N V A DEPARTAMENT OF
- MATERIALS SCIENCE

NOVA SCHOOL OF
SCIENCE & TECHNOLOGY







hl i \, A DEPARTAMENT OF
MATERIALS SCIENCE

NOVA SCHOOL OF

SCIENCE & TECHNOLOGY

NANOZYMES+/DRIVING NANOZYMES TOWARDS STE-
REOCHEMICAL RECOGNITION: APPLICATION TO BIO-
MOLECULES OF INTEREST IN HEALTH

ANA RITA AIRES CARDOSO

Master’s in health Biochemistry

Adviser: Maria Goreti Ferreira Sales
Full Professor, Coimbra University

Co-advisers: Pedro Miguel Candido Barquinha
Associate Professor, NOVA University Lisbon

Examination Committee:

Chair: Pedro Miguel Ribeiro Viana Baptista,
Full Professor, NOVA School of Science and Technology | FCT
NOVA
Rapporteurs: Rosa Fireman Dutra

Associate Professor, Federal University of Pernambuco/Biomedical
department

Tito da Silva Trindade,

Full Professor, Chemistry Department, University of Aveiro,

Adviser: Maria Goreti Ferreira Sales,
Full Professor, Faculty of Sciences and Technology,University of Coim-
bra

Members: RuUben Miguel Pereira Fernandes
Full Professor, Faculty of Health Sciences, Fernando Pessoa University

Manuela Maria Teixeira Basto de Faria Frasco
Assistant Researcher, Faculty of Sciences and Technology, University of
Coimbra

Rita Maria Mour&o Salazar Branquinho

Assistant Professor, NOVA School of Science and Technology | FCT
NOVA

DOCTORATE IN NANOTECNHOLOGIES AND NANOSCIENCES

NOVA University Lisbon
October, 2023






Nanozymes+/Driving Nanozymes towards stereochemical recognition: application in biomol-

ecules of Interests In health

Copyright © Ana Rita Aires Cardoso, NOVA School of Science and Technology, NOVA University

Lisbon.

The NOVA School of Science and Technology and the NOVA University Lisbon have the right,
perpetual and without geographical boundaries, to file and publish this dissertation through
printed copies reproduced on paper or on digital form, or by any other means known or that
may be invented, and to disseminate through scientific repositories and admit its copying and
distribution for non-commercial, educational or research purposes, as long as credit is given

to the author and editor.









" O Sofrimento Purifica" Professor Goreti Sales

Dedicatory lorem ipsum.



vi



ACKNOWLEDGMENTS

This dissertation is not only the result of my personal work, but also the result of all the im-
portant people who have surrounded me and whom | would like to thank.

| would like to thank my thesis supervisor Prof. Goreti Sales and my co-supervisors Prof. Pedro
Barquinha and Prof. Elvira Fortunato for giving me the opportunity to develop this thesis under
their close guidance.

Prof. Goreti | deeply thank for the daily encouragement, the confidence in my decisions, the
scientific advice in our discussions and the constant enthusiasm. Also, for the inspiration, the
patience to listen to me at all moments, for always being there for me and supporting me at
all moments, and for being more than just an advisor to me. Prof. Goreti Is a mentor for me.
To all my colleagues in the BioMark group who have contributed directly or indirectly to this
work. Especially to "zinha" who always listened to me over 5 years and for all the conversations
we had (scientific and non-scientific). | apologise for taking some "Adalgur” in the middle of
this process and pressurising with my stress.

For Akmaral Suleimenova who listened to me and found "Wednesday" in my little house (pri-
vate joke) and for the scientific and non-scientific conversations we had. For supporting me
during these two years, for the funny and stressful moments we had.

To Samuel, who supported me in this work and showed me a different way of looking at things.
To all my friends who supported me and were always there when | needed them (because
science is full of ups and downs). To Margarete Sousa, Nivaldo Oliveira, Vanessa Ribeiro and
Carlos Azevedo, thank you for continuing this crazy, wonderful friendship.

To my family, for their presence in my life, their support in my decisions and their kindness at
the right moments.

To my parents for their patience, their presence, their affection and their night shifts. Thank
you for this investment, for always letting me dream and for always supporting me in the most
difficult moments. Thank you for helping me in all moments with my daughter.

To my sister (Mariana Cardoso) for all the warmth and presence in my life. Also for helping me

with Clarinha and listening to me in all moments of my life.

vii



To my uncles and aunts (Né, Fatima, Carlos, Jodo, Edite) and my grandparents who have always
supported me and believed in me.

To my dear husband Pedro, for his love, for his unconditional friendship, for being the best
partner in all hours and really believing in me when | could not, for being my constant support
and my most enthusiastic admirer. | would not be here without you! There are no words to
describe how grateful | am. We continue together, always — and | cannot wait to find out what
else the future holds for us.

And finally, my best achievement in life, my dear, incredible daughter Maria Clara, who has
inspired me to become better and stronger every day since the first day of my life. She is my

sweet "Gremlin". | hope that one day science will inspire her too!

viii



“You cannot teach a man anything; you can only help him

discover it in himself.” (Galileo).






ABSTRACT

A reliable and affordable analytical platform is critical for clinical diagnosis. The electrochemical
transduction mechanism in biosensors offers high selectivity, low limit of detection and easy
miniaturisation. The present work aims to develop an electrochemical biosensor while explor-
ing alternatives to natural bioreceptors and implementing low-cost and versatile nano-material
production. The symbiosis of biosensor technology and nanomaterials improves selectivity and
sensibility of the devices.

In this dissertation, four electrochemical biosensors were developed using two different biore-
cognition elements. Enzymes are used in many biotechnological approaches due to their ex-
cellent catalytic features and their ability to recognize a target compound within a complex
matrix. Due to their high cost and limited stability, researchers have created artificial catalytic
systems to replace natural enzymes. However, these systems employ nanostructured materials
that can catalyse a reaction but lack the necessary stereochemical recognition ability.

The catalytic materials are combined with molecularly imprinted polymers (MIP), driving these
artificially catalysed reactions into a spatial recognition event. A fundamental system that uses
enzymes is the glucose meter, the first line of glucose control among diabetic patients. Thus,
an innovative novel glucose enzyme-free biosensor is developed as a proof-of-concept by
merging nanomaterials and MIPs in a single platform. The MIP technology offered selectivity
to detect and quantify the glucose with dual detection, using electrochemical and optical sys-
tems.

In parallel, considering the current pandemic, the technical approach was used to detect hu-
man antibodies against severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2). The
potential for quantification of complex samples through electrochemical impedance spectros-
copy has been successfully demonstrated in a real context, detecting concentrations down to
pg/mL. The biosensing principles discussed herein open the way for the development of robust
analytical devices that do not rely on natural bioreceptors and have the potential for use in

point-of-care (POC).

Keywords: biosensors; electrochemical detection; molecularly imprinted polymers; SARS-CoV-

2; Nanozymes
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RESUMO

O desenvolvimento de plataformas analiticas precisas e fiaveis sao fundamentais para o diag-
néstico clinico. O mecanismo de transdugdo eletroquimica nos biossensores oferece maior se-
letividade, menor limite de detecdo e facil miniaturizacao. Este trabalho visa desenvolver um
biossensor eletroquimico, explorando alternativas aos biorrecetores naturais e implementando
uma producao versatil com a utilizagdo de nanomateriais de baixo custo. A simbiose entre os
biossensores e os nanomateriais melhora a seletividade e a sensibilidade dos dispositivos.

Nesta dissertacao foram desenvolvidos quatro biossensores eletroquimicos com dois elemen-
tos de bioreconhecimento diferentes. As enzimas estdo envolvidas em muitas abordagens bi-
otecnoldgicas devido as suas excelentes caracteristicas cataliticas e capacidade de reconhecer
um composto alvo dentro de uma matriz complexa. Devido ao seu elevado custo e estabilidade
limitada, os investigadores criaram sistemas cataliticos artificiais para substituir enzimas natu-
rais. No entanto, estes sistemas empregam materiais com diferentes nanoestruturas capazes
de catalisar uma reacao, mas ndo possuem a capacidade de reconhecimento estereoquimico.
A combinacdo dos materiais cataliticos com os polimeros de impressao molecular (PIM), dire-
ciona essas reacdes catalisadas artificialmente para um reconhecimento espacial. Um exemlo
de um sistema fundamental é o medidor de glucose, primeira linha de controlo da glucose
entre pacientes diabéticos. Assim, um novo biossensor sem utilizar enzimas naturais para a
glucose é desenvolvido como prova de conceito através da combinagdo de nanomateriais e
PIMs numa Unica plataforma. A tecnologia PIM confere seletividade para detetar e quantificar
a glucose com uma dupla detecao, eletroquimica e 6tica. Paralelamente, considerando a atual
pandemia, os biossensores eletroquimicos foram usados para detetar anticorpos humanos
contra SARS-CoV-2. A potencial quantificagdo de amostras complexas através de espectrosco-
pia de impedancia eletroquimica foi demonstrada com sucesso em contexto real., detetando
concentragdes abaixo de pg/mL. Os principios dos biossensores discutidos abrem caminho
para a criagao de dispositivos analiticos robustos que ndo dependem de biorrecetores naturais

e tém um grande potencial em contexto clinico.

Palavras-Chave: Biossensores; Detecdo Eletroquimica; Polimeros de Impressdo Molecular,
SARS-CoV-2, Nanozimas

Xii



Xiii






CONTENTS

T MOTIVATION AND AIM OF THESIS......cesererirereseresessssssensesesssssssssssesssssssssssssesesssssssssssssssssssssasesesssssssssssessssssssssess 2
1.1 SCENTIIC CONTEXE ..ottt ettt 2
1.2 ODJECHIVES ..ottt s bbb 4
1.3 THESIS OULIINE oottt bbbt 4

2. INTRODUCTION .....ecuctieeeeeerneceeeeeststssetesssssesesesssessssssesasssssssssassssssssssssesasassssssssssssssesesssssssssssasssasssssnssssssssesessases 8
2.1 Electrochemical BIOSENSOIS ...ttt 10
2.2 Common Applications Of BiOSENSOIS........cwrierieinrierniiesiesisssissssssssesssssss s sssssssssssens 14

2.2.1 GIUCOSE .ottt 15
222 SARS-COV -2 ottt bbb bbb 16
2.3 Molecular Imprinting TEChNOIOGY ......oovueiererrirrieie et sssssesesens 19
2.4 ENZyMES AN NANOZYIMES ..o ssssssss s ssssssssssssssssssssssssssssssssssssssssssssssssens 21
2.4.1 DESIGN Of NANOZYMES ...ttt sttt nses 23
242 Classification and Enzyme-Like ACtIVITIES ..o eeeeees 24
243 NANOZYMES@MIPS....... ottt ettt s neen 31

3. AN ULTRA-SENSITIVE ELECTROCHEMICAL BIOSENSOR USING THE SPIKE PROTEIN FOR CAPTURING

ANTIBODIES AGAINST SARS-COV-2 IN POINT-OF=CARE .....ceeuremimrersasensasessssesssssesssssesssssesssssasssssesssssassssasans 41
3T INTFOTUCTION .ottt b 41
3.2 EXPErimeENtal SECHION ..ottt sttt sss st ss e 44

3.2.1 REAGENS AN SOIULIONS ...ttt nees 44
3.22 AAPPATATUS ... 44
3.23 Electrochemical MEaSUrEMENTS ..ot eseees 44
3.24 Preparation Of C-SPE DIOSENSON ... ssies s s ssssessesssesanes 45
3.25 Characterization by Raman SPECIrOSCOPY .....ccueereuremreeeeereenneieeiseessessseissesesssesssessssennes 46

XV



3.2.6 ETNICS STAtEMIENT ...ttt 46
3.2.7 Analytical performance of the bioSENSOr ... 47
3.2.8 Analysis of human serum samples by VIDAS®..........cowcoommmnreeeeeecisssnneeeeveensssseneee 47
3.29 Correlation of VIDAS® signal with standard anti-S solutions...............ccceervvveeeee. 48
3.2.10  Analysis of human sera with the electrochemical biosensor..........ccccovcvreerrnrennee. 48
3.2.11  Synthesis of quantum dots and conjugation with anti-human IgG antibodies..49
3.2.12 Secondary anti-human IgG@QDs as electrochemical labels...........cccooovrrvrrnnennnee. 50
3.3 ReSUIES @NA DISCUSSION ..ottt 50
3.3.1 Biosensor assembly and characterization..........ceeeneeneeneeeeeesessssieeeeeeeees 50
332 Analytical performance in PBS DUfer ... 53
3.33 Selectivity Of the DIOSENSON ... 54
334 Analytical performance in spiked human Serum...........ccconeenenecnneneeeneeseceseeene. 55
335 Analysis Of POSItIVE SEra SAMPIES.......ccoiiecerrecre et 57
3.3.6 Comparison of method capabilities to low antibody concentrations..................... 60
337 Alternative electrochemical analysis of human sera..........ccooevonrvernsicnnineiseeisenes 60
34 CONCIUSIONS ..ottt bbb bbb 62

4, BIOGRAPHENE AS A SENSING ENHANCER FOR ELECTROCHEMICAL DETECTION OF SARS-COV-2 SPIKE

ANTIBODIES....uutiieirintiieerintnisnesienisanesisenisnesssessssntsssenssstsssessssnessstssssnesssasssssesssarssssesssanssanesesanssssesssanssssesssanssans 67
4.1 INEFOAUCTION .ottt 67
4.2 EXPEriMENTAl SECHION ..ottt bbbttt ettt 70

421 AAPPAIATUS ...ttt ettt 70
422 REAGENS AN SOIULIONS ......eeeiereiri sttt ettt nses 70
423 Production of biofunctionalized graphene ... 70
424 Electrochemical measurements and proCedUres ...........orreonrenrereeensrenreenseeseesennees 71
425 ANalYtical PEIOIMANCE ...t s seseees 71
4.3 RESUILS @NA DISCUSSION ....vuririercieieeieeie et sese s sssessse bbb es e ees 72
4.31 Biosensor assembly and characterization.............ccencenecincenecenesnecenenseseiens 72

XVi



432 Analytical performance of the bioSeNSOr ... 74

433 SEIECHIVILY @SSAYS ..vunverierrierireieecire st es et ss st ss s sasesnnes 77
434 ANAIYLICAl APPIICAtIONS ..ottt nnen 77
B4 CONCIUSIONS .ottt bbb bbb 78

5. DUAL MONITORING OF GLUCOSE BY ELECTROCHEMICAL AND OPTICAL SIGNALS USING A MOLECULARLY

IMPRINTED POLYMER WITH GOLD NANOPARTICLES.......ccccceireinnirireisniissuensnecssaeesssesssanssssesssaesssesssasssssesssasesane 81
5.1 INTrOAUCTION.cccouiiitectce et b 81
52 EXPEriMENtal SECHION ...ttt sttt 85

5.2.1 Reagents and SOIUTIONS ...t eeen 85
522 AAPPAIATUS ...ttt saen 85
523 Assembly of the glucose sensor Material ... 86
524 ElectrochemicCal ProCEAUIES ...t eseeen 86
5.2.5 Direct Detection fOr GIUCOSE ...t 87
5.3 ReSUIS @Nd DISCUSSION .....couivmiririimieieeineiiecieeise s s s s sssse s sssse s ssees 87
5.3.1 Production and impact Of AU NPS........c.cosese st ssnees 88
5.3.2 Fabrication of the SENSING YN ... seees 90
533 Electrochemical analytical performance.........cnseeneieeeei e, 96
534 Optical analytical PerformManCe.........o e eseeees 98
5.35 Direct electrochemical readings Of glUCOSE.......ccc.oovvuiineiunneineireeisese s 99
5.3.6 Analytical Performance in hUman SEra ... ssseessesenees 102
5.4 CONCIUSIONS ..ottt bbb bbb 104

0.  CATALYTIC MIP ettt cssis s s s s bbb b s s s bbbt bbbt bas b sas b sas 108
B.T  INTFOTUCTION ..ottt 108
6.2 EXPErimENtal SECHION ....ovverereeceeee sttt sttt sss sttt ss e sssssaes 111

6.2.1 Reagents and SOIULIONS ...ttt ssse e sssesseessseseen 111
6.2.2 APPATATUS ..o e 111
6.2.3 Electrochemical MEasUrEMENTS........c.oeiieeieeieiseie et 111

XVii



6.2.4 Preparation of Carbon DiOSENSOr ... 112

6.3 Preliminary RESUIES ...ttt ss s 113
B.4  CONCIUSIONS ..ottt bbb 115

7. GENERAL CONCLUSIONS AND FUTURE WORK .....ccueuiumrninnesenasinnsessesssssessessssmssssesssasssssesssessssssssseses 119
8. SCIENTIFIC QUTPUTS .c.ucureeuirenseesesesesssssssssesesssssssssssssesssssssssssssssssssssssssssssssssssesesssssssssssssesssssssssssessssssssssses 123
BT PUDIICALIONS ..ottt b 123
8.1.1 Peer-reviewed pubIiCatioNS. ... ssnsens 123
8.1.2 INVited Chaper DOOKS: ... 124

8.2  Oral and poster PreSENtAtioNS ...t sssesss st sssesssssaes 125
8.2.1 Oral PreSENTATIONS ...ttt sttt 125
8.2.2 POStEr PrESENTATIONS ...ttt sttt nsees 125

8.3  Participation in international and national research projects ..., 126
8.4 Master thesisS QUIAANCE ...ttt 127

Xviii



LIST OF FIGURES

Figure 1.1: North America biosensors market growth by application. Values in USD million.
Adopted from Grand View Research — biosensors market, 2022..........o.coovevnenrineeneennenseneeneineenes 3
Figure 2.1: Biosensing device schematic representation with biorecognition and transduction
BlEIMENTS ...ttt 9
Figure 2.2: The most transduction methods use: Electrochemical and optical........ccccocovevunevunece. 10
Figure 2.3: General Nyquist plot represented for an electrochemical system, having real
impedance (Zge) plotted versus imaginary impedance (Zw), with solution resistance (Rq) and
charge transfer resistance (Rcr) iINAICATEd. ...t 13
Figure 2.4: Possible targets for SARS-CoV-2 infection diagnosis, which include viral genomic
material and specific viral antigens, namely, the spike and nucleocapsid proteins, as well as
organism response markers to the presence of the virus, through antibody production and
inflammatory response. Respiratory or serological samples collected via swab of syringe are
typically used for detecting the infection or an immunological response. .........cocoueeoneeneeerneenne. 17
Figure 2.5: Schematic representation of Molecular Imprinting technology........c.coeccovecennecenecennne. 20
Figure 2.6: Comparison of some characteristics between nanozymes and natural enzymes. ..24
Figure 2.7: Schematic illustration of some nanomaterials mimicking enzymes, the most studied
enzyme-like activities, and common ligands to tune the catalytic efficiency and selectivity of
NANOZYIMES [TAB]...ei ettt sseenes 25
Figure 2.8: Characterization by Transmission electron microscopy (TEM) (a,b) and Scanning
Electron Microscopy (SEM) (c,d) of microporous MOF MIL-101(Fe) as-prepared (a,c) and after
introducing Prussian blue, PB/MIL-101(Fe) (b,d), as highly efficient peroxidase-like mimics, and
scheme illustrating the synthesis of PB/MIL-101(Fe) (e) (Reproduced with permission [155]
Copyright 2015, The Royal Society of ChemIStIY). ... sssesessssssssessaes 26
Figure 2.9: Nanozyme bioconjugates for sensing applications: (A) Scheme of bismuth-Au NPs
preparation and peroxidase-like catalyzing mechanism for reaction with Amplex Red (AR) (a),
and further modification with fibrinogen as probe for detection of thrombin (b). (Reproduced
with permission [158] Copyright 2012, The Royal Society of Chemistry); (B Colorimetric

biosensor based on oxidase-like activity of bovine serum albumin-protected silver clusters,

XiX



which is switched on selectively by mercury ions and applied to detect DNA. (Reproduced with
permission [164], Copyright 2015, EISEVIEr B.V.) ... sesssssssssssssssssssssssssanes 28
Figure 2.10: Nanozyme based on CuCo,04 nanorods: SEM characterization (a) and scheme
showing the modulation of oxidase-like activity of the nanorods by the adsorption of the
aptamer that recognizes CD63 protein on exosomes (b), as a label-free sensing approach.
(Reproduced with permission[165], Copyright 2020, ElseVier B.V.).......ccorrrcnrenrineirneennsnsinsis 29
Figure 2.11: Preparation of catalytic molecularly imprinted NPs (MINPs) functionalized with the
transacylation catalyst 4-dimethylaminopyridine (DMAP), as a method to molecularly imprint
within cross-linked micelles. (Reproduced with permission [182] Copyright 2017, Wiley-VHCA
ALG). etttk e kR e R8RSRt 31
Figure 2.12: Molecular imprinting on nanozymes: Photographs and schemes showing bare
FesO4nanozyme (A), with an anionic MIP layer (T-MIPneg) (B) and with a cationic MIP layer (A-
MIPpos) (C) for oxidizing two substrates (TMB and ABTS), as well as scheme of imprinting the
nanogel (D). (Reproduced with permission [185], Copyright 2017, American Chemical Society).

Figure 2.13: Characterization of molecular imprinting on PtPd NFs showing spherical
nanostructure with flower-like morphology and mesoporous on the surface: SEM images of
PtPdNFs (A) and T-MIP-PtPd NFs (B); TEM imagens of PtPd NFs (C) and T-MIP-PtPd NFs (D).
(Reproduced under the terms and conditions of the Creative Commons Attribution Non-
Commercial Unported 3.0 License [191], Copyright 2019, published by The Royal Society of
CREMUSTIY). ettt ettt et s e bnes 34
Figure 2.14; Cell-mimicking protocell of three components with a peroxidase-like iron oxide
core as nucleus, a molecularly imprinted hydrogel shell as cytoplasm, and a lipid bilayer for
biomedical applications. (Reproduced with permission [199], Copyright 2017, American
ChEMICAI SOCIELY). ottt st st st ss e sssnsaes 37
Figure 3.1: Schematic representation of the C-SPEs and the functionalization of the WE: (A)
addition of carboxylated SWCNT; (B) modification with p-phenylenediamine through
EDAC/NHS coupling reaction; (C) binding of S protein and (D) electrochemical detection of
aNti=-S Protein @NTIDOAY. ...ttt 45
Figure 3.2: Schematic representation of the VIDAS® mode of operation.............eeeeeeeeee. 48
Figure 3.3: Current intensity of the electrochemical biosensor measured by SWV for different
concentrations of anti-human IgG@QDs (10.10 pg/mL, 51.02 pg/mL and 101.09 pg/mL)......49
Figure 3.4: Electrochemical data collected upon the biosensor construction, using CV (A), EIS

(B) and SWV (C) measurements. Data includes pristine C-SPEs, after modified with SWCNT and

XX



S protein. Graphics D and F show the current peak'’s intensity, and graphic E presents the Rct
values with the respective error bars, highlighting the reproducibility of three independent
BVICES. ootttk bbb 51
Figure 3.5: Raman spectra for each stage of chemical modification of the WE of the C-SPE
(green/top) throughout the biosensor construction, including the modification with
carboxylated SWCNT (c-SWCNT, red/top), and the successive addition of EDAC/NHS, p-
phenylenediamine, S protein and anti-S protein antibodies (substantially superimposed and
AIffICUIt tO ISTINGUISN) ..ottt st 52
Figure 3.6: EIS measurements of the calibration with anti-S protein antibodies (1.0 pg/mL - 100
ng/mL) in PBS buffer: Nyquist plots (A) and the corresponding calibration curve (B). Readings
were performed with the redox pair 5.0 x10 mol/L [Fe(CN)s]* and 5.0 x 107 mol/L [Fe(CN)e]*
prepared in 0.07 MOI/L PBS BUTfEr PH 7.4 ...ttt sessssss st ssssssssssaes 54
Figure 3.7: EIS response of the biosensor in the form of Rct values after the incubation of anti-
S or anti-N protein antibodies, ranging from 1.0 pg/mL t0 10 NG/ML....ovrrrrinrinrirrrrireirrierins 55
Figure 3.8: EIS measurements of the calibration with anti-S protein antibodies (1.0 pg/mL - 100
ng/mL) spiked in negative human serum (500-fold diluted in PBS buffer): Nyquist plots (A) and
the corresponding calibration curve (B). Readings were performed with the redox pair 5.0 x 10°
> mol/L [Fe(CN)g]* and 5.0 x 10 mol/L [Fe(CN)e]* prepared in 0.01 mol/L PBS buffer pH 7.4.

Figure 3.9: Standard curve of the correlation between the obtained RFV and the respective
logarithm of the standard concentration (ug/mL) (mean + error). The dashed lines represent
the 95% confidence intervals. Note that the higher and lower concentrations are not shown
because they were removed due to deviations from liN€arity. ... 58
Figure 3.10: Correlation between the results of several dilutions of positive serum analysed by
VIDAS® and the Rct readings of the biosensor (as obtained by EIS measurements).................. 59
Figure 3.11: (A and B) Fluorescence signals of red emitting QDs in the presence of increasing
concentrations of goat anti-human IgG, in PBS 0.01 mol/L pH 7.2. (C) UV-vis absorption spectra
of goat anti-human IgG in PBS 0.01 mol/L pH 7.2 (a) and the UV/vis spectra of red emitting
QDs 2.5 mg/mLin PBS 0.01 mol/L pH 7.2, (b) along with the correspondent fluorescent spectra
(c). (D) SWV voltammograms of different concentrations of positive serum containing primary
antibodies conjugated with a 10.10 ng/mL concentration of IgG secondary antibodies labelled
Wit CATE QDS ...t ssssesssse s s sssse sttt sseeseses 62
Figure 4.1: Schematic representation of biosensor construction: (A) ultrasonic exfoliation of

graphite; (B) biofunctionalization of graphene sheets with spike (S) protein; (C, D) modification

XXi



of the surface of the WE with the S protein biofunctionalized graphene; (E) addition of S protein
as recognition element; (F) detection of antibodies to SARS-COV-2. ......cccomromronrrrnrirnrnrrnnsrnninns 69
Figure 4.2: Electrochemical data collected during biosensor construction, using EIS (A) Nyquist
plot and (B) Rct values, and SWV (C) graphs and (D) current peaks intensities. Data includes
pristine C-SPEs, after cleaning, after modification with biographene functionalized with S
protein, and after adding S protein as biorecognition element.........c.ccooeveerrernrinricnrsnesninnienins 73
Figure 4.3: Analysis by SEM of the WE of pristine C-SPE (A — C) and of the WE after modification
with the biofunctionalized graphene containing S protein (D — F). .o, 74
Figure 4.4: EIS measurements of the calibrations with anti-spike (S) protein antibodies (Ab) (1.0
pg/mL — 100 ng/mL), as shown in the Nyquist plots (A, C) and the corresponding calibration
curves (B, D), obtained in PBS buffer (A, B) and in diluted human serum (C, D).....cccoceeverviennee 75
Figure 4.5: EIS analysis of the system with increasing concentrations of anti-spike (S) protein
antibodies (Ab) (1.0 pg/mL — 10 ng/mL); (A, C) Nyquist plots and (B, D) Rct values; (A, B)
correspond to the biosensor with graphene without biofunctionalization, and (C, D) correspond

to graphene with biofunctionalization but without additional biorecognition layer of S protein.

Figure 4.6: Selectivity behaviour of the biosensor for anti-spike (S) protein antibody (10 pg/mL)
against anti-nucleocapsid (N) protein antibody (10 PG/ML). ..o 77
Figure 5.1: Schematic representation of the MIP sensor for glucose detection and different
modifications on the working electrode. (A) After Cleaning the surface; (B) Electrodeposition of

Au NP; (C) Electropolymerization of MIP sensing layer; (D) Removal of the glucose with water.

Figure 5.2: Electrochemical data after cleaning and after electrodeposition of Au NPs (a), using
CV(D), EIS (C) @NA SWV (d). corrtririrreeieeiieiireeiieeisetisesieessse i s st 89
Figure 5.3: SEM images of the C-SPEs having Au NPs generated in situ by means of different
electrodeposition times (A) Control (B)100s; (C) 300; (D) 600s; and (A1, B1, C1; D1) SEM figures
with Backscattered l@Ctrons (BSES). ... ettt s s 90
Figure 5.4: Voltammograms of Py and glucose solutions prepared in PBS with (a) and with (b)
WITNOUT AU NPS ..ottt bbb bbb 90
Figure 5.5: Schematic representation the several optimizations. .........ccccnecneceneenecenecnecnns 92
Figure 5.6: Electrochemical measurements of CV (a), EIS (b) and SWV (c) in 5.0x10 M [Fe(CN)e
]*"and 5.0x10M [Fe(CN)g]* solution, prepared in PBS, of the NIP (1) and MIP (2) films (without
Au NPs/MIP-Py-COOH), at the several steps of the biosensor assembly..........cccccouveenecennecrnecnnn. 93

XXii



Figure 5.7: Nyquist plots of (a) MIP and (b) in NIP sensors (C-SPEs/without Au NPs/MIP-Py-
COOH) in 5.0x102 M [Fe(CN)s]> and 5.0x10° M [Fe(CN)e¢]*, after incubation in standard
solutions of glucose of increasing concentrations, prepared in PBS buffer, and the
corresponding calibration curves (C and d). ..o 94
Figure 5.8: Electrochemical data upon the biosensor construction, using CV (a), EIS (b) and SWV
(c) measurements. Data includes after cleaning the surface, after electrodeposition of Au NPs,
Electropolymerization of MIP film (with Py and Py-COOH) and removal of the template.
Graphics (d) and (f) show the current peak'’s intensity, and graphic (e) presents the Rct values

with the respective error bars, highlighting the reproducibility of three independent devices.

Figure 5.9: Calibration curves of the biosensors C-SPEs/Au NPs/MIP-NIP-Py-COOH, with EIS
measurements of NIP devices and (c) the corresponding calibration curves; (b) EIS

measurements of MIP devices and the corresponding calibration curves (d), obtained in

5.0 x 107 M [Fe(CN)¢]*> and 5.0 x 107 M [Fe(CN)e]* solution prepared in PBS buffer. .............. 97
Figure 5.10: Reflectance spectra collected at each step of modification of the C-SPEs to produce
C-SPEs/AuNPs/MIP-Py-COOH (a) and C-SPEs/Au NPs/NIP-Py-COOH (b) films......c.cccoevecmmrrennres 98

Figure 5.11: Reflectance spectra obtained from C-SPEs/Au NPs/MIP-Py-COOH after incubation
with glucose standard solutions of increasing concentration prepared in PBS buffer (a) and the
corresponding Calibration CUIVE (D). ... 99
Figure 5.12: Chronoamperometric data (a) of direct readings of glucose (1) on the C-SPEs/MIP-
Py-COOH film and (2) on the C-SPEs/Au NPs/MIP-Py-COOH film, along with the corresponding
representative calibration curves in t=205 (D). ....cccovrrierrrnrieieresseeee et 100
Figure 5.13: Chronoamperometric data (a) of direct readings of glucose on the C-SPEs/MIP-Py-
COOH film with the corresponding representative calibration curves (b) in different time points:
0s (b1); 205 (D2) @NA TOOS (D3). ..ottt ettt sttt s sassseasesnas 101
Figure 5.14: Chronoamperometric data (a) of direct readings of (1) AA on the C-SPEs/Au

NPs/MIP-Py-COOH film along with the corresponding representative calibration curves in

Figure 5.15: Calibration curves of the biosensors C-SPEs/Au NPs/MIP-NIP-Py-COOH, with (a)
EIS measurements of NIP devices and (c) the corresponding calibration curves; (b) EIS
measurements of MIP devices and the corresponding calibration curves (d) in serum 1000x
diluted. Readings obtained in 5.0 x 10 M [Fe(CN)g* and 5.0 x 10 M [Fe(CN)e]* solution
prepared in PBS buffer, after incubation in increasing concentrations of glucose standard

SOIUTIONS. ettt ee s e e essas e s eses e seesesasaessessasasseesesassessesassessessasaesessentassessensaseensasesassesseneas 103



Figure 5.16: Calibration curves of the biosensors C-SPEs/Au NPs/MIP-NIP-Py-COOH, with EIS
measurements in buffer (a) and serum (b) and the corresponding calibration curves with
relative values (c) in buffer and (d) serum 1000x diluted. Readings obtained in 5.0 x 10> M
[Fe(CN)g]*> and 5.0 x 107 M [Fe(CN)e]* solution prepared in PBS buffer, after incubation in

increasing concentrations of glucose standard solutions in different medium (buffer and

SEIUM). oottt ettt ettt s b st st st st st st s b et st st st st st st st st st st st st s s st st st st st st st st atssssssssssstst et et st ssss st st stststetesetstststssssssssssssssstanen 104
Figure 6.1 The three main residues of active site of the enzyme.........cccoevoviveronrinervnricneriennnenn. 109
Figure 6.2: Scheme for assembly of the Catalytic MIP for glucose.........ccoccovencenecnecenernecinennne. 110

Figure 6.3: Several steps for assembly the Catalytic MIP. (A) Cleaning the surface; (B)
Electropolymerization of MIP and NIP; (C) Removal Process. .........cccouenseeneeeneeeneeeneeesseesseeens 112
Figure 6.4: Current plots within time for glucose concentrations between 5 mM and 100 mM,
obtained in the MIP (A) and NIP (C) biosensors, respectively, and the corresponding calibration
curves (B and D). The potential was Set 10 +0.4V........o e sssseees 114
Figure 6.5: Cyclic voltammograms obtained as the concentration of glucose increases in MIP
(A) using negative potentials of FAD with different glucose concentrations and calibration

Curve (B) respectively. The measurements were done at 50 mV s™ ...........ooooovvvvveecccisssssessenneene 115

XXV



LIST OF TABLES

Table 3.1 - Clinical information for all patients used in experimental work...........cccccccueconeinecus 46
Table 3.2: Raman intensity of the G and D brands on the spectra of the biosensor, following
the consecutive steps Of MOAITICAION. ...t ses 53
Table 3.3: Electrochemical biosensors for detection of SARS-CoV-2 antibodies........cccooeenuvunncee 57
Table 3.4: Analytical data obtained with the electrochemical biosensor by EIS readings and by
the comparison methods, VIDAS® of different positive sera samples.............cccocooommmmrrreeeevvveornnnnns 59
Table 5.1: List of the sensors for glucose detection using MIP-based sensing systems, along

with their main analytical fEATUIES. ...ttt 84

XXV






2019-nCoV
AA

ABTS
ACE-2

Al

AIE

APBA

ASSURED

Au NPs
BSA-Ag NCs
CE

CLIA

COF
COVID-19
C-SPEs
cv

DMF
DMSO
DNA

DPV

ECL

ACRONYMS

Novel Coronavirus

Ascorbic Acid

2,20 -azino-bis(3- ethylbenzothiazoline-6-sulfonic acid)-diammonium salt
Angiotensin Converting Enzyme 2
Aggregation Induced

Aggregation Induced Emission
Aminophenylboronic acid

Affordable, Sensitive, Specific, User-friendly, Rapid and Robust, Equip-
ment-free and Delivered to those in need

Gold Nanoparticles

Bovine serum albumin-protected silver clusters
Counter electrode

Chemiluminescent immunoassay

Covalent organic framework

Corona virus Disease

Carbon- Screen-Printed Electrodes

Cyclic Voltammetry

N,Ndimethylformamide

Dimethyl sulfoxide

Deoxyribonucleic Acid

Differential Pulse Voltammetry

Electrochemiluminescence

XXVil



EDAC

E Protein
EIS

ELISA
FAD

GO

GOx
HPLC
HRP

ISE

ISFET
LoC

LOD

LSV

MPA
MERS-CoV
M Protein
MIP
MOFs
NHS

NPs

N Protein
NAAT
NEB

NFs

NIP

N-ethyl-N'-(3-dimethylaminopropyl) carbodiimide hydrochloride
Envelope Protein

Electrochemical Impedance Spectroscopy
Enzyme-linked Immunosorbent Assay
Flavin Adenine Dinucleotide

Graphene Oxide

Glucose Oxidase

High-Performance Liquid Chromatography
Horseradish peroxidase

lon-Selective Electrode

lon-Selective Field Effect Transistors
Lab-on-a-Chip

Limit of Detection

Linear Sweep Voltammetry
3-mercaptopropionic acid

Middle East Respiratory Syndrome Coronavirus
Membrane Protein

Molecularly Imprinted Polymer

Metal organic frameworks
N-Hydroxysuccinimide

Nanoparticles

Nucleocapsid Protein

Nucleic Acid Amplification Testing
Non-enzymatic biosensors

Nanoflowers

Non-Imprinted Polymer

XXViii



PB

PBS
POC
PPy

PSS
QDs
RBD

RE

RFV
rGO
RNA
RSD
RT-PCR
SARS-CoV-2
SEM
SOD

S protein
SPEs
SWCNT
TEM
TMB
SWv
WE
WHO
UA

ZnO-NW

Prussian Blue

Phosphate Buffered Saline
Point-of-Care

Polypyrrol

Poly(styrene sulfonate)

Quantum Dots

Receptor Binding Domain
Reference Electrode

Relative fluorescence value
Reduced Graphene Oxide
Ribonucleic Acid

Relative Standard Deviation
Reverse transcriptase-polymerase chain reaction
Severe Acute Respiratory Syndrome Coronavirus 2
Scanning Electron Microscopy
Superoxide Dismutase

Spike Protein

Screen-Printed Electrodes
Single-walled carbon nanotubes
Transmission Electron Microscopy
3,3",5,5' - tetramethylbenzidine
Square-Wave Voltammetry
Working Electrode

World Health Organization

Uric Acid

Zinc Oxide Nanowires

XXIX



XXX



Ca

Zl

Zw

Double-layer capacitance

Current

Raman intensity of carbon D band
Raman intensity of carbon G band
Charge-transfer resistance
Solution resistance

Potential

Average value of blank signal

Real component of impedance
Imaginary component of impedance
Warburg impedance

Standard deviation

XXXI

SYMBOLS



CHAPTER].

Motivation and aim of the thesis






MOTIVATION AND AIM
OF THESIS

1.1 Scientific Context

The requirement for low-cost, rapid and precise sensing platforms for point-of-care (POC) use
is constant in modern life.

The detection of glucose remains a matter of constant concern since it is relevant to diagnose
or follow-up several diseases, as diabetes [1]. The relevance of glucose biosensors makes it a
target for worldwide commerce, with increasing demand each year as more people is being
diagnosed with diabetes and preventive care is spreading better [2]. The glucometer is the
most common example that utilises the electrochemical modality due to its capacity to monitor
glucose levels in diabetes with amperometric techniques [3]. Another important example of
monitoring needs in POC emerged with the Novel Coronavirus (2019-nCoV), which was la-
belled a pandemic by the World Health Organization (WHO) due to its rapid spread. The ca-
pacity of response to the pandemic was intensively related to the use of lateral-flow tests.
Biosensors are proving to be extremely helpful in improving life quality in various domains
ranging from water, food control, environmental and healthcare monitoring.

In 2022, the global biosensors market was valued at USD 28.6 billion, and it is predicted to
reach USD 58.37 billion between 2023 to 2032 [4]. Figure 1.1 depicts the evolution and antici-
pated growth of the North American biosensor market by application. The variety of medical
applications, the growing number of diabetes patients, the high demand for compact diagnos-

tic devices, and the quick technical advances are all driving demand for biosensors.
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Figure 1.1: North America biosensors market growth by application. Values in USD million. Adopted from Grand
View Research — biosensors market, 2022.

Glucose meters have been in the market for several decades and have evolved throughout
several generations. The recent generation of glucose meters in the literature has lower cost
and long-term stability then previous versions but lacks the necessary selectivity to allow ac-
curate application in serum samples [5], [6]. Recently, nanozymes have emerged to replace the
function of natural enzymes, but their affinity for the substrate still lacks spatial recognition [6].
This regard, MIP materials may help meeting spatial recognition requirements. These materials
are host-tailored polymers, where a given target analyte acts as a mould when a polymeric
network forms around it.

Overall, producing materials with catalytic activity properties that hold spatial recognition abil-
ity should allow the production of artificial enzymes with similar features to the natural-en-
zymes [7]. This was tried a few times, almost two decades ago, when MIP-technology and the
nanoscale of materials were yet to face substantial developments [8]. Today, it is clear that the
nanoscale control of materials is a crucial event, including the recent developments of MIP
materials and the nanoscale manipulation of catalytic elements. For instance, the addition of
charged species only at the rebinding site of MIPs has been shown to improve the affinity of a
given target compound (which may be a protein [9] or a small molecule [10]), confirming that

the nanostructural control is a crucial event.
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Overall, the advent of dimensioning artificial enzymes that hold similar capacities to the natural
one may revolution the biotechnology market. The procedure may be explore in many tech-
nological processes that use enzymes, significantly impacting society.

Moreover, this plan occurred in the middle of the pandemics. This was time of global uncer-
tainty, in which many of us wanted to help. This was the case of this plan. Thus, to contribute
some way to a better management of the pandemic, attempts are made to monitor the circu-
lating antibodies against the virus. Quantifying the levels of antibodies may allow stratifying
the population and distinguishing who has an active immune response against the virus from

who has not.

1.2 Objectives

Due to the relevance and several advantages of the electrochemical transduction mechanism
on biosensing, such as low detection limits, wide linear response range, excellent stability, and
repeatability, this thesis seeks to explore novel technologies. that may benefit from different

nanomaterials.
The main goals of this work are:

» Design and integration of a sensitive carbon nanomaterial, directly assembled on an
electrochemical sensing platform;

» Fabrication of low-cost and innovative conductive nanomaterial to be fully integrated
as biosensing platforms;

» Integration of catalytic nanomaterials and bioreceptor material, especially using molec-
ular imprinting technology, on an electrochemical biosensor surface;

> Ultimately, catalytic molecular imprinting technology is fabricated to mimic the biolog-
ical activity of relevant biomarkers.

1.3 Thesis Outline

This thesis is organized into eight chapters.

» Chapter 1: describes the motivation and the main objectives of this work, containing a

summary description of the structure of the thesis.



1. Motivation and aim of thesis

» Chapter 2 provides some fundamental background regarding the design and principle
of biosensor devices, emphasizing aspects of particular relevance to the present work.
A brief state-of-the-art applied to the selected biomarkers (glucose and Severe Acute
Respiratory Syndrome Coronavirus 2 -SARS-CoV-2) is also described. An overview of
the commonly used nanozymes and nanomaterials and their main applications is ad-

dressed herein.

> Chapter 3 presents the main results concerning the development of a sensitive electro-
chemical biosensor having the Spike protein (S protein) on carbon-based screen-
printed electrodes (C-SPEs) for monitoring in POC antibodies against SARS-CoV-2, an
essential tool for epidemiological tracking of Coronavirus disease 2019 (COVID 19) and
establishing vaccination schemes. In an innovative and straightforward approach,
highly conductive support is combined with the direct adsorption of S protein to enable
an extensive antibody capture. The high conductivity was ensured by using carbox-
ylated carbon nanotubes on the carbon electrode, employing a simple and quick ap-

proach, increasing the surface area.

» Chapter 4 shows the main results of an innovative, simple, and ultra-sensitive biosensor
for monitoring antibodies against SARS-CoV-2 in POC. Protein-based exfoliation of
graphite can provide stability, low toxicity, and high-quality graphene for applications
with a biological interface. Herein, a cost-effective green technology resulting from the
mechanical exfoliation of graphite into graphene in the presence of SARS-CoV-2 S pro-
tein was developed. The functional graphene-S protein nanosheets were prepared by
a simple ultrasonic method. The carbon surface of the working electrode (WE) was
modified with the biographene that enabled a subsequent binding of a layer of S pro-
teins for enhanced capturing of the antibodies against SARS-CoV-2 in serum with great
sensitivity. This strategy could be applied to numerous bioconjugates, combining the
structural, electrochemical, and multifunctional properties of biographene for synergis-

tic improvement of biosensors.

» Chapter 5 describes the design, fabrication and main results of a non-enzymatic elec-
trochemical glucose sensor. This sensor was developed using dual detection, optical
and electrochemical signals, with nanoparticles (NPs) of gold produced in-situ based

on MIPs in carbon SPEs (C-SPE/Au NPs/MIPs/Py-COOH) offering a high selectivity to
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the sensor. This approach is straightforward, and the gold nanoparticles (Au NP) was
electrodeposited /n situ, improving the sensor's sensitivity. The formation of the Au NPs
was investigated by scanning electron microscopy (SEM) and electrochemical tech-
niques were used to confirm the successful fabrication of the sensor. Overall, this alter-
native is a promising tool for following glucose levels in serum. Besides, this biosensing
device showed good sensitivity, reproducibility, accuracy, and rapid response time, con-

tributing to quick glucose detection.

> Chapter 6 focused on generating novel artificial enzymatic materials combining cata-
lytic activity and spatial recognition abilities. This is done by merging MIP with
nanozyme technologies. Such artificial enzyme materials, herein named as
NANOZYME+, make use of (i) the ability MIP materials to establish a spatial recognition
of the substrate, as in natural enzymes, and combine this with (ii) nanozymes, introduc-
ing catalytic properties at the "active site” where recognition takes place. As a proof-
of-concept, this work is applied to generate innovative ENZYME-FREE SENSING devices

used to diabetes.

» Chapter 7 summarizes the main conclusions of this work and highlights potential ap-

plications for future research work.

» Chapter 8 shows the scientific outputs of the candidate during the PhD period.



CHAPTER 2

Introduction

This chapter, detail background aspects related to this thesis. A brief background concerning
biosensors' fundamental principles, followed by electrochemical devices and their applications
in the health context, such as glucose and SARS-CoV-2, is presented and discussed. Afterwards,
some theoretical concepts about molecular imprinting technology are provided, and the rele-

vance of nanozymes is presented.

Some of the contents present in this chapter were adapted from:

Marques, A. C*,, Pinheiro, T*.,, Martins, G. V., Cardoso, A. R*; Martins, R,, Sales, M. G., Fortunato,
E. Non-Enzymatic Lab-on-Paper Devices for Biosensing Applications. In Comprehensive Ana-
lytical Chemistry, Elsevier, 2020, 89, 189-237.

*Equal first authors

Cardoso, A. R*., Frasco, M*., Serrano, V*., Fortunato, E., Sales, M. G. Molecular Imprinting on
Nanozymes for Sensing Applications. Biosensors 2021, 11, 152. https://
doi.org/10.3390/bios11050152

*Equal first authors

Pinheiro, T *, Cardoso, A. R*, Sousa, C. E. A, Marques, A. C,, Tavares, A. P. M., Matos, A. M.,
Cruz, M. T,, Moreira, F.T.C., Martins, R, Fortunato, E., Sales, M. G., Paper-Based Biosensors for
COVID-19: A Review of Innovative Tools for Controlling the Pandemic. ACS Omega 2021, 6, 44.
https://doi.org/10.1021/acsomega.1c04012

*Equal first authors






2.

INTRODUCTION

Biosensors are devices that convert the interaction of a biorecognition element with a target
analyte into a measurable signal. These devices combine the specificity of interaction of an
analyte of interest with a biological/chemical component, called (bio)recognition element, with
the sensitivity of a transducer that converts such interaction into a measurable signal [11] (Fig-
ure 2.1).

The specificity/sensitivity of a biosensor is directly dependent on the specificity/sensitivity of
the (bio)recognition element for the target compound, which constitutes a crucial part of the
biosensor [12]. Typically, these (bio)recognition elements are enzymes, biomolecules, orga-
nelles, cells, proteins, among others. However, synthetic recognition elements have been used
as biomimetic materials to mimic a specific biological property, offering higher stability and
reproducibility than their natural counterparts [13]. Additionally, changes in the intrinsic prop-
erties of several nanomaterials when in contact with the target analyte have also been used in
the last decade as a biosensing detection mechanism [14]-[16].
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POC biosensors allow rapid detection of several analytes and have become relatively common
in developed countries, the best example being the rapid pregnancy test. POC tests are highly
needed in developing countries because they show the potential to complement or even re-
place standard laboratorial testing. This emergency need for POC testing has also became clear
in the course of the current pandemics, the COVID-19, in which it would be essential to have
tests in the clinical context that would allow the doctor establishing safe and fast clinical deci-
sions. In a whole, POC testing leads to reduced number of travels to clinical services and, con-
sequently, medical expenses, in addition to providing means of screening in regions without
access to medical and hospital infrastructures [17]. WHO, has established guidelines for the
development of diagnosis for use in economically disadvantaged regions, known under the
acronym ASSURED (Affordable, Sensitive, Specific, User-friendly, Rapid and Robust, Equip-
ment-free and Delivered to those in need) [18]. Biosensors are prone to meet these guidelines.
They are POC devices that have the potential to be used in numerous fields, since they can be
tailored to measure several target molecules, with different transduction principals and a mul-
titude of nanomaterials, in which biomimetic structures can be used.

For biosensing applications, the most conventional approaches employ biological recognition
elements, as enzymes, antibodies or Deoxyribonucleic Acid (DNA) probes, to produce catalytic

and affinity biosensors, with high performance and fast response times [19] The transduction
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methods used in these devices are mostly optical (colour signals, fluorescence) and electro-
chemical (Figure 2.2). For signal readout and analysis, external readers such as scanners and
smartphone-based technologies have been applied [20], as well as some equipment-free

quantitative readouts methods [21].
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Figure 2.2: The most transduction methods use: Electrochemical and optical.

2.1 Electrochemical Biosensors

Electrochemical biosensors involve reading electrical-based properties around a redox reaction
at the surface of a given electrode. Generally, this requires an electrochemical cell that is com-
posed of two- or three-electrodes. The cell includes a working electrode (WE), a reference elec-
trode (RE) and/or a counter electrode (CE). It is on the WE that the detection of a given com-
pound is made possible, by means of a direct or indirect redox reaction occurring at the cell.
In general, electroactive species may undergo electrochemical oxidation or reduction at the
WE surface, which implies an electron transfer process. This electron transfer occurs between
the electroactive molecule and the WE and can be followed via current measurements. Overall,
the magnitude of current measured is related to the ongoing redox reaction, which depends
on the kind of electroactive species involved, the background medium in which the electroac-
tive species exists, and the electrochemical/ambient conditions employed to monitor the redox
event [22]. Usually, the area of the CE is larger than that of the WE, to avoid limitation in the
kinetic process involving current measurements [23], [24]. The RE is used to input pre-set po-
tential differences into the WE.

Electrochemical biosensors have several beneficial features, including portability, cost effec-
tiveness, small size and simplicity. Inexpensive electrodes can be integrated with simple elec-

tronics to accomplish rapid measurements and easy-to-use portable systems. Their ability to
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detect the concentration of an analyte within a complex sample in real time is extremely valu-
able for medical diagnosis, food quality control and environmental monitoring [25].
Considering the overall organization of the electrodes, one may find microfluidic cells, lab-on-
a-chip devices (LoC), SPEs, containing from macro to nanosized electrodes. They can be ob-
tained by different methods, many times involving the deposition of a conducting ink by means
of casting, spray-drying, spin-coating, drop-coating, or printing on a suitable substrate. These
methods may enable mass production, offering high reproducibility and low-cost features [26],
[27]. Over the years, different types of nanomaterials like carbon nanotubes (single and multi-
walled) and graphene nanostructures have also been included in the production of electro-
chemical biosensors to improve the signal sensitivity and decrease the limit of detection (LOD),
opening new avenues for biosensing applications [28]. The incorporation of these nanomateri-
als with different electrochemical strategies on eco-friendly substrates like paper allow the
production of sustainable and low-cost sensing platforms for biomolecule detection in POC
context [29]. According to the type of transducer, electrochemical biosensors can use of differ-
ent techniques, as potentiometric, conductimetric, amperometric (that also includes voltam-
metric), and impedimetric [30].

Potentiometric readings are usually based on polymeric membrane ion-selective electrodes

(ISEs) or ion-selective field effect transistors (ISFETs). They measure potential differences
against a RE and monitor the potential changes against the logarithm concentration of a given
ion. This approach has been employed for assessing directly the concentration of relevant ions
in physiological fluids [31], as H*, NH4", or penicillin, among others, or indirectly by assessing
the concentrations of neutral species that are involved in reactions with other ionic species, as
is the case of glucose [32].

Conductimetric-based readings measure the electrical conductivity of a given sample solution,

which is related to the ionic content (kind and concentration of ions). This may employ inter-
digitated microelectrodes combined with conducting polymers that may act as an electro-
chemical transducer converting biological to electrical signals [19].

Amperometric readings concern current or charge measurements upon the application of a

constant potential at a WE, against the RE. They are usually linked to low LoDs, since the back-
ground signals are kept a minimal level [22], [33] Chronoamperometry is an approach widely
employed that measures the steady-state current generated on the cell as a function of time,
when the applied potential over the WE is maintained. Changes in current occur as a result of
the electrode's diffusion layer - a stationary thin layer of solution in contact with the electrode

surface - expanding or contracting [34].

11
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In voltammetric readings, the potential value applied is changed in time and the current col-
lected for each potential value monitored. The occurrence of electrochemical oxidation or re-
duction events at given potentials are evidenced by current changes, being the area of the
current peaks observed related to the electron transfer involved. The voltammetric sensors are
widely used by research groups in biosensing analysis, allowing them to directly correlate the
resulting current measured at a constant potential value with the bulk concentration of the
analyte species. There are different voltammetric techniques, from which the most common
are cyclic voltammetry (CV), square wave voltammetry (SWV), differential pulse voltammetry
(DPV), stripping voltammetry, polarography, or linear sweep voltammetry (LSV) [35].

CV is the often used as a voltammetric technique for primary research on the electrochemical
behaviour of electrode for characterizations. CV measurements allow monitoring current vari-
ations while the potential applied on the WE is reversibly varied under a fixed scan-rate value.
The electron transfer rate between the electroactive species and the electrode surface deter-
mines a redox process's reversibility [35]. Furthermore, CV is a widely used tool for assessing
the reversibility of redox reactions through the simple measurement of voltammograms at dif-
ferent scan rates. Thus, a precise linearity between the peak current and the square root of the
scan-rate is one of the prerequisites of reversible electrochemical processes. In addition, this
consequence is an inherent aspect of a diffusion-controlled process. In irreversible systems,
however, the linear potential sweep and CV produce an identical voltammetry profile since no
reversal peaks arise when the sweep direction is changed [36].

SWV has been recognized as an important method for sensitive detection of significant bio-
molecules such as proteins, nucleic acids, and so on. In general, the excitation signal in SWV is
formed of an amplitude symmetrical square-wave pulse paired with a step-height staircase
waveform, with the forward pulse of the waveform equal to the staircase step [36]. Further-
more, the net current is calculated by subtracting the forward and reverse currents. The key
advantages of this voltammetric approach include a higher scan-rate during analysis, less con-
sumption of electroactive species, and improved performance due to electrode surface pas-
sivation [36].

Impedimetric readings make use of electrochemical impedance spectroscopy (EIS) to monitor

the response of an electrochemical cell against an applied potential (or under open-circuit), in
which the frequency dependence may reveal underlying chemical processes. Generally, the
measurements can be applied under Faradaic or non-Faradaic conditions [37]. Herein, the fo-

cus was on the Faradaic processes that require a redox marker species.
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EIS is routinely used for characterising functionalised electrode surfaces, enabling sensitive
measurements related to surface phenomena or variations of bulk properties. Data can be
represented as Nyquist (the imaginary impedance Z" plotted against the real impedance com-
ponent Z') and Bode plots (both the logarithm of absolute impedance |Z| and the phase shift
¢ plotted against the logarithm of the excitation frequency). Nyquist plots, also known as Cole-
Cole plots, are one of the most used methods for evaluating impedance information because
they allow an easy prediction of circuit parts and for graphical extrapolation to derive the Rq

parameter (Figure 2.3) [38], [39].
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Figure 2.3: General Nyquist plot represented for an electrochemical system, having real impedance (Zge) plotted

versus imaginary impedance (Zi), with solution resistance (Rq) and charge transfer resistance (Rcr) indicated.

Typically, the impedance data is fitted to an analogous electrical circuit representing the phys-
ical process in the interface system. As a result, any process that occurs in an electrochemical
cell can be represented by equivalent circuits made up of various combinations of resistors (R),
capacitors (C), and/or inductors (L). In electrochemical biosensors, the most common data fit-
ting makes use of the equivalent Randle's circuit. This includes (1) the solution resistance, R
which is impacted by ionic concentration, ion type, and electrode area; (2) the resistance to
charge transfer, R, which is proportional to the electron transfer; (3) the double-layer capaci-
tance. Cq;; (4) and the Warburg impedance, Zy, which is linked to diffusion processes occurring

under steady state conditions [40]. The Nyquist plot for a Randle's cell at higher frequencies
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comprises a single temporal semi-circle curve displaying the charge transfer process and a
diagonal line indicating the diffusion process (Warburg impedance), while at lower frequencies
[41].

Usually, EIS measurements are conducted in the presence of both reduced and oxidized forms
of a redox probe, which undergo redox reactions at the electrode surface under these condi-
tions. An electrochemical reaction can typically occur on the electrode surface via two unique
limiting mechanisms: kinetically controlled (charge transfer based) and diffusion controlled
(mass transfer based). Thus, the reactions occurring at the electrode-electrolyte interface in-
clude a quick mass-transfer reaction, a gradual charge-transfer response, and, eventually, an
interface diffusion phenomenon.

To summarize, EIS has been broadly open to various areas of expertise, such as metal corrosion,
electrochemical synthesis of materials, and biosensor devices [41]-[43]. Numerous applications
of EIS in biosensing can be found in the literature, which includes the quantification of DNA
hybridisation, antigen-antibody and protein-protein interactions and other mechanisms [38],
[39].

2.2 Common Applications of Biosensors

Electrochemical biosensors are highly involved in POC applications, for being linked to low-
cost devices with simple analytical procedures. They have also been benefiting from the huge
advances in the way nanomaterials have been tailored and integrating their assembly. In a
whole, electrochemical biosensors allow developing new tools in response to global efforts
and alliances that aim to fight current and future pandemics and screen chronic diseases, al-
lowing earlier detection and medical action to improve treatment outcomes.

These global developments in terms of biosensing have been mostly linked to diabetes,
through glucose monitoring, or the corona virus disease 2019 (COVID-19), caused by the se-
vere acute respiratory syndrome coronavirus-2 (SARS-CoV-2). Thus, these two specific appli-
cations were the main focus of this plan, accounting the use of different nanomaterials that

may be employed, with or without catalytic action.
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2.2.1 Glucose

The WHO and the International Diabetes Federation estimated that the 415 million adults that
had diabetes in 2015 will increase up to more than 640 million people in 2040 [44]. Diabetes
Mellitus is a chronic metabolic disorder in people worldwide [44]. This disorder causes large
fluctuations in blood sugar levels because the pancreas does not produce enough or doesn't
properly use insulin to regulate glucose metabolism (type I), or the cells do not respond to this
production (type Il) [44] [45]. Furthermore, Diabetes has been associated with many other pa-
thologies, such as coeliac disease, cystic fibrosis, tuberculosis and heart disease, resulting in
many complications like retinopathy leading to blindness, nephropathy leading to renal failure,
peripheral nerve damage with increasing risks of extremity (foot) ulcers amputation, cardiovas-
cular diseases or even cancer [46], [47]. As there is no cure, Diabetes has been managed by
preventing and delaying chronic disorders, by following a diet control agenda, exercising, and
monitoring blood glucose levels [48].

There are today many works focusing on developing new methods for monitoring glucose [49],
because this is essential for controlling diabetes. Several biosensors have been developed to
monitor blood glucose levels, and the implementation of microsystem technologies contrib-
uted to further advancements in the development of biosensors [50]. Biosensors have evolved
in the last decades to assess blood glucose levels [51]. The first effective biosensor was an
enzyme-based electrode to measure the blood glucose level, proposed by Clark and Lyons in
1962 [52], but this approach has evolved within time. The enzyme-based glucose biosensors
are now divided into three types [49]: the first generation (the use of oxygen as co-substrate
and also on the formation and liberation of H,O>) [53]; the second generation (replaced oxygen
detection by redox mediators, which transfer electrons effectively) [54]; and the third genera-
tion (direct transfer of electrons between enzyme and electrode, in the absence of mediator)
[55].

There are several transduction schemes for the direct or indirect detection of glucose on a
biosensor. This includes reading electrochemically-active species (typically when the electro-
chemical species such as electrons are utilized or produced in the bio-interaction process) or
optical properties (of the intrinsically fluorescent or coloured compounds, their coenzymes or
co-substrates), which may include a wide range of nanomaterials to improve the performance
of the biosensor [56]. The first colorimetric sensor was 1965 based on colorimetric detection

of hydrogen peroxide liberated by oxidation of glucose-by-glucose oxidase (GOx). The first
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functional electrochemical biosensor was developed in 1967, by Updike and Hicks [57]. Later
on, in the period 1974-1975, thermal transducers in enzymatic biosensors were also developed.
The most studied and marketed detection methods for glucose are electrochemical enzyme
sensors using GOx [58]. The use of GOx ensures the selectivity of the method, enhancing the
ability of the biosensor to discriminate glucose among other compounds in complex samples.
But the use of GOx for oxidizing glucose also brings limitations, because enzymes are very
sensitive to a wide range of parameters, as medium composition, temperature, pH, which con-
ditions storage capacity and reduces the lifetime of the biosensor.

Thus, a wide range of alternative approaches for glucose sensing not requiring an enzyme have
emerged in time [59]. In these, the oxidation of glucose at sufficiently low potentials is granted
by a catalytic material, usually of inorganic nature. Several studies of non-enzymatic glucose
oxidation employed metal catalysts, such as Au, Pt, Cu, Ni or single polycrystalline metals (Au,
Pt and boron doped diamond), in solution or as NPs [60]. Such enzyme-free sensors offer im-
proved reliability by eliminating drift related to enzymatic degradation [61]. However, these
sensors using enzyme-free catalytic materials show an unspecific response for other sugars
(saccharides) and other co-existing compounds, as ascorbic acid (AA) and uric acid (UA) [62].
This is a result of the lack of spatial constraints when the catalytic event takes place.

But a spatial recognition of a given substrate may be established by means MIP technology. In
principle, a combination of MIP and catalytic materials would eliminate the lack of selectivity
of the enzyme-free catalytic materials, by allowing a stereochemical recognition of glucose
upon binging. MIPs also show some advantages, being of quick response, low-cost and easy
to produce. Also, a target molecule is imprinted in a functional polymer so that it is possible to

concentrate the target molecule and undergo an easier quantification process [63].

2.2.2 SARS-CoV-2

A novel human coronavirus, named SARS-CoV-2, emerged in December 2019, in Wuhan, Hubei
Province, prompted a pandemic declaration of the Corona Virus Disease (COVID-19), by the
WHO on March 11, 2020. By 4™ October 2023, the global numbers of the pandemics indicated
more than 771 million cases of infection worldwide, from which almost 7 million people died.
More updated information may be found here [64].

SARS-CoV-2, as other coronaviruses, is an enveloped virus, with a viral genome enclosed in an
helicoidal capsid. Spike (S) and envelope (E) proteins are the principal viral envelope proteins,

while nucleocapsid (N) protein, along with Ribonucleic Acid (RNA) molecule, compose the viral
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nucleocapsid (Figure 2.4). SARS-CoV-2 infects human cells through Angiotensin Converting
Enzyme 2 (ACE-2), to which the viral protein S can bind (Figure 2.4).
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Figure 2.4: Possible targets for SARS-CoV-2 infection diagnosis, which include viral genomic material and specific

viral antigens, namely, the spike and nucleocapsid proteins, as well as organism response markers to the presence
of the virus, through antibody production and inflammatory response. Respiratory or serological samples collected

via swab of syringe are typically used for detecting the infection or an immunological response.

Medical diagnosis of COVID-19 is accurately achieved by targeting the genetic material of the
virus. This involves nucleic acid amplification testing (NAAT), which may use real-time RT-PCR
(reverse transcriptase-polymerase chain reaction), due to the possibility for highly sensitive and
specific assay performance that allows for qualitative, early infection identification in a high-
throughput, laboratorial setting [65], [66]. Although current gold standard methodologies for
SARS-CoV-2 viral RNA identification have been readily employed worldwide and have been
instrumental for reliable infection identification, [67], [68] they pose impediments toward wide
testing of people as a key action to control the spread of the virus [69]. These methods rely on
specific reagents that may be readily available in some countries, but may lack in other areas
of the world, creating a gap between the need for testing and the availability of currently, very
highly needed materials [70], as well as on specialised personnel and equipment able to carry
out these tests [71]. They are also time consuming and performed in a centralised fashion,
usually with different collection and test performance locations, increasing the time until the
final test result, limiting contact tracing and treatment of patients that in some cases will only

perform tests after symptom onset [72], [73]. Other analytical limitations, such as the possibility
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for false positives and negatives that have been observed, or differences between test kits'
analytical performance have been a concern regarding these nucleic acid amplification diag-
nosis assays.

Thus, alternative POC testing devices and biosensors can give a significant contribution to the
set of diagnostic and virus identification tools already in action [74]. These devices are more
simple to operate and interpreter, with improved cost-effectiveness and more easily employed
in areas with lower accessibility to centralised healthcare (either far from bigger urban centres
or underdeveloped areas of the world, where well-equipped laboratories are less common)
[75]. Similarly, to the development of therapeutic approaches and vaccine development for
SARS-CoV-2, there is a challenge of rapidly investigating and developing new highly accessible
biosensing tools that bring multidisciplinary contributions in POC use.

Upon the interaction of SARS-CoV-2 with the human organism, there is an immunogenic re-
sponse toward viral antigens that varies during the stages of viral infection, from the asymp-
tomatic phase into the onset of symptoms and convalescence [76]. Immunological response
monitoring against COVID-19 involves identification and quantification of specific antibodies
for SARS-CoV-2, mostly immunoglobulins IgG, IgM, and IgA. At a given moment, which de-
pends on each individual, the immunological response against the infection of SARS-CoV-2 is
triggered and leads to increased levels of IgM (and IgA in saliva) and IgG [76], [77]. Specific IgG
and IgM are detected in serum from 0 to 8 days of infection, by complex laboratory methods
[78], supporting that immunoglobulin levels change with each individual and within time. In a
recent study, 50 and 81% of patients were positive for IgM and IgG, respectively, when first
screened, having positive responses increased to 81 and 100% five days after the first meas-
urement [79]. In general, the changing levels of immunoglobulins through time are very rele-
vant from a clinical perspective because they can provide information about how patients han-
dle the infection and when immunity was acquired after negative testing to the virus. The main
antibodies circulating against SARS-CoV-2 target S or N proteins, and the dynamic progression
of their levels change in patients at different disease stages. It has been found that the levels
of N antibodies are higher in patients with a need for intensive care treatment, meaning that
knowing the ratio of N and S antibodies may turn out an excellent tool for prognosis of disease
outcomes [80]. Thus, serological detection of antibodies has been an important route in the
control and study of this pandemic because it may serve as a diagnostic tool for present and
past infections [81], as well as aiding to better control the population immunity. Electrochem-
ical based analytical devices have also been reported for the selective detection of SARS-CoV-

2 antibodies (both IgG and IgM), combining the sensitivity of the electroanalytical methods
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with the inherent bioselectivity of the biological component [82]. Overall, the specific use of
electrochemical biosensors for detecting the virus or the antibodies against it has been very
useful and helpful for an effective COVID-19 management, although technological improve-

ments are still needed and being forged [83]-[87].

2.3 Molecular Imprinting Technology

Although MIP technology traces back from the 30s and has been well known since the 70s for
adsorption of compounds that have been imprinted at a molecular scale within a polymeric
network [88], [89], it was only in the twenty-first century that MIPs were successfully employed
to update conventional bio-recognition procedures in sensing.

The general concept behind the MIP is to build a synthetic polymer receptor via template-
guided synthesis. In general, the typical steps for the synthesis of MIP materials can be de-
scribed as schematically represented in Figure 2.5. This includes the following steps: (1) the
template or print molecule is mixed with functional monomers that get positioned spatially
around the template and guide the assembly; (2) the polymerisation takes place to create a
crosslinked matrix around the template; (3) the template is removed from the polymer network
leaving a complementary cavity that retains the spatial features, i.e., size and shape, and bond-
ing preferences of the template. It is expected that the imprinted polymer so obtained is able
to selectively rebind the template in the complex samples Figure 2.5 [90]. Different interactions
between the template and functional monomers can be established in the process of imprint-
ing, namely noncovalent (e.g., hydrogen bonds, ionic interactions, and van der Waals interac-
tions), covalent, and semi-covalent bonding [90]-[92].

Initially, the utilization of covalent interactions allowed the binding sites of the monomer could
be used in the correct stoichiometric ratio to the template molecule, allowing for more control
of the imprinted cavities. Non-covalent imprinting became popular later on due to its flexibility
and simplicity of operation, involving interactions via hydrogen bonding, ionic bonding and
van der Waals forces. To be effective, non-covalent binding requires many binding sites estab-
lished between monomers and template, to allow efficient complexation upon the rebinding
stage. Due to its versatility, the noncovalent approach is today the most widely applied method
for preparing MIP materials.

The best conditions for MIP synthesis can be studied by computational modelling and combi-

natorial methods [93], [94]. Several parameters are relevant to verify the recognition properties
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of the MIP and its successful application, namely in sensors. Those include the adsorption ca-

pacity, imprinting factor, selectivity factor, and response time [95], [96].
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Figure 2.5: Schematic representation of Molecular Imprinting technology.

Concerning the polymerization methods, different synthetic routes can be used for MIP prep-
aration. The most common are free radical polymerization [97] and sol—-gel process [98]. In free
radical polymerization, it is possible to select among bulk polymerization (that includes me-
chanical grinding and sieving) and more complex techniques, for example, to originate parti-
cles (e.g., suspension, precipitation, emulsion, and seed polymerizations), which are also com-
monly used [99]. When MIPs are combined with electrochemical detection, electropolymeriza-
tion is the preferred approach [100], with main advantages relating to direct formation of the
polymer film on the surface of the transducer in a wide range of substrates [101]-[103] allowing
the production of both conductive and nonconductive polymers [104]. Besides the mentioned
methods, it is also possible to use other strategies for MIP synthesis, such as surface imprinting,
living polymerization, solid-phase MIP nanoparticles, along with various novel technologies
that have emerged [105], [106]. The methods chosen for MIP production with desirable prop-
erties and the final configurations clearly depend on the target molecule (e.g., the whole target

or a small fragment as an epitope, small, or large macromolecules) and application, also
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considering the costs and simplicity of the processes. MIPs are a thriving research subject, and
comprehensive reviews can be found in the literature covering methods of polymer fabrication
and imprinting strategies, range of applications, and integration in biosensing devices [99],
[107]-[110].

The ability to tailor the imprinted sites with functional groups, allied with the robustness and
stability of polymer materials, led to considerable research efforts to expand the applications
of MIPs to a catalytic action. Many different approaches have been explored (e.g., noncovalent
imprinting, chemical reactions) and catalytic MIPs have been prepared using analogues of sub-
strates, transition states, or products as templates [111]-[115]. Since the first important devel-
opments, considerable advances in the field have allowed to prepare more flexible and adap-
tative structures [116], [117]. Imprinted polymers have been combined with amino acids, pep-
tides, metals among others in synergic strategies to realize the potential of artificial enzymes
[118]-[120].

2.4 Enzymes and Nanozymes

Enzyme-based biosensors have standout due to the simplicity of operation, compactness, and
high selectivity, being extensively used in enzyme-catalysed reactions for electrochemical and
optical transduction [20], [121]. However, enzyme-based biosensors suffer from inherent dis-
advantages and issues that limit their use in many settings. Some of the shortcomings of en-
zymes for biosensing applications are that native enzymes show hard and costly purification
processes from limited natural sources, leading to an increase in price of such platforms and
devices, going against the low-cost and abundance of paper as a substrate for these applica-
tions [122], [123]. Although highly selective, enzymes suffer from stability issues related to the
chemical environment surrounding the electrocatalytic reactions. Due to the intrinsic nature of
proteins, most enzymes are constrained by temperature and pH variation within tolerable limits
before their activity decreases and denaturation occurs [124]. For example, GOx for glucose
detection and horseradish peroxidase (HRP) for enzyme-linked immunosorbent assay (ELISA)
holds extensive studies and a wide range of applications, as it has always attracted research
due to its tremendous potential [125]. However, it operates optimally within a 2-8 pH range,
below 44°C and with ambient humidity conditions [124].

Consequently, enzymatic biosensors cannot operate in harsh chemical and thermal environ-
ments, resulting in a more limited use in disposable, single-time applications. Also, their pro-

duction must be controlled because enzymes may suffer from harsh fabrication conditions.
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Furthermore, enzyme immobilisation in active substrates, especially in electrochemical sensing,
is highly challenging, with the need for additional fabrication strategies. Poor enzyme immo-
bilisation paired with instability of enzymes affects shelf life and consequently, leads to rigid
storage requirements [124].

Overall, enzyme-based biosensors are very relevant and have important applications in bio-
sensing. However, the disadvantages related to poor stability and reusability, along with high
costs for preparation and purification, have led to efforts in designing synthetic mimics [126].
The research in this field spreads from semisynthetic approaches (e.g., genetic modification of
natural enzymes) to artificial systems (e.g., cyclodextrins, metal complexes, porphyrins, den-
drimers, polymers) [127], [128].

Due to these shortcomings, non-enzymatic sensors have recently been explored and devel-
oped, to replace enzymes and remove the necessary enzymatic bioactivity by more stable, re-
producible, and simple materials and approaches, showing great promise for high performance
sensor development [129]. Non-enzymatic biosensors (NEB) mostly use nanostructured mate-
rials to substitute enzymes and perform electrocatalytic reactions or other transduction mech-
anisms, such as change in optical properties, taking advantage of high surface area, morphol-
ogy and electron transport of these nanomaterials [130].

These biomimetic materials are characterised by unique features and have several advantages
compared with natural enzymes. The artificial enzymes are low-cost, have easy mass produc-
tion, high stability (especially at high temperature), and long-term storage feasibility [128]. The
progress in the field of nanomaterial-based artificial enzymes or nanozymes has been fast since
the first discovery of the unexpected peroxidase-like activity of ferromagnetic nanoparticles
[131]. Thus, nanozymes are considered alternatives to natural enzymes and the prospective
biomedical applications are vast, ranging from disease diagnostic and imaging to therapeutics
[132], [133]. Considering biosensing devices and the current technological advances, synergis-
tic effects are expected to achieve ultrasensitive methods, such as colorimetric, fluorometric,
chemiluminescent, surface-enhanced Raman scattering, and electrochemical [132], [134], [135]
with special emphasis on the electrochemical-based devices, which offer great advantages in
terms of portability and feasibility of point-of-care use. Despite these enthusiastic perspectives,
poor substrate selectivity, low efficiency and limited catalytic types are challenges to be tackled.
In a biomimetic convergence, MIPs are synthetic highly selective receptors, which have been
integrated with nanozymes to improve the desired features, with special outcomes for sensor
design [136].
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2.4.1 Design of Nanozymes

As natural enzymes are efficient biocatalysts, there has always been great interest in mimicking
the proven high substrate specificity and superior catalytic activities. Moreover, the develop-
ment of synthetic approaches could overcome the disadvantages of natural enzymes related
to high-cost preparation and purification, low stability, and difficulties in storage and reuse
[125], [126]. Thus, allied with advances in nano- and biotechnology, artificial enzyme mimics
have been extensively studied [132], [137]. The term “nanozyme” appeared for the first time in
a work by Scrimin, Pasquato, and co-workers in 2004 to describe the excellent catalytic prop-
erties of a multivalent system comprising ligand-functionalised thiols on Au NPs [138]. Since
the notable discovery of the intrinsic catalytic activity of magnetic FesO4 NPs as peroxidase in
2007, nanozymes refer to nanomaterials with enzyme-like characteristics [131], [137].

The field has been expanding quickly and nanomaterials with enzyme-mimicking activities
[136] including noble metals (Au, Ag, Pt) [123], [139], carbon-based materials (Carbon nano-
tubes, quantum dots (QDs), reduce graphene oxide) [140] and metal oxides (ZnO, NiO, MnO,)
[141] mostly due to their high catalytic activity [19] and have attracted great interest and led
to important benchmarks [136].

Nanomaterials as enzyme mimics present many advantages in comparison with natural en-
zymes. Either as single or multi-components like composites or doped materials, nanozymes
have high surface-to-volume ratio, tuneable catalytic activity, and plenty of surface reactive
species [128], [131]-[133], [135], [137], [138], [142], [143]. These features are combined with
cheaper and simpler manufacturing processes, long-term stability, and robustness to harsh
environments. However, some other traits are not so favourable, such as toxicity in biological
systems and lack of selectivity, and the catalytic activities of most nanozymes is still low, which
may limit the range of applications. Thus, nanozymes as artificial catalysts are a likely choice,

but the field still faces many challenges Figure 2.6 [136].
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Figure 2.6: Comparison of some characteristics between nanozymes and natural enzymes.

2.4.2 Classification and Enzyme-Like Activities

Regarding artificial enzyme mimics, several nanomaterials with inherent catalytic activity have
been studied as highly stable and low-cost approaches. These nanomaterials can be catego-
rised in main groups regarding their composition, namely into metal, metal oxide, carbon-
based materials, and their hybrids [144]. A variety of nanomaterials has been studied as artifi-
cial enzyme mimics, including CeO, NPs, FesOs NPs, Pt nanomaterials, Au NPs, bimetal and
trimetal NPs, graphene oxide, carbon nanotubes, fullerene derivates, QDs, metal organic

frameworks (MOFs) as some common examples [126], [132], [145]-[147] (Figure 2.7).
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Figure 2.7: Schematic illustration of some nanomaterials mimicking enzymes, the most studied enzyme-like activi-
ties, and common ligands to tune the catalytic efficiency and selectivity of nanozymes [148].

The discovered nanozymes so far can broadly function as oxidoreductases, namely as peroxi-
dase, oxidase, superoxide dismutase (SOD), and catalase mimics [137]. Other enzyme-like ac-
tivities by carbon-based materials, Zr- and Cu-based MOFs and Au NPs modified with catalytic
monolayers have also been reported, displaying for example hydrolase activity, which catalyses
chemical bond hydrolysis (e.g., nuclease, esterase, phosphatase, protease, and silicatein)[132],
[137]. Laccase-like activity has been demonstrated in Cu-based MOFs based on guanosine
monophosphate coordinated copper [149]. Multi-nanozymes where two or more types of en-
zymes are mimicked can also be observed in some nanomaterials like Au, Pt, and CeO, [137],
[150], [151]. These capabilities can be expanded by using bimetallic NPs that can achieve not
only single- but also multiple-enzyme mimicking, or nanocomposites to benefit from their syn-

ergistic effects and enhanced catalytic performance [152], [153].

2.4.2.1 Peroxidase

Peroxidases, such as HRP, are widely used in biosensor devices and they catalyse the oxidation
of substrates by a peroxide, such as H2O.. After finding the novel properties of FesO4 magnetic
NPs, their peroxidase-like activity was used in the detection of H,O, and glucose [154]. The
nanozyme catalysed the oxidation of the substrate 2,20 -azino-bis(3- ethylbenzothiazoline-6-

sulfonic acid)-diammonium salt (ABTS) by H.O: to the oxidised colored product. Moreover, by
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combining this reaction with the catalytic oxidation of glucose by using GOx, it was possible to
develop a colorimetric assay for glucose detection [154]. Since then, the field has evolved rap-
idly and metals, metal oxides, MOFs and carbon-based nanomaterials have been studied as
peroxidase-like mimics [155], [156]. In a work by Cui et al., 2015, a simple colorimetric biosens-
ing platform was proposed based on growing Prussian blue (PB) on the microporous MOF MIL-
101(Fe), forming uniform octahedral nanostructures with highly efficient catalytic activity for
H.O, [155]. PB crystals are made of iron ions coordinated by CN bridges, possess a high surface
area, also exhibiting intrinsic high peroxidase-like activity. Moreover, the outer surfaces of
these PB/MIL-101(Fe) nanostructures were successfully modified, rendering them biocompat-

ible while maintaining their activity [155] (Figure 2.8).

[FeCly(H,0),J]CI2H;0  MIL-101(Fe) @=PB PBMIL-101(Fe) H,0

Figure 2.8: Characterization by Transmission electron microscopy (TEM) (a,b) and Scanning Electron Microscopy
(SEM) (c,d) of microporous MOF MIL-101(Fe) as-prepared (a,c) and after introducing Prussian blue, PB/MIL-101(Fe)
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(b,d), as highly efficient peroxidase-like mimics, and scheme illustrating the synthesis of PB/MIL-101(Fe) (e) (Repro-
duced with permission [155] Copyright 2015, The Royal Society of Chemistry).

Another interesting example was the application of a peroxidase-like activity to successfully
detect thrombin in plasma by preparing a fibrinogen-modified bismuth-gold (Fib-Bi-Au) NPs
[157]. The Fib-Bi-Au NPs catalysed the oxidation of Amplex Red in the presence of H.O,, and
this simple fluorescence-based assay enabled detecting thrombin with LOD of 2.5 pmol L™"and
revealing a promising clinical application [158] (Figure 2.9 A). The majority of nanozymes ap-
plied in detection exhibit peroxidase-like activity; thus, numerous examples are found in the
literature with a broad range of nanomaterials [132], [159], [160]. Recently, a covalent organic
framework (COF) nanozyme has been developed by incorporating an iron porphyrin unit in the
COF backbone as the active center and L-histidine as the substrate binding site for selective
chiral recognition. The peroxidase-like activity was shown to be enantioselective and with
higher activity than the natural HRP, while both the activity and selectivity can be easily mod-
ulated by changing the doped amino acids and their content [160].

2.4.2.2 Oxidase

Oxidase-like nanozymes are those that catalyse the oxidation of substrates with molecular ox-
ygen. Natural enzymes are usually selective for a given substrate, hence their names such as
GOx. Nanomaterials such as Au NPs, MnO,, or CeQO; exhibit oxidase-like activity, but they lack
selectivity to a given substrate [137], [161], [162]. Still, oxidase-like nanozymes are integrated
in sensors with proper coupling to biomolecules pertaining to the target. For instance, a col-
orimetric sensor for mercury ions and DNA molecules relied on the oxidase-like activity of
bovine serum albumin-protected silver clusters (BSA-Ag NCs). This activity was stimulated by
mercury showing high catalytic activity towards 3,3"' ,5,5' - tetramethylbenzidine (TMB), in a
“switched-on” state [163]. Moreover, as mercury ions are known to bind with two DNA thymine
bases, forming base pairs, the sensor could detect DNA molecules. A hairpin structure contain-
ing mercury ions was disrupted in the presence of the target DNA, releasing the ions that
switched on the oxidase mimicking activity of BSA-Ag NCs. The target DNA could be detected
as low as 10 nmol L', with a linear range from 30 to 225 nmol L' [164] (Figure 2.9 B). In a
recent work, the oxidase-like activity of Cu/Co bimetallic MOF functionalised with an aptamer
was used to detect a protein on the surface of exosomes [120]. The prepared CuCo,04 nano-
rods were surface-modified with CD63 aptamers resulting in catalysis inhibition. The aptamers

disassembled upon exosome recognition originating a recovery of the oxidase-like activity.
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This colorimetric method enabled the detection of exosomes in a range of 5.6 x 10* to 8.9 x

10° particles uL ™', with a detection limit of 4.5 x 10 particles uL =" [165] (Figure 2.10).
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Figure 2.9: Nanozyme bioconjugates for sensing applications: (A) Scheme of bismuth-Au NPs preparation and pe-
roxidase-like catalyzing mechanism for reaction with Amplex Red (AR) (a), and further modification with fibrinogen
as probe for detection of thrombin (b). (Reproduced with permission [158] Copyright 2012, The Royal Society of
Chemistry); (B Colorimetric biosensor based on oxidase-like activity of bovine serum albumin-protected silver clus-
ters, which is switched on selectively by mercury ions and applied to detect DNA. (Reproduced with permission
[164], Copyright 2015, Elsevier B.V.)
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Figure 2.10: Nanozyme based on CuCo,04 nanorods: SEM characterization (a) and scheme showing the modulation
of oxidase-like activity of the nanorods by the adsorption of the aptamer that recognizes CD63 protein on exosomes

(b), as a label-free sensing approach. (Reproduced with permission[165], Copyright 2020, Elsevier B.V.).

2.4.2.3 SOD and Catalase

Both SOD and catalase enzymes are involved in protecting cells from oxidative damage, and
likewise to other enzyme mimics, CeO», Au NPs, among other nanozymes, are artificial alterna-
tives with many potential therapeutic applications [144], [166]. Because of their antioxidant
properties, many works study the potential benefits of nanozymes with catalase and SOD ac-
tivities for cell and tissue protection against oxidative stress, in cancer therapy, and as anti-
inflammatory and antibacterial agents [167], [168].

The symbiosis between electrochemical biosensors and nanozymes has been successfully de-
veloped and mostly used in the clinics and other areas. The huge advantage of this combina-
tion was a higher sensitivity, shorter detection time and better signal readout [169].

Recently, nanozymes, are a particular type of nanomaterial, widely used in electrochemical sen-
sors as electrode modifiers, nanocarriers, and/or catalytic labels [170]. According to Campu-
zano et al, 2020 [170] there are huge growth of development of electrochemical biosensor
involving nanozymes, especially peroxidase-like activity and used mainly as catalytic labels. This
approach provides an improvement in several aspects, as analytical performance, and practical
use.

The peroxidase-like activity nanozymes is the most employed in electrochemical sensors. The
main goal of this sensor was the electrochemical detection of H,O, generated during the oxi-

dation of certain substrates [152]. So, the using of nanozymes, nanomaterials exhibiting
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enzyme-like catalytic features offers higher efficiency, lower cost, easier production and higher
stability in electrochemical biosensors.

One of the major drawbacks of nanozymes is the lack of selective recognition of the substrate
in contrast to the corresponding natural enzymes. Thus, various methods have been pursued
to improve the selectivity of nanozymes. One approach has been to couple peroxidase-like
nanozymes with oxidases, producing H.O; only in the presence of specific substrates [171].
Surface modification with proper ligands or bioreceptors as antibodies, aptamers, and oligo-
nucleotides, through bioconjugation or physisorption, has also been attempted [125]. In this
context, the combination of nanozymes with MIPs has opened a new avenue to overcome this
technological challenge [172]. The area of biomimetic catalysis is vast, and there are compre-
hensive literature reviews focusing on types of nanomaterials, classification, catalytic mecha-
nisms, activity, and applications of nanozymes [142], [167], [173]-[175].

As mentioned previously, over the past decades, MIPs have proven excellent features in mim-
icking natural recognition events for a myriad of applications. The most compelling examples
concern the replacement of natural antibodies in diagnostic-based immunoassays [8], [176].
The molecular imprinting technology has matured to the point of reaching similar or even
surpassing the required characteristics in terms of selectivity, robustness, and cost-effective
production without involving animal research [92]. Thus, the combination of “plastic” molecular
recognition with advances in sensor fabrication has been offering selective and sensitive meth-
ods. These devices are promising for low-cost and rapid detection and monitoring of bi-
omarkers of disease (e.g., protein, nucleic acids, metabolites, virus) and compounds of interest
in environmental and food analysis [177]. Besides sensors [178], MIPs have several applications,
e.g., in drug delivery, tissue engineering, biocatalysis, bioimaging, extraction, among others
[179]-[181]. Given the known advantages of these synthetic materials, research on building
catalytic activity into MIPs has for long been considered an exciting area [176].

Molecular imprinting technology is extremely versatile as demonstrated by the possibility of
imprinting within the nanosized environment of doubly cross-linked micelles [182], [183] (Fig-
ure 2.11). In this, the imprinting is confined within the boundary of surfactant micelles. The
obtained MIP NPs have a hydrophobic/hydrophilic core-shell morphology and are water-sol-
uble, making this micellar imprinting very useful for a variety of template molecules [182]. Such
imprinted NPs can also be post-functionalized to present catalytic properties. In addition, the
catalysis can be fine-tuned owing to the facile modification of size, shape, and depth of the
binding pockets. The technology was demonstrated to deploy very efficient artificial phos-

phodiesterase and esterase-like activities [182], [183].
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Figure 2.11: Preparation of catalytic molecularly imprinted NPs (MINPs) functionalized with the transacylation cata-
lyst 4-dimethylaminopyridine (DMAP), as a method to molecularly imprint within cross-linked micelles. (Reproduced
with permission [182] Copyright 2017, Wiley-VHCA AG).

2.4.3 Nanozymes@MIPs

Recent advances on tailored MIPs on nanozymes represent a novel avenue for additional ad-
vances in the field. The synergistic catalysis arising from integrating two different artificial en-
zymes was first advanced as a strategy for the formation of disulfide bonds in peptides [184].
In this study, imprinted polymeric microzymes and inorganic (Fe3Os) nanozymes were inte-
grated in one process resulting in high product yields and excellent selectivity [184].

Further works expanded the concept based on coating the nanozymes with the MIP layer con-

taining binding pockets to improve the selectivity and the catalytic performance of nanozymes
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[82]. Generally, the nanozymes do not present selective recognition, and a specific bioligand
(e.g., antibody, aptamer) is conjugated on the nanozyme. The use of such ligands may com-
promise the high stability and low cost of nanozymes. Furthermore, the natural ligands availa-
ble may not cover the range of emerging analytes [185], [186]. These drawbacks can be ad-
dressed by growing artificial substrate recognition sites on the nanozymes by molecular im-
printing technology. The MIP layer provides the selectivity, but it has been reported that the
catalytic activity of various nanozymes is also enhanced. Considering nanozymes as hetero-
genous catalysts, the substrate must diffuse to the catalyst surface, and after the reaction, the
product desorbs, enabling enzyme regeneration [187] Interestingly, if the MIP is grown on the
nanozyme, the several steps of catalysis could be enhanced or inhibited by the polymer layer.
Thus, a surface science approach supported the study of the three reaction steps to explain the
enhanced catalytic activity in the presence of the MIP. This work suggested that the substrate
concentration near the nanozyme surface was enriched by the imprinted polymer with faster
transportation kinetics. Moreover, the activation energy was lower, and the MIP did not retain
the products, facilitating enzyme turnover [187].

For most nanozymes@MIPs, the imprinted polymer is grown to entrap the nanozyme. An ex-
ample of such strategy has been presented by creating substrate binding cavities on three
classic nanozymes with peroxidase- and oxidase-like activities [185] (Figure 2.12). The im-
printed nanogels, prepared by aqueous precipitation polymerization, were synthesized on
FesO4 NPs with peroxidase-like activity, but also on CeO, mimicking oxidase activity and Au
NPs mimicking peroxidases [185]. The substrate binding pockets enabled achieving remarkable
specificity and the enhancement of the activity of nanozymes. In the case of Fe;0,4 and CeO,,
two substrates were imprinted, namely, TMB and ABTS, that when oxidized show a blue and a
green color, respectively. The imprinted substrates for Au NPs were TMB and dopamine [185].
The prepared MIP appeared to be porous, allowing an efficient substrate diffusion. Interest-
ingly, and in accordance with some reports in the literature, surface modification of nanozymes
can enhance their activity [185]. The MIPs, which were properly engineered with functional
charged monomers, highly enhanced the selective substrate recognition and the catalytic ac-
tivity. The improvement caused by the MIP was consistent among the various nanozymes and
substrates analyzed, suggesting that nanozyme@MIP may be a general method to obtain de-

sired selectivity and activity [185].
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Figure 2.12: Molecular imprinting on nanozymes: Photographs and schemes showing bare Fes04 nanozyme (A), with
an anionic MIP layer (T-MIPneg) (B) and with a cationic MIP layer (A-MIPpos) (C) for oxidizing two substrates (TMB
and ABTS), as well as scheme of imprinting the nanogel (D). (Reproduced with permission [185], Copyright 2017,
American Chemical Society).

Other examples in the literature can be found, such as growing a polypyrrole (PPy) based MIP
on Fe304 nanozymes using methylene blue (MB) as substrate [85]. In this study, the Fe;0,@PPy
composite presented superior catalytic properties for MB in the presence of sodium persulfate,
a sulfate radical-based oxidant, in comparison with bare Fe3sOs nanozymes. Interestingly,
FesO4@PPy could still degrade more than 80% of MB after five recycling cycles [188].

The versatility of imprinted nanozymes was tested when trying to develop a universal sensor
for multiplex detection. This study used peroxidase-like metal (Pt, Ru, and Ir) nanozymes to
fabricate cross-reactive sensor arrays to detect a variety of analytes [186]. The sensor arrays
allowed to discriminate several small biothiol molecules, proteins, and cells. Other successful
traits were related to the ability of identifying unknown samples, as well as discriminating bio-
thiols in serum and proteins in human urine [186].

The use of Au NPs in the construction of imprinted nanozymes, as a novel method for en-
hanced selective detection of glucose, was conceived by employing aminophenylboronic acid
(APBA) in the MIP shell [189]. The affinity to glucose is assured by the boronic group in APBA,

which can bind to adjacent hydroxyls of saccharides under alkaline conditions. Moreover, to
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improve the catalytic activity, heptadecafluoro-n-octyl bromide nanoemulsion was introduced
to provide oxygen, which resulted in efficiency gain of about 270-fold [189]. These Au NP-
based GOx mimics are very promising considering the importance of glucose monitoring.
The oxidase-like activities of other metal NPs have been explored, such as the case of Au—Pt
alloy [190]. This alloy was coupled to magnetic microspheres to enhance the stability and en-
sure their magnetic separation. The affinity to substrate was accomplished by preparing a MIP
containing APBA as polymer shells with imprinted sites for glucose. Having a GOx-like activity,
the imprinted nanozymes had about 200-fold higher catalytic efficiency than Au NPs [190].
Recently, PtPd nanoflowers (NFs) exhibiting peroxidase-like activity were synthesized by a sur-
factant-directing method and further surface-modified with a MIP layer [191]. The MIP was
prepared by aqueous precipitation polymerization and contained imprinted pockets for TMB
(Figure 2.13).
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Figure 2.13: Characterization of molecular imprinting on PtPd NFs showing spherical nanostructure with flower-like
morphology and mesoporous on the surface: SEM images of PtPdNFs (A) and T-MIP-PtPd NFs (B); TEM imagens of
PtPd NFs (C) and T-MIP-PtPd NFs (D). (Reproduced under the terms and conditions of the Creative Commons

34



2. Introduction

Attribution Non-Commercial Unported 3.0 License [191], Copyright 2019, published by The Royal Society of Chem-
istry).

The final composite (T-MIP-PtPd NFs) had better catalytic properties, achieving a linear range
of 0.01-5000 pmol L™" and a detection limit of 0.005 umol L' for colorimetric detection of
H.0.. A sensitive colorimetric detection of glucose was also possible through a cascade reac-
tion employing GOx [191]. The research on nanocomposites to gain from a synergistic effect
has been investigated using a combination of PtCu bimetallic NPs and poly(styrene sulfonate)
(PSS) functionalized graphene (Gr). Moreover, the surface of PtCu/PSS-Gr was covered by a
MIP for detection of the flavonoid puerarin. The peroxidase-like activity of the
MIP@PtCu/PSSGr was applied in the colorimetric detection of puerarin reaching a LOD of 1 x
107 mol L™" and with a linear range of 2 x 10 to 6 x 107 mol L™ [192]. As proposed by this
study, the PSS-Gr had good dispersity, stability, and a large surface area, which supported the
dispersion of PtCu NPs, i.e., preventing any possible agglomeration that could lead to reduced
enzymatic activity. Additionally, as the PtCu/PSS-Gr nanocomposite was covered by the MIP,
without the target analyte puerarin, the small H.O, passes through the polymer and reaches
the peroxidase-like enzyme, generating hydroxyl radicals that trigger the oxidation of TMB.
However, when puerarin is present and specifically binds the imprinted sites, it acts as barrier
to H>O,, leading to decreased catalytic reaction[192].

Photooxidase mimics are activated by light for the oxidation of the substrate in the presence
of dissolved oxygen [193]. Among the variety of nanomaterials that have been used as pho-
tooxidase mimics, the graphite carbon nitride (g-C3Ny) is an emerging visible-light-active or-
ganic semiconductor with intrinsic fluorescence properties. Hence, applications of g-CsN4 in
photocatalysis and photoluminescence-based biosensing are growing [193]. A recent study
demonstrated the interesting properties of surface molecular imprinting on g-CsN4 nanozymes
for improved detection of L-cysteine in serum [193]. The enzymatic activity was first probed
upon blue LED irradiation, leading to oxidation of the chromogenic substrate like TMB without
destructive H20.. Most interestingly, the MIPg-CsN. nanozyme, i.e., having TMB imprinted sites
on the surface of g-CsN4, showed to suppress the matrix interference from serum samples,
enhancing both substrate selectivity and enzyme activity in comparison to bare g-CsNa.. Supe-
rior properties in terms of enzyme affinity to TMB, in comparison to other inorganic
nanozymes, were also suggested in this study [193].

Electrochemiluminescence (ECL) detection has been highly investigated in sensor develop-
ment. Nonetheless, common ECL reagents have a few disadvantages (e.g., high toxicity, low

stability, and environment-sensitive luminescence efficiencies) and aggregation induced

35



2. Introduction

emission (AIE) materials can overcome these limitations in some practical applications [194].
Additionally, nanozyme amplification has been proposed to offer unique advantages to ECL,
and an aggregation-induced (Al)-ECL assay combined with Cos04 nanozymes has been devel-
oped for the detection of antibiotic residues, namely, chloramphenicol [194]. In this sensor, the
strong and stable signal relied on COF materials with Al-ECL groups (COF-AI-ECL), while the
Co304 nanozymes worked as the amplification element. The synthesized COF-AI-ECL and
Cos304 were cross-linked to the surface of a gold electrode, followed by the construction of a
MIP for selective recognition of chloramphenicol. The sensor showed a detection limit of 1.18
x 107" mol L™", and a linear range of 5 x 107" to 4 x 107" mol L. Each sensor component
offered improved sensitivity and selectivity features even when using complex matrix samples,
essential to tracing antibiotic residues in food safety control [194].

The possibility of having a sensitive fluorescence system for selective detection of the myc toxin
patulin motivated the development of a system based on Ag NP/flake-like Zn based MOF
nanocomposite (AgNPs@ZnMOF) as an efficient support for MIP [194]. The Ag NPs were cre-
ated inside the nano-pores of flake-like Zn MOF and the peroxidase-like activity of Ag NPs was
greatly improved by the high surface area of MOF while the MIP for patulin ensured the selec-
tivity. The fluorescence intensity, resulting from the product of catalyzed H,O,-terephthalic acid
reaction, decreased linearly with increasing concentrations of patulin in a range of 0.1-10 pmol
L™" and a detection limit of 0.06 umol L™ [194].

In bioanalytical chemistry, the use of immunoassays is widespread, and the ELISA is considered
the gold standard in many applications, owing to the highly sensitive detection [195]. Noneth
less, the research on biomimetic alternatives is very attractive, namely, for reducing production
costs and enhancing the reagent stability. Innovation at this level can occur both by using MIPs,
also known as synthetic antibodies, and by employing nanozymes as catalytic labels. This bio-
mimetic approach has been proposed for detecting an organophosphate pesticide [195]. In
this work, the 96-well array format was accomplished with the synthesis of MIP microspheres
by precipitation polymerization, followed by immobilization on the plate by “grafting to”
method, assisted by ionic liquid as binder [195]. The nanozyme label relied on the peroxidase-
like activity of Pt NPs and was prepared in two steps. First, BSA-hapten conjugates were syn-
thesized and the final Pt@BSA-hapten probe was obtained by mixing with a colloidal solution
of Pt NPs. Colorimetric and surface-enhanced Raman scattering were used for signal detection
because the substrate TMB was oxidized to a blue TMB?*, which also possesses a Raman signal.
The proposed method showed a LOD of 1 ng mL™" for triazophos [195]. Various biomimetic

alternatives to common ELISA assays have been proposed. The detection of sulfadiazine, an
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antibacterial compound whose residues in food and environment from misuse are of health
concern, was studied using Au@SiO, and Au@Pt@SiO, NPs [196], [197].

The nanocomposites as labelling markers had the intrinsic peroxidase-like activity of Au NPs
or Au@Pt bimetallic materials, and the SiO, NPs offered large surface area and ease of surface
functionalization. This ideal combination was further improved by preparing MIP films for se-
lective recognition and reusability, allowing to develop assays whose results were comparable
to those obtained by High-performance liquid chromatography (HPLC) [196], [197]. Other con-
figurations have been proposed, such as the use of Pt@SiO, NPs and a MIP for highly sensitive
and selective detection of histamine with a LOD of 0.128 mg L™ [198].

The multiplicity of sensor design has been expanded by the report of a three-component func-
tional cell-mimicking structure bearing a nuclear FesO4 peroxidase-like activity, a shell layer of
a stimuli-responsive molecularly imprinted hydrogel representing the cytoplasm, and a lipid

bilayer membrane [199] (Figure 2.14).
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Figure 2.14: Cell-mimicking protocell of three components with a peroxidase-like iron oxide core as nucleus, a mo-
lecularly imprinted hydrogel shell as cytoplasm, and a lipid bilayer for biomedical applications. (Reproduced with

permission [199], Copyright 2017, American Chemical Society).

Each component of the tripartite system had unique functions to deploy an interesting switch-
like colorimetric system. The core FesO4 ensures the oxidation of the chromogenic substrate
TMB (and similar, like ABTS) in the presence of H2Oo. In turn, the MIP layer selectively recog-
nizes TMB and is simultaneously sensitive to salt concentration by swelling or shrinking [199].
Finally, the elasticity of the lipid membrane keeps up with the swelling of the anionic MIP gel
when lowering the sal concentration, until there is no more tolerance to volume change and

the lipid layer bursts.
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Thus, the gradual “analog” gel volume change was reflected in a “digital” colorimetric output
because the burst of the membrane allows access to TMB that is oxidized to produce color.
Interestingly, controlled access to TMB can also be achieved by using melittin, a membrane-
perturbing amphipathic peptide, which introduces channels in the membrane. The selectivity
is ensured by the imprinted gel, while this approach enlarges the potential applications of the
system [199].

In summary, nanozymes have emerged as the next generation of enzyme mimics to overcome
the existing challenges and broaden the application of synthetic catalysts. Despite the demon-
strated advantages, the lack of specificity has always been a problem that hindered a faster
and broader application of nanozymes. The synergy gained by using molecular imprinting
technology to create selective substrate binding sites on nanozymes has been reasoned as a
solution to solve the obstacle of missing specificity. Simultaneously, MIPs are also biomimetic,
low-cost, and stable materials that can be produced on a large scale. The intrinsic catalytic
activity of nanozymes can be improved by designing nanomaterial cores and proper surface
functional groups, also benefiting from nanocomposites and doped nanomaterials. Concur-
rently, this diversity in composition, sizes, shapes, and surface properties calls for rigorous char-
acterization and standardization of activity if practical implementation is foreseen. MIP tech-
nology is also resourceful, contributing with the possibility to obtain on-demand tailorable
functional moieties and stimuli-responsive nanostructures. This biomimetic convergence is a
hot research topic and new insights into functional engineered nanozymes@MIPs in the de-
velopment of biosensing devices are expected to find auspicious biosensing applications soon.
Once they have surpassed the current limitations and achieved the enhanced catalytic activity
and specificity, imprinted nanozymes can be incorporated in portable, low-cost, and time-sav-
ing assays for novel point-of-care applications. These POC applications linked to low-cost de-
vices that rely on synthetic materials are a huge opportunity for developing new tools that
allow global efforts and alliances in combating the current and future pandemics, as well as
screening for chronic diseases, allowing earlier detection and earlier medical action, to improve

treatment outcomes.
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An ultra-sensitive electrochemical biosensor using the

Spike protein for capturing antibodies against SARS-
CoV-2 in point-of-care

The results presented in this chapter were published in Cardoso, A. R, Alves, J. F.,, Frasco, M,,
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M. G., An ultra-sensitive electrochemical biosensor using the Spike protein for capturing anti-
bodies against SARS-CoV-2 in point-of-care. Materials Today Bio 2022, 16, 100354, 1-10.
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3.

AN ULTRA-SENSITIVE ELECTROCHEMICAL
BIOSENSOR USING THE SPIKE PROTEIN
FOR CAPTURING ANTIBODIES AGAINST

SARS-COV-2 IN POINT-OF-CARE

3.1 Introduction

In just two decades of the 21st century, numerous viral epidemics/pandemics have occurred
that have been recognised by the WHO. These include Severe Acute Respiratory Syndrome
Coronavirus (SARS-CoV, 2003), Chikungunya (2005), Influenza A (H1N1) (2009), Middle East
Respiratory Syndrome Coronavirus (MERS-CoV,2012), Ebola (2014, 2019), and Zika (2015/2016)
[1]. Such frequent outbreaks are evidence that future pandemics can be expected [200]. In this
context, zoonotic viruses are considered the leading potential pathogens, for which there are
neither effective vaccines nor drugs. The most compelling example is the recent outbreak of
SARS-CoV-2, which triggered COVID -19 with devastating effects worldwide [201].

The highly contagious properties led to a rapid increase in the number of infected individuals.
The high prevalence of asymptomatic individuals has also led to a high rate of transmission of
the disease. Although there are no accurate quantitative data in the literature, reports suggest
that approximately 30% of the population exposed to the virus is asymptomatic and transmits
the disease. In addition, the signs of COVID -19 are nonspecific and include respiratory symp-
toms, fever, cough, dyspnoea, and viral pneumonia that require biochemical testing for diag-
nosis. Although the inherent infectious properties of the virus cannot be altered, it is possible
to improve the biochemical tests that are currently being conducted worldwide to stratify the
population, monitor the level of immunity in the community, and conduct viral surveillance

[202]. Separating those infected (who must remain in quarantine) from those who have an
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immunological response against the virus (antibodies) is essential for controlling pandemics
and improving the global economic scenario. This will allow a portion of the population to
return to their “"normal” activities without risk. In addition, in order for currently available vac-
cines to be administered, it must be demonstrated that antibodies against SARS-CoV-2 have
formed, and it must be known how they develop in individuals over time and how they subside
over time. This is especially important at the community level, but difficult to implement at the
global level [203]. Overall, monitoring of antibody levels is necessary to guide antiviral treat-
ment, infection control, epidemiologic measures, and vaccination.

Serologic testing is essential for evaluating the qualitative and quantitative results of immune
responses and has proven to be a valuable tool since the onset of infection. These tests are
important public health tools to limit the risk of exposure and unintentional spread of the virus.
This could be critical to limit the global spread of the disease and allow for the establishment
of checkpoints for people in transit, including airports. In addition, a global antibody test would
also allow stratification of populations by no, weak, moderate, or strong immune response,
which is particularly important for achieving our “normal” life [204], [205]. Therefore, tools
should be available to detect SARS-CoV-2 antibodies in the general population at different
time points for each individual. Current methods include ELISA tests, which are neither rapid
enough to allow immediate action nor sensitive enough to detect early stages of viral infection
and disease onset. They also require laboratory facilities and specific equipment and reagents.
In addition, some of these reagents are expensive and not available to meet global needs [206],
[207].

Alternative rapid systems using biosensors have also been developed. These could be ideal
modern tools as they have the potential to develop simple and inexpensive devices with low
limits of detection for anti-SARS CoV-2 antibodies. Currently, lateral flow assays are the most
popular biosensors for SARS CoV-2 serological assays because they have several advantages,
such as ease of use and rapid response time. However, they have limited sensitivity and sensing
capability compared to biosensors and are also more expensive [206]. In contrast, electrochem-
ical biosensors can provide efficient, rapid, and accurate analysis, for which many papers have
been published in the literature using this technology [208]. However, electrochemical biosen-
sors also face some challenges that delay technology transfer to reach commercialization at
the point-of-care [209].

Recent works on antibody detection can use renewable materials as substrates [210], optical
techniques with special engineered antibodies [211] or plasmonic-based readout devices [212]

and specially designed nanostructure arrays [213]. Overall, these works provide good analytical
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properties but require several steps for electrode assembly, which can be very complex and/or
require specialised and expensive instrumentation.

Therefore, a simple biosensor for serological monitoring of SARS-CoV-2 antibodies is still lack-
ing in the literature, which is particularly important to allow scaling up to an industrial produc-
tion and their global use.

The performance of an electrochemical biosensor depends on the characteristics of the elec-
trode's interface and external conditions. Immobilization capacity, sensitivity, conductivity or
specificity of the biosensor may be affected by the electrode's surface area and material com-
position [214], [215] Therefore, nanomaterials emerge as a promising resource to modify the
electrode's interface to enhance its efficiency characteristics, improving the biosensor analytical
performance. Carbon nanomaterials are particularly suitable for carbon electrodes and engi-
neering their atomic properties allow for a variety of carbon allotropes that might answer to a
diverse range of applications [216]. Carboxylated single-walled carbon nanotubes (SWCNTs),
formed by a nanoscale graphene sheet folded around itself, are characterized by strong cova-
lent bonding, high tensile strength, improved electron transfer, high surface area-to-weight
ratio and porosity (important for protein immobilization) and good thermal stability (which
may have a positive impact on the reproducibility of the sensor) [214], [217], [218].
Additionally, engineered NPs may also be used as electrochemical labels. Cadmium telluride
quantum dots (CdTe QDs) are colloidal semiconductor fluorescent nanoscale crystals that can
be easily modified with biomolecules such as antibodies, generally improve the stability of the
sensor as well as its photoelectric properties [219]-[221], and present good interaction with
carbon nanotubes [222], making these nanoparticles an interesting electrochemical probe for
our biosensor.

Thus, this article presents a sensitive electrochemical biosensor that, although assembled using
an amazingly simple procedure, can detect small amounts of antibodies in human serum (and
in much smaller amounts than conventional methods). The biosensor uses commercially avail-
able SPEs with a carbon WE containing p-phenylenediamine and protein S. Analytical proper-
ties are evaluated, and the devices are tested in human serum and further validated using a
commercial benchmark method restricted to laboratory facilities. Electrochemical detection is

performed in two ways: with an iron redox probe or with anti-IgG labelled with QDs.
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3.2 Experimental Section

3.2.1 Reagents and Solutions

All chemicals were of analytical grade and ultrapure Milli-Q water laboratory grade (conduc-
tivity <0.1 u S/cm) was used. Chemical reagents included potassium hexacyanoferrate |l
(K3[Fe(CN)g]) from Carlo Erba; potassium hexacyanoferrate Il (Ks[Fe(CN)e]) trihydrate from Pan-
reac; carboxylated single-walled carbon nanotubes (SWCNT); N-ethyl-N(3-dimethyla-
minopropyl) carbodiimide hydrochloride (EDAC), p-phenylenediamine, phosphate buffered sa-
line (PBS, 0.01 mol/L, pH 7.4), N,N-dimethylformamide (DMF) were purchased from Sigma-
Aldrich; N-hydroxysuccinimide (NHS) was acquired from Merck; recombinant SARS-CoV-2 S
protein, S1 subunit, Host Cell Receptor Binding Domain (RBD), rabbit anti-SARS-CoV-2 S pro-
tein antibody, and rabbit anti-SARS-CoV-2 N protein antibody were obtained from RayBiotech.

3.2.2 Apparatus

Electrochemical measurements were performed using a PalmSens4 potentiostat/galvanostat
controlled by PSTrace 5.8 software. Commercial carbon SPEs (C-SPEs) from Metrohm DropSens
(DRP-110) were used. These contain a three-electrode system, including: (a) a carbon counter
electrode, (b) a silver RE, and (c) a 4 mm diameter carbon WE. The C-SPEs were connected to

a PalmSens switch box that allows connection to the potentiostat.

3.2.3 Electrochemical measurements

CV was performed in the range of -0.3 to + 0.7V at a scan rate of 50 mV/s. EIS was performed
in open circuit with a sinusoidal potential perturbation with an amplitude of 0.01 V and 50 data
points logarithmically distributed over a frequency range of 0.1-100000 Hz. The SWV data re-
quire a sampling potential of -0.3 to +0.7 V, with a frequency of 2 Hz and a step height of up
to 2.5 mV. For the EIS data, Nyquist plots were used to represent the spectra obtained, showing
the frequency response of the electrolyte system and plotting the imaginary component (Z”)
of the impedance against its real component (Z'). The EIS data were fitted to the typical Randles
equivalent circuit, typically employed in impedimetric biosensors, and being composed herein
of solution resistance (Rs), double layer capacitance (Cdl), and charge transfer resistance (Rct)
[223]-[226]. RS is the resistance between the working and RE. RCT is the electron transfer re-

sistance across the electrode-electrolyte interface. Cdl is the specific capacitance at the
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interface of the electrolyte and the electrode and is characterized by the non-faradaic charge
that arises from the surface. Analysing the collected data, circuit elements displayed errors
below 5%. In general, the electrical properties at the WE surface were monitored by CV, EIS,
and SWV studies using a redox probe solution of 5.0 x 10 mol/L [Fe(CN)s]*" and 5.0 x 107
mol/L [Fe(CN)e]* in PBS buffer pH 7.4.

3.2.4 Preparation of C-SPE biosensor

The approach used to build the current biosensor is described in Figure 3.1 and was inspired
by our previous work on malaria and Zika diagnostics [227], [228]. The first step involves the
dispersion of carboxylated SWCNT in DMF (1.0 mg/mL) during 60 min. Then, the WE was incu-
bated with 1.16 pL of the SWCNT solution and dried at 72 °C for 30min (Figure 3.1 A). In the
next step, the carboxyl groups on the surface of SWCNT were activated with a solution of EDAC
and NHS (0.025 mol/L EDAC and 0.0125 mol/L NHS) for 90 min in a humid chamber at room
temperature. The p-phenylenediamine (0.02 mol/L) was then bound to the SWCNT by incuba-
tion for 60 min to obtain an amine layer on the WE (Figure 3.1 B). Finally, S protein (0.019
mg/mL) was bound to the amine layer for 40 min at room temperature and in a humid envi-
ronment (Figure 3.1 C). All solutions were prepared in PBS buffer pH 7.4, unless otherwise in-
dicated. Subsequently, the analytical performance of the biosensor was determined by detect-

ing antibodies bound to the S protein (Figure 3.1 D).
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Figure 3.1: Schematic representation of the C-SPEs and the functionalization of the WE: (A) addition of carboxylated

Anti-S protein

SWCNT; (B) modification with p-phenylenediamine through EDAC/NHS coupling reaction; (C) binding of S protein
and (D) electrochemical detection of anti-S protein antibody.
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3.2.5 Characterization by Raman spectroscopy

Each step of the sensor design was followed by Raman spectroscopy by direct analysis of the
material in a Thermo Scientific DXR Raman spectroscope equipped with a 532 nm laser. The
average signal-to-noise ratio (peak height/RMS noise) was allowed for 900 s of measurement
time, after up to 2 min of photobleaching, with up to 3 mW of laser power and a 50 ym slit

aperture.

3.2.6 Ethics statement

Human serum was collected at Centro Hospitalar e Universitario de Coimbra (CHUC) from pa-
tients with or without a clinical history of COVID -19 and without concomitant comorbidities
(cardiovascular, autoimmune, or respiratory disease). Positive samples were collected randomly
during routine blood analysis by the clinicopathology service of the University Hospital of
Coimbra (Patients details is shown in Table 3.1. The collected human samples were immediately
frozen until use. This study was approved by the CHUC Ethics Committee (Process number
OBS.SF.220-2021), always ensuring the protection of personal data through anonymization
(General Data Protection Regulation 2016/679).

Table 3.1 - Clinical information for all patients used in experimental work.

. ) Symptom-
Patient Patient's comor- ) COVID-19 ) SARS-CoV-2
Age o based disease ) Relapsing o
number bidities ) severity vaccination
duration (days)
Chronic ob-
9 57 structive pul- 20 Moderate No No
monary disease
11 34 None 15 Mild No No
12 41 None 20 Mild No No
16 60 None 10 Mild No No
17 61 Type 2 diabetes 14 Moderate No No
Obese; Type 2
30 68 ) 30 Severe No No
diabetes,
33 55 None 20 Moderate No No
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3.2.7 Analytical performance of the biosensor

The analytical performance of the sensor layer was evaluated by incubation with increasing
standard concentrations of antibody solutions (anti-S protein) ranging from 1 pg/mL to 10
ng/mL prepared in PBS buffer pH 7.4. Each standard was incubated for 40 min at room tem-
perature in a humidified environment. After incubation with each standard concentration, the
sensor was washed and its impedimetric properties were analysed by EIS using the iron redox
probe. The analytical response of the biosensor was also evaluated in negative human serum,
i.e., serum without anti-S protein antibodies, which served as a control and was spiked with
known standard concentrations of anti-S protein antibodies. Standards were prepared in neg-
ative human serum diluted 500-fold in PBS buffer pH 7.4, and the incubation time was set at
40 min. All assays were performed in triplicate. The LOD corresponded to the x + 3 o, where x
is the average value of the EIS blank signals (obtained in the absence of anti-S protein) and o
is the known standard deviation of the EIS blank signal in successive measurements [229].
Biosensor selectivity was evaluated by incubation with the anti-N protein antibody in the same
concentration range used to determine the calibration curve with the anti-S protein antibody.
Similarly, the incubation time was set at 40 min and all electrochemical assays were performed

in triplicate.

3.2.8 Analysis of human serum samples by VIDAS®

Immunoassay tests were performed using the VIDAS® equipment from Biom erieux (Marcy
I'Etoile, France). This instrument performs an automated qualitative ELISA for the detection of
specific anti-SARS-CoV-2 IgG in human serum, which requires the use of the VIDAS SARS -
CoV-2 IgG 423834-02® kit (BioMerieux, Marcy I'Etoile, France). This kit contains the disposable
solid phase strips, solid phase vials containing humanized recombinant SARS-CoV-2 antigen,
the standard (with humanized recombinant anti-SARS-CoV-2 IgG antibody), and the positive
(also with humanized recombinant anti-SARS-CoV-2 IgG antibody) and negative controls
(without the humanized recombinant anti-SARSCoV-2 IgG antibody) (https://www.biomerieux-
diagnostics.com/vidas-sars-cov-2). In addition, the solutions used to generate the standard
curve were obtained by successive dilutions of the purified anti-SARSCoV-2 S-protein S1 re-
combinant antibody from BioLegend (San Diego,CA, USA). The different solutions of the puri-
fied anti-SARS-CoV-2 S-protein S1 recombinant antibody were prepared. Then, 100 pL of these
solutions were added to a designated spot on the kit strip and the automated qualitative ELISA

was performed. First, the instrument dilutes the contents of the container. Then, the coated
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antigen captures the SARS-CoV-2 specific IgG, and a wash step follows to remove the unbound
components. In a second step, the mouse monoclonal antibodies conjugated with alkaline
phosphatase specifically recognize the IgG present in the contents. Again, the device performs
a wash step to remove the unbound components. Finally, the instrument performs an incuba-
tion step by adding the substrate 4-methyl-umbelliferyl phosphate to the sample/standard,
which is hydrolysed to the fluorescent product 4-methylumbelliferone. The fluorescence of this
product is measured at 450 nm and a relative fluorescence value (RFV) is generated (Figure
3.2) [230].

3.2.9 Correlation of VIDAS® signal with standard anti-S solutions

Even though VIDAS® gives an RFV value, the information it provides is only qualitative. It is
considered a positive result if the test value (which is the quotient between the RFV of the
sample and the RFV of the instrument standard 1) is equal to or above 1.00, and negative if it
is below 1.00 [230], [231]. However, the RFV values are proportional to the concentration when
anti-S standard solutions are analysed by VIDAS® This allows the conversion of RFV values to
concentration. To this end, anti-S standards of 0; 1.0; 5.0; 10.0; 25.0; 50.0; 100; 250 ug/mL were
analysed by VIDAS®.
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Figure 3.2: Schematic representation of the VIDAS® mode of operation.

3.2.10 Analysis of human sera with the electrochemical biosensor

The positive serum samples were tested to evaluate the biosensor response compared to the
VIDAS® results. The serum samples only had to be diluted beforehand (500-fold dilution in
PBS, pH 7.4) to fit within the linear range of the sensitive biosensor and avoid interference from

the serum matrix. All assays were performed in triplicate.
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3.2.11 Synthesis of quantum dots and conjugation with anti-human IgG

antibodies

Red emitting cadmium telluride quantum dots capped with 3-mercaptopropionic acid (MPA)
CdTe@MPA QDs were prepared according to a previous protocol with minor modifications
[23]. Conjugation of antibodies with red emitting CdTe@MPA QDs was performed as follows.
A solution of QDs (2.5 mg/mL) in PBS 0.01 mol/L pH 7.2 was incubated with goat anti-human
IgG (51.02 pg/mL), EDAC (1.25 mg/mL), and NHS (1.50 mg/mL) for 3 h at room temperature in
a total volume of 100 pL. Then, 30 mL of glycine (10 mmol/L) was added and the reaction
mixture was incubated at room temperature for 30 min. Finally, the resulting solution was cen-
trifuged at 8500 rpm for 3 min in the Amicon™ Ultra-0.5 centrifugal filter device. The filtrate
solution was discarded, and the membrane was inverted to collect the anti-human IgG@QDs
conjugates at the final concentration of 51.02 pyg/mL. The procedure was repeated for the

preparation of anti-human IgG@QDs at 10.10 pg/mL and 101.01 ug/mL (Figure 3.3).
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Figure 3.3: Current intensity of the electrochemical biosensor measured by SWV for different concentrations of anti-
human IgG@QDs (10.10 pg/mL, 51.02 ug/mL and 101.09 pg/mL).
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3.2.12 Secondary anti-human IgG@QDs as electrochemical labels

First, different concentrations of secondary goat anti-human IgG antibodies (10.10, 51.02, and
101.01 pg/mL) labelled with CdTe QDs were each incubated on one of the three sensor-mod-
ified surfaces with the maximum positive serum concentration detected by our biosensor (752
ng/mL) to select the optimal concentration for signal detection (Figure 3.3). The composite WE
surface of five other biosensors was incubated with PBS pH 7.4 for 40 min at room temperature
until stabilized. Then, positive serum solutions diluted in negative serum (107, 150, 188, 250,
and 752 ng/mL) were incubated on each of the five composite sensors. The selected concen-
tration of QDs-labelled 1gG antibody conjugates was then added to our device to label the
primary antibodies present in the positive serum by incubating it at room temperature for 90
min. Instead of a redox probe, a solution containing 0.1 mol/L KCl as electrolyte was used to
allow a more practical direct reading. The parameters of the SWV method had a potential range
of -1.0 V to -0.2 V, with a potential step of 2.5 mV with an amplitude of 0.02 V at a frequency
of 2 Hz.

3.3 Results and Discussion

3.3.1 Biosensor assembly and characterization

The biosensor was constructed in three steps: Carboxylation of the carbon substrate, subse-
quent amination of this surface, and adsorption of S-protein. The preparation of an aminated
surface directly on the carbon substrate could combine the first two steps and further simplify
the procedure, but this was tried in several other ways that did not show sufficiently satisfactory
results in terms of electrochemical stability to be a convincing electrochemical biosensor for
global application. The electrochemical features of the C-SPEs in each of these steps were
followed by CV, EIS and SWV tests, with a standard iron redox probe, whose typical data are
shown in Figure 3.4. Carboxylation of the carbon WE on the C-SPEs was performed by casting
carboxylated SWCNTs. As expected, the electrochemical properties showed that the electrical
properties of the sensing layer were improved after modification with carboxylated carbon
nanotubes. The effectiveness of this step was more evident in the EIS and SWV data, with a
lower Rct value of~549 Q and a higher current of ~48.62 pA, respectively, compared to the
original readings. After this modification, amination of the WE with p-phenylenediamine was

achieved by an EDAC/NHS coupling reaction between the carboxyl groups of SWCNT and an
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amine group of p-phenylenediamine [232]. Subsequently, the S-protein was incubated on the
amine layer, which resulted in a decrease in current at both CV (~83.68 pA) and SWV (~33.98
pA). In addition, a significant increase in Rct (1038.67 Q) was observed. These results suggest

that the S-protein recognition layer was successfully formed on the electrode.
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Figure 3.4: Electrochemical data collected upon the biosensor construction, using CV (A), EIS (B) and SWV (C) meas-
urements. Data includes pristine C-SPEs, after modified with SWCNT and S protein. Graphics D and F show the
current peak’s intensity, and graphic E presents the Rct values with the respective error bars, highlighting the repro-

ducibility of three independent devices.

The chemical modification of each step of the biosensor construction was followed by Raman
spectroscopy Figure 3.5. The typical G and D bands of the C-SPE were located at 1583.0 cm™
and 1350.8 cm', respectively, indicating the presence of a graphitic nanomaterial with sp2 and
sp3 carbon-hybridization systems. Incubation of the carboxylated SWCNT onto the WE signif-
icantly changed the Raman spectra obtained. The G and D bands were now at 1590.62 cm™
and 1342.21 cm™, respectively, with the D band decreasing more than tenfold compared to the

G band.
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Figure 3.5: Raman spectra for each stage of chemical modification of the WE of the C-SPE (green/top) throughout
the biosensor construction, including the modification with carboxylated SWCNT (c-SWCNT, red/top), and the suc-
cessive addition of EDAC/NHS, p-phenylenediamine, S protein and anti-S protein antibodies (substantially super-
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imposed and difficult to distinguish).

Overall, this confirmed the presence of the carbon nanotubes on the C-SPE [233]. Subsequent
addition of EDAC/NHS, p-phenylenediamine, S-protein, and anti-S-protein antibodies did not
result in significant changes in Raman spectra, also confirmed by calculating the ratios of the
intensities of G and D bands Table 3.2. Overall, the significant change in Raman spectra was
observed only after the incubation of the carboxylated SWCNTSs, with only minor changes in

the D-band and G-band observed in the subsequent phases of the biosensor assembly.
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Table 3.2: Raman intensity of the G and D brands on the spectra of the biosensor, following the consecutive steps
of modification.

Material G Band D Band l/Ip

C-SPE 226.93 208.14 1.09

+ c-SWCNT 11370.16 631.09 18.02

+ EDAC/NHS + p-PD 5054.32 322.83 15.67

+ S protein + Anti-S protein 1475.73 91.52 16.12

3.3.2 Analytical performance in PBS buffer

The analytical properties of the biosensor were evaluated by testing increasing concentrations
of the anti-S protein antibody, followed by EIS measurements and the generation of calibration
curves. The typical Nyquist plots of the EIS measurements are shown in Figure 3.6A. They show
a positive correlation between the increase in Rct and the successive increase in antibody con-
centration. These results indicate that the impedimetric resistance, i.e., the diameter of the
semicircles in the Nyquist plots, increases with increasing amount of antibody that recognizes
and binds the S protein. The sensor showed a linear range between 1.0 pg/mL and 10.0 ng/mL,
while higher concentrations saturate the sensor layer Figure 3.6B. The reproducibility of the
sensor system was confirmed by performing three independent calibrations, with new biosens-
ing units. The relative standard deviation (RSD) of the slope was ~2.6%, with an average slope
of 280.47 Q/decade. The squared correlation coefficient of the calibrations was >0.99. The
reproducibility of the electrochemical response was excellent, proving that the system is re-
producible, considering that the RSD values ranged from 0.5% (minimum) to 1.11% (maximum)
in a linear trend. Overall, these results showed a highly sensitive response to anti-S protein
antibodies with a LOD of 0.77 pg/mL.
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Figure 3.6: EIS measurements of the calibration with anti-S protein antibodies (1.0 pg/mL — 100 ng/mL) in PBS buffer:
Nyquist plots (A) and the corresponding calibration curve (B). Readings were performed with the redox pair 5.0 x10°
3 mol/L [Fe(CN)g]*> and 5.0 x 103 mol/L [Fe(CN)e]* prepared in 0.01 mol/L PBS buffer pH 7.4.

3.3.3 Selectivity of the biosensor

The biosensor had a recombinant S protein on the surface of the WE so that it should bind
selectively to anti-S protein antibodies. This selective binding may be confirmed by examining
the response of the biosensor to other competing compounds. Since infected humans also
have anti-N protein antibodies, it was considered here to evaluate the selectivity by checking
the cross-reactivity of the biosensor with these specific antibodies. Distinguishing between an-
tibodies to S and N proteins is also critical for tracking COVID -19. Technically, anti-N proteins
are expected to interfere little to not at all with the measurement of anti-S proteins. In this
study, the selectivity of the biosensor was evaluated by examining the response to individual
solutions of anti-N and anti-S protein antibodies prepared in the same concentration range
over the concentration range of the linear response. The data collected considered the Rct
values obtained in each EIS measurement, and the average values were plotted in Figure 3.7.
In general, in the presence of the anti-N protein antibody, the biosensor showed a uniform
response (like the blank) over the entire concentration range tested. This contrasted with the
increasing Rct values of the biosensor in the presence of the increasing concentrations of anti-

S protein antibody.
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Figure 3.7: EIS response of the biosensor in the form of Rct values after the incubation of anti-S or anti-N protein

antibodies, ranging from 1.0 pg/mL to 10 ng/mL.

Overall, the data suggest that the current biosensor is not affected by the presence of the anti-
N protein antibody and that it responds accurately to the anti-S protein antibody. These are
interesting results, as any analytical tool capable of distinguishing spike-from nucleocapsid-
specificimmunity can help to study the immunological response of post-infected or vaccinated
individuals [208], [234].

3.3.4 Analytical performance in spiked human serum

The analytical performance of the sensing layer was evaluated using negative human serum
spiked with anti-S protein antibodies to provide more realistic information in the context of
real-world applications. The negative serum was diluted 500-fold to better match the sample
to the linear trend of the biosensor. The EIS measurements were used to evaluate the biosensor
response, and the calibration curves were plotted as Rct versus the logarithm of concentration
(Figure 3.8). Rct values increased with increasing antibody concentration (Figure 3.8 A), and a
linear trend was confirmed in the range of 1.0 pg/mL and 10 ng/mL. The average slope was

1825.5 Q/decade, which was greater than that of the buffer, indicating that sensitivity
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increased. This likely reflects the higher complexity of the sample matrix (including higher ion
and protein content), as the absolute Rct values were higher than those of the buffer at com-
parable concentrations. Overall, the biosensor provided reproducible responses, with RSDs of
slope of ~4.0. The squared correlation coefficient of all calibrations was also >0.99, confirming
the quality of the linear trend (Figure 3.8 B). Overall, these results showed a sensitive response
to detect anti-S antibodies with a very low LOD. Although tested in a more complex matrix,
LOD was not significantly different from LOD in PBS buffer pH 7.4 and was 0.70 pg/mL. This
LOD is in the range or even lower than recent findings reported in the literature for other
electrochemical biosensors, mostly also containing nanomaterials that improve the sensitivity
(Table 3.3). Considering the detection of antibodies in infected humans and because the serum
was diluted 500-fold, the biosensor can be used to analyse human sera from 0.5 ng/mL to 5000
ng/mL. This is a wide concentration range that will simplify future application procedures, alt-
hough more concentrated solutions may saturate the biosensor and require additional dilution.
However, further testing was performed with positive samples, as the level in the serum of a

healthy person (negative serum) is quite different from that of a person with COVID -19.
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Figure 3.8: EIS measurements of the calibration with anti-S protein antibodies (1.0 pg/mL — 100 ng/mL) spiked in
negative human serum (500-fold diluted in PBS buffer): Nyquist plots (A) and the corresponding calibration curve
(B). Readings were performed with the redox pair 5.0 x 103 mol/L [Fe(CN)e]*>- and 5.0 x 10-3 mol/L [Fe(CN)¢]* pre-
pared in 0.01 mol/L PBS buffer pH 7.4.
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Table 3.3: Electrochemical biosensors for detection of SARS-CoV-2 antibodies.

Biosensor design Advantages LOD* Refs.
Eco-friendly
Paper/GO 1 ng/mL [210]
Low-cost
Eco-friendly
Paper/ZnO-NW Enhanced sensitivities and *10 ng/mL.(*) [235]

sensing ranges

Gold Nanoparticles on Label-free

. . TpM [236]
3D electrodes/rGO Regeneration ability
Rapid

Gold electrode *0.1 pg/mL.(*) [237]

Label-free

Higher sensitivity

Gold clusters Non-invasive samples (saliva 0.01 ag/mL [238]

or oropharyngeal swab)

GO: graphene oxide; ZnO-NW: zinc oxide nanowires; rGO: reduced graphene oxide. (*) Lowest tested

concentration.

3.3.5 Analysis of positive sera samples

The ability of the electrochemical biosensor to determine antibody levels in different positive
human samples was tested by analyzing the same samples with both the biosensor and
VIDAS®. Since VIDAS® only provides qualitative data (positive or negative) in terms of antibody
levels in sera, we generated a standard curve using different standard solutions of purified anti-
SARS-CoV-2 S1 recombinant protein antibodies. The RFV values obtained for these antibodies
(expressed in arbitrary units) were correlated with the logarithm of the antibody concentration,
enabling the extraction of quantitative data from this commercial method. The data obtained
are shown in Figure 3.9 and consider only the concentration range of the antibodies, which
have a linear behaviour. The anti-S-SARS CoV-2 IgG concentration in the sera could be now
calculated by intersecting this curve, which gives an idea of the range of anti-S protein IgG
antibody concentrations in the COVID-19 positive population. The samples included in this
comparative study contained different ranges of antibody concentrations (n=5), as expected
given the quite variable RFV concentrations in VIDAS®. The concentrations chosen for this pur-

pose are well above the capabilities of the biosensor and range from 5 to 230 ug/mL. Prior to
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analysis, samples were treated according to the method used. For VIDAS®, the procedure pro-
vided by the commercial instrument was used, while for the biosensor only an appropriate

dilution was performed.
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Figure 3.9: Standard curve of the correlation between the obtained RFV and the respective logarithm of the standard
concentration (u g/mL) (mean = error). The dashed lines represent the 95% confidence intervals. Note that the

higher and lower concentrations are not shown because they were removed due to deviations from linearity.

The concentrations of these samples obtained with VIDAS® and the biosensor are shown in
Table 3.4. The concentrations obtained with the biosensor were extracted from the correlation
of the log concentration of antibodies known to be present in the samples with the Rct values
of each of these positive samples (Figure 3.10). This was done to provide a valuable correlation
between the positive sera and the electrochemical method, which proved necessary to elimi-
nate the effect of the sample matrix now containing additional biomolecules required to com-
bat the disease. Attempts were made to compare the readings with the concentrations of an-
tibodies diluted in negative sera, but the data obtained were not reliable. It was also noted that
the Rct values increased well beyond the usual calibration ranges, which indeed confirmed
some influence of the positive samples, but these had no significant effect upon the concen-
tration of antibodies yielding a linear trend. Overall, the relative errors in this analysis ranged
from -10.2 to +15.3%. Considering that these are human samples, these results can be consid-
ered accurate [239], [240]. Furthermore, these are excellent results considering that the samples
were highly diluted in the biosensor measurements and that the two methods have very dif-

ferent operating principles. This also indicates that the biosensor can be considered an
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important alternative to current methods, especially when lower amounts of antibodies are

involved.

Table 3.4: Analytical data obtained with the electrochemical biosensor by EIS readings and by the comparison
methods, VIDAS® of different positive sera samples.

Samples Cvipas (ug/mL) Ces (ug/mL) % error
7 5.4 5.2 -2.9
2 6.3 5.9 -5.7
3 51.6 594 +15.3
4 294 31.0 +5.5
5 230.7 207.2 -10.2
20000 T
"..'..
€ 14000 } o
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Yy =5235.9x + 6021.2
R2 =0.996
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Figure 3.10: Correlation between the results of several dilutions of positive serum analysed by VIDAS® and the Rct

readings of the biosensor (as obtained by EIS measurements).
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3.3.6 Comparison of method capabilities to low antibody concentra-

tions

From the data obtained, it appeared that the biosensor was able to detect much lower con-
centrations of antibodies than VIDAS®. To confirm this, a positive human sample with a con-
centration of approximately 225.66 pug/mL was diluted down to different concentration levels
and evaluated using both methods. VIDAS® was only able to measure concentrations up to
2256 ng/mL, which corresponds to a 100-fold dilution of the original sample. At higher serum
dilutions, corresponding to 150, 107, and 83 ng/mL, the analytical signal in VIDAS® was similar,
indicating that the concentration was equal to or lower than 2.3 ug/mL and that further con-
centration differences could not be distinguished. Overall, VIDAS® was unable to discriminate
between antibody concentrations below 2.3 pg/mL. This is a fairly high concentration and con-
firms the limited ability of the comparative method to provide accurate data for lower antibody
concentrations (the commercial method works well but only provides reliable data for higher
concentrations).

In contrast, serial dilution of this sample resulted in a linear trend against antibody concentra-
tion by EIS. This was achieved when the concentration incubated on the biosensor ranged from
70 to 752 ng/mL, with clearly distinguishable values for concentrations of 150, 107, and 83
ng/mL. The electrochemical biosensor was thus able to detect differences between samples
that had much lower concentrations than those analysed by VIDAS®, down to 70 ng/mL. Vali-
dation of the data obtained by EIS was not performed because we were not aware of any
method suitable for comparison at such low concentrations. This unique feature of the pro-
posed devices could be a valuable tool for future epidemiological studies and for understand-
ing changes in antibody levels associated with vaccination (as a recommendation for clinicians

on when to recommend a new vaccine dose).

3.3.7 Alternative electrochemical analysis of human sera

Considering the good results obtained in testing positive human serum with the electrochem-
ical biosensor, another proof-of-concept was explored by developing and using NPs as elec-
trochemical markers bound to secondary antibodies. These secondary antibodies bind the anti-
S protein antibodies recognised on the surface of the biosensor and generate an electrochem-
ical signal. For this purpose, the secondary antibodies were labelled with CdTe QDs, which are
nanoscale colloidal semiconductor crystals that have electrochemical properties (Figure 3.3)

[222]. The electrochemical results of the QDs were investigated in terms of metal oxidation by
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SWV, moving from -1.0 V to positive potentials. In a proof-of-concept study, different concen-
trations of anti-human IgG antibodies labelled with CdTe-QDs were tested to evaluate their
effects on current measurements at the sensor surface (Figure 3.11). The most diluted and the
most concentrated solutions of the 1gG antibodies produced similar current values (1.60 pA
and 1.63 pA, respectively). Therefore, considering the fluorescence values obtained for the dif-
ferent concentrations of QDs-labelled IgG antibodies, we decided to label the primary anti-
bodies with the lower concentration of IgG antibodies (10.10 ug/mL), as this could be a more
dispersed solution containing a higher ratio of CdTe-QDs nanocrystals for each IgG antibody
(thereby amplifying the signal). In this approach, the biosensor was first incubated in a solution
containing diluted positive serum (107, 150, 188, 250, or 752 ng/mL) and then in a solution
containing anti-human IgG@QDs of 10.10 pg/mL. The SWV data obtained for these concen-
trations are shown in Figure 3.11 D and reflect the metal oxidation readings. The current signals
decreased with increasing antibody concentration, yielding a linear trend when the peak height
values were plotted against the log concentration of the antibody (150 ng/mL to 752 ng/mL).
In principle, one would expect that a higher amount of anti-S antibody would lead to a higher
number of IgG@QDs conjugates, which in turn should lead to a higher current value due to
the higher amount of QDs. However, the system may undergo opposite effects during the
incubation of the IgG@QDs conjugates. While the antibodies block the electrical surface and
decrease the current signals, the current value of the observed peak increases with increasing
number of QDs. Since this leads to opposite effects and the linear trend has a negative slope,
it was obvious that the anti-lgG dominated the signal obtained. In any case, this proof-of-
concept approach is an alternative way to read the electrochemical response if one wishes to
obtain a more selective response. Alternatively, direct electrochemical measurements using the
iron redox probe already outperform conventional methods such as VIDAS® in terms of LOD

and sensitivity.
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Figure 3.11: (A and B) Fluorescence signals of red emitting QDs in the presence of increasing concentrations of goat
anti-human IgG, in PBS 0.01 mol/L pH 7.2. (C) UV-vis absorption spectra of goat anti-human IgG in PBS 0.01 mol/L
pH 7.2 (a) and the UV/vis spectra of red emitting QDs 2.5 mg/mL in PBS 0.01 mol/L pH 7.2, (b) along with the
correspondent fluorescent spectra (c). (D) SWV voltammograms of different concentrations of positive serum con-
taining primary antibodies conjugated with a 10.10 ng/mL concentration of IgG secondary antibodies labelled with

CdTe QDs.

3.4 Conclusions

A rapid serological test to diagnose and/or monitor immunity after SARS-CoV-2 infection or
vaccination remains a challenge given current technologies. ELISA-based methods are not very
sensitive and reliable quantitative information is scarce. Here we demonstrate the successful

development of a simple, innovative, highly sensitive and selective biosensor for the detection
of antibodies to the S protein in human serum. This novel electrochemical biosensor can be

used post-infection or postvaccination when circulating antibody concentrations are lower and
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cannot be detected by conventional ELISA methods. Its detection capabilities significantly out-
perform commercial methods available on the market and are comparable or better than other
electrochemical methods described in the literature.

It is important to note that a cross-response of the biosensor against other SARS virus was not
evaluated. However, a cross-reactivity with other antibodies against these means that one's
serum has antibodies that also recognize S protein, meaning that there is an expected degree
of protective immunity conferred by these. Thus, as the main target of the biosensor is to
monitor the protective immunity by means of antibodies, an eventual cross-reactivity would
not hamper the result of a test provided by this biosensor in POC. Overall, the biosensor pro-
vides very low LOD values and can reach very low concentrations of positive sera when testing
human sera. Therefore, the biosensor described here has the potential to become a valuable
tool for early diagnosis and monitoring of antibody levels during vaccination follow-up. Future
work will therefore focus on miniaturization and the use of different nanomaterials as well as
an environmentally friendly substrate, as paper. The development of multiplex biosensors cov-

ering a variety of different viruses is also foreseeable.
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CHAPTER

Biographene as a sensing enhancer for electrochemical
detection of SARS-CoV-2 spike antibodies

The results presented in this chapter to be submitted. Cardoso, A. R., Alves, J. F., Frasco, M.,
Fortunato, E., Barquinha, P., Sales, M. G., Biographene as a sensing enhancer for electrochemical

detection of SARS-CoV-2 spike antibodies.
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4.

BIOGRAPHENE AS A SENSING ENHANCER
FOR ELECTROCHEMICAL DETECTION OF
SARS-C0OV-2 SPIKE ANTIBODIES

4.1 Introduction

Graphene-based electrochemical biosensors enable sensitive and cost-effective detection of
various biomolecules due to the excellent properties of graphene sheets, which are electrically
conductive, have a large surface area and excellent dispersibility, and can be easily functional-
ized [241], [242]. Graphene can be produced by a variety of methods. Bottom-up strategies
rely on the chemical arrangement of carbon atoms to form graphene layers, while top-down
strategies use another material as a carbon source to obtain graphene. Mechanical exfoliation
of graphite flakes is considered one of the simplest and least expensive methods [243]. These
physical and chemical properties, combined with low production costs and reduced environ-
mental impact, make graphene an extremely attractive material for biosensing applications.
Moreover, to achieve better compatibility for immobilization of a biological receptor, graphene
can be functionalized by covalent or non-covalent bonds with smaller molecules during the
graphite exfoliation process. Recent works have already described the production of biogra-
phene in the presence of different proteins, which have been shown to facilitate the stabiliza-
tion of graphene nanosheets after graphite exfoliation [244]-[246].

The daily life of the world population is still under the impact of the 2019 coronavirus pandemic
(COVID-19) caused by the highly transmissible and infectious Severe Acute Respiratory Syn-
drome Coronavirus 2 (SARS-CoV-2) (Billah et al,, 2020). COVID-19 is proving to be a highly
contagious disease due to the large number of asymptomatic and mildly symptomatic patients,

which favor direct and indirect airborne transmission of the pathogenic SARS-CoV-2 [247],
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[248]. Similar to other coronaviruses, SARS-CoV-2 consists of four structural proteins: spike (S),
membrane (M), envelope (E), and nucleocapsid (N), with the first three being part of the viral
envelope and the last protein holding the single positive-stranded RNA genome [249]. Entry
of SARS-CoV-2 into host cells occurs via the S protein, making it a useful target for recognition.
The S protein consists of ST and S2 subunits, which enable it to bind to a receptor on the
surface of the host cell and fuse viral and host membranes, respectively [250], [251].

Rapid and accurate detection of SARS-CoV-2 proteins as antigens or serological tests to detect
antibodies against the virus are critical to understand the biological and epidemiological pro-
cesses associated with the disease. Virus detection is the most important method for direct
diagnosis of infected patients and provides data for competent authorities to develop infection
control plans. On the other hand, antibody detection can provide important evidence for the
detection of earlier infections (indirect diagnosis) and active infections by complementing neg-
ative nucleic acid tests, prompting authorities to monitor the efficiency of the vaccination pro-
cess, allowing the evaluation of the immune system'’s response to emerging variants, and as-
sisting in the development of therapeutic antibodies [252]-[258].

All the data obtained by SARS-CoV-2 antibody detection could be massively and rapidly ob-
tained by easy-to-use, accessible, and timely portable tests that are at the same time very
accurate, specific, and sensitive [259]. Currently, antibody detection is mostly performed by
conventional methods such ELISA or chemiluminescent immunoassay (CLIA), which are expen-
sive and time-consuming. Therefore, lateral flow immunochromatographic assays are more
promising detection methods for rapid on-site analysis [260], [261].These tests meet the need
for simplicity, speed, and portability, but they only indicate qualitative results, i.e., the presence
or absence of antibodies [259].

Due to their excellent ability to discriminate small signal variations, electrochemical biosensors
are particularly suitable for quantitative detection of SARS-CoV-2 antibodies [262]-[264]. The
material composition and electrode surface properties directly affect the performance of an
electrochemical biosensor and determine its conductivity, sensitivity, immobilization capacity,
and selectivity [21-23]. Modifying the electrode surface with carbon nanomaterials is a prom-
ising strategy to improve the analytical performance of a biosensor [265]-[269].Graphene, a
widely used carbon material with the thickness of a single atom, has high mechanical strength,
thermal stability (which may positively affect reproducibility), and good surface area (important
for immobilization) while improving electron transfer at room temperature [270], [271].

In the present work, the S protein of SARS-CoV-2 is used both to prevent the restacking of
graphene sheets obtained by graphite exfoliation by increasing its hydrophilicity and solubility
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[272] and to create a biorecognition layer for the highly sensitive detection of antibodies. To
the best of knowledge, there are no previous studies on the fabrication of biographene in the
presence of S protein. Therefore, the green production of biographene containing SARS-CoV-
2 S protein as a stabilizing and recognizing element is reported here (Figure 4.1). Considering
the advantages of biocompatible graphene materials, the development of a simple and highly
sensitive electrochemical biosensor based on the developed biographene was used to detect
and quantify antibodies against the S1 subunit of the S protein, and its analytical performance
was tested in buffer and serum. Therefore, this work can advance progress toward highly con-
ductive green immobilization matrices and open the door for the development of devices that
can readily contribute to epidemiological studies that provide the necessary understanding of

the immune response to SARS-CoV-2 infection and vaccination to control the pandemic.

X \Y

Anti-S protein antibodies S protein

Figure 4.1: Schematic representation of biosensor construction: (A) ultrasonic exfoliation of graphite; (B) biofunc-
tionalization of graphene sheets with spike (S) protein; (C, D) modification of the surface of the WE with the S protein
biofunctionalized graphene; (E) addition of S protein as recognition element; (F) detection of antibodies to SARS-
CoV-2.
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4.2 Experimental Section

4.2.1 Apparatus

The exfoliation of graphite was performed in a VCX 750 ultrasonic processor (Sonics & Mate-
rials, Inc, USA) and the stabilization of the obtained graphene nanosheets with spike (S) protein
was done in a MB-101 mixing block (Bioer, China). The main electrochemical experiments were
performed on screen-printed carbon electrodes (C-SPEs) (DRP-110; Metrohm Dropsens, Spain)
containing a WE and an auxiliary electrode made of carbon, and a silver RE. This three-electrode
system was connected to a PalmSens4 potentiostat/galvanostat controlled by PSTrace v5.9
software (PalmSens BV, Netherlands). SEM images were collected on a FEI Quanta 400 FEG
ESEM equipment.

4.2.2 Reagents and solutions

Potassium hexacyanoferrate () 3-hydrate (Ks[Fe(CN)e].3H20) was acquired from Panreac and
potassium ferricyanide (Ill) (Ks[Fe(CN)e]) was obtained from Carlo Erba. Potassium chloride (KCI)
and isopropanol (70%) were obtained from Fluka/Honeywell. PBS tablets, graphite, and dime-
thyl sulfoxide (DMSO) were purchased from Sigma-Aldrich. Nafion® (20 wt% in alcohols) was
acquired from Quintech. Cormay Serum HN was acquired from PZ Cormay S.A. The recombi-
nant SARS-CoV-2 S protein (S1 subunit derived from E. coli) and the polyclonal Rabbit anti-
SARS-CoV-2 S1F antibody were procured from RayBiotech. All chemicals were of analytical

grade and ultrapure laboratory grade water was used (conductivity < 0.1 uS/cm).

4.2.3 Production of biofunctionalized graphene

The process of mechanical exfoliation of graphite was performed in a high-energy ultrasonic
probe at an amplitude of 30% for 45 s in a solution containing 1 mg of graphite flakes in 1 mL
of ultrapure water and DMSO (ratio 2:8). Then, 10 uL of a Nafion® solution diluted in isopro-
panol (ratio 1:3) was added to better bind the graphene sheets during deposition on the elec-
trode. To the obtained graphene, 2x 10 mol/L of SARS-CoV-2 S protein was added and mixed
in a mixing block without temperature for 2 h to obtain the S protein biofunctionalized gra-

phene.
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4.2.4 Electrochemical measurements and procedures

All electrochemical measurements were performed at room temperature. First, the surface of
the WE was cleaned by an electrochemical CV treatment in which a potential of -1.0 V to +1.0
V was applied with a potential step of 0.01 V and a scan rate of 0.05 V/s in 0.1 M KCl diluted in
ultrapure water. A 5 mmol/L ferri/ferrocyanide redox probe solution in 10 mL of PBS (0.01
mol/L, pH 7.4) was used as the electrolyte. EIS was performed in open circuit with a sinusoidal
potential perturbation with an amplitude of 0.01 V and 50 data points logarithmically distrib-
uted over a frequency range of 0.1-100000 Hz. The SWV method parameters require a sam-
pling potential of —0.3 to + 0.7 V, with a frequency of 2 Hz and a step height of up to 2.5 mV.
The EIS and SWV determination of the KCl effect was performed by detecting changes in
charge transfer resistance (Rct) and current values compared to the initial unmodified C-SPE,
which is due to the ability of the metal halide salt to remove surface impurities and conse-
quently improve electron transfer. Biographene was drop-casted (15 pL) on the WE of the
cleaned C-SPE and oven dried at 40 °C for 150 min. Then, the surface of the WE was further
incubated with 2x10® mol/L S protein prepared in PBS buffer at room temperature for 60 min.
The electrochemical behavior of the biosensor after modification with graphene biofunction-
alized with S protein and after the subsequent reinforcement with S protein were monitored
by EIS and SWV. Stabilization of biosensors consisted of EIS readings after buffer incubations

until Rct values remained unchanged.

4.2.5 Analytical performance

The analytical performance was first studied in PBS buffer (0.01 mol/L, pH 7.4). The biosensor
was incubated in PBS at room temperature for 30 min until it stabilized. Then, the calibration
curve was established by incubating the biosensor with increasing concentrations (1 pg/mL, 10
pg/mL, 100 pg/mL, 1 ng/mL, 10 ng/mL, 100 ng/mL) of SARS-CoV-2 S protein antibody pre-
pared in PBS buffer, also at room temperature for 30 min. A similar calibration was tested in C-
SPEs modified with nonfunctionalized graphene and with biographene without the additional
S protein recognition layer. These served as controls to compare the electrochemical behavior
under the different conditions. A more complex matrix was then tested, and the analytical per-
formance of the biosensor was evaluated in 1000-fold diluted human serum. The biosensor
was first stabilized with the diluted serum for 30 min at room temperature. Then, the increasing
concentrations (1 pg/mL to 100 ng/mL) of SARS-CoV-2 S protein antibody prepared in diluted

human serum were also incubated in the biosensor for 30 min at room temperature. Selectivity
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assays were performed by testing the response of the biosensor to a solution containing a
mixture of anti-S antibody and anti-nucleocapsid antibody, both at a concentration of 10
pg/mL in PBS buffer. Each condition was evaluated after incubation of the biosensor for 30
min at room temperature. All electrochemical measurements were based on EIS by determin-

ing the variations in Rct values.

4.3 Results and Discussion

4.3.1 Biosensor assembly and characterization

The assembly of the biosensor included an initial surface treatment with KCI to remove any
impurities that might be present in the pristine C-SPEs. Then, ultrasonically exfoliated graphite
biofunctionalized with SARS-CoV-2 S protein was drop-casted on the WE. To ensure higher
antibody recognition capacity of the system, the amount of SARS-CoV-2 S protein was in-
creased by subsequent addition of S protein on the surface of the WE. The electrochemical
response to the different steps of biosensor assembly was monitored by EIS (Figure 4.2A, Figure
4.2B) and SWV (Figure 4.2C, Figure 4.2D).

The electrochemical cleaning procedure with KCI redox cycles resulted in a decrease in Rct
values from about 1093 Q to 419 Q (Figure 4.2B) and an increase in the current from 34.73 pA
in the pristine state to 56.09 pA observed by SWV measurements (Figure 4.2D). This procedure
reduced the potential difference between the peaks of oxidation and reduction, enhancing the
conductivity of the surface and decreasing variability between electrodes, which positively and
directly affects the reproducibility of this work. The addition of the produced biographene has
a double-edged effect, since graphene nanosheets have a very well described ability to in-
crease conductivity in three-electrode systems [268], [269], while the presence of the S protein
distributed between its sheets increases substantially the Rct from 419 Q to 743 Q (Figure 4.2B)
and decreases de current from 56.09 pA to 30.77 pA (Figure 4.2D). The last phase of biosensor
assembly consisted in reinforcing the immobilization of the S protein biorecognition element,
with its binding being confirmed by the significant increase in the Rct to 1046 Q (Figure 4.2B)
and decrease in current to 18.39 pA (Figure 4.2D). The obtained results were expected due to

the large recognition protein that hinders electron transfer on the modified surface of the WE.
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Figure 4.2: Electrochemical data collected during biosensor construction, using EIS (A) Nyquist plot and (B) Rct
values, and SWV (C) graphs and (D) current peaks intensities. Data includes pristine C-SPEs, after cleaning, after
modification with biographene functionalized with S protein, and after adding S protein as biorecognition element.

The electrode surface containing biofunctionalized graphene deposited was analyzed by SEM
(Figure 4.3). The SEM images confirmed the presence of graphene sheets spread all over the
surface. The presence of the protein was not confirmed by using this technique. The sheets are
linked on the surface in a random way improving the overall surface area. This is consistent
with the EIS data, considering the decreasing of the Rct when only graphene is added and the

increasing the resistance caused by the protein.
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Figure 4.3: Analysis by SEM of the WE of pristine C-SPE (A — C) and of the WE after modification with the biofunc-
tionalized graphene containing S protein (D — F).

4.3.2 Analytical performance of the biosensor

The biosensor responded to a range of increasing concentrations of SARS-CoV-2 S protein
antibody diluted in PBS (1 pg/mL to 100 ng/mL), as shown in the Nyquist plots of the EIS
measurements (Figure 4.4A). This response was evaluated in three replicates, and a linear trend
was obtained from 1 pg/mL to 10 ng/mL. Rct values versus the logarithm of antibody concen-
tration showed a slope of 158.07 Q/decade and a squared correlation coefficient of 0.994 (Fig-
ure 4.4B). At the concentration of 100 ng/mL, saturation of the sensor saturation may explain
the lack of response. The replicates were highly reproducible, with RSD values ranging from
4% (minimum) to 11% (maximum), and a LOD of 0.08 pg/mL was obtained.

To evaluate the response of the electrochemical biosensor in a more realistic situation, diluted
human serum was used, which has a complex composition of potentially interfering species.
Increasing concentrations (1 pg/mL to 100 ng/mL) of the SARS-CoV-2 S protein antibody di-
luted in human serum were tested, as shown in the Nyquist plots of the EIS measurements
(Figure 4.4C). This calibration (three replicates) showed similar behavior to the results obtained
in PBS buffer. Here, there was a linear trend for the Rct values against the anti-S protein anti-
body standards (up to 10 ng/mL) prepared in diluted human serum, with a slope of 242.83
Q/decade and a squared correlation coefficient of 0.995 (Figure 4.4D), and LOD of 0.17 pg/mL.
As expected, the LOD was higher in serum than in buffer due to the more complex serum

matrix, which presents difficulties in detecting the biomolecule of interest.
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Figure 4.4: EIS measurements of the calibrations with anti-spike (S) protein antibodies (Ab) (1.0 pg/mL — 100 ng/mL),
as shown in the Nyquist plots (A, C) and the corresponding calibration curves (B, D), obtained in PBS buffer (A, B)

and in diluted human serum (C, D).

The aim of designing the biosensor with an additional S protein layer was to increase the sen-
sitivity. This was confirmed by comparing the performance of the biosensor with C-SPEs pre-
pared with graphene without biofunctionalization and with graphene with biofunctionalization
but without the additional S protein layer under the same conditions. The C-SPE whose WE
was modified with graphene without biofunctionalization did not show a linear response to
increasing concentrations of SARS-CoV-2 S protein antibody diluted in PBS (1 pg/mL to 10
ng/mL) (Figure 4.5A, Figure 4.5B). Regarding the electrode modified with biographene, the
response was linear in the same concentration range (1 pg/mL to 10 ng/mL) (Figure 4.5C, Fig-
ure 4.5D). However, the slope was much lower (68.19 Q/decade) than the one obtained in the
final biosensor when tested in PBS buffer (158.07 Q/decade). These results suggest that the
addition of S protein after biographene on the surface of the WE is a crucial step to guarantee
a highly sensitive biosensor.

There are few reports of electrochemical biosensors based on C-SPEs whose surface was mod-

ified with carbon nanomaterials to detect anti-S protein antibodies. In one study, a functional
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substrate was prepared by electrodeposition of graphene QDs and polyhydroxybutyric acid.
The voltametric signal was followed and showed a correlation between 100 ng/mL and 10
pg/mL anti-S antibodies, and a LOD of 100 ng/mL was obtained [273]. In another approach, a
carbon electrode was modified with reduced graphene oxide in combination with a specific
binding peptide and a LOD of 0.77 ug/mL was determined [274]. Other carbon nanomaterials
such as carboxylated SWCNTs have also been investigated for the development of electro-
chemical biosensors to detect antibodies against SARS-CoV-2 [266]The impedimetric proper-
ties of the biosensor followed by EIS displayed a linear response between 1 pg/mL and 10
ng/mL, with a LOD of approximately 0.7 pg/mL [266].Thus, among the studies that have used
carbon nanomaterials, the current approach is a simple and straightforward approach, capable
of generating accurate data by measuring very low concentrations of SARS-CoV-2 spike anti-

bodies in complex samples, achieving even lower LOD than previous studies in the literature.
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Figure 4.5: EIS analysis of the system with increasing concentrations of anti-spike (S) protein antibodies (Ab) (1.0
pg/mL — 10 ng/mL); (A, C) Nyquist plots and (B, D) Rct values; (A, B) correspond to the biosensor with graphene
without biofunctionalization, and (C, D) correspond to graphene with biofunctionalization but without additional

biorecognition layer of S protein.
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4.3.3 Selectivity assays

To determine the ability of the biosensor to selectivity detect SARS-CoV-2 S protein antibodies
in samples containing multiple compounds, it is necessary to evaluate its response to interfer-
ing species. SARS-CoV-2 nucleocapsid antibodies, which are commonly found in the serum of
SARS-CoV-2 infected patients, were selected to study their effect on biosensor response. To
attain this, a concentration (10 pg/mL) of SARS-CoV-2 nucleocapsid antibody and the same
concentration of a solution containing a mixture of anti-S and anti-nucleocapsid antibodies
were tested. Figure 4.6A shows the Nyquist plots of the carbon electrodes modified with biog-
raphene, evaluated under these conditions. The average percentage deviation upon the direct
readings of anti-S protein antibody produced by anti-N protein antibody was -1.5 % (Figure
4.6B). Overall, these results confirmed that anti-N protein antibody had a negligible interfering
effect upon the anti-S protein antibody response and that the device was selective in the pres-

ence of other antibodies.
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Figure 4.6: Selectivity behaviour of the biosensor for anti-spike (S) protein antibody (10 pg/mL) against anti-nucle-
ocapsid (N) protein antibody (10 pg/mL).

4.3.4 Analytical Applications

As a proof-of-concept, the device was applied to the detection of anti-S protein antibody in a
sample. The first stage of sample analysis was proceeded by a previous calibration in an inde-
pendent sensor. As sample and standards should be well-tuned, the standard solutions were
prepared in buffer. Comparing to the previous calibrations using standard solutions prepared
in electrolyte, it was clear that the use of serum samples had no relevant impact on the bio-

sensor response. Using the calibration curve in the buffer, the concentrations obtained from
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spike samples in buffer yielded the errors ranging from 4% to 11% in different concentration

levels.

4.4 Conclusions

An innovative, highly sensitive electrochemical biosensor for the detection of antibodies
against SARS-CoV-2 was developed. In this work, a cost-effective technology based on me-
chanical exfoliation of graphite was presented to obtain graphene sheets in the presence of
SARS-CoV-2 S protein, making this top-down biographene fabrication strategy simple, fast,
and environmentally friendly. In most studies, the electrode surface is modified to improve the
performance of the biosensor in terms of conductivity and the ability to immobilize the biore-
cognition element, thereby enhancing the sensitivity of detection. The presented strategy
meets these requirements while being much more cost-effective than using other nanomateri-
als such as noble metals to modify the surface of the biosensor. Electrochemical characteriza-
tion showed that the biographene modified electrode, on which an additional layer of S protein
was also immobilized, provided the ideal conditions for monitoring the presence of anti-S pro-
tein antibodies, in both PBS buffer and diluted human serum samples. With this simple design,
a low LOD could be achieved, and the selectivity results are very promising. Overall, the out-
comes of the present study revealed an optimized green strategy to produce protein-assisted
functional biographene substrates. In addition, the biosensor is easier to manufacture and ma-
nipulate than other diagnostic techniques and has the potential to scale its production in a
simple and cost-effective manner to effectively control the spread of SARS-CoV-2 and can be

adapted for other viruses.
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CHAPTER

Dual monitoring of glucose by electrochemical and
optical signals using a molecularly imprinted polymer
with gold nanoparticles

The results presented in this chapter to be submitted. Cardoso, A. R, Frasco, M., Fortunato, E.,
Sales, M. G., Dual monitoring of glucose by electrochemical and optical signals using MIP with

gold nanoparticles.
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5.

DUAL MONITORING OF GLUCOSE BY ELEC-

TROCHEMICAL AND OPTICAL SIGNALS US-

ING A MOLECULARLY IMPRINTED POLYMER
WITH GOLD NANOPARTICLES

5.1 Introduction

Diabetes Mellitus is a chronic metabolic disease that is a major public health problem and its
impact on the global population is expected to increase over time [275]. It is estimated to affect
up to 642 million people by 2040 [276]. Mostly, it is caused by the inability of the pancreas to
contain the huge fluctuations in glucose levels in the blood, leading to many complications,
such as retinopathy leading to blindness, nephropathy leading to kidney failure, peripheral
nerve damage with an increased risk of extremity ulcers (foot), amputation, cardiovascular dis-
ease, or even cancer [46], [47]. To prevent these complications, blood glucose levels must be
controlled, which requires regular/continuous monitoring of blood glucose levels [276]. Since
this is a routine daily event, it is imperative that patients do this themselves with a low-cost,
easy-to-use, and less invasive procedure.

To this end, a number of glucose biosensors have been developed [277] with the first electrode
for monitoring glucose proposed by Clark and Lyons in 1962 [52]. These are mostly based on
the selective oxidation of glucose by glucose oxidase to later detect the decrease of a reactant
or the appearance of a (side) product (eq. 1). Whether in the form of continuous or discrete
monitoring, invasive or non-invasive, the response of enzyme-based detection in common glu-
cose meters used by patients is mainly through electrochemical measurements [56]. However,

optical measurements have also been reported in the literature [278] since the first colorimetric
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sensor was developed in 1965 [279], based on the detection of hydrogen peroxide formed

during the oxidation of glucose by glucose oxidase (GOx).

Glucose + 0, + H,0 ke Gluconic acid + H,0, (eq. 1)
Over time, enzyme-based glucose biosensors have become the most important glucose meters
on the market and have gone through several generations: 1) the first generation, which uses
oxygen as a co-substrate of glucose oxidase and also relies on the formation and release of
H.O,; 2) the second generation, which replaces oxygen with redox mediators that transfer elec-
trons from the enzymatic reaction; 3) and the third generation, which involves direct transfer
of electrons between the enzyme and electrode in the absence of the mediator [280].
However, biosensors based on enzymes have specific drawbacks related to changes in their
activity under different conditions, such as temperature, pH, storage, and specific inhibitors
[58]. Enzyme-free biosensors can improve reliability by eliminating drift caused by enzymatic
degradation [61] These include several studies that use metal catalysts such as Au, Pt, Cu, Ni,
or single polycrystalline metals (Au, Pt, and boron-doped diamond) in solution or in the form
of NPs [60], also called as nanozymes. Nevertheless, these sensors using only non-biological
catalytic materials have the ability to co-oxidise compounds such as ascorbic acid (AA) and uric
acid (UA) in addition to glucose [62].
An important approach to mitigate the limitations of enzymes is to combine MIPs [63] with
enzyme-free catalytic approaches as nanozymes. The MIP materials provide selectivity for the
final analysis by being able to selectively concentrate glucose on the surface of the electrode,
while the enzyme-free catalytic approaches provide a sensitive improvement in the analytical
response obtained. This sensitivity gain can be even greater if conductive polymers are used
to produce the MIP materials when an electrical reading is retrieved from the sensing system.
The use of Au NPs to this end offers the additional advantages of advantages like good bio-
compatibility and unique photoelectron performance [281].
There are several approaches using MIP materials for glucose sensing, some of which include
metal nanoparticles as catalytic elements (Table 5.1). However, none of these approaches de-
scribes the in-situ growth of gold nanoparticles (Au NPs). An additional and very important
result of this approach is the possibility of obtaining a dual detection, electrochemical and
optical, at the same site, which has never been described before (to our knowledge). This con-
tributes to the accuracy of the measurements. Au NPs formed in situ generate a more ordered
distribution of nanoparticles, which allows interrogation of optical measurements in the form

of reflection. This in situ generation of Au NPs also provides higher efficiency of the catalytic
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process and, due to the straightforward approach, is faster and less expensive, requiring fewer
reagents (a few litres) and less time (seconds to a few minutes).

This work describes the preparation of a MIP material for glucose obtained by in situ electro-
polymerization of pyrrole. This is done on a carbon support of screen-printed electrodes con-
taining Au NPs prepared in situ by suitable reduction of gold salt. The conditions for perform-
ing these electrochemical processes were optimized with respect to the presence or not of Au
NPs on the electrode surface at the Py-COOH-MIP production. The best device was character-
ized in terms of its analytical properties, followed by its application in the analysis of human

serum.
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Table 5.1: List of the sensors for glucose detection using MIP-based sensing systems, along with their main analytical features.

Electrochemi-

Functional Mono-

Surface Charac-

cal Method mer/. Nanomaterial/Substrate Linear Range LOD terization Cross- Reactivity testing Ref.
Cross-link
cv VPBA, MBA ITO Electrode Up to 900mg/dl — XPS — [282]
Silicon Qil on a cop- PVA electrodes by XRD; FTIR; SEM;
v per wire MnO,/CuO on GO NPs 0.5 to 4.4mM >3uM EDX; [283]
CV: EIS MAA, MBA, 4-VP Porous Ni foam 10 to 55mM — Raman; SEM; DA, FRU, i':cose’ A 284
LSV; Chrono- | Nafion, APBA, Poly- | CuCo bimetal-coated on | 1.0 uM to 25.0 FE-SEM; EDXS; MAN, LA(.:' UA, AP, DA,
AMP urethane SPCE M 0.65uM YRD- AA, Cysteine, GAL, FRU; [285]
' XYL; SUC, LAA; MAL
ChronAMP VPBA, PBA FET 100 r;;l\;l/lto 4 3.0 uM FTIR; XPS FRU; SUC [286]
CV, DPV, EIS AAM, NNMBA Au-SPE 0.5 to 50 pg/mL | 0.59ug/mL AFM; SEM-EDS LAC, SUC [287]
CV, EIS AAM Porous Ni foam 08to4.0 mM 0.45 mM SEM; XRD AA; FRU; AP [193]
CV, EIS, SWV, . 1.25 nM to 2.56 AFM; SEM; QCM; )
UV-Vis 0-PD, Scopoletin Au NPs M 1.25nM TEM SUC, DA, starch, BSA [288]
0.32uM to 1.0 GAL; DA; MAL; FRU,
CV, EIS pTBA Au NPs/C-SPE M 0.19uM AFM; XPS; QCM LAC, MAN, XYL; RIB, AP; [189]
UA; SUC; AA
UV-Vis APBA Au NPs 2.4 to 30.2 mM — TEM; SEM CHOL, UA [189]

CV: Cyclic Voltammetry; VPBA: 4-vinylphenylboronic acid; MBA: Methylene bisacrylamide; ITO: Indium Tin Oxide; XPS: X-ray Photoelectron Spectroscopy; PVA: Polyvinyl acetate; GO: Graphene
oxide; FTIR: Fourier-Transform Infrared Spectroscopy; SEM: Scanning Electron Microscopy; EDX: Energy-dispersive X-ray spectroscopy; XRD: X-Ray Diffraction; MAA: Methacrylic acid; MBA - N,N'-
Methylene bisacrylamide; 4-VP: 4-vinyl pyridine; EIS: Electrochemical Impedance Spectroscopy; DA: Dopamine; AA: Ascorbic acid; AP: Acetamidophenol; APBA: Aminophenyl Boronic Acid; UA: Uric
Acid; FE-SEM: Field Emission Scanning Electron Microscope; EDXS: Energy-dispersive X-ray spectroscopy; LSV: Linear Sweep Voltammetry; DPSV: Differential Pulse Stripping Voltammetry; TEM:
Transmission Electron Microscopy; AFM: Atomic Force Microscope; Au NPs: Gold Nanoparticles; Au-SPE: Gold-Screen Printed Electrode; AAM/NNMBA: Acrylamide/Bis-Acrylamide; C-SPE: Carbon
Screen Printed Electrode; pTBA: Benzoic acid-functionalized poly(terthiophene); GAL: Galactose; QCM: Quartz Crystal Microbalance; BSA: Bovine Serum Albumin; SWV: Square Wave Voltammetry ;
o0-PD: Ortho-phenylenediamine; FET: Field-effect transistor; FRU: Fructose; CHOL: Cholesterol; NPs: Nanoparticles; PBA: Phenylboronic acid; Py: Pyrrole; DPV: Differential Pulse Voltammetry; G:
Graphene; PSS: Poly (styrene sulfonate); TMB: Tetramethylbenzidine; EGDMA: Ethylene glycol dimethacrylate;; MAN: Mannose; LAC: Lactose; SUC: Sucrose; MAL: Maltose; RIB: ribose; XYL: Xylose;

ChronAMP: Chronoamperometry.
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5.2 Experimental Section

5.2.1 Reagents and Solutions

High purity Milli-Q laboratory grade water (conductivity <0.1uS/cm) was used in this work.
Chemical reagents used include Potassium hexacyanoferrate (Il) 3-hydrate (Ks[Fe(CN)e].3H20)
was acquired from Panreac and potassium ferricyanide () (K3[Fe(CN)e]) was obtained from
Carlo Erba; Phosphate buffer salt solution (PBS), purchased from Riedel-de Haeen; pyrrole (Py)
and pyrrole-2-carboxylic acid 99% (Py-COOH), purchased from Alfa Aesar; tetrachloroauric acid
(HAuCl4.H,0), sulfuric acid (H.SO4) and glucose, purchased from Sigma Aldrich and urea, pur-
chased from Sigma Aldrich.

All solutions were prepared in ultrapure water. 0.05 M H,SO4 was used to electrochemical
cleaning of the carbon devices. A 0.1 mg/mL HAuCl4 solution was prepared in ultrapure water.
The MIP solution contained 1.0x 10 M of Glucose, 1.0x10° M of Pyrrol-2-Carboxylic acid (Py-
COOH) and 1.0x10 M Pyrrol (Py) prepared in 0.10M PBS (pH 7.4). The NIP solution contained
1.0x 10 M Py-COOH and 1.0x10* M of Pyrrole prepared in 0.10M PBS (pH 7.4). The standard
solutions of glucose were prepared in 0.10 M PBS (pH 7.4). The changes in the electrical prop-
erties other electrode were followed with a solution of 5.0x10° M Ks[Fe(CN)s] and 5.0x10°>M
Ks[Fe(CN)¢]) prepared in 0.10 M PBS.

5.2.2 Apparatus

Electrochemical measurements were performed using a PalmSense4 potentiostat/galvanostat
controlled by PSTrace 5.3 software. All electrochemical assays were made in triplicate. C-SPE
were purchased from Metrohm/DropSense. All devices were connected in a switch box from
PalmSense to perform electrochemical assays. Optical assays were performed using a potenti-
ostat/galvanostat from Metrohm. Optical assays were performed with a reflection fibre probe
(fibre diameter of 200 um, Dropsens), using a deuterium-halogen light source connected to a
spectrophotometer (wavelength range of 200-1100 nm, Metrohm, AG). As a reference surface,
a diffuse reflectance standard was used, and reflectance was collected at normal incidence. The
size and morphology of Au NP nanoparticles were studied by SEM on FEI Quanta 400FEG
ESEM/EDAX PEGASUS X4M instruments.
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5.2.3 Assembly of the glucose sensor material

Figure 5.1 shows a schematic representation of the glucose biosensor on the carbon working
electrode of the C-SPEs. The setup was performed in several steps: (A) WE was cleaned by
electrochemical treatment (0.05M H,SOs), scanning between -0.10V and 1.50V during 5 cycles
at a scan rate of 0.05V/s; (B) electrochemical fabrication of Au NPs by chronoamperometry at
-1.5V for 600s; (C) preparation of MIP layer by bulk imprinting in a solution containing glucose,
Py and Py-COOH in PBS solution (the NIP only contained Py and Py-COOH in PBS) by CV in
the potential range between -0.20V and +0.85V (vs. Ag/AgCl) at a scan rate of 0.10 V/s; (D)
removal of template, incubation in WE with ultrapure water during 1h. Each modification was

followed by electrochemical and optical techniques.

O AuNP

| Glucose
4? Py-COOH
# Py

Figure 5.1: Schematic representation of the MIP sensor for glucose detection and different modifications on the
working electrode. (A) After Cleaning the surface; (B) Electrodeposition of Au NP; (C) Electropolymerization of MIP

sensing layer; (D) Removal of the glucose with water.

5.2.4 Electrochemical Procedures

CV was performed by scanning potentials from -0.3 to +0.7 V at a scan rate of 50 mV/s. EIS
measurements were performed using an open-circuit sinusoidal potential perturbation with an
amplitude of 0.01 V and 50 data points distributed logarithmically over a frequency range of
10-0.01 Hz. The EIS data were fitted to a Randles equivalent circuit using PalmSens software
and analysed using Nyquist plots showing the frequency response of the electrode-electrolyte
system and the area plot of the imaginary component (Z") of the impedance versus the real

component (Z'). The diameter of the semicircle obtained in the EIS was considered as the
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charge transfer resistance (Rct) [289]. SWV was also used to track the modifications of the MIP
assembly by scanning from -0.3 to +0.7 V at a scan rate of 20 mV/s. SWV is a fast and sensitive
approach compared to the previous tests and provides large currents, thus increasing the ac-
curacy [290].

Electrochemical measurements of the novel glucose-MIP film were followed by CV, EIS, and
SWV measurements using a redox probe solution of 5.0x107 M [Fe(CN)¢]*” and 5.0x107> M
[Fe(CN)s]*” in 0.01M PBS (pH 7.4). Calibration curves were followed by EIS with standard solu-
tions of glucose in 0.01M PBS (pH 7.4) ranging from 1x10® to 1x107 M. Direct measurements
of glucose were made by chronoamperometry at 0.2V/s for 100s for each standard solution.
The LOD was calculated as x+3a, where x is the average value of EIS blank signals (obtained in
the absence of glucose) and o is the known standard deviation of consecutive EIS blank signal
measurements [229].

Selectivity studies used a MIP technology for glucose and various analytes that may be present
in serum samples. In these experiments, three independent devices was tested with AA. Direct
electrochemical measurements were evaluated to achieve analytical performance with the

same concentration range as direct detection of glucose.

5.2.5 Direct Detection for Glucose

All amperometric measurements were performed at room temperature with constant stirring.
Increasing concentrations of glucose were obtained by adding 5 to 1500 uL of an aqueous
solution of 0.1 mol/L glucose to a 10 mL beaker containing 5 mL of 1.0x 107 mol/L of a suitable
buffer of fixed pH and ionic strength. The potentials of the stirred glucose solutions were meas-
ured at room temperature by chronoamperometry at +0.2 V for 100 s for each standard solu-

tion.

5.3 Results and Discussion

Prior to the preparation of Au NPs on the carbon electrode, the C-SPEs were pre-treated by
electrochemical cleaning with H,SOa4. This pre-treatment step had several advantages, such as
reducing electrode variability, increasing the reproducibility of different electrodes from the
same commercial batch, and increasing the reproducibility of the resulting biosensors. Before
proceeding with each electrode, the stability was confirmed by consecutive incubation and

reading of buffer, until a stable signal was achieved.
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5.3.1 Production and impact of Au NPs

While there are several chemical methods for producing Au NP that can control size and shape,
electrochemical techniques may offer here some advantages [291]. The main advantages in-
clude ease of anchoring to the surface, speed, and the fact that no chemical or binding agents
are required [292].In addition, the volume of solutions used for electrochemical fabrication of
Au NPs is very small, which means that the waste of reagents is low. Therefore, these Au NPs
are more environmentally friendly than those produced by chemical techniques. The in-situ
electrochemical growth also allows a more homogeneous distribution of the particles on the
surface of the electrode.

Au NPs were prepared using a solution of tetrachloric acid in ultrapure water poured onto the
3-electrode system (using stirring and the use of nitrogen improved the reproducibility) by
subjecting the working electrode to a constant potential for several minutes. The Au NPs
formed in this way were visible to the naked eye as the surface of the working electrode glowed
golden (Figure 5.2 a, left). The electrochemical data confirmed this by changing the spectra of
the original electrode by decreasing the Rct or increasing the current of the standard iron redox
probe (Figure 5.2 b-c,d). In terms of sensitivity, EIS was the most sensitive method to confirm
the presence of gold. The Rct was ~77 times lower than the original value, while the current
increase of SWV was ~2 times and the increase of CV currents of oxidation and reduction peaks

was ~1 and 1 times, respectively.
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Figure 5.2: Electrochemical data after cleaning and after electrodeposition of Au NPs (a), using CV(b), EIS (c) and
SWV (d).

SEM analyses were performed to characterise Au NPs prepared for different deposition times:
100s (Figure 5.3 B), 300 (Figure 5.3 C), 600s (Figure 5.3 D). These were compared to a control,
which was the carbon electrode before gold deposition (Figure 5.3 A). The Au NPs were iden-
tified by the bright spots on the images (which reflected more electrons than the carbon back-
ground). These bright spots were not present in the control sample, confirming that they signal
the presence of Au NPs (Figure 5.3 A1, B1, C1, D1). The number of Au NPs on the surface of
the electrode increased with the duration of electrodeposition, as more time was available for
nanoparticle production. The nanoparticles were homogeneously distributed on the electrode
surface and exhibited small, almost hemispherical Au NPs. Overall, the best condition was the
one produced after 600s electrodeposition, since the electrical gains obtained during the elec-

trochemical reaction were relevant.
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Figure 5.3: SEM images of the C-SPEs having Au NPs generated in situ by means of different electrodeposition times
(A) Control (B)100s; (C) 300; (D) 600s; and (A1, B1, C1; D1) SEM figures with Backscattered electrons (BSEs).

Thus, the electrochemical behaviour of individual glucose solutions from -1.0V to 1.0V, in PBS
medium, on electrodes with and without Au NPs, was evaluated by CV assays and shown in
Figure 5.4. Overall, it was clear that glucose was not oxidised when the scan was performed
from -1.0 to +1.0 V on carbon electrodes, but an oxidative current was detected after +0.85 V
when the carbon electrodes contained Au NPs, indicating that glucose was oxidised in the
presence of the Au NPs under milder conditions. Moreover, the current values increased more
than 5-fold when the Au NPs were present.

-+« Pyrrol —Glucose

300

| b)

125 -

I(pA)

0.0 1.0 : 0.0 1.0
Potential (V) Potential (V)

Figure 5.4: Voltammograms of Py and glucose solutions prepared in PBS with (a) and with (b) without Au NPs.

5.3.2 Fabrication of the sensing layer

The MIP production started by selecting the electrochemical conditions that ensured the for-

mation of a suitable polymeric layer using Py and Py-COOH. Py was the main monomer used
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to assemble the polymeric network, displaying excellent electrical properties, displaying good
conductivity [293], [294]. In addition, poly(Py) has good biocompatibility which is well tuned
with the production of MIPs for biological molecules [295], [296]. Moreover, literature data
confirms that Poly(Py) has been produced on surfaces containing noble metals, like gold [297].
When present, Py-COOH is added in a smaller amount, together with glucose to form a stable
complex, aiming to improve glucose binding by means of hydrogen bridges between glucose
and the carboxyl group. This is expected to increase sensitivity and selectivity, as observed
before in an approach called SPAM[298]. In terms of polymerization approach, “bulk” imprint-
ing was used by mixing all components and undergoing polymerization at the electrode sur-
face. This is a simple and effective procedure for a small molecule as glucose.

This study was done with electrodes having or not Au NPs, produced as described before, to
monitor accurately the impact of these nanoparticles upon the glucose detection by MIP bind-
ing (Figure 5.5). Accordingly, the potential required to promote the oxidation of Py (and there-
fore create conditions for the formation of a polymeric network) was lower when Au NPs were
present Figure 5.4. Still, the potential selected for polymerization of Py in the presence of glu-
cose had to ensure that glucose was not oxidized at the same time, or else it would be irre-
versibly entrapped in the polymeric network and the imprinting would be technically impossi-
ble because glucose would no longer exist (as it would be partially in the form of gluconic acid.
The potential range used to produce the polymer was of -0.2V to +0.85V, and this was repeated
for 5 cycles, when Au NPs were present. In the absence of Au NPs, the CV was scanned from -
0.2 to +0.93 V, for 5 cycles. The effect of the presence of Py-COOH in the polymerization pro-
cess was also analysed by checking the response with and without this monomer, having the
polymerization conducted under the same conditions (as Py, having or not Au NPs). To this
end, Py-COOH was mixed with glucose for 2h to allow hydrogen bound formation between

glucose and the carboxylate group.
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Figure 5.5: Schematic representation the several optimizations.

The final step in all strategies involved removing the template from polymeric film. This was
made by incubating ultrapure water in working electrode at 1h, ensuring that glucose would
display high solubility on it. In general, each modification on surface was followed with three
electrochemical CV, EIS, and SWV features in two MIPs and NIP (with and without gold nano-
particles) are compared, also was analyse the analytical performance for both strategies and
chose the best condition.

The resulting CV, EIS and SWV data is shown in Figure S5 of C-SPEs/MIP-Py-COOH and C-
SPEs/NIP-Py-COOH films without Au NPs. Overall, the CV (Figure 5.6 a1 and a2) profiles given
by the iron redox probe of the polymeric film (MIP or NIP) confirmed the presence of a highly
blocked surface. The redox peaks of the iron probe at the SPEs had a higher decreasing and
higher separation of peak-to-peak potential separation, after growing the polymeric layer. The
results in EIS (Figure 5.6 b1 and b2) and SWV (Figure 5.6 c1 and c2) were consistent with these
observations.

Comparing MIP and NIP, the Rct increased more evidently in the MIP film. However, in the
other electrochemical techniques, CV (Figure 5.6 a) and SWV (Figure 5.6 c) showed a slightly
difference between them. Also, after the removal the template from the polymeric layer. In
general, comparing the electrochemical CV, EIS and SWV features of MIPs (Figure 5.6 - 1) and
NIPs (Figure 5.6- 2) before and after glucose removal, presented in NIPs films, has a significantly

changes were observed before and after ultrapure water action, also in the MIP material had
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higher modification, especially in EIS, decreasing the Rct value. Overall, these results confirmed
the ineffective removal of glucose from the MIP films and the instability of the PolyPyrrol film
when exposed to ultrapure water incubation. After the assembly of MIP and NIP devices was
tested the analytical performance incubating on working electrode, several glucose standard

solutions of increasing concentrations by following the EIS electrical features of a standard iron

redox probe after each incubation.
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Figure 5.6: Electrochemical measurements of CV (a), EIS (b) and SWV (c) in 5.0x10 M [Fe(CN) ]** and 5.0x103 M
[Fe(CN)e]* solution, prepared in PBS, of the NIP (1) and MIP (2) films (without Au NPs/MIP-Py-COOH), at the several

steps of the biosensor assembly.

For this purpose, a drop of glucose standard solution was incubated stand there for a 30-
minute rebinding period. The Figure 5.7 represented the random behaviour on MIP (Figure 5.7
a) and NIP (Figure 5.7 b) when increasing the concentrations of glucose. The Figure 5.7 c and

d corresponding the calibration curves and showed as well the random and not response to

the sensors of Rct against logarithm (glucose concentration).
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Figure 5.7: Nyquist plots of (a) MIP and (b) in NIP sensors (C-SPEs/without Au NPs/MIP-Py-COOH) in 5.0x103 M
[Fe(CN)g]*- and 5.0x1073 M [Fe(CN)g]*, after incubation in standard solutions of glucose of increasing concentrations,

prepared in PBS buffer, and the corresponding calibration curves (c and d).

Regarding, the second approach was electrodeposited the gold nanoparticles on top the sur-
face and each modification was followed by CV, EIS and SWV (Figure 5.8). After pre-cleaning
the surface, was electrodeposition in situ gold nanoparticles. The data showed higher average
CV peak current, (Figure 5.8 a) attained in the previous cleaning stage. The current of the ca-
thodic peak after cleaning was ~94.38pA lower than after electrodeposition of Au NPs was
~147.83pA (Figure 5.8 d). The Rct in EIS (Figure 5.8 b) became negligible, thereby confirming
the enhanced electrical features of the sensing surface ~12.98Q. The SWV data was consistent
with the previous observations, displaying a current increase and showed ~61.69uA. The next
step was producing the MIP film by electropolymerization Pyrrol by CV at -0.2V to +0.85V at
5cycles in presence of template glucose. The negative control (NIP) was shaped similarly, how-

ever, in absence of glucose.
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Overall, the presence of polymeric film showed a current decreasing in CV (Figure 5.8 a) and
SWV (Figure 5.8 ¢) measure because poly(pyrrol) signalled the surface are blocked. Besides the
pyrrole represent a polymer with a higher conductivity, this property depends of the pH effect
and electrolyte [298]. The results in EIS spectra (Figure 5.8 b) are consistent with these obser-
vations.

The decreasing of current is more evident in the MIP, which signalled the presence of glucose
(Figure 3a), hindering the occurrence of redox reaction, which cause this reduction of the cur-
rent. The current of cathodic peak of MIP device was of~71.6uA, lower than NIP ~82.73uA
(Figure 3d), although observe that both materials had a similar CV profile, due the small size
of molecule. The Rct in EIS technique (Figure 5.8 b), increased more evidently in the MIP device
at ~1283Q compared with NIP at ~860.3Q (Figure 5.8 e) and consistently SWV measurement
(Figure 5.8 f) the decreasing was more significant in MIP layers at ~23.31 pA than NIP at
~29.23pA.

After the polymerization stage, the electrodes were incubated in ultrapure water for 1h. Ul-
trapure water was selected because glucose is highly soluble in water, thereby being easily
extracted from the polymeric network by simple dissolution. Selecting water also prevent en-
sured the integrity of the polymer. Overall, in the NIPs films, in terms of CV profile, had few
increasing the current at~87.4pA compared with MIP at ~92.34pA (Figure 5.8 d), besides that,
in EIS spectra, the NIP showed decrease at~625.1Q than MIP device presented highest de-
crease at ~ 536.1Q (Figure 5.8 e), and SWV data is consistent with the other measures (Figure
5.8 f), in MIP had a highest increase at ~37uA comparing with NIP ~33pA. Overall, these results
confirmed the effective removal of glucose from the MIP films and the stability of the poly(Py)
film when exposed to ultrapure water, when used the Au NPs, increasing the superficial area,

increasing the sensibility.
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Figure 5.8: Electrochemical data upon the biosensor construction, using CV (a), EIS (b) and SWV (c) measurements.
Data includes after cleaning the surface, after electrodeposition of Au NPs, Electropolymerization of MIP film (with
Py and Py-COOH) and removal of the template. Graphics (d) and (f) show the current peak’s intensity, and graphic
(e) presents the Rct values with the respective error bars, highlighting the reproducibility of three independent

devices.

5.3.3 Electrochemical analytical performance

The analytical performance of the device was evaluated by incubating a standard glucose so-
lution on the MIP for 30 minutes, then washing it out and replacing it with the standard iron
redox probe to extract the corresponding Nyquist plot (Figure 5.9 b). This procedure was re-
peated sequentially for increasing concentrations of glucose after doing so with buffer the
required number of times until the signal was stable.

The linear response was observed from 1.0 uM to 1.0 mM (0.02 to 18.02 mg/dL), plotting Rct
against logarithm (glucose concentration). The average slope of 3-independent readings was
73.9 Q/decade (Figure 5.9 d), with a maximum standard deviation of 3.4% and an LOD of 0.15
MM (3 pg/dL). The calibration curves showed squared correlation coefficients >0.99, confirming
the excellent quality of the linear response. The reproducibility was also excellent, considering

that the RSD values ranged from 1.37% (minimum) to 3.2% (maximum) within the linear re-

sponse range.
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The same approach of calibration was used for the NIP to understand the ability of the im-
printed sites on the electrode surface to bind glucose (Figure 5.9 a). The random response of
the NIP against increasing glucose concentrations confirmed that the electrochemical response

of the MIP was being dominated by the imprinted binding sites and that non-specific binding

to the poly(Py) was negligible (Figure 5.9 c).
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Figure 5.9: Calibration curves of the biosensors C-SPEs/Au NPs/MIP-NIP-Py-COOH, with EIS measurements of NIP
devices and (c) the corresponding calibration curves; (b) EIS measurements of MIP devices and the corresponding
calibration curves (d), obtained in 5.0 x 103 M [Fe(CN)¢]*- and 5.0 x 1073 M [Fe(CN)g]*" solution prepared in PBS
buffer.
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5.3.4 Optical analytical performance

The ability of the biosensor to provide quantitative data in terms of optical response was also
investigated, taking into account the presence of AuNPs on the surface and the possibility of
producing an organized reflection on the surface that can be altered by the presence of glu-
cose [299].

To understand the feasibility of this approach, the reflectance spectra were collected for each
step of the biosensor construction (Figure 5.10). As expected, the presence of the Au NPs sig-
nificantly increased the total surface reflectance compared to the carbon substrate. The pres-
ence of the polymer on this substrate (C-SPE/Au NPs/MIP-glucose and C-SPE/Au NPs/NIP)
reversed this tendency and decreased the observed reflectance. The reduction was more pro-
nounced with MIP, suggesting that the presence of glucose affects surface reflectance. This
was confirmed when the extraction of glucose from the imprinted polymer to produce the C-
SPE/AuNPs/MIP sensing partially restored the reflectance values of the C-SPE/Au NPs (Figure
5.10 a). The effect of glucose on the reflectance signal was also demonstrated by the C-
SPE/AuNPs/NIP control conditions, whose reflectance value did not change significantly after

the final template removal step (Figure 5.10 b).
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Figure 5.10: Reflectance spectra collected at each step of modification of the C-SPEs to produce C-SPEs/AuNPs/MIP-
Py-COOH (a) and C-SPEs/Au NPs/NIP-Py-COOH (b) films.

To verify the concept, analytical performance was evaluated by successively incubating glucose
standard solutions with increasing concentration and checking the obtained reflectance spec-
tra (Figure 5.11 a). The reflectance signal decreased with increasing glucose concentration. The
spectra were analysed using the area under the curve of the measured signals and a linear
trend as a function of glucose concentration was obtained (Figure 5.11 b). This was already

expected considering the results of the biosensor assembly. Glucose may contribute to block
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both the radiation hitting the AuNPs at the underlying surface and the radiation that could be

reflected from the nanoparticles.
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Figure 5.11: Reflectance spectra obtained from C-SPEs/Au NPs/MIP-Py-COOH after incubation with glucose stand-

ard solutions of increasing concentration prepared in PBS buffer (a) and the corresponding calibration curve (b).

5.3.5 Direct electrochemical readings of glucose

The direct reading of glucose was tried out by chronoamperometry, aiming to avoid the need
to add a redox probe when conducting quantitative measures with the devices C-SPs/Au
NPs/MIP. Chronoamperometry was conducted at +0.2V, because Au NPs were present at the
surface. They catalysed the oxidation of glucose, thereby decreasing the required potential to
undergo this oxidation (without Au NPs no current signals would be generated in this potential,
as may be seen in Figure 5.12.

The typical data obtained is shown in Figure 5.13 in specific time t=20s.The calibration curves
showed a higher sensitivity using a MIP technology in different times points in chronoam-

perometry in Figure 5.13b.
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Figure 5.12: Chronoamperometric data (a) of direct readings of glucose (1) on the C-SPEs/MIP-Py-COOH film and
(2) on the C-SPEs/Au NPs/MIP-Py-COOH film, along with the corresponding representative calibration curves in
t=20s (b).
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Figure 5.13: Chronoamperometric data (a) of direct readings of glucose on the C-SPEs/MIP-Py-COOH film with the
corresponding representative calibration curves (b) in different time points: Os (b1); 20s (b2) and 100s (b3).

The importance of the presence of the MIP upon the electrochemical readings was confirmed
by checking the response of glucose directly on a substrate without MIP (C-SPEs/Au NPs). As
may be seen in Figure 5.13 a, the maximum current intensity observed was ~3x greater than
in a device containing the MIP, because the conductivity of the sensing area was being blocked
by the polymer. Yet, one must consider that there is no discrimination for a selective glucose
oxidation under the selected potential, as other compounds being able to undergo an oxida-
tion at the same potential would be also producing current signals.

Thus, the capacity of the MIP to selectively discriminate glucose from other compounds was
checked by evaluating the response of the C-SPEs/Au NPs/MIP against AA standard solutions,
because AA is well-known interfering compound in glucose readings. In this study, AA solu-
tions were prepared in the same concentrations as those assessed for glucose, ranging from
1.14 to 37.5 mM. The results obtained are shown in Figure 5.14, which evidence a random
response. The maximum initial current levels were also ~4x less than those in a direct glucose
reading, meaning that AA is being excluded from the polymeric network, becoming too distant
from the Au NPs to be efficiently oxidized. It is important to note that the AA levels in serum
normally range 0.4 to 1.7 mg/dL (22 to 85 puM), which is much lower than the concentration
tested, meaning that the interference of AA in real serum analysis is negligible.

Overall, the analytical data generated by chronoamperometry indicates a linear trend of current

against concentration, from 1 to ~40 mM for a direct glucose reading. This makes clear that
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the use of a redox probe enhances the capacity of the same electrode in terms of detection
ability and sensitivity. With using EIS and a redox probe, the C-SPEs/Au NPs/MIP is able to
reach ~1000x less glucose, over a wider concentration range, as linear responses ranged 1 to
1000 uM. Having in mind that a sample dilution is always conducted to ensure that the sample
contains similar electrolyte content in terms of pH and ionic strength, the use of a redox probe
seems more adequate. The normal fasting blood glucose level range between 70 mg/dL (3.9
mM) and 100 mg/dL (5.6 mM), meaning that the levels of sample dilution permitted by this
reading approach are much higher.
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Figure 5.14: Chronoamperometric data (a) of direct readings of (1) AA on the C-SPEs/Au NPs/MIP-Py-COOH film
along with the corresponding representative calibration curves in t=20s (b).

5.3.6 Analytical Performance in human sera

The electrode C-SPEs/Au NPs/MIP was evaluated in glucose standard solutions prepared in
buffer and diluted human sera (1:1000), to assess the capacity of the system to undergo accu-
rate analysis of real samples. All assays were evaluated in triplicate and a typical Nyquist plot
so obtained is represented in Figure 5.15. Considering the sensitivity of the signals obtained, it
is apparent that the slope is greater when diluted human serum solutions were used, compared

to buffered solutions, however relative data shows otherwise.
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Figure 5.15: Calibration curves of the biosensors C-SPEs/Au NPs/MIP-NIP-Py-COOH, with (a) EIS measurements of
NIP devices and (c) the corresponding calibration curves; (b) EIS measurements of MIP devices and the correspond-
ing calibration curves (d) in serum 1000x diluted. Readings obtained in 5.0 x 1073 M [Fe(CN)g?*" and 5.0 x 107 M
[Fe(CN)g]* solution prepared in PBS buffer, after incubation in increasing concentrations of glucose standard solu-

tions.

Calibrations plotting the ratio 'standard solution Rct/blank Rct’ have similar trend in buffered
standard solutions and buffered standard solutions containing diluted serum, meaning that
the analytical sensitivity was similar (Figure 5.16). The limit of detection (LOD) calculated upon
the Nyquist plots obtained was 0.11uM, and the linear trend indicates that the biosensor can
be used to analyse human sera from 1000uM to 1000 mM. As control purposes, the response
of the NIP to this diluted serum solutions was also evaluated, and a random response was
observed, thereby confirming the critical role of the MIP on the working electrode.

As there is glucose in the original human serum used to dilute the buffered standard solutions,
the blank sample is always generating a high background signal, according to the concentra-

tion present in this diluted serum solution.
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Figure 5.16: Calibration curves of the biosensors C-SPEs/Au NPs/MIP-NIP-Py-COOH, with EIS measurements in
buffer (a) and serum (b) and the corresponding calibration curves with relative values (c) in buffer and (d) serum
1000x diluted. Readings obtained in 5.0 x 1073 M [Fe(CN)g]*~ and 5.0 x 1073 M [Fe(CN)g]* solution prepared in PBS
buffer, after incubation in increasing concentrations of glucose standard solutions in different medium (buffer and

serum).

5.4 Conclusions

This work demonstrates the successful development of a simple, innovative, highly sensitive
and selective MIP material for the detection of glucose on a carbon substrate modified with
Au NPs. This simple construction involves all stages assembled in-situ, with great advantages
in terms of the catalytic effect of the Au NPs upon the oxidation of glucose. This was confirmed
and optimized by selecting the best conditions to generate in-situ the nanoparticles, improving
the sensibility and the MIP technology improves the selectivity of the sensor. The impact of

nanomaterial electrodeposited on the sensor performance was proved by studying without
this metal and could not detect glucose with linear trend. The C-SPE/Au NPs/MIP/Py-COOH

sensor showed a selectivity toward the target molecule.
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Overall, this electrochemical biosensor can be used with dual detection optical and electro-

chemistry with a good sensitivity.
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Catalytic MIP
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CATALYTIC MIP

6.1 Introduction

Recently, the combination of NANOZYMES and MIP technology has evidenced several ad-
vantages for increasing the selectivity of the analytical response. A MIP sensing material is a
valuable approach for the spatial recognition involved in the enzyme interaction with the sub-
strate. These materials are host-tailored polymers, where a given target analyte acts as a mould
when a polymeric network forms around it, as mentioned in the Chapter 2. The exit of the
analyte from this matrix reveals imprinted positions that display complementary shape to the
moulded compound. The target analyte may therefore rebind to such positions later, as a nat-
ural antibody binds to its target compound, allowing both electrical or optical readout of this
rebinding event [300]-[303]. MIP materials are typically produced by radical polymerization,
from which electrochemically driven polymerizations have been found attractive [304]. Electro-
polymerization allows a greater control over the growing polymer while also being suitable for
scaling-up processes.

Thus, this specific work aims to generate novel artificial enzymatic materials combining cata-

lytic activity and spatial recognition abilities by merging MIP with nanozyme technologies. Such
artificial enzyme materials make use of (i) the ability of MIP materials to establish a spatial
recognition of the substrate, as in natural enzymes, and combine this with (ii) nanozymes, in-
troducing catalytic properties at the "active site” where recognition takes place. The idea is
applied as proof of concept to generate innovative enzyme-free sensing devices for diabetes.
The innovative enzyme-free sensor is tailored for glucose sensing, as a worldwide need in dia-
betes control. This includes (i) preparing an artificial material acting like GOx; (ii) applying it to
prepare a suitable electrochemical sensor (competitive with the current commercial glucose

meters).
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The catalytic-MIP material is set-up on a conductive material, using carbon SPEs. SPEs are sim-
ilar to glucose-strips, allowing the use of a small sample drop (~15-microl). Its production
requires a three-stage development, as selecting amino acids to which the key biomarkers hold
great affinity; selecting suitable catalytic materials for the electron transfer; and selecting a
suitable MIP composition.

Natural enzymes display great affinity for a given target compound, due to specific amino acids
strategically placed at the active site. The sidechains of these amino acids are greatly respon-
sible for such affinity. Thus, the first assays shall identify the sidechains that need to be intro-
duced at the synthetic process for assembling the MIP. These must be part of an aromatic-
based compound, as common electropolymerization processes involve aromatic-rings.
Regarding glucose, a synthetic GOx material is meant. GOx catalyses D-glucose oxidation, lead-
ing to gluconic acid[305]. The redox-active site of the enzyme contains three main residues,

His516/His559/Glu412[306] (Figure 6.1), close to Flavin Adenine Dinucleotide (FAD).

Figure 6.1 The three main residues of active site of the enzyme.

Thus, affinity tests are made between glucose and different aromatic-based compounds con-
taining the sidechains of the amino acids present at the active site of the enzyme. The most
suitable combination for each side chain (Glutamic acid and Histidine) is defined by monitoring
the direct affinity of glucose to the resulting electropolymerised material on the SPEs with car-

bon-supports. Regarding the catalytic materials involved in the electron transfer, metal
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nanoparticles and/or FAD derivatives are included within the artificial rebinding site. FAD de-
rivatives contain Flavin/Isoalloxazin ring, which is the chemical part of the co-factor responsible
for electron transfer [307].

The assembly of the MIP material for glucose is made with aromatic-based monomeric mate-
rials capable of electropolymerizing under mild conditions and low potentials (Figure 6.2). The
monomers used for this purpose were tested in MIP assembly, showing excellent features in
terms of stability [308], [309]. The best conditions of electrical-based polymerization are opti-
mized for each monomer (p.e., chronoamperometry or CV; scan-rate and/or potential-range;
medium composition, its pH and ionic strength). The rebinding of glucose is checked under
optimum conditions. The final assembly is characterized in terms of analytical performance.
This includes linear working range, LOD, sensitivity, cross-reactivity (with competitive assays of
concurrent compounds in serum/blood), repeatability and reproducibility, long term stability

and storage requirements.
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Figure 6.2: Scheme for assembly of the Catalytic MIP for glucose.
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6.2 Experimental Section

Monomers used for this purpose are those tested in MIP assemblies and monomers used in

MIP for glucose (previously mentioned in Chapter 5). This work is ongoing.

6.2.1 Reagents and Solutions

All chemicals were of analytical grade and ultrapure Milli-Q water laboratory grade (conduc-
tivity <0.1 uS/cm) was used in this work. Chemical reagents used include potassium hexacy-
anoferrate Il (Ks[Fe(CN)e]) from Carlo Erba; potassium hexacyanoferrate Il (Ks[Fe(CN)g]) trihy-
drate from Panreac; PBS, 0.01 mol/L, pH 7.4), glucose, N-(4-Aminobenzoyl)-L-glutamic acid
and Benzoyl-/histidine monohydrate were purchased from Sigma-Aldrich; Pyrrole (Py) pur-
chased from Alfa Aesar; FAD was purchased from ThermoFisher Scientific. Potassium Chloride
(KCI) was purchased from Honeywell Fluka. All solutions were prepared in ultrapure water. 0.1M
KCl was used to electrochemical cleaning of the surface. The MIP solution contained 100mM
of glucose, 5mM of Benzoyl- /histidine monohydrate, 5mM of N-(4-Aminobenzoyl)-L-glutamic
acid, 10 mM of FAD and 1TmM of Py prepared in 10 mM PBS (pH 7.4). The NIP solution con-
tained 5 mM of Benzoyl-/thistidine monohydrate, 5mM of A-(4-Aminobenzoyl)-L-glutamic
acid, 10 mM of FAD and 1 mM of pyrrole prepared in 10 mM PBS (pH 7.4). The standard solu-
tions of glucose were prepared in 10 mM PBS (pH 7.4). The electrical changes after cleaning
process on the electrode were followed with a solution of 5.0x10°M Ks [Fe(CN)s] and 5.0x 10"

3M K4 [Fe(CN)¢]) prepared in 10 mM PBS.

6.2.2 Apparatus

Electrochemical measurements were performed using a PalmSens4 potentiostat/galvanostat
controlled by PSTrace 5.8 software. Commercial carbon SPEs (C-SPEs) from Metrohm DropSens
(DRP-110) were used. These contain a three-electrode system, including: (a) a carbon counter
electrode, (b) a silver RE, and (c) a 4 mm diameter carbon WE. The C-SPEs were connected to

a PalmSens switch box that allows connection to the potentiostat.

6.2.3 Electrochemical measurements

The analytical performance of the novel glucose-MIP was followed by CV -0.2 to +0.8V with a
scan-rate 0.05V/s and Chronoamperometry applied a potential deposition at -0.7V during 20s

in pre-settings and then in the measurement was applied +0.4V during 100s.
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6.2.4 Preparation of Carbon biosensor

The approach used to build the current biosensor is described in Figure 6.2 and was inspired

by our previous work described in 2.1.3. The setup was performed in several steps (Figure 6.3):

Figure 6.3: Several steps for assembly the Catalytic MIP. (A) Cleaning the surface; (B) Electropolymerization of MIP

and NIP; (C) Removal Process.

In this, (A) the WE was cleaned by electrochemical treatment (0.1M KCl), scanning between -
1.0V and+1.0V during 1 cycle with a scan rate of 0.05V/s; (B) preparation of MIP layer by bulk
imprinting in a solution containing glucose, benzoyl-I-histidine monohydrate, N-(4-aminoben-
zoyl)-L-glutamic acid, FAD, pyrrole in PBS solution (the NIP only contained Benzoyl-I-histidine
monohydrate, N-(4-aminobenzoyl)-L-glutamic acid, FAD, pyrrole in PBS) by CV in the potential
range between -0.20V and +0.95V (vs. Ag/AgCl) with a scan rate of 0.10 V/s; (C) removal of
template by CV measurement (-0.20V to+0.95V) during 10 cycles with a scan rate of 0.10 V/s
and the final step was test the analytical performance of MIP and NIP device with several con-

centrations of glucose and by CV and chronoamperometry.
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All compounds of the MIP (glucose, benzoyl- ~histidine monohydrate, N-(4-aminobenzoyl)-L-
glutamic acid, FAD) and NIP devices (Benzoyl- ~histidine monohydrate, A-(4-aminobenzoyl)-L-
glutamic acid, FAD) were mixed for 2h and then was added the monomer, pyrrole, for polymer-

ization. All solutions were deoxygenated by bubbling nitrogen gas for 5 minutes.

6.3 Preliminary Results

Several assays were performed to test different parameters to measure the catalytic activity in
the presence of glucose, using positive and negative potentials in chronoamperometry and CV
measurements promoting oxidation/reduction of FAD. The first assay to confirm this activity
fixed the positive potential at +0.4V in chronoamperometry, using pre-settings with a negative
potential, and then tested the sensor's analytical performance using different glucose concen-
trations (Figure 6.4). The results showed a promising response in the presence of glucose (MIP),
however, with little sensitivity, around 0.016Q/decade, for a linear response range between 5
mM to 100 mM (Figure 6.4B). The current values increased with increasing the concentrations
of glucose, due the oxidation of glucose and FAD received the electrons. The current values
increased with increasing the concentrations of glucose, due the oxidation of glucose and FAD
received the electrons. In contrast, in the absence of glucose, the non-imprinted polymer (NIP)
shows a random response (Figure 6.4D). These preliminary results prove that MIP for Glucose
had a catalytic activity. However, another experimental assay needs to be performed to confirm
this evidence and should have a better sensitivity, optimizing several conditions in the assem-

bly of the sensor.
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Figure 6.4: Current plots within time for glucose concentrations between 5 mM and 100 mM, obtained in the MIP
(A) and NIP (C) biosensors, respectively, and the corresponding calibration curves (B and D). The potential was set
to +0.4V.

The second assay measured the electroactivity properties toward FAD reduction, using CV
readings under a negative potential range. FAD is involved in biological processes and can be
considered as a relevant redox-active biomolecule in biosensor field. The electrochemical de-
tection of interaction FAD/glucose may be very challenging [310]-[312]. Figure 6.5 shows the
so obtained voltammograms, down to -0.8 V. In general, the reduction of FAD decreased as
the concentration of glucose increased because the FAD present in the polymeric network had
been partially involved in the oxidation of glucose, being therefore already in its reduced form.
Overall, there was a good analytical performance in the presence of different concentrations
of glucose, although with little sensitivity, around -3.33Q/decade, and showed a linear range

between 0.5 mM to 100 mM. As explained, the results showed a negative correlation between
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the decrease the current and the successive increase in glucose concentrations, thereby con-

firming the existence of a spontaneous FAD reduction in the presence of glucose.
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Figure 6.5: Cyclic voltammograms obtained as the concentration of glucose increases in MIP (A) using negative
potentials of FAD with different glucose concentrations and calibration Curve (B) respectively. The measurements

were done at 50 mV s7'.

This work is proceeding further, with overall optimization procedures until the MIP-catalytic

biosensor is found useful for a practical application to the determination of glucose in serum.

6.4 Conclusions

A simple method to fabricate a nanozyme based on MIP technology was developed.

This novel biosensor showed a promising result and confirmed that was possible to measure
and mimic the activity of GOx using MIP technology.

However, this biosensor needs to be optimized further to perform with a wider range, good
sensitivity, and selectivity. Even though. additional assays are require this approach opens a

new field to search for developing alternative biosensing systems that are enzyme free.
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7.

GENERAL CONCLUSIONS
AND FUTURE WORK

Overall, the design of the electrochemical sensors developed for this work has been shown to
achieve the same standards as current methods, namely sensitivity, reproducibility, and selec-
tivity, combined with the advantages of using different nanomaterials with a low-cost analysis
suitable for POC screening. Although some limitations in the operation of some devices were
identified throughout the research, the use of nanomaterials and biomimetic films enabled the
required performance standards to be achieved for these novel biosensor systems. In the fu-
ture, it is essential to remember that sensitivity is also controlled by the type and nature of the
transducer.

Herein, the electrochemical behaviour of the chosen material may affect the LOD of the sensor
planned for the detection of antibodies against SARS-CoV-2. Specifically, a comparison of all
sensing devices constructed during this thesis revealed that using carbon nanomaterials and
metal NPs achieved lower LOD values. Comparing the preparation of carbon nanomaterials,
two different approaches are tested. These included either more steps to enable the detection
the lowest concentrations of antibodies anti-S Protein published by that time and enabling the
analysis of real serum samples, or a simple and low-cost method to fabricate graphene sheets
to be casted on carbon-SPE for outstanding interfacial properties. This last method consisted
of a direct mechanical exfoliation process of graphite using an ultrasonic method and mixing
with proteins of SARS-CoV-2 and then testing the binding with antibodies against the S pro-
tein. This biosensor showed a lower LOD and could be applied in real contexts as well. In ad-
dition to the constructions, characterization and application of each of the electrochemical
sensors developed herein for detecting antibodies anti-S protein, important complementary

techniques, such as Raman spectroscopy and SEM, were employed to confirm the formation
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of the various nanomaterials. As a result, from a point of view of biosensor application in typical

situations, quick and practical devices of great valued.

The assembly of a catalytic-MIP for glucose was also found possible. The work developed in-
cluded a novel sensor with dual detection for glucose using metal NPs (as gold nanoparticles),
produced in situ based on MIP technology, offering selectivity and improving the sensitivity of
the sensor. One of the most critical factors influencing the electrochemical performance of
MIP-based sensing materials was the fabrication of very thin films, which was required because
the recognition event should take place as close to the electronic transduction surface as pos-
sible. As for the biomimetic polymer synthesis strategy, electropolymerization was identified
as the most suitable method because it allowed for high adherence to the transducer substrate,
allowed easy control of film thickness and growth, and worked under mild conditions, such as
aqueous solutions and ambient temperature. Furthermore, pyrrole was a promising material
for the fabrication of the polymeric matrix forming the recognition sites, because of its excel-
lent stability and specific affinity to the target molecules. The Au NPs were characterized by
SEM to confirm the production in situ of these nanostructures on the surface of the electrode.
Within this work, it is possible to detect directly different glucose concentrations with higher

selectivity and great sensitivity.

Looking towards the future, the catalytic MIP was developed to mimic the GOx activity and
measure the electroactivity of the interaction of FAD and glucose based on MIP technology,
introducing the specific amino acids to help in the spatial orientation of glucose. To better
understand and follow the electroactivity, chronoamperometry and CV measurements were
performed. These electrochemical techniques allow measuring the current formation due to

the reduction or oxidation of FAD in the presence of different glucose concentrations.

In summary, the electrochemical performance of the developed sensors was thoroughly ex-
plored. Another possibility would be to incorporate Au NPs into the surface to create a facile
optical strategy. Besides, the use of different nanomaterials in the field of biosensors improves
the sensitivity and rapid diagnosis in real contexts by using other biomarkers. The main ad-
vantage of this nanomaterial is that it is the first electrochemical biosensor with the potential

to become a portable and low-cost diagnostic tool for different targets detection.
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CHAPTER

Scientific outputs

This chapter shows the scientific outputs during the thesis period, detailing the publications in
peer-review periodicals and invited chapter books, oral and poster communications, research

activities, and master thesis guidance.
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8.

SCIENTIFIC OUTPUTS

8.1 Publications

The publications of the candidate from which results are present in this dissertation document

are listed below:

8.1.1 Peer-reviewed publications

» Cardoso, A. R*,, Frasco, M*,, Serrano, V*,, Fortunato, E., Sales, M. G. Molecular Imprinting
on Nanozymes for Sensing Applications. Biosensors 2021, 11, 152. https://
doi.org/10.3390/bios11050152

*Equal first authors

» Pinheiro, T *, Cardoso, A. R*,, Sousa, C. E. A, Marques, A. C,, Tavares, A. P. M., Matos, A.
M., Cruz, M. T., Moreira, F.T.C,, Martins, R., Fortunato, E., Sales, M. G., Paper-Based Bio-
sensors for COVID-19: A Review of Innovative Tools for Controlling the Pandemic. ACS
Omega 2021, 6, 44. https://doi.org/10.1021/acsomega.1c04012
*Equal first authors

» Cardoso, A. R.; Alves, J.F., Frasco, M., Piloto, A. M., Serrano, V., Mateus, D., Sebastido, A.
[, Matos, A. M., Carmo, A., Cruz, M.T., Fortunato, E., Sales, M. G. An ultra-sensitive elec-
trochemical biosensor using the Spike protein for capturing antibodies against SARS-
CoV-2 in point-of-care. Materials ~ Today Bio 2022, 16100354.
https://doi.org/10.1016/j.mtbio.2022.100354.
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8.1.2 Invited chapter books:

» Marques, A. C*, Pinheiro, T*,, Martins, G*. V., Cardoso, A. R*; Martins, R, Sales, M. G,
Fortunato, E. Non-Enzymatic Lab-on-Paper Devices for Biosensing Application. In Com-
prehensive Analytical Chemistry, Elsevier, 2020, Vol. 89, pp 189-237.

*Equal first authors

The publications of the candidate, during the thesis period, from which results are not present

in this dissertation are listed below:

» <Cardoso AR, Tavares A.P.M, Sales M.G.F, In-situ generated molecularly imprinted ma-
terial for chloramphenicol electrochemical sensing in waters down to the nanomolar
level. Sensors and Actuators B: Chemical, 2018, 256.
(https://doi.org/10.1016/j.snb.2017.10.114)

» Cabral-Miranda*, G., Cardoso, A.R*., Ferreira, L.C.S., Sales, M.G.F., Bachmann, M.F, Bio-
sensor-based selective detection of Zika virus specific antibodies in infected individuals.
Biosensors and Bioelectronics, 2018, .113.

(https://doi.org/10.1016/j.bios.2018.04.058)

*. Equal first author

» Cardoso, AR.*, Marques, A.C.*, Santos, L., Carvalho F. A,, Costa M. F., Martins R,, Sales,
M.G.F., Fortunato, E. Molecularly-imprinted chloramphenicol sensor with laser-induced
graphene electrodes. Biosensors and Bioelectronics, 2019, 124-125, 167-175.
(https://doi.org/10.1016/j.bi0s.2018.10.01)

*. Equal first author

** To whom correspondence

» Cardoso, AR, de Sa, M.H., Sales, M.G.F, An impedimetric molecularly-imprinted bio-
sensor for Interleukin-1 3 determination, prepared by /n-situ electropolymerization on
carbon screen-printed electrodes. Bioelectrochemistry, 2019, 130.
(https://doi.org/10.1016/j.bioelechem.2019.04.017)

» Marques, A.C.*, Cardoso, AR*, Martins, R, Sales, M.G.F., Fortunato, E., Laser-Induced
Graphene-Based Platforms for Dual Biorecognition of Molecules. ACS Applied Nano
Materials, 2020, 3(3), 2795-2803.

(https://dx.doi.org/10.1021/acsanm.0c00117)
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*. Equal first author

>

>

Serrano, V.M., Cardoso, AR, Diniz, M., Sales, M.G.F., In-situ production of Histamine-
imprinted polymeric materials for electrochemical monitoring of fish. Sensors and Ac-
tuators, B: Chemical, 2020, 311.

(https://doi.org/10.1016/j.snb.2020.127902)

Cardoso, AR, Carneiro, L.P.T., Cabral-Miranda, G., Bachmann, M.F., Sales, M.G.F., Em-
ploying bacteria machinery for antibiotic detection: Using DNA gyrase for ciprofloxacin
detection. Chemical Engineering Journal, 2021, 4009.
(https://doi.org/10.1016/j.cej.2020.128135)

Serrano, V.M, Silva, I.S.P., Cardoso, A.R., Sales, M.G.F., Carbon Electrodes with Gold Na-
noparticles for the Electrochemical Detection of miRNA 21-5p. Chemosensors, 2022,
10(5), 189.

(https://doi.org/10.3390/chemosensors10050189)

Vaz, R, Serrano, V.M., Castaino-Guerrero, Y., Cardoso, A.R, Frasco, M.F., Sales, M.G.F,
Breaking the classics: Next-generation biosensors for the isolation, profiling and detec-
tion of extracellular vesicles. Biosensors and Bioelectronics: X, 2022, 10.
(https://doi.org/10.1016/j.biosx.2022.100115)

8.2 Oral and poster presentations

8.2.1

8.2.2

Oral presentations

Cardoso, A. R;; Alves, J.F., Frasco, M.F., Sales, M.G.F, Biographene for electrochemical
applications, XXV Meeting of the Portuguese Electrochemical Society, Coimbra Univer-
sity. 30 August-01 September 2023, Coimbra, Portugal.

Poster presentations

Ana Rita A. Cardoso, Elvira Fortunato, M. Goreti F. Sales. Driving nanozymes towards

stereochemical recognition: application to biomolecules of interest in health. Poster
presentation. Encontro Ciéncia FCT 2021-online. 16-18 May 2021, Lisbon, Portugal.
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» Veronica Serrano, Ana Rita Cardoso, M. G. F. Sales. Electrochemical detection of anti-

SARS-CoV-2. Poster presentation at the 31st Anniversary World Congress on Biosen-
sors, on-line (2021). 5-9 June 2021, Busan, Korea.

8.3 Participation in international and national research pro-

jects

As part of the PhD activities, opportunities to participate in several projects to develop different
biosensors for miRNA detection and develop a MIP for alpha-synuclein in Parkinson’s Disease.

Besides, testing biosensors at microgravity were taken in different activities.

» April 2019 To March 2024 MindGAP (Bridging the gap between Mind and Body)
Development of an electrochemical biosensor composed of complementary miRNA sequences

for specific miRNA detection.

(https://mindgap-fet-open.eu/home)

> February 2021 To March 2024 OligoFiT
Development a MIP for alpha -synuclein in Parkinson’s Disease.

(https://www.fct.pt/apoios/cooptrans/eranets/jpco_fund/index.phtml.en

> Lab on paper at micro-G
Development of the unmanned automated experiment for testing microfluidic paper-based

biosensor in 12 minutes of microgravity. European Low Gravity Association Grant.

(https://www.elgra.org/?p=1493).

> July 2020 to November 2021 TecniCOV
Development of rapid tests for monitoring of antibodies in serum and saliva, COMPETE2020,

Lisboa 2020, n® 69745.
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8.4 Master thesis guidance

» Rita Monteiro, Development of a Molecularly-Imprinted Polymer based electrochemi-
cal biosensor for the detection of Spike Protein in SARS-CoV-2, 2022, Coimbra Univer-

sity (Supervisor: Goreti Sales; Co-Supervisor: Rita Cardoso);

» Ederlino Ramos, Development of a redox-free electrochemical biosensor for glucose
detection., 2023, Coimbra University (Supervisor: Goreti Sales; Co-Supervisor Akmaral
Suleimenova and Rita Cardoso);

» Abigail Dias, Development a novel and sustainable substrate to miRNA detection2024,
Coimbra University (Supervisor Goreti Sales; Co-Supervisor: Akmaral and Rita Cardoso)

» Miguel Godinho, Development an electrochemical biosensor for miRNA26a-5p in real
samples 2024, Coimbra University (Supervisor Goreti Sales; Co-Supervisor Rita Cardoso)
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