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Abstract 
 
Ehtisham Wahid 
 
Design and Characterization of Yeast-based Electrochemical Biosensors for Application in 
Precision Agriculture 

In recent years, precision agriculture (PA) has garnered significant interest due to its substantial 
agronomical advantages. At the heart of PA lie advanced sensing technologies, which offer 
rapid, cost-effective, and skill-independent detection solutions. Among these cutting-edge 
technologies are electrochemical biosensors. These biosensors integrate bioreporters such as 
living cells, aptamers, DNA, peptides, and antigens within electrochemical transducers, 
whether electrodes or field-effect transducers. This integration facilitates easy miniaturization, 
mass production, and seamless incorporation with electronic acquisition systems. Additionally, 
the devices for collecting current and potential signals are not only affordable and portable but 
also exhibit low power consumption. Consequently, electrochemical biosensors are poised to 
deliver point-of-care diagnostics essential for precision agriculture applications. Despite their 
potential, the industrial adoption of electrochemical biosensors remains limited, primarily due 
to the insufficient affinity recognition of bioreporters towards targeted analytes. Addressing 
this gap necessitates the exploration of novel bioreporters. Recently, unicellular 
microorganisms with robust cell walls, like yeast and bacteria, have garnered significant 
research interest. Unlike aptamers and enzymes, which require pretreatment, whole-cell 
biosensors can detect analytes in bioavailable forms. Furthermore, these microorganisms thrive 
under less stringent growth conditions and can be genetically modified to achieve the desired 
responses, making them highly suitable for on-site electrochemical applications. One 
exemplary organism is the yeast species S. cerevisiae, renowned for its resilience in extreme 
environments, lack of biofilm formation, ethanol production instead of CO2, accessibility, non-
pathogenic nature, and, most importantly, its well-characterized metabolism and genome. 
Additionally, S. cerevisiae has demonstrated the ability to generate electrical signals during the 
decomposition of organic compounds, positioning it as a model organism for electrochemical 
sensing. Leveraging the remarkable properties of yeast-based electrochemical biosensors and 
aiming to pioneer IoT-enabled biosensors for precision agriculture, we developed innovative 
yeast-based biosensors accompanied by a handheld prototype electrochemical device for point-
of-care copper detection. Complementing this, a Python-based web application has been 
created for the online storage, visualization, and analysis of sample data. The initial phase of 
this project is dedicated to the design and characterization of yeast-based electrochemical 
biosensors utilizing a Glassy Carbon Electrode (GCE). This section is meticulously divided 
into three subsections. The first subsection elucidates the response of the biorecognition 
element (S. cerevisiae WT cells) in the presence of CuSO4, using standard optical detection 
techniques. The second subsection delves into the protocols employed for the immobilization 
of the biorecognition element onto the surface of the GCE using polydopamine (PDA) to 
fabricate bio-electrodes (biosensors). The final subsection investigates the performance of the 
developed biosensor through comprehensive electrochemical characterization utilizing a single 
channel potentiostat. While standard optical detection showed a significant response only at 
concentrations above 5 mM after 4 hours of incubation with CuSO4, an impressive limit of 
detection (LoD) of 12.5 µM was achieved using electrochemical detection, boasting an R2 value 
of 0.956 after 2500 seconds of incubation. The subsequent part of this study centers on the 
design and characterization of biosensors fabricated with Screen-Printed Electrodes (SPE), 
incorporating genetic (multiple yeast respiratory mutants) and metabolic (various growth 
media) approaches to enhance the overall electrochemical response. This section is further 
bifurcated into two primary parts. Initially, the viability and growth of three S. cerevisiae strains 
WT, ¨KaS4, and ¨UWg2 in varying concentrations of CuSO4 using standard optical detection are 
evaluated. In the second part, biosensors prepared with immobilized S. cerevisiae WT cells 
under different growth conditions, and ¨KaS4 and ¨UWg2 cells cultured in standard media are 
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examined through electrochemical characterization using a multichannel potentiostat for 
CuSO4 detection. The SPE-based biosensors with metabolically and genetically manipulated 
yeast cells exhibit superior performance, achieving a LoD as low as 2.2 µM and an R2 of 0.998. 
Subsequently, a prototype handheld electrochemical device, capable of in-house biosensor 
mounting, was assembled. A complementary web application was also developed for the online 
storage, visualization, and analysis of data acquired from the prototype. The prototype was 
tested with biosensors prepared by immobilizing WT cells on the SPE surface in the presence 
of copper, achieving a LoD of 2.9 µM and an R2 of 0.998, closely mirroring the results obtained 
with a standard laboratory potentiostat. 

During this work, we also developed a Matlab-based application which provides a rapid and 
robust quantitative yeast growth analysis from spot plating assay images. The spot plating assay 
represents a common method for assessing yeast growth in low-throughput laboratory 
environments, encompassing growth on various nutrient substrates or exposure to particular 
stressors. The application features a straightforward one-step installation process, an intuitive 
interface, and streamlined analysis steps in contrast to traditional methods, rendering it a 
valuable resource for quantifying growth and viability, suitable for both experienced and 
inexperienced yeast researchers alike. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



ix 
 

Publications 
JoXUnal PaSeUV 

 
1. Wahid, E., Ocheja, O. B., Guaragnella, N., & Guaragnella, C. (2024). A Matlab-based 

application for quantification of yeast cell growth on solid media. Journal of the Royal 
Society Interface, 21(212), 20230695. 

2. Ocheja, O. B., Wahid, E., Franco, J. H., Trotta, M., Guaragnella, C., Marsili, E., ... & 
Grattieri, M. (2024). Polydopamine-immobilized yeast cells for portable 
electrochemical biosensors applied in environmental copper 
sensing. Bioelectrochemistry, 157, 108658. 

3. Wahid, E., Ocheja, O. B., Marsili, E., Guaragnella, C., & Guaragnella, N. (2023). 
Biological and Wechnical challengeV foU implemenWaWion of \eaVWဨbaVed 
biosensors. Microbial Biotechnology, 16(1), 54-66. 

4. Di Noia, M. A., Scarcia, P., Agrimi, G., Ocheja, O. B., Wahid, E., Pisano, I., ... & 
Guaragnella, N. (2023). Inactivation of HAP4 accelerates RTG-dependent 
Osmoadaptation in Saccharomyces cerevisiae. International Journal of Molecular 
Sciences, 24(6), 5320. 
 

Conference Presentations 
 
1. Wahid, E., Ocheja, O. B., GXaUagnella, N., & GXaUagnella, C. ³A MaWlab-based 

applicaWion foU qXanWificaWion of \eaVW cell gUoZWh on Volid media´. XVI Federation of 
Life Sciences (FISV) congress, Naples, September 2022. 

2. Wahid, E., Ocheja, O. B., GXaUagnella, N., & GXaUagnella, C. ³A MaWlab-based 
applicaWion foU qXanWificaWion of \eaVW cell gUoZWh on Volid media´. International Forum 
on Industrial Biotechnology and Bioeconomy (IFIB), Bari, September 2022. 

3. Ocheja, O. B., Wahid, E., GXaUagnella, N., & GXaUagnella, C. ³CompaUiVon of Yeast 
cells immobilization procedures foU bioVenVoU applicaWionV´. 31st International 
Conference on Yeast Genetics and Molecular Biology (ICYGMB31), Florence, August 
2023. 

4. Ocheja, O. B., Wahid, E., GXaUagnella, N., & GXaUagnella, C. ³Exploring the potential 
of yeast cells as biosensors for environmental monitoring´. Federation of European 
Biochemical Societies (48FEBS), Milan, June ± July 2024. 
 

 

 

 

 

 

 

 

 



x 
 

Table of contents 
 
Acknowledgements ................................................................................................................. vi 
Abstract .................................................................................................................................. vii 
Publications ............................................................................................................................. ix 
List of Figures ....................................................................................................................... xiii 
List of Tables ....................................................................................................................... xviii 
Thesis Organization ............................................................................................................. xix 
Chapter 1 .................................................................................................................................. 1 
INTRODUCTION TO BIOSENSORS .................................................................................. 1 

1.1 Yeast as biorecognition element .................................................................................. 3 
1.2 Yeast and Copper ........................................................................................................ 5 
1.3 Challenges in development of yeast-based biosensors ................................................ 6 

1.3.1 Safe deployment and shelf life ............................................................................. 6 
1.3.2 Analytical performance ........................................................................................ 6 
1.3.3 Technical aspects .................................................................................................. 7 

1.4 Cell immobilization ..................................................................................................... 8 
1.4.1 Methods for cell immobilization .......................................................................... 9 

1.4.1.1 Adsorption ..................................................................................................... 9 
1.4.1.2 Entrapment .................................................................................................... 9 
1.4.1.3 Covalent Binding ......................................................................................... 10 
1.4.1.4 Cross-Linking .............................................................................................. 10 

1.4.2 Polydopamine (PDA) ......................................................................................... 10 
1.5 Electrochemical Biosensors ....................................................................................... 11 

1.5.1 Classification of Electrochemical Biosensors ..................................................... 11 
1.5.1.1 Potentiometric Biosensors ........................................................................... 12 
1.5.1.2 Amperometric Biosensors ........................................................................... 12 
1.5.1.3 Conductometric Biosensors ......................................................................... 12 
1.5.1.4 Voltametric Biosensors ............................................................................... 13 
1.5.1.5 Impedimetric Biosensors ............................................................................. 13 

Chapter 2 ................................................................................................................................ 14 
CELL GROWTH AND CHARACTERIZATION TECHNIQUES ................................. 14 

2.1 Methods ..................................................................................................................... 14 
2.1.1 Preparation of culture media .............................................................................. 14 
2.1.2 Growth of yeast strains ....................................................................................... 14 

2.1.2.1 Growth of cells in solid media ..................................................................... 14 
2.1.2.2 Growth of cells in liquid media ................................................................... 14 

2.2 Characterization techniques ....................................................................................... 15 
2.2.1 UV Spectroscopy ................................................................................................ 15 



xi 
 

2.2.2 Epifluorescence microscopy ............................................................................... 16 
2.2.3 Scanning Electron Microscopy (SEM) ............................................................... 16 
2.2.4 Electrochemical impedance spectroscopy (EIS) ................................................ 16 
2.2.5 Cyclic Voltammetry (CV) .................................................................................. 18 
2.2.6 Chronoamperometry (CA) .................................................................................. 19 

Chapter 3 ................................................................................................................................ 20 
DESIGN AND CHARACTERIZATION OF YEAST BASED BIOSENSOR 
DEVELOPED USING GLASSY CARBON ELECTRODE ............................................. 20 

3.1 UV Spectroscopic growth analysis of biorecognition element .................................. 20 
3.1.1 Numerical results and Discussion....................................................................... 21 

3.2 Assessment of cell morphology ................................................................................. 22 
3.3 Biosensor design ........................................................................................................ 23 
3.4 Electrochemical characterization of biosensor .......................................................... 24 

3.4.1 Voltametric analysis of biosensor....................................................................... 25 
3.4.1.1 Numerical results and Discussion................................................................ 25 

3.4.2 Impedimetric analysis of PDA immobilization .................................................. 27 
3.4.2.1 Numerical results and Discussion................................................................ 27 

3.4.3 Amperometric analysis of biosensor .................................................................. 28 
3.4.3.1 Numerical results and Discussion................................................................ 28 

Chapter 4 ................................................................................................................................ 31 
DESIGN AND CHARACTERIZATION OF YEAST BASED BIOSENSORS 
DEVELOPED USING SCREEN PRINTED ELECTRODES .......................................... 31 

4.1 Viability analysis ....................................................................................................... 31 
4.2 UV Spectroscopic growth analysis of biorecognition elements ................................ 33 

4.2.1 Numerical results and Discussion....................................................................... 33 
4.3 Biosensor design ........................................................................................................ 38 
4.4 Assessment of PDA coating morphology .................................................................. 40 
4.5 Electrochemical characterization of biosensors ........................................................ 40 

4.5.1 Voltametric analysis of biosensors ..................................................................... 41 
4.5.2 Impedimetric analysis of PDA immobilization .................................................. 42 

4.5.2.1 Numerical results and discussion ................................................................ 42 
4.5.3 Amperometric analysis of biosensor .................................................................. 45 

4.5.3.1 Numerical results and Discussion................................................................ 46 
Chapter 5 ................................................................................................................................ 53 
PROTOTYPE AND WEB APPLICATION DESIGN ....................................................... 53 

5.1 State of the art ............................................................................................................ 53 
5.2 Transfer of technology towards portable microelectronics prototype development . 55 

5.2.1 Numerical results and discussion ....................................................................... 55 
5.3 Web application ......................................................................................................... 57 

5.3.1 State of the art ..................................................................................................... 57 



xii 
 

5.3.2 Software architecture and working ..................................................................... 57 
5.3.2.1 User Interface Layer .................................................................................... 58 
5.3.2.2 Logic Layer ................................................................................................. 60 
5.3.2.3 Data Layer ................................................................................................... 61 

5.3.3 Performance Assessment and discussion ........................................................... 61 
Chapter 6 ................................................................................................................................ 62 
DESIGN AND CHARACTERIZATION OF MATLAB BASED APPLICATION FOR 
SPOTTING ASSAY QUANTIFICATION ......................................................................... 62 

6.1 State of the art ............................................................................................................ 62 
6.2 Application overview ................................................................................................ 62 
6.3 The workflow of the algorithm .................................................................................. 64 

6.3.1 Input .................................................................................................................... 64 
6.3.2 Image acquisition/processing ............................................................................. 64 
6.3.3 Circular Mask ..................................................................................................... 65 
6.3.4 Thresholding ....................................................................................................... 65 
6.3.5 Quantification of spot size .................................................................................. 65 
6.3.6 Output ................................................................................................................. 65 

6.4 Quantification of cell growth by Matlab application ................................................. 66 
6.5 Experimental design .................................................................................................. 66 

6.5.1 Yeast strains and media ...................................................................................... 66 
6.5.2 Spotting Assay .................................................................................................... 67 
6.5.3 Data Analyses ..................................................................................................... 67 

6.6 Numerical results and discussion .............................................................................. 67 
Chapter 7 ................................................................................................................................ 71 
CONCLUSION AND FUTURE PROSPECTIVES ........................................................... 71 

7.1 Conclusions ............................................................................................................... 71 
7.2 Limitations and Challenges ....................................................................................... 73 
7.3 Future prospects......................................................................................................... 74 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



xiii 
 

List of Figures 
 
Figure 1.1: Schematic diagram of a biosensor. A biosensor includes biorecognition element 
for sensing, transducer for conversion of representative response into a detectable signal 
connected to signal processing unit to obtain a quantifiable output. ......................................... 2 
Figure 1.2: Transduction mechanisms of yeast-based biosensors. Different yeast species, 
genetically modified or not, can act as sensing element for analytes. Cell surface receptors and 
plasma membrane transporters are involved in the first interaction between the cell and the 
analyte. The output signals can be quantified through: amperometric/voltammetric 
measurements by means of intracellular metabolic redox reactions and redox mediators; cell 
growth inhibition and/or cell death by means of inhibition of metabolic regulatory proteins; 
optical measurements by means of the regulated activity of constitutive or inducible promoters 
fused to selected reporter genes and related proteins [60]. ........................................................ 4 
Figure 1.3: Schematic illustration showing immobilization methods: (a) Adsorption, (b) 
Entrapment, (c) Covalent binding, (d) Cross-linking [134]. ..................................................... 9 
Figure 1.4: Classification of electrochemical biosensors ...................................................... 11 
Figure 1.5: Schematic diagram of (a) Amperometric/Voltametric, (b) Potentiometric, (c) 
Conductometric biosensors, and (d) equivalent circuit of the Impedimetric biosensor (Cdl = 
double-layer capacitance of the electrodes, Rsol = resistance of the solution, Cde = capacitance 
of the electrode, Zcell = impedance introduced by the  bound nanoparticles, and Rcell and Ccell are 
the resistance and capacitance in parallel) [160]. .................................................................... 12 
Figure 2.1: A comparison of cyclic voltametric wave-shapes for reversible, quasi-reversible, 
and irreversible electron transfer process with the same formal potential, Ef

0 , on an electrode. 
The inset shows the triangular potential "ramp" applied to the working electrode during 
measurements [185]. ............................................................................................................... 17 
Figure 2.2: Chronoamperometry output signal obtained on an electrode (obeying Cottrell 
equation), following the input potential step waveform applied [185]. .................................. 19 
Figure 3.1: Growth curves of S. cerevisiae WT cells treated with CuSO4. Cells were grown 
oYeUnighW and When inocXlaWed in YPD XndeU conVWanW Vhaking aW 30 ႏ in Whe pUeVence of 0 
(black), 0.01 (blue), 0.1 (grey), 1 (red), 5 mM CuSO4 (green). Optical density was measured at 
regular intervals using a spectrophotometer [177]. ................................................................. 20 
Figure 3.2: Growth curves of S. cerevisiae WT cells treated with CuSO4. Cells were grown 
overnight and then inoculated in YPD under constant Vhaking aW 30 ႏ in Whe pUeVence of 0 
(black), 5 (green), 7 (pink), 9 (orange), and 10 mM CuSO4 (purple). Optical density was 
measured at regular intervals using a spectrophotometer [177]. ............................................. 21 
Figure 3.3: The percentage relative growth of the cells in the presence of different 
concentrations of CuSO4 after 4 h of incubation. Percentage relative growth was calculated 
against the control cell growth. R2: 0.986. Error bars indicate one standard deviation [177]. 21 
Figure 3.4: a): Representative pictures of yeast cells (WT) grown in YPD medium in the 
presence of 0 (a), 5 (b), and 10 mM CuSO4 (c & d) [177]. ..................................................... 22 
Figure 3.5: Protocol for the entrapment of S. cerevisiae yeast cells in PDA matrix and 
immobilization on GCE [177]. ................................................................................................ 23 
Figure 3.6: GCE with immobilized WT yeast cells. ............................................................... 24 
Figure 3.7: Assembly used for electrochemical characterization of biosensors prepared using 
immobilization of WT yeast cells on the surface of GCE. ....................................................... 25 
Figure 3.8: Cyclic voltammetry for the bioelectrodes prepared with live yeast cells in the PDA 
matrix (black), heat-treated yeast cells (blue), and sterile electrodes prepared with 



xiv 
 

polydopamine alone (red). ....................................................................................................... 26 
Figure 3.9: Cyclic voltammetry showing the effect of 0 (black), 20 (green), 50 (orange), and 
100 ȝM CXSO4 (purple) on the electron transfer ability of viable yeast cells immobilized with 
PDA on GCE. .......................................................................................................................... 26 
Figure 3.10: EIS spectra for only yeast (blue), only PDA (red), and yeast cells in the PDA 
matrix (black). Frequency range 500 kHz ± 5 mHz, potential amplitude 10 mV, applied 
potential + 0.32 V. ................................................................................................................... 27 
Figure 3.11: Amperometric i-t traces of PDA ± yeast electrodes (black), PDA ± Heat-treated 
yeast cells (blue), and PDA alone (red). .................................................................................. 28 
Figure 3.12: Chronoamperometry showing the effect of 0 (black), 20 (green), 50 (orange), and 
100 ȝM CXSO4 (purple) on ability of live yeast cells immobilized with PDA on GCE to transfer 
electrons................................................................................................................................... 29 
Figure 3.13: Relationship between CuSO4 concentrations and current density during 
chronoamperometry. EAPP: +0.32 V. R2: 0.956. Error bars indicate one standard deviation. .. 29 
Figure 4.1: Cell viability of S. cerevisiae WT cells incubated in YPD medium supplemented 
with 10 - 100 µM CuSO4 using CFU counting. Results show growth with increasing 
concentrations of CuSO4 in each strain up to 18 h. Each dataset represents the mean and 
standard deviation of three independent biological replicates (n = 3). ........................... 31 
Figure 4.2: Cell viability of S. ceUeYLVLae ¨KaS4 cells incubated in YPD medium 
supplemented with 10 - 100 µM CuSO4 using CFU counting. Results show growth with 
increasing concentrations of CuSO4 in each strain up to 18 h. Each dataset represents the 
mean and standard deviation of three independent biological replicates (n = 3). ......... 32 
Figure 4.3: Cell viability of S. ceUeYLVLae ¨UWg2 cells incubated in YPD medium 
supplemented with 10 - 100 µM CuSO4 using CFU counting. Results show growth with 
increasing concentrations of CuSO4 in each strain up to 18 h. Each dataset represents the 
mean and standard deviation of three independent biological replicates (n = 3). ......... 32 
Figure 4.4: Viability of S. cerevisiae strains WT, ¨KaS4 and ¨rtg2. Cells were grown in 
YPD medium supplemented with 10 - 100 µM CuSO4 for 18 h. Viability was calculated as 
the percentage of untreated cells, set to 100%. Each bar represents the mean and standard 
deviation of three independent biological replicates (n = 3). ........................................... 32 
Figure 4.5: Growth curves of S. cerevisiae WT cells cultured in YPD in the presence of CuSO4. 
A representative curve from four independent biological replicates (n = 4) is shown in each 
panel. ....................................................................................................................................... 33 
Figure 4.6: Growth curves of S. cerevisiae WT cells cultured in YPG in the presence of CuSO4. 
A representative curve from four independent biological replicates (n = 4) is shown in each 
panel. ....................................................................................................................................... 34 
Figure 4.7: Growth curves of S. cerevisiae WT cells cultured in YPE in the presence of CuSO4. 
A representative curve from four independent biological replicates (n = 4) is shown in each 
panel. ....................................................................................................................................... 34 
Figure 4.8: Relative growth of S. cerevisiae WT cells cultured in YPD in the presence of 
CuSO4. Relative growth was calculated as the percentage of the OD600 of stressed/control cells. 
Each dataset shows the mean of four independent biological replicates (n = 4). .................... 34 
Figure 4.9: Relative growth of S. cerevisiae WT cells cultured in YPG in the presence of 
CuSO4. Relative growth was calculated as the percentage of the OD600 of stressed/control cells. 
Each dataset shows the mean of four independent biological replicates (n = 4). .................... 35 
Figure 4.10: Relative growth of S. cerevisiae WT cells cultured in YPE in the presence of 
CuSO4. Relative growth was calculated as the percentage of the OD600 of stressed/control cells. 
Each dataset shows the mean of four independent biological replicates (n = 4). .................... 35 



xv 
 

Figure 4.11: Growth curves of S. cerevisiae WT cells cultured in YPD in the presence of 
CuSO4. A representative curve from four independent biological replicates (n = 4) is shown in 
each panel. ............................................................................................................................... 36 
Figure 4.12: Growth curves of S. ceUeYLVLae ǻKaS4 cells cultured in YPD in the presence of 
CuSO4. A representative curve from four independent biological replicates (n = 4) is shown in 
each panel. ............................................................................................................................... 36 
Figure 4.13: Growth curves of S. ceUeYLVLae ǻUWg2 cells cultured in YPD in the presence of 
CuSO4. A representative curve from four independent biological replicates (n = 4) is shown in 
each panel. ............................................................................................................................... 36 
Figure 4.14: Relative growth of S. cerevisiae WT cells cultured in YPD in the presence of 
CuSO4. Relative growth was calculated as the percentage of the OD600 of stressed/control cells. 
Each dataset shows the mean of four independent biological replicates (n = 4). .................... 37 
Figure 4.15: Relative growth of S. ceUeYLVLae ǻKaS4 cells cultured in YPD in the presence of 
CuSO4. Relative growth was calculated as the percentage of the OD600 of stressed/control cells. 
Each dataset shows the mean of four independent biological replicates (n = 4). .................... 37 
Figure 4.16: Relative growth of S. ceUeYLVLae ǻUWg2 cells cultured in YPD in the presence of 
CuSO4. Relative growth was calculated as the percentage of the OD600 of stressed/control cells. 
Each dataset shows the mean of four independent biological replicates (n = 4). .................... 37 
Figure 4.17: FE-SEM image of bare surface of SPE .............................................................. 39 
Figure 4.18: FE-SEM image of SPE coated with PDA .......................................................... 39 
Figure 4.19: FE-SEM image of SPE with PDA immobilized WT yeast cells. ...................... 40 
Figure 4.20: Image of SPE with immobilized yeast cells. ..................................................... 41 
Figure 4.21: Assembly used for electrochemical characterization of biosensors prepared using 
immobilized yeast cells on the surface of SPE. ....................................................................... 41 
Figure 4.22: Cyclic voltammetry for the bioelectrode in the presence of redox mediator 
prepared with WT S. cerevisiae cells in the PDA matrix (blue), dead yeast cells in PDA (red), 
and sterile electrodes prepared with polydopamine alone (black). Results are the average of 
three independent biological replicates. .................................................................................. 42 
Figure 4.23: Nyquist plot for samples at OCP. Frequency range 0.05 Hz ± 50 kHz,  potential 
scan from -100 mV to 400 mV with a step potential of 50 mV. ............................................. 42 
Figure 4.24: Bode plot for samples at OCP. Frequency range 0.05 Hz ± 50 kHz,  potential scan 
from -100 mV to 400 mV with a step potential of 50mV. ...................................................... 43 
Figure 4.25: Representative DFRT plots for samples at OCP. Frequency range 0.05 Hz ± 50 
kHz,  potential scan from -100 mV to 400 mV with a step potential of 50 mV. ..................... 43 
Figure 4.26: Schematic representations of equivalent circuit................................................. 44 
Figure 4.27: Interfacial resistance for samples at bias potential. Frequency range 0.05 Hz ± 50 
kHz,  potential scan from -100 mV to 400 mV with a step potential of 50 mV. ..................... 44 
Figure 4.28: Effective capacitance for all samples at bias potential. Frequency range 0.05 Hz 
± 50 kHz,  potential scan from -100 mV to 400 mV with a step potential of 50 mV. ............. 45 
Figure 4.29: Amperometric iít traces of S. cerevisiae WT cells grown in glucose, glycerol and 
ethanol as carbon source at 0.4 V versus CE, C; RE, Pseudo Ag with 0 µM (blue), 10 µM 
(yellow), 50 µM (pink), 100 µM (black) CuSO4 under aerobic conditions. ........................... 46 
Figure 4.30: Current density of S. cerevisiae WT cells grown in glucose, glycerol and ethanol 
as carbon source at 0.4 V versus CE, C; RE, Pseudo Ag with different concentration of CuSO4 
(0, 10, 50, 100 µM) under aerobic conditions after 2500 s of incubation. .............................. 47 



xvi 
 

Figure 4.31: Relationship between CuSO4 concentrations and current density during 
chronoamperometry at EAPP: +0.40 V. R2: 0.998 for bioelectrodes prepared by immobilizing 
WT cell cultured in YPD. Error bars indicate one standard deviation. .................................... 48 
Figure 4.32: Relationship between CuSO4 concentrations and current density during 
chronoamperometry at EAPP: +0.40 V. R2: 0.996 for bioelectrodes prepared by immobilizing 
WT cell cultured in YPG. Error bars indicate one standard deviation. .................................... 48 
Figure 4.33: Relationship between CuSO4 concentrations and current density during 
chronoamperometry at EAPP: +0.40 V. R2: 0.947 for bioelectrodes prepared by immobilizing 
WT cell cultured in YPE. Error bars indicate one standard deviation. .................................... 48 
Figure 4.34: Chronoamperometric of S. ceUeYLVLae WT, ǻKaS4 and ǻUWg2 cells at 0.4 V versus 
CE, C; RE, Pseudo Ag with 0 µM (blue), 10 µM (yellow), 50 µM (pink), 100 µM (black) 
CuSO4 under aerobic conditions.............................................................................................. 49 
Figure 4.35: Current density of WT, ǻKaS4 and ǻUWg2 cells at 0.4 V versus CE, C; RE, Pseudo 
Ag with different concentration of CuSO4 (0, 10, 50, 100 µM) under aerobic conditions after 
2500 s of incubation. ............................................................................................................... 50 
Figure 4.36: Relationship between CuSO4 concentrations and current density during 
chronoamperometry at EAPP: +0.40 V. R2: 0.998 for bioelectrodes prepared by immobilizing 
WT cell cultured in YPD. Error bars indicate one standard deviation. .................................... 51 
Figure 4.37: Relationship between CuSO4 concentrations and current density during 
chronoamperometry at EAPP: +0.40 V. R2: 0.902 for bioelectrodes prepared by immobilizing 
ǻKaS4 cell cultured in YPD. Error bars indicate one standard deviation. ............................... 51 
Figure 4.38: Relationship between CuSO4 concentrations and current density during 
chronoamperometry at EAPP: +0.40 V. R2: 0.986 for bioelectrodes prepared by immobilizing 
ǻUWg2 cell cultured in YPD. Error bars indicate one standard deviation. ................................ 51 
Figure 5.1: EmStat pico development board .......................................................................... 53 
Figure 5.2: EmStat pico potentiostat. ..................................................................................... 54 
Figure 5.3: Working prototype of handheld device with in-house biosensors connected to 
android tablet for electrochemical quantification of CuSO4. ................................................... 54 
Figure 5.4: Amperometric i-t traces of SPE ± yeast bioelectrode obtained from prototype with 
different concentrations of CuSO4. .......................................................................................... 55 
Figure 5.5: Box plot of current density values at 2500 s from chronoamperometric analysis of 
SPE ± yeast bioelectrode obtained from prototype with different concentrations of CuSO4. . 55 
Figure 5.6: Relationship between CuSO4 concentrations and current density during 
chronoamperometry at EAPP: +0.40 V for three cases. Error bars indicate one standard deviation.
 ................................................................................................................................................. 56 
Figure 5.7: Block diagram of complete system architecture. ................................................. 58 
Figure 5.8: Display of index page of web application. ........................................................... 58 
Figure 5.9: Display of data visualization page of web application showing i ± t trace. ......... 59 
Figure 5.10: Display of data visualization page of web application showing classification of 
sample into different categories based on current density values at 2500 s of CA data. ......... 59 
Figure 6.1: Display of Matlab-App interface for quantification of spotting assay. ................ 63 
Figure 6.2: Flowchart diagram of Matlab-based algorithm for yeast growth quantification. 64 
Figure 6.3: Effect of Sodium chloride on growth of wild type and ǻUWg2 cells. Wild type (WT) 
and RTG2-lacking cells (ǻUWg2) were grown overnight in YPD medium and diluted to 1.0 
OD600. Ten-fold serial dilutions were spotted on YPD agar plates without (CTRL) or with 0.4 



xvii 
 

and 0.8 M sodium chloride (NaCl). Cell growth was analyzed after 2 days of incubation at 
30°C. Images were acquired by ChemiDoc Touch Imaging System. ..................................... 67 
Figure 6.4: Spotting assay quantification. Masked area and numerical results from 
quantification process on wild type (WT) and RTG2-lacking strain (ǻUWg2) with and without 
NaCl stress at the indicated concentrations using Spotting Assay Quantification (GUI). ...... 68 
Figure 6.5: Cell growth of wild-type (WT) and RTG2-lacking strain (ǻUWg2) using Matlab app 
and image J-based protocols. The third dilution on plate was selected to calculate absolute 
values. Average of three independent experiments is reported, p < 0.05 (ANOVA-alpha) is 
significant, *p < 0.0001 and ** p < 0.00001. .......................................................................... 68 
Figure 6.6: Numerical results from wild type (WT) and RTG2-lacking strain (ǻUWg2) without 
and with NaCl stress using ImageJ software. In both panels (WT and ǻUWg2), 1, 2 and 3 were 
referred to control cells, 0.4 and 0.8 M NaCl treated cells, respectively. The mean of each 
sample corresponded to the numerical results calculated using ImageJ protocol [240]. ......... 70 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



xviii 
 

List of Tables 
 
Table 3.1: Parameters obtained for the equivalent circuit elements of the control electrodes 
prepared with only yeast and only PDA, and for the complete biohybrid electrode prepared with 
yeast and PDA. The values are calculated based on the fitted impedance spectra. ................. 28 
Table 4.1: Percentage increase of current densities at 2500 s in amperometric iít traces of 
biosensors prepared using S. cerevisiae WT strain cultured in YPG and YPE with respect to 
YPD, at 0.4 V versus CE, C; RE, Pseudo Ag with different concentration of CuSO4 (0, 10, 50, 
100 µM) under aerobic conditions. ......................................................................................... 47 
Table 4.2: LoD, R2, and sensitivity of bioelectrodes prepared by immobilization of S. cerevisiae 
WT strain cultured in glucose, glycerol and ethanol as carbon after 2500 s of incubation with 
different concentration of CuSO4 (0, 10, 50, 100 µM) under aerobic conditions. .................. 49 
Table 4.3: Percentage increase of current densities at 2500 s in amperometric iít traces of 
biosensors prepared using S. cerevisiae ǻKaS4 and ǻUWg2 strains with respect to WT, at 0.4 V 
versus CE, C; RE, Pseudo Ag with different concentration of CuSO4 (0, 10, 50, 100 µM) under 
aerobic conditions. ................................................................................................................... 50 
Table 4.4: LoD, R2, and sensitivity of biosensors prepared by immobilization of S. cerevisiae 
WT, ǻKaS4 and ǻUWg2 strains cultured in glucose as carbon after 2500 s of incubation with 
different concentration of CuSO4 (0, 10, 50, 100 µM) under aerobic conditions. .................. 52 
Table 5.1: LoD, R2, and sensitivity of bioelectrodes prepared by immobilization of S. cerevisiae 
WT strain cultured in YPD after 2500 s of incubation with different concentration of CuSO4 (0, 
10, 50, 100 µM) under aerobic conditions. ............................................................................. 56 
Table 6.1: Comparison of available software tools for yeast growth quantification on agar plate.
 ................................................................................................................................................. 64 
Table 6.2: Average quantification values and growth inhibition calculated via Matlab app or 
Image J protocol. Average quantification values were determined via Matlab app or Image J 
protocol and relative growth of control cells was set as 100%. Growth inhibition (GI) was 
calculated by measuring relative growth of stressed cells (exposed to 0.4 or 0.8 M NaCl) with 
respect to control and then subtracting to the value of 100. .................................................... 69 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  



xix 
 

Thesis Organization 
 
Chapter 1: A review of the state of the art topics covered in this thesis is presented. Basics of 
yeast based biosensors, are briefly explained. The effect of CuSO4 on yeast cells along with cell 
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Chapter 1    
 
INTRODUCTION TO BIOSENSORS 

The agricultural sector of the world is facing a wide spectrum of challenges like lack of water 
management, declining soil organic matter, diseases, pests, and chemicals management [1, 2]. 
Therefore, it is necessary to consider methods to make agriculture sustainable. This concept is 
related to the field in research called Precision Agriculture (PA). PA concept is completely 
reliant on modern day technologies [3]. The backbone of implementation of PA is a sustainable 
detection system for collection of accurate data [4-8]. PA involves the application of technology 
and agronomic principles to control variations in temporal, spatial and individual aspects 
related to production [9, 10]. The International Society of Precision Agriculture has described 
PA aV ³a managemenW VWUaWeg\ WhaW WakeV accoXnW of WempoUal and VpaWial YaUiabiliW\ Wo impUoYe 
VXVWainabiliW\ of agUicXlWXUal pUodXcWion´ [11]. Some specific advantages offered by PA 
practices, also recognized by the European Commission, include the increase in accuracy of 
field work, higher operation speed, remote monitoring, precise application of crop management 
inputs such as fertilizer, seeds, and pesticides, resulting in lower costs and enhances outputs as 
well as increase in water efficiency and optimal use of irrigation water [12, 13]. Beyond the 
certain advantages, the adoption of PA models still requires time, ad hoc competences, 
education, support, and investments. However, the core network of PA is made by three main 
actions: data acquisition, communication technology and decision processes [12]. For this 
reason, PA tools involve a vast array of technologies including hardware and software, such as 
portable sensors, mobile devices, Internet of Things (IOT) and many more. For PA agriculture, 
the sensing layer is the most important as it is responsible for the data acquisition [9, 11]. 
Generally, these sensors are coupled with smart transmission systems such as NB-IoT, LoRa 
and Sigfox foU IoT, alloZing Whe deYelopmenW of a denVe and ³cXlWXUe Vpecific´ daWa acqXiViWion 
system [14]. In recent years, specific in-situ IoT sensors, connected to a centralized system, 
able to periodically acquire data have been developed [15]. However, most of them are mainly 
used to monitor physical parameters, others have been presented as methods but are not yet 
ready to be used in applications as they are still at the stage of laboratory devices and only few 
are available as commercial systems [14, 16, 17]. Recently, a relevant part of the scientific 
research dealing with the development of PA sensors has dedicated its attention to biological 
systems, because of their high specificity and sustainability. Among the emerging novel trends 
and streams in agriculture related detection and sensing technologies, biosensors are now 
considered most significant in all fields concerning agriculture. As they provide efficient means 
for detection of hazardous pollutants and chemicals. The schematic diagram of a biosensor is 
shown in Fig. 1.1. Biosensors are defined as analytical devices that use biorecognition elements 
(such as enzymes, antibodies, nucleic acids, aptamers, cells, tissues etc) to interact with the 
target analyte in order to produce an input biochemical signal. This signal is then converted, by 
the transducer element, into a different output signal (electric, optical, acoustic etc.), 
proportional to the concentration of the analyte [18-20]. Biosensors have gained immense 
interest from researcher in past few years [19, 21]. The main reason behind this significant 
increase is the need to develop portable, simple, rapid, and cost effective analytical devices for 
detection of environmental pollutants, disease markers and potential toxic molecules to improve 
quality of life and to minimize health risk to living beings [19, 22-24]. Conventionally, 
techniques like high performance liquid chromatography (HPLC), ion-exchange 
chromatography (IEC) and optical methods like calorimetry are mainly carried out for analysis. 
Although the conventional techniques provide better sensitivity and selectivity, they are 
complex, time consuming and expensive. Moreover, they require sample purification, 
extraction and/or derivation steps before analysis [24].  
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Figure 1.1: Schematic diagram of a biosensor. A biosensor includes biorecognition element 
for sensing, transducer for conversion of representative response into a detectable signal 
connected to signal processing unit to obtain a quantifiable output. 

Due to these reasons, the conventional techniques require specialized operator and hence they 
are not considered the best solution for repetitive, continuous, online and point-of-cure analysis 
applications. Ideally speaking, biosensors have the capability to mitigate the drawbacks in 
conventional techniques by providing rapid, low cost, point-of-cure detection without skilled 
user. Typical example of biosensor with all above-mentioned characteristics is glucometer (for 
detection of glucose in blood), whose first commercial piece, developed by Yellow Spring 
Instruments (YSI), dates back to 1975 [19, 24]. Since the development of amperometric glucose 
electrode, electrochemical biosensors are widely used for clinical, environmental, industrial, 
and agricultural applications [25]. Generally, electrochemical biosensors present ease of 
miniaturization, batch fabrication and integration with electrical acquisition systems. Moreover, 
the signal collection devices for current and potential are low cost, portable and have low power 
consumption [26-28]. Thus hold the promise to provide point-of-care diagnosis. However, 
electrochemical biosensors who reach industrial stage are very limited, and one of the reasons 
is lack of affinity recognition of bioreporter (whole cells, protein, nucleic acid) towards analyte 
of interest. This short coming requires search for new bioreporters. Recently, unicellular 
microorganisms with developed cell wall like yeast and bacteria have attracted the attention of 
researchers. Unlike aptamers and enzymes (need pretreatment), whole cell biosensors are 
capable of detection in bioavailable forms. Moreover, they need less demanding growth 
conditions and can be generally modified to obtain required response. Thus, making them more 
suitable for on-site electrochemical applications [29-32]. One of such organisms is yeast species 
Saccharomyces cerevisiae (S. cerevisiae), tolerate extreme environment, lack biofilm 
formation, produce ethanol instead of CO2, provide ease of access, is non-pathogenic and above 
all has a well characterised metabolism and genome [33]. It is well known for its use of 
fermentable and non-fermentable carbon sources for energy production like glucose and 
ethanol, glycerol respectively for energy production [34]. Moreover, S. cerevisiae have also 
shown to produce electrical signal while decomposing organic compounds and is considered as 
one of the model organisms for electrochemical sensing [33, 35, 36]. However, in 
electrochemical biosensors extra cellular electron transfer (EET) play a pivotal role for 
detection [37] and microorganisms usually display low efficiency of EET at 
biological/inorganic interface which is a bottleneck for practical applications [38]. 
Microorganisms like yeast that lack adhesion to have effective EET, cell immobilization is 
necessary not only for sensory application but for other applications as well [39]. In this regard, 
single cell encapsulation using adhesive nanomaterials is suggested as a solution (such as Pd 
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and Au) [38, 40, 41]. Although, nanomaterials provide high conductivity, but they usually have 
week bonding, low cytocompatibility and usually environmental unfriendly. So, while 
immobilizing one should also consider biocompatibility along with stability requirements and 
one of such material is polydopamine (PDA). PDA is a naturally derived polymer that is organic 
with low toxicity, it has previously been used to immobilize yeast cells and have the ability to 
act as redox mediator as well [42]. Therefore, yeast cells immobilised with biocompatible and 
EET facilitating coating like PDA provides a promising option for electrochemical biosensing 
applications such as copper detection in agricultural circuits as fungicides used widely in 
organic farming have excessive copper contents [43]. For example, according to European 
regulations the maximum residual level (MSL) for grapes and vine is 20mg/kg and 1mg/l 
respectively [44], and soil in vineyard of some Germany [45]and Czech [46], and raw grapes 
and wine in Italy [44, 47] exceed local MSL regulations for Cu2+. As such, there is need for 
development of sensors for point-of-cure (POC) applications. Although, copper in low 
concentration is essential even for organisms [47-49] but a higher concentration of copper like 
as 0.1 mM inhibits metabolic activities in yeast and lead to sluggish fermentation [50-52]. Thus, 
making yeast a potential choice as bioreceptor for electrochemical biosensing for such 
applications. In this regard, we did an extensive study of available literature and put up a review 
article on biological and technical challenges for implementation of yeast-based biosensors 
with a citation score of 14 in one year showing the interest of research community in this topic. 
Moreover, owing to the advantages of electrochemical biosensors, promising features of yeast 
and challenges of toxicity detection in agriculture, this work is dedicated for development of 
efficient and portable IoT based biosensing detection system that can be used for environmental 
samples particularly detection of copper in soil and water from agricultural circuits. However, 
the development of biosensors using whole cell as biorecognition element is a lengthy process, 
involving multidisciplinary research as it includes the selection and manipulation of 
biorecognition elements, (particularly yeast strains in our case) able to respond to analyte of 
interest, methods of immobilization, selection of transduction mechanism and design of 
miniaturized devices appropriate to quantify the response generated by biosensors. In this 
project, we designed yeast-based biosensors paired with a handheld prototype electrochemical 
device to enable point-of-care detection of copper. Additionally, we developed a Python-based 
web application for online storage, visualization, and analysis of sample data.  

1.1 Yeast as biorecognition element 
 
Recently, yeast one of the fungi that has attained the attention of researchers to develop 
biosensors as it provides in-field applicability due to the intrinsic tolerance of its strains for 
adverse environmental conditions like salinity [53] and by elimination of sample preparation 
steps like concentration and extraction [54-56]. The presence of well-defined cell wall and 
membrane bounded organelles in yeast provides opportunity for specialized metabolism 
assessment in biosynthetic applications. The ability to genetically modify yeast due to 
separation and compartmentalization of genetic and metabolic events have provided an 
opportunity to be used for engineering of actuators, genetically modified biosensors and yeast 
based synthetic biology platform [57]. The construction of yeast based biosensors is made 
possible by selecting the yeast cells that are sensitive to a particular analyte of interest and then  
coupling them with transducers. According to biosensor design the transducer is responsible 
for detecting the specific response generated by yeast cells when biorecognition molecules are 
triggered by chemicals or analyte of interest after entering yeast cells. The specific response 
can be an electric current in case of amperometry or optical signal in case of color, fluorescence, 
or luminescence depending on reporter gene activity. The output signal is co-related to the 
primary biorecognition event, and thus it provides opportunity to calculate the effective 
concentration of the analyte of interest [58, 59]. Transduction mechanisms of yeast-based 
biosensors are presented in Fig. 1.2.  
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Figure 1.2: Transduction mechanisms of yeast-based biosensors. Different yeast species, 
genetically modified or not, can act as sensing element for analytes. Cell surface receptors and 
plasma membrane transporters are involved in the first interaction between the cell and the 
analyte. The output signals can be quantified through: amperometric/voltammetric 
measurements by means of intracellular metabolic redox reactions and redox mediators; cell 
growth inhibition and/or cell death by means of inhibition of metabolic regulatory proteins; 
optical measurements by means of the regulated activity of constitutive or inducible promoters 
fused to selected reporter genes and related proteins [60]. 

 
Generally, genetically modified yeast based biosensors present far more benefits than other 
techniques for in vitro models like its ability to reproduce similar results, provide scalability for 
high-throughput application, higher sensitivity, low-cost and robustness. Moreover, as yeast 
need less demanding condition of growth and they are more specific in detection in their 
bioavailable form they are more suitable for point-of-cure application with respect to other in 
vitro whole cell based biosensing systems [30, 61]. Currently, yeast based biosensors are 
finding their application from cytotoxins screening in surface, waste, and tap water to 
genotxins, endocrine disruption and heavy metal detection [62-64]. There are several yeast 
species that have been used for specific biosensing applications like Arxula adenivorans, Pichia 
pastoris, K. marxianus, Kluyveromyces fragilis and Hansenula polymorpha but S. cerevisiae is 
the most popular among researchers [31]. Though many yeast based biosensors have been 
developed over the past decade, optimal performance and applicability of yeast based 
biosensors is a challenge due to limitations like low concentration samples and on-site testing. 
Moreover, lack of knowledge about behavior of molecular organelles in yeast cells for a vast 
majority of toxic compound also hinders the development of sustainable yeast based biosensors 
[30]. However, many yeast-based biosensors have found their way to be normally used as 
suitable tool for detection of contaminants especially in environmental samples. For example, 
several biosensors with different variations in yeasts (because of ability to catabolize many 
substrates like nitrogenous and aromatic compounds) have been developed for BOD sensing 
and to target different organic compounds [65] . 

Moreover, in case of inorganic contaminants like heavy metals that pose a serious threat 
to environment, yeast based biosensors have been developed for detection of copper using 
genetically modified yeast with the CUP1 promotor attached to either LacZ gene [66] and GFP 
in case of fluorescent output [67] and luciferase [61], or ADE2 gene to have colorimetric 
detection [63]. Similarly, Hansenula polymorpha (yeast) genetically modified cells have been 
used to detect Cd ranging from 1 M to 900 M in a dosage dependent manner [68]. The same 
assembly was found to respond to arsenic contamination as well. Yeast cells have also been 
found to work in mixed microbial consortiums for the detection of multiple analytes such as S. 
cerevisiae together with E. coli and B. subtilis bacterial species are used together for detection 
of Cu2+ and Cd2+ by a whole-cell electrochemical biosensor [69]. Furthermore, yeast cells are 
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observed to respond accumulating methyl mercury which is known to produce adverse health 
and neurological affects, thus providing a suitable cellular model for engineering biosensors 
targeting this pledge [70]. Finally, for detection of wide range of contaminants present in the 
environment that have toxic effects to eukaryotic cells, low specificity yeast-based biosensors 
have also been engineered, notably by Hollis and colleagues [71]. Surprisingly, this biosensor, 
when applied on herbicides and heavy metals managed to screen toxic effect of elements that 
were not detected by prokaryotic biosensors. In the same way, the vacuolar metabolism of yeast 
is also used as a biomarker for the screening of heavy metals, pesticides, and toxic 
pharmaceuticals in a recently developed test based on the oxidative stress due to presence of 
these compounds [72]. Out of all the yeast species used for development of  biosensors, S. 
cerevisiae yeast is the most popular among researchers [31]. S. cerevisiae a single cell anaerobic 
microorganism with fully sequenced genome [73, 74]. Like most eukaryotic cells, S. cerevisiae 
cells are surrounded by well-defined cell walls, that provide stability to cell structure and 
promote protection against environmental stress. The cells of S. cerevisiae reproduce rapidly in 
favorable environment (approximately 90 minutes for a single generation) and under harsh 
environmental condition, the cells can become dormant and undergo sporulation [75, 76]. 
Moreover, S. cerevisiae is low cost and easy to grow in real and laboratory settings [77]. All 
these characteristics makes S. cerevisiae an ideal candidate for studies on fundamental 
processes that have provided information for better understanding of cellular biology [78, 79]. 
To date, several copper biosensors have been generated in S. cerevisiae by genetic engineering, 
using common laboratory strains equipped with different reporter systems, expressing various 
types of probes, detected by either amperometry [66, 80], luminometry [41], colorimetry [63, 
81] or fluorescence analysis [67]. All these biosensors were shown to be specific to copper with 
different levels of copper sensitivity. Keeping the advantages in mind, in this work we selected 
S. cerevisiae yeast strains to act as biorecognition element.  

1.2 Yeast and Copper 
 

Copper is an essential microelement to many biological activities, e.g., it is the catalytic 
cofactor for various proteins or enzymes of oxidative pathways [82] since it can be present in 
two different redox states (Cu2+ and Cu+). However, excessive levels can have detrimental 
effects on yeasts, possibly leading also to cell death. Among copper-dependent damages, 
oxidative stress and enzymatic inhibition have to be mentioned: the redox reaction of free 
copper especially with molecular oxygen results in the formation of reactive oxygen species 
(ROS), directly causing oxidative stress and cellular damage; the excessive copper levels may 
interfere with the function of metal-dependent enzymes by displacing other metals from their 
active sites, resulting in impaired metabolic pathways. Therefore, copper homeostasis is highly 
controlled process in the cell, occurring by high and low-affinity membrane transporters such 
as the proteins encoded by the CTR1 and FET4 genes, respectively, which may finely regulate 
the import and export fluxes. Accordingly, the expression rate of copper transporters mainly 
depends on the metal availability in the medium [83, 84]. Importantly, yeast cells also possess 
specific mechanisms to defend themselves when the external level of copper exceeds the safe 
zone and starts to become dangerous, mainly by producing protective molecules, such as the 
antioxidant tripeptide glutathione (GSH) [85], or expressing specific proteins called 
metallothioneins. Since the presence of multiple cysteine residues, carrying thiol groups (-SH) 
with significant affinity for metal cations, such as copper, metallothioneins are able to 
efficiently bind and sequester free copper ions, decreasing their excessive levels, and thus acting 
as primary detoxification agents for yeast cells [86, 87]. In S. cerevisiae, the metallothionein 
protein is encoded by the CUP1 gene that can also be present in multiple copies in yeast 
genomes. Its expression is mainly regulated at transcriptional level by the Acel activator protein 
[88]. Notably, the Acel factor directly binds copper ions, leading to the formation of a metal-
protein complex which is transcriptionally active and induces the transcription of the CUP1 
gene [89, 90]. Relevantly, observations made in different strains of S. cerevisiae indicated the 
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direct link between the high copper tolerance and the high number of copies of the CUP1 gene 
present in the strain genome, supporting the role it can play in detection of copper [91]. 

1.3 Challenges in development of yeast-based biosensors 
 
Although biosensors using yeast as biorecognition element have various advantages on their 
counterparts, nonetheless only few have reach prototyping scale, pointing out limitations for 
development of full-scale biosensors such as response time, stability and operation of assembly, 
genetic modifications, and transduction mechanisms [53, 92, 93].  

1.3.1 Safe deployment and shelf life 
 
For the swift operation of sensors based on microorganisms, cell viability and stability are two 
of the key factors and these aspects are primarily related to immobilization strategies used for 
development of these analytical devices [92]. For in field application, where the devices need 
mechanical stability while keeping biological activity, liquid cell cultures are not appropriate 
[94, 95]. In recent years, several different immobilization techniques have been assessed 
keeping in mind the final goal of transition from laboratory scale to field application. Among 
these strategies hydrogels such as agarose and alginate are most promising as they form 
polymers that are hydrophobic in nature with the ability to retain water which is beneficial for 
cell growth [96, 97]. Nevertheless, to observe appropriate response from the biorecognition 
element it is imperative to optimize the ratio of matrix and cell suspension, and these 
immobilizations are not stable for longer periods of time [98]. For long used an alternative 
proposed by researchers is the use of lyophilization. In this technique, under vacuum the water 
is removed from frozen sample keeping the integrity of cells [92] For practical applications 
cryoprotectant solution housing sensory cells are spotted on transduction mechanism prior to 
lyophilization [99]. The long-term storage capabilities enabled by using lyophilization as 
immobilization strategy is an attractive feature as various authors have reported maintenance 
of cell viability and sensitivity after months and even years of storage [100-102]. Lyophilization 
techniques address some of the long-term storage issues. However, the preservation of 
physiologically active microorganisms presents a significant bottleneck in its efficiency. In this 
regard, the use of inactive microorganisms, for example, spore form, is a possible solution. S. 
cerevisiae and other microorganisms, such as Bacillus subtilis or Clostridium difficile, can form 
spores when exposed to nutrient deficient or harsh conditions unfavorable for their growth [103, 
104]. Notably, it was found that the analytical performance of spore-based sensors did not 
change significantly after subjecting them to several sporulation-germination cycles. Recently, 
a spore-based sensor has been reported with high storage capability of up to 6 months at room 
temperature in yeast for acetic acid detection. Aside from long-term storage capabilities, the 
use of spores presents an opportunity to deploy biosensors in harsh environments [105]. 

1.3.2 Analytical performance 
 
The assessment of the accuracy of biosensors still relies on its comparison with the results of 
well-established and highly accurate analytical methods, such as liquid chromatography, mass 
spectrometry (LC±MS), gas chromatography, mass spectrometry (GC±MS), inductively 
coupled plasma mass spectrometry (ICP±MS) and other techniques. As accurate as these 
methods may be, the corresponding instrumentation is costly and requires high technical 
expertise for utilization. On the other hand, selectivity, sensitivity, time of response and limit 
of detection of biosensors is still under question. Selectivity and sensitivity, which in turn 
determine the time of response and the dynamic range, can be addressed by improving both the 
sensor strain and the transducer. Currently, methods aimed at manipulating genetic circuitries 
to improve or alter the activity of biomolecules have given investigators the opportunity to 
enhance the analytical performance of engineered microbial sensor strains. Directed evolution, 
a cyclic process mimicking natural selection and aimed at identifying functional biomolecules 
variants by genetic diversification tools and screening, is one of such technique [106]. 
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Throughout the years, numerous fluorescent proteins have been developed with altered wild-
type genetic makeup to increase their brightness and even modify their excitation and emission 
wavelengths [107]. It has been reported that small differences in cell viability between 
analytical runs can result in signal fluctuations, affecting read-out reproducibility and detection 
limits. To address this, investigators have largely relied on the use of optical density 
measurements and cell counting techniques to determine the quantity of cells in an analytical 
run. However, these techniques provide no information on the quantity of viable cells that 
produce a signal and therefore are not the best methods to ensure reproducibility of the 
measurements. Other approaches, such as the duplex reporter methodologies, have been 
explored to improve the analytical reproducibility of the sensors. It has been reported that the 
introduction of a second constitutive reporter gene acting as internal reference for correction of 
nonspecific response [108]. In the context of variable experimental conditions, the analyte 
concentration values were corrected by considering the expression of the second reporter gene, 
providing an internal baseline referred to cell viability and metabolic activity. Another 
challenge is the growing interest in engineering sensor strains for use as multiplex assays, in 
which various analytes can be detected from a single analytical run. This could be achieved by 
engineering cells with multiple differentiable reporters, each under the control of distinct 
promoters specific to each analyte of interest. For this purpose, both bacterial and yeast cells 
have been used. Recently, a multiplex biosensor for the simultaneous detection of Cd and 
arsenic in contaminated soils has been reported in which E. coli cells were transformed with 
two sets of plasmids, one for the detection of arsenic via expression of a red fluorescent protein 
and another for arsenic detection via GFP expression [109]. Similarly, S. cerevisiae cells have 
also been genetically modified with different fluorescent reporters for simultaneous detection 
of estrogenic or androgenic activities in wastewater samples via high-performance thin-layer 
chromatography (HPTLC) coupled to an optical based bioassay [110]. Finally, biosensors can 
vary greatly in their time of response. In inducible biosensors, microbial cells must first detect 
a bioavailable analyte and subsequently produce a quantifiable signal. Many factors can play a 
role that will affect the response time of an inducible sensor strain. This includes the 
permeability of the cells to a given analyte, the diffusion rate of an analyte through the sample 
matrix, the complexity of genetic circuitries employed, the strength of the underlying molecular 
recognition events, the metabolic rate of the microbial cell and the type of reporter molecule 
employed. Efforts aimed at improving the analytical parameters of a sensor strain, such as 
incorporating additional regulatory components which could result in lengthening the time of 
response due to increased metabolic load. In certain cases, the response can be quite rapid. For 
example, certain nonspecific and specific biosensors can produce result within 1±15 min [111] 
. However, time of response and detection limits are intimately related. In many cases the time 
of response needs to be lengthened to allow for improved detection limits via increased 
production of the reporter protein, yielding higher signal-to- noise ratios. Thus, the trade-off 
between time of response and detection limits allows for tailoring of these parameters to the 
needs of a given biosensors application. 

1.3.3 Technical aspects 
 
Apart from the bio-recognition element, the role of the transduction mechanism is crucial in the 
analytical performance of biosensors and their transition to prototype stage. In this regard, ion 
sensitive field effect transistors (ISFETs) have several advantages and are considered most 
promising over conventional transducers due to their simple and low-cost design [112-117]. As 
the channel region is isolated from the ionic solution, ion-induced instabilities of sensors such 
as hysteresis, drift and dissolution of channel materials are prevented, thus extending the 
durability of the biosensor device [118-121]. Field effect transducers (FETs) are reusable, while 
the sensing parts are disposable, which simplifies the device fabrication and reduces the cost 
[68, 115, 116]. However, the application of such transducers is limited to devices dealing with 
ionic solution.  Another challenge that biosensor face is time of response, and it is related to 
mass transport to transducer [122]. The most common method for extending the sensing 
interface involves the use of magnetic nanoparticles or redox mediators that facilitate 
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extracellular electron transfer. As dispersing the nanoparticles throughout the sample reduces 
the distance over which species must diffuse, the response time is thus decreased. This approach 
switches the sensing paradigm from making the analyte find the sensor to making the sensor 
find the analyte [123]. For cost-effectiveness, researchers consider biosensor miniaturization 
for simple, affordable, and efficient detection and quantification of analytes. Microfluidic 
platform-assisted miniaturized biosensing systems show promises in this regard. A 
miniaturized biosensor will also ease the integration, automation, multiplex detection, and 
transmission of data for use in areas where well-trained personnel may not be available [124, 
125]. Nevertheless, further research is needed to enhance the transduction mechanisms, which 
in turn can help to improve miniaturizing biosensors technologies for field applications. 
Notably, most of the yeast-based biosensors developed in the last years are based on an optical 
transduction mechanism, where fluorescence, luminescence or color are the output signals. 
Nevertheless, in view of real applications, the implementation of yeast biosensors based on 
amperometric detection may be taken into consideration given that amperometric biosensors 
present some advantages in terms of sensitivity, cost of equipment and integration into portable 
devices [126]. For amperometric biosensors, the monitoring process implies measurement of 
changes in electric current, due to specific cellular reactions and use of specific electrodes. In 
this frame, yeast capacity to produce protons and electrons from catabolic processes is directly 
correlated to the biosensor activity [126]. Amperometric biosensors are not without their own 
challenges. Different substrates oxidation processes, aerobic or anaerobic conditions and 
cellular growth phases have different impact on the electron transfer rate and consequently 
current output [127, 128]. Another important aspect affecting the electric signal is the cell 
adhesion to the working electrode which in turn is influenced by the electrode material. 
Electrode surface should be chemically inert and easy to produce. A wide range of materials 
have been used such as carbon, cloth, graphite foil, rods, metal or metal nanoparticles to modify 
working electrodes. Among them, graphite and carbon have been used for most proof-of- 
concept studies, due to its chemical inertness and ease of production. Furthermore, graphite and 
carbon is biocompatible and can be easily modified to increase the concentration of positively 
charge functional groups on the surface, which promote cell attachment and biofilm formation. 

1.4 Cell immobilization  
 
During the development of any biosensor, one of the main challenges is integration of 
biorecognition element (such as enzymes, antibodies, nucleic acids, aptamers, cells, 
tissues etc) with transducer surface [129]. Cell immobilization is a process in which the 
microorganism is entrapped in a suitable and stable matrix. Generally, it is one of most 
important steps in development of biosensors sing microorganisms as biorecognition element 
because in order to obtain the highest possible signal, the microorganism should be in close 
contact with transducer.  To make it possible, the matrix used for immobilization must allow 
mass transfer of nutrients and metabolites while still protecting the cells from diffusion in 
surrounding medium and sheer forced in electrochemical cell. It should be biocompatible and 
provide stability to microorganism against the contamination [130]. Using immobilization 
structures of microscopic sizes like cells are packed and concentrated into macroscopic 
particles. The benefit of using immobilization is that cells can be used in non-sterile condition, 
and it also provides re-useability as the cells can be washed with water or buffer after each 
assay. This recycling advantage provided by immobilization in biosensors provides an added 
value in online, automatic, and continuous systems. There are several factors that need to be 
considered while choosing the immobilization such as nature of analyte of interest and 
biorecognition element, operating conditions and type of transducer used for specific sensing 
application. Above all the immobilizations must provide a favourable microenvironment to 
biorecognition element to ensuring maximum activity [131]. 
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Figure 1.3: Schematic illustration showing immobilization methods: (a) Adsorption, (b) 
Entrapment, (c) Covalent binding, (d) Cross-linking [134]. 

1.4.1 Methods for cell immobilization 
 
Immobilization of microorganisms on transducer or support matrices is achieved by both 
physical and chemical methods. Physical methods of immobilization include absorption and 
entrapment while chemical methods include cross-linking and covalent binding [132]. The 
successful implementation of immobilization depends on selection of type of immobilization 
as there are specific operating conditions for each immobilization [133] and unsuitable 
immobilization selection may lead to changes in structure, active site and biomass blockage, 
leading to loss to biochemical activity of microorganism.  
1.4.1.1 Adsorption  
 
Among all the techniques used physical adsorption is considered to be the oldest, low cost and 
simplest way of immobilization. Fig. 1.3 (a) shows schematic illustration adsorption. In 
adsorption the physical forces (van der Waals forces) of the immobilization matric keep the 
microorganism entrapped or attached to transducer surface [135]. Generally, a cell suspension 
with immobilization matrix such as alumina and glass bead are drop casted on the surface of 
electrode or incubated with the electrode [136, 137]. The physical adsorption-based 
immobilizations are achieved by ionic, polar, hydrogen or hydrophobic interactions. However, 
these immobilizations are generally not very stable due to long term use due to desorption of 
microorganism [138]. Immobilization using adsorption have advantages such as easy 
preparation, simple operating conditions, and reliability, however such immobilization usually  
displays decreasing efficiency due to loss of biomass over time  as a result of weak affinity 
between carrier and cell. Therefore, it is necessary to develop carriers with strong adsorption 
capacity to improve the immobilization effect when this technology is employed. 
1.4.1.2 Entrapment  
 
For the immobilization of bio-receptors like whole cells the most preferred technique is 
entrapment. Fig. 1.3 (b) shows schematic illustration adsorption. In this technique, biopolymers 
or synthetic polymers are used to embed microorganisms. The materials used for such 
immobilizations include carrageenan, chitosan, collagen, polyacrylamide, poly(ethylene 
glycol), polyurethane  or polyvinyl alcohol (PVA) [139]. A drawback of entrapment based 
immobilization is the presence of high diffusion resistance due to nature of entrapment material, 
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resulting in higher detection limit and lower sensitivity [140]. 
1.4.1.3 Covalent Binding 
 
Covalent binding depends on creation of covalent bonds among nucleophilic groups on the 
biomass material and chemical groups on the surface of the carrier [141], it is specifically 
appropriate for immobilizing biomasses to increase stability. However, covalent binding at 
times is reported to damage cell structure i.e., cell membrane due to chemical reaction during 
the formation of covalent bond and thus minimizing the biological activity. Fig. 1.3 (c) shows 
schematic illustration adsorption. This type of immobilization is not very popular among 
researchers and is more favorable in conditions when the cells are in active [132]. Generally, 
this immobilization technique shows a better connection between the carrier and the biomass 
materials, resulting in better stability, but the method has a higher level of complexity [142], 
making it less suitable for industrialization. Covalent bonding may alter the spatial structure of 
the biomass materials, resulting in change of original functions and biological properties of 
biomass causing biological activity loss [143]. 
1.4.1.4 Cross-Linking 
 
In comparison to covalent bonding, cross-linking immobilization is more commonly applied 
and displays better bonding, higher stability, and simpler operation.  Cross linking is achieved 
using cross-linking agents that play pivotal role in immobilization. Fig. 1.3 (d) shows schematic 
illustration adsorption. Generally acknowledged cross-linking agents consist of isocyanate, 
glutaraldehyde, hexane diamine, maleic anhydride and diacetamide derivatives. In comparison 
to adsorption, the process of crosslinking is irreversible in nature and generally cytotoxic in 
nature. Similar to covalent binding this method is more applicable with in active cells [140]. In 
practical applications multiple methods are used together to address the shortcomings of a 
particular technique, such as adsorption±covalent [144, 145] and covalent±cross linking [146]. 
The use of combination of two immobilization methods can lead to improvement in stability of 
microorganisms as well as its adaptability to the microenvironment. 

1.4.2 Polydopamine (PDA) 
 
Polydopamine (PDA) is an emerging nature-inspired biopolymer material that possesses many 
interesting properties including self-assembly and universal adhesion. Recently, PDA 
biopolymer, a key component of protein excreted my marine mussels that forms a strong 
adhesion with various substrate and facilitate EET is suggested for immobilization [147, 148]. 
PDA being organic in nature undergoes biological self-polymerization under alkaline 
conditions in aqueous phase. Furthermore, it has structural properties like adhesive amino acids 
like 3,4-dihydroxyphenylalanine, tyrosine, and lysine [149]. PDA shells are believed to be 
produced by the strong covalent bonding between PDA and cell wall (glycol) protein amines 
or thiol moieties [150, 151]. Interestingly it was observed that PDA coating provide individual 
cell encapsulation, with a positive impact on the area of cell-based sensors and devices [150]. 
Such coating has also recently been used for biocatalytic asymmetric reduction and 
cytoprotection [152, 153] found to be independent of composition of substrate [154], promoting 
EET [155] and implemented with yeast cells as well [150]. Therefore, yeast cells immobilized 
with biocompatible and EET facilitating coating provides a promising option for 
electrochemical biosensing applications such as Cu2+ detection in agricultural circuits as 
fungicides used widely in organic farming have excessive copper contents [43]. Therefore, in 
this work PDA has been used as immobilization matrix for yeast cells with different growth 
conditions on the surface of transducers for development of biosensors. 
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Figure 1.4: Classification of electrochemical biosensors  

1.5 Electrochemical Biosensors 
 
Electrochemical biosensors are the most extensively studied and explored biosensors. Through 
literature review of biosensors, it was observed that electrochemical biosensors are most 
promising and common ones, and thus our field of interest [156, 157]. Electrochemical 
biosensors present several advantages over their counterparts such as low cost instrumentation 
and reagents, low limits of detection (LoD), robustness, ease of miniaturization and versatility. 
MoUeoYeU, VXch deYiceV can boWh be deYeloped aV ³Vingle VhoW´ anal\ViV WoolV foU applicaWionV 
requiring diVpoVable deYiceV (food qXaliW\ moniWoUing, clinical anal\ViV eWc.) and ³long-term 
moniWoUing´ anal\ViV WoolV foU applicaWionV (VXch aV pollXWion moniWoUing) UeqXiUing deYiceV WhaW 
should operate for continuous monitoring. The operation of these biosensors depends on 
electrochemical properties of the analyte of interest and transducer. Electrochemical biosensors 
offer high selectivity, sensitivity, and the low cost detection.  
In these biosensors, an electrochemical interaction takes place on surface of transducer between 
biorecognition element and analyte generating quantifiable electrochemical output in the form 
of voltage, current, impedance, and capacitance [156, 157]. Therefore, we focused on the 
development of electrochemical yeast based biosensors in this work. 

1.5.1 Classification of Electrochemical Biosensors 
 
On the basis of transduction principle, electrochemical biosensors are subdivided as: 
potentiometric, amperometric, conductometric, voltametric and impedimetric [156-159]. Fig. 
1.4 illustrates the classification (a) Potentiometric, (b) Amperometric, (c) Conductometric, (d) 
Voltametric and Impedimetric biosensors. 
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Figure 1.5: Schematic diagram of (a) Amperometric/Voltametric, (b) Potentiometric, (c) 
Conductometric biosensors, and (d) equivalent circuit of the Impedimetric biosensor (Cdl = 
double-layer capacitance of the electrodes, Rsol = resistance of the solution, Cde = capacitance 
of the electrode, Zcell = impedance introduced by the  bound nanoparticles, and Rcell and Ccell are 
the resistance and capacitance in parallel) [160]. 

1.5.1.1 Potentiometric Biosensors 
 
Potentiometric transducers measure the difference in potential between working and reference 
electrode surface resulting from depletion of accumulation of ions. These electrodes are usually 
ion selective in nature (pH, ammonium, chloride and so on). To transform a biochemical 
reaction into a potential signal, ion-selective electrodes, and ion-sensitive field-effect transistors 
are used  [156-159, 161]. In general, there is a logarithmic co-relation between measured signal 
and analyte concentration and hence these transducers provide a wide detection range. The 
measured signal is correlated to the analyte concentration [162-164]. A schematic diagram of 
potentiometric biosensors is shown in Fig. 1.5 (b). 
1.5.1.2 Amperometric Biosensors 
 
Amperometric transducers operate in a two or three electrode configuration. These sensors 
measure the current produced due to electrochemical oxidation or reduction of electroactive 
species at the working electrode when a constant potential is applied to the working electrode 
with respect to the reference electrode. The current produced on the surface of the working 
electrode is proportional to the concentration of the analyte present in the solution [156-159]. 
Fig. 1.5 (a) shows the schematic representation of amperometric biosensors. The materials used 
for manufacturing these electrodes are metals such as carbon, stainless steel, platinum, silver, 
or gold [162]. The most used technique for characterisation in these biosensors is 
chronoamperometry (CA) and same has been used in this work to observer steady state 
electrochemical response of our developed biosensors.  
1.5.1.3 Conductometric Biosensors 
 
Conductometric transducers measure the conductivity of electrochemical system during the 
course of reaction and these transducers are made up of thin-film interdigitated electrodes. 
These transducers are useful for reactions in which the ionic composition of the sample under 
consideration is changed due to consumption or production of charged species (enzyme 
catalyzed reactions). However, the biggest limitation in using these transducers is that of the 
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measurement of conductance of solution is nonspecific parameter and hence these transducers 
are not widely used [162, 165-167]. A schematic representation of conductometric biosensors 
is shown in Fig. 1.5 (c). Conductometric and impedimetric biosensors are usually used to 
monitor metabolic processes in living biological systems [158, 168]. 
1.5.1.4 Voltametric Biosensors 
 
Voltametric transducers detect analyte by measuring the current during the controlled variation 
of the applied potential. Fig.1.5 (a) shows the schematic representation of voltametric 
biosensors. Advantages of these sensors include highly sensitive measurements and 
simultaneous detection of multiple analytes [158]. Basic characterization techniques used in 
voltametric biosensors include cyclic voltammetry (CV), linear sweep voltammetry (LSV) and 
pulsed voltammetry (PV). In this work CV has been used to study the electrocatalytic response 
of the biosensors.  
1.5.1.5 Impedimetric Biosensors 
 
A schematic diagram of potentiometric biosensors is shown in Fig. 1.5 (d). Impedimetric 
biosensors measure the electrical impedance produced at the electrode/electrolyte interface 
when a small sinusoidal excitation signal is applied. It involves the application of low amplitude 
AC voltage at the sensor electrode and then the in/out of phase current response is measured as 
a function of frequency using an impedance analyzer [158, 169]. One of the most commonly 
used techniques in impedimetric biosensors is electrochemical impedance spectroscopy. We 
have used this technique in our work for characterization of PDA immobilization on the surface 
of transducers.  
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Chapter 2  
 
CELL GROWTH AND CHARACTERIZATION TECHNIQUES  

 
In this chapter the methods and characterization techniques used for yeast cell 
(biorecognition element) growth as well as analysis of biosensors are reported, respectively. 
In the first section the culture media preparation and process of growing yeast cells is 
described which are used for the preparation of biosensors. In the second section the 
characterization techniques used for the sample analysis and characterization of biosensors 
are described briefly. This chapter provides the theory and experimental overview of 
fabrication and characterization techniques. 

2.1 Methods 

2.1.1 Preparation of culture media 
 
In this study cells of S. cerevisiae strains W303-1B (WT) cells (MAT ade2 leu2 his3 trp1 ura3) 
and derivatives rtg2 (rtg2::LEU2) and (hap4:: KanMX4) were used as biorecognition element. 
To culture S. cerevisiae strains YPD (1% yeast extract, 2% Peptone, 2% glucose) media was 
used in most experiments. However, in some experiments, glucose was replaced with glycerol 
and ethanol as well. In general, calculated weight of reagents in powdered form are dissolved 
in suitable volume of MilliQ water to prepare the culture media. The solution is covered with 
paraffin and placed in autoclave at 120 °C for 15 min for sterilization.  In case of solid media, 
YPD mixture was further added with 2% agar and after sterilization the media was poured in 
Petri dishes. The plates were left at room temperature for media to solidify then stored in -4°C 
to avoid contamination. When needed, media (liquid or solid) were added with analytes of 
interest: copper sulphate and sodium chloride (Sigma Aldrich), diluted from stock  solutions 
that were  prepared by dissolving appropriate amounts of analytes of interest in milliQ water.  

2.1.2 Growth of yeast strains 
 
In general, to observe the growth in both solid and liquid media, different yeast strains were 
inoculated in 3mL of YPD from plate culture and incubated in shaking incubator overnight at 
30 °C as preculture.  
2.1.2.1 Growth of cells in solid media  
 
For growth in solid media, the optical density (OD600) of overnight yeast cultures was corrected 
to OD600 = 1.0. Five serial dilutions (1:10) were made for each strain in 1 mL eppendorfs. 5 µL 
of each dilution were carefully spotted with the help of micropipette under sterile conditions, 
on YPD ± CuSO4/NaCl agar plates by placing them on a grid. The spotted plates were incubated 
at 30 °C for 2 days and plate images were taken every 24 h using ChemiDoc Touch Imaging 
System [170]. 
2.1.2.2 Growth of cells in liquid media   
 
For micro and batch-culture growth assays, fresh overnight cultures were diluted in triplicate 
in microtiter well plates and flasks to the same initial OD600. Optical density was continuously 
recorded using a high-precision TECAN microplate reader provided with a shaker and a 
temperature control environment and by using spectrophotometer at regular intervals of time. 
Growth curves from both assays were analyzed in Origin and relative growth was calculated in 
as the percentage of the optical density values under stress conditions (with CuSO4) in 
comparison to the control (without CuSO4) at specified times. At least three replicates of each 
culture were analyzed for each condition in an independent experiment [171]. 
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2.2 Characterization techniques  
 

2.2.1 UV Spectroscopy 
 
UV spectroscopy is one of the gold standard techniques used for microbial growth especially 
bacteria and yeast [172, 173]. UV spectroscopy is a quantitative, fast, flexible analytical 
technique that finds its application as biosensor for sensing, recognition and counting of cells. 
The quantification is obtained by measuring one or more wavelengths of light.  Moreover, 
additional advantages include cost-effectiveness, simple and rapid response time. Analysis of 
data from spectroscopic analysis usually have four different phases, lag phase (cell growth 
preparations are made i.e., increase in size, replication of DNA etc), exponential phase (cells 
grow in number and biomass is increases), stationary phase (the number of dying cells is equal 
to viable cells in culture) and death phase (number of cell that are dying is more them number 
of viable cells). However, generally death phase is not included in lysis.   
The Bouguer-Lambert-Beer law holds the basis of mathematical-physical for optical 
spectroscopic quantification of samples as shown in equation. 2.1. [174]. 
 

 𝐼௚ (
𝐼0
𝐼
)
𝑣෤
= 𝐼௚ (

100
𝑇ሺ%ሻ

)
𝑣෤
= 𝐴𝑣෤ = 𝜀𝑣෤ ⋅ 𝑐 ⋅ 𝑑 (2.1) 

 
where, 
 
 𝐴𝑣෤ = 𝐼௚ ቀ

𝐼0
𝐼
ቁ
𝑣෤
   represents absorbance (2.2) 

 
    𝑇𝑣෤ =

𝐼
𝐼0
⋅ 100   represents the transmittance in percentage (2.3) 

 
𝜀𝑣෤  is the molar decadic extinction coefficient. 
 
10 represents intensity of monochromatic light entering and I represent intensity of emerging 
light respectively. c represents the concentration of substance that is absorbing light, and d 
shows pathlength of the sample in cm. 
 
Equation can also be represented as: 
 
    𝜀𝑣෤ =

𝐴𝑣෤
𝐶 ⋅ 𝑑

 (2.4) 

 
Where 𝜀𝑣෤  has a dimension of: 1 mol- 1 cm - 1 for "c" in mol 1- 1 or 1000 cm2 mol- 1 for "c" in mol 
10-3 cm-3 
The molar decadic extinction coefficient, 𝜀𝑣෤  , is a quantity characteristic of the substance which 
alVo dependV on ZaYenXmbeU ৼ (cm-1) ZaYelengWh Ȝ (nm). The VWandaUd BoXgXeU-Lambert-Beer 
law displays a direct relationship between 10 and I, however, while measure in the real-world 
environment using cuvettes made from quartz or optical glass, the is a loss of incident light due 
to reflection from the surface of cuvettes. To eliminate this error, during experimentation, a 
standard/reference measurement in the same cuvette (containing pure solvent) in the absence 
of substance to be measured is made keeping same path length. This value is subtracted from 
the sample to account for loss due to refraction form the cuvette and solvent. However, before 
spectroscopic analysis, the users should ensure that the size of cuvettes used for reference and 
actual sample and, the path length is same. Furthermore, UV spectroscopy relies heavily on the 
nature of solvent. For that reason, care must be taken while selecting solvent used during 
analysis [175].  
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2.2.2 Epifluorescence microscopy 
 
Epifluorescence microscopy, Whe ZoUd ³epi´ comeV fUom GUeek oUigin meaning ³Vame´ 
(emitted and illuminated light both pass through the same lens). In this type of microscopy, a 
beam of parallel light is passed in upwards direction through the sample, intensity of light 
source used in this technique is extremely high that help produce increased illumination for the 
sample. For the same reason this techniques is also named as wide-field fluorescence 
microscopy (WFM) [176]. This technique provides much higher resolution then optical 
microscopy and is usually used for imaging of thick samples [176, 177]. Epifluorescence 
microscopy helps to obtain images of cell morphology, subcellular/cellular separation along 
with markers of disease or phenotype [176]. In yeast particularly, due to smaller size and 
presence of well-developed cell wall it is particularly challenging to image cells using normal 
optical microscope. However, the higher resolution of epifluorescence microscopes along with 
the presence of sensitive digital cameras have made the analysis of yeast up to cellular level by 
capturing high quality imaging and improved the quality of gained information [177, 178]. 

2.2.3 Scanning Electron Microscopy (SEM) 
 
Scanning electron microscopy (SEM) is highly sensitive technique that is used to obtain images 
of high-resolution of biological samples [179]. In SEM to obtain an image, cathode emits an 
electron beam that is attracted and accelerated by anode. These accelerated electrons then hit 
the sample; the kinetic energy is dispersed producing secondary electrons that are captured by 
the sensor to produce the images. It must be noted that the resolution of image obtained depends 
on the wavelength of incident electrons and usually it is kept shorter than visible light to obtain 
high resolution images [180]. The magnification of SEM usually can be around 10 to 300.000 
times and the resolution could be below 1 nm even smaller based on the type of SEM. The basic 
function of SEM is usually to find out morphology, topography, even the composition of a 
material by different in colorations of images [181]. SEM is thus applied to observe the viability 
of cells and morphology of coatings with outstanding magnification [179, 182]. 

2.2.4 Electrochemical impedance spectroscopy (EIS)  
 
In this work all the electrochemical characterizations were carried out by using three techniques 
cyclic voltammetry (CV), chronoamperometry (CA) and Electrochemical impedance 
spectroscopy (EIS). Particularly, cyclic voltammetry is used for the electrochemical 
polymerization of the monomers and detection of initial electrocatalytic response and 
chronoamperometry and electrochemical impedance spectroscopy (EIS) for quantitative 
analysis. EIS is an in-depth electrochemical technique where impedance of a circuit is deployed 
for the investigation of interfacial properties associated to bio-recognition events taking place 
at the surface of electrode, like whole cell capturing, interaction of substrate-enzyme or 
recognition of antibody-antigen etc. Over other electrochemical technique EIS is considered 
more beneficial as it is a steady-state technique that can provide analysis using a small signal 
over a wide range of frequencies. It must be noted that the impedance in EIS is different from 
resistance in a DC circuit that obeys Ohm¶V laZ. In WhiV caVe a Vmall VinXVoidal YolWage iV 
applied, and electrochemical cell response is pseudo-linear in which a phase-shift is acquired 
while measuring the current [183].    
 
Here the applied potential/voltage in terms of function of time is given as:  
 

    𝐸𝑡 = 𝐸0 ⋅ sinሺ𝜔𝑡ሻ (2.5) 
 
when Et is the potential at time t, E0 is the amplitude of the signal, and Ȧ is the radial frequency. 
The relationship between the radial frequency (Ȧ) and the applied frequency (f) is obtained by 
as:  

https://www.sciencedirect.com/topics/medicine-and-dentistry/fluorescence-microscopy
https://www.sciencedirect.com/topics/medicine-and-dentistry/fluorescence-microscopy
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    𝜔 = 2 ⋅ 𝜋 ⋅ 𝑓 (2.6) 
 
In a linear system, due to the phase shift the current output is given as:  
 
    𝐼𝑡 = 𝐼0 𝑠𝑖𝑛ሺ𝜔𝑡 + 𝛷ሻ (2.7) 

 
Therefore, the impedance of the whole system can be stated as: 
 
    𝑍 =

𝐸
𝐼
= 𝑍0೐ೣ𝑝ሺ𝑖𝛷ሻ = 𝑍ሺ𝑐𝑜𝑠 𝛷 + 𝑖𝑠𝑖𝑛𝛷ሻ (2.8) 

 
where Z, E, I, Ȧ, and ĭ are impedance, potential, current, frequency, and phase shift between 
E and I, respectively. The impedance is expressed in terms of a magnitude, Z0, and a phase shift, 
ĭ. In electrochemical cells while performing EIS fixed potential at different frequencies is 
applied to working electrode and corresponding current is recorded to obtain impedance as 
shown in expression above. From these two waves, Z, ĭ, Zreal, and Zimag are obtained and 
plotted. There are two types of plots that can be sketched using obtained impedance data. i.e., 
Nyquist Plot and Bode plot.  When we plot the real r part (Zreal) on the X-axis and the imaginary 
part (Zimag) Whe cXUYe obWained iV called ³N\qXiVW PloW´ WhaW diVpla\ Whe impedance YalXeV aW 
certain frequency. AlWeUnaWiYel\, ³Bode ploW´ iV obWained b\ WZo VepaUaWe logaUiWhmic ploWV: 
magnitude vs. frequency and phase vs. frequency. This plot is more common than Nyquist plot 
in the engineering community. In a traditional electrochemical cell, the interaction of electrode 
with matter (redox species) comprises of charge transfer, transfer of mass to electrode surface 
for bulk solution, concentration of electroactive species and electrolyte resistance. All these 
factors are distinguished by electrical circuits that consist of resistances, capacitors, or constant 
phase elements and connected in series and parallel to form an equaling circuit with the 
response similar to Nyquist Plot EIS. Therefore, EIS can be used to observed processes like 
diffusion, charge transfer and mass transfer in an electrochemical system [183, 184] . 
 
 

 
 

Figure 2.1: A comparison of cyclic voltametric wave-shapes for reversible, quasi-reversible, 
and irreversible electron transfer process with the same formal potential, Ef

0 , on an electrode. 
The inset shows the triangular potential "ramp" applied to the working electrode during 
measurements [185]. 
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2.2.5 Cyclic Voltammetry (CV) 
 
CV is one of the most powerful techniques used for electrochemical characterization of a 
compound, a biological material or electrode surface that has been modified. Information such 
as reversibility of redox process, stability of extro-generated species and chemical reactions 
following electron transfer can be obtained from CV (Fig. 2.1). For CV analysis working 
electrode is usually carbon, graphite, gold, or platinum while the reference electrode can be a 
platinum mesh or wire or a graphite rod. In an electrochemical cell a three-electrode 
configuration is used for CV analysis connected with a potentiostat where a ramp of potentials 
in a triangular trend is applied to working electrode (WE) dipping in the electrolyte solution 
and the reference electrode (RE) is kept at constant potential overtime.  In three electrode 
configurations, a voltage generator applies a potential difference between WE and counter 
electrode (CE) while a galvanometer is used to observe current between the electrodes. For the 
measurement of variations in potential a voltmeter placed between WE and RE. For a standard 
CV analysis, the potential ramp starts from open circuit potential (OCP) and ends at catho-
anodic window of interest. The voltage is applied in cyclic manner and the obtained current-
voltage diagram is called cyclic voltammogram. In case redox reaction is reversable or quasi-
reversible similar peak are observed in both positive and negative cycles. However, if the 
associated peaks are not similar when negative potential is applied it shows that the reaction is 
irreversible.  During the analysis of voltametric response there are some specific parameters 
that need to be considered particularly in case the reversibility of redox reaction is being 
investigated. Some specific parameters can be considered in the analysis of the voltametric 
response. In particular, the reversibility of the redox process can be investigated by the potential 
difference (ǻE) between the cathodic (Ec) and the anodic peak potential (Ea):  
 
    𝛥𝐸 = |𝐸𝑐 í 𝐸𝑎|  (2.9) 

 
For a reversible reaction system  𝛥𝐸ሾ𝑚𝑣ሿ ≈

ହଽ.1
𝑛

  where n = number of electrons exchanged.  
 
Randles-Sevcik equation describes the peak current of a reversible system as: 
 
    𝑖𝑝=(2,69 ·105)𝑛3/2𝐴𝐷1/2𝐶𝑣1/2 (2.10) 

 
when ip = peak current [A], n = number of electrons, A = electrode area (cm2), D = diffusion 
coefficient (cm2 s-1), C = concentration of the species (mol cm-3) and v = scan rate (V s-1).  
 
It must be kept in mind that Randles-Sevcik equation is not applicable for quasi-reversible 
reactions as there is a much slower electron exchange rate observed between working electrode 
and redox species.  In an electrochemical cell the faradic current flowing at any time is the 
direct measure of electrochemical reaction accruing at the electrode.  There are two main factors 
on which the current depends: the rate at which mass transfers to electrode from the solution, 
followed by the laws of mass transport, and the rate at which electrons transfer between 
electrode surface and solution. There are three primary mechanisms through which the mass 
transfer takes place towards the electrode surface: convection, migration, and diffusion. 
However, as the gradient of concentration is directly related with concentration of electroactive 
species thus diffusion is considered the most significant phenomenon for mass transfer.  
 
Diffusion process in electrochemical cell is followed by Fick's laws:  
 
    1VW Fick¶V LaZ: ௗே

ௗ𝑡
= 𝐷𝐴 ఋ𝐶ሺ௫;𝑡ሻ

ఋ௫
 (2.11) 

 
    2nd Fick¶V LaZ:  ఋ𝐶ሺ௫;𝑡ሻ

ఋ𝑡
= 𝐷 ఋ2𝐶ሺ௫;𝑡ሻ

ఋ௫2
 (2.12) 
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Figure 2.2: Chronoamperometry output signal obtained on an electrode (obeying Cottrell 
equation), following the input potential step waveform applied [185]. 

 
The fiUVW laZ of Fick¶V pUoYideV co-relation between concentration gradient and flow of matter 
towards surface A (electrode surface).  The second law describes dependence of the 
concentration on time and distance from the electrode. While designing an electrochemical 
experiment care must be taken to mitigate the effect of migration and convection. For this 
reason, it is necessary to use an inert supporting electrolyte whose concentration is 10-100 times 
higher than the concentration of analyte to reduce migration, in a quiescent and thermostated 
solution to reduce phenomena of convection. It must be kept in mind that CV is a 
multifunctional technique, and it is not only limited to being used for kinetic or thermodynamic 
studies, or for analytical purposes but it can also be used for processes such as electrochemical 
polymerization. In such cases, looking at the voltammogram it can be observed that the intensity 
of current peaks increases with each subsequent scan [186, 187].  

2.2.6 Chronoamperometry (CA) 
 

 
Chronoamperometry is a simple yet powerful technique in which the potential is varied sharply 
from a value E0 (no faradic process) to a value E1 (faradic process starts) and the current flowing 
through the electrode is measured as a function of time during each variation of potential. This 
technique provides proper analytical and mechanistic investigations of the phenomenon 
following the variation in currents as a function of time according to the Cottrell equation (Fig. 
2.2): 

    
𝑖ሺ𝑡ሻ =

𝑛𝐹𝐴𝐷0𝐶0௕

ሺ𝜋1𝐷0𝑡ሻ
1
2

 
 

(2.13) 

 
when n = number of electrons, F = Faraday's constant [C mol-1], A = electrode area [cm2], D0 = 
diffusion coefficient [cm2 s-1], C0

b = concentration of the analyte in the bulk of the solution [mol 
cm-3], t = time [s].  
 
At a given potential E1 an exponential decay in current is observed over time as the  
electroactive species around the electrode are reduced resulting in a decrease in concentration 
of electroactive species near electrode with time and the concentration gradient become 
gradually bigger due to the fact that the flow of matter arrives from longer distance, thus taking 
longer time thus causing a decrease in current [186, 187].  
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Chapter 3  
 
DESIGN AND CHARACTERIZATION OF YEAST BASED BIOSENSOR 
DEVELOPED USING GLASSY CARBON ELECTRODE 
 
In this chapter we describe the development and characterisation of biodelectrodes that serves 
as biosensor, strarting from growth and morpological analysis of yeast cells in the presence of 
different concentrations of CuSO4 to observe the response of biorecognation element using 
optical detection. Then we describe the protocoles used for immobilization of yeast cells on the 
surface of transducers (GCE) to make a biosensor. Later electrochemical charactrisation using 
cyclic votametry, electrochemical impedance spectroscopy and chronoamperometry to observe 
effectivity of coating and to evaluate the sensitivity, R2 and LoD of biosensor are presented.   

3.1 UV Spectroscopic growth analysis of biorecognition element 
 
For the development of bioelectrode acting as biosensors, initially the effect of different 
concentrations of CuSO4, namely 0.01, 0.1, 1, 5, 7, 9, 10, and 20 mM, on the constantly growing 
batch cultures of S. cerevisiae WT cells (biorecognition element) were analyzed. Optical 
densities were continuously monitored by using UV spectrophotometer at fixed intervals of 
time. Growth curves were analyzed using Origin and calculations for relative growth were made 
as the percentage of the optical density values under stress conditions (with CuSO4) in 
comparison to the control (without CuSO4) at specified times. For each culture at least three 
replicates were analyzed for each condition in an independent experiment [171].  

 
Figure 3.1: Growth curves of S. cerevisiae WT cells treated with CuSO4. Cells were grown 
overnight and then inoculated in YPD under constant shaking at 30 ႏ in Whe pUeVence of 0 
(black), 0.01 (blue), 0.1 (grey), 1 (red), 5 mM CuSO4 (green). Optical density was measured at 
regular intervals using a spectrophotometer [177]. 
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Figure 3.2: Growth curves of S. cerevisiae WT cells treated with CuSO4. Cells were grown 
overnight and then inoculated in YPD under constant shaking at 30 ႏ in Whe pUeVence of 0 
(black), 5 (green), 7 (pink), 9 (orange), and 10 mM CuSO4 (purple). Optical density was 
measured at regular intervals using a spectrophotometer [177]. 

3.1.1 Numerical results and Discussion  
 
Fig. 3.1. shows the optical density values at 600 nm for S. cerevisiae growth as a function of 
time in the presence of 10 ȝM ± 5 mM CuSO4. Interestingly, it was observed that at low 
concentrations of CuSO4, fUom 10 ȝM Wo 1 mM there was no significant effect on growth. 
However, starting from 5 mM CuSO4 a significant growth inhibition of 13.4 % was obtained 
after 4 h of incubation. Keeping the preliminary results in mind, the effect of CuSO4 
concentrations above 5 mM were investigated, as shown in Fig. 3.2.  
 

 
 

Figure 3.3: The percentage relative growth of the cells in the presence of different 
concentrations of CuSO4 after 4 h of incubation. Percentage relative growth was calculated 
against the control cell growth. R2: 0.986. Error bars indicate one standard deviation [177]. 
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The experimental results showed that above 5 mM as the concentrations of CuSO4 increased, 
there was a proportional decrease in growth of the cells with respect to time in 7, 9, and 10 mM 
CuSO4 cultures causing 24.0, 45.9, and 58.1 % growth inhibition at 4 h of incubation, 
respectively with an R2 = 0.986 as can be seen in Fig 3.3. The results indicate that there is a 
concentration dependent inhibition in growth at higher copper concentrations. However, the 
concentrations of CuSO4 above 10 mM completely inhibited the growth of S. cerevisiae cells. 

3.2 Assessment of cell morphology  
 
Based on the obtained growth curves, we directed our attention to investigate the effect of 
exposure to high concentrations of CuSO4 on morphology of yeast cells. The morphology of 
yeast cells before and after treatment with CuSO4 was analyzed by epifluorescence microscope. 
Freshly prepared overnight cultures (control and treated) were inoculated in YPD medium with 
a starting OD600 = 0.15 and placed it shaking in incubator at 180 rpm for 4 h at 30 0C to grow. 
1 mL of conWUol and WUeaWed cellV ZeUe collecWed and UeVXVpended in YPD. 5 ȝL of Whe 
UeVXVpended cellV fUom each gUoXp ZeUe immobili]ed on a glaVV Vlide b\ mi[ing ZiWh 5 ȝL 
volume of 3 mM solution of low melting point agarose (Sigma-Aldrich; A-9414). Cells were 
analyzed at 25 oC on a Zeiss Axiovert 200 inverted epifluorescence microscope equipped with 
a 100X/1.30 Ph3 oil objective. Images were acquired with a CoolSNAP HQ CCD camera 
(Roper Scientific, Trenton NJ, USA) using MetaFluor 6.1 software (Universal Imaging 
Corporation, Downington, PA, USA) [177]. Fig. 3.4. shows representative images of yeast cells 
observed in brightfield treated with CuSO4 concentrations ranging from 0 to 10 mM. The 
microscopy analysis did not reveal significant morphological differences among the cells after 
4 h of exposure to the contaminant. It should be noted that based on the current results it cannot 
be excluded that minor morphological changes took place but could not be identified due to the 
resolution of the utilized microscope however there was no major damage to the cell structure. 
 

 
 

Figure 3.4: a): Representative pictures of yeast cells (WT) grown in YPD medium in the 
presence of 0 (a), 5 (b), and 10 mM CuSO4 (c & d) [177].  
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3.3 Biosensor design 
 
 

 

Figure 3.5: Protocol for the entrapment of S. cerevisiae yeast cells in PDA matrix and 
immobilization on GCE [177]. 

With the aim to develop biosensors operating at concentrations lower than 1 mM, which are of 
interest for agricultural and environmental monitoring, and based on the response that we 
observed during growth analysis using optical detection that shows dosage dependent response 
from biorecognition element (S. cerevisiae cells) at higher concentration we decided to explore 
the electrocatalytic features of S. cerevisiae WT cells immobilized on a GCE with PDA. It must 
be noted here that we undergo a through literature review about different transducers used for 
biosensors design and GCE was selected as the transducer for initial biosensor design because 
GCEs are composed of a stable, percolated graphenic network that is corrosion-free, chemically 
inert, and thus biocompatible [188-190]. Moreover, they are found to withstand extreme 
conditions and are made of a material that are readily available [189]. Following selection of 
transducer, using our previous knowledge with PDA and review of literature we formulated 
specific protocols for immobilization of yeast cells on the surface of transduce (SPE) to develop 
bioelectrodes serving as biosensors for electrochemical detection of CuSO4. Fig. 3.5 shows the 
schematic representation of working protocols for the immobilization of S. cerevisiae WT yeast 
cells in PDA matrix on the GCE. For immobilization, cells were pre-inoculated overnight 
culture in YPD mediXm and When incXbaWed in fUeVh YPD (ODVWaUW 0.05) foU aboXW 14h aW 30 ႏ 
and 180 rpm. The culture was centrifuged at 4000 rpm for 20 min and the cell pellets were 
resuspended in 1 mL solution containing 20 mM MOPS buffer (pH), 10mM MgCl2, and 50 
mM glucose, the solution was vortexed slightly and centrifuged at 10000 rpm for 10 min to 
further remove culture debris.  
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Figure 3.6: GCE with immobilized WT yeast cells. 

Next, a 2 g mL-1 cell suspension was prepared by mixing appropriate weight of cell pellets with 
a defined volume of electrolyte solution containing 20 mM MOPS buffer (pH 8), 10 mM 
MgCl2, and 50 mM glucose. This suspension was further mixed with 10 mM dopamine 
hydrochloride (in MOPS buffer at pH 8.0) solution in 1:1 ratio to obtain a concentration of 1 
gmL-1 cell and 5 mM dopamine hydrochloride in a 2 mL Eppendorf tube (it is worth mentioning 
here that to have right composition of cell/immobilization is really imperative for proper 
response of biosensor. In this regard, we experimented with different ratios such as 1:1, 1:2 and 
1:3 to finally adopt 1:1). The resulting solution was magnetic stirred at 250 rpm for 1 h under 
aerobic conditions for polymerization. Post aerobic polymerization, 5 ȝL of the solution was 
drop casted on the 3 mm working GCE and lefW Wo dU\ aW a conWUolled WempeUaWXUe of 26 ႏ foU 
maximum of 1 to 1.5 hr as shown in Fig. 3.6. Following aerobic polymerization, 
electrochemical polymerization was performed by 20 repeated cyclic voltammetry between -
0.3 and +0.5 V with a scan rate of 20 mV sí1 in an electrolyte at pH 7, completing the 
preparation of the biohybrid electrode. Control group experiments were performed following 
the same procedure for bio-electrode (biosensor) preparation stated above with dead cells 
(Yiable cellV placed in a hoW ZaWeU baWh foU 1 hoXU aW 100 ႏ) and PDA coaWing onl\. The 
biosensor was then characterized using cyclic voltammetry, electrochemical impedance 
spectroscopy (EIS) and chronoamperometry (CA) and [177]. 

3.4 Electrochemical characterization of biosensor  
 
Following the development of protocols, S. cerevisiae WT  cells were immobilized on the  
surface of 3 mm GCE to prepare biohybrid electrode using the protocols explained in previous 
section. After the electrochemical polymerization step, the obtained biosensors were 
characterized by cyclic voltammetry, electrochemical impedance spectroscopy and 
chronoamperometry in a three-electrode setup. Fig. 3.7.  displays the working assembly used 
for electrochemical characterization of biosensors prepared using immobilization of WT yeast 
cells on the surface of GCE. The counter electrode was a Pt wire, and Ag|AgCl (3 M NaCl, 
Basi MF2052) electrode was utilized as a reference. All the potential reported in this section of 
work refer to this reference electrode. All experiments were performed at room temperature (24 
� 1 ƕC) in 25 mL of 20 mM MOPS bXffeU (pH 7) + 10 mM MgCl2 + 50 mM glucose with the 
electrolyte exposed to air (aerobic conditions). CuSO4 at different concentrations ranging from 
20 ȝM Wo 100 ȝM ZaV alZa\V added Wo Whe elecWUol\We afWeU elecWUochemical pol\meUi]aWion and 
before starting the electrochemical characterization. The electrolyte was continuously stirred 
with a magnetic bar during the experiments. For all the different conditions investigated, at 
least three independent replicate experiments were performed, and values are reported with one 
standard deviation.  
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Figure 3.7: Assembly used for electrochemical characterization of biosensors prepared using 
immobilization of WT yeast cells on the surface of GCE. 

3.4.1 Voltametric analysis of biosensor   
 
After preparing bioelectrodes, at first electrochemical characterization was performed by cyclic 
voltammetry. Two types of control experiments were performed (i) by utilizing heat-treated 
yeast cells with polydopamine (metabolically inactivated cells), and (ii) by preparing electrodes 
with only polydopamine immobilized on the glassy carbon electrode. All other experiments 
were performed in the presence and absence of different concentrations of CuSO4 on viable 
cells immobilized on electrode surface.  For the best comparison of the cyclic voltammetry, 
only the current densities obtained during the second anodic scan were considered. We 
evaluated bioelectrocatalyic response of the biohybrid electrodes (biosensors) obtained by 
entrapping yeast-PDA through CV between - 0.1 and + 0.5 V with a scan rate of at 2 mV s-1 
using single channel portable potentiostat (PalmSens4).  
3.4.1.1 Numerical results and Discussion 
 
Fig. 3.8 shows the CV of the bioelectrode prepared with live yeast cells (black) a clear catalytic 
response was observed, with an onset for the oxidative reaction at + 0.2 V in agreement with 
previous literature where PDA was used as a redox mediator [155]. Conversely, no catalytic 
response was noted from the electrode containing only PDA, and only the redox peak due to 
the oxidation of the redox matrix could be observed at + 0.2 V. For a comparison of the different 
electrodes, the current density at + 0.4 V throughout the anodic scan was used. The control 
electrode with only PDA had a low current density (0.3 ± 0.1 mA cm-2) while the electrode with 
immobilized live yeast cells achieved a current density of 1.5 ± 0.2 mA cm-2. Moreover, live 
yeast-PDA showed a two-fold higher catalytic activity compared to the heat-treated yeast-PDA 
(0.8 ± 0.1 mA cm-2). The current generation achieved from the heat-treated yeast-PDA system 
may be a result of some residual active yeast in the PDA matrix. Interestingly, the enhanced 
current density value for the hybrid system in comparison with the electrode having heat-treated 
yeast with PDA or only PDA highlights crucial information about the biocatalytic role of active 
yeast cells. It is worth mentioning that the biohybrid electrode tolerated the 90 min of 
desiccation while being exposed to air, with no major negative effects on the bioelectrocatalytic 
response, bringing forward its facile storing and transportation given its use in the field.  
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Figure 3.8: Cyclic voltammetry for the bioelectrodes prepared with live yeast cells in the PDA 
matrix (black), heat-treated yeast cells (blue), and sterile electrodes prepared with 
polydopamine alone (red).  

 

 
Figure 3.9: Cyclic voltammetry showing the effect of 0 (black), 20 (green), 50 (orange), and 
100 ȝM CXSO4 (purple) on the electron transfer ability of viable yeast cells immobilized with 
PDA on GCE. 

Following control experiments, the catalytic activity of the biohybrid electrode was compared 
in the absence and the presence of CuSO4 as shown in Fig. 3.9. The results depicted that the 
current density decreased considerably as the metal concentration increased. Remarkably, the 
addiWion of Whe higheVW concenWUaWion (100 ȝM) of CXSO4 decreased the catalytic activity of the 
system by two-fold, confirming the effect of the CuSO4 on the electron transfer ability of live 
yeast cells immobilized with PDA on the GCE. The dosage dependent decrease in current 
density during voltametric analysis depicted that the current biosensor could detect the CuSO4 

at lower concentration (20- 100 µM) in comparison to optical detection (5 mM and above).  
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Figure 3.10: EIS spectra for only yeast (blue), only PDA (red), and yeast cells in the PDA 
matrix (black). Frequency range 500 kHz ± 5 mHz, potential amplitude 10 mV, applied 
potential + 0.32 V.  

3.4.2 Impedimetric analysis of PDA immobilization 
 
Moving forward, to better understand the role of PDA in facilitating the extracellular electron 
transfer process, EIS analysis was performed in a three-electrode mode with working electrodes 
prepared with only yeast cells, only PDA, and the biohybrid system yeast-PDA. The EIS 
analyses were performed in a frequency range from 500 kHz to 5 mHz using an applied sinus 
signal of 10 mV at + 0.32 V. The impedance spectra are presented as Nyquist plots in Fig. 3.9. 
The complex nonlinear least square fitting of the obtained impedance data was performed using 
equivalent electric circuit models fitted with the PSTrace software of PalmSens. 
 
3.4.2.1 Numerical results and Discussion 
 
Fig. 3.10. shows the obtained EIS spectra for the three different electrodes. The yeast cells in 
the PDA matrix (black) showed lower impedance compared to both the system with only PDA 
(red) and the one with only yeast (blue). The data obtained from experiments was fitted to 
equivalent electrical circuit models composed of resistances and capacitance as reported in Fig. 
3.10. Circuit (a) was used for fitting of  PDA and yeast only system while circuit (b) for yeast 
cells in the PDA matrix. For all the circuits, R1 represents the resistance of the solution, while 
the couple R3 and C2 represent the double-layer capacitance and the charge transfer resistance. 
In the case of the electrode prepared with only yeast (Fig. 3.10 circuit (a)), R2 represents the 
resistance for the diffusion of the electrolyte in the cells deposited in parallel to a capacitance 
(C1).  However, for the electrode prepared with PDA only (Fig. 3.10 circuit (a)) and the one 
prepared with yeast- PDA (Fig. 3.10 circuit (b)), R2 represents the resistance of the pores in the 
encapsulating PDA matrix that allows diffusion of the electrolyte connected in parallel to a 
capacitance (C1). The third couple R4 and C3 present only for yeast cells in the PDA matrix 
(Fig. 3.6 circuit (b)) represent the PDA layer entrapping the yeast cells on the electrode. A 
similar model has been recently used to fit EIS spectra obtained for bacterial cells entrapped in 
an alginate layer on an electrode surface [191]. Accordingly, in this system, the electrons 
obtained from the oxidation of glucose must cross various interphases that include the yeast 
cell membranes, the PDA matrix, and the electrode. The various components of the circuit are 
further influenced by the presence of metabolically active yeast cells in the PDA matrix. Table 
3.1 reports the values obtained for the fitting, highlighting that the redox mediation system in 
the complete biohybrid electrode allowed reducing the charge transfer resistance (R3), enabling 
current generation during glucose oxidation with the biohybrid electrode. 
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Table 3.1: Parameters obtained for the equivalent circuit elements of the control electrodes 
prepared with only yeast and only PDA, and for the complete biohybrid electrode prepared with 
yeast and PDA. The values are calculated based on the fitted impedance spectra.  
 

Sample R1 / : R2 / M: R3 / M: R4 / M: C1 / PF C2 / PF C3 / PF 
Only yeast 867 10.7 32 - 1.05 1.35 - 
Only PDA 867 3.35 6.80 - 1.85 4.05 - 
Yeast-PDA 875 0.79 0.72 0.88 1.9 13.5 0.24 

 

3.4.3 Amperometric analysis of biosensor  

 
Figure 3.11: Amperometric i-t traces of PDA ± yeast electrodes (black), PDA ± Heat-treated 
yeast cells (blue), and PDA alone (red). 

 
While the CV experiments revealed that the biosensors with live yeast-PDA efficiently 
provided high catalytic activity, and the EIS analysis confirmed the role of the PDA matrix in 
decreasing the charge transfer resistance, we aimed to further evaluate the variation in current 
generation over time of the biohybrid system when exposed to CuSO4. Accordingly, we 
evaluated chronoamperometric assays (CA) of live yeast-PDA, dead yeast-PDA, and only PDA 
(Fig. 3.11) also in the presence of different concentrations of CuSO4 (20, 50, and 100 ȝM) foU 
60 min at 0.32 V vs Ag|AgCl (Fig. 3.12). This potential was selected to perform the CA study 
as it provides a sufficient overpotential relative to the anodic oxidation peak of the redox matrix 
that maintains the mediator in its oxidized state. 
3.4.3.1 Numerical results and Discussion 
 
Corroborating the results obtained by CV, the bioelectrode furnished higher current density 
than heat-treated yeast-PDA and control electrodes with only PDA (Fig. 3.11). In addition, after 
1 h of chronoamperometry, the live yeast-PDA electrode produced a three-fold higher current 
density (0.6496 ± 0.01 µA cm-2) than heat-treated yeast-PDA and PDA-only systems (0.1521 
± 0.005 µA cm-2 and 0.1395 ± 0.004  µA cm-2, respectively), confirming the bioelectrocatalytic 
role of yeast as shown in Fig. 3.11. Following, the amperometric i-t trace of the biohybrid 
system was evaluated under increasing additions of CuSO4 as shown in Fig. 3.12.  
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Figure 3.12: Chronoamperometry showing the effect of 0 (black), 20 (green), 50 (orange), and 
100 ȝM CXSO4 (purple) on ability of live yeast cells immobilized with PDA on GCE to transfer 
electrons.  

Notably, the current density decreases with successive additions of CuSO4, which affects the 
biocatalytic performance compared to the biohybrid electrode in the absence of the pollutant. 
When adding 100 ȝM CXSO4, the bioelectrode showed a remarkable decrease in current density 
of only 0.1518 ± 0.008 µA cm-2. To better correlate the catalytic activity of the biosensor and 
the presence of CuSO4 in the electrolyte, we evaluated the relationship between the current 
density obtained from the amperometric i-t tests at 2500 s vs CuSO4 concentration as shown in 
Fig. 3.13. As the CuSO4 concentration increased, the current density decreased linearly for the 
hybrid system with live yeast-PDA. Remarkably, the response of the electrochemical biosensor 
is affected by the presence of CuSO4 VWaUWing fUom loZ concenWUaWionV (20 ȝM), Zhich aUe 
relevant for environmental monitoring. Linear fitting of the experimental data presented in Fig. 
3.13 gives a calibration curve with a slope, corresponding to the sensitivity, of -4.8 ± 0.6 × 10-

3 ȝA*cm-2*L*ȝmol-1
CuSO4 and a LoD of 12.5 ȝM CXSO4. 

 
Figure 3.13: Relationship between CuSO4 concentrations and current density during 
chronoamperometry. EAPP: +0.32 V. R2: 0.956. Error bars indicate one standard deviation. 
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While it should be underlined that the linear relation between CuSO4 concentration and current 
density could be improved, the obtained R2 (0.956) is promising since the system has yet to be 
optimized to maximize sensitivity. In this regard, we turned our attention towards the use of 
metabolic and genetic approaches to improve the overall performance of biosensor. 
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Chapter 4  
 
DESIGN AND CHARACTERIZATION OF YEAST BASED BIOSENSORS 
DEVELOPED USING SCREEN PRINTED ELECTRODES 
 
With the motivation to develop in-situ sensor with improved sensitivity and better co-relation 
of CuSO4 concentration and current density, in this part of research instead of using GCE as 
transduce, we used disposable screen printed electrode (SPE) for development of biohybrid 
electrodes to act as biosensors. Moreover, explored different metabolic (using different growth 
media) and genetic (using different yeast mutants) conditions to improve the sensitivity of the 
overall electrochemical response of the system. At first, viability of three S. cerevisiae strains 
namely: WT, ¨KaS4 and ¨UWg2 was analyzed in the presence of different concentrations 
of CuSO4 using optical detection. Following viability assessment, growth analysis using 
micro-cultures were performed in two different experimental conditions: WT type cells grown 
in YPD (fermentative carbon source) and YPG or YPE (non-fermentative carbon source), and 
WT and two mutants ¨KaS4 and ¨UWg2 cultured in standard YPD media. These 
experiments were performed as preliminary screening of behavior of biorecognition 
element. Later bioelectrodes (biosensors) were prepared using S. cerevisiae WT cells 
having different growth conditions and with ¨KaS4 and ¨UWg2 were cultured in standard 
media to act as biorecognition element for electrochemical characterization. 

4.1 Viability analysis 
 
For use of a microbe as biorecognition it is necessary that the cells remain viable. The ability 
to replicate and develop into colonies remains the gold standard for estimating microbial cell 
viability [192]. Thus, colony counting of S. cerevisiae WT and two mutants ¨KaS4 and ¨UWg2 
strains exposed to various CuSO4 concentrations (10 - 100 µM) was performed. Cell viability 
was evaluated by colony forming unit (CFU) counting on YPD agar plates. From fresh culture 
during incubation, 100 µL aliquot was taken from each culture every 2 h until the end of the 
exponential growth phase. This was serially diluted in sterile milliQ water, inoculated onto 
YPD agaU plaWeV, and incXbaWed aW 30 ႏ foU 48 h. Colonies formed on each plate after incubation 
were counted and the number of untreated colonies was considered 100%, while the viability 
of treated colonies was calculated as a percentage of untreated cells [193].  

 
Figure 4.1: Cell viability of S. cerevisiae WT cells incubated in YPD medium supplemented 
with 10 - 100 µM CuSO4 using CFU counting. Results show growth with increasing 
concentrations of CuSO4 in each strain up to 18 h. Each dataset represents the mean and 
standard deviation of three independent biological replicates (n = 3). 
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Figure 4.2: Cell viability of S. ceUeYLVLae ¨KaS4 cells incubated in YPD medium 
supplemented with 10 - 100 µM CuSO4 using CFU counting. Results show growth with 
increasing concentrations of CuSO4 in each strain up to 18 h. Each dataset represents the 
mean and standard deviation of three independent biological replicates (n = 3). 

 
Figure 4.3: Cell viability of S. ceUeYLVLae ¨UWg2 cells incubated in YPD medium 
supplemented with 10 - 100 µM CuSO4 using CFU counting. Results show growth with 
increasing concentrations of CuSO4 in each strain up to 18 h. Each dataset represents the 
mean and standard deviation of three independent biological replicates (n = 3). 

 

Figure 4.4: Viability of S. cerevisiae strains WT, ¨KaS4 aQd ¨UWg2. Cells were grown in 
YPD medium supplemented with 10 - 100 µM CuSO4 for 18 h. Viability was calculated as 
the percentage of untreated cells, set to 100%. Each bar represents the mean and standard 
deviation of three independent biological replicates (n = 3). 
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Figs. 4.1, 4.2 and 4.3 show growth curves of S. cerevisiae strains WT, ¨KaS4 and ¨UWg2 
with increasing concentrations of CuSO4 in each strain up to 18 h. The results obtained 
showed that there was no significant difference in the viability and growth rate of the three 
strains tested in the presence and absence of CuSO4 from 10 ± 100 ȝM. Only a slight decrease 
in percentage viability with increasing CuSO4

 concentration in all test strains after 18 h of 
exposure was observed. However, the differences are not statistically significant 
(TXUke\¶V WeVW, p<0.05) as shown in Fig. 4.4.  

4.2 UV Spectroscopic growth analysis of biorecognition elements 
 

After testing the viability of three different strains in standard YPD media, two different type 
of growth analysis were performed to further analyse the growth response of yeast cells using 
optical detection. First, the growth analysis of WT cells cultured in YPD (fermentative carbon 
source) and YPG or YPE (non-fermentative carbon source) was performed. Followed by 
growth analysis of WT yeast strain in different growth media, yeast strains namely: WT, ǻKaS4 
and ǻUWg2 cultured in standard YPD media were evaluated for growth in micro culture in the 
presence of CuSO4. The analysis was performed in the presence of CuSO4 by measuring optical 
density at 600 nm with a TECAN microplate reader equipped with a shaker and a temperature 
control unit.  

4.2.1 Numerical results and Discussion 
 
Figs. 4.5, 4.6 and 4.7 display growth curves of S. cerevisiae WT cells cultured in YPD, YPG 
and YPE in the presence of CuSO4, respectively. A representative curve from four independent 
biological replicates (n = 4) is shown in each panel. While Figs. 4.8, 4.9 and 4.10 show relative 
growth of S. cerevisiae WT cells cultured in YPD, YPG and YPE in the presence of CuSO4, 
respectively from 10 to 16 h of incubation. Relative growth was calculated as the percentage of 
the OD600 of stressed/control cells. Each dataset shows the meaning of four independent 
biological replicates (n = 4). Relative growths are calculated in specified period (10 ± 16 h) 
because yeast cells are expected to reach exponential phase during this time period and 
bioelectrode are prepared with cells cultured for 14h as well for electrochemical detection.  

 
Figure 4.5: Growth curves of S. cerevisiae WT cells cultured in YPD in the presence of CuSO4. 
A representative curve from four independent biological replicates (n = 4) is shown in each 
panel.  



34 
 

 
Figure 4.6: Growth curves of S. cerevisiae WT cells cultured in YPG in the presence of CuSO4. 
A representative curve from four independent biological replicates (n = 4) is shown in each 
panel.  

 
Figure 4.7: Growth curves of S. cerevisiae WT cells cultured in YPE in the presence of CuSO4. 
A representative curve from four independent biological replicates (n = 4) is shown in each 
panel.  

 
Figure 4.8: Relative growth of S. cerevisiae WT cells cultured in YPD in the presence of 
CuSO4. Relative growth was calculated as the percentage of the OD600 of stressed/control cells. 
Each dataset shows the mean of four independent biological replicates (n = 4). 
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Figure 4.9: Relative growth of S. cerevisiae WT cells cultured in YPG in the presence of 
CuSO4. Relative growth was calculated as the percentage of the OD600 of stressed/control cells. 
Each dataset shows the mean of four independent biological replicates (n = 4). 

 
Figure 4.10: Relative growth of S. cerevisiae WT cells cultured in YPE in the presence of 
CuSO4. Relative growth was calculated as the percentage of the OD600 of stressed/control cells. 
Each dataset shows the mean of four independent biological replicates (n = 4). 

 
The results from metabolic analysis showed that there were no significant differences in growth 
for cultures with YPD (Figs. 4.5 and 4.8), however cultures with YPG displays a boast in 
growth of almost 100 % with respect to control after 12 h of incubation in the presence of both 
medium (50 µM) and high (100 µM) CuSO4 concentration (Figs. 4.6 and 4.9). In case of YPE, 
there was an increase in growth of 12 and 24 % in the presence of medium and high CuSO4 
concentration, respectively (Figs. 4.7 and 4.10). However, a slight inhibition in relative growth 
was observed over time in both cases.    
 
Figs. 4.11, 4.12 and 4.13 display growth curves of S. ceUeYLVLae WT, ǻKaS4 aQd ǻUWg2 cells 
cultured in YPD in the presence of CuSO4, respectively. A representative curve from four 
independent biological replicates (n = 4) is shown in each panel. While Figs. 4.14, 4.15 and 
4.16 show relative growth of S. ceUeYLVLae WT, ǻKaS4 aQd ǻUWg2 cells cultured in YPD in the 
presence of CuSO4, respectively from 10 to 16 h of incubation. Relative growth was calculated 
as the percentage of the OD600 of stressed/control cells. Each dataset shows the meaning of four 
independent biological replicates (n = 4).  
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Figure 4.11: Growth curves of S. cerevisiae WT cells cultured in YPD in the presence of 
CuSO4. A representative curve from four independent biological replicates (n = 4) is shown in 
each panel.  

 
Figure 4.12: Growth curves of S. cerevisiae ǻKaS4 cells cultured in YPD in the presence of 
CuSO4. A representative curve from four independent biological replicates (n = 4) is shown in 
each panel.  

 
Figure 4.13: Growth curves of S. ceUeYLVLae ǻUWg2 cells cultured in YPD in the presence of 
CuSO4. A representative curve from four independent biological replicates (n = 4) is shown in 
each panel.  
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Figure 4.14: Relative growth of S. cerevisiae WT cells cultured in YPD in the presence of 
CuSO4. Relative growth was calculated as the percentage of the OD600 of stressed/control cells. 
Each dataset shows the mean of four independent biological replicates (n = 4). 

 
Figure 4.15: Relative growth of S. ceUeYLVLae ǻKaS4 cells cultured in YPD in the presence of 
CuSO4. Relative growth was calculated as the percentage of the OD600 of stressed/control cells. 
Each dataset shows the mean of four independent biological replicates (n = 4). 

 
Figure 4.16: Relative growth of S. ceUeYLVLae ǻUWg2 cells cultured in YPD in the presence of 
CuSO4. Relative growth was calculated as the percentage of the OD600 of stressed/control cells. 
Each dataset shows the mean of four independent biological replicates (n = 4). 



38 
 

In the second analysis for different mutant strains, surprisingly, it was observed that both ǻKaS4 
and ǻUWg2 mutant strains also showed an increase in growth in the presence of mild and high 
CuSO4 concentration with respect to control. After incubation of 12 h with CuSO4 a boast in 
growth of almost 29 and 20 % was observed for ǻUWg2 strain in the presence of mild and high 
CuSO4 concentrations, respectively (Figs. 4. 13 and 4. 16). In case of ǻKaS4, there was an 
increase in growth of almost 13 % in the presence of both medium and high CuSO4 
concentrations (Figs. 4.12 and 4.15). Although the growth decreased slightly overtime but it 
was still higher than control in both cases.  
 
The results suggest that selected metabolic and genetic approaches can modulate the growth of 
biorecognition element and can be used to amplify the response of microbial cells in the 
presence of CuSO4. It has been reported previously that depending on the amount, Cu2+ can 
either play a key role in enzymatic metabolic processes or exert varying level of cytotoxicity, 
cellular damage, and loss of viability, especially during bioproduction processes such as 
fermentation [43, 194]. In S. cerevisiae, increased level of the metalloenzyme superoxide 
dismutase (SOD) is directly linked to the presence of Cu2+ in the environment. Copper is an 
inorganic cofactor that helps SOD control the level of reactive oxygen species, thereby 
protecting the cells against oxidative stress [85]. This was supported by an increase in SOD1 
mRNA transcript levels in the presence of bathocuproine sulphonate, a Cu2+ chelator [195]. 
However, the level of viability maintained in the presence of Cu2+ differs widely among strains 
of S. cerevisiae, depending on several factors such as habitat of isolation and genotype. For 
example, YPD medium supplemented with 1 mM Cu2+ did not significantly affect the growth 
rate and viability of 6 different yeast strains comprising four S. cerevisiae and two Pichia 
pastoris[196], whereas the growth of S. cerevisiae BH8 exposed to 0.5 mM CuSO4 was boosted 
in another study [194]. Also similar to our result, the levels of growth reported as OD600nm varied 
insignificantly in S. cerevisiae strains S288C, AWRI1631, RM11, and YJM339 exposed to 50 
and 100 µM CuSO4[193]. Generally, two mechanisms of metal detoxification have been 
identified in fungi; surface binding of metals (biosorption) or intracellular uptake during 
metabolic processes (bioaccumulation)[197], and these traits vary widely in strains of S. 
cerevisiae [43]. Exploiting these features, biosensor based on immobilized yeast cells for 
copper detection have been published and genetically modified S. cerevisiae cells have been 
immobilized in alginate beads to detect copper in the range 1-100 ȝM in dUinking ZaWeU and 
wastewater [198]. The insignificant effect of copper on yeast viability using optical detection 
and variable response of yeast strains to copper stress reported here and before offered the 
possibility of detecting copper by developing electrochemical biosensors at low concentrations.  

4.3 Biosensor design 
 

Having observed improvements in optical response of response of wild type and mutant yeast 
cells under different metabolic conditions we turned our attention towards preperation of SPE 
based bioelectrodes with proposed genetic and metabilic manipulations. The reason for using 
SPE instead of GCE was made considering the fact that for point-of-cure electrochemical 
biosensing applications the electrodes need to be cost-effective, able to withstand mechanical 
or fluidic impact, provide design flexibility and are ready to use. However, GCEs are usually 
costly and due to their smooth surface usually provide poor adhesion [199, 200]. Glassy carbon 
is known for its brittle nature thus GCE are available in limited shapes [201]. Moreover, in most 
cases GCE need pretreatment before use, making its infield application extremely challenging 
[202]. On the other hand, screen-printing technology involves applying layers of ink onto a 
solid substrate using a screen or mesh that defines the sensor's shape and structure. This method 
has several advantages, including flexibility in design, compatibility with automated processes, 
high reproducibility, and a wide selection of materials [203]. Screen-printed electrodes (SPEs) 
typically consist of three electrodes: a working electrode, a counter electrode, and a reference 
electrode printed on a single substrate to form a sensor and can be easily customized by using 
different commercial or homemade inks. Carbon paste is a popular choice due to its low cost, 
ease of modification, and chemical stability [204-206]. Additionally, these sensors can be 
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further customized by adding various coatings to their surfaces, including metal films, 
polymers, enzymes, and other substances [203]. Owing to above mentioned benefits, the 
immobilization protocols presented in section 3.3 were adopted for development of SP 
bioelectrodes (SPE Ref. TE100, Zensor, Taiwan) with 3 mm diameter carbon working electrode 
(WE), carbon counter electrode (CE) and silver (Ag) pseudo-reference electrode (RE). A 
multichannel potentiostat (EN035, multipalmsens4) was used for all bio-electrochemical 
characterizations and all potentials were reported vs. Ag pseudo-reference. The electrochemical 
polymerization step was performed by 20 repeated cyclic voltammetry between - 0.3 and + 0.5 
V with a scan rate of 20 mV sí1. The biosensors were later characterized using scanning electron 
microscopy (SEM), cyclic voltammetry, electrochemical impedance spectroscopy (EIS) and 
chronoamperometry (CA) as before. 

 
 

 
 

Figure 4.17: FE-SEM image of bare surface of SPE 

 

 
 

Figure 4.18: FE-SEM image of SPE coated with PDA 
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Figure 4.19: FE-SEM image of SPE with PDA immobilized WT yeast cells. 

 

4.4 Assessment of PDA coating morphology 
 

Following the preparation of bioelectrode using SPE, the morphology of the PDA coating used 
for immobilization of the cells was assessed by scanning electron microscopy. The morphology 
of PDA immobilization (cells embedded in PDA) was evaluated using FE-SEM (Sigma VP, 
ZEISS Company, Germany). Three different types of bioelectrodes: i) bare surface of SPE, ii) 
SPE coated with PDA, iii) yeast cells immobilized with PDA on SPE were analysed for 
morphological analysis. Bio-electrodes were prepared as stated in section 3.3 and were cut 
down to the size of stub/sample holder. The samples were fixed on stub using conductive 
double-sided tape and gold-coated using ion sputtering apparatus (SBC-12, KYKY, China) for 
20 to 40 s at 5 - 10 mA. Samples were observed with an area width 3 to 10 mm at a magnification 
of 1000X under a vacuum pressure of 10 Pa. Other inspecting conditions like signal collected 
(In-lens), the conductor status (standard) and acceleration voltage (3 or 5 kV) were adjusted to 
obtain high quality images. Figs. 4.17 and 4.18 show bare SPE surface and PDA without cells 
drop-casted, respectively. The surface of bare SPE was rough while PDA drops casted on the 
surface of the SPE formed a plain layer of conductive coating. The roughness of the bare 
electrode surface is considered to be beneficial for electrochemical sensing applications as it 
significantly lowers the limit of detection by providing better immobilization [207], while PDA 
only sample filled the gapes and formed a uniform layer of polymer. Figs. 4.19 displays cells 
embedded in PDA, yeast cells were well-embedded in the PDA, at high cell density. These data 
demonstrated that the PDA coating was compact, homogeneous, and showed fully integrated 
morphology in the presence of the cells.  

4.5 Electrochemical characterization of biosensors 
 
Fig. 4.20 shows the image of a biosensor prepared by immobilizing yeast on SPE. For 
electrochemical characterization of biosensor, all experiments were performed at fixed 
WempeUaWXUe of 26 ႏ in 20 mL VcinWillaWion YialV conWaining 18 mL elecWUol\We VolXWion of 20 
mM MOPS buffer (pH 5), 10 mM MgCl2, 50 mM glucose, and K3[Fe (CN)6] under aerobic 
conditions in the presence and absence of copper sulphate (0 to 100 µM). Copper sulphate was 
introduced in scintillation vials after electrochemical polymerization and magnetically stirred 
at 100 rpm for 120 seconds to obtain a homogenized solution. In order to improve the 
electrochemical response of electrochemical system, K3[Fe(CN)6] was selected to act as 
extracellular redox mediator. K3[Fe(CN)6] has been used both in microbial fuel cells (MFC) 
and electrochemical biosensors to increase extracellular electron transfer rate from biofilms to 
electrodes [208, 209].  
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Figure 4.20: Image of SPE with immobilized yeast cells. 

 
 

Figure 4.21: Assembly used for electrochemical characterization of biosensors prepared using 
immobilized yeast cells on the surface of SPE. 

For example, a S. cerevisiae MFC showed improved performance when 50 mM K3[Fe (CN)6] 
was added as external mediator [208]. Despite its toxicity, K3[Fe (CN)6] was employed as redox 
mediator also with fungi Candida albicans aW 100 ȝM concenWUaWion [210]. With respect to 
another biocompatible redox mediator like HNQ, it is more stable and has a faster turnover rate 
[211, 212]. Therefore, 50 µM K3[Fe (CN)6] was used in all electrochemical experiments carried 
out in this part of the study. Control group experiments were performed following the same 
procedure for bio-electrode preparation stated in section 3.5 with dead cells (viable cells placed 
in a hoW ZaWeU baWh foU 1 hoXU aW 100 ႏ) and PDA coaWing onl\. Fig. 4.21 VhoZV Whe Assembly 
used for electrochemical characterization of biosensors prepared using immobilized yeast cells 
on the surface of SPE. 

4.5.1 Voltametric analysis of biosensors  
 
CV is a technique that not only provides quantitative analysis but also offers diagnostic 
information regarding metabolic activity of attached cells in electrochemical characterization 
[213-215]. Keeping that in mind, S. cerevisiae WT strain: dead cells, viable cells, and PDA 
only, immobilized on SPE surfaces were characterized to observe the voltametric response in 
the presence of the redox mediator (Fig. 4.22). Low scan rate (1 - 5 mV sí1) is usually preferred 
while working with microbial applications as it can provide information regarding sluggish 
interfacial electron transfer. At 2 mV sí1 scan rate (- 0.3 V to + 0.52 V), the CVs at 14 h 
displayed sizeable differences in three groups. Control experiments with bioelectrodes prepared 
with dead cells and PDA coating only showed a smaller current density than yeast cells 
immobilized with PDA. These results were similar to our previous results obtained with glassy 
carbon electrode. However, the voltametric response demonstrated that bioelectrodes prepared 
using yeast cells embedded in PDA had almost 10 folds (16 ± 1 mA cm-2) increase at + 0.4 V 
during anodic scan and SPE improved the current density compared to standard GCE. 
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Figure 4.22: Cyclic voltammetry for the bioelectrode in the presence of redox mediator 
prepared with WT S. cerevisiae cells in the PDA matrix (blue), dead yeast cells in PDA (red), 
and sterile electrodes prepared with polydopamine alone (black). Results are the average of 
three independent biological replicates. 

4.5.2 Impedimetric analysis of PDA immobilization 
 
In order to study the facilitation of EET by PDA in current system, the EIS response was studied 
for four different samples based on the to evaluate the response of PDA coating i.e., Sample 1: 
viable yeast cells immobilized using PDA on SPE with redox mediator in electrolyte, Sample 
2: viable yeast cells immobilized using PDA on SPE without redox mediator in electrolyte, 
Sample 3: PDA immobilized on SPE without redox mediator in electrolyte and Sample 4: Dead 
yeast cells immobilized using PDA on SPE without redox mediator. The EIS was performed as 
a potential scan from -100 mV to 400 mV with a step potential of 50mV between a frequency 
range of 0.05 Hz to 50 kHz. 
4.5.2.1 Numerical results and discussion  
 
Figs. 4.23 and 4.24 show the Nyquist and Bode plot for four samples. Nyquist plot showed both 
real and imaginary components increased from Sample 1 to sample 4, which indicates decrease 
in impedance during EET in the presence of viable cells and redox mediator. The plot shows 
depressed semi-circles for each sample indicating non-ideal capacitance [216].  Fig. 4.24 shows 
the bode phase plot with respect to frequency, indicating the characteristic time of different 
electrochemical effects at different frequencies. 

 
Figure 4.23: Nyquist plot for samples at OCP. Frequency range 0.05 Hz ± 50 kHz,  potential 
scan from -100 mV to 400 mV with a step potential of 50 mV. 
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Figure 4.24: Bode plot for samples at OCP. Frequency range 0.05 Hz ± 50 kHz,  potential scan 
from -100 mV to 400 mV with a step potential of 50mV. 

It is observed that EIS at low and medium frequency here represent charge transfer and double 
layer capacitance at the coating-electrode interface while the high frequency indicate charge 
accumulation on PDA-electrolyte interface and resistive behavior of electrolyte solutions to 
applied signal, respectively [217].  While looking at the phase angle, we noted that the phase 
angle never reached 90 which is an indication that the PDA-electrolyte interface behaved as a 
constant phase element CPE [216]. This also explains the depressed semi-circular feature 
observed in the Nyquist plot. The experimental data obtained from EIS was analyzed for 
distribution function of relaxation times (DFRT) and the corresponding number of time 
constants prior to modeling with equivalent circuit fitting (Fig. 4.25). Since the DFRT analysis 
showed two distinct time constants, a Randles equivalent circuit consisting of a series resistance 
(resistance of electrolyte) with two resistor-CPE circuits (Fig. 4.26) was selected to represent 
the electrochemical system [218]. 

 

 
Figure 4.25: Representative DFRT plots for samples at OCP. Frequency range 0.05 Hz ± 50 
kHz,  potential scan from -100 mV to 400 mV with a step potential of 50 mV. 
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Figure 4.26: Schematic representations of equivalent circuit. 

In equivalent circuit, R1 represents the resistance of the electrolyte, Q2 and Į2 represent CPE to 
model non-ideal capacitance at solution-coating interface, and R2 is charge transfer resistance 
Rct at the same interface. Similarly, Q3 and Į3 represent the CPE to model the non-ideal 
capacitance at the coating-electrode interface, and R3 is the resistance to charge transfer Rct at 
the same interface [218]. CPE was used for modeling keeping in mind the depressed nature of 
semicircles during Nyquist plot with phase angles less than 90 degrees and to account for the 
for irregularities on the surface due to the roughness of the SPE and inhomogeneities on the 
composite layer [219]. As CPE was used for the modelling, capacitance was calculated using 
Hsu-Mansfeld equation because in equivalent circuit model resistance and CPE were in 
parallel, the CPE coefficients were between 0.65 and 1 and time constant was normally 
distributed in DFRT [217, 220]. 

 
Figure 4.27: Interfacial resistance for samples at bias potential. Frequency range 0.05 Hz ± 50 
kHz,  potential scan from -100 mV to 400 mV with a step potential of 50 mV. 
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Figure 4.28: Effective capacitance for all samples at bias potential. Frequency range 0.05 Hz 
± 50 kHz,  potential scan from -100 mV to 400 mV with a step potential of 50 mV. 

As EET is potential dependent, Fig. 4.27 shows interfacial resistance between electrode and 
biofilm interface for four samples at different potentials for fitting data. It can be observed that 
the interfacial resistance for sample 4 (dead cells) is significantly higher with respect to samples 
2 and 1 (viable cells) while sample 3 had the lowest resistance. From the results we hypothesize 
this effect shows facilitated charge-limited process and confirming the increase in EET from 
cells in sample 2 and 1. In contrast to interfacial resistance, effective capacitance displayed in 
Fig 4.28 showed inverse trend, where sample 1 and 2 (viable cells) showed higher capacitance 
for fitted data in comparison to sample 4 (dead cells). It indicates that there is formation of 
space charge layer in sample 1 and 2 (viable cells) due to higher EET resulting in double layer 
capacitance at electrode-biofilm interface. These results are consistent with our hypothesis and 
with the results obtained from CV and CA as well.   

4.5.3 Amperometric analysis of biosensor 
 
In this part of the study, our main focus was on the characterization of biosensors using CA as 
it provides the response of the system in steady state condition. Generally, in long-term 
experiments (e.g., 24 - 48 h), the current output is due to growth and respiration of the 
electricigens [221]. However, the inherent lack of repeatability of biofilm growth makes the 
long-term current output strongly dependent on the initial conditions. However, the current 
output for short term experiments with immobilizations, cell growth can be neglected and 
interpreted as steady-state respiration of the immobilized cells. Thus, short-term amperometry 
is an effective method to test constant respiration rate (e.g., for different environmental 
conditions and/or species or mutants) or detect rapid variation in the extracellular respiration 
following the application of chemical stress (e.g., CuSO4). In the first set of experiments, WT 
cells were grown in rich medium YPD (with glucose as fermentative carbon source) and YPG 
or YPE (glycerol or ethanol as non-fermentative carbon sources). After 14 h cells from each 
culture media were immobilized on the SPE to prepare bioelectrodes of three different types, 
each having biorecognition element with different growth media. Having observed that 
respiratory metabolism might affect electrical cell response, chronoamperometric analysis of 
bioelectrodes with WT and two mutant strains, ǻKaS4 and ǻUWg2, lacking the catalytic subunit 
of the transcriptional complex Hap2-5 complex required for the control of tricarboxylic acid 
(TCA) cycle and electron transport and the upstream regulator of the mitochondrial retrograde  
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Figure 4.29: Amperometric iít traces of S. cerevisiae WT cells grown in glucose, glycerol and 
ethanol as carbon source at 0.4 V versus CE, C; RE, Pseudo Ag with 0 µM (blue), 10 µM 
(yellow), 50 µM (pink), 100 µM (black) CuSO4 under aerobic conditions. 

pathway, respectively was performed. The three strains were cultured in medium containing 
glucose as sole carbon source and immobilized on the SPE to develop biosensors for 
electrochemical characterization. The characterization using CA was performed at 0.4 V for a 
period of 5000s for all samples. 
 
4.5.3.1 Numerical results and Discussion  
 
First, amperometric trace of biosensor prepared with WT cells cultured in YPD, YPG and YPE, 
and immobilized using PDA on the surface of SPE was performed as shown in Fig. 4.29. 
Differently from glucose, which is preferentially metabolized by yeast cells even in the 
presence of oxygen (glucose catabolite repression), glycerol and ethanol stimulate respiration 
(Figs. 4.5, 4.6 and 4.7). Obtained results showed that the chronoamperometric response, 
measured at 0.4 V for a period of 5000 s, was significantly improved by respiratory metabolism 
rather than fermentative metabolism (Fig. 4.29). Interestingly, it was reported before that S. 
cerevisiae respired aerobically in the mitochondria in the presence of glycerol as carbon source, 
producing 30% ATP higher than the medium containing glucose as carbon source [222]. 
Vasylkovska et al (2015) also demonstrated that the medium supplemented with glycerol and 
ethanol as carbon sources had 6.9 and 3.3 fold increase in metabolic rate compared to the 
medium containing glucose, respectively [223]. 
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Table 4.1: Percentage increase of current densities at 2500 s in amperometric iít traces of 
biosensors prepared using S. cerevisiae WT strain cultured in YPG and YPE with respect to 
YPD, at 0.4 V versus CE, C; RE, Pseudo Ag with different concentration of CuSO4 (0, 10, 50, 
100 µM) under aerobic conditions. 

Name Percentage increase in current 
density  (YPG w.r.t YPD) 

Percentage increase in current 
density  (YPE w.r.t YPD) 

0 µM 30.998 48.495 
10 µM  30.987 30.154 
50 µM  35.604 24.517 

100 µM  40.444 -6.370 
 
They also reported that although no significant difference was recorded in the SOD activity of 
the strains utilizing each of these carbon sources, the activity of catalase was found to be 3.3 
higher in the glycerol medium relative to the medium containing glucose. This better response 
was maintained in the presence of copper sulphate, with less sensitivity at highest 
concentrations (Fig. 4.29 and Table 4.1). Relative growth data in these conditions indicate that 
copper had a stimulatory effect in glycerol or ethanol medium (Figs. 4.5, 4.6 and Fig. 4.7) 
according to [224]. Beyond its positive effect on respiratory rate, copper can also ameliorate 
oxidative stress.  As earlier indicated, the presence of Cu2+ in trace amount could have led to 
increased SOD activity as reported by Liang and Zhou (2007), the high activity of catalase in 
the presence of glycerol could have better controlled the high amount of amount of H2O2 and 
molecular oxygen resulting from SOD activity, helping the cell achieve a more balanced redox 
state, and ultimately leading to the increase in current output (EET rate) [225]. The results of 
CA were compared at 2500 s, where the current output reached steady state for all samples, and 
the EET rate increase of about 30% for cells cultured in glycerol or ethanol for almost all 
concentrations of CuSO4 with respect to glucose. However, at higher concentration the 
tolerance decreased for cell cultured in ethanol, and the current density showed a drastic 
inhibition particularly at 100 µM (Table 4.1 and Fig. 4.30).  

 
Figure 4.30: Current density of S. cerevisiae WT cells grown in glucose, glycerol and ethanol 
as carbon source at 0.4 V versus CE, C; RE, Pseudo Ag with different concentration of CuSO4 
(0, 10, 50, 100 µM) under aerobic conditions after 2500 s of incubation.  
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Figure 4.31: Relationship between CuSO4 concentrations and current density during 
chronoamperometry at EAPP: +0.40 V. R2: 0.998 for bioelectrodes prepared by immobilizing 
WT cell cultured in YPD. Error bars indicate one standard deviation. 

 
Figure 4.32: Relationship between CuSO4 concentrations and current density during 
chronoamperometry at EAPP: +0.40 V. R2: 0.996 for bioelectrodes prepared by immobilizing 
WT cell cultured in YPG. Error bars indicate one standard deviation. 

 
Figure 4.33: Relationship between CuSO4 concentrations and current density during 
chronoamperometry at EAPP: +0.40 V. R2: 0.947 for bioelectrodes prepared by immobilizing 
WT cell cultured in YPE. Error bars indicate one standard deviation. 
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Table 4.2: LoD, R2, and sensitivity of bioelectrodes prepared by immobilization of S. cerevisiae 
WT strain cultured in glucose, glycerol and ethanol as carbon after 2500 s of incubation with 
different concentration of CuSO4 (0, 10, 50, 100 µM) under aerobic conditions. 

Name LoD (µM CuSO4) R2 Sensitivity  (ȝA*cm-2*L*ȝmol-1
CuSO4 ) 

YPD 2.2 0.998 -10.9 ± 0.3 × 10-3 
YPG 1.8 0.996 -13.6 ± 0.5 × 10-3 
YPE 1.4 0.947 -17 ± 2.3 × 10-3 

 
In order to better understand the response of biosensors, the current density values at 2500 s 
were analyzed for linear fitting as shown in Figs. 4.31, 4.32 and 4.33. The linear fitting data 
obtained from CA for all three groups is shown in Table 4.2. It was observed that the biosensors 
prepared using metabolic manipulations immobilized on SPE showed improvement in all 
aspects such  LoD, R2  and sensitivity in comparison to the results obtained by glassy carbon 
bioelectrode. The current set of biosensors provided at least 10 percent higher in LoD, improved 
R2 (except ethanol) as well as a minimum of 2 fold increase in sensitivity.  
 
Having observed that respiratory metabolism might affect electrical cell response, 
chronoamperometric analysis was performed with biosensors prepared using WT and two 
mutant strains, ǻKaS4 and ǻUWg2, respectively (Fig. 4.34). The three strains were cultured in 
medium containing glucose as sole carbon source and immobilized on the SPE for 
electrochemical characterization. 

 
Figure 4.34: Chronoamperometric of S. cerevisiae WT, ǻhap4 and ǻrtg2 cells at 0.4 V versus 
CE, C; RE, Pseudo Ag with 0 µM (blue), 10 µM (yellow), 50 µM (pink), 100 µM (black) 
CuSO4 under aerobic conditions. 
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Figure 4.35: Current density of WT, ǻhap4 and ǻUWg2 cells at 0.4 V versus CE, C; RE, Pseudo 
Ag with different concentration of CuSO4 (0, 10, 50, 100 µM) under aerobic conditions after 
2500 s of incubation.  

Table 4.3: Percentage increase of current densities at 2500 s in amperometric iít traces of 
biosensors prepared using S. cerevisiae ǻKaS4 and ǻUWg2 strains with respect to WT, at 0.4 V 
versus CE, C; RE, Pseudo Ag with different concentration of CuSO4 (0, 10, 50, 100 µM) under 
aerobic conditions. 

Name Percentage increase in current density 
(ǻhap4 w.r.t WT) 

Percentage increase in current 
density  (ǻrtg2 w.r.t WT) 

No 103.123 80.514 
10 µM  54.003 52.579 
50 µM  30.668 48.189 

100 µM  37.160 7.174 
 
Interestingly, both the mutations improved the EET response, measured at 0.4 V for a period 
of 5000 s (Fig. 4.34). The current density values were compared at 2500 s as shown in Fig. 4.35 
and Table 4.3. An increase in EET response above 35 percent was observed for biosensors 
prepared with both mutant strains in comparison with WT for all concentration of CuSO4. The 
current output of all the strains decreased with the increase in concentrations of CuSO4, 
indicating a perturbation in their metabolic state associated with Cu2+ induced stress. As shown 
in Fig. 4.35 and Table 4.3, ǻKaS4 and ǻUWg2 showed significant increased EET response in 
comparison with WT for concentrations of CuSO4 except for 100 µM  for ǻUWg2. These 
observations were in agreement with cell growth data showing that copper can ameliorate cell 
growth in the two mutants with respect to WT (Figs. 4.11, 4.12 and 4. 13). On the other hand, 
the increased EET response in the presence of copper could be due to reduced oxidative stress 
in the mutants. The control experiments, bioelectrodes prepared using PDA with heat-killed 
cells and PDA-only showed negligible current output.  



51 
 

 
Figure 4.36: Relationship between CuSO4 concentrations and current density during 
chronoamperometry at EAPP: +0.40 V. R2: 0.998 for bioelectrodes prepared by immobilizing 
WT cell cultured in YPD. Error bars indicate one standard deviation. 

 
Figure 4.37: Relationship between CuSO4 concentrations and current density during 
chronoamperometry at EAPP: +0.40 V. R2: 0.902 for bioelectrodes prepared by immobilizing 
ǻKaS4 cell cultured in YPD. Error bars indicate one standard deviation. 

 
Figure 4.38: Relationship between CuSO4 concentrations and current density during 
chronoamperometry at EAPP: +0.40 V. R2: 0.986 for bioelectrodes prepared by immobilizing 
ǻUWg2 cell cultured in YPD. Error bars indicate one standard deviation. 
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Table 4.4: LoD, R2, and sensitivity of biosensors prepared by immobilization of S. cerevisiae 
WT, ǻKaS4 and ǻUWg2 strains cultured in glucose as carbon after 2500 s of incubation with 
different concentration of CuSO4 (0, 10, 50, 100 µM) under aerobic conditions. 

Name LoD (µM CuSO4) R2 Sensitivity  (*10-3 ȝA*cm-2*L*ȝmol-1
CuSO4 ) 

WT  2.2 0.998 -10.9 ± 0.3 × 10-3 
ǻhap4 1.1 0.902 -22.1 ± 4.1 × 10-3 
ǻrtg2 1.3 0.986 -18.3 ± 1.2 × 10-3 

 
The higher rate of respiration observed in ǻKaS4 and ¨UWg2 (TabOe. 4.3) is in agreement with 
Guaragnella et al (2021) and could be due to possession of higher mitochondrial mass, 
especially in ǻKaS4 where the growth appeared accelerated with respect to WT in the absence 
of stress [170]. Also, the higher resistance to copper in both mutant strains might be an effect 
of dysfunctional mitochondria as previously observed in (Liang and Zhou, 2007). Overall, this 
confirms an interplay between RTG2 and HAP4 in controlling mitochondrial function [171]. 
Similar to previous case, we performed linear fitting and obtained calibration curves using 
current density values at 2500s as shown in Figs. 4.36, 4.37, 4.38 and Table 4.4. The data 
suggested a positive in all aspects i.e., as LoD, R2 and sensitivity in comparison to the results 
obtained by glassy carbon bioelectrode. The current set of biosensors provided at least 10 
percent higher in LoD, improved R2 (except ǻhap4) as well as a minimum of 2 fold increase in 
sensitivity.  

Looking at results form CA analysis, either two or three phases can be observed: a) a 
rapid capacitive discharge in the initial 5 minutes; b) a slow decrease of the current output, 
which is longer at low CuSO4 concentration and c) a plateau phase, in which the current remain 
stable with time. Virtually no current is observed for dead cells, indicating the biological origin 
of the current output. However, this current output is even lower than that of PDA only, likely 
due to the poor conductivity of the dead cells. The current observed for PDA seem due to the 
polyelectrolyte, which facilitate EET [155]. However, overall the current output remains low. 
The drift, i.e. the slope of the phase b) is small at both low (0 and 10 mM) and high (100 mM) 
concentrations of CuSO4. In fact, the cell can tolerate low concentration of Cu2+, although it 
decreases the respiration rate with respect to the control and it is likely that high concentration 
of CuSO4 damages most of the cells quickly durring electrochemical analysis, leaving only a 
small residual repiration rate. This also corelate with the CFU counting results where the cells 
showed viability even after incubation with CuSO4 after more than 20 h.  On the other hand, at 
100 µM, we are probably close to the MIC, thus cells are slowly dying/being inhibited under 
given conditions [50-52]. In an application, the concentration of the analyte should be kept 
lower than the MIC, to avoid damaging the sensing element. The comparision of result from 
CFU counting with CA analysis indicate that both show same trends but in case of CFU 
counting the inhabition in growith is very low as the percentage viability started to show slight 
decrease after 18 h (Fig. 4.4) of exposure while the presented method provide better sensitivity 
and rapid detection in comparison to conventional optical techniques. Moreover the results also 
correspond to our previous results presented in chapter 3 [177]. 
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Chapter 5  
 
PROTOTYPE AND WEB APPLICATION DESIGN  
 
In this chapter we describe the description of the proposed prototype device, and the web 
application developed in this work for characterization of biosensor for in-situ detection of 
copper.  

 

 
 

Figure 5.1: EmStat pico development board 

5.1 State of the art 
 
With the development of microelectronics, the instruments used for electrochemical 
measurements such as potentiostat have scaled down to handheld devices from desktop or rack 
mount machines. Modern instruments now a days have potentiostat fabricated into compact 
devices like PCBs, gas monitors, medical devices, or wearables [226]. One of the examples of 
such devices is Emstat pico development board with dimensions of 90 x 65 mm (Fig. 5.1). This 
board is equipped with already tested, calibrated, and proved potentiostat, EmStat Pico [227]. 
EmStat Pico, is a miniaturized potentiostat with a size of 30.5 mm × 18 mm × 2.6 mm (Fig. 
5.2). This device is fabricated using Analog Device technologies like ADuCM355, ADP166, 
ADT7420, and AD8606 [228]. It has the ability to be connected with microcontroller based 
system and when integrated with EmStat Pico development board provides additional fatalities 
like Bluetooth (BT900 module) for communication with Android phones and tablets, real-time 
clock (On-board IC: S-35390A-T8T1G) for time-stamping, EEprom for calibration data 
storage, USB connection to interface with a PC, a header for direct insertion of an Arduino 
MKR, battery power (CR1225 and 2x AAA, 3V) and SD card (8GB) for standalone operations. 
 
 

https://embed.palmsens.com/product/emstat-pico-module/
https://www.analog.com/en/products/aducm355.html
https://www.analog.com/en/products/adp166.html
https://www.analog.com/en/products/adt7420.html
https://www.analog.com/en/products/ad8606.html
https://embed.palmsens.com/product/emstat-pico-development-kit/
https://embed.palmsens.com/product/emstat-pico-development-kit/
https://embed.palmsens.com/product/emstat-pico-development-kit/
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Figure 5.2: EmStat pico potentiostat.  

 
Moreover, this kit comes with standard sensor cable with 2 mm banana pins, croc clips and 
connectors for in house SPE integration [227]. The EmStat Pico Development board is provided 
with a free to use software named PSTrace [229]. This software enables user to perform 
measurements using your own electrochemical sensor such as SPE similar to standard lab 
potentiostat. The software PSTrace works with human readable script namely MethodSCRIPT. 
This language for scripting is developed in order to provide adaptability of potentiostat for 
Original Equipment Manufacturer (OEM) users. The script can be generated using PSTrace 
software or with your own customized software.  Additionally, for low lever communication 
libraries are available for integration of potentiostat with another instrument [230].  The Emstat 
Pico Development board has two working modes: low-speed mode (up to 100 Hz) and high-
speed mode (up to 200 kHz). In low-speed mode two potentiostat circuits are used 
simultaneously while in high-speed mode each channel is used alternately [228]. To facilitate 
POC applications the kit is provided with a battery saving mode and have a small footprint with 
2.54 mm (100 mil) connections along with castellations for ease-of-integration into prototype 
systems. EmStat Pico development kit, is capable of performing several voltametric, 
amperometric and impedimetric techniques especially Cyclic Voltammetry (CV), 
Chronoamperometry (CA) and Electrochemical Impedance spectroscopy (EIS) used for 
characterization in this work [227]. 
 

 
 

Figure 5.3: Working prototype of handheld device with in-house biosensors connected to 
android tablet for electrochemical quantification of CuSO4. 

https://embed.palmsens.com/product/emstat-pico-module/
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5.2 Transfer of technology towards portable microelectronics prototype development 
 
The benchtop results obtained from electrochemical characterization performed using standard 
potentiostat in this work lined the way for development of miniaturized microelectronic 
handheld prototype for point-of-care application. The form factor microelectronic prototype 
was assembled using EmStat Pico Development (bi-potentiostat) board which provides all the 
functionalities of a standard lab potentiostat in miniaturized form. Fig. 5.3 displays the working 
prototype with in-house SPE. In order to evaluate the response of prototype the EmStat pico 
development board was powered using 2x AAA, 3V batteries and connected to android tablet 
via bluetooth connection using PStouch application to pass instructions for electrochemical 
characterization. The biosensors (bioelectrodes) prepared with immobilized WT cells on the 
surface of Zensor SPE were mounting on the prototype device and dipping in the electrolyte 
containing different concentrations of CuSO4.  CA was performed at 0.4 V for a period of 5000 
s and output was stored in the form of .CSV files on the Tablet.  
 
5.2.1 Numerical results and discussion 

 
Figure 5.4: Amperometric i-t traces of SPE ± yeast bioelectrode obtained from prototype with 
different concentrations of CuSO4. 

 
Figure 5.5: Box plot of current density values at 2500 s from chronoamperometric analysis of 
SPE ± yeast bioelectrode obtained from prototype with different concentrations of CuSO4.  
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Figure 5.6: Relationship between CuSO4 concentrations and current density during 
chronoamperometry at EAPP: +0.40 V for three cases. Error bars indicate one standard deviation. 

The results obtained showed a dosage dependent inhibition in current density in the presence 
of different concentrations of CuSO4 as in case of commercially available lab potentiostat. Figs. 
5.4 and 5.5 display the i-t amperometric trace (3600 s) and box plot of current densities at 2500 
s with different concentrations of CuSO4, respectively. It can be observed that as the 
concentration of CuSO4 increases the current densities keep on decreasing.      
 
To further assess the response of the prototype in comparison with: GCE - yeast biosensors 
with single channel potentiostat (chapter 3) and SPE biosensor with multichannel potentiostat 
(chapter 4), the results of current densities obtained at 2500 s were analyzed and subjected to 
linear fitting to obtain calibration curve as shown in Fig 5.6. Then calibration curve data was 
used to calculate LoD, sensitivity and R2 values and compared with previous cases. From Fig. 
5.6 it was observed that the SPE based biosensors using prototype showed better current 
densities response in comparison with GCE based biosensors using single channel potentiostat 
evaluated in chapter 3. The improvement in signal is considered due to nature of electrode 
(SPE) that provides better immobilization and miniaturized prototype that has the ability for in 
house integration of biosensor, reducing the losses due to impedance. 
 
Table 5.1: LoD, R2, and sensitivity of bioelectrodes prepared by immobilization of S. 
cerevisiae WT strain cultured in YPD after 2500 s of incubation with different concentration 
of CuSO4 (0, 10, 50, 100 µM) under aerobic conditions. 

Name LoD 
(µMCuSO4) 

R2 Sensitivity  (*10-3 ȝA*cm-2*L*ȝmol-

1
CuSO4 ) 

SPE (multi-channel 
potentiostat) 2.2 0.998 10.9 ± 0.3 

SPE (EmStat pico 
development board) 2.9 0.998 5.15 ± 0.1 

GCE (Single channel 
potentiostat) 12.5 0.955 4.8 ± 0.6 
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However, SPE based biosensors using prototype displayed lower current densities response 
than SPE based biosensors using multichannel potentiostat discussed in chapter 4. The possible 
reason for lower current densities response in this case can be the absence of redox mediator. 
Table 5.1 shows the LoD, R2 and sensitivity obtained for three different experimental setups 
used during this work. It can be observed that the biosensors evaluated with prototype display 
similar LoD and R2 as in case of multichannel potentiostat with a lower sensitivity and better 
response in comparison to GCE biosensors with single channel potentiostat.   

5.3 Web application 
 

5.3.1 State of the art 
 
To perform real-time, online monitoring of the data gathered by the prototype device, a web 
application has been developed.  The decision of developing web application relies on the fact 
that a web application is platform independent and can be easily accessed via browser by any 
device (mobile phone, tablet, desktop computer) compared to a mobile application that is OS 
dependenW. The applicaWion iV deYeloped b\ XVing P\Whon FlaVk foU Whe Zeb VeUYeU and Google¶V 
Firebase for the remote data storage [231]. Flask is a Python open-source micro-framework 
having a simple and high-performance core that provides fundamental features such as 
development server and debugger, routing, integrated unit testing support, protection against 
cross-site scripting (XSS) and the use of Jinja 2 as a template engine [232, 233]. Unlike full 
stack web frameworks such as Django [234], Flask does not include, for example, a database 
API, an authentication, upload, or form validation system: this type of functionality is included 
in a web app site written with Flask through the use of dedicated extensions, which once 
integrated into the project can be used easily as if they were part of the framework itself. 
Google¶V FiUebaVe iV a VeUYeUleVV plaWfoUm foU deYeloping mobile and Zeb applicaWionV. IW iV 
open source but supported by Google, leveraging Google's infrastructure and its cloud well 
suited for writing, analyzing, and maintaining cross-platform applications. In fact, Firebase 
offers features such as analytics, databases (using noSQL structures), messaging and crash 
reporting for managing web, iOS and Android applications. In this scenario, a real-time 
database will be XVed Wo hoVW VenVoUV¶ daWa. MoUeoYeU, Whe ke\-value paradigm of firebase makes 
it suitable to interact with a Python-based application that makes use of dictionary data 
structures [231].  

5.3.2 Software architecture and working 
 
Fig. 5.7. shows the schematic diagram of complete system architecture. The whole software 
architecture is composed of 3 different layers: user interface (UI) layer, logic layer and data 
layer. In the following sections, each part of the system will be described in detail. 
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Figure 5.7: Block diagram of complete system architecture. 

5.3.2.1 User Interface Layer 
 
The User Interface comprises 2 different HTML pages: an index page and a data visualization 
page. Whenever the user accesses the index page, 2 different sections are shown as shown in 
Fig. 5.8. The first section allows uploading new files to the remote Firebase storage. The system 
requires all data to be structured into .csv files (coming from the Emstat PICO development 
board). Thus, the web interface allows to navigate through the filesystem and select the .csv 
file the user needs to upload. Once a file is selected, the upload button starts a routine to convert 
.csv format into key-value format. 
 

 
Figure 5.8: Display of index page of web application. 
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The whole backend logic is developed in python language, so behind the curtains of this 
process, there is a python method that creates a list containing all the current values from the 
file and, after converting all the values to current density, pushes the data into the real-time 
database. To do so, a new key is created in the database root, having the name of the file the 
user chose to upload. All current density data is then stored as a single value associated with 
the key, in order to speed up the process (saving each value as a new value in the db would 
slow down the system performance). Thus, once all data is uploaded, it can be retrieved via file 
name. The second section of the index web page allows data selection for online charts 
diVpla\ing. The ³ViVXali]e DaWa´ and Whe ³ViVXali]e Anal\ViV´ bXWWonV alloZ Wo diVpla\ cXUUenW 
density per unit time curves and a plot displaying concentration of CuSO4 in each .csc based on 
current density values obtained from sample CA data, respectively as shown in Fig. 5.8.  
 

 
 

Figure 5.9: Display of data visualization page of web application showing i ± t trace. 

 

 
 

Figure 5.10: Display of data visualization page of web application showing classification of 
sample into different categories based on current density values at 2500 s of CA data. 
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 When clicking both buttons, a JavaScript function is employed to retrieve all file names from 
the remote database. These are used to prompt a list of checkboxes where the user can select 
only the files to visualize and compare. Once the user has performed its selection, the buttons 
³ViVXali]e SelecWed DaWa´ oU ³ViVXali]e DaWa Anal\ViV´ alloZs to redirect the user to the data 
visualization page. This page finally shows the graphs of sensors data as shown in Figs. 5.9 and 
5.10.  
 
5.3.2.2 Logic Layer 
 
The backend logic of the whole web application is developed using the Python programming 
language. More specifically, the flask library allows you to associate a specific python method 
to each page, that is usually executed before rendering. The logic is therefore contained in a 
Vingle p\Whon VcUipW ZheUe diffeUenW meWhodV handle all XVeUV¶ UeqXeVWV. ThiV block doeV noW 
only handle the web visualization, but also bridges the gap between the web server and the 
remote Firebase. The first step when loading the application is therefore to load all necessary 
authentication files to establish the connection with the remote database. This is done via the 
firebase_admin library: a suite of python methods to easily interact with a Firebase remote 
database. All different methods handling the logic are: 

Ɣ Data uploading: the .csv file to be uploaded is opened and read row by row using the 
pandas library. All data is then concatenated into a single string having all values 
VepaUaWed b\ a ³/´ V\mbol (again, foU Vpeed UeqXiUemenWV). A file name ke\ iV finall\ 
created into the database a the string is finally stored as value. 

Ɣ File retrieving: when the user needs to select data to be displayed, a JavaScript function 
creates a drop-down checklist with all the filename keys contained in the database. 
Behind the curtains, a python function is retrieving all the keys from the firebase and 
passing all the values back to the JS. This finally creates the selection list. 

Ɣ Charts creation and data visualization: after creating the selection list, another JS 
function collects all file names selected by the user and starts the data visualization 
process. Specifically, this function passes all the file keys to the Python backend logic. 
The latter are used to retrieve from the realtime database all the values associated with 
each. During this process, all current values are retrieved from the unique string created 
during the data uploading process and converted to current density values. When all 
data from all files is gathered, it is time to create the final charts to be displayed. The 
matplotlib python library is used to create the plots. Two different functions have been 
created to differentiate whether the user want to visualize the current density curves 
over time or a box plot representing the current density distribution. In the first case, 
for each filename, all current density values are stored in a list. Once all lists are ready, 
a cumulative plot is created by overlapping the current density curves from all the 
selected files. In the second case instead, for each file, only the current density values 
corresponding to time instance 2500 (s) is collected. A scatterplot is finally created, by 
ploWWing a poinW foU each file¶V current value. To display the charts, the base64 python 
library is used. This is a necessary step because matplotlib.pyplot is meant to display 
the generated plot in a dedicated GUI window. In this case instead, it is necessary to 
save these plots as standalone images and visualize them on the html page. To do so, 
the technique is to avoid calling the matplot displaying function. The final image is 
instead retrieved from the IO buffer that is created when matplot savefig() method was 
called. base64 is finally used to decode all image data from the buffer. This data is 
finally passed to the data visualization page that displays the plots. 
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5.3.2.3 Data Layer 
 
The data layer is built on top of Google's Firebase. This publicly accessible database makes it 
possible to access the data of web applications from all over the world. The database structure 
iV compoVed of a Vingle UooW YalXe called ³/daWa´, XndeU Zhich all fileV aUe VaYed aV childUen 
nodes. The database interacts with the python flask application that handles all the CRUD 
(create, read, update and delete) functions. To do so, the firebase_admin library is used on the 
python side while the database rules are set to open to allow python to interact with it. 
Moreover, the web app is required to use an authentication file to have the rights to perform 
changes on the database. This consists of a json certificate that travels together with the source 
code of the application (without this file, the web app will no more be able to perform changes 
on the db). 
 

5.3.3 Performance Assessment and discussion  
 
In order to test the performance of web application, the .csv from the electrochemical 
experiments with known concentration of copper (10, 50, 100 µM) were uploaded and 
analyzed. The application was found to efficiently plot current density per unit time curves 
along with correct detection of concentrations of copper. Figs. 5.9 and 5.10 show the results 
obtained from analysis using a web application. It is worth mentioning here that, the application 
assign categories to sample data based on steady state current density at 2500 (s) by comparing 
it with values obtained from standard laboratory equipment. Moreover, initially the application 
is designed to classify the samples in three different concentration categories (10, 50, 100 µM) 
due to unavailability of standard data. However, the development of web applications and 
availability of prototype provides a way for point-of-cure applications of developed biosensors. 
Despite that, there is need for improvement in selectivity and selectivity of biosensors for 
analyte specific, repeatable and multiparametric sensing along with integration of prototype 
device with communication systems for standalone real-time remote operation.  Therefore, the 
developed electrochemical yeast-based biosensors have significant potential for real-world 
applications and commercialization. By enabling rapid, low-cost, and on-site detection of 
analytes such as copper, these biosensors offer a substantial improvement over traditional 
methods, which often require complex, time-consuming, and costly procedures. In the context 
of PA, these biosensors can be employed to monitor soil and irrigation water in real-time, 
allowing farmers to make informed decisions regarding fertilization and pesticide use, thereby 
enhancing crop yields and reducing environmental impact. This capability is crucial for 
achieving sustainable agricultural practices and optimizing resource utilization. Moreover, the 
commercialization prospects for these biosensors are also promising due to their ease of 
miniaturization and integration with IoT technologies. The development of a handheld, low-
power prototype device that can be operated via common consumer electronics such as 
smartphones and tablets broadens the potential user base, making advanced agricultural 
monitoring accessible to farmers of varying scales and technological expertise. Additionally, 
the inclusion of a Python-based web application for data visualization and analysis enhances 
the usability and appeal of the system, offering an integrated solution for data management and 
decision support. Moreover, the scalability of production and the robustness of yeast as a 
biorecognition element add to the commercial viability of these biosensors. Yeast cells, 
particularly S. cerevisiae, are easy to culture and maintain, making the biosensors cost-
effective. The ability to produce these sensors in large batches may further reduces costs and 
allows for widespread adoption. The biosensors' versatility extends beyond agriculture, with 
potential applications in biomedical, industrial, and environmental monitoring, broadening 
their market potential. Overall, the integration of advanced biosensor technology with user-
friendly, data-driven tools positions these devices as a transformative solution for modern 
agriculture and beyond. 
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Chapter 6  
 
DESIGN AND CHARACTERIZATION OF MATLAB BASED APPLICATION 
FOR SPOTTING ASSAY QUANTIFICATION 

6.1 State of the art 
 
Evaluation of survival and growth is a crucial criterion applied in cell biology research. In 
micro-organisms, this can be achieved by the assessment of growth on both liquid and solid 
media. Specifically, the growth of cells from microorganisms, such as yeast and bacteria on 
solid media provide the same conditions as of real world environment [235]. Thus, evaluation 
of size and counting of colony provide a valid assessment by replicating real environmental 
conditions and acceptable for both low and high-throughput assessments for evaluation of cell 
fitness investigation scenarios [236-239]. Many different type of software have been developed 
for quantitative analysis of colony growth in yeast, such as ImageJ [240], Spotsizer [241], 
CellProfiler (a multi-purpose image analysis tool) [242], YeastXtract [243], HT Colony Grid 
Analyzer [244], Colonyzer [245], ScreenMill (an ImageJ macro) [246], Balony [247], 
SGAtools (web-based) [248] and gitter (R package) [249]. TheVe VofWZaUe¶V XVe diffeUenW 
criterions like definition of manual selection of radius of area to be quantified, generation of 
growth time relationship curve using size of colony, colony area/ colony size versus volume 
(i.e., integration of intensity obtained from each pixel) or use of manually prepared replica-
plated arrays having bigger colonies versus robot arrays with small colonies [240-249]. 
However, some of these platforms do not provide user defined colony size and grid support 
[241, 243-249]. Other tools function with restricted image file formats and resolution, require 
Vpecific eqXipmenW¶V foU acqXiUing imageV and WheiU UeVXlWV aUe dependenW on enYiUonmenWal 
factors such as distortions introduced by imager/camera [240, 243-245, 247-249]. Moreover, 
the implementation of these platforms is technically challenging and/or use specific skills like 
programming without provision of graphical user interface (GUI) making their use to be limited 
by wet-lab researchers [240, 245, 249]. 
 
In this part of the work, we developed a dedicated platform using Matlab for quantification of 
yeast growth on solid media from analysis of spotting assay images. Spot plating assay is a 
classic method to assess growth of yeast in low-throughput laboratory settings, along with 
growth on different nutrient sources or treatment with specific stressors. Our platform was 
inspired by the image J-based method presented in Petropavlovskiy et al. (2020), providing an 
advancement to their protocol [240]. The developed Matlab application has the advantages of 
easy installation process, user friendly GUI with built-in image processing, provides selection 
of size of the spot, simple analysis steps, visual display of selected spots while providing the 
option to save the data as .jpg and .text file. The tool was tested with experimental data obtained 
in our laboratory from spotting assay experiments of Saccharomyces cerevisiae yeast cells 
exposed to osmotic stress, but it can be easily applied to any stress condition. Further validation 
has been performed by analyzing the same images with ImageJ software and comparison of 
results obtained from both tools.   

6.2 Application overview 
 
Spotting Assay Quantification (GUI) has been developed using MATLAB source code and is 
uploaded for download under BSD license (Berkeley Source Distribution), which provide 
Open-Source Software licenses with minimum restrictions from the MathWorks website [250]: 
our app is available for Windows, MacOs, and Linux. The App use already-developed method 
for quantification of spotting assay able to effectively process crowded cells and its adoptable 
design allows quantification of different conditions and phenotypes. It provides self-
explanatory graphical interface with the benefit of shorter analysis steps generally absent in 
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most image analysis software (Fig. 6.1). Therefore, spot size can be quantified following few 
easy steps. The algorithm is developed to show quantification value and spots images. A brief 
comparison of available software platforms, including our Matlab based app, for yeast growth 
quantification on agar plate are presented in Table 6.1. Most prominent parameters like the file 
format, the defined grid and colony size, and the procedure for image acquisition have been 
compared. The absence of one or more of these limiting factors is considered as a bottleneck in 
analysis of colony size for wet lab researchers. Flexibility in image acquisition and file format: 
help reduce the need for dedicated instrumentation. User defined grid support and flexible size 
of colony: users can decide variable grids and sample size following their need aside from the 
conventional configurations resulting in simpler experimental setup. Operating systems and 
interface: provision of application for multiple operating system and availability of graphic user 
interface (GUI) provides flexibility to laboratory workers with no or minimum expertise in 
software installation as well as handling. The application developed in this work includes all 
the features mentioned in table while keeping the quantification results comparable to 
previously developed tool.  
 

 
 

Figure 6.1: Display of Matlab-App interface for quantification of spotting assay. 
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Table 6.1: Comparison of available software tools for yeast growth quantification on agar plate. 

Tool name User 
defined 

grid  

File format 
(JPEG/PNG) 

User 
defined 
colony 

size 

All 
operating 
systems 

GUI Flexible 
image 

acquisition 

Ref 

Spotting 
Assay 

Quantification  

9 9 9 9 9 9 Current 
study 

ImageJ 9 8 9 9 8 9 [240] 

Spotsizer 8 9 8 9 9 8 [241] 

Balony 9 8 8 9 9 8 [247] 

CellProfiler 9 9 9 9 9 8 [242] 

Colonyzer 8 8 8 9 8 8 [245] 

Gitter 8 8 8 9 8 8 [249] 

HT Colony 
Grid Analyzer 

8 8 8 9 9 8 [244] 

ScreenMill 8 9 8 9 9 8 [246] 

SGAtools 8 8 8 9 9 8 [248] 

YeastXtract 9 8 8 9 9 8 [243] 

 

6.3 The workflow of the algorithm 
 
Fig. 6.2 shows the workflow of the algorithm used for development of Matlab based 
application. There are six basic steps used for quantification of images such as input, image 
processing, circular mask, thresholding, quantification of spot size and output (Fig. 6.2). 
 

 
 
Figure 6.2: Flowchart diagram of Matlab-based algorithm for yeast growth quantification. 

6.3.1 Input 
 
The algorithm for quantification of images from spotting assay starts with input of the three 
variables: image of desired plate, number of rows/columns and radius. The application is 
developed such that it let user to choose area of Circular Mask (see section below) by manual 
input of radius. The user can input number of rows/columns (grid) of spots on the plate at the 
start of every quantification. This option is provided in the app to work with arbitrarily placed 
but equal volume of spots. After the selection of radius, the area of mask is fixed for the whole 
analysis. In the next step user selects the image and select the cultures spot by clicking in the 
centre of each spot on the plate under consideration. This helps accurate recognition of all 
colonies in image as visual investigation and manual selection is available. 

6.3.2 Image acquisition/processing    
 
Current application is designed to adopt images obtained from any acquisition such as mobile 
camera or dedicated instruments like gel imager ChemiDoc that output images in .jpg format. 
Adjustment of discrepancies in illumination plays a pivotal role in image analysis. Thus, in this 
application this aspect is addressed using standard method for correction in variations of 
illumination in acquired images. Plate images are segmented using white/black thresholding by 
converting the true colour image RGB to the grayscale image into colony area/background. 
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Matlab built-in rgb2grey function is used for transformation of standard images to grayscale by 
retaining the luminance and removing saturation and hue information. For further 
improvement, double function is used to add precision to the image. This method was used to 
improve the luminance of images under consideration as raw image intensity quantification 
may alter accurate analysis.  

6.3.3 Circular Mask  
 
Circular Mask is defined as the area within which spot size is analyzed based on the threshold 
value. The definition of mask is one of the most critical steps in quantification of spot size. The 
size of circular mask area is based on the radius that is chosen in the start of analysis. This 
concept is introduced as this method supports quantification of spots of your choice based on 
their size and discard irrelevant spots that are due to contamination. The size of masked area 
cannot be changed during one analysis, it is recommended to choose the size of masked area 
equal to or a little bigger than the biggest spot on the plate.  It is important to state that the 
masked area (radius of area to be analyzed) is set before each quantification and maybe changed 
based on the experimental conditions. 

6.3.4 Thresholding 
 
In this step, each pixel of the image is compared with a predefined grey value, pixels are 
changed to black/white for separation of background from the yeast colonies on agar plate, this 
pUocedXUe iV knoZn aV ³WhUeVholding´. The imageV aUe VaYed aW an eight bits per pixel color 
depth, having a value between 0 and 255. An image from 3-D or 2-D grayscale image is 
generated by changing all values above a threshold with 1s and converting other values to 0s. 
We implemented Otsu's method using Matlab built-in command imbinarize. During this step, 
a ³cUiWeUion fXncWion´ iV geneUaWed WhaW enVXUeV a cleaU VepaUaWion beWZeen diffeUenW UegionV. 
Otsu's method instinctively formulates restricting of a grayscale image to a binary or image 
clustering-based image thresholding. The algorithm considers backing bi-modal histogram 
(background pixels and foreground pixels) ensuring two classes of pixels; it then generates the 
optimum threshold that not only disconnects the classes but also keep the overall spread to a 
minimum value. 

6.3.5 Quantification of spot size 
 
The colony growth on plate is quantified as a function of spot sizes by analyzing all pixels 
within the masked area. When the quantification is started, the user is allowed to select the spot 
that is under consideration. When a spot is selected by clicking, the algorithm generates a 
masked area around the point of selection and compares the grey value of every pixel within 
the masked area with the threshold value. This app assumes that the intensity of the pixels of 
the area covered by each colony on each spot have higher values than the surrounding area. 
Every pixel above the threshold value is graded 1 and the other values are graded 0. The 
percentage of number of pixels having 1s compared to 0s in the total masked area is displayed 
as the size of spot in terms of numerical values.  

6.3.6 Output 
 
After all the spots are quantified, the app provides a graph, displaying the trend of growth 
treated, the numerical data saved in the form of simple table in a text file and cumulative image 
of spots analyzed in .jpg format. 
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6.4 Quantification of cell growth by Matlab application  
 
Here we describe detailed steps for acquiring ³SpoWWing AVVa\ QXanWificaWion (GUI)´ app and 
quantification of images obtained from spotting assay. Description of app is also available on 
YouTube at: https://youtu.be/7rCEfoEHrdw  
 
(1) Open MaWlab, go Wo ³APPS´ Wab and click on ³GeW moUe appV´. In Whe neZ ZindoZ 

WiWled ³Add-On E[ploUeU´ VeaUch b\ XVing ke\ZoUd ³SpoWWing AVVa\ QXanWificaWion 
(GUI)´. The App Zill appeaU in Whe dUop-down menu, click on the App which takes us 
to app home page. Go Wo Wop UighW coUneU and click on ³Add´, accepW Whe licenVe and 
the App will automatically be added in the apps store of Matlab. 

(2) Navigate the current directory of Matlab to the folder in which you have placed the 
image for analysis. 

(3) Go to App store of Matlab and click on Spotting Assay Quantification application. App 
will open as shown in Fig. 6.1. 

(4) Enter the radius size of the spot, number of rows and number of columns in the boxes 
in front of each section. 

(5) Click upload image and select the image to be analyzed from the folder. The image will 
appeaU in Whe bo[ in fUonW of Whe ³Xpload image´ bXWWon. 

(6) Click the start quantification button. A selection window appears showing input 
spotting assay image and a pointer. Drag the pointer to the center of the first spot of 
first row and left click. Similarly, click in the center of all the spots one after the other 
in all rows from left to right.  

(7) When all spots are analyzed, three windows will appear: the first with the original 
image; the second with quantified values of each spot and the third with growth 
evolution graph.  

(8) Click on display quantification to visualize quantified spots and values, in app display 
above display button. 

(9) Click growth evolution and export results button for in app display of growth evolution 
graph and to save images in .jpeg format and quantification values in the form of a .text 
file in parent folder.  

(10) Repeat steps 4 to 9 for the images of all other plates (that is, biological replicates). 
 
The selection of value of radius must be kept same to perform analytical quantification in one 
experiment. Variation of radius may result in false quantification. Choice the radius of circle 
should be made such that the size of masked area is equal to the size of largest spot on the plate. 
In order to select appropriate size of radius for one experiment, multiple arbitrary radius values 
can be tried by selecting one row and one column prior to actual analysis. Select the largest 
spot on the image in the selection window and check if the masked area covers the whole spot. 
If not, change the radius accordingly. 

6.5 Experimental design 

6.5.1 Yeast strains and media 
 
Two strains of the budding yeast Saccharomyces cerevisiae were used in this study: W303-1B 
wild type (WT) (MATĮ ade2 leX2 hiV3 WUp1 XUa3) and iWV deUiYaWiYe ǻrtg2 (UWg2ǻ::LEU2).  CellV 
were grown at 30 °C with shaking (180 rpm) in YPD medium (1% yeast extract, 2% 
bactopeptone [Gibco, Life Technologies, Waltham, MA, USA]) and 2% glucose [Sigma-
Aldrich, St. Louis, MO, USA]. For spotting assay, cell growth was performed on YPD medium 
with 2% agar (Invitrogen, Life Technologies Waltham, MA, USA) in the absence or presence 
of 0.4 and 0.8 M sodium chloride (NaCl). Optical density (600nm) was used to monitor cell 
growth in shaking flasks.  
 

https://youtu.be/7rCEfoEHrdw
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6.5.2 Spotting Assay 
 
Spotting assay was performed as described by Guaragnella et al. (2021) [251]. Briefly, the 
optical density (OD600) of overnight yeast cultures (30 °C, YPD medium, 180 rpm) was adjusted 
to OD600 = 1.0. Under sterile conditions, 5 uL of 1:10 serial dilutions were carefully spotted by 
using micropipette on YPD ± NaCl agar plates placed on a grid. The spotted plates were 
incubated at 30 °C for 2 days and plate images were taken every 24 h using ChemiDocTM Touch 
Imaging System. 

6.5.3 Data Analyses 
 
All data are presented as mean ± standard deviation. All the experiments were performed with 
a minimum of three technical and biological replicates. The data were analyzed using one way 
ANOVA folloZed b\ TXke\¶V poVW hoc WeVW Wo deWeUmine diffeUenceV beWZeen and within 
gUoXpV. The daWa ZeUe anal\]ed XVing MicUoVofW E[cel VofWZaUe, YalXeV of p � 0.05 (ANOVA-
alpha) were considered significant. Since all the spots are quantified by the app, it is necessary 
to select a single dilution across the strains for data analysis. This should be the lowest dilution 
that shows distinct colonies. In the present study, the third dilution satisfied this condition (Fig. 
6.3). Researchers should choose appropriate dilution based on the experimental conditions. The 
data obtained from the quantification was normalized by dividing the value of each spot from 
the test group (stressed cells) by the corresponding control at the same dilution.  

6.6 Numerical results and discussion 
 
To validate our Matlab application, we spotted replicates of Saccharomyces cerevisiae wild-
type and mutant yeast strain lacking the RTG2 gene on distinct agar plates with and without 
presence of mild (0.4 M NaCl) and high (0.8 M NaCl) salt stress. Results reported from distinct 
plates in Fig. 6.3 show an expected inverse correlation between cell growth and NaCl 
concentrations for both WT and 'rtg2 cells. However, a higher sensitivity with respect to WT 
was observed in the mutant when comparing the same concentration of stressor. This agreed 
with previously reported data [251-253].  Images and values from spotting assay quantification 
are reported on top of each spot in Fig. 6.4.  
 

 
 

Figure 6.3: Effect of Sodium chloride on growth of wild type and ǻUWg2 cells. Wild type (WT) 
and RTG2-lacking cells (ǻUWg2) were grown overnight in YPD medium and diluted to 1.0 
OD600. Ten-fold serial dilutions were spotted on YPD agar plates without (CTRL) or with 0.4 
and 0.8 M sodium chloride (NaCl). Cell growth was analyzed after 2 days of incubation at 
30°C. Images were acquired by ChemiDoc Touch Imaging System. 
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Figure 6.4: Spotting assay quantification. Masked area and numerical results from 
quantification process on wild type (WT) and RTG2-lacking strain (ǻUWg2) with and without 
NaCl stress at the indicated concentrations using Spotting Assay Quantification (GUI). 

 
 
 

 
Figure 6.5: Cell growth of wild-type (WT) and RTG2-lacking strain (ǻUWg2) using Matlab app 
and image J-based protocols. The third dilution on plate was selected to calculate absolute 
values. Average of three independent experiments is reported, p < 0.05 (ANOVA-alpha) is 
significant, *p < 0.0001 and ** p < 0.00001.   
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Table 6.2: Average quantification values and growth inhibition calculated via Matlab app or 
Image J protocol. Average quantification values were determined via Matlab app or Image J 
protocol and relative growth of control cells was set as 100%. Growth inhibition (GI) was 
calculated by measuring relative growth of stressed cells (exposed to 0.4 or 0.8 M NaCl) with 
respect to control and then subtracting to the value of 100.  
 

Sample CTRL 0.4 NaCl 0.8 NaCl GI (%) 0.4 
NaCl 

GI (%) 0.8 
NaCl 

WT (Matlab-app) 80.4 ± 0.32 64.6 ± 1.71 48.1 ± 3.02 19.7 40.2 
WT (imageJ) 47.1 ± 1.19 37 ± 2.71 12.5 ± 1.54 18.0 41.1 

ǻrtg2 (Matlab-app) 79.1 ± 0.31 64.9 ± 2.45 46.6 ± 1.13 21.5 73.6 

ǻrtg2 (imageJ) 46.7 ± 0.24 37.6 ± 1.11 12.4 ± 2.10 19.5 73.4 

 
The values of quantification decreased proportionally in the serial dilutions, with lowest growth 
YalXe obVeUYed foU Whe higheVW dilXWion and Yice YeUVa. AW Whe WhiUd dilXWion, ¨rtg2 strain CTRL 
(non-treated cells), 0.4 and 0.8 M NaCl (treated cells) displayed a relative growth inhibition of 
41%, 42% and 74% in comparison with WT strain CTRL, 0.4 and 0.8 M NaCl, respectively 
Fig. 6.5. Moreover, individual analysis of WT strain 0.4 and 0.8 M NaCl with respect to WT 
CTRL displayed relative growth inhibition of almost 20% and 40% in the presence of 0.4 M 
and 0.8 M NaCl, UeVpecWiYel\. ConYeUVel\, 0.4 and 0.8 M NaCl inhibiWed Whe gUoZWh of ¨rtg2 
strain with respect to 'rtg2 CTRL by almost 22 and 74%, respectively (Table 6.2).  
In Saccharomyces cerevisiae, mitochondrial RTG-dependent retrograde signaling plays an 
important role in yeast stress response and cellular adaptation under various environmental 
conditions [252, 254-256] . In particular, it has been shown that deletion of RTG2, the upstream 
positive regulator of RTG pathway, sensitized yeast cells to osmostress downstream of the 
mitogen-activated protein kinase Hog1 [251, 253]. These quantification results with growth 
inhibition for the different groups show that RTG2, the main upstream regulator of the RTG 
pathway, showed higher sensitivity to NaCl stress compared to wild type. This result revalidates 
the contribution of RTG pathway to osmoadaptation, as previously reported in both solid and 
liquid medium [251, 253].  Increasing sodium chloride concentration cause a proportional 
growth inhibition in both WT and ¨rtg2 strains. Spotting assay quantification from replicates 
and separate experiments showed notable differences in growth between mild and high NaCl 
stress in the two strains, revealing subtle difference between the two strains when the same 
concentration was conVideUed foU Whe conWUol and ³VWUeVVed´ gUoXpV aV VWaWed aboYe (Fig. 6.5). 
It must be noted here that the developed method quantifies average growth present in a selected 
area unlike existing methods [241, 242]. Abnormal growth of colonies can perplex the results. 
So, after obtaining the results, researchers using our method should double check that the 
obtained results correspond to images. Moreover, the platform only provides insight about 
survival and growth, but it does not provide information about the mechanism of toxicity or 
genetic alteration in certain growth environments. For such studies, cell death staining and 
individual colony counting techniques can be considered [257, 258]. Matlab app was further 
verified by comparison of results with the ones acquired by the quantification of the same 
spotting images using ImageJ software (Fig. 6.6) [6]. In this case, ¨UWg2 strain CTRL, 0.4 and 
0.8 M NaCl samples displayed a relative growth inhibition of 41%, 42% and 73% in comparison 
with WT strain CTRL, 0.4 and 0.8 M NaCl, respectively (Fig. 6.5). In addition, the WT strain 
showed a relative growth inhibition of 18% and 41% in the presence of 0.4 M and 0.8 M NaCl 
with respect to WT CTRL, respectively. Conversely, 0.4 and 0.8 M NaCl inhibited the growth 
of ¨UWg2 strain by 20 and 73% with respect to ǻrtg2 CTRL, respectively (Table 6.2). 
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Figure 6.6: Numerical results from wild type (WT) and RTG2-lacking strain (ǻUWg2) without 
and with NaCl stress using ImageJ software. In both panels (WT and ǻUWg2), 1, 2 and 3 were 
referred to control cells, 0.4 and 0.8 M NaCl treated cells, respectively. The mean of each 
sample corresponded to the numerical results calculated using ImageJ protocol [240].  

The similarity in results with previous experimental data obtained for liquid cultures and similar 
established methods proves the effectiveness of our method [240, 251]. The average 
quantification values calculated with Matlab app and Image J-based protocol were comparable 
in terms of relative growth for both WT and mutant as reported in Table 2.  However, by 
comparing the two methodologies, the Matlab app provides several advantages, such as an 
interactive GUI, lower variations in quantification values due to fixed size of the spot and 
shorter quantification steps.  
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Chapter 7  
 
CONCLUSION AND FUTURE PROSPECTIVES 

7.1 Conclusions 
 
Electrochemical yeast-based biosensors offer a promising alternative to conventional sensing 
technologies used for detection of analytes in biomedical, industrial, environmental, and 
especially PA applications due to nature of biorecognition element and flexibility of developing 
miniaturized devices for rapid, low power and point-of-cure applications. This thesis describes 
the design and characterization of yeast based electrochemical biosensors developed for 
detection of copper with the final aim to be implemented in PA. The main outcomes of this 
research are briefly summarized in the following paragraphs. 
 

x A growth analysis of WT S. cerevisiae cells has been designed and analyzed through 
experimental setup in the presence of copper using standard optical detection (UV 
spectroscopy). The results indicated that optical detection cannot detect low 
concentration of copper (0 ± 1 mM) and significant response is only observed at higher 
concentration (5 mM or above) of copper after incubation of 4 h. 

x Immobilization protocols using PDA have been designed and characterized to attached 
biorecognition element with the transducer surface. Our proposed matrix not only 
provides cell immobilization but also facilitates extracellular electron transfer while 
keeping the biorecognition element viable. 

x A bioelectrode acting as biosensor that includes immobilized WT yeast cells on the 
surface of GCE has been designed and characterized to detect copper. The biosensor is 
capable of electrochemical detection of copper at low concentrations (20 ± 100 ȝM) in 
2500 s with a LoD = 12.5 ȝM, R2 = 0.956 and 4.8 ± 0.6 × 10-3 ȝA*cm-2*L*ȝmol-1

CuSO4 
showing its superiority over standard optical detection. Although an R2 of 0.956 is 
achieved, the results are considered promising because the system is yet to be 
optimized. 

x With the aim to optimize biosensors response, multiple biosensors using SPE and 
immobilized yeast strain WT with different metabolic (fermentable and non-
fermentable carbon sources in growth media) and respiratory (using ¨KaS4 and ̈ UWg2) 
manipulations are designed and characterized. The SPE based biosensors developed 
with metabolic and respiratory approaches improved overall response as an LoD of 2.2 
ȝM and lower is observed in some cases. Although an A LoD of 1.1 µM has also been 
achieved but R2 worsens in such cases. Therefore, the overall best results is considered 
to be obtained with biosensors prepared using WT cells (cultured in standard media) 
immobilized on SPE with LoD = 2.2 ȝM, R2 = 0.998 and sensitivity of 10.9 ± 0.3 × 10-

3 ȝA*cm-2*L*ȝmol-1
CuSO4. 

x A handheld prototype device using Emstat pico development board capable of in-house 
mounting of SPE based biosensors prepared in this work is assembled and presented 
for low power, rapid and point-of-cure detection of copper. The prototype is able to 
function standalone or the instructions can be passed using any Android, windows, or 
iOS device such as mobile phones, tablets, PC etc via Bluetooth/ USB connection. The 
prototype is tested using biosensors prepared by immobilizing WT cells on the surface 
of SPE in the presence of copper and an LoD of 2.9 µM with R2 of 0.998 is achieved, 
almost similar to results obtained with standard lab potentiostat.    

x A Python based web application is designed to visualize and analyze the obtained data 
from prototype. The data can be uploaded directly on the web application in the form 
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of .CSV files to obtain the concentration of copper present in tested sample. The 
application is also connected with a public database to store data files for use in future.          

x A Matlab-based application is developed to provide rapid and robust quantitative yeast 
growth analysis from spot plating assay images. Spot plating assay is a typical 
procedure to evaluate yeast growth in low-throughput laboratory settings, including 
growth on different nutrient sources or treatment with specific stressors. The app has a 
one-step installation process, a self-explanatory interface and shorter analysis steps 
compared with previous established methods, providing a useful tool for quantitative 
assessment of growth and survival for both expert and non-expert yeast researchers. 
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7.2 Limitations and Challenges 

Despite the promising advancements demonstrated in this study, several limitations 
and challenges need to be acknowledged.  

x First, the sensitivity of the developed electrochemical biosensor is currently 
constrained by the use of non-engineered yeast cells. In this work the strains 
were selected by extensive literature review and using hit and trial method. 
Although the selected strain showed affinity towards the analyte of interest, it 
took us immense amount of time to identify strains that showed affinity towards 
CuSO4. The challenge lies in improving this sensitivity through the preparation 
and implementation of engineered yeast cells specifically tailored to detect the 
analyte of interest. 

x Second, while yeast-based biosensors, particularly those using S. cerevisiae, 
offer several advantages, including robustness and ease of modification, the 
detection capabilities still require improvement to meet the stringent demands 
of precision agriculture applications. In this study we achieved a limit of 
detection (LoD) as low aV 2.2 ȝM foU CXSO4 concentration from 0 ± 1 mM only 
in laboratory settings and further optimization is necessary to ensure consistent 
performance and broadened detection range across different environmental 
conditions and analyte concentrations. 

x Third, the integration of biosensors with handheld prototype devices and web 
application presents challenges related to the standardization and scalability of 
such technologies. In this work, due to multidisciplinary nature of the project 
and lack of adequate time we used a commercially available potentiostat board 
for development of prototype which can be replaced with a customised board 
that may reduce the size and cost. Moreover, taking in account the ease of 
access, the web application developed in this work uses free public data base 
that is prone to data loss and there is need of dedicated data base. Hence, further 
testing and development ensuring that these systems can reliably collect, store, 
and analyse data in real-world agricultural settings is essential but challenging 
due to potential variations in field conditions. 

x Finally, while the developed prototype demonstrated comparable performance 
to standard laboratory equipment, translating these findings into a commercially 
viable product requires addressing issues such as long-term stability, 
reproducibility, and cost-effectiveness of the biosensors and associated 
electronic components. Further research and collaboration with industry 
partners will be crucial to overcoming these hurdles and realizing the full 
potential of electrochemical yeast-based biosensors in precision agriculture. 
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7.3 Future prospects 
 

The technological insights gained from current studies could pave the way to new 
opportunities for developing biosensors performing in situ monitoring of critical pollutants 
for the agriculture field and the environment. Below, we outline some potential 
opportunities for advancing the current work: 
 
x The technological implications of current work may benefit from use of genetically 

engineered cells specific for detection of certain analyte of interest since selectivity of 
response in biosensor is related to nature of biorecognition element. The focus of 
research in this regard can also lead to the development of multiparametric sensors for 
environmental and agricultural circuits.   

x The study of devices performance based on transducers and further optimization of 
immobilization could have a considerable effect on sensitivity leading to repeatable 
quantification from miniaturized device. 

x Further development of this doctoral research will aim to address the communication 
systems that can be used to upload measurement to remote control platforms from the 
prototype to be integrated in IoT with particular focus on NB-IoT, LoRa and Sigfox. 
In this regard from preliminary studies, it has been observed that NB-IoT dominates in 
delivering reliable, high- bandwidth connectivity with extensive coverage. However, it 
is high cost and relies on cellular infrastructure. It is particularly well-suited for 
applications requiring frequent data exchanges and robust security measures, such as 
smart metering or asset tracking. LoRa, on the other hand leveraging its long-distance 
capabilities and low-power characteristics, is ideally suited for applications spanning 
vast areas, such as environmental monitoring or precision agriculture. While Sigfox, 
distinguished by its simplicity, cost-effectiveness, and global footprint, emerges as the 
preferred choice for applications demanding small, intermittent data transfers across 
multiple sites, such as supply chain management. Therefore, in depth study of 
frontrunner technologies in IoT solutions such as Sigfox, LoRa and NB-IoT are 
proposed and the decision should be guided by the specific project requirements, 
ensuring alignment for optimal functionality and success. 
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