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Abstract: 

A low-cost and low-powered electro-mechanical 

device was designed and tested to perform a 

continuous monitoring tracking of sea 

contaminants. In particular, we focus our work on 

the biodetection of Irgarol, a specific seawater 

contaminant, selected as a proof-of-concept for the 

measurement system. The device based its 

measurement on a continuous analyte flow mode 

over the sensor cavity, followed by a sensor 

cleaning and regeneration process, which will 

prepare the sensor for the next measurement. All the 

system was designed to prioritize accuracy and 

repeatability  

Keywords: Amperometry, marine contaminants, 

regenerated biosensors. 

1. INTRODUCTION 

Marine regions account for over 40% of 

Europe’s gross domestic product (GDP) [1], being 

between 3 and 5% of the latter generated directly 

from marine-based services and industries [2, 3]. In 

this context, chemical contamination of estuarine 

and coastal areas implies terrible consequences for 

the environment and through the food chain for 

public health. Current analytical techniques for the 

detection of environmental pollutants are 

considered the best way to validate and confirm 

screening techniques [4]. However, they present a 

major problem: they require preconcentration and 

clean-up strategies, qualified personnel and 

complex instrumentation that results in a high 

cost/analysis ratio. To reach enough exhaustive 

measurements, it is necessary to be able to carry out 

the measurements quickly and simply, process the 

data, compare, and provide an accurate result from 

techniques based on data processing, and at the 

lowest possible cost.  

Current analytical techniques for the detection of 

environmental pollutants are based on 

chromatographic techniques coupled to mass 

spectrometric detectors in centralized laboratories  

 

[5]. These well-known methods can measure 

extremely low concentrations of analytes solved in 

liquids, providing high detectability, specificity,  

 

and multianalyte analysis, and are considered as the 

golden standard methodology for the validation and 

confirmatory method of screening techniques. 

However, they require preconcentration and clean-

up strategies, qualified personnel, and complex 

instrumentation that results in a high cost/analysis 

ratio. In order to reach enough detectability to 

monitor on-time environmental pollutants, it is 

required to develop rapid, simple, and low-cost 

devices. 

Immunosensors make use of the specific binding 

between an antibody and antigen coupled to a 

physical transducer that converts the biorecognition 

process into a measurable signal [6]. The antigen-

antibody interaction is the basis of a wide variety of 

immunochemical methods selective and sensitive 

enough to detect organic pollutants. Immunoassays 

have been widely used in environmental 

applications [7] as a high throughput method 

allowing the simultaneous analysis of several 

samples. These can be adapted to rapid detection 

formats such as dip-sticks or presented in 

combination with other transducer elements [8]. 

The development of an autonomous and automatic 

device based on amperometric was the transduction 

principle chosen in this work. 

2. DESCRIPTION OF THE WORK  

The measurement system was designed to 

measure during a long period of time, two different 

contaminants simultaneously and in a continuous 

way (Figure 1). Once the measurement is done, the 

sensor must be cleaned, adding a NaOH 0.3M 

solution, regenerated, and prepared to be reused [9]. 

In this sense, the tanks presented in Figure 1 are 

necessary to perform the sensor preparation, 

regeneration, and recycling. Figure 1a shows the 

block diagram of the device and Figure 1b presents 

the final system prepared for testing in lab 

conditions. Specifically, the demonstration was 

performed using immunoreagents for the 
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determination of a well-known photosynthesis-

inhibiting herbicide: Irgarol 1051® [9], a triazine 

herbicide that is being used as antifouling paint on 

watercraft hulls to prevent algae growth. This 

contaminant is an algaecide used as an antifoulant 

paints to control fouling organisms on the hulls of 

recreational and commercial watercraft. Irgarol 

1051®, henceforth Irgarol, act over aquatic 

ecosystems, generating an important ecological risk 

in marinas, estuaries, and coastal waters, being 

much more toxic to marine plants than animals. In a 

detailed study of the effect of Irgarol in coastal 

water microcosms, Björn et al. [13], have shown 

how Irgarol inhibits the photosynthetic activity at 

3.2nM in short-term (hours) test. Moreover, for 

long-term (weeks) exposure, the effect of the 

contaminant is significant, even for lower 

concentrations (1nM). 

The Electro-Microfluidic System (EMS) is 

composed by two important blocks, Paragraph 2.1 

defines the Immunosensor protocol, hardware, 

tubing, peristaltic micro-pumps and micro-valves, 

the different liquid repositories to store the different 

elements needed for the detection of Irgarol, 

cleaning and sensor regeneration, and finally 

explains the protocol that makes everything work. 

Paragraph 2.2 enters in depth in the development of 

the electronic control system and the software 

necessary to process the acquired data 

2.1 Immunosensor Protocol and Microfluidic 

System  

2.1.a Immunosensor Protocol 

Immunoreagent pair 4e-BSA/As87 (4e-BSA: 

Bovine serum albumin coupled to a Hapten 4e; 

Hapten: molecule that mimic the target analyte to be 

coupled to a carrier protein to induce immune 

response; As87: antiserum specific for Irgarol) were 

selected for the detection of our target contaminant. 

There is an extense literature that explains how well 

this couple of elements works in such detection [6, 

11, 14]. Irgarol has been studied widely by the 

scientific community using different techniques 

such as ELISA [11], fluorescent microarray [11], 

optical [12] and electrochemical immunosensors [9, 

10].  

Due to the extremely low concentration of 

Irgarol in seawater, the measurement of this 

contaminant requires a preconcentration process. 

To do this, the device implements a disposable Solid 

Phase Extraction (SPE) cartridge. When the 

preconcentration stage finish, the resulting elute is 

sent to the mixing tank (see figure 1a), where it is 

mixed with As87. The combined product is sent to 

the biosensor µchamber, where the coating antigen 

4e-BSA was previously immobilized on the surface 

of the biosensor.  

The As87 can react with both Irgarol and 4e-

BSA. If there is an excess of Irgarol in the analyte, 

all the As87 will react with Irgarol in the mixing 

tank. As As87 was neutralized with Irgarol, it 

cannot combine with 4e-BSA meaning a low or nil 

current signal. On the contrary, when the 

concentration of Irgarol is very low or nil, the 

antigen-antibody reaction that takes place is the 4e-

BSA/As87, which generates a maximum in the 

current signal. To summarize, the low current signal 

means a high Irgarol concentration, and on the 

contrary, the high current signal will mean a low 

Irgarol concentration.  

2.1.b The Microfluidic system 

To perform the measurement repetitively and be 

able to measure over a long period of time, a number 

of tanked reagents linked to the microfluidic system 

are required. This is depicted in Figure 1a, where a 

scheme of the mixture and measurement flow 

pathways, including the required peristaltic 

micropumps and microvalves necessary to perform 

the process, is shown. Basically, it requires a tank 

containing Phosphate Buffered Saline buffer with 

Tween® 20 (PBST) to perform both the washes 

between stages and the conditioning of the 

biosensor chambers. The Antibody buffer (ABB) 

tank supplies the specific antibodies for the 

recognition of the target analyte. The sample is 

pushed and addressed to the Dilution tank (DT) by 

a peristaltic micropump, where it is combined with 

the antibody for the analyte-antibody preincubation. 

After a period of 25 min, the content is flooded to 

the biosensor chambers. The device requires the 

inclusion of the anti-IgG-HRP conjugate, used as a 

catalyzer of the 4e-BSA/As87 reaction, the 

detection solution, and the regeneration solution, 

which are stored in the aHRP, detection solution 

(DS) and regeneration solution (RS) tanks 

respectively. A complete description of the 

measurement, cleaning and regeneration process 

can be found at [9]. With these characteristics, the 

limit of detection reached was 0.15±0.09 nM 

(0.038±0.022 µg·L-1) measured directly in seawater. 

Finally, a technical issue is important to remark, 

according to the peristaltic pump used, a minimum 

flow rate was used and set at 0.027 ml/s in all the 

steps, to favor the analyte-antibody interaction. 

Figure 1b shows a picture of the final device. 
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Figure 1. (a) Schematic of the microfluidic network controlled 

by peristaltic micropumps and microvalves through which the 

reagents flow to the biosensor µchambers and eventually to 

waste. Tanks contain PBST, Detection solution (DS), 

Regeneration Solution (RS) and the anti-IgG-HRP conjugate 

solution (aHRP). (b) Image of the system. The two manifolds 

are at upper border of the system. In the middle, the SPE, the 

different micropumps and microvalves can be seen. In the 

botton right the sensor µchambers. 

 

 

 
Figure 2. Block diagram of the electronic system 

 

 

 

 

 

2.2 Electronic System and Data Processing 

The electronic system is the responsible of: (i) 

controlling the functionality of the different µvalves 

and peristaltic µpumps; (ii) implementing the 

algorithm that will move the chemical products to 

the different chambers in the proper way; (iii) 

preparing the sensing chamber to perform the 

measurement;  (iv) filtering and processing the data; 

finally (v) managing the cleaning process and 

activate the regeneration of the sensors to be able to 

carry out new measurements. The acquisition is 

done by the analog-to digital-port integrated in the 

microcontroller. Data are pre-processed and 

transmitted to the central unit (a PC or laptop) where 

the final data process is done. Figure 2 shows a 

block diagram presenting the most important 

characteristics of the electronic system. The digital 

part is based on a 32-bit PIC32MX795F512L 

(Microchip corp.) microcontroller, in which the 

management firmware necessary to control the 

measurement process has been loaded. The analog 

part is based on a miniaturized potentiostat for 

measuring amperometric biosensors. The activation 

of the microvalves was done using eight of the 

microcontroller’s digital outputs, which excited the 

gate of eight RTR020N05 NMOSFET transistors 

(RHOM), one for every microvalve, allowing the 

fluids pass to the different sensor µchambers. The 

different sensors were excited with -0.1V between 

the reference and the working electrodes using the 

potentiostat based on an OPA2182 (Texas 

Instruments) operational amplifier. 

The -0.1V corresponds to the best signal to be 

applied to the immobilizer TMB, used as an electron 

transfer mediator in our amperometric biosensor. 

Pulse width modulation (PWM) was used to 

generate this -0.1V. The signal of the PWM was 

directly connected to a Sallen-Key 1Hz low-pass 

filter, based on an OPA2182, to obtain a clean-of-

noise reference. The response of the sensor signals 

was acquired by eight very high input impedance 

LPC662A OPAMP, configured as trans-impedance 

operational amplifier (TIA). The feedback loops 

were used for measuring three-lead electrochemical 

biosensors. The output of this TIA was filtered and 

directly connected to the microcontroller’s Analog 

Digital Converter (ADC) inputs. To perform the in-

situ signal processing, we took advantage of its 80 

MHz, 1.56 DMIPS, and Mk4 core with five stage 

pipeline Harvard architecture. 
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3. Measurement System process, calibration 

and validation 

3.1 Determination of the calibration curve 

The determination of a calibration curve based 

on well-known concentration results is necessary to 

subsequently determine the concentration of Irgarol 

in real conditions. To perform this analysis, five 

samples with a well-known Irgarol concentration 

were measured. These five samples had 

concentrations of 10-1, 5, 20, 200 and 103 nM. 

Figure 3.a represents the evolution of the sensor 

signal over time. The time needed to stabilize the 

antigen-antibody reaction is estimated at around 75 

seconds for all the samples. Figure 3.b summarizes 

this signal-plateau-level vs. the Irgarol 

concentration. The obtained values are fitted to a 

Four Parameter Logistic (4PL) curve, a common 

regression model used to analyze bioassays. 

 

 
 (a) 

1 0 -2 1 0 -1 1 0 0 1 0 1 1 0 2 1 0 3 1 0 4

0

1 0 0

2 0 0

3 0 0

Irg a ro l, n M

-I
,


A

IC 5 0 =  4 .4 8  n M

C h 1 -C h 2

 
(b) 

Figure 3. (a) Evolution of the measured signal over time for 

different Irgarol concentration. (b) Calibration curve for Irgarol 

determination as a function of the current. The data represented 

is the average of two channels tested. 

 

4PL curves (Equation 1) are very useful for 

characterizing bioassays because there is only linear 

across a specific range of concentration magnitudes. 

Beyond this linear range, the responses quickly 

plateau and approach the minimum and maximum. 

The name of the curve refers to four parameters: (i) 

Minimum or point of smallest response, D in our 

case. It can be a baseline, control, or response for nil 

concentration. (ii) Maximum or greatest response. 

A in our case. (iii) Inflection point, C, 

corresponding with the dose at which the curvature 

of the response line changes; where the rate of 

change switches signs; often referred to as the IC50 

or EC50. (iv) Hill coefficient, B. The slope of the 

curve at the inflection point [15].  
 

𝑦 =
(𝐴−𝐷)

(1+(𝑥/𝐶)𝐵
+ 𝐷         (1) 

 

 
Figure 4. Python script that calculates the four parameters of 

the 4PL curve. Lines 23 and 24 permit to calculate the 

performance of the adjustment. From line 25 and bellow the 

code to obtain figure 2b. 

 

Figure 4 shows the code designed to adjust the 

mean parameters to the 4PL curve. The 

programming language used to perform this 

analysis was Python. We also included powerful 

libraries to accelerate the software design and 

decrease the processing time. In particular, we use 

the curve fit function, included in the optimization 

library of the SciPy API. This method applies non-

linear least squares to fit the data to a proposed 

theoretical function and extract the optimal 

parameters that better adjust the function with the 

experimental data. We also import from the package 

sklearn the library metrics, which include the 

r2_score and the mean square error (MSE). R2 

indicates the proportion of data points which lie 

within the function created by the curve fit method. 

A higher value of R2 indicates a better adjustment. 

R2 ≤1. This library also includes the MSE, which 

measures the amount of error in statistical models. 

It assesses the average squared difference between 

the observed and the predicted values. No difference 

between observable and predictable points provides 

a MSE equal to zero. Table 1 presents the response 

of the simulation, including r2 score and MSE. 

 
Table 1. Four logistic equation parameters. 

Bottom Top HillScope IC50 R2 scr MSE 

54.87 250.4 -0.6837 4.48 0.99 1.38 
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Being r2 score and MSE the regression score 

function and the function that computes a risk 

metric corresponding to the expected value of the 

squared logarithmic error or loss respectively. 

 

3.2 Measurement validation 

Four new measurements were done to validate 

the system. Now, Irgarol concentrations where 

ranged at 0.3, 1.6, 10, and 50 nM. Two different sets 

of samples were performed for these concentration 

ranges to increase the number of measurements. The 

reason for choosing this concentration range is 

because of they belong to the linear evolution of the 

4PL curve. Figure 5 shows their evolution compared 

with the 4PL calibration curve. Figure 5 shows both 

the measurement of the first and the second set of 

samples as green triangles, and orange squares 

respectively, the main points used to generate the 

calibration curve as blue circles and the calibration 

curve itself as the blue line. 

Table 2 presents the measured response of these 

points, including the evaluation of the r2 score and 

MSE for both measurements. 

 
Table 2. Signal response of the validation samples 

 0.3nM 1.6nM 10nM 50nM R2 MSE 

Set 1 225.2 129.8 120.0 80.1 0.72 801.5 

Set 2 230.1 200.2 138.1 100 0.95 141.8 

 

The low value of r2 score and high number in 

MSE for Set 1 is clearly related to the sample 

synthesized at 1.6 nM. It is perfectly observable in 

Figure 5, where there exists a big difference 

between this point and the one that belongs to set 2 

and the calibration curve and can be considered as a 

wrong value. Without this value, Set 1 would have 

an r2 score of 0.92. Set 2 has a very nice value of r2 

score, 0.95, matching almost perfectly with the 

calibration curve.   

 

 
Figure 5. Representation of two sets of samples, green triangles 

and orange squares synthesized in  the linear range of the 4PL 

curve. Blue circles correspond to the mean values of the 

validation curve (blue line). 

4. SUMMARY 

This work reports on the design of a low-cost and 

portable device for seawater pollutants in 

continuous monitoring. The sensor used can be 

regenerated after the measurement process and 

prepared to be used again. It was tested by 

measuring Irgarol 1051. We choose this 

contaminant due to the deep knowledge that we 

have about it and presented in different publications 

[7-10]. The work here presented was performed by 

measuring in lab conditions the contaminant at 

different concentrations and different days, 

collecting the necessary data to perform a 

calibration curve based on a four-parameter logistic 

regression (4PL curve). To do this, an embedded 

acquisition system was designed, developed, and 

tested. The acquisition system was based on a MIPS 

32 microcontroller architecture (Microchip ©), 

which permits to manage the different chemical 

repositories, microvalves, micropumps, and 

microchambers necessary to deliver the chemicals 

to the different microchambers were the reactions 

take place, to prepare the final analyte for the final 

antigen-antibody measurement, necessary to 

determine the Irgarol concentration, process the 

acquired data and regenerating the sensor to 

perform new measurements.  

The calibration curve was tested with two 

different sets of samples synthesized at the same 

concentrations, obtaining an r2 score after a proper 

analysis of the results above 90%. 

All the measurements were done using the same 

sensors, which were cleaned and regenerated once 

the measurements were concluded.  
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