser irradiation process. The imposed treatment on the paper substrates is divided into two
stages, firstly by the introduction of fire-retardant chemicals, that increase thermal resistance
of the cellulose fibers, hindering their decomposition and ablation. Boron-based chemicals,
such as Borax, suffer endothermic decomposition and release additional bound water mole-
cules, acting as chemical heat sinks 3", that help dissipate the very high localized temperatures

upon laser irradiation. Secondly, the paper substrates are treated with colored paraffin wax, to
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introduce aromatic compounds that can serve as templates for more efficient reorganization
and intramolecular condensation upon the buildup of graphene lattices within the synthesized
LIG. As previously shown for other substrates, such as wood, the amount of aromatic compo-
nents, in this case lignin, is paramount to obtain improved chemical and conductive properties
in the synthesized LIG structures ' As such, the control over the amount of colored wax used
to modify the paper substrates is a simple way to control the efficiency of the laser induction
and tailor the conductive properties of LIG patterns. In addition, a thorough control of the laser
fluence applied to the substrate was employed, to study and optimize the outcomes upon the
conversion process, by manipulating key variables including laser source power, lasing scan
speed, focus of the laser beam and the number of lasing scans, used to increase the graphiti-
zation efficiency 3**3. With such control over the conversion of wax-modified paper substrates,
the conductive and chemical properties reached in this work are on par with LIG synthesized
using aromatic-rich plastic polymers, such as Pl and organic materials such as wood. Single-
digit sheet resistance, low defect density and high degree of crystallinity of the obtained lat-
tices is attainable with this modification, introducing paper into the toolbox of high efficiency
LIG precursor materials. With these enhanced properties, versatile, simple transfer methodol-
ogies for paper-based LIG patterns are of interest, to target more comprehensive applications
in flexible and wearable technologies. In this case, patterned and transferred electrodes for
electrochemical and strain sensors were developed, showing the applicability and multifunc-
tionality of this material, while improving on aspects of accessibility and cost reduction, within
many sustainable production and fabrication frameworks, such as the United Nations Sustain-

able Development Goals or the European Union Green Deal.

6.2 Experimental Section

Reagents and Materials

During this work, ultrapure Milli-Q water laboratory grade (conductivity < 0.1 pS.cm™)
was used to prepare all solutions, unless otherwise specified. Sodium tetraborate decahydrate
(Na2B4O7 10H,0), potassium chloride (KCl), chroroplatinic acid hexahydrate (H2PtCls 6H,0), sul-
furic acid (H2SO.) and 30% wt hydrogen peroxide solution were purchased from Sigma. Potas-
sium hexacyanoferrate (lll) (Ks[Fe(CN)s]) and potassium hexacyanoferrate (ll) trihydrate
(K4[Fe(CN)s) . 3H.O) were purchased from Roth. All reagents were used as received, without
further purification. Whatman chromatography paper grade 1 (Whatman International Ltd.,

Floram Park, NJ, USA) was used for laser irradiation and LIG formation. As transfer substrate
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models, Leukoplast Fixomull medical grade polyurethane tape, Hypafix polyester wound dress-

ing tape, polydimethylsiloxane (PDMS) and 3M Transpore polyester fixing tape were used.

LIG Synthesis on Wax-modified substrates and peel-off transfer

Paper sheets were cut into A6 size (105x148 mm) and were submitted to a boron-based
fire-retardant chemical treatment, as reported in previous chapters 3. The paper sheets were
dipped into a 0.1 M solution of sodium tetraborate solution for 20 minutes, followed by drying
at room temperature. Following this treatment, paper sheets were submitted to wax printing,
using a Xerox Colorqube printer, using commercial yellow wax printing cartridges compatible
with the printer. These cartridges are composed of paraffin wax (CAS#8002-74-2) and a pro-
prietary yellow pigment. To control the degree of paraffin and yellow pigment loaded into the
paper sheets, the number of printing cycles varied, from 2 to 5. Each printing cycle consists of
printing a superficial layer of wax, followed by heating the substrate over a hot plate, to per-
meate the wax throughout the volume of the paper. The loading capacity of the selected paper
substrate was limited to 5 layers, since a complete pore filling is achieved and for higher cycle
numbers, there is a leakage of wax ink outside the paper structure.

After substrate treatment and modification, the paper sheets were put over a glass
substrate and fixed with adhesive tape, to secure a flat paper surface for irradiation. A CO,
Universal Laser System with a 10.6 um wavelength, 50 W maximum power and 127 mm.s™
maximum scan speed was used for substrate irradiation and LIG synthesis. Some laser opera-
tional parameters were fixed during this process. The number of points per inch (PPI) was set
at 500 and the defocus between the substrate and focal point was fixed at -0.79 mm. Besides
these variables, the laser source power, scanning speed and number of lasing scans were var-
ied, to study the graphitization outcomes upon laser irradiation. In addition, the irradiation
processes were performed under a nitrogen rich atmosphere.

After irradiation and patterning of LIG, the paper substrate was removed from the glass
slide support and the transfer substrate was fixed to the same support. To transfer the irradi-
ated patterns, the paper substrate is submitted to a wetting step, where both surfaces are
submerged in water. Following this wetting step, the patterned paper surface is placed on top
of the adhesive surface of the transfer substrate with slight pressure, for 10 seconds. After the
complete area of the paper surface is put into contact with the adhesive surface, the paper

substrate is peeled off, leaving behind the patterned paper-based LIG.
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LIG Characterization

SEM characterization was performed using a Hitachi Regulus SU8220 system. Raman
spectroscopy was performed in a Renishaw inVia Reflex micro-Raman spectrometer equipped
with an air-cooled CCD detector and a HeNe laser. The laser beam was focused through a 50x
Olympus objective lens. Measurements were performed with a 532 nm laser with 10 s exposure
time and 3 accumulations as measurement parameters, with a laser power of 16 mW. X-ray
photoelectron spectroscopy was performed using a Kratos Axis Supra, equipped with mono-
chromated Al Ka radiation (1486.6 eV). Chemical composition was also studied through EDS
mounted in an SEM (Hitachi TM 3030Plus Tabletop). Electrical sheet resistance was determined
by Hall effect measurements in Van der Pauw geometry in a Biorad HL 5500 equipment at

room temperature.

Fabrication and Characterization of Electrochemical Sensors

Three-electrode electrochemical cells were constructed by patterning LIG-WE and LIG-
CE elements over wax-modified paper substrates and their subsequent transfer into the desired
substrate. After transfer of these two elements, a mask was cut over a glassine paper to man-
ually pattern an Ag/AgCl RE and silver contacts. After patterning, the glassine paper is removed
and the cell is encapsulated, leaving open areas for the electrodes and contacts. Electrochem-
ical measurements were performed using a PalmSens 4.0 Potentiostat (PalmSens Compact
Electrochemical Interfaces). Prior to characterization, an electrochemical pre-treatment clean-
ing step was performed on the electrodes, by CV scanning a potential window from -2 to 2 V
at a scan rate of 100 mV.s™, using the supporting electrolyte (0.1 mM KCI). After pre-treatment,
electrochemical cells were rinsed with water and left to dry in air. CV assays were carried with
a potential window from -0.3 to 0.7 V, at scan rates from 10 to 200 mV.s™". EIS was carried with
a pulse of 5 mV in amplitude, 50 data points, over a frequency range from 10.000 to 0.1 Hz.
The electrochemical measurements both by CV and EIS were performed using a redox probe
solution of 5.0 mM [Fe(CN)g]* and [Fe(CN)e]*, prepared in the supporting electrolyte. For
PtNPs electrodeposition, CV technique was employed, by scanning a potential window be-
tween -0.2 and 0.7 V at 50 mV.s™" for 20 cycles, using a 2.5 mM platinum salt solution in 60 mM
H2SO04. Chronoamperometry measurements were performed by immersing the PtNPs modified
sensors in 200 pL phosphate buffered saline (PBS) buffer (0.1 M, pH 7.4) and subsequently

remove and add 10 uL of H,O; solution in PBS buffer, to make the desired concentration.
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Fabrication and Characterization of Strain Sensors

Serpentine-shaped patterns based on previous literature * were patterned over wax-
modified paper and subsequently transferred into a desired substrate. After transfer, silver
tracks were patterned using a glassine paper mask, followed by encapsulation of the sensor,
so that LIG is not in contact with skin for biophysical signal monitoring. Characterization of
strain sensors was performed using a custom build bending apparatus controlled by an Ar-
duino, allowing for the control of bending radius and resulting applied strain and bending
frequency. To monitor the signal arising from bending stimulus and radial artery pulse, a Palm-
Sens 4.0 Potentiostat was used, operating in chronopotentiometry mode. For CP, a constant
current of 10 pA was applied, to monitor the potential changes and compute the variations in

pattern resistance towards the applied mechanical stimuli.

6.3 Results and Discussion

6.3.1 Boosting the properties of paper-based LIG through colored paraffin

and laser fluence control

Paper substrates can be directly converted to LIG by DLW, using commercial CO; laser
sources, after appropriate fire-retardant chemical treatments that increase their thermal re-
sistance *. The aliphatic carbon rings within the polymeric structure of cellulose are cleaved
and reorganized into graphitic structures, with the degree of aromaticity and resulting gra-
phenization dependent on the imposed fluence over the substrate. However, due to the ab-
sence of aromatic carbon chemical arrangements in its composition, that are more prone to
graphenization ", the efficiency of these laser conversion processes have been inferior when
compared to other substrates, such as Pl or wood, resulting in less attractive conductive and
chemical properties of the synthesized, paper-based LIG. As such, the introduction of aromatic
chemical structures is proposed as a means of improving the graphenization process upon
DLW of paper substrates, paired with a thorough control of laser fluence, dictated by laser
operational parameters. The mechanism for the synthesis of electrically enhanced paper-based
LIG is schematically illustrated in Figure 6.1a. Using a 10.6 um CO: laser source with a 50 W
maximum power, paraffin wax-treated paper substrates are irradiated under specific condi-
tions, to achieved LIG patterns with single-digit sheet resistance (Rsn) and improved chemical
properties, showcased by Raman profiles with improved defect densities. Firstly, the modified

paper substrates are irradiated with a specific distance from the laser beam exit nozzle of 0.79
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mm, to control the laser spot size and energy density imposed over the substrate by unit of
area, as presented in Chapter 4. Using different spot size focus profiles has been shown to
improve the efficiency of laser-induced conversion processes, by creating laser spot superpo-
sition patterns that act as if the same area is multiply lased, boosting the continuity of the
patterned material both within a single raster line and consecutive lines ''. Upon this irradiation,
the aliphatic carbon rings within cellulose chemical structures and the hydrocarbon and aro-
matic structures present in the paraffin and in the yellow pigment used to color the paraffin
wax suffer laser-induced pyrolysis, with photothermal cleavage of C-O-C, C-C and C-O bonds,
causing depolymerization, deoxygenation and dehydration of the native chemical structures.
This pyrolysis process creates a carbon pool that serves as a template for reorganization and
aromatization, leading to the necessary graphitization of the substrate and LIG production,
aided by the presence of increased amounts of aromatic chemical structures. In this case, this
commercial form of paraffin wax contains two benzene structures bound with straight chain
hydrocarbons and is mixed with resin and yellow dye *, that can also contain aromatic carbon
rings within their chemical structures. Dyes and pigments usually possess conjugated systems
where there are alternating double and single bonds within aromatic structures, that have res-

onance of electrons giving rise to absorption in specific wavelengths of the visible spectrum
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Figure 6.1 - Synthesis of LIG from wax-modified chromatography paper. (a) Schematic representation
of conversion mechanism. (b) FTIR spectra of LIG precursor materials, showing the introduction of aro-
matic moieties into the volume of paper substrate from colored paraffin wax. (c¢) Optical image of con-
verted LIG square with three distinct regions, corresponding to the number of lasing scans and the

resulting SEM micrograph. (d) SEM micrographs of converted LIG after three lasing scans.
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37 The paper substrates and modified paper substrates were studied with Fourier Transform
Infrared spectroscopy (FTIR), to identify the chemical bonds within their structure, presented
in Figure 6.1b. As can be seen, some of the characteristic peaks for paraffin wax can be identi-
fied in the FTIR spectrum of this colored wax (highlighted in gray), namely carbon-hydrogen
stretching and bending bands from its -CH3 and -CH2 groups (719, 1463, 2849 and 2917 cm’
") 38, Besides these peaks, there are different overtones, from 1500 to 1750 cm™', some of them
could be attributed to C=C aromatic rings and their stretching *, arising from the aromatic
components in paraffin and the yellow dye contained in it (highlighted in yellow). Although the
specific pigment used for this wax printing formulation is not disclosed by the manufacturer, a
thorough survey of chemical structures associated with pigments and dyes shows the abun-
dance of aromatic-rich chemistry in these components *°. When printing wax layers over the
paper substrate, the resulting spectra contains all these components associated with colored
paraffin wax, besides the ones associated with the aliphatic ring arrangements of the polymeric
structure of cellulose, such as the peaks associated with C-O-C and C-O bonds around 1000
cm™ (highlighted in green). As such, it is seen that the aromatic moieties contained in the
paraffin wax are introduced in the volume of the paper substrate, with their density able to be
controlled by the number of printing cycles (Figure D1). Furthermore, the use of more wax
printing cycles leads to a more complete filling of paper porosity, turning the distribution of
the modifying wax more uniform, until a maximum point reached at 5 wax layers (Figure D2).
To control the degree of graphitization of the modified substrate upon laser irradiation,
the fluence applied to the substrates was manipulated, by imposing distinct laser powers, raster
scan speeds and number of patterning scans to the substrate, treated with varying layers of
colored paraffin wax. In Figure 6.1c, a square patterned within a paper substrate treated with 4
wax layers and using 4 W laser power is presented, with three different regions patterned with
different number of lasing scans. In region 1, single lasing was performed with a scan speed of
15.2 cm.s™', while in region 2, double lasing is imposed, maintaining the same scan speed for
the first scan and decreasing the scan speed to 12.7 cm.s™' for the second scan. In the third
region, three lasing cycles are imposed, maintaining the same conditions of region 2 and per-
forming the third scan with a scan speed of 10.2 cm.s™. The rationale for decreasing the scan
speed for subsequent lasing scans is based on the increased conversion efficiency observed
for lower speeds, caused by an increased fluence *'. Thus, the first scan serves as a first carbon-
ization step, with higher speed that minimizes damage to the substrate, followed by scans with
lower scanning speeds, for increased cleavage and reorganization of bonds. The SEM micro-

graph of the patterned square is presented, showing marked differences between each region.
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With the increase in the number of lasing scans, the overall coloration of the LIG surface
changes and tends to become more metalized, a first indication that the pattern may become
more conductive. Furthermore, it is possible to observe the effect of raster scans over the sub-
strate, with the expected horizontal line patterns, that do not destroy the native fibrous archi-
tecture of the paper substrate. In terms of the architecture of individual fibers after the irradi-
ation process, presented in Figure 6.1d, it is possible to discern that additional porosity is im-
posed over the substrate, caused by decomposition of organic chemical structures of the
treated paper substrate and consequent release of volatiles. Furthermore, it is visible that wax
previously filling paper pores is removed after irradiation, indicating that improvements in con-
ductivity are not imposed by the presence of additional conductive material, but by more effi-
cient graphitization of cellulose fiber templates. In addition, irradiation of paper composites
with distinct amounts of wax does not lead to significant structural and morphological changes,
in terms of the fibrous nature of the material, besides slightly smoother fiber surfaces for higher
printing cycles. No results are presented for unmodified paper as reference, since without the
inclusion of the solid wax ink, the described irradiation regimens lead to complete ablation of
paper, even with the presence of a fire retardant. This shows how the proposed modification
scheme further increases the thermal resistance, allowing for the application of higher power
regimens and resulting temperatures for carbonization and graphitization.

When it comes to the resulting chemical and conductive properties of LIG synthesized
using these conditions, characterization was performed using Raman spectroscopy, Energy
Dispersive X-Ray spectroscopy (EDS), X-ray photoelectron spectroscopy (XPS) and 4-point
probe electrical measurements for Ry, assessment. Figure 6.2a presents normalized Raman
spectra of LIG patterned on paper modified with four wax layers, 4 W imposed power and
varying number of lasing scans. From the analysis of the spectra, it is possible to see that the
synthesized LIG has a low defect density, characterized by low intensity D peaks, and good
crystallinity, characterized by intense 2D peaks. Furthermore, a comparison of the spectra
shows how the use of multiple lasing scans is a simple strategy to improve the chemical prop-
erties of LIG. In this case, both Ip/lc and I2p/ls ratios indicate an improvement in these properties
when more lasing scans are imposed. For a single scan approach, the Ip/Ic has a value of 0.63,
decreasing to a value of 0.39 for triple lasing scan. Contrarily, the I2p/lc ratio increases from
0.48 to 0.58, showing a more crystalline, ordered LIG. This improvement in the Raman profiles
of LIG is paired with an increase in the superficial, relative carbon content of LIG films, demon-
strated by EDS measurements presented in Figure 6.2b. For a single scan patterning, a C/O

ratio of 28.8 is achieved, tripling the relative carbon content for three lasing scans, with a C/O
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Figure 6.2 - Characterization of LIG synthesized on wax-modified paper. (a) Raman spectra on the effect
of the number of lasing scans used for conversion and (b) EDS relative elemental analysis of resulting
LIG, using paper modified with 4 wax layers and 4 W laser power. (c) Sheet resistivity of LIG applying
one to three lasing scans and varying laser powers over paper modified with 4 wax layers. (d) Raman
spectra on the effect on the amount of wax used to modify paper substrates. (e) Raman spectra on the
effect of increasing laser source power on LIG chemical properties. (f) Sheet resistivity measurements
on the effect of increasing laser source power for LIG synthesized using three lasing scans and paper

modified with varying wax layers (2 to 5).

ratio of 62.9, showing a more efficient cleavage of undesired C-O bonds and their subsequent
release as gases. To determine the effect of this improvement of chemical properties upon the
conductive properties, Rsx determination showed that the increase in lasing scans leads to a
decrease of this parameter (Figure 6.2c). For a single lasing scan, the conversion process of
paper treated with 4 wax layers leads to Rs values ranging from 34.6 Q.sq™" (10.3 % RSD, n=5)
to 10.38 Q.sq™' (4.7% RSD). This shows the utility of waxed paper, that allows for the synthesis
of LIG with Rs, values on par with polyimide. When the number of lasing scans is increased, Rsh
decreased for all the tested laser power values. For 3.5 W, triple lasing scan leads to a Rsn value
of 8.6 Q.sq™' (11.8 % RSD), already achieving single-digit values. However, for increasing laser
powers, it is possible to reduce this resistance, with Rs, lowering to 5.1 Q.sq™ (7.3 % RSD) for 4
W laser power and 5.0 Q.sq" (3.8 % RSD) for 4.5 W power, using two lasing scans. The resulting
Rsh shows improved conductivities when compared to reports in the literature for several pre-
cursor materials, such as PI, that reached minimum values around 15 Q.sq™” °, wood, that pre-

sented Rqy around 10 Q.sq™' '? and other cellulosic substrates, that reached minimum values
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around 30 Q.sq" *. For triple lasing scan using 4.5 W power, there is an excessive laser fluence,
that causes degradation of the substrate and LIG chemical structures, leading to a slight in-
crease in Rsn. Thus, lasing power was limited to 4.5 W for further investigations.

After showing how the use of wax treated paper, paired with control of laser fluence,
can result in improved chemical and electrical properties of LIG films, Raman analysis was em-
ployed to determine the effect of the amount of wax towards the graphitization process. In
Figure 6.2d, Raman spectra of LIG films synthesized on paper treated with two to five wax
layers, 4 W laser power and three lasing scans is presented. The main finding when comparing
the spectra is the improvement of the I.p/lc ratio, that evolves from a value of 0.37 (11,0 % RSD,
n=6) for two wax layers, to 0.69 (2.4 % RSD) when five layers are employed. This shows that for
the same lasing conditions, the presence of increasing amounts of wax leads to more crystal-
line, ordered LIG chemical structures, since there is a higher density of aromatic chemical struc-
tures that boost the graphitization potential of the substrate, by acting as nucleation centers
where aromatization and buildup of graphene lattices can start and progress towards highly
graphitic structures. Taking the most crystalline, ordered condition of five wax layers, the effect
of applied lasing power was surveyed, showing similar effects to the increase in the number of
lasing scans. For progressively higher laser power (Figure 6.2e), the high degree of crystallinity
is paired with an improvement on defect density, showing how laser fluence influences the
rearrangement of carbon bonds towards more pristine 2D lattices composing the 3D LIG films.
For a lasing power of 3.5 W, an Ip/l ratio of 0.49 (11.9 % RSD) was reached, improving to 0.28
(22.6% RSD) for 4.5 W. The fingerprints of these chemical properties, associated with these
combinations, are reflected on the resulting Rs» measurements for conditions employing three
lasing scans, presented in Figure 6.2f. The tendency of the conductive properties of LIG patterns
is to improve with the increase in the number of printed wax layers and lasing power employed
for conversion. When fewer wax layers are applied, Rs values are higher and the substrate
suffers excessive degradation, not being conducive for conductivity measurements. For in-
creasing number of wax layers, higher lasing powers can be employed for conversion, since
there is more material to be converted, ultimately improving the thermal resistance of the sub-
strate and the resulting graphitization outcomes. Using these strategies, single-digit Rs» values
can be consistently achieved, with multiple combinations reaching values around 5 Q.sq™.
Overall, this simple wax treatment of paper substrates towards improved chemical and con-
ductive properties reaches the best values of Raman peak ratios and Rs» of any report using
cellulosic substrates, to the best of our knowledge, showing potential for application in the

development of electrodes and components for planar microelectronics. In addition, multiple
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experimental conditions using wax treated paper result in very attractive chemical and con-

ductive properties.

6.3.2 Water Peel-off Transfer of Paper-based LIG

After enhancing the capability of paper substrates to be high value LIG precursors,
through the introduction of aromatic moieties, its applicability towards flexible, conformable
electronic elements was studied. In Figure 6.3a, a schematic representation of the developed
transfer methodology is presented. Starting with the irradiation and patterning of any desired
LIG structure, this transfer method can be applied to a versatile range of geometries targeting
different applications, from interdigitated electrodes to planar electrochemical cells and other
electrode formats. After the patterning of any desired functional LIG design, the paper sheet is
removed from its glass support and is subjected to a wetting step. This has the purpose of
mildly separating converted LIG chemical structures from any native cellulose fibers and fibrils
not affected by the irradiation. Cellulose fibers and fibrils present a much higher affinity to-
wards water, due to the abundance of hydrogen bonds, that are important at cellulose’s inter-
molecular, fibril and fibre levels **. Contrarily, the converted material and its interlayer interac-
tions are mostly dominated by n- mt stacking of converted graphene layers and weak Van der
Waals forces creating a defined interface between native and converted material. Upon the
wetting process, water interacts with cellulose fibers at the interfacial level, creating additional
hydrogen bonds, that promote their separation from LIG chemical structures. Following this
step, the wetted paper substrate can be applied to any desired transfer substrate, with the
requirement that it possesses adhesive properties. Thus, a simple stick and peel-off process is
necessary for the complete transfer of LIG functional patterns, where water acts both to sepa-
rate LIG-cellulose phases and prevent the adhesion of paper to the adhesive transfer layer, due
to the abundant hydrogen bonds formed between water and cellulose, without the need for
any specific pressure requirements for the release of LIG onto the transfer substrate. As a trans-
fer substrate model, a medical grade polyurethane tape with a polyacrylate glue surface was
selected (Leukoplast® Fixomull), due to its elastic properties, ideal to characterize transferred
LIG structures in different scenarios. However, this transfer method can be applied to a myriad
of substrates, as seen in Figure D3, contingent on the presence of an adhesive layer, that can
be added to any desired transfer substrate, using repositionable spray adhesives, as was per-

formed for transfer into PDMS.
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Figure 6.3 - Water induced peel-off transfer process of paper-based LIG and characterization of trans-
ferred LIG chemical structures. (a) Schematic representation of the three-step transfer process, starting
with laser scribing and patterning of functional architectures, wetting of substrate and LIG patterns for
mild separation and sticking and peel-off of LIG patterns onto the transfer substrate. (b) Raman and (c)
XPS C1s deconvoluted spectra of pristine and transferred LIG. (d) Sheet resistivity of pristine and trans-
ferred LIG. (e) Transferred LIG electric lines and resistances at an electric circuit for connection of a
battery and LED. (f) Analysis of nominal vs. scribed line widths before and after transfer, depending on

scribing direction. (g) I-V curves and resistance of transferred lines, depending on scribing direction.

To characterize the chemical and conductive properties of transferred LIG, Raman spec-
troscopy, XPS and 4-point probe measurements were performed. In Figure 6.3b, a comparison
is drawn between LIG synthesized using 4.5 W power and three lasing scans, over a paper
substrate modified with 5 wax layers. As can be seen, the expected Raman profile of pristine
LIG previously presented is achieved. However, upon the transfer of the LIG structures, the
downward surface of the pattern is exposed to the excitation laser, leading to a much different
Raman profile. This downward surface is mostly constituted by more amorphous carbon forms,

represented by the absence of the 2D peak and the increased width of G and D peaks. This
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evidence was confirmed by XPS (Figure 6.3c), used to survey the C1s spectra of pristine and
transferred LIG. For pristine LIG surface, the deconvolution of the C1s spectra shows the pre-
ponderance of the peak associated with sp? carbon bonds, characteristic of synthesized gra-
phitic structures. In addition, there is a low density of different C-O bonds, characteristic of the
native materials, showing a high conversion efficiency. In opposition, the surface exposed after
transfer shows less density of sp® carbon and higher preponderance of sp® carbon bonds and
remaining C-O, C=0 and O-C=0 bonds, more abundant at the native wax-printed cellulose
substrate. This shows that the photothermal phenomenon governing the conversion of the
substrate to LIG, upon exposure to the CO, laser beam, is less efficient with the increase in
conversion depth, leading to less pristine graphitic structures over higher depths and more
abundance of oxygen moieties. Furthermore, it can be hypothesized that considering the tub-
ular nature of cellulose fiber architectures, fiber surfaces directly exposed to the laser beam will
be more efficiently converted, while the opposing surfaces are less exposed to the high tem-
peratures imposed over the irradiation process. This influences not only the microscopic effects
over individual fibers, but also the macroscopic properties of the surface exposed after transfer.
This is slightly reflected in the measured Rg, values for transferred and pristine LIG patterns
(Figure 6.3d). When comparing the values after transfer, an increase in the resistive properties
of patterns is observed, mainly for lower applied laser power. For 3.5 W, R increases to 20.9
Q.sq" (11.8 % RSD, n=5), almost doubling the resistance. For 4 W, this difference is not as
significant, with R, values of 11.2 Q.sq™ (12.6 % RSD) and for 4.5 W the difference is less sig-
nificant, with patterns achieving values of 7.5 Q.sq" (11.5 % RSD), showing that the same levels
of single-digit Rsy can still be reached for transferred LIG. However, due to the increase in
amorphous carbon contents at the exposed surface after transfer, the real sheet resistance of
LIG may not be reflected, because these carbon forms are the ones in contact with the meas-
urement probes, leading to an increase in contact resistivity. This is also an important consid-
eration for applications where the surface chemistry and conductivity of LIG are key parame-
ters. In conjunction with sheet resistance, pattern thickness was analyzed by cross-section
measures (Figure D4). For increasingly higher power regimens, pattern thickness increases, as
expected by the higher temperatures that affect cellulosic structures at higher depths (Figure
6.3d). Taking into consideration these thickness values, estimation of conductivity shows the
improved conductive properties when compared to other reports of paper-based LIG (Table
D1). For LIG bound to paper and synthesized using 4.5 W, a mean conductivity of 24.3 S.cm’
(11.1% RSD, n=5) was reached, reaching values as high as 28.2 S.cm™. For transferred LIG pat-

terns using the same condition, mean conductivity of 19.3 S.cm™ was reached. Comparing
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these metrics with other LIG forms, this paper-based LIG reaches similar conductivity levels
reported for Pl (25 — 34 S.cm™) '°, wood (23.3 S.cm™) ** and other engineered lignocellulosic
precursors (28 S.cm™) ¢, while far exceeding previous reports for paper-based LIG, as evi-
denced in Figure D5. Considering the porosity of paper, effective conductivity values that con-
sider the fibrous architectures of paper can be estimated. Using the Reynolds and Hugh rule
4647 the effective conductivity of the carbon LIG material can be estimated by normalizing the
volume fraction of carbon. Taking the porosity of Whatman grade 1 paper (48 %) *® and not
considering additional porosity caused by the irradiation process and volatile release, the ef-
fective conductivity of this carbon material can reach values as high as 67.3 S.cm™.

To study the versatility of patterning and design of LIG structures and their transfer, the
resolution and resistivity of LIG lines with varying widths were surveyed, to understand the
influence of the directional dependency of the raster process over the conductive properties
and width after irradiation, in opposition to the nominal width set in the laser control software.
As can be seen in Figure 6.3e, these LIG lines can act as circuit elements, where the control of
geometry dictates their resistive properties, allowing the flow of current in a simple circuit ca-
pable of turning an LED on and off. Lines with varying nominal widths were constructed, to
determine the resulting scribed width. Depending on raster direction, the laser spot pulse den-
sity can be subjected to variations, that influence the resolution of the scribing process of any
pattern, which is important in different functional designs that contain both horizontal and
vertical elements within their geometry. For horizontally scribed lines, their length was scribed
from left to right, following the raster movement of the laser mirror, with their width being set
by consecutive raster cycles. Contrarily, for vertically scribed lines, their length was scribed from
top to bottom, with the horizontal raster movement setting the width of the line. Results are
presented in Figure 6.3f, showing a similar behavior of the scribed width for both the horizontal
and vertical irradiation, with a linear variation associated with the increase in scribed width.
However, it is visible that the resolution of the scribed lines varies with the scribing orientation.
Vertically scribed lines have widths closer to the nominal width, while horizontally scribed lines
present higher resulting widths, evidenced by the upward shift. Furthermore, it is only possible
to pattern the minimum width set in the laser control software, corresponding to a width equal
to the laser spot size, using a horizontal orientation. This is a result of the variation in pulse
resolution of the used laser system, where for the x direction, it is set by the points per inch
(PPI) setting of the laser systems. For the same set width, the number of raster cycles in the y
direction is much lower than the PPI setting, resulting in these differences. For horizontal scrib-

ing direction, the lowest achieved width was 464.4 um, while for vertical scribing, the lowest
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width value was 252.1 uym, with no changes after line transfer, for both raster regimens. These
results were complemented with the measurement of |-V curves for patterned lines, presented
in Figure 6.3g. The results indicate that for higher line widths, the difference in the measured
resistance for horizontal and vertical scribing is not significant, with lines of 2 mm width achiev-
ing resistance values of around 50 Q. With the decrease in patterned width, the resistance of
the lines increases, with resistance of patterns in three different orders of magnitude, from 101
Q to 10° Q. Due to the variation in pulse density upon the irradiation process, there is a thresh-
old at which the difference in resistance between vertical and horizontal scribing increases
substantially, as is the case for a nominal width of 180 um, where for horizontal scribing, the
line presents a resistance of around 1kQ, while for vertical scribing, the resistance increases to
approximately 40 kQ. These are important considerations when miniaturizing LIG functional
patterns, where a careful manipulation of operational parameters is crucial to achieve fine pat-
terns that can approximate the maximum laser resolution, close to the laser spot size (127 ym
at focal point). To test the reproducibility of the transfer process, 200 lines (20 x 2.2 mm, 5 wax
layers, 3 scans and 4.5 W power) were fabricated and tested in terms of their conductive prop-
erties. For a first group of 100 lines bound to the paper substrates, a mean resistance of 53.9
Q (9.6% RSD, n=100) was reached, translating to a conductivity of 23.0 S.cm™. For the second
group, made of 100 transferred lines, a mean resistance of 62.4 Q (12.8% RSD) was reached,
translating to a conductivity of 19.9 S.cm™. Furthermore, a yield of 93% was reached for the
transfer group, considering unsuccessful transfer when lines showed a resistance above 2.5
standard deviations. These conductivity results, estimated by line resistance and geometry,
corroborate the conductivity assessed by sheet resistance measures, confirming the good con-

ductivity of this paper-based LIG.

6.3.3 Demonstration of flexible, wearable electronics from transferred pa-
per-based LIG

After demonstrating the excellent and tunable conductive properties enabled by LIG
synthesis on wax-modified paper and its transferred form, the same flexible, stretchable poly-
urethane medical grade tape was used as a model transfer substrate. Optimized synthesis con-
ditions of five wax layers, 4.5 W power and three lasing scans were employed to exemplary
pattern, transfer and assemble different components for wearable bioelectronic applications,
as depicted in Figure 6.4a. This exemplary patterned, skin-worn patch shows that different and

complex electrode and connector geometries can be transferred. However, the use of LIG as a
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Figure 6.4 - Demonstration of flexible, wearable applications for transferred paper-based LIG. (a) II-
lustrative circuit with planar microelectronic elements for skin-worn functional patches. (b-f) Flexible,
skin-worn electrochemical planar cell development and characterization. (b) Electrode components
for the developed cells on the skin. (c) CVs for Fe(CN)s>/4 redox probes at different scan rates (20 —
200 mV.s™). (d) LIG-WE surface after PtNPs electrodeposition. (€) Chonoamperometry response of
PtNPs modified LIG-WE towards HO, at 0.7 V applied potential. (ff Amperometric calibration of H,O,
sensor. (g-i) Wearable strains sensor from transferred paper-based LIG. (g) Bending strain cycling at
10% applied strain with 1 Hz frequency and 3600 cycles. (h) Strain gauge applied in the wrist, for pulse
wave monitoring from the radial artery, with inset showing skin conformability of the LIG-polyure-
thane sensor. (i) Pulse wave signal for heart rate determination and distinction of systolic and diastolic
signal phases

contact material for circuit fabrication is only exemplary, as LIG does not reach the same
transport properties in terms of conductivity of contact materials such as metallic conductors.

The first targeted application is the development of flexible, three-electrode electro-
chemical cells for electrochemical sensing applications. In this case, LIG patterning of carbon-
based working and counter electrodes (LIG-WE and LIG-CE) was performed, followed by their
transfer and subsequent patterning of an Ag/AgCl reference electrode (RE) and silver contacts
using laser cut masks (Figure 6.4b). Electrochemical properties of LIG-based WE and CE within

planar cells were studied, using a standard redox probe composed of ferri/ferrocyanide ions,
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with cyclic voltammograms showing the characteristic anodic and cathodic peaks related to
the electron transfer in this quasi-reversible process (Figure 6.4c). Low peak potential separa-
tions were achieved, below 200 mV for all the tested scan rates, showing the very good electron
transfer capabilities of the electrode surface. Applying the Nicholson method #**° for the de-
termination of the HET rate constant ko (Figure D6), an estimated value of 1.03 x 102 cm.s™
(23.9% RSD, n=5) was reached, which improves on previous reports from paper-based LIG

electrochemical sensors 3*°

and is in the same order of magnitude for LIG synthesized on
polymeric substrates *2. Another important aspect analyzed using the Randles-Sevcik equation
was the electrochemical surface area (Figure D6), that reached a value of 13.7 mm? (16.9%
RSD), an increase compared to the 8 mm? geometric area of the WE. This indicates that even
with the difference in surface chemistry of transferred LIG patterns previously studied, the sur-
face morphology and chemistry allow for an efficient filling of the porous structure by aqueous
electrolytes and diffusion of redox species, for effective electron transfer. To complement this
characterization, EIS was used to characterize these planar, flexible cells. Nyquist and bode
plots are presented (Figure D6), showing low solution resistances around 100 Q and charge
transfer resistances (RCT) of 70 Q, also presenting low impedances, with a maximum of 1.5 kQ
for 0.1 Hz. Furthermore, the electrochemical cells were exposed to different bending regimens
(Figure D7), showing that they can operate in different bending environments for application
in wearable situations.

Taking advantage of the attractive properties of these cells, platinum nanoparticles
(PtNPs) were electrodeposited, to serve as strong catalysts towards hydrogen peroxide (H>O>)
decomposition, as one of the most common transduction mechanisms in various enzymatic
and nonenzymatic sensing schemes used for electrochemical sensing of different metabolites
in mobile, wearable sensing modalities >*. SEM images of electrodeposited nanoparticles can
be seen in Figure 6.4d and Figure D8, showing particles with sizes in the hundreds of nanome-
ters, with a uniform and dense distribution over the WE surface. To note is the higher abun-
dance of particles at more interior LIG fibers, most likely at more conductive and less amor-
phous LIG areas, as shown previously in the characterization of transferred LIG. Comparative
CVs and EIS of electrochemical cells using the selected redox probes, before and after electro-
deposition were performed (Figure D9), showing an increase in current and decrease in Rcr,
associated with the increase in surface area given by PtNPs and their high conductivity. Proof-
of-concept H.0: electrochemical sensors were characterized using CV and chronoamperome-
try, to determine the response of PtNPs modified WE towards the decomposition of H,O5. In

Figure D10, CVs show the appearance of both anodic and cathodic currents associated with
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H.O, oxidation and reduction, respectively. To calibrate this H,O sensor, anodic currents as-
sociated with oxidation of H,O; at positive applied potentials were used, since these are the
most commonly applied potentials when this transduction mechanism is employed for enzy-
matic sensing of metabolites *. In Figure D11, different applied potentials were used to study
the progressive current increase associated with the addition of increasing concentrations of
H.O,. A 0.7 V bias was selected and the sensor response at this applied potential is presented
in Figure 6.4e. This sensor presents a large response range, showing the expected rise of cur-
rent after the addition of H,O, followed by a decrease until a steady state current level, asso-
ciated with analyte consumption at electrode surface. This response was calibrated by taking
the current 25 seconds after the peak associated with HO; spiking, presented in Figure 6.4f.
The sensor presents a large linear variation range between 50 uM and 13.2 mM, with a sensi-
tivity of 16 uAmM™".cm™ and a LOD of 11.6 uM (30/S), appropriate for application in the de-
velopment of more complex, enzyme-based biosensing schemes for sweat metabolite detec-
tion **. A comparison of several LIG-based H.O; electrochemical sensors is presented in Table
D2.

The second proof-of concept application for flexible, transferred LIG is its application
for strain sensor fabrication towards biophysical monitoring. LIG-based strain sensors have
shown to present very attractive performances in various substrates '*°, due to the piezore-
sistive properties of the patterned material. Serpentine-shaped strain sensors ** were patterned
on wax-modified paper and transferred to the medical grade polyurethane tape, being sub-
mitted to bending cycles at 10% strain, for 1 hour, at 1 Hz frequency, as shown in Figure 6.4g.
The sensor showed great stability over 3600 cycles, maintaining the same stretching and re-
leasing signal shape, as shown by the inset. At this strain, a high gauge factor of 128.9 was
achieved, potentiated both by the improved conductivity of LIG and the high flexibility of the
transfer substrate, when compared to the native paper substrate. A comparison on the perfor-
mance of several LIG-based strain sensors in the literature is presented in Table D3. Another
interesting aspect when testing these strain gauges at higher strain regimens was the appear-
ance of cyclic triboelectric phenomenon, arising from the polyurethane tape charging. This is
visible from the spikes in AR/Ro in Figure 6.4g and in Figure D12, were strain cycling with 20%
strain was performed. This is an evidence of the ability of LIG to be used as charge collecting
layer in architectures for the development of triboelectric nanogenerators. ***” As a proof-of-
concept application of a low-force sensitivity signal for non-invasive, wearable monitoring,
strain gauges were applied in the radial artery, for pressure wave and heartbeat frequency

monitorization, as shown in Figure 6.4h. A very good sensitivity and signal-to-noise ratio was
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achieved, allowing for a clear monitoring of the pulse waveform, as shown in Figure 6.4i, able

to distinguish the systolic and diastolic phases of the pulse wave signal.

6.4 Conclusions

As demonstrated in this work, the full potential of paper as a LIG precursor material is
still unexplored and many versatile, simple modification strategies can increase the graphitiza-
tion potential of this material for laser irradiation processes towards LIG synthesis. The intro-
duction of aromatic moieties by colored wax printing over the aliphatic-rich cellulose substrate
results in a highly efficient precursor composite material, enabled by the adaptability of paper
substrates towards varied modification strategies, including wax printing. This modification,
paired with the meticulous control of operational laser variables, resulted in improved conduc-
tive LIG structures, with very low sheet resistances around 5 Q.sq™, translating to apparent
conductivities as high as 28.2 S.cm™. Furthermore, very attractive crystallinity and low defect
density were achieved, prospected by Raman profiles of LIG, that showed Ip/ls ratios as low as
0.28 and Ilxp/lG ratios as high as 0.69. Furthermore, paper-based LIG is still unexplored in the
fabrication of fully flexible, conformable components for wearable applications. As such, the
developed water peel-off transfer methodology allows for paper to be used as an applicable
LIG precursor in the fabrication of on-skin, conformable systems for wearable technologies.
This transfer methodology achieves an efficient and complete transfer of LIG patterns, that
retain their optimized, enhanced conductive and chemical properties. The multifunctionality of
paper-based LIG and its transferred form was demonstrated towards the development of com-
ponents for wearable systems, through the fabrication of flexible, on-skin electrochemical pla-
nar cells and strain sensors, that were tested in different scenarios. With these results, paper
can be considered in the toolbox of wearable electronics materials, as a more effective LIG

precursor.
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7

PAPER-BASED, LASER-INDUCED GRA-
PHENE BIOELECTRODES FOR SKIN-INTER-
FACED BIOELECTRONICS APPLICATIONS

The development of mechanically compliant, functional materials toward skin-integrated
electronic systems has been a rapidly evolving field, aiming at flexible and even stretchable
architectures, that can be mounted into curved skin surfaces and adapt to its changing topog-
raphy and biomechanics. One of the components required for functional bioelectronic systems
is bioelectrodes that can robustly interact with the skin, to perform sensing or stimulation tasks.
In this chapter, paper-based laser-induced graphene is studied as a compatible material for
skin-integrated systems, by assessing its surface characteristics, its biocompatibility and mate-
rial-skin interface properties. Scoping the distribution of LIG surface chemical properties by
Raman signal mapping was performed, to understand the distribution of this conductive ma-
terial and its implications when in contact with the skin. Assays with human fibroblast cell cul-
ture were performed, to demonstrate the good biocompatibility of the material when in con-
tact with biological tissue. Electrical properties of the material when in contact with the skin
were also surveyed, by impedance studies of LIG-based bioelectrodes with different areas.
Based on these results, paper-based, transferred LIG/PU bioelectrode architectures were used
to develop two proof-of-concept applications for skin-integrated bioelectronic sensing sys-
tems. The first application is the deployment of paper-based LIG as dry electrode for electro-
physiological signal acquisition, namely electrocardiogram and electromyogram. The same bi-
oelectrodes were also used to develop electrode arrays, in the form of a chest scale patch for
the acquisition of 6 precordial lead ECG and high-density surface EMG acquisition for motion
recognition. The second application for paper-based LIG bioelectrodes is an iontophoresis
stimulation system, for the delivery of cholinergic agents and sweat secretion activation. The
delivery of carbachol as a model cholinergic agent was studied, demonstrating the capability
of stimulating up to 60 pL of sweat with a 10-minute stimulation period, over a period of 1
hour. The iontophoresis system was also integrated with a flexible LIG-based enzymatic glu-

cose sensor, aiming at non-invasive sweat glucose quantification.
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7.1 Introduction

Bioelectronics has emerged as a robust technology, anchored on ongoing research on
materials that combine several key features, such as mechanical flexibility with robust compli-
ance, stretchability, biocompatibility, adhesion to tissue surfaces and breathability "?. Depend-
ing on the target biological tissue to be interfaced, careful consideration on material design is
needed, to diminish the mechanical mismatch and possible inflammatory response, either for
implantable systems that interact with internal organ tissues or for epidermal applications,
where the device is in contact with exterior skin surface '. To achieve this, several material
classes have been studied, to develop soft conductors that can simultaneously participate in
charge conduction and robustly adhere and adapt to biological tissue surfaces *. These include
metal conductors, in the form of thin films, fillers or liquid metals “®, conducting polymers 7,
hydrogels ® and carbon nanomaterials °. Beyond materials, considerate shapes and form-fac-
tors also aid in achieving conformability, including substrates with nature-inspired adhesive
surfaces '° or conductive serpentine or kirigami conductive material architectures *. Material
innovations paired with their integration in functional systems have allowed bioelectronics to
meet several requirements for biomedical device development, for diverse purposes including
diagnostics and therapeutics, along with other uses such as human machine interfacing .

For diagnostics, wearable bioelectronic devices have enabled the collection of useful
physiological information, that can be integrated within diagnostic criterion for several com-
plications. An example is the collection of physical and electrophysiological signals, such as
heart rate and the electrocardiogram (ECG), that can be used in the diagnosis and management
of cardiovascular diseases 2. With the deployment of soft, user-friendly devices based on ad-
vanced materials, real-time, long-term patient monitoring outside of clinical settings may be
improved for chronic scenarios . For biochemical-based diagnostics, the staple consumer
wearable bioelectronics product has been continuous glucose monitors (CGMs), used in the
management of diabetes mellitus. These are based on minimally invasive, hypodermic needle-
based systems, that measure glucose levels in circulating interstitial fluid. Using electrochemi-
cal transduction, needles are modified to serve as bioelectrodes for signal generation, based
on enzymatic reactions '*. Recently, alternative devices have been researched, to decrease the
invasiveness of CGMs. These include microneedle-based devices, that keep similar principles
to current CGMs ", or patch-like electronic skin (e-skin) devices, that can access sweat as a
biological fluid matrix, where glucose can be sampled and measured through electrochemical

transduction '®. Most notably, enzymatic glucose sensors have demonstrated their capability
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for detection of glucose in different physiologically relevant orders of magnitude, from the
millimolar levels characteristic of blood (2-40 mM) and interstitial fluid (2 - 22 mM) to the
micromolar level characteristic of sweat (10 uM - 1.11 mM), by careful selection of biosensing
schemes and highly sensitive mediators, showing an increasing acceptance for wearable bio-
chemical sensor development . Furthermore, such types of devices have been increasingly
investigated for the measurement of different analytes in sweat for several diagnostic and
prognostic purposes, such as for cystic fibrosis '8, kidney function °, gout, 2° inflammation *'
or human stress response %, strengthening the knowledge and interest in the potential uses
of sweat as a valuable diagnostic source. For therapeutics, several applications can be fulfilled
with soft, wearable e-skin devices and implantable bioelectronics, from stimulation and actua-
tion to drug delivery 2. Bioelectrodes capable of performing such tasks can be integrated with
diagnostic elements within closed loop systems, that can detect abnormalities and actuate ac-
cordingly to the measured data. One example is for ECG detection of signal abnormalities re-
lated to cardiovascular disease, that can be connected to implantable heart pacing devices for
electrotherapy '%*. For biochemical analysis, closed loop systems in diabetes mellitus have also
been developed, where CGMs determine glucose levels and communicate with insulin pumps,
where control algorithms determine the need for insulin administration #. Thus, future material
and technological developments of soft, skin-interfaced bioelectronic systems may allow for
alternative form factors and biodetection methodologies, to reach higher technology readiness
levels and market implementation in several biomedical diagnostics and therapeutic settings.

Regarding the fabrication of skin-interfaced bioelectronics, DLW has increasingly been
selected as a route to synthesize and pattern low-thickness, conductive, flexible geometries
from several material precursors, aiming at different functions, from electrophysiology appli-
cations to on-skin biochemical detection . Using conductive polymer hydrogels based on
PEDOT:PSS as source materials for patterning, Won et al. #’ developed a method to write highly
conductive bioelectrodes with excellent aqueous stability, for neural signal recording and stim-
ulation. Another example is the patterning of molybdenum dioxide (MoO.) from a metal salt
precursor over a SEBS substrate, to developed bioelectrodes for different applications, includ-
ing on-body temperature sensing, ECG signal acquisition, UV sensors and biochemical sweat
sensors for glucose, uric acid and caffeine detection. For the glucose sensor a sensitivity of
15.7 nA.uM™" was achieved. Another example is the use of laser carbonization to pattern con-
ductive carbon materials as bioelectrodes. In the work by Sharifuzzaman et al. 8 a
MXene/fluoropolymer substrate was used as a precursor to write bioelectrodes for sweat glu-

cose sensing and ECG acquisition. The enzymatic sweat sensor presented a sensitivity of 77.2
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uAmM™.cm?, a linear range between 10 uM and 2 mM and a limit of detection of 10 uM. For
the ECG electrodes, a signal-to-noise ratio of 37.63 dB was achieved. Based on laser-induced
graphene (LIG), several examples of highly efficient sweat glucose biosensors have been re-
ported, based on different precursors, including Pl 27, PES 3¢ and lignin *. Regarding the
biodetection mechanisms, most sensors rely on ultrasensitive elements, that can very efficiently
oxidize or reduce hydrogen peroxide (H.O,) and generate amperometric signals in the pres-
ence of low glucose concentrations, mostly relying on platinum nanoparticles (PtNPs) for this
purpose 2%32%_ Alternative mechanisms include highly sensitive mediators, such as Prussian

Blue *” and nonenzymatic methods, using transition metal nanostructures, such as copper or

| 33 29-32

nickel *°. Most of these reports have been employed in /n-vivo scenarios or tested with
collected sweat samples ***37, demonstrating their capability for integration in bioelectronic
systems for sweat metabolite sensing. In this regard, enzymatic sensing is still preferred to
nonenzymatic methods, since for the latter, efficient promotion of an alkaline environment for
the sensing reaction is needed, requiring additional elements in the system that can promote
an increased pH *. While most of these sweat glucose biosensors have been tested in vivo by
sweat induction through physical exercise, the fabrication of LIG-based iontophoresis systems
for sweat induction has been recently demonstrated. This allows for a single step fabrication
of all the required bioelectrodes for sweat induction and sensing in a single Pl chip substrate,
for controlled sweat induction and prolonged sweat sensing towards high-frequency sampling
and continuous analysis *'*°. However, no other LIG precursors have been translated towards
iontophoresis system development.

For electrophysiology applications, LIG bioelectrodes have also been shown to be alter-
natives to conventional metal-based electrodes. Using Pl substrates, LIG bioelectrodes for ECG
acquisition have been reported ***, serving as dry bioelectrodes where the conductive mate-
rial is directly interfaced with the skin, without the need for conductive gels. For these elec-
trodes, the area and architecture influence their performance, allowing for good signal-to-
noise-ratios (SNR) of 31.07 dB, showing comparable signal acquisition capabilities when com-
pared to commercial electrodes *2. Besides ECG, other biosignals have been acquired with LIG
electrodes, including surface electromiography (sMEG), electroencephalography (EEG) and
electrocorticography (ECoG) “™, based on the low-impedance capabilities of LIG. However,
since Pl does not possess adhesive capabilities for an efficient electrode placement over the
target tissue, alternative strategies have been used to develop highly flexible bioelectrode sys-
tems for electrophysiology applications. These mostly rely on transfer strategies, that separate

the LIG from its Pl precursor. In the work by Zhang et al. *, Pl-derived LIG in transferred into a
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SEBS flexible membrane, for multi-purpose biosignal electrodes with good SNR of 35.78 dB.
Dallinger et al. *” demonstrated the transfer of Pl derived LIG onto polyurethane (PU) for EMG
signal acquisition, while Sun et al. “ demonstrated LIG transfer to breathable elastomer/sugar
composite substrates for ECG and sEMG recording. Based on the versatility of DLW patterning
and different transfer strategies, more complex applications based on bioelectrode arrays have
been developed for several electrophysiology applications. An example is the transfer of PI-
derived LIG onto PDMS, to construct chest scale patches for the measurement of ECG precor-
dial leads, demonstrated by Yang et al. *°. Another example is the cryogenic transfer of PlI-

derived LIG onto highly stretchable hydrogels, demonstrated by Lu et al. *°

, used to develop
bioelectrode patches for implantable heart biopotential detection.

From this set of materials and device assembly strategies, DLW and LIG are becoming
robust resources for the development of skin-interfaced bioelectrode assemblies for several
purposes. However, in the pool of precursor materials, petroleum-based polymers, mainly PI,
have been the main research focus, while naturally available, more abundant materials lack
behind in technological research and development implementation stages. In this chapter, the
paper-derived LIG developed and studied in previous chapters is used for the fabrication of
skin-interfaced bioelectrodes, towards flexible, wearable biosensing. Based on laser processing
approaches, complex bioelectrode geometries and their assembly with seamless integration
strategies are demonstrated, to develop robust e-skin patches for electrophysiological signal
detection and biochemical sweat analysis, towards biomedical diagnostic devices. Firstly, pa-
per-derived and transferred LIG surface properties are characterized, along with its biocom-
patibility and electrical characteristics when in contact with skin tissue. After scoping these
properties, LIG-based bioelectrodes for ECG and sEMG signal acquisition were developed and
characterized, in terms of their ability to acquire electrical activity signals, through SNR analysis.
Based on these electrodes, two different electrode array assemblies were developed. The first
one was designed as a chest-scale patch, to acquire 6 chest leads and perform the 12-lead ECG
protocol. The second bioelectrode array was designed as a high-density SEMG array, tested in
the posterior forearm for hand motion recognition. For on-skin biochemical analysis, paper-
based LIG electrodes were tested as anode and cathode within a iontophoresis system for the
stimulation of sweat, using the delivery of the slowly-metabolized cholinergic agent carbachol
> The principles for sweat secretion stimulation using these electrodes were established, re-
garding the stimulation current, resulting carbachol delivery, sweat rate and secreted volume.
As a proof-of-concept, sweat glucose detection was attempted, by development and integra-

tion of a high-sensitivity enzymatic glucose sensor, constructed over flexible LIG-based
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electrochemical cells. A first in vivo test of the integrated device was performed with one sub-
ject, by measuring the current response of the sensor when exposed to stimulated sweat at a

fasted state and after a meal.

7.2 Experimental section

Reagents and Materials

During this work, ultrapure Milli-Q water laboratory grade (conductivity < 0.1 uS.cm™)
was used to prepare all solutions. Sodium tetraborate decahydrate (Na>B4O7 10H,0), potassium
chloride (KCl), chroroplatinic acid hexahydrate (H.PtCls 6H.0), sulfuric acid (H.SOs4), agarose, n-
(3-Dimethylaminopropyl)-N'ethylcarbodiimide hydrochloride (EDC), n-hydroxi-succinimide
(NHS), glucose oxidase (GOx, 158526 units/g), phosphate buffer powder and D-glucose were
purchased from Sigma. Carbamylcholine chloride (carbachol) was purchased from Thermo
Fisher Scientific. Sodium chloride was purchased from ITW Reagents. All reagents were used
as received, without further purification. 75 um thickness Kapton ® film (DuPont) and Whatman
chromatography paper grade 1 (Whatman International Ltd., Floram Park, NJ, USA) were used
for laser irradiation and LIG formation. Leukoplast Fixomull transparent medical grade polyu-
rethane tape was used as LIG transfer substrate. This substrate is composed of three layers,
with a bottom plastic liner layer, a middle polyurethane layer with a polyacrylate glue adhesive
(54 pm) and a protective glassine paper layer. 3M 468MP double-sided adhesive transfer tape
was used for device assembly. This tape is composed of an acrylic adhesive (130 pm) with a
glassine kraft paper protective lining. For silver track patterning and reference electrode pat-
terning, silver conductive ink (AG-510 silver ink, surface resistivity: <0015 Q/square/mil, Con-
ductive Compounds, Inc., Hudson, NH) and silver/silver chloride (Ag/AgCl) ink (AGCL-675, Con-
ductive Compounds, Inc., Hudson, NH) were used. Spectra 360 electrode gel (Parker Laborato-
ries) was used for experiments with gelled electrodes. Ag/AgCl gelled electrode (Kendall ™,
Cardinal Health) were used as comparison in impedance studies.

LIG synthesis and characterization

LIG synthesis was performed on two substrates, namely Pl and paper. A CO; laser sys-
tem (VLS 3.50, Universal Laser Systems) with a 10.6 ym wavelength, beam diameter at focus of
0.127 mm, maximum power of 50 W and maximum engraving speed of 1270 mm.s' was used.
For PI, optimized LIG synthesis conditions were employed on a 75 pm film, using a laser power

of 4.2 W, an engraving raster speed of 101.6 mm.s™ and a negative beam defocus of 0.79 mm.
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For LIG synthesis on paper, substrates were pre-treated with sodium tetraborate and 4 wax
layers, as presented in Chapter 6. After treatment, two LIG engraving cycles were performed.
The first was performed with a laser power of 6 W and an engraving speed of 152.4 mm.s™". For
the second engraving cycle, the same engraving speed was used, but with a laser power of 5
W. A negative beam defocus of 0.79 mm was used in both engraving cycles. After paper-de-
rived LIG synthesis, water-induced peel-off transfer was performed, as presented in Chapter 6,
by interfacing the adhesive polyurethane medical grade tape with water and gently sticking
the paper substrate to the humid surface. After applying slight pressure, peeling-off of the
paper substrate is performed, resulting in LIG pattern transfer. Raman characterization was
performed in three material study groups, namely Pl-derived LIG (PI-LIG), paper-derived LIG
(P-LIG) and transferred paper-derived LIG (LIG@PU), using a Renishaw inVia Reflex micro-Ra-
man spectrometer equipped with an air-cooled CCD detector and a HeNe laser. The laser beam
was focused through a 50x Olympus objective lens. Measurements were performed with a 532
nm laser, to perform Raman signal mapping over sample surfaces. Electrical characterization
of samples was performed using a 4-point probe Biorad HL 5500 equipment at room temper-
ature. SEM characterization was performed using a Hitachi Regulus SU8220 system.
LIG biocompatibility assays

Biocompatibility assays were performed for PI-LIG and transferred LIG@PU samples,
with a 15 mm diameter circular shape. Human fibroblasts cells were seeded onto LIG samples
placed in cell culture plate wells and an empty well, under a minimum essential medium (MEM)
for 7 days. After 7 days, a Live/Dead Cell Double Staining Kit (Sigma-Aldrich) was used to assess
cell viability. Staining solution was prepared by mixing 10 pL of calcein-AM solution with 5 pL
propidium iodide solution, followed by the addition of 2.5 mL of PBS solution. From this mix-
ture, 200 pL was added to each well and images were captured using a Carl Zeiss Axiovert 40
inverted microscope. Cell metabolic activity was also assessed after 7 days, through Presto Blue
assay. For this, 20 uL of Presto Blue Cell Viability Reagent (Invitrogen, ThermoFischer Scientific)
was added to each well, followed by fluorescence readings using a SpectraMax i3x (Molecular
Devices) microplate reader, for analysis. After this, the cells were fixed with 4% paraformalde-
hyde for 15 min, washed 3 times with PBS and stained with DAPI and phalloidin, for fluores-

cence cell nucleus and actin filament visualization, using a Zeiss LSM 700 confocal microscope.

Fabrication and assembly of bioelectrodes

LIG bioelectrodes were fabricated using the same three material study groups where

material characterization was performed. For PI-LIG and P-LIG bioelectrode fabrication, circular
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electrodes with different diameters (2, 5 and 10 mm) were engraved, followed by laser cutting
a circular hole (2 mm) in the substrates for placement of snap buttons. Polyurethane (PU) med-
ical grade substrate was laser cut with circular opening for the electrodes and rectangular
opening for manual screen-printing of silver tracks. After silver track patterning and ink curing
in a hot plate at 75 °C for 15 minutes, snap buttons were inserted at their designed location
and an additional PU tape layer was used for encapsulation and anchoring of snap buttons.
For LIG@PU, electrodes were engraved on a paper substrate and the same hole for snap button
placement was laser cut on the substrate, for alignment. The snap button entrance was then
cut in the PU substrate, followed by water-induced peel-off transfer onto the substrate. After
drying the transfer substrate, the protective glassine paper layer of the PU medical grade tape
was laser cut (15 W, 250 mm.s™") to create a mask for manual screen-printing of silver tracks
connecting the LIG electrode to the snap button. After silver track curing, PU transfer tape was
laser cut with electrode openings and used to encapsulate the electrode silver tracks and an-

chor the snap buttons.
Bioelectrode impedance measurements

Electrode-skin impedance analysis of electrodes was performed using a PalmSens 4.0
potentiostat (PalmSens Compact Electrochemical Interfaces) able to perform potentiostatic
and galvanostatic electrochemical impedance spectroscopy (EIS). For the first set of experi-
ments, PI-LIG, P-LIG and LIG@PU electrodes were gelled with a small volume of conductive
electrode gel over electrode surface. For impedance measurements, three electrodes were
placed in the anterior forearm, with 4 cm distance between them, following similar electrode
placement protocols “%2. After placement, galvanostatic impedance spectroscopy was per-
formed, with an applied DC current bias of 0 A and an AC bias of 1 pA, frequencies between
100 kHz and 0.5 Hz and 40 sampling frequency points. For each acquisition, five consecutive
measures were performed with these conditions. For PI-LIG and LIG@PU dry electrodes, the
same protocol was followed, without adding conductive gel to the electrode surface.
Fabrication and assembly of electrode arrays

Chest-scale bioelectrode patches for ECG acquisition and bioelectrode arrays for high-
density SEMG acquisition were fabricated using LIG@PU. For the chest-scale patch, six elec-
trodes with 5 mm diameter were patterned on the paper substrate. PU transfer substrate was
submitted to laser processing, by cutting the top protecting glassine paper layer, to open areas
for electrode transfer and mark the patch contour, without affecting the underlying PU layer.

To do this, a laser power of 7 W and a cutting speed of 250 mm.s™ were applied, with a focused
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laser beam. After removing the glassine paper areas for electrode placement, transfer of each
individual electrode is performed in their specific location. After transfer, a laser cut glassine
paper mask with serpentine silver track outlines is attached again to the PU substrates, followed
my manual screen printing of silver ink. After curing the silver serpentine tracks, a laser cut
layer made from the same PU tape with electrode openings is used to encapsulate the silver
tracks. For the sEMG high-density bioelectrode array, similar fabrication protocols are used,
with some differences. Firstly, LIG electrode with 5 mm diameter were patterned onto the paper
substrate. Secondly, the PU transfer substrate was laser cut to establish via holes for connec-
tions with underlying device layers, followed by water-induced peel-off transfer. This underly-
ing layer was composed of the PU transfer substrate, which was submitted to laser processing
to cut a mask for serpentine silver tracks in glassine paper protective lining, without damaging
the underlying PU adhesive. Silver was patterned in the via holes and in serpentine tracks,
followed by thermal curing. After curing, the electrode layer was attached to the serpentine
silver track layer, by aligning the via holes. After this, an additional PU layer was laser cut with
electrode openings and attached over the electrode layer, for device encapsulation.
Biosignal acquisition and processing

ECG and EMG signal acquisition with individual LIG bioelectrodes was performed using
a BITalino (r)evolution Board Kit (PLUX Biosignals) and its embedded ECG and EMG sensors.
The ECG sensor has a gain of 1019, a bandwidth between 0.5-100 Hz and a 16-bit resolution,
while the EMG sensor has a gain of 1009, bandwidth between 25-480 Hz and a 10-bit resolu-
tion. For both ECG and EMG signals acquisition, 1 kHz sampling frequency was used. For each
ECG acquisition, three LIG electrodes were used. The positive electrode was placed under the
left clavicle, the negative electrode was placed under the right clavicle and the ground elec-
trode was placed in the lower right abdomen region, working as the right-leg electrode. For
EMG signal acquisition, three LIG electrodes were used. The positive electrode was placed on
the bicep muscle, closer to the elbow, while the negative electrode was placed closer to the
shoulder, with a 4 cm gap between electrodes, centered around the muscle peak. The ground
electrode was placed in the elbow. For each acquisition, four bicep contractions were per-
formed, by flexion with a 5 kg weight.

For the chest-scale patch, 12-lead ECG acquisition was performed using a
ADS1298ECG-FE evaluation board, with a 500 Hz sampling frequency. For the limb leads, sin-
gular LIG@PU electrodes were used, while the chest leads were measured through the chest-
scale patch. All measurements were made at rest. For the sSEMG high-density electrode array,

a BITalino (r)evolution Plugged Kit was used, connecting 5 EMG sensors to the board. For the
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first channel, a ground electrode was included, serving as reference for all the remaining chan-
nels. The bioelectrode array was tested in the proximal part of the posterior forearm, placed
above the muscles that control finger extension. Signal processing was performed using Py-
thon programming language and the signal processing toolbox NeuroKit2 >, For ECG, the raw
signal was converted to the measurement units (mV), followed by identification of signal waves.
For SNR analysis, extraction of signal noise through a Weiner filter ** was performed, followed

by SNR calculation for each cardiac cycle:

signal

v,
SNR = 20log; (L) Vop - Deak-to-peak amplitude (7.1)

noise
Vop

For EMG processing, raw signals were also converted to the standard unit, followed by signal
offset correction. From the corrected signal, rectification was performed, followed by determi-
nation of root-mean-square (RMS) EMG signal envelope. From the RMS EMG envelope, muscle
contraction periods were identified, followed by SNR calculation for each contraction, using

the rest state period preceding contractions as the noise segment:

(7.2)

SNR = 20log10 (RMS (signal))

RMS (noise)

Fabrication, assembly and testing of iontophoresis device

Fabrication of iontophoresis stimulation modules was made using similar methods to
the electrophysiological bioelectrode arrays. Two design conformations were developed, the
first one to perform stimulated sweat secretion rate and volume analysis and the second one
for integration with electrochemical sensing modules. Two electrodes with 0.6 cm? area were
patterned in a paper substrate, to serve as anode and cathode. Subsequently, the electrodes
were transferred to the PU substrate, followed by patterning of silver serpentine tracks, using
glassine paper masks processed by laser cutting. For the first device configuration, the transfer
substrate was also laser cut with an opening, to access and collect iontophoresis-stimulated
sweat for analysis. After transfer, the silver tracks were encapsulated with another layer of PU
adhesive tape with electrode openings. For the second device configuration, three additional
layers were attached above the electrode layer. The first encapsulation layer was a PET sub-
strate, with laser cut electrode openings. This layer was additionally treated with UV ozone
lamp for 1 hour, to improve its hydrophilicity. The second layer was made from a double-sided
flexible adhesive, laser cut with electrode openings and a microfluidic network. The final layer

was made from the same PET substrate and double-sided adhesive, laser cut with electrode
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openings and a sweat accumulation layer, serving to encapsulate the microfluidic layer and
attach the device to the skin surface.

After device assembly, agarose hydrogels containing the cholinergic agent were pro-
duced. Agarose was dispersed in deionized water to make 3 % w/v concentration, followed by
heating the mixture in a microwave for 1 minute, until agarose is dissolved. The mixture was
placed on a hotplate, to keep the solution heated. For the anode hydrogel, carbachol was
added to a concentration of 0.5 % (w/v). For the cathode hydrogel, NaCl was added to the
same concentration. Finally, the mixture was cast onto a glass mold (8x8 cm) and left for gela-
tion at 4 °C. Hydrogel pads were then laser cut to the shape of the electrodes and placed in
the device. Prior to device mounting on the skin, ethanol was used to clean the skin surface of
any contaminants. To perform iontophoresis carbachol delivery, varying currents (100 - 450
pA) were applied between the anode and cathode, using a PalmSens4 potentiostat, using
chronopotentiometry, for a period of 10 minutes. For sweat rate and volume estimation, a
gravimetric method was employed *, in which an absorbing chromatography paper pad was
used to collect the stimulated sweat, and weighted to determine sweat rate, using the following

equation:

_1) _ Aw (g)*10% uL.g™?t
- t(min)

Rate (uL.min , Aw - weight difference of sweat collection pad (7.3)

Fabrication of sweat glucose sensor and device integration

For the fabrication of wearable sweat glucose biosensors, the same approach presented
in Chapter 6 for flexible electrochemical sensor fabrication was performed. Using LIG electro-
chemical cells on PU substrate, the working electrode was modified to reach high sensitivity to
glucose. Firstly, PtNPs were electrodeposited, through cyclic voltammetry techniques, by scan-
ning a potential window between -0.2 and 0.7 V at 50 mV.s™ for 15 cycles, using a 2.5 mM
platinum salt solution in 60 mM H,SO.. After electrodeposition, electrode surface was activated
with the EDC/NHS method, for covalent attachment of enzymes. 20 pyL of 10 mM EDC and 20
mM NHS mixture was drop-casted onto the electrode surface and incubated at room temper-
ature for 4 hours. After this, the electrode was dried and 10 uL of a 10 mg.mL™" GOx solution in
PBS was drop-casted onto the electrode, followed by drying at 4 °C overnight. Finally, 0.5 %
(w/v) agarose hydrogel was prepared as previously presented, and 10 pL was drop-casted over
the electrode surface, followed by drying at 4 °C overnight. Testing of this enzymatic sensor
was performed using the same protocol presented in Chapter 5. The sensor was placed in a

beaker with 100 mL electrolyte solution (deionized water, KCL, PBS buffer and artificial sweat),
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with a magnetic stirrer at 150 rpm. Chronoamperometry was performed for continuous current
analysis, using a 0.5 V applied potential, to track current changes by pipetting specific volumes
of a stock glucose solution (100 mM) dissolved in the same electrolyte.

Glucose sensor integration with the iontophoresis module was made by placing and
aligning a functionalized sensor between the iontophoresis electrode layer and the PET encap-
sulation layer, when assembling the iontophoresis module. Using this modular approach, dif-
ferent sensors targeting glucose or other analytes can be individually processed and easily
integrated in the device. For this case, the PET layer contains a laser cut opening so that flowing
sweat can interact with the electrochemical sensor. For device testing, a stimulation cycle was
performed, followed by a chronoamperometry measure (0.5 V) of sensor current, to take the
signal associated with the fasted state. After a high-calory meal, the same stimulation protocol

was performed, to retrieve fresh sweat, followed by chronoamperometry current measurement.

7.3 Results and Discussion

7.3.1 Surface characterization of LIG and biocompatibility assessment

The first stage when surveying the capabilities of paper-based LIG (P-LIG) and its trans-
ferred form (LIG@PU) for flexible, conformable bioelectrode development was to study differ-
ent key properties, needed for efficient implementation within skin-interfaced devices. Firstly,
the distribution of the material over a laser processed surface was studied, through Raman
spectroscopy mapping. This has the purpose of understanding the distribution of chemical
properties over material surface, to scope LIG phases getting in contact with the skin. Along
with this characterization, the contact angle of each material was also assessed, to determine
aqueous contact properties. Results are presented in Figure 7.1a-c, for each study group, along
with two representative Raman spectra for each group. As seen for PI-LIG (Figure 7.1a), used
as a control material, Raman spectroscopy mapping of Ip/ls and .o/l peak ratios shows a var-
iation of chemical structures. In red, most of the analyzed surface shows a predominance of
lower Ip/lg values, as low as 0.135. However, some areas show a significant increase in the Ip/lg
ratio, with values up to 0.688. These variations are usually associated with surface topography

of this porous material, where lower ratios are characteristic of more elevated zones, while
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Figure 7.1 - PI-LIG, P-LIG and LIG@PU surface, electrical characterization and biocompatibility assess-
ment. Surface Raman mapping and contact angle analysis of (a) PI-LIG, (b) P-LIG and (c) LIG@PU. (d)
SEM imaging of PI-LIG and P-LIG. Scale bar 100 um. (e) Sheet resistance analysis of LIG materials. (f)
Live/dead assays of human fibroblasts cultured over PI-LIG and LIG@PU. Scale bar 100 um. (g) Presto
Blue assays for cell viability testing. (h) Fluorescence imaging of marked cell nuclei and actin structures.
Scale bar 50 um. (i) SEM imaging of LIG@PU before (top) and after (bottom) cell culture. Scale bar 50

pm.

deeper regions tend to present higher defect density. In green, the lxp/ls ratio shows similar
heterogeneity, reaching values as high as 1.394. Interestingly, the areas where higher l,p/Igratio
values are present do not match with lower Ip/lg ratio values, further indicating the heteroge-
neity in the chemical structure and turbostratic and layered nature of graphene lattices. This
can be further seen in the two representative Raman spectra taken from a higher (black) and

lower (red) defect density area, showing differences in peak intensity, width and position. For
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P-LIG (Figure 7.1b), similar trends are observed for both peak ratios, with slight variations.
Firstly, the degree of variation for the Ip/lg ratio is accentuated, most likely related to the native
porous and fibrous structure of the precursor paper substrate, in comparison with the homog-
enous surface of Pl. Thus, higher elevation and depth differences lead to a more marked dif-
ference of graphitized zones. While low ratio values being more common in the sampled sur-
face area, the presence of more defective zones when compared to Pl is visible, with ratio
values as high as 1.28. This can be seen by the Raman spectra representative of this higher
defective area, where more intense D peaks compared to G peak are common. For the lxp/ls
ratio, less variation is visible, with values reaching as high as 0.875. Still, when comparing the
representative Raman spectra, a broadening and position shift of the 2D peak is clearly visible,
indicating different degrees of graphitization efficiency within the same sample. Taking the
lowest Ip/lg, crystallite size in the g axis (La) was computed for PI-LIG and P-LIG, showing very
appealing values of 142.4 and 76.9 nm, which are outstanding when compared to the literature
>>. For transferred LIG@PU, the inversion of the material portrayed in P-LIG occurs, exposing a
more amorphous carbonized material where G and D peak show a broader width and the 2D
peak is absent. Thus, mapping of Ip and I was performed, to study the homogeneity of chem-
ical structures (Figure 7.1c). When comparing both peak intensities, it is visible that for almost
the entirety of the sampled area, the Igis almost unchanged, while Io show considerable varia-
tion, portrayed in the representative Raman spectra, indicating varying degrees of sp? carbon
hybridization clustering ¢. Comparing all three groups, it is visible that LIG@PU appears as
more homogeneous regarding its chemical structures, which may benefit the interfacing with
the skin. However, the reduced graphitic nature of the material could decrease its capability of
conducting electrical stimuli from and to the skin. Furthermore, it presents a more hydrophilic
nature (89.6 °), when compared to the hydrophobic nature of PI-LIG (131.9 ©) and P-LIG (123.9
9), as shown in inset images for the contact angle analysis, which may also influence its skin
interfacing dynamics >

To accompany surface Raman mapping, SEM analysis of LIG surfaces was performed, to
compare their morphology (Figure 7.1d). For PI-LIG, a very porous structure with uniformly
distributed pores is visible, while for P-LIG, laser-induced porosity is mostly visible over more
elevated cellulose fibers. This increased porosity promoted by the laser irradiation process also
leads to an increased surface area for the material, which can promote a higher contact area
when interfaced with the skin, leading to more efficient electrical stimuli transmission 8 Addi-
tional cross-section analysis of P-LIG was performed, to determine the thickness of graphitized

portion and subsequent LIG@PU layer after transfer. As can be seen, the top portion of the
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paper substrate is graphitized, showing an increase in fiber porosity within the laser graphitized
depth, without damaging the fibrous cellulose structures. Furthermore, incorporated wax is
decomposed after the irradiation, since inter-fiber spaces are emptied. Varying thicknesses of
P-LIG are obtained, depending on cellulose fiber organization, around ~ 80 um. For LIG@PU
(Figure 7.1i, top), SEM imaging shows less porous fiber structures, arising from the inversion of
material surface after transfer. Regarding the electrical conductivity of LIG materials, sheet re-
sistance (Rsh) measurements show single-digit values for all the study groups. PI-LIG presented
a median value of 8.6 Q.sq™", while P-LIG showed a lower resistivity, at 4.3 Q.sq™". After transfer,
LIG@PU shows a median sheet resistance of 5.0 Q.sq-1, showing that there is a negligible effect
of the inversion of exposed materials surface towards the overall surface resistivity.
Biocompatibility assays of PI-LIG and LIG@PU were performed, to assess the biocompat-
ibility of the materials when in contact with live human tissue. P-LIG was not tested for bio-
compatibility, since the material detaches from the paper substrate when in contact with water,
not allowing for cell seeding. Human fibroblasts were seeded onto the tested substrates and
allowed to proliferate for 7 days. After this period, a live/dead assay was performed (Figure
7.1f), to determine the viability of cells. As can be seen, a control of cells seeded in an empty
culture plate well show a uniform and ordered distribution of living fibroblasts for the calcein
fluorescence image, along with small fluorescence intensity in the propidium iodide channel,
related to dead cells. For LIG@PU, high density of cells is also visible over the material surface,
indicating a good cell viability and interaction of cells with this carbon material, with dead cells
presenting a much smaller fluorescence. In terms of fibroblast organization, a more irregular
distribution is visible, attributed to the irregular topography of the LIG surface, without detri-
ment to cell proliferation. When compared to PI-LIG, it is visible that a very small portion of
cells adhered to the material surface and proliferated, with the live channel showing only a
small cluster of living cells. For the dead channel, much higher fluorescence is visible, confirm-
ing a decreased cell viability. To confirm these results, Presto Blue assay was also performed
after 7 days, to determine cell viability and activity (Figure 7.1g). As a general control, the flu-
orescence was taken from a well without cells, to determine the reduction of resazurin to
resorufin arising from the culture medium. For the cell control, a significant increase in the
fluorescence was observed, as expected from the live/dead assay. Interestingly, a similar 6-fold
increase in fluorescence is observed both for PI-LIG and LIG@PU, indicating that cells culture
in these two substrates present good viability and metabolic function. While for LIG@PU, these
results are in accordance with live/dead assays, the contrary is observed for PI-LIG. This can be

hypothetically explained by the greater hydrophobicity of PI-LIG, shown in Figure 7.1a, that
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hinders the capability of cells to efficiently adhere to the substrate and proliferate over its sur-
face. However, seeded cells may migrate to other areas, such as the surrounding PI substrate
or the unoccupied well area, adhering and proliferating in these zones. Such cells remain viable
and metabolically active, giving rise to the fluorescence signal observed from the Presto Blue
assay. While this indicates that pristine PI-LIG is not a good substrate for cell culture, this shows
that it does not release relevant toxic graphene nanostructures to the culture medium, that
could lead to low cell viability. In contrast, LIG@PU shows good fibroblast cell proliferation
potential, indicating its good biocompatibility. To further study the behavior of fibroblast in-
teracting with LIG@PU surface, fluorescence imaging was taken of fixed cells marked with DAPI
and phalloidin (Figure 7.1h) along with SEM images (Figure 7.1i). For fluorescence images, cell
nuclei are clearly distinguished, while actin filaments indicate a good interaction of cells with
the substrate and between them. For SEM images of the substrate before and after cell culture,
visible cell-induced structures are present over cellulose fiber structures, complementing con-
focal microscope images.

Material surface characterization and biocompatibility assays show that transferred
LIG@PU possesses promising characteristics for skin interfacing, when compared to its PI-LIG
and P-LIG counterparts. Its good chemical surface homogeneity, comparable electrical con-
ductivity and good biocompatibility shows its potential for long-term contact with skin tissue.
Thus, further study of this material within bioelectrode architectures was explored, namely its

skin contact impedance, along with PI-LIG serving a control material.

7.3.2 LIG bioelectrode-skin impedance analysis

Electrical interface properties of LIG materials with the skin were studied for two different
electrode configurations. The first was by gelling LIG bioelectrodes, for comparison with com-
mercial wet Ag/AgCl electrodes. The second consisted of directly interfacing LIG surfaces with
the skin, to study the materials as dry bioelectrodes. In Figure 7.2a, a schematic representation
of LIG@PU bioelectrodes is presented, along with the skin placement protocol for EIS meas-
urements, conformability after skin placement and the equivalent skin-electrode circuit con-
sidered in the experiments. Bioelectrodes were constructed with circular geometry, with diam-
eters of 2, 5 and 10 mm. For robust connection with measurement equipment, LIG was con-
nected through silver ink tracks to snap buttons, retrieved from used commercial Ag/AgCl
electrodes. Regarding the electrode placement and impedance measurement protocol, differ-
ent methods have been used in the literature, including four, three and two electrodes placed

in the skin *°. For these experiments, three electrodes were employed in the anterior forearm,
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Figure 7.2 - LIG bioelectrode-skin impedance characterization. (a) Schematic representation of electrode

construction, placement in the skin and equivalent circuit model. (b) Bode plot of absolute impedance

and phase shift of gelled LIG and commercial Ag/AgCl electrodes. (c) Impedance bode plot of PI-LIG

and LIG@PU electrode over a 4 hour period and electrode diameter of 2, 5 and 10 mm. (d) Bar plot

comparison of absolute impedance for 10, 30, 100 and 300 Hz AC signal frequencies. (e) Impedance

analysis of LIG@PU electrodes with 5 mm diameter for different subjects (n=7), after electrode place-

ment and after 3 hours. (f) Impedance analysis of electrode response at different frequencies.

where a reference electrode was placed between the positive and negative electrodes, as per-

formed previously in the literature for skin impedance EIS protocols **%°. When employing an

AC stimulus through the skin with varying frequencies, the electrode material, electrode-skin

interface and skin layers will respond differently to its propagation, depending on their intrinsic

properties. For the electrode, usually an equivalent circuit model consisting of a parallel RC

circuit is used, where Re represents the charge transfer resistance between the electrode and

electrolyte layer (e.g. gel, moisture) and the capacitive element (CPEe) represents the double
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layer formed upon charge transfer between the interface, which is frequency dependent. De-
pending on the use of a wet or dry configuration, a second RC layer represents a similar inter-
face, between the electrolyte and the first skin layer (Rgand CPEg). Because of the dielectric
properties of the stratum corneum, a following RC layer can be used to model the behavior of
the epidermis (Res and CPE.q), followed by a resistive element (Rq) representing the underlying,
more conductive tissues that propagate the electrical stimuli ¢'. Because of the heterogeneous
characteristics of the LIG electrode surfaces and of the skin, composed of varying cell organi-
zations and other components, the capacitive interface properties are not modeled as ideal
capacitors, usually replaced by pseudocapacitive elements, such as the constant phase element
(CPE) *°¢", as portrayed in the equivalent circuit in Figure 7.2a. Although several more complex
circuit models that describe the hierarchical electrical skin properties have been presented ©,
a simpler circuit model was used to interpret the acquired impedance spectra of LIG bioelec-
trodes.

The first experiment was performed on the three study groups (PI-LIG, P-LIG and
LIG@PU) with a gelled configuration, by retrieving the impedance and phase shift Bode plots
for each group and electrode diameter, along with Ag/AgCl electrodes (1 healthy subject, male,
30 years old) (Figure 7.2b). Results show that LIG gelled electrodes show a very similar behavior
to commercial electrodes, presenting the expected increase in impedance for lower frequen-
cies, related to the capacitive properties of the electrode-skin interfaces. Regarding the elec-
trode area, a trend of decreasing impedance for higher electrode areas is visible, which is ex-
pected, since a higher electrode-skin contact area is established, with impedance being in-
versely related to electrode surface area. Overall, gelled LIG electrodes present low impedance
values, especially at lower frequencies, characteristic of electrophysiological signal features
(ECG - 0.5 to 150 Hz or muscle fiber activity - 0 to 500 Hz). Furthermore, impedance curve
slopes and phase shift profiles show slight variations, that indicate varying cut-off frequencies
of the electrodes, around ~10 Hz. Since skin impedance is highly influenced by several factors,
including skin hydration, abrasion, electrode location, contact pressure and gel contact area,
such variations are expected.

Studies of dry electrode configuration were performed, using PI-LIG and LIG@PU elec-
trodes. No further studies were conducted with P-LIG electrodes, since the material easily broke
and detached from the paper substrate during measurements, making the electrodes unrelia-
ble for long-term, direct skin interfacing. Bode plots and comparative impedance bar plots for
PI-LIG and LIG@PU electrode sets are presented in Figure 7.2c-d, for long-term analysis of

electrodes mounted to the skin over a 4-hour period. For dry PI-LIG bioelectrodes, it is visible
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that increasing electrode area leads to a decrease of absolute impedance values for higher
frequencies. Regarding electrode stability, impedance variation over time is relatively stable.
For LIG@PU, greater variation is verified, regarding both electrode size and stability over time.
As expected, electrodes with 2 mm diameter show the largest absolute impedance, especially
for higher frequencies. For a 10 mm diameter electrode, significantly lower impedances are
reached, when compared to PI-LIG. For 10 Hz frequency, PI-LIG shows an impedance of 234.1
+ 21.4 kQ, when compared to an impedance of 64.9 + 7.5 kQ for LIG@PU. For higher frequen-
cies, this difference is less significant. In the case of 100 Hz, PI-LIG shows an impedance of 49.5
+ 1.8 kQ, while LIG@PU shows an impedance of 25.1 + 2.3 kQ. This may be related to the much
higher conformability of the PU substrate, when compared with PI, that improves the contact
area and pressure of the conductive material with the skin, increasing the electrode-skin con-
tact points. In terms of the stability over time, LIG@PU electrode show a trend of progressive
decrease of impedance. This may be associated with its more hydrophilic properties, permitting
moisture and sweat to interact with the electrode, working as electrolyte within the porous
interface. Finally, analysis of area-normalized impedance shows that even though larger elec-
trodes present more attractive absolute impedance regimens, smaller electrodes show lower
area-normalized impedance. For LIG@PU, 10 mm diameter electrodes show an area-normal-
ized impedance of 51.9 kQ.cm? 5 mm diameter electrodes an impedance of 39.6 kQ.cm? and
2 mm diameter electrode a value of 11.3 kQ.cm?, for a 10 Hz frequency. This may indicate an
improved conformability and more robust skin-electrode contact, also showing good pro-
spects for electrode miniaturization. From the collected impedance profiles, fitting tests were
performed, using the fitting tool from the PSTrace potentiostat control software (Figure E1).
Although the circuit presented in Figure 7.2a showing a good fitting with the collected curves,
a great variability in the values for the resistive elements does not provide quantitative infor-
mation for comparison between commercial Ag/AgCl electrodes, gelled and dry LIG electrodes.

Finally, a study of LIG@PU dry bioelectrode skin impedance with larger subject sample
size was performed (Figure 7.2e-f). Seven healthy subjects (4 female and 3 male) were submit-
ted to the same electrode placement and impedance measurement protocol, using 5 mm di-
ameter electrodes and with impedance being measured after electrode placement and after 3
hours. Bode plots show a significant variability of impedance responses between the subjects,
which is more common for dry electrode assays. Since no skin preparation protocol was im-
plemented for the subjects prior to electrode placement, different skin conditions for each
subject were expected. After placement, median impedance values of 1174.8 kQ, 238.4 kQ and

155.3 kQ for 10 Hz, 100 Hz and 300 Hz were observed, respectively. From all the subjects, only
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one statistical outlier was identified. After 3 hours, in which subjects resumed their normal daily
tasks, a consistent trend of electrode-skin impedance decrease is confirmed. Decrease to 243.7
kQ, 125.0 kQ and 63.2 kQ were observed for the same frequencies. Interestingly, the outlier
(subject 7) identified after electrode placement is not an outlier after 3 hours, indicating that a
problem with the electrode placement may be the reason for the elevated impedance values.

According to these results, LIG-based bioelectrodes show themselves as potential candi-
dates for skin interfacing, both for acquisition of electrophysiological signals as well as for
electrical stimulation. The impedance regimens of gelled electrodes are comparable to com-
mercial Ag/AgCl electrodes, while dry electrodes present more elevated impedances, mostly
within the kQ range in the relevant frequency domain of ECG and EMG signals, showing good
prospects for electrophysiological signal acquisition. For lower frequencies, the higher varia-
bility may hinder the efficient acquisition of biosignals characterized by lower frequency do-
main, such as the EEG. Thus, further studies of dry LIG bioelectrodes for ECG and EMG acqui-

sition were performed.

7.3.3 ECG and EMG acquisition using dry LIG bioelectrodes

Using dry configuration, LIG-based bioelectrodes were benchmarked in terms of their
capability to acquire the ECG and EMG biosignals (Figure 7.3). For ECG, three standard bipolar
leads are usually measured, following the Einthoven triangle, where the heart generated po-
tential is measured though the difference between a positive and negative electrode. Lead |
detects the heart potential difference between the left (positive) and right (negative) arm, lead
Il the difference between the left leg (positive) and right arm (negative) and lead Ill changes
the negative electrode of lead Il to the left arm. Using this method, different directional heart
potential propagation and signal profiles can be scoped, to retrieve physiological information
of heart function.

A first lead | ECG acquisition assay was performed, to compare commercial Ag/AgCl
gelled electrodes with PI-LIG and LIG@PU dry bioelectrodes with 10 mm diameter (1 healthy
subject, male, 30 years old) (Figure 7.3a). Eight second filtered signal segments and extracted
noise are presented for the three electrode types. As can be seen, clear distinction of ECG peaks
is achieved, with low noise contribution and similar signal amplitudes for all the electrodes. For
Ag/AgCl electrodes, a mean Vp, of 1.78 + 0.24 mV was registered, while for LIG bioelectrodes,
a mean Vpp of 1.38 + 0.23 mV and 1.30 + 0.18 mV were registered for LIG-Pl and LIG@PU. A
slight decrease is observed for dry bioelectrodes, which was expected, due to the absence of

gel and smaller electrode area (1.77 cm? for Ag/AgCl electrodes and 0.79 cm? for dry LIG
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bioelectrodes). Thus, dry bioelectrodes present a good capability for ECG acquisition, compa-

rable to commercial alternatives.

The second ECG acquisition assay was performed with PI-LIG and LIG@PU dry bioelec-

trodes with a 10 mm diameter, to determine long term acquisition capability (Figure 7.3b).
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Figure 7.3 - ECG and EMG signal acquisition with LIG bioelectrodes. (a) Signal comparison between
Ag/AgCl electrode and LIG bioelectrodes. (b) Long-term ECG acquisition comparison between PI-LIG

and LIG@PU bioelectrodes with 10 mm diameter and extracted signal segments. (c) Long-term ECG
acquisition comparison of LIG@PU bioelectrode with different diameters (2, 5 and 10 mm). (d) SNR

analysis of ECG signals. (e) EMG signal comparison of long-term acquisition of bicep muscle contraction
using LIG@PU electrode with different diameters. (f) SNR analysis of EMG signals.
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Filtered signal segments are presented for acquisitions every hour, over a 4-hour period, along
with extracted noise (60 second acquisitions were performed, but 7 second segments are pre-
sented in the graph). Although extracted noise signal showing some variation over the acqui-
sition period, its intensity is not sufficient to mask any signal features. For LIG@PU, very stable
signals were acquired, with only the acquisition performed after 4 hours showing a higher
contribution of noise. ECG signal segments were extracted and overlayed, for the first acquisi-
tion period (t=0). For PI-LIG, a heart rate of 54 BPM was measured, since 54 signal segments
were extracted, showing the presence of more signal artifacts. For LIG@PU, 74 BPM was regis-
tered, with segments showing a more stable signal with less artifacts. Overall, the absence of
an adhesive layer for the Pl substrate decreases the conformability of the electrode, leading to
a less efficient electrode interfacing with the skin and more motion induced artifacts. For the
PU substrate, the surrounding adhesive properties allow for highly conformable adherence to
the skin, decreasing the occurrence of electrode sliding over the skin, induced by normal body
motions. Following this analysis, long-term ECG acquisition was performed for LIG@PU bioe-
lectrodes with different diameters (Figure 7.3c). For all electrode sizes, efficient signal acquisi-
tion is achieved, demonstrating the ability of the electrodes for long-term ECG monitoring. For
5 mm diameter electrodes, ECG acquisition was also performed 1 day after electrode place-
ment, retaining its operation without signal degradation (Figure E2). To compare all the tested
electrode conditions, SNR analysis was performed (Figure 7.3d). To do this, SNR was computed
for each ECG signal cycle. It can be observed that all dry LIG bioelectrode acquisitions present
an SNR with the same magnitude as the one for gelled Ag/AgCl electrodes (25.2 + 0.7 dB). For
PI-LIG, stable SNR overtime is observed, varying from 26.7 + 0.9 dB after placement to 25.6 +
1.1 dB after 4 hours. For LIG@PI, 10 mm diameter electrodes presented the lowest SNR, varying
from 23.1 £+ 0.6 dB to 21.6 = 1.1 dB. While these electrodes show the largest surface area,
leading to greater signal intensity detection, they can also be more susceptible to surrounding
electrostatic noise. For 5 mm and 2 mm electrodes, slightly higher SNR are observed, although
for some conditions, greater noise contribution to the signal is observed. For 5 mm electrodes,
the signal after placement shows a lower SNR, which stabilizes for the following acquisitions,
while 2 mm electrodes also show some SNR variability over time. For the 5 mm electrodes after
24 hours placement, an SNR of 25.1 + 0.8 dB was computed (Figure E2). Since no electrode
shielding protocol was implemented, varying noise contributions were observed. However, this
did not hinder efficient ECG acquisition, validating LIG bioelectrodes for dry electrode config-

urations.
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EMG signal acquisition was also performed using LIG@PU bioelectrodes with different
diameters (Figure 7.3e). Electrical signal of bicep muscle was acquired for four contractions and
resting periods, every hour for a period of 2 hours. For all the electrodes, a clear distinction
between the muscle activation periods during contraction is visible, with steady electrical ac-
tivity during contraction and low signal intensity during relaxation periods, associated with the
underlying muscle tone and surrounding electromagnetic noise. Overlaying the EMG signals,
the computed RMS signal envelope is also presented, showing the amplitude waveform of the
signal. For all the electrode diameters, very similar contraction profiles were observed. To fur-
ther characterize the electrodes, SNR analysis was performed (Figure 7.3f). SNR was computed
for each individual contraction and the mean SNR value was determined for all acquisition
periods. As observed, the 10 mm electrodes present the highest SNR, both due to capture of
higher signal amplitudes and lowered noise contribution. In the case of EMG, higher electrode
area is more impactful on the capability of acquiring more signal, since a greater number of
underlying muscle fibers are being scoped by the surface electrodes, while more muscle elec-
trical activity can be generated if higher loads are applied to the muscle. For ECG, heart muscle
fiber contraction is physiologically controlled by the organism and the signal travels through
more tissue, leading to a less significance of the electrode size towards signal amplitude. For
these electrodes, an SNR of 30.0 + 2.7 dB was calculated after electrode placement, maintain-
ing a value of 30.4 + 1.1 dB after two hours. For smaller electrodes, progressively lower SNR is
obtained for each acquisition period, being the only exception the 5 mm electrodes, one hour
after placement, presenting a lower SNR when compared to the 2 mm electrodes. Besides this
condition, the 2 mm electrodes present the lowest SNR, changing from 20.1 + 0.6 dB to 21.8
+ 1.4 dB after the two-hour testing period. For the 5 mm electrode, greater variability is ob-
served, with SNR values of 21.6 + 2.2 dB, 18.7 + 1.3 dB, and 25.1 + 1.0 dB for each acquisition.
Since no standardized control of muscle load was used, differences in muscle contraction as-
sociated with muscle condition and fatigue can occur, also associated with a poorer electrode
placement and contact with the skin, leading to these differences. Overall, paper-based, trans-
ferred LIG electrodes present good electrophysiological signal acquisition capabilities within a
dry electrode configuration, showing themselves as more accessible, future alternatives for de-
ployment towards diagnostic and prognostic criteria where electrophysiological signals are of

use.
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7.3.4 LIG bioelectrode arrays

Based on LIG@PU bioelectrodes, more complex e-skin patches can be developed, to
demonstrate the versatile capabilities of laser processing for seamless device fabrication and
processing, to access more user-friendly e-skin patches with considerate form factors. Using
the same laser tool for not only synthesizing LIG electrodes with different geometries, but also
for attentive electrode organization, placement and processing of flexible substrates is demon-
strated, for the development of ECG and sEMG electrode patches. The first proof-of-concept
electrode array was developed for 6 precordial ECG lead recording (Figure 7.4a). A schematic
representation of this e-skin electrode patch is demonstrated, consisting of 4 main elements.
A PU substrate is laser cut and used as template to establish patch shape and the electrode
layer. After electrode transfer, laser cut glassine paper masks are used for silver ink printing for
conductive serpentine tracks, used to connect the device with an appropriate connector for
interfacing with the signal acquisition instrumentation. The final element is an encapsulating
PU adhesive layer, that acts both as an electrical insulator for decreased parasitic capacitance
signals acquired over the patch and as the adhesive surface for device attachment to the skin.
A representation of device fabrication steps is presented in Figure E3. Such a device is placed
in the chest, to measure the chest leads (V1 to V6) in reference to the center of the Einthoven
triangle. V1 and V2 electrodes are placed in the fourth intercostal space, to the right and left
of the sternum. V3 is placed diagonally to V1 and V2 electrodes. V4, V5 and V6 electrodes are
placed on the same level, between the fifth and sixth rib, in the midclavicular, anterior axillary
and midaxillary lines, respectively. With this placement, V1-V2 leads are considered the septal
leads, retrieving information on the ventricular septum, while V4-V5 leads record the anterior
wall and V5-V6 leads observe the lateral wall of the left ventricle. This is usually the ECG pro-
tocol performed in a clinical setting, when heart function is under analysis. For the SEMG high
density electrode array, similar electrode components are used in the assembly of this e-skin
device, with one extra element (Figure 7.4b). In this case, the PU transfer layer was laser cut
with via holes, serving both to encapsulate the underlying silver serpentine track layer and
access it through via holes, for contact with the LIG electrodes and signal propagation towards
the acquisition equipment. Since a higher density of electrodes is included in this device (16
electrode with 5 mm diameter), overlay of silver serpentine tracks with LIG electrode could
occur during the fabrication process, if they were placed in the same device layer. Thus, efficient
vertical device connections and assembly are also demonstrated, using the laser processed

materials and substrates used here. A representation of device fabrication steps is presented
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Figure 7.4 - Paper-based laser-induced graphene bioelectrode arrays. Schematic representation of com-

ponents and placement of (a) chest-scale patch for 6 chest lead acquisition and (b) sSEMG electrode array

for motion recognition. Signals for (c) limb and augmented limb leads and (d) chest leads of 12 lead

ECG protocol performed with LIG electrode and array patch. (e) SNR analysis of ECG leads. sSEMG signals

of five channels during (f) wrist extension and (g) individual finger extension.

in Figure E4. This electrode patch can be placed in several muscles, to detect muscle contrac-

tion in different locations simultaneously.

12-lead ECG acquisition protocol was performed using the developed ECG chest-scale

patch. For this protocol, limb leads I, I, Il and augmented limb leads aVL, aVR and aVF were

detected using individual LIG@PU electrodes (Figure 7.4d), while the chest leads (V1-V6) were
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acquired with the chest patch (Figure 7.4e). Variations in heart potential signal components
can be clearly distinguished, as expected, since different leads scope the propagation of heart
potentials in different vectors in the frontal and horizontal plane of the body. Some features,
such as the inversion of the waves for the aVR lead and changes in intensity for the R and S
waves for the V1-V5 leads are clearly visible, in accordance with previous reports *°. From the
acquisition, only the V6 lead did not record any signal, for several patches tested during the
fabrication optimization period, probably due to a fault in connection to the acquisition device.
SNR analysis was performed for each lead signal (Figure 7.4e), showing values comparable to
previous analysis, only decreasing for lower intensity signal leads, namely lead | and aVF.
Testing of the sSEMG electrode array was performed in two phases, the first by acquiring
signals related to muscle activation during wrist extension at 90° relative to the forearm (Figure
7.4f), followed by signals related to extension of individual fingers (Figure 7.4g). To measure
these signals, 5 channels were used, each one comprising two electrodes in a bipolar configu-
ration. Channel 1 was recorded between electrodes 1-2, channel 2 was recorded between elec-
trode 5-6, channel 3 between electrode 9-10, channel 4 between electrodes 3-12 and channel
5 between electrodes 4-11. Six electrodes were left unused but could be plugged using other
acquisition instrumentation that could support additional channels. For wrist extension, all five
channels present consistent activation periods, related to three extension cycles, with con-
sistent amplitudes and synchronized relaxation and contractions periods (Figure 7.4f). Alt-
hough the electrodes in each channel are mounted over different forearm muscles, they are all
activated upon the extension, leading to consistent signals in all channels. For each channel,
an SNR of 17.7 £ 3.0 dB, 24.0 + 1.1 dB, 26.1 + 3.3 dB, 243 + 0.2 dB and 164 + 4.2 dB were
computed. Further testing of the electrode arrays was performed to detect signals associated
with finger extension movements, aiming at motion recognition and human machine interfac-
ing applications. With the same channel configurations and electrode patch placement in the
forearm, positional location of the electrode was tested to acquire signals from several muscles
that control finger extension. As can be seen in the SEMG signals acquired for all channels,
different signal profiles are visible, in terms of muscle activation and signal intensity, depending
on the movement (Figure 7.4g). For thumb extension, channels 4 and 5 present a significant
increase in electrical activity, while channels 1 to 3 show small to negligible signal amplitude.
For the index finger, channel 3 presents a significant amplitude increase, since its placement is
contiguous with the extensor digitorum muscle, that does not participate in thumb extension.
This channel shows activity for the remaining finger extension movements. For the middle fin-

ger, channel 2 shows the higher intensity of all the channels, while for the ring finger, channels
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1 and 2 present a high activation intensity, decreasing for channel 3. Finally, for little finger
extension, significant activation in channel 1 is obtained, while channels 4 and 5 increase their
activity significantly, associated with the activation of the extensor digiti minimi, that specifi-
cally contracts for little finger extension. Overall, clear identification of individual finger motions
is possible, demonstrating the possibility of integrating these bioelectrode arrays with classifi-
cation algorithms for motion identification. With considerate electrode organization and place-
ment, applications such as human machine interfacing or functional prosthetics can be envi-

sioned.

7.3.5 LIG-based iontophoresis device for sweat stimulation and sensing

An important function that bioelectrode can perform is electrical stimulation of biological
tissues, which can have important biomedical applications, including the movement of charged
and neutral molecules trough tissue barriers, by the action of electrical fields, for drug delivery
applications. Transferred, paper-based LIG electrode were tested for this final purpose, serving
as iontophoresis electrodes for the delivery of the cholinergic agonist agent carbachol, target-
ing drug induced sweat secretion for metabolite biosensing purposes. A schematic represen-
tation of the LIG-based iontophoresis electrodes, integrated with an epifluidic module for
sweat transportation and sweat electrochemical sensor for glucose quantification is portrayed
in Figure 7.5a. Two rectangular shaped electrodes with curved edges and an area of 0.6 cm?
were patterned and transferred onto the PU substrates, followed by modular assembly of
epifluidic and sensing components, depending on the experiments performed with the device.
Overall, device components additionally comprise the three electrode electrochemical sensing
module, with modified WE for glucose sensing, an encapsulating layer with hydrophilic prop-
erties and opening for iontophoresis and electrochemical sensing electrodes, a microfluidic
channel layer and a final encapsulation layer that seals the microfluidic channel and allows for
adherence of the device to the skin, as shown in the picture (device without the electrochemical
sensing module, for visualization of the microfluidic channel). For connection with the current
source providing the electrical stimulus for iontophoresis, a silver track connector fabricated
on Pl was also integrated with the device, for connection with a flexible flat cable connector.
This system was tested in two stages, the first one involving the individual testing of the ion-
tophoresis module, and the second by developing and characterizing an ultrasensitive sweat

glucose sensor for integration and proof-of-concept sweat metabolite sensing.
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7.3.5.1 Testing of LIG-based iontophoresis module for sweat stimulation

In a first testing stage, the LIG-based iontophoresis module was individually tested, with-
out electrochemical sensor integration, to evaluate its operation mode, carbachol delivery ca-
pabilities, sweat secretion outcomes and establish a stimulation protocol to be employed for
in-vivo experiments. In this regard, several parameters are of importance, regarding the cur-
rent profile used for stimulation, the charge delivered to the skin, the drug delivery dose, effects
on the skin, as well as outcomes related to resulting sweat secretion rates over time and overall
sweat secretion volumes, conducive for efficient sweat sampling and measurement. A sche-
matic representation of iontophoresis process (Figure 7.5b) depicts the steps involved in the
sweat secretion stimulation, starting with the flow of current from the anode through the hy-
drogel and the skin, towards the cathode. The anode hydrogel contains a 0.5 % (w/v) concen-
tration of carbachol, which due to its positive charge, moves along the current path and onto
the skin, until reaching eccrine sweat glands. At this stage, the binding of carbachol with ace-
tylcholine receptors promotes the secretion of sweat to the skin surface, where it can be col-
lected. A sweat collection protocol for sweat rate and secreted volume analysis was performed
with a device comprising only the iontophoresis electrodes and an opening for sweat collection
was used (Figure 7.5¢). With this opening, iontophoresis stimulation could be performed, fol-
lowed by placement of an absorbent paper pad in-between the electrode, that absorbs and
collects secreted sweat. Before establishing this device design and implementation for analysis
of the iontophoresis protocol, other designs and strategies were attempted, including micro-
fluidic analysis, that found to be less efficient when compared to the gravimetric method, since
they required more complex image analysis (Figure E5).

For the stimulation protocol, constant current profiles were employed, to assess the in-
fluence on generated sweat. Figure 7.4d shows the potential profile associated with the appli-
cation of 100 pA current for 5 minutes, along with the charge delivered during this iontopho-
resis period. While the applied current is constant, the potential changes and stabilizes over
time, associated with the resistive load of different layers and their interface, either from the
hydrogel or the skin tissue layers. Furthermore, sudden peaks are visible, associated with mo-
tion artifacts caused by friction between the hydrogel and the skin. This implies that for a con-
sistent current application over the stimulated skin area, tight adherence is required, so that
charge does not flow through reduced areas, increasing current density and possible skin dis-
comfort and lesion. As for the charge, the constant applied current implies a linear increase in
delivered charge, accumulating for the stimulation period. Figure 7.4e shows the effects of

iontophoretic stimulation on skin-electrode impedance, demonstrating a significant decrease
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Figure 7.5 - LIG-based iontophoresis patch for sweat glucose detection. (a) Scheme of device compo-
nents and assembly, placement in the skin, electrochemical biosensor modification strategy and bio-
sensing scheme for sweat glucose detection. (b) Working principle of iontophorestic cholinergic agonist
delivery for sweat stimulation. (c) lontophoresis module for sweat rate and volume estimation. (d) Rep-
resentative iontophoresis protocol, by application of 100 pA and resulting potential and charge profile.
(e) Electrode-skin impedance before and after iontophoresis protocol. (f) Sweat rate for iontophoresis
protocol with different stimulation currents and (g) total collected sweat volume. (h) Electrochemical
sweat glucose sensor response curve and calibration curve. (i) Testing of integrated iontophoresis device

and resulting sensor response curve at a fasting state and after a meal.

in impedance, associated with the secretion of sweat and higher hydration of skin tissues under
the anode, along with accumulation of charged molecules over the stimulated area.

To determine the effect of iontophoretic current, different currents were employed for a
10-minute stimulation period, using five devices, and secreted sweat volume was analyzed, to

determine the sweat rate one hour after stimulation. The experimental iontophoretic currents,
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resulting charge and estimated carbachol dose are presented in Table 7.1. Depending on the
applied current, different current and charge densities are delivered to the area underneath
the electrode. Regarding current density, this is an important consideration regarding possible
adverse effects to the skin, such as irritation and burns. Regarding the charge, it is directly
related to the delivery and movement of charged molecules and can be used to estimate the
amount of drug being delivered to the skin. Using the Faraday constant (F = 96485 C.mol™),
that represents the amount of electricity carried by one mole of electrons, and considering the
monovalent nature of carbachol, the theoretical carbachol weight being transported to the skin
can be computed. According to previous reports of iontophoretic delivery, the presence of
competing, small ionic species and other factors reduces the efficiency of delivery to around
30 % of this theoretical value *', while other factors, such as cholinergic hydrogel concentration
also influences the delivery and sweat gland stimulation '®. According to these considerations,
estimated carbachol delivery of 34, 85 and 150 ug shows similar values to previous studies

employing this cholinergic agent **°'.

Table 7.1 - lontophoretic current application protocols for sweat rate estimation.

Current (mA) Current density (mA.cm) Charge density (mC/cm2) Estimated carbachol delivery (ug)

0.1 0.17 100 ~35
0.25 042 250 ~85
0.45 0.75 450 ~150

Sweat rate profile for the tested iontophoretic current doses are presented in Figure 7.5f,
showing the calculated sweat rate after the 10-minute stimulation period, 20 minutes and 1
hour after stimulation. As expected, the increase in current and associated higher carbachol
delivery leads to an increase in sweat rate, consistent over time. For 100 pA current, tested in
one device, a sweat rate of 0.8 yL.min" was registered after stimulation, dropping to 0.2 yL.min
! after 1 hour. For 250 pA current, tested in two devices, sweat rates above 1 uL.min™" are ob-
served after stimulation, also maintaining higher rates after 1 hour, at 0.5 and 0.7 uL.min™". For
the highest applied current of 450 pA, sweat rates approximating 2 yL.min™ are achieved,
maintaining levels above 1 uL.min™" for the entire testing period. In terms of the total extracted
sweat volume (Figure 7.5g), a value of 31 pL was stimulated with a current of 100 pA, increasing
to values around 40 and 65 pL for 250 and 450 pA. Although the sweat rates achieved with this
paper-based LIG iontophoresis device being below other reports for carbachol delivery, that

have reached values above 3 yL.min™ *, the resulting sweat volumes are sufficient for efficient
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sweat sampling, using the microfluidic design presented in Figure 7.4a, which has a volume
capacity of 15 pL. Thus, these results show an efficient sweat secretion stimulation for all the
current values, with the capacity for manipulating the resulting sweat rates and volumes gen-
erated by the device. From these three conditions, a current of 250 pA was selected for proof-

of-concept integration with epifluidics and glucose electrochemical sensing module.

7.3.5.2 Electrochemical sweat sensor characterization and integration for on-skin glucose

monitoring

For the construction of the electrochemical glucose biosensor, different alternatives were
considered, based on the LIG-based glucose biosensors developed in Chapter 3 and Chapter
5. While mediated and unmediated glucose test strips presented in Chapter 3 are based on
enzymatic methods, showing great specificity and capability for glucose quantification in com-
plex sample matrices, the biosensing schemes were designed to reach glucose quantification
in higher concentration ranges for blood glucose levels, not being suitable for the low concen-
trations found in sweat. Furthermore, no enzyme and mediator immobilization strategy beyond
the deposition was implemented, which is needed for longer term, stable sensor operation.

For the nonenzymatic glucose sensor presented in Chapter 5, the sensitivity and linear
ranges reached with the glucose oxidation promoted by CuNPs allows for an efficient quanti-
fication. Thus, an attempt was made to use these LIG/CuNPs sensors. To do this, sensors were
produced following the same methods and transferred onto PU substrate. These nonenzymatic
glucose sensors based on transition metal nanostructures suffer from a key disadvantage when
compared to enzymatic sensors, related to the need for an alkaline medium that promotes the
recognition reaction. While performing the measurements in alkaline medium is straightfor-
ward when testing individual sensors, this raises an issue when integrating them with the ion-
tophoresis device, since sweat shows a more neutral to slightly acidic pH. Thus, means of pro-
moting a localized alkaline environment are needed, so that glucose molecules in sweat can
participate in the reaction with copper nanostructures. To do this, an agarose layer (0.5 % w/v)
with 0.1 M NaOH concentration was drop-cast over the electrodes for this purpose. These
modified electrodes were tested in deionized water and showed amperometric response asso-
ciated with the increase in glucose in the testing matrix (Figure E6). However, the analytical
characteristics of the sensor fell short of the requirements needed for efficient glucose detec-
tion in the range found in sweat, which is further explained in the Annex E.

Thus, a different approach was taken, to develop a highly sensitive electrochemical bio-

sensor using enzymatic detection mechanisms. To do this, the LIG-based H,O; electrochemical
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sensors presented in Chapter 6 were further developed to serve as the basis for electrochemical
sweat glucose sensing. A schematic representation of the construction of these sensors is pre-
sented in Figure 7.5a, where the WE was functionalized using the same PtNP electrodeposition
protocol, to introduce this catalytic material that promotes H.O, oxidation and an associated
amperometric signal. After electrodeposition, GOx was covalently bound to the carbon elec-
trode surface through EDC/NHS coupling, serving as the biological recognition element for
glucose detection. With this sensor functionalization protocol, a biodetection scheme based
on glucose oxidation by GOx and its flavin adenine dinucleotide (FAD) structure initiates the
reaction, leading to the consumption of O, to produce H,0,. H,O; can then be oxidized by the
surface bound PtNPs under a constant potential bias, being transformed back into O, and H,O
and releasing two electrons, that generate the amperometric signal related to glucose levels in
circulation over the WE surface. Before integration with the iontophoresis device, the sensor
was tested, to determine suitable operation potentials (Figure E7), with a potential of 0.5 V
being selected for the chronoamperometry experiments. Sensor calibration was performed,
using this potential and a PBS testing solution. Besides PBS, other electrolytes (deionized water,
KCl and artificial sweat) were tested, to determine if the sensors maintained stable operation,
which was verified, only with some changes in sensor response times, associated with differ-
ences in ionic content and resulting solution resistance (Figure E7). As can be seen from the
sensor response curve in PBS (Figure 7.5h), current steps associated with low glucose concen-
trations down to 5 pM are distinguishable from the background current, portraying its good
sensitivity. Furthermore, consistent current increase is achieved for each glucose concentration
being added to the sensor, showing its great stability over continuous operation. To calibrate
the sensor, current values taken after stabilization for each glucose addition step were taken
and plotted vs. the corresponding glucose concentration (n=3). A resulting linear range be-
tween 5 uM and 1.17 mM was reached, with a sensitivity of 2.86 yAmM™ (29.73 yAmM.cm
%y and a LOD of 27.5 uM.

With these analytical parameters, the sensors show a compatible performance to detect
and quantify physiological levels of glucose in sweat. Thus, sensor integration was performed,
by assembling a sensor with the iontophoresis device and the epifluidic module, for delivery
of stimulated sweat onto the surface of the sensing electrodes. One proof-of-concept /n-vivo
measure was performed, with the integrated epidermic device mounted laterally in the upper
arm (Figure 7.5i). A first iontophoresis sweat stimulation step (250 pA, 10 minutes) was per-
formed, and an amperometric measure of sensor response was taken 5 minutes after the end

of the stimulation period, to ensure filling of the microfluidic network. The resulting
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amperometric signal corresponds to a fasted state. Current values in the lower portion of the
detection range were measured, at 830 nA, with a corresponding concentration of 37 uM,
according to sensor calibration. After a high calory meal, a second sweat stimulation was per-
formed, 1 hour after the meal, and after a total period of 1 hour and 10 minutes, a second
amperometric measurement was taken. The reason for this timing is related with glucose me-
tabolism and the time needed for glucose to reach the blood stream, as well as the lag time
between the transference of glucose between blood and other circulating fluid, which in the
case of sweat, has been estimated to be 10-20 minutes ®*®. The resulting current show a
marked increase, to levels around 1.4 pA, corresponding to a glucose level of 234 uM. A second
device was assembled with a sensor taken from a new fabrication batch, showing similar results
(Figure E8), although the baseline current taken at a fasted state situating below the levels
established in the calibration curve. However, once again, increased current after a meal was

registered, showing that the sensor still points to the trend of increasing glucose levels.

7.4 Conclusions

Paper-based LIG was successfully implemented in different scenarios for epidermal bio-
electronic applications, showing its compatibility for the construction of functional bioelec-
trodes, that can participate in several sensing and stimulation tasks. As shown through charac-
terization experiments, graphitized materials synthesized by DLW of different polymers, more
specifically Pl and waxed paper, show heterogeneous chemical composition throughout its
surface, scoped by Raman mapping of the characteristic graphene peaks' intensities, associated
with their porous nature. While for PI-LIG and P-LIG, very low defect density and efficient
graphitization characterizes the material surface, transferred LIG@PU shows an amorphous
carbon structure, which could influence the electrical interfacing of electrodes with the skin.
Furthermore, the change in hydrophobicity of LIG@PU is also relevant in this scenario. While
all the LIG materials tested in this chapter present outstanding conductivity, represented by
single-digit sheet resistance regimen, LIG@PU presented better biocompatibility and flexibility
for interfacing with biological tissue. P-LIG was not suitable for this purpose, since its mechan-
ical characteristics and poorer binding to the paper substrate leads to breakage and detach-
ment, which led to it not being tested for biocompatibility and signal acquisition experiments.
For PI-LIG, its hydrophobicity did not allow to retrieve robust information about its biocom-
patibility, since cells did not adhere to its surface. Contrarily, LIG@PU shows good biocompat-

ibility, confirmed by the adherence and proliferation of human fibroblast in its surface. In terms
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of its interfacing with the skin, LIG@PU showed similar electrode-skin impedances when com-
pared to PI-LIG, either when gelled or as dry electrode, demonstrating that its more amorphous
carbonized surface does not diminish the capability of electrical signals to be carried from and
onto the skin. Strengthened by this evidence, ECG signal acquisition with LIG@PU dry bioelec-
trode demonstrated similar results when compared with commercial Ag/AgCl and PI-LIG elec-
trodes, while benefiting from increased conformability, allowing for comfortable long-term
ECG monitoring, tested up to 24 hours, with electrode retaining good SNR values and clear
signal component determination. Similarly, sSEMG monitoring also showed efficient signal ac-
quisition using LIG@PU electrodes, demonstrating the capability for electrode miniaturization
without significant loss of performance, with electrodes as small as 2 mm in diameter. Taking
advantage of the seamless device fabrication and integration promoted by DLW, more com-
plex electrode arrangements and device architectures were implemented within bioelectrode
arrays, with the chest-scale ECG patch showing the preservation of similar SNR and ECG feature
visualization, allowing for a more user-friendly 12-lead ECG protocol performance, with less
material and electrode waste. For the sEMG electrode array, efficient electrical muscle activity
can be acquired by multiple channels simultaneously, in this case capable of distinguishing
finger motion. However, the ease of changing electrode organization and placement within
similar patches can easily allow for other applications to be envisioned, where multichannel
EMG signal acquisition may be required. Furthermore, adapting electrode organization and
patch sizes to different users, either for the ECG or EMG devices, can also be easily performed
though DLW. For stimulation, LIG@PU bioelectrode performed adequately as anode and cath-
ode for current delivery to the skin, for iontophoretic agonist delivery and sweat stimulation
through iontophoresis, as well as for the construction of flexible, high-sensitivity electrochem-
ical glucose biosensors. Efficient carbachol delivery allowed for the generation of sufficient
sweat volumes for sampling and sensing of sweat, within an integrated iontophoresis-biosen-
sor epidermal device. Although the results indicate the satisfactory operation of the device for
sweat glucose detection, further testing of the device is needed to confirm these results. This
would require testing with more subjects and be benchmarked against other glucose detection
technologies, by using BGMs or CGMs, and measuring glucose levels simultaneously to the
iontophoresis-based device. Furthermore, only single measures were performed before and
after meal administration. For higher sampling rates approximating CGMs (glucose levels sam-

pled every 1 to 10 minutes) %

, which are the gold standard for continuous glucose analysis,
further development of the iontophoresis and epifluidic modules would be required, to allow

for more frequent sweat stimulation, efficient sampling and retrieving of sweat glucose levels.
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Overall, the suitability of paper as a precursor material for the fabrication of LIG-based weara-
ble bioelectrodes using the developed fabrication methods holds promise for more sustainable

and accessible diagnostic tools, for several biomedical application scenarios.
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8
CONCLUSIONS AND OUTLOOK

8.1 Summary and conclusions

Laser-induced graphene has rapidly become a very popular material in the scientific
literature, when versatile, efficient patterning of conductive graphene-based geometries is tar-
geted as the approach for device microfabrication. In contrast with other widespread technol-
ogies, such as additive manufacturing and printed electronics, the simple, one-step synthesis
and simultaneous patterning, without intricate pre-processing requirements, has made it a re-
sourceful approach for planar geometry definition in several materials. With this thesis, the
capabilities of DLW for LIG synthesis is further expanded for alternative substrates and novel
fields of applications.

Through the comprehensive study presented in this work, laser processing frameworks
needed for efficient graphitization of paper substrates, both in terms of the resulting LIG ma-
terial properties and its shaping, are delineated. As shown, considerate laser irradiation proto-
cols, where different operational parameters are studied, show the capability for high-efficient
graphitization, reaching paper-derived, graphitized patterns with conductive properties com-
parable to the state-of-the-art for aromatic polymer precursors. Along with this, the tailoring
of paper substrate modifications, with fire-retardant and wax, boosts this graphitization poten-
tial, where paper's cellulose aliphatic structures serve as the template for graphene lattice
build-up. With the generated knowledge on these DLW synthesis and patterning processes,
prototyping of different applications has been demonstrated, further showing the introduction
of DLW as a tool for the development of paper electronics in several areas. For this work in
specific, paper-derived LIG was implemented in different bioelectronics applications, showing
its compatibility for the fabrication of electrochemical and wearable biosensing applications.
To reach these results, each chapter was devoted to advancing the knowledge on DLW and
device fabrications using paper.

In Chapter 3, an initial scoping of the graphitization potential of two paper substrates
was compared, namely chromatography paper and office paper, along with their potential to
construct paper-based electrochemical sensors. Both paper substrates were successfully im-

plemented for this purpose, with wax playing a key role in the impermeabilization of the
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substrates for interfacing with liquid electrolytes. From the two paper substrates, chromatog-
raphy paper showed the best graphitization potential and resulting electrochemical properties
when used in the patterning of LIG electrodes, related with its exclusive cellulose content. For
commercial office paper, the presence of additives diminished the capability of the thermo-
chemical laser stimulus in substrate graphitization, resulting in higher resistivity. However, fur-
ther study of commercially available, ubiquitous paper sources, including office paper, would
allow for improvements and more use cases for these substrates. Using chromatography paper,
efficient prototyping of paper-based LIG glucose electrochemical biosensors was demon-
strated, using two distinct biosensing schemes. For the mediated glucose bionsensor, a pre-
clinical validation trial demonstrated a good TRL, with the sensors operating under a simulated
real environment with real samples. While paper graphitization potential was demonstrated,
further improvement could be made in this regard, by studying and modeling the laser irradi-
ation protocols leading to graphitization.

In Chapter 4, a detailed study of laser irradiation parameters and their influence on
graphitization outcomes and electrochemical properties was performed. The basis of this study
was to further deepen the results from Chapter 3 and identify underlying irradiation parameters
key in the efficient graphitization of the substrate. By considering alternative irradiation pa-
rameter (PW and PRF instead of power and speed), it was demonstrated that PW is the main
driver in initiating substrate graphitization, since it is directly related with heat accumulation
and the thermal tolerance of the material. For a narrow interval of PW values, the tolerance of
the material for carbonization and graphitization is reached, and if surpassed, excessive dam-
age of the substrate occurs. Within this interval, control of material properties is set by param-
eters associated with energy density, namely PRF, laser beam defocus and number of laser
patterning cycles. For electrochemical properties, the charge transfer capabilities of electro-
chemical cells are also susceptive of tuning, depending on the same laser processing parame-
ters, reaching very appealing operation for redox-based electrochemical sensing.

In Chapter 5, the capabilities of DLW for the one-step synthesis of composite materials
were implemented. To demonstrate the compatibility of chromatography paper substrates to
hold metal salt precursors through its capillarity properties, a copper sulfate precursor was
absorbed into paper and submitted to laser irradiation, resulting in a LIG/CuNPs hybrid mate-
rial synthesized in a one-step approach. This approach presents some advantages, including
reduced fabrication steps and could be replicated for other metal salt precursors, being a dis-
advantage the reduced control of NP size and distribution. Translating the synthesis approach

for the fabrication of a modified WE, highly sensitive nonenzymatic glucose sensors were
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constructed, showing analytical capabilities for the quantification of glucose in sweat. Although
this good analytical performance and ability to quantify glucose in artificial sweat samples, a
key disadvantage of such sensors still needs to be addressed, related with their inability to
detect glucose in neutral medium. The need for alkaline electrolytes diminishes the integration
potential of these transition metal-based nonenzymatic sensors within more complex devices
for in-vivo sensing.

In Chapter 6, the principles for the translation of paper-derived LIG for wearable biosens-
ing device fabrication were established, based on material transfer strategies. Firstly, the en-
hancement of electrical properties for the paper-derived LIG were demonstrated, by control-
ling the precursor substrate composition, in terms of its wax composition. This is a crucial step,
to allow for LIG layers with sufficient thickness to be efficiently transferred onto other sub-
strates. Furthermore, this also allows for the transferred patterns to maintain similar conduc-
tivity before and after transfer. Through the developed water-induced peel-off strategy, LIG
patterns can be transferred in their entirety, due to the action of water in separating the pre-
cursor substrate from the laser synthesized patterns. Because of the porous structure of the
paper substrate, other LIG transfer strategies are not compatible with paper, such as casting of
elastomeric polymers, because cellulose fibers become interlaced with transfer materials. With
the action of water, interfacing paper with adhesive substrates and subsequent separation for
peel-off transfer becomes possible. Thus, intricate LIG patterns can be transferred, with the
method being tested by the construction of different sensing devices for wearable sensing
purposes.

In Chapter 7, the full implementation of paper-based LIG for the construction of func-
tional devices for wearable sensing is tackled, where transferred LIG geometries serve as bioe-
lectrodes for the acquisition and delivery of electrical stimulus in skin-interfaced devices. Initial
characterization demonstrated the good biocompatibility of the material when in contact with
live tissue, scoped by cell culture of human fibroblasts, with skin-electrode electrical interface
properties and charge carrying capabilities of the electrodes conducive for electrophysiological
signal acquisition. This was mostly implemented with LIG dry electrode configurations, where
the direct interfacing of the LIG bioelectrodes with the skin showed efficient ECG and EMG
signal acquisition capabilities, categorized by the high SNR values obtained for different elec-
trode sizes. For stimulation, LIG bioelectrode demonstrated their ability for charge carrying
towards the skin, for iontophoretic drug delivery of cholinergic agonists, targeting sweat se-
cretion stimulation. Using carbachol delivery, sufficient sweat volumes can be generated for

sweat sensing applications, where a proof-of-concept glucose sweat sensing systems was
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developed and tested. Although the LIG-based iontophoresis and integrated LIG-based elec-
trochemical sweat glucose sensor demonstrating the capability to discern different sweat glu-
cose levels, further technological development of the system is needed, aiming at long-term
sweat glucose analysis, approximating the operation of state-of-the-art CGMs and their IF glu-
cose level quantification.

Overall, the principles for laser processing of paper substrates for LIG synthesis and their
translation for different bioelectronics applications are demonstrated in this work, applicable
for future implementation in different applications beyond sensing, such as energy harvesting
and storage or physical sensors, and using other polysaccharide-based polymers, that present
similar chemical structures to cellulose. Thus, future work is envisioned to improve the devel-

opment and readiness level of the methods and technologies developed in this thesis.

8.2 Outlook and future directions

DLW is rapidly developing into a robust technology, that may find future implantation in
industrial microfabrication of electronics and bioelectronics. The laser technology market is an
evolving one, where applications ranging from optical communications, spectroscopy to laser
surgery stand out. From these, laser material processing is already present in several industrial
fabrication frameworks, for laser cutting, engraving, marking or welding. In this regard, as
showed in this work and in the evolving body of literature related to DLW, functional material
patterning is rising in prevalence. Specifically related to this thesis, several aspects may be ad-
dressed in the future, to further potentiate this shift from research to large-scale development.

This thesis focused on two implementation levels, firstly related to laser material synthe-
sis and secondly related to laser processing for bioelectronics device fabrication. Thus, specific
improvements and future work addressing both these stages are of relevance.

Regarding LIG synthesis methods developed in this thesis, a comprehensive study of
process-property optimization of CO; laser parameters and precursor material composition
have been performed, focusing mostly on three specific outcomes, namely chemical properties,
electric conductivity and electrochemical charge transfer capabilities when used as electrodes
within electrochemical cells. However, systematization of other LIG properties, including mate-
rial morphology, hydrophobicity, porosity, thermal conductivity and patterning resolution may
be important in future studies, when targeting other possible material applications. This may
be performed using the methods developed here for CO: lasers, but also using alternative laser

sources and laser beam guiding systems, such as UV lasers and galvanometer-based deflection
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systems. Using such tools, novel laser processing frameworks based on the ones presented in
this work may arise, focusing on outcomes such as high-resolution patterning, that may po-
tentiate device miniaturization. Another important aspect is related to material property varia-
bility. Although the results presented in this work show low variations in the properties of pa-
per-derived LIG, mostly in terms of its conductivity, larger-scale studies scoping this aspect
would be relevant. A final aspect related with large-area and high-throughput material pro-
cessing would be the compatibilization of laser-induced synthesis with R2R or S2S processing.
Although out of the scope of this work, the development of large-scale technologies for paper
processing and other precursor material and integration with laser sources, for material func-
tionalization, would strengthen the interest of industrial partners in these technologies.

In the interface between laser material and device processing, the developed water in-
duced peel transfer method was shown to be an attractive technique for moving paper-based
LIG patterns into different support substrates. In the current developmental stage, all its use in
this work was performed manually, both in terms of attaching the paper substrates to the
transfer materials and in the peel-off stage. Although good material transfer yields being
reached, with negligible loss of material functionality after transfer, some incidence of slight
material breaking was observed. To further refine this method, attempts for automatization of
material attachment and peel-off steps would be beneficial to further mature this technology.
In addition, this method was also shown to be able to produce stand-alone LIG films, by de-
tachment of the LIG patterns by only immersing the paper substrate in water, which could be
an interesting approach to follow when attempting to layer LIG with underlying functional ma-
terials, which is a limitation of the DLW technology.

Finally, some improvements and future work can be envisioned at the level of the devices
developed in this work. Starting with the different electrochemical biosensors demonstrated
here, each instance would benefit from larger-scale pilot studies, with enough samples for sta-
tistical analysis of device analytical performance and user feedback. In this regard, the devel-
oped paper-based glucose test strips already have a sufficient TRL for such studies, since they
have already been tested in a simulated real environment. Similarly, the wearable LIG bioelec-
trodes for ECG and EMG monitoring could also be considered for similar analysis, since testing
in vivo was already performed in this work. Benchmarking the iontophoresis sweat stimulation
device against commercial apparatus would be favorable for other applications, such as using
the device for sweat collection within cystic fibrosis diagnosis. For the skin-interfaced ionto-
phoresis-based sweat sensing system, further development is needed to reach pilot testing

stage, both in device construction and operation. Since sweat is a complex fluid that changes
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its properties, depending on the sweat secretion conditions and for different individuals, addi-
tional device elements may be needed for efficient detection of metabolites. These include
additional sensors, such as for temperature or sweat rate, that can participate in /n-situ sensor
calibration. /n-situ calibrations have been reported in the literature as being important to com-
pensate for different conditions, such as temperature, sweat pH or electrolyte levels, that may
affect electrochemical signals. Additionally, further research on iontophoretic stimulation pro-
tocols is needed, to time sweat stimulation, transportation, sampling and sensing for long-term
metabolite detection. While the iontophoresis stimulation protocols presented in this work
showing an efficient sweat volume generation, it would be beneficial to achieve more frequent
stimulation cycles, that generate lower volumes of sweat, so that higher sweat sensing fre-
quency could be employed and an operation approximating continuous monitoring could be
idealized. Finally, each device was tested with laboratory analysis equipment, mostly using
portable potentiostats. To fully translate these LIG-based sensing devices, either in the paper
substrates or wearables, into fully functioning systems, custom made instrumentation is
needed, including all the necessary ICs for signal acquisition, conditioning and transmission.
Overall, the development of the technologies presented in this work showcases the
rising interest of the scientific community with DLW and LIG, which is expanding its use cases
in several fields. While the proofs of concept presented in this work focusing primarily on bio-
medical applications for diagnosis and prognosis, specifically with applicability for chronic
complications such as diabetes mellitus, future emerging technologies may benefit from the
fabrication frameworks put forward by multifunctional laser material processing. Future agri-
cultural and environmental sensing strategies, to novel materials within the space technology
field, are recent examples where interest in laser material processing is rising, to take advantage
of multifunctionality, technological accessibility and degrees of freedom for novel device de-

velopment, which hopefully are strengthened by the work presented in this thesis.
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APPENDIX FOR CHAPTER 3

Paper substrate was submitted to irradiation without any fire-retardant treatment, to assess the
effect laser had over paper fibers. As seen in Figure Ala, without any sodium borate treatment, there is
complete ablation of superficial fibers, with no conversion of cellulose into any visually identifiable gra-
phitic material. In opposition, in Figure A1b, there is an identifiable conversion of the paper fibers into
graphitic material, identified by the dark color resulting from laser irradiation (laser operation coordi-
nates P10S10 applied in both cases).

Figure A1. Effect of laser irradiation before and after sodium borate treatment.

Contact angle analysis of two LIG surfaces obtained with laser operational parameters P10S10 for
chromatography paper (a) and office paper (b). For chromatography paper, the measured contact angle
for chromatography paper was 108.1° and for office paper, it was 106.6°, showing the hydrophobic
characteristics of the LIG's surface.

(A) (B)

—

Figure A2. Contact angle analysis of LIG surface produced using laser operation parameters



C 1s spectrum of paper with diffused wax, prior to laser irradiation, is presented in Figure A3a,
showing the presence of four different forms of carbon bonds, C-C/C-H, C-O, C=0 and O=C-0, at 284.2,
285.9, 287.4 and 288.4 eV respectively. Upon laser irradiation, changes related to photothermal conver-
sion of carbon bonds are present for both paper-types used for LIG synthesis, in Figures S2B and C. In
these spectra, there is the appearance of sp2 carbon bonds characteristic of graphene structures, located
at 283.8 eV. However, there are some differences between the C 1s spectra, namely the intensity of sp2
domain varied for chromatography paper, with more preponderant C-C domain, while for office paper,
the sp2 domain is preponderant. These results confirm the production of graphene, however since there
is inter-sample variability regarding the location of the measurements, this may have affected XPS meas-
urements, translating in a reduced preponderance of the sp2 domain in the measurement performed
for chromatography paper, that is not representative of the chemical nature of the synthesized LIG net-
work as a bulk.
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Figure A3. Paper-based LIG XPS characterization. (A) C 1s spectra of waxed paper prior to laser irra-
diation. (b) C 1s spectra of paper-based LIG produced from chromatography paper. (c) C 1s spectra
of paper-based LIG produced from office paper.

Table A1. LIG chemical and electrical characteristics

Power/Speed | Whatman paper Office paper
Coordinates
l20/lG In/lg Rsh C(%) | O(%) | lo/ls In/lg Rsh C%) | 0%
P6S6 0.132 1.580 | 329 72.8 247 0.073 1321 | -—------ 58.9 373
+0.085 | +0.142 | £60.0 | +54 4.9 +0.037 | £+0.256 | -------- 3.1 +3.9
P8s8 0.397 1398 | 755 79.3 18.5 0.228 1.495 387.7 61.6 359
+0.084 | +0.214 | +3.68 | 4.6 +4.7 +0.106 | £+0.129 | +1356 | +3.8 +4.0
P10S10 0.616 1.281 56.0 85.3 124 0.269 1.331 217.7 65.5 329
+0.095 | +0.173 | £ 123 | 2.7 +2.3 +0.113 | £0.135 | £21.8 | £2.1 +2.0




Electrochemical pre-treatment using the supporting electrolyte (0.1 mM KCI) in a potential win-
dow between -2 and 2 V was used to improve the activity of the electrodes and achieve reproducible
measures for characterization, as is usually performed. 1 In Figure A4, CVs for the first and tenth potential
scanning are presented, top inset showing an increase in current of approximately 100 yA after pre-
treatment end. CVs are also shown for the redox probe behavior before and after pre-treatment (using
two different electrochemical systems) in bottom inset. Prior to electrochemical pre-treatment, it is vis-
ible that lower anodic and cathodic peak currents are achieved, with high peak separation. After pre-
treatment, more defined redox peaks are shown, with improved electron transfer kinetics portrayed by
the decrease in peak potential separation. This electrochemical pre-treatment was imposed on all elec-
trodes prior to characterization with Fe(CN)63-/ Fe(CN)64- electrochemical couple.
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Figure A4. Electrochemical pre-treatment imposed on electrochemical systems prior to characteri-
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Figure AS. Cyclic voltammograms and EIS characterization for chromatography paper electrochem-
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Figure A6. Cyclic voltammograms and EIS characterization for office paper electrochemical systems.
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APPENDIX FOR CHAPTER 4

Spot radius calculations based on gaussian beam distribution:

w(d):do\ 17(%)2 Zn=-
R(x)=3[1+(%)2] 0 W’;O
Table B1. Spot size radius and area calculation.
z (mm) ®(z) (um) Spot area (mm?)
-0.79 76.0 0.018
0 63.5 0.013
0.48 68.4 0.015
1.75 112.7 0.040
3.02 172.7 0.094
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Figure B1 — Optimization matrices and distribution of graphitization regions for distinct defocus
values.

Table B2 — Average sheet resistance values and respective relative standard deviations for all tested laser
parameters at different defocus levels.

-0.79 mm 0.48 mm 1.75 mm 3.02mm
Parameters PRF | PW | R, RSD R, (Qsq?) | RSD (N=4) | Ry(Qsq?) | RSD (N=4) | R (Qsq") | RSD (N=4)
(Hz) | (ns) | sqP) (N=4)
P1S1 250 40 - - - - 53075 66 % 2514.7 31%
P2S2 500 40 - - 477 20 % - - - -
P3S3 750 40 | 121.63 31% 425 15 % - - - -
P3S4 1000 30 - - 489.75 22% - - 2043.7 13%
P3S5 1250 24 - - - - - - 18168 116 %
P4S3 750 53 23.38 7% - - - - - -
P4S4 1000 | 40 | 57.95 | 12% 248 13 % 5 - - -
P4S5 1250 32 159.25 20 % 419.5 4% - - - -
P4S6 1500 | 26.7 - - 488 52 % - - 4742 35%
P4S7 1750 | 22.9 - - 411 10 % - - 2760.7 34 %
P4s8 2000 | 20 2 2 2 = = = 1485.7 17 %
P5S4 1000 50 23.03 3% - - - - - -
P5S5 1250 | 40 | 3378 | 5% - - - - - -
P5S6 1500 | 33.3 | 51.95 8 % 611.25 50 % = = - -
P5S7 1750 | 28.6 | 58.63 4% 918 9% = = - -
P5S8 2000 25 92 5% 535.5 22% = = - -
P6S6 1500 40 21.85 10 % = = = = - -
P6S7 1750 | 343 | 27.55 3% - - - - - -




P6S8 2000 30 31.83 5% 806.75 41 % - - - -
P7S8 2000 35 21.93 11 % - - - R R R

Table B3. Average sheet resistance results and respective relative standard deviations for single, double
and triple lasing scanning LIG samples.

Single Scan Double Scan Triple Scan
Parameters R, (Qsq?) RSD (N=4) R,(Qsq?) RSD (N=4) R,(Qsq?h) RSD (N=4)
P3S3 121.63 31% - - - -
P4S3 23.38 7% 24.33 13 % - -
P4s4 57.95 12 % - - - -
P4S5 159.25 20 % - - - -
P5s4 23.03 3% 25.7 3% - -
P5S5 33.78 5% 21.3 2% 20.48 14 %
P5S6 51.95 8% - - - -
P5S7 58.63 4% - - - -
P5S8 92 5% - - - -
P6S6 21.85 10 % 16.15 2% 41.68 69 %
P6S7 27.55 3% 25.98 27% 15.25 8%
P6S8 31.83 5% 28.15 13 % 19.38 3%
P7S8 21.93 11 % 14.78 2% 14 14 %

Table B4. Average ID/IG and I12D/IG ratio values and respective standard deviation percentages for all
tested laser operation power, speed, defocus levels, and scan number parameters.

o/l l2o/l
Parameters Average RSD (N=5) Average RSD (N=5)
P4S6 (3.02 mm) 1.12 15 % 0.40 15%
P4S6 (1.75 mm) 1.01 11 % 0.34 4%
P4S6 (0.48 mm) 0.82 18 % 0.49 8%
P4S6 (-0.79 mm) 0.99 11 % 0.28 10 %
P5S6 0.58 6% 0.44 9%
P6S6 0.63 9 % 0.41 6 %
P7S6 0.71 12 % 0.39 7%

Table B5. Tested riboflavin modified pH sensors sensitivity summary with respective y-intercept and R2
values.

Sensors Sensitivity mV pH? y-intercept (mV) R?
-81.2 -120.5 0.9824
2 -74.9 -176.3 0.9582
3 -74.4 -116.9 0.9803
4 -82.5 -148.1 0.975
5 -74.3 -143.7 0.9936
6 -77.8 -197.2 0.9821
7 -79.3 -184.6 0.9747
8 -80.6 -99.4 0.9805
Average -78.2 £ 3.37 -148.3 + 35.19 0.9784 + 0.01000
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Figure C2 — SEM/EDS analysis of LIG/CuNPs composites by one-step laser synthesis.



Table C1. Electrochemical parameters of CuNPs/LIG based sensors.

Electrodes ECSA (mm2) ECSA/Ag kO (10-3 cm/s)
#1 14.72 3.00 8.04
#2 13.18 2.68 9.09
#3 12.07 2.46 8.39
#4 14.81 3.02 8.76
Average 13.70 2.79 8.57
RSD (%) 9.61 5.30
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Figure C3 — Electrochemical characterization of CuNPs/LIG electrodes. (a-c) Cyclic voltammograms of
three different CuNPs/LIG sensors obtained for a scan rate range of 10 to 150 mV.s™", using 5 mM
[Fe(CN)g]>4~ as redox probe. Both insets represent auxiliary plots for the determination of the kinetic
parameters: the right graph is a plot of peak currents vs square root of corresponding scan rate and the
left one is a plot of kinetic parameter W vs C.v='/2,
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Figure C4 - Electrochemical characterization of LIG electrodes. (a-c) Cyclic voltammograms of four dif-
ferent LIG sensors obtained for a scan rate range of 10 to 150 mV.s™", using 5 mM [Fe(CN)s]*>~/4~ as redox
probe. Both insets represent auxiliary plots for the determination of the kinetic parameters: the right
graph is a plot of peak currents vs square root of corresponding scan rate and the left one is a plot of
kinetic parameter W vs C.v-/2,

Current calculation process for calibration, where the data extracted from the chronoamperograms was
treated as follows:

1. The current values were extracted in the instant before each glucose addition and 20 seconds
after that, which was the time interval for the current stabilization.

2. Next, the in—1 value was subtracted from the in to determine the current variation (Ain) cor-
responding to each glucose addition.



3. Finally, the Ain value was added to the cumulative current responses previously registered, so
that each current response is dependent on the total glucose concentration inside the beaker.

7
A\

Current (pA)

Ai

>

Figure C5 — Representative chronoamperogram and current steps showing the process for sensor cur-
rent calibrations.
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Figure D1 — FTIR spectra of chromatography paper substrates modified with increasing number of
wax layers, showing the increase in intensity of peaks associated with both paraffin wax and yellow
dye giving color to the printing wax

Figure D2 — SEM analysis of waxed paper and resulting LIG. (a) Paper-wax composite produced using
2 and 5 printing cycles. (b, ¢) LIG synthesized on wax-paper composite made with (b) 2 wax layers
and (c) 5 wax layers.



(a) (b)

Leukoplast hypafix ® wound dressing PDMS 3M Transpore® surgical tape

Figure D3 — Transferred LIG patterns over various substrates. (a) Transfer of electrodes for the fabri-
cation of planar electrochemical cells on Leukoplast hypafix ® wound dressing. (B) Strain gauge
transferred over PDMS, after spraying of a layer of repositionable adhesive for anchoring of LIG
structures. (c) Transfer of interdigitated electrodes over 3M Transpore ® surgical tape containing a
mild adhesive layer.

5 wax layers, 3 scans
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75,75 me

Figure D4 — Cross-section analysis of LIG squares used for conductivity assessment.




Table D1 — Comparison of Raman chemical features and conductivity of LIG from different precursors.

Precursor Laser Source Io/lc I/l Sheet resistance Conductivity Ref
(Q.sg™M (S.cm-1)
PI IR, CO; 0.5 ---- 15 25 1
PI IR, CO; 1 1 36.9 344 2
PEI IR, CO; 0.2 0.65 15 6.7 3
Phenolic resin IR, CO; - - 40 4 4
Nomex paper | IR, CO; ---—- 095 15 8.9 5
Wood IR, CO, 0.8 0.6 10 1.25 6
Wood UV femtosecond laser 0.63  ---- 10 2.75 7
(343 nm)
Wood with IR, CO, 025 0.75 20 25 8
catalyst
Leaves Yb-doped femtosecond ----  ---- 23.3 4.8 9
fiber laser
Forest-based IR, CO; —eee e 38 28 10
ink
Paper IR, CO, 088 0.84 61.5 0.95 1
Paper IR, CO, 0.5 32 2.94 12
Paper IR, CO, 0.6 13 56 5.95 13
Paper IR, CO, 100 1.17 14
Paper Nd:YVO,4 UV R 132 2.0 15
(355 nm)
Xylan IR, CO, —eem e 186 0.67 14
Wax-treated IR, CO> 0.28 0.69 5 28.2 This work
paper
—
‘T 35 Ml Carbohydrate polymers
E e (F:perR:v:yr{'l:aTerials
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. nk (10 A Plastic polymers
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Figure D5 — Plot of sheet resistance vs. apparent conductivity of several LIG films produced from
different precursor groups, including carbohydrate polymers, raw materials, plastic polymers and

formulated inks.
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Figure D6 — Characterization of electrochemical planar cells. (a) Plot of anodic and cathodic peak
currents vs. square root of scan rate, for calculation of electrochemically active area through the
Randles Sevcik equation. (b) Plot of dimensionless kinetic parameter W vs. square root of scan rate

for the calculation of rate constant k0. (C) Nyquist plot of an electrochemical cell for solution and
charge transfer resistance determination. (D) Corresponding Bode plot.
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Figure D7- Characterization of electrochemical cells at different bending angles using CV at 50 mV.s"
1. (@) CVs showing small variation in peak position and current for concave (25 and 450) and low
convex (250) angles and small increase in current and peak separation for high convex angle (450)
and after 2000 bending cycles with 5% strain, caused by a mild separation of LIG fibers and increase

in the surface area of the LIG electrodes. (b) Image of electrochemical cells at concave and convex
testing angles.
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Figure D8 — SEM micrographs of electrodeposited PtNPs. (a) Far-off view of electrode surface, with a
uniform distribution of particles at electrode surface. (b) EDS mapping of elemental distribution for
C, O and Pt. (c and d) Magnified view of PtNPs distribution, showing a spherical geometry and sizes

around 100 to 500 nm.

(a) Before Electrodeposition (b) 200 —
0.2 | —— Atter Electrodeposition . igzrgliﬁgg‘;";;g:”
—
E 0.1 =
% 0.0 =100} H
= N ]
S 01 Rer = 100.4Q
o
0.2 Rer = 38.60
. . \ . , 0 P ] .
-04 -0.2 00 02 04 06 038 150 300 450

Potential vs. Ag/AgCI (V)

Figure D9 — Characterization of planar cells before and after PtNPs electrodeposition. (a) CVs at 50 mV.s-
1, showing an increase in peak currents for electrodeposition at the WE. (b) Nyquist plots showing de-

creased charge transfer resistances.
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Figure D10 — CVs of the response of PtNPs modified WE in the presence of different concentrations of
H,0O. in PBS buffer at 50 mV.s™'. Both anodic currents at positive potential biases and cathodic current
at more negative potential biases are visible, due to both oxidation and reduction of H202 at platinum
modified electrode surface. Positive applied potentials were selected for analysis of sensor perfor-
mance.
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Figure D11 — Chronoamperometry study of sensor response to increasing concentration of H202 at
different applied potentials (0.5 to 0.9 V), showing variation in sensitivity.
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Figure D12 — Response of flexible strain gauges to bending strain cycling at 20% strain and 1 Hz

frequency, showing the presence of triboelectric effects attributed to the polyurethane transfer sub-
strate, as seen by the spikes in AR/Ro.

Table D2 — Comparison of LIG-based electrochemical hydrogen peroxide sensors.

Material Linear range Sensitivity LOD Ref
(UM) (WAmM".cm™?) (LM)

PI-LIG/Au/PtNPs 10-3760 69.33 2.2 16
PI-LIG/sputtered PtNPs 0.5-5000 248.4 0.1 7
PI-LIG/Cu-Ru NPs 10-4320 136.7 1.8 18
PI-LIG/PB in electropolymerized PEDOT | 10-1760 24.33 2.5 19
PI-LIG/ZnO 0.8-14600 276.8 190 20
PI-LIG/MWCNT 2000-12000 6.25 ---- 21
PI-LIG/PB 1-200 0.1 0.26 22
PI-LIF/AgNPs 10-550 28.6 2.8 23
Wax modified Paper-LIG/PtNPs 50-13200 16 11 This work

PtNPs — platinum nanoparticles; MWCNT — multiwalled carbon nanotube; PB — prussian Blue; PEDOT - Poly(3,4-ethylenedioxythiophene);

ZnO - zinc oxide; AgNPs — silver nanopatrticles

Table D3 — Comparison of LIG-based strain sensor performance.

Material Laser Source Strain/Dynamic GF Ref
range

PI-LIG IR, CO2 1.4 % 11.2 24

PI-LIG UV, Nd:YVO4 1% 26 25

PI-LIG transferred to PDMS IR, CO2 Up to 100% 20000 26

PI-LIG transferred to PU IR, CO2 Up to 100% 70 27

PI-LIG transferred to silicone rubber IR, CO2 31.8% 37.8 28

Lignin embedded PDMS-LIG UV, 355 nm 70 % 20 29

Lignin-LIG transferred to elastomeric | IR, CO2 14 % 960 30

DragonskinTM

Kevlar textile-LIG Femtosecond YB fiber laser, 7 % 1852 31
1030 nm

Paper-LIG IR, CO2 1.67 % 41.9 12

Paper-LIG transferred to PU IR, CO2 20 % 128.9  This work
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Figure E1 - Bode plot fitting according to the presented equivalent skin-electrode circuit for Ag/AgCl electrodes,

gelled and dry LIG electrodes and resulting values for the resistive elements of the circuit.
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Figure E2 - ECG signal acquisition using LIG@PU dry electrodes with 5mm diameter, 24 hours after placement,

with corresponding SNR values for each signal segment (period between consecutive P waves)



1. Laser processing of transfer substrate 2. Paper-based LIG bioelectrode transfer
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Figure E3 - Laser processing and assembly step for the chest-scale ECG patch.

A. Electrode layer

A1. Electrode trasfer onto PU substrate (w/ via holes) A2. Electrode layer encapsulation A3. Inversion and via hole filling with silver ink

B. Silver track layer

C. Connector placement and final
device encapsulation

B1. Laser cutting of silver track mask B2. Silver track patterning and curing B3. Attachment of electrode layer

Figure E4 - Laser processing and assembly steps for the SEMG electrode array patch.
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Figure E5S - Different LIG bioelectrode designs and assembly for sweat volume estimation. (a) Indented electrode
with paper microfluidic network for sweat accumulation. The microfluidic network did not have the necessary
length for efficient sweat accumulations. (b) Rectangular electrodes with epifluidic network for sweat accumu-
lation and transportation. This device presented too many layers (accumulation, inlet, microfluidic and encap-
sulation layers), when constructing the epifluidic module, leading to inefficient capture of sweat. (c) Control
testing of indented iontophoresis electrode integrated with a long paper microfluidic element, where no car-
bachol is delivered (hydrogels containing NaCl). Sweat accumulation due to baseline perspiration is visible, using
a colored dye immobilized in microfluidic network. (d) Testing of carbachol delivery using the paper microfluidic
network, showing a complete filling of the paper microfluidic network (~30 pL). For higher volumes, larger mi-
crofluidic component was needed, requiring a larger area, while image processing was required for analysis of

collected sweat volume.

Transferred LIG/CuNPs were constructed by the same methods presented in Chapter 5, where copper
sulfate precursor was dop-casted in a specified area of the paper substrate, followed by laser synthesis
and patterning of the working and counter electrodes. After this, electrodes were transferred onto the
PU substrates, followed by Ag/AgCl reference electrode and silver track patterning. Before measurement,
the sensor was submitted to a copper oxidation step, as described in Chapter 5, to further oxidize copper
and have more density of Cu(ll). After this, an agarose layer (0.5 % w/v) with 0.1 M dissolved NaOH was
drop-casted onto the working electrode and left to dry in 4°C. The sensors were able to detect current
increases associated with glucose addition, but only for higher concentrations (>100 uM). Furthermore,
there is shift in the linearity for the sensor response over time, probably associated with the loss of
hydroxide ions over time (not permanently immobilized within the agarose polysaccharide), diminishing
its suitability for long term glucose detection when integrated with the iontophoresis module. Thus, an
enzymatic sensing approach was taken, although further investigation regarding the modification with

porous, alkaline membranes may be a possible solution for this issue.
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Figure E6 - Transferred LIG/CuNPs sensors for sweat glucose sensor and a representative device response curve.
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Figure E7 -Enzymatic glucose sweat biosensor testing. (a) Testing of device response for different potential
biases, by consecutive addition of 100 uM glucose. Sensor response curves using (b) deionized water, (c) KCl

and (d) artificial sweat electrolytes.
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Figure E8 -Sweat glucose detection protocol for a second iontophoresis/sweat glucose sensor integrated device.
Although an increase in sensor current is detected after a meal, the current level at a fasted state falls below the
minimum values achieved for the calibration curve. This sensor was taken from a different fabrication batch,
indicating that more investigation on sensor response and calibration are needed. In-device integration strate-
gies that monitor pH, temperature, electrolyte levels or other factors may be needed in future investigations for

more robust sweat glucose detection levels.
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