
        

University of Bath

PHD

Towards Electrochemical Lab-on-PCB Microsystems for Sepsis Diagnosis

Zupancic, Uros

Award date:
2021

Awarding institution:
University of Bath

Link to publication

Alternative formats
If you require this document in an alternative format, please contact:
openaccess@bath.ac.uk

Copyright of this thesis rests with the author. Access is subject to the above licence, if given. If no licence is specified above,
original content in this thesis is licensed under the terms of the Creative Commons Attribution-NonCommercial 4.0
International (CC BY-NC-ND 4.0) Licence (https://creativecommons.org/licenses/by-nc-nd/4.0/). Any third-party copyright
material present remains the property of its respective owner(s) and is licensed under its existing terms.

Take down policy
If you consider content within Bath's Research Portal to be in breach of UK law, please contact: openaccess@bath.ac.uk with the details.
Your claim will be investigated and, where appropriate, the item will be removed from public view as soon as possible.

Download date: 23. May. 2023

https://researchportal.bath.ac.uk/en/studentTheses/d917b909-6cb6-457d-b465-5ebd83a3db0e


 

 

Towards Electrochemical Lab-on-PCB 

Microsystems for Sepsis Diagnosis 

submitted by 

Uroš Zupančič 

for the degree of Doctor of Philosophy 

University of Bath 

Department of Electronic and Electrical Engineering 

February 2021 

 

COPYRIGHT 

Attention is drawn to the fact that copyright of this thesis rests with the author and 
copyright of any previously published materials included may rest with third parties. 
A copy of this thesis has been supplied on condition that anyone who consults it 
understands that they must not copy it or use material from it except as licenced, 
permitted by law or with the consent of the author or other copyright owners, as 
applicable. 

Signature of Author . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

Uroš Zupančič  
 

Access to this thesis/portfolio in print or electronically is restricted until . . . . . . . . . . . 

. . . . . . . . . . . . . . . . . . . . . . . .  . . .  

Signed on behalf of the Doctoral College. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

. . . . . . . . . . . . . . . . . . . . . . . .  . . .  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

To Laura. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



I 

 

Acknowledgements  

I would like to acknowledge University of Bath, Rosetrees Trust and Santander for 

financial support of this work. Nevertheless, the presented findings would not have 

been possible without the many people who I have encountered throughout the last 

three years.  

Firstly, from the bottom of my heart, I would like to thank my primary doctoral 

supervisor Dr. Despina Moschou for your continuous support and advice independent 

of my ideas and pursuits. Beside your excellent technical knowledge and analytical 

thinking, I greatly appreciate your personal guidance which is bigger than the 

research we do. I consider myself enormously lucky to have had the opportunity to 

work with you and have grown in many professional and personal areas because of 

your leadership. 

Furthermore, I must express my deepest gratitude to my secondary supervisor Dr. 

Pedro Estrela. Your open-door policy made a great difference in my pursuit of 

knowledge and I most sincerely appreciate your never-ending willingness to help, 

advise, brainstorm, and guide your students. May the wine be with you. 

I would also like to acknowledge valuable support from Dr. John Campbell and Dr. 

Paulo Rocha who were always there when I had a question. 

Additionally, I would like to thank Prof. Donald E. Ingber, Dr. Adama Sesay and more 

importantly Dr. Pawan Jolly for inviting me to Wyss Institute and giving me the tools 

and opportunity to excel in a great environment. I appreciate the patience and support 

I was given and could not replace the experience for anything better. 

A special mention must go to David Chapman, Ann Linfield, Michael Linham and Dr. 

Siva Sivaraya who helped me with small daily tasks which contributed to a 

considerable amount in these three years. 

I was fortunate to be a part of the Biosensor group at University of Bath and worked 

with many great individuals who helped me in research and learning as well as 

provided me with personal support in hard and happy times. Vishnuram Abhinav, 

Josephine Aidoo-Brown, Katarzyna Bialas, Stefan Chindea, Dr. Gorachand Dutta, 

Connor Flynn, Dr. Jahnavi Jha, Dr. Shu Jiang, Domingos Leite de Castro, Martin 



II 

 

Leonhardt, Grace Maxted, Scott Nielsen, Sotiris Papamatthaiou, Joshua Rainbow, 

Eliska Sedlackova, Damyan Tilev and Dr. Şerife Üstüner, it was a pleasure to have 

you as colleagues. The long afternoons spend in the lab will mostly be remembered 

because of your presence. It is the people who make the memories last.  

Having the opportunity to spend five months in Boston, I want to thank Micaela 

Almeida, Max Benz, Isaac Hsia, Janet Huisman, and Dr. Zohreh Izadifar for all great 

moments during this time. A special thanks goes to Nooralhuda Arkan, working with 

you was an absolute pleasure, you are my favorite lab colleague. Water!   

I also want to acknowledge the continued support from Jean Dumont and Dr. Paul Ko 

Ferrigno for trusting in me and giving me the time when I needed it most. Highly 

appreciated. 

My dearest friends: Jan Berce, Ožbe Brezovec, Nik Fortič, Bor Kunovar, Martin 

Lauko, and Tjaša Marolt; thank you for all incredible moments and continued support 

throughout the last years.  

Family, Anja and Miha, you supported every decision I have made in these last few 

years. Thank you. My dearest mom, I do not have the words to express my gratitude 

to you and acknowledge the sacrifices you have made in your life, which allow my life 

to flourish so many years later. I think it is safe to say cutting down that forest was a 

wise decision. Thank you. 

And finally, my deepest appreciation goes to Laura, the meaning you bring into my 

life could not be replaced by anything. I feel the luckiest person alive to have met you 

and have the privilege to share my life with you.  

 

  



III 

 

Abstract  

Sepsis is a life-threatening condition in which the body’s immune system becomes 

dysregulated in response to an infection. This disruption can cause severe organ 

failure but can be prevented by fast diagnosis and early treatment. Early diagnosis 

can be achieved by immune system monitoring through quantification of multiple 

protein biomarkers at the point of care. Electrochemical biosensors (such as diabetes 

glucose sensors) are a preferred technological solution for this challenge however, 

protein biomarker quantification often requires multiple sample processing steps 

which need to be integrated into a miniaturised microsystem to provide a sample-in-

answer-out device. Such electrochemical microsystems are not widely available, due 

to high cost and complexity of their respected manufacturing techniques.  

In this thesis, this challenge is tackled by utilisation of Lab-on-PCB technology, which 

explores the integration of multiple sample processing steps with electrochemical 

biosensors constructed on the same printed circuit board (PCB) platform. The first 

study explores a new antifouling surface chemistry on planar gold electrodes, 

enabling detection of sepsis biomarker procalcitonin in whole blood which is validated 

using clinical samples. In the second study, sensors for two additional sepsis 

biomarkers were constructed and multiplexed detection was demonstrated in whole 

blood. In the next study, gold PCB electrodes were physically and electrochemically 

characterised to ensure electrochemical integrity and their capability to be coupled 

with biological assays. The following study explored label-free approaches for 

detection of protein biomarkers using PCB electrodes through redox active self-

assembly monolayers as well as simplified surface chemistry. In the last study, the 

previously described assay, based on antifouling surface chemistry, was transferred 

to a PCB platform. A PCB-based procalcitonin sensor was integrated with 

microfluidics and detection in undiluted human serum was achieved in under 17 

minutes, with the sensor’s response in the clinically relevant concentration range. 

In conclusion, this thesis serves as a guide for future development of Lab-on-PCB 

based microsystems describing advantages, challenges, and opportunities 

associated with the presented technology in the specific case of sepsis diagnosis. 

Utilisation of this technology could enable low-cost and scalable manufacturing of 

such diagnostic microsystems, enabling wide adoption and accessibility of sepsis 

diagnostics tools.  



IV 

 

List of Publications   

Original research articles: 

Zupančič, U., Jolly, P., Estrela, P., Moschou, D. & Ingber, D., 2021. Graphene 

enabled low-noise surface chemistry for multiplexed sepsis biomarker detection in 

whole blood. Advanced Functional Materials (accepted on January 14th, 2021). 

Zupančič, U., Rainbow, J., Estrela, P., & Moschou, D. 2021. Commercially 

Fabricated Printed Circuit Boards as an Electrochemical Biosensing Platform. 

Submitted to Microsystems & Nanoengineering. 

Papamatthaiou, S., Zupančič, U., Kalha, C., Regoutz, A., Estrela, P., & Moschou D.  

2020. Ultra stable, inkjet-printed pseudo reference electrodes for lab-on-chip 

integrated electrochemical biosensors. Scientific Reports 10, 17152. 

Zupančič, U., Estrela, P. & Moschou, D. 2021. Scalable low-cost Lab-on-PCB 

microsystem for fast sepsis protein biomarker procalcitonin quantification. In 

preparation.  

Review articles and book chapters: 

Zupančič, U., Rainbow, J., Flynn, C., Aidoo-Brown, J., Estrela, P. & Moschou, D. 

2021. Strategies for Multiplexed Electrochemical Sensor Development. Modern 

Techniques in Biosensors: Detection Methods and Commercial Aspects. Dutta, G., 

Biswas, A. & Chakrabarti, A. (eds.). Springer Nature, p. 63-93. 

Dutta, G., Rainbow, J., Zupančič, U., Papamatthaiou, S., Estrela, P. & Moschou, D. 

2018. Microfluidic devices for label-free DNA detection. Chemosensors. 6 (4): 43. 

  



V 

 

 

Contents  

1. Introduction ................................................................................... 1 

1.1 Sepsis ....................................................................................................... 1 

1.2 Sepsis diagnosis in clinical practice ........................................................... 4 

1.3 Sepsis biomarkers ..................................................................................... 7 

1.4 Electrochemical biosensors ..................................................................... 10 

1.5 Miniaturised total analysis systems .......................................................... 12 

1.5.1 Silicon and glass platforms based on photolithographic patterning ... 14 

1.5.2 Polymer based technologies ............................................................. 15 

1.5.3 Paper technologies ........................................................................... 17 

1.5.4 Printed circuit board technology ........................................................ 18 

1.6 State-of-the-art approaches for point-of-care sepsis diagnosis ................ 21 

1.6.1 Commercial microsystems for sepsis POC diagnosis ....................... 21 

1.6.2 Novel approaches towards sepsis POC microsystems ..................... 27 

1.7 Motivation and aim .................................................................................. 31 

1.8 Thesis Outline.......................................................................................... 32 

2. Theoretical background ............................................................... 33 

2.1 Principles of electrochemistry .................................................................. 33 

2.1.1 Electrochemical cell .......................................................................... 33 

2.1.2 Reference electrodes........................................................................ 35 

2.1.3 Faradaic and Non-Faradaic processes ............................................. 36 

2.1.4 Electrical double layer....................................................................... 37 

2.2 Electrochemical techniques ..................................................................... 39 

2.2.1 Cyclic voltammetry ........................................................................... 39 

2.2.2 Electrochemical impedance spectroscopy ........................................ 41 

2.2.2.1 Faradaic electrochemical impedance spectroscopy ................... 43 

2.2.2.2 Non-Faradaic electrochemical impedance spectroscopy ........... 45 

2.3 Gold electrochemistry .............................................................................. 47 

2.4 Surface chemistry .................................................................................... 49 

2.4.1 Probe immobilization strategies ........................................................ 49 

2.4.2 Self-assembled monolayers.............................................................. 51 

2.4.3 Carbodiimide and NHS ester conjugation chemistry ......................... 52 

2.5 Immunoassays ........................................................................................ 54 

2.5.1 Antibodies and aptamers .................................................................. 54 

2.5.2 ELISA ............................................................................................... 56 

2.5.3 Surface plasmon resonance ............................................................. 58 

2.6 Electrochemical immunosensors ............................................................. 60 



VI 

 

3. Electrochemical ELISA based immunosensor for procalcitonin ....... 62 

3.1 Background ............................................................................................. 62 

3.2 Materials and methods ............................................................................ 64 

3.3 Low-cost antifouling nanocomposite characterisation .............................. 69 

3.4 Electrochemical platform ......................................................................... 74 

3.5 Procalcitonin sensor in buffer, serum, and whole blood ........................... 77 

3.6 Clinical study ........................................................................................... 82 

3.7 Integration of PCT sensor with microfluidics ............................................ 87 

3.8 Discussion ............................................................................................... 89 

3.9 Conclusions ............................................................................................. 91 

4. Multiplex detection of sepsis biomarkers ....................................... 92 

4.1 Background ............................................................................................. 92 

4.2 Materials and methods ............................................................................ 94 

4.3 Multiplexing using antibody pair-based sensors ....................................... 97 

4.4 C-reactive protein sensor ....................................................................... 100 

4.4.1 Antibody based approach ............................................................... 100 

4.4.2 CRP detection using phosphocholine as a capturing probe ............ 102 

4.5 FcMBL based sensor for PAMPs ........................................................... 104 

4.6 Cross-reactivity and multiplexing in whole blood .................................... 108 

4.7 Discussion ............................................................................................. 110 

4.8 Conclusions ........................................................................................... 113 

5. Printed circuit boards as an electrochemical platform .................. 114 

5.1 Background ........................................................................................... 114 

5.2 Materials and methods .......................................................................... 116 

5.3 Design rules for reliable sensing PCB electrodes .................................. 118 

5.4 Characterization of PCB surface roughness .......................................... 121 

5.5 Removal of impurities in commercially manufactured PCB electrodes ... 123 

5.6 Conclusions ........................................................................................... 133 

6. Label-free approaches to biosensing using PCB electrodes ......... 134 

6.1 Introduction ............................................................................................ 134 

6.2 Materials and methods .......................................................................... 135 

6.2.1 Label-free sensing of CRP using a redox active peptide SAM ........ 135 

6.2.2 Antibody based PCT assay using a short alkanethiol linker ............ 137 

6.3 Capacitive sensing of CRP using redox active peptides ........................ 139 

6.3.1 Background and set-up ................................................................... 139 

6.3.2 Redox active peptide on PCB electrodes ........................................ 141 

6.3.3 Antibody based CRP assay on redox SAM ..................................... 144 

6.4 Antibody based detection of PCT using a short alkanethiol crosslinker .. 148 



VII 

 

6.4.1 PCT sensor construction on gold disc electrodes ........................... 148 

6.4.2 Implementation of the assay on PCB electrodes ............................. 153 

6.5 Discussion ............................................................................................. 157 

6.6 Conclusions ........................................................................................... 159 

7.  Procalcitonin quantification via an electrochemical ELISA Lab-on-                 

PCB platform ............................................................................. 160 

7.1 Background ........................................................................................... 160 

7.2 Materials and methods .......................................................................... 161 

7.3 Transfer of precipitating TMB assay to PCB platform ............................. 166 

7.4 Precipitating TMB assay using DSP based surface chemistry ............... 170 

7.5 Integration of PCB based procalcitonin sensor with microfluidics ........... 172 

7.6 Sealed PCB based microsystem............................................................ 179 

7.6.1 Sealed PCB based microsystem manufacturing ............................. 179 

7.6.2 Design of a sealed PCB based microsystem for PCT quantification 184 

7.7 Conclusions ........................................................................................... 189 

8. Conclusions and outlook ............................................................ 190 

8.1 Conclusions ........................................................................................... 190 

8.2 Future work ........................................................................................... 195 

References ...................................................................................... 201 

Appendix A      Nanocomposite platform characterisation ..................................... 224 

Appendix B      Antibody cross-reactivity .............................................................. 229 

Appendix C      Optimisation of PCB cleaning procedures ..................................... 231 

Appendix D      Aptamer based label-free sensor for PCT ...................................... 234 

Appendix E      Biological fouling of PCB electrodes treated with DSP ..................... 236 

 

  



VIII 

 

 

List of Abbreviations  

APPC 4-aminophenyl-phosphorylcholine  

ATP Adenosine Triphosphate  

AUC Area Under the Curve 

AuNW Gold Nanowire 

BIDMC Beth Israel Deaconess Medical Centre  

Bio-MBL Biotinylated MBL  

BSA Bovine Serum Albumin 

C. mAb Capturing Monoclonal Antibody 

CD14 Cluster of Differentiation 14  

CD25  Cluster of Differentiation 25 

CD64 Cluster of Differentiation 64 

CD69  Cluster of Differentiation 69 

CDR Complementarity-Determining Region  

CRD Carbohydrate Recognition Domain  

CE Counter Electrode 

CFU Colony Forming Units 

CNC Computer Numeric Control 

CNT Carbon Nanotube 

CPE Constant Phase Element 

CRP C-Reactive Protein 

CV Cyclic Voltammetry 

D. mAb Detection Monoclonal Antibody 

DAMPs Danger-Associated Molecular Patterns  

DC Direct Current 

DFR Dry Film Photosensitive Resists  

DMSO Dimethyl Sulfoxide 

DNA Deoxyribonucleic acid  

DPV Differential Pulse Voltammetry 

DSP Dithiobis (succinimidyl propionate)  

EC Electrochemical 

EDC 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide  

EDL Electrical Double Layer 

EDTA Ethylenediaminetetraacetic Acid  

EIS Electrochemical Impedance Spectroscopy 

ELISA Enzyme-Linked Immunosorbent Assay 

ENIG Electroless Nickel with Immersion Gold 

ePAD Electrochemical Paper Analytical Device 

ESA Electrochemical Surface Area  

EU European Union 

EWOD Electrowetting-On-Dielectric  



IX 

 

Fc  Ferrocene 

FDA Food and Drug Administration 

FE-SEM Field Emission Electron Scanning Microscope  

FET Field Effect Transistor  

FISH Fluorescence In Situ Hybridization  

FRA Frequency Response Analyzer  

GA Glutaraldehyde 

GCE Glassy Carbon Electrode 

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid  

HRP Horseradish Peroxidase  

IC Integrated Circuit 

IFN-γ  Interferon γ  

IgG Immunoglobulin G 

IHP Inner Helmholtz Plane  

IL-3 Interleukin 3 

IL-6 Interleukin 6 

IL-8 Interleukin 8 

IL-10 Interleukin 10 

IPA Isopropanol  

LBP Lipopolysaccharide-Binding Protein  

LFA Lateral Flow Test  

LoC Lab-on-Chip 

LOD  Limit of Detection 

LOQ Limit of Quantification  

LPS Lipopolysaccharide 

LTA  Lipoteichoic Acid  

mAb Monoclonal Antibody 

MBL Mannose Binding Lectin  

MQ Milli-Q 

NHS  N-hydroxysuccinimidyl  

NICE National Institute for Health and Care Excellence  

OD Optical Density 

OHP Outer Helmholtz Plane  

PAMPs Pathogen-Associated Molecular Patterns 

PBS Phosphate Buffer Saline 

PBST Phosphate Buffer Saline with Tween20 

PC Phosphocholine 

PCB Printed Circuit Board 

PCR Polymerase Chain Reaction  

PCT Procalcitonin 

PDMS Polydimethylsiloxane 

PMMA Poly(methyl methacrylate)  

PNA Peptide Nucleic Acid  

POC Point-of-Care 



X 

 

PRR Pattern-Recognition Receptor 

PTFE Polytetrafluoroethylene 

pTMB Precipitating 3,3′,5,5′-tetramethylbenzidine  

QCM Quartz Crystal Microbalance  

Rct Charge Transfer Resistance  

RE Reference Electrode 

rGOx Reduced Graphene Oxide 

RMS Root Mean Square 

RNA Ribonucleic acid 

ROC Receiver Operating Characteristics  

RT Room Temperature 

SAM Self-Assembled Monolayer 

SC-1 Standard Clean 1  

sCD14-ST  Soluble CD14 subtype 

SD Standard Deviation 

SELEX Systematic Evolution of Ligands by Exponential 
Enrichment 

SHE Standard Hydrogen Electrode 

SIRS Systemic Inflammatory Response Syndrome  

SPR Surface Plasmon Resonance  

sTREM-1 Soluble Triggering Receptor Expressed on Myeloid 
Cells-1  

Strep-PolyHRP Streptavidin-Polymerized HRP 

SWV Square Wave Voltammetry 

TBS Tris-buffered Saline 

TBST Tris-buffered Saline with Tween20 

TMB 3,3′,5,5′-Tetramethylbenzidine 

TNF-α  Tumour Necrosis Factor α 

TREM-1 Triggering Receptor Expressed on Myeloid Cells-1  

UK United Kingdom 

USA United States of America 

UV Ultraviolet 

WB Whole Blood 

WE Working Electrode 

µTAS Miniaturised Total Analysis System  
 

 



 

U. Zupančič   1 

 

1. Chapter 1      

 

Introduction  

1.1 Sepsis 

The effects of sepsis are felt by 47 to 50 million people annually, with one death every 

2.8 seconds totalling to over 11 million deaths per year. Global mortality rates vary 

between 15% to over 50% depending on the country (Global-Sepsis-Aliance, 2020) 

with the UK Sepsis Trust predicting at least 250,000 cases of sepsis every year in the 

UK. This makes sepsis more common than a heart attack (British Heart Foundation 

estimates 193,450 cases in 2016) and causes more deaths than breast cancer, bowel 

cancer and prostate cancer combined (Daniels and Nutbeam, 2017). With more than 

46,000 sepsis related deaths every year in the UK, the mortality rates are between 

20% and 28.9% in Wales and England, respectively, making the prevalence of sepsis 

a persistent threat in first world countries. 

Sepsis is recognised as one of the most expensive conditions to treat. Total expenses 

including hospital care, drugs and consumables along with rehabilitation are 

estimated to cost the National Health Service between £1.5 to £2 billion pounds every 

year (Paoli et al., 2018, Daniels and Nutbeam, 2017, Arefian et al., 2017).   

Some people have especially high risk of developing sepsis. New-borns, the very 

young (under 1 year) and elderly (over 75 years old) are prone to the condition along 

with very frail people, individuals with recent trauma, surgery, impaired immunity etc. 

Septic patients are prescribed antibiotics to treat the primary infection and oxygen 

administration along with intravenous fluids. It is strongly recommended that 

antibiotics are administered within the first hour of suspicion of sepsis (Youkee et al., 

2016), as every hour of delay in antibiotic administration increases the mortality rate 

by 7.6% (Kumar et al., 2006b).  



Chapter 1 

U. Zupančič  2 

 

Sepsis is defined as ‘a life-threatening organ dysfunction caused by a dysregulated 

host response to infection’ (Singer et al., 2016). Sepsis is not an infection that is gone 

out of control, but rather an organ dysfunction, caused by a dysregulated immune 

system, where the infection was only the trigger of the condition. The initial infection 

can be caused by numerous pathogens, with the variance in patient severity unclear 

(Daniels and Nutbeam, 2017).  

The immune system’s response is based on two types of immunity: innate and 

adaptive. Innate immunity is a set of mechanisms in a healthy individual directed to 

fight any invading organism. Adaptive immunity is a complex memory-based system, 

capable of remembering an encounter with a specific pathogen and prepare the 

defence tools in a timely manner. Pathogens carry molecular features foreign to 

human body like lipopolysaccharides (LPS), lipopeptides, lipoteichoic acid (gram-

positive bacteria wall component) etc. which are recognised by the innate immune 

system as pathogen-associated molecular patterns (PAMPs). These molecules are 

recognised by pattern-recognition receptors (PRRs), that can be present on the 

surface of macrophages or non-immune cells and trigger the immune response by 

activation of transcription factors stimulating the production of cytokines (such as 

TNF-α and interleukins), leading to inflammation. Excessive inflammation can cause 

cell necrosis and tissue damage which results in the release of danger-associated 

molecular patterns (DAMPs). These are endogenous molecules (heat shock protein, 

fibrinogen, DNA etc.) which are also recognised by PRRs and additionally stimulate 

the immune system response. Among cytokines, other inflammatory mediators are 

released causing a systemic proinflammatory response which results in attracting 

lymphocytes to the point of infection to eliminate the invading pathogens (Wiersinga 

et al., 2014, Hotchkiss et al., 2009, Grondman et al., 2020).  

This is a standard response of the innate immune system which after the initial 

activation reaches homeostasis. However, sometimes the immune system becomes 

dysregulated and does not reach the necessary equilibrium. In a septic patient, the 

initial proinflammatory stage can be overwhelming or characterised as a ‘cytokine 

storm’. Increased inflammation promotes lung blood vessels permeability and alveoli 

start filling with fluids decreasing oxygen permeability and saturation with blood. The 

lack of oxygen saturation impairs other organs (heart, liver, kidneys, gastrointestinal 

tract etc.) which become in danger of failure. Adenosine triphosphate (ATP) 

production decreases and nervous system is influenced causing an altered mental 
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state. Blood coagulation is triggered making a patient susceptible to blood clots which 

can cause further organ damage (Gotts and Matthay, 2016). 

In parallel with the cytokine storm, septic patients also exhibit an anti-inflammatory 

response. In the initial phase, the pro-inflammatory part of the innate immune system 

is predominant, leading to early deaths due to major hyperinflammation and multi-

organ dysfunction. In the later stage, the anti-inflammatory response prevails, and 

patients are in danger of recurrent infections or viral re-activation, see Figure 1.1.  

 

Figure 1.1: Representation of the immune system response in septic patients. 
Proinflammatory part of the immune system is predominant in the first stage followed by anti-
inflammatory suppression of the immune system. Figure reproduced from (Hotchkiss et al., 
2009) with permission from Springer Nature.  

The most common conditions leading to sepsis are lung and urinary tract infections, 

followed by the infection of abdomen, skin, soft tissue, and bones as well as viral 

infections such as meningitis and implant device related infections (Hotchkiss et al., 

2013). 

Such infections can be caused by a variety of different pathogens (gram positive 

bacteria, gram negative bacteria, viruses, fungi etc.). As these pathogen groups are 

very different in nature, different PRRs are responsible for their recognition leading to 

unique signalling pathways stimulating the immune response which can vary greatly 

depending on the initial pathogen. This heterogeneity of the immune system response 

makes sepsis especially hard to diagnose (Taneja et al., 2017). An example of sepsis 

diagnosis procedure currently employed by the National Health Service in the UK, will 

be presented next in more detail.  
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1.2 Sepsis diagnosis in clinical practice 

Sepsis symptoms include low blood pressure, increased hart rate, fever, and 

drowsiness. As these symptoms overlap with many different conditions and diseases, 

the first step for a hospital staff is to suspect sepsis and stratify patients according to 

the risk of developing sepsis. UK’s National Institute for Health and Care Excellence 

(NICE) provides sepsis risk stratification tools with guidelines (algorithms represented 

in flowcharts). There are eight different algorithms depending on patient’s age group 

and setting (in or out of hospital). The algorithm for patients over 18 years old in an 

acute hospital setting is presented in detail in Figure 1.2.  Patients’ vital signs 

including heart rate, respiratory rate, blood pressure and urine passage are monitored 

periodically in the hospital setting or measured upon arrival. If a patient exhibits one 

of the high-risk criteria (for example respiratory rate is >25 breaths/ minute) they are 

stratified in the high-risk group. This leads to immediate examination by a senior 

clinician and blood testing.  

Upon suspicion of sepsis, physicians first try to address two major questions. Is there 

an infection and what antibiotic should be used for treatment? To answer these 

questions using traditional methods, blood has to be cultured, which can take 1-5 

days (Gander et al., 2009, Fan et al., 2016a, Rhodes et al., 2017). International 

Guidelines for Management of Sepsis and Septic Shock recommend the blood 

sample should be taken before antibiotic administration and cultured in at least two 

conditions, aerobically and anaerobically. Nevertheless, positive blood cultures are 

only obtained in 40% of sepsis cases (Vincent et al., 2006). The pathogen then needs 

to be identified which can be performed by visual inspection of colonies, or gram 

staining. After isolation of the pathogen, antimicrobial susceptibility test is performed 

to determine appropriate antibiotic for treatment (Daniels and Nutbeam, 2017, Reddy 

et al., 2018) 
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Figure 1.2: Algorithm representing decision making process for stratification of patients based 
on the risk of development of sepsis for patients over 18 years old in an acute hospital setting 
(NICE, 2016). 

Since this is a lengthy process, guidelines recommend antibiotic administration within 

an hour of suspecting sepsis, before any of the blood analysis results are returned to 

the physician. Alongside blood culturing, up to eight different biomarkers are tested, 
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not to determine early diagnosis, but rather an evaluation of the patient’s condition 

after the initial stratification to a high or medium risk group.  

The following testing is recommended by NICE: 

- Blood culture for identification of potential pathogens, 

- Blood glucose and lactate for evaluation of tissue damage and perfusion, 

- C-reactive protein (CRP) for assessment of inflammation, 

- Full blood count to assess the immune response, 

- Blood clotting screen to evaluate the danger of blood clot formation, 

- Urea, electrolytes, and creatinine to assess kidney damage. 

All these tests are usually performed by a centralised laboratory. In theory, turnaround 

time for blood biomarkers from sample to result could be around two hours but are in 

practise closer to 12-16 hours (Dr. Ron Daniels, personal communication). Many 

British hospitals have set up a specific team of nurses and clinicians dedicated for 

sepsis management due to the complexity of the algorithms presented in Figure 1.2, 

the wide range of risk factors, commonality of symptoms and delayed response from 

the centralised laboratories (NHS, 2020, NHS, 2017). These ensure an experienced 

member of staff is always present in the hospital capable of recognising and stratifying 

patients, based on the severity of their symptoms.  

The underlaying fact remains, sepsis diagnosis is performed by observation of 

patient’s vital signs, which takes attentiveness, is laborious, subjective and only 

improves with experiences. An alternative strategy to aid in the diagnosis of sepsis is 

the use of appropriate biomarkers, which will be presented next. 
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1.3 Sepsis biomarkers  

In the effort towards more objective and quantifiable measures for sepsis diagnosis 

or patient stratification in risk groups, biomarkers have gained a lot of traction. Over 

the years, multiple blood biomarkers have been proposed and examined as potential 

early sepsis diagnostic biomarkers, see Table 1.1.  

Lactate is one of the most important biomarkers in septic patients, as increased 

lactate levels are usually correlated with inability to deliver oxygen to the peripheral 

tissue and indicate organ failure. High lactate levels (> 2 mmol/L) are alarming as 

they are correlated to patient mortality and indicative of condition progression. 

However, increased lactate levels are not specific for sepsis, as they can be traced 

to many different conditions like increased physical activity, trauma or cardiac arrest. 

Nonetheless, continual lactate measurements during the patient treatment are 

recommended for patient monitoring (Fan et al., 2016a, Lee and An, 2016, Gomez 

and Kellum, 2015).  

Table 1.1: Six sepsis biomarkers with at least five independent clinical studies from recent 
metanalysis (Liu et al., 2016b). 

Biomarker Cut-off value1 Studies Number of patients AUC2 

Procalcitonin 0.96 ng/mL 59 7376 0.85 

C-reactive protein 84 µg/mL 45 5654 0.77 

Interleukin-6 138 pg/mL 22 3450 0.79 

sTREM-1 123 pg/mL 8 831 0.85 

Presepsin 600 pg/mL 9 1510 0.88 

LBP 3 30 µg/mL 5 1136 0.71 

1 Cut-off values were calculated from the metanalysis study pool. 2 AUC is area under the 
curve in receiver operating characteristics (ROC) curve. 3 Lipopolysaccharide-binding protein 

The most widely researched sepsis biomarker is procalcitonin (PCT), which is an 

Food and Drug Administration (FDA) approved biomarker for assessment of risk for 

development of sepsis in critically ill patients (Fan et al., 2016b). PCT is 13 kDa 

peptide precursor of a hormone calcitonin, produced in thyroid C cells and 

neuroendocrine cells within lungs and intestines, although its production is stimulated 

in multiple tissues upon bacterial infections (Muller et al., 2001). PCT concentrations 

rise 3-6 hours after the infection from 50 pgmL-1 to over 10 ngmL-1 in case of sepsis. 

PCT levels drop upon effective treatment or stay high in case of inappropriate 

antibiotic or inadequate infection control, see Figure 1.3. Multiple meta-analyses 
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have been performed recently concluding PCT can be used in early sepsis diagnosis 

to reduce mortality in critically ill adult patients (Kondo et al., 2019), as well as 

differentiating sepsis from systemic inflammatory response syndromes (O'Grady et 

al., 2008), suggesting PCT is a useful biomarker for early sepsis diagnosis in patients 

with burns (Ren et al., 2015) and stating PCT demonstrates moderate accuracy in 

sepsis diagnosis in neonates (Pontrelli et al., 2017). However, PCT is not completely 

specific; it has been proved to increase after surgery among other major physiological 

cytokine driven stress (Kuse et al., 2000). Meta-analyses also suggest that elevated 

PCT levels do lead to higher risk but do not recommend the use of PCT as a singular 

biomarker for prognosis due to moderate accuracy indicating a need for multiple 

clinical biomarkers for sepsis diagnosis (Liu et al., 2015, Liu et al., 2016a, Wirz et al., 

2018).

 

Figure 1.3: PCT kinetics reveal rising concentrations after 3-6 h, peak between 12-24 h and 
protein half-life of approximately 24h. Figure taken form (TFS, 2020b).   

Studies with the most widely used infection biomarker, C-reactive protein (CRP) 

reveal similar drawbacks. CRP can differentiate between bacterial and viral infections 

(Shaw, 1991) and indicate an increased risk for organ failure in critically ill patients 

(Komiya et al., 2012) but can also be increased in autoimmune diseases and 

myocardial infarction (Eberhard et al., 1997), limiting its specificity. Plasma CRP 

levels can increase to over 100 µgmL-1 in critically ill patients with highly variable 

recommended cut-off values. In critically ill patients a cut-off value for diagnosis of 

infection is proposed at 84 µgmL-1 (Liu et al., 2016b) while investigations into neonatal 
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sepsis reveals a CRP increase in new-borns from 1.6 µgmL-1 to over 18 µgmL-1 in 

case of sepsis with a cut-off value 4.82 µgmL-1 (Celik et al., 2010). 

Interleukin-6 (IL-6) is a proinflammatory cytokine with a crucial role in the innate 

immune response. IL-6 has been targeted by inhibitors to reduce inflammation in 

rheumatoid arthritis (Tanaka et al., 2014) and its levels increase in septic patients, 

however IL-6 test has only moderate diagnostic performance for early sepsis 

diagnosis (Ma et al., 2016). 

A triggering receptor expressed on myeloid cells-1 (TREM-1) sheds from the vascular 

cell surfaces in septic patients forming a soluble version (sTREM-1). Its levels are 

increased upon viral and bacterial sepsis and can predict patient mortality within 28 

days (Jedynak et al., 2018).  

Another potential sepsis biomarker is Presepsin, which is involved in the recognition 

of lipopolysaccharide and subsequent activation of cytokine release. It is a 13 kDa 

subtype of cluster of differentiation 14 protein (CD14) named sCD14-ST (soluble 

CD14 subtype) and has only recently been renamed to Presepsin. It exhibits 

promising diagnostic characteristics (Yoon et al., 2019). 

Lipopolysaccharide-binding protein (LBP) is a receptor for lipopolysaccharides 

found mainly in gram negative bacteria and is elevated in bacterial infections from 

less than 10 µg/mL to 30-40 µg/mL within 24h. Its diagnostic value is limited due to 

heterogeneity of sepsis aetiology (Chen et al., 2016).  

The complex physiological state of the patient will reflect the infection agent. Specific 

sepsis biomarkers are therefore hard to find and it is unlikely to identify one single 

biomarker that is able to satisfy all the existing needs and expectations in sepsis 

management and diagnosis (Reinhart et al., 2012). The use of biomarker panels for 

sepsis diagnosis can increase the test accuracy, however the biomarkers should be 

chosen carefully (Dolin et al., 2018, Shapiro et al., 2009).  

The highest value of the biomarker panel can be achieved by combining assays for 

infection protein biomarkers (PCT, CRP) with direct infection markers i.e. the 

presence of pathogens in the blood sample. Although this is a difficult task, it can be 

achieved with the use of biosensors, which will be presented next.  
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1.4 Electrochemical biosensors  

Rapid pathogen identification and biomarker quantification can be achieved with the 

use of biosensors. A biosensor is a device combining a biological recognition element 

with a transduction element, capable of converting the biological signal to a 

proportional readable output, see Figure 1.4.  

 

Figure 1.4: Schematic representation of typical biosensor components. Modified from (Bhalla 
et al., 2016). 

Biosensors can be categorised based on their biorecognition element like antibody, 

enzymatic, DNA or aptamer-based biosensors or their signal transduction 

methodology like electrochemical, optical, piezoelectric or temperature sensing 

biosensors. Independent of the biosensor type, there are key parameters every 

biosensor is evaluated by. This is represented in Table 1.2.  

Biosensor performance can be evaluated by its specificity, sensitivity and the dynamic 

range (Hammond, 2017). It is important to be aware that sometimes, a biosensor is 

only a part of a sensing protocol, which can include other steps like sample 

purification or growing of blood cultures. Considering the sample-to-result protocol, 

there are other important parameters which describe the performance of a biosensor 

as a commercial product. For some applications, portability is key which can be 

achieved with a small handheld device and single use testing strips. More complex 

biosensors are usually more expensive and sometimes less reliable. For example, 

the use of enzymatic sensors can decrease reliability, due to slow enzyme inactivation 

over time. However, increased complexity of the sensor device can increase the ease 
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of use, eliminating the need for sample pre-treatment, which decreases user errors 

leading to easier uptake by the users.  

Table 1.2: Biosensor and biosensor device performance parameters. 

Parameter 
type 

Parameter Description 

Biosensor as 
an analytical 
system 

Selectivity Ability to distinguish target analyte from a sample 
matrix. 

Sensitivity, 
LOD1 & LOQ2 

LOD/LOQ is the smallest target quantity that can be 
reliably detected/ quantified. They are calculated as 
3/10 times the standard deviation at low concentration 
levels divided by the slope of the linear regression 
through the area of sensor’s linear response. 

Dynamic range  The range of target analyte within which the sensor’s 
output can be reliably quantified. 

Biosensor as 
a commercial 
product 

Portability/size Some applications benefit from portability, where size 
is an important parameter. 

Cost  Final cost of the biosensor device is determined by the 
market, development cost, manufacturing cost etc. Low 
cost technologies can enable new, previously 
unexplored applications. 

Complexity  Higher complexity increases the cost but can increase 
ease of use and open unexplored markets. 

Ease of use  Biosensing device should be simple to use to reduce 
user errors.  

Availability  Relates to the cost but also available upscaling 
manufacturing capabilities. 

Reliability  Highly reliable biosensors can eliminate the need for 
internal controls, lowering the complexity and cost. 

1 limit od detection, 2 limit of quantification  

In the last decades, electrochemical (EC) biosensors have attracted considerable 

attention due to the commercial success of blood glucose EC sensors. Some of their 

advantages are listed below: 

- Simplicity, EC biosensors mostly utilise a three-electrode system which is 

simple to produce using existing manufacturing technologies, such as screen 

printing. More importantly, such electrodes can be analysed by small portable 

readers, requiring low cost and low power readout instrumentation (Hammond 

et al., 2016).  
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- Straightforward interfacing of the single use sensor elements with the 

electronic reader can be achieved, as the readers are based on established 

electrical components and connections (Wei et al., 2009). 

- Complex samples like whole blood can be used for direct analysis as their 

optical properties and turbidity do not interfere with electrochemical detection 

(Mader, 2002). 

- Small sample volumes can be used as electrochemistry is a surface 

phenomenon, and does not correlate with the reaction volume (Ronkainen et 

al., 2010). 

- Potential for label free quantification. Since electrochemical signal 

originate from electrode/electrolyte interface, label free techniques based on 

intrinsic properties of the target analytes such as charge, or molecular mass 

can be employed for detection (Vestergaard et al., 2007b).   

- Miniaturization of the sensing electrodes is straightforward due to incredible 

advances in silicon technology used in the semiconductor industry. Multiple, 

individually addressable electrodes allow detection of different analytes on the 

same platform in parallel (Cooper et al., 2010).   

Electrochemical biosensors can be further categorized based on the sensing 

mechanism employed as: a) amperometric, detecting current change; b) 

potentiometric, detecting a change in potential or charge, and c) impedimetric, which 

detect the changes of impedance in the electrochemical system. Although EC 

sensors have many advantages, the detection of some analytes require additional 

sample preparation steps, such as sample purification or labelling. To enable the 

implementation of such sensing capabilities, the idea of incorporating all necessary 

components into a single miniaturised platform was conceived. This platform was 

termed miniaturised total analysis systems and will be presented next. 

1.5 Miniaturised total analysis systems  

In 1990, Manz et al, introduced the concept of a miniaturised total analysis system 

(µTAS) proposing integration of sample injection, pre-treatment, separation and 

analytical systems into a microchip to achieve a complete sample-to-answer solution 

(Manz et al., 1990). Most commonly used components of a Lab-on-Chip (LoC) system 

include microfluidic channels needed for fluid delivery, filters that can perform particle 
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separation, micromixers for automation of reagent mixing and dilution, micropumps 

and microvalves for automated sample delivery, and most importantly sensors; 

needed for the detection of the target analyte. A concept of an ideal sepsis diagnostic 

system is presented in Figure 1.5, incorporating sample processing, target 

amplification and detection of pathogen DNA and protein biomarkers. 

 

Figure 1.5: Proposed sepsis POC lab-on-chip system by Reddy et al. The LoC includes a 
sample introduction area, multiple reagents stored on the device, sample processing unit 
along with area for DNA amplification, biorecognition region for biomarker quantification and 
sensing area for detection of pathogens. Figure reproduced from (Reddy et al., 2018) with 
permission from Springer Nature. 

Combining multiple lab-on-chip components requires a high level of system 

integration. Additionally, for µTAS devices to be useful, manufacturing at scale and 

low cost is necessary. Due to micro-scale features, interfacing µTAS devices with the 

macro world is a challenge along with the standardisation of components and 

manufacturing techniques (Chang and You, 2019). 

Multiple manufacturing technologies have been utilised in the effort to integrate these 

components to a single platform. The most common platform materials are silicon 

(Si), glass, polymer and paper and they all have their specific advantages and 

drawbacks. 
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1.5.1 Silicon and glass platforms based on photolithographic patterning 

The development of standardised manufacturing processes for the production of 

integrated circuits (ICs) on Si wafers was adopted for early Si based microfluidic 

electrochemical systems. Patterning techniques used with such materials include 

micromachinings such as laser micromachining, diamond scribing and wet or dry 

etching along with lithographic techniques (Moschou and Tserepi, 2017). One of the 

most important techniques is photolithography, which starts with a clean Si wafer, 

where a desired metal can be deposited. Gold is frequently used due to its inert 

properties and can be sputtered or evaporated to cover the entire surface of the wafer. 

Photoresist is then applied using spin-coating technique to achieve smooth surface 

and desired thickness. The wafer is then aligned with a photomask and exposed to 

ultraviolet (UV) light. The mask protects parts of the photoresist, while exposed 

features receive the UV radiation. After the exposure, the wafer is developed, which 

removes the exposed parts of the photoresist, as seem in Figure 1.6a. The developed 

wafer is ready for etching, where metal is removed from non-protected surfaces, 

transferring the pattern to this underlying layer. In the final step, photoresist is 

removed while the patterned metal remains on the Si wafer. The resolution of optical 

photolithography is mainly limited by the wavelength of the used light, however 

nanofeatures can be obtained with electron-beam lithography, offering a mask free 

solution. The inherent miniaturisation and level of precision that can be achieved by 

photolithography-based processes enable highly controlled construction of micro to 

nano-scale electrodes. Optical photolithography can also be applied for fabrication of 

microfluidic channels needed for sample processing and delivery etc. Besides Si 

wafers, glass substrates have become widely adopted due to their compatibility with 

the clean room processes and optical transparency, since a large proportion of LoC 

systems still utilise optical detection. Glass is chemically inert, biocompatible, exhibits 

low non-specific adsorption and great dielectric properties (Wang et al., 2018). Si 

technology is inherently compatible with electronics and can be used to produce low-

cost devices due to established facilities for production of ICs. However, the low cost 

of the ICs is mainly determined by the small footprint of the chip on the Si wafer, 

determining how many devices can be obtained from the processing of a single wafer. 

Taking into consideration the fact that the user has to physically interact with the LoC 

device, introduce the sample and connect the device to an outside reader/signal 

processor we realise the footprint of the final µTAS device will need to be significantly 

larger compared to ICs (cm2 over mm2), leading to an increased cost per device.  
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Figure 1.6: a) Photolithography based patterning of gold electrodes on a Si wafer. b) Soft 
photolithography based on the use of PDMS for outlining of the microfluidic channels. 

1.5.2 Polymer based technologies 

In the effort towards more affordable LoC systems, polymers have received 

considerable attention and now represent most commercially available microfluidic 

devices. There is a wide range of available polymers with an equally large palette of 

physicochemical properties, capable of fulfilling the requirements of almost any LoC 

application. Due to the broad range of possibilities, selecting the correct material as 
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well as fabrication techniques can be a difficult task (Becker and Gärtner, 2008).  In 

general, polymer-based fabrication is more affordable in comparison to silicon and 

glass technology and requires simpler equipment. Based on the physical properties, 

polymers can be separated to elastomers and thermoplastics. 

The most widely used elastomer is polydimethylsiloxane (PDMS), which is used for 

fabrication of LoC systems using soft photolithography (McDonald and Whitesides, 

2002), see Figure 1.6b. In this technique, a wafer is covered with photoresist and 

exposed to transfer the features from the mask to the photoresist. After developing, 

PDMS is poured over the features and cured. After curing, PDMS can be peeled away 

from the surface and attached to a separately constructed base. PDMS deforms with 

the application of pressure which enabled the fabrication of microfluidic valves based 

on flexible PDMS membranes (Sia and Whitesides, 2003). Its low surface tension 

allows it to be removed from a mould and reattached to a flat surface (glass, Si, 

polymers and other PDMS surfaces) reversibly through Van der Waals forces or 

irreversibly through covalent bonding of O-Si-O groups activated by oxygen plasma 

pre-treatment (Chong et al., 2015, Tan et al., 2010). PDMS is excellent for fast 

prototyping but has some disadvantages. It absorbs organic and inorganic solvents 

(Lee et al., 2003), leading to swelling, which is a small downside in comparison to 

high susceptibility for channel deformation and general inability to being mass 

manufactured. For this reason, PDMS is heavily used in the research community but 

has not been adopted by the commercial side (Ranjit Prakash et al., 2006, Tsao, 

2016).  

Thermoplastics such as poly(methyl methacrylate) (PMMA), polycarbonate, 

polystyrene among others are more rigid and possess better solvent and acid/base 

resistivity as well as lower water absorption (Liu et al., 2009). More importantly, they 

can be moulded with increased temperatures using processes which are widely 

spread in commercial areas; independent of lab-on-chip technologies.  

Hot embossing, roller imprinting and injection moulding are the most common 

techniques, however they all need a heat resistant mould while computer numeric 

control (CNC) machining and laser ablation are mould-free techniques (Peng et al., 

2013). After the channels are outlined in a thermoplastic material, the latter needs to 

be bonded to close the channels or integrate the fluidic part with an electrochemical 

cell. Bonding is a critical step in the use of thermoplastics as it determines strength 

and geometrical stability of the final device (Tsao and DeVoe, 2009). Direct bonding 
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approaches such as thermal fusion, ultrasonic welding, and strength bonding do not 

require any additional material, while indirect approaches are based on introduction 

of epoxy, adhesive tape, or other chemical reagents facilitating bonding. In 

comparison to PDMS chemistry, bonding of thermoplastics is harder, but the 

conditions used are milder compared to glass processing (Velten et al., 2005).  

1.5.3 Paper technologies  

In the 1960s paper based sensors were already commercialised for applications like 

glucose and pH monitoring (López-Marzo and Merkoçi, 2016). Paper was one of the 

first materials used for biosensing due to its inherent capillary flow, easing the sample 

introduction to the sensor. Its low cost, chemical stability, ease of production, 

biocompatibility and white background make it a perfect template for simple 

colorimetric sensors which resulted in enormous uptake of the lateral flow tests, with 

the pregnancy test being the prime example (Solhi et al., 2020). In 2007, the 

Whitesides’ group re-introduced the use of paper by demonstrating a 

photolithographic patterning technique for outlining hydrophilic paper channels 

(Martinez et al., 2007). Since then, the research field has seen many advances and 

applications for this technology.  

Many techniques have been developed for paper patterning and in general they can 

be split in two; introduction of hydrophobic areas or cutting the paper into specific 

shapes, limiting capillary flow. Paper cutting is simple and non-laborious, and sub-

millimetre features can be achieved. The device does, however, need further backing 

to structurally support thin channels, adding other materials to the process. The most 

commercially relevant techniques are screen printing and inkjet printing. Screen 

printing is reliable and established and can easily be adopted to print hydrophobic 

inks or wax for paper microfluidics outlining, however, it requires a mask. On the other 

hand, inkjet printing is completely digital and therefore very well-suited for prototyping. 

Sophisticated inkjet printers are expensive and nozzle blockage is not a trivial 

problem. Inkjet inks are limited to specific viscosities and surface tension which can 

make new ink development laborious. In general, reproducible sub-millimetre 

resolution on a paper substrate is hard to achieve (Ataide et al., 2020).  

Paper does not have any optical, electrical or chemical properties that can be 

explored for signal transduction making interfacing with any non-colorimetric 
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technique a challenge. Colorimetric output is not ideal as each user can interpret the 

result subjectively and there are a limited number of chemical reactions with 

colorimetric output. Camera assisted result interpretations can be skewed by the 

limited lighting at the time of analysis (Mettakoonpitak et al., 2016). For these reasons, 

electrochemical paper analytical devices (ePADs) have gained increasing interest in 

the last decade. Electrodes can be introduced to paper using similar screen printing 

or inkjet printing techniques and standard electrochemical techniques can be utilised 

for signal quantification. The use of ePADs has been demonstrated widely for 

applications such as heavy metals detection, DNA detection, glucose, lactate and 

cholesterol detection among many others (Ataide et al., 2020, Mettakoonpitak et al., 

2016). Immunoassays using ePADs have been reported, but still face many 

challenges. Assays where a washing step is required, are not best suited for this 

platform as reagent storage on paper-based devices require additional packaging and 

material, drawing away from the original simplicity and availability of this platform. 

Commercially, ePADs have not achieved market adoption, due to limited 

performance when compared to other platforms (Solhi et al., 2020) which also require 

an electronic reader for signal processing and representation.  

1.5.4 Printed circuit board technology  

In the effort to integrate the necessary components of LoC devices with electronic 

readers, PCBs (printed circuit boards) are commonly used as a chip-to-world 

interfaces. In 1996, Lammerink et al., proposed a mixed circuit board, a single 

platform with electrical connections and microfluidic channels. The authors report a 

flow injection analysis system comprised of machined microchannels and modules of 

micropumps, flow sensors, and an optical absorption sensor (Lammerink et al., 1996). 

This initiated the idea of developing the entire LoC within the PCBs. The advantages 

of such an approach lie in the modularity and accessibility of PCB manufacturing, 

which has been extensively used in the last decades to fulfil the need of booming 

consumer electronics market. Materials used in PCB construction have excellent 

thermal and mechanical stability, excellent dielectric properties and are resilient to 

organic solvents and acid/base solutions, with available recycling strategies already 

standardized and established. PCB fabrication starts with the core, usually fiberglass 

reinforced with epoxy resin covered with a thin layer of copper (Cu) layers on the top 

and bottom side forming a copper-clad FR4. Copper patterns on the top and bottom 
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side are then defined using photolithography and redundant copper is removed in a 

wet etching process. Holes are drilled in places where the top signal layer will connect 

to the bottom and the whole board undergoes electroless Cu plating process, 

depositing Cu in the holes forming connecting vias. Multiple boards can be stacked 

together using interconnecting layer of dielectric epoxy resin by a hot press. In the 

last steps, the PCB is covered with a solder mask, and Cu traces receive a surface 

finish like immersion tin, gold, silver etc. to protect Cu from oxidation. In the effort to 

integrate microfluidics within PCBs, Merkel et al. demonstrated the use of 

photopatterned copper traces as channel borders, see Figure 1.7a.  

 

Figure 1.7: a) Fabrication of microfluidic channels in the PCB as proposed by (Merkel et al., 
1999). b) The use of patternable dry film photoresist for construction of channels and sealing 
with polyimide film with adhesive backing. This silver edge on top of Cu represents plated pad, 
as plating is needed to prevent Cu corrosion. 
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Copper traces were covered with a thin layer (4 µm) of epoxy resin to isolate copper 

from the fluid, preventing corrosion and enable bonding with a cover board, closing 

the microfluidic channels using a hot press. Using this strategy, they also report 

heating elements that can be used as temperature sensors and microfluidic valves 

and actuators using flexible Kapton® foil (Merkel et al., 1999).   

Another approach includes the use of additional materials on top of PCBs. Multiple 

reports suggest the use of SU-8 for microfluidic patterning, however in practice this is 

harder to implement. The PCB board should first be covered in SU-8 to planarize the 

surface, then another SU-8 layer can be used to define microfluidic features. The use 

of dry film photosensitive resists (DFRs) has gained an increasing traction as it can 

provide uniform coverage and high yields. Fabrication process includes lamination of 

DFR on the existing PCB, photolithography to outline the channels and development. 

Channels can then be closed using Kapton® polyimide with a siloxane adhesive 

(Moschou et al., 2014) or DFRs can also be laminated sequentially to seal the 

channels (Wangler et al., 2011), see Figure 1.7b.  

Integration of all necessary components in a PCB gave rise to the Lab-on-PCB 

approach (Aracil et al., 2015). Overall, PCB technology offers extensive commercial 

opportunities. The materials used are inexpensive leading to potentially very low-cost 

devices, especially when manufactured at scale. As the manufacturing facilities are 

widely available, product upscaling can be performed with ease and at minimal costs. 

LoC components can be standardised, in a similar way compared to electronics 

components PCB footprints, to promote system level integration. To date, most of the 

research is not compatible with current PCB manufacturing techniques and 

workflows, putting pressure on the PCB manufacturing community to uptake new 

processes. Limited research has been performed using commercially fabricated LoC 

devices with few examples from Moschou group demonstrating PCB based Ag/AgCl 

reference electrodes (Moschou et al., 2015) and biosensors for cytokine IFN-γ 

(Moschou et al., 2016) and DNA (Jolly et al., 2019a) which are all relevant in diagnosis 

of sepsis.   
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1.6 State-of-the-art approaches for point-of-care sepsis diagnosis 

Identification of the pathogen for appropriate antibiotic administration has been a goal 

of multiple diagnostic companies over the years. Roche developed SeptiFast, a 

multiplexed polymerase chain reaction (PCR), that can take 100 μL of whole blood 

and identify up to 20 species present in the sample at once within 6 hours (Straub et 

al., 2017). T2 Biosystems developed the T2Candida panel, which can identify fungal 

infection with no need for blood culturing, due to their sample extraction methodology 

using magnetic beads and PCR amplification (Mylonakis et al., 2015). Accelerate 

Diagnostics introduced the Accelerate Pheno™ system which can detect blood 

infections and test antibiotic resistance on the same sample in just under 9 hours. 

The device explores multiplexed qualitative nucleic acid fluorescence in situ 

hybridization (FISH) for pathogen identification and microscopic analysis of single cell 

growth for antimicrobial testing (Ullberg and Özenci, 2020). These are not POC tests, 

as large benchtop systems are required to run the analysis which need to be operated 

by a technician. A rapid sample-to-answer system with minimised hands-on time, and 

the ability to be used with non-trained personnel are key features that drive the uptake 

of POC diagnostics (Dincer, 2016).  

1.6.1 Commercial microsystems for sepsis POC diagnosis 

An example of a commercially available microsystem for sepsis diagnosis is 

GenMark’s ePlex® technology, utilising PCBs forming a cartridge, that can perform 

automated sample purification, concentration and PCR amplification integrated with 

electrochemical detection for rapid pathogen identification (GenMarkDx, 2020). The 

system consists of a benchtop analyser that can accept multiple cartridges for sample 

analysis at the same time. Every cartridge carries all the needed reagents and can 

perform the detection of up to 29 DNA sequences for pathogen identification or 

antibiotic resistance test covering 95% of blood stream infections. A sample volume 

of 200 µL is needed with 2 min of hands-on time by non-trained personnel. The 

cartridge is composed of a printed circuit board with hydrophobic cover, allowing for 

electrowetting-on-dielectric (EWOD) technology for sample pre-treatment. EWOD 

technology enables droplets to be moved in 2D by sequential voltage application in 

neighbouring electrodes, which modifies the surface tension in the drop and the 

droplet aligns with an activated electrode. In this way, the blood sample is purified, 
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and nucleic acids are concentrated with the use of paramagnetic beads, magnetically 

immobilised in dedicated areas. PCR is performed by moving the droplet through the 

heated zones, for amplification, see Figure 1.8b.  

 

Figure 1.8: a) GenMark’s first version of eSensor technology, employing PCB gold electrode 
with immobilised capture DNA binding to target DAN, which is labelled with ferrocene 
conjugated signal DNA strand enabling electrochemical detection. b) Second version 
incorporates electrowetting technology for sample preparation into a cartridge with PCB based 
microarrays. Figure taken from (GenMarkDx, 2020). 

Afterwards, the exonuclease digestion of DNA is performed leaving single stranded 

amplicons, which are then hybridised with a ferrocene (Fc) labelled probe. This 

mixture is then exposed to PCB electrodes with individually immobilised DNA 

capturing probes and when a target is recognised, a potential sweep is performed 

and an Fc oxidation peak can be observed, identifying the presence of a pathogen, 
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see Figure 1.8a. Although this impressive technology is available, the cartridge can 

only accept 200 µL of the sample requiring for the blood sample pre-incubation step 

(8 h incubation), so the number of pathogens reaches sufficient levels (Schmitz and 

Tang, 2018, Pierce and Hodinka, 2012, Reed and Coty, 2009). Respiratory pathogen 

panels are available along with cartridges for sepsis infectious agents separated into 

fungal and gram positive/negative panels.  

In an alternative approach, Gao et al. demonstrated pathogen identification from 

whole blood can be achieved with minimal sample pre-treatment and no amplification 

steps. A plastic substrate was used for sputtering of gold electrodes, making 16 sets 

of working, reference, and counter electrodes. Thiolated DNA capturing probes were 

immobilised on the working electrode and sandwich ELISA assay was constructed 

using DNA detector probe conjugated to horseradish peroxidase (HRP). Sample lysis 

was performed enzymatically and species specific 16S rRNA targets were captured 

in the ELISA system and catalysed 3,3′,5,5′-Tetramethylbenzidine (TMB) was 

detected using amperometry (Gao et al., 2017, GeneFluidics, 2015). The assay takes 

50 min to complete and GeneFluidics have used it to commercialise urinary tract 

infection diagnostic system UtiMax™. One of the advantages of 16S rRNA detection 

is that it is present in multiple copies in a single pathogen, hence amplification steps 

are not required when a sensitive sensor is utilised.  

The use of silicon technology for sepsis diagnostics has been demonstrated by DNAe, 

utilising semiconductor sequencing for pathogen identification. An array of ion-

sensitive field effect transistors (ISFETs) is integrated into a cartridge, which can 

perform sample extraction, concentration, and isolation, before genomic analysis. 

The detection principle is based on the release of a proton upon incorporation of a 

new nucleotide base into a ssDNA probe. In week buffer conditions, the protons 

released decrease the pH of the solution, which is detected using an ISFET. The 

same technology is currently used for DNA sequencing by IonTorrent. Using this 

technology, bloodstream infections as well as antibiotic resistance genes can be 

identified within 3h from whole blood. An important feature of DNAs’s LiDia-SEQ™ 

system is that the cartridge accepts a regular 10 mL tube used for blood collection, 

which is processed automatically for pathogen capture allowing detection of 1 colony 

forming unit (CFU)/mL (Rothberg et al., 2011, DNAe, 2020). The use of small sample 

volumes in POC devices for pathogen identification can be challenging as it can lead 

to a higher amount of false negative results, due to very low pathogen concentrations 

in the blood.  
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A shortened turnaround time for pathogen detection has tremendous diagnostic 

value, however PCR tests are very sensitive and prone to false positive results due 

to contamination during blood withdrawal (Straub et al., 2017). Sepsis can be caused 

by a viral infection, which will not show on the PCR based diagnostic tools and 

bacterial infections can be found in the bloodstream while the patient remains 

asymptomatic (Reddy et al., 2018). Taking into consideration the definition of sepsis, 

which describes the condition as an organ dysfunction due to dysregulation of the 

immune system, it becomes clear the state of the immune system should also be 

taken into consideration when making a diagnosis. 

When quantifying proteins or small molecules that can reveal the state of the immune 

system, smaller sample volumes are desired. Employing a sample volume of 95 µL, 

Abbott’s iSTAT is one of the most commercially successful examples of the 

multiplexed electrochemical sensors. The device consists of a handheld electronic 

reader and single use cartridges, composed of a plastic microfluidic part and a silicon-

based chip for signal capture. The chip consists of multiple electrodes, which are 

functionalised with an ion-selective membrane for sensing of blood ions (Ca2+, K+, 

Na+, Cl-), gasses (O, CO) or enzymes for detection of glucose, urea and lactate. 

Haematocrit levels (the ratio of blood volume to red blood cell volume) are measured 

by passing an alternating current (AC) through two electrodes (Peled, 1996). 

SIEMENS developed a similar technology in their ePOC® system, focusing on the 

same electrolytes (Siemens, 2020). 

The key importance of i-STAT and ePOC systems in sepsis management is the ability 

to measure lactate, as detection of protein biomarkers has not been integrated into 

these devices to the same extent. i-STAT offers cardiac protein biomarkers assays 

(creatine kinase MB, cardiac troponin I and B-type natriuretic peptide) as a single test 

in a single cartridge, based on immobilization of detection mAbs on the electrode and 

resuspension of freeze-dried secondary mAbs conjugated to alkaline phosphatase 

(AP) in the sample and electrochemical, amperometry based detection (Abbott, 2020, 

Dincer, 2016). Sepsis specific protein biomarkers have not been implemented in 

these platforms yet. Abbott offers a POC CRP test utilising a single use cartridge in 

combination with a colorimetric benchtop reader for quantification. The technology is 

based on solid-phase immunoassay where capturing antibodies are immobilised on 

a membrane and colour change is achieved in the presence of CRP. Only 1.5 µL of 

whole blood is needed and the result is available in 4 min. Aidian offers a turbidity-

based CRP analyser, which again consist of a benchtop signal reading device and 
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single use cuvettes (Aidian, 2020). As CRP concentration in human plasma is in the 

range of 1-100 µg/mL which can be 3-5 orders of magnitude higher compared to other 

sepsis biomarkers (PCT, IL-6), implementation of other immunoassays to these 

platforms is challenging. To our knowledge, there is no quantitative IL-6 POC test 

available. Thermo Fisher Scientific developed procalcitonin lateral flow test (LFA) 

based on gold nanoparticle (AuNP) conjugated labelling mAbs. This semi-quantitative 

technology has not seen a big uptake by the clinical community as the test results are 

left for interpretation to a subjective individual (Manzano et al., 2009). An 

improvement of the same test is based on LFA coupled with fluorescent labels and a 

benchtop fluorescent reader. The test provides quantitative results, but is still not FDA 

approved (EU only) (TFS, 2020a). Commercially available POC tests for sepsis 

management and diagnosis are summarised in Table 1.3. 

In summary, devices for pathogen identification have been developed and are 

commercially available as described before; however, there is a very limited number 

of solutions for detection of protein biomarkers at the point-of-care. Novel approaches 

towards such diagnostic devices will be presented next. 
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Table 1.3: Commercially available POC systems for sepsis management and diagnosis. 

Provider,  

device/test 
name 

Biomarker Sample  Time 
to 
result 

Device & Technology 

GenMark,      
ePlex® BCID 

Pathogen ID1, 
resistance 
genes 

200 µL 
whole 
blood 

9.5 h2 Benchtop device with cartridges 
with digital microfluidics assisted 
PCR and electrochemical 
detection of amplicons. 

GeneFluidics, 
UtiMax™ 

Pathogen ID 
(16S rRNA), 
AST 

Urine 
only 

30 -
120 
min3 

Small desktop instrument for 
automated RNA assay & 
disposable electrochemical chip. 
Not FDA approved (EU only). 

DNAe,             
LiDia-SEQ™ 

Pathogen ID & 
resistance 
genes 

10 mL, 
whole 
blood 

3h Medium sized benchtop device 
with single use cartridges 
incorporating semiconductor 
sequencing technology. 

Abbott,                     
i-STAT 

Lactate, 
glucose, 
creatinine, 
haemoglobin, 
urea & 
electrolytes 

95 µL, 
whole 
blood 

2 min Portable handheld device with 
individual cartridges integrated 
with multiplexed electrochemical 
sensors. 

SIEMENS,      
ePOC® 

Lactate, 
glucose, 
creatinine, 
haemoglobin, 
urea, pH & 
electrolytes 

90 µL, 
whole 
blood 

< 1 
min 

Portable reader with credit card 
sized cartridges with multiplexed 
electrochemical sensors. 

Aidian,      
QuikRead go® 
CRP 

CRP 20 μL, 
whole 
blood 

2 min Turbidity-based benchtop analyser 
with cuvettes for individual 
samples. 

Abbott,      
AfinionTM CRP 

CRP 1.5 µL, 
whole 
blood 

4 min Benchtop colorimetric analyser 
with cartridges using solid phase 
immunoassay with anti-CRP 
antibody coated membrane. 

Thermo Fisher 
Scientific,          
B·R·A·H·M·S 
PCT Direct 

PCT 20 μL, 
whole 
blood 

20 
min 

LFA strip with small benchtop 
fluorescent reader/printer. Not 
FDA approved (EU only). 

1 identification, 28 h of blood culturing is required before PCR and quantification which takes 
1.5 h. 330 min for ID, 2h for AST (antibiotic susceptibility test) 
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1.6.2 Novel approaches towards sepsis POC microsystems  

Multiple new approaches have been explored by researchers in the effort to fulfil the 

needs for a sensitive, fast and inexpensive device for sepsis diagnosis. Although a 

lot of work can be found on construction of sensors, not many have been integrated 

into microfluidic devices or microsystems. Hence, only examples which demonstrate 

a level of integration (e.g., sensors coupled with microfluidics) will be described here. 

An example of a paper-based approach is presented by Kim et al. who incorporated 

an assay for PCT, CRP and lactate into a nitrocellulose LFA strip (Kim et al., 2017). 

Implementation of affinity-based ELISA assay with HRP label was achieved by the 

addition of extra pads, enabling horizontal flow of mAb-HRP conjugates and 

precipitating TMB after the vertical flow of the sample, see Figure 1.9. The strip was 

incorporated in a plastic cartridge and signals were quantified using a smartphone 

camera. 

 

Figure 1.9: A paper-based hybrid sensor for quantification of lactate, CRP and PCT. Figure 
reproduced from (Kim et al., 2017) with permission from Elsevier. 

Paper based platforms are most advantageous in simple immunoassay tests due to 

capillary forces that move the sample along the paper pad. Incorporating a multi-step 

assay is more difficult as the addition of horizontal flow is a step away from a single 

step assay, decreasing the ease of use of the final device. Moreover, the main 

advantages of the platform which are simplicity and price of manufacturing can be 

lost.  

Multiple optical approaches have been demonstrated e.g., Rascher et al. presented 

a plastic cartridge with a transparent bottom for fluid mixing and fluorescent detection 
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of PCT from whole blood in 9 min, based on new rat mAbs. An excellent correlation 

with approved detection device (BRAHMS Kryptor®) has been demonstrated using 

clinical samples and LOD of 20 pg/mL. However, the potential for multiplexing was 

not discussed (Rascher et al., 2014). Buchegger et al. demonstrated scalable 

multiplexing can be achieved using microarrays on a propriety Epoxy slide by spotting 

micro-spots with capturing mAbs with spot-to-spot distance of 350 µm. They 

demonstrate the detection of sepsis associated proteins (IL-6, IL-8, IL-10, TNF- α, 

PCT etc.) by only using 4 µL sample volume. Sensitivity of the assay was improved 

with the use of streptavidin coated magnetic particles conjugated to fluorescent dye, 

which were used for detection as well as sample mixing (Buchegger et al., 2012). 

Similar approach was them incorporated in a microfluidic cell for detection of CRP, 

IL-6, PCT and neopterin, another marker of immune system. Due to variance in 

clinically relevant levels, IL-6 and PCT assays were performed in a standard ELISA 

format while CRP and neopterin assays were based on competitive ELISA 

configuration (Kemmler et al., 2014). Although detection within 25 minutes was 

achieved, the optical detection principle requires sophisticated instrumentation, 

leading to higher costs for the reader.  

Aside from protein biomarkers, white blood cells (leukocytes) have also gained 

attention as sepsis biomarkers. Neutrophil (a type of white blood cell) morphology, 

motility and receptor expression have been shown to change in patients with sepsis. 

In a recent study, Ellett et al. described the use of soft photolithography for 

construction of microfluidic maze, where a droplet of diluted blood can be deposited, 

and neutrophil motility can be measured. The design of the microfluidic network does 

not allow red blood cells to penetrate the measuring area, while neutrophils can. The 

maze is composed of vertically and horizontally integrated channels and when 

neutrophils are trapped their movement was monitored by a fluorescent microscope, 

see Figure 1.10a. Average migration distance, oscillations and pausing were some 

of the parameters monitored, among others. The acquired data was fed into a 

machine learning algorithm which predicted the diagnosis. The assay does not 

require prolonged handling, the platform is robust and can identify sepsis with 97% 

sensitivity and 98% specificity. But it is not fast, as four hours of imaging is required 

followed by a 2.5 h image processing step (Ellett et al., 2018). Zhang et al. 

demonstrated microfluidic detection of neutrophils with increased expression of 

glycoproteins such as CD64, CD69 and CD25 receptors using receptor-specific 

antibodies immobilised in designated channel regions. After capturing, quantification 

was performed using an epifluorescence microscope (Zhang et al., 2018). Although 
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a combination of neutrophils with expressed CD64 and CD69 receptors give excellent 

sepsis sensitivity and specificity (AUC is 0.98), both approaches suffer from the need 

for an advanced optical instrumentation to do the analysis, minimising their 

applicability as POC solutions. 

 

Figure 1.10: a) Microfluidic maize for analysis of neutrophil motility. Figure reproduced from 
from (Ellett et al., 2018) with permission from Springer Nature. b) CD64+ neutrophil counting 
device. Figure reproduced from (Hassan et al., 2017). 

In the effort to achieve similar goal utilising electrochemical detection methods, Prieto 

et al. developed a continuous neutrophil monitoring chip using soft lithography and 

glass substrate with gold electrodes utilised for iso-dielectric separation of leukocytes, 

which change their electrical properties if activated (Prieto et al., 2016). Hassan et al. 

demonstrated the technology for cell CD64+ neutrophils counting based on 

impedance analysis at the entrance and exit of the antibody equipped trapping 

chamber, see Figure 1.10b. Whole blood was first mixed with lysis buffer for lysis of 
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red blood cells, then quenched to provide a neutral environment before being flown 

through the small aperture aligned over gold electrodes, where impedance was 

continuously measured. Smaller cells produce smaller impedance responses 

therefore size-based specificity is achieved. Downstream from the inlet aperture, a 

capturing chamber was precoated with CD64 mAbs followed by another aperture with 

impedance-based counter. With the continuous flow, the number of bound CD64 

expressing neutrophils can therefore be calculated. The device is based on soft 

photolithography and microfabricated gold electrodes, and can deliver the results in 

30 minutes (Hassan et al., 2017). The same technology was used for detection of IL-

6. Microbeads were conjugated to anti-IL-6 mAbs and used with a biotinylated mAb 

pair to form a sandwich complex, which was flown through the entrance aperture, 

streptavidin coated capture chamber and exit aperture. The count difference was 

correlated to the IL-6 concentration (Valera et al., 2018). Such approach could be 

utilised as a sepsis POC device however, the fabrication materials would have to be 

modified to accommodate large scale production.  

Min et al. developed a platform for detection of cytokine IL-3, which was based on 

antibody-conjugated magnetic beads, which are deposited into the sample tube and 

can be transferred to a second tube with labelling solution with a semi-automated 

magnetic pipette. The assay was integrated into a desktop platform with connection 

to a smartphone for readout and can be performed in less than 1h with sensitivity of 

<10 pg/mL (Min et al., 2018). However, to achieve a complete sample-to-answer 

solution, the sensor would need to be fully automated hence further work is needed. 

Another study demonstrated the use of PCB electrodes for multiplexed detection of 

PCT, lipoteichoic acid (LTA) and lipopolysaccharide (LPS). Sensors for three 

biomarkers were constructed on the same platform but no microfluidic integration was 

demonstrated and whole blood detection still lack sensitivity (Panneer Selvam and 

Prasad, 2017b).  

Although a lot of effort has been put towards development of sepsis POC diagnostic 

solutions, some challenges persist. Fast and reliable sensors incorporated into low 

cost microfluidic platforms with inexpensive readout instrumentation have not been 

developed. Ideal sepsis diagnostic device would incorporate sample processing, 

pathogen DNA amplification and identification with biomarker analysis. In reality this 

is a highly difficult task which will most likely lead to multiple devices focusing on a 

single type of analysis i.e. pathogen identification or biomarker quantification (Reddy 

et al., 2018).  
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1.7 Motivation and aim  

The published research presented earlier reveals several ongoing efforts towards 

detection of pathogenic DNA commercially, aiming for a result turnaround time of a 

few hours, nonetheless with no such device adopted in sepsis clinical practice so far. 

As sepsis is described as dysregulated immune system, more work towards lab-on-

chip devices for rapid protein biomarker quantification is needed. The usefulness of 

microfabricated devices in this area has been demonstrated for novel applications 

such as neutrophil motility measurement, which offer promising results but are still far 

from clinical application. On the other hand, paper-based devices have been 

demonstrated, but face challenges in the implementation of sensitive multi-step 

assays.  

Therefore, there is a technological gap between these two high-cost/high-

performance and low-cost/low-performance options, hindering the implementation of 

a practical, clinically relevant sepsis diagnostic device. Another strategy is needed 

which can address the shortcomings of the paper technology but remains low cost, 

allowing commercial up-scalability of the final product. This is where printed circuit 

board technology finds its place, due to established manufacturing, low cost and 

standardised fabrication techniques that can achieve µ-scale features. The use of this 

technology for the construction of a low-cost platform for biomarker quantification will 

be addressed in this thesis. 

The aim of this project is to enable the development of a PCB based microsystems 

for accurate quantification of multiple sepsis-related protein biomarkers in clinically 

relevant ranges. The challenges of electrochemical sensing in complex biological 

fluids and parallel detection of multiple biomarkers will be addressed. Development 

of electrochemical assays using commercially manufactured PCBs will then be 

explored with the goal of demonstrating electrochemical sensing in complex biological 

samples in microfluidic set-up, that can be produced using currently established 

manufacturing processes. Possibilities of sensor integration into microfluidic PCB 

boards will then be presented, opening new opportunities for future work in the field.   
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1.8 Thesis Outline 

The thesis includes eight chapters.  

Introduction covers the background information on sepsis and current diagnostic 

practises, followed by an introduction to electrochemical biosensors and state of the 

art approaches for sepsis diagnosis and management. 

Theoretical background covers fundamentals of electrochemistry and techniques 

used along with surface chemistry and immunoassay principles used in this work.  

First experimental chapter addresses the challenge of electrochemical sensing in 

complex biological fluids and demonstrates quantification of procalcitonin in whole 

blood. 

Second experimental chapter addresses the challenges associated with 

multiplexed biomarker detection. A tri-plex sensor is constructed for quantification of 

three sepsis biomarkers using whole blood sample. 

Third experimental chapter explores the use of PCB electrodes for electrochemical 

sensing. Extended electrochemical surface characterisation is presented along with 

an optimised recipe for electrode pre-treatment. 

Fourth experimental chapter explores the use of PCB electrodes for label-free 

sensing describing the challenges and potential benefits of label-free approaches.  

Fifth experimental chapter describes the development of a procalcitonin sensor 

from serum samples using a PCB platform. A potential design for an integrated PCB 

based sepsis diagnosis microsystem is presented. 

Conclusion and outlook outline the efforts achieved in this work and proposes 

new future perspectives and research questions.    
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2. Chapter 2      

 

Theoretical background  

To understand the core principles of electrochemical biosensors presented in this 

work, the basic theory of electrochemistry, the main techniques used in this work and 

principles of electrode surface chemistry and immunoassays will be described in this 

section. 

2.1 Principles of electrochemistry  

Electrochemistry describes the relationships between the electrical and chemical 

effects, which occur on the electrode/electrolyte interface. The foundations of 

electrochemical principles, reactions and methods are described below following 

three core references (Bard and Faulkner, 2001, Wang, 2006, Barsoukov and 

Macdonald, 2005) among others detailed within the section.  

2.1.1 Electrochemical cell 

Electrochemical studies are usually performed in an electrochemical cell, which in its 

simplest form consists of two electrodes in contact with an electrolyte. In biosensing 

applications, the electrode of interest, where the biosensing effect takes place and 

the signal is measured is named working electrode (WE). The second electrode is 

named reference electrode (RE) and is needed as a reference for application of the 

potential (Bard and Faulkner, 2001). To examine and control electrochemical 

reactions occurring on the WE, the ability to apply and precisely control the potential 

on the WE is very important. As this system is not connected to the ground, the actual 

potential on the WE will always be relative to the potential developed on the RE. To 

control the potential on the WE it is therefore important to be able to control the 

potential developed on the RE. Moreover, when the current flows between the WE 
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and the RE, there is a potential drop which changes depending on the level of current 

flowing between the two electrodes. This makes the potential on the WE impossible 

to control. Furthermore, RE can become polarized, additionally influencing its 

potential in solution which can provide fluctuations contributing to inaccurate current 

measurements. To overcome this, a third electrode can be introduced in the 

electrochemical cell, named counted or auxiliary electrode (CE). In this set-up, the 

potential difference is applied between the RE and the WE while the current flows 

between the WE and the CE. If the potential on the reference electrode is stable, the 

potential on the working electrode can be precisely controlled and independent of the 

current. This set-up is called a three-electrode cell and it is commonly used for 

electrochemical analysis. The three-electrode cell is controlled with a potentiostat, an 

instrument, that can control the potential between the WE and the RE while 

measuring the current produced at the WE. A schematic of a three-electrode cell is 

presented in Figure 2.1. 

 

Figure 2.1: Schematic representation of a three-electrode cell including a working electrode, 
reference electrode and counter electrode connected to a potentiostat. 

The purpose of highly controlled potential at the working electrode is to stimulate and 

monitor the redox reactions, occurring at the electrode surface. Any reaction which 

involves electron transfer can be described as a redox reaction. If a positive 

overpotential is applied to the working electrode, the electroactive species in solution 

which are in a reduced state can donate an electron to the metal electrode, as this is 

now thermodynamically favourable. This causes oxidation current and such redox 

reaction can be represented as:  

 Red ⇌ 𝑂𝑥 + 𝑛 ∙ 𝑒− (2.1) 
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where Red is the reduced form and Ox is the oxidised form of the redox active 

species, and n is the number of electrons. When no overpotential is applied on the 

working electrode, a developed potential at equilibrium (Eeq) can be corelated to the 

concentration of the electroactive species at the electrode surface with the use of the 

Nernst equation:  

 𝐸𝑒𝑞 = 𝐸𝑜 +
𝑅𝑇

𝑛𝐹
𝑙𝑛

𝛼𝑜𝑥

𝛼𝑟𝑒𝑑

 (2. 2) 

where E⁰ is the standard electrode potential, R is the universal gas constant, T is 

temperature in Kelvins, F is Faraday constant, and αox/red are the activities of oxidised 

and reduced redox species. At low concentrations of the redox species, activity is 

nearly equal to species concentration, which can therefore be extracted.  

2.1.2 Reference electrodes 

As discussed above, keeping a stable potential on the working electrode can only be 

achieved by a stable reference electrode. Ideally, RE potential remains stable 

independent of the electrolyte solution used in the three-electrode cell. To achieve 

this, an electrochemical half-cell with known reagents can be introduced to the three-

electrode cell as a RE. This has been demonstrated with standard hydrogen electrode 

(SHE), where a platinum wire is immersed in ideal acidic solution containing 1 mole 

of effective proton concentration and continuously exposed to hydrogen gas. The 

potential of SHE has been widely accepted as a reference point and now every half-

cell potential is referenced to the SHE unless specified otherwise (Wang, 2006). 

However, such electrode is hard to build and impractical to implement in everyday 

electrochemistry experiment. Nowadays, the most used approach is the use of 

silver/silver chloride reference electrode, immersed in a saturated solution of chloride 

ions (Ag/AgCl/Cl-). Ideally, reference electrodes do not polarise, meaning if the 

current flows through, charge transfer occurs at almost zero resistance. Redox 

reaction occurring at silver/silver chloride electrode is written as: 

 𝐴𝑔𝐶𝑙(𝑠) + 𝑒− ⇌ 𝐴𝑔(𝑠) + 𝐶𝑙(𝑎𝑞)
−  (2.3) 

The potential of Ag/AgCl/Cl- electrode is constant at 0.197 V vs. SHE. The 

construction of Ag/AgCl is simple and involves chlorination of a silver wire, which can 
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be achieved thermally, chemically, or electrochemically. This fabrication simplicity 

gave rise to many miniaturised Ag/AgCl pseudo-reference electrodes, which are not 

continuously immersed in saturated Cl- solution. Their potential is stable, but not 

determined, and can be calculated with a Nernst equation:  

 𝐸 = 𝐸𝑜 −
𝑅𝑇

𝐹
𝑙𝑛 (𝛼𝐶𝑙) (2. 4) 

The developed potential is therefore dependent of the activity (αCl) or concentration 

of Cl- ions in the solution therefore, when used with a predetermined buffer, their 

potential can be maintained constant. Many fabrication techniques have been 

explored in the effort to integrate Ag/AgCl pseudo-reference electrodes into 

microsystems such as thin film deposition, electroplating, screen printing and inkjet 

printing (Shinwari et al., 2010, Spitzer et al., 2013).  

2.1.3 Faradaic and Non-Faradaic processes 

Redox reactions transfer charge (electrons) across the electrode/solution interface 

and these processes are termed Faradaic processes, as they obey the Faradaic law 

(the amount of electrical flow is proportional to the amount of chemical reactions and 

electrons exchanged) (Bard and Faulkner, 2001). For Faradaic current to flow, redox 

active molecules need to be present (e.g. in the electrolyte) and sufficient 

overpotential needs to be applied for electron transfer to be thermodynamically 

favourable. The factors affecting the current and electrode reaction rate can be 

described by processes such as mass transfer of the redox molecule from bulk 

solution to the electrode surface, electron transfer at the electrode/electrolyte 

interface, chemical reactions occurring before or after the electrode transfer and other 

phenomena like adsorption/desorption of species to/from the electrode. The final rate 

of the reaction which determines the current output is ruled by the slowest part of the 

process, also termed rate determining step. These are mostly the rate of electron 

transfer at the electrode or the mass transport of the reactant to the electrode surface. 

To achieve high electron transfer rates, high conductivity materials are used for 

electrodes (gold, platinum etc.) therefore the reaction is controlled by the mass 

transport. Three different modes of mass transport are: 

- Diffusion; spontaneous molecule movement resulting from a concentration 

gradient. 
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- Convection; transport to/from the electrode by e.g. flow or mixing. 

- Migration; a movement of the charged particles in the electric field. 

Increasing the rate of the mass transport by integration of a sensor in a microfluidic 

device can therefore increase rection rate contributing to higher sensitivity and 

reduction of the analysis time when measuring Faradaic currents (Bard and Faulkner, 

2001, Wang, 2006). 

On the other hand, if the electrolyte in a three-electrode cell does not contain redox 

molecules or the potential applied is not sufficient to start the redox reaction, other 

processes also occur on the electrode/electrolyte interface. Absorption, desorption, 

and accumulation of charges can occur and cause current flow, although no direct 

charges are exchanged (Barsoukov and Macdonald, 2005). These processes are 

termed non-Faradaic processes and are present in every polarisable electrode. To 

understand these processes, electrochemical interface of the electrode and 

electrolyte will be examined next. 

2.1.4 Electrical double layer 

When charges are not transferred from electrode to the electrolyte, this phase 

interface is analogous to a capacitor, an electrical component with two parallel plates 

separated by a dielectric material. The capacitive effect from an electrode immersed  

in a solution can be described as electrical double layer (EDL), represented in Figure 

2.2a. In simplistic terms, the application of overpotential on the electrode causes 

redistribution of charged particles in the solution in proximity of the electrode. Otto 

Stern described the EDL model by combining two previous models (Helmholtz and 

Gouy-Chapman models) in 1924 (Bard and Faulkner, 2001, Barsoukov and 

Macdonald, 2005). 

When an electrode is immersed in a solution, some ions or charged molecules are 

adsorbed on the electrode surface and the electrode develops an overpotential due 

to the excess of charge. The area closest to the electrode is composed of solvent 

molecules and specifically adsorbed molecules or ions, forming a layer of low 

permeability. This layer can be described by an inner Helmholtz plane (IHP) at the 

distance x1 (Figure 2.2b) and is determined by electrode-adsorbed molecules. After 

the IHP, electrostatic effect attracts the ions of the opposite charge, which can be 

solvated ions and can approach the electrode to the distance described as outer 
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Helmholtz plane (OHP), or x2 in Figure 2.2b. The layer between the electrode and 

OHP is termed compact, Helmholtz, or Stern layer. The effect of charge in the 

electrode is felt through the Stern layer, and it is changing in a quasi-linear fashion. 

Beyond the Stern layer, charge effects decrease exponentially forming a diffuse layer, 

where ions with the opposite charge are still attracted to the electrode but scattered 

in a more permeable area counterbalancing the overall charge. 

 

Figure 2.2: a) A schematics of electrical double layer. b) A plot representing a potential drop 
in the stern layer and diffuse layer. IHP is represented by x1 and OHP by x2. Figure is adapted 
from (Bard and Faulkner, 2001). 

The thickness of the diffuse layer can be described with Debye length, which also 

refers to the distance within which a charge can be felt before it is completely 

screened by surrounding ions or molecules. The concentration of background 

electrolyte (e.g. salt) has a major effect on Debye length which can be in sub-

nanometre scale at high salt molarities (e.g. 1 M) and can increase to over 10 nm in 

electrolytes with low ionic strength (Wang, 2006).  

Debye length can affect the sensitivity of electrochemical biosensors especially when 

label-free approaches are utilised. To overview different sensing approaches, 

electrochemical techniques will be examined next. 
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2.2 Electrochemical techniques 

Multiple electrochemical techniques have been applied in biosensing for result 

readout as well as characterisation of surfaces and molecules in solution. Cyclic 

voltammetry and electrical impedance spectroscopy have extensively been used in 

this work and are described in detail below.  

2.2.1 Cyclic voltammetry  

Voltammetry is a study of the current produced on the working electrode as a function 

of an applied potential. Cyclic voltammetry (CV) is one of the most used 

electrochemical techniques and can inform us about reaction kinetics, electron 

transfer rate along with chemical properties of the electrolyte and physical properties 

of the electrode. In a CV, a low frequency triangular voltage waveform is applied to 

the working electrode, usually to examine redox reactions, see Figure 2.3 (Wang, 

2006).  

 

Figure 2.3: Cyclic voltammetry. a) The triangular waveform as a function of time. A single 
cycle is presented in the plot. b) A corresponding cyclic voltammogram obtained with 
potassium ferricyanide in solution. 

When the potential starts increasing, the electrode becomes polarised and capacitive 

currents can be observed. Upon reaching the point where redox reactions are 

thermodynamically favourable, Faradaic current becomes dominant and a steep 

increase in current can be observed as redox molecules in the proximity of the 

electrode are oxidised and the concentration of reduced species starts to build up. As 
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the concentration of the substrate depletes, oxidation current peak (Iox) can be 

observed at oxidation potential (Eox). The potential continues to increase, however 

due to the depletion of the substrate, the reaction is now mass transport dependent 

and the current decreases. When the potential is swept in the opposite direction, the 

opposite reaction occurs leading to reduction current peak (Ired) at the reduction 

potential (Ered), when a reversible system is used. The current change before the Iox 

is therefore determined by the electron transfer kinetics while current after Iox is 

controlled by mass transport.  

In a reversable system, the obtained peak current resulting from Faradaic current can 

be calculated using Randles-Sevčik law: 

 

𝑖𝑓 = 0.4436 𝑛𝐹𝐴𝐶 (
𝑛𝐹𝑣𝑟𝐷

𝑅𝑇
)

1
2
 (2. 5) 

where if is Faradaic current maximum, n is the number of electrons transferred in a 

single redox event, A is the electrode area, C is the concentration of the redox 

molecule, vr is the scan rate and D is a diffusion coefficient. The obtained current is 

therefore proportional to the concentration of the redox species and increases linearly 

with square root of the scan rate. If such observation is made experimentally one can 

deduce the reaction is controlled by diffusion.  

The oxidation and reduction potentials are dependent on the formal potential (E⁰) of 

the redox couple, calculated by: 

 
𝐸⁰ =

𝐸𝑝𝑎 + 𝐸𝑝𝑐   

2
 (2. 6) 

In a fully reversable system, the separation between the anodic and cathodic peak 

potentials is given by:  

 
∆𝐸𝑝 = 𝐸𝑝𝑎 −  𝐸𝑝𝑐 =

59

𝑛
 𝑚𝑉  (2. 7) 

The peak separation is therefore determined by the number of electrons exchanged 

in a single redox reaction. In an ideal system, a single electron transfer reaction would 

have a ∆Ep of 59 mV. 
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Non-Faradaic current (ic) in a CV is smaller and depends on the double layer 

capacitance (Cdl) arising from charge redistribution on the electrode interface. ic can 

be calculated by: 

 
𝑖𝑐 = 𝐶𝑑𝑙

𝑑𝑣

𝑑𝑡
  (2. 8) 

where v is the potential applied. Double layer capacitance increases with scan rate, 

hence slow scan rates are recommended to minimise this effect (Bard and Faulkner, 

2001, Wang, 2006). 

Cyclic voltammetry can also be used to study redox molecules not in solution but 

adsorbed on the electrode itself. In such set-up the separation between peak 

oxidation and reduction potential is approaching zero, which is representative of a 

reversable reaction for the adsorbed redox species (Bard and Faulkner, 2001). 

2.2.2 Electrochemical impedance spectroscopy  

By application of alternating potential into an electrochemical system, a rich set of 

information can be obtained. Alternating potential can also be used with a range of 

frequencies and the obtained information can provide insight into electron transfer 

processes at the electrode interface, electrical double layer modifications and 

diffusion processes (Barsoukov and Macdonald, 2005). The applied alternating 

potential is usually of small amplitude (5 - 10 mV) to maintain a level of 

thermodynamic equilibrium. The applied potential can be defined as: 

 𝑣(𝑡) =  𝑉0𝑠𝑖𝑛(𝜔𝑡)  (2. 9) 

where V0 is the amplitude, ω is the angular velocity expressed as ω = 2 π f, and f is 

frequency in Hz. The corresponding current can be expressed as: 

 𝑖(𝑡) =  𝐼0𝑠𝑖𝑛(𝜔𝑡 + 𝜃)  (2. 10) 

where I0 is the current amplitude and θ is the phase shift due to capacitive properties 

of the system. By combining these two equations with Ohm’s law we can define the 

impedance of the system as: 



Chapter 2 

U. Zupančič   42 

 

 
𝑍 =  

𝑣(𝑡)

𝑖(𝑡)
 =  

𝑉0𝑠𝑖𝑛(𝜔𝑡) 

𝐼0𝑠𝑖𝑛(𝜔𝑡 + 𝜃)
= 𝑍0

𝑠𝑖𝑛(𝜔𝑡)

𝑠𝑖𝑛(𝜔𝑡 + 𝜃)
 (2. 11) 

To express a complex impedance, Euler’s expression can be used defined as: 

 𝑒𝑥𝑝(𝑗𝜃) = 𝑐𝑜𝑠𝜃 + 𝑗 ∙ 𝑠𝑖𝑛(𝜃)  (2. 12) 

where j is an imaginary number expressed as (-1)1/2. Equations (2.9) and (2.10) can 

therefore be expressed as:  

 𝑣(𝑡) =  𝑉0𝑒𝑥𝑝(𝑗𝜔𝑡)  (2. 13) 

   

 𝑖(𝑡) =  𝐼0𝑒𝑥𝑝(𝑗𝜔𝑡 + 𝑗𝜃)  (2. 14) 

and the impedance of the system can be expressed as a complex number: 

 
𝑍 =  

𝑣(𝑡)

𝑖(𝑡)
 =  𝑍0 𝑒𝑥𝑝(𝑗𝜃) =  𝑍0(𝑐𝑜𝑠𝜃 + 𝑗𝑠𝑖𝑛𝜃)

=  𝑍′ + 𝑗𝑍′′ 

(2. 15) 

The real part of the impedance (Z’) represents resistive properties of the system, while 

the imaginary part (Z’’) represents capacitive properties, which are defined by a phase 

shift, represented in Figure 2.4. 

 

Figure 2.4: Impedance in a complex plane. Figure modified from (Barsoukov and 
Macdonald, 2005). 
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Electrochemical impedance spectroscopy (EIS) can be operated in two formats. A 

Faradaic mode, exploring Faradaic and non-Faradaic processes using redox active 

molecules in the electrolyte solution or non-Faradaic mode, where the direct electron 

transfer is not involved, and only capacitive current is passing through the system 

(Bard and Faulkner, 2001, Barsoukov and Macdonald, 2005). 

2.2.2.1 Faradaic electrochemical impedance spectroscopy  

In a Faradaic mode, a redox couple such as ferri/ferrocyanide is used in electrolyte 

solution to facilitate the direct electron transfer. To control the processes on the 

working electrode, a static DC potential is applied to the working electrode, which 

correlates to the formal potential of the redox couple, calculated according to equation 

(2.6). This ensures none of the processes (oxidation or reduction) is predominant. On 

top of the DC bias, an AC potential is superimposed and scanned in the range of 

frequencies usually ranging from 100,000 Hz to 0.1 Hz. Potentiostat with frequency 

response analyzer (FRA) is needed for such analysis. 

When an AC current flows through the electrode/electrolyte interface, the redox 

reactions responsible for the direct electron transfer represent a resistive part of the 

system and are represented as a real part of the impedance. The non-Faradaic 

processes which are a consequence or electrode polarization represent capacitive 

part of the system as imaginary impedance. This system is analogous to a resistor 

and a capacitor connected in parallel. Results from an EIS scan in a Faradaic mode 

can be represented in a Nyquist plot, which describes the relationship between the 

real and imaginary part of the impedance obtained in such system, see Figure 2.5. 

The EIS scan starts at high frequencies and the current freely flows through the 

capacitor, which offers zero impedance. As the resistor maintains its resistance 

across different frequencies, very little current passes through the resistor initially, as 

the current selects the path of ‘least resistance’. When the frequency drops, the 

capacitor charging/discharging becomes less efficient and an increase in imaginary 

impedance is observed. When lower frequencies are reached, the capacitor 

represents high impedance element, hence most of the current will now pass through 

the resistor, which leads to lowering of imaginary impedance and increase in real 

impedance (Bard and Faulkner, 2001, Barsoukov and Macdonald, 2005). 
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Figure 2.5: a) Randles circuit analogous to the electrode/electrolyte interface. b) Nyquist plot 
obtained with Faradaic EIS measurement. The semi-circle in the Nyquist plot represents the 
area kinetic reaction control, while the 45⁰ line represents mass transfer reaction control. 
Figure modified from (Bard and Faulkner, 2001). 

An electrical circuit with a capacitor and a resistor in parallel results in a perfect semi-

circle, which in not the case in electrode/electrolyte interface. As Faradaic processes 

are limited by the mass transfer processes (predominantly diffusion) this can be 

observed in the Nyquist plot at low frequencies. As low frequency oscillations can 

have an effect like a short DC bias, redox reactions quickly become limited by the 

diffusion which can be seen as a 45⁰ line in a complex plane. This effect is described 

as Warburg impedance and can be incorporated in an analogous electronic circuit as 

a Warburg element, which simulates the effect of diffusion on the redox reactions. At 

high frequencies, the effect of Warburg impedance is low as the diffusion struggles to 

follow fast oscillations. In fact, at very high frequencies, the capacitance, resistive and 

Warburg impedance are limited, and the total impedance is mainly given by solution 

resistance. Therefore, to complete the analogous circuit describing the 

electrode/electrolyte interface, another resistor can be added in series with the other 

elements. This circuit is termed Randles circuit and if the obtained EIS data is fitted 

with this circuit the capacitive and resistive values of the system can be extracted. In 

a Faradaic EIS experiment a diameter of the semi-circle is the most important 

parameter, which describe the charge transfer resistance (Rct). Rct can be described 

as a resistance between the electrode and a redox molecules in solution which 

inhibits electrons to be transferred and current to flow (Bard and Faulkner, 2001). Rct 

can be influenced by the molecules attached to the electrode surface. Size of such 

molecules has a great impact as well as charge, molecule orientation etc. (Jolly, 

2016). 
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Another version of Randles circuit includes a constant phase element (CPE) in the 

place of a capacitor. Electrode/electrolyte interface has capacitive properties but does 

not behave like a perfect capacitor and CPE accommodates that. The impedance of 

CPE is given as: 

 𝑍𝐶𝑃𝐸 =  𝑌0(𝑗𝜔)−𝛼  (2. 16) 

where Y0 is the magnitude of admittance, ω is frequency and α is an exponent. Using 

this relationship one can calculate the double layer capacitance (Cdl) of the system 

from the CPE element with the use of Rct of the system as: 

 

𝐶𝑑𝑙 =  
(𝑌0𝑅𝑐𝑡)

1
𝛼

𝑅𝑐𝑡

  (2. 17) 

However, the calculation of double layer capacitance in this set-up is only an 

estimation, as Faradaic processes produce much higher currents compared to 

capacitive currents (Barsoukov and Macdonald, 2005, Jolly, 2016). 

2.2.2.2 Non-Faradaic electrochemical impedance spectroscopy  

To explore non-Faradaic properties of the system, EIS can be performed in a solution 

with no redox active molecules. In a similar fashion, AC potential is scanned from high 

to low frequency. This process can be modeled by a capacitor representing 

electrode/electrolyte interface and a resistor (representing solution resistance) in 

series, see Figure 2.6a. Nyquist plot of such measurements only shows high value 

impedance due to low currents as represented in Figure 2.6b. The capacitance of 

the electrical double layer depends on the thickness of the double layer (δdl) and 

permittivity of the dielectric, which is described by a dielectric constant (εdl) and can 

be expressed as:  

 
𝐶𝑑𝑙 =  

휀𝑑𝑙𝐴

𝛿𝑑𝑙

  (2. 18) 

where A is the area of the electrode. The obtained impedance data can be used to 

calculate complex capacitance: 
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𝐶∗ =  −

𝑍′′

𝜔 |𝑍|2
− 𝑗

𝑍′

𝜔 |𝑍|2
=  𝐶′ + 𝑗𝐶′′  (2. 19) 

Where C* is a complex capacitance (Jolly, 2016). C’ and C’’ are calculated from Z’’ 

and Z’, respectively and can be plotted in Cole-Cole plot representing relationship of 

the real and imaginary capacitance, see Figure 2.6c. 

 

Figure 2.6: a) Electrode/electrolyte analogous circuit in non-Faradaic measurement. b) 
Nyquist plot presents high value impedance where very limited information can be obtained. 
c) The same data represented in Cole-Cole plot where real and imaginary part of capacitance 
can be observed. 

Faradaic and non-faradaic EIS set-up can also be used with a single frequency 

measurement, which would be preferred for the sensor user, to minimize the 

measurement time. In a Faradaic set-up, the preferred frequency lies where the 

semicircle in the Nyquist plot approaches the Z’ axes and Z’’ is almost negligible. In 

non-Faradaic set-up, the optimum frequency can be identified by observing the phase 

shift. The frequency with the biggest phase shift has the highest capacitive effect. 

Alternatively, a Cole-Cole plot can be fitted with a semi-circle to obtain the 

capacitance of the system (Barsoukov and Macdonald, 2005, Jolly, 2016).  

A key to a robust capacitive biosensor system is a compact insulating layer on the 

electrode, such as alkanethiol based self-assembly monolayer mostly used on gold 

surfaces, that can prevent current leakage and subsequent perturbations during the 

measurement (Jolly, 2016). Gold electrode surfaces are extensively used in this work 

and their electrochemical properties will be presented next. 
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2.3 Gold electrochemistry  

Gold is the noblest of any metal and has excellent properties as an electrochemical 

signal transduction element. It is inert, highly conductive, and non-corrosive, allowing 

the use gold electrodes in biological solutions. CV cycling of gold electrodes in sulfuric 

acid is a commonly used technique for electrode cleaning. In such set-up, a potential 

is increased to 1.5 V vs. Ag/AgCl/Cl- where a monolayer of chemisorbed oxygen 

covers the whole electrode. During the reverse scan, gold oxide is reduced, and the 

area of the reduction peak can be used to asses electroactive electrode area and the 

surface roughness (Burke et al., 1994). Typical CV scan is represented in Figure 2.7. 

 

Figure 2.7: A CV scan of a polycrystalline gold electrode in 50 mM sulfuric acid. The reduction 
peak at 0.85 V vs Ag/AgCl/Cl- is used for the assessment of the surface roughness.  

Electrochemical surface area (ESA) can be determined using the following equations: 

 
𝑄 =  

1

𝑣𝑟

∫ 𝑖 ∙ 𝑉′𝑑𝑉′  (2. 20) 

where Q is the charge, vr is the scan rate and the integral ∫ 𝑖 ∙ 𝑉′𝑑𝑉′ is the area of the 

gold oxide reduction peak. ESA can then be determined by: 

 
𝐸𝑆𝐴 =  

𝑄

390 ∙ 10−6
  (2. 21) 

Furthermore, surface roughness factor (Rf) can be calculated: 
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𝑅𝑓 =  

𝐸𝑆𝐴

𝐴
  (2. 22) 

where A is the geometrical area or the electrode (Trasatti and Petrii, 1992). Electrode 

surface roughness has a major impact on physicochemical electrode properties. A 

big roughness effect can be observed when using self-assembly monolayers, 

commonly used to immobilize biological recognition elements to the electrodes, which 

will be covered in the next section. 
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2.4 Surface chemistry 

Biosensors rely on a biorecognition element, which can be immobilized directly on 

the working electrode. Coupling of metal electrodes to biological entities has a 

profound effect on the biosensor’s performance such at sensitivity, and stability. An 

overview of biorecognition element immobilization strategies is presented in this 

section along with self-assembly monolayers and most widely used coupling chemical 

techniques.  

2.4.1 Probe immobilization strategies  

Conjugation of biomolecules to solid surfaces can be classified into reversable or 

irreversible methods, with both approaches having some advantages and drawbacks. 

Irreversible techniques are broadly used as they usually produce a stable surface, 

which is important for long-term biosensor stability. 

Covalent binding is the most widely used technique due to strong chemical bonds. 

The most important aspect of covalent linking is the active chemical group on the 

biomolecule, which is involved in the reaction. Groups in biological active sites should 

be avoided as their modification impairs biological activity. Primary amines (-NH2) are 

a common target as they are usually located on the surface of the biomolecules and 

available for conjugation. They are mainly present in the protein N-terminus and 

lysine, arginine, asparagine and glutamine residues and are targeted by a N-

hydroxysuccinimidyl ester (NHS ester) reactive group, which is explained in detailed 

in the section below. Carboxyl groups (-COOH) are located on protein’s C-terminus 

and are also available on the protein surfaces (aspartic acid and glutamic acid), which 

corresponds to more stable conjugates. Thiol groups (-SH) are commonly used for 

direct covalent binding to gold surfaces but are also present in proteins as disulfate 

bonds, responsible for protein tertiary structure. Other groups involve carbonyls (-

CHO) and carbohydrates, which are used less commonly (Liébana and Drago, 2016, 

Hermanson, 2013a).  

Crosslinking can be described as linking of multiple molecules in a single process, 

usually resulting in high molecular weight polymers. Such strategy can be applied 

when a thick layer of biomolecules needs to be deposited on the electrode. To protect 

enzymatic active sites, these can also be entrapped in a crosslinked polymer. In such 
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strategy, enzyme substrate and product can penetrate the polymer while the enzyme 

movement is hindered by the polymeric network. Various immobilization techniques 

are summarized in Table 2.1. 

Table 2.1: Most used biomolecular probe immobilisation strategies. Table adopted from 
(Liébana and Drago, 2016). 

Method Immobilisation 
approach 

Advantages Disadvantages 

Irreversible Covalent binding Stability, high binding 
strength 

Cost 

 
Cross-linking Stability, high binding 

strength 
Diffusion limitation, 
cross-linker toxicity 

Reversible Adsorption Simple, fast, low cost Reproducibility, 
random orientation, 
desorption  

Bio-affinity Controlled orientation, high 
specificity, functionality 

Cost 

 
Disulfide bonds Good orientation, stable 

bond 
Cost, need for 
linkers, protein 
stability 

Reversable techniques include nonspecific adsorption, which can be used to attach 

biomolecules to the electrode surface. This strategy is used regularly due to its 

simplicity but offers several drawbacks. The biomolecules attach to the surface 

through hydrogen bonding, van der Waals and hydrophobic interactions, however the 

orientation of molecules cannot be controlled, and they can be removed with the 

introduction of media with different ionic strength or pH compared to the 

immobilization buffer. This results in poor reproducibility of such sensors. Bio-affinity 

approaches usually explore streptavidin-biotin interaction or protein A/G for 

immobilization of antibodies. These enable controlled molecule orientation and strong 

bonds but include multiple surface preparation steps resulting in high cost. Disulfide 

bonds offer strong stable chemical bonds and controlled orientation but can impair 

biomolecule stability due to the loss of the tertiary structures. They are unique as they 

can be reduced under mild conditions allowing reversibility (Hermanson, 2013a). 

Self-assembly monolayers exploring covalent binding are extensively used in this 

work and will be presented next in more detail. 
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2.4.2 Self-assembled monolayers  

Self-assembled monolayers (SAMs) using alkanethiols on the gold surface have been 

extensively used to modify surface properties of the metal electrodes. Thiol groups 

react with gold to form sulfur-gold bonds which is a strong covalent linkage. 

Additionally, alkanethiols include an elongated alkane chains which are hydrophobic 

and interact with neighboring alkanethiols via van der Waals interactions to self-

assemble. The gold-thiol reaction is almost instant but the self-organization and 

alignment of alkanethiols can take over 16 hours (Schreiber, 2000) due to slow 

rearrangements. The final layer results in approximately 30⁰ tilt of individual 

alkanethiols forming a tightly compact coating, see Figure 2.8.  

 

Figure 2.8: Schematic representation of SAM based on alkanethiols on a gold surface. Figure 
reproduced from (Love et al., 2005) with permission from American Chemical Society. 

The thickness of the SAM layer is defined by the number of carbon atoms in 

alkanethiols, providing a physical barrier between the gold surface and the solution. 

This also influences the electrical properties of the solution interface. SAMs are non-

conductive and their resistivity is exponentially proportional to SAM thickness (Briand 

et al., 2006). Electrons can only penetrate SAMs through pinholes which occur on the 

surface due to imperfections in SAM formation. Alternatively, if the alkanethiols have 

short chains (< 8 carbon atoms) electron tunneling through SAM is possible. This 

results in the use of shorter SAMs for biosensors employing Faradaic detection 

techniques and longer SAMs in non-Faradaic capacitive sensors (Miller and Graetzel, 

1991). Longer alkane chains provide higher SAM organization structure and result in 

less structural imperfections such as pin holes. Planar surfaces provide very compact 

SAMs where the maximized number of alkanethiols reaches 4.64×1014 

molecules/cm2 (Love et al., 2005). 
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The last important feature of SAMs is the functional group, which determines the 

surface properties of the SAM coated surface. Hydroxy (-OH) groups have been 

extensively used for surface hydrophilization but other groups with interesting 

functionalities have been explored to improve biosensor performance such as sulfo-

betaine terminated SAM for anti-fouling surfaces (Jolly et al., 2015). Widely explored 

approach is the use of carboxyl terminated alkanethiols, which can be used for 

bioconjugation. Combining carboxy-alkanethiols with alkane thiols of other alkane 

lengths or functionalities results in mixed SAMs with multifunctional surfaces. This 

enables bioconjugation of the biomolecular probe on the sensor surface while 

controlling surface properties needed for specific detection principle (Briand et al., 

2006, Love et al., 2005).  

2.4.3 Carbodiimide and NHS ester conjugation chemistry 

EDC (1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride) in combination 

with NHS (N-hydroxysulfosuccinimide) or sulfo-NHS is one of the most widely used 

crosslinking mediator for biological conjugation. EDC is a carbodiimide and facilitates 

amide bond formation between a carboxy group and a primary amine. Carboxyl group 

and EDC form a highly reactive O-acylisourea intermediate, which can react with 

nucleophiles such as primary amine. This reaction is susceptible to water-based 

hydrolysis which occurs in seconds alongside a plethora of other side reactions, 

decreasing the reproducibility of EDC mediated conjugation processes.  

NHS or a more soluble version (sulfo-NHS) can be added to EDC mediated reaction 

to stabilize the intermediate by forming NHS ester groups, see Figure 2.9. This 

strategy produces higher yields of amide bonds due to increased stability of the NHS 

ester intermediate, which has a half-life of few hours in physiological conditions. 

Increase of the pH increases the rate of hydrolysis leading to half-life of only 10 min 

at pH 8.6 (Hermanson, 2013b). This conjugation approach is often used with 

carboxylated alkanethiols to activate the terminal function groups and attach a 

biorecognition molecule to the SAM on the electrode surface. Alternatively, thiolated 

alkane linkers with already prepared NHS ester groups can be obtained to eliminate 

the need for EDC/NHS reaction. In this setup, the linker can first be deposited on the 

surface followed by direct exposure to the target molecule for bioconjugation. 
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Figure 2.9: Reaction principle of EDC/NHS mediated conjugation of carboxy groups to 
primary amines. Figure taken from (Hermanson, 2013b). 

An example of such linker is Lomant’s reagent, dithiobis(succi-nimidylpropionate) or 

DSP, which is bifunctional NHS ester crosslinking agent with a cleavable disulfide 

group, see Figure 2.10. When exposed to gold surfaces, DSP forms a coordinate 

covalent bond without the need for prior reduction. This approach is fast and simple 

but does not result in a compact SAM due to short alkane chains and steric hindrance 

of NHS ester groups (Grubor et al., 2004).   

 

Figure 2.10: a) DSP linker. b) Formation of coordinate covalent bond with the gold surface. 
Figure taken from (Hermanson, 2013b) 

NHS ester groups react with primary amines which are usually ε-amine groups found 

on the lysine residues or α-amine groups found at the N-terminus of proteins and 

peptides. By targeting a specific residue, a controlled orientation of the capturing 

probes can be achieved, to facilitate the binding of the target analyte. Most widely 

used approach for detection of protein biomarkers are immunoassays, which will be 

presented next.  
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2.5 Immunoassays  

Immunoassay is any analytical method based on antigen-antibody interaction. 

Antigen is any substance like a pollen particle or a pathogen that a body recognizes 

as foreign species. To fight this invasion, antibodies are produced to specifically bind 

to antigens and mediate their elimination. 

Immunoassays represent fast and cost-effective solution for quantification of a range 

of targets form large biomolecules like proteins to small molecules like pesticides. 

Interaction of antibody and antigen can be studied using label-free techniques like 

surface plasmon resonance (SPR), quartz crystal microbalance (QCM) or 

electrochemical capacitive sensors, but the use of labels have enabled highly 

sensitive, reproducible and controllable assays. Labels can range from fluorescent, 

luminescent, radioactive, redox or enzymatic compounds which are usually 

conjugated to a labeling antibody, to ensure specificity of the readout (Vashist and 

Luong, 2018).  

2.5.1 Antibodies and aptamers 

Antibodies and aptamers are most used probes in immunoassays. Antibodies are 

immunoglobulins, produced by B-lymphocyte cells that help immune system defense 

by specific binding to antigens and facilitating their elimination. Five isotypes can be 

found in mammals including immunoglobulin A, D, E, G and M with immunoglobulin 

G (IgG) being the most abundant in humans. 

All antibodies are comprised of two heavy chains and two light chains connected with 

disulfide bridges into a Y-shaped protein, that undergoes glycosylation, a 

posttranslational modification, which includes attachment of carbohydrates to the 

protein surface.  Both heavy and light chains have a constant domain, which is 

identical in all antibodies of a single isotype and a variable domain, which changes 

based on antibody specificity. Two heavy chains form an Fc region, which functions 

as a mediator of the immune response. Each heavy and light chain form a Fab 

fragment, involved in antigen recognition. Within the variable region of the light and 

heavy chain, there are three hypervariable regions, also called complementarity-

determining regions (CDRs) which form antigen binding site. Amino acid sequence in 

CDRs determine antigen specificity. The whole antibody has a size of 150 kDa and 
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measures around 15 x 8 nm. An example of IgG structure is represented in Figure 

2.11 (Wild, 2013).  

 

Figure 2.11: Schematics of IgG structure including Fc and Fab region. Figure modified from 
(Wild, 2013).  

Antibodies are obtained by immunization of an animal (mouse, rat, sheep, rabbit etc.) 

using the antigen of interest. There are two main approaches following immunization. 

In the first approach, animal serum can be obtained, and the specific antibodies can 

be isolated using desired antigen as a capturing probe. This results in polyclonal 

antibodies, which is a pool of different antibodies, all specific to the antigen of interest. 

As polyclonal antibodies include molecules with different CDRs, they can recognize 

different binding sites on the same antigen, called epitopes. Polyclonal antibody 

production is straightforward but can result in low batch-to-batch reproducibility which 

results in lower reliability.  

The second approach includes isolation of B-lymphocytes that produce antibodies, 

fusion of these cells to human myeloma cells and careful examination of every fused 

cell to find the single clone, which produces high yields of specific antibodies. These 

antibodies are termed monoclonal antibodies (mAbs), as they all originate from a 

single clone. This means they all share the same CDRs and bind to the same epitope 

on the antigen, which makes them reliable but more expensive to manufacture 

(Lipman et al., 2005). 

Alternative to antibodies, aptamers are short single stranded DNA or RNA sequences 

which can specifically recognize and bind to the target molecule. Aptamer 

development is performed through a process called SELEX (systematic evolution of 

ligands by exponential enrichment) where first a library of short sequences is exposed 
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to the target molecule, the bound fraction is then isolated and amplified using error 

prone PCR to generate a new library. The process is then repeated until a sequence 

with needed performance is obtained, usually 10-20 rounds are needed. Aptamers 

have some advantages over antibodies for biosensor use. Mainly they are more 

stable and easily modified on 3’ or 5’ ends, however they are susceptible to DNAse 

and RNAse degradation and non-specific binding of DNA binding proteins in complex 

samples. Aptamers form complex 3D structures when interacting with a target 

molecule, but their conformation is highly susceptible to their environment such as 

ionic strength and presence of positively charged ions. Nevertheless, their popularity 

in biosensing community is growing (Zhou et al., 2014, Jolly, 2016). 

2.5.2 ELISA  

Enzyme-linked immunosorbent assay (ELISA) has been the most successful assay 

format for antigen detection and represents the core analytical techniques spanning 

from clinical diagnostics, biopharmaceutical analysis to food produce and 

environmental monitoring. The key feature of ELISA is a specific antibody, conjugated 

to an enzymatic label, which can produce colorimetric signal when exposed to an 

appropriate substrate. Multiple ELISA formats can be utilized depending on the 

analyte of interest, see Figure 2.12.  

In a direct ELISA, a sample is exposed to a well and antigen is non-specifically 

adsorbed to the surface. Enzyme-antibody conjugate is then used to detect the 

specific target. This is a fast technique but suffers from high background noise and 

reduced sensitivity and is therefore mostly used where target analytes are in high 

concentrations. Indirect ELISA format includes non-specific adsorption of the sample 

to the well, addition of primary antibody, which binds specifically to the target and a 

secondary antibody conjugated to the enzyme, which specifically binds the primary 

antibody. This set-up is more sensitive and provides greater flexibility but needs a 

longer procedure with high possibility of background noise. 
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Figure 2.12: Representation of multiple ELISA formats. Direct ELISA (a), indirect ELISA (b), 
sandwich ELISA (c) and competitive ELISA (d).  

Sandwich ELISA addresses these challenges by first immobilizing a capture antibody 

on the surface of the well, which is then exposed to the sample. Only desired analytes 

therefore bind to the capture antibody which minimizes background noise. After 

introduction of the sample, detection antibody conjugated to the enzyme is added and 

the signal can be obtained. This set-up enables higher sensitivity and specificity, but 

requires a set of two antibodies, which must bind to separate epitopes on the target 

molecule. Antibody selection can be laborious, as is the multi-step sandwich ELISA 

process. 

Competitive ELISA can result in a faster approach. In this set-up, the well is coated 

with capturing antibody and the sample is mixed with the analyte of interest, which is 

conjugated to an enzyme. Throughout the binding reaction, the analyte in the sample 

and the conjugated analyte are competing for the binding sites in the well. The 

readout signal therefore inversely corelates to the concentration of the analyte of 
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interest. This set-up is robust, consistent and only needs a single antibody which 

enables the detection of very small molecules. However, competitive ELISA is less 

specific due to the use of a single antibody. 

Multiple advances in ELISA technologies have been observed throughout the last 

decades, with fully automated robotic workstations, miniaturization of microtiter plates 

from 96 well formats to 384 well and 1536 well plates and integration of ELISA 

technologies into microfluidic devices. Nonetheless, the core principle of ELISA 

technology is still in the use of enzymatic labels, which means ELISA remains a multi-

step process, which increases the complexity and time of the final assay (Vashist and 

Luong, 2018, Wild, 2013, Cox et al., 2004). 

Non-labeled immunoassay techniques have some advantages like the use of a single 

antibody and less incubation steps. Surface plasmon resonance is one of the most 

useful tools to examine antigen-antibody interactions and will be reviewed next.  

2.5.3 Surface plasmon resonance 

Surface plasmon resonance can offer real time, label free monitoring of binding 

events. The majority of SPR devices use a detection scheme called a Kretschmann 

configuration. In this set-up a light shine through a prism on a glass chip coated with 

a thin metal film, usually gold. The metal layer acts as a mirror and reflects a portion 

of light back to the detector. At an incidence angle named the resonance angle, the 

light is absorbed by the electrons in the thin metal layer, which begin to resonate. This 

leads to a dip in the SPR reflection intensity curve. The resonating electrons are also 

called surface plasmons, and their resonation is dependent on their environment.  

If an antibody is linked to the gold surface of the SPR chip, antigen binding will change 

the total mass loaded on the surface of the resonating plasmons. This will cause the 

change in the resonance angle and will be seen as a shift of the dip in the SRP 

reflection intensity curve. This enables SPR to monitor molecular binding without the 

use of labels. Additionally, molecular interaction can be observed in time dependent 

manner. By exposing the antibody coated surface to a solution containing 

complementary antigens, molecular binding events can be monitored in real time. If 

an antibody has high affinity to the antigen, the binding events will happen quickly 

and the number of available binding sites decreases, which decreased the rate of 

binding events and leads to surface saturation. By introduction of a washing step, 
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bound antigens will dissociate away from the surface. Time dependent monitoring of 

binding events allows us to study association and dissociation kinetics and calculate 

the binding affinity of the system (Schasfoort, 2017, Masson et al., 2000). SPR 

detection principle is represented in Figure 2.13. 

 

Figure 2.13: SPR detection principle. a) Kretschmann configuration of SPR chip with a light 
source shining through a prism. b) A dip in the SPR reflection intensity curve due to light 
absorbance by surface plasmons. c) Kinetic association and dissociation plot obtained by time 
dependent analysis of binding events. Figure modified from (Schasfoort, 2017). 

Although SPR offers excellent detection limits with no labeling, it requires 

sophisticated instrumentation and a skilled operator to perform the analysis. 

Therefore, SPR is mostly used as a research tool to investigate protein binding 

dynamics and not as an analytical tool for protein quantification. For point-of-care 

sensors, one of the mean prerequisites is the simplicity and the ease of use. 

Electrochemical immunosensors fit that criteria and will be explored in the following 

section. 
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2.6 Electrochemical immunosensors 

Electrochemical immunosensors are affinity-based sensors, based on the formation 

of immunocomplex between an antigen and an antibody, which leads to quantifiable 

signal generation (Mollarasouli et al., 2019). In immunosensors, the antigen-antibody 

interaction and the signal acquisition are performed in the same platform. On the other 

hand, immunoassays are usually based on immune interaction occurring in the first 

step (e.g. in the 96-well plate) while the readout is performed elsewhere (e.g.  in plate 

reader). As immunoassays, immunosensors can exhibit high specificity due to used 

antibodies and high sensitivity due to plethora of labeling techniques.  

All previously mentioned ELISA formants can be incorporated into an electrochemical 

immunosensor, where the signal can be detected using amperometric, potentiometric 

or impedance-based techniques. The majority of amperometric techniques are based 

on enzymatic labels, such as horseradish peroxidase, alkaline phosphatase or 

glucose oxidase (Lim and Ahmed, 2019). In such set-up, the oxidation/reduction of 

the enzymatic product is read by applying a constant potential. Voltametric techniques 

can also be used to determine oxidation/reduction in potential dependent manner, 

represented in Figure 2.14. 

 

Figure 2.14: Schematic representation of the immunosensor. In the left schematic an 
immunosensor based on an antibody capturing probe and an antibody-enzyme conjugate 
label is presented. In the presence of the enzyme, the substrate is catalysed to the product, 
which can be detected with voltammetry, represented as a peak in the right part of the figure. 

Potentiometric immunosensors are based on the change of potential due to formation 

of the immunocomplex. Immunosensors based on filed effect transistors (FET) are 

one of the most sensitive in the field, due to signal amplifying properties of the FET 
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(Kanai et al., 2020). These sensors can also be label-free, depending on the intrinsic 

properties of the analytes. Alternatively, impedance sensors can also rely-on label-

free detection and many ultrasensitive sensors have been reported in the literature 

(Zhurauski et al., 2018b, Arya et al., 2018b). Label-free approaches offer several 

advantages such as simplicity of the sensors, ease of manufacture and potentially 

long storage times. However, non-specific binding of complex biological samples 

represents a major hurdle in label-free sensing (Bahadır and Sezgintürk, 2016). 

Immunosensors have enormous potential in the area of diagnostic and other fields 

such as biological process monitoring (Wang et al., 2008). Electrochemical 

immunosensors have become one of the preferred options due to excellent sensing 

properties such as sensitivity and reliability due to immunoassay detection strategies 

and minimal instrumentation required for electrochemical signal acquisition.  

This PhD project’s research efforts towards the development of such electrochemical 

immunosensors for sepsis diagnostics will be presented in the following experimental 

chapters. 
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3. Chapter 3      

 

Electrochemical ELISA based immunosensor 

for procalcitonin  

Electrochemical sensors are a vital component of any electrochemical microsystem 

designed to perform biomarker quantification. Procalcitonin was chosen as a primary 

biomarker of interest, due to a vast body of research demonstrating its importance in 

sepsis diagnosis and management. This chapter describes the development of 

electrochemical sensor for PCT with excellent antifouling properties, which can be 

used with a complex matrix like whole blood. Quantification of protein biomarkers 

from a complex sample is especially important when developing a sensor which will 

be integrated into a full microsystem, as this greatly simplifies the complexity of the 

sample preparation stage in the final microfluidic device. Sensors presented here are 

developed on thin film gold electrodes, with the final goal of transferring the assay to 

a PCB based platform. This work was performed in collaboration with the Wyss 

Institute for Biologically Inspired Engineering at Harvard University. 

3.1 Background  

Electrochemical ELISA-based assay architecture was chosen for this work due to 

previously demonstrated reliability of such assays and availability of the assay 

components i.e., antibodies. One of the reasons behind the limited commercial 

success of affinity-based electrochemical (EC) sensors in complex biological samples 

is high susceptibility of the EC sensing elements to biological fouling (Jolly et al., 

2015). Nonspecific binding can drastically impact resistive and capacitive properties 

of the sensing element hampering electrochemical signal transduction (Ingber et al., 

2018), hence conductivity of the electrode surface plays a vital role in achieving low 

detection limits in electrochemical sensors (El-Said et al., 2020). 
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Sabate Del Rio et al., have previously demonstrated this issue can be addressed by 

formation of a three-dimensional nanocomposite based on crosslinked BSA doped 

with nanomaterials such as gold nanowires (AuNWs) or carbon nanotubes (CNTs). 

Such nanocomposite demonstrated excellent antifouling properties maintaining high 

conductivity after one-month exposure to human plasma and sensitive detection of 

IL-6 in untreated human plasma based on electrochemical sandwich ELISA (Sabate 

Del Rio et al., 2019, Zupancic et al., 2019). This matrix allowed high electrochemical 

signal transduction between the gold electrode and the nanocomposite surface, 

which was further functionalized with antibodies while maintaining conductive and 

antifouling surface properties, see Figure 3.1a.  

  

Figure 3.1: Schematic representation of the BSA based nanocomposite doped with gold 
nanowires and crosslinked with glutaraldehyde formed on a planar gold electrode (a). 
Capturing antibodies can be conjugated to the nanocomposite to form an immunosensor 
surface. Figure reproduced from (Sabate Del Rio et al., 2019) with permission from Springer 
Nature. b) Structures of graphene, graphene oxide, and reduced graphene oxide, figure 
reproduced from (Tadyszak et al., 2018). 

Nevertheless, the addition of expensive AuNWs to the matrix posed a significant 

challenge towards commercialization of this technology.  

In this work, AuNWs were replaced with reduced graphene oxide, with known 

antifouling and electrochemical attributes (Thangamuthu et al., 2019, Noorbakhsh 

and Alnajar, 2016). Reduced graphene oxide (rGOx) is obtained by reduction of 

graphene oxide, minimising the oxygen content, and giving rGOx material properties 

(strength, thermal and electrical conductivity) more similar to graphene (Ahammad et 
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al., 2019), see Figure 3.1b. Reduced graphene oxide has also been shown to 

enhance surface properties and promote low limits of detection in electrochemical 

sensors (Lawal, 2019, Krishnan et al., 2019).  

Considering this properties, we focused our PCT electrochemical quantification 

platform development on the reduced graphene oxide based antifouling 

nanocomposite, which promised the potential to quantify our target analyte in a 

complex biological sample and can be incorporated with microfluidics in a simple one-

channel fashion.  

A newly developed, rGOx based nanocomposite is first characterised and compared 

to previously described AuNWs based composite through IL-6 electrochemical 

sensors. Then, an antibody-based sensor for PCT is developed and characterized in 

buffer, serum and whole blood and the sensor is validated using clinical samples. 

Potential for microfluidic integration is described and quantification of PCT in under 

ten minutes is demonstrated.  

3.2 Materials and methods  

Chip preparation 

Gold chips containing four working electrodes and shared counter and quasi-

reference electrode were prepared using standard photolithography process by 

depositing 20 nm of titanium and 150 nm of gold on a glass wafer, as described 

previously (Sabate Del Rio et al., 2019). Chip fabrication was performed by Max Benz 

and Isaac Hsia from Wyss Institute for Biologically Inspired Engineering. Prior to use, 

gold chips were cleaned by sequential 5 min sonication in acetone and in isopropanol. 

Material supplier and storage conditions are described in Table 3.1. To ensure a 

clean surface, the chips were then treated with oxygen plasma using a Zepto Diener 

plasma cleaner (Diener Electronics, Germany) at 0.5 mbar and 50% power for 2 min.  

Table 3.1: Materials used in the study. 

Material  Supplier  Item number Storage  

Reduced graphene oxide, amine 
functionalized  

Sigma, USA  c. # 805432 Desiccator at 
RT 

Bovine serum albumin Sigma, USA  c. # 05470 4 °C 
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Glutaraldehyde  Sigma, USA  c. # G7776 -20 °C 

Acetone  Sigma, USA  c. # 650501 RT 

Isopropanol  Sigma, USA  c. # W292907 RT 

DPBS  Sigma, USA c. # D8537  RT 

EDC  Thermo Fisher 
Scientific, USA 

c. # 22980 -20 °C 

NHS  Sigma, USA  c. # 130672 Desiccator at 
RT 

MES  Sigma, USA  c. # M3671 RT 

TBS Sigma, USA c. # T5912 4 °C 

TBST with 5mM CaCl Boston Bio 
Products, USA 

c.# C-181 CS-
let 

RT 

Streptavidin-pHRP  Thermo Fisher 
Scientific, USA 

c. # N200  -20 °C 

TMB Enhanced One Component 
HRP Membrane Substrate  

Sigma, USA c. # T9455-
100ML 

4 °C 

Nanocomposite preparation  

Amine-functionalised reduced graphene oxide (Sigma Aldrich, USA) or carboxylated 

reduced graphene oxide (Sigma Aldrich, USA) were mixed with 5 mg/mL BSA (Sigma 

Aldrich, USA) at 1 mg/mL concentration in PBS solution, ultrasonicated for 1 h using 

1 s on/off cycles, heated at 105oC for 5 min to denature the protein and centrifuged 

for 15 min to remove the excess aggregates. The nanomaterial solution was then 

mixed with 70% glutaraldehyde (Sigma Aldrich, USA) for crosslinking in the ratio of 

69:1, deposited on the glass chip with gold electrodes and incubated in the humidity 

chamber for 20-24 h to form a conductive nanocomposite. 

Nanocomposite imaging 

For imaging purposes, the nanocomposite was prepared on gold coated glass SPR 

chips (Reichert Technologies, Germany). The images of the nanocomposite on gold 

were taken using a JEOL JSM-6301F field emission scanning electron microscope at 

5 kV acceleration and 50,000x magnification. Atomic force microscopy (AFM) was 

used to evaluate the surface topography and roughness with a Digital Instruments 

Nanoscope IIIA AFM and Gwyddion software was used for image processing. 
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Nanocomposite electrochemical characterization 

Cyclic voltammograms characterizing the conductive nanocomposite were obtained 

in characterisation buffer (see Table 3.2) at a 100 mV/s scan rate using chip-

integrated gold counter and gold quasi-reference electrodes. To characterize the 

reversibility of the system, bare gold electrodes, electrodes covered with 

nanocomposite and electrodes with functionalized nanocomposite (i.e., with covalent 

attachment of PAMPs probe FcMBL (see next chapter) and blocked surface with 

BSA) were analysed by CV in characterisation buffer by increasing the scan rate from 

10 mV/s to 1 V/s. 

Table 3.2: Composition of the buffers used in the study.  

Buffer Composition 

Characterisation buffer TBST (pH 7.4), 5 mM CaCl and 5 mM [Fe(CN)6]3-/4- 

Conjugation buffer 50 mM MES, pH 6.2 

Quenching buffer TBS (50 mM Tris), pH 7.4 

Blocking buffer 0.1% BSA in TBS (pH 7.4) with 10 mM glucose 

Labelling buffer 0.2% bovine gamma globulin in TBS (pH 7.4) with 0.05% 

pluronic acid and 5 mM CaCl 

Sample buffer 100 mM heparin, 20 mM glucose, and 40 mM CaCl in TBST 

(pH 7.4) 

Washing buffer  TBST with 5 mM CaCl, pH 7.4 

Measurement buffer PBST, pH 7.4 

PCT biosensor preparation 

After nanocomposite preparation, gold chips were washed in PBS by agitation (500 

rpm) for 30 min and dried with pressurized air. 1-ethyl-3-(3-dimethylaminopropyl) 

carbodiimide hydrochloride and N-hydroxysuccinimide were dissolved in conjugation 

buffer at 400 mM and 200 mM, respectively and deposited on nanocomposite covered 

gold chips for 40 min. After surface activation, chips were quickly rinsed with ultra-

pure water, dried and the capturing probe was spotted on top of the working electrode 

area. For PCT sensor, PCT capture mAb (Abcam, UK) was diluted to 0.1 mg/mL in 

conjugation buffer. One electrode was spotted with 0.1 mg/mL BSA as a negative 
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control and the chips were incubated overnight in a humidity chamber. After 

conjugation, chips were washed in PBS, dried and laser cut double sided adhesive 

sticker outlining the sensing area was attached to the glass chip surface. Chips were 

then incubated in quenching buffer for 1 h before incubation in blocking buffer for 1 to 

6 h. After this point all washing steps were done using 1 mL of the washing buffer. 

Chips were incubated with the target sample for 30 min with 400 rpm agitation to 

mimic flow. After sample incubation and the wash, 2 µg/mL of biotinylated anti-PCT 

detection monoclonal antibody diluted in labelling buffer was added to the chip and 

incubated for 15 min with agitation. Biotinylated label was then washed away, and 

Poly-HRP-Streptavidin (Thermo Fisher Scientific, USA) was diluted to 1 µg/mL in 

labelling buffer and incubated on the chip for 5 min. After the wash, precipitating TMB 

(Sigma-Aldrich, USA) was incubated on the chip for 1 min and washed. Final 

measurement was then performed in PBST using a potentiostat (Autolab 

PGSTAT128N, Metrohm; VSP, Bio-Logic) by a CV scan with 1 V/s scan rate between 

-0.5 and 0.5 V vs. on-chip integrated gold quasi reference electrode. Peak area was 

calculated using Nova 1.11 software and corrected with geometrical surface area of 

the electrode. Sensors were evaluated in following matrices: buffer (blocking buffer), 

undiluted serum (Sigma-Aldrich, USA) and 50% diluted whole blood (Research Blood 

Components, USA), where target was added to the whole blood, which was then 

diluted 1:1 with sample buffer before being deposited on the sensor chip. 

IL-6 sensor was prepared using the same protocol with different incubation times. For 

details see Table 3.3 and Table 3.4. 

Table 3.3: Materials used for the construction of the two sensors. 

Assay Item  Supplier  Item 
number 

Storage Concentration 
used in the 
assay 

PCT EILSA 
kit 

Abcam 
(UK) 

c. # 
ab222276 

C. mAb was stored at 
4 °C, D. mAb is 
stored at -20 °C, 
target was aliquoted 
and kept at -80 °C 

C. mAb 0.1 
mg/mL, D. 
mAb 2 µg/mL 

IL-6 mAb 
pair 
and 
target  

Invitrogen 
(USA) 

c. # 
CHC1263 

mAbs were stored at 
4 °C, target was 
aliquoted and kept at 
-80 °C 

C. mAb 0.5 
mg/mL, D. 
mAb 10 µg/mL 

Limit of detection (LOD) was calculated according to (Armbruster and Pry, 2008) as: 
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 LOD =  LOB + 1.645 (𝑆𝐷𝑙𝑜𝑤 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑠𝑎𝑚𝑝𝑙𝑒) (3.1) 

Where SD represents standard deviation observed at low concentration sample and 

LOB represents limit of blank calculated by: 

 LOB =  𝑚𝑒𝑎𝑛𝑏𝑙𝑎𝑛𝑘 + 1.645 (𝑆𝐷𝑏𝑙𝑎𝑛𝑘) (3.2) 

Where meanblank represents the mean sensor output when no analyte is in the sample. 

Dynamic range was determined as 10% - 90% of the sensor’s total response range. 

Dissociation constant (Kd) and goodness of fit was extracted from the fitting the 

datapoints with a nonlinear curve fit. 

SPR sensor characterisation 

Gold SPR chips were dipped in hot piranha solution for 5 min and cleaned with oxygen 

plasma system at 100 W, 0.5 mbar for 5 min before the nanocomposite was formed 

on the gold as described previously. The following day, the chip was washed for 30 

min in PBS and inserted in a dual channel SR700DC SPR system (Reichert 

Technologies, Germany). After surface activation, capturing PCT mAb solution (50 

µg/mL) was flown through the left-hand side of the channel, so the right-hand side of 

the channel could provide a negative control. Quenching was performed by 

substitution of background electrolyte from PBS to TBS in both channels. 0.1% BSA 

in TBST was used for blocking, three blanks (0.1% BSA in TBST), PCT (10 ng/mL), 

detection mAb (1 µg/mL), Strep-PolyHRP conjugate (500 µg/mL) and precipitating 

TMB were then injected in both channels.  

Sensor validation using clinical samples  

Patient blood samples were collected at the Beth Israel Deaconess Medical Centre 

(BIDMC) Emergency Department as part of a previous clinical study (Cartwright et 

al., 2016). The study was approved by the BIDMC Committee on Clinical 

Investigations, and patients or legal designees signed a written informed consent. 

The study included adult septic and non-infected individuals (≥ 18 years of age) where 

sepsis patients were defined by meeting two or more criteria for systemic 

inflammatory response syndrome (SIRS) and the presence of an infection. The 

control group was recruited from the same department where patients did not show 

signs of infection nor meet the two or more SIRS criteria. The collection of control 
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samples was approved by the Harvard University Faculty of Medicine Committee on 

Human Studies (protocol number M20403-101) in accordance with all national or local 

guidelines and regulations. Sera from 21 clinical samples was stored at -20 °C until 

defrosted on ice and centrifuged to remove larger aggregates. 10 µL of undiluted 

clinical samples were deposited on the chip and the assay was performed according 

to the above-mentioned protocol. Standard PCT ELISA (Abcam, UK) was performed 

on Nunc™ MaxiSorp™ ELISA plates according to manufacturer’s procedure. Welch 

t-test was used when comparing infected vs. non-infected sample groups as the 

sample size was not equal.  

Detection of procalcitonin in a microfluidic set-up 

Nanocomposite preparation, antibody conjugation, surface quenching and blocking 

was performed as described above. After fitting of the PDMS block and tubing, a tube 

was sequentially preloaded with Strep-PolyHRP labelling solution and PCT sample in 

serum which was mixed with labelling mAb in a 1:10 ratio moments before tube 

preloading. Preloaded tube was inserted to the steel microfluidic port and flown 

through the sensor surface for 5 min. This was followed by a preloaded 1 min wash, 

1 min incubation with Strep-PolyHRP solution and another 1 min wash. Preloaded 

tubing was removed and TMB was added manually and incubated statically for 1 min 

before washing and performing the measurement in PBS.  

3.3 Low-cost antifouling nanocomposite characterisation  

The BSA, glutaraldehyde and AuNWs based nanocomposite was determined to be a 

porous structure with approximately 40 nm in thickness (Sabate Del Rio et al., 2019). 

To examine the physical properties of the nanocomposite with reduced graphene 

oxide, a field emission electron scanning microscope (FE-SEM) imaging of the 

BSA/rGOx/GA nanocomposite deposited on the planar gold surface was performed. 

FE-SEM revealed densely packed composition with darker spots indicating porosity 

of the structure (Figure 3.2a). The film’s porosity can be observed in the AFM data 

revealing higher surface roughness (RMS roughness of 1.290 nm) when compared 

to gold with no nanocomposite that underwent the same treatment (RMS roughness 

of 731.1 pm) (Figure 3.2b) indicating the formation of cross-linked protein-based 

nanocomposite. AFM topography revealed profile similar to previously described gold 

nanowire BSA composites (Figure 3.2c). 
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Figure 3.2: Characterization of the nanocomposite coating. a) FE-SEM image of bare gold 
and BSA/rGOx/GA coating on the gold surface. b) AFM topography representation of the bare 
gold and the nanocomposite. c) Profile extracted from the white line numbered 1 in the AFM 
images.  

To characterize the electrical properties of the nanocomposite, cyclic voltammetry in 

ferri-/ferrocyanide solution was performed (Figure 3.3). Glutaraldehyde cross-linked 

BSA based nanocomposite results in a porous coating allowing for migration of 

electroactive species to the proximity of the electrode. When comparing the obtained 

current density of cross-linked BSA composite to bare gold electrode, we can observe 

57.3% of the oxidation and 61.6% of the reduction currents. By incorporating anime 

terminated reduced graphene oxide (rGOx-NH2) to the nanocomposite, CV 

measurements revealed 74.0% and 73.7% of oxidation and reduction currents 

compared to the bare gold electrode indicating an increase in conductivity of the 

surface due to the conductive flakes of the nanomaterial. When BSA and rGOx-NH2 

were cross-linked with glutaraldehyde the formation of conductive nanomaterial 

assisted protein porous layer resulted in 90.5% and 94.7% of oxidation and reduction 

current compared to bare gold. BSA/rGOx/GA nanocomposite maintained the same 

peak-to-peak separation potential (∆Ep) of 0.151 V while in case of BSA/rGOx 

composition ∆Ep increased to 0.252 V, and 0.524 V with BSA/GA.  
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Figure 3.3: Cyclic voltammograms representing oxidation and reduction of 5 mM ferri-
/ferrocyanide solution using planar gold electrodes with various coatings. 

After confirming the formation of the porous film and examination of electrical 

properties of the nanocomposite, rGOx-NH2 based composite was compared to the 

previously developed AuNWs film. The oxidation peak currents obtained from a CV 

in ferri-/ferrocyanide solution revealed the current density obtained with newly 

developed BSA/rGOx/GA nanocomposite was comparable to bare gold electrode 

(Figure 3.4a). BSA/AuNWs/GA nanocomposite resulted in lower currents, which was 

confirmed by the EIS analysis, represented in the Figure 3.4b. Charge transfer 

resistance of the bare gold and BSA/rGOx/GA nanocomposite was below 0.5 

kΩ/mm2, while Rct of BSA/AuNWs/GA nanocomposite was almost 2 kΩ/mm2 with 

much higher variability. 
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Figure 3.4: Comparison of BSA/rGOx/GA and BSA/AuNWs/GA nanocomposite using 
electrochemical analysis. a) Oxidation currents from CV in 5 mM ferri-/ferrocyanide solution. 
b) Rct from EIS in the same solution. The bars represent the average, error bars are SD, n = 
4 in both a and b.  

An additional benefit of the BSA/rGOx/GA nanocomposite is its versatile functionality 

due to the plethora of different amino acids naturally present in the BSA protein. The 

abundance of aspartic and glutamic acid can be explored by activation of carboxyl 

acid groups through carbodiimide chemistry for conjugation of target capturing probes 

to the surface. Large probes can affect surface chemistry and decrease the sensitivity 

of an electrochemical sensor due to their size and charge screening effect (Nakatsuka 

et al., 2018, Vacic et al., 2011). To gain an insight in the surface chemistry of the 

BSA/rGOx/GA nanocomposite, a 90 kDa FcMBL protein (capable of capturing 

pathogens, explained in the next chapter) was conjugated to the nanocomposite. The 

remaining activated carboxyl groups were quenched with tris buffered saline (TBS) 

and a blocking step with 0.1% BSA in TBS was performed. Increasing the CV scan 

rate in ferri-/ferrocyanide solution revealed linear relationship between the current 

density and the square root of the scan rate indicating a diffusion limiting oxidation 

and reduction of electroactive species in electrode with BSA/rGOx/GA coating 

(Figure 3.5).  
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Figure 3.5: Oxidation and reduction current density obtained from various scan rates with 
bare gold electrode and, functionalized and non-functionalized BSA/rGOx/GA nanocomposite. 

Furthermore, functionalized nanocomposite showed distinct but small deviation from 

behaviour of the non-functionalized nanocomposite, indicating surface characteristics 

can be obtained even after the conjugation of large protein to the nanocomposite.  

Traditional self-assembly monolayers using alkanethiols or polyethylene glycol on 

gold surfaces lead to considerably higher loss of current densities in comparison to 

BSA/rGOx/GA nanocomposite (Arya et al., 2018a). This enables the construction of 

sensitive electrochemical sensors on such surface, which will be presented next.  
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3.4 Electrochemical platform  

Owing to the excellent electrochemical properties of the nanocomposite, a sensitive 

electrochemical ELISA assay can be constructed on the coated thin film electrodes 

(Figure 3.6). The sample can be introduced to the surface and due to ultra-low 

fouling, non-specific interactions are minimized. The biotinylated label and a 

conjugate of streptavidin-polymerized HRP (Strep-PolyHRP) are introduced in 

separate steps allowing for versatility needed in development of multiple assays. 

Strep-PolyHRP is a polymer with conjugated streptavidin and a large number of HRP 

enzymes enabling large signal amplification. In the final step, precipitating 3,3′,5,5′-

tetramethylbenzidine (pTMB) is used, which precipitates locally to the electrode 

where the enzyme is present.  

 

Figure 3.6: Electrochemical ELISA. a) Preparation of the electrochemical sensor. b) Stepwise 
process involving application of the sample, labels, enzyme and pTMB. Between each step 
an additional washing process is introduced.  

The chip comprising of four working electrodes and a shared reference and shared 

counted electrode was constructed as described previously (Sabate Del Rio et al., 

2019) (Figure 3.7). In this chapter, three electrodes were utilised for the construction 

of a sensor while the fourth electrode served as an ‘on-chip’ negative control, with 

non-specific or no capturing antibody. The sensor output can be read by cyclic 

voltammetry in PBST at 1 V/s to ensure complete oxidation of the precipitated TMB 
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on the surface. pTMB oxidation peak was integrated and peak area was used for 

quantification.  

 

Figure 3.7: Electrochemical platform used in the study. a) Thin film chip consisting of four 
working electrodes and shared reference and counter electrode. b) Three electrodes 
functionalised with specific mAbs and one electrode is used as a negative control (WE1). The 
precipitation of the pTMB can be seen visually as the change in electrode colour. c) 
Electrochemical detection of pTMB using a CV. pTMB oxidation is seen at approximately 0 V 
vs. quasi-Au reference electrode. 

As the TMB used in this set-up precipitates locally on the surface of the electrode, the 

conductivity of the nanocomposite greatly influences the sensitivity of the sensor. In 

the effort to find the nanomaterial with the best performance, carboxyl group 

terminated rGOx and amine terminated rGOx were separately incorporated within the 

nanocomposite and an EC sensor for IL-6 in undiluted serum was constructed on the 

nanocomposite layer. The EC sensor employing the nanocomposite with carboxyl 

terminated rGOx resulted in a LOD of 63.1 pg/mL while amine terminated rGOx 

resulted in a higher sensitivity, with LOD of 13.6 pg/mL (Figure 3.8).  This is an 

improvement from a previous IL-6 sensor with the LOD of 23 pg/mL, see Table 3.4. 

Table 3.4: Comparison the constructed IL-6 sensors* to the previous work. 

Nanocomposite Sample matrix LOD 

(pg/mL) 

Reference  

BSA/AuNWs/GA Human plasma 23 (Sabate Del Rio et al., 2019) 

BSA/rGOx-NH2/GA Human serum 13.6 This work 

BSA/rGOx-COOH/GA Human serum 63.1 This work 

* Samples was incubated for 1 h, D. mAb for 30 min, Strep-pHRP for 5 min and pTMB for 1 
min. 
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Functionalization of rGOx affects its solubility and agglomeration in solution and 

hence the distribution of the nanoflakes within the nanocomposite and its final stability 

(Potts et al., 2011). Amine termination of rGOx flakes allows covalent linking of the 

nanomaterial within the nanocomposite through glutaraldehyde pyridine polymers 

also responsible for crosslinking of the BSA (Sabate Del Rio et al., 2019). Covalent 

interaction between the nanomaterial and the matrix improves the efficiency of 

nanomaterial incorporation, allows for high dispensability and allows the composite 

to maintain its structure over time (Wu et al., 2015) maintaining its antifouling 

properties.  

 

Figure 3.8: IL-6 EC sensors in human serum constructed on nanocomposite with carboxyl 
group terminated rGOx and amine terminated rGOx. Full symbols represent the average of 
three sensor measurements, error bars are SD. Hill fit was performed to fit the data. Empty 
symbols are the control with IL-8 capturing mAb on the electrode surface. 

Beside the sensor exposure to undiluted serum, high concentration of labelling 

molecules contributes to high sensitivity. 1 µg/mL of Strep-PolyHRP was used 

successfully for target labelling with minimal non-specific binding (see Appendix A). 

After the demonstration of the sensitivity that can be achieved with BSA/rGOx-

NH2/GA nanocomposite, the focus was put towards the construction of the sensor for 

procalcitonin, which will be presented next. 
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3.5 Procalcitonin sensor in buffer, serum, and whole blood 

An electrochemical sensor for PCT was constructed on top of the electrodes with 

nanocomposite using capturing and biotinylated detection mAb. The sensor was 

tested in buffer, undiluted serum and 50% diluted whole blood. Various PCT 

concentrations spanning four orders of magnitude were tested in electrochemical 

sensor and revealed similar behaviour in all three matrices, see Figure 3.9.  

 

Figure 3.9. PCT sensor response in buffer (empty squares, grey line), undiluted serum (black) 
and 50% diluted whole blood (red). Squares represent the average (n = 3) and error bars the 
SD. Hill fit was performed to fit the data. 

Detection of PCT in buffer provided higher current densities when compared to serum 

and blood, which could be an effect of small level of biological fouling, nevertheless 

in the lower concentration range lower signals can be observed.  

PCT sensor in undiluted serum revealed a large dynamic range and an LOD of 64.5 

pg/mL. When tested in 50% diluted blood, the sensitivity of the sensor surprisingly 

increased (LOD of 24.7 pg/mL) which was also observed as a decrease in a dynamic 

range while the dissociation constant remained comparable to the sensor in buffer. 

See Table 3.5 for more sensor characteristics. 
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Table 3.5: PCT sensor characteristics in buffer, serum, and whole blood (WB). 

Sample LOD         

(pg/mL) 

Kd                         

(ng/mL) 

Dynamic range             

(ng/mL) 

Goodness of fit 

(adj. r2) 

Buffer  87.9 0.45 ± 0.07 0.15 – 1.37 0.999 

Serum 64.5 0.95 ± 0.18 0.09 – 10.24 0.939 

50% WB 24.7 0.42 ± 0.07 0.07 – 2.49 0.997 

* Samples was incubated for 30 min, D. mAb for 15 min, Strep-pHRP for 5 min and pTMB for 
1 min. 

With increasing PCT concentration, the area of pTMB oxidation peaks increases 

(Figure 3.10). Two pTMB oxidation peaks can be distinguishable, due to the excess 

of pTMB precipitated on the surface when abundance of the enzyme is present.  

 

Figure 3.10: pTMB oxidation peaks obtained with a CV from PCT sensor in 50% whole blood 
with a blank and increasing PCT concentrations.  

The reason behind two pTMB oxidation peaks is unknown, but this could be an effect 

of some pTMB precipitating closer to the electrode (within the nanocomposite) while 

some pTMB precipitated further (on top of the nanocomposite). Alternately, another 

possibility could be aggregation of pTMB into complexes which then need higher 

potential for oxidation. In every experiment one electrode was not modified with PCT 
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mAb and used as an on-chip negative control. The analysis of the neighbouring 

electrodes reveal that no current peaks are observed in the electrode without 

capturing mAb even at highest PCT concentration (see Appendix A).  

Although cyclic voltammetry has been proven to perform well for the detection of 

pTMB, square wave voltammetry (SWV) was explored in the effort to ease the data 

analysis such as peak height evaluations, due to minimised capacitive effect (Bard 

and Faulkner, 2001). PCT sensor in 50% whole blood was therefore analysed using 

SWV, see Figure 3.11. 

 

Figure 3.11: pTMB oxidation peaks obtained using square wave voltammetry with increasing 
concentration of PCT in 50% diluted whole blood. Peak height was used for quantification.  

The minimised capacitive effect is seen as lower baseline current after the pTMB 

oxidation peak. There is a clear difference between the blank and 20 pg/mL PCT 

indicating SWW could be even more sensitive compared to CV detection. However, 

a decrease in the pTMB oxidation peak can be observed at high PCT concentrations, 

something which was not represented in CV measurements. Dilution curve obtained 

from SWV revels similar behaviour in the low concentration range (20 pg/mL to 5 

ng/mL) and a pronounced hook effect in the higher concentration range, where the 

sensor is saturated, see Figure 3.12. We postulate this could be an effect of insulating 
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properties of larger pTMB deposits, which require high scan rate for full oxidation 

(Ingber et al., 2018). 

 

Figure 3.12: PCT sensor response in 50% diluted whole blood detected with SWV. Squares 
represent the average (n = 3) and error bars the SD, empty circles are negative control with 
no mAbs on the surface. Hill fit was performed to fit the data. 

Higher LOD is a consequence of higher variability between the replicates, see Table 

3.6. Pronounced hook effect introduces challenges when evaluating unknown 

samples and can lead to a false negative result, which is why detection with a CV was 

chosen to be a preferred method for the future experiments. 

Table 3.6: PCT sensor in 50% whole blood analysed with SWV. 

Sample LOD         

(pg/mL) 

Kd                         

(ng/mL) 

Dynamic range             

(ng/mL) 

Goodness of fit 

(adj. r2) 

50% WB 84.1 0.64 ± 0.04 0.13 - 2.95 0.998 

* Samples was incubated for 30 min, D. mAb for 15 min, Strep-pHRP for 5 min and pTMB for 
1 min. 

 

Step by step validation of the assay construction was confirmed by SPR analysis, see 

Figure 3.13.  
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Figure 3.13: Validation of the PCT assay using SPR. a) Schematic representation of the SPR 
flow cell used in the study. b) Raw data obtained from the injection of blanks, PCT sample, 
detection mAb and Strep-pHRP. Red arrows indicate the transition between association and 
dissociation step. c) Combined data from sensor construction through pTMB precipitation. 
Inset presents closeup from blocking to Strep-pHRP step.  

The SPR flow cell allowed us to specifically functionalise one side of the channel, 

leaving the second side as a control. In this set-up, the nanocomposite was first 

formed on the gold SPR chip, which was then inserted into the SPR analyser. 

Nanocomposite was then activated by flowing EDC/NHS solution from inlet to outlet 

2, see Figure 3.13a. Capturing PCT mAb was then flown from inlet to outlet 1, leaving 

the control area non-functionalised. Both channels were then quenched and blocked. 

Figure 3.13b represents the difference between the sensor area and the control area 

after the injection of PCT, det. mAb and Strep-pHRP. The increase in the SPR 

response indicates specific binding, which is increasing in the association phase and 

remains relatively constant in the dissociation phase. Figure 3.13c reveals 

characterisation of every step in EC sensor construction. After surface activation, 

capturing mAb is specifically conjugated to the sensing area, with minimal leakage in 

the control channel. Quenching and blocking steps do not significantly change the 

surface which remains stable after the injection of three blanks. Injection of PCT, 

detection mAb and Strep-pHRP can be seen as a signal increase, although some 
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nonspecific binding is observed, most likely due to initial leakage of capturing mAb. 

After the injection of pTMB, very big increase can be seen due to precipitation of the 

pTMB to the surface, significantly changing surface properties. Due to undesirably 

bound capture mAb in the control channel and the fact that the control channel is 

located downstream of the sensor area, some signal increase can also be observed 

in the control area.  

Although SPR validation revealed a non-specific signal increase in the control 

channel, electrochemical sensors did not show that behaviour. To fully validate the 

EC PCT sensor, a study using clinical samples was performed and will be presented 

next. 

3.6 Clinical study  

To validate the PCT sensor, 21 clinical sera samples were analysed using 

electrochemical sensor as demonstrated in Figure 3.9. The same samples were also 

tested using the conventional plate ELISA with 10x diluted samples due to smaller 

linear range of the plate-based ELISA. The obtained values from both methods were 

plotted in a scatter plot (Figure 3.14) and linear regression analysis revealed an 

adjusted r2 of ~0.95 representing excellent correlation between the EC sensor 

compared to the conventional ELISA.  

Clinical samples are far from normal distribution regarding the PCT levels. The group 

shows clear bimodal distribution, where most of the samples contained either high 

concentration of PCT, which is representative for sepsis patients or very low 

concentration, indicative of healthy individuals. As EC sensor analysis was performed 

using undiluted sera, where PCT levels can increase up to 100 ng/mL (von Heimburg 

et al., 1998), response from 9 samples was out of range of the EC sensor. The 

remaining 12 samples were quantified using both methods, and concentrations 

obtained with plate ELISA and electrochemical sensors were compared, see Figure 

3.15a. Linear regression analysis revealed high correlation between the obtained 

values, with adjusted r2 of 0.93. 
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Figure 3.14: Electrochemical sensor response vs. ELISA response using sepsis patients’ and 
non-infected patients’ clinical samples. Circles represents the mean and error bars represent 
the standard deviation, n = 3 (EC sensor) and n = 2 (ELISA). Red line represents the linear 
fit.  

Although high correlation is observed in the linear regression analysis, the slope of 

the linear fit was 0.925, indicating a shift from the ideal value of 1. As 66.7% of the 

samples included below 1 ng/mL of PCT, linear scatter plot limits the ability evaluate 

the datapoints distribution. A scatter plot in logarithmic scale (Figure 3.15b) reveals 

the datapoint distribution, indicting a proportion of samples are undervalued by the 

EC sensor, when compared to ELISA. 

Assessment of agreement between the two methods based only on correlation 

coefficient can be misleading. A plot of the difference between the two measurement 

methods against their average, known as Bland-Altman plot is more informative 

(Martin Bland and Altman, 1986), see Figure 3.15c. The distribution of the difference 

in measurement method reveals close agreement in the low concentration range (< 

0.5 ng/mL) and a larger variance in the higher concentration range. This effect can 

be contributed to the EC sensor saturation at higher PCT concentrations, due to 

limited dynamic range (see Table 3.5).  
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Figure 3.15: Comparison of electrochemical sensor to standard ELISA. a) PCT concentration 
from 12 clinical samples plotted in a scatter plot with linear scale. b) The same plot in 
logarithmic scale. c) Bland-Altman plot describing the agreement between ES sensor and 
plate ELISA over the whole range or PCT concentrations. d) Bland-Altman plot in the range 
from 0.001 ng/mL to 1 ng/mL average PCT. Gray circles represent the individual calculated 
PCT values in all plots. 

The lack of agreement between the two sensors can be summarised by the mean of 

the difference in the two measurements and their standard deviation, see Figure 

3.15c. In the case of consistent mean difference, one sensor’s result can be corrected 

by the calculated value. The mean difference between the two measurements was 

+0.33 ng/mL, indicating EC sensor’s output should be corrected. However, the highly 

variable datapoints in the higher PCT concentration range can have a large effect on 

this value. As the high PCT values saturated the EC sensor, the sensor’s performance 

in lower concentration range was evaluated independently, see Table 3.7 and Figure 
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3.15d. Separate Bland-Altman plot revealed a shift of the EC sensor, which 

undervalues the PCT content in samples with low PCT concentration by the mean 

measurement difference of 0.1 ng/mL.  

Table 3.7: Comparison of electrochemical PCT sensor and ELISA in different PCT ranges. 

Range Mean difference 
EC vs. ELISA 
(ng/mL) 

Mean + 2 SD 
(ng/mL) 

Mean - 2 SD 
(ng/mL) 

LOD - 10 ng/mL 0.33 1.92 -1.26 

LOD - 0.5 ng/mL 0.10 0.28 -0.08 

Moreover, the range of the mean ± 2SD is significantly smaller, indicating lower 

variability in the low concentration range. When the mean ± 2SD value does not have 

clinical significance, the two sensors can be used interchangeably (Martin Bland and 

Altman, 1986). Our data suggests the PCT measured with EC PCT sensor could be 

0.28 ng/mL higher or 0.08 ng/mL lower from measurements obtained in the plate 

ELISA, when the overall level of PCT is lower than 0.5 ng/mL. In case of higher PCT 

values, EC sensor could provide values 1.92 ng/mL higher or 1.26 ng/mL lower from 

ELISA values. As observed in the Figure 3.15d, there is a good agreement between 

the two methods in the lower concentration region (below 0.5 ng/mL) which is 

especially important due to low concentration clinical cut-off in case of procalcitonin 

(0.5 ng/mL). To reliably evaluate higher PCT concentrations further sensor 

optimisation would be needed, such as decrease of sample incubation time. 

When grouping the clinical samples into infected and non-infected patient groups, we 

can observe both EC sensor and conventional ELISA successfully distinguish 

between the two groups with high confidence (Figure 3.16). However, some positive 

sepsis samples still exhibit low PCT levels (both in EC sensor and ELISA), 

demonstrating the disadvantages of using a single biomarker for sepsis diagnosis. 

This could be due to bacterial or virus induced sepsis, as PCT increases specifically 

as a result of bacterial infections (Gendrel et al., 1999). Sensor values were not 

converted to PCT concentrations as EC sensor was saturated at approximately 10 

ng/mL. 
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Figure 3.16: Comparison of PCT levels in patients without and with diagnosed sepsis. a) Box 
plot obtained using conventional ELISA. b) Box plots comparing PCT values using EC sensor. 
Full circles represent the mean of individuals values, lines in a box represent median, 25th and 
75th percentile, empty square is a mean value, whiskers represent 10th and 90th percentile and 
*** represents p<0.001.  

Clinical validation provided an insight into the performance of the PCT EC sensor and 

outlined some limitations. The main limitation of the proposed setup in the lack of 

automation, as all ELISA steps are performed manually including sample incubation, 

washing etc. Furthermore, it should be noted the plate ELISA assays are always 

performed in combination with a seral dilution of the target analyte as a control, due 

to this exact same limitation. To properly evaluate sensor’s performance, sensor step-

by-step process should be automated to ensure high reproducibility. The first step 

towards automation is the integration of the sensor with microfluidics, which was 

explored next.  
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3.7 Integration of PCT sensor with microfluidics 

Beside the enhanced assay control that can be achieved by assay automation, one 

of the goals was to explore shortening of the assay analysis time. One of the main 

advantages of POC devices in the field of infectious diseases is the time it takes from 

the start of the analysis until the result (Kozel and Burnham-Marusich, 2017). The 

turnaround time of the previously described EC sensor was 51 min, which meets the 

clinical need of sepsis diagnosis within the first hour of sepsis suspicion (Kumar et 

al., 2006a). To demonstrate automation capability and minimize the sensor analysis 

time, the EC sensor chip was coupled with a PDMS block using double sided 

adhesive tape outlining a microfluidic channel with 127 µm height. PDMS was 

interfaced with a tube connected to a syringe pump and detection of PCT in serum 

was performed under flow at 10 µL/min with a sample size of 50 µL, see Figure 3.17. 

Figure 3.17: PCT sensor chip with microfluidic interface. a) Schematic representation of 
microfluidic integration by incorporation of nanocomposite covered planar electrode to a 
PDMS with the channel outlined by double sided adhesive. b) Picture of the microfluidic 
interface.  

In this set-up, the spiked serum sample was first mixed with the detection mAb (in 

10:1 ratio) and immediately flown through the sensor surface for 5 min. Strep-pHRP 

was then flown through the sensor for 1 min followed by the pTMB (1 min), see Figure 

3.18. The results reveal a higher LOD of 595 pg/mL which is expected due to very 

short analysis time. Nevertheless, the dynamic range increased to 1.06 ng/mL - 48.8 

ng/mL, which still covers large proportion of the clinical range. For detailed sensor 

characteristics see, Table 3.8. 
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Figure 3.18: Response curve obtained with 50 µL of spiked human serum sample using flow 
of 10 µL/min decreasing the analysis time below 10 min. Squares represent the average (n = 
3) and error bars the standard deviation. Where no error bars can be observed, the symbol is 
bigger than the error bars. Hill fit was performed to fit the data. Empty circles represent the 
response obtained using the control electrode with no capturing mAbs.  

Table 3.8: Microfluidic PCT sensor characteristics. 

Sample* LOD         
(pg/mL) 

Kd                             
(ng/mL) 

Dynamic range             
(ng/mL) 

Goodness of fit 
(adj. r2) 

Serum 595 8.69 ± 3.85 1.06 - 48.8 0.961 

* Sample and D. mAb were flown through the sensor for 5 min, Strep-pHRP for 1 min and 
pTMB for 1 min. 

The total time of sample and label incubation was reduced to 7 min, illustrating the 

potential of the technology to be integrated with microfluidics and achieve analyte 

detection within minutes. This demonstrated the coating can be used with microfluidic 

systems and retain its properties in conditions with increased diffusion.  The 

antifouling coating performed well under flow with minimal cross reactivity 

demonstrated by the on-chip electrode control. 
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3.8 Discussion  

The importance of PCT detection for sepsis diagnosis has been recognized and 

multiple research groups have reported electrochemical sensors for PCT. 

Medetalibeyoglu et al., demonstrated an ultrasensitive sandwich assay using glassy 

carbon electrode (GCE) modified with gold nanoparticles and demonstrated good 

recovery from plasma samples. Nevertheless, the assay took 2 h to complete 

(Medetalibeyoglu et al., 2020).  Multiple electrochemical PCT sensors on glassy 

carbon electrodes with impressive sensitivity have been reported in combination with 

various nanomaterials in sandwich and label free assay architectures (Table 3.9). 

However, none of them have been demonstrated on single use electrodes, which is 

an important step towards assay commercialization.  

Table 3.9: Electrochemical PCT sensors in complex biological samples demonstrated to date. 

Sample 
matrix 

LOD   
(pg/mL) 

Analysis 
time 

Assay 
type 

Electrode 
material 

Detection 
technique  

Reference 

Plasma 0.002 
pg/mL 

2 h Sandwich GCE DPV (Medetalibeyoglu 
et al., 2020) 

Serum 0.013 
pg/mL 

40 min Sandwich  GCE DPV (Fang et al., 
2018) 

Serum 1.23 pg/mL 30 min Sandwich GCE DPV (Yang et al., 
2016) 

Serum 0.43 pg/mL 40 min Sandwich  GCE DPV (Liu et al., 2014b) 

Serum  1.74 
pg/mL 

50 min Label 
free 

GCE DPV (Liu et al., 2014a) 

Serum 100 pg/mL 30 min Label 
free 

PCB Au 
electrode  

EIS (Panneer Selvam 
and Prasad, 
2017a) 

Whole 
blood 

1950 
pg/mL* 

6.5 h Sandwich Carbon** CA  (Alshawawreh et 
al., 2019) 

Serum 64.5 pg/mL 51 min Sandwich Planar 
Au 

CV This work 

50% 
WB 

24.7 pg/mL 51 min Sandwich Planar 
Au 

CV This work 

50% 
WB 

84.1 pg/mL 51 min Sandwich Planar 
Au 

SWV This work 

Serum 595 pg/mL 7 min Sandwich Planar 
Au 

CV This work 

* Calculated from stated 0.15 nM PCT concentration. ** Commercial glucose detection strip.   
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Label-free PCT sensor was reported using PCB electrodes (Panneer Selvam and 

Prasad, 2017a), however important aspects such as sensor characterization and non-

specific binding were not fully addressed. Recently, PCT detection from whole blood 

was demonstrated using commercial glucose sensing platform, where sandwich 

assay was labeled with glucose containing liposomes, allowing glucose quantification 

strip and hardware to be used for PCT detection (Alshawawreh et al., 2019). 

However, the assay was performed in the ELISA plates and took 6.5 h to complete.  

In this work we report the development of sandwich-based sensor that can be 

quantified with CV or SWV technique and presents excellent properties in serum and 

50% diluted whole blood. The validation of PCT sensor in serum using clinical 

samples revealed good correlation and agreement between electrochemical sensor 

and plate-based ELISA, indicating the technology could be used to replace 

centralized laboratory assays.  

More importantly, the assay platform was integrated with microfluidics and detection 

of PCT was demonstrated in 7 min. To our knowledge, this makes the currently 

developed PCT sensor the fastest electrochemical sensors for procalcitonin up to 

date. Furthermore, this is the first PCT immunosensor demonstrated in whole blood, 

where the whole procedure takes place on the chip itself.  

Besides the advantages of fast detection using microfluidics integration, the used 

platform can accommodate multiple sensors, which can perform the analysis of 

different biomarkers in parallel. By modifying each electrode in the four-electrode chip 

with individual capturing antibody, parallel detection of up to four biomarkers can be 

achieved on the platform. 
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3.9 Conclusions  

The BSA based nanocomposite with amine terminated reduced graphene oxide has 

shown to exhibit similar composition to previously reported gold nanowires doped 

nanocomposite. The new composition demonstrated excellent conductivity, 

compared to bare gold electrode, and maintained high electron transfer rates when 

equipped with a large capturing protein probe. Using rGOx the cost of the 

nanocomposite was reduced by ~99%, enabling this technology to have an instant 

commercial impact. This allowed the construction of electrochemical IL-6 sandwich 

ELISA based biosensor with high sensitivity. More importantly, detection of a valuable 

sepsis biomarker, procalcitonin has been demonstrated on the platform in serum and 

50% diluted whole blood. The sensor has been validated using surface plasmon 

resonance at every step and two techniques (CV and SWV) have been employed for 

sensor detection. PCT sensor was validated using clinical samples and microfluidic 

integration was demonstrated. Additionally, the presented platform can be used for 

detection of multiple biomarkers, and efforts towards such multiplexed detection will 

be presented in the next chapter. 
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4. Chapter 4      

 

Multiplex detection of sepsis biomarkers 

This chapter presents the use of the previously described platform for multiplexed 

detection of three separate sepsis-relevant biomarkers: procalcitonin, C-reactive 

protein and pathogen associated molecular patterns (PAMPs). Simultaneous 

quantification of multiple biomarkers has been accepted as the preferred route for 

diagnosing sepsis, and hence optimisation of the three individual assays and 

assessment of their potential to multiplex is a key step before transferring the assays 

into a custom-made PCB-based microfluidic integrated microsystem. This work was 

performed in collaboration with the Wyss Institute for Biologically Inspired 

Engineering at Harvard University. 

4.1 Background 

Parallel detection of multiple biomarkers has received a lot of attention due to their 

potential impact on clinical decision making (Dincer et al., 2017). Three core 

approaches have been employed to achieve electrochemical multiplexed biomarker 

detection to date. One approach is spatial separation of the detection chambers of 

individual sensors (Hwang et al., 2015). Microfluidics plays a big role in such 

microsystems, minimising the footprint and allowing individual sensors to perform 

optimally with no interference from a second, spatially separated electrode cell (Liao 

et al., 2018).  A second option is the use of electrode arrays, which is commercially 

the most common (Schmitz and Tang, 2018, Peled, 1996) but requires all sensors to 

work using the same protocol e.g. specific sequential introduction of labels, which can 

cause significant cross reactivity. Miniaturization of electrode arrays allows the 

detection of very high number of analytes, however this is easier to implement in case 

of similar targets such as DNA or RNA compared to protein biomarker detection, 

which require more elaborate assay optimisation (Bolotin et al., 2009, Rodrigo, 2014). 

Finally, multiplex sensing can be achieved with the use of varying labels, which can 
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produce a distinguishable signal. An example is the use of different redox probes or 

quantum dots as labels with varying oxidation potentials, where a single electrode 

can be equipped with multiple capturing probes and a single scan can reveal the 

activity of multiple labels, based on the presence of the analytes (Yáñez-Sedeño et 

al., 2017, Wang et al., 2016, Feng et al., 2015).  

In our work presented in this chapter, the electrochemical sensing platform previously 

explored for single-analyte quantification is employed. It consists of four working 

electrodes, a shared counter and shared reference electrode (Figure 4.1) enabling 

multiplexed sepsis biomarkers detection. By individual functionalisation of each 

working electrode, this 4-electrode array can be used for parallel electrochemical 

sensing.  As this is an electrode array, detection protocol consisting of sample and 

label incubation times needs to be carefully optimised to allow the three sensors to 

exhibit their dynamic range in the appropriate clinical range. 

 

Figure 4.1: Schematic representation of sensor array featuring four working electrodes. If a 
different capturing probe is immobilised on each working electrode, multiplexed detection of 
up to four different biomarkers can be performed on a single chip.  

The exploration of this platform and the assay optimisation for multiple protein 

biomarker quantification is presented in this chapter.   
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4.2 Materials and methods  

Chip cleaning, nanocomposite preparation, buffers and materials used are described 

in the previous chapter. Further materials used for the construction of the new sensors 

are represented in Table 4.1. 

Table 4.1: Materials used for the construction of different sensors. 

Assay Item  Supplier  Item 
number 

Storage Concentration 
used in the 
assay 

Syndecan-1 EILSA 
kit 

RnD 
Systems 
(USA) 

c. # 
DY2780 

mAbs were stored at 
4 °C, target was 
aliquoted and kept at 
-80 °C 

C. mAb 0.1 
mg/mL, D. 
mAb 1 µg/mL 

CRP EILSA 
kit 

RnD 
Systems 
(USA) 

c. # 
DY1707 

mAbs were stored at 
4 °C, target was 
aliquoted and kept at 
-80 °C 

C. mAb 0.1 
mg/mL, D. 
mAb 1 µg/mL 

CRP APPC Toronto 
Research 
Chemicals 
(Canada) 

c. # 
A626000 

Stored at -20 °C, 
once dissolved used 
in a single day 

1 mg/mL 

PAMPs FcMBL Dr. 
Michael 
Super 
(Wyss)1 

/ 4 °C 0.2 ng/mL 

PAMPs Human 
MBL2 

Sino 
Biological 
(USA) 

c. # 
10405-
HNAS 

4 °C 200 ng/mL 
(biotinylated 
form) 

1The Wyss Institute for Biologically Inspired Engineering 

Cross-reactivity assessment of mAb based PCT, IL-6 and syndecan-1 sensor 

Electrodes in a 4-electrode chip were individually functionalised with anti-PCT, IL-6 

or syndecan-1 capturing mAbs and exposed either to 50 ng/mL of PCT, 30 ng/mL of 

IL-6 and 150 ng/mL of syndecan-1. Detection mAbs for syndecan-1, IL-6 and PCT 

were mixed forming a labelling master mix which was introduced to all chips, for 

details on concentrations see Table 4.1. Three separate chips were analysed with 

each target. Samples were incubated for 30 min in serum matrix, D. mAb for 15 min, 

Strep-pHRP for 5 min and pTMB for 1 min. 
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CRP sensor assay development  

Antibody based CRP sensor was constructed using capturing mAb as capturing probe 

and the same mAb as labelling probe. HRP conjugation was performed with 

Lightning-Link® HRP Antibody Labelling Kit (Novus Biologicals, USA) according to 

supplied protocol.  

Where both PCT and CRP capturing mAbs were conjugated to the separate 

electrodes within a single chip, the chip was exposed to spiked 50% whole blood 

samples for 30 min. Labelling mix included CRP mAb-HRP conjugate (300 ng/mL), 

biotinylated detection PCT detection mAb (2 µg/mL) and MBL-HRP conjugate (200 

ng/mL) for 15 min exposure time. Strep-pHRP was then incubated for 5 min and 

pTMB for 1 min.  

Phosphocholine based CRP sensor was constructed by modifying the 

nanocomposite with 4-amino-phenyl-phosphorylcholine by dilution to 1 mg/mL in MES 

buffer for bioconjugation. Biotinylated CRP detection mAb (R&D Systems, USA) was 

used as a label, for details on concentration used see Table 4.1. 

CRP removal from whole blood 

100 µL of Pierce™ streptavidin magnetic beads (Thermo Fisher Scientific, USA) were 

washed three times using 500 µL 1% BSA in PBS before mixing with 3.6 µg of 

biotinylated anti-CRP mAb and incubated for 1 h with mixing at RT. After incubation, 

beads were washed 5 times using 500 µL 1% BSA in PBST and added to 0.5 mL of 

whole blood. Capturing was performed at RT for 3 h, before beads were removed 

using a magnet. CRP removal was evaluated by centrifugation of blood to obtain 

plasma which was then analysed by CRP DuoSet ELISA according to provided 

manufacturers protocol (R&D Systems, USA).  

FcMBL based PAMPs sensor development 

FcMBL based plate ELISA protocol was acquired from Dr. Michael Super’s group 

from the Wyss Institute (Cartwright et al., 2016), who kindly provided freeze dried 

FcMBL coated ELISA plates. In short, ELISA plates were rehydrated using TBST with 

5 mM CaCl and increasing concentrations of mannan from 0.5 ng/mL to 31.25 ng/mL 

along with the negative control were dissolved in buffer (TBST with 5 mM CaCl) or 

50% diluted whole blood in sample buffer. The sample was incubated for 30 min at 
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800 rpm, followed by 6 washing steps using TBST with 5 mM CaCl. MBL-HPR 

conjugate (also provided by Dr. Michael Super) was diluted to 5 ng/mL in labelling 

buffer and incubated for another 30 min at 800 rpm. After another 6x washing step, 

1-Step Ultra TMB (Thermo Scientific, USA) was incubated in the ELISA wells for 3.5 

min, before the reaction was stopped by introduction of 1 M sulfuric acid. Where Bio-

MBL was used, Bio-MBL was diluted to 50 ng/mL in labelling buffer and incubated for 

30 min at 800 rpm followed by Strep-pHRP diluted in labelling buffer to 200 ng/mL 

and incubated for 5 min with 800 rpm. The results were analysed using a 96-well 

plate‐format spectrophotometer (Synergy H1 Hybrid Reader, BioTek, USA) by 

analysing the optical density at 450 nm, where background obtained at 650 nm was 

deduced from the obtained data. Where optical densities reached saturation, the 

stopped TMB was diluted 1:10 in PBS and reanalysed. 

For electrochemical PAMPs sensor construction, FcMBL was conjugated to the 

nanocomposite at concentration of 0.2 mg/mL. Human mannose binding lectin 

(MBL2, Sino Biological, USA) was conjugated to HRP using Lightning-Link® HRP 

Antibody Labelling Kit (Novus Biological, USA) to obtain MBL-HRP conjugate. 

Additionally, MBL2 was biotinylated using EZ-Link™ NHS-PEG4-Biotin (Thermo 

Fisher Scientific, USA) and used as a label at 200 ng/mL.  

Studies on cross reactivity and multiplexing in whole blood 

Cross-reactivity of the three sensors was tested by modifying individual electrodes on 

a single chip with different capturing probes (PCT mAb, 4-aminophenyl-

phosphorylcholine and FcMBL protein). PCT (50 ng/ml), CRP (10 µg/ml) or mannan 

(31.25 ng/mL) were prepared in blocking buffer. Nine chips were prepared in total and 

three were incubated with PCT, three with CRP and three with mannan. Different 

biotinylated labels (bio-PCT mAb, bio-CRP mAb and bio-MBL) were mixed and used 

as a label master mix in all 9 chips to test for cross-reactivity, for details on 

concentrations see Table 3.3.. Multiplexing in whole blood was performed in the same 

fashion using a mix of biotinylated labels for multiplexing experiment. 
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4.3 Multiplexing using antibody pair-based sensors  

In the effort to construct a triplex sensor, the already developed PCT and IL-6 sensors 

were coupled with a sensor for another promising sepsis biomarker, syndecan-1. This 

would result in three independent antibody-based sensors on a single platform. 

Syndecan-1 is a biomarker that can be found in the layer covering the surface of blood 

vessel cells (vascular endothelial cells) (Weinbaum et al., 2007). This layer is named 

glycocalyx and regulates permeability of blood vessels. In septic patients, blood 

vessels become more permeable due to degradation of this protective layer, and 

glycocalyx components such as syndecan-1 can be found circulating in whole blood 

(Uchimido et al., 2019). Syndecan-1 levels were found to increase from 16.5 ng/mL 

in non-septic patients after surgery to 90.3 ng/mL in patients with sepsis (Holzmann 

et al., 2018). As the PCT sensor performed well in 50% diluted whole blood, 

syndecan-1 sensor was initially tested in the same matrix, see Figure 4.2. 

 

Figure 4.2: Syndecan-1 EC sensors in 50% diluted whole blood and buffer. Empty diamond 
symbol represents the response in buffer and full red circles in blood. Symbols represent the 
average of three sensor measurements, error bars are SD, Hill fit was performed to fit the 
data. Empty circles and squares are the control with no capturing mAb on the electrode 
surface and are performed once. 
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This sensor was constructed using an antibody pair and Strep-pHRP conjugate, 

complementary to already constructed PCT and IL-6 sensors. A large linear range 

was observed from the sensor in whole blood along with low LOD of 90.6 pg/mL, see 

Table 3.5.  

Table 4.2: Syndecan-1 sensor characteristics in 50% diluted whole blood (WB)*. 

Sample LOD         

(pg/mL) 

Kd                         

(ng/mL) 

Dynamic range             

(ng/mL) 

Goodness of fit 

(adj. r2) 

50% WB 90.6 12.23 ± 10.42 0.24 - 200** 0.986 

* Samples were incubated for 1 h, D. mAb for 30 min, Strep-pHRP for 5 min and pTMB for 1 
min. 
** Based on the range of the tested samples (highest concentration was 200 ng/mL).  

To construct a triplex sensor, three capturing mAbs were conjugated to individual 

electrodes in a 4-electrode chip, and a high concentration of each biomarker was 

individually added to the sample. Before construction of the triplex sensor, IL-6 sensor 

was tested in whole blood however, the heparin treatment of the blood used in this 

work interferes with the detection of cytokines (Patil et al., 2013, Biancotto et al., 

2012), which strongly affected the developed IL-6 sensor. Hence, multiplexing cross-

reactivity test was performed in serum, see Figure 4.3.   

 

Figure 4.3: Cross-reactivity of PCT, IL-6 and syndecan-1 sensors on the same chip. Chips 
comprising of PCT, IL-6 and syndecan-1 sensors on WE1, WE2 and WE3 were exposed to 
50 ng/mL of PCT (a), 30 ng/mL of and IL-6 (b) and 150 ng/mL of syndecan-1 (c). Samples 
were incubated for 30 min, D. mAb for 15 min, Strep-pHRP for 5 min and pTMB for 1 min. 

The data revealed the addition of high PCT concentration (50 ng/mL) does not lead 

to any undesired electrochemical signal in IL-6 and syndecan-1 sensors. Similar 

effect can be observed with high IL-6 concentration (30 ng/mL), where only specific 

sensor responds to the analyte. Nevertheless, 150 ng/mL of syndecan-1 did stimulate 

the response from both IL-6 and PCT sensors. More importantly, there is clearly a 

higher response in PCT sensor compared to IL-6 sensor indicating this is not non-
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specific binding, but it is corelated to the capturing antibody on the surface. Further 

studies demonstrated similar behaviour on the plate ELISA, but the level of cross-

reactivity seem to be smaller in comparison to the EC sensor, possibly due to higher 

concentration of labelling molecules used in the EC sensors (see Appendix B).   

This illustrated an important aspect of multiplex sensor development, which is 

antibody cross-reactivity. Not only some antibodies non-specifically bind other 

molecules (Stettler et al., 2016), but also the matrix used for two assays can be 

incompatible. An example is the used IL-6 assay, which can be performed in 

ethylenediaminetetraacetic acid (EDTA) treated blood or plasma. EDTA eliminates 

biological activity of Ca2+ and Mg2+ ions, hence if another immunoassay recognises 

an epitope where such ion contributes to target affinity, the two assays would be 

incompatible (Bowen and Remaley, 2014) and appropriate antibody pair screening 

should be performed. 

To implement syncedan-1 sensor with PCT and IL-6 sensors, a different antibody pair 

should be pursued, or syndecan-1 sensor should be implemented in a separate chip.  

As the goal of this work was do demonstrate parallel multiplexed detection, focus was 

shifted to other biomarkers which demonstrated limited interference with PCT sensors 

and are equally important in sepsis diagnosis. One of such targets is C-reactive 

protein, which will be discussed next.  
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4.4 C-reactive protein sensor 

C-reactive protein is a common inflammation biomarker produced by the liver which 

increases in response to infection or inflammation (Du Clos, 2000). Plasma CRP 

levels can increase to over 100 µg/mL in sepsis patients with highly variable 

recommended cut-off values. In critically ill patients a cut-off value for diagnosis of 

infection is proposed at 79 µg/mL (Ugarte et al., 1999), while the investigation in 

neonatal sepsis recommends cut-off value of 4.82 µg/mL (Celik et al., 2010). 

Detection of CRP in parallel to PCT in whole blood samples has proven challenging, 

as circulating concentrations of CRP can be three to five orders of magnitude higher 

compared to PCT (Zhan et al., 2019). 

4.4.1 Antibody based approach 

To account for this variance in concentration range, CRP detection mAb was 

conjugated directly to an HRP molecule. Our hypothesis predicted the enzymatic 

signal amplification would be magnified in the PCT sensor due to larger number of 

HRP molecules captured through biotinylated detection mAb- streptavidin-polyHRP 

system, see Figure 4.4. 

 

Figure 4.4: Schematic representation of multiplexing strategy using sandwich ELISA with 
detection mAb-HRP conjugate for CRP sensor and biotinylated detection mAb and 
streptavidin-polyHRP conjugate for PCT sensor. 

The results of integrating both sensors in a single chip revealed CRP sensor did not 

cause any non-specific signal in PCT sensor and a dynamic increase was observed 

in the range from 2 µg/mL to 50 µg/mL of CRP, see Figure 4.5a. Nevertheless, 50 

µg/mL of CRP produces a pTMB peak of approximately 0.4 µAV/mm2, which is 3x 
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smaller compared to the signal produced in the PCT sensor, see Figure 4.5b. 

Moreover, increasing PCT concentrations trigger some response in the CRP sensor 

as well. The observed cross reactivity would not be a big issue if the CRP sensor 

responded with the higher currents, but in this case the specific and non-specific CRP 

response curves are relatively similar, see Figure 4.5. 

 

Figure 4.5: CRP sensor based on mAb-HRP conjugate label in 50% diluted whole blood. (a) 
A chip equipped with CRP and PCT capturing mAbs exposed to increasing CRP 
concentrations. No data fitting was performed, both lines were drawn to follow the trend by 
visual analysis. (b) Identical chip exposed to increasing PCT concentrations, Hill fit was 
performed to fit the data. Every datapoint represents a single measurement in both 
experiments. 

The reason for low response in CRP sensor is smaller number of HRP molecules 

presented on the surface. To achieve higher response, longer incubation time with 

pTMB would be needed to allow more pTMB precipitating through CRP mAb-HRP 

conjugate. Nevertheless, this is not compatible with PCT sensor protocol illustrating 

the two signal amplification techniques would require further optimisation to be used 

in parallel.  

Ideally, all sensors in the platform would possess the same signal amplification 

strategy, which would greatly simplify multiplexed detection protocol optimisation. 

One approach to implement this is to choose a capturing probe with appropriate 

dissociation constant, which is explored next. 
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4.4.2 CRP detection using phosphocholine as a capturing probe 

Phosphocholine (PC) is known to bind to CRP (Tanaka and Robey, 1983, Thompson 

et al., 1999) in the presence of calcium ions and its dissociation constant was 

determined to be 5 μM at a physiological Ca2+ concentration (10 mM) (Christopeit et 

al., 2009) while the majority of antibodies have dissociation constant within the nM 

range (Buchegger and Preininger, 2014). A PC derivative, 4-aminophenyl-

phosphorylcholine (APPC) was used to conjugate the PC moiety to the 

nanocomposite through EDC/NHS chemistry, see Figure 4.6.  

 

Figure 4.6: Phosphocholine interacting with CRP. (a) PC derivative 4-aminophenyl-
phosphorylcholine, with primary amine moiety was used in this study. (b) Representation of 
PC binding into a CRP binding pocket through two calcium ions. (c) CRP monomers form a 
pentamer in solution, with each monomer maintaining one PC binding pocket. Figures b and 
c were reproduced from (Thompson et al., 1999) with permission from Elsevier.  

Electrochemical CRP sensor was first tested in buffer. We observed a response in 

low concentration range, with dissociation constant of 55.6 ng/mL. Although the 

sensor was unfavourably too sensitive, we observed high pTMB oxidation peaks 

indicating strong signal amplification through the Strep-PolyHRP part of the assay, 

see Figure 4.7 and Table 4.3. To characterise the assay in whole blood, the native 

CRP had to be removed from the blood sample. This was done with the use of 

biotinylated anti-CRP mAbs bound to streptavidin coated magnetic beads, used for 

capturing the CRP protein from the sample. The CRP removal was not complete, but 

the CRP concentration was still lowered from 1.44 µg/mL to 0.37 µg/mL, which was 

validated using plate CRP ELISA.  



Chapter 4 

U. Zupančič   103 

 

Performing EC CRP assay in CRP depleted blood allowed us to obtain a calibration 

curve in 50% blood which is significantly shifted when compared to the assay in 

buffer, see Figure 4.7.  

 

Figure 4.7: CRP sensor based on phosphocholine in buffer and 50% diluted whole blood. Full 
symbols represent the average of three measurements and error bars are the standard 
deviation, empty circles represent the response obtained using the control electrode with no 
capturing probe. Hill fit was performed to fit the data. 

The difference between CRP sensor response in buffer and blood can be a 

consequence of multiple matrix molecules in blood competing with CRP for 

phosphocholine binding sites or masking the CRP binding pocket, preventing CRP to 

phosphocholine interaction. The LOD was 0.492 µg/mL and the Kd was increased to 

1.54 ± 0.1 µg/mL shifting the sensor range from ng/mL to µg/mL, needed for direct 

measurement in blood (Table 4.3).  

Table 4.3: CRP sensor characteristics*. 

    
LOD 
(ng/mL) Kd (ng/mL) 

Dynamic range 
(ng/mL) 

Goodness of fit 
(adj. r2) 

CRP 
Buffer  10.1 55.6 ± 4.4 19.1 – 210.1 0.997 

WB 492.0 1542.6 ± 116.3 633.6 – 3755.8 0.990 

* Samples were incubated for 30 min, D. mAb for 15 min, Strep-pHRP for 5 min and pTMB for 
1 min. 
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To complete a triplex sensor, an assay for detection of pathogens and other invading 

molecular patterns was developed next. 

4.5 FcMBL based sensor for PAMPs 

The use of multiple biomarkers for sepsis diagnosis can increase the test accuracy, 

however the biomarkers should be chosen carefully (Dolin et al., 2018, Shapiro et al., 

2009). The highest value of the biomarker panel can be achieved by combining 

assays for indirect infection protein biomarkers (PCT, CRP) with direct infection 

markers, i.e., the presence of pathogens in the blood sample (Reddy et al., 2018). 

This is no trivial task but can be achieved with the use of mannose-binding lectin 

(MBL), an integral part of innate immunity, which functions as a recognition element 

for pathogen-associated molecular patterns (PAMPs) such as lipopolysaccharide 

endotoxin and lipoteichoic acid presented on the surface of various pathogens 

(Takahashi, 2011, Mogensen, 2009). Here, Fc domain of human IgG1 linked to MBL 

(FcMBL) was used as a PAMPs capturing agent (Kang et al., 2014, Seiler et al., 

2019), see Figure 4.8.  

 

 

Figure 4.8: Representation of FcMBL construction. (a) Mannose binding lectin consisting of 
carbohydrate recognition domain (CRD), neck and the collagen helix. (b) FcMBL is 
engineered by combining CRD and neck with Fc part of IgG1. Figure is modified from (Bicart-
See et al., 2016). 

Previously, an assay using FcMBL-conjugated magnetic beads as capturing probes 

has demonstrated the ability to quantify PAMPs from whole blood and diagnose 

sepsis with high sensitivity (>81%), specificity (>89%), and diagnostic accuracy of 

0.87 (Cartwright et al., 2016). The assay employed in aforementioned study was 
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adopted in this work. Previously described assay consisted of FcBML as capturing 

probe and full MBL conjugated to HRP as label. To transfer the established FcMBL 

assay on electrochemical platform, assay performance on the plate ELISA was 

examined first. The data reveals an increase in optical density (OD) with increasing 

mannan (standard) concentrations, see Figure 4.9a. The response in buffer and 50% 

diluted whole blood is comparable, with blood consistently giving higher response in 

the low mannan concentration region, potentially due to some PAMPs or DAMPs 

present in the donor blood sample.    

 

Figure 4.9: Plate ELISA using FcMBL as capturing probe. (a) MBL-HRP conjugate was used 
as a label to test increasing mannan concentration in buffer and whole blood. (b) Biotinylated 
MBL in combination with Strep-pHRP label (red) compared to previously described MBL-HRP 
conjugate (black) in buffer matrix. Symbols represent the average of three measurement, error 
bars are SD. 

However, as previously described, the direct labelling with CRP mAb-HRP conjugate 

led to insufficient precipitation of pTMB due to Strep-pHRP optimised incubation 

times.  Therefore, MBL was biotinylated and plate ELISA was performed testing the 

biotinylated MBL (Bio-MBL) in combination with Strep-pHRP label, see Figure 4.9b. 

As expected, this revealed much higher optical densities and a visible change in 

response in the lover mannan concentration region. This indicated the assay could 

be transferred to the electrochemical platform while potentially improving sensitivity 

as well. Due to the high background response, a focus was put towards optimisation 

of the electrochemical assay, with the goal of minimising background response in the 

low mannan concentration range. We tested whether the concentration of labelling 

Bio-MBL could mediate this response. Previously established concentration of MBL-

HRP conjugate was compared to decreasing concentration of Bio-MBL label, followed 

by Strep-pHRP, see Figure 4.10. 
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Figure 4.10: Comparison of MBL-HRP conjugate to decreasing concentrations of biotinylated 
MBL, used in combination with Strep-pHRP. 31.25 ng/mL mannan in buffer matrix was used 
in all experiments. Grey bars represent the average of three measurements, error bars are 
SD, n = 3. Red bars represent single measurement of the control, with no FcMBL on the 
surface.  

The data suggests MBL-HRP results in approximately 0.4 µA peak height with some 

non-specific binding, while the Bio-MBL label, followed by Strep-pHRP result in more 

than double the signal, around 0.9 µA, with no visible nonspecific response along all 

tested Bio-MBL concentrations. This again confirms the electrochemical platform can 

be used with high concentration of labelling molecules due to excellent antifouling 

properties. Therefore, 200 ng/mL Bio-MBL was chosen as appropriate label 

concentration and was used in the further experiments. 

The established protocol was then tested in buffer and 50% diluted whole blood 

across the clinically relevant range of mannan concentrations (Seiler et al., 2019), 

see Figure 4.11. EC sensor in buffer matrix revealed no non-specific response and 

minimal response in lower mannan concentration range. However, EC sensor in 

whole blood exhibits higher response at low mannan levels, most likely due to the 

blood sample obtaining some FcMBL binding PAMPs. Similar observations can be 

made by comparing buffer and blood-based analysis in the FcMBL plate-based ELISA 

(Figure 4.9a) illustrating successful transfer of the FcMBL based assay to an 

electrochemical platform. The EC sensor response in the low mannan concentrations 

is more pronounced, which is most likely due to higher signal amplification strategy 

through Bio-MBL & Strep-pHRP. 
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Figure 4.11: PAMPs sensor based on FcMBL technology in 50% diluted whole blood. Mannan 
is added to the matrix to obtain the calibration curve. Full symbols represent the average (n=3) 
and error bars the SD while empty circles represent the response obtained using the control 
electrode with no capturing probe. Hill fit was performed to fit the data. 

Standard deviations are expectedly higher in blood matrix leading to lower sensitivity 

(LOD = 6.0 ng/mL) when compared to sensing in buffer (LOD = 4.1 ng/mL). However, 

the dynamic range in blood is increased, which is important for biomarker 

quantification, see Table 4.4. 

Table 4.4: PAMPs sensor characteristics in buffer and 50% whole blood*. 

    
LOD 
(ng/mL) 

Kd           
(ng/mL) 

Dynamic range 
(ng/mL) 

Goodness of fit 
(adj. r2) 

PAMPs 
Buffer  4.1 9.3 ± 0.9 4.2 – 21.0 0.998 

WB 6.0 5.1 ± 3.0 1.9 – 31.3** 0.974 

* Samples were incubated for 30 min, D. mAb for 15 min, Strep-pHRP for 5 min and pTMB for 
1 min. 
** Based on the range of the tested samples, highest used mannan concentration was 31.3 
ng/mL. 

More importantly, the developed PAMPs sensor protocol is compatible with PCT and 

CRP sensors, and could therefore be implemented into a triplex sensor. FcMBL 
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requires the presence of Ca2+ ions to mediate the binding (Cartwright et al., 2016), 

which is complementary to PC based CRP sensor. Cross-reactivity was therefore 

examined next, to assess the potential for using the developed sensors in a single 

chip. 

4.6 Cross-reactivity and multiplexing in whole blood  

To demonstrate the three sensors can be constructed in a single chip, electrodes 

were individually functionalized with a single capturing probe: PCT mAb, PC or 

FcMBL. Analytes were added at the highest concentration according to its respective 

calibration curves and exposed to the sensor in a buffer matrix (Figure 4.12). Large 

specific response and minimal cross-reactivity was observed in three independent 

experiments for each condition demonstrating the nanocomposite technology can be 

used with any antibody pair, if assays are compatible and there is no cross-reactivity 

between the antibodies.  

 

Figure 4.12. Cross-reactivity of PAMPs, CRP and PCT sensors on the same chip. Chips 
comprising of PCT, PAMPs and CRP sensors on WE1, WE2 and WE3 were exposed 31.25 
ng/mL of mannan (a), 10 µg/mL of and CRP (b) and 50 ng/mL of PCT (c). Bars represent the 
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mean value and error bars the standard deviation. *** represents p < 0.001 while ** represents 
p < 0.01 in a two-sample T-test. The schematic below represents the probe on the sensors 
surface (PCT mAb, PC and FcMBL) with respected targets, leading to specific response of 
the EC sensor.  

To confirm parallel multiplex detection of the three sensors, four chips were 

constructed as described above: the first chip was exposed to 50% diluted blood (with 

depleted CRP level) with no additional analytes, the second chip was exposed to 

mannan, the third chip to mannan and CRP and the final chip to mannan, CRP and 

PCT, all in the same 50% blood matrix,  see Figure 4.13. 

 

Figure 4.13. Multiplexed detection of PCT, CRP and mannan in whole blood. Chips comprised 
of three sensors were exposed to blood with lowered CRP levels, blood with spiked mannan, 
blood sample with mannan and CRP and a blood sample with mannan, CRP and PCT. Target 
concentrations equalled concentrations used in Figure 4.12. 

Whole blood with depleted CRP levels demonstrated some signal generated by 

PAMPs sensor, which correlates with PAMPs sensor performance in Figure 4.11. 

Afterwards, an increase in current density can be observed where the analyte is 

added, and the overall electrochemical signature changes based on the addition of 
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analytes. Upon addition of mannan, PAMPs sensor responds with increased signal, 

upon addition of CRP and mannan, the CRP and PAMPs sensors respond and upon 

addition of all analytes, all three sensors respond accordingly.  

4.7 Discussion  

The presented 4-electrode array platform was adopted for construction of multiple 

electrochemical biosensors, capable of simultaneous biomarker quantification in 

whole blood. Beside the previously described IL-6 and PCT sensors, sensor for 

syndecan-1 was developed and characterized in whole blood. Although low detection 

limits and sensor’s dynamic range in clinical range was demonstrated, the initial effort 

for multiplexed detection demonstrated the challenge of multi-assay compatibility. 

Tackling this task, some reports demonstrate detection of multiple biomarkers in 

spatially separated detection chambers (Panneer Selvam and Prasad, 2017b, Kling 

et al., 2016). Although this is a proven approach, it suffers from increased size and 

complexity of the microsystem needed to perform such analysis. Molinero-Fernández 

et al., demonstrated PCT and CRP can be detected on a single screen printed chip 

with two working electrodes, however, the ELISA protocol employed before the 

detection was different for the detection of two biomarkers (Molinero-Fernández et 

al., 2019). PCT immunocomplex was formed in a single step incubation with capturing 

and detection mAb, while CRP immunocomplex formation required two-step 

incubation first with the sample followed by the label. Translating such protocol to an 

automated microsystem would require high level of fluid control in two completely 

separated areas. Furthermore, increasing the number of tested analytes would highly 

increase the device complexity, demonstrating limited flexibility of the technology. 

Nevertheless, this demonstrates that detection of two analytes which are present at 

different concentrations is challenging and is most often solved by separate sample 

dilution or customised assay protocol in a spatially separated detection cell 

(Buchegger and Preininger, 2014). 

In this work, sample dilution was not a favorable solution as the goal was to optimize 

the sensors to simplify the final microsystem implementation. The simplicity of the 

microsystem is corelated to its final cost, repeatability and reliability, due to smaller 

number of performed steps (Conde et al., 2016). For example, a microfluidic device 

with a capturing chamber was developed by Cowell et al., which consisted of entrance 
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and exit impedance counters, which quantified the number of biomarker molecules 

upon entrance and exit of the capture chamber. Although detection of IL-6 was 

demonstrated, the uptake of such detection systems can be more challenging due to 

initial complexity of the detection setup. Other reports on multiplexed electrochemical 

detection of protein biomarkers for sepsis diagnosis can be seen in Table 4.5. 

Table 4.5: Up-to-date reports on multiplexed electrochemical protein biomarker sensors for 
sepsis diagnosis. 

Bio-
markers 

Matrix Time 
to 
result  

Principle Comment Reference 

PCT, 
LPS1 & 
LTA2  

Serum 
& 
Whole 
blood 

Un-
known 

Label-free mAb 
based sensor on 
PCB electrodes. 

Individual assays are 
demonstrated, limited 
data on multiplexing is 
presented.   

(Panneer 
Selvam 
and 
Prasad, 
2017b) 

PCT & 
IL-6 

Buffer 3.5h Bead based 
sandwich assay in 
microfluidic device 
with capturing 
chamber and 
entrance and exit 
counters for bead 
quantification. 

Only IL-6 detection is 
demonstrated, 
concentration 
dependent calibration 
curve is not presented. 

(Cowell et 
al., 2020) 

PCT & 
IL-6 

1:4 
diluted 
calf 
serum 

25 
min 

Electrochemical 
sandwich ELISA.  

Both assays are 
demonstrated and 
characterised, minimal 
interference is 
demonstrated. 

(Wu et al., 
2018) 

TNF-α & 
IFN-γ 

Buffer 15 
min 

Aptamer based label 
free detection on 
sputtered Au 
electrodes.  

Cross-reactivity is 
demonstrated, 
calibration curve only 
presented for TNF-α.  

(Liu et al., 
2012) 

PCT & 
CRP 

Serum 
& 
Whole 
blood 

15 
min  

Label-free mAb 
based sensor on 
zinc oxide electrode. 

Authors do not 
address the increase 
in capacitance upon 
PCT and CRP binding. 
Large difference 
between PCT and 
CRP levels are not 
addressed. 

(Tanak et 
al., 2019) 

PCT & 
CRP 

Buffer 
& 
Plasma 

 < 20 
min 

Bead based 
electrochemical 
sandwich ELISA. 

ELISA was performed 
in a tube, only 
detection is done on 
the SPE sensor. 
Protocols for CRP and 
PCT detection are not 
compatible for parallel 
sensing.  

(Molinero-
Fernández 
et al., 
2019) 
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PCT, 
CRP & 
PAMPs  

Whole 
blood  

51 
min 

Electrochemical 
sandwich ELISA. 

All sensors have 
identical protocols, 
enabling simple 
integration into a 
microsystem. 

This work  

1 lipopolysaccharide, 2 lipoteichoic acid. 
  

In this work, CRP sensor based on mAb did not generate a favorable result due to 

the need for a different ELISA protocol and was therefore replaced by phosphocholine 

capturing probe with lower dissociation constant. This was demonstrated before in 

optical systems (Buchegger and Preininger, 2014), but is to our knowledge 

demonstrated for the first time in whole blood in electrochemical system.  

Another strategy to address big differences in PCT and CRP levels was proposed by 

Kemmler et al., who constructed an ELISA assay for biomarkers which are present at 

low concentrations (PCT and IL-6), and a competitive ELISA assay for CRP (Kemmler 

et al., 2014). Authors report the sensor sensitivity can be tuned by changing assay 

configuration, which was again demonstrated in optical systems and we believe it 

could be transferred to electrochemical systems as well. Nevertheless, Buchegger 

and Preininger report sensor on-ship calibration is a challenge in this scenario and 

propose the use of probes with appropriate dissociation constant (Buchegger and 

Preininger, 2014). This introduces another challenge, which is screening for the 

appropriate capturing probes. To date, most antibodies are selected with the high 

affinity in mind (Acharya et al., 2017), which might not be the best solution for 

electrode array based multiplexed biosensors.  

FcMBL based PAMPs sensor was constructed with similar priorities in mind, to 

complement PCT and CRP sensors allowing seamless integration within the four-

array platform and simple microsystem. In this setup, the one parameter which 

allowed flexibility of the ELISA protocols was the concentration of biotinylated label. 

In case of PAMPs sensor, high concentration was chosen leading to low LOD.  

The demonstrated cross-reactivity test revealed minimal interference and multiplexed 

detection was demonstrated in whole blood. This is only the second report 

demonstrating the electrochemical detection of three sepsis biomarkers in whole 

blood and the first one demonstrating the use of electrode arrays, where detection 

chambers are not spatially separated.   

 



Chapter 4 

U. Zupančič   113 

 

4.8 Conclusions 

In conclusion, electrochemical sensors for four sepsis biomarkers were developed 

and demonstrated in whole blood (PCT, syndecan-1, CRP, PAMPs). CRP sensor 

based on PC enabled parallel detection of PCT and CRP, two biomarkers present in 

ng/mL and µg/mL range, with no cross-reactivity. Electrochemical FcMBL based 

PAMPs sensor was demonstrated in whole blood, for the first time. The sensors for 

simultaneous quantification of PCT, CRP and PAMPs were demonstrated on 

electrochemical platform for the first time and showed minimal cross-reactivity in 

whole blood samples. Due to the use of a sandwich ELISA assay and TMB that 

precipitated locally with high accuracy, sensors for different proteins can now be 

constructed in close proximity allowing for multiplexed sensor arrays on miniaturized 

biosensing chips. This enables the translation of the assays into an integrated, 

practical microsystem, pursued in the following chapters.  
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5. Chapter 5      

 

Printed circuit boards as an electrochemical 

platform 

Traditionally, commercially manufactured printed circuit boards have not been 

designed for use in electrochemical systems as sensing elements. To transfer the 

developed assays to PCB electrodes, their properties were first studied in the effort 

to determine surface characteristics, electrode quality and reproducibility. Electrode-

to-electrode reproducibility is especially important as it defines the background 

variation and directly affects the sensitivity and reliability of the developed sensors.  

In this chapter, three PCB design rules are proposed which directly affect the quality 

of the PCB sensing surface. Physical and extensive electrochemical characterisation 

is then presented, in the effort to ensure clean electrode surface and high electrode 

reproducibility. This work represents the core background findings enabling the 

transfer of electrochemical sensors to PCB based electrodes, needed for 

development of a full PCB based microsystem.  

5.1 Background  

Printed circuit boards consist of a mechanical core (most commonly FR-4) made of 

woven fiberglass impregnated with epoxy resin with excellent thermal and mechanical 

properties. A thin copper foil (usually 1 oz or 35 µm in thickness) is aligned over an 

FR-4 and laminated to produce a copper clad, which can then be patterned using 

photolithography (Varteresian, 2002). Copper is the base of the printed circuit boards 

due to great electrical conductivity. Nevertheless, bare copper undergoes oxidation 

when exposed to the environment (air, water etc.) affecting stability and solderability 

of the PCBs (Noh et al., 2008). Multiple surface finishes are therefore used to protect 

copper from environmental damage and preserve it’s solderability after long storage.  
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These include immersion tin, silver and a popular electroless nickel with immersion 

gold (ENIG) coating. This is a two-metal process, consisting of electroless deposition 

of nickel (3-6 µm) covered with a thin layer of immersion gold (0.075 - 0.125 µm) 

(Goosey, 2010). Gold offers excellent corrosion resistance, solderability and shelf life 

due to inertness of the metal itself. To employ PCBs as electrochemical sensors, the 

stability of the metallic electrodes plays a crucial role in sensor reliability. For this 

reason, electroplated gold PCBs are used in this work. Electroplating is a process of 

applying a metal layer onto a conductive surface using the current flow through a 

carrier substrate. Plating occurs at the cathode where a metal ion is reduced to solid 

state and the thickness of the desired metal can be controlled by the supplied current 

and time (Kanani, 2004).  

A common process employed by the PCB industry is hard gold plating. The process 

first requires a nickel plating separating the copper from the noble metal layer. Nickel 

is very effective in preventing the diffusion of copper to the gold (Goosey, 2010). Hard-

gold plating is achieved by addition of cobalt, nickel or chromium to the gold 

electroplating bath which results in a surface with 99.8% gold and 0.2% of the 

mentioned alternative metal. The gold thickness can vary but most common hard gold 

plating consists of 3 µm of nickel and 0.75-1.5 µm of gold. A thick gold layer (in 

comparison to ENIG) enables hard-gold plated PCBs to be stable in solution and used 

for biosensing purposes (Jolly et al., 2019b).  

To use PCB as sensing electrodes functionalized with biomolecules, it is important to 

understand physical and electrochemical properties of the PCB surfaces. Although 

PCB manufacturing is established and very reliable, the electrochemical properties of 

hard-gold plated PCBs have not been studied extensively. To construct a reliable 

biosensing platform, high reproducibility of the electrode surfaces is unparallel. In this 

effort, physical properties with the focus on the surface roughness have been studied 

alongside with electrochemical properties with the focus on electrode reproducibility. 

Furthermore, PCB electrode design parameters are discussed with a goal of obtaining 

highly reproducible PCB sensing electrodes.  
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5.2 Materials and methods  

Materials  

Hydrogen peroxide, ammonium hydroxide, potassium hydroxide, potassium 

ferrocyanide & ferricyanide, phosphate buffered saline tablets, potassium chloride 

and copper etchant (CE-100) were purchased from Sigma-Aldrich (UK). 1M sulfuric 

acid was purchased from Thermo Fisher Scientific (UK). Ag/AgCl (KCl) reference 

electrode was purchased from BASi (USA) and platinum wire used as counter 

electrode was obtained from ALS (Japan). Mili-Q water was obtained using Millipore 

Direct-Q 5 UV Water Purification System and deionized (DI) water. Oxygen plasma 

Zepto System (Diener electronic, Germany) was used to perform PCB plasma 

cleaning. PCBs were designed using Altium Designer 18 software and fabricated by 

Lyncolec (UK). In short, 1.6 mm FR-4 covered with 1 oz copper was patterned and 

plated with hard gold by electrodeposition of nickel (3-5 µm) and gold (1 µm) and 

outlined by the solder mask. PCB boards used in the study are shown in Figure 5.1. 

Microscopic pictures of the PCB electrodes were taken using Wild Heerbrugg M20 

(Wild Heerbrugg, Switzerland) microscope and macroscopic pictures were taken 

using Huawei P10 smartphone. 

 

Figure 5.1: PCB boards used to characterise PCB electrodes. a) Board with positive solder 
mask expansion. b) Same board with negative solder mask expansion. c) Alternative design 
of the board with negative solder mask expansion.   

 

 



Chapter 5 

U. Zupančič   117 

 

Surface roughness evaluations of PCB electrodes and evaporated gold electrodes 

AFM analysis was performed using Digital Instruments Nanoscope IIIA and Gwyddion 

software was used to for image analysis and profile extraction. SPR chips (Reichert 

Technologies, Germany) coated with thin gold layer through vacuum deposition were 

used as planar electrodes for surface characterization. For electrochemical 

characterization, the chip was first cleaned using piranha solution (9 mL of 99.9% 

sulfuric acid, mixed with 3 mL of 30% hydrogen peroxide, for 5 min) before washing 

in MQ water. Electrodes were outlined by double sided adhesive (300LSE, 3M, UK), 

where a 2 mm diameter circular hole was cut using a puncher. 25 µL of 50 mM H2SO4 

was deposited on the outlined electrode and contacted with Ag/AgCl (KCl) reference 

electrode and platinum wire counter electrode. Sulfuric acid cycling was performed 

using Ag/AgCl (KCl) reference electrode and platinum wire counter electrode 

between -0.2 to +1.5V at 200 mV/s. Roughness factor was calculated by integration 

of the gold-oxide reduction peak following the equations (2.20), (2.21) and (2.22) on 

page 47. PCBs were cleaned using modified RCA cleaning procedure (see below) 

before AFM analysis, followed by cycling in H2SO4 as described above to acquire 

surface roughness factors.  

PCB cleaning procedures and electrochemical analytical techniques 

PCB boards represented in Figure 5.1c were used in cleaning optimization study. 

The cleaning procedures are described in Table 5.1. 

Table 5.1: Cleaning procedures used in the study. 

Cleaning method Procedure 

Oxygen plasma treatment 3, 5 or 10 min at 100 W and 0.2 mbar (Diener Zepto 
System). 

Hydrogen peroxide 
treatment (or H2O2) 

Immersion in a solution 30% H2O2 & 50 mM KOH for 10 
min 

H2SO4 cycling 30 CV cycles between -0.2 and +1.5 V vs. Ag/AgCl (KCl) 
at 200 mV/s in 50 mM H2SO4. 

KOH cycling 15 CV cycles between -1.1 and 0.85 V vs. Ag/AgCl (KCl) 
at 100mV/s in 50 mM KOH . 

Modified RCA clean Step 1: Immersion in a solution of 30% NH4OH, 30% H2O2 
and MQ water in the ration of 1:1:5 for 15 min. Step 2: 
Immersion in >99% acetone solution for 5 min. Step 3: 
Immersion in >99% IPA solution for 5 min. Step 4: 
Immersion in MQ water for 5 min. 
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Oxidation and reduction of potassium ferri-/ferrocyanide was evaluated by CV in 5 

mM ferri-/ferrocyanide couple in PBS with 1 M KCl, scanning between -0.2 to 0.7 V 

vs. Ag/AgCl (KCl) at 100 mV/s scan rate. Current density was obtained by integration 

of oxidation peak and dividing the peak height with geometrical area of the electrode. 

Charge transfer resistance was obtained by EIS scan in the abovementioned solution 

by scanning from 100,000 Hz to 1 Hz at 10 mV amplitude at the DC bias of the formal 

potential observed in a CV (e.g. 0.245 V vs Ag/AgCl (KCl)). The obtained plot was 

fitted with Randles circuit to extract the Rct value. For evaluation of the impurity 

peaks, CV was performed in PBS from -0.3 V to 0.8 V vs. Ag/AgCl (KCl) at 1 V/s scan 

rate and peaks at approximately 0.35 V were quantified.  

5.3 Design rules for reliable sensing PCB electrodes 

To use PCB electrodes as reproducible electrochemical sensors, PCB pads must be 

precisely outlined, so their geometrical area is consistent. The shape of the pads is 

defined photolithographically in the copper layer and the connecting trace is then 

covered by the solder mask. Traditionally, the outline of the solder mask is slightly 

larger compared to the pad, accommodating for the alignment errors through the PCB 

production. The increased outline of the solder mask is called solder mask expansion 

(see Figure 5.2a).  

 

Figure 5.2: Solder mask expansion. a) Conceptual representation of the solder mask 
expansion. b) Traditional, positive solder mask expansion. Solder mask partly covers the 
bottom part of the circular electrode, affecting the electrode geometrical area.  c) Negative 
solder mask expansion. d) Selective plating enabling negative solder mask expansion.    

Positive solder mask expansion where solder mask is away from the pad allows the 

size of the electrode to be defined by the copper layer. A drawback of this approach 

is a variation in total electrode area due to exposed connecting trace. Alternatively, a 
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very small positive expansion can be used minimising this effect, however this can 

lead to misalignment where solder mask covers a part of the electrode, as seen in 

Figure 5.2b. These effects are trivial for the electronics industry but play a big role 

when electrochemical techniques are employed where available electrode surface 

area has a pronounced effect. 

Another strategy is to use a negative solder mask expansion, which encroaches the 

sensing electrode (Sánchez et al., 2016, Sánchez et al., 2017). This means the 

geometrical electrode area is defined by the solder mask, not the copper layer (Figure 

5.2c). This usually results in more consistent electrode dimensions as development 

of the solder mask is a milder process compared to the copper etch (Goosey, 2010).  

When robustness of the electrodes with positive and negative expansion was 

evaluated in ferri-/ferrocyanide solution with high chloride concentration (1 M KCl), 

high corrosion currents were observed in the electrode with positive expansion, while 

no such effects were seen in the electrodes with negative expansion (Figure 5.3a).  

 

Figure 5.3: a) CV in 5 mM ferri-/ferrocyanide in PBS with 1 M KCl. b) Picture of PCB with 
positive expansion in PBS.  

Chloride ions are known to bind to gold and promote gold dissolution in potential 

cycling (Aldous et al., 2006, Xu et al., 2019). However, corrosion effects can be also 

be observed in PBS with no potential cycling (Figure 5.3b) as the edges of the gold-

plated PCB are visibly reactive. Some previous reports have tackled this challenge 

by using PCB electrodes with positive expansion only with non-chloride buffers such 

as 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) (Evans et al., 2018) 
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or low molarity phosphate buffers (Jolly et al., 2019b). However, these approaches 

are limited, as some levels of chloride would be introduced to the system if the PCB 

electrodes are used for diagnostics with human samples.  

For negative expansion solder mask to be fully effective, Ni and Au electroplating 

should be performed before the application of the solder mask. In this way, the edges 

of the electroplated electrodes, where imperfections in electroplating can be most 

pronounced (Sánchez et al., 2016) are hidden from the solution. However, PCB 

manufacturers advice against it, due to poor adhesion of the solder mask to the gold 

plated Au surface, which can result in solder mask delamination (Goosey, 2010). This 

can be resolved by selective plating of the exposed pads, see Figure 5.2d. In this 

process, the manufacturer covers the non-exposed traces before electroplating, after 

which the cover is removed. The solder mask can then be applied, and photo imaged 

to achieve negative expansion while maintaining good adhesion to the underlying 

copper layer. 

In conclusion, three recommended design rules to manufacture PCB sensing 

electrodes consistently and reliably are: 

1. Ni and Au plating of the electrodes should be performed before the 

application of the solder mask. 

2. Selective plating should be performed, to ensure good adhesion of the 

solder mask to the underlaying layer. 

3. Sensing electrodes should be outlined with the solder mask using 

negative expansion, ensuring the edges of the gold traces are never 

exposed to the solution. 

All these processes are currently present in PCB manufacturing plants but should be 

specified before manufacture and described in the design.  

Besides the careful design, PCB based electrochemical sensors will be heavily 

influenced by the electrode’s physical and electrochemical properties, which will be 

examined in the next section. 
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5.4 Characterization of PCB surface roughness 

Surface roughness is an important factor contributing to biosensor performance. 

Extended research can be found on increasing the gold surface roughness to achieve 

high surface-to-volume ratios and enhance charge transfer properties (Collinson, 

2013). However, high surface roughness can result in increased fouling properties 

which is why some biosensors require smooth surfaces (Hoogvliet et al., 2000, 

Benites et al., 2014, Santos et al., 2015).   

Planar electrodes such as evaporated gold on glass or silicone substrates benefit 

from smoothness of their respective substrates, leading to controllable smooth 

surfaces (Mahmoodi et al., 2017). Although some applications utilize planar gold 

electrodes, low-cost alternative solutions predominantly include screen printed 

electrodes, which are known to possess very high surface roughness, due to the 

nature of their production (Butterworth et al., 2019, Obaje et al., 2016).  

To evaluate PCB electrodes, surface roughness was studied using atomic force 

microscopy as well as evaluated electrochemically. Thin film planar gold electrode 

(outlined from an SPR chips (Reichert Technologies, USA)) was compared to PCB 

electrodes. AFM reveals smooth surface in planar electrodes, where all features fall 

within 11 nm range. The average root mean square roughness from three 

measurements was 763.4 pm ± 62.8 pm. Five PCB electrodes were analysed with 

AFM revealing the average root mean square roughness to be 20.99 nm ± 3.98 nm. 

This means PCB electrodes are over 25-times rougher than planar gold electrodes. 

Representation of individual AFM scans can be seen in Figure 5.4a-b. Comparison 

of the extracted profiles reveal PCB electrode include features up to 100 nm in height 

(Figure 5.4c), compared to few-nm level features in planar gold electrode.  

Surface characteristics were then also evaluated electrochemically. By CV cycling in 

sulfuric acid solution electrode’s electroactive surface area was evaluated and 

roughness factor was calculated. Planar gold electrode reveals a mean roughness 

factor of 1.05, while PCB electrode had an average roughness factor of 1.24. This is 

a small difference considering large differences observed with AFM. 
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Figure 5.4: Examples of the AFM profile for planar gold electrodes (a) and PCB electrodes 
(b). The obtained profile from both representative samples (c). Roughness factors obtained 
by CV scanning in H2SO4. Bars represent the mean, error bars represent the SD and empty 
circles represent individual datapoints. 

Cycling in sulfuric acid solution oxidizes a layer of gold, which is then reduced in the 

reverse scan determining the electroactive area. However, there are two factors 

contributing to the level of gold electroactivity: surface roughness and gold availability. 

Increased surface roughness increases the available area but impurities covering the 

gold and preventing direct contact with the solution prevent gold oxidation therefore 

decreasing the available surface area. Hence, electrochemical evaluations of PCB 

electrodes should be taken with caution, as small roughness factors do not 

necessarily indicate smooth surfaces but could be a consequence of impurities and 

decreased gold availability. It is therefore vital, that electrode cleanliness and cleaning 

procedures are examined carefully, which will be covered in the next section.  



Chapter 5 

U. Zupančič   123 

 

5.5 Removal of impurities in commercially manufactured PCB 

electrodes  

PCBs are manufactured in a non-clean environment, where a level of impurities is 

acceptable if the final product meets specifications required by the electronics 

industry. Electrochemical use of PCB electrodes is highly sensitive to impurities, 

which can impede or promote electrochemical reactions on the electrode surfaces.  

Electroactivity of a PCB electrodes was therefore examined using cyclic voltammetry 

in solution with ferri-/ferrocyanide couple. Non-treated PCB electrode revealed small 

currents in the first scan and an increase in current density in the second scan to 4.6 

µA/mm2, which remained stable in the following scans (Figure 5.5a). This indicates 

the presence of an insulating layer on the PCB electrodes, which is removed upon 

the potential increase allowing redox reactions to occur. Peak to peak separation was 

234 mV which indicated the insulating layer was not removed fully; this is also 

confirmed by EIS where Rct was found to be over 18 kΩmm2 (Figure 5.6). A pervious 

study revealed commercially fabricated PCB electrodes are covered with an organic 

layer, which should be removed before surface can be functionalized (Jolly et al., 

2019b).  

One possibility for removal of organic contaminants is treatment with oxygen plasma, 

which is effective in braking down organic bonds and removing high and low 

molecular weight contaminants (Raiber et al., 2005). Moreover, large low-pressure 

plasma treatment chambers are readily available in PCB manufacturing plants and 

are already used to ensure clean surfaces before multi-layer bonding while having a 

low environmental impact (Fierro and Getty, 2003). Five-minute treatment in oxygen 

plasma and subsequent CV analysis revealed the insulating organic layer was still 

present at the start of the first cycle but was removed by the increased potential at 

approximately +0.55 V vs Ag/AgCl (KCl). The second scan revealed current density 

of 18.4 µA/mm2 which were reproducible in the subsequent scans (Figure 5.5b). 

Peak to peak separation decreased to 68 mV indicating close-to-ideal behaviour for 

ferri-/ferrocyanide couple. The average Rct was 117 Ωmm2 indicating increased rate 

of oxidation/reduction reactions (Figure 5.6). However, to implement this process, 

potential scan or cycling would be required to fully remove the insulating organic layer.  
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Figure 5.5: CVs in potassium ferri-/ferrocyanide with non-treated PCB (a), oxygen plasma 
treated PCB (b), hydrogen peroxide treated PCB (c) and PCB that underwent modified RCA 
clean (d).  

A wet process consisting of immersing the electrodes in 30% H2O2 with 50 mM KOH 

defined by Heiskanen et al., as a step removing organic impurities on gold was utilised 

next (Heiskanen et al., 2008). CV demonstrates a clean PCB surface in the first scan 

(Figure 5.5c) however, the current density is smaller compared to plasma cleaning, 

at 16.6 µA/mm2. Smaller redox transfer is confirmed by the increase in Rct, which was 

294 Ωmm2 while peak to peak separation remains similar at 71 mV (Figure 5.6). This 

indicates hydrogen peroxide treatment is appropriate but not ideal process for 

removal of the impurities.  
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Figure 5.6: a) Current density obtained from CV in ferri-/ferrocyanide solution. Bars represent 
the mean and error bars represents the SD, n = 4.  b) Charge transfer resistance obtained in 
ferri-/ferrocyanide solution. Bars represent the mean and error bars represents the SD, n = 4. 
c) Peak-to-peak separation obtained from CV in ferri-/ferrocyanide solution. Bars represent 
the mean and error bars represents the SD, n = 4.   

An established cleaning process used in semiconductor industry is RCA cleaning, 

developed at Radio Corporation of America in 1965 (Kern, 1990). The process is used 

for cleaning of the silicon wafers and involves three steps: removal or organic 

contaminants, removal of the oxide layer and the removal of ionic contaminants. The 

initial step named standard clean 1 (SC-1) includes immersion of the wafer in the 

mixture of hydrogen peroxide and ammonium hydroxide at 80⁰C. This mixture initiates 

oxidative breakdown and dissolution of metallic ions such as copper, nickel, and 

chromium. Ammonium hydroxide acts as a complexing agent, holding Cu ions in 

solution while hydrogen peroxide is an oxidizing agent dissolving metallic copper 
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(Goosey, 2010). Unfortunately, PCB solder mask can also be affected by the highly 

active SC-1 solution, so this process was adopted to clean PCBs by lowering the 

temperature of the SC-1 solution to RT and subsequent immersion of PCB electrodes 

in acetone, isopropyl alcohol and water to facilitate complete removal of contaminants 

(Dutta et al., 2019, Jolly et al., 2019b). This process will be referred to as ‘modified 

RCA clean’. Subsequent CV analysis in PCBs that underwent modified RCA clean 

reveal consistent oxidation and reduction starting with the first scan (Figure 5.5d) 

with the current density of 19.3 µA/mm2. Average peak to peak separation was at 69 

mV and the average Rct, was 158 Ωmm2 (Figure 5.6). Although high current densities 

and low charge transfer resistance were obtained, the variability of peak-to-peak 

separation and Rct was higher compared to plasma and hydrogen peroxide treatment 

(Figure 5.6b-c). Reproducibility of the sensing electrodes is equally if not more 

important than the electroactivity performance, which is why further focus was put on 

optimizing the plasma cleaning procedure. Further data on optimisation of cleaning 

can be found in Appendix C. 

Charge transfer resistance from EIS scan was used to evaluate different oxygen 

plasma exposure times of 3 min, 5 min and 10 min (see Figure 5.7). Surprisingly, 

longer exposure times increased the Rct, which could be an effect of plasma attacking 

the PCB solder mask and cross contaminating the exposed gold electrodes, as a 

slight change in solder mask colour was observed after 10 min treatment with oxygen 

plasma. 

 

Figure 5.7: Charge transfer resistance obtained with PCB electrodes in ferri-/ferrocyanide 
solution with different treatments. Bars represent the mean and error bars represents the SD, 
n = 4. 
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As oxygen plasma treatment requires potential cycle to fully remove the insulating 

layer, two commonly used approaches were tested, cycling in sulfuric acid or 

potassium hydroxide solution (Kirk et al., 1980). Sulfuric acid cycling did not reveal 

large differences in the obtained Rct values when compared to 3’ plasma treatment 

but caused the decrease in the average Rct values drop from 117 Ωmm2 to 50 Ωmm2 

in case of 5’ plasma treatment. This effect was pronounced at 10’ plasma treatment 

times demonstrating the sulfuric acid cycling facilitates removal of impurities. Similar 

Rct vales were obtained using the KOH cycling, demonstrating both options are 

suitable (Figure 5.7).  

Closer examinations of the CV scans in H2SO4 and KOH revealed inconsistent 

behaviour of the PCB electrodes (see Figure 5.8). Sulfuric acid scans show relatively 

consistent oxidation and reduction of gold, but an unknown peak sometimes appears 

in the region between 0 - 0.4 V. KOH scans reveal multiple unknown peaks around 0 

V in the forward scan and between 0 – 0.4 V in the reverse scan, which should not 

be present at slow scan rates (Kirk et al., 1980). 

 

Figure 5.8: Examples of CV curves obtained by scanning PCB electrodes in sulfuric acid (a) 
and potassium hydroxide solution (b). 

Literature search revealed the unknown peak between 0 - 0.4 V in sulfuric acid could 

be the oxidation of copper impurities (Labuda et al., 2010, Wahl et al., 2011). During 

the electroplating process, a certain level of impurities remains in the gold plating 

solution, see Table 1.1.   
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Table 5.2: Maximum level of contaminants allowed in gold plating solution for hard gold plating 
process. Adopted from (Goosey, 2010). 

Metal Maximum parts per million  

Silver 5 

Chromium 5 

Lead 10 

Copper 50 

Iron 100 

Tin 300 

Nickel 300-3000 

Although the maximum allowed level of Cu impurities in electroplating bath is 

relatively low, Cu impurities are present on the electrode surface and can remain 

there in small quantities even after the electrode cleaning (Jolly et al., 2019b). To 

examine the source of the impurities, a PCB electrode that didn’t exhibit impurity 

peaks was exposed to increasing concentrations of CuSO4 in H2SO4 solution. 

Oxidation of Cu2+ ions is observed in the region of 0 - 0.3 V, presenting multiple peaks 

at high concentration (> 300 µM), see Figure 5.9a. At lower concentrations (< 50 µM), 

an oxidation peak can be observed at 0.3 V. The observed peaks were integrated, 

and the peak area was plotted vs. the concentration of added CuSO4, revealing linear 

relationship and confirming the observed peaks can be due to Cu impurities (Figure 

5.9b). 

 

Figure 5.9: a) CV curves obtained in sulfuric acid with increasing concentration of CuSO4. 
The legend represents increasing CuSO4 concentration. Inset represents the peaks at low 
CuSO4 concentrations. b) The relationship between CuSO4 concentration and peak area in a 
CV scan.  

The variability PCB electrodes in terms of impurity peaks was concerning, as the 

electrochemical characterisation was based on ferri-/ferrocyanide couple, where 
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oxidation and reduction occurs in a similar potential range (see Figure 5.4). 

Therefore, there is a risk that Cu impurity influenced the obtained data in the initial 

characterisation.  

More importantly, previously described detection mechanism based on 

electrochemical ELISA using precipitating TMB is based on TMB oxidation in potential 

range partly overlapping with potential of electroactivity of the Cu impurities. This 

means the presence of Cu could lead to false positive results.  

To further evaluate PCB cleaning procedures and the effect of Cu impurities on the 

potential results from electrochemical ELISA, CVs were performed in PBS using the 

same conditions as previously described for oxidation of precipitating TMB (at 1 V/s 

scan rate). This revealed very high Cu peaks in PCBs cleaned with plasma and lower 

Cu peak in PCBs cleaned with hydrogen peroxide treatment. CV cycling in H2SO4 

completely removed the Cu peaks from peroxide treated PCBs while the modified 

RCA clean revealed slightly bigger but very small Cu peaks, without CV cycling in 

H2SO4 (Figure 5.10). 

 

Figure 5.10: PCB electrodes that underwent different cleaning procedures analysed by CV 
in PBS. Cu impurity peak is revealed at approximately 0.3 V. 

A more systematic examination of different cleaning combinations was tested in the 

effort to determine most optimal procedure, which could be implemented in PCB 
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production facility. Plasma treatment, hydrogen peroxide cleaning and modified RCA 

clean were examined in combination with CV cycling in H2SO4, CV cycling in KOH 

and dipping PCBs in commercially available copper etchant solution. 

The average Cu peaks after the plasma exposure was very high at 9.1 µA/mm2 and 

dropped to 1.0 µA/mm2 with H2SO4 cycling, 2.8 µA/mm2 with KOH cycling and 0.4 

µA/mm2 with exposure to Cu etchant (see Figure 5.11). Data suggest Cu impurities 

are best removed with a wet process; hence plasma is not suitable for removal of Cu 

impurities but can be combined with a Cu etch step to achieve small level of Cu 

contaminants. 

 

Figure 5.11: The height of impurity peaks in PCBs that underwent various combinations of 
cleaning procedures. Bars represent the mean, error bars represent the SD and empty circles 
represent individual datapoints. 

Hydrogen peroxide treatment revealed average Cu peaks of 1.9 µA/mm2 which 

dropped to below 1 µA/mm2 with every subsequent step, see Figure 5.11. Modified 

RCA clean revealed a low and very consistent levels of Cu impurities with the average 

Cu peaks of 0.4 µA/mm2. This confirms a wet process is more suitable for removal of 

Cu impurities. 
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To finalise the selection of the optimal cleaning processes, reproducibility assessment 

using large number of PCB electrodes was performed using two final candidates; 

modified RCA clean due to its consistency and hydrogen peroxide treatment followed 

by H2SO4 cycling, due to excellent Cu removal capabilities. 36 PCB electrodes were 

cleaned using the latter procedure revealing almost complete removal of Cu peaks in 

some cases, however other electrodes exhibited higher impurity peaks (see Figure 

5.12). The range of impurities covered almost three orders of magnitude from 0.03 

µA/mm2 to 15 µA/mm2 with the average of 1.6 µA/mm2. On the other hand, modified 

RCA clean revealed lower average impurity peak of 0.2 µA/mm2 with the range from 

0.1 µA/mm2 to 0.8 µA/mm2 using 120 PCB electrodes.  

 

Figure 5.12: The height of impurity peaks in the larger sample number for two promising 
cleaning procedures. Empty circles represent the individual datapoints, lines in a box 
represent median, 25th and 75th percentile, triangle is the mean value, whiskers represent 
5th and 95th percentile. 

Additionally, Cu peak behaviour during H2SO4 cycling was not consistent. In some 

electrodes, Cu peaks would decrease during CV cycling, while an increase in Cu 

peaks was observed with other PCBs. This indicated there are two phenomena 

occurring simultaneously. 
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This could be explained by copper contamination of electroplated gold layer, depicted 

in Figure 5.13. Commercially fabricated PCBs are delivered with a layer of organic 

impurities, which prevent direct oxidation of ferri-/ferrocyanide couple or more 

importantly, formation of SAMs and conjugation of capturing probes on the PCB 

surface. Additionally, some inorganic impurities (such as Cu) are present in the initial 

layer, which can cause electroactivity of the PCB electrodes and can mask other 

desired processes occurring on the electrodes. A wet hydrogen peroxide treatment 

removed organic and the bulk of the inorganic impurities, with some remaining on the 

surface (see Figure 5.13b) leading to Cu peaks observed in CV in PBS. Further CV 

cycling in sulfuric acid promotes removal or Cu impurities which can be seen as cycle 

dependent decrease in Cu peaks over time. However, during the scan, a thin layer of 

gold can be dissolved in the solution (Cherevko et al., 2013, Ho et al., 2019). We 

postulate this can expose Cu impurities in the interior of the gold layer which are there 

as a consequence of partly contaminated gold plating solution during the gold 

electrodeposition and were previously ‘hidden’ from the surface, protected from the 

wet cleaning process, see Figure 5.13c. This can be seen as an increase in Cu peaks 

over time observed by continuous scanning of PCBs in sulfuric acid. 

 

Figure 5.13: a) Non-treated PCB consisting of layers of cupper base, electroplated nickel and 
gold. Cu impurities are found on top of the gold and within the gold layer. b) PCB surface after 
wet cleaning with removed organic and inorganic impurities. c) Removal of thin gold layer 
during CV cycling. Circle 1 represents removal of Cu impurity and circles 2 and 3 represent 
newly formed exposure of the hidden Cu impurities within the plated electrodes.  

With electrochemical properties obtained from ferri-/ferrocyanide study, the level of 

Cu impurities and reproducibility of 120 tested electrodes, modified RCA cleaning was 

chosen as an optimal procedure for PCB treatment before electrode functionalisation.  
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5.6 Conclusions  

In conclusion, reliability of the biosensors is underlined by the reproducibility of the 

electrodes. To achieve high reproducibility in the PCB electrodes, electrode area 

should be carefully controlled. This can be performed using a solder mask for 

passivation of edges, which enables precise outlining of the electrode area as well as 

increased electrochemical stability of the electrodes. It is important the electroplating 

is performed before application of the solder mask, to ensure the whole electrode 

area is electroplated evenly. Commercially, this can be achieved with selective plating 

of pads and subsequent application of the solder mask. 

Hard gold-plated PCB electrodes have considerably higher surface roughness (RMS 

roughness of approximately 20 nm) compared to thin film gold electrodes (RMS 

roughness of approximately 1 nm). Nevertheless, an alternative commercial process 

is screen printing which results in very high roughness values (RMS roughness of 1 

µm) (Collinson, 2013). As surface roughness can have a profound effect on biosensor 

performance, this indicates sensors which cannot be implemented in commercially 

screen-printed electrodes due to high surface roughness might be implemented on 

PCB electrodes.  

To construct a biosensor on PCB electrodes, gold availability and lack of 

contaminants is crucial as it directly affects surface chemistry and potentially the final 

readout of the sensor. A detailed electrochemical characterization revealed a suitable 

electrode cleaning procedure, which provides reproducible electrode characteristics 

and effective removal of electroactive contaminants. With this knowledge, 

electrochemical sensors can now be constructed on PCB electrodes, which will be 

explored in the next chapters. 
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6. Chapter 6      

 

Label-free approaches to biosensing using 

PCB electrodes 

The complexity of a biomarker quantification microsystem can vary and is mostly 

dependent on the number of steps needed to complete the biosensor assay. As a 

minimum, a conventional electrochemical ELISA requires a sample introduction port 

and a separate storage chamber for labelling solution as well as measurement 

solution. In comparison, a label-free assay, which requires only the addition of the 

sample followed by a washing step or direct measurement in the sample itself could 

greatly simplify the whole microsystem. With this reason, label-free approaches for 

detection of two biomarkers (PCT and CRP) on PCB electrodes were explored and 

are presented in this chapter. Work on CRP detection was performed in collaboration 

with the Nanobionics research group from the Institute of Chemistry at São Paulo 

State University in Brazil lead by Dr Paulo Roberto Bueno.  

6.1 Introduction  

Label-free assays have some advantages over the traditional labelled assays. 

Besides the simplification of the final microsystem, which usually results in the lower 

cost of the final device, the stability of labels can be a bottleneck in labelled assays 

(Chen and Yang, 2015, Jeon et al., 2020). An example are lateral flow assays, where 

gold nanoparticle conjugated antibody degradation is one of the main downsides 

leading to limited shelf life and potential for false negative results (Chen and Yang, 

2015). Additionally, the presence of labels can alter the formation of the 

immunocomplex and influence the binding kinetics (Syahir et al., 2015). Most 

importantly, label-free assays eliminate the need for multiple assay steps, which 

reduces the time, cost, and complexity of the assay and the final device.  
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To implement label-free detection in electrochemical systems, EIS has gained 

significant attention for label-free quantification of immunoagents (Vestergaard et al., 

2007a, Ray et al., 2010). Highly sensitive immunosensors have been developed 

based on EIS achieving sensitivity in attomolar and femtomolar ranges (Bertok et al., 

2013, Kongsuphol et al., 2014). 

In this chapter, EIS will be explored as a sensing technique in the effort to 

demonstrate label-free sensing of sepsis biomarkers using PCB electrodes. 

6.2 Materials and methods 

Two approaches were explored for label-free detection on PCB electrodes. The first 

included the use of a redox active peptide supported SAM, and the second explored 

a short linker surface chemistry, which was previously reported for label-free detection 

using PCBs.  

6.2.1 Label-free sensing of CRP using a redox active peptide SAM 

PCB electrode pre-treatment  

PCB electrodes were cleaned before use with 5 min treatment with oxygen plasma, 

followed by electrochemical cleaning in 50 mM sulfuric acid from -0.2 V to 1.5 V vs. 

Ag/AgCl (KCl) at 200 mV/s scan rate. Only electrodes where minimal impurity peaks 

were detected were used in the described experiments.  

Sensor construction  

The peptide with redox active ferrocene moity (Fc-Glu-Ala-Ala-Cys) was kindly 

provided by Dr. Paulo Roberto Bueno from São Paulo State University. The redox 

active peptide was resuspended in acetonitrile/MQ water (1:1) and deposited on PCB 

electrodes, which were protected from light and incubated overnight at RT in a 

humidity chamber prefilled with the acetonitrile/MQ solution to prevent evaporation. 

After overnight incubation, the electrodes were thoroughly rinsed with MQ water and 

the redox active SAM was analysed with CV and EIS until stabilisation before further 

surface functionalisation with an aqueous solution of 400 mM EDC and 100 mM NHS 
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for 30 min. After surface activation, the PCBs were rinsed with MQ water and 

incubated with 1 µM solution of CRP antibody (RnD Systems, USA) in PBS for 1 h at 

room temperature. EIS was performed to confirm the conjugation followed by blocking 

step with 0.1% BSA in PBS for 1 h at RT. EIS was performed after blocking, which 

was followed by the incubation of three blanks (PBS) for 30 min and increasing 

concentrations of CRP (RnD Systems, USA) in PBS for 30 min. 

Electrochemical measurements  

All measurements were performed in a beaker containing 20 mM 

tetrabutylammonium perchlorate (TBAClO4) dissolved in MQ water with 25% of 

acetonitrile. Platinum wire counter electrode and Ag/AgCl (KCl) reference electrode 

with a salt bridge were used in all measurements. CV scans from 0 V to 0.7 V vs. 

Ag/AgCl (KCl) were performed at a 100 mV/s scan rate. EIS scan was performed 

using a 10 mV amplitude AC voltage from 100,000 Hz to 0.1 Hz either with the DC 

bias equivalent to formal potential obtained with the CV (usually around 0.37 V vs. 

Ag/AgCl (KCl)) or potential of 0.1 V vs. Ag/AgCl (KCl), demonstrating the capacitive 

behaviour of the electrode outside of the redox active regions. The redox capacitance 

was extracted by fitting the data with a semi-circle using Origin Lab 9.1 software with 

the equation:  

 𝑦0 + (𝑟2 − (𝑥 −  𝑥0)2)
1
2 (6.1) 

The sensor’s capacitive response was calculated using the equation below: 

 
∆𝐶 (%) =  |(

𝐶𝑏𝑙𝑎𝑛𝑘 −  𝐶𝐶𝑅𝑃

𝐶𝑏𝑙𝑎𝑛𝑘

)| ∙ 100 
(6.2) 

Where C represents the redox capacitance. 
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6.2.2 Antibody based PCT assay using a short alkanethiol linker 

Gold disc electrode pre-treatment 

The first attempts of sensor development were performed on gold disc electrodes (2 

mm in diameter) which were purchased from CH Instruments (USA) and used as 

working electrodes in combination with platinum wire counter electrode (ALS, Japan) 

and commercial Ag/AgCl (KCl) reference electrode (BASi, USA) connected to the 

three-electrode cell through a salt bridge containing 1x PBS. The commercial gold 

disc electrodes were cleaned prior to every experiment using sonication in ethanol (5 

min), 1.5 min mechanical polishing in 1 µm aluminium oxide (Buehler, USA), 3 min 

sonication in ethanol, another 1.5 min polishing in 0.3 µm aluminium oxide (Buehler, 

USA), 5 min sonication in ethanol and final 3 min sonication in MQ before 

electrochemical cleaning in 0.5 M H2SO4 by 50 CV cycles between 0.0 V and 1.5 V 

with a 200 mV/s scan rate. After CV cycling, electrodes were dried with nitrogen and 

enclosed with an Eppendorf tube.  

PCB electrode pre-treatment 

PCB electrodes were cleaned on the day before use with modified RCA cleaning 

procedure as described in the previous chapter. 

PCT sensor construction, characterisation, and quantification of the response 

Cyclic voltammetry and Faradic EIS measurements were performed in 1x PBS with 

5 mM ferri-/ferrocyanide unless stated otherwise. Formal potential was determined 

after the CV scan and applied as a DC bias in EIS measurements on top of 10 mV 

AC potential. EIS scan between 0.1 and 100,000 Hz was applied unless stated 

otherwise. In all fittings, a modified Randles circuit with a constant phase element 

replacing a capacitor was used to obtain all the values. Capacitance of the 

electrochemical system CPE was calculated according to equation  (2.16) where CPE 

was defined as according to equation (2.17) on page 45. Non-Faradaic measurement 

were performed in PBS at open circuit potential and 10 mV amplitude.  

Human Procalcitonin DuoSet ELISA kit was purchased from R&D Systems (USA). 

120 µg of capture mAb was reconstituted in 1.2 mL of PBS (final conc. 100 µg/mL) 

and aliquoted, 125 ng of PCT Standard was reconstituted in 1.25 mL of PBS (final 
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conc. 100 ng/mL) and aliquoted and 3 µg of detection antibody was reconstituted in 

1 mL (final conc. 3 µg/mL) and aliquoted. All proteins were stored at -80 °C.  

In the first step of the biosensor construction, clean gold disc electrodes and PCB 

electrodes were incubated with DSP (dithiobis(succinimidyl propionate)) or Lomant's 

Reagent (ThermoFischer Scientific, USA)  in DMSO (4 mg/mL) for 1 h at RT and then 

washed with DMSO and MQ water. Electrodes were then incubated with capturing 

mAbs (100 µg/mL) for 1.5 h before incubation with 1% ethanolamine in PBS (10 min), 

blocked with StartingBlockTM (ThermoFischer Scientific, USA) for 30 min and 

stabilised in PBS for 1 h. After every step, a wash in PBS was performed to remove 

any excess of molecules.  

To determine the response of the sensor, increasing concentrations of PCT were 

diluted in PBS and macroelectrodes were dipped in 50 µL of the analyte solution for 

30 min, washed with PBS and placed into the measurement beaker to perform  

Faradaic or non-Faradaic EIS measurements. The sensor’s response in non-

Faradaic mode was evaluated by looking at the real part of capacitance (C’) at the 

frequency where the imaginary part is approaching zero. See equation (2.19) on page 

46 for definition of complex capacitance. The absolute value of the relative response 

was calculated by the equation below:  

 
𝑎𝑏𝑠𝑜𝑙𝑢𝑡𝑒 ∆ 𝐶′ (%) =  |(

𝐶′𝑏𝑙𝑎𝑛𝑘 −  𝐶′𝑃𝐶𝑇

𝐶′𝑏𝑙𝑎𝑛𝑘

)| ∙ 100 
(6.3) 

The presence of PCT on the sensors was confirmed by electrochemical ELISA, where 

1 µg/mL of biotinylated detection mAb was incubated on the electrode for 15 min 

followed by streptavidin-polyHRP conjugate at 200 ng/mL for 5 min. Both compounds 

were diluted in 0.1% BSA in PBS. In the last step, precipitating TMB was incubated 

on the electrode for 1 min and CV was then performed in PBS at 1 V/s between -0.3 

V and 0.8 V vs. Ag/AgCl (KCl) to read the ELISA output. 
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6.3 Capacitive sensing of CRP using redox active peptides 

6.3.1 Background and set-up  

Capacitive sensing of CRP using a redox active peptide SAM has been demonstrated 

in a previous report using gold disc electrodes (Piccoli et al., 2018).  

The core or the assay is a four-amino acid peptide Glu-Ala-Ala-Cys, where glutamine 

is then modified with ferrocene on the carboxyl peptide end, see Figure 6.1. The 

peptide serves multiple functions; firstly, the presence of thiol group on the cysteine 

allows strong immobilisation of the peptide to gold surfaces. Secondly, the presence 

of glutamine introduces a carboxyl group, which can be activated and conjugated to 

a primary amine on a capturing probe such as an antibody or amine terminated DNA 

aptamer. Lastly, the redox active ferrocene can undergo oxidation/reduction in very 

close proximity of the electrode, allowing high electron transfer rates which negates 

the need for a labelling molecule (Cecchetto et al., 2020, Piccoli et al., 2018, Piccoli 

et al., 2016).  

 

Figure 6.1: Chemical structure of the peptide (Fc-Glu-Ala-Ala-Cys) used in the study. Figure 
taken from (Piccoli et al., 2018) with permission from American Chemical Society. 

In this set-up, the electrode surface is first covered with the redox active peptide SAM 

followed by additional conjugation of antibody to the electrode surface and blocking. 

Afterwards, analyte can be introduced, incubated and washed away and the 

measurement can be performed (Santos et al., 2018, Fernandes and Bueno, 2017). 

In the electrochemical measurements, PCBs were dipped into the beaker along with 

silver wire counter electrode and Ag/AgCl (KCl) reference electrode, as depicted in 

Figure 6.2a.  
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Figure 6.2: Measurement set-up and the equivalent circuit. a) Visual representation of the 
used set-up with PCB electrodes immersed into a beaker containing platinum wire counter 
and Ag/AgCl(KCl) reference electrode. b) Schematic representation of the electrode surface 
covered with electroactive peptide SAM, equipped with anti-CRP mAbs and corelating 
equivalent circuit.  

The sensor surface can be represented as solution resistance (Rs) in series with 

interfacial impedance (Zi), which can be described by non-Faradaic and Faradaic 

processes, see Figure 6.2b. The non-Faradaic branch includes a monolayer 

capacitance (Cm) which according to Bueno et al. (Bueno et al., 2012) can be 

represented by resistive (Rt) and capacitive terms (Ct). The Faradaic branch is the 

consequence of charge stored in the redox active monolayer and can be described 

as Rct (charge transfer resistance) and Cr (redox capacitance). The capacitive 

contributions from the Faradaic processes are much higher compared to the pure 

non-Faradaic processes (Bueno et al., 2012, Piccoli et al., 2016). 

This system utilises electrochemical impedance spectroscopy for the sensor output 

and the obtained impedance data is converted to capacitive Cole-Cole plots 

according to equation (2.19).    

The obtained capacitance can be attributed to monolayer capacitance and redox 

capacitance, which is sensitive to local environment (Lehr et al., 2014). Therefore, 

the effect of analyte binding on the surface conjugated mAbs alters the capacitive 

properties of the redox active monolayer and generates a distinguishable signal. This 

has been demonstrated by a number of studies demonstrating immunosensors on 

such platforms (Piccoli et al., 2018, Santos et al., 2018, Fernandes et al., 2013, 

Fernandes et al., 2014, Lehr et al., 2014).  
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The conceptual change in capacitance is depicted in Figure 6.3. An EIS scan is 

performed and impedance data converted to capacitive Cole-Cole plot reveals a 

semi-circle which can be modelled, and the extracted diameter corresponds to the 

redox capacitance (Cr). Upon analyte binding, the change in redox activity is seen as 

a decrease in the semi-circle. 

 

Figure 6.3: Redox capacitance (Cr) can be extracted from the EIS measurement by extracting 
the diameter of the semi-circle represented in the Cole-Cole plot. Redox capacitance 
decreases upon the analyte binding and the relative change of this decrease is the sensors’ 
output.  

6.3.2 Redox active peptide on PCB electrodes 

The novelty of this work is an attempt to implement redox active monolayer for 

capacitive sensing on PCB electrode surfaces. The first step towards the 

implementation of this assay on PCB electrodes, was the construction and 

characterisation of electroactive SAM. The redox active peptide was immobilised on 

the electrodes and CV and EIS characterisation were performed, see Figure 6.4.  
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Figure 6.4: CV of the bare PCB electrode (black) and PCB electrode covered with the redox 
active peptide SAM (red). Two lines represent formal potential (Ein) and the potential used 
outside the redox active window (Eout), where redox capacitance does not have a large effect.   

CV analysis revealed the absence of any redox activity on bare gold electrodes, while 

PCBs with redox active SAM demonstrated large oxidation/reduction peaks just 

before 0.4 V vs. Ag/AgCl (KCl). Peak-to-peak potential difference was only 24 mV 

indicating the redox active species is physically adhered on the electrode surface 

(Bard and Faulkner, 2001, Piccoli et al., 2018). The process is reversable with the 

ratio between anodic and cathodic current approaching one. To proceed with the 

capacitive characterisation, two potentials were selected where one is completely out 

of the window of redox activity (0.1 V vs. Ag/AgCl (KCl)) while the second 

corresponded to formal potential, which was determined at 0.37 V vs. Ag/AgCl (KCl). 

Performing the EIS scan of the bare PCB and PCB with redox active monolayer at 

0.37 V vs. Ag/AgCl (KCl) revealed high value impedance in both cases, see Figure 

6.5a.  
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Figure 6.5: Capacitive behaviour of the PCB electrodes equipped with redox active peptide 
SAM. a) Nyquist plot representing the real and imaginary parts of impedance in redox active 
peptide SAM covered PCB. b) The same measurement represented in Cole-Cole plot. c) Real 
part of the capacitance in PCB electrode with redox active peptide SAM recorded at formal 
potential and a potential outside the redox active window (0.1 V vs. Ag/AgCl (KCl) RE). d) 
Imaginary part of the capacitance represented in the same manner.  

Conversion of the impedance data into capacitive Cole-Cole plot revealed that the 

bare PCB exhibited capacitance of approximately 0.3 µF/mm2 while the PCB with 

redox active SAM exhibited almost 10-fold increase in capacitance, approaching 3 

µF/mm2, see Figure 6.5b. This demonstrates the redox capacitance dominates the 

non-Faradaic capacitance as described previously (Fernandes and Bueno, 2017, 

Bueno et al., 2012).  

Further examination of the PCB with redox active SAM at potential outside the redox 

activity revealed the same properties, see Figure 6.5c-d. When the real part of the 

capacitance is plotted against frequency, a large increase in capacitive effects can be 
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observed at frequencies lower than 10 Hz. Similar conclusions can be derived from 

observing imaginary capacitance, which peaks at approximately 10 Hz before 

dropping indicating the dominant effect of the capacitive properties of the system.  

6.3.3 Antibody based CRP assay on redox SAM  

After establishing that the properties of the redox active peptide SAM can be 

transferred from a gold disc electrode to PCB electrode, glutamine carboxyl residue 

was activated using EDC/NHS chemistry and anti-CRP mAb was conjugated to the 

surface followed by a blocking step. Capacitive evaluation of the peptide activity 

revealed a large decrease in capacitance after the immobilisation of antibody on the 

surface, confirming the surrounding environment has an effect on the redox properties 

on the peptide, see Figure 6.6. Furthermore, the introduction of the blocking step 

revealed only a small capacitive decrease, indicating the majority of the carboxyl 

groups were already occupied with the antibody. A single incubation of blank (PBS) 

revealed no change in the redox capacitance, hence the system was considered 

stable. 

 

Figure 6.6: Total capacitance obtained after every step in biosensor construction. Bars 
represent the mean and error bars are SD, n = 4. 

To examine the sensing capability, increasing concentrations of the CRP diluted in 

PBS were deposited on the PCB electrodes, incubated for 30 min and washed away 

before repeating the measurement. The data revealed a consistent decrease in 
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capacitance, see Figure 6.7a. High concentrations of CRP (10 µg/mL) induced up to 

25% change in capacitance revealing an almost liner relationship between the CRP 

concentrations and respective relative change in capacitance. Nevertheless, the 

linear behaviour of the sensor over four orders of magnitude of CRP concentrations 

and the lack of sensor saturation was questionable and further investigation of the 

sensor was pursued. A control experiment was performed where the sensor was 

continuously exposed to blanks (PBS) in the same manner as the abovementioned 

experiment, see Figure 6.7b. The data revealed the increasing number of blanks 

induced similar response observed in the previous experiment. Five blank incubations 

showed stepwise increase in relative change of capacitance, with the fifth blank 

demonstrating a capacitive change between 20% and 25%. 

 

Figure 6.7: Capacitive detection of CRP. a) Relative change in total capacitance reveals a 
signal increase with increasing CRP concentrations. b) The same signal increase can be 
observed with the increasing number of blank incubations. Bars represent the mean and error 
bars are SD, n = 4. 

This revealed the previously observed change was not due to increased CPR 

molecule in the SAM surface but rather a systematic shift in sensor properties, 

occurring due to the incubation steps. The full sequence between the incubation steps 

were: 

1. Removal of the PCB from the beaker and wash of the measurement 

solution with PBS, 

2. Careful drying of the surface with N2, 

3. Deposition of 5 µL of sample or blank to cover the PCB electrode and 

30 min incubation in humidity chamber, 

4. Removal of the sample by washing with PBS and drying with N2. 
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The abovementioned sequence of steps influenced the electrode surface leading the 

stepwise decrease in capacitance. This could be due to washing steps if some of the 

peptide or mAb were absorbed to the surface only through physical absorption and 

were therefore continuously washed away during the procedure. Alternatively, 

ferrocene is known to be sensitive to light (Daub et al., 1990) and as the procedure 

could not be performed in the dark, this could cause sequential loss of electroactivity. 

To determine whether this effect is connected to the redox active peptide itself or the 

antibody used in the study, sequential stability of the surface with redox active peptide 

with no antibody was examined, see Figure 6.8. 

 

Figure 6.8: Stability of the peptide layer with increasing incubations of blanks (PBS). Bars 
represent the mean and error bars are SD, n = 4. 

Again, the data revealed a sequential decrease in capacitance and increased change 

in relative capacitance with increasing number of blank incubations. Nevertheless, 

the relative change in capacitance at blank 5 is approximately 10% indicating that 

some loss of capacitance can be prescribed to the peptide SAM.   

There are multiple possible explanations to the observed phenomena. Beside the loss 

of activity due to light exposure, the instability of the peptide SAM could be due to 

time dependent desorption of the peptide, which could happen if the PCB surface 

contained some impurities which prevented covalent attachment of the peptide 

through the cysteine thiol group. In the same fashion, if some antibodies were not 

covalently attached, they could slowly desorb through the sample incubation steps, 

influencing the capacitance change. Moreover, the assay development does not 

include quenching, which inactivates NHS ester groups, hence some of those groups 
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might still be present during the incubation of blanks, and their hydrolysis could cause 

signal change. This directly implies that the blocking step is not optimal. The blocking 

which is performed with 0.1% BSA in PBS does slightly lower the capacitance (Figure 

6.6) but as BSA is relatively large (66 kDa) there is a chance it cannot access all the 

activated peptides between the antibodies leaving activated NHS ester groups. 

Furthermore, if the BSA accumulates on the surface through electrostatic interactions 

and is not completely washed away in the washing step, it could slowly desorb 

throughout the incubation of samples (or blanks) causing signal change.  

With this in mind, the assay optimisation could be continued with the introduction of 

the quenching step or optimisation of the blocking step. Nevertheless, the signal 

change observed in the stability of the redox active peptide SAM alone indicated there 

would always be capacitive decrease when such sensor is constructed on PCBs.  

Previous work indicated the assay is sensitive to surface roughness, as the authors 

carefully controlled the roughness factor between 1.2 and 1.7 using gold disc 

electrodes (Piccoli et al., 2018, Santos et al., 2018). All electrodes used in this study 

exhibited surface roughness factors fitting the specified range, but as discussed in 

the previous chapter these do not directly indicate roughness in PCB electrodes. A 

possible explanation would be that increased surface roughness in PCB electrodes 

negatively influences the stability of the redox monolayers.  

Nevertheless, a recent work in the group used the same redox active peptide for 

construction of DNA sensor with peptide nucleic acid (PNA) capturing probe. Although 

gold disc electrode were used and appropriate surface roughness values were 

obtained, similar instability of the peptide was observed (Üstüner, 2019).  

Considering the challenges associated with PCB roughness and peptide instability, 

the focus was shifted from the redox active peptide supported SAM to a simplified 

version of a label-free sensor, which will be presented next.  
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6.4 Antibody based detection of PCT using a short alkanethiol 

crosslinker 

A simplified version of label free electrochemical biosensor based on alkanethiol 

crosslinker and antibody capturing probes has been reported recently (Panneer 

Selvam and Prasad, 2017b). More importantly, this has been demonstrated using thin 

film electrodes (Stevenson et al., 2017) as well as PCB electrodes (Panneer Selvam 

and Prasad, 2017b, Sierks et al., 2011). The architecture of the sensor is simple, with 

gold surface being covered with DSP (dithiobis(succinimidyl propionate)) or Lomant's 

reagent, which is a bio-functional NHS ester crosslinker with a disulphide bond 

(Grubor et al., 2004, Hermanson, 2013b), see Chapter 2, page 52. DSP enables 

conjugation of capturing antibodies to the electrode surface, which is then quenched 

and blocked by StartingBlockTM, a commercial blocking solution (Stevenson et al., 

2017, Tanak et al., 2019, Radha Shanmugam et al., 2017).  

Although detection of PCT has been demonstrated using PCB electrodes (Panneer 

Selvam and Prasad, 2017b), there is limited information available on the origin, 

cleaning and surface roughness of the electrodes used. Therefore, the above-

described assay was first constructed on gold disc electrodes, where surface 

roughness can be precisely controlled. 

6.4.1 PCT sensor construction on gold disc electrodes 

The schematic representation of the electrode surface is depicted in Figure 6.9, 

representing the sensor architecture and the set-up used to obtain results in this 

section. Following the protocol described previously (Panneer Selvam and Prasad, 

2017b, Stevenson et al., 2017), PCB electrodes were exposed to DSP followed by 

conjugation of mAb, quenching in ethanolamine and blocking with StartingBlockTM. 

CV and EIS analysis of the surface preparation was performed using 5 mM ferri-

/ferrocyanice couple in PBS. CV revealed gradual decrease in current density after 

incubation with DSP and mAb and no quantifiable change after incubation with 

ethanolamine solution. Blocking step caused further decrease in currents 

demonstrating fully saturated surface, see Figure 6.10a.  
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Figure 6.9: Antibody based label free sensor. a) Schematic representation of the sensor 
surface. b) Electrochemical setup includes working gold macroelectrode, platinum wire 
counter electrode and Ag/AgCl(KCl) reference electrode in a beaker with measurement 
solution.  

Faradaic EIS analysis confirmed the observations with increase in Rct after incubation 

of DSP and mAb. Ethanolamine did not cause any change in Rct values which almost 

double upon blocking with StartingBlockTM, see Figure 6.10b. 

 

Figure 6.10: Every step characterisation of the sensor construction. a) CV measurements in 
5mM ferri-/ferrocyanide solution and b) EIS recorded in the same solution. 

Incubation with three blanks revealed stable CV plots and Rct values (Figure 6.11). 

Increasing concentrations of PCT in PBS were then incubated on the surface of the 

sensor and Faradaic EIS analysis along with CV measurements were performed after 

every step. Surprisingly, the incubation of PCT caused an increase in currents 

measured by the CV, see Figure 6.11a.  
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Figure 6.11: Sensor behaviour after the addition of PCT. a) CV of the sensor surface before 
and after addition of increasing concentration of PCT in ferri-/ferrocyanide solution. b) Charge 
transfer resistance and capacitance obtained from Faradaic EIS measurement in ferri-
/ferrocyanide.   

Similar effect was observed in EIS analysis, where decrease in charge transfer 

resistance can be seen with increasing concentrations of PCT. This was observed in 

all experiments using Faradaic EIS with ferri-/ferrocene couple and has not been 

reported previously.  

Theoretically, a protein binding on the probe should decrease charge transfer rate 

from the redox active molecules. This effect is usually enhanced when the target 

repels the redox marker, which is the case in PCT as both [Fe(CN)₆]3-/4- and the 

protein is negatively charged at pH 7.4. Theoretical isoelectric point of PCT is 5.3 and 

a protein has negative charge of -4.5 Q at pH 7.4 according to the Prot-pi calculation 

tool (Prot-pi, 2014). Nevertheless, calculated charge should be taken with care as 

amino acid sequence is considered but protein tertiary structure is not accounted for. 

The observed effect could occur if the addition of PCT would promote antibodies or 

blocking agent to dissociate away from the surface. To explore this hypothesis, 

capacitance of the system was calculated using the obtained data through equations 

(2.16) and (2.17) on page 45. The data revealed a decrease in capacitance with 

increasing PCT concentrations see Figure 6.11b. This suggests that proteins are not 

dissociating away from the surface but rather accumulating on the electrode surface 

causing less capacitive current to pass through the electrode. Capacitance decreases 

due to the changes of dielectric properties of the protein layer on the electrode or 

increase in the thickness of the dielectric layer (Zhurauski et al., 2018a, Arya et al., 

2018a, Singh et al., 2018, Mahe et al., 2014). To determine whether this effect is 
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specific for PCT binding, a surface without PCT mAb was compared to the response 

of the sensor, see Figure 6.12. 

 

Figure 6.12: Non-specific decrease in charge transfer resistance after the addition of PCT. a) 
Sensor exhibits a decrease in Rct upon the addition of PCT. b) The same effect can be 
observed on the surface without the capturing mAb, demonstrating this effect is non-specific. 

The data revealed the decrease in Rct is not specific to immune-complex formation 

as similar effect can be observed when PCT mAb is not present on the surface.  

Nevertheless, this was only observed when the measurement was performed in 

Faradaic mode in the presence of ferri-/ferrocyanide couple. In non-Faradaic mode, 

where measurement is performed in PBS, no such effect is observed. Moreover, a 

clear decrease in capacitance can be seen upon the addition of PCT, see Figure 

6.13a. The capacitive effect can be extracted by determining the frequency where 

imaginary part of the capacitance (C’’) is approaching zero, before the diffusion 

effects become more prominent. This was observed at 118 Hz, and the change in the 

real part of the capacitance (C’) was then measured as a sensor’s signal. To examine 

whether this signal is specific, an antibody specific to IL-6 was conjugated to a control 

electrode which was examined in parallel to three electrodes with anti PCT-mAb, see 

Figure 6.13b. Increasing concentrations of PCT induced an increasing capacitive 

response, where 10 ng/mL of PCT in PBS lead to around 12% change in C’. The 

control electrode revealed smaller changes in capacitance, with 10 ng/mL of PCT 

causing around 4% chance in C’. This indicates there is some non-specific binding 

but the formation of immunocomplex is responsible to around 3-times higher change 

in capacitance.  
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Figure 6.13: Non-Faradaic detection approach. a) Cole-Cole plot demonstrating a 
capacitance shift after the incubation of PCT. b) The absolute value of relative change in real 
capacitance at 118 Hz vs. the concentration of PCT added to the sensors. Green circles 
represent the average relative shift of the PCT specific sensor, error bars are SD, n = 3. Red 
circles represent the sensor with anit-IL-6 mAb conjugated on the surface, demonstrating 
negative control.  

Although the non-Faradaic assay demonstrated on gold disc electrodes was only 

analysed in buffer, it provided an encouraging step towards label free detection of 

PCT. The same assay was then transferred to PCB electrodes, which will be 

presented next.  
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6.4.2 Implementation of the assay on PCB electrodes 

To bring the set-up closer to the final microsystem setup, PCB boards with integrated 

working and counter electrodes were used for this work, depicted in Figure 6.14. 

Commercial Ag/AgCl (KCl) reference was used for EIS measurements ensuring 

stable reference potential. 

 

Figure 6.14: Representation of the PCB set-up, used for the transfer of the assay on the PCB 
electrodes. PCT mAb was conjugated to the working electrode and commercial Ag/AgCl (KCl) 
electrode was connected to the solution droplet to act as a stable reference.   

The sensor construction was performed as described previously. CV analysis in ferri-

/ferrocyanide solution revealed that bare PCB electrodes exhibit 29% smaller currents 

when compared to gold disc electrodes, see Figure 6.10 and Figure 6.15. After the 

immobilisation of DSP an expected drop in currents can be observed which is 

followed by a second drop after the conjugation of antibodies to the surface, both also 

observed in gold disc electrodes. However, the quenching step with ethanolamine 

reveals an unexpected behaviour during the CV measurement. Two peaks can be 

observed in the presented CV analysis which was highly variable. Interestingly, after 

incubation with StartingBlockTM, the surface returns to expected behaviour observed 

in gold disc electrodes. This indicates the ethanolamine step is not functioning as 

demonstrated previously in macroelectrodes.  
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Figure 6.15: Every step characterisation of the PCB based sensor construction. a) CV 
measurements in 5 mM ferri-/ferrocyanide solution. b) Charge transfer resistance obtained 
after every step in the sensor construction with macroelectrodes and PCB electrodes. Bars 
represent the average Rct, error bars are SD, n = 3 in macroelectrodes and n = 4 in PCB 
electrodes. 

To further address the differences in sensor construction in macroelectrodes and PCB 

electrodes, Rct values from Faradaic EIS analysis were plotted in a single plot, see 

Figure 6.15b. After cleaning, both platforms demonstrated low Rct values but PCB 

exhibited 50% higher Rct. After DSP incubation the Rct values from PCB electrode 

was 54% higher to macroelectrodes. Antibody conjugation to the surface revealed a 

large increase in Rct values in both platforms, still PCB electrodes exhibited 42% 

higher value than macroelectrodes. More importantly, in macroelectrodes the 

ethanolamine step did not demonstrate any significant change in Rct (0.8%). In PCB 

electrodes the Rct value dropped from 42 kΩmm2 to 29 kΩmm2 with much higher 

variability of the surface after the ethanolamine step. After blocking, both platforms 

revealed additional increase in Rct as expected.  

This analysis illustrated that ethanolamine step is affecting the protein surface, and 

this effect is pronounced in PCB electrodes and minimal in gold disc electrodes.  

Nonetheless, according to EIS analysis mAb is still present on the surface although 

some might be dissociated away.  

To examine the sensor performance, PCT was added to the sensor and Faradaic EIS 

was first explored to examine whether the previously observed behaviour will be 

replicated on the PCB electrodes, see Figure 6.16.  
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Figure 6.16: Decrease in Rct upon the addition of PCT in the sensor constructed on PCB 
electrodes. 

Again, a decrease in Rct can be observed after the addition of PCT to the surface. It 

was later found the PCT standard contained preservatives (Proclin 300) and one 

possible explanation is that the preservatives interacted with ferri-/ferrocyanide 

couple, but this was not explored further.  

The focus was shifted to non-Faradaic detection set-up. The capacitance plot 

obtained with PCB electrodes was slightly different when compared to the gold disc 

electrodes. This is most likely due to on-board integrated PCB counter electrode and 

the measurement being performed in the drop of solution instead of the beaker as 

described in Figure 6.14. The lowest C’’ can be observed at 1.5 Hz, see Figure 6.17a. 

However, almost no change in capacitance can be observed after incubation of PCT 

on the working electrode. Incubation of increasing PCT concentrations reveal almost 

no signal change, see Figure 6.17b. Detailed examination of the results reveal the 

capacitance does change, but with an order of magnitude smaller response. A change 

of 1.3 % in C’ can be observed at high PCT concentrations (100 ng/mL) while 

macroelectrodes demonstrated a change of around 12 %.    
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Figure 6.17: Non-Faradaic EIS using PCB electrodes. a) Cole-Cole plot obtained before and 
after the introduction of PCT to the sensor. b) The absolute value of relative change in real 
capacitance at 1.5 Hz vs. the concentration of PCT added to the sensor surface. Green circles 
represent the average relative shift of the PCT sensor electrodes, error bars are SD, n = 4. 
Red circles represent the control without PCT mAb on the surface, n = 3.  

To explore whether the this was caused by the removal of capturing antibodies from 

the surface, a sandwich ELISA as described in the previous chapters was constructed 

on top of the same electrodes, see Figure 6.18.  

 

Figure 6.18: ELISA constructed on top of the PCB based label-free sensor. a) CV obtained 
after the addition of biotinylated detection mAb, streptavidin-polyHRP conjugate and 
precipitating TMB on the electrode with PCT mAb and the control electrode. b) the average 
pTMB oxidation peak height obtained from electrodes with PCT mAb (n = 4) and control 
electrodes (n = 3). Error bars are SD.  

CV analysis of the sandwich ELISA revealed a clear pTMB peak in the electrodes 

with specific antibody conjugated to the surface while the control electrodes only 
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exhibited small background peak. Quantification of the peak height in four repeats 

demonstrated almost five-times higher signal in electrodes with PCT antibodies, 

compared to control electrodes, see Figure 6.18b. This demonstrated that antibodies 

remain on the surface and successfully capture the target analyte. Signal on the 

control electrodes is relatively high, which could be explained by high PCT 

concentration (100 ng/mL) being incubated on the electrodes in the last step. 

Furthermore, this is a control demonstrating PCT did bind to the antibodies, however 

we could not observe this binding using the capacitive label-free assay. Nevertheless, 

the electrochemical ELISA demonstrated a labelled assay can be implemented on 

PCBs, providing a promising indication for implementation of previously explored 

ELISA assays on PCB electrodes. 

6.5 Discussion  

Overall, PCB electrodes revealed lower current densities when compared to gold disc 

electrodes. This was observed with immobilised redox active SAM on the electrodes 

(Piccoli et al., 2018) as well as in ferri-/ferrocyanide solution with bare electrode or 

electrodes with alkanethiol SAM. This is expected to some degree, as PCB hard gold 

plating is not performed in a cleanroom environment and include a level of impurities. 

Imperfections of gold-plated surfaces and contaminations can cause a lot of 

challenges, such as imperfections in the associated SAMs or increased non-covalent 

interactions between the surface and biological molecules (Choplin et al., 2003, Wu 

et al., 2017). When surface purity is hard to control (as in PCB electrodes), small 

imperfections can have a big effect on the surface chemistry employed in the assay 

(Taylor et al., 2003). We believe this was observed in both scenarios presented in 

this chapter. The redox active peptide was most likely dissociating away from the 

surface due to lack of covalent linkages between the peptide and metal surface and 

increased level of physical adsorption. The repeating sample addition steps or the 

application of positive bias through the measurement could promote desorption of 

redox active peptide, leading to loss of redox capacitance. Carefully controlling the 

surface chemistry is especially important upon implementation of label free assays 

(Jolly et al., 2019b), which makes development of label free sensors on PCBs 

especially challenging.  
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When exploring a simplified version of a label free sensor using DSP linker, we 

believe a similar effect played a crucial role. If a small level of impurities is present on 

the gold, SAM formation can be disturbed and physical adsorption plays an increased 

role in immobilisation of antibodies on the surface (Thal et al., 2018). Lim et al. argue 

that hydrolysis rate of the NHS ester groups is undermined and various applications 

such as biosensors should re-evaluate the importance of physical adsorption 

including electrostatic, hydrogen bonds and van der Waals interactions (Lim et al., 

2014). This is important as physically adsorbed proteins can also desorb, which may 

possibly happen to a degree during the ethanolamine step but this would require 

further investigation.  

More importantly, the high gold surface roughness affects the formation of the SAM 

and its quality (Benites et al., 2014, Mandler and Kraus-Ophir, 2011). Such non-

uniformity of the SAM can have a large effect on the capacitive sensor performance 

(Zhurauski et al., 2018a, Arya et al., 2018a, Singh et al., 2018). Furthermore, an 

important physical limitation of label-free biosensors based on EIS is short Debye 

length, which is around 1 nm at biological ionic strengths (Daniels and Pourmand, 

2007). Taking into consideration the full antibody ranges up to 15 nm in length, it is 

clear the obtained signals can be small due to the size of the capturing probe. This 

can be addressed with the use of antibody fragments (Moschou et al., 2016), or 

synthetic capturing probes such as Affimers (Ko Ferrigno, 2016, Zhurauski et al., 

2018a) or DNA aptamers (Radi, 2011). An attempt to construct an aptamer based 

PCT sensor was made and showed a lot of promise but was not finalised due to time 

constraints, see Appendix D. 
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6.6 Conclusions 

This chapter presents efforts towards the development of a PCB based label-free 

sensor. The electrode purity and surface roughness have an important role in the 

performance of such sensors, which is demonstrated in this chapter.  

Furthermore, all above work was performed using a target analyte in a clean buffer 

solution. Label free sensors are known to change in behaviour when used in complex 

biological sample (Varma, 2016). Therefore, sample pre-treatment must be 

considered for realisation of the full microsystem, which could highly increase the 

complexity of the final device.  

Understanding the challenges associated with the development of the label free 

sensor, potential requirements for sample pre-treatment and a good indication that a 

labelled ELISA assay could be implemented in the PCBs, focus was shifted towards 

implementation of previously described ELISA assay to PCB platform and shape the 

microsystem to accommodate the needs of such assay. This will be presented in the 

next, and final experimental chapter.  
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7. Chapter 7      

 

Procalcitonin quantification via an 

electrochemical ELISA Lab-on-PCB platform  

This chapter focuses on the implementation of the previously described 

electrochemical ELISA assay for procalcitonin quantification on the optimized PCB 

sensing electrodes. Due to the increased surface roughness of the electrodes, the 

surface chemistry can be simplified with minimal effect on the sensor performance. 

The detection of PCT is then demonstrated in a microfluidic integrated PCB based 

sensor using a fully automated reagent injection protocol. Finally, a manufacturing 

strategy and a potential design for an integrated sepsis diagnostic microsystem is 

presented.  

7.1 Background 

Multiple electrochemical PCT sensors have been demonstrated (see Table 3.9 in 

Chapter 3) but limited work has addressed the integration of such sensors with 

microfluidics or within a fully functional microsystems (Reddy et al., 2018). The first 

step towards such integration is the development of sensors which are placed within 

the microfluidic channels. Sensors based on PCB electrodes can be integrated with 

microfluidics in different ways (Merkel et al., 1999, Moschou et al., 2014, Wangler et 

al., 2011) and two approaches are presented here. In the first architecture, the PCB 

board serves as a base layer to which a patterned double-sided adhesive can be 

attached, outlining the microfluidic channels. By sealing the top side, a microfluidic 

chamber defined by the adhesive thickness is obtained, see Figure 7.1a.  

In the second approach, the outlining of the microfluidic channels is performed 

commercially, during the manufacturing of the PCB itself. Before multiple layers of 

PCB cores are bonded together, the bonding material is routed using a drill or a laser 
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producing a hollow structure after the PCB bonding. Placing a pad into the hollow 

structure during the PCB design results in a sealed microfluidic integrated PCB 

electrode, which can be used for biosensing purposes, see Figure 7.1b.  

 

Figure 7.1: Two approaches exploring the integration of the electrochemical sensors within a 
microfluidic channel. a) Double sided adhesive is used to outline the channel on the PCB 
board, which is then covered with a cover layer. b) Sealed microfluidic channel manufactured 
using standard PCB bonding techniques. 

Nevertheless, before proceeding to microfluidic integration, a previously described 

electrochemical ELISA assay for procalcitonin detection was transferred to PCB 

electrodes, which will be presented in the following sections. 

7.2 Materials and methods 

Surface chemistry preparation & characterization 

Before use, PCBs were first wiped with acetone soaked Kimwipe™ tissue (Thermo 

Scientific, UK) and cleaned using a modified RCA cleaning procedure outlined in 

Chapter 5. rGOx/BSA/GA based nanocomposite was prepared as described in 

Chapter 3. Where DSP is used for probe conjugation to the surface, DSP was diluted 

in DMSO at 4 mg/mL and deposited onto the clean PCB electrodes to completely 

cover the exposed gold for 2h. DSP was washed using DMSO and MQ water, 

followed by drying with pressurized air before conjugation. Surface properties before 

and after the formation of nanocomposite or DSP based SAM were examined by 

cyclic voltammetry at 100 mV/s using commercial Ag/AgCl (KCl) reference electrode 

in PBS with 1 M KCl and 5 mM ferri-/ferrocyanide couple or EIS at 0.26 V bias vs 

Ag/AgCl (KCl) from 100 kHz to 1 Hz  frequency at 10 mV amplitude.  
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Electrochemical ELISA 

Sandwich electrochemical ELISA was constructed on the PCB electrodes as 

described in Chapter 3 with few differences outlined below. 0.1% BSA in TBS was 

used as a sample, labeling, and blocking buffer. PCT was diluted in pooled human 

serum to desired concentrations and 50 µL of the sample was incubated on the set 

of electrodes with shaking at 100 rpm, washing was performed with TBS with 0.05% 

Tween 20 (TBST). Biotinylated detection mAb was diluted to 1 µg/mL in blocking 

buffer and 50 µL of this solution was incubated on the set of electrodes for 15 min 

with shaking at 100 rpm, before wash and incubation of 50 µL of Streptavidin-

polyHRP conjugate at 200 ng/mL in blocking buffer for 5 min. After the wash, 50 µL 

of precipitating TMB was deposited on the electrode surface and washed away after 

1 min. Measurements were then performed in PBS using external Ag/AgCl(KCl) 

reference electrode (CH Instruments, UK) or on-board PCB reference and counter 

electrode. CV at 1 V/s was run and oxidation peak at approximately 0.35 V was 

integrated and corrected with electrode geometrical area. 

PCB design and manufacturing 

PCBs presented in Figure 7.7 were designed using Altium Designer ® software and 

manufactured by Lyncolec Ltd (UK). The base of the PCB is a standard 1.6 mm FR-

4 with 1 oz copper, standard solder mask and hard gold surface finish including 3-5 

µm nickel and 1 µm of gold. The electrodes are connected to the external board 

through standard PCIe 4x connector to the potentiostat vie banana plug/connectors. 

Sealed microfluidic PCB boards were manufactured by Graphic PLC using in house 

procedures.  

Assay configuration testing 

Four-step assay was performed as described above. Three step assays consisted of 

mixing the sample of PCT spiked serum or whole blood (25 µL) with detection mAb 

(25 µL at 2 µg/mL) diluted in 0.1% BSA in TBS and incubation of the 50 µL mixture 

on the electrodes for 30 min at 100 rpm. The following stages of Strep-Poly HPR and 

pTMB were performed as described previously in the four-step assay. Two-step 

assay was performed by mixing the spiked serum (25 µL) with D. mAb to a final 

concentration of 1 µg/mL and Strep-PolyHPR to a final concentration of 100 ng/mL 

and incubated on the electrode for 30 min. 
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Integration of PCB based ELISA with double-sided adhesive outlined microfluidics  

Double sided adhesive 300LSE (3M, USA) with thickness of 127 µm was 

mechanically patterned using a laser cutter to outline the shape of the microfluidic 

chamber and was attached to the PCB. The outlined microfluidic chamber had a 

volume of 12.5 µL. PCB sensing electrode surface was prepared as described before 

including the blocking step before formation of the microfluidic cell. After blocking, the 

PMMA top was attached to the adhesive closing the detection flow cell. 6 mm thick 

PMMA was micromachined to provide inlet/outlet ports and stainless-steel dispensing 

needles were inserted into the PMMA block and sealed with epoxy resign. PTFE 

tubes (1/16-inch inner diameter, Cole-Parmer, UK) were then connected to 250 µL 

Hamilton syringe interfaced with the dispensing needles (RS components, UK). 

Sensors were pre-wetted using PBST before injection to avoid bubble formation. To 

test the sensors, 100 µL of spiked serum sample was mixed with 10 µL of biotinylated 

labeling mAb (10 µg/mL), and 100 µL of the mixture was instantly preloaded into a 

PTFE tube at 500 µL/min flow rate using a syringe pump (Cole Palmer, 230-CE) and 

flown through the testing flow-cell at 10 µL/min so the total sample exposure time was 

10 min. After the sample, a wash was performed either by manual injection of TBST 

through the flow cell at approximately 6 mL/min using a syringe or automatically using 

a syringe pump at 500 µL/min flow rate. 50 µL of Streptavidin-polyHRP conjugate was 

then flown through the flow cell at 10 µL/min, followed by another washing step. 

Precipitating TMB was introduced into the flow cell either manually or through the 

syringe pump, however, in both cases the flow was stopped when pTMB solution was 

in the flow cell, allowing static precipitation of the pTMB before another wash and 

measurement using on-board gold-quasi reference electrode and counter electrode. 

The comparison of semi-automated and fully automated protocol is presented in 

Table 7.1 

 

 

 

 



Chapter 7 

U. Zupančič   164 

 

Table 7.1: The comparison of microfluidic assay steps in semi-automated and fully automated 
approach. A refers to automated mode using syringe pump and M refers to manual dispensing 
of a syringe. 

  Semi-automated Fully automated 

Step. Solution Volume 
(µL) 

Flow 
rate 
(µL/min) 

Time 
(s) 

Mode Volume 
(µL) 

Flow 
rate/ 
µL/min 

Time 
(s) 

Mode 

1. 
Sample 
+         
D. mAb 

100 10 600 A 100 10 600 A 

2. TBST 500 ~ 6 k 5 M 100 500 12 A 

3. 
Strep-  
pHRP 

50 10 300 A 50 10 300 A 

4. TBST 500 ~ 6 k 5 M 100 500 12 A 

5. pTMB 200 0* 60 M 100 0* 60 A 

6. PBS 500 ~ 6 k 5 M 100 500 12 A 

Total time: 16.25 min   16.8 min 

* pTMB was injected and incubated statically for 1 min before being washed away with PBST. 

Interfacing, cleaning, and characterization of the sealed PCB based microsystem 

The sealed PCB microsystem was sandwiched between two PMMA sheets and 

secured with screws for fluidic interfacing, in a custom-made chip holder assembly. 

Holes were drilled and threaded in the top PMMA sheet allowing the connection of 

Flangeless Nut (Cole-Parmer, UK) with tubing. The PCBs were first cleaned using the 

modified RCA clean however, the acetone and IPA rinse was emitted as it caused a 

disruption of the fluidic layer. All three sensor sets were connected to a single tube 

and hydrogen peroxide/ ammonium hydroxide solution was flown through the 

electrodes for 15 min with 1 mL/min flow rate before flushing the channels manually 

with MQ water. CV electrode characterization was performed using 5 mM ferri-

/ferrocyanide solution in PBS with 1 M KCl at conditions described above.  

PCT sensor construction within the sealed PCB based microsystem 

After cleaning, the integrated electrodes were functionalized by connecting 

functionalization inlet and waste outlet to tubing and flowing DSP in DMSO (4 mg/mL) 

through the electrodes for 15 min at 0.1 mL/min flow rate which was followed by 

manual wash with DMSO, MQ water and drying step with nitrogen.  
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The channels were prefilled with MES buffer to avoid bubble formation which was 

followed by injection of 10 µL of PCT capture mAb (0.1 mg/mL) at 10 µL/min flow rate. 

When the C. mAb solution filled the channel, the board was disconnected from tubing, 

sealed using adhesive tape and stored in the fridge overnight to prevent evaporation 

of the remaining C. mAb solution for overnight conjugation. Next day, the sensors 

were quenched using TBS for 30 min at 0.2 mL/min flow rate using ‘wash’ and ‘waste’ 

ports as inlet and outlet, respectively. The sensors were then blocked using 0.1% 

BSA in TBS for 30 min at 0.2 mL/min using the same setup. 

Before introduction of the sample and D. mAb, channels were prefilled with blocking 

buffer to avoid bubble formation. Two 250 µL Hamilton syringes were connected to 

the syringe pump and 50 µL of PCT spiked serum (10 ng/mL) and 50 µL of detection 

mAb (2 µg/mL) were withdrawn into the tubes, which were then connected to the 

Flangeless nut to interface with the microsystem before infusion at 5 µL/min using 

both syringes for 14 min allowing all the sample and label solution to flow through the 

micromixer and the sensor. After sample introduction the sensor was washed by 

manually compressing a buffer filled syringe connected to the label port. In the next 

step, 50 µL of Strep-PolyHRP solution was withdrawn into a separate tube connected 

to syringe pump and infused through the sensor by interfacing the tube through the 

‘wash’ and ‘waste’ ports as inlet and outlet, respectively for 5.8 min at 10 µL/min flow 

rate. Afterwards a manual wash was performed and pTMB was injected manually. 

pTMB was incubated statically for 1 min before another wash and electrochemical 

readout. To characterize every step in sensor construction, CV in ferri-/ferrocyanide 

was performed as described above.  

  



Chapter 7 

U. Zupančič   166 

 

7.3 Transfer of precipitating TMB assay to PCB platform 

The previously described ELISA assay achieved high sensitivity due to high 

conductivity of the nanomaterial doped BSA based nanocomposite. In the effort to 

transfer the assay on the PCB electrodes, the construction of nanocomposite on PCB 

electrodes was demonstrated and examined first (Figure 7.2). 

 

Figure 7.2: Behaviour of rGOx/BSA/GA nanocomposite on PCB electrodes. Bare PCB 
electrodes before and after nanocomposite formation and after exposure to 1% BSA or human 
serum. Current density measured by CV in ferri-/ferrocyanide (a), peak-to-peak separation (b) 
and charge transfer resistance obtained in EIS (c) are presented. Bars represent the average, 
error bars are SD, n = 4. 

Current density of the bare gold electrodes obtained before nanocomposite 

construction was comparable to current density of the nanocomposite covered PCB 

electrodes. Addition of 1% BSA for 16 h on the nanocomposite covered PCB revealed 

minimum current change indicating formation of the nanocomposite with antifouling 

properties. After incubation of nanocomposite covered PCB electrode with human 

serum for 30 min, 96% of the current can be observed indicating the nanocomposite 

can be used with PCB electrodes maintaining its antifouling and conductive 

characteristics (Figure 7.2a). Peak-to-peak separation remains the same before and 
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after formation of nanocomposite and increases for approximately 10 mV after 

incubation of BSA or human serum, revealing similar effect (Figure 7.2b). EIS 

showed an increase in Rct after formation of nanocomposite, as well as increase after 

incubation in BSA and human serum, indicating a small level of non-specific binding 

has occurred, as expected (Figure 7.2c). 

With formation of the nanocomposite, PCT ELISA was constructed on PCB 

electrodes as depicted in Figure 7.3. 

 

 

Figure 7.3: Schematic representation of the electrochemical ELISA on PCB (a). The setup 
used in the initial experiments, where the reference electrode is dipped in the solution droplet 
during the final measurement (b). 

Initially, Ag/AgCl (KCl) reference electrode and Pt counter electrode were used in 

combination with PCB working electrode. A CV scan in PBS revealed a pTMB 

oxidation peak at around 0.35 V vs. Ag/AgCl (KCl) which remained unchanged when 

the Pt electrode was substituted for on-board PCB Au CE. When Au PCB electrode 

was used as reference, a shift in pTMB oxidation peak is observed, due to different 

potential developed on Au PCB RE (Figure 7.4a). This demonstrated the pTMB can 

be oxidised and detected electrochemically on PCB electrodes. Therefore, previously 

developed PCT assay was constructed on PCB electrodes, see Figure 7.4b.  
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Figure 7.4: Detection of pTMB on nanocomposite covered PCB electrode using a CV. a) 
pTMB oxidation peak using on board reference and counter electrodes and commercial Pt 
wire and Ag/AgCl (KCl) electrodes. b) PCT assay in serum performed on PCB electrodes. 
Circles represent the average (n = 3) and error bars the SD. 

Spiking PCT into human serum revealed a current response, which was higher when 

compared to the blank (serum only). However, the observed currents are 

approximately a third of the currents observed in the planar gold electrodes (see 

Figure 3.9, Chapter 3). Additionally, high variability of the signal is seen and no trend 

in current can be observed with increasing PCT concentrations (Figure 7.4b). This 

indicated the sensor is saturated at very low PCT concentrations and the sensing 

protocol should be adapted to this new sensing electrode platform to fit the sensor’s 

response in the clinical range of the biomarker. Considering higher surface roughness 

of the PCB electrodes, we assumed there might be a higher concentration of 

capturing probes on the surface, resulting in increased sensitivity while also 

contributing to higher non-specific binding of mAb and Strep-PolyHRP labels, which 

contributed to the observed assay variability. To avoid this, a labelling streptavidin-

polyHRP conjugate concentration was lowered from previously used 1 µg/mL to 200 

ng/mL and the experiment was repeated in buffer and serum matrix, see Figure 7.5. 

The results revealed lower variability between the PCB electrodes incubated with the 

same PCT concentration and a clear concentration dependent increase of the pTMB 

oxidation peaks. Sensor in buffer matrix behaves similarly compared to sensor on 

planar gold, with exception of lower currents and increased LOD as well as 

dissociation constant, see Table 3.5.  
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Figure 7.5: PCT sensor constructed on nanocomposite covered PCB electrodes and 
demonstrated in buffer (black), and undiluted serum (red). Symbols represent the average (n 
= 3) and error bars the SD. Datapoint at zero PCT in buffer experiment is a single 
measurement only. Hill fit was performed to fit the data. 

When comparing PCB based sensor in buffer to sensor in serum, we can observe 

higher sensitivity in serum matrix, again as previously observed in planar gold 

electrodes. Sensor in buffer reached saturation at approximately 0.5 ng/mL of PCT in 

the sample and a pronounced hook effect can be observed at higher PCT 

concentrations. This is not the case in serum matrix, which revealed an increased 

sensitivity and larger dynamic range, see Table 3.5. 

Table 7.2: PCT sensor characteristics in human serum and buffer. 

Sample LOD         
(pg/mL) 

Kd                         
(pg/mL) 

Dynamic range             
(pg/mL) 

Goodness of fit 
(adj. r2) 

Buffer  33.9 87.6 ± 26.7 33.1 - 231.9 0.919 

Serum  10.9 237.5 ± 90.9 17.1 - 3296.0 0.985 

* Samples were incubated for 30 min, D. mAb for 15 min, Strep-pHRP for 5 min and pTMB for 
1 min. 

Although PCB electrodes revealed lower current levels when compared to planar gold 

electrodes, PCB based sensors in buffer and serum exhibit similar  currents, 
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indicating this is not a consequence of biological fouling. A possible explanation is 

that the nanocomposite formation on the PCB electrodes with high surface roughness 

is different when compared to planar gold electrodes. If the PCB formed 

nanocomposite lacks porosity, pTMB might not precipitate on the electrodes to the 

same effect, leading to lower currents. This should be studied more carefully to reach 

a conclusive explanation, nevertheless it can be concluded that the performance of 

the nanocomposite is not the same when transferred to PCB electrodes. We propose 

the formation of such nanocomposite should be re-optimised when it’s transferred to 

a different electrode surface. 

However, the above result reveals that sensor based on non-optimised 

nanocomposite can still exhibit very high sensitivity, which poses a question, whether 

such a nanocomposite modification is critical in these electrochemical sensors. This 

question will be addressed in the next section. 

7.4 Precipitating TMB assay using DSP based surface chemistry  

The reason to move away from the previously described assay based on the 

conductive nanocomposite to a different surface chemistry is to simplify the sensor 

manufacturing. Nanocomposite formation must be carefully controlled (Sabaté del 

Río et al., 2019), and drop-casted electrode must be incubated for 20-24 h to achieve 

proper formation. In this section, nanocomposite was substituted with a previously 

described DSP linker, enabling simplified sensor construction which more 

importantly, can be performed under flow conditions in pre-sealed Lab-on-PCB 

devices.   

The same sensor setup as described previously (see Figure 7.3) was used to 

compare DSP based EC ELISA sensor to nanocomposite-based sensor in serum, 

see Figure 7.6.  
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Figure 7.6: PCT sensor constructed on DSP covered PCB electrodes and undiluted serum 
(a). Symbols represent the average (n = 3) and error bars the SD. b) pTMB oxidation peaks 
obtained with a CV from PCT sensor in increasing PCT concentrations. Ag/AgCl (KCl) 
electrode was used in the measurement.   

DSP based PCT sensor revealed similar characteristics as nanocomposite enabled 

sensor in terms of the current levels, which were comparable to nanocomposite 

covered PCBs but still lower than currents observed in planar electrodes. Both 

sensors reveal similar sensitivity, while the nanocomposite sensor exhibits larger 

dynamic range, see Table 3.5 and Table 7.3. 

Table 7.3: PCT sensor characteristics in human serum and buffer. 

Sample LOD         
(pg/mL) 

Kd                         
(pg/mL) 

Dynamic range             
(pg/mL) 

Goodness of fit 
(adj. r2) 

Serum  33.6 100.0 ± 30.1 16.1 - 622.4 0.974 

* Samples were incubated for 30 min, D. mAb for 15 min, Strep-pHRP for 5 min and pTMB for 
1 min. 

Additionally, DSP based surface allows oxidation of pTMB at the same potentials, see 

Figure 7.6b. This simplified surface chemistry enables the construction of the ELISA 

assay in an enclosed microfluidic channel, as DSP interacts with the PCB gold 

through chemical dative bonds (Hermanson, 2013b), which can be achieved under 

flowing conditions, which is important if the closed-microfluidic microsystem is 

manufactured prior to the immobilisation of antibodies. In the next step, the assay 

performance under flow was examined. 
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7.5 Integration of PCB based procalcitonin sensor with 

microfluidics  

To integrate the established DSP-based PCT sensor in a PCB based microfluidic 

channel, a new testing PCB board was designed depicted in Figure 7.7. 

 

Figure 7.7: New PCB design encompassing three sets of 7-working electrodes surrounding 
a horseshoe shaped counter and centralised quasi-reference electrode (a,b). Four working 
electrodes were functionalised with capture mAb while three electrodes were non-
functionalised and left as a control (c).  

The new design includes three sets of 7 working electrodes surrounding a crescent 

counter electrode with central quasi RE, allowing for equal distance between each 

WE, CE and RE. More importantly, this allows the construction of multiple sensors 

along with multiple control electrodes, which is important to understand sensor cross-

reactivity. The sensor construction was first validated by surface examination after 

every step before the addition of the sample, see Figure 7.8.  
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Figure 7.8: Construction of DSP based ELISA surface on new PCB boards. a) Current density 
measured by CV in ferri-/ferrocyanide solution. b) Charge transfer resistance tested by 
faradaic EIS. Bars represent the average, error bars are SD, n = 4 for C. mAb and n = 3 for 
No C. mAb bars. 

Examination of PCB surface by CV revealed minimal current change after DSP 

incubation and a decrease in current after immobilisation of antibody. Quenching and 

blocking revealed further current decrease, which is again suppressed after 

incubation of human serum (Figure 7.8a). EIS revealed similar behaviour, where Rct 

increase clearly indicates immobilisation of C. mAb, quenching and blocking mainly 

affect the non-functionalised electrodes, and exposure to serum reveals a level of 

biological fouling (Figure 7.8b) which is expected and was seen in nanocomposite 

coated PCB electrodes as well, see Figure 7.2c.  

In the effort to minimise the biosensor sample-to-answer processing time and number 

of steps required for the test, three assay configurations were examined next. The 

first assay consisted of sequential incubation of sample, biotinylated mAb, Strep-
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pHRP followed by pTMB, as described previously. In the second configuration, 

sample and biotinylated mAb were mixed and incubation of Strep-pHRP and pTMB 

followed as described before. In the final configuration, the sample was mixed with 

detection mAb and Strep-pHRP, followed by addition of pTMB, see Figure 7.9a.  

 

Figure 7.9: PCT (100 pg/mL) detection in various assay configurations. Comparison of 4-
steps assay as presented in Figure 7.6, 3-step assay where sample and detection mAb are 
mixed before introduction to the sensor and a 2-step assay, where sample, detection mAb 
and Strep-pHPR are all mixed before introduction to the sensor (a). A 3-step assay 
demonstrated in whole blood (b). Bars represent the average, error bars are SD, n = 4 for 
sensor and n = 3 for the control.  

The data reveals the 4-step assay clearly distinguishes between the response from 

the sensor and the negative control when used with a spiked serum sample (100 

pg/mL PCT). In a 3-step assay, where the sample was mixed with D. mAb, a higher 

response can be observed in the sensor while the control electrodes did not respond. 

This is most likely due to longer incubation time of D. mAb which was incubated on 

the sensor for 30 min instead of 15 min in 4-step assay. It should be noted that the 

PCT antibodies are designed to be used in a single step in a plate ELISA assay and 

are binding to separate epitopes (Abcam, 2020). In a 2-step assay, where the sample 

was mixed with D. mAb and Strep-pHRP, no specific response was observed on the 

sensor. This means the presence of Strep-pHRP prevented the formation of 

immunocomplex, which could be an effect of a large size of the Strep-pHRP 

conjugate. Furthermore, when a 3-step assay was tested in whole blood, the sensor 

responded in a similar fashion to sensor in serum, see Figure 7.9b. This 

demonstrates the optimised approach is to combine the sample and D. mAb solution, 
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which allows immunocomplex formation in serum as well as whole blood. This assay 

procedure was then further explored in a microfluidic set-up. 

To construct a microfluidic detection cell, the PCB board was used as a base surface, 

and a 127 µm thick laser cut double sided adhesive was used to outline the fluidic 

chamber. A 6 mm thick PMMA cover with laser cut holes interfaced with dispensing 

needles secured by epoxy adhesive was then used to cover the microfluidic chamber, 

see Figure 7.10.  

 

Figure 7.10: Microfluidic encapsulation of the PCB board into microfluidic chamber with an 
electrode cell. a) The conceptual representation of the fluidic cell construction. b) Picture of 
the constructed microfluidic device, the cell furthest on the left is filled with buffer.  

This architecture allowed the sensor surface preparation including incubation with 

DSP, C. mAb functionalisation, quenching and blocking before integration of the PCB 

in a microfluidic cell. After the device construction, spiked serum samples were mixed 

with the detection mAb in the ration of 10:1 and 100 µL was withdrawn into a tube 

and injected through the sensor. The set-up is depicted in Figure 7.11, for step-by-

step injection protocol see Table 7.1.  



Chapter 7 

U. Zupančič   176 

 

 

Figure 7.11: The set-up used in microfluidic experiments. 

High PCT concentration (10 ng/mL) in serum revealed a large pTMB oxidation peak 

in CV analysis and careful examination of the neighbouring electrodes revealed 

minimum cross reactivity, see Figure 7.12.  

 

Figure 7.12: Raw data obtained by CV analysis of microfluidic PCT sensor where 10 ng/mL 
of PCT was added to the serum sample. a) CVs obtained from three neighbouring electrodes 
where electrode 4 was functionalised with PCT mAb and electrodes 5 and 6 were left non-
functionalised. b) Representation of the neighbouring electrodes. 

The control electrode closest to the sensor electrode revealed a slightly larger pTMB 

peak compared to an electrode which is positioned further away. Nevertheless, this 

effect seems to be small, see Figure 7.12. 
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Increasing the PCT concentration in serum samples revealed increased pTMB 

oxidation peaks over a range of three orders of magnitude in PCT concentration while 

the control electrodes revealed minimum signal increase even at large PCT 

concentrations, see Figure 7.13.  

 

Figure 7.13:  Response curve obtained with 100 µL of spiked human serum sample using 
flow of 10 µL/min decreasing the analysis time to just over 16 min. Circles represent the 
average; n = 4 for the sensor and n = 3 for the control, error bars are the standard deviation. 
Hill fit and linear fit was used to fit the data for sensor and control, respectively.  

This demonstrates the PCT can be quantified in a microfluidic sensor in just over 16 

min. To ensure the assay can be performed in a fully automated microsystem, the 

same assay was repeated where every step of the electrochemical ELISA was 

performed automatically through a syringe pump, for protocol details see Table 7.1. 

The results demonstrate the assay can be fully automated and still detect PCT in a 

range of concentrations, see Figure 7.14. A major difference in semi-automated and 

fully automated ELISA were the washing steps, which were either performed 

manually or with a syringe pump. Manual wash allows reaching very high flow rates; 

however, they cannot be controlled to a precision provided by the automation. 

Automated assay exhibited higher background, which is most likely due to slower flow 

rates and lower volumes for washing between different steps in the ELISA assay. This 
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shift was systematic and was consistent across multiple PCT concentrations. Lower 

background is preferable, as it leads to higher sensitivity. 

 

Figure 7.14: Comparisons of fully automated syringe pump assisted microfluidic PCT 
detection procedure with semi-automated protocol, where washing was performed manually, 
see Table 7.1. Circles represent the average (n = 4), and error bars are the standard deviation.   

Semi-automated assay reached an LOD of 23 pg/mL, while fully automated assay 

exhibited and LOD of 170 pg/mL. Nevertheless, both assays reveal almost linear 

response in the clinically relevant concentration range (50 pg/mL to 10 ng/mL). Similar 

efforts towards PCB based immunosensors are summarised in Table 7.4. 

Demonstration of microfluidics enabled PCT assay on the PCB electrodes indicated 

such assay could be transferred in a fully integrated PCB based microfluidic 

microsystem. This could be performed in multiple ways, e.g. by interfacing a PCB 

electrode array with a microfluidic module as demonstrated above, or by designing a 

sealed microfluidic microsystem, with integrated electrodes within the PCB based 

channels.  
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Table 7.4: Electrochemical immunosensors using commercially fabricated PCB electrodes 
demonstrated to date. 

Analyte of 
interest  

Microfluidic 
integration 

Sample 
matrix 

LOD   
(pg/mL) 

Analysis 
time 

Detection 
technique  

Reference 

IFN-γ No  Buffer & 
Serum  

126.75 1-2 h CA1 (Moschou et 
al., 2016) 

IFN-γ Yes  Buffer & 
Plasma 

40 1-2 h CA1 (Evans et al., 
2018) 

Procalcitonin  Yes  Serum & 
whole 
blood  

23 17 min CV This work 

1Chronoamperometry  

The latter offers advantages such as minimising the number of parts in a final 

microsystem, high scalability, and availability of manufacturing plants. For this 

reason, this concept was further explored. The design, manufacturing materials and 

testing of a proposed diagnostic microsystem will be presented next.  

7.6 Sealed PCB based microsystem  

Besides the upscaling potential, the possibility of manufacturing a sealed microfluidic 

system with integrated electrodes tackles a challenge of whole system integration, 

which remains a bottleneck in field of Lab-on-a-Chip (Chang and You, 2019). This is 

especially a challenge when using commercially available manufacturing 

technologies (Moschou and Tserepi, 2017). Various PCB based commercially 

available manufacturing approaches and materials were therefore examined to select 

appropriate strategy for microsystem development. 

7.6.1 Sealed PCB based microsystem manufacturing  

PCB based microfluidic microsystems can be constructed by sealing two PCB core 

layers separated with a spacer layer, which outlines the microfluidic channels, see 

Figure 7.15a. Bonding of multiple PCB layers is a standard process in the industry 

while the formation of the channels with appropriate resolution is a challenge where 

improvements need to be made. All presented fluidic PCB boards were manufactured 

commercially. 
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A standard process in PCB layer bonding is the use of prepreg, an epoxy resin 

impregnated woven fiberglass sheet (Carreman, 1985). Prepreg can be mechanically 

routed using a computer numeric controlled (CNC) drill which defines the microfluidic 

channels in the PCB board, see Figure 7.15a-b. 

 

Figure 7.15: Commercially fabricated PCB microchannels using standard prepreg routing 
process. (a) Conceptual representation of the layers. (b) Meander shaped microfluidic 
micromixer. The picture was obtained by removing the top PCB layer. CNC drill with a 
diameter of 2 mm was used for channel routing. Prepreg 1080 style was used with the 
thickness of 75 µm, layers were laminated at 185⁰C at 150 psi. (c) Close-up image of the U-
shaped channel. This microsystem was designed by Dr. Despina Moschou.  

Although 2 mm diameter drill was used in this routing technique, the final channel 

dimensions are smaller and vary between horizontal and vertical channels. Horizontal 

channels were found to 1.08 mm in average width while vertical channels were 1.44 

mm wide. The U-shaped channel turn had an increased average width of 1.52 mm. 

We believe the reason for minimised channel dimensions are increased temperatures 

during board stacking, which melt the epoxy resign in the prepreg promoting the flow 

of the resign inwards. This can be seen by observing a U-turn closely, which illustrate 

the channel edges are not smooth but are affected by processing after routing, see 

Figure 7.15c. The difference in vertical and horizontal channels is most likely due to 

woven fiberglass material, which we assume distorts disproportionately in X and Y 
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direction after routing. Although the viscosity and flow of the prepreg is important for 

effective bonding of the PCB layers, they are undesirable for construction of 

microfluidic PCB systems. This is especially evident when multiple layers of prepreg 

are stacked together in the effort to achieve larger channel height, see Figure 7.16. 

Two layers of prepreg were used to construct a channel with increased height and 

0.8 mm drill was used for the channel routing. 

 

Figure 7.16: Commercially fabricated PCB based microchannels using standard 2-layered 
prepreg routing process. (a) Conceptual representation of the layers. (b) Meander shaped 
channel structure. The picture was obtained by removing the top PCB layer. CNC drill with a 
diameter of 0.8 mm was used for channel routing. Prepreg 1080 style was used with the 
thickness of 75 µm, layers were laminated at 185⁰C at 150 psi. This microsystem was 
designed by Mr. Martin Leonhardt.  

Decreasing the channel width demonstrated the channels are prone to clogging due 

to the epoxy flow after routing. This is especially pronounced where electrodes are 

incorporated in one of the PCB cores (Figure 7.16b). 

To address this, prepreg was replaced with bond ply, a 50 µm polyimide film coated 

with 25 µm acrylic adhesive on each side (DuPont, 2020). Bond ply does not melt 

during the lamination process as bonding is ensured by the adhesive layers, see 

Figure 7.17a. Therefore, channels with 0.5 mm in width were constructed in bond ply 

using laser routing, see Figure 7.17b. This resulted in increased resolution of 

microfluidic channels in comparison to prepreg based PCB microsystems.  
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Figure 7.17: Commercially fabricated PCB based microchannels using standard bond ply 
routing process. (a) Conceptual representation of the layers, the bond ply was routed using a 
laser to achieve 0.5 mm channel width. (b) Meander shaped channel structure. The picture 
was obtained by removing the top PCB layer. Bond ply (Dupont LF0121) with thickness of 100 
µm was used in this microsystem. 

Further examinations of the microfluidic features revealed an impressive accuracy of 

the laser cut bond ply process. Figure 7.18 represents some of the features in the 

bond ply based microfluidic system. The channels in the manufactured PCB are 

highly reflecting the board design with minimal noticeable differences. Integration of 

PCB electrode within the channel is depicted in Figure 7.18a, revealing the gold 

plated copper layer is positioned centrally in the channel. Solder mask was used to 

cover the pad edges. Connection to the electrode is covered with bond ply and small 

bulging of the adhesive layer over the trace can be observed. The width of the 

undesirable adhesive flow is approximately 10% of the channel width and is a 

consequence of electrode feature under the channel edge. Nevertheless, this does 

not pose a risk to clogging of the channels at currently used dimensions. Examination 

of other channel structures revealed high quality manufactured channel features, with 

no visible differences from the initial design (Figure 7.18b-d). 
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Figure 7.18: Detailed representation of features achieved by commercial bond ply and laser 
routing process. (a) PCB electrode integration in a microfluidic channel with 1 mm width. (b) 
Channel expansion from 0.5 mm to 1 mm width. (c) U-turn shaped channel at 0.5 mm width. 
(d) Two 0.5 mm wide channels intersecting into one. The figures were obtained by removing 
the top PCB layer revealing the outlined microfluidic structure below. 

After selecting an appropriate manufacturing process, the attention was put towards 

a potential design of a sealed microfluidic microsystem for PCT detection. This is 

presented in the next section, which is the last part of the experimental work in this 

thesis. 
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7.6.2 Design of a sealed PCB based microsystem for PCT quantification 

Besides the beforementioned advantages of the sealed microfluidics systems, there 

are associated challenges which come with this type of manufacturing. One of such 

challenges is the task of electrode functionalisation. In other open fluidic 

electrochemical platforms (e.g. planar gold chips or PCB interfaced with a microfluidic 

polymer) an electrode array can be constructed and functionalised by inkjet printing 

a microspot on the electrode surface for conjugation before integration into a fluidic 

system (Ling et al., 2007). However, this is not possible in a sealed microfluidic 

system, which therefore requires functionalization by injecting the capturing probe 

through the channel. With this in mind, a PCB based microsystem for sepsis 

biomarker quantification is proposed (Figure 7.19a). The microsystem consists of 

three spatially separated sets, where each set can be used to implement one 

electrochemical ELISA assay. Within each set, there is a micromixer with a 0.5 mm 

channel taking 21 U-turns over an area of 2.7 cm2. The micromixer has two inlet ports, 

one for the sample and another for labelling solution (D. mAb), see Figure 7.19b. 
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Figure 7.19: Commercially fabricated microsystem based on laser cut bond ply board 
stacking. a) Three sets of fluidic systems are integrated in one PCB board, which interfaces 
with an electronic reader using PCI express connector. b) A single set for integration of one 
assay on the microsystem including a microfluidic micromixer with the sample and label inlet 
ports and a channel leading the solution over 4 working electrodes (WE1 - 4). The counter 
and reference electrode are positioned in a separate channel. c) Close-up picture of the board 
with the removed top layer, 4 working electrodes, counter and reference electrodes are 
presented. 

Downstream from the micromixer, the channel expands into a 1 mm width 

encompassing four circular electrodes. This channel has a functionalisation port, 

specifically designed for functionalisation of the four working electrodes. this can be 

achieved by flowing C. mAb solution from functionalization inlet to the waste port. As 

functionalisation of the counter and reference electrode is undesirable, CE and RE 

are both in a separate channel, which does not encounter the functionalisation 

solution. This architecture allows functionalisation of the 4 WEs with the same 

capturing probe, but separate sets can be functionalised with different probes allowing 

multiplexed detection of biomarkers with spatially separated electrochemical sensors. 
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For interfacing, the board can be sandwiched between two 6 mm PMMA sheets 

engineered with threaded holes for Flangeless connectors, see Figure 7.20 

 

Figure 7.20: Representation of interfacing the sealed microfluidic board to tubing and a 
potentiostat. a) Conceptual representation of sandwiching the PCB to allow Flangeless nut 
connections. b) Picture of the PMMA interface. c) Picture of the connector board interface to 
the potentiostat cables. 

This allowed the integration of the board to the fluidics as well as opening and closing 

channels as needed. 

Placing working electrodes in a separate channel from counter electrodes is not an 

ideal solution but is one approach of preventing binding of capturing probes to the CE 
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and RE in a sealed fluidic set-up. To evaluate the effect of the large spatial separation 

between WE and CE, a CV was performed in ferri-/ferrocyanide solution according to 

two different set-ups, see Figure 7.21a-b. 

 

Figure 7.21: CV in ferri-/ferrocyanide solution using microsystem integrated PCB electrodes 
(a), and the representation of the set-up used at obtaining the data (b). 

In the first set-up, circular electrode near the CE was used as WE and the furthest 

electrode was used as RE. The data demonstrates that when WE and CE are in close 

proximity an expected ferri-/ferrocyanide oxidation and reduction peaks are observed. 

Placing WE and CE in separate channels leads to some loss of current height and 

increased peak-to-peak separation. Nevertheless, the expected peaks are still 

observed indicating the pTMB assay could be implemented in such microsystem. To 

demonstrate proof-of-concept, previously described assay was constructed on the 

new microsystem and sensor surface was analysed after every step in sensor 

construction using ferri-/ferrocyanide solution, see Figure 7.22a.   
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Figure 7.22: Construction of DSP based ELISA surface on microsystem integrated PCB 
electrodes. Current density measured by CV in ferri-/ferrocyanide solution after multiple steps 
in biosensor surface construction, ELISA steps and after incubation of pTMB (a). The picture 
after incubation of pTMB revealed blue precipitation inside the channel (b). Bars represent the 
average, error bars are SD, n = 4.  

The data reveals expected behaviour of the sensor surface, where CV current 

decreases after immobilisation of C. mAb, remains stable after blocking and 

decreases upon addition of the serum sample, as shown previously (Figure 7.8). The 

addition of Strep-PolyHRP does not influence the CV measurement, while after the 

addition of pTMB, the currents are increased due to pTMB oxidation at similar 

potentials for ferri/ferrocyanide couple. Furthermore, when high concentration of PCT 

(10 ng/mL) was used, precipitation of TMB can be visually observed on the channel 

surface (Figure 7.22b). This indicates some of the C. mAb solution was bound to the 

walls of the channels, as the blue precipitate covers the channel where C. mAb was 

flowen through for immobilisation. 

This indicates the previously developed pTMB assay can be transferred to a sealed 

microfluidic microsystem. As the assay is based on electrochemical ELISA we 

anticipate this opens opportunities for construction of multiple integrated assays 

which can be expanded further to any target analyte with an appropriate antibody pair 

or capturing probe.  
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7.7 Conclusions 

In conclusion, the nanocomposite supported pTMB assay for detection of 

procalcitonin has been successfully transferred and characterised using PCB 

electrodes. The nanocomposite was not as effective as previously demonstrated on 

planar gold electrodes, however the PCT sensor still exhibited excellent sensitivity. 

To simplify the sensor manufacturing process, PCT capturing antibodies were 

conjugated to PCB electrodes through DSP linker, and the newly constructed assay 

demonstrated similar properties. DSP-based assay was then incorporated in a 

microfluidic integrated sensor revealing minimal cross reactivity to control electrodes 

and increased sensitivity in human serum samples with LOD of 23 pg/mL and time to 

result of under 17 min. This demonstrated the PCB platform can be used for sensitive 

quantification of sepsis biomarkers. A second approach for microfluidic integration 

was explored using sealed microfluidic PCB boards. Examination of two different 

manufacturing approaches revealed an optimal route through bond ply mediated 

bonding of PCB cores and assay construction in the sealed microfluidic PCB boards 

was demonstrated.  

When fully developed, this technology could contribute to lowering the cost of point-

of-care microsystem manufacturing and enable accessible diagnostics for fast and 

accurate diagnosis of sepsis among other diseases.  
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8. Chapter 8      

 

Conclusions and outlook  

The aim of this thesis was to enable future development of the PCB based diagnostic 

microsystems, with a particular focus on the clinical case of sepsis. The current work 

represents a step forward in understanding the behaviour and needs associated with 

such microsystems. The use of PCBs for development of electrochemical sensors is 

challenging due to the nature of PCB manufacturing process but exciting and 

fascinating in terms of accessibility, scalability, and potential for decreased final 

product cost. The proposed assay is only one of the potential assays, which could be 

integrated in such devices. We believe the biosensor performance and assay 

procedure are the key components which set the other requirements of any integrated 

microsystem, which is why we focused on these topics. It is important to mention that 

the currently presented work does not conclude in a final, complete microsystem for 

sepsis diagnosis, which further requires reagent chambers and microvalves to 

complete the necessary automation requirements. However, the integrated sensors 

demonstrate the performance needed for diagnosis and management of sepsis, 

indicating further investigation and development of such microsystem is feasible, 

worthwhile and should be pursued subsequently in order to meet the clinical 

requirement. 

 

8.1 Conclusions 

In the first experimental chapter, the electrochemical ELISA assay was constructed, 

and the challenge of biological fouling was addressed by construction of BSA based 

nanocomposite doped with reduced graphene oxide and crosslinked with 

glutaraldehyde. This work was performed using a planar gold electrode, with the aim 

of developing the assay in a well-known biosensing platform and then transferring it 
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to PCB electrodes in the later stage. The BSA based nanocomposite exhibited 

excellent antifouling properties with high conductivity even after the exposure to 

complex biological fluids like serum and whole blood. This is very important as 

biological fouling is one of the main issues preventing the commercial uptake of 

electrochemical immunosensors (Sabaté del Río et al., 2019). Highly conductive 

surface was preserved after conjugation of capturing antibodies to the nanocomposite 

which allowed the construction of sensitive sensors on nanocomposite-covered gold 

surface. Procalcitonin was chosen as a primary biomarker of interest due to extensive 

research in its use in sepsis diagnosis and management. Detection of PCT was 

demonstrated using electrochemical ELISA approach in buffer, serum and 50% 

diluted whole blood with all sensors exhibiting response in clinically relevant 

concentration range. PCT sensor validation was then performed using clinical 

samples which further validated the sensor but also indicated there is room for 

improvement. The absence of internal calibration in every electrochemical sensor 

was a challenge, as manual handling of individual chips resulted in slightly different 

incubation times leading to inconsistency. This is especially important when using 

highly reactive ELISA reagents such as pTMB, which react in a short timeframe of 1 

min. One approach to control for this variability is complete automation of the 

detection procedure. In this effort, the sensor was coupled with a microfluidic module 

and detection in flow under 10 min was demonstrated. This displayed the sensor can 

be used in point-of-care applications such as sepsis diagnosis, where time from 

sample to result is of crucial importance (Kumar et al., 2006b). Nevertheless, PCT 

does not possess the needed sensitivity and specificity to accurately diagnose sepsis, 

which is why multiplexed detection of biomarkers is vitally important.  

Different strategies were employed in the effort to demonstrate detection of multiple 

biomarkers. When combining PCT, IL-6 and syndecan-1 sensors, a clear cross-

reactivity of syndecan-1 sensor was demonstrated. This indicates the antibody cross-

reactivity must be carefully studied before multiplexed sensor implementation. 

Detection of analytes present in different concentration levels posed a big challenge 

in this work, especially PCT and CRP detection, as the two biomarkers are present in 

ng/mL and µg/mL range, respectively. Altering ELISA signal amplification strategy by 

switching from streptavidin-PolyHRP conjugate to anti-CRP-mAb-HRP conjugate was 

not successful, and alternative strategy using CRP specific phosphocholine capturing 

probe was utilised. This allowed the detection of CRP in whole blood in µg/mL level 

due to decreased dissociation constant of phosphocholine molecules. This work 

illustrates the importance of careful selection of capturing probes for multiplexed 
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sensors, which could in the future be expanded to aptamers and synthetic peptides 

that would provide the necessary properties allowing multiplexed detection. The 

nanocomposite enabled surface was shown to be compatible for conjugation with a 

variety of capturing probes, from small molecules (APPC), antibodies and synthetic 

proteins such as FcMBL. The latter was used to demonstrate PAMPs sensor where 

mannan was used as a standard however, this could in future be expanded for 

detection of bacteria and other pathogens in whole blood. Minimal sensor cross-

reactivity was demonstrated and multiplexed detection in whole blood was achieved. 

This demonstrates the electrochemical ELISA based on the nanocomposite and 

pTMB can be used in complex samples for detection of multiple biomarkers in an 

array-based biosensor. This technology offers fascinating opportunity for further 

development of multiplexed sensors. Nevertheless, this work also illustrated the 

challenges associated with this task. Although the platform can in principle be 

expanded to include hundreds of sensors, multiplexing in this form will always be 

limited by sensor cross-reactivity. In the effort to transfer the nanocomposite assay to 

PCB electrodes, examination of PCB electrode properties was carefully studied. 

The use of PCB electrodes in electrochemical systems in not a new concept, but 

detailed examination of electrode characteristics affecting biosensor performance has 

not been previously studied in detail. In this work, we focused on PCB electrodes with 

hard gold plating, due to previous promising results (Jolly et al., 2019b). The 

characterisation of PCB electrodes revealed the electrode edge represent a 

weakness in gold plated surface and can be reactive in water-based solutions. To 

avoid this and enable stable PCB surfaces, three design rules were proposed 

including surface plating before the application of the solder mask, selective plating 

to ensure solder mask adhesion, and electrode outlining through the development of 

the solder mask, enabling electrode edge passivation. Using these rules, the PCB 

electrode surface could be studied electrochemically and physically, revealing higher 

surface roughens compared to evaporated gold electrode, but lower roughness vales 

compared to screen printed gold electrodes. After the commercial manufacture, PCB 

electrodes are covered with a layer of organic impurities, which needs to be removed 

prior to electrode functionalisation. Furthermore, inorganic impurities such as copper 

were found on the surface of PCB electrodes, which are also electrochemically active. 

Multiple cleaning strategies were therefore examined and evaluated in their efficiency 

of removing the organic layer and electroactive impurities. Removal of electroactive 

species is especially important to prevent interference with electrochemical sensors. 

An appropriate recipe consisting of incubation in hydrogen peroxide and ammonium 
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hydroxide solution followed by incubation in acetone, isopropanol and water was 

found and implemented in analysis of large sample of PCB electrodes (120 individual 

electrodes). This revealed a consistent behaviour of PCB electrodes, which we 

believe can be extrapolated to all PCB electrodes, which undergo the same 

manufacturing process. Understanding the behaviour of PCB electrodes, the design 

requirements and surface properties provides the background knowledge needed for 

construction of reliable sensors using this platform.  

The sixth chapter describes the efforts towards development of label free sensors on 

PCB electrodes. Implementing a label-free sensor in a microsystem would greatly 

simplify the microsystem complexity lowering the cost of such devices. In the first part 

of the chapter, the PCB electrodes were functionalised with synthetic peptide coupled 

to ferrocene moiety, which functioned as signal generator for redox capacitance 

observed using EIS. Anti-CRP mAb was conjugated to the surface and increasing 

concentration of CRP revealed decreasing redox capacitance. However, this effect 

was also observed without CRP in the sample indicating the system is not stable and 

the binding of the target is masked by other processes occurring on the electrode 

surface, such as desorption of redox active protein. Surface roughness plays in 

important role in label-free sensors (Benites et al., 2014) and we believe the assay 

was unstable due to increased roughens in PCB electrodes distorting peptide-based 

SAM. This was also observed in a second approach, where anti-PCT mAb was 

conjugated on short alkanethiol SAM covered PCB electrodes. Although the sensor 

demonstrated exciting results on gold disc electrode, the transfer of the assay to PCB 

electrodes was challenging and did not result in similar response patterns. This 

illuminates the difference in surfaces in PCB electrodes compared to planar 

electrodes and the effect surface roughness can have on the sensor performance. 

Furthermore, the use of antibodies for label free detection is not optimal, as they are 

large proteins which screen the charges in the proximity of the electrode/electrolyte 

interface and lower the sensitivity. As Debye length is only around 1 nm at 

physiological salt concentrations, we propose further development in PCB based 

label free approaches should be based on aptamers or synthetic Affiimers, which are 

much smaller in size offering great potential for improvement in sensitivity. Although 

label free sensors did not result in sufficient response in the clinical range of the 

biomarkers, a good indication was obtained that previously described ELISA 

approach could be used to achieve that. 
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In the last experimental chapter, the initially described nanocomposite enabled assay 

for detection of PCT was transferred to PCB electrodes. Although the nanocomposite 

coated PCB electrodes maintained high conductivity after exposure to human serum, 

the current obtained from pTMB oxidation was significantly lower. We suggest the 

nanocomposite formation on PCB electrodes with higher surface roughness is not 

identical as in planar gold electrode. Our observations can be explained by a 

decrease in nanocomposite porosity, which would decrease the capacity of the 

nanocomposite to capture precipitated TMB. Nevertheless, nanocomposite enabled 

PCT sensor achieved high sensitivity and large dynamic range in the clinically 

relevant PCT concentration range. In the effort to simplify the sensor construction, 

nanocomposite was replaced by a short alkanethiol SAM which still allows electron 

tunnelling (Bard and Faulkner, 2001). The obtained PCT sensor revealed minimal 

loss in sensitivity and maintained capability to detect oxidation of pTMB. An important 

takeaway from this work is that assay transfer from a planar gold electrode to PCB 

electrodes can be challenging, hence we suggest the use of PCB electrodes from the 

start of the assay development.  

To investigate the potential integration of such sensors in PCB enabled microfluidic 

channels, two approaches were explored. In the first approach, a PCB board 

represented the base material, and a channel was outlined using a double-sided 

adhesive covered with a PMMA cover. Microfluidic integrated PCT sensor revealed a 

dynamic range in the PCT clinical range with the LOD of 22.7 pg/mL, which is better 

than currently used industry standard (TFS, 2020a).  

Besides the challenges associated with integration of multiple system components, it 

is also important to consider the complexity of the manufacturing processes, as 

increased complexity leads to increased costs. One approach to lower the cost and 

complexity of the manufacturing is to decrease the number of needed parts (Graziadio 

et al., 2020). This could be achieved by integrating the PCB based electrochemical 

sensors into PCB board with integrated microchannels. This way, the manufacturing 

of the electrodes and microfluidics would be streamlined into a single process and 

would allow scalable and cost-effective solution. To achieve this, two commercially 

available manufacturing processes were explored. First included the use of CNC 

routed epoxy impregnated fibreglass (prepreg) as spacer between the board layers 

outlining the fluidic channels. Although routing of prepreg resulted in sealed 

microfluidic channels, this approach lacked resolution leading to channels limited to 

multi-millimetre scale. A second approach utilised alternative bonding strategy using 
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bond ply, which does not deform after processing. This resulted in impressive 

resolution enabling features in the range of hundreds of microns. With this approach 

a multiplexed sealed microfluidic electrochemical PCB based microsystem is 

proposed, which could detect multiple sepsis biomarkers in parallel. Such 

microsystem can be manufactured using currently available manufacturing processes 

which are highly scalable. Due to scalable production, the cost of the individual assay 

would be decreased which could greatly add to the effort of sepsis diagnoses and 

screening, enabling early diagnosis and contribute to prolonged and improved 

patient’s lives. 

8.2 Future work 

The presented work revealed many challenges associated with the development of 

PCB based microsystems. Some of them are outlined based on an example 

microsystem for simultaneous quantification of PCT and CRP for sepsis diagnosis 

depicted in Figure 8.1. The first and most important part of PCB based microsystems 

is the electrochemical assay. Considering the demonstrated PCB based PCT assay 

was able to maintain properties in whole blood, we believe whole blood should be the 

target sample in future work. CRP sensor based on phosphocholine provided 

promising results revealing the two sensors can be integrated in parallel. This enables 

a microsystem where a sample and labelling solution could be mixed in a meander-

shaped micromixer and flown through the electrochemical cell, where separate 

electrodes are functionalised with phosphocholine or anti-PCT antibodies (Figure 

8.1). This concept presents the first challenge, which is the functionalisation of 

electrodes with different capturing probes. This can be tackled by using a PCB board 

as a base material, which can be spotted and functionalised by a plethora of available 

manufacturing dispensers (Wong and Diamond, 2009).  
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Figure 8.1: Conceptual representation of full microsystem for sepsis diagnostics using duplex 
PCT and CRP sensor (a). Green PCB is covered with double-sided adhesive which outline 
the microfluidic channels. Gray markings represent the fluidic system where the details of the 
electrochemical cell are presented in (b). 

If sealed PCB based microfluidics is used, functionalisation can be done by injection 

of capturing probe solution through the channels. Separate functionalisation channels 

can be constructed for integration of duplex CRP and PCT sensors as presented in 

Figure 8.2. Although this would ease the manufacturing of microfluidics part, 

functionalisation of increasingly high number of sensors would become progressively 

more complex. Furthermore, new hardware would be required for upscaled electrode 

functionalisation hence large-scale manufacturing would have to be carefully 

examined for this to be a viable approach.  

In an open-fluidics design (Figure 8.1) this is not an issue and the presented design 

can be expanded to many analytes, considering the cross-reactivity between the 

assays; nonetheless, a microfluidic sealing process assuring functionalized 

electrodes maintain their properties post-sealing would need to be defined. To 

introduce new sensors (such as PAMPs sensor) another set of electrodes should be 

added to the electrochemical cell (Figure 8.1b). 
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Figure 8.2: Functionalisation strategy for multiplexed sensors using sealed PCB microfluidics 
approach. CRP capturing probe in injected to functionalise CRP WE while PCT sensors is 
spatially removed. 

Another challenge associated with any potentiometric or voltametric electrochemical 

detection method is the stability of the reference electrode. In this work, all on-chip 

reference electrodes were gold PCB electrodes, which in general are considered to 

lack stability. Considering requirements for scalability and low cost, we propose the 

use of inkjet printing of silver nanoparticles on PCB electrodes, in the effort to 

construct a quasi-Ag/AgCl reference electrode on top of gold PCB surface. The proof-

of-concept has been developed (Papamatthaiou et al., 2020) and is compatible with 

previously mentioned large scale spotting/dispensing techniques. 

To provide accurate diagnostic results, on-chip sensor calibration is unparallel 

(Buchegger and Preininger, 2014). Most sensors described in this work had a 

negative control, however a positive control is also required for calibration (Findlay 

and Dillard, 2007). A negative and a positive control should be present to define the 

smallest and highest response values, see Figure 8.3.  It is important to include a 

positive control for each assay, as binding dynamics can vary between assays. This 

is especially important in electrochemical ELISA assays, where environmental factors 

such as temperature can strongly influence the enzyme activity. 
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Figure 8.3: Suggested concept for positive and negative control integration to enable accurate 
quantification. In positive control, analyte of interest is conjugated to the electrode surface 
resulting in bonding of the labels and precipitation of TMB. In negative control, surface is 
covered with non-specific moiety.  

Finally, the integration of full microsystem including sample port and reagents 

requires detailed attention. The microfluidic sensors described in this work were all 

tested under pressure driven flow. Although this can be implemented in electronic 

readers (TTPventures, 2020), we suggest a simplified version where no pump is 

required. This is an example of previously described assay and microfluidic network 

(Figure 8.1) in a fully integrated microsystem. 
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Figure 8.4: Conceptual representation of full microsystem for sepsis diagnostics using duplex 
PCT and CRP sensor. Full view of the proposed microsystem where sample can be added to 
the system by puncturing the top cover (a). The manufacturing strategy is presented in (b) 
and pump-less principle of pressure driven microfluidics is presented in (c). 

The core of the concept lies in the layered design on the microfluidic device, see 

Figure 8.4a-b. The PCB serves as a base and double-sided adhesive is used to 

outline the microfluidic channels, micromixer, electrochemical cell, and the waste 

chamber. The adhesive layer is then covered with a thin pressure sensitive 

membrane followed by a thicker plastic layer, which outlines sample, labelling mix, 

pTMB and a washing buffer reservoir. The reservoirs are covered with a thicker, 

flexible cover with a sample port. The sample can be introduced by puncturing the 

flexible top cover with a needle used to withdraw patient’s blood. The hole is then 

sealed, and pressure is applied by the electronic reader using a punching action with 
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a stepper motor powered plug, see Figure 8.4c. Upon addition of the pressure the 

sealing membrane brakes, and the fluid is released from the reservoir into the 

microfluidic channels. Such burst microvalve can either rely on pressure sensitive 

membrane or membranes which degrade upon application of potential, which could 

be delivered through the PCB pads (Allain et al., 2010, Au et al., 2011). By releasing 

the sample and labelling fluid simultaneously, sample and enzyme conjugated 

detection antibodies are flown through the micromixer before reaching the 

electrochemical cell with functionalised electrodes. Immunocomplex formation can 

then take place on the electrodes followed by release of pTMB and washing buffer 

before the measurement can take place using external electronic reader. 

As illustrated, PCB based diagnostic microsystems offer multiple possibilities and 

fascinating opportunities not only for development of diagnostic microsystems but can 

be expanded for use in environmental monitoring among multiple other applications. 

The presented work demonstrates the feasibility of this technology and outlines the 

bright future and impact this research can have on people’s lives and wellbeing. 
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10.    Appendix A      

   Nanocomposite platform characterisation  

The rGOx based nanocomposite was imaged with FE-SEM at multiple 

magnifications. The comparison of the nanocomposite layer and bare gold can be 

observed in Figure A1. 

 

Figure A1: FE-SEM imaging of BSA/rGOx/GA nanocomposite. Bare gold in the top row and 
BSA/rGOx/GA nanocomposite in the bottom row at different magnifications.   

Thickness of the nanocomposite and small rGOx flakes made imaging relatively 

challenging. On the other side, the antifouling properties of the nanocomposite were 

demonstrated by increasing the concentration of labelling Streptavidin-PolyHRP 

conjugate in IL-6 sensor. The sensor construction was performed as described in 

Chapter 3. The results clearly demonstrate the streptavidin-HRP conjugate produced 

some precipitating TMB, which is very consistent and does not cause any non-specific 

TMP precipitation. The introduction of Streptavidin-PolyHRP conjugate increases the 

precipitation of TMB up to 10 folds with increasing conjugate concentration of up to 1 

µg/mL. Although high concentrations of Streptavidin-PolyHRP conjugate are used, 

we only observe very minimal non-specific binding, indication the signal increase 

remains highly localised allowing increased sensitivity of the sensors (Figure A2). 
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Figure A2:  Increasing concentration of Streptavidin-PolyHRP for effective signal 
enhancement. Bars represent the average, n=3 and error bars are SD. Non-specific response 
is obtained using an electrode with IL-8 capturing mAb. 

To understand every step in the construction of IL-6 assay, CV and EIS analysis was 

performed after every incubation step in the sensor construction, see Figure 

A3Figure A. In this instance, the Rct is significantly higher after nanocomposite 

construction when compared to bare gold. This indicated the EIS is more sensitive 

compared to CV as the current drop in CV is small. More importantly, the conjugation 

of capturing antibody does not reveal any signal increase in EIS. This was 

unexpected, as large mAb conjugation usually inhibits electron transfer. This could 

be a consequence of maintained nanocomposite conductivity after conjugation. 

Alternatively, the EDC/NHS treatment of the nanocomposite might cause some pore 

rearrangement, which are then backfilled with the introduction of the capturing mAb. 

The quenching step with ethanolamine leaves the nanocomposite unchanged while 

the blocking step clearly inhibits charge transfer. This was not observed in the 

previous experiments and we postulate that repetitive CV cycling used to obtain the 

data in the previous steps slightly disrupts the nanocomposite structure, which makes 

it more prone to fouling and blocking.  
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Figure A3: Every step characterisation of IL-6 assay construction with sensors used in buffer 
and serum matrix. a) Charge transfer resistance was obtained from EIS scan. b) Ferri-
/ferrocyanide oxidation peak height obtained from CV.   

Disruption due to CV cycling can also be seen in the next step, when the introduction 

of serum sample highly increases the resistance of charge transfer. This is not 

observed in the buffer sample. Interestingly, the next steps (addition of detection mAb 

and Streptavidin-PolyHRP) lead to increased electron transfer. The last step, the 

addition of pTMB again reveals increased charge transfer, which can be due to ferri-

/ferrocyanide oxidation potential overlapping with pTMB oxidation. More importantly, 

the stepwise label introduction cannot be seen electrochemically, which we believe is 

the consequence of increased nanocomposite disruption due to the shear number of 
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CV scans performed in this experiment. This is also a reason to pursue SPR step-by-

step validation of sensor construction, which revealed specific binding of every sensor 

layer, proving electrochemical characterisation data should be interpreted carefully.  

Beside the sensor characterisation using ferri-/ferrocyanide solution, non-faradaic 

measurements were performed after every step of sensor construction, see Figure 

A4. 

Figure A4: Capacitance from non-faradaic measurements obtained after every step 
characterisation of sensor construction.  

After capturing antibody conjugation to the nanocomposite, a decrease in imaginary 

capacitance indicates increased resistive properties of the system, but the changes 

in real capacitance (accounting for capacitive properties) are not high. Although 

minimal differenced in capacitance were observed after layer-by-layer sensor 

construction, a very big difference can be seen after the precipitation of TMB on the 

surface. This demonstrates the detection of pTMB can also be performed using 

capacitive measurements, which could potentially lead to lower limits of detection. 

This could be especially important to quantify very small pTMB levels, which cannot 

be quantified in CV. Although CV has demonstrated great detection range and 

minimal interference the low levels of pTMB are hard to quantified using CV 

technique. Figure A5 demonstrates the minimal level of interference between the two 
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neighbouring electrodes in 50% WB PCT sensor. CV demonstrated no interference, 

and we postulate capacitive measurements could provide better insight into low levels 

of pTMB, assisting in assay development to provide the assay that is as robust and 

specific as possible.  

 

Figure A5: PCT sensor in 50% diluted whole blood. Plot on the top represents calibration 
curve obtained by increasing the PCT concentrations in blood. Plots in the bottom row 
represent the response from two neighbouring electrodes, first bearing anti-PCT mAb (red) 
and second with no capturing probe (black) at 0.1 ng/mL, 1 ng/mL and 50ng/mL concentration 
of PCT in the sample.  
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11.    Appendix B      

   Antibody cross-reactivity  

Upon the implementation of syndecan-1 sensor a cross-reactivity test was performed 

in plate-based ELISA, to confirm the interference is based on antibodies and not 

dependent of the platform, see Figure B1.  

 

Figure B1: Cross-reactivity testing on plate ELSA in serum. a) PCT sensor response with 
addition of PCT, IL-6 and syndecan-1. b) Syndecan-1 sensor response with addition of PCT, 
IL-6 and syndecan-1. c) IL-6 sensor response with addition of PCT, IL-6 and syndecan-1. Bars 
represent the average, error bars are SD, n=2. 

The data from plate ELISA demonstrates syndecan-1 causes an increase in signal 

where PCT mAb is coated on the plate surface. The data also present a 1-step and 

2-step assay, where 1-step refers to mixing the sample and detection antibody in a 

well and simultaneous incubation, while 2-step refers to first incubation with the 
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sample followed by the detection mAb. A low concentration of syndecan-1 (2 ng/mL) 

already caused the signal generation in PCT test, although it should be noted the 

plate ELISA is more sensitive and exhibits lower dynamic range in comparison the 

EC sensor. Syndecan-1 sensor demonstrates high background due to a level of 

syndecan-1 present in the human serum, something which was not observed in whole 

blood experiments on EC sensor, demonstrating the plate EILSA is more sensitive, 

due to large number of probes immobilised on the well surface. IL-6 and PCT did not 

trigger any response in syndecan-1 sensors, which was also observed in EC sensors. 

IL-6 ELSIA also revealed no significant response from addition of syndecan-1 

however, EC IL-6 sensor did show signal increase. This could be due to lower 

concentrations used in the plate ELISA assay, which has a very limited dynamic 

range.  

Methodology  

Human Procalcitonin DuoSet ELISA kit and Human Syndecan-1 DuoSet ELISA kit 

were purchased from R&D Systems (USA), IL-6 mAb pair was purchased from 

Invitrogen (USA). Nunc MaxiSorp 96 well ELISA Plates (BioLegend, USA) were 

coated with 2 µg/mL PCT mAb, 0.8 µg/mL syndecan-1 mAb or 1 µg/mL IL-6 mAb 

diluted in PBS and incubated overnight. Next morning, the wells were washed 3x with 

400 µL of PBST and blocked with 1% BSA in PBST for 1h. After 3x washing step, 

sample was diluted in serum and incubated in the plate wells for 1 h. Where detection 

mAb was incubated with the sample, the detection mAb was diluted to 10x working 

concentration (according to manufacturer’s protocol) and added to the well to dilute 

the sample in 1:9 ration, achieving appropriate working concentration. Sample and 

detection mAb or sample only were incubated for 1 h and washed 3x with PBST. 

Where two step assay was employed, a detection antibody was diluted to working 

concentration in 1%BSA in PBST and incubated in the wells for 30 min. After 3x 

washing, streptavidin-polyHRP conjugate was diluted to 0.2 µg/mL in 1% BSA in 

PBST and incubated in the wells for 10 min, followed by 3x washing step and 

incubation of TMB for 20 min. 1 M sulphuric acid was used to stop the reaction and 

plate was quantified using Synergy H1 Hybrid Reader. 
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12.    Appendix C      

   Optimisation of PCB cleaning procedures  

In the effort to find the optimised version of cleaning steps required for removal of 

insulating organic layer from the PCB surface, multiple combinations were examined 

(see Table C1) and evaluated in terms of obtained current (Figure C1), peak-to-peak 

separation values (Figure C2) and charge transfer resistance (Figure  C3). These 

have been used individually or in combinations with beforementioned steps and have 

shoved inferior performance.  

Table C1: Cleaning procedures not previously described. 

Cleaning method Procedure 

Hydrogen peroxide & 500 
mM KOH 

Immersion in a solution 30% H2O2 & 500 mM KOH for 10 
min 

KOH sweep Single potential sweep in 50mM KOH from -0.2 to -1.2 V vs. 
Ag/AgCl (KCl) at 50 mV/s. 
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Figure C1: Current obtained from CV in ferri-/ferrocyanide with a combination of multiple 
cleaning steps. Bars represent the average and error bars represent the SD, n = 4.  

 

Figure C2: Peak-to-peak separation value obtained from CV in ferri-/ferrocyanide with a 
combination of multiple cleaning steps. Bars represent the average and error bars represent 
the SD, n = 4.  
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Figure C3: Charge transfer resistance values obtained from EIS in ferri-/ferrocyanide solution 
with a combination of multiple cleaning steps. Bars represent the average and error bars 
represent the SD, n = 4.  
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13.    Appendix D      

   Aptamer based label-free sensor for PCT 

In the effort to construct a label free sensor on PCBs, PCT aptamer (ATW0060) was 

purchased from Base Pair Biotechnologies (USA) with five thymine residues and a 

thiol group on the aptamer’s 3’ end. In the first experiment, gold disc electrodes were 

cleaned as described before and aptamer was immobilised on the gold surface in the 

ratio of 1:50 mixed with 6-Mercapto-1-hexanol (MCH) in immobilisation buffer which 

included 10 mM Tris-HCl, 10 mM KCl and 10 mM MgCl2. After overnight incubation, 

the electrode surface was washed with MQ water, and electrode surface was 

backfilled with 1 mM MCH for 1 h in binding buffer which included 100 mM phosphate 

buffer and 100 mM KCl with 1 mM MgCl2. Electrodes were then stabilised for 1 h and 

blank sample (binding buffer) was incubated on the electrode surface before adding 

increasing concentrations of PCT in binding buffer. EIS readings were performed in 

binding buffer with 2 mM ferri-/ferrocyanide couple. When binding buffer contained 

MgCl2 there was no visible change observed in the Rct values after EIS 

measurements (Figure D1) but as magnesium ions were omitted, EIS revealed 

increased Rct values upon addition of increasing PCT concentrations (Figure D2).   

  

Figure D1: a) Representation of the electrochemical set-up through which the measurements 
were obtained. b) The obtained relative change in Rct with increasing concentration of PCT 
when measured in buffer containing Mg2+ ions. Green circles represent the average, error bars 
are SD, n = 3.  
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Figure D2: PCT detection in the absence of Mg2+ ions using macroelectrodes. a) The increase 
in Rct with the addition of PCT to the aptamer covered surface. b) Dilution curve with 
increasing PCT concentration reveals increased Rct. Green circles represent the average, 
error bars are SD, n = 3. 

The same trend can be observed when PCB electrodes are used with the PCT 

aptamer. Nevertheless, the Rct change is only approximately 10% at 1 µg/mL of PCT 

while macroelectrodes reveal the change of 30% at the same PCT concentration. 

This could be effect of surface roughness or decreased purity of the gold in PCB 

electrodes, but this hypothesis require further examination.  

 

Figure D3: PCT detection in the absence of Mg2+ ions on PCB electrodes. a) The increase in 
Rct with the addition of PCT to the aptamer covered PCB surface. b) Dilution curve with 
increasing PCT concentrations (n = 3). 
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14.    Appendix E      

   Biological fouling of PCB electrodes treated 

   with DSP  

To examine the effect of biological fouling on PCBs covered with DSP linker, the 

electrodes were incubated in DPS (4 mg/mL in DMSO for 2 h) and PCB electrodes 

were examined using CV and EIS in ferri-ferrocyanide solution as described 

previously. Figure E1 reveals minimum changes in current density and Rct after 

exposing PCB to DSP, but Rct increases after blocking in 0.1% BSA demonstrating 

DSP does not form a uniform SAM, as expected. After exposure to human serum, 

current density drops and Rct increases revealing a level of biological foiling. 

Nevertheless, current drop from 19 mA/cm2 to just under 17 mA/cm2 demonstrated 

the electron transfer is still possible which allows the detection of pTMB after 

successful formation of immunocomplex on the PCB surface in case of 

electrochemical ELISA sensor.  

  

Figure E1: DSP covered PCB electrodes tested in human serum. Current density measured 
by CV in ferri-/ferrocyanide (a) and charge transfer resistance tested by EIS (b). Bars 
represent the average, error bars are SD, n = 4. 


