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Summary 

The potential to use diverse microorganisms to guide transformation processes between 

chemical- and electrical energy has been recognized for over a century, reasonably, there 

is a substantial interest in the development and research of microbial electrochemical 

systems (MES) as an alternative to traditional energy generation and chemical transformation 

systems. The basic principle of these systems relies on the capability of some 

microorganisms (usually referred to as electroactive) to exchange electrons outside of the 

cell domain with conductive surfaces, which serve as external electron acceptors/donors, 

through a process known as extracellular/external electron transfer (EET). 

The fundamental mechanisms involved in the EET process remain only partially 

understood. Different approaches have been proposed to characterize the chemical and 

biological components that partake in these interactions, remarkably, the broad diversity 

of implemented techniques has often derived in conflicting results. This obstacle presents 

a major drawback for the transferability and comparison of MES technological advances, 

therefore, the development of a system that allows the evaluation of different parameters 

under controlled environmental conditions is highly desirable. 

Within this context, this thesis presents the proof of concept of a microsystem with a 

novel approach to evaluate the electrochemical properties of spatially constrained 

bacteria. The proposed strategy relies in the colonization process of a non-fluidic 

electrochemical microsystem; such process is governed by the mechanical interactions 

generated during bacterial growth, related to the pushing of new generations towards 

each other, which endures the transit between two-dimensional bacterial growth (single 

layer) to the formation of three-dimensional bacterial structures, and the surface-related 

motility of cells. The controlled, directed growth of bacteria, obligate the accumulation 

of a densely packed aggregation of cells in direct contact with a three-microelectrode 

setup, embedded in the microsystem, which enables the direct bidirectional electron 

transfer between the confined bacteria and the conductive surface. 

The implementation of the introduced approach is performed by means of a fully 

automated platform, which integrates, in a single setup, the non-fluidic microsystem 

design with precise temperature control, electrochemical monitoring and an optical 

imaging capability. The results indicate that the electrochemical response of the system 

is associated to the presence of the bacterial structure across the microelectrodes. 

Furthermore, the development of a faradaic process at the bacteria-microelectrode 

interface, measured in the microsystem, implies the potential of this strategy to be used 

in the characterization of electroactive microorganisms, consequently, providing a tool 

for the research and assessment of the EET process in MES.  
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1. Introduction 

1.1 Overview  

Sixty years ago, American physicist Richard Feynman presented, at the annual American 

Physical Society meeting, the inspiring lecture “There’s plenty of room at the bottom” 1, his 

speech foresaw the enormous potential derived from manipulating and controlling 

things at the small scale. Under the premise to achieve large-scale system integration and 

control of multiple elements over a very small surface 2, an ever-increasing number of 

devices, techniques and fabrication processes have been developed, the micrometer sized 

features achieved with these technologies allow for specific physical phenomena to take 

place in the minute structures. For instance, microsystem technologies provide a powerful 

tool to analyze the complex environments required for the interactions between 

microorganisms and electronic devices 3. 

The ability of microorganisms to derive electricity from their vital activities was initially 

described by English botanist Michael Cressé Potter in 1911 4. In that seminal work, Potter 

observed the measurement of the electric potential of Saccharomyces cerevisiae and 

Escherichia coli, achieved by means of a galvanic cell with platinum electrodes, which 

were then attributed to the electrochemical reaction related to the disintegration of 

organic compounds. A similar principle was described by Cohen in 1931 5 to demonstrate 

that the introduction of a suitable substance, such as potassium ferricyanide or 

benzoquinone, in a bacterial electrical half-cell, would maintain a reduction-oxidation 

system on the medium, thus, producing an increase in the overall electrical capacity and 

intensity.  

Three decades later, the works of Sisler 6,7, and Davis 8,9, provided a proof of concept for 

the generation of electricity using different microorganisms. Both works coincided that 

the reduction-oxidation potential was related to the enzymatic activity of the culture, as 

a response to the interaction with the medium, this system was denominated as microbial 

fuel-cell (MFC), due to the similarities in the configuration with a traditional 

electrochemical cell. 

Currently, this ability has been defined as the result of the energetic release from the ionic 

interaction of the microorganism with an electrical conductive surface 10. This process, 

related to the mechanisms of external electron transfer (EET) 3,11–14, enables the uptake 
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and discharge of electrons between the microorganism and non-soluble molecules 

outside of the cell boundaries. From a technological application perspective, the 

interaction of a microorganism, capable of performing EET, with a solid conductor 

(electrode), allows the microorganism to act as the electron source/sink of an electrical 

circuit. This principle has been auspicious to the development of the so-called microbial 

electrochemical systems (MES), holding an enormous potential in diverse domains, such 

as energy production, chemical synthesis/catalysis, water treatment and development of 

sensors among other applications. However, despite the advances achieved in the last 

two decades, related to configuration and efficiency of MES, the fundamental 

mechanisms of EET have not been fully understood 3,15–20. 

The quantitative assessment of the parameters that partake in the EET process requires 

the characterization of the electrochemical interaction deployed at the microbe-electrode 

interface, conjointly with the description of physiological, morphological, functional, 

molecular and chemical properties of the microorganism 21,22. To date, diverse techniques 

have been proposed to determine the extent of the microorganism contribution to the 

electrochemical process; howbeit, the complex dynamics of biological systems poses a 

major challenge for correlating the experimental information with a comparable, 

standard, set of characteristics among reported results 23. 

In this context, this thesis presents the development of a microsystem with a novel 

approach to evaluate the electrochemical properties of spatially constrained bacteria. The 

proposed strategy relies in the colonization process of a non-fluidic electrochemical 

microsystem. The controlled, directed growth of bacteria, obligate the accumulation of a 

densely packed aggregation of cells in direct contact with a three-microelectrode setup, 

embedded in the microsystem, which enables the bidirectional electron transfer between 

the confined bacteria and the conductive surface provided by the microelectrodes setup. 

To this end, an automated platform to control the environmental conditions of bacteria 

confined in a non-fluidic microsystem was developed (Figure 1). 

 

Figure 1. Schematic structure of this thesis 
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The initial evaluation of the conditions and commissioning parameters for the non-

fluidic confinement of microorganisms were validated using three different bacterial 

strains (i.e. Staphylococcus sp., Pseudomonas putida and Escherichia coli) and one filamentous 

fungi strain (i.e. Trametes pubescens). The results of the preliminary observations 

demonstrated the ability of the microsystem to guide and sustain the growth of the 

selected microorganisms along different geometries.  

To evaluate the specific performance characteristics and effects of the confinement, the 

microsystem was integrated to a fully automated monitoring platform. The platform was 

designed as an autonomous tool to analyze the growth parameters of bacteria along a 

microstructure in the time domain, integrating precise temperature control, high 

resolution imaging and computer processing. The growth behavior of the selected strain, 

E. coli K-12 (type MG1655), presented a temperature-dependent response, similar to the 

temperature growth dependency observed using traditional culture methods.  

Finally, the electrochemical response of the confined bacteria was measured by means of 

cyclic voltammetry (CV) and electrochemical impedance spectrometry (EIS). Evaluation 

of data acquired from these techniques was performed using a computer-based 

algorithm, designed to calculate the relative variance of the measured response for every 

time interval and identify the most significant change on the calculated mean. The 

outcome of this analysis demonstrated the relationship between the change at the 

electrochemical measurement and the presence of the bacteria aggregate across the 

microelectrode setup. Furthermore, The increase in the current response of the non-

faradaic component of the CV measurement, and the decrease of the overall impedance 

measured at the EIS response, were both related to the formation of a conductive surface 

between the electrodes as the aggregated bacteria in the microelectrode setup. The 

development of a faradaic contribution to the microsystem was evidenced for the CV 

response at the confined space; this contribution might be influenced by the redox 

reaction attributed to the electron transfer process at the bacteria-electrode interface 24–28. 

The present work provides the methods, results and perspectives for the design process 

and the microsystem fabrication, integrated to a fully automated platform, which allows 

the evaluation of the electrochemical properties of confined bacteria. The system is 

proposed as a tool to provide information on the EET interaction at an unmediated 

bacteria-electrode interface, which, in combination with other analysis techniques, such 

as genetic and environmental manipulation, could contribute to expand the current 

knowledge on the fundamental understanding of this process and can be used as a 

platform for the development of new systems and technologies. 
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1.2 Objectives 

The aim of this thesis is to develop a platform that enables the optical and electrochemical 

characterization of confined bacteria in a non-fluidic microsystem with precise 

temperature control.  

Specific: 

• Demonstrate the confinement capability of microorganisms in a non-fluidic 

microsystem.  

• Determine the main performance characteristics and effects of microorganism 

confinement in a non-fluidic microsystem.  

• Develop the equipment and systems required to support and characterize the 

bacterial confinement in a non-fluidic microsystem by the integration of the 

microsystem to an automated platform for environmental control.  

• Develop a system for the identification and characterization of bacterial growth 

using computer-based image analysis. 

• Identify, from the engineering perspective, the current trends, and requirements 

in the characterization of electrochemically active microorganisms. 

• Demonstrate the development of an electrochemical response correlated to the 

presence of a bacterial aggregate in a non-fluidic microsystem. 

1.3 Scope and structure of the study 

The scope of this thesis is to explore the implementation of a novel approach for the 

growth and electrochemical evaluation of bacteria. The inspiration to conduct this study 

was initially motivated by the identification of the potential on using microorganisms as 

living sensors and the advantages on the implementation of microsystems as a platform 

technology, with promising applications in environmental sciences and water security. 

This initial interest, however very sound from a technical viewpoint, was promptly 

reconsidered, due to the observance of the research gap in the identification of the 

interaction mechanisms between bacteria and electronic systems.  

From this standpoint, the discussion that introduces this thesis is based on the grounds 

of the use of microsystem technologies for the evaluation of microbial electrochemical 

systems (MES), interpreted as a combination of technologies that take advantage of the 

unique ability to use microorganisms to conduct the transformation between 

(bio)chemical- and electric energy.  
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In chapter 2, the fundamental definitions and current developments of non-fluidic 

microsystems are presented. The methods and results of application of a non-fluidic 

microsystem for microorganism’s confinement preliminary evaluation are presented. 

The experimental validation, using two different bacterial strains (i.e. Staphylococcus sp. 

and Pseudomonas putida) and one filamentous fungi strain (i.e. Trametes pubescens), are 

reported. Furthermore, the future directions towards the enhancement of the 

confinement efficiency in this type of microsystems are discussed.  

The details on the integration of the microsystem to a fully automated platform are 

exposed in chapter 3. The design parameters of the hardware and software developed 

for this platform are explained. The results demonstrate that the growth of the selected 

strain, E. coli K-12 (type MG1655), is similar to the one obtained by traditional growth 

assessment methods. 

Chapter 4 of this thesis introduces the fundamental aspects to describe the mechanisms 

involved in the MES microbe-electrode interaction carried in the external electron 

transfer (EET) process. Furthermore, the classification methodology and characterization 

techniques are reviewed and presented, based on the characterization resolution level of 

different techniques. Complementary, a systematic review analysis is implemented to 

gauge the current trends and the future perspective for MES research efforts. 

Chapter 5 presents the results and the analysis of the electrochemical measurements for 

selected strain, E. coli K-12 (type MG1655), obtained by means of cyclic voltammetry (CV) 

and electrochemical impedance spectrometry (EIS). The modifications on the fabrication 

methods of the microsystem introduced in chapter 4 are explained. The computer 

algorithm to analyze and compare the image and electrochemical parameters is featured. 

The measurements demonstrate the correspondence of the presence of bacteria between 

the microsystem microelectrodes and changes in the electrochemical response. 

The discussion in chapter 6 summarizes the most relevant achievements of the integrated 

microsystem, highlighting the advantages of the strategy presented, and provides a 

critical analysis of the future perspectives in the development of this system as a 

development platform and as a tool for electrochemical characterization of bacteria. 

1.4 Materials used in this study 

This section describes all the materials used in this thesis to achieve the results presented. 

All referred solutions were prepared using Milli-Q water (Millipore Merck KGaA, 

Darmstadt, Germany).  
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 Culture medium 

Microorganism culture was performed using potato dextrose agar (PDA), bacteriological 

agar and LB broth (Miller) as provided and used as indicated in the different sections of 

this work. All culture medium was purchased from Scharlau (Scharlab, S.L., Barcelona, 

Spain). LB liquid media was prepared at 25 g/L concentration LB broth content. LB agar 

was prepared at 25 g/L concentration of LB broth and 15 g/L bacteriological agar content. 

PDA was prepared at 39 g/L concentration PDA content. 

 Microorganisms 

Trametes pubescens was obtained from the Microbiological Research Center (CIMIC) 

culture collection at Universidad de Los Andes (Bogotá, Colombia) and was used as 

provided from stock. The strain was kept at 4°C and sub-cultured in PDA every two 

weeks until finalization of the experiment. 

Environmental isolate Staphylococcus sp., identified by Gram-staining and DNA 

identification techniques, was used as provided by the Microbiological Research Center 

(CIMIC) at Universidad de Los Andes (Bogotá, Colombia), the strain was maintained by 

sub-culturing in PDA every two weeks and kept at 4°C for the duration of the experiment. 

Pseudomonas putida was used as provided by the Microbiological Research Center 

(CIMIC) at Universidad de Los Andes (Bogotá, Colombia), the strain was maintained by 

sub-culturing in PDA every two weeks and kept at 4°C for the duration of the experiment. 

Escherichia coli K-12 strain MG 1655 29 was obtained from the Biophysics laboratory’s cell 

culture collection at Universidad de Los Andes (Bogota, Colombia). E. coli was used as a 

model organisms for the electrochemical evaluation in the light of a well-known 

respiratory system, with an accepted model for the investigation of its energetics 26–28,30–33. 

The strain was weekly recovered from -80°C storage, grown on LB agar for 18 hours, and 

stored at 4°C. Single colony harvesting was performed from individual Petri dishes. 

  Spectrophotometry 

Spectrophotometric measurements for optical density at a wavelength of 600 nm (OD600) 

were performed using a Genesys 20 Visible Spectrophotometer (Thermo Fisher Scientific, 

Waltham, MA, USA). 

 Microsystem fabrication 

For the fabrication of microsystems and copper-based glass heaters, borosilicate glass 

slides of 25.4 mm × 76.2 mm × 1.2 mm were purchased from vendor Sail Brand 

(Yancheng, China). Design of photolithographic masks was made using EAGLE 8.3.2 
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PCB Design Software (Autodesk, San Rafael, CA, USA). Positive photo resist 

MICROPOSIT™ SC™ 1827 (SC-1827) and developer MICROPOSIT™ MF™ 319 (MF-319 

developer) were purchased from Rohm and Haas Electronic Materials LLC 

(Marlborough, MA, USA). Negative photo resist HARE SQ-25 (SQ-25) and HARE 

Developer were purchased from KemLab (Woburn, MA, USA). Baker PRS-1000 stripper 

(stripper) for lift-off processes was purchased from Avantor (Radnor, PA, USA). Gold at 

99.99%, chromium at 99.95% and copper at 99.99% were purchased from Kurt J. Lesker 

Company (Clairton, PA, USA). Parafilm M® was purchased from Bemis Company 

(Oshkosh, WI, USA). Potassium hydroxide (KOH) was acquired from E K Industries, Inc. 

(Joliet, IL, USA). Hydrofluoric acid (HF) at a 45-48% concentration was used for chemical 

etching of glass. Sonication was carried out using a Branson CPX2800H sonicator 

(Branson Ultrasonics Corp., Danbury, CT, USA). Spin coating was performed using a 

SPIN150 spin coater (SPS Europe B.V., Putten, The Netherlands). UV exposure for 

photolithographic processes was performed using a Karl-Suss MJB-3 Aligner (SÜSS 

MicroTec SE, Garching, Germany) and SF-100 Maskless micro-patterning system 

(Intelligent Micro Patterning, LLC, USA). Metal physical vapor deposition (PVD) was 

achieved using an Edwards E306 evaporator (Moorfield Nanotechnology Limited, 

Knutsford, Cheshire, UK). Profilometry was carried out using a Dektak 3 profilometer 

(Veeco, Plainview, NY, USA). Resistivity and conductivity testing were performed using 

a digital multimeter Fluke 79 III (Fluke, Everett, WA, USA). Microelectrode cleaning and 

testing were carried out using isopropyl alcohol, sulfuric acid, and potassium chloride 

(KCl) of analytic grade 

 Platform fabrication 

Three-dimensional printed elements were fabricated using a Monoprice MP Select Mini 

3D Printer V2 with polylactic acid (PLA) filament Monoprice MP Select PLA Plus 

(Monoprice Inc., Rancho Cucamonga, CA, USA). Three-dimensional models were 

created using Solid Edge ST (Siemens, Munich, Germany). Optical observation was 

performed using an Olympus CX21 microscope (Olympus, Shinjuku, Tokyo, Japan), 

coupled with a Sony DSC-QX10 camera (Sony, Minato, Tokyo, Japan). For the stage 

movement of the automated monitoring platform, two Astrosyn SST-024 stepper motors 

(Astrosyn International Technology Ltd., Chatham, Kent, UK) and one Futaba S33 

servomotor (Hobbico Inc., Champain, IL, USA) were used.  

 Electrochemical measurements 

Potassium ferricyanide (III) and potassium hexacyanoferrate (II) trihydrate were 

purchased from Sigma-Aldrich (St. Louis, MO, USA). Ferro/ferri solution was prepared 

at a concentration of 2.5 mM potassium ferricyanide (III) and 2.5 mM potassium 

hexacyanoferrate (II); a concentration of 0.1 M of KCl was added to the solution. 
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Electrochemical procedures were performed using a PalmSens3 EIS Potentiostat with 

proprietary software PSTrace (PalmSens BV, Houten, The Netherlands). The impedance 

response of the microsystem was analyzed using an EIS Spectrum Analyzer 1.0 

(Alexander S. Bondarenko and Genady A. Ragoisha). 

 Software 

In-house software for hardware control, data acquisition and data analysis were 

developed in Microsoft Visual Studio (Microsoft, Redmond, WA, USA) and MATLAB 

R2016a (MathWorks, Natick, MA, USA). 
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2. Microorganism confinement in a non-fluidic 

microsystema 

The objective of this chapter is to demonstrate the capability to confine microorganisms 

in a non-fluidic microsystem and summarize the fabrication methods, performance 

characteristics and effects of this type of microsystems. The experimental validation was 

executed using two different bacterial strains (i.e. Staphylococcus sp. and Pseudomonas 

putida) and one filamentous fungi strain (i.e. Trametes pubescens). Furthermore, the future 

directions towards the efficiency enhancement of this confinement strategy are 

discussed.  

Section 2.1 introduces the concept of non-fluidic microsystems in the light of 

traditional and emerging culture methods. 

Section 2.2 describes the current applications, principles, and mechanisms of non-

fluidic microsystems. 

Section 2.3 describes the methods used in this work for the fabrication of the 

confinement microstructure. 

Section 2.4 presents the results of the experimental validation of microorganism 

non-fluidic confinement of the present work.   

 

a This chapter contains and elaborates on the results presented in the conference work:  

Hernandez, C. A., Gaviria, L. N., Segura, S. M., & Osma, J. F. (2013). Concept design for a novel 

confined-bacterial-based biosensor for water quality control. 2013 Pan American Health Care 

Exchanges (PAHCE), 1–3. https://doi.org/10.1109/PAHCE.2013.6568257 

and the results presented in the submitted paper: 

Hernandez, C. A., & Osma, J. F. (2020). Non-fluidic microbial microsystems, J. R. Soc. Open Science. 

Submitted 15 May 2020. 
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2.1 Non-fluidic microsystems 

The study of microorganisms in complex and detailed environments is a subject of 

continuous interest in microbiology. The migration of this area from a qualitative to a 

quantitative field has plead to for the development of reproducible techniques, oriented 

to bestow precise control of system variables, as a tool to reproduce the manifold 

interactions of the microbial natural habitats. 

Traditionally, laboratory-scale research activities are largely reliant on dish-based culture 

methods and microbial suspensions. Dish-based culture methods are amongst the 

earliest systems designed to isolate and study culturable microorganisms 34,35; for over a 

century, these methods have provided reliable tools to identify and quantify the microbial 

behavior 36. As a result, pioneering research has been possible, e.g. microbial interspecies 

interactions 37, diffusion assays 38 and surface cell motility identification 39. Alternatively, 

microbial suspensions represent a less labor-intensive approach, with complimentary and 

analogous techniques to dish-based assays. These methods represent most of the 

techniques routinely used for industrial and biomedical applications. 

Despite their enormous contribution to quantitative microbiology, traditional methods 

do not provide adequate support for the evaluation of the heterogeneities that arise from the 

stochastically changes within seemingly homogeneous microbial populations, whether induced 

by genetic drifts, differences in cell development, ageing or culturing processes 40, thus, 

they are not adequate for detailed long-term monitoring of individual cell characteristics 41.  

The effects of the diverse mechanisms of microbial interaction with their immediate 

surroundings is distributed at small dimensional scale arrangements 42. Therein, the 

manipulation of environmental features at the micro- and nanoscale provide exceptional 

conditions for the control of localized parameters, which expedite the exploration of the 

behavior of single- to multiple cell structures down to the molecular level 43,44. The 

incorporation of existent analytical systems with miniaturized devices confers 

advantages related to their small size and optical transparency, as well as distinctive 

properties due to the unique physical phenomena deployed at the minute scale, such as 

capillarity- and laminar flow regimes, reduction of the thermal time constant and 

uniform reaction kinetics 44–46. 

Consequently, microsystem technologies have held the promise to enable multi-process 

parallelization, referring to the automatic collection, transport, preparation and analysis 

of different samples alongside diverse components 47. This concept has been crucial to 

guide the emergence of microfluidics as a solid research area 48, establishing the grounds 

for the development of a group of processes, materials and applications that have been 

regarded as an important asset in chemical and biological sciences 43–51. The contribution 
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of microfluidic technologies is recognized in different areas, such as molecular/cell 

biology 46, proliferation studies 52, cellular dynamics 53, biofilm studies 54 and the 

development of membrane-less microbial fuel-cells 55. Furthermore, modern approaches 

have allowed the transition from two-dimensional microfluidic systems to three-

dimensional cell cultures, regarded as to replicate physiologically significant models in-

vitro that accurately represent the in-vivo cell behavior in native microenvironments 56,57. 

Notwithstanding these advantages, microfluidic devices cannot be considered as an all-

out solution to extrapolate the complex real life microbial habitats 58,59. In nature, non-

fluidic environments (e.g. skin 60,  plants 61 and soil 62) harbor a richer microorganism 

diversity than elsewhere 62–64. The proliferation of microorganisms in non-fluidic, 

dimensionally unrestricted and nutrient-rich environments, such as dish-based cultures, 

is commonly an evenly distributed and highly organized event 65. However, 

microorganisms thrive in a remarkable variety of environments, many of which differ 

considerably with classical experimental and laboratory conditions 66, thus, such ideal 

conditions are seldomly met. Microorganisms are usually found living amidst larger 

diverse communities, in chemically heterogeneous and geometrically constrained 

environments. Correspondingly, microorganisms can be better related to surface-

attached populations rather than to swimming free-cells 67, such habitats can be 

represented by a various gas- and liquid-solid interfaces, interconnected by a broad 

network of pores, furrows and channels inside a solid matrix 36,60–62,64,68. The behavioral 

responses of microorganisms to these dynamic environments are associated with their 

ability to adapt to the chemical and physical cues of their surroundings; however, the 

dynamics of multispecies environments and the specifics on the surface interactions at 

these scales are a challenge for current experimental culture approaches 36,66. 

Currently, most of the information on these behaviors has been produced by direct 

observation on dish-based cultures 66,69. While the properties of the substrate material in 

these experimental setups, such as agar hydrogels, allow to provide adequate conditions 

for microbial development, the exponential growth of cells limits the duration and 

monitoring visualization throughput 70. The principles of non-fluidic microsystems are 

reliant on the ability of microorganisms to colonize reduced spaces, this is advantageous 

to manipulate structural, chemical, and biological conditions in an observable scale. The 

experimental approaches that can be considered within the non-fluidic concept illustrate 

the new frontiers in research that can be explored with the use of these systems 71,72,81–86,73–

80. 71,72,81–86,73–80  

Correspondingly, under dimensionally restrained environments, the spatial conditions 

of the microenvironment allow to contrive the microorganism growth direction and limit 

the average cell density. In this sense, the confinement of microorganisms in a non-fluidic 



 

 

 

12 
DESIGN, FABRICATION AND APPLICATION OF A MICROSYSTEM 

FOR THE ELECTROCHEMICAL EVALUATION OF CONFINED 

BACTERIA 

 

microsystem can be defined as a process guided by the contribution of a controlled, 

dimensionally defined population to the surface-related microbial expansion phenomena.  

From this perspective, Non-fluidic microsystems are defined as those approaches based 

on micro-structured surfaces, where a variety of functions can be performed and which 

do not require fluid- or particle flow 87. This definition can be refined as follows: non-

fluidic microsystems are micrometer-scale functional structures, designed to contain 

non-cohesive matter that undergoes physical or chemical changes in absence of 

externally exerted dynamic pressure. 

2.2 Application and principles of non-fluidic microsystems 

The characteristics of non-fluidic microsystems are partially related to those of traditional 

dish-based culture methods, in reference to the reagents, equipment and storing 

conditions. The small features of non-fluidic microsystems grant various advantages, 

shared with their microfluidic counterpart, such as small size, optical transparency, low 

reagent consumption, reduced thermal time constant, control of localized parameters, 

and the possibility to parallelize and integrate multiple processes. The main function of 

non-fluidic microsystems is to provide a controllable set of conditions for microbial 

growth on spatially constrained environments. The tailored environment results 

amenable for the study of microbial behavior in zero-flow or solid surface interfaces, viz. 

the confinement of microorganisms in purpose-built microstructures (confinement 

surfaces and microstructures), mimicking naturally occurring pores, channels, and 

furrows of microbial habitats. The fabrication techniques of non-fluidic microsystems are 

based on well-established microfabrication methods, such as photolithography 88, micro-

milling 89 and micro-molding 90 among others.  

Inherently, non-fluidic microsystems rescind the use of any type of fluidic conduits, this 

approach has the potential to avoid some adverse effects bounded with the influences of 

flow on cell migration and growth behavior 91, rheological community organization 92 

and electrochemical microbial responses 93 among others. Moreover, the zero-flow 

condition enables to readily introduce molecular diffusive materials, which is a current 

challenge in microfluidic systems fabrication due to the weakness and the poor bonding 

of such materials (e.g. hydrogels and nano-porous membranes) 94, thus, allowing free 

diffusion of nutrients and soluble metabolites between the microorganisms, their 

environment, and among multiple microorganisms. 

In this context, non-fluidic microsystems can be described according to the nature of the 

materials used in the confinement surfaces and microstructures (Figure 2) as inert 

material microstructures (Figure 2A), diffusive material microstructures (Figure 2B) and 
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a combination of both (Figure 2C). The different configurations represented in Figure 2 

can be identified in diverse non-fluidic microsystems (Table 1).  
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Table 1. Compilation of non-fluidic microsystems reported in literature. 

Author Config. Description Organism 
Experimental culture 

medium 
Materials Dimensions Culture method 

Biondi et al. 

(1998) 71 
A(ii) Evaluation of motility parameters 

of swimming bacteria 

Escherichia coli strain 

AW405 

Minimal media containing 11.2 g/L 

K2P04, 4.8/g/L KH2PO4, 2.0 g/L 

(NH4)2SO4, 0.25 g/L MgS04.7H2O, 

0.0005 g/L Fe2(SO4)3.5H2O, 5 g/L 

glucose, and 0.25 g/L (each) 

necessary amino acids for strain 

growth (L-threonine, L-leucine 

and L-histidine), diluted in 

motility buffer containing 11.2 g/L 

K2P04, 4.8/g/L KH2PO4 and 0.029 

g/L EDTA E in distilled water. 

Polymeric microstructures 

(photo resist Shipley 1813 

and Hoechst 4903) on 

glass substrates sealed 

with a glass cover slide. 

 

Height: 2, 3, 10, 15 and 20 μm 

Width: 20 μm 

Bacterial-dissolved medium 

suspension was pulled into 

the confinement structure by 

capillary action and channels 

were sealed with vacuum 

grease.  

[a] Takeuchi et 

al. (2005) 72 
B(ii) 

and 

C(ii) 

Method to control the shape of 

isolated bacterial cells (circular, 

sinusoidal, zigzag, and donut-

shaped microchambers of varying 

dimensions). 

Escherichia coli strain 

AW405 

Microstructure: 

1% tryptone, 0.5% sodium chloride, 

0.05% BSA B, 20 µg/mL cephalexin, 

and agarose 2% (w/v) 

Suspension: 

TB-Broth (1% tryptone, 0.5% sodium 

chloride, pH 7.0) 

Micro-structured agar-

based nutrient media. 

1-2 mm thick agar-based 

nutrient media slab (1% 

tryptone, 0.5% sodium 

chloride, 0.05% BSA B, 20 

µg/mL cephalexin, and 

agarose 0.5% (w/v)). 

150 µm PDMS C slab. 

Depth: 1.3-2.5 µm 

Radii or amplitude: ≥10 μm 

5 µL bacterial suspension 

deposited on top of micro-

structured agar-based nutrient 

media and confined by pressing 

the agar-based or PDMS C slab. 

[a] DiLuzio et 

al. (2005) 73 
C(iii) Evaluation of swimming motility 

of E. coli. They observed the tendency 

of cells to move towards the left 

of their trajectory and near a nutrient 

surface. 

Escherichia coli strains 

AW405, RP437 and 

HCB437 

0.3% beef extract, 1% peptone, 

0.5% sodium chloride, 0.45% 

Eiken agar, and 0.5% glucose 

Plasma treated 150 µm 

thick micro-structured 

PDMS C. 

Height: 1.3-1.5 µm 

Width: 7-10 µm 

Oxidized PDMS C microstructures 

were placed atop of an agar-

based surface. The hydrophilic 

surface of the PDMS 

C was 

conformally filled with an 

aqueous solution of nutrients 

from the agar surface. Individual 

cells from proximate swarms 

migrated into the channels. 

[a] Hulme et 

al. (2008) 74 
C(iii) Device to dimensionally organize 

self-propelled motile cells. 

Escherichia coli strain 

AW405  

10 mM potassium phosphate, 76 mM 

NaCl, 0.1 mM Na-EDTA E, pH 7.0, 

1% Bacto™ agar and 0.01% Pluronic 

F-68 surfactant 

Plasma treated 1 mm 

thick micro-structured 

PDMS C. 

Height: 1.5 µm 

Radius of arrow ratchet 

sorting junction: 35 µm 
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Author Config. Description Organism 
Experimental culture 

medium 
Materials Dimensions Culture method 

[b] Diao et 

al. (2006) 75  
C(i) Study of cell migration influenced 

by a linearly generated chemical 

gradient, distributed between 

two microchannels (i.e. source and 

sink) in a porous membrane. 

Escherichia coli strain 

RP437 (and mutant 

derived strains) 

Nitrocellulose membrane 

Chemoattractant: 

L-aspartate 

α-methyl-DL-aspartate 

Chemorepellent: 

Glycerol 

Gradient buffer: 

Chemotaxis buffer (PBS D with 

0.1 mM EDTA E, 1 µM methionine 

and 10 mM lactic acid at pH 7.0) 

Glass. 

Micro-structured nitro-

cellulose membrane. 

Plexiglas manifold. 

Depth: 140 µm 

Source/sink width: 400 µm  

Culture width: 800 µm  

Bacteria-chemotaxis  buffer 

suspension fed to microchannel. 

[b] Cheng et 

al. (2007) 76 
C(ii) Study of cell migration influenced 

by a linearly generated chemical 

gradient, distributed between 

two microchannels (i.e. source and 

sink) in a hydrogel-based device. 

Escherichia coli strain 

RP437 

3% (w/v) high-gel strength agarose 

dissolved in PBS D 

Chemoattractant: 

α-methyl-DL-aspartate 

Gradient buffer: 

Chemotaxis buffer (PBS D with 

0.1 mM EDTA E, 1 µM methionine 

and 10 mM lactic acid at pH 7.0) 

Micro-structured high-gel 

strength agarose coated 

glass surface. 

Plexiglas manifold. 

Depth: 170 µm  

Width: 400 µm 

Spacing: 250 µm 

Bacteria-chemotaxis  buffer 

suspension fed to microchannel. 

Meel et al. 

(2012) 77 
A(i) Evaluation of interaction and 

motion in topological modified 

surfaces. The confinement of 

bacteria was observed in surface 

grooves with depth profiles 

larger than the bacterial size. 

Neisseria gonorrheae 

strain N400 

Phenol-red free Dulbecco´s 

modified Eagle medium with 2 mM 

L-glutamine, 8 mM sodium pyruvate, 

5 mM ascorbic acid, 30 mM HEPES A 

and 1 mg/mL BSA B 

Micro-structured PDMS C 

coated glass surface. 

Depth: 0.6 and 1 µm 

Width: 2.2 µm  

Bacteria-medium suspension on 

top of micro-structured surface. 

Myxococcus xanthus 

strain DK1622 

1% CTT medium, containing 10 g /L 

Casitone, 10 mL/L 1 M Tris HCl 

at pH 8.0, 1 mL/L 1 M KPO4 at 

pH 7.6 and 10 mL/L 0.8 M 

MGSO4 

Hansen et al. 

(2016) 78 
C(iii)* Confinement of bacteria in a 

protein coated micro-well array. 

Escherichia coli K-12, 

expressing GFP F and 

mCherry 

Water 4-in silicon wafer, coated 

with a 1 µm parylene 

film and functionalized 

with unlabeled Triticum 

vulgare WGA G lectin, 

WGA-A488 or BSA. 

Glass slide coated with a 

~100 µm thick LB agar 

layer. 

Depth: 20 µm 

Well diameter: 2-1000 µm 

100 µL bacterial suspension 

was incubated for 1 hr. Then, 

the liquid was subtracted and 

the parylene film was removed. 

The microsystem was sealed 

using the LB agar-coated glass 

slide. 

Pseudomonas aeruginosa 

PA-01 expressing GFP F 

LB broth 



 

 

 

16
 

D
E

S
IG

N
, F

A
B

R
IC

A
T

IO
N

 A
N

D
 A

P
P

L
IC

A
T

IO
N

 O
F

 A
 M

IC
R

O
S

Y
S

T
E

M
 

F
O

R
 T

H
E

 E
L

E
C

T
R

O
C

H
E

M
IC

A
L

 E
V

A
L

U
A

T
IO

N
 O

F
 C

O
N

F
IN

E
D

 

B
A

C
T

E
R

IA
 

 

Author Config. Description Organism 
Experimental culture 

medium 
Materials Dimensions Culture method 

Gloag et al. 

(2017) 79 
C(iii) Microsystem to inhibit the 

expansion of selected biofilm 

forming bacteria by directing 

the bacterial growth through 

surface microstructures. 

Pseudomonas aeruginosa 

strain PAK 

4 g/L tryptone, 2 g/L yeast extract, 

2 g/L NaCl, 1 g/L MgSO4.7H2O, 

solidified with 8 g/L gellan gum 

Micro-structured 1 mm 

thick PDMS C. 

Height: 0.5 and 1 µm 

Width: 5, 10, 20, 50 and 100 µm 

Spacing: 10, 15 and 20 µm 

Inoculated pipette tip was 

dotted in the PDMS C surface 

at a 1 mm distance from the 

microstructure border and 

placed on top of the gellan 

gum-based nutrient media 

surface. 

Proteus vulgaris strain 

ATCC13315 

LB solidified with 8 g/L gellan 

gum 

  

[c] Hanson et 

al. (2006) 80 
A(ii) Exploratory research and 

development of the methodology 

and apparatus to study the growth 

and space-searching strategies 

of filamentous fungi on varied 

complexity maze-like confinement 

microstructures. 

Pycnoporus cinnabarinus 

VIC (CBS 101046) 

Malt extract broth 

Malt extract agar 

Water 

Sealed maze-like micro-

structured PDMS C. 

Height: 5-7 µm 

Maze features: 5-100 µm 

Fungal plug, from the 

peripheral growth zone, was 

placed next to an opening left 

at the PDMS C microstructure 

previously filled with Liquid 

medium or distilled water. 

[c] Held et al. 

(2009) 81, 

(2011) 82 and 

(2019) 83  

A(ii) Neurospora crassa (and 

mutant strain ro-1) 

Malt extract agar 

Water 

Armillaria mellea 

[c] Binz et al. 

(2010) 84 
A(ii) Study and exploration of bacterial 

motion in confining microstructures 

of varied complexity 

Serratia marcescens LB broth Glass sealed micro-

structured PDMS C. 

Height: ~10 µm 

Length: 100 µm 

Width: 2-15 µm 

Stripe and comb-like 

microstructures 

Bacteria-medium suspension 

loaded to the microstructure. 

[c] Nayak et 

al. (2018) 85 
A(ii) Study of bacterial motility in 

confined microstructures at different 

growth phases. 

Escherichia coli strain 

HCB437 

LB broth Glass sealed micro-

structured PDMS C. 

Square microstructures: 4 x 6 µm Bacteria-medium suspension 

loaded to the microstructure. 

[c] Perumal 

et al. (2019) 86 
A(ii) Study of bacterial motility in 

simple and maze-like confined 

microstructures 

Escherichia coli K-12 wt LB broth Glass sealed micro-

structured PDMS C. 

Height: 6 µm 

Width: 3 µm 

Bacteria-medium suspension 

loaded to the microstructure 

 
A 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 
B Bovine serum albumin  
C Polydimethylsiloxane 
D Phosphate-buffered saline 
E Ethylenediaminetetraacetic acid 
F Green fluorescent protein 
G Wheat germ antibody 

 

[a] Works associated with George M. Whitesides (Whitesides’ group) 

[b] Works associated with Mingming Wu (Wu’s group)  

[c] Works associated with Dan V. Nicolau (Nicolau’s group) 

 

* The surface of this microsystem was functionalized, thus, it can also be considered as a B(iii) type 
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Figure 2. Schematic representation of non-fluidic microsystems. (A) Constituted by inert materials (i) Open 
inert surface topological modification (ii) Sealed inert microstructure. (B) Constituted by diffusive materials 
(i) Open diffusive surface topological modification (ii) Sealed diffusive microstructure.  (C) Constituted by a 

combination of inert and diffusive materials (i) Open diffusive structure built upon inert surface (ii) Diffusive 
microstructure sealed with an inert surface material (iii) Diffusive surface material sealed with inert microstructure. 

The study of the motility mechanisms and colonization-oriented migration are, to date, 

among the most widespread applications of non-fluidic microsystems. The work presented 

by Biondi et al. 71 is perhaps one of the first reports on the use of microfabrication 

techniques  to evaluate the motility of microorganisms in confined spaces, providing a 

more dimensionally controllable alternative to the use of sand columns 95 and capillary 

array essays 96–98. With the use of that strategy, coupled to video-microscopy and image 

analysis techniques, they were able to measure the motility characteristics of individual 

bacterial cells confined in microstructures of various dimensions inside an inert material 

microstructure (Figure 2A(ii)). As a result, they provided a high throughput comparison 

framework between the parameters of macroscale and microscale microbial motility 

assays.  
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That model was further explored in the research carried on by the Whitesides’ group. Their 

work has explored the effects of microbial direct surface interactions 73, this concept, 

applied in a practical device, enables to dimensionally arrange cells in a non-fluidic 

microsystem 74. Their approach uses a combination of inert and diffusive (nutrient-rich) 

materials (Figure 2C(iii)), the precise orientation of bacterial swimming direction is 

achieved by diverting the principle of surface interactions of bacterial cells in confined 

environments, taking advantage of the tendency of bacteria to move near surfaces, and 

the propulsion of the rotational flagella. The works of the Whitesides’ group have 

pioneered the use of diffusive (nutrient-rich) surfaces as a tool to enhance the evaluation 

of microbial-surface interactions on engineered microstructures. This configuration 

follows an effort to boost the use of microsystems, by pursuing design simplicity, in order 

to overcome the barrier between microsystem tool developer and tool user communities. 

In this respect, the work performed by the Wu’s group has demonstrated a powerful, yet 

simple principle to control cell migration, related to cell chemotactic responses, by using the 

diffusive properties of agarose hydrogels to generate a chemical gradient in a confined 

microstructure 76 (Figure 2C(ii)). The solution presented in that work solves some of the 

issues represented by the influence of flow in microfluidic systems, identified in the 

evaluation of the cell chemotactic response in microfluidic gradient generators 91. 

Different microorganisms have been confined within non-fluidic microsystems, for 

instance, in the work of the Nicolau’s group, they have extensively explored the influence 

of microscale topographies in diverse filamentous fungi 80–84 and bacterial strains 85,86. They 

have suggested that these careful designed microstructures can provide new 

methodologies to study the implications of microorganism spatial organization and 

biocomputing 99. 

Confinement in non-fluidic microsystems (Figure 3) is related to diverse microbial-specific 

growth mechanisms and their manipulation in artificial microenvironments. For 

instance, the radial expansion of filamentous fungi is directed by the elongation and 

branching of individual cell-chain structures (hyphae) in the direction of the tip cell apex 100–103, 

for such defined and undivided multicellular structures, confinement is defined by the 

ability to individually isolate and modify the, usually straight 103, hyphae growth 

direction (Figure 3A). In the case of bacteria, two distinct surface-bounded phenomena 

have been regarded as to determine the establishment of different aggregate formations (e.g. 

colonies or biofilms) 67,104, i.e. attachment 105,106 and motility 39,69,107. In this case the growth 

substrate surface characteristics, such as moisture or water content, drastically influence 

the mechanism by which cells spread across surfaces; an elevated water content enables 

cells to propel movement by means of the rotation of flagella, this mode of movement is 

known as swimming motility 71,108,109. Whereas that mode of motility has been largely 

studied, activity in solid surfaces is much less understood  39,67,69,107. It has been suggested 
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that bacteria can move by diverse mechanisms in solid surfaces, those have been referred 

to as twitching, gliding and sliding motility among others 39,69,107. Twitching is comparable to 

climbing a wall, microorganisms protrude, hook and retract small pili structures on the 

surface, which allows cells to move small distances 110,111. Gliding occurs when movement is not 

mediated by appendages, microorganisms move as a consequence of viscoelastic and 

capillary interactions mediated by focal exudation of polar substances on solid surfaces 112,113. 

Sliding is a passive movement generated by the outward pressure of cell growth 114 and 

can be considered ubiquitous in all type of expanding microbial aggregates. The 

confinement of bacteria can be considered as the process to restrict the bacterial aggregate 

formation within a physically defined restrained space (Figure 3B). 

 

Figure 3. Schematic representation of non-fluidic confinement of (A) Single hyphae from filamentous fungi 
and (B) Bacterial aggregate 

The model presented in this work explores the properties of a non-fluidic microsystem 

constituted by a diffusive surface (agar-based nutrient media) sealed with an inert microstructure 

as represented in Figure 2C(iii). The innate ability of microorganisms to move, interact 

and conform to a physically constricted structure is used to produce a densely packed 

aggregation of cells within a controlled environment. Furthermore, preliminary 

observations are performed to evaluate the capacity of this microsystem to, controllably, 

direct the growth of filamentous fungus isolated hyphae. Considering the non-fluidic 

confinement microsystem as depicted in Figure 3, in which optimal culture conditions 

are met (e.g. temperature and humidity), all substances required for growth are provided 
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through the agar-based nutritive media surface, the expansion volume, directed by 

microbial expansion and surface motion, is limited by an inert microstructure 

(confinement microstructure). Different confinement microstructures were built upon a 

glass slide, with a depth of 10 µm, width between 5 µm and 45 µm, and different features 

ranging from 250 µm and 3200 µm and placed on top of a PDA surface. 

Non-fluidic natural environments contain a richer microorganism diversity compared to 

water environments 62,63, however, few models have been proposed to accurately 

reproduce such habitats in vitro 66. The observation and identification of the typical microbial 

behavior characteristics in such environments might help to elucidate fundamental 

questions about the physical and social interactions of microorganisms 42,66,68,106,115,116. 

2.3 Fabrication of the confinement microstructure 

The configuration and materials used to evaluate the non-fluidic confinement of microorganisms 

were considered in account to laboratory available facilities and practicality of use. The 

design favored the construction of a monolithic glass device confinement microstructure, 

placed atop of an agar-based nutrient media. This approach offers fair advantages when 

compared to other methodologies, a monolithic glass structure can be easily adapted for 

practical applications, as it allows readily processes for cleaning and disinfection, thus, 

enables reusability of the microsystem, it is optically transparent, provides a rigid inert 

material for the microstructure, and could be easily integrated with standard Petri dishes. 

Photolithography and chemical wet etching techniques were used to fabricate the 

microstructures (Figure 4). 

The main confinement microstructure (see Annex A.1.1) was designed to resemble a simple 

maze (Figure 4A), in order to evaluate the extend of the influence of the microstructure 

topology in the confinement of microorganisms. The microstructure was composed by 

12 parallel paths with a length of 3200 µm each, separated 250 µm from each other and 

connected by perpendicular paths at different positions. The entrance of the microstructure 

was 600 µm wide and then reduced in a 45° angle located orthogonally to the border of either 

the glass slide or at a 4 mm diameter hole drilled at the center of the glass slide. The entrance 

was connected to a 500 µm path, followed by a 1600 µm perpendicular path, joined to the 

main structure. Every path was designed with a depth of 10 µm and a width of 25 µm. 

The secondary confinement structure (see Annex A.1.2) was designed to isolate bacteria 

within the glass slide-covered area (Figure 4B), in order to evaluate the capability to 

efficiently restrict growth within an specific space. The microstructure was composed of two 

circular 6 mm diameter chambers separated 3 mm from each other and connected with 

45 µm microchannels at different locations, distributed tangentially, perpendicularly and 

at 60° from the chamber circumference, with a depth o10 µm. 



 

 

DESIGN, FABRICATION AND APPLICATION OF A MICROSYSTEM 

FOR THE ELECTROCHEMICAL EVALUATION OF CONFINED 

BACTERIA 

21 

 

 

Figure 4. Schematic figure of the fabrication process (A) main microstructure layout (not to scale). (B) secondary 
microstructure layout (not to scale) and fabrication process (C) Untreated, clean, borosilicate glass slide. 

(D) Covered glass slide with photo resistive polymeric layer. (E) UV light exposure of confinement 
microstructure pattern. (F) Development of photo resist polymeric layer. (G) Chemical etching using HF. 

(H) Finished microstructure in the glass slide. 
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The glass slides (Figure 4C) were sonicated in a 1 M KOH solution for 10 minutes, rinsed 

with Milli-Q water and air dried. Following, they were spin-coated (Figure 4D) at 5000 

RPM for 60 seconds with SC-1827 and pre-cured at 100°C for 50 seconds. Coated glass 

slides were patterned by UV exposure (Figure 4E) using the SF-100 Maskless micro-

patterning system and developed using MF-319 developer for 80 seconds, alternating 

manual agitation every 20 seconds. After, the patterned coated glass slides (Figure 4F) 

were rinsed with Milli-Q water, air dried, and heated on a hotplate at 100°C for 60 

seconds, then, submerged in hydrofluoric acid for 10 seconds and cleaned in Milli-Q 

water, rinsed thoughtfully and air dried (Figure 4G). The remnant photo resist was 

cleaned with stripper and cleaned with isopropyl alcohol to obtain the finished 

microstructure (Figure 4H). 

 

Figure 5. Confinement microstructure detail. (A) Microstructure located at the border of the glass slide. (B) 

Microstructure located next to a drilled hole. 

The microstructures were verified by means of profilometry, the measured depth was 

10±2 µm and the measured width 25±15 µm. The microstructures were optically inspected 

(Figure 5), only microsystems with a complete microstructure were used. 

2.4 Microorganism confinement in a non-fluidic microsystem 

For the experimental validation of microorganism confinement in a non-fluidic microsystem, 

the fungal strain Trametes pubescens and two different bacterial strains, Staphylococcus sp. 

and Pseudomonas putida, were selected. All microorganisms were recovered from 4°C 

storage and maintained at a temperature of 37°C in PDA. 
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Before each experiment, with the aim to avoid 

particle accumulation inside the microstructure, 

every microsystem was cleaned using isopropyl 

alcohol, rinsed with Milli-Q water and air dried. 

Fungal culture of T. pubescens was performed 

with a 3 mm diameter PDA fungal plug, 

harvested from an ON culture. The fungal 

plug was placed inside the drilled hole in the 

micro-structured glass slide (Figure 6), 

previously positioned on top of a PDA 

surface inside a Petri dish, and sealed with 

an unstructured glass slide. 

The setup was maintained at 20°C in a controlled environment during the length of the 

experiment, handling was performed in aseptic conditions. 

 

Figure 7. Micrographs of the non-fluidic confinement of T. pubescens at different locations inside the device 
(A)(B)(C) (composed image). Arrows (perpendicular to the indicated hyphae segment) illustrate successfully 

(solid arrows) and not successfully (dotted arrows) confined hyphae segments. 

Figure 6. Detail photograph of T. pubescens 
cultured at the entrance of confinement 

microsystem. 



 

 

 

24 
DESIGN, FABRICATION AND APPLICATION OF A MICROSYSTEM 

FOR THE ELECTROCHEMICAL EVALUATION OF CONFINED 

BACTERIA 

 

The confinement microstructure influenced the growth direction of individual hyphae in 

filamentous fungi T. pubescens (Figure 7). Division of the hyphae was observed to be 

associated to the direct contact of the hyphae with the corners of the microstructure 

(Figure 7A). This observation agrees with the behavior described by Hanson et al. (2006) 80 

and Held et al. (2009) 81 for Pycnoporus cinnabarinus VIC 80, Neurospora crassa  81 and Armillaria 

mellea 81. Abundant hyphal growth was observed in the area close to the position of the 

fungal plug (Figure 7B), which indicates that T. pubescens develops hyphal growth 

underneath the surface of solidified agar; however, it was noted that this sub-surface 

branches were not able to thrive beyond the first couple of microchannel structures, 

which suggests that the air-solid interface, even in confined environments, is better 

suited to sustain hyphal growth, despite that the fungal hypha could effectively colonize 

an air-limited, highly viscous or solid surface. Individual hyphae were observed to 

maintain an almost straight growth direction inside the confinement microstructure for 

distances larger than 1 mm (Figure 7C), which indicated that the proposed approach for 

non-fluidic confinement can maintain high length-to-width ratio for fungal confinement. 

Bacterial culture was performed from an 

ON Staphylococcus sp. bacterial suspension 

by means of a spread plate procedure, 

briefly, in a laminar flow cabinet, 0.1 mL of 

bacterial suspension were dispensed on the 

center of a PDA containing Petri dish, after 

of which, sterile 4 mm glass beads were 

poured on the agar surface and, with the lid 

closed, the Petri dish was gently shaken. 

After extracting the glass beads, the micro-

structured glass slide was placed on top of 

the PDA surface. 

The setup was maintained at 20°C in a 

controlled environment during the length of the experiment, handling was performed in 

aseptic conditions. Formation of discrete microcolonies on the surface of the agar-based 

nutrient media near the microstructures were identified and used to evaluate the capability 

to confine bacteria in a non-fluidic microsystem (Figure 8). 

The confinement microstructure effectively redirected the growth of Staphylococcus sp. 

bacterial aggregates (Figure 9). Initial colonization of individual microchannel segments, 

at the confinement microstructure, were observed to be related to the expansion of bacterial 

microcolonies, tangent to the radial growth expansion front (Figure 9A and B). This 

behavior, recently described in the work of Gloag et al. (2017) 79, has been attributed to the 

formation of a trail network by motile cells, which enables efficient organization of bacterial 

Figure 8. Detail photograph of Staphylococcus sp. 
microcolony in the vicinity of an empty 

microstructure (contrast enhanced image). 
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aggregates. This property is referred to by Gloag et al. as stigmery 117, which is defined as a collective 

behavior of social groups that communicate via diverse cues, purportedly left in the environment. 

Interestingly, a well-defined and optically dark circle at the center of all discrete microcolonies 

(initial microcolony) was observed. The diameter appeared to be influenced by the 

confinement microstructure, as no expansion of these initial microcolonies was noticed 

beyond the microchannel segments. Another phenomenon observed for Staphylococcus sp. 

in the non-fluidic confinement microsystem, was the formation of non-aggregated 

bacterial clusters (Figure 9B and C), which indicate that, despite Staphylococci is considered 

as a non-motile bacteria, there are some cellular translocating mechanisms that require 

further study, as suggested by Pollitt and Diggle 118.  

 

Figure 9. Micrographs of the non-fluidic confinement of Staphylococcus sp. at different locations inside the 
microsystem (A)(B) (rotated image) (C) (composed image) (D) (composed image). Arrows (perpendicular 

to the indicated segment) illustrate successfully bacterial confinement (solid arrows) and empty 
microstructure segments (dotted arrows). Asterisks show the approximate center of the portrayed 

microcolony. 
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Furthermore, the non-fluidic confinement of the bacterial aggregate evidenced the formation 

of a highly controlled pattern (Figure 9C and D). Colonization of microchannel segments 

exhibited a high length-ratio, compared to the initial microcolony radii, and the capacity 

to manipulate perpendicular deviation, both towards and away from the initial microcolony 

position. 

The evaluation of the bacterial aggregate growth direction in confinement was conducted 

by inoculation of 50 µL of a Staphylococcus sp. ON bacterial suspension at the entry of the 

non-fluidic microsystem (Figure 10). The micro-structured glass slide was deposited on 

top of a PDA surface inside a Petri dish and maintained at 20°C in a controlled 

environment during the length of the experiment, handling was performed in aseptic 

conditions. Formation of a high-density bacterial (macro)aggregate at the border of the 

micro-structured glass slide was observed. 

 

Figure 10. Micrographs of the non-fluidic confinement of Staphylococcus sp. (A) Initial image of bacterial 
growth inside the microsystem (B) Image of the confined bacterial aggregate 5 days after the initial image 
was captured. (C) Detail of directed growth of the bacterial aggregate. (D) Color saturated images, empty 

microstructures appear in a yellow-blue color scale, while confined bacterial aggregates display bright red-
dark brown color scale.  
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Staphylococcus sp. aggregated at the interior of the 

confinement microstructure in a highly organized 

manner, progressively colonizing the microchannel 

segments in the direction imposed by the 

microstructure (Figure 10A and B). The color of the 

confined bacterial aggregates dimmed as 

colonization advanced (Figure 10C), which 

suggests an increase on the cellular density or 

ageing-related processes. Image process, by color 

contrast increase, allowed to confirm the 

presence of bacteria for all cases (Figure 10D). 

The colonization of bacteria in the microstructure 

was accompanied by the formation of a confinement 

halo (Figure 11). This phenomenon can be 

attributed to the pressure exerted by the new 

generation of cells; this behavior suggests that 

Staphylococcus sp. firmly attaches to the confined 

space, in consequence, a fraction of cells can be 

displaced from the interior of the confinement 

microstructure, which generates a low density, 

non-confined expansion layer. 

Finally, a complete isolated confinement structure was evaluated (Figure 12) employing 

different bacterial strains and culture methods using the secondary microstructure. 

Staphylococcus sp. was cultured by means of spread plate procedure (Figure 12B and C) 

and using bacterial smear (Figure 12C and D). Pseudomonas putida was cultured using 

bacterial smear (Figure 12E and F). Bacterial culture was performed from an ON bacterial 

suspension by means of a spread plate procedure and using a bacterial smear. For the 

bacterial smear, in a previously UV radiated flow cabinet, 10 µL of bacterial suspension 

were dispensed on the surface of one of the microsystem’s 6 mm chambers, let dry for 10 

minutes, and placed on top of a PDA surface inside a Petri dish. 

The setup was maintained at 20°C in a controlled environment during the length of the 

experiment, handling was performed in aseptic conditions. Formation of bacterial 

(macro)aggregation around the glass slide (Figure 12A) and discrete microcolonies on the 

surface of the agar-based nutrient media near the microstructures were identified (Figure 12B) 

in the spread plate cultured microsystems, while very low aggregation of bacteria was 

evidenced using smear culture method for neither bacterial strains (Figure 12C, D, E and F). 

Figure 11. Micrograph of the confinement of 
Staphylococcus sp. with a visible confinement 

halo (A) Original image (B) Color 
saturated image 
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Figure 12. Non-fluidic confinement on an isolated microstructure (A) Photograph of the system cultured by 
means of spread plate procedure. (B) Micrograph of confined Staphylococcus sp. cultured by means of spread 

plate procedure. (C) Photograph of confined Staphylococcus sp. cultured using bacterial smear. (D) (Composed 
image) Micrograph of confined Staphylococcus sp. cultured using bacterial smear. (E) (F) Micrograph of 

confined Pseudomonas putida cultured using bacterial smear. 

Confinement of Staphylococcus sp. by means of spread plate procedure followed the same 

patterns observed previously, i.e. redirection of growth from the initial bacterial 

microcolonies to organized growth inside the microstructures and formation of a 

bacterial halo accompanying the confinement direction (Figure 12A). For the bacterial 

smear culture, it was observed a highly organized, directed and even growth along the 

confinement microstructure. For Staphylococcus sp., the formation of a bacterial halo was 

noticed (Figure 12D).  
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The observation of this bacterial halo, and the identification of non-aggregated bacterial 

clusters along the microstructures, suggest that some cellular translocating mechanisms 

influence the colonization process. In a recent report, Pollitt and Diggle 118 summarize three 

of the mechanisms by which Staphylococci is able to move over soft agar: spreading, a form 

of passive cell motility, referred as a multiple layer movement, caused by production of 

large amounts of surfactant which allows the scattering of individual cells, overcoming the 

attachment of cells to a surface, differing from sliding motility by virtue of the multiple cell 

layers involved in this process; comet formation, a form of active motility, by which the 

movement is guided by the formation of dendrites, observable in phase contrast 

microscopy, that disappeared over time, by which this type of motility mechanisms can be 

associated with gliding motility, as described by the authors; and darting motility, a type 

of passive motility, described to occur when the biomechanical forces interacting by the 

pushing of the new generation of cells overcome the adhesive force of cells and 

individual cells are ejected from the bacterial cluster, resulting in segregated bacterial 

clusters. 

No bacterial halo was evidenced for Pseudomonas putida. This behavior can be attributed 

to the motile characteristics of P. putida. Furthermore, formation of non-aggregated 

bacteria was observed to lead the bacterial confinement. In contrast to the non-

aggregated clusters observed previously for Staphylococcus sp., the non-aggregated 

formations in P. putida were continuous and were always preceding larger aggregates. 

The non-fluidic microsystem was successfully evaluated for maze-like and linear 

microstructures. Fungal and both bacterial strains effectively colonized the microstructures 

with a high length-to-width ratio as well as the effectiveness in inducing organized 

colonization of the microorganisms used through the microchannels: microorganisms 

were observed to progressively colonize the microstructures and to adjust to the 

designed pattern. 

The methods presented in this section can be potentially adapted to evaluate microbial 

growth, bacterial motility behavior and can be used to culture multiple species and 

directly observe interaction. The non-fluidic microsystem presented allows to adapt 

microstructures with different physical arrangements. Furthermore, as the confinement 

microstructure is based on a monolithic glass material, it is possible to reuse it and directly 

observe the microbial behavior. However, the manipulation of the system was challenging, 

due to the use of use a Petri dish for the containment of the bacterial culture, which generates 

unnecessary waste and presents difficulties for the temporally assessment of the microorganism 

confinement at different locations and does not allow adaptation of a thermally-stable 

environment, thus, obligating to maintain the microorganisms at ambient temperature 

or  requiring to move the system to perform the observation.  
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3. Non-fluidic microsystem integration to a fully 

automated platformb 

In this chapter, the design and construction process for an automated, high resolution 

observation platform is described. The platform was custom designed to allow the 

continuous monitoring of growing cells confined within a non-fluidic microsystem 

constituted by an inert microstructure placed on top of an agar-based nutrient media 

surface. The colonization was compared to current cell counting and growth curve 

methods, other phenomena, related to colonization, were observed, such as bacterial 

surface motility and scouting behavior. 

Section 3.1 establishes the context of the observation of microorganisms in 

microsystem devices. 

Section 3.2 presents the design specifications and processes to build an automated 

platform using open source technologies. 

Section 3.3 presents the processes and characteristics of the design and fabrication 

of the test cell for observation and culture of confined microorganisms. 

Section 3.4 presents the processes and methods to fabricate a copper thin film glass-

based heater. 

 

b This chapter contains and elaborates on the results presented in the conference work:  

Hernandez, C. A., Lopez-Barbosa, N., Segura, C. C., & Osma, J. F. (2017). High definition method for 

imaging bacteria in microconfined environments on solid media. In I. Rojas & F. Ortuño (Eds.), 

International Conference on Bioinformatics and Biomedical Engineering: Vol. 10209 LNCS (pp. 

726–736). https://doi.org/10.1007/978-3-319-56154-7_6 

and the methods presented in the published paper: 

Hernandez, C. A., Beni, V., & Osma, J. F. (2019). Fully Automated Microsystem for Unmediated 

Electrochemical Characterization, Visualization and Monitoring of Bacteria on Solid Media; E. coli K-

12: A Case Study. Biosensors, 9(4). https://doi.org/10.3390/bios9040131 
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Section 3.5 presents the culture procedures for the confinement of bacteria in a non-

fluidic microsystem 

Section 3.6 presents the designed and programmed algorithm for the control of the 

automated platform 

Section 3.7 discusses the results obtained in the preliminary experiments on the 

confinement of bacteria in the non-fluidic systems 
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3.1 Background and design considerations 

The observation of microorganisms can be considered as the harbinger of paramount 

scientific work in microbiology. Understanding the behavior of live bacterial cells is a 

subject of continuous interest, with implications in the food industry, environmental studies, 

medicine, agriculture, water treatment, energy production, chemical synthesis, biosensors, 

and other industrial and biotechnological applications 119.  This interest has increased the 

attention for the use of micro and nanotechnology, focused in the design and fabrication of 

microenvironments, which allow to monitor the behavior of single and multiple bacterial cells. 

Currently, microfabrication technologies have extended the use of microscopy as a reliable 

tool to overcome research that was difficult or impossible to do with traditional tools 120,121, 

for example, direct observation and characterization of bacterial growth and motility 

under specifically defined environmental conditions, such as topological factors 72,77,122,123 

and chemical gradients 75,76,124–126, in fluidic and non-fluidic microsystems. 

Related to those observations, the nature of the dynamics of bacterial colonization in 

microfluidic devices has been extensively described and modelled. For instance, Cho et al. 123 

describe a self-organization phenomenon for high-density bacterial populations in a 

microfluidic device, that phenomenon is described using Newtonian fluid dynamics 

models for confined spaces, in which the predicted fluid lines were in accordance to the 

organizational patterns of the studied bacteria. Such highly organized bacterial structures 

were also observed in the work of Volfson et al. 127, whom propose a continuous mathematical 

descriptive model, derived from the differential equations of nematodynamics. They designed 

an experiment to study bacterial growth as a monolayer stream, the colonization of the 

restricted area was observed and attributed to the generated biomechanical forces 

interacting by the pushing of the new generation of cells towards each other and referred 

as the expansion flow, accompanied by the decrease on the growth rate once the channel 

was completely colonized. The work of Wioland et al. 92,128 reaches a step further to the 

description of  dynamic continuous organizational patterns. They observed and model 

the dynamic patterns of bacteria collective motion, by considering the cell-to-cell 

interaction and fluid-to-cell interaction, describing the dynamic profile of confined cells 

and the relationship to the confining geometry. 

Dynamic models, such as the above described, can be applied for the design of biological 

driven motion for micrometer sized devices 129, furthermore, they are advantageous to 

understand the different stages of bacterial colonization for a number of systems, in the 

range of bacterial ecology to pathogenesis 124. Currently, numerous microfluidic devices can 

be found and applied to microbial research with diverse degrees of integration, automation, 

parallelization and output throughput 44. Furthermore, different minimally invasive high 

resolution imaging platforms have been designed to allow live-cell observation in 

microfluidic systems 130.  
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Contrastingly, despite that non-fluidic environments harbor a richer microorganism 

diversity than elsewhere 62–64, few microsystems have been proposed to reproduce the 

structural conditions of such habitats 66. Characteristically, some microorganisms deploy 

diverse mechanisms to successfully establish surface bounded communities, this confers 

them with a clear survival advantage to thrive in such environments and are of uppermost 

importance for understanding fundamental processes such as host infection 60,61 and soil 

microecology 62 among others. However, the surface specific bacterial interactions remain 

only basically understood 39,67,69,107. 

The approach given by the implementation of non-fluidic microsystems is convenient for 

long term observation of these interactions, due to the option to build these devices in 

optically transparent and diffusive materials that allow both visual monitoring of the 

bacterial behavior and environmental control of the chemical and  physical growth conditions. 

The microbial-surface interactions have been suggested to be influenced, among other 

environmental parameters, by surface topology 77,122, temperature 131,132 and the water 

content of the supporting surface 69,112,133. To this extent, non-fluidic microsystems can be 

designed to replicate diverse culture conditions of confined, non-flow dependent, 

environments, for example, by employing different microstructure configurations and 

materials (e.g. glass, PDMS, hydrogels) and integrating thermal controls. 

The non-fluidic microsystem presented in chapter 2 of this thesis consents the adaptation 

of microstructures with diverse complexity physical arrangements. Furthermore, as the 

confinement microstructure is based on a monolithic glass material, it is possible to reuse 

the microstructure and perform direct optical inspection. However, the manipulation of 

the system was challenging due to the need of the use of use a Petri dish for the containment 

of the bacterial culture, which presented difficulties for the temporally assessment of the 

microorganism confinement at different locations of the confinement microstructure. 

Given this context, an automated platform to control the temperature and allow time-lapse 

imaging of multiple positions at the bacterial confinement microstructure of a non-fluidic 

microsystem, a containment test-cell and a copper thin film glass-based heater were developed 

and integrated with control and analysis software with the non-fluidic microsystem. For 

the design of the automated platform, and all the components, different considerations 

were regarded. First, optical observability of the non-fluidic microsystem should be 

maintained; secondly, the platform needed to operate autonomously, independent from 

external equipment and allow on-line operation. Respecting the fabrication methods and 

materials, all components were designed, to the best extent, using fast prototyping tools, 

and, when non possible, technologies that were commonly integrated to microfabrication 

research facilities or were commercially available. 
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3.2 Automated platform assembly 

The integration of automation technologies to perform microbiological assays has been 

an attractive goal for researchers and industrial partners. This interest has been traced to 

academic activities since the late 1960s 134. Currently, the concept of Total laboratory 

automation (TLA) 135 is considered as a viable potential alternative for achieving faster, 

parallelized, precise, standardized and high-quality microbial tests 135–137. However, in a 

recent survey conducted by Jonathan Genzen 138 for the American Association for Clinical 

Chemistry with five clinical laboratory experts, it was evidenced some resistance towards 

the adoption of the TLA approach in current research and development environments, 

due to the space requirement and costs associated with the automation equipment,  

During the last decade, there has been an increased interest in the development of open 

source hardware and software for science and engineering research 139, perhaps related 

to the same concerns aforementioned, or simply due to the natural curiosity of the open source 

community. Disregarding the cause of this phenomenon, open source technologies offer 

enormous capabilities to guide the advent of new discoveries and products. 

In the field of microbiology, recent works have changed the paradigm of high-cost 

science, aiming for an actual democratization of knowledge and the early engagement of 

society with research activities. Probably one of the most radical approaches to the 

development of open source tools to date is the foldscope 140, also known as the 1-USD 

microscope, an origami based microscope, developed by researchers in the Stanford 

University. Although it can be considered naïve to declare that science should rely solely 

in low-cost instruments, open source technologies are already benefiting the academic 

community, enabling to go beyond of what is possible with computer simulation alone 139 

and giving access to equipment that might result prohibitively due to their cost or the 

specificity of their use. For instance, Kim et al. 141 developed a low power sensor node to 

control and monitor, via Bluetooth, the state and results of a susceptibility test oriented 

to the detection of Mycobacterium tuberculosis. Similarly, the works of Nejatimoharrami et al. 142 

and Steffens et al. 143 describe two different approaches for the utilization of an open 

source platform for the handling and dispensing of liquids. Moreover, high-cost 

equipment can be fabricated in-house, diminishing the usually long times in between 

buying and delivery of equipment, for example, Segura and Osma 144 presented a low-

cost potentiostat for remote biosensing, likewise, Pereira et al. 145 presented a low cost 

smartphone spectrophotometer for research activities. 

In this sense, one of the tools that might have a deeper impact in research is the 3D-printer, a 

technology that allows to build physical components from computer-based models at a relative 

low cost, usually by adding layers of a thermoformable material, until the designed volume 
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is achieved. This technology has been advantageous for the construction of various 

imaging platforms with an integrated moving stage 146–148.  

The automated platform presented in this work (Figure 13), uses a comparable approach: 

a three-body accessory was designed, using 3D-printed elements and commercially available 

components, to adapt an educational microscope (Olympus CX21) with micrometer 

range movement capabilities and programable image acquisition control. The computer 

models for the 3D-printed elements were designed using the CAD software Solid Edge ST 

and fabricated in polylactic acid (PLA) using a Monoprice MP Select Mini 3D Printer V2. 

 

Figure 13. Microscope adapted for an automated platform for time-lapse a spatially localized high-
resolution imaging (A) 3D representation of the adapter accessories. (B) Photograph of the used platform.  

The motion stage adapter (Figure 13A) was designed as a multiple-element body (see Annex 

B.2), which allows the fixation of the adapter to the base of the microscope´s stage tray 

without requiring to modify the microscope body nor interfering with the microscope´s 

stage movement. The movement of the X and Y axes was achieved from the adaptation of 
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two stepper-motors to each of the microscope movement stage knob shafts using a 5:1 pulley-

belt transmission. The stepper-motors were accommodated in two different movable trays, 

which allowed to tune the belt transmission by means of a 5 mm screw located at the outer 

wall of each tray. This configuration allows to control an advance down to 1 µm in both axes 

through the complete movement area of the microscope moving stage (76 mm x 30mm). 

For the fine focus movement of the microscope stage Z axis (see Annex B.3), a 180° servomotor 

was directly coupled to the fine focus knob by means of a floor-fixed adapter and an 

extension element fixed to the servomotor shaft. The total axis displacement achieved for 

this configuration was 150 µm, with a minimum movement distance of 0.83 µm. 

A digital camera (Sony DSC-QX10) was coupled to the microscope eyepiece tube using a 

single-body element (see Annex B.1)). An image resolution of 4 pixel/µm was achieved for 

a 10X microscope objective, 10X camera optical zoom and 2 Mpixel (1920 x 1080) image 

resolution camera setting. Images could be manually acquired or by a computer-

controlled request and transmitted wirelessly. 

3.3 Test cell fabrication 

A test cell (Figure 14) was built to contain the bacterial microculture and to isolate the 

microsystem from the external environment (see Annex B.4). The proposed design allows 

direct real-time optical observation (Figure 14B), facilitates temperature control and 

enables connections from the microsystem to external devices (Figure 14C). 

 

Figure 14. Test cell 3D representation and photograph (A) Representation of the test cell configuration and 
components. (B) Representation of test cell during observation. (C) Photograph of the used test cell. 
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The test cell integrates a copper thin film glass-based heater, a temperature sensor (LM-35) 

and a non-fluidic confinement microsystem within a total volume of 9 cm x 4 cm x 1.4 cm. 

Those elements were embedded in a two-element 3D-printed PLA holder, composed by 

a 9 cm x 4 cm x 1 cm base holder, which allows direct use in a conventional microscope, 

and a 9 cm x 4 cm x 4 mm cover holder. 

The base holder is designed to secure the copper glass-based heater at the bottom of the 

structure, which was sealed with heat resistant silicone to the base holder. To conduct 

the experiments, an agar pad was used to contain the bacterial cells inside the 

microsystem, whilst providing them with a nutritive medium. The microsystem with the 

adhered agar pad was placed between the base holder and the cover holder and secured 

using seven 2 mm screws, allowing a containment space, inside the test cell, of 5.5 cm x 

2 cm x 6 mm. 

3.4  Fabrication of the copper thin film glass-based heater 

The operation temperature of chemical and biological 

systems is a key parameter in microsystem design and 

fabrication. The temperature control of microsystem 

devices can be achieved using macroscale equipment, 

such as incubators and surface heaters. This type of 

equipment usually consumes a considerable amount 

of electricity and does not allow to perform parallel, 

system-specific adjustments. Moreover, macroscopic 

temperature controls, even if precise, have slow time 

responses 59. The design of temperature controls directly 

integrated to the microsystem architecture 149 is an 

auspicious alternative that has been credited for the 

development of  assays such as the integrated 

polymerase chain reaction 150,151, protein characterization 

and sensing 152,153, supported bilayer lipid membrane-

based biosensors 154 among others. 

Usually, microsystems employ a thin film of deposited 

metal as an electrically resistive heating element, 

governed by the Joule’s law, that is, the generated 

heat is proportional to the current flowing through 

the electrical material. Those systems have 

numerous advantages, such as high thermal 

constant, lower overall power consumption and 

easy integration to other microsystems. 

Figure 15. Fabrication process of copper 
thin film glass-based heater (A) Photograph 

(B) Borosilicate surface. (C) Photo resist 
covered glass. (D) UV light exposure. (E) 

Development of photo resist. (F) Metal 
deposition. (G) Finished structure in glass. 
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The copper glass-based heater presented in this work (Figure 15A) was built upon a 

borosilicate glass slide by photolithographic lift-off and physical vapor deposition 

processes (see Annex A.2.1). For the fabrication, borosilicate glass slides (Figure 15B) 

were immersed in a 1M KOH solution and sonicated for 10 minutes, rinsed with Milli-Q 

water, air dried, and heated on a hotplate at 120°C for 5 minutes. The glass slides were 

spun-coated with SC-1827 photo resist (Figure 15C) at 5,000 RPM for 1 minute and pre-

cured at 100°C for 50 seconds on a hotplate. Coated glass slides were exposed to UV light 

(Figure 15D) using the Karl-Suss MJB-3 aligner, developed (Figure 15E) using MF-319 

developer and exposed directly to UV light for 1 minute. Deposition of a 20 nm chrome 

adhesion layer and subsequently an 100 nm gold layer was performed by means of PVD 

(Figure 15F).  

The glass slides were submerged in stripper to remove the remaining photo resist, rinsed 

with Milli-Q water and air dried to obtain the deposited thin film copper layer (Figure 15G). 

The copper surface is distributed across the borosilicate glass slide surface area in an 

evenly, not equally organized serpentine, with tracks of 1.5 mm width, connected at each 

end to a 6 mm x 7 mm connection pad, which allows a free observation area of 2.8 cm x 6 mm. 

The mean resistance, measured between the two connection pads was 60 Ω. The copper 

heating resistance was protected using a generic transparent varnish. The temperature 

was monitored using an LM-35 temperature sensor, with an approximate resolution of 

0.5°C, placed inside the containment space of the assembled test-cell. Closed-loop temperature 

control of the test cell was performed using an automated computer monitoring system 

(Figure 16). The maximum temperature measured in the system was 45°C when 

connected to a 12 V power source with 2 A capacity (Figure 16A). The heating system 

had a mean heating rate of 0.1±0.009 °C/s and a linear response behavior bellow ~40°C. 

The copper glass-based heater was tested for continuous operation of over 5 days on 

closed-loop control and showed no signs of deterioration nor temperature variation. No 

important delay (< 1 s) between the temperature computer request and the heating of the 

system was observed.  

The control system was evaluated at a sampling time of 50 µs to calculate the appropriate 

response temperature control response time. A faster response of the controller (5 ms) 

evidenced an almost linear temperature control response, while a slow controller 

response (5 s) evidenced a 10% periodic oscillation of the measured temperature with 

respect to the temperature computer request. Despite the better performance obtained 

with a rapid controller response, a rather low sampling rate and controller response time 

was selected (1 s). This data sample and control frequency reduced the controller overall 

processing time and energy consumption, furthermore, as an electromechanical relay 

was used to interface the control signal with the power output stage, it reduced the 

generated physical noise. 
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Figure 16. Temperature measurements inside the test-cell containment space. (A) Connected to a 12 V 
power source, the red dashed line identifies the heating linear behavior, the blue dashed line shows the 

approximated linear cooling of the system and black line the measured temperature. Controlled 
temperature response, the green line indicates the reference signal (temperature request) and the black line 

the measured temperature in (B) A fast response controller and (C) A slow response controller. 

3.5 Confinement microstructure and bacterial culture in the non-fluidic 

microsystem 

Microsystems for bacterial confinement were built according to the methods described 

in section 2.3. Each confinement microsystem had a height of ~7 µm, they contained two 3 mm 

culture chambers, which narrow tangentially with an angle of 39° towards a 60 µm x 6 mm 

microchannel (Figure 17). A second microstructure was evaluated with two additional 

chambers of 300 µm, connected with the main channel through a 30 µm width and 525 µm 

long microchannel (see Annex A.1.3 and A.1.4). 

Before each experiment, in order to avoid accumulation of particles inside the microstructure, 

every microsystem was cleaned using Isopropyl alcohol, rinsed with Milli-Q water, air 
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dried, and heated for 5 minutes at 120 °C; optical inspection of the confinement 

microstructures was performed to evaluate their physical integrity and to confirm that 

no physical obstruction was present inside the microchannel. All the elements of the test 

cell assembly, including the agar pad, were disinfected by means of UV-C light direct 

exposure for 30 minutes in a laminar flow cabinet. 

Escherichia coli K-12 strain MG 1655 29 was used as provided from the Biophysics laboratory’s 

cell culture collection at Universidad de Los Andes (Bogota, Colombia). Bacterial culture 

was weekly recovered from -80°C storage, grown on LB agar for 18 hours, and stored at 4°C. 

Single colony harvesting was performed from individual petri dishes. 

 

Figure 17. Confinement microstructure (A) schematic and dimensions. Culture process (A) Confinement 
microstructure before culture (C) Inoculum was placed inside one of the culture chambers, 1uL. (D) 
Carefully, an agar Pad was placed on top of the microsystem. (E) The microsystem was turned over, 

allowing bacterial growth towards empty chamber. 

Bacterial microculture was performed from a single colony, harvested from storage using 

a sterile pipette tip. The bacterial colony was transferred into a 15 ml Falcon tube with 

5ml sterile LB liquid medium and then incubated on a 12-hour overnight culture (ON) at 

37°C, 300 RPM in an Orbital Shaker. After completing ON period, 200 µL were poured 

into a 15 ml Falcon tube with 5 mL sterile LB liquid medium and incubated at 37°C, 300 

RPM until reaching steady state at an OD600 between 0.3 and 0.5 155, corresponding to a 

bacterial density between 1.9 x 108 and 6.2 x 108 colony forming units (CFU)/mL. 

Suspended cells were diluted 1:10 in sterile LB liquid medium to be used as inoculum.  
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Using a micropipette, a 1 µL inoculum (∼4.05 × 104 CFU) was deposited inside one of the 

culture chambers in the microsystem (Figure 17C) and let dry for 4 minutes at room 

temperature to obtain a bacterial smear of ∼2 mm diameter, in this way, overflooding of 

the inoculum in the culture chamber was avoided, as the initial volume of the drop was 

reduced due to evaporation of the liquid contents. Once the liquid of the inoculum was 

completely evaporated, an LB agar pad, with dimensions of 20 mm x 15 mm x 3 mm, was 

placed on top of the confinement microsystem to seal the bacteria within the culture 

chamber and the LB agar pad (Figure 17D). The agar pad was let to adhere for 30 seconds 

to the microsystem and then faced down (Figure 17E). The microsystem was positioned 

inside the test cell and secured using screws, parafilm strips were placed between the 

cover and the base holder to reduce evaporation of the test cell contents and the entry of 

undesirable particles and microorganisms. The test cell was placed into the automated 

monitoring system and the temperature maintained at 37°C during experimentation.  

To verify the sterilization process, control experiments were performed using the 

previously described processes, without inoculation of the microsystem. Microsystems 

were monitored for over 24 hours; images of different segments at the microsystems were 

captured at 10-minute intervals using the automated monitoring system. During the 

monitoring no severe drying of the agar was noticed, and no growth of any type of 

microorganism was detected, ensuring the aseptic conditions of the microsystem during 

experimental procedure. 

3.6 Hardware configuration and software 

Complementary hardware and software systems were developed to acquire and manage 

images and information of and from the test cell experimental setup. The hierarchical layout 

of the hardware connection is presented in Figure 18. The first domain layer of the automated 

platform is the computer interface, every event is primarily decided by the user, and then, 

the interface interprets the command and transfers it to the peripheral (see Annex C.1). 

Two different devices were directly linked to the computer, a wireless camera, and an 

Atmel ATmega2560 microcontroller. The selected camera was a Sony DSC-QX10, which 

received and transferred commands from a Wi-Fi protocol based on the JavaScript object 

notation (JSON) 156. This characteristic allowed to perform a two-way communication 

protocol, permitting to establish the current state of the camera conditions, for example, 

amount of light, remaining memory, battery, and capture state.  

The Atmel microcontroller is connected to the computer via USB using the universal 

asynchronous reception and transmission protocol (UART), and uses a personalized 

protocol format, which allows to distinctively transfer and receive information of four different 

devices, i.e., two stepper motors, one servomotor and a temperature system (see Annex D.1). 
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Figure 18. Hardware configuration hierarchical layout 

The system priority for the communication event managed by the microcontroller was 

established to attend in first place all events related to the movement of the platform, that 

is, the servomotor and the two stepper motors (see Annex C.5). For the servomotor, 

which controlled the Z axis movement of the microscope movement stage, a pulse width 

modulation (PWM) signal was generated upon request from the computer interface, the 

communication with the servomotor was only one-way, which means that no feedback 

was acquired for the position. The movement of the stepper motors required one further 

hierarchical control level, that is, the microcontroller generated an advance or decrease 

signal that was interpreted by a stepper motor diver circuit, which generated the 

appropriate values for each of the coils in the motors. 

In the last place, the communication between the temperature system and the 

microcontroller was performed. The communication in this case was two-way, as the 

microcontroller transferred an ON/OFF signal to the copper glass-based heater, while the 

temperature sensor generated an analogous signal to be read by the microcontroller. 
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The events that could be generated within the interface were: peripherals connection 

(camera and microcontroller), XYZ axes movement, temperature change, picture 

acquisition and live view (live image streaming from the camera). Furthermore, it was 

possible to generate completely automated routines, establishing a time and an XYZ 

location to acquire images that were stored in different folders in the computer. 

Complimentary software was designed in order to allow the ease of access to explore the 

vast number of images that could be acquired in an automated session (see Annex C.3), 

allowing to see images by “navigating” in the acquisition time and location. A software 

for image analysis and processing was developed in C# under Visual Studio 2015 using 

AForge.NET library 157. The image analysis algorithm was developed to allow an 

approximation to bacterial counting routines (see Annex C.2). 

The image analysis software takes as input a group of images acquired at specific 

locations in the microstructure. The image batch is processed, converting each of them 

from RGB format color model, applying a brightness and color correction by extracting 

a correction factor from the grayscale image mean brightness intensity component.  

After applying brightness correction, a threshold binarization algorithm (Figure 19B), 

determined individually for each image set, was used to identify the main borders of the 

microchannel employing Hough transform method 158 (Figure 19C). A second binarization, 

using high contrast thresholding, was performed to detect borders related to the 

visualization field (Figure 19D). 

Based in the border intersection calculated in the previous iteration (Figure 19E), a 

reference coordinate was individually calculated, from this data,  size and inclination of 

the image was corrected, automatically aligned, based on the weighted center point of the 

calculated area, and cropped accordingly (Figure 19F). Resulting images were subtracted 

from initial photograph and a final thresholding process, based on a percentile method 159, 

was carried out to perform a texture segmentation to differentiate the bacteria colonized 

areas (Figure 19G). White pixels, for each of the processed binarized images, representing 

the presence of bacteria on the microchannel segment, were calculated and reported as a 

percentage, based on the ratio of white pixels count to total image pixels for each discrete 

time instant. 

In a routinely performed observation, between 10 to 15 micrographs were automatically 

captured every 10 minutes. For every set of images (acquired at the same location in the 

microsystem) color correction and contrast enhancement algorithms were applied, then, 

percentage, based on the ratio of white pixels count to total image pixels for each discrete 

time instant. 
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Figure 19. Schematic of the image analysis process. (A) The RAW image of the microchannel segment (B) is 
binarized to detect borders (C) using Hough transform algorithm. (D) Using high contrast threshold 

binarization the external borders are detected. (E) The program selects the best fit and traces the borders 
automatically (indicated with blue arrows) (F) the image is then enhanced, cropped and (G) a threshold 

algorithm is applied to differentiate bacterial growth from background. 

3.7 Results 

Prior to the realization of the experiments, the evaluation of different microscope 

objectives in conjunction with the automated platform was performed (Figure 20). The 

visualization under the 4X objective (Figure 20A) allowed to observe sharp details of the 

bacterial aggregate, however, when the bacterial density increased, it was difficult to 

distinguish the bacteria from the background. Bacteria under the 10X objective was 

readily distinguishable (Figure 20B), although some difficulties to properly focus the 

objective the definition of the individual cells and bacterial aggregates was acceptable. 

Finally, bacterial observation using the 100X objective was performed, focusing was very 

challenging at this magnification level, however, individual cells were distinguishable. 

The downside to this magnification was that automated movement was not possible, due 

to the direct contact of the objective with the microsystem. 
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Figure 20. Evaluation of the use of different optical objectives (A) 4X objective (B) 10X objective (C) 100X objective. 

Growth curves at 27 and 37°C were recorded by spectrophotometric measurements at an 

optical density of 600 nm (OD600). 1.5 mL of E. coli were inoculated in 250 mL of LB broth, 

and incubated on a shaker at 300 rpm at both 27°C and 37°C. Similarly, growth curves in 

terms of the occupied area percentage as a function of time were calculated for the 

confinement structure. Figure 21 shows the comparative results obtained from the OD600 

and the confinement structure. It was observed that bacterial growth in the non-fluidic 

microsystem at 27°C (Figure 21A) and at 37°C (Figure 21B) closely resembles the growth 

rate of the growth rate compiled by OD600.  

 

Figure 21. Growth curves by OD600 and recorded in the confinement structure. (A) shows the results 
obtained at 27°C and in the culture chamber. (B) shows the results obtained at 37°C and in the microchannel. 
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The slow growth of bacteria at sub-optimal temperature for E. coli has been previously 

reported, for example, in the work of Noor et al. 160. Inside a microchannel segment of the 

non-fluidic microsystem at 27°C, bacteria reached maximum growth at approximately 250 

minutes after initial observation (non-cumulative analysis), while a growth plateau at 37 

°C was observed at 110 minutes after initial observation. The difference in the occupied 

area percentage were attributed to the bias of image analysis for non-cumulative image 

analysis. 

 

Figure 22. Process of bacterial layer formation in the confinement microstructure in the non-fluidic microsystem. 
The colored lines indicate the limits of the bacterial expansion, for the mono- and bilayer aggregation of bacteria after 

initial observation (2 hours after initial inoculation) at (A) 110 min. (B) 130 min. (C) 150 min (D) 170 min. 
Comparison of the different bacterial expansion of (E) Monolayer aggregation and (F) bilayer aggregation. 

Small aggregate growth at (G) 110 min. (H) 130 min. (I) 150 min. (J) 170 min. (K) 210 min. (L) 230 min. 



 

 

DESIGN, FABRICATION AND APPLICATION OF A MICROSYSTEM 

FOR THE ELECTROCHEMICAL EVALUATION OF CONFINED 

BACTERIA 

47 

 

Growth inside the microchannel was observed to occur radially from the initial bacterial 

inoculum forming an expanding bacterial monolayer. When the bacterial aggregate 

collided with the microstructure walls a second layer started growing on top of the first layer, in 

opposite direction of the wall and at a greater growth rate than the monolayer (Figure 22). 

This behavior agrees with the observations made by Farrell et al. 161,162 and Grant et al 163 

from the Waclaw’s research group at the University of Edinburgh. However, there is to 

date, no experimental report of this behavior in a non-fluidic microsystem. In bacterial 

dense cell populations, the expansion growth can be explained by the pressure exerted 

by the new generations of bacteria, this is usually related to slide bacterial motility 114; 

when the new generations of bacteria are subjected to physical pressures that could harm 

the cell integrity, different forces become important and directly interact with the cell, 

such as cellular frictional and repulsive forces, and frictional and elastic forces between 

the bacteria and the environment 163. As a result of these interactions, individual bacteria 

are expelled from the initial monolayer aggregation, which drives to the formation of 

bulk, multilayered, bacterial aggregates. Layered expansion was observable from 

aggregates as small as a couple initial bacterial units (Figure 22G through J), driven by 

the replication of individual cells across the confined area of the non-fluidic microsystem’s 

confinement microstructure (see Annex E). 

 

Figure 23. Full length image of E. coli growth inside non-fluidic microsystem with observed scouting 
behavior after 504 minutes of observation, Bacteria is shown in green (false-colored) (A) Original image 

(Horizontal scale) (B) Enlarged image (Only in one axis, different axis scales are shown) 

For some experiments, non-aggregated growth was registered. During observation, 

individual bacteria that separated from a main aggregate was observed, forming 

independent aggregates along the microstructure (Figure 23), deriving a motility behavior 

resembling the description of twitching  110,111 or gliding 112,113. This behavior has been 
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previously referred by Slava Epstein as the microbial scout hypothesis 164,165. As described by 

Buerger et al., scout bacteria represent a small population of dormant cells that randomly 

awake in bacterial cultures and, as inferred by the name, scout the adjacent areas to the initial 

aggregate formation, this behavior is suggested to be related with different persistent 

bacteria, which is related to infectious and recurring microbial diseases. Interestingly, 

different research in which Slava Epstein has participated is also related to the use and 

development of different types of microsystems for bacterial culture 166–168. 

Growth estimation across multiple microchannel segment lengths, with an average area 

60±4 µm x 300±30 µm each, was performed. The growth models  were observed to present 

three different phases, as shown in Figure 24, similar to the phases present in traditional 

bacterial growth models, and were named due to their similarity to them. A lag phase 

(Figure 24A), corresponding to the initial time in which no bacteria had reached the 

analyzed segment; a log or exponential phase (Figure 24B); and a stationary phase 

(Figure 24C), corresponding to the moment in which bacteria colonized the complete 

microchannel segment area, or no more growth was detected. Image analysis offset 

(Figure 24D) corresponded to the contribution of the microchannel borders and 

cumulative image errors present in every analyzed image. The time difference, between 

each segment, was referred as lag time (Figure 24E). 

 

Figure 24. Bacterial growth model, representation of Bacterial growth calculation for different segments 
(gray lines). For the described segment in black: (A) lag phase (B) Exponential phase (C) Stationary phase 

(D) Image analysis offset (E) Between segment lag time. 
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Colonization of individual segments was completed in 65±5 minutes for each analyzed 

set of selected images in different experiments. Image analysis offset corresponded to 

30% of the reported bacterial growth; the lag phase between segments presented a 

variation between 30 and 60 minutes, both periods, the lag phase time and the 

colonization time, increased as the segments were further apart from the culture chamber 

(Figure 25A). Maximum distance reached for colonizing bacteria from the culture 

chambers was 5.41 mm, with a mean of 4.206 mm. Image overlap was ~100 µm (Figure 25B), 

while processed binarized images overlap varied between 15 µm and 90 µm (Figure 25C).  

 

Figure 25. Image analysis for bacterial growth calculation (Real data). (A) Recorded growth for the selected segments 
against time (composed image), the lag phase and image analysis offset can be seen. Notice that Segment n+2 
tends towards stabilization below complete colonization of the microchannel segment. (B) Acquired image 
sample of selected segments without bacteria; growth direction for each segment are indicated below each image. 
Segment n corresponds to a location of 1.5 mm from the culture chamber, on the image. Black arrows at the left 
of the image indicate the microchannel edges. (C) Processed binarized images, the gray scale corresponds to different 
time points; it can be noticed the decrease in growth at Segment n+2 and the overlapping area of the images. 
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Although the non-fluidic microsystem integrated to an automated platform was only used 

for the monitoring of growth and motility of E. coli, it can be applied to multiple studies 

in bacteriology. For instance, the device could be used to analyze the effect of a gradient 

(e.g. nutrient, pH) along the solid media on the dynamics of the bacterial community. 

This could give an insight on the incentives that motivate the dynamics of a specific 

strain. Also, due to the presence of two culture chambers, the interaction of two different 

strains could be observed without the influence of fluid flow. Under these circumstances, 

situations as horizontal gene transfer between two strains can be studied. Antibiotic 

resistance and efficacy can also be studied with more precision than traditional methods 

due to the ability to observe individual bacteria regardless of their location in a community. 

On the other hand, the design of the test cell and the fabrication process of the confined 

structure, enables the possibility to integrate electrodes for electrochemical measurements 

inside the channel and their easy connection to an instrumentation circuit. This opens the 

possibility to fabricate portable electrochemical biosensors with bacteria as the 

recognition element.  

Bacterial aggregates are structured bacterial communities that are enclosed in a self-

grown polymeric matrix and are usually attached to a substrate 104. They are responsible 

for many hygiene problems and economic losses in the food industry, as well as 

infections in medical devices 169. Due to the way the bacteria growth is monitored within 

the non-fluidic microsystem, the differentiation in the formation of monolayer and 

multilayers biofilms can be easily observed. This could be used to study the conditions 

suitable for the formation of biofilms and the requirements needed to avoid them 170. 

A confinement structure composed of a microchannel and two culture chambers was 

successfully designed and fabricated for bacterial growth on solid media. An automation 

system was adapted to an optical transmission microscope in order to control XYZ 

movements along the microchannel and acquisition of images at defined time intervals. 

Obtained images from E. coli growth were processed and analyzed to determine the 

percentage of occupied area as a function of time. Results at the culture chambers and 

the microchannel were compared with standard growth curves at 27 and 37°C. It was 

observed that growth was comparable with OD600 at 27°C and OD600 at 37°C. Scouting 

behavior, in which individual bacterium left the main colony to start their own, was 

observed along the microchannel, although it was not quantified. The confinement 

structure allowed the observation of the transition from a monolayer- to a bilayer growth 

when the bacterial aggregate collided with the walls of the microchannel. The use of an 

image analysis software enables the use of the non-fluidic microsystem integrated to an 

automated platform for estimating bacterial growth rates, which can provide new tools 

for the study of bacterial interactions in specific environments. 
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4. Fundamental concepts in MES and the EET 

processc 

 

This chapter is an introductory analysis of the fundamental concepts that support the 

concepts of bacterial electrochemical evaluation of MES. The contents of the following 

sections are presented with the objective of providing the necessary context to 

understand the diverse and multidisciplinary approaches for the EET process, 

highlighting the current divergence in characterization parameters and the urgency to 

develop new methods for its correct assessment.  

Section 4.1 describes the fundamental mechanisms that take part in the 

electrochemical reaction from the perspective of the EET process. 

Section 4.2 discusses the current methodologies to characterize the EET process, 

with a strong emphasis in the resolution level of the different techniques, offering a 

brief example in the fields of biology and electrochemistry, and the information that 

can be extracted from each of those approaches. 

Section 4.3 provides a systematic assessment, from a historical perspective, of the 

current trends, as identified by means of a systematic review. 

Section 4.4 analyzes the results previously described in Section 4.3 and concludes by 

establish the future perspectives in research and development of MES. 

  

 

c This chapter was modified to fit this thesis requirements from the published manuscript:  

Hernandez, C. A., & Osma, J. F. (2020). Microbial electrochemical systems: deriving future trends from 

historical perspectives and characterization strategies, Front. Environ. Sci. 8, 44.y 

https://www.frontiersin.org/articles/10.3389/fenvs.2020.00044 
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4.1 Mechanisms involved in MES 

The underlying principle of MES relies in the ability of microorganisms to perform the 

transformation between chemical- and electrical energy. In this transformation, electrons 

are used as the exchange currency between the cell and the electrical interface; this 

capability is derived from the mechanisms involved in the respiration process. 

Microorganisms have evolved different strategies to respond to the energetic demands 

required for survival 171, in aerobic respiration, microorganisms allow the access of 

soluble molecules within the cell structure that act as electron acceptor/donor (AD). 

Inside the cell, different electron transfer chains interact at the ionic level to complete the 

biological energetic cycle; moreover, some microorganisms are able to exchange electrons with 

molecules that are non-permeable for the cell membrane, thus, cannot be introduced into 

the cell, through a process known as extracellular/external electron transfer (EET) 172,173. 

From the perspective of electrochemistry, the interactions between an electrode and a 

microorganism can be of either capacitive- (microorganism as a dielectric interface) or 

faradaic- (microorganism participates in a redox reaction) nature; while sole capacitive 

interactions are rarely studied in microbial electrochemistry (although convenient for 

detection and characterization of biological systems), the combination of capacitive and 

faradaic interactions are used to define the electron dynamics in MES. Usually, the 

rationale of the EET processes involved in MES includes exclusively the faradic 

interactions, this is because the energetic overtake allowed by the EET can be further used for 

degradation of substrate, microbial electrocatalysis (MECat), or microbial electrosynthesis 

(MESyn), to produce complex compounds through microbially catalyzed reactions. 

In MES, the electron transfer chains are extended outside the cell boundaries to allow the 

discharge and uptake of electrons to a conductive surface (electrode) 3,24,174. This process 

can be analogously described to that of a galvanic cell: two chambers separated by an 

ion-exchange membrane, in which an electrochemical cell retrieves electrical energy from 

redox reactions occurring through the electrodes closed-loop system. Microorganisms 

that are equipped with EET mechanisms, coupled with their energetic cycle, are known 

as electroactive 16.  

The EET mechanisms developed at the MES electrode-microorganism interface (Figure 26) 

can be of anodic- (substrate oxidation) 175, or cathodic- (substrate reduction) 176 nature. 

Anodic processes in MES, such as the process executed in a microbial fuel-cell (MFC), 

have been largely recognized due to the resultant electric output 177. Generally, in 

environments with lower availability of soluble electron acceptors, microorganisms 

catalyze reactions towards the anode by transferring the produced electrons to the 

electrode, the positive electron flux generates a measurable electrical current, this 

microorganisms are known as electricigens or exoelectrogens 177. In contrast, in cathodic 
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processes, electrons are transferred in the direction of the microorganism. In this case the 

microorganism can be perceived as to “feed” from electricity, which have gained them 

the name of electrotrophs 13.  

 

Figure 26. Schematic representation of the different mechanisms of EET in MES. (A) Direct EET. (B) 

Nanowire (Direct) EET. (C) Mediated EET. (D) No EET. 
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The ionic interplay required for the EET process in MES has been assumed to be guided 

by specialized redox molecules 10. Whenever those molecules are directly bounded with 

the cell structure, the process is considered as direct external electron transfer (DEET). In 

the case of attachment of the molecules to the cell membrane (Figure 26A), the close 

contact of the electrode and the cell is required. This characteristic is limiting for the EET 

in the sense that it can only be performed by cells distributed directly on the surface of 

the electrode, thus, the EET process cannot be extended beyond the first layer of a 

(multilayered) cell aggregate, a common situation in biofilms. Some microorganisms, 

such as Shewanella oneidensis, have been observed to develop membrane-attached 

appendages, these highly conductive pili-like structures, known as nanowires 178–180, have 

been proposed to be accountable for the electron transport along various cell lengths 

(Figure 26B). However, the aggregation of cells over an electrode surface is not always 

possible, in this case, the cells may secrete membrane soluble molecules that serve as 

electron shuttles 181, these molecules act as redox mediators between the cell and the 

electrode, circumventing the need of a direct contact with the electrode (Figure 26C), this 

process is known as indirect external electron transfer (IEET). Additionally, AD in MES 

can be produced and recovered through redox processes originating in the electrode; 

electroactive molecules, naturally present or artificially introduced in the environment, 

are oxidized or reduced by the electrode and can be used by the cell though respiration 

or EET processes (Figure 26D). Similarly, the ionic interaction between microorganisms 

and electrodes, can be achieved by the modification of environmental parameters, such 

as pH or oxygen pressure, using redox reactions controlled by the electrode.  

The internal machinery behind the EET mechanisms involved in MES remains only 

partially understood. Most of current knowledge on this phenomenon has been obtained 

from the study of model organisms within the genus Shewanella and Geobacter 3,10. The 

role of different complexes in EET, such as multi-heme cytochromes 182, quinones 183 and 

flavins 184, among others, has been extensively studied; however, none of these 

mechanisms can be attributed to categorically explain the intricate process of EET, the 

increasing diversity of characterized microorganisms poses an enormous challenge, as 

new processes can be discovered, thus, a definitive model of electroactivity needs to be 

discussed, altogether with new tool for the assessment of electroactive microorganisms 16.  

4.2 Classification and characterization of MES 

The diversity of MES, in terms of applications and involved disciplines, has propitiated 

the use of multiple characterization parameters and motley terminology 18. Counterintuitively, 

this multidimensional approach burdens the determination of a generally accepted 

definition to describe the sense of electroactivity in a microorganism 16.  

 



 

 

DESIGN, FABRICATION AND APPLICATION OF A MICROSYSTEM 

FOR THE ELECTROCHEMICAL EVALUATION OF CONFINED 

BACTERIA 

55 

 

 

Figure 27. Schematic organization of the MES classification based on the technology used in the system.  

Different strategies for classification of MES have been proposed; for instance, Schröder 

et al. 18 suggest a designation relying upon the identification of the technology in which 

a system is based (Figure 27). The definition of an electrochemical microbial technology 

(MET) implies the functional (ionic) connection between microorganism and (at least 

one) electrode. Two categories are recommended under this classification, primary MET, 

in which the direct ionic interaction is achieved, including both EET mechanisms DEET 

and IEET, and secondary MET, which refers to MES that allow a more indirect interaction, 

such as the modification of environmental conditions. From a methodological ground, 

this classification can be understood to be determined by the applied electrode potential; 

for primary MET, the electrode potential stands within the thermodynamic range of the 

microorganism, contrary to secondary MET, which requires highly positive or highly 

negative electrode potentials. The identification of the potential physiological window is 

specific to each microorganism, for that reason, the recognition of the proposed primary- 

and secondary MET as a classification, whereas methodologically well founded, requires 

that the researcher would be able to identify, almost unequivocally, the mechanism 

responsible for the EET process, otherwise, with the risk of incurring in misclassification 

and overestimation of the electrochemical properties.  

 

Figure 28. Schematic organization of the MES classification based in the direction of the electron flux.  
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From a methodological perspective, MES can be identified based on the direction of the 

electron flux of the system 185. Thus, MES that provide a positive electron flux towards an 

electrode can be considered as part of a power producing system, in opposition to MES 

that use energy to increase the performance of a catalytic process, identified as a power 

consuming system (Figure 28). A further classification layer can be considered from the 

context of the desired application objective 186, for instance, electrogenesis systems, 

electro-hydrogenesis systems, microbial desalination systems, microbial electrosynthesis 

systems and bio-electrochemical treatment systems (Figure 29). 

 

Figure 29. Schematic organization of the MES classification based in the application objective. 

Besides these common parameters, a mechanistic evaluation for characterization of MES 

should be considered towards comparison and assessment of the different systems. To 

this extent, the use of a common language framework is missing. This issue was openly 

addressed by Schröder et al. in 2015 18. In that work, the authors recommended to limit 

the use of the prefix bio to the broad group (field) comprising all aspects where the 

interface of a biological element and conventional electrochemistry is present, suggesting 

that, for every specific biological component (subfield), the prefix bio should be avoided 

and, in turn, the identifier of the component should be used (e.g. tissue electrochemistry, 

enzyme electrochemistry, microbial electrochemistry, etc.). Following this recommendation, 

the subfield of microbial electrochemistry is referred to describe the study of the 

fundamental interactions between microorganisms and electrodes. In a strict sense, every 

term, derived from a specific subfield, should be designated using the identifier assigned 

to the specific subfield, for instance, in the case of systems subordinated to the subfield 

of microbial electrochemistry, they ought to be referred as microbial electrochemical 

systems (MES). 
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Therefore, the characterization of MES can be derived from system-level performance 

indicators, classically defined by parameters such as current density, exchange current 

density, resistance, capacitance, impedance, etc. In MES, these parameters are influenced 

by the interaction area between microorganisms and electrodes, conventionally 

addressed by using geometric factors. However, special attention should be taken when 

using more complex three-dimensional structures, such as porous electrodes, conductive 

fabrics and machined microstructures 187, the specific structure of the electrodes can 

potentially increase the contact area available for the electrochemical interaction 188, thus, 

an appropriate methodology should be used to assess and calculate correction factors 

based on the topology of the electrode 22. This representation requires that the 

characterized system supports the effective attachment of bacteria to the electrode and is 

prone to neglect the effects of multilayer aggregation, moreover, it needs prior 

knowledge of the electrochemical microorganism-electrode electron transfer mechanisms.  

From this perspective, a system-level approach towards characterization and 

classification of MES is advantageous from an instrumentation viewpoint and, in principle, 

could be extrapolated to a cell-level value. Furthermore, the characterization involved in 

the system-level approach can be useful to assess application-specific characteristics, 

which can be used for economic feasibility studies 189,190. However, the electrochemical 

behavior displayed by a single cell can considerable differ within a MES setup, 

depending on factors such as the distance of the microorganism to the electrode (electron 

transfer mechanism), environmental parameters (e.g. temperature, salinity, pH), 

formation of biofilm among others, as well as specific system characteristics, such as 

materials, architecture and configuration. This could cause to ignore important 

mechanisms of EET, for example, layered aggregation of cells or early substrate 

depletion, moreover when considering the different aspects regarding system 

performance and intrinsic microbial metabolism. 

In the opinion of Koch and Harnisch 16, a proper description would be determined by 

individual characterization of cells. Howbeit, this approach has been demonstrated to be 

achievable by few works 191–194, the technical challenges to replicate these experiences are 

a major pitfall. As a rationale to that limitation, Koch and Harnish 16 considered the use 

of production rates, associated to the electron flux in MES, to offer a suitable strategy to 

approach a basic set of characteristics to report in MES settings, for instance, electron per 

time unit (current density), and product- or cell yield per electron. These characteristics 

can be related (although not necessarily linked) to the electroactivity of a given 

microorganism. Additionally, the authors highlighted that such measurements might 

lean on the interests of the researcher, thus, different parameters would fit the needs of 

different fields, and would not represent the univocal identification of a species as 

electroactive. 
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Given this complex scenario on the current discussion towards an unambiguous 

definition of electroactivity in microorganisms, it might be considered that efforts to 

establish a rule of thumb to classify MES is, to some extent, futile. Rather, a synergistic 

approach should be considered, which, far from determining if a microorganism is 

electroactive - or not -, should provide an indexed structure of characteristics to evaluate 

the properties of the different interactions involved in a MES setup that could account 

for the divergence of the multiple disciplinary approaches 16. Furthermore, the 

development of a system that would allow to test different microorganisms with precise 

control of environmental and system parameters could help to clarify these characteristics. 

To this extent, a correct identification of the microorganism(s) that are used in any MES 

setup must be performed. Different methods are currently used in systems biology to 

identify and classify microbial samples using well established parameters. For instance, 

specific characteristics, such as the cell wall physical- and chemical composition, biofilm 

structure, organelle identification, and viability assessment, can be evaluated by diverse 

staining methods. Furthermore, the determination of molecular markers and genetic 

structures of microorganisms can be achieved using diverse DNA/RNA sequencing 

techniques, which allows high throughput identification and analysis of complex data, 

as well as to gauge information from highly diverse microbial populations, for example, 

the phylogenetical relatedness of a multi-sample population 21. 

 

Figure 30. Schematic characterization of resolution hierarchical level characterization with selected 
example. (A) Molecule-level characterization. (B) Cell-level characterization. (C) Aggregation-level 

characterization. (D) System-level characterization. 
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The identification of the characterization techniques for MES can be hierarchically 

organized by the resolution of the applied measurement. This model was proposed by 

Harnisch and Rabaey 23 for cataloging the methods used for the electrochemical 

evaluation of biofilms. In MES, the lowermost resolution layer is determined by the 

characterization of molecule-level interactions (Figure 30A). The functional and 

structural measurement of molecular naturally-produced compounds is fundamental to 

determine possible mechanisms of EET in different microorganisms 195. However, 

available research is mostly limited to outer membrane cytochromes 196–199, which 

narrows the information available to compare systems at this resolution level.  

Conversely, the characterization of the cell-level interactions (Figure 30B) is perceived as 

an accurate descriptor of the of the microbial EET process 16. The individual cell response 

can be used as a model to predict the electrical and physiological parameters involved in 

different MES setups and to classify the extent of the microorganism contribution to the 

electrochemical process 200,201. Despite this, only few works have been able to effectively achieve 

this measurement resolution 178,191,192,194 which waves to question the technical advantages 

of this approach.  

As an alternative, the performance parameters, describing electron transfer mechanisms 

at the aggregation- or community-level characterization resolution (Figure 30C), are 

considered to provide an accurate description of the performance indicators in MES 16,22. 

The experimental conditions at this resolution level should be careful examined to avoid 

an erroneous interpretation of the results and should refer to the topological properties 

of the electrode-microorganism interface 22,187,188. Furthermore, not every microorganism, 

and in consequence, not every MES setup, is able to support the cell aggregation on an 

electrode surface, for that reason, a surrogate to consider, is to evaluate the cell indicator 

parameters in a volume per unit basis, this can be achieved, for example, by monitoring 

the cellular mass of the microorganism in contact with the electrode 26.  

The uppermost layer resolution level identification is the system-level characterization 

(Figure 30D), in reference to parameters such as loading rates, conversion efficiency and 

production capacity among others. Arguably, system-level characterization has been 

disregarded in the light of its inconvenience to assess the numerous interactions involved 

in MES; however, from an engineering perspective, the characterization of system 

specific parameters allows a pragmatic oriented insight towards the evaluation of a real-

life implementation, alleviating efforts towards economic- and lifecycle assessment 

exercises. Furthermore, some considerations are yet to be established in MES 

environments, for instance, the limiting growth rate of bacteria 202, due to nutrient 

availability, internal mechanisms of the cell (e.g. quorum sensing) or spatial availability.  
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Table 2. Strategies of selected studies used for characterization at different resolution levels. 

Characterization 

Level 
Objective of the study (Selected) Strategies Ref. 

Molecule Identification of electron shuttles molecules 

involved in EET process (Flavin mono-

nucleotide and riboflavin, Sheranella species). 

- Isolation from wastewater. 

- 16S rRNA gene sequencing. 

- PCR-DNA amplification and cloning. 

- Decolorization test and isolation of redox mediators. 

- Identification and quantification of molecules. 

184 

Spectrometric and voltammetric characterization 

of c-type cytochrome purified from S. oneidensis. 

- Protein purification (MtrC). 

- Probing of c-type cytochrome presence by staining method. 

- UV-vis spectropotentiometric titration characterization (500-

 600 nm). 

- Electron paramagnetic resonance spectrometry (X-band). 

- Sedimentation equilibrium analysis. 

- Protein film voltammetry. 

198 

Exploration of changes induced by molecular 

factors in the electron transfer mechanisms of 

S. oneidensis using small tetraheme cytochrome c 

(STC) orthologs.  

- Purification of STC from Shewanella selected species (S. 

 oneidensis, S. algae and S. frigidmarina). 

- Construction of S. oneidensis mutants.  

- Characterization of S. algae STC by nuclear  magnetic 

 resonance, cyclic voltammetry, and crystallography 

 (Orthologs proteins were compared with previous studies). 

- Decolorization examination test for EET. 

199 

Cell Platform to investigate EET using transparent 

nanostructures to retain bacterial single cells 

(S. oneidensis). 

- Perfusion chamber (Continuous feed). 

- Physical trapping of single cell.  

- Chrono-amperometric monitoring. 

- Cyclic voltammetry. 

- Optical microscopy.  

191 

Evaluation of EET characteristics by the direct 

attachment a bacterial single cell to a microelectrode 

(S. oneidensis). 

- Bacterial enrichment culture. 

- Optical trapping of single cell and 3D manipulation. 

- Chrono-amperometric monitoring. 

- Cyclic voltammetry. 

192 

Integrated system for manipulation, visualization, 

and electrochemical measurement of a bacterial 

single cell (S. oneidensis).  

- Perfusion chamber (Continuous feed). 

- Optical trapping of single cell and 3D manipulation.  

- Chrono-amperometric monitoring. 

- Cyclic voltammetry. 

- Optical microscopy.  

193 

 Characterization of electron transfer develop 

from single cell to biofilm on a per cell basis (S. 

oneidensis). 

- Flow cell modified with electrodes. 

- Microscopy (Epifluoroscent, confocal, scanning electron) 

- Electrochemical impedance spectrometry. 

194 Aggregation 

Phylogenetic identification of electroactive 

microorganisms. 

- Phylogenetic molecular analysis (16S/18S). 

- Power density analysis. 

- Applied potential / current density analysis. 

21 

Evaluation of electrochemical characteristics of 

confined bacteria in a non-fluidic microsystem. 

- Bacteria enrichment culture. 

- Physical confinement of bacteria. 

- Cyclic voltammetry. 

- Electrochemical impedance spectrometry. 

- Optical microscopy (Automated monitoring). 

203 

Characterization of simultaneous spatial 

imaging electrochemical redox reactions (P. 

aeruginosa). 

- Bacterial enrichment culture. 

- Spatially distributed square wave voltammetry. 204 
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Characterization 

Level 
Objective of the study (Selected) Strategies Ref. 

System Economical assessment of MFC in a juice processing 

plant. 

- Theoretical analysis. 

- Materials economic evaluation. 

- Power density production estimation. 

190 

Measurement of in-vivo capacitance of G. sulfurreducens 

as an environmentally sustainable alternative 

for energy storage. 

- MFC direct bacterial growth. 

- Mutant construction. 

- Electrochemical impedance spectrometry. 

- Cyclic voltammetry. 

- Chrono-amperometric monitoring. 

205 

Evaluation of long-term anode performance 

during the biofilm formation process on macro-

scale bioreactors (mixed microbial culture, 

dominated by Geobacter) 

- Direct growth at reactor 

- Chrono-amperometric measurement 

- Optical microscopy 

- Confocal laser microscopy 

202 

 

The identification of the resolution characterization level serves to denote specific 

features of diverse experimental and real-life application setups (Figure 30). The basic 

mechanistic implications of electroactivity in microorganisms can be typified under the 

parameters provided at the higher resolution levels, i.e. molecule-, cell- and aggregation-

level, such definitions need yet to be adopted by researchers. Current advances towards 

high resolution systems have appeared as a promising alternative to identify microbe 

specific properties; however, different aspects must be carefully evaluated at every 

experimental stage 206,207. Furthermore, a basic revision of parameters for an appropriate 

report methodology must be considered 16,18,22,23. 

The overall consumption or generation of energy and products on a MES setup might be 

useful as a basis for the technical evaluation of real-life applications, and can be 

subsumed within the last two levels of the characterization resolution identification, i.e. 

aggregation- and system-resolution levels; however, such parameters do not suffice to 

explain specific characteristics of the EET mechanism of a microorganism, thus, 

generalizations derived from these levels should be avoided. 

From a technical perspective, most of existing methods allow the characterization of MES 

at different resolution levels.  

Table 2 summarizes different strategies, related to the combination of techniques 

implemented in selected studies. Interestingly, besides standard isolation, enrichment 

and culture techniques, which are fundamental in any microbiology-related research, 

most of the reviewed works are implemented by means of very different systems. In this 

sense, the vast diversity of available techniques and strategies raises to question the 

technological transferability, as researchers can find themselves lost within the number 

of possibilities. The decision on the adopted approach, might be abandoned to the own 
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institution installed capabilities, rather than to a careful analysis of the actual advantages 

of the diverse MES-system design. 

Furthermore, reports that replicate results from separate research groups are scarce to 

non-existent. Even if there is an important amount of good quality research, this situation 

is critical. Future research should be aware of the necessity to provide solid evidence on 

the lights of feasibility of the technologies involved in MES, this can only be achieved if 

a community-wide discussion, yet delayed, is sustained. Accordingly, two different 

actions should be considered: on the one side, newly appointed researches should adopt 

an existent MES setup and characterization strategy, considering this initial effort as an 

indispensable step, allowing a more active scientific communication exercise in the field. 

On the other hand, research of novel strategies that account for ease of application, 

flexibility and cost-effectiveness should be discussed.  

 

Table 3. Level-transversal techniques for the characterization of MES. The characterization level related to the 
different methods is identified: (1) Molecule-level (2) Cell-level (3) Aggregation-level (4) System-level. 

Method Objective Techniques (e.g.) 
Exemplary 

studies 

Identification 

(2)(3)(4) 

To describe specific features of an isolated microorganism, or 

differential features of microorganisms present in a microbial 

consortium. 

The fractional characterization of the microorganism, e.g. protein 

expression or genetic identifiers, permit to gather information to 

perform relational studies and to consider modification 

procedures aiming to investigate the functional role of specific 

cellular metabolisms. 

- Gram staining 

- Viability tests 

- DNA/RNA sequencing 

- (RT/qRT) PCR 

- Differential medium culture  

17 
21 

208 
209 
210 

Imaging 

(1)(2)(3)(4) 

To represent structural, organizational and surface / topological 

properties of a sample. 

The possible resolution levels allow to spatially determine 

interactions and to evaluate the existence of specialized 

structures, such as nanowires and biofilms. 

- Microscopy: 

- Optical 

- Atomic force 

- Scanning electrode 

- Transmission electron 

- Magnetic resonance imaging 

191 
194 
203 
211 

Electrochemical 

(1)(2)(3)(4) 

To evaluate the extent of electron transfer mechanisms and 

dynamics in a controlled environment at the electrode interface 

boundary. 

The identification of the mechanisms involved at the different 

resolution levels might provide diverse information. 

Characterization should consider the effects of system 

parameters, such as electrode material and architecture of the 

experimental setup. 

- Polarization: 

- Potentiostatic 

- Galvanostatic 

- Potentiodynamic 

- Voltammetry: 

- Cyclic voltammetry 

- Square wave voltammetry 

- Linear sweep voltammetry 

- Differential pulse voltammetry 

- Electrochemical impedance spectroscopy 

- Current interrupt  

12 
212 
213 
214 
215 
216 
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The new applications should consider the implementation of some of the available 

characterization techniques that can be considered as transversal, i.e. that can be applied 

disregarding the resolution level of the system to be evaluated. In Table 3, some of the 

more frequently used level-transversal techniques are summarized, describing the main 

objective of the different methods, divided by the field to which they pertain (i.e. 

identification, imaging and electrochemical) and providing references in which this 

techniques have been applied. 

Conclusively, it can be remarked that there is an urgency to establish an identification 

strategy to relate the diverse experimental outcomes in MES. Moreover, understanding 

the EET mechanisms requires a judicious selection of techniques that allow 

commendable results to be modeled as the basis of the enhancement and development 

of related technologies. New systems should be developed that prioritize the technology 

transfer process, considering attributes as cost-effectiveness, flexibility and usability. 

4.3 Current trends: systematic bibliographic analysis 

The diversification of MES and related technologies can be approached through an 

analysis of the historical evolution of scientific publications; to this end, a bibliometric 

mapping method based on co-occurrence of keywords 217 was performed. Bibliometrics 

is a set of quantitative tools to describe different attributes of a (usually large) collection 

of bibliographic data (e.g. Information about authors, organizations, countries, 

documents, sources, references and keywords) 217. This collection of data presents comparable 

information, in other words, two different documents should share various attributes, for 

instance, references, authors or keywords, which are individually referred to as nodes. 

The connection of multiple nodes can be represented as a network and interpreted as a 

domain map, this allows to identify related works in relevant research areas 218. 

Bibliometric analysis of MES 219 and MFC-related technologies 220 have been previously 

conducted. In both of these works, different perspectives of academic publications main 

bibliographic characteristics are used to describe the status of MES research, providing 

information about leading journals productivity, as well as MES research activities by 

countries and institutions along the collaboration initiatives; furthermore, the authors of 

these publications presented an overview of MES relevant technologies. These works can 

be considered complementary to each other, as they use different databases to retrieve 

information (i.e. Web of Science and Scopus) and can be consulted for a perspective on 

the current research ecosystem. 

The limitation of these studies can be considered from the perspective of the 

methodology used for the identification of research topics, which is usually dependent 

on the researcher expertise and not a systematic approach. For this reason, we propose 
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the evaluation of up-to-date publications, based on the derived documents from the 

seminal publication on microbial electroactivity of Potter 4, to establish a syntactic and 

systematic approach in order to describe current trends of MES.  

To this extent, a bibliographic query was performed, based on publications listed as 

directly citing the work of Potter, with publications consigned in the Web of Science (WoS) 

core collection database. Data identified as author keyword was extracted from 329 documents. 

The different variants of source keywords were merged in order to avoid duplicity 

derived from plural forms and equivalent terms (e.g. microbial fuel cell = [microbial fuel 

cells, MFC, MFCs, microbial fuel cell (MFC), microbial fuel cells (MFC)]), in this way, 457 

individual keywords were identified (from the initial 607 excerpted). The most frequently 

used keywords were selected based on the occurrence of each, that is, the number of 

documents where each word was used; keywords with more than 10 occurrences are 

summarized in Figure 31, which represented a 25% of the total keyword occurrences of 

the surveyed documents (Main keywords).  

 

Figure 31. Summary of the occurrence of the most common author keywords derived from works citing the 
work of Potter (1911). 

On the other hand, 62% of the identified keywords, with 9 or less occurrences each, were 

grouped in 11 different categories (Category keywords). The remaining 12% keywords 

were related to other terms that were not directly connected to the electrochemical 

processes (e.g. mathematical model, challenges, low cost, etc.).  
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Further analysis of the identified keywords was conducted to establish prevailing 

research areas; for this purpose, the association strength of each keyword was evaluated, 

using proprietary software VOSViewer (Centre for Science and Technology Studies, 

Leiden University, The Netherlands) 221,222. Figure 32 illustrates the resulting concept map 

to visualize the association relationships between main keywords and category 

keywords. In this map, four different clusters were identified.  

Keywords arranged in the first cluster can be correlated to descriptors of architectural 

characteristics and application-oriented research works of MES, in a broad sense, this 

cluster can be directly associated to properties measurable using a system-level 

characterization approach. The second cluster can be identified with parameters 

attributed to cell- and aggregation characterization resolution levels, in other words, it 

can be assumed that these works were designed to describe basic mechanisms of the 

cellular structure and physiology of microorganisms. Moreover, although different 

microbial species have been recognized as important targets in MES 21, items identified 

in this cluster are focused in the study of bacteria. The third cluster gathers documents 

represented by keywords specific to environmental applications, thus, relevant to the 

resolution of system-level characterization. However, characterization strategies at the 

cell- and aggregation resolution level were used in various of these studies, in 

consequence, another layer could be added, related to environmental interaction, viz. the 

symbiotic behavior of microorganisms, at different levels, with host ecosystems. Finally, 

the fourth cluster can be described by approaches pertaining to subcellular properties, 

which can be evaluated using molecule-level characterization strategies. 

 

Figure 32. Concept map of the cluster analysis of main- and category keywords. 
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The cluster analysis suggests that the identified keywords represent multiple technical 

and methodological approaches, thus, could be further used to trace the main research 

trends involved in MES; under this premise, a new bibliographic survey was performed 

using the WoS core collection. 

Employing the advanced search tool provided by Clarivative analytics and available at 

the WoS Web page, a new iteration for the identification of relevant works was 

conducted. The main dataset was built upon documents published before October 2019. 

The search query for this dataset identified 3332 different documents labeled with the 

topic field tag bio-electrochemical systems/technologies or microbial electrochemical 

systems/technologies; acronyms were not considered for this selection. From of the main 

dataset, 17 different search result sets were created, based on each of the identified 

keywords; each of the search query strings and the resulting number of documents are 

presented in Table 4. It is important to clarify that the number of publications in this 

study is only representative, although exhaustive, thus, it cannot be claimed that every 

publication related to MES is included, as some works might have been excluded due to 

the fact that some relevant works do not use MES as a topic tag identifier or are not 

included in the WoS database. 

Table 4. Publication results for the different search query strings used in this study. The main dataset of the 
search is Set #1. 

Set # Query string Results 

1 
TS=((("bio" AND "electro*chemical") AND ("system*" OR "technolog*")) OR (("microbial" AND "electro*chemical") AND 

("system*" OR "technolog*"))) 
3332 

2 #1 AND TS=("CONFIGURATION*" OR "APPLICATION*") 1213 

3 #1 AND TS=("MICROBIAL FUEL CELL*" OR "MFC") 1165 

4 #1 AND TS=("BACTERI*") 981 

5 #1 AND TS=("MATERIAL*" OR "*FABRICATION") 928 

6 #1 AND TS=("ANALYSIS*") 751 

7 #1 AND TS=("BIO$SENSOR" OR "SENSOR") 640 

8 #1 AND TS=("BIO$FILM*") 634 

9 #1 AND TS=("*SYNTHESIS" OR "*CATALYSIS") 515 

10 #1 AND TS=("MOLECUL*") 424 

11 #1 AND TS=("ELECTRON TRANSFER" NOT ("EXTRACELLULAR" OR "EXTERNAL")) 417 

12 #1 AND TS=("WASTE*WATER TREATMENT") 352 

13 #1 AND TS=("ENVIRONMENTAL") 317 

14 #1 AND TS=((("EXTRA$CELLULAR" OR "EXTERNAL") AND "ELECTRON TRANSFER") OR "EET") 295 

15 #1 AND TS=("MICROORGANISM*") NOT TS=("BACTERI*") 203 

16 #1 AND TS=("WASTE*WATER" NOT "TREATMENT") 131 

17 #1 AND TS=("RENEWABLE ENERG*") 75 

18 #1 AND TS=("ENERGY GENERATION") 65 



 

 

DESIGN, FABRICATION AND APPLICATION OF A MICROSYSTEM 

FOR THE ELECTROCHEMICAL EVALUATION OF CONFINED 

BACTERIA 

67 

 

From this survey outcome, it can be observed that the query used to generate the dataset 

for system (configuration/application) returned the highest number of related documents, 

with 1213 associated results, followed by microbial fuel cell (1165), bacteria (keyword/strains) 

(981) and system (material/fabrication) (928). Figure 33 shows the cumulative number of 

publications per year during the interval between 1998-2018. Based on this information, 

the number of publications per year, related to MES, exhibits a continuously increasing 

trend. The number of accumulated publications in 2018 was 60-fold the reported for 1998, 

furthermore, only in the last 4-year period, from 2014 to 2018, the surveyed number of 

publications produced matches all the works published before 2014.  

Interestingly, the growth trends observed for the different areas revealed appealing 

information about the evolution of research interests during the given period, for 

instance, the accumulated number of publications for microbial fuel cell features a 

prominent growth rate in comparison with its counterparts. This demeanor can be 

numerically evaluated by calculating the ratio of the publications for a given period, for 

example, for a research area with slow growth rate, such as other microorganisms, the 

number of accumulated publications for 2008 was 25, and completed a total of 203 

accumulated publications for 2018, compared to 31 publications for microbial fuel cell in 

2008 and 987 in 2018, the growth rates for other microorganisms in this case is 8.12, 

contrasting with the growth rate of 31.84 for microbial fuel cell during the same period. 

The publication growth rate between 2008 and 2018 for the documents with the tag bio-

electrochemical systems/technologies or microbial electrochemical systems/technologies 

subsumed in the main dataset is equal to 8.35, while for system (configuration/application) 

9.14, bacteria (keyword/strains) 8.26, system (materials/fabrication) 10, analysis tools 7.58, 

biosensor 5.36, biofilm 12.36, synthesis/catalysis 14.79, other biomolecules 6.31, electron transfer 

8.43, wastewater treatment 36.5, environmental 9.1, extracellular electron transfer 34.71, 

wastewater 38.33, renewable energy 11 and energy generation 13.5. Another interesting 

feature can be noticed when comparing the growth rate of system 

(configuration/application), which yielded the highest amount of documents accumulated 

in one area, with that of microbial fuel cell; the lower value of the former, and the high 

number of found documents, indicate that this research area can be considered as less 

active than the latter. These publication dynamics can also be noticed in other areas, such 

as analysis tools and bacteria (keyword/strains); for these cases, it can be assumed some level 

of research maturity, consequently, despite the importance of such areas on the field, 

they are not expected to attract considerable new research. Other case to be specially 

considered is the area biosensor, which displayed the lowest growth rate, this indicates a 

low interest, which can be assumed to be related to the non-competitive results compared 

to well established sensing technologies. 
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Figure 33. Cumulative publications for selected research areas per year. 

Complimentary, areas that displayed a very high growth rate value and a low 

accumulated publication number, i.e. wastewater, wastewater treatment and extracellular 

electron transfer, can be assumed to be in a nascent stage, this means that they are expected 

to gather increasing attention in the next years. Complimentary, areas with a very low 

number of publications and a relatively high growth rate, such as energy generation and 

renewable energy, are yet to be evaluated and cannot be assumed as nascent, this is due to 

the fact that the number of publications is not representative and the present trend can 

probably change. In Figure 34, the distribution of the yearly relative frequency of these 

publications per research area is represented as a percentual equivalent of the total 

amount of publications for each year, showing the specific trends in the evolution of 

research interests during the last two decades. 
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Figure 34. Cumulative publications for selected research areas yearly relative frequency. 

Within this context, it can be affirmed that MES is composed by a dynamic set of research 

areas that continue to attract attention from diverse fields. Current trends in MES are 

oriented following two main objectives; the first objective is related to the management, 

treatment and exploitation of wastewater and water resources affected by pollution. On 

this wise, characterization at the system-level resolution can provide valuable insights 

on the economic viability to integrate different technologies in real-life scenarios 190,223, 
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such efforts will be of vital importance to validate the competitiveness of MES to 

stakeholders from the public and private sector, such validation will be crucial towards 

the advance of technology directed to complete the necessary readiness level to be 

qualified to be used in an operational environment 224. The second objective is associated 

with the development of strategies and tools designed to understand and characterize 

the fundamental functioning of the processes involved in the microbial electron transfer 

mechanisms; this competence is the basis to accomplish some long-awaited purposes, 

such as the efficient, clean production of energy, and to conceive thoughtful 

methodologies to envision new applications. 

4.4 Future trends 

The current advances in MES provide adequate phenomenological evidence of the 

capacity of some microorganisms to energetically interphase their environment using a 

multiplicity of mechanisms 3,24,174. Although only few model microorganisms have been 

studied in detail 3,10, it has been suggested that microbial electroactivity can be a more 

widespread characteristic than predicted 17,225. Furthermore, recent advances had 

demonstrated that it is possible to engineer microorganism to develop electron transfer 

conduits 226; however, there is still a lack of fundamental knowledge to model these 

capacities into applications beyond the lab bench 16.  

The analysis of the dynamics in the different evolution of the research area interests 

revealed that, although MFC technologies are considered as the harbinger of current 

research efforts in MES, there is a strong interest to unveil the processes that underlie 

behind the electron transfer mechanisms that govern the microbe-electrode interactions 

in MES. The existing characterization strategies provide fundamental tools to describe 

such interactions, ranging from system-level resolution, to aggregation-, cell- and 

molecule-level detailed characterization.  

While empirical studies can be conducted to evaluate the suitability of microorganisms 

and microbial consortia for the transformation of products, either by synthesis of 

compounds or by production of energy, there is no standard methodology to address the 

fundamental questions of the EET capacity of microbial cells. The improvement in the 

design and use of advanced strategies of current technologies, such as nano- and micro-

manipulation and fabrication, altogether with judicious multidisciplinary work, might 

open new possibilities for harvesting microorganisms to power MES progress. 

The compelling interest in new MES applications anticipates a major role of these 

technologies for alleviating the current global ecological pressure. Furthermore, the 

commission of MES technologies, for relevant operational applications, will provide 
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invaluable tools to breach economic and social disparities, serving as a foundation for 

sustainable industrial processes. 

Recent reports indicate the economic competitiveness of MES when compared with other 

industrial systems 190,223. In order to satisfy these demands, an integrated effort of research 

and industrial endeavors is required. 

The future developments in MES demand to advance in the negotiation of a universal 

unified language. This approach would allow to mitigate the effects of the use of 

confusing terminology, which would ultimately allow researchers to focus in specific 

design and experimentation tasks. Future applications of MES will include well 

characterized components and properties, such descriptors will allow the systematic 

assessment to boost applications, wiring technologies for wastewater treatment, 

bioproduction, bioremediation, bioelectricity and biocomputing. 

This can only be accomplished if new tools are developed, which demand a 

multidisciplinary effort. Such tools should consider characteristics that include ease of 

manipulation, high throughput, system controllability and flexibility. In response to this 

concern, this thesis presents the engineering design of a new approach for the 

electrochemical characterization of bacteria. The microsystem that is integrates two 

characterization methods, i.e. optical imaging and electrochemical evaluation, though 

hardware and software approaches, thereby, providing a complete set of tools to 

automate routine measurements. Additionally, the microsystem is based on an 

unexplored micro-environmental configuration, which allows long term, direct on-the-

bench, research exercises, this is accomplished using an optically transparent copper-

based glass temperature control system, incorporated in the device. The results presented 

in this thesis indicate that this system allows the implementation of electrochemical CV 

and EIS measurement, directly on the surface of bacteria, and is a first step towards the 

development of a completely autonomous platformer for electrochemical evaluation of 

multiple bacteria. 
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5. Electrochemical evaluation of confined 

bacteria in a non-fluidic microsystemd 

In this chapter, a non-fluidic microsystem for the simultaneous visualization and 

electrochemical evaluation of confined, growing bacteria on solid media is presented. 

Using a completely automated platform, real-time monitoring of bacterial and image-

based computer characterization of growth were performed. Electrochemical tests, using 

Escherichia coli K-12 as the model microorganism, revealed the development of a faradaic 

process at the bacteria-microelectrode interface inside the microsystem, as implied by 

Cyclic Voltammetry and Electrochemical Impedance Spectrometry measurements. The 

electrochemical information was used to determine the moment in which bacteria 

colonized the electrode-enabled area of the microsystem.  

 Section 5.1 discusses the main considerations for the evaluation of bacteria in MES. 

Section 5.2 presents the main considerations in the design and fabrication of the non-

fluidic microsystem for the confinement and electrochemical evaluation of bacteria. 

Section 5.3 explains the selected microsystem configuration and design 

considerations for the analysis of the electrochemical measurements 

Section 5.4 presents the results obtained in the electrochemical measurement and 

analysis of the non-fluidic microsystem 

 

  

 

d This chapter was modified to fit this thesis requirements from the published manuscript:  

Hernandez, C. A., Beni, V., & Osma, J. F. (2019). Fully Automated Microsystem for Unmediated 

Electrochemical Characterization, Visualization and Monitoring of Bacteria on Solid Media; E. coli K-

12: A Case Study. Biosensors, 9(4). https://doi.org/10.3390/bios9040131 
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5.1 Microsystems in MES research 

Understanding the behavior of live bacterial cells is a subject of continuous interest, with 

implications for the food industry, environmental studies, medicine, agriculture, water 

treatment, energy production, chemical synthesis, biosensors, and other industrial and 

biotechnological applications 119. A reason for this interest is the ability of bacteria to 

ubiquitously adapt to different environments 227. This ability is regarded as the result of 

evolutionary changes, induced in the bacterial regulation strategies as a response to 

energetic requirements related to the respiratory system 228,229. 

The bacterial respiration process is a collection of electrochemical governed mechanisms 

that allow electron transport to derive the required energy for cell survival 171; some 

bacteria can exchange electrons with a broad range of external acceptors/donors 230,231 

through membrane associated complexes 32,232. Albeit all microorganisms can be 

considered electroactive in the respiration process 216, only 94 species, from bacteria and 

archaea, have been formally characterized as such 17. In addition, some bacteria can 

readily exchange electrons with solid substrates, e.g., metals and minerals, through a 

variety of mechanisms 11; these processes are usually referred to as external electron 

transfer (EET), and are particularly attractive for research 3,11–13, as they can be integrated 

to electric and electrochemical systems, e.g., via conductive electrodes. The interactions 

performed at the electrode-bacteria interface can be of anodic- (substrate oxidation) 175, 

or cathodic- (substrate reduction) 176 nature, the related redox response, acts as a sensory 

system that connects the internal mechanisms of the bacteria with the environment; in 

this way, bacteria regulate the production of organic compounds and gene expression 233. 

In this context, the use of the bacterial electrochemical properties had been proposed for 

the development of bio-electrochemical systems (BES) 19,20,186,213,234; however, despite the 

efforts invested in research, BES have not reached the technological maturity to permeate 

commercial applications 224,235; moreover, the mechanisms involved with the bacterial 

EET remain largely unknown 3,15–20. Consequently, the need to revisit fundamental 

research on the EET mechanism has been identified 3,12,19,236,237. Current work must be 

directed to the (r)evolution of standardized systems, terminology and techniques to 

characterize BES 18,23,238,239, in this sense, constructing a solid framework to better describe, 

compare and improve the performance of BES upcoming advances and applications is 

desirable. 

Currently, bacterial BES are largely reliant on bacterial suspensions culture of isolated, 

or multi-species consortia; bacteria are either expected to form biofilm structures at the 

electrode surface or to produce mediated reactions with the electrodes. In the case of 

biofilm formation, multiple factors, both intrinsic and extrinsic, can influence their 

structure and adherence 240,241, increasing the complexity of the EET mechanism, thus, the 
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analysis complexity of the involved phenomenon. Different approaches have been 

proposed to date to identify such interactions, for instance, Xie et al. present an 

electrochemical quartz crystal microbalance (EQCM) to study adaptation of E. coli to 

different redox controlled environments 26, in this microsystem, the formation of a biofilm 

on a gold-coated quartz electrode resulted advantageous to influence bacterial proliferation, 

furthermore, electroactivity characteristic on the cultured bacteria was reported after 18 

hours of exposure to the redox controlled environment. Besides this specific application, 

there are different parameters that must be studied in order to work with electroactive 

biofilms, such as is stated by Babauta et al 216, including techniques, system configuration 

and modelling among others. 

Microsystems have been successfully used as an alternative for the study of complex redox 

processes that undergo within the bacterial cells and their immediate environment 215,242,243. 

The use of microfluidic systems provides powerful tools to examine cells, from the 

individual to the population level 244, and their extracellular surroundings with precise 

control of the environment and physiological conditions 41,45,245–247. In this scope, the work 

of Fraiwan results interesting, as he presents a biomicrosystem to simultaneously observe 

and perform electrochemical evaluation of microbial cells 248. 

Notwithstanding several advantages in the use of microfluidics for the study of bio-

electrochemical interactions of bacteria, the effect of the shear stress, that influences the 

formation and maintenance of the bacterial biofilm structures 249, induces further 

complexity to the control and modelling of these systems; moreover, microfluidics poses 

the challenge of sustainability for long-term live-cell imaging, and functionality towards 

effective biomolecule detection 244. 

In this work, an alternative microsystem has been proposed for the culture of bacteria in 

a confined environment on a solid substrate 170,250, designed as a non-fluidic microsystem, 

where the growth characteristics and a monitoring system for Escherichia coli MG1655 has 

been already discussed. Bacteria under this type of confined growth has been recognized 

to transit between a two-dimensional (single layer) to three-dimensional growth. This 

characteristic is related to the “expansion growth” generated by the pressure of the new 

generation of cells towards each other 127,163. 

The presented non-fluidic microsystem takes advantage of the innate ability of bacteria 

to precisely direct its growth in a confined space. Using an optically transparent 

confinement microstructure, bacteria inside the microsystem is forced to grow in close 

contact with a conductive surface (microelectrodes). The microsystem integrates 

temperature and monitoring control systems to traditional optical- and electrochemical 

techniques, which grants autonomy for long term sustainability. 
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5.2 Electrochemical microsystem design and fabrication 

Non-fluidic microsystems for bacterial confinement and electrochemical measurements 

(Figure 35) were built on borosilicate glass slides (Figure 35A); each microsystem was 

provided with a confinement microstructure and three embedded gold microelectrodes 

(Figure 35B and Figure 36). All electrochemical measurements were performed at the 

microstructure-microelectrode intersection, referred in this work as the active area 

(Figure 35B and Figure 36). This configuration constrained and directed the bacterial 

growth, allowing the bacteria to be in close contact with the microelectrodes surface. 

 
Figure 35. Non-fluidic microsystem for bacterial confinement and electrochemical measurements (A) Photograph 
of the complete microsystem. (B) Detail photograph of the confinement microstructure and microelectrodes. 

Inset: Active area, micrograph of the confinement structure and microelectrodes. 

The confinement microstructure (see Annex A.2.3), built by means of a thin polymeric SQ-25 

photo resist layer separated ∼5 mm from the edge of the contact pads (Figure 36A), left 

uncovered a contact pad area in the microelectrodes and inside the confinement 

microstructure. The microelectrodes (see Annex A.2.2) were fabricated using a 

photolithographic lift-off technique (Figure 36C through H) and distinctively endowed 

with 3 mm x 6 mm contact pads separated 2 mm from each other (Figure 36A). The working 

electrode (WE), with an active surface area of 40 µm x 60 µm, counter electrode (CE) and 

reference electrode (RE), both with an active surface area of 400 µm x 60 µm, extended 

for 14 mm long (Figure 36B). 

Borosilicate glass slides (Figure 36C) were immersed in a 1M KOH solution and sonicated 

for 10 minutes, rinsed with Milli-Q water, air dried, and heated on a hotplate at 120°C 

for 5 minutes. The glass slides were spun-coated with SC-1827 photo resist (Figure 36D) 
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at 5,000 RPM for 1 minute and pre-cured at 100°C for 50 seconds on a hotplate. Coated 

glass slides were exposed to UV light using a photolithographic mask (Figure 36E), 

developed and exposed directly to UV light for 1 minute (Figure 36F). Deposition of a 20 

nm chrome adhesion layer and subsequently an 80 nm gold layer (Figure 36G) was 

performed by means of PVD. The glass slides were submerged in stripper to remove the 

remaining photo resist, and submerged in a 1M sulfuric acid solution for 1 minute, rinsed 

with Milli-Q water, air dried and heated on a hotplate for 5 minutes at 120°C to obtain 

the finished microelectrode (Figure 36H). 

 

Figure 36. Non-fluidic microsystem schematic (A) Layout diagram representation of the confinement 
microstructure and microelectrode system (B) Dimensions diagram of the confinement microstructure. 

Non-fluidic microsystem fabrication process (C) Borosilicate glass surface. (D) Photo resist covered glass. 
(E)  UV light exposure (Negative). (F) Development of photo resist. (G) Metal deposition.  (H) Glass with 

metal deposited surface. (I) Photo resist covered glass and metal structure. (J) UV light exposure (Positive). 
(K) Finished microstructure. 

Confinement microstructures were built on top of the glass slides microelectrodes surface 

(Figure 36H). Selected glass slides were submerged in a 1M concentration sulfuric acid 

solution for 1 minute, rinsed with Milli-Q water, air dried and heated on a hotplate for 5 

minutes at 120°C, following, they were spun-coated with SQ-25 photo resist (Figure 36I) 
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at 5,000 RPM for 60 seconds, soft baked on a hotplate for 50 seconds at 65°C and exposed 

with photolithographic mask to UV light (Figure 36J). Post-exposure bake was performed 

on a hotplate at 95°C for 60 seconds; then, the photo resist was developed (Figure 36K) 

followed by a final exposition to UV light for 120 seconds and heating process at 120°C 

for 5 minutes. Each confinement microsystem contained a 3 mm culture chamber connected 

through a 6 mm x 60 µm x 4 µm microchannel (Figure 36B).  

Microsystems were tested and characterized through the different steps of the fabrication 

process. Prior to the fabrication of the confinement microstructures, the electrical resistance 

of the microelectrodes was measured from one end of the contact pads to the electrode end. 

Microsystems with measured resistance above 50 Ω, for any microelectrode, were rejected.  

Profilometry was performed to determine the depth and shape of the microchannel in 

the microstructure (Figure 37A), the mean depth was 4±1 µm, the width was 60±4 µm, 

and perpendicularity was greater than 80°. As for the microelectrodes (Figure 37B), 

height was 96±14.4 nm with the distance between microelectrodes of 100±4 µm, the width 

of 40±2.4 µm for the WE, and 400±12.3 µm for the CE and RE, with a perpendicularity of 89.9°. 

 

Figure 37. Micrograph of microsystem active area with (Contrast enhanced) (A) Representative 
profilometry of microchannel structure and (B) Representative profilometry of microelectrodes. 

Microelectrodes were tested (three-cycle CV) before and after the fabrication of the 

confinement microstructure (Figure 38). CVs with potential range from -0.6 V to 0.6 V 

and a scan rate of 100 mV/s were recorded using a 200 µL drop of ferro/ferri solution. Before 

the fabrication of the confinement microstructure, ferro/ferri solution was located at a 9 

mm distance from the contact pads; after the fabrication of the confinement 

microstructure, the ferro/ferri solution was located at the active area of the microsystem. 
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Figure 38. Cyclic voltammograms of ferro/ferri solution using the microelectrodes before (red) and after 
(blue) the fabrication of the confinement structure. 

Current peaks of the CV mean responses were found using the value of the local maxima 

for the variance to a zero-value baseline. Mean cathodic current peak (ipc) of -12.78±5 µA 

and anodic current peak (ipa) of 15.49±4.5 µA were determined, with a mean potential-

difference between the cathodic and anodic peak currents of 149 mV for the microsystem 

before the fabrication of the confinement microstructure, and ipc of -4.107±1.5 µA and ipa 

of 4.103±1 µA, with potential difference of 129 mV after the fabrication of the confinement 

microstructure. The decrease in the current values of the microsystem and the peak 

separation difference between the microelectrodes before and after the fabrication of the 

confinement microstructure, were attributed to the reduction of the total area of the 

electrode and the difference of the distance to where the ferro/ferri solution was located, 

when lower, would benefit the charge transfer from the electrodes to the contact pad as 

the distance to the microsystem is lower, thus, the total resistance to the contact pads is 

also reduced.  

The recorded formal potential for the ferro/ferri solution, estimated from the average of 

Epa and Epc, was 15.5 mV; in order to describe the results using a standard reference, the 

ferro/ferri formal potential is recommended to be used as internal standard 251,252, 

assigning to a silver/silver chloride electrode (Ag/AgCl). The defined standard redox 

potential of ferro/ferri Vs Ag/AgCl electrode can be considered of 241 mV 253–255, a 

correction of +225.5 mV is then recommended to be applied in order to compare the 

results with Ag/AgCl standard potential. 
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5.3 Experimental setup and electrochemical analysis algorithms 

Observation was executed using the automated platform described in section 3.2, a test 

cell was conditioned with a connection port to integrate a potentiostat for electrochemical 

measurements (Figure 39) and built as described in section 3.3 and 3.4. Bacterial culture 

was made using the methods consigned in section 3.5. Automated observation and 

platform control were performed according the methods described in section 3.6. 

 

Figure 39. Integrated non-fluidic microsystem and test cell (A) complete system 3d representation. (B) Photograph 
of the used system 

Escherichia coli K-12 strain MG 1655 29 was obtained from the Biophysics laboratory’s cell 

culture collection at Universidad de Los Andes (Bogota, Colombia). E. coli was used as a 

model organisms in the light of a well-known respiratory system, with an accepted 

model for the investigation of its energetics 26–28,30–33. 
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All microsystems were optically inspected before and during the length of the 

experiment, microsystems were rejected if there were non-identified particles inside the 

microstructure before initiating measurements, if there were formation of bubbles at the 

microelectrode surface or bubble formation that might interfere with the bacterial growth. 

In order to verify the sterilization process, control experiments were performed using the 

previously described processes, without inoculation of the microsystem. Microsystems 

were monitored for over 24 hours; images of different segments at the microsystems were 

captured at 10-minute intervals using the automated monitoring system. During the 

monitoring no severe drying of the agar was noticed, and no growth of any type of 

microorganism was detected, ensuring the aseptic conditions of the microsystem prior to 

inoculation. 

Microchannel segment images were acquired using the automated monitoring system. 

Between 10 to 15 micrographs were automatically captured every 10 minutes. Images of 

segments located at the active area were not analyzed, due to the light obstruction 

generated by the electrodes; however, it was possible to confirm growth on the 

microchannel by using images acquired before and after this location. The information 

of the processed images was used to determine the time required for bacteria to reach the 

active area, this event, which indicated aggregation of bacteria over the complete surface 

of the electrodes, is referred in this report as the bacteria colonization event. 

Electrochemical measurements were performed at the active area, prior to bacterial 

growth the channel is empty and did not contain culture media or any fluid; once the 

bacteria colonized the active area, the bacteria is in contact with the electrodes, due to the 

“expansion growth” generated by the pushing of the new generation of cells towards 

each other 127. Using a programmed computer routine, three Cyclic Voltammetry (CV) and 

one Electrochemical Impedance Spectroscopy (EIS) cycles were executed at a 30-minute 

interval throughout the complete growth cycle of the bacteria in the microsystem. 

Conditions for the CV measurements were determined before recording any data. 

Different CV scans were performed using microsystems with full grown bacteria on the 

active area of the electrodes; various potential ranges were evaluated in order to avoid 

damage to the cells and the microelectrodes (Data not shown). A potential range from -

0.5 V to 0.5 V was selected, higher values resulted in immediate damage to the electrodes, 

while no effect on the cells was noticed. A scan rate of 50 mV/sec was used. 

Conditions for the EIS measurements were established as follows, an equilibration time of 

5 seconds, fixed DC potential of 0 V, AC potential of 10 mV, the minimum frequency of 200 Hz 

and a maximum frequency of 50 KHz. No pretreatment and no post-measurement process 

were performed. 
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The analysis of electrochemical measurement data was performed for microsystems with 

bacterial presence across the complete surface of the active area. When no bacterial 

growth reached the active area (i.e., an initial inoculum was used, but the bacterial 

growth was below normal and did not reach the active area), or if any obstruction in the 

microsystem was observed, due to unidentified particles or bubbles, the experiment was 

terminated, and data was not used. Control experiments were performed in microsystems 

with no initial inoculum (no inoculum was added to the culture chamber at any moment 

and no contamination was observed), automated monitoring, conditions of test cell and 

electrochemical procedures were maintained unchanged.  

The identification of the colonization event was performed by evaluating the normalized 

variance of the CV current- and EIS impedance- response (see Annex C.4). In the absence 

of bacteria, the microelectrodes have no electric contact and the measured response is 

mainly influenced by stray potentials and capacitive effects, this correlates to a very low 

variance in the electrochemical response. After the colonization event, bacteria act as a 

conductive surface, creating an electric contact between the microelectrodes, this electric 

contact generates an increase in the current response and a decrement of the measured 

impedance.  

For every sample in the dataset of a measured response (x1, x2, …, xM) across M 

datapoints, the mean µn of the n-th datapoint was calculated using Equation (1). 

µ𝑛 =
1

𝑀
∑ 𝑥𝑖

𝑀

𝑖=1

 (1) 

The variance σ2n of the measured variable, calculated according to Equation (2), allowed 

to perform a dynamic characterization of the microsystem response, as it relied on the 

specific mean of each datapoint, reducing the influence of small range noise and data 

outliers, while amplifying, through a quadratic effect, the large range changes. 

𝜎2
𝑛 =

1

𝑀 − 1
∑|𝑥𝑖 − µ𝑛|2

𝑀

𝑖=1

 (2) 

Normalization of the variance σ2n was performed according to Equation (3), to ease the 

comparison between experiments that can be influenced by the microelectrode 

properties, such as the distance between the active area and contact pads, the differences 

in the microelectrodes resistivity, and the resistance between the contact pads and the 

external connectors. 



 

 

 

82 
DESIGN, FABRICATION AND APPLICATION OF A MICROSYSTEM 

FOR THE ELECTROCHEMICAL EVALUATION OF CONFINED 

BACTERIA 

 

𝑉𝑛 =
𝜎2

𝑛 − 𝜎2
𝑚𝑖𝑛

𝜎2
𝑚𝑎𝑥 − 𝜎2

𝑚𝑖𝑛
 (3) 

A single step signal change was determined using by using Equation (4), for the n 

number of normalized variances Vn, two sections with members (V1, V2, …, Vk-1) and (Vk, 

Vk+1, …, Vn), such that k  accounts for the highest possible value of function J(k), which is 

the sum of the likelihood function Δ of the empirical estimate χ of both sections of the 

normalized variances. The likelihood was calculated using the Gaussian-log function Δ 

selected was defined the gaussian was the standard deviation, the detailed develop of 

the function for each segment is as specified in Equation (5). The single-step change 

assumed at the k-th sample is calculated using Equation (6). 

arg max
𝑘

{ 𝐽(𝑘) } = ∑ ∆(𝑉𝑖
∙, 𝜒([𝑉1 ⋯ 𝑉𝑘−1])) 

𝑘−1

𝑖=1

+ ∑ ∆ (𝑉𝑗
∙, 𝜒([𝑉𝑗 ⋯ 𝑉𝑛])) 

𝑛

𝑗=𝑘

 
(4) 

Where  

∑ ∆(𝑉𝑖
∙, 𝜒([𝑉𝑟 ⋯ 𝑉𝑠])) 

𝑠

𝑖=𝑟

= (𝑠 − 𝑟 + 1) log ∑ 𝜎2([𝑉𝑟 ⋯ 𝑉𝑠])

𝑠

𝑖=𝑟

 

= (𝑠 − 𝑟 + 1) log (
1

𝑟 − 𝑠 + 1
∑ (𝑉𝑖 −

1

𝑟 − 𝑠 + 1
∑ 𝑥𝑡

𝑠

𝑡=𝑟

)

2𝑠

𝑖=𝑟

) 

= (𝑠 − 𝑟 + 1) log 𝑣𝑎𝑟([([𝑉𝑟 ⋯ 𝑉𝑠])]) (5) 

Hence  

arg max
𝑘

{ 𝐽(𝑘) } = (𝑘 − 1) log 𝑣𝑎𝑟([([𝑉1 ⋯ 𝑉𝑘−1])]) + (𝑛 − 𝑘 + 1) log 𝑣𝑎𝑟([([𝑉𝑘 ⋯ 𝑉𝑛])]) (6) 

  

The normalization algorithm distributes the values of the dataset over the complete range 

between 0 and 1, this means that datasets with small variation will be equally represented 

to datasets with large variation. To identify wether the changepoint k of the normalized 

variance represents a small or a large variation on the dataset, a change ratio is calculated. 

For a dataset with M datapoints,  a representative datapoint with n samples (x1, x2, …, xn) 

and a changepoint k is selected, the change ratio R is defined as the ratio between the 

mean of the of the samples with an index higher than k (xk, xk+1, …, xn) to the mean of the 

samples with an index lower than k (x1, x2, …, xk-1), as represented in Equation (7). 

𝑅 =

1
𝑛 − 𝑘

∑ 𝑥𝑖
𝑛
𝑖=𝑘

1
𝑘 − 1

∑ 𝑥𝑗
𝑘−1
j=1

 (7) 
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The normalized current responses variances of CV measurements were used to 

determine the related colonization event, whereas current peaks variances at recorded 

potential points were calculated to evaluate redox activity. The variances for the 

impedance magnitude and phase of the microsystem EIS response were processed 

similarly to the ones obtained by means of CV and used to identify the colonization event 

related to EIS. The EIS data was analyzed and fitted to an equivalent circuit model to evaluate 

the evolution of the circuit parameters before, during, and after the colonization event. 

The identification of current peaks in the measured CVs (Primary peaks) was performed 

using a similar algorithm as the above described. Extracted data of CV measurements 

was grouped accordingly to the result of the occurrence time of the colonization event 

calculated previously, using CV current variance analysis, the two resulting groups, 

before and after colonization event as registered by the CV, were processed in the same 

way. The variance of current for each of the applied potential datapoints was calculated 

according to Equation (2), local maxima and minima were surveyed from the resulting 

data. As these primary peaks did not always were found using this method, Secondary 

peaks were defined as those detected using the local maxima applied to the ratio of the 

variance to its first derivative as well as the ratio of the first derivative of the variance to 

the second derivative of the variance data. Cluster analysis for the selection of primary 

and secondary peaks, found after the CV colonization event, were performed to evaluate 

if they represented any redox activity. 

The determination of the EIS bacterial colonization event was calculated as the single 

step changepoint of the Vn normalized variance for the impedance and phase response 

for individual EIS samples along each experiment. The variance σ2 for every n-th sample 

with a M number of sampled frequencies, with impedance and phase response values 

(x1, x2, …, xM), was calculated in accordance to the methodology presented for the 

determination of CV bacterial colonization event for n samples with M frequencies, this 

result is compared to the colonization event as registered by the CV. A total of 25 

frequencies (M) were measured in each EIS procedure, the number of samples (n) 

depended on the total duration of the experiment, as one EIS measurement was 

performed every 30 minutes. 

The elaboration of the equivalent circuit, based on the EIS information, was performed 

using EIS Spectrum Analyzer 1.0, the values of the EIS dataset, calculated mean for before 

and after the colonization event as registered by the CV, were adjusted using the 

designed circuit model and represented against time, the mean values of the circuit 

elements, for both, before and after the colonization event as registered by the CV, were 

used as reference to evaluate changes. 
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5.4 Results 

In order to evaluate if the behavior of the microsystem could be attributed to the presence 

of bacteria, control experiments were analyzed for over 24 hours. The obtained CV 

response is shown in Figure 40A, a small decrease in the current can be observed between 

the mean values of two different segments of the dataset. Changes in the normalized 

current variance can be seen in Figure 40B, the graphic describes a continuous decrease 

trend, which agrees to the observed CV response. 

 

Figure 40. Analysis of current variance of control experiment. (A) CV response of a control experiment, the dashed 
line represents the mean CV response during the first ~23 hours. The solid line represents the mean CV current 

response during the following ~15-hours. (B) Normalized current variance for a ~37-hour experiment. 

The analysis of normalized current variance, for microsystems with a positive yield for 

bacterial growth at the full surface of the active area, allowed the identification of a single 

step change correlated to the bacterial colonization event, this was confirmed by optical 

inspection and image analysis. The CV response of the colonized microsystem (Figure 41A) 

exhibited a notorious change in the current. The analysis of the isolated section of the CV 

response prior to the colonization event (Figure 41B) is shown in Figure 41C, the behavior 

of the microsystem during this stage is similar to the depicted by the control experiment, 

where no bacteria was present in the active area. The analysis of the isolated section of 

the CV response after the colonization event (Figure 41D) is illustrated in Figure 41E.  
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Figure 41. Current variance for independent sections of a colonized microsystem determined by the 
normalized current variance analysis. (A) Mean CV response for the microsystem before (Red line) and 

after (Blue line) the colonization event. (B) Isolated mean CV response of the microsystem before the 
colonization event. (C) Normalized current variance of the current response before the colonization event. 

(D) Isolated mean CV response of the microsystem after the colonization event. (E) Normalized current 
variance of the current response after the colonization event 

Images presented in Figure 41 allow to clarify an important remark towards a correct 

interpretation of the results in the presented microsystem; during the development of the 

project, it was observed that the current could diverge up to three orders of magnitude 

between experiments, this issue was noticed for control experiments as well as for 

experiments with a positive yield for bacterial colonization to the active area. This 

difference between experiments was attributed to the influence of microelectrode 

properties, such as the distance between the active area and contact pads, the differences 

in the microelectrodes resistivity, and the resistance between the contact pads and the 

external connectors. For this reason, normalization of the variance data was applied. 

The normalization algorithm that was used, distributes the values of an entire dataset 

over the complete range between 0 and 1, this means that datasets with small variation 

will be equally represented to datasets with large variation, that is the case when 

comparing normalized variances represented in Figure 41C and Figure 41E, and is extensive 

to the case when comparing data of a colonized microsystem with a control experiment. 
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The estimation of the changes in the microsystem are based on ratio measurements, 

rather than distance measurements; the average change ratio between current at the 

beginning and at the end of the control experiment was ~0.5, this indicates that the 

current at the end of the experiment is almost half the initial measured current. In 

contrast, the average change ratio for the current measured at the anodic potential of a 

colonized microsystem is ~8. 

 

Figure 42. Normalized current variance analysis for a bacterial colonization event against time (Real data). 
(A) Initial growth and the starting point of the bacterial colonization event stage. (B) Plateau stage (4 hours). 
(C) Finalization of the plateau phase due to electrode damage (29 hours). (D) Images of a microchannel 

segment at the active area of the microsystem during bacterial growth (False-colored) at (i) Initial growth, 
(ii) Amidst the colonization event, notice the bacteria has already grown inside the microchannel segment, and 

(iii) Failure stage (Electrode damage). 
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The calculated normalized current response variance, for microsystems with a positive 

yield for bacterial growth at the full surface of the active area is shown in Figure 42. The 

normalized variance graph (Figure 42A, B and C) is an equivalent representation of Figure 

41C and E. The initial growth and bacterial colonization event (Figure 42A) shows a steep 

increase in the normalized current response variance, which contrasts with the slow 

dynamics of the acquired images; the colonization event, from the perspective of the 

electrochemical response, occurs when the bacteria is in full contact with the electrodes, 

this also means that it is a single curve, contrary to the various curves that compose the 

image analysis; the change in this curve is more abrupt, however, once the bacteria has 

established the electrical contact, the stabilization of the signal took from 2 to 5 hours. It 

was observed that the normalized variance increased correspondingly after the 

colonization of the segments took place, in some cases with a time delay of up to 2.5 

hours. The identification of the bacterial colonization event coincided with colonization 

observed in the image analysis. 

The plateau phase (Figure 42B), identified for a stable behavior in the normalized current 

variance values, with an unspecific duration for the different experiments, sustained until 

failure stage, where either of two cases was observed, electrode damage (Figure 42C) or 

agar degradation. The microchannel segment shown in Figure 42, corresponds to a 

segment located at the active area, the images are labeled accordingly to the time they 

were captured, as indicated at the normalized current variance. The microsystem was 

able to sustain the conditions for bacterial growth for over 24 hours. Figure 42D shows 

the recorded images of a microchannel segment inside the active area in the course of the 

different stages, note that the damage of the CE appeared before a sudden change in the 

variance of the current response was measured. 

Microsystems that presented a bacterial colonization event, identified by means of image 

analysis and normalized current response variance, were observed to have at least one distinctive 

oxidation and reduction peak (Figure 43). For the anodic peak at the oxidation process 

during the colonization event, the scatter of selected peaks (Top green dots) indicated an 

increase trend for current and potential, which stabilizes at the end of the event, on the 

other hand, the cathodic peak at the reduction process (Bottom green dots) exhibited a 

more hectic behavior and no trend was evidenced. During the failure stage, occurred 

after 29 hours of the beginning of the experiment, a strong decrease on the anodic current 

was observed (Top red dots). It should be noted that this behavior was not constant and 

was regarded as tied to the cause of the decay. Cathodic peak current (Bottom red dots) 

also presented a noticeable decrease, although with a more stable behavior. Both events 

can be used to identify failures in the microsystem. 
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Figure 43. Identification of current peaks for selected measure. The bacterial colonization was detected 4 hours 
after initialization of the experiment and confirmed with images. Electrode damage was observed after 9 
hours of the experiment. Mean values of a recorded cyclic voltammogram measurement before (Red) and 

after (Blue) the bacterial colonization event. Selected peaks are shown for the colonization event (Green 
dots) and the damage stage (Red dots), which was observed after 29 hours after the initialization of the 
experiment. Peaks trends are shown as dashed arrows for the colonization event (Green arrow) and the 

damage stage (Red arrow). 

The microsystem response for EIS measurements was recorded for the control experiment 

and for the colonization event (Figure 44). When no growth was observed (Figure 44A), 

the normalized impedance and phase variance maintained rather monotonous trends, this was 

also the case for the control experiments. The change ratio for the impedance and phase 

variance of the control experiment was 1.03 and 0.89 respectively, indicating a slight 

increase on the microsystem impedance over time and a decrease of the microsystem 

phase, which agrees with the trends depicted in Figure 44B.  

The normalized variance of the impedance and phase response of EIS measurements at 

colonization event was compared against the calculated CV current variance (Figure 44B). 

For the colonization event, a fast drop in the values of impedance, with a change ratio of 

0.15±0.46, and phase variance, with a change ratio 0.78±0.45, was observed; this change 

was consistent in occurrence time with the previously registered change for the CV 

normalized current variance. In the case of the impedance variance, the value measured 

after the colonization event remained stable throughout the entire duration of the 

experiment, while the phase variance presented an increase in value after electrode 

damage stage was reached. 
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Figure 44. EIS measurement and analysis data (A) Non colonized microsystem (~38 hours). (B) Colonized 

microsystem (~39 hours). (i) Nyquist plot, the solid line represents the mean value of EIS measurements, while 
the dotted lines are the values of the measurements. Red lines correspond to measurements when no bacteria are 

at the active area, while blue lines represent measurements after identification of bacteria at the active area. 
Normalized variance analysis for (ii) impedance, (iii) phase and (iv) CV normalized current variance analysis. 

Changes in CV current, and EIS impedance and phase normalized variances were only 

observed when a colonization event took place. Before the bacterial colonization event 

an impedance greater than 10 KΩ was measured, accompanied by high phase values; this 

indicates that, in the presence of the agar-based surface, a capacitance is generated. This 

result might be influenced by the humidity at the interior of the microstructure. When 

bacteria colonize the active area, the contact between the electrodes and the bacteria 

reduces the overall system’s impedance. The effect is largely resistive, which causes the 

phase value measured drop. These effects are also related to the current measured using 
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CV, according to Ohm´s law, current intensity is proportional to the resistance in a circuit. 

The observation of this type of electrical conductivity in bacteria has been previously 

studied 256,257, and this results agrees with such described passive electrical properties of 

microorganisms. 

When damage of the electrode was observed, a fast increase in the measured phase was 

detected, while no major changes are noted in the mean current nor impedance of the 

microsystem. This indicates that there is a surface interaction between the bacteria and 

the microelectrode, which is affected when the microelectrode structure is damaged. This 

effect can be attributed to an increase in the overall microsystem resistance, but with no 

faradaic effect. Damage of the microelectrodes was observed after multiple uses and were 

related to wear-off effects. 

The rigorous equivalent circuit model for the microsystem generalized case is presented 

in Figure 45A. This model integrates two classical Randless Cells (RELEC + (Rct||Cdl)) to 

describe the influence of the microsystem resistance (RELEC) in series with the admittance 

of the electrochemical interface at the microelectrodes, anode and cathode, controlled by 

a charge transfer resistance (Ract and Rcct) and a double layer capacitance (Cadl and Ccdl). 

The capacitive effect, induced by the proximity of the two microelectrodes, is symbolized 

as a capacitive bridge between the two equivalent Randless Cells (Celec). The bacterial cells 

were modeled after a modified Randless cell ((Rb + CEPi)|| Cb) 258–260. The bacterial 

capacitance is indicated by a single capacitor (Cb) in parallel with the charge transfer 

resistance of the bacteria (Rb) and a constant phase element (CPEi) that represents the 

non-uniform accumulation of adsorbed species at the microelectrode surface.  

This equivalent circuit model, for the microsystem generalized case, can be described as 

a solid cell with blocking electrode in which the dielectric layer is modified by the bacterial 

presence. The complete equivalent circuit can be simplified, as shown in Figure 45B. The 

microelectrode double layer capacitance, at the electrochemical interface, can be neglected; this 

is primarily due to the effect of the reduced area of the microelectrode, such characteristic 

directly influences the represented electrochemical system time constant τ, determined 

by the product RC of the electrical components in this part of the circuit, as the dimensions 

become smaller, the electrode capacitance, which is proportional to the electrode area, decreases, 

and so does τ, the contribution of these elements is the only noticeable at frequencies 

above 10MHz, which is two orders of magnitude larger than the maximum frequency 

used in this study. The microsystem overall resistance can also be simplified and 

represented with a single resistance (Relec = RELEC + RELEC), as well as the microelectrode-

bacteria interface capacitance, that accounts for the of the capacitive induced effect in the 

microelectrodes and the surface interaction with the colonizing bacteria, which can be 

expressed as a the combination of the two parallel capacitances (Cbelec = Celec || Cb).  
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The simplified equivalent circuit model was used to fit the data of the microsystem, for 

both before and after the bacterial colonization event (Figure 45C), with an average error 

for the calculated elements of the simplified equivalent circuit below 5% (excluding RELEC, 

with an average error before the colonization event above 40%, and after the colonization 

event below 14%). The average values for the individual elements of the simplified 

equivalent circuit of the microsystem, before and after the colonization event, are 

summarized in Table 5.  

 
Figure 45. Equivalent circuit model for EIS analysis. (A) Equivalent circuit model for the generalized case. 
(B) Simplified equivalent circuit. (C) Nyquist plot for the collected (Dots) and the fitted data (Continuous 

line) of the microsystem before (Red) and after (Blue) the colonization event. 



 

 

 

92 
DESIGN, FABRICATION AND APPLICATION OF A MICROSYSTEM 

FOR THE ELECTROCHEMICAL EVALUATION OF CONFINED 

BACTERIA 

 

The values of the individual elements were found to display important magnitude 

variations around the moment of the colonization event. The initially high resistance of Rb, 

with a calculated mean of 5.7 MΩ, had the most prominent change among all the 

electrical components of the equivalent circuit, with an average 48-fold decrease after the 

bacterial colonization event; this change was not surprising, as in the absence of bacteria 

no faradaic process can be developed, thus, the behavior of the charge transfer resistance 

is equivalent to an open circuit. The microsystem overall resistance, Relec with an initial 

average value of 16 KΩ, also displayed a magnitude decrease, however, these values 

were associated to a different phenomenon: the presence of stray potentials. Before the 

bacterial colonization event, Relec presented a very unstable behavior; the early arrival of 

bacteria to the microelectrode vicinity was accompanied of an initial decrease of the 

resistance value and the stabilization of the measured resistance values, as the bacteria 

arrives to the microelectrode surface, an electrical contact is generated, thus, further 

stabilizing the measured value of the resistive element.  

Table 5. Average values of the simplified equivalent circuit 

Electric component 
Value before 

colonization event 

Value After 

colonization event 
Unit 

Cbelec 0.919 6.72 nF 

Relec 15.96 3.904 KΩ 

Rb 5.71 0.107 MΩ 

CPEi 
Qi 31.37848 69.78041 µT 

ni 0.77428 0.865045 φ 

 

 

Once the bacteria are in contact with the microelectrode surface, the possible faradic 

processes can occur, this is confirmed by the 5-fold increase of the bacterial-electrode 

interface double layer capacitance, Cbelec with an initial mean value of 920 pF. The increase 

on the constant phase element magnitude, CPEi with a mean value of 31.4 nT 0.8 ɸ before 

the colonization event, and a 1.5-fold increase in magnitude (Q), is a particularity of this 

microsystem; in traditional bacterial electrochemical systems, the value of the constant 

phase element for adsorbed species is expected to decrease over time, this behavior is 

explained as the aggregation of cells to an electrode surface in a liquid medium would 

act as a capacitive coating, interfering with the active electron exchange between the 

electrodes and the medium 261. In the presented microsystem the opposite effect takes 

place, prior to the bacterial colonization event, no electron exchange can be detected, this 

correlates to the fact that no active species is present at the electrode-gas interface of the 

empty microsystem. 



 

 

DESIGN, FABRICATION AND APPLICATION OF A MICROSYSTEM 

FOR THE ELECTROCHEMICAL EVALUATION OF CONFINED 

BACTERIA 

93 

 

 
Figure 46. Changes of the simplified equivalent circuit over a 35-hour period with a bacterial colonization 

event. (A) CV current variance analysis of the microsystem. (B) Microsystem resistance. (C) Electrode-
bacteria interface capacitance (D) Charge transfer resistance of the bacteria (E) Constant Phase element for 

the non-uniform accumulation of species at the electrode surface 

The development of a faradaic contribution to the microsystem was evidenced for the CV 

response; this contribution possibly corresponds to the redox reaction attributed to the 

electron transfer process at the bacteria-microelectrode interface 24–28. This  assumption 

should be carefully addressed, as such mechanisms are still poorly understood 262, and 

require a more comprehensive examination. Further work should be conducted on this 

matter to better understand the mechanisms involved and the influence in the observed 

redox reaction. Additionally, extensive research on the nature of the EET process in 

bacteria will help to understand the elements that take part in this process and their role 

at the energetic systems on the bacterial metabolism. The presented microsystem can 

potentially provide a tool to evaluate such mechanisms, in combination with genetic 

manipulation and other analysis tools, high resolution visualization, and other 

techniques, new insights can be achieved related to the EET process and components. 
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The microsystem sustained up to 72 hours of continuous use with no sign of deterioration 

of the polymeric microstructure, which makes it a good candidate for long-term live-cell 

imaging and characterization, with potential to be considered as a reusable device. 

Additionally, modification of the structure can be explored, in this way, the influence of 

the microsystem geometry, the interaction with other species, the chemical response and 

the environmental influence on the bacterial behavior can be studied.  

The reliability of the microsystem was considered low; however, it was noticed that 

despite that the continuous CV measurement resulted in a gradual increase of the current 

measured at the microelectrodes, the microsystem rapidly recovered to the initial 

condition after a brief pause. In addition, microelectrodes damage was also observed and 

characterized; although, these damages were observed after several hours of use and 

interaction with bacteria colonization events. Therefore, even if there are physical 

changes in the environment, such as pH changes (not studied in this work), due to 

bacterial presence, the microelectrodes lasted enough to be able to study the phenomena. 

Future work should be directed to identify the limitations of the current project in regards 

to the discrimination on the expression of the reactions that occur on the bacterial 

membrane and the ones that take place on the extracellular matrix of the bacterial 

community; the stability of the electrodes, and the possibility to implement surface 

modification to enhance the electrochemical response, would greatly widen the 

possibilities of usage of this microsystem and could help to disseminate its use and 

penetration in the scientific community. 

This microsystem allows an encouraging range of applications in the scope of bacterial 

physiological characterization and electrochemical evaluation, that can be integrated in 

real-life applications for bacterial development quantification, biosensing, and drug-test 

evaluation. We are confident that it can be integrated to routine characterization of 

bacterial BES and would significantly contribute in the exploration of the mechanisms of 

EET. 

The presented microsystem exhibited good performance regarding propagation and 

control of the cell culture and a readily available electrochemical response, moreover, it 

would be possible to develop a mathematical model to describe the colonization along 

the microsystem, this can be advantageous to quantitatively characterize the behavior of 

a supported bacterial strain, and offer an alternative method to calculate growth rates 

and identification of infection treatments and proliferation control. Further studies 

should be conducted to characterize cell viability within the microsystem. 
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6. Conclusion and future perspectives 

Over the last few decades, the synergy between microbiology and different disciplines 

has brought forth a rapid and challenging advance in the understanding of some 

fundamental principles of life, this has allowed to explore a more quantitative approach 

to describe the behavior of organisms and to mimic diverse environment under 

structured and controllable environments. 

From this perspective, the work consigned in this engineering thesis has explored the 

combination of three technologies, i.e. microsystem fabrication, automation and 

electrochemistry, to conduct the proof of concept for the design and fabrication of a 

microsystem for the electrochemical evaluation of confined bacteria, as tool that can 

provide further insights in microbiological research. 

Accordingly, three different milestones, achieved in this work, can summarize the 

contributions of this thesis to the current state-of-the-art research. The first major step 

was the fabrication of a non-fluidic microsystem to confine bacteria, demonstrating the 

viability of such method to maintain culturable conditions for microorganisms, while 

allowing to observe and monitor the growth and physical interactions of microorganisms 

with dimensionally constrained environments; currently, information regarding this 

type of microsystems is scarce and, usually, concealed between diverse terms coined by 

authors in an attempt to define the characteristics of each system, such as microconfined 

networks 80, microfluidic structure (no net flow) 73, surface microstructure 77,79, no through 

flow microfluidic device 75,76 among others. Despite the diverse motivations leading those 

approaches, the common factor behind that research is that the reported devices rescind 

the use of any type of fluidic conduit, thus, no external pressure is exerted to the 

microbial culture, which is basically the definition of a non-fluidic system 63,87,263. 

Characteristically, non-fluidic environments require microorganisms to deploy different 

strategies for mediating movement 107 in order to explore the immediate habitat in order 

to find optimal growth conditions. Some of these environments contain liquid interfaces 

that allow microorganisms to use flagella as a propeller to swim across various distances; 

however, not every microorganism possess this natural motor, moreover, not every non-

fluidic environment has enough liquid to allow microorganisms to swim 105. It has been 

suggested that non-swimming motility studies can be performed by defining specific 

conditions of the surface, e.g. water content, this can be done by controlling the amount 
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of agar in the solid media mixture 69. This issues are relevant in different areas, such as 

clinical microbiology 60, phytopathology 61 and soil ecology 62 among others. 

The non-fluidic confinement microsystem presented in chapter 2 was designed to enable 

non-swimming motility of microorganisms, oriented to direct an organized, dense 

aggregation of cells rather than to conduct the study of bacterial movement rates. In this 

work, it was evidenced that filamentous fungi T. pubescens, environmental isolate 

Staphylococcus sp., laboratory strains P. putida and E. coli K-12 can be confined in this type 

of environments, following a very organized growth path in structures of different 

complexities. 

Different culture methods were explored for bacterial strains, in this inspection, various 

effects of the confinement were observed, remarkably, colony formation inhibition, 

similar to the observations reported by Gloag et al. 79; growth accompanied of the 

formation of a bacterial halo for Staphylococcus sp. but not for P. putida; and movement of 

explorer P. putida cells inside the microstructure, which could be identified with the 

microbial scout hypothesis stated by S. Epstein 164.  

The report of these effects is only qualitative in the present work; however, these 

behaviors might be useful for the study of different bacterial interactions. The presented 

methods can be adapted for the evaluation of microbial growth, bacterial motility 

behavior, and can be used to culture multiple species. To this extent, no device had been 

reported to study microorganisms in a non-fluidic, water depleted microsystem 

environment, before the first report derived from the research consigned in this thesis 

(2013) 170. The contribution of this work towards this topic is the evaluation of a non-

fluidic microsystem that allows the observation of microorganisms in an environment in 

which swimming motility is restricted. 

The second achievement of this work is derived from the initial issues that were 

encountered during the first experimental phase, i.e. due to the use of use a Petri dish for 

the containment of the bacterial culture, the manipulation of the system was challenging, 

presenting difficulties for the temporally assessment of the microorganism confinement at 

different locations, and did not allowed the adaptation of a thermally stable environment, 

thus, obligating to maintain the microorganisms at ambient temperature or  requiring to 

move the system in between work spaces to perform the observations. 

Two different tools were developed to support our research, a set of automation 

hardware adapters and controlling software to integrate the automated platform to the 

microsystem, and an image analysis algorithm to estimate the bacterial growth rate. 

The automated platform allowed movement within the range of 1 µm to 16 µm (software 

programmed limit) in the microscope X and Y axes, and 0.83 µm in the Z axis. The control 
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software and related hardware were developed, to the best extend, using open source 

developing tools and commercially available mechanical and electrical components. 

The image analysis software, specifically designed for the identification of bacteria inside 

a microstructure, allowed to analyze multiple samples and quantify an approximate 

growth for confined bacteria. 

In this work the non-fluidic microsystem integrated to an automated platform was used 

for the monitoring of growth and motility of the bacteria E. coli; however, it can be used 

to analyze the dynamics of different bacterial communities, as well as chemical and 

physical interactions at the microscale, for instance, antibiotic susceptibility and small 

scale response (down to single cell behavior). The design of the automated platform 

allows adaptation to different microscope types, and modification with simple design 

variations. The system possesses characteristics that allow portability and can be 

connected for online monitoring, as the reception and storing of images is defined by the 

software user. 

The last milestone of this work was the complete integration to an external measurement 

device. Electrochemical techniques were selected due to the current necessity of different 

equipment that could be readily integrable with research facilities. An extended survey 

was performed, by means of a historical systematic review, in order to identify main 

requirements in MES research. It was found that, among diverse trends, there is a specific 

gap in knowledge that requires to develop repeatable characterization experiments. The 

characteristics of the non-fluidic microsystem are well suited to control parameters that 

would be hardly manageable with other techniques, such as high population control, 

direct observation, use of diffusive materials and absence of flow. The suitability of 

electrochemical measurements to be related and explain physical changes related to 

distinctive phenomena at the microbe-electrode interface was found adequate for his 

Thesis. 

In this work, a non-fluidic microsystem and the integration to a fully automated platform 

was presented. This system allows direct visualization of bacteria and the unmediated 

interaction with gold microelectrodes to enable electrochemical characterization. The 

microsystem relies on the aggregation of bacteria in a confined environment to force the 

close contact of the bacterial surface and the microelectrodes, with a potential application 

for the study of the electron transfer mechanisms of bacteria and their surrounding 

environment. 

The growth monitoring and characterization of E. coli was used to allow an initial approach 

to the growth dynamics inside the microsystem. This monitoring allowed a repeatable 

assessment of the bacterial culture and set foundation to evaluate the reliability of the applied 
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electrochemical techniques. The electrochemical characterization of the normalized 

variance for the CV and EIS measurements was used to allow the evaluation of the 

electrochemical measurement recorded responses. A large amount of data was extracted 

from the experiments, and a rapid evaluation using the developed computer algorithm 

of the microsystem was beneficial for this study. Furthermore, this method allows the 

observation of small changes in a graphic fashion and provided a tool to quantitatively 

determine the overall response of the microsystem. The application of this method 

confirmed a direct correlation on the variance of the electrochemical response and the 

observed colonization events. 

The increase in the current response of the non-faradaic component of the CV 

measurement, and the decrease of the overall impedance measured at the EIS response, 

were both related to the formation of a conductive surface between the electrodes as the 

bacteria aggregated in the 3-dimensional confined space.  

Further work in this topic can be performed to improve characteristics for the utilization 

of this system, such as the integration of optically transparent conductive materials, for the 

elaboration of the different electric components, e.g. the glass-base and microelectrodes, 

seeking to provide a completely observable structure for microorganism characterization. 

Complementing the technical grounds given in this work, a detailed characterization of 

microorganisms can be performed, in this way, contributing to gather knowledge on the 

electrochemical properties of different microorganisms, as well as the adaptation of the 

non-fluidic microsystem in the study of microorganism behavior in confined spaces and 

integration with diverse optical observation technologies. Further integration of the 

system presented in this work can be considered with thin-film sensing technologies, for 

instance, microcalorimetry and respirometry. The latter would be important in terms of 

determining the consumption and production of different compounds, of particular 

interest would be the measurement of oxygen content in the microsystem, as it plays a 

very important role in many microorganisms’ metabolism. 
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Growth Direction in Fungal Hyphae? Fungal Genet. Biol. 24, 101–109 (1998). 

104. Moshynets, O. V. & Spiers, A. J. Viewing Biofilms within the Larger Context of 

Bacterial Aggregations. in Microbial Biofilms - Importance and Applications (InTech, 

2016). doi:10.5772/62912 

105. Tuson, H. H. & Weibel, D. B. Bacteria-surface interactions. Soft Matter 9, 4368–4380 

(2013). 

106. Ren, Y. et al. Emergent heterogeneous microenvironments in biofilms: Substratum 

surface heterogeneity and bacterial adhesion force-sensing. FEMS Microbiol. Rev. 42, 

259–272 (2018). 

107. Jarrell, K. F. & McBride, M. J. The surprisingly diverse ways that prokaryotes move. 

Nat. Rev. Microbiol. 6, 466–476 (2008). 

108. Frymier, P. D. & Ford, R. M. Analysis of bacterial swimming speed approaching a 

solid–liquid interface. AIChE J. 43, 1341–1347 (1997). 

109. Lauga, E., DiLuzio, W. R., Whitesides, G. M. & Stone, H. A. Swimming in Circles: 

Motion of Bacteria near Solid Boundaries. Biophys. J. 90, 400–412 (2006). 

110. Craig, L., Forest, K. T. & Maier, B. Type IV pili: dynamics, biophysics and functional 



 

 

 

106 
DESIGN, FABRICATION AND APPLICATION OF A MICROSYSTEM 

FOR THE ELECTROCHEMICAL EVALUATION OF CONFINED 

BACTERIA 

 

consequences. Nat. Rev. Microbiol. 17, 429–440 (2019). 

111. Mattick, J. S. Type IV Pili and Twitching Motility. Annu. Rev. Microbiol. 56, 289–314 

(2002). 

112. Tchoufag, J., Ghosh, P., Pogue, C. B., Nan, B. & Mandadapu, K. K. Mechanisms for 

bacterial gliding motility on soft substrates. 116, (2018). 

113. Yu, R. & Kaiser, D. Gliding motility and polarized slime secretion. Mol. Microbiol. 63, 

454–467 (2007). 

114. Hölscher, T. & Kovács, Á. T. Sliding on the surface: bacterial spreading without an 

active motor. Environ. Microbiol. 19, 2537–2545 (2017). 

115. Cheng, Y., Feng, G. & Moraru, C. I. Micro-and nanotopography sensitive bacterial 

attachment mechanisms: A review. Front. Microbiol. 10, 1–17 (2019). 

116. Monier, J. M. & Lindow, S. E. Spatial organization of dual-species bacterial aggregates 

on leaf surfaces. Appl. Environ. Microbiol. 71, 5484–5493 (2005). 

117. Gloag, E. S. et al. Stigmergy: A key driver of self-organization in bacterial biofilms. 

Commun. Integr. Biol. 6, (2013). 

118. Pollitt, E. J. G. & Diggle, S. P. Defining motility in the Staphylococci. Cell. Mol. Life Sci. 

74, 2943–2958 (2017). 

119. Gupta, V. K. et al. Microbial applications: recent advancements and future developments. 

(Walter de Gruyter GmbH & Co KG, 2016). 

120. Eland, L. E., Wipat, A., Lee, S., Park, S. & Wu, L. J. Microfluidics for bacterial imaging. 

Methods Microbiol. (2016). doi:10.1016/bs.mim.2016.10.002 

121. Geng, T. et al. Multimodal Microchannel and Nanowell-Based Microfluidic Platforms 

for Bioimaging. 155–158 (2016). 

122. Park, S. et al. Influence of topology on bacterial social interaction. Proc. Natl. Acad. Sci. 

U. S. A. 100, 13910–13915 (2003). 

123. Cho, H. et al. Self-organization in high-density bacterial colonies: efficient crowd 

control. PLoS Biol. 5, e302 (2007). 

124. Ahmed, T., Shimizu, T. S. & Stocker, R. Microfluidics for bacterial chemotaxis. Integr. 

Biol. (Camb). 2, 604–29 (2010). 

125. Li, B., Qiu, Y., Glidle, A. & McIlvenna, D. Gradient Microfluidics Enables Rapid 

Bacterial Growth Inhibition Testing. Anal. … (2014). 

126. Ran, M., Wang, Y., Wang, S. & Luo, C. Pump-free gradient-based micro-device enables 

quantitative and high-throughput bacterial growth inhibition analysis. Biomed. 

Microdevices 17, 67 (2015). 

127. Volfson, D., Cookson, S., Hasty, J. & Tsimring, L. S. Biomechanical ordering of dense 



 

 

DESIGN, FABRICATION AND APPLICATION OF A MICROSYSTEM 

FOR THE ELECTROCHEMICAL EVALUATION OF CONFINED 

BACTERIA 

107 

 

cell populations. Proc. Natl. Acad. Sci. 105, 15346–15351 (2008). 

128. Lushi, E., Wioland, H. & Goldstein, R. E. Fluid flows created by swimming bacteria 

drive self-organization in confined suspensions. Proc. Natl. Acad. Sci. 111, 9733–9738 

(2014). 

129. Geuther, B. Towards Bacteria Inspired Stochastic Control Strategies for Microrobotic 

Swarm Intelligence. Master Thesis. (Virginia Polythecnic Institute and State 

University, 2013). 

130. Dailey, M. E. et al. Live-Cell Imaging Culture Chambers | MicroscopyU. Available at: 

https://www.microscopyu.com/applications/live-cell-imaging/live-cell-imaging-

culture-chambers. (Accessed: 16th February 2020) 

131. Maeda, K., Imae, Y., Shioi, J. I. & Oosawa, F. Effect of temperature on motility and 

chemotaxis of Escherichia coli. J. Bacteriol. 127, 1039–1046 (1976). 

132. Paulick, A. et al. Mechanism of bidirectional thermotaxis in Escherichia coli. Elife 6, 

(2017). 

133. Croze, O. A., Ferguson, G. P., Cates, M. E. & Poon, W. C. K. Migration of chemotactic 

bacteria in soft agar: Role of gel concentration. Biophys. J. 101, 525–534 (2011). 

134. Fung, D. Y. C. Historical development of rapid methods and automation in 

microbiology. J. Rapid Methods Autom. Microbiol. 1, 1–14 (1992). 

135. Bailey, A. L., Ledeboer, N. & Burnham, C. A. D. Clinical microbiology is growing up: 

The total laboratory automation revolution. Clin. Chem. 65, 634–643 (2019). 

136. Murray, P. R. Laboratory automation impact on antimicrobial resistance. Microbiol. 

Aust. 40, 66–68 (2019). 

137. Dauwalder, O. et al. Does bacteriology laboratory automation reduce time to results 

and increase quality management? Clin. Microbiol. Infect. 22, 236–243 (2016). 

138. Genzen, J. R. et al. Challenges and opportunities in implementing total laboratory 

automation. Clin. Chem. 64, 259–264 (2018). 

139. Pearce, J. M. Impacts of open source hardware in science and engineering. Bridg. Natl. 

Acad. Sci. 47, 24–31 (2017). 

140. Cybulski, J. S., Clements, J. & Prakash, M. Foldscope: Origami-Based Paper 

Microscope. PLoS One 9, e98781 (2014). 

141. Kim, K., Kim, H., Lim, H. & Myung, H. A Low Cost/Low Power Open Source Sensor 

System for Automated Tuberculosis Drug Susceptibility Testing. Sensors 16, 942 

(2016). 

142. Nejatimoharrami, F., Faina, A. & Stoy, K. New Capabilities of EvoBot: A Modular, 

Open-Source Liquid-Handling Robot. SLAS Technol. Transl. Life Sci. Innov. 22, 500–506 



 

 

 

108 
DESIGN, FABRICATION AND APPLICATION OF A MICROSYSTEM 

FOR THE ELECTROCHEMICAL EVALUATION OF CONFINED 

BACTERIA 

 

(2017). 

143. Steffens, S. et al. A versatile and low-cost open source pipetting robot for automation 

of toxicological and ecotoxicological bioassays. PLoS One 12, e0179636 (2017). 

144. Segura, C. C. & Osma, J. F. Miniaturization of Cyclic Voltammetry Electronic Systems 

for Remote Biosensing. Int. J. Biosens. Bioelectron. 3, 297–299 (2017). 

145. Pereira, V. R. & Hosker, B. S. Low-cost (<€5), open-source, potential alternative to 

commercial spectrophotometers. PLOS Biol. 17, e3000321 (2019). 

146. Sharkey, J. P., Foo, D. C. W., Kabla, A., Baumberg, J. J. & Bowman, R. W. A one-piece 

3D printed flexure translation stage for open-source microscopy. Rev. Sci. Instrum. 87, 

025104 (2016). 

147. Nuñez, I. et al. Low cost and open source multi-fluorescence imaging system for 

teaching and research in biology and bioengineering. PLoS One 12, e0187163 (2017). 

148. Needs, S. H. et al. Exploiting open source 3D printer architecture for laboratory 

robotics to automate high-throughput time-lapse imaging for analytical microbiology. 

PLoS One 14, e0224878 (2019). 

149. Jiang, L., Wong, M. & Zohar, Y. Unsteady characteristics of a thermal microsystem. 

Sensors Actuators, A Phys. 82, 108–113 (2000). 

150. Lagally, E. T., Emrich, C. A. & Mathies, R. A. Fully integrated PCR-capillary 

electrophoresis microsystem for DNA analysis. Lab Chip 1, 102–107 (2001). 

151. Zhong, R. et al. Simply and reliably integrating micro heaters/sensors in a monolithic 

PCR-CE microfluidic genetic analysis system. Electrophoresis 30, 1297–1305 (2009). 

152. Liu, X., Li, L. & Mason, A. J. Thermal control microsystem for protein characterization 

and sensing. 2009 IEEE Biomed. Circuits Syst. Conf. BioCAS 2009 277–280 (2009). 

doi:10.1109/BIOCAS.2009.5372031 

153. Liu, X., Li, L. & Mason, A. J. Thermally controlled electrochemical CMOS microsystem 

for protein array biosensors. IEEE Trans. Biomed. Circuits Syst. 8, 25–34 (2014). 

154. Tvarožek, V. et al. Thin-film microsystem applicable in (bio)chemical sensors. Sensors 

Actuators B. Chem. 19, 597–602 (1994). 

155. Sezonov, G., Joseleau-Petit, D. & D’Ari, R. Escherichia coli Physiology in Luria-Bertani 

Broth. J. Bacteriol. 189, 8746–8749 (2007). 

156. Abd El-Aziz, A. A. & Kannan, A. JSON encryption. 2014 Int. Conf. Comput. Commun. 

Informatics Ushering Technol. Tomorrow, Today, ICCCI 2014 1–6 (2014). 

doi:10.1109/ICCCI.2014.6921719 

157. Kirillov, A. AForge.NET. (2006). 

158. Mukhopadhyay, P. & Chaudhuri, B. B. A survey of Hough Transform. Pattern 



 

 

DESIGN, FABRICATION AND APPLICATION OF A MICROSYSTEM 

FOR THE ELECTROCHEMICAL EVALUATION OF CONFINED 

BACTERIA 

109 

 

Recognit. 48, 993–1010 (2015). 

159. Doyle, W. Operations Useful for Similarity-Invariant Pattern Recognition. J. ACM 9, 

259–267 (1962). 

160. Noor, R., Islam, Z., Munshi, S. K. & Rahman, F. Influence of Temperature on 

Escherichia coli Growth in Different Culture Media. J. Pure Appl. Microbiol. 7, 899–904 

(2013). 

161. Farrell, F. D. C., Hallatschek, O., Marenduzzo, D. & Waclaw, B. Mechanically Driven 

Growth of Quasi-Two-Dimensional Microbial Colonies. (2013). 

doi:10.1103/PhysRevLett.111.168101 

162. Farrell, F. D., Gralka, M., Hallatschek, O. & Waclaw, B. Mechanical interactions in 

bacterial colonies and the surfing probability of beneficial mutations. J. R. Soc. Interface 

14, (2017). 

163. Grant, M. A. A., Wacław, B., Allen, R. J. & Cicuta, P. The role of mechanical forces in 

the planar-to-bulk transition in growing Escherichia coli microcolonies. J. R. Soc. 

Interface 11, 20140400 (2014). 

164. Epstein, S. S. Microbial awakenings. Nature 457, 1083 (2009). 

165. Buerger, S. et al. Microbial Scout Hypothesis, Stochastic Exit from Dormancy, and the 

Nature of Slow Growers. Appl. Environ. Microbiol. 78, 3221–3228 (2012). 

166. Kaeberlein, T., Lewis, K. & Epstein, S. S. Isolating ‘uncultivabte’ microorganisms in 

pure culture in a simulated natural environment. Science. 296, 1127–1129 (2002). 

167. Nichols, D. et al. Use of ichip for high-throughput in situ cultivation of ‘uncultivable 

microbial species’. Appl. Environ. Microbiol. 76, 2445–2450 (2010). 

168. Tandogan, N., Abadian, P. N., Epstein, S., Aoi, Y. & Goluch, E. D. Isolation of 

microorganisms using sub-micrometer constrictions. PLoS One 9, e101429 (2014). 

169. Satpathy, S., Sen, S. K., Pattanaik, S. & Raut, S. Review on bacterial biofilm: An 

universal cause of contamination. Biocatal. Agric. Biotechnol. 7, 56–66 (2016). 

170. Hernandez, C. A., Gaviria, L. N., Segura, S. M. & Osma, J. F. Concept design for a 

novel confined-bacterial-based biosensor for water quality control. in 2013 Pan 

American Health Care Exchanges (PAHCE) 1–3 (IEEE, 2013). 

doi:10.1109/PAHCE.2013.6568257 

171. Schoepp-Cothenet, B. et al. On the universal core of bioenergetics. Biochim. Biophys. 

Acta - Bioenerg. 1827, 79–93 (2013). 

172. Kumar, A. et al. The ins and outs of microorganism-electrode electron transfer 

reactions. Nat. Rev. Chem. 1, 1–13 (2017). 

173. White, G. F. et al. Mechanisms of Bacterial Extracellular Electron Exchange. in Advances 



 

 

 

110 
DESIGN, FABRICATION AND APPLICATION OF A MICROSYSTEM 

FOR THE ELECTROCHEMICAL EVALUATION OF CONFINED 

BACTERIA 

 

in Microbial Physiology (ed. Poole, R. K.) 68, 87–138 (Elsevier Ltd., 2016). 

174. Pankratova, G. & Gorton, L. Electrochemical communication between living cells and 

conductive surfaces. Curr. Opin. Electrochem. 5, 193–202 (2017). 

175. Schröder, U. Anodic electron transfer mechanisms in microbial fuel cells and their 

energy efficiency. Phys. Chem. Chem. Phys. 9, 2619–2629 (2007). 

176. Rosenbaum, M., Aulenta, F., Villano, M. & Angenent, L. T. Cathodes as electron 

donors for microbial metabolism: Which extracellular electron transfer mechanisms 

are involved? Bioresour. Technol. 102, 324–333 (2011). 

177. Kumar, R., Singh, L. & Zularisam, A. W. Exoelectrogens: Recent advances in molecular 

drivers involved in extracellular electron transfer and strategies used to improve it for 

microbial fuel cell applications. Renew. Sustain. Energy Rev. 56, 1322–1336 (2016). 

178. El-Naggar, M. Y. et al. Electrical transport along bacterial nanowires from Shewanella 

oneidensis MR-1. Proc. Natl. Acad. Sci. U. S. A. 107, 18127–18131 (2010). 

179. Reguera, G. et al. Extracellular electron transfer via microbial nanowires. Nature 435, 

1098–1101 (2005). 

180. Gorby, Y. A. et al. Electrically conductive bacterial nanowires produced by Shewanella 

oneidensis strain MR-1 and other microorganisms. Proc. Natl. Acad. Sci. U. S. A. 103, 

11358–11363 (2006). 

181. Glasser, N. R., Saunders, S. H. & Newman, D. K. The Colorful World of Extracellular 

Electron Shuttles. Annu. Rev. Microbiol. 71, 731–751 (2017). 

182. Chong, G. W., Karbelkar, A. A. & El-Naggar, M. Y. Nature’s conductors: what can 

microbial multi-heme cytochromes teach us about electron transport and biological 

energy conversion? Curr. Opin. Chem. Biol. 47, 7–17 (2018). 

183. Newman, D. K. & Kolter, R. A role for excreted quinones in extracellular electron 

transfer. Nature 405, 94–97 (2000). 

184. Von Canstein, H., Ogawa, J., Shimizu, S. & Lloyd, J. R. Secretion of flavins by 

Shewanella species and their role in extracellular electron transfer. Appl. Environ. 

Microbiol. 74, 615–623 (2008). 

185. Rosenbaum, M. A. & Franks, A. E. Microbial catalysis in bioelectrochemical 

technologies: Status quo, challenges and perspectives. Appl. Microbiol. Biotechnol. 98, 

509–518 (2014). 

186. Bajracharya, S. et al. An overview on emerging bioelectrochemical systems (BESs): 

Technology for sustainable electricity, waste remediation, resource recovery, chemical 

production and beyond. Renew. Energy 98, 153–170 (2016). 

187. Moß, C., Patil, S. A. & Schröder, U. Scratching the Surface—How Decisive Are 

Microscopic Surface Structures on Growth and Performance of Electrochemically 



 

 

DESIGN, FABRICATION AND APPLICATION OF A MICROSYSTEM 

FOR THE ELECTROCHEMICAL EVALUATION OF CONFINED 

BACTERIA 

111 

 

Active Bacteria? Front. Energy Res. 7, 1–10 (2019). 

188. Champigneux, P., Delia, M.-L. L. & Bergel, A. Impact of electrode micro- and nano-

scale topography on the formation and performance of microbial electrodes. Biosens. 

Bioelectron. 118, 231–246 (2018). 

189. Zhang, Y. & Angelidaki, I. Microbial Electrochemical Systems and Technologies: It is 

Time to Report the Capital Costs. Environ. Sci. Technol. 50, 5432–5433 (2016). 

190. Trapero, J. R., Horcajada, L., Linares, J. J. & Lobato, J. Is microbial fuel cell technology 

ready? An economic answer towards industrial commercialization. Appl. Energy 185, 

698–707 (2017). 

191. Jiang, X. et al. Probing electron transfer mechanisms in Shewanella oneidensis MR-1 

using a nanoelectrode platform and single-cell imaging. Proc. Natl. Acad. Sci. 107, 

16806–16810 (2010). 

192. Liu, H., Newton, G. J., Nakamura, R., Hashimoto, K. & Nakanishi, S. Electrochemical 

characterization of a single electricity-producing bacterial cell of Shewanella by using 

optical tweezers. Angew. Chem. Int. Ed. Engl. 49, 6596–6599 (2010). 

193. Gross, B. J. & El-Naggar, M. Y. A combined electrochemical and optical trapping 

platform for measuring single cell respiration rates at electrode interfaces. Rev. Sci. 

Instrum. 86, (2015). 

194. Mclean, J. S. et al. Quantification of electron transfer rates to a solid phase electron 

acceptor through the stages of biofilm formation from single cells to multicellular 

communities. Environ. Sci. Technol. 44, 2721–2727 (2010). 

195. Millo, D. Spectroelectrochemical analyses of electroactive microbial biofilms. Biochem. 

Soc. Trans. 40, 1284–90 (2012). 

196. Urban, P. F. & Klinqenberg, M. Redox Potentials of Ubiquinone and Cytochrome. Eur. 

J. Biochem. 9, 519–525 (1969). 

197. Schuetz, B., Schicklberger, M., Kuermann, J., Spormann, A. M. & Gescher, J. 

Periplasmic electron transfer via the c-type cytochromes Mtra and Fcca of Shewanella 

oneidensis Mr-1. Appl. Environ. Microbiol. 75, 7789–7796 (2009). 

198. Hartshorne, R. S. et al. Characterization of Shewanella oneidensis MtrC: A cell-surface 

decaheme cytochrome involved in respiratory electron transport to extracellular 

electron acceptors. J. Biol. Inorg. Chem. 12, 1083–1094 (2007). 

199. Fonseca, B. M. et al. Optimizing Electroactive Organisms: The Effect of Orthologous 

Proteins. Front. Energy Res. 7, 1–13 (2019). 

200. Qian, F. & Morse, D. E. Miniaturizing microbial fuel cells. Trends Biotechnol. 29, 62–69 

(2011). 

201. Choi, S. Microscale microbial fuel cells: Advances and challenges. Biosens. Bioelectron. 



 

 

 

112 
DESIGN, FABRICATION AND APPLICATION OF A MICROSYSTEM 

FOR THE ELECTROCHEMICAL EVALUATION OF CONFINED 

BACTERIA 

 

69, 8–25 (2015). 

202. Moß, C., Behrens, A. & Schröder, U. The limits of three‐dimensionality ‐ Systematic 

assessment of effective anode macro‐structure dimensions for mixed culture 

electroactive biofilms. ChemSusChem (2019). doi:10.1002/cssc.201902923 

203. Hernandez, C. A., Beni, V. & Osma, J. F. Fully Automated Microsystem for 

Unmediated Electrochemical Characterization, Visualization and Monitoring of 

Bacteria on Solid Media; E. coli K-12: A Case Study. Biosensors 9, 131 (2019). 

204. Bellin, D. L. et al. Electrochemical camera chip for simultaneous imaging of multiple 

metabolites in biofilms. Nat. Commun. 7, (2016). 

205. Malvankar, N. S., Mester, T., Tuominen, M. T. & Lovley, D. R. Supercapacitors based 

on c-type cytochromes using conductive nanostructured networks of living bacteria. 

ChemPhysChem 13, 463–468 (2012). 

206. Logan, B. E. Essential data and techniques for conducting microbial fuel cell and other 

types of bioelectrochemical system experiments. ChemSusChem 5, 988–994 (2012). 

207. Thomas, E. Microbial growth and physiology: A call for better craftsmanship. Front. 

Microbiol. 6, 1–12 (2015). 

208. Lyautey, E. et al. Electroactivity of phototrophic river biofilms and constitutive 

cultivable bacteria. Appl. Environ. Microbiol. 77, 5394–5401 (2011). 

209. Holmes, D. E. et al. Microarray and genetic analysis of electron transfer to electrodes 

in Geobacter sulfurreducens. Environ. Microbiol. 8, 1805–1815 (2006). 

210. Parot, S., Nercessian, O., Delia, M. L., Achouak, W. & Bergel, A. Electrochemical 

checking of aerobic isolates from electrochemically active biofilms formed in compost. 

J. Appl. Microbiol. 106, 1350–1359 (2009). 

211. Jiang, X. et al. Probing single- to multi-cell level charge transport in Geobacter 

sulfurreducens DL-1. Nat. Commun. 4, 2751 (2013). 

212. Logan, B. E. et al. Microbial fuel cells: Methodology and technology. Environ. Sci. 

Technol. 40, 5181–5192 (2006). 

213. Ikeda, T. & Kano, K. An Electrochemical Approach to the Studies of Biological Redox 

Reactions and Their Applications to Biosensors, Bioreactors, and Biofuel Cells. J. 

Biosci. Bioeng. 92, 9–18 (2001). 

214. Saito, J. et al. Electrochemical Techniques and Applications to Characterize Single‐ and 

Multicellular Electric Microbial Functions. in Bioelectrochemical Interface Engineering 

37–53 (Wiley, 2019). doi:10.1002/9781119611103.ch3 

215. Harnisch, F. & Freguia, S. A basic tutorial on Cyclic Voltammetry for the investigation 

of electroactive microbial biofilms. Chem. - An Asian J. 7, 466–475 (2012). 



 

 

DESIGN, FABRICATION AND APPLICATION OF A MICROSYSTEM 

FOR THE ELECTROCHEMICAL EVALUATION OF CONFINED 

BACTERIA 

113 

 

216. Babauta, J., Renslow, R., Lewandowski, Z. & Beyenal, H. Electrochemically active 

biofilms: Facts and fiction. A review. Biofouling 28, 789–812 (2012). 

217. Noyons, E. C. M. Bibliometric mapping as a science policy and research management 

tool. (Leiden University, 1999). 

218. Börner, K., Chen, C. & Boyack, K. W. Visualizing knowledge domains. Annu. Rev. Inf. 

Sci. Technol. 37, 179–255 (2005). 

219. Wang, J., Zheng, T., Wang, Q., Xu, B. & Wang, L. A Bibliometric Review of Research 

Trends on Bioelectrochemical Systems. Curr. Sci. 109, 2204 (2015). 

220. Md Khudzari, J., Kurian, J., Tartakovsky, B. & Raghavan, G. S. V. Bibliometric analysis 

of global research trends on microbial fuel cells using Scopus database. Biochem. Eng. 

J. 136, 51–60 (2018). 

221. Van Eck, N. J. & Waltman, L. Bibliometric mapping of the computational intelligence 

field. Int. J. Uncertainty, Fuzziness Knowlege-Based Syst. 15, 625–645 (2007). 

222. Van Eck, N. J. & Waltman, L. Software survey: VOSviewer, a computer program for 

bibliometric mapping. Scientometrics 84, 523–538 (2010). 

223. Batlle-Vilanova, P. et al. Biogas upgrading, CO2 valorisation and economic 

revaluation of bioelectrochemical systems through anodic chlorine production in the 

framework of wastewater treatment plants. Sci. Total Environ. 690, 352–360 (2019). 

224. Holtmann, D. & Harnisch, F. Electrification of Biotechnology: Quo Vadis? in 

Bioelectrosynthesis. Advances in Biochemical Engineering/Biotechnology, vol 167 (eds. 

Holtmann, D. & Harnisch, F.) 44, 395–411 (Springer, Cham, 2018). 

225. Cournet, A., Délia, M.-L., Bergel, A., Roques, C. & Bergé, M. Electrochemical reduction 

of oxygen catalyzed by a wide range of bacteria including Gram-positive. Electrochem. 

commun. 12, 505–508 (2010). 

226. Zhang, T., Ghosh, D. & Tremblay, P. Synthetic Biology Strategies to Improve Electron 

Transfer Rate at the Microbe–Anode Interface in Microbial Fuel Cells. in 

Bioelectrochemical Interface Engineering 187–208 (Wiley, 2019). 

doi:10.1002/9781119611103.ch11 

227. Rothschild, L. J. & Mancinelli, R. L. Life in extreme environments. Nature 409, 1092–

1101 (2001). 

228. Dorman, C. J., Bhriain, N. N. & Dorman, M. J. The evolution of gene regulatory 

mechanisms in bacteria. in Molecular Mechanisms of Microbial Evolution. Grand 

Challenges in Biology and Biotechnology (ed. Rampelotto, P. H.) 125–152 (Springer 

International Publishing, 2018). doi:10.1007/978-3-319-69078-0_6 

229. Richardson, D. J. Bacterial respiration: a flexible process for a changing environment. 

Microbiology 146, 551–571 (2000). 



 

 

 

114 
DESIGN, FABRICATION AND APPLICATION OF A MICROSYSTEM 

FOR THE ELECTROCHEMICAL EVALUATION OF CONFINED 

BACTERIA 

 

230. Gunsalus, R. P., Cecchini, G. & Schröder, I. Bacterial respiration. in Methods for General 

and Molecular Microbiology, Third Edition (eds. Reddy, C. A. et al.) 539–557 (American 

Society of Microbiology, 2014). doi:10.1128/9781555817497.ch21 

231. Haddock, B. A. & Jones, C. W. Bacterial respiration. Bacteriol. Rev. 41, 47–99 (1977). 

232. Marreiros, B. C. et al. Exploring membrane respiratory chains. Biochim. Biophys. Acta - 

Bioenerg. 1857, 1039–1067 (2016). 

233. Green, J. & Paget, M. S. Bacterial redox sensors. Nat. Rev. Microbiol. 2, 954–966 (2004). 

234. Schröder, U., Greiner, A., Rosenbaum, M. A. & Harnisch, F. Wie Mikroorganismen 

und Elektroden interagieren. Nachrichten aus der Chemie 64, 732–737 (2016). 

235. Aulenta, F., Puig, S. & Harnisch, F. Microbial electrochemical technologies: maturing 

but not mature. Microb. Biotechnol. 11, 18–19 (2018). 

236. Kracke, F. & Krömer, J. O. Identifying target processes for microbial electrosynthesis 

by elementary mode analysis. BMC Bioinformatics 15, 410 (2014). 

237. Yang, Y., Xu, M., Guo, J. & Sun, G. Bacterial extracellular electron transfer in 

bioelectrochemical systems. Process Biochem. 47, 1707–1714 (2012). 

238. Patil, S. A. et al. A logical data representation framework for electricity-driven 

bioproduction processes. Biotechnol. Adv. 33, 736–744 (2015). 

239. Harnisch, F., Rosa, L. F. M., Kracke, F., Virdis, B. & Krömer, J. O. Electrifying white 

biotechnology: Engineering and economic potential of electricity-driven bio-

production. ChemSusChem 8, 758–766 (2015). 

240. Sutherland, I. W. The biofilm matrix – an immobilized but dynamic microbial 

environment. Trends Microbiol. 9, 222–227 (2001). 

241. Capdeville, B., Nguyen, K. M. & Rols, J. L. Biofilms — Science and Technology. Biofilms 

– Science and Technology 223, (Springer Netherlands, 1992). 

242. Ben-Yoav, H. et al. Functional modeling of electrochemical whole-cell biosensors. 

Sensors Actuators B Chem. 181, 479–485 (2013). 

243. Tian, M. et al. Direct growth of biofilms on an electrode surface and its application in 

electrochemical biosensoring. J. Electroanal. Chem. 611, 133–139 (2007). 

244. Devadas, D. & Young, E. W. K. Microfluidics for cell culture. in Microfluidic Methods 

for Molecular Biology (eds. Lu, C. & Verbridge, S. S.) 323–347 (Springer International 

Publishing, 2016). 

245. Yi, C., Li, C.-W., Ji, S. & Yang, M. Microfluidics technology for manipulation and 

analysis of biological cells. Anal. Chim. Acta 560, 1–23 (2006). 

246. Wu, F. & Dekker, C. Nanofabricated structures and microfluidic devices for bacteria: 

from techniques to biology. Chem. Soc. Rev. 45, 268–280 (2016). 



 

 

DESIGN, FABRICATION AND APPLICATION OF A MICROSYSTEM 

FOR THE ELECTROCHEMICAL EVALUATION OF CONFINED 

BACTERIA 

115 

 

247. Rusconi, R., Garren, M. & Stocker, R. Microfluidics Expanding the Frontiers of 

Microbial Ecology. Annu. Rev. Biophys. 43, 65–91 (2014). 

248. Fraiwan, A. & Choi, S. A biomicrosystem for simultaneous optical and electrochemical 

monitoring of electroactive microbial biofilm. 2015 IEEE SENSORS - Proc. 2–5 (2015). 

doi:10.1109/ICSENS.2015.7370212 

249. Pham, H. T. et al. High shear enrichment improves the performance of the anodophilic 

microbial consortium in a microbial fuel cell. Microb. Biotechnol. 1, 487–496 (2008). 

250. Hernandez, C. A., Lopez-Barbosa, N., Segura, C. C. & Osma, J. F. High Definition 

Method for Imaging Bacteria in Microconfined Environments on Solid Media. in 

International Conference on Bioinformatics and Biomedical Engineering (eds. Rojas, I. & 

Ortuño, F.) 10209 LNCS, 726–736 (Springer, 2017). 

251. Gagne, R. R., Koval, C. A. & Lisensky, G. C. Ferrocene as an internal standard for 

electrochemical measurements. Inorg. Chem. 19, 2854–2855 (1980). 

252. Trasatti, S. The absolute electrode potential: an explanatory note (Recommendations 

1986). Pure Appl. Chem. 58, 955–966 (1986). 

253. O’Reilly, J. E. Oxidation-reduction potential of the ferro-ferricyanide system in buffer 

solutions. Biochim. Biophys. Acta - Bioenerg. 292, 509–515 (1973). 

254. Kolthoff, I. M. & Tomsicek, W. J. The oxidation potential of the system potassium 

ferrocyanide–potassium ferricyanide at various ionic strengths. J. Phys. Chem. 39, 945–

954 (1935). 

255. Nordstrom, D. K. Thermochemical redox equilibria of ZoBell’s solution. Geochim. 

Cosmochim. Acta 41, 1835–1841 (1977). 

256. Carstensen, E. L. & Marquis, R. E. Passive Electrical Properties of Microorganisms. 

Biophys. J. 8, 536–548 (1968). 

257. Pethig, R. & Kell, D. B. The passive electrical properties of biological systems: their 

significance in physiology, biophysics and biotechnology. Phys. Med. Biol. 32, 933–970 

(1987). 

258. Muñoz-Berbel, X., Vigués, N., Jenkins, A. T. A., Mas, J. & Muñoz, F. J. Impedimetric 

approach for quantifying low bacteria concentrations based on the changes produced 

in the electrode–solution interface during the pre-attachment stage. Biosens. 

Bioelectron. 23, 1540–1546 (2008). 

259. Varshney, M. & Li, Y. Interdigitated array microelectrode based impedance biosensor 

coupled with magnetic nanoparticle–antibody conjugates for detection of Escherichia 

coli O157:H7 in food samples. Biosens. Bioelectron. 22, 2408–2414 (2007). 

260. Yang, L. & Li, Y. AFM and impedance spectroscopy characterization of the 

immobilization of antibodies on indium–tin oxide electrode through self-assembled 



 

 

 

116 
DESIGN, FABRICATION AND APPLICATION OF A MICROSYSTEM 

FOR THE ELECTROCHEMICAL EVALUATION OF CONFINED 

BACTERIA 

 

monolayer of epoxysilane and their capture of Escherichia coli O157:H7. Biosens. 

Bioelectron. 20, 1407–1416 (2005). 

261. Muñoz-Berbel, X., Vigués, N., Mas, J., Jenkins, A. T. A. & Muñoz, F. J. Impedimetric 

characterization of the changes produced in the electrode–solution interface by 

bacterial attachment. Electrochem. commun. 9, 2654–2660 (2007). 

262. Schon, E. A. Bioenergetics through thick and thin. Science. 362, 1114–1115 (2018). 

263. Zhou, J. et al. Stochasticity, succession, and environmental perturbations in a fluidic 

ecosystem. Proc. Natl. Acad. Sci. U. S. A. 111, (2014). 

 


	Abbreviations
	List of figures
	List of tables
	List of Annexes
	1. Introduction
	1.1 Overview
	1.2 Objectives
	1.3 Scope and structure of the study
	1.4 Materials used in this study
	1.4.1 Culture medium
	1.4.2 Microorganisms
	1.4.3  Spectrophotometry
	1.4.4 Microsystem fabrication
	1.4.5 Platform fabrication
	1.4.6 Electrochemical measurements
	1.4.7 Software


	2. Microorganism confinement in a non-fluidic microsystem
	2
	2.1 Non-fluidic microsystems
	2.2 Application and principles of non-fluidic microsystems
	2.3 Fabrication of the confinement microstructure
	2.4 Microorganism confinement in a non-fluidic microsystem

	3. Non-fluidic microsystem integration to a fully automated platform
	3
	3.1 Background and design considerations
	3.2 Automated platform assembly
	3.3 Test cell fabrication
	3.4  Fabrication of the copper thin film glass-based heater
	3.5 Confinement microstructure and bacterial culture in the non-fluidic microsystem
	3.6 Hardware configuration and software
	3.7 Results

	4. Fundamental concepts in MES and the EET process
	4
	4.1 Mechanisms involved in MES
	4.2 Classification and characterization of MES
	4.3 Current trends: systematic bibliographic analysis
	4.4 Future trends

	5. Electrochemical evaluation of confined bacteria in a non-fluidic microsystem
	5
	5.1 Microsystems in MES research
	5.2 Electrochemical microsystem design and fabrication
	5.3 Experimental setup and electrochemical analysis algorithms
	5.4 Results

	6. Conclusion and future perspectives
	7. BIBLIOGRAPHY

