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SUMMARY 

 

Microbial toxicity bioassays are testing procedures that involve measuring the toxic impact 

produced by a sample on a living indicator microorganism. In the last decades, such microbial 

tests have positioned as a fast and inexpensive alternative to those based on complex 

organisms in the determination of environmental toxic pollution. However, most microbial 

bioassays require complex and bulky instrumentation, which limits their portability for in situ 

analysis and impact in their response time and cost. In this regard, the development of quick 

microbial bioassays with minimum instrumentation requirements becomes a relevant topic.  

 

This thesis proposes the use of compounds that change their colour when reduced by living 

cells, i.e. electrochromic electron acceptors, in the development of fast and low-cost microbial 

toxicity bioassays suitable for in situ analysis. Electrochromism enables the monitoring of cell 

respiration by simple colorimetric measurement or even with the bare eye. Thus, allowing for 

toxicity determination without the need for complex instrumentation. Hexacyanoferrate 

compounds have been selected from the wide spectrum of reported electrochromic electron 

acceptors due to their suitable solubility and stability.   

 

To this end, a microbial acute toxicity bioassay was developed based on metabolic reduction of 

ferricyanide and optical determination with standard laboratory equipment, using Escherichia 

coli (E. coli) as model bacterium. Interferences in the optical measurement due to biomass light 

scattering were minimized by dual wavelength detection at 405 nm (ferricyanide absorption and 

biomass scattering) and 550 nm (biomass scattering). On the other hand, modification of the 

refractive index (RI) of the medium until matching with refractive index of bacterial cells with (i.e. 

RI matching) was achieved by addition of 27% (w/v) sucrose, which reduced bacterial light 

scattering around 50%. The toxic impact of various compounds on E. coli was determined by 

analysis of ferricyanide reduction kinetics (variation of ferricyanide absorption with time) and 

single absorbance measurements. Kinetic analysis of bacterial ferricyanide reduction allowed 

for fast assays (assay time of 10 min) with half maximal effective concentrations (EC50) similar 

to standard methods (i.e. biolumiscence inhibition test) for organic and inorganic toxic 

compounds.  

 

Technological implementation of the microbial toxicity bioassay was carried out by developing a 

low-cost miniaturized optofluidic analysis system. The optofluidic system was composed of a 

poly(methyl methacrylate) (PMMA) optofluidic structure incorporating discrete auxiliary optical 

elements (i.e. light emitting diodes, LEDs, and detectors) and an electronic circuit enabling for 

subtraction of ambient light interference. The optical performance of the analytical system for 

ferricyanide determination was tested. It was insensitive to environmental light changes and 

compared favourably to commercially available instrumentation. The simplicity, portability and 
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robustness of the analysis system make it suitable for fast and low-cost determination of toxic 

pollutants in situ. 

 

To reduce bioassay instrumentation requirements, we designed a low-cost solid system by 

trapping bacteria in hygroscopic paper matrices. E. coli cells were stably trapped on low-cost 

paper matrices (cellulose-based paper discs) and remained viable for long times (1 month when 

stored at -20 ºC). Apart of acting as bacterial carriers, paper matrices also acted as a fluidic 

element, allowing fluid management without the need of external pumps. Optical properties of 

individual paper matrices were analysed showing good comparability between them. Chromatic 

changes associated with bacterial ferricyanide reduction were determined by three different 

transduction methods, i.e. optical reflectometry, image analysis and visual inspection. Validation 

of the bioassay was performed by analysis of real samples from natural sources (i.e. 

wastewater influents/effluents and leachates from contaminated soils) using the mentioned 

transduction methods and the bioluminiscence inhibition test (Microtox, as standard method). 

Toxicity values obtained showed good agreement between them and with our reference method 

(70% of coincidence in toxic samples and 80% in non-toxic samples). The use of a light and 

inexpensive material and minimum instrumentation requirements of the bioassay make it a true 

low-cost method for in-situ assessment of toxic water pollution.  
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1. INTRODUCTION 

1.1 GENERAL AIM OF THIS WORK 

Since many years, global urban and industrial growth has been triggering the release of toxic 

compounds into water, soil and air. Such environmental toxic pollutants cause pernicious effects 

in natural ecosystems as well as health risks for human populations. In this regard, monitoring 

of toxic pollution represents an essential tool for proper environmental management. Analytical 

strategies for the determination of toxic pollutants can be categorized into two main groups, i.e. 

chemical analytical methods and biological methods (Hassan et al, 2016). Conventional 

analytical methods such as gas chromatography (GC), high performance liquid chromatography 

(HPLC), or atomic absorption spectroscopy (AAS), are very sensitive and selective when 

detecting specific compounds. However, they need long operating protocols, require complex 

and expensive laboratory instrumentation and demand skilled personnel. In addition, they are 

not suitable for the evaluation of cumulative synergistic toxic chemicals in complex samples of 

unknown composition (Hassan et al, 2016).  

Biological methods, i.e. toxicity bioassays, provide integrative information about toxic effects 

produced by the different chemicals present in a sample. Many different complex organisms 

have been employed as indicators in bioassays, e.g. arthropods, fish, and plants, among others 

(Levy et al, 2007). These assays are very useful for acute and long-term toxicity assessment but 

rely on long incubations of the sample with the living organism (from days to weeks) and require 

experienced personnel (Oanh and Bengtsson, 1995; Liu et al, 2009). On the other hand, due to 

their quick response, microbial bioassays have proved a fast and reliable alternative for the 

assessment of toxic environmental pollution (Tizzard et al, 2004). Nevertheless, a majority of 

microbial bioassays reported until today require complex and bulky instrumentation, which limits 

their portability for in situ analysis and impact in their response time and cost. In this context, 

this thesis proposes the development of microbial bioassays for in situ toxicity assessment able 

to meet the requirements of simplicity, portability, low-cost and fast response commented 

before. To this end, this thesis explores the use of compounds that change their colour when 

reduced by living cells i.e. electrochromic electron acceptors. Electrochromism enables the 

monitoring of cell respiration by simple colorimetric measurement or even with the bare eye. 

This concept is here exploited in the development of minimally instrumented microbial toxicity 

bioassays for the in situ determination of environmental toxic pollutants.  
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1.2 MICROBIAL TOXICITY BIOASSAYS 

Toxicity bioassays are testing procedures that involve measuring the toxic effects exerted by a 

sample on a living indicator organism. They provide an integrative picture of the overall toxic 

impact of a complex chemical mixture, influenced by different factors such as pH, bioavailability, 

synergism, antagonism and solubility, among others. Measured toxic impact on the indicator 

organism is extrapolated to predict environmental hazard and human health risk (Hassan et al, 

2016). As a function of their time-scale they can be categorized in short-term and long-term 

bioassays. Short-term toxicity is regarded as acute and long-term as chronic toxicity. 

Possibly, the oldest and most rudimentary toxicity bioassay was the “canary in the coal mine”. 

Caged canaries were taken into coal mine and their singing activity was used as acoustic 

indicator of air quality (also used as poison gas detector during the World War I) (Abrevayaa et 

al, 2015). In a more recent context, a wide range of bioindicators of varying complexity and from 

different trophic levels have been employed. Due to their high susceptibility to toxic compounds, 

complex organisms have been largely used for acute and chronic toxicity assessment. Among 

them, fish larval growth and survival (e.g. zebra fish) or mortality of invertebrates (e.g. daphnids) 

have been employed as assessment endpoints in toxicity determination (Hassan et al, 2016; 

Barata et al, 2006). These assays need long incubation times (due to their long life cycles), 

demand adequate equipment and specialized operators (see Table 1). Microbial bioassays 

represent a fast and easy to handle alternative to those based on complex organisms, due to 

the microbial fast metabolism and versatility. In addition, the use of living microorganisms is free 

from ethical concerns (Hassan et al, 2016; Farré et al, 2003; Tothill et al, 1996).  

Several microbial acute toxicity bioassays based on the measurement of different physiological 

parameters have also been reported. Table 2 summarizes the main microbial toxicity bioassays 

and their features. They can be categorized as detailed in the following sections. 
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1.2.1 Bioluminescence inhibition test 

From all microbial bioassays, the most popular has been the bioluminescence inhibition test, 

based on the luminescent bacterium Vibrio fischeri (Shijin et al, 2004). This microorganism 

emits light by means of the catalytic activity of the luciferase enzyme:  

D-Luciferin + ATP + O2  oxiluciferin + PPi + AMP + CO2  

Emitted light is directly related with the metabolic status of cells. Therefore, toxic compounds 

produce a decrease in bacterial light emission. The inhibition percentage (I%) of different test 

sample concentrations is determined by comparing luminescence between the test sample and 

a control sample, as follows. 

I% = [1 – (sample light/ control light)] x 100 

The toxicity of samples is expressed as the half-maximal effective concentration (EC50), that is, 

the sample concentration causing 50% of light reduction. The bioluminescence bioassay is 

considered a fast (up to 15 minutes), reproducible and sensitive test and has been standarized 

(ISO 11348-1, 2 and 3, 1998)) (Nohava et al, 1995; Campbell et al, 1994). This test has been 

widely employed for rapid toxicity screening of water and wastewater treatment effluents and 

sediments, as well as other samples. Turbid samples must be centrifuged at adequate speed 

prior to analysis if the toxicity of the solid material is not regarded. Different versions of the 

bioassay are commercially available, e.g. Microtox (Azur Environmental), LUMIStox (Beckman 

Instruments), and ToxAlert (Merck). A solid-phase test and a portable version of Microtox have 

also been developed (Alshawabkeh et al, 2000). Main limitations of this test are the requirement 

of luminescent bacteria and specific saline medium solution (Vibrio fischeri is a marine 

bacterium) (Liu et al, 2009). 

 

1.2.2 Respirometric methods 

Since many years, microbial oxygen respiration rates have been largely used for toxicity 

assessment in the monitoring and optimization of water and wastewater treatment processes. 

Activated sludge or a standard bacterial preparation is used as bioindicator. Respirometric 

measurement can be performed by manometry (pressure sensor) (Sholander et al, 1952), 

electrochemical determination (oxygen sensitive electrode) (Liu et al, 2002; Liu et al, 2000) and 

optical measurement (fluorescent ruthenium sensor) (OʼMahoni et al, 2006; Halasa et al, 2014). 

Dissolved oxygen reduction kinetics of test sample is compared with a control test. Toxicity is 

expressed as EC50, i.e. the sample concentration required to reduce the oxygen reduction rate 

(mg O2/L min-1) by 50%. Conventional assessment endpoints are after 5 days and 3 hours of 

contact of activated sludge with sample for manometric and amperometric respirometry, 

respectively (ISO 8192, 2007). Respirometric tests are regarded as effective, reproducible and 
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representative of a whole microbial community (when conducted with activated sludge), and 

standard protocols have been disposed (ISO 8192, 2007). Commercial respirometers are 

available since many years, e.g. N-CON COMPUT-OX wastewater respirometer (N-CON 

System Co., New York) and the Merit 20 amperometric respirometer (Yorkshire Wayter and 

E.R. Addingtons). The great advantage of oxygen respirometry is that whichever aerobic 

bacterium or microbial community can be used as bioindicator. Oxygen respirometry using 

activated sludge as bioindicator has shown higher limits of detection (LoD) for toxic compounds 

with respect to bioluminescence inhibition test. It has been related to diffusion limitation and 

adsorption of toxic compounds by activated sludge (Elnabarawy et al, 1988; Reteuna et al, 

1989; Nohava et al, 1995).  

Several anaerobic bioassays to assess toxicity of effluents to anaerobic sludge digesters have 

been developed. These are based on monitoring microbial anaerobic respiration processes, 

such as denitrification (nitrate reduction to nitrogen) and methanogenesis (carbon dioxide 

reduction to methane). Nitrate and nitrite are determined by supressed conductivity ion 

chromatography (Ochoa-Herrera et al, 2011). Methane production can be analysed on-line by 

using membrane mass spectrometry (Erasin et al, 1994). Beyond natural electron acceptors, 

several synthetic electron acceptors have been also used in microbial bioassays for presenting 

interesting features such as electrochromism. These electron acceptors and their application for 

microbial toxicity assessment are extensively reviewed in Section 1.2.  

On the other hand, electrogenic bacteria, defined as capable to transfer electrons to a solid 

extracellular electron acceptor (e.g. Geobacter and Shewanella genera), can be used as toxicity 

indicators in microbial fuel cells (MFCs). MFCs are bioelectrochemical devices that convert 

chemical energy into electricity in one step through microbial electrode respiration (Rabaey et 

al, 2005). Given that electricity production is directly linked to the metabolic status of bacteria, 

MFCs have been tested as microbial devices for toxicity assessment. The presence of toxic 

compounds cause a drop in cell potential and inhibits microbial current and power output. For 

instance, Davila and co-workers fabricated a miniaturized MFC device for water toxicity 

assessment by means of silicon-based microfabrication technologies (Davila et al, 2011). It has 

been found that biofilm-based MFCs are less affected by toxic chemicals than other microbial 

bioassays. However, MFCs working with planktonic bacteria showed a greater response to toxic 

compounds, pointing out that it may be derived from the biofilm chemical resistance (Patil et al, 

2010). MFCs present advantages like direct current production and being self-powered 

(bAbrevaya et al, 2015).  
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1.2.3 Growth and survival 

These toxicity bioassays measure the production of new biomass or the survival rate of 

microorganisms in contact with the sample under analysis in comparison with a control sample. 

The Pseudomonas cell multiplication inhibition test (ISO 10712,1995) involves mixing a 

Pseudomonas fluorescens or putida stationary culture with test sample and growing it until 

maximum cell density. Afterwards, cell number is determined by plate counting in agar culture 

media (Kaplan et al, 1993; Van der Kooij, 1990). The same working principle is applied on the 

activated sludge growth inhibition bioassay (ISO 15522, 1999). These tests are regarded as 

sensitive but involve long and industrious laboratory protocols (Tothill et al, 1996). Based on 

unicellular green algae such as Chlamydomonas variabilis and Chlorella vulgaris, algal growth 

rates have been also used as indicator of toxic pollution in aquatic systems. Chlorophyll a 

content is determined by fluorescence measurement and used as growth indicator after 3 days 

of exposure (Shafer et al, 2013). A shorter bioassay is the Spirilum volutans motility 

inhibition test, which uses the motility patterns of this large bacterium as assessment endpoint. 

Bacteria are mixed with a defined test medium and the sample, and after incubation time (up to 

120 min) cell motility is analysed by direct observation using a dark-field microscope. Toxicity is 

expressed as minimum effective concentration (MEC), tipically MEC90, i.e. the minimum sample 

concentration that causes motility loses in more than 90% of population. Although being a 

reliable and effective method, its application is hindered by the necessity of microscopic 

observation (Coleman et al, 1985; Goatcher et al, 1984). 

 

1.2.4 Biotransformation 

Different chemical processes derived from microbial metabolic activity have been used as 

indicating parameter for toxicity assessment. Production of carbon dioxide (a by-product of 

microbial oxidation of organic compounds) has been used for toxicity detection in soils and other 

environments. An alkaline solution or material (e.g. phenylethylamine or potassium hydroxide) is 

used to absorb carbon dioxide and then it is quantified by conductance measurement (when 

absorbed in alkaline solution, generating carbonate ions) (Anderson et al, 1978; Nordgren et al, 

1988; Sholander et al, 1952). If toxic contamination exists, the amount of carbon dioxide 

metabolically produced may be reduced in comparison with a non-contaminated sample. A 

variation of this assay is the glucose mineralization assay, involving addition of radioactively-

labelled glucose ([14C] glucose) followed by incubation. After incubation, the reaction is stopped 

by the injection of sulphuric acid, followed by 4 hours of shaking to completely absorb carbon 

dioxide and final determination of radioactive carbon dioxide absorbed in phenylethylamine 

using a scintillation counter (Reteuna et al, 1989). These assays can be regarded virtually as 

universal because all organotrophic bacteria may produce carbon dioxide through their oxidative 

metabolism. However, they involve laborious and complex operating protocols and 
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instrumentation. Besides, nitrification processes, i.e. microbial oxidation of ammonia to nitrate, 

have been also used as toxicity indicator in activated sludge processes. Ammonia concentration 

is determined by means of an ion-selective electrode (Ochoa-Herrera et al, 2011; Dalzell et al, 

2002). 

 

1.2.5 Others 

Bioassay methods that cannot be included in any of the previous categories are described here. 

Isothermal microcalorimetry (IMC) measures the heat flow of physicochemical processes, 

which is proportional to the rate at which they are occurring. It has been applied for toxicity 

assessment through monitoring heat produced by microbial metabolic activity, which is inversely 

related to the concentration of toxic compounds (Braissant et al, 2010). By IMC, the metabolic 

activity of relatively low bacterial concentrations can be determined (around 104-105 cell mL-1). 

For calorimetric measurement, samples are placed in closed ampoules, thus depletion of 

oxygen and other processes must be taken into account. IMC enables real-time and non-

invasive toxicity detection but relies on complex and expensive instrumentation (Braissant et al, 

2010).  

A simple and inexpensive method for assessing soil toxicity is the cotton strip assay (CSA) 

(Nachimuthu et al, 2007). Woven cotton strips (mainly composed of cellulose) are buried in the 

soil for a defined time (several days), afterwards cellulose decomposition by microorganisms is 

determined by measuring the loose of tensile strength of cotton strips by means of a tensometer 

(Tiegs et al, 2013). Image analysis of the degree of staining was also shown as useful for 

quantification of the strip decomposition (Nachimuthu et al, 2007).  

On the other hand, some microbial toxicity bioassays based on the determination of the 

concentration and/or activity of certain cell components have been reported. The in vivo 

measurement of fluorescence changes in photosystem II (PSII) of green algae and 

cyanobacteria has been successfully tested as toxicity indicator (Thompson et al, 1997; Leunert 

et al, 2013). Toxic chemicals affect the photosynthetic activity of cells, thus altering the 

fluorescence patterns of these large macromolecules. It constitutes a sensitive test for fast 

toxicity determination, but it is restricted to photosynthetic microorganisms. The effect of toxicity 

on activated sludge has been analysed using adenosine triphosphate (ATP), the universal cell 

energy carrier molecule. ATP is sharply degraded after cell death, therefore, toxic chemicals 

promote a drop in the cell content of this compound. After incubation of sample with activated 

sludge, trichloroacetic acid is added for total ATP extraction. Then, ATP quantification is carried 

out based on the reaction catalysed by the luciferin-luciferase enzyme system, in a reaction that 

produces light proportional to ATP concentration (Dalzell et al, 2002). Although being fast and 

universal, this test seems to present higher LoD values than other established microbial toxicity 
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methods (Hassan et al, 2016). The in vivo activity of certain enzymes of central metabolic 

pathways, such as L-alanine-aminopeptidase (which plays a role in proteolytic pathways and 

is constitutively expressed in Gram-negative bacteria), has also been successfully tested as 

toxicity indicator for activated sludge. In this assay, inhibitor and chromogenic substrate are 

added to activated sludge, and after centrifugation the concentration of the enzymatic product is 

determined by colorimetric measurement. (Dalzell et al, 2002). 
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1.3 ELECTROCHROMIC ELECTRON ACCEPTORS AND THEIR APPLICATION IN 

MICROBIAL TOXICITY ASSESSMENT 

Electrochromism is defined as a “change, evocation, or bleaching, of colour as affected either 

by an electron-transfer (redox) process or by a sufficient electric potential” (Monk et al, 2007). 

Following the same concept, in along this thesis I will refer to electrochromic electron acceptors 

as those molecules that change their optical properties as a result of their metabolic reduction 

by living cells. Such feature allows to follow cell respiration by simple colorimetric 

measurements or even using the naked eye. 

Due to their oxidative metabolism, microorganisms produce an electron flow through their 

electron transport chain (ETC) located in the plasma membrane, i.e. ETCs are formed by 

clusters of proteins involved in the generation of an electrochemical gradient across the cell 

membrane (for final energy conservation in form of ATP) while reducing a final electron acceptor 

(Sazanov, 2015) (see Figure 1). In the case of the model bacteria Escherichia coli (E. coli), the 

ETC is formed by three components, i.e. primary dehydrogenases and terminal reductases 

linked by quinones. As shown in Figure 2, several different ETCs can be expressed in E. coli as 

a function of the available electron donors and acceptors, presenting proteins with different 

redox potentials (E0ʼ, redox potential at pH = 7 and 25ºC, in Volts (V) versus Standard Hydrogen 

Electrode (SHE)).  

 

Figure 1. Detailed illustration of the nitrate respiratory electron transport chain (ETC) of Escherichia coli 
(E. coli) (MQ, menaquinone (oxidized form); MQH2, menaquinol (reduced form)) (image extracted from 
(Rendon et al, 2015)). 
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Figure 2. Diversity of the E. coli respiratory systems and redox potentials of their respective electron 
donors or acceptors (E0ʼ, in Volts, vs SHE).  

 

Most electrochromic electron acceptors are synthetic compounds, i.e. they are not present 

naturally in the microbial environment at significant concentrations. 

Traditionally, electrochromic electron acceptors have been widely used as redox chemical 

indicators together with artificial electron donors, respiration inhibitors and uncoupling agents, in 

the study and characterization of the ETC of bacteria, mitochondria and chloroplasts (Hall et al, 

1999). Such compounds have been essential to elucidate the role of the different components of 

the ETC. The capacity of an electroactive compound to accept electrons from cell electron 

transport systems is mainly determined by its E0ʼ and accessibility to cell electron transport 

components. For instance, the E. coli ETC has a redox span from -0.32 V (NADH 

dehydrogenase) to +0.82 V (vs SHE) (cytochrome bo3 oxidase). Hence, it has the 

thermodynamic potential to oxidize any compound with an E0ʼ more negative than +0.82 V (vs 

SHE) and to reduce any molecule with a E0ʼ more positive than -0.32 V (vs SHE). On the other 

hand, accessibility of molecules to cell electron transport systems depends on its size, charge 

and hydrophilicity. In general terms, diffusion through the cell surface to reach electron transport 

chain should be favoured for small molecules. Hydrophobic molecules are more accessible to 

components embedded in the lipid membrane while hydrophilic compounds can only reach 

components exposed in the outer side of the membrane (Hall et al, 1999). Given that bacterial 

surface has an overall negative charge and the membrane potential is more negative inside, 

positively charged molecules are less sensitive to electrostatic repulsion than negative ones 

thus having a better interaction. In the case of Gram-negative bacteria, the outer membrane 

represents an additional lipophobic selective barrier that small hydrophilic molecules can cross 

through the size-exclusion pore-forming porins (Delcour et al, 2009). 

A plethora of chemically diverse electrochromic electron acceptors have been used in 

respirometric microbial bioassays, and are described below.  
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1.3.1 Aromatic hydrocarbon derivatives 

Most molecules used as electrochromic electron acceptors are aromatic hydrocarbon 

derivatives. Conjugated systems of double or triple bonds present pi electrons (forming pi 

bonds), which are relatively loosely bound electrons. For that reason, these molecules absorb 

light closer to the visible region than saturated systems or isolated multiple bonds. As a rule, 

absorption wavelength increases with the size of the conjugated system. Electrochromic 

properties of these molecules are related to double bond formation or removal through electron 

(or hydrogen atom) transfer processes (Suzuki, 1967). An illustrative example of this process is 

shown in  Figure 3.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 3. Oxidized (blue-coloured) and reduced (colourless) forms of the methylene blue molecule. 
 

These compounds, hydrophobic to some extent, are excellent redox indicators, but for some of 

them chromatic properties are also sensitive to the concentration of protons in the medium and 

have been used as pH indicators. Paraphenylene diamine, diaminodurene, benzoquinones, 

naphtaquinones, anthraquinones, methylene blue, phenazine methosulfate, thionine and 

indophenol are examples of aromatic hydrocarbon derivatives used as electrochromic electron 

acceptors. Pyridinium-derived dyes such as neutral red, viologens, and resazurin, for examples, 

have been employed either as pH indicators as well as artificial electron acceptors (Park et al, 

2000; Guerin et al, 2001). Features of some of these compounds are shown in Table 3. The 

reduction site of these compounds may vary as function of their E0ʼ and solubility, although 

some of these mechanisms are still controversial. It is believed that for a majority of these 

compounds the most common mechanism is the direct reduction by plasma and/or membrane 

deshydrogenase enzymes (Tothill et al, 1996). For instance, it was established that neutral red 

is reduced by the plasma membrane hydrogenases of E. coli (McKinlay et al, 2004).  

Regarding their application to toxicity bioassays, resazurin, methylene blue and neutral red have 

been employed for colorimetric toxicity detection in liquid bacterial suspensions (Tothill et al, 

1996). Briefly, toxic compounds induce a decrease in the bacterial electron acceptor reduction 

rate in comparison with a control test, and such colour dynamics can be monitored 

espectrophotometrically. Toxicity is expressed as EC50, the sample concentration promoting a 

50% drop of microbial reduction of electrochromic compound. 
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1.3.2 Tetrazolium salts 

Tetrazolium salts are an extensive group of compounds that gained popularity as electrochromic 

electron acceptors in the second half of the XXth century. They present a positively charged 

quaternary tetrazole ring core containing four nitrogen atoms, surrounded by three aromatic 

groups usually involving phenyl moieties. These colourless molecules are irreversibly reduced 

to colourful formazans through disruption of the tetrazole ring, as illustrated in Figure 4. 

(Berridge et al, 2005). Two types of tetrazolium salts have been described (see Table 4). The 

first one form water-insoluble formazans that have to be solubilized prior to optical 

measurement. These compounds are positively charged and permeate relatively well through 

the cell outer membrane. The second group of tetrazolium salts produce soluble formazans 

when biologically reduced. Since this compounds are negatively charged, these tetrazolium 

salts are considered to be cell impermeable and have to be assayed with an intermediate 

electron acceptor (e.g. benzoquinones) (Berridge et al, 2005).  

Tetrazolium salts have been strongly used as metabolic indicators for colorimetric microbial 

activity determination. Their bacterial reduction mechanisms have been reported to vary 

between different tetrazolium compounds. However, most of them are reduced by plasma and 

membrane deshydrogenases. It was shown that 5-cyano-2,3-ditolyl-tetrazolium chloride (CTC) 

and 2-(4-iodophenyl)-3-(4-nitrophenyl)-5-phenyl-2H-tetrazolium chloride (INT) were mainly 

Table 3. Features of some aromatic hydrocarbon-derived electrochromic electron acceptors

Compound Molecule E0' Colour of Colour of Ref.

(V vs SHE) oxidized form reduced form

Viologen -0,43 colourless blue Aulenta et al, 2007

Neutral red -0,33 red colourless McKinlay et al, 2004

Thionine 0,06 violet colourless Rahimnejad et al, 2012

Resazurin 0,07 blue violet Guerin et al, 2001

Methylene blue 0,01 blue colourless Nandy et al, 2010

Indophenol 0,19 blue colourless Venkidusamy et al, 2016
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reduced by succinate dehydrogenase and NADH dehydrogenase, i.e. before ubiquinone in the 

electron transport chain of E.coli (Smith et al, 1996). Conversely, it was shown that 2,3,5-

triphenyl-tetrazolium chloride (TTC) reduction occurred at or after the quinone site in E. coli 

(Bochner et al, 1977). In the case of Lactococcus lactis it was revealed that the reduction 

mechanism of 2,5-diphenyl-3-2-naphtyl-tetrazolium chloride (TV) depended on experimental 

conditions. Menaquinones and membrane NADH dehydrogenases were involved in plate test 

with growing cells, but only the latter in liquid test with resting cells (Tachon et al, 2009), 

indicating variability on the reduction mechanism as function of the metabolic state of bacteria. 

Many tetrazolium compounds have been employed in colorimetric microbial toxicity bioassays, 

such as TTC and INT (Tothill et al, 1996). The working principle is similar as the already 

described for hydrocarbon derived electrochromes, i.e. formazan production for bacteria in 

contact with the sample under analysis is colorimetrically determined and compared with a 

control sample.   

 

 

 

 

 

 

 

 

 
Figure 4. Oxidized (colourless) and reduced (purple) forms of the tetrazolium salt MTT (2-(4,5-dimethyl-2-
thiazolyl)-3,5-diphenyl-2H-tetrazolium bromide). 
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Table 4. Features of tetrazolium salts

Solubility of Compound Molecule Colour of Ref.

formazan abbreviation formazan

Insoluble MTT purple Patel et al, 2013

INT red Dufour et al, 1992

CTC orange Schaule et al, 1993 

TTC red Tengerdy et al, 1967

TV purple Tachon et al, 2009

Soluble XTT orange Roslev et al, 1993

MTS red Berridge et al, 2005

WST-1 red Orman et al, 2013

WST-5 red Tachon et al, 2009

MTT, 2-(4,5-dimethyl-2-thiazolyl)-3,5-diphenyl-2H-tetrazolium bromide; INT, 2-(4-iodophenyl)- 

3-(4-nitrophenyl)-5-phenyl-2H-tetrazolium chloride; CTC, 5-cyano-2,3-ditolyl- tetrazolium chloride;

TTC, 2,3,5-triphenyl-tetrazolium chloride; TV, 2,5-diphenyl-3-2-naphtyl-tetrazolium chloride;  

XTT, Sodium 2,3-bis(2-methoxi-4-nitro-5-sulfophenyl)-5-[(phenylamino)-carbonyl]-2H-tetrazolium 

inner salt; MTS, 5-[3-(carboxymethoxy)phenyl]-3-(4,5-dimethyl-2-thiazolyl)-2-(4-sulfophenyl)- 

2H-tetrazolium inner salt; WST-1, Sodium 5-(2,4-disulfophenyl)-2-(4-iodophenyl)-3-(4-nitrophenyl)- 

2H-tetrazolium inner salt; WST-5, disodium 2,29-dibenzothiazolyl-5,59-

bis[4-di(2-sulfoethyl)carbamoylphenyl]-3,39-(3,39-dimethoxy-4,49-biphenylene) ditetrazolium salt
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1.3.3 Iron complexes 

For many years, ferric iron has been known to play an important role as bacterial electron 

acceptor in anoxic acidic environments, thus being a natural and abundant electrochromic 

electron acceptor (it is the fourth most abundant element in the Earth crust). Metal elements 

from the d block of the Periodic Table (e.g. iron, copper and cobalt) form stable ions which have 

incompletely filled d orbitals. When such ions form complexes with ligands (e.g. water or 

hydroxyl), electrostatic repulsion raises the energy of some of these d electrons splitting them in 

two groups (high energy and low energy d electrons). The size of the energy gap between the 

two groups is a function of the nature of the ligand, nature of the metal and its oxidation state 

(3+ or 2+, for instance) thus changing the energy needed for electron excitation. In general 

terms, the stronger the electrical field of the ligand and the higher the oxidation state of the 

metal ion, the larger is the energy gap thus absorbing at shorter wavelengths. Metal complexes 

with large energy gaps between d electrons are regarded as low-spin and with small energy 

gaps as high-spin (Loures et al, 2013).  

Both ferric and ferrous iron forms are barely soluble at neutral pH forming ferric iron oxide, 

hydroxide and oxide-hydroxide minerals. To overcome this limitation, chelated iron forms are 

used to keep ferric and ferrous iron ions in solution, e.g. ferricyanide, ferric-EDTA, ferric-NTA, 

ferric citrate, and others. Such iron complexes exhibit redox potentials quite different from those 

of iron forms usually found in nature (see Table 5), and have different problems that make their 

application to microbial bioassays difficult. For example, chelators like EDTA and NTA present 

high affinity for divalent cations and therefore can disrupt the outer membrane of Gram-negative 

bacteria. On the other hand, citrate acts as a carbon source for many bacteria and may only be 

used with pure bacterial cultures (Straub et al, 2001). For these reasons, these traditional 

chelators have given way to other compounds with better performance such as cyanide-based 

complexes. Ferricyanide (also called hexacyanoferrate) has been with difference the most 

popular iron complex for microbial activity determination. Composed of an iron ion bound in 

octahedral geometry to six cyanide groups ([Fe(CN)6]-3), this low-spin complex presents good 

chemical stability under a wide range of conditions and higher water solubility than other iron 

complexes (Table 5). This compound has a redox potential of +0.43 V (vs SHE) and is yellow-

coloured (molar extinction coefficient (ɛ) = 1040 M-1 cm-1 at 420 nm) while its reduced 

counterpart ferrocyanide ([Fe(CN)6]-4) is colourless (Fultz et al, 1982).  
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Liu and co-workers demonstrated that the effects of ferricyanide on the physiology and 

morphology of E. coli were negligible at concentrations below 25 mM (Liu et al, 2009). Due to 

their negative charge, hexacyanoferrate cannot permeate the plasma membrane thus being 

only able to interact with periplasm-exposed components of the ETC. On the other hand, kinetic 

studies with E. coli reported maximum ferricyanide reduction rates in the late exponential phase 

of growth. Mechanistically, cyanide inhibition assays showed that ferricyanide is mainly reduced 

Table 5. Features of different stable iron compounds

Compound Molecule E0' Solubility Ref.

(V vs SHE) (mg/mL, 20ºC)

Ferricyanide 0,43 289 Fultz et al, 1982

Ferric-NTA 0,38 100 Shink, 2000

Ferric-EDTA 0,96 50 Wilson, 1978

Ferric citrate 0,37 10 Shink, 2000

Magnetite Fe3O4 -0,31 Insoluble Shink, 2000

Hematite !-Fe2O3 -0,28 Insoluble Shink, 2000

Goethite !-FeOOH -0,27 Insoluble Shink, 2000

Lepidocrite "-FeOOH -0,08 Insoluble Shink, 2000
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by cytochrome bo3 oxidase in exponentially growing cells, while a small fraction is reduced by 

membrane dehydrogenases (Erlt et al, 2000). Up to now, several ferricyanide-based microbial 

bioassays have been reported in the literature using different bacteria as bioindicators, e.g. E. 

coli, Pseudomonas putida, Bacillus licheniformis, Bacillus subtilis, Proteus vulgaris, and 

activated sludge (Pasco et al, 2004; Catterall et al, 2001, 2003, 2010a and 2010b; Morris et al, 

2001; Ma et al, 2016; Liu et al, 2009). Most of them determine ferricyanide reduction rates using 

electrochemical detection techniques such as amperometry, potentiometry and coulometry. In 

these bioassays, the amount of ferrocyanide metabolically produced or of remaining ferricyanide 

are compared with a control sample, and toxicity is expressed as EC50. Zhai and co-workers 

reported a colorimetric toxicity bioassay based on Prussian Blue (PB) production from 

ferrocyanide generated by bacterial metabolism (Zhai et al, 2013). In this assay, after bacterial 

incubation with ferricyanide, ferric iron is added to the sample and reacts with metabolically 

generated ferrocyanide producing PB. PB (FeIIIFeII(CN)6) is a mixed-valence iron compound that 

presents a high molar extinction coefficient (ɛ = 30000 M-1 cm-1 at 680 nm) due to the 

transference of electrons between iron (II) and iron (III). Therefore, PB concentration is 

proportional to bacterial ferricyanide reduction and this reaction allows amplification of the 

optical signal with respect to ferricyanide. However, as ferric iron is chemically unstable and 

reactive, this assay may be difficult to apply in complex samples. 

Various analytical devices for the assessment of microbial toxicity based on 

artificial/electrochromic electron acceptors have been developed. The CellSense system 

(CellSense Ltd., Cambridge, UK) consists of a polymeric substrate with imprinted sensing 

electrodes, containing immobilized indicator bacteria on the electrode surface (e.g. Vibrio 

fischeri, Pseudomonas putida, E.coli, Bacillus subtilis or activated sludge). A non-specified 

artificial electron acceptor is added together with the test sample, microbial respiration is 

determined by amperometric detection and toxic impact is assessed by comparison with a 

control sample (dos Santos et al, 2002). A similar approach is utilized in the Micredox system, 

based on a microelectrode array with planktonic bacteria and ferricyanide as electron acceptor 

(Tizzard et al, 2004). On the other hand, the Biolog MT2 optical system (Don Whitley Scientific 

Ltd., Shipley, UK) is composed of a 96-well microplate containing 2,5-diphenyl-3-2-naphtyl-

tetrazolium chloride (TV) in each well. For analysis, the tetrazolium salt is rehydrated by addition 

of bacteria with test/control sample solutions. Respirometric measurements are performed by 

means of a dedicated microplate reader (dos Santos et al, 2002).    

Microbial toxicity bioassays based on artificial/electrochromic electron acceptors have shown 

toxicity values comparable to standard methods like the bioluminescence inhibition test. As a 

proof of this, EC50 values obtained by different microbial bioassays for the commonly used toxic 

organic compound 3,5-dichlorophenol (3,5-DCP) and the toxic metal ions copper and zinc are 

shown in Table 6. 
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Data shown in Table 6 indicate quite clearly that the different bioassays reported in the literature 

using artificial/electrochromic electron acceptors provide EC50 values comparable to values 

obtained using the standard bioluminescence inhibition test (i.e. Microtox and Toxalert). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 6. EC50 values (mg L-1) of different toxic chemicals for different microbial toxicity bioassays

Bioassay Microorganism Measurement 3,5-DCP Copper Zinc Ref.

EC50 EC50 EC50 

Microtox Vibrio fisheri Luminometry 3.2 0.3 9.2 Kurvet et al, 2011

Toxalert Vibrio fisheri Luminometry 6.2 n.d.* n.d. dos Santos et al, 2002

CellSense Activated sludge Amperometry 9.8 n.d. n.d. dos Santos et al, 2002

(a.e.a* respirometry)

CellSense Vibrio fisheri Amperometry 37.5 n.d. n.d. dos Santos et al, 2002

(a.e.a* respirometry)

Biolog MT2 Activated sludge Colorimetry 14.4 n.d. n.d. dos Santos et al, 2002

(TV* respirometry)

Micredox E. coli Amperometry 7.0 n.d. n.d. Tizzard et al, 2004

(ferricyanide respirometry)

Micredox Pseudomonas putida Amperometry 8.5 n.d. n.d. Tizzard et al, 2004

(ferricyanide respirometry)

Micredox Bacillus subtilis Amperometry 7.5 n.d. n.d. Tizzard et al, 2004

(ferricyanide respirometry)

Ferricyanide respirometry E. coli Amperometry 4.88 3.7 7.5 Catteralb et al, 2010

Prussian Blue respirometry E. coli Colorimetry 3.2 n.d. n.d. Zhai et al, 2013

Bioluminiscence inhibition test Bioluminiscent E. Coli Luminometry 3.0 3.26 0.69 Kurvet et al, 2011

(recombinant)

a.e.a, artificial electron acceptor; TV, 2,5-diphenyl-3-2-naphtyl-tetrazolium chloride; n.d., not determined
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1.4 FUNDAMENTAL CONCEPTS 

 

Some theoretical aspects and background concepts relevant for this work are presented in this 

section.  

 

Molecular light absorption 

Light absorption by a molecule M can be understood as a two-step process, involving electron 

excitation and relaxation. The excitation of electrons by light may be represented as follows 

M + hν  M*  

Absorption of a photon hν (where h is the Planckʼs constant, 6.63 10-34 J s-1, and ν is the light 

frequency) by the molecule produces an excited molecule M*, with a very brief lifetime (10-8 to 

10-9 seconds). Then, relaxation of M* to the initial state may involve different mechanisms. 

Conversion of the excitation energy to heat is the most common relaxation mechanism and may 

be represented by the following representation:  

M*   M + heat 

Other relaxation mechanisms are decomposition of M* to form new species, or light reemission 

by fluorescence or phosphorescence. During absorption process, the concentration of M* at any 

time is negligible and the amount of heat produced by relaxation is quite small. Therefore, 

absorption spectrometry exerts low or null interference with the sample under study.  

 

Absorbance and transmittance 

The most commonly used parameter to quantify absorbing molecules is absorbance, defined as 

the amount of light lost between two points, expressed as a logarithm 

A = log I0/IT 

where I0 is the incident light intensity and IT  is the transmitted light intensity. Conversely, 

transmittance is defined as the fraction of light that is transmitted through the sample as follows 

T = IT/I0 ; A = - log T 

However, actual I0 and IT values cannot be measured usually in the laboratory given that a 

significant light amount is lost at the two air-wall interfaces as well as the two wall-solution 

interfaces. A trick is normally performed to avoid it, consisting of comparing the light intensity 

transmitted through the analyte sample with an identical sample containing only solvent, which 

is used as reference 

T = Isolution/Isolvent ≈ IT/I0 ; A =  log Isolvent/Isolution ≈ log I0/IT 

 

Beer-Lambert law 

In general terms, absorbance is linearly correlated with the concentration of absorbing 

molecules as expressed by the Beer-Lambert law 

A = αCL 
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where α is the molar extinction coefficient of the molecule under study (m2/mol in SI units), C is 

the molecule concentration and L is the path length. It is noteworthy that for a fixed path length 

absorbance will only depend on analyte concentration. 

 

Refractive index 

The refractive index (n) of a material is a dimensionless number that describes how light 

propagates through that material. It is defined as 

n = c/ν 

where c is the speed of light in the vacuum and ν is the speed of light in the medium. 

 

Snellʼs law 

When light crosses the interface between two propagation media, its behaviour at the interface 

is a function of the angle between the incident light beam and the interface normal (θ) and the 

refractive index (n) of the two media. This process is governed by Snellʼs law as follows 

n1 sin θ1 = n2 sin θ2 

where θ1 is the angle between the incident light beam and the interface surface normal, and θ2 

is the angle between refracted light and the interface surface normal, n1 is the refractive index of 

the first propagating medium, and n2 is the refractive index of the second propagating medium.  

 

Light scattering 

Light scattering can be defined as the deflection of light from a straight path (i.e. light dispersion) 

due to irregularities in the propagation medium, in the interface between media or suspended 

particles, as well as other factors. Different types of light scattering have been described. The 

so-called Tyndall scattering is the responsible of light dispersed by cell suspensions, i.e. it is 

produced when light propagates through an otherwise light-transmitting medium with colloidal 

non-spherical particles in the range of 40-900 nanometers. In this phenomenon, intensity of 

scattered light depends on the fourth power of the frequency, i.e. blue light is more scattered 

than green.  

 

Molar extinction coefficient 

The molar extinction coefficient (or molar absorptivity) is a numerical magnitude that expresses 

how strongly light is attenuated by absorbing molecules. In SI units it expressed as m2/mol, but 

M-1 cm-1 is usually used. 

 

Specificity/Selectivity 

The International Council for Harmonisation of Technical Requirements for Pharmaceuticals for 

Human Use (ICH) defines specificity or selectivity as the ability of an analytical method to 

assess unequivocally the analyte in the presence of components which may be expected to be 

present. Typically this might include impurities, degradants, matrix, etc. 
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Precision 

As stated by the ICH the precision of an analytical procedure as the closeness of agreement 

(degree of scatter) between a series of measurements obtained from multiple sampling of the 

same homogeneous sample under the prescribed conditions. Precision may be considered at 

three levels. Repeatability refers to the precision under the same operating conditions over a 

short interval of time (intra-assay precision). Intermediate precision expresses variations 

within laboratories (i.e. different days, different analyst, equipment, etc). Finally, reproducibility 

is the precision between laboratories.  

 

Accuracy 

As defined by the ICH the accuracy of an analytical method is the closeness of agreement 

between the conventional true value or an accepted reference value and the value found. 

 

Linearity 

The linearity of an analytical procedure is the ability to obtain test results that are directly 

proportional to the concentration of analyte in the sample, as stated by the ICH. It is frequently 

evaluated graphically by means of a calibration curve, i.e. plotting the analytical response 

against the analyte concentration or mass, in addition to mathematical evaluation. 

 

Linear range 

ICH defines the linear range of an analytical method as the interval from the upper to the lower 

concentration of analyte in the sample (including these concentrations) for which it has been 

demonstrated that it has a suitable level of precision, accuracy and linearity. 

 

Limit of detection (LoD) 

The LoD of an analytical procedure is defined as the lowest amount of analyte in a sample 

which can be detected but not necessarily quantitated (ICH). It can be empirically determined 

using the following equation 

XL = Xbi + ksbi 

where Xbi  is the mean of the blank measurements, sbi is the standard deviation of the blank 

measurements, and k is a numerical factor chosen according to the confidence level desired, k 

= 3 is typically used (confidence interval of 90%).   

  

Sensitivity 

Capability of an analytical method to discriminate small differences in concentration or mass of 

the test analyte, it is proportional to the slope of the calibration curve. 
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Limit of quantification (LoQ) 

As defined by the ICH the LoQ of an analytical procedure is the lowest amount of analyte in a 

sample which can be quantitatively determined with suitable precision and accuracy. 

 

Robustness 

The robustness of an analytical method is a measure of its capacity to remain unaffected by 

small, but deliberate variations in method parameters (ICH). 

 

Validation 

The validation of an analytical method is a procedure to demonstrate suitability for its intended 

purpose, i.e. to generate accurate and reliable data.  

 

Concentration-response curve  

Graph useful for the evaluation of the biological effect of a given compound as funtion of its 

concentration. Generated by plotting the biological response (either stimulation or inhibition of 

any biological activity) against the concentration of the compound under analysis, providing 

usually a sigmoid-shaped curve.  

 

Inhibition percentage (I%) 

In the analysis of the toxic impact produced by a sample to a living organism, I% is the amount 

of reduction in the measured biological parameter in comparison with a control (standard) 

sample (I% = 0%) and the minimum magnitude that such parameter can reach (I% = 100%), 

expressed as a percentage.  

 

Half-maximal effective concentration (EC50) 

In the analysis of the toxic impact produced by a sample to a living organism, EC50 is the 

sample concentration producing a I% of 50%. It is usually extrapolated from a concentration-

response curve.   

 

Biosensor 

A biosensor is defined as a detection device that incorporates i) a biological recognition 

element, i.e. a living organism or product derived from living systems in intimate contact or 

integrated with ii) a transducer that converts the biological response into a useful analytical 

signal (usually an electric signal). If the bioreceptor element is a microorganism it is regarded as 

a microbial biosensor. 
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2. OBJECTIVES 
 

The main goal of this thesis is the development of fast microbial acute toxicity bioassays with 

minimum instrumentation requirements taking advantage of the electrochromic properties of 

hexacyanoferrate molecules. Among the wide range of reported electrochromic electron 

acceptors, hexacyanoferrate compounds have been selected for presenting ideal properties 

such as good solubility and stability. This development is intended as a low-cost alternative to 

standard bioassays for the in situ determination of environmental toxic pollutants. In order to 

accomplish this goal, the following specific objectives have been addressed. 

 

1. Development of a fast and sensitive respirometric microbial toxicity bioassay based on 

optical analysis of bacterial ferricyanide reduction.  

The results from this part are contained in Paper 1:  

Fast and sensitive optical toxicity bioassay based on dual wavelength analysis of 

bacterial ferricyanide reduction  

Biosensors and Biolectronics, 67 (2015) 272-279 

 

 

2. Development of a low-cost portable and miniaturized optofluidic analysis system for fast 

in situ determination of environmental toxic pollution based on optical analysis of 

bacterial ferricyanide reduction.  

The results from this part are contained in Paper 2:  

Portable and miniaturized optofluidic analysis system with ambient light 

correction for fast in situ determination of environmental pollution  

Sensors and Actuators B, 222 (2016) 55-62 

 

 

3. Development of a paper-based toxicity bioassay with minimum instrumentation 

requirements based on chromatic analysis of bacterial ferricyanide reduction.  

The results from this part are contained in Paper 3:  

Paper-based chromatic toxicity bioassay by analysis of bacterial ferricyanide 

reduction  

Analytica Chimica Acta, 910 (2016) 60-67 
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Paper 1 

Fast and sensitive optical toxicity bioassay based on dual wavelength analysis of 

bacterial ferricyanide reduction kinetics 

F. Pujol-Vila, N. Vigués, M. Díaz-González, X. Muñoz-Berbel, J. Mas 

Biosensors and Bioelectronics, 67 (2015) 272-279 

Since many years, the rapid urban and industrial growth is promoting the release of toxic 

pollutants to the environment. In this regard, the development of quick and simple procedures 

for determination of toxic compounds plays a crucial role for proper environmental management. 

Current standard microbial acute toxicity bioassays, e.g. bioluminescence inhibition test, are 

sensitive and cost-effective methods but are limited to specific bacteria and working conditions. 

Here we present a fast and sensitive microbial toxicity bioassay based on optical analysis of 

bacterial ferricyanide reduction, using Escherichia coli (E. coli) as model bacterium. Briefly, 

metabolically active bacteria reduce yellow-coloured ferricyanide to colourless ferrocyanide. In 

the presence of toxic compounds bacterial ferricyanide reduction is stopped or inhibited to some 

extent thus altering the chromatic process. In order to minimize optical interferences derived 

from biomass light scattering, two different strategies are explored, i.e. dual wavelength 

detection and refractive index (RI) matching. Dual wavelength detection 405 nm (ferricyanide 

absorption and biomass scattering) and 550 nm (biomass scattering) allow the subtraction of 

cell scattering contribution to total absorbance. On the other hand, modification of the RI of the 

medium until matching with the RI of bacterial cells (i.e. RI matching) by addition of 27% (w/v) 

sucrose reduces bacterial light scattering around 50%, expanding the analytical linear range for 

determination of absorbing compounds. Toxicity of organic (2-phenylethanol and acetic acid) 

and inorganic (copper and zinc) toxic compounds is determined by analysis of ferricyanide 

reduction kinetics (variation of ferricyanide absorption with time) and single absorbance 

measurements. Kinetic analysis of bacterial ferricyanide reduction allows for fast assays (assay 

time of 10 min) with half maximal effective concentrations (EC50) similar to standard methods 

(i.e. biolumiscence inhibition test) for organic and inorganic toxic compounds. The presented 

toxicity bioassay represents a versatile and sensitive alternative to standard methods for the 

fast assessment of toxic pollution.  
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Paper 2 

Portable and miniaturized optofluidic analysis system with ambient light correction for 

fast in situ determination of environmental pollution  

F. Pujol-Vila, P. Giménez-Gómez, N. Santamaria, B. Antúnez, N. Vigués, M. Díaz-González, C. 

Jiménez-Jorquera, J. Mas, J. Sacristán, X. Muñoz-Berbel 

Sensors and Actuators B 222 (2016) 55-62 

The fast assessment of environmental pollution in the field is crucial in the prevention of 

emergency situations and environmental catastrophes. Most methods for environmental 

pollutants determination require sample collection and transport to the laboratory, delaying data 

acquisition and postponing a suitable action. This work presents a portable low-cost optofluidic 

analysis system for on-site determination of environmental contaminants overcoming traditional 

limitations of optical systems such as cost, dimensions and interference of ambient light. The 

system is composed of a poly(methyl methacrylate) (PMMA) optofluidic structure incorporating 

discrete auxiliary optical elements (light emitting diodes, LEDs, and detectors) controlled by an 

electronic circuit, which enables optical measurement and subtraction of ambient light 

interference. The electronic circuit is based on a simplification of a lock-in amplifier allowing for 

simplification of electronic circuit requirements with important reduction of size and cost. The 

microcontroller generates an analytical signal pattern with a frequency much higher (8 kHz) than 

potential interfering light sources (house light or sunlight, below 50 Hz), which simplifies filtering. 

System testing show a suitable optical determination of absorbing molecules and insensitivity to 

environmental light changes, pointing a good analytical performance for on-field assessment. 

The optofluidic system is applied to acute toxicity determination using a ferricyanide-based 

microbial bioassay. Briefly, metabolically active bacteria reduce yellow-coloured ferricyanide to 

colourless ferrocyanide. In the presence of toxic compounds bacterial ferricyanide reduction is 

stopped or inhibited to some extent thus altering the chromatic process. Determination of the 

organic toxic compound formaldehyde is achieved by the optofluidic system based on the 

ferricyanide-based bioassay.  The simplicity, portability and robustness of the analysis system 

make it ideal for low-cost toxicity assessment in the field.       
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Paper 3 

Paper-based chromatic toxicity bioassay by analysis of bacterial ferricyanide reduction  

F. Pujol-Vila, N. Vigués, A. Guerrero-Navarro, S. Jiménez, D. Gómez, M. Fernández, J. Bori, B. 

Vallès, M.C. Riva, X. Muñoz-Berbel, J. Mas 

Analytica Chimica Acta 910 (2016) 60-67 

In the current years, the increasing diversity of toxic pollutants and their synergistic effects 

demand the development of general toxicity methods capable to analyse water pollution as a 

whole. Microbial toxicity bioassays are adequate tools for quick and cost-effective determination 

of toxic pollution. However, most of them use complex and expensive instrumentation and/or 

rely on long incubation times thus delaying sample analysis. Here we present a paper-based 

microbial toxicity bioassay based on chromatic analysis of bacterial ferricyanide reduction. 

Escherichia coli (E. coli) cells are stably trapped on low-cost hygroscopic paper matrices and 

remain viable and metabolically active for long times (1 month at -20ºC). Paper matrices have a 

dual function, i.e. acting as bacterial carriers and as fluidic element, allowing fluid management 

without the need for external pumps. Chromatic changes of bacterial peper matrices are 

determined by three transduction methods, i.e. optical reflectometry (as reference method), 

image analysis and visual inspection. Bioassay toxic response is analysed with the toxic metal 

ion copper, providing EC50 values in agreement with reported data for standard bioassays. 

Validation of the bioassay is carried out by analysis of real samples from natural sources (i.e. 

wastewater influents/effluents and leachates from contaminated soils) with the paper-based 

bioassay and the bioluminescence inhibition test (Microtox). The results obtained show good 

qualitative agreement between these methods, with 70% of coincidence in toxic samples and 

80% in non-toxic samples. The use of an inexpensive material and minimum instrumentation 

requirements of the bioassay make it a suitable method for low-cost toxicity assessment on the 

field.    
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4. DISCUSSION 

This thesis describes the development of a fast (10 min) and sensitive microbial bioassay for 

the determination of environmental toxic pollutants. The bioassay is based on the bacterial 

reduction of the electrochromic electron acceptor ferricyanide. In this asay, metabolically active 

bacteria reduce yellow-coloured ferricyanide to colourless ferrocyanide. In the presence of toxic 

compounds bacterial ferricyanide reduction is impaired or inhibited to some extent thus altering 

the chromatic process. This bioassay concept has been tested with standardized bacterial 

cultures using standard laboratory equipment, and provides toxicity values that compare 

favourably with values obtained using standard methods (i.e. bioluminescence inhibition test).  

Once validated, the bioassay has been translated to compact low-cost formats suitable for on-

site application. An engineering approach has allowed implementation of the bioassay in a low-

cost miniaturized optofluidic analytical system insensitive to environmental light changes. On the 

other hand, bacterial trapping on inexpensive paper matrices in combination with chromatic 

analysis has yield a minimum instrumentation procedure.  

Optical detection has been employed for the determination of bacterial ferricyanide reduction. 

Optical analysis allows for non-invasive bulk interrogation of the sample with low interference 

with biological processes. In addition, colour changes can be easily quantified by image 

analysis using free software or even with the naked eye if fitting with the dynamic range of the 

human visual perception. In contrast with electrochemical transduction, optical detection is not 

affected by interfering redox compounds present in the sample. However, optical determination 

is disturbed by sample turbidity, narrowing the analytical linear range. Turbidity is derived from 

light scattering produced by suspended particles, e.g. bacterial cells in suspension. In order to 

minimize interferences by cell light scattering, in our toxicity bioassay we have employed two 

different strategies, i) dual wavelength detection and ii) refractive index matching. On the other 

hand, the paper-based format of the bioassay has proved insensitive to cell light scattering. In 

this case, light interaction with cells has been avoided due to cell trapping inside reflective 

cellulosic matrices.  

The toxic response of the bioassay has been examined with organic and inorganic test 

compound solutions prepared in the laboratory. The toxic impact of the metal ions copper and 

zinc, expressed as EC50 values, has been compared with already reported values for various 

acute toxicity bioassays, as shown in Table 7.     
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These toxic metal ions have provided EC50 values similar to those obtained by other bioassays 

either respirometric or bioluminescent which use E. coli as microbial indicator. In the case of the 

bioluminescence inhibition test with Vibrio fischeri (as standard method) comparable toxicity 

values have been reported, although showing some differences in toxic susceptibility. Taking 

into account main differences between bioassays such as the bacterial indicator and the 

measured biological parameter, it is reasonable to expect divergences in their toxic response. 

Toxicity of copper has shown almost equal EC50 values in the culture-based and paper-based 

formats of our bioassay, pointing a good correlation between them. These results have 

validated the suitability of the bioassay for the determination of toxic compounds either using 

liquid-based cultures or paper-based bioassays.  

The paper-based bioassay has been validated with real samples from natural sources (i.e. 

wastewater influents/effluents and leachates from contaminated soils) by comparison with the 

standard bioluminescence inhibition test (Microtox). A good qualitative agreement, i.e. sample 

categorization in toxic and non-toxic, has been found between both bioassays (70% of 

coincidence in samples that showed toxicity and 80% in non-toxic samples). Main discrepancies 

may be attributed to physiological differences between indicating microorganisms and to the 

nature of the measured biological parameter. In quantitative terms, Microtox has shown in most 

cases lower EC50 magnitudes than our bioassay indicating higher susceptibility to toxics of this 

method. This higher toxic susceptibility of the bioluminescence inhibition test with respect to 

respirometric bioassays has been reported in the literature (Nohava et al, 1995).This fact may 

be related to intrinsic differences in sensitivity to toxics of bioluminescent and respiratory 

biological processes. 

One of the main interesting features of ferricyanide-based toxicity bioassays is that a wide 

spectrum of bacterial species can be used as microbial indicators. Gram-negative bacteria 

Table 7. EC50 values (mg L-1) of copper and zinc for different microbial acute toxicity bioassays

Bioassay Microorganism Measurement Copper Zinc Ref.

EC50 EC50 

Microtox Vibrio fisheri Luminometry 0.3 9.2 Kurvet et al, 2011

Bioluminiscence inhibition test Bioluminiscent E. coli Luminometry 3.26 0.69 Kurvet et al, 2011

(recombinant)

Ferricyanide respirometry E. coli Amperometry 3.7 7.5 Catteralb et al, 2010

Ferricyanide respirometry E. coli Colorimetry 2.9 1.0 This work

Ferricyanide respirometry E. coli Reflectometry 4.1 n.d. This work

Ferricyanide respirometry E. coli Image analysis 3.9 n.d. This work

n.d., not determined
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belonging to the phylum Proteobacteria (E. coli, Pseudomonas putida and Proteus vulgaris) and 

Gram-positive bacteria belonging to Firmicutes (Bacillus licheniformis and Bacillus subtilis) have 

shown ferricyanide-reduction capacity. Activated sludge, composed of a complex microbial 

community, has been also shown to reduce ferricyanide (Pasco et al, 2004; Catterall et al, 2001, 

2003, 2010a and 2010b; Morris et al, 2001; Ma et al, 2016; Liu et al, 2009). However, a complete 

study regarding the ferricyanide reduction capacity of different bacterial groups has never been 

carried out. It has been evidenced that ferricyanide is able to accept electrons in vivo from 

NADH dehydrogenase and cytochrome oxidase complexes of the E. coli electron transport 

chain (Erlt et al, 2000). In vitro studies have shown capacity of this molecule to be reduced by 

dehydrogenases from Paracoccus denitrificans and bovine mitochondria (Zickermann et al, 

2000). Considering the redox reactivity and versatility of this compound we postulate that most 

bacteria from different phylogenetic lineages may present ferricyanide-reduction capacity. 

Therefore, a wide diversity of bacterial species and microbial communities may be used as 

bioindicators in ferricyanide-based bioassays. In this regard, ferricyanide-based bioassays may 

be more versatile than bioassays limited to specific bacteria, e.g. the bioluminescence inhibition 

test.  

In the current years there is a growing trend for the development of easy-to-use and low-cost 

analytical technologies for quick determination of environmental pollutants in the field. In 

contrast to traditional analytical methods, portable low-cost systems may enable cheap and 

reliable data acquisition at real-time (or in a short time) allowing for a sharp action if required by 

an emergency situation (Dragone et al, 2017; Galuszka et al, 2015). On-field tests for 

determination of pH, salinity, redox potential and dissolved oxygen as well as other parameters 

have been traditionally employed. Based on compact light emitting diodes (LEDs) and 

detectors, portable spectrophotometers have been developed for field analysis (Macka et al, 

2014). Field portable gas chromatographs, X-ray fluorescence spectrometers as well as ion 

mobility spectrometers have been applied for environmental monitoring (Eckrenode, 2001; 

Santos and Galceran, 2003; Bosco, 2013; Hill and Simpson, 1997). Recent advances in 

microfabrication technologies have opened new perspectives in miniaturization and integration 

of analytical systems. Miniaturization allows for low-cost analytical systems with minimum 

volumes and energy needs (Rios et al, 2009). Taking advantage of this, we have developed a 

portable and miniaturized analysis system with ambient light correction for field application of 

our bioassay. The simplicity and robustness of this analytical system make it suitable for fast 

and low-cost determination of toxic pollutants in situ. 

Following the same concept, much attention has been paid to the development of paper-based 

analytical devices for on-site environmental monitoring. Paper (as well as other porous 

hydrophilic polymers) offers interesting features for the generation of low-cost tests with 

minimum instrumentation needs. Among them, power-free fluid transport through capillary 

action, high surface to volume ratios, the capacity for storing reagents within the polymeric 

matrix, and being a lightweight biocompatible material (Meredith et al, 2016). Since many years, 
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paper tests have been utilized for point-of-care diagnostics (e.g. home pregnancy tests), sample 

filtration and chromatography. More recently, environmental applications have been developed 

for the detection of inorganic (e.g. metals and phosphate), organic (e.g. small molecules, 

pesticides, explosives) and biological (e.g. E. coli, Salmonella) pollutants (Mentele et al, 2012; 

Soga et al, 2013; Burnham et al, 2014; Pesenti et al, 2014). Analytical determination has been 

usually performed by colorimetric, electrochemical and fluorescent detection. Much attention 

has been focused to colorimetric paper-based devices for enabling low-cost detection by 

scanner/camera-phone or with the bare eye (Meredith et al, 2016). In the present work, we have 

developed a paper-based version of the ferricyanide-based toxicity bioassay. Paper matrices 

have acted as bacterial carrier and fluidic element, allowing fluid management without the need 

of external pumps. The minimum instrumentation requirements of the paper-based bioassay 

make it a true low-cost method for toxicity determination on-site.  

The bioassay concept presented in this thesis may open new possibilities in ecotoxicology and 

environmental management. Most microbial bioassays use complex and expensive benchtop 

instrumentation and require sample collection and transport to the laboratory. The equipment 

and transport increase both the cost and the time per analysis, restricting the application of the 

assays. In this regard, a step forward towards bioassay simplification may enable easy-to-use 

routine on-site analysis, very much resembling the pH paper strip test.  

Electrochromic electron acceptors should play a crucial role in the near future testing of toxicity 

for allowing determination of microbial metabolic activity with minimum instrumentation 

requirements. The bioassay here developed may overcome some of the mentioned limitations 

in portability and cost taking advantage of its simplicity and versatility.  
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5. CONCLUSIONS 

1- Among the different soluble iron complexes, ferricyanide is a suitable electrochromic 

electron acceptor for microbial acute toxicity bioassays due to its good water solubility 

(higher than other iron complexes) and chemical stability. On the other hand, most 

aromatic hydrocarbon derivatives are hydrophobic to some extent and poorly soluble in 

water. Tetrazolium salts produce insoluble formazans demanding solubilisation steps 

with organic solvents or require the use of intermediate electron acceptors. Therefore, 

we conclude that ferricyanide presents ideal properties for the development of simple 

and low-cost microbial bioassays.  

 

2- Concentrations of 2.5 x 108 cell mL-1 of  Escherichia coli (E. coli) and 1 mM ferricyanide 

provide optimal conditions for ferricyanide-based optical toxicity bioassays using 

bacterial cultures. These conditions allow a quick reduction of ferricyanide without 

interfering with proper optical determination (total absorbance magnitude below 1 AU at 

405 nm). 

 

3- Dual wavelength detection at 405 nm (corresponding to ferricyanide absorption and 

biomass scattering) and 550 nm (only biomass scattering) allows the correction of cell 

light scattering interference by determining its contribution and subtracting it from the 

total absorbance magnitude. 

 

4- Modification of the refractive index (RI) of the medium until matching with the RI of 

bacterial cells with sucrose (RI matching) reduces bacterial light scattering around 50%, 

expanding the analytical linear range for the determination of absorbing molecules, 

without affecting bacterial metabolic activity. 

 

5- Analysis of bacterial ferricyanide reduction kinetics is a more sensitive approach than 

single absorbance measurement for the determination of toxic compounds, allowing for 

shorter assays (minutes). It is derived from the fact that absorbance at a given time 

depends on the amount of ferricyanide reduced to ferrocyanide before that time, thus 

depends on an irreversible and accumulative magnitude. Conversely, kinetic slope for a 

given time period only depends on the ferricyanide reduction rate during that period, 

which is a reversible and non-accumulative magnitude.  
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6- The ferricyanide-based optical acute toxicity bioassay presents a fast and sensitive 

response to inorganic and organic toxic compounds, providing EC50 values for copper 

(2.9 mg L-1), zinc (1.0 mg L-1), 2-phenylethanol (0.7 mg L-1) and acetic acid (18.3 mg L-1) 

comparable to reported values for standard tests. 

 

7- The portable and miniaturized optofluidic analytical system developed in this thesis 

allows the determinstion of ferricyanide with a linear range from 0 to 4 mM, a sensitivity 

of 0.045 A.U./mM, a high precision (percentage error always below 1%) and a limit of 

detection of 0.18 mM, similar to those obtained with benchtop optical instrumentation of 

similar optical pathlengths. Thus, the analytical system presents a good instrumental 

and analytical performance, ideal for field applications of the ferricyanide-based optical 

toxicity bioassay. 

 

8- The measuring electronic circuit used in the miniaturized optofluidic system, is based on 

a simplification of a lock-in amplifier and allows for ambient light correction with an 

important reduction of size and cost, thus providing optical robustness without loosing 

portability. 

  

9- A paper-based toxicity bioassay has been developed based on the ferricyanide 

reduction test. The assay presents a good analytical performance, with maximum 

coefficients of variation around 10%. Escherichia coli cells can be stably trapped within 

the paper matrices by drying and storing at low temperatures, remaining viable and 

metabolically active for at least 1 month at -20ºC.  

 

10- The presence of bacteria within the cellulose matrix do not increase the variability 

between individual paper matrices (coefficients of variation below 10%). On the other 

hand, the paper-based format of the bioassay is insensitive to cell light scattering thus 

avoiding some problems found in liquid cell suspensions.  

 

11- Analysis of real samples from natural sources with the paper-based bioassay provides 

good qualitative agreement with the bioluminescence inhibition test (70% of coincidence 

in toxic samples and 80% in non-toxic samples). Quantitative discrepancies may be 

associated to physiological divergences between the microorganisms used in both tests 

as well as intrinsic differences in sensitivity to toxics of bioluminescent and respiratory 

biological processes. 
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12- The bioassay has been successfully translated to compact formats for field analysis 

using inexpensive instrumentation or even without instrumentation requirements, 

making it a true low-cost method for in-situ assessment of toxic pollutants. 

 

13- Given that most bacteria from different phylogenetic lineages may present ferricyanide-

reduction capacity, ferricyanide-based bioassays represent a more versatile option than 

bioassays limited to specific bacteria, e.g. bioluminescence inhibition test. 
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