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DEVELOPMENT OF BIOSENSORS FOR THE DETECTION
OF CONTAMINANTS OF EMERGING CONCERN

By

Marcela Herrera Dominguez

Abstract

In the present thesis work, two different biosensors are developed for use in the detection of
contaminants of emerging concern in water. Specifically, the quantification of
pharmacological compounds is desired since they are bioactive and have been shown to have
harmful effects on aquatic organisms. The biosensors were developed using different
approaches; one of them is an SPR-type optical biosensor that uses antibodies to perform the
sensing, while the other is an enzyme-based electrochemical biosensor of the amperometric
type. These biosensors were used for the detection of diclofenac and acetaminophen
respectively, achieving detection limits that make them suitable for use in real samples.

The electrochemical biosensor has the advantage of being a simpler and easier to use design;
however, the optical biosensor achieved a lower detection limit due to its high sensitivity and
selectivity. Both biosensors provide valuable information in the development of biosensors
for environmental monitoring.



LIST OF FIGURES

FIGURE 1. DIAGRAM OF THE MAIN ELEMENTS OF A BIOSENSOR. 7
FIGURE 2. GENERAL ELEMENTS OF COMPETITIVE, INHIBITION AND SANDWICH
IMMUNOASSAY. 12
FIGURE 3. SCHEMATIC OF THE FUNCTIONALIZED SURFACE OF THE BIOSENSOR AND
THE INHIBITION IMMUNOASSAY FOR DCF DETECTION. 16
FIGURE 4. MALDI-TOF MASS/CHARGE SPECTRUM OF A) BSA AND B) DCF-BSA
CONJUGATED. 17

FIGURE 5. A) SENSOGRAM OF THE FUNCTIONALIZATION STEPS AND THE SUBSEQUENT
CALIBRATION CURVE PERFORMED WITH ANTI-DCF AND B) LINEAR FIT FROM THE
ANTI-DCF AFFINITY TEST. 18

FIGURE 6. INTERFERENCE TEST SENSOGRAM. NAPROXEN, IBUPROFEN, AND
KETOROLAC IN ULTRAPURE WATER WERE TESTED. INSET SHOWS A SECTION OF THE

DCF DETECTION CURVE. 20
FIGURE 7. CALIBRATION CURVE FROM THE COMPETITIVE ASSAY FOR THE DETECTION
OF DCF. 21

FIGURE 8. CYCLIC VOLTAMMOGRAMS OF ELECTRODES IN EACH IMMOBILIZATION
STEP IN A 0.5MM ACE SOLUTION IN 0.1 M CITRATE BUFFER (PH 4) AT A SCAN RATE OF 50
MYV/S. 27

FIGURE 9. RAMAN SPECTRA OF A) CP-MOS:, B) CP-MOS:-LACI, C) CP-MOS:-LACII, AND D)
CP-MOS:-TVL. 28

FIGURE 10. ELECTRON TRANSFER MECHANISM FOR OUR DEVELOPED CP-MOS2 LAC
BIOELECTRODES IN THE DETECTION OF ACETAMINOPHEN. 29

FIGURE 11. AMPEROMETRIC I-T CURVES FOR THE CP-MOS2-LAC MODIFIED
ELECTRODES WITH SUCCESSIVE ADDITION OF ACE INTO 0.1 M CITRIC ACID/2M KOH

PH 4 RECORDED AT -0.1 V. FOR A) CP-MOS2-TVL, B) CP-MOS2-LACI, AND C) CP-MOS2-
LACIIL 29

FIGURE 12. APPARENT STEADY-STATE MICHAELIS-MENTEN KINETICS OF ACE............... 30

FIGURE 13. REPRESENTATIVE SEM MICROGRAPHS OF ELECTRODES: BARE CP A) AND CP
MODIFIED WITH 1 MG/ML OF MOS: B-D). EDS MAPPING OF MO AND S ELEMENTS
DISTRIBUTION WITHIN CP E,F). EDS SPECTRUM OF MOS: ONTO CP G). 31

FIGURE 14. REPRESENTATIVE NYQUIST PLOTS IN EACH STEP OF BIOELECTRODE
FABRICATION. MEASURED IN CITRIC ACID/KOH BUFFER PH 4 USING A FREQUENCY
RANGE BETWEEN 100 KHZ AND 10 MHZ, WITH SINGLE SINE AMPLITUDES OF 100 pA...... 32

FIGURE 16. CALIBRATION CURVES FOR ACE USING THE ELECTRODES MODIFIED WITH 1
MG/ML OF MOS2 FOR LACII AND TVL, BOTH IN GROUNDWATER (5 ML) PRE-
CONDITIONED WITH 0.05M CITRIC ACID AND ADJUSTED TO PH 4 CON 2M KOH. ............... 35

vi



LIST OF TABLES

TABLE 1. COMPARISON BETWEEN BIOSENSORS DEVELOPED FOR DCF DETECTION. ...... 21

TABLE 2. ENZYMATIC CHARACTERIZATION OF LACCASES FROM P. SANGUINEUS CS43
AND TRAMETES VERSICOLOR. 24

TABLE 3. MICHAELIS-MENTEN KINETIC CONSTANTS FOR BOTH FREE AND
IMMOBILIZED LACCASE ENZYMES ON THE CARBON PAPER ELECTRODE SURFACE. ..... 26

TABLE 4. APPARENT STEADY-STATE MICHAELIS-MENTEN KINETIC VALUES OF LACI,
LACII, AND TVL MOS2 MODIFIED BIOELECTRODES FOR ACE, DETERMINED IN STIRRED
CITRIC ACID/KOH (PH 4, 50 MM, 500 RPM) AT AN APPLIED POTENTIAL OF —-0.1 V VS. SCE.
30

TABLE 5. LINEAR RANGE, SENSITIVITIES, AND CORRELATION COEFFICIENTS OBTAINED
FOR THE CALIBRATION CURVES OF THE MODIFIED ELECTRODES IN THE
DETERMINATION OF ACE. 33

TABLE 6. ANALYTICAL CHARACTERISTICS OF SOME ENZYME-BASED
ELECTROCHEMICAL BIOSENSORS REPORTED FOR THE DETERMINATION OF
ACETAMINOPHEN. 34

TABLE 7. LINEAR RANGE, SENSITIVITIES, AND CORRELATION COEFFICIENTS OBTAINED
FOR THE CALIBRATION CURVES FOR THE MODIFIED ELECTRODES IN THE
DETERMINATION OF ACE IN GROUNDWATER SAMPLES. 35

vii



CONTENTS

ABSTRACT \%
LIST OF FIGURES VI
LIST OF TABLES viI
CHAPTER1 1
1.1 INTRODUCTION .....ooiiiutiieeetteeeeeetee e e et e e eeate e e eeeteeeeeaaeeeeesseeeeeaaeeeeeasseeeassaseeesseeeeeaseaeeasseseeesssesenseseeeaseeeeanns 2
o1 0 MOBIVATION ...ttt ettt e e et e e e e e e e e e e e e e eeaas 2
1.1.2 Problem StAtement Qnd COMIOXT .............cccccccueeiiieieeeeeie ettt 3

T 1.3 SOMULION OVOIVICW ...t ettt e e e e e e e 3

T2 HYPOTHESIS ..eiieutiteeitieeeeiteeeesiteeeesetteeeestseeeesstseeessssaaaasesseeaasssaeeassssaaasssseeaasssasesssasasssssssassssaesssssseessssseesanes 4
1.3 OBIECTIVES ..otiieittteeittteeeitteeesitteeestteeeeseseeeeassseeesassaaaasssseeaasssaeeassssaaasssseeaasssasessssaaaassssseaasssaeessssaeaassseesanes 4
1.3.1 GEREEAL ODJECLIVE ...ttt beese e e eesseess e e enseenseenaens 4
1.3.2 SPECIFIC ODJECHIVES ...ttt et et b et eteeste e e enseenseenae s 4
CHAPTER II 6
2.1 BIOSENSORS ...ccciuttiiieiieeeeiiteeeeittteeeeitteeesatseeaetseeeasasseaassssesaasssseasssaasasssesaansssseassaseaassseseasseeesssseesasseeannes 7
2.1.1 OPHCAI DIOSEISOTS ...ttt ettt ettt ettt e et e eee e st e bt eaeen e eneeeneens 8
SPR-DASEA DIOSEIISOTS. .........ooiiiiiiiiiiiiieeiie ettt e et e e et e e eeateeeeetaeeeeaeeeeeaeeeeeeteeeeeasseeeeseeeeasseeeeanes 8

2.1.2 ElectroChemiCaQl DIOSEISOTS ............cccuuueiiiiiieeeeee et ettt 9
AMPErometric DIOSEISOIS ........cc..iiuiiiiiiiiiiiieit ettt ettt b et e bt a e bt sbte bt ea b e besstenbe e bt enbesbeebeentenee 9

2.2 BIOLOGICAL SENSING ELEMENT ......ciittttueieeeetttteeeeeeeeeteeeeeeeeeeeaaaeeaeeeeeseaaaeseeeeeteaaasesesessranasesesananns 10
2,201 ETZYIGS ..ottt ettt ettt et 10
D22 ANEDOMICS ... 11

2.3 CONTAMINANTS OF EMERGING CONCERN ......ciitittiieteteittiteeeeeeeeteteeeaeeeeeteaaaeseeesettsaaesesesesaranesesesananes 12
CHAPTER 111 14
3.1 QUANTIFICATION OF DICLOFENAC BY SPR IMMUNOSENSOR..........ccceictiieeeirireesiieeenrreeeesereeesseneeesssneenanns 15

RIVA\Y 15 42 (0)76) 50 1€ ) 'GP PP

Antibody affinity test

SPECIIICTEY LEST ...ttt ettt b e et e bt a e bt eh b e bt e st e bt e st e bt ea b e beestenbeentenbeentenbeeatenee
Inhibition assay for DCF detection ...............ccoooiiiiiiiiiiiiiiiee ettt sttt et st e b enee s 16
3.3 RESULTS AND DISCUSSION .....cuiiiiimiiiiiiiiiiiiiti ittt sttt 17
3.3.1 MALDI-TOF CRAFACIEFIZATION. ...ttt 17
3.3.2 Sensor fUNCEORAIIZATION ..............c..ccooiuiiiiiieee ettt ettt et enae e 17
3.3.3 ANLIDOAY QfIRILY LESL.........c.oocuveevieiieie ettt ettt ettt eae bt sttt b e enae s 18
3.3.4 BiOSENSOT SPECIICILY. ....veeieeeie ettt et ettt et e et e et e et e et e e st e e taeeaseeessaeenseeesaeansseensaeeseeans 19
3.3.5 INIibition TMMUNOASSAY .......ccvveeeeeeeeieeiieeeieeeeiteeeiee e teeetee et e e ate e e e etee e taeeaseeesaeenseeensaeensseensseenseeans 20
3.4 CONCLUSIONS........oouiiitiititetce ettt ettt sttt a et se e b st d s b st ae st s e s s s n et s ae e s ene s 22
CHAPTER IV 23
4.1 DETECTION OF ACETAMINOPHEN BY ENZYME BASED AMPEROMETRIC BIOSENSOR. ........cccovvieeeriieennnnnnn. 24
4.2 METHODOLOGY ...cuciuiiitiiiiniiiiiiiitit ittt st st s s h e e sa e b sa e 24
42,1 LACCASE ENZYIMICS ...ttt ettt et ettt ettt ettt ettt ettt et e enbeeebeeebeeens 24
4.2.2 Synthesis of MoS> Nanostructured Material .....................ccocoocuiiiiiioiiiineniniiniaeeteeeneee e 25
4.2.3 Immobilization of Laccase onto MoS> Modified Electrodes..................ccccccvcniiniiioiioinininiinenncn, 25
4.2.4 Electrochemical Measurements in the Optimization of Acetaminophen Detection......................... 25
4.2.5 Characterization TECHRIGUES ..............ccccccueririiiiiiiiiiiieieneee sttt 25



4.2.6 Application of Optimized Electrodes for the Detection of Acetaminophen in Groundwater Samples

................................................................................................................................................................... 26
4.3 RESULTS AND DISCUSSION ....ccutiiiiiiiiiiiiiiieiieieienee sttt ettt st s s s 26
4.3.1 Immobilization of Laccases onto MoS> Modified Electrodes ................cc.ccoooviiiviacieniianiianiainennns 26
4.3.2 Optimum MoS> Concentration for Laccase Bioelectrode Modification...................cccccocevvennannn.. 29
4.3.3 Characterization of Optimum MoS> Modified Electrodes.................cccccovuieiiviiiiiacieniianieiieeanns 31
4.3.4 Application of Modified Electrodes in the Detection of Acetaminophen..................c..ccccccoeeveevannn.. 32
4.3.5 Application of Modified Electrodes in the Amperometric Detection of Acetaminophen in a
Groundwater Sample from a City in Northeastern MeXiCo ...............ccoooeuoiioiinoiioiiiiieseeeee e 34
4.4 CONCLUSIONS......cetitittnttattetteutetesteste et et euteet et estenae st esbesueeate st emse s s e besaeebeeatebeess et entenaeebesueebeeseeneennensenenes 36
CHAPTER YV 37
5.1 GENERAL CONCLUSIONS ....cttittetteuteutentetententeeteeetemeestensetesuesseeseeseessensesessessesseeneessensensesueeseeneensensensensenns 38
5.2 FUTURE WORK ...ttt ettt ettt st st eat et et sa et sae bt eat et e et e b e s bt sb e eat et es s e e e besaeebeeaeeneennenaennenae 38
BIBLIOGRAPHY ...ttt ettt sttt b e s e h et ettt e b s sa e ae s ene s 40
CURRICULUM VITAE.......citiiiiiiiiiitieit ettt ettt ettt s ettt et et s ettt sa b sae et e st et nesaesne s 53
EDUCATION ...ttt ettt h ettt e et s e b s b b et aesaeene e 53
RESEARCH STAYS ..ottt ettt ettt st s s et eb et ese et e e sa e b saeeb et ne e e ene s 53
CURRICULUM VITAE ..ottt ettt sttt st ettt eh et et sa b sae et saene e 53
PUBLISHED PAPERS .......uuutiiiiiteeeiiiiiiieeeeeeseiinreeeeessenssnnsaeeeessssssssssseeseeenns ZERROR! MARCADOR NO DEFINIDO.

ix



CHAPTER 1



1.1 Introduction

Contaminants of emerging concern (CEC) are compounds of several origins that have
recently been detected in the environment; water, air and soil, and which have been shown
to be toxic for living things. CEC, as their name indicates, are compounds that have already
been cataloged as contaminants but have shown to have harmful effects that were previously
unknown. These contaminants include a variety of household products such as detergents,
insecticides, personal care products and pharmaceuticals, as well as industrial products such
as flame retardants, varnishes, pesticides, and paints.

CEC are toxic, bioaccumulative, and persistent; they tend to accumulate in water bodies
because wastewater treatment plants (WWTP) do not have the necessary technology for their
removal. Because of this, their presence has been detected in all kinds of water, including
surface water, groundwater and even drinking water [1]. The concentration of CEC in water
are very low with ranges from ng/L to ug/L, making their detection a complicated task and,
consequently, their regulation is limited; so far, only the European Union and the United
States government have regulatory frameworks for the regulation of some of these pollutants
that are considered to be of major importance [2,3].

The detection of this type of compounds is mainly performed by standard analytical
techniques, such as gas chromatography (GC), liquid chromatography (LC) and high-
performance liquid chromatography (HPLC) coupled most of the time to selective detectors
such as mass spectrometer (MS) [4]. Although chromatographic techniques are accurate
techniques to identify compounds at low concentrations, nonetheless their use as routine tests
for the purpose of monitoring the discharge of CEC into water bodies is not viable, due to
the fact that the analysis process involves rigorous sample preparation procedures, long
analysis times, specialized equipment, high purity reagents and properly trained personnel;
thus, making these techniques costly and time consuming. In addition, the use of solvents
can represent a source of contamination. Consequently, there is an increasing need to develop
other analytic methods that are efficient in detecting various compounds at low
concentrations quickly, reliably and in situ.

Biosensors are devices that have proven to be a useful tool in the detection of various
compounds. They have been most widely developed in the health area, but their use has been
extended to the food and environmental areas [5—7]. Biosensors are highly sensitive devices
that, with the right functionalization, can also become highly specific. Applying them for the
quantification of CEC is feasible since they have demonstrated a great capacity to detect
analytes at low concentration, reaching attomolar concentrations, even if dealing with small
molecules [8,9]. Therefore, this thesis work is focused on developing biosensors that allow
the specific detection of low molecular weight persistent organic compounds that can be used
in environmental water samples.

1.1.1 Motivation

Waste from all personal care products and pharmaceuticals that are consumed, as well as
inputs used in industry and pesticides for agriculture, reach water effluents and are
concentrate in WWTP, which do not have the technology to degrade this type of pollutants
that, until now, have been understudied. The European Union Water Framework Directive
and the United States Environmental Protection Agency (USEPA) list priority pollutants to
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be regulated, including drugs such as diclofenac and carbamazepine, as well as antibiotics
such as chloramphenicol and pesticides such as atrazine [10,11].

CEC are found in trace concentrations in water, making their detection a complicated task,
which currently, requires chromatographic techniques that, although accurate and reliable,
are also complex and laborious, as well as costly. At present, the presence of CEC has been
identified in wastewater, surface water, groundwater and even drinking water [12—14]. The
lack of legislation regarding this type of contaminants is due to limited knowledge and the
use of inappropriate analytical methods; therefore, practical and simple methodologies are
required for routine analysis not only for drinking water purification plants but also for
wastewater treatment plants.

Biosensors, with the appropriate bio-functionalization, are highly sensitive and selective
devices that allow quantitative analysis with a level of confidence that is comparable with
chromatographic techniques, as well as being fast and practical, which make them the
appropriate systems for environmental monitoring. With the implementation of biosensors in
the detection of this type of pollutants, it is expected to achieve, in the long term, the
identification of pollutants presents in water, even in nanomolar concentrations.

1.1.2 Problem statement and context

The increase in the world population in turn implies an increase in the consumption of CEC
and their accumulation in water bodies. Therefore, during the last decade, there has been a
growing interest in studying their presence and the toxicological effects they may have. These
investigations have shown that CEC are found not only in WWTP but are ubiquitously
present in surface water throughout the world, as well as in drinking water and, to a lesser
extent, in groundwater [12—14]. Long-term exposure to these compounds has negative
consequences on the aquatic species and, in certain situations, can change the functionality
of hormones and metabolism in humans and animals, including the feminization of fish due
to contaminants that act as endocrine disruptors as well as the inhibition of the growth of
algae and amphibians [1,15,16].

CEC are found in trace concentrations, so their detection requires the use of chromatographic
techniques that make quantification a complicated task. In 2014 Kostich, Batt and Lazorchak
[17] published an investigation in which they searched for the presence of drug contaminants
in samples taken from treatment plants, in that article the authors mention that "due to the
large number of sampling sites and chemical analytes, logistically it was too difficult and
costly to collect and analyze blanks and duplicates from each location". Based on the above,
it is evident that different analytical methods are required to detect this type of contaminants
in water, which should be based on practical and simple methodologies that can be part of a
routine analysis, allowing further regularization of their presence in water.

1.1.3 Solution overview

As mentioned above, the detection of CEC is currently mainly performed using instrumental
analytical techniques such as GC, LC and HPLC, most of the time coupled to selective
detectors such as MS. These techniques offer efficient detection and determination of CEC
and their metabolites. For example, the USEPA currently recommends the GC-MS technique

3



for the analysis of pesticides and flame retardants in water samples such as atrazine, bromacil,
chlorpyrifos, vinclozolin, among others [18]. Analytical methods based on these techniques
employ highly sophisticated, time-consuming equipment and require intensive pretreatment
of the samples to be analyzed. They involve, for example, extractions with toxic solvents,
making these methods environmentally unfriendly. In addition, purification of the extracts is
necessary, which requires highly trained personnel as well as specialized laboratories.

Therefore, in the present thesis, two types of biosensors were developed with the purpose of
being used as a priority for the implementation of environmental monitoring methods. One
of them is of electrochemical type and the other one is based in optical sensing. These have
been coupled to different biological elements such as enzymes and antibodies, respectively.
The indispensable characteristics with which the devices were built were reliability,
operation robustness and simplicity in construction. They were also intended to be easy to
operate, even by semi-skilled personnel. In parallel, these biosensors were developed using
either enzymes or antibodies to detect the presence of drugs selectively and reversibly in
water samples. The biosensors were conceived to be reusable and specific for the analytes of
interest to be quantified.

1.2 Hypothesis

Through the development of selective electrochemical and SPR-based biosensors, it will be
possible to carry out a quick, sensitive and in real time detection of drug-contaminants of
emerging concern in water samples.

1.3 Objectives

1.3.1 General objective
To develop selective electrochemical and SPR-based biosensors in order to obtain analytical
methods for detection of contaminants of emerging concern in water samples.

1.3.2 Specific objectives
1. To conduct theoretical research on surface plasmon resonance (SPR) and
amperometric biosensors, as well as the state of the art of their applications in
environmental water monitoring.
2. To establish the analytes of interest to be quantified by SPR and amperometric
methods based on their particular characteristics.

For SPR biosensors
3. To synthesize the specific hapten-protein conjugate for the analyte of interest based
on its characteristics.
4. To functionalize the gold-coated substrate in flow and standardize the method in
terms of concentrations and incubation times at each step of the process.
To establish the optimal concentration of the antibody in the sample by affinity test.
6. To perform a calibration curve using synthetic samples and determine the analytical
quality parameters in synthetic samples analyzed by the proposed methods based on
biosensors coupled to SPR, such as linear ranges, limits of detection and limits of
quantification.

9]



7.

To perform interference analysis by testing the affinity of the sensor to other
molecules.

For amperometric biosensor

8.
9.
10.
11.
12
13.

14.

To obtain purified laccases from the culture of the fungus Pycnoporus sanguineus.
To synthesize molybdenum disulfide (MoS>).

To optimize MoS; concentration for electrode functionalization.

To obtain preliminary testing of MoS>-modified electrodes and different isoforms of
native and commercial laccases.

. To characterize the obtained electrodes with better amperage, voltage, and kinetic

characteristics.

To perform a calibration curve for analyte quantification using MoS> and laccase
modified electrodes.

To apply the developed methods based on amperometric biosensors on real water
samples
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2.1 Biosensors

Biosensors are analytical devices that combine a transducer with a biological element to
generate measurable signals in response to a specific reaction between two elements. This
reaction is proportional to the concentration of chemical components present in the sample.
Biosensors primarily serve in the medical fields to detect diseases or conditions, but their use
has been extended to the food industry [5], biotechnology [19] and environmental field [20].

Biosensors have three main components (1) the biological recognition elements; are
generally a pair of molecules that have an affinity for each other and whose interaction can
be exploited to obtain information of interest. At least one of these molecules must be
biological to be considered a biosensor. The biological elements include enzymes, antibodies,
genetic material, whole cells, among others. (2) A suitable transducer; a device that senses
the physical changes produced by the reactions of biological elements and transforms them
into a measurable signal; transducers can be mechanical, optical, electrochemical,
piezoelectric, thermal, etc. And (3) a signal processor; usually a computer where the
equipment is controlled, to observe the response behavior towards the samples and to obtain
the data (see Figure 1). These elements can be combined with each other, so that a great

variety of biosensor designs can be obtained.
i
£ |
. ( ) ] O O
Biological sensing element

!

Transducer

Signal output

Figure 1. Diagram of the main elements of a biosensor.

These devices can offer high sensibility with minimum sample preparation, and detection
can be carried out in real time, in situ, without the need to use chemical labels and in less
time compared with chromatographic techniques [21]. Furthermore, with the right biological
recognition element, biosensors can be highly specific.

Based on how biological recognition occurs, biosensors can be categorized in two groups:
affinity and biocatalytic sensors [22]. Biocatalytic technology is user-friendly, economical,
small, and relatively straightforward in design. Biocatalytic sensors use biological elements



such as enzymes, entire cells, or tissue [23]. Affinity sensors, on the other hand, employ the
specific and powerful binding of biomolecules to a target analyte, such as antibodies,
membrane receptors, or genetic material, to create a quantifiable signal [23]. In affinity
biosensors, molecular recognition is essentially controlled by the complementary size and
shape of the binding site to the target analyte. These sensors are extremely sensitive and
selective due to the biomolecule's high affinity and specificity for its ligand [24].

Biosensors also can be classified according to their biological element into immunosensors,
enzyme-based biosensors, aptasensors, etc. Or according to their transducer, they can be
optical, mechanical, piezoelectrical, etc. biosensors. In this work, optical and electrochemical
biosensors were designed, which themselves are divided into different categories. Likewise,
enzymes and/or antibodies are used for their development. In the following subsections, the
general concepts of the work will be discussed in detail.

2.1.1 Optical biosensors

These biosensors are those that take advantage of the optical phenomena of light to interact
with biological elements to produce signals that are proportional to the concentrations of the
analytes of interest [25]. Among the optical phenomena used in biosensing are reflection,
refraction, fluorescence, resonance, surface plasmon resonance (SPR), interferometry,
among others. Optical biosensors can be divided into those that are direct, in which the
biological element responds directly to the transducer, for example the SPR type; and those
that are indirect, which require a label to perform the measurement, for example those based
on fluorescence [25].

Optical biosensors stand out because their signal is not compromised by electrical or
magnetic interference, they provide more information about the sample, can detect different
parameters and the sample can be read at different wavelengths simultaneously [26]. An
SPR-based biosensor was developed herein and will be briefly described below.

SPR-based biosensors.

Surface Plasmon Resonance (SPR) is a phenomenon that occurs when the free electrons of a
metal are excited by the electric field of incident light. Once the electrons are excited, they
begin to oscillate collectively which in turn produces an evanescent wave. SPR is a useful
phenomenon for monitoring changes in the refractive index because the evanescent wave is
very sensitive to changes in the vicinity of the surface [27]. SPR biosensors are divided into
two types, when the phenomenon occurs in metallic nanoparticles it is called Localized
Surface Plasmon Resonance (LSPR) while when it is a metallic film it is simply called SPR
[28].

SPR devices can be developed with different configurations, where the Kretschmann
configuration is the most used. Kretschmann configuration consists of a prism that has a thin
metallic film on one side while a polarized light passes through the other side. When the light
reaches the metal, it acts as a mirror reflecting the light back to a photo detector. Generally,
the metal film is made of gold as it is inert in the presence of other compounds. However,
silver, copper, aluminum, and others can also be used.



The simplest way to make an SPR/LSPR biosensor is to have only a gold layer [29,30].
Nevertheless, recently the use of multilayers has been implemented, such is the case of
graphene, this material has acquired interest for the development of SPR biosensors due to
its optical and electrical properties. The incorporation of graphene to the SPR biosensors
includes simple methodologies such as the addition of a layer of this material on the gold
[31] or more complex arrangements such as the MoS,/Al/MoS:-graphene hybrid structure
proposed by L. Wu et al [32] or the use of graphene doped with nickel nanoparticles that uses
S.P. Ng et al [33].

One of the benefits of LSPR is that it allows experimenting with different types, materials
and geometries in nanoparticles. The optical properties of the nanoparticles depend on their
size and shape. Thus, playing with these properties, it can be improved the performance of
the biosensor, for example, spherical and rod forms of nanoparticles have different optical
properties and generate varying signal intensities [34]. The surface plasmon shifts from the
visible to the near-infrared (NIR) region when the shape of nanoparticles is changed from
spherical to rod. Gold nanostars with many branches and projecting tips, on the other hand,
have the plasmon in the NIR wavelength. The high intensity of the nanostars in LSPR signals
is proportional to the size of the tips and is a result of the hybridization of the central core
and tips plasmon resonances [34]. The most reported is the use of spherical gold nanoparticles
[35], but the use of triangular-shaped silver nanoparticles [36], gold nanorods [37] and gold
nanostars [38] has also been tested.

2.1.2 Electrochemical biosensors

As the name implies, electrochemical biosensors are those whose biochemical reactions
generate an electrical response. A typical electrochemical sensor is made up of a working
electrode for sensing and a reference electrode that are separated by an electrolyte. For the
majority of applications, a three-electrode setup is employed, with the reference linked to a
high-input-impedance potentiostat and a counter electrode being used to complete the circuit
for current flow [39]. These are divided into three types, (1) amperometric, those that
generate a measurable current; (2) potentiometric, those that accumulate a measurable charge
or potential; and (3) conductometric, those reactions that alter the conductive properties of
the medium between the electrodes. Additionally, the monitoring of resistance (impedance)
as well as reactance in the biosensor is gaining a place in biosensing [40].

Electrochemistry offers several advantages including very small sample volumes that can be
used for measurement, minimal sample preparation, low cost, ease of use, miniaturization of
portable systems and simplicity of construction [40,41]. In this thesis work, an amperometric
type biosensor was developed, whose characteristics are specified in the following
subsection.

Amperometric biosensors

Amperometric biosensors are a class of electrochemical biosensors in which biological
recognition elements react to generate electroactive species on the sensing surface in such a
way that a current is induced which can be measured and is related to the amount of an analyte
in a sample [39]. In amperometry, the change in current due to electrochemical oxidation-
reduction is measured over time while the potential between the working electrode and the
reference electrode is kept constant. There are two ways to perform the analysis, one option



is to increase the potential step by step until the desired value is reached and then measure
the current, or the potential is held at the desired value while the sample flows across the
electrodes [40]. The current generated is proportional to the concentration of the electroactive
species present in the sample. Since the oxidation or reduction potential used for detection is
characteristic of the analyte species, amperometric biosensors offer greater selectivity [42].

Electrochemical biosensing systems consist of an electrochemical cell that can be either two-
or three-electrode [43]. Three-electrode systems include a working (or indicator) electrode
made of a chemically stable solid conductive material, such as platinum, gold or carbon; a
reference electrode, which is usually made of metallic silver coated with a silver chloride
layer; and an auxiliary platinum electrode. To maintain a known and constant potential at the
reference electrode, it is usually placed separate from the redox reaction. The advantage of
this system is that the current density passes through the auxiliary electrode, so the reference
electrode maintains its potential throughout the measurement. A two-electrode cell has only
the working and reference electrodes [44]. The reference electrode can carry the charge
without any negative effects, as long as the current is low enough [41].

The incorporation of nanomaterials into electrochemical biosensors has been tested in recent
years. The use of materials such as carbon nanoparticles and nanotubes, as well as graphene,
have demonstrated improved response [45—47]. In addition, micromachining allows the
fabrication of portable biosensing equipment for in situ detection, which is possible because
miniaturizing the electrochemical detectors and the necessary control equipment is simple
and can be done at low cost; also, reducing electrode dimensions can increase sensitivity.
Given the small electrode dimensions the amount of sample required is minimal, which is a
significant advantage when sample size is limited [48].

2.2 Biological sensing element

There are certain types of transmembrane proteins that bind to specific molecules called
ligands. In addition to mediating physiological processes, receptors are natural targets for
various toxins and drugs. The binding of the receptor to the ligand generates a specific
cellular response and therefore they are used in bio-detection. In this kind of reactions,
several types of proteins are involved, such as G proteins, enzymes, transcription factors and
cellular receptors for antigen processing [49]. These types of biochemical reactions are highly
specific, making them an excellent complement to the sensor transducers, obtaining a more
sensitive and specific response for the detection of target analytes. The general aspects of the
receptors used in this thesis are described below.

2.2.1 Enzymes

Enzymes are a type of protein that act as catalysts in chemical reactions in living organisms.
One of their main characteristics is high substrate specificity, making them suitable as
sensing elements in biosensors. Enzyme-catalyzed reactions produce changes in pH,
temperature, molecular weight, charge, ions and absorption efficiency which results in
measurable signals such as coloration or fluorescence that can be quantified by a proper
instrument [50].

Enzymatic reactions can be carried out directly by promoting the bond between the substrate
and the enzyme or indirectly by inhibiting enzymatic activity by blocking the active sites of
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the enzyme with other compounds [51]. The final quantification is done by calculating the
difference in enzymatic activity at the beginning and end of the reaction.

Enzymes are among the most widely used biomolecules in the development of biosensors.
Among the advantages of using enzymes in this type of device is that their production is
relatively simple and can be easily scaled up, which makes it possible to reduce costs. In
addition, as enzymatic reactions are reversible, enzymatic biosensors can be reused thus
maximizing their use. Nonetheless, these proteins are unstable, and their activity can be
affected by temperature and pH changes or even denaturalize. These disadvantages can be
reduced by immobilizing the enzymes on substrates or trapping them in polymer networks.
However, despite being immobilized, enzymes tend to be unstable, so an important part of
the research and development of enzyme biosensors is the performance of long-term stability
and reproducibility studies [51].

From the above, it can be concluded that although enzymes have properties that make them
optimal for use in biosensors and have great potential for large-scale production, their lack
of stability makes their commercialization complicated. Another fact to highlight is that
although in some cases these enzymes are commercial products, in other cases they are
obtained from microorganisms, this being a favorable point since the production of enzymes
from microorganisms allows obtaining biological material on a large scale and reducing
costs.

2.2.2 Antibodies

Antibodies are a type of protein produced by the immune system to recognize and attack
infections. When antibody-based reactions are carried out as part of an analytical method,
they are called immunoassays. Antibodies are made up of globulin-type proteins which have
a recognition site to react to the presence of a specific antigen. Moreover, a wide range of
compounds can act as antigens, from macromolecules such as proteins, polysaccharides,
polypeptides to simple molecules such as sugars, amino acids, phospholipids and drugs [52].

There are different formats of immunoassays, where competitive, inhibition and sandwich
type are the most common (see Figure 2). Competitive immunoassays are characterized by
using a labeled antigen and an unlabeled antigen, the antibody is supplied in a limiting
amount so that both antigens compete to bind the antibody. It is called an inhibition
immunoassay when the antibody is incubated with the unlabeled antigen as the limiting
reagent and then interacts with the labeled antigen, which binds to the free antibody.
Sandwich immunoassays consist of immobilizing an unlabeled antibody, then passing the
sample containing the unlabeled antigen and finally passing a secondary antibody that is
labeled [53]. Since the interactions between antigens and antibodies are highly specific, one
can be used to quantify the other. The union of both parts produces a signal proportional to
their concentration in the sample which is captured by the transducer.

The use of antibodies in the development of biosensors has as its main advantage the high
affinity and specificity that an antibody has for its antigen. However, these properties can be
affected during immobilization, having an impact on the performance of the biosensor [53].
Antibodies are produced by exposing some vertebrate organism to a foreign agent to induce
an immune response. This process can take months, which is an obstacle to the development
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and commercialization of immunosensors. It is now possible to produce recombinant
antibodies by modifying the DNA of microorganisms [54]. Recombinant antibodies reduce
production times and costs, but also makes it possible to manipulate the antibody to improve
its affinity, specificity and stability characteristics, which cannot be controlled in traditional
antibodies. In addition, recombinant antibodies can be immobilized on the substrate in a
controlled manner, ensuring that they are deposited in the proper orientation and improving
sensitivity [54]. In summary, the use of antibodies is one of the most viable options for
biosensor development, and with continued research and innovation in antibody production,
better immunosensors can be obtained at affordable costs.
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Figure 2. General elements of competitive, inhibition and sandwich immunoassay.

2.3 Contaminants of emerging concern

As mentioned above, CEC are a wide variety of chemical compounds that have been detected
in the environment and originate from anthropogenic activities. These contaminants can be
pharmaceuticals (veterinary and human), hygiene and personal care products, household
products, hormones and steroids, industrial compounds, surfactants, flame retardants,
agrochemicals, nanoparticles, microplastics, among others [55]. It has been demonstrated
that most of them alter ecosystems, influence biochemical processes in the environment and
deteriorate the health of species, causing carcinogenesis, mutagenesis, and endocrine
alterations, which is why they are classified as of ecological interest and potentially
dangerous.

Pharmaceuticals such as CEC are of special interest because they are compounds that are
designed to interact with the biochemistry of the organism, therefore they can easily have a
negative effect on marine species and humans [56,57]. This category of contaminants
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includes antibiotics, synthetic hormones, analgesics and anti-inflammatory drugs, as well as
specialized pharmaceuticals, antidepressants, antihypertensives, anticonvulsants, etc., in
addition to metabolites and their transformation products [58]. Specifically, over-the-counter
drugs such as acetaminophen (ACE) and diclofenac (DCF) have increased their presence in
water bodies. That is why these were chosen as target analytes for the development of the
biosensors presented in this thesis.

DCF, a non-steroidal anti-inflammatory drug, is one of the most extensively researched
medications due to its potential toxicity to non-target species [59]. Diclofenac has been
detected in wastewater and surface water in several countries. DCF has been shown to have
diverse toxicological effects on aquatic organisms including bacteria and protozoa,
crustaceans, mollusks, fish and algae [60]. Among the negative effects that have been
demonstrated for DCF are that it causes oxidative stress in different species of fish and
mollusks [61,62]; reproductive alterations in various species [63—65]; alterations in fish liver
and kidney function [66—68]; and inhibits the growth of algae [64]. The exposure times in
which these changes occur vary according to the species and the type of damage caused,
occurring from 48 hours to 96 days [60].

ACE, also known as paracetamol, is widely used as an analgesic and antipyretic worldwide.
It has also been detected in WWTP and surface water in concentrations up to 230 g/L all
around the globe [69,70]; and its acute toxicity to aquatic organisms has been investigated
[71]. Numerous studies have shown that ACE may interact with fish's endocrine systems,
leading to aberrant embryonic development, growth, and detrimental effects on reproduction
[72,73], as well as alteration in gill function [74]; moreover, it may have harmful effects on
the kidney and liver [75,76].
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CHAPTER 111



3.1 Quantification of diclofenac by SPR immunosensor

In this chapter an SPR biosensor was developed that by means of an inhibition immunoassay
can detect DCF at low concentrations. Briefly, in order for the antibody to have a better
immunological response to DCF, the drug was bound to a carrier protein; in this case Bovine
Serum Albumin (BSA). The DCF-BSA conjugate was subsequently immobilized on the
surface of the sensor to interact with the antibodies present in the sample.

The work described in this chapter corresponds to an article entitled "Development of a
surface plasmon resonance based immunosensor for diclofenac quantification in water"
which was accepted by the journal Chemosphere and it is published with DOI:
https://doi.org/10.1016/j.chemosphere.2023.139156

3.2 Methodology

3.2.1 DCF-BSA conjugate

The mixed anhydride method was used to couple DCF to BSA as a carrier protein [77].
Briefly, 0.08 mmol of DFC in its acid form were dissolved in 5 mL of 1,4-dioxane, and
tributylamine and isobutyl chloroformate were added in equimolar amounts. The mixture
was allowed to react for two hours at 4 °C. Then, 5 mL of BSA aqueous solution (pH 8.5)
were dripped and stirred for 4 hours at room temperature to allow the DCF to react with the
free amine groups and bind via an amide bond. Finally, the resulting mixture was purified by
dialysis for three days using a 12-14 kDa membrane, lyophilized and stored at -20 °C.

3.2.2 DCF-BSA conjugate characterization

An AB Sciex 5800 MALDI-TOF mass spectrometer was used to characterize the DCF-BSA
conjugate. To carry out the analysis, a 1:1 mixture of 5% trifluoroacetic acid (TFA) aqueous
solution and acetonitrile (ACN) was prepared, and 10 mg mL"' of a-cyano-3,4-
hydroxycinnamic acid (CHCA) were added to the mixture to obtain the ionization matrix.
Then, 2 uL of the respective conjugate and unmodified protein (200 pg mL™! both) were
deposited on the MALDI-TOF plate; once the samples were dry, 2 pL of the matrix were
added over. Spectra were acquired in the positive reflector mode with a laser intensity
between 4700-5400. Four replicates per sample were placed in the dish, and at least five shots
were taken per sample.

3.2.3 Diclofenac quantification by SPR

SPR setup

The dual-channel NanoSPR 6-321 spectrometer was used for all conventional SPR
measurements. The device used a GaAs semiconductor laser light source (A = 670 nm), a
manufacturer-supplied prism of high refractive index (n = 1.61 and a 30 pL flow cell. 50 nm
gold layer SPR substrates previously modified with a self-assembled monolayer (SAM) of
alkanethiols were inserted, and online analysis was conducted in an angular scanning mode
with a 17-degree angular window that tracked the resonance angle every 5 s while
simultaneously collecting the angular spectrum.

Sensor functionalization

SPR substrates were fabricated by e-beam deposition of a 2 nm chromium adhesion layer
followed by a 50 nm gold layer onto precleaned BK7 glass slides. Before functionalization,
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the sensors were rinsed with ethanol and dried under compressed air. The clean gold
substrates were incubated overnight in a mixture of alkanethiols, 16-mercaptohexadecanoic
acid and 11-mercaptoundecanol acid (1:10 molar ratio), to form a SAM on the surface. Then,
one chemically modified sensor was placed in the SPR device and 0.01M PBS buffer was
injected at a rate of 5 pL s until the signal was stabilized. Subsequently, 80 pL of an
EDC/NHS mixture were injected at a ratio of 0.3:0.1 M, and the mixture was incubated for
30 min. Next, 150 puL of the DCF-BSA conjugate at a concentration of 50 pg mL™! were
injected and incubated for 1.5 hours until the signal stabilized. Finally, 80 uL of a 1 M
aqueous ethanolamine solution were injected for 20 min; Figure 3 shows a schematic of the
functionalized sensor.
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Figure 3. Schematic of the functionalized surface of the biosensor and the inhibition immunoassay for DCF
detection.

Antibody affinity test

Prior to analyte quantification, a test was performed to verify the affinity of the anti-DCF for
the conjugate. Anti-DCF was injected into a functionalized sensor at concentrations of 10,
20, 40, 60, 80 and 100 pg mL™'. The injections were performed consecutively with PBS buffer
re-equilibration steps between each measurement. These tests were performed in triplicate.

Specificity test

An interference test was performed to determine the specificity of the biosensor and to rule
out its interaction with naproxen, ibuprofen, and ketorolac, three common anti-inflammatory
drugs. The analytes were injected on the functionalized surface of the biosensor. The
injections were consecutive, with a concentration of 15 pg L in ultrapure water and an
incubation time of 10 minutes per injection.

Inhibition assay for DCF detection

For this assay, 2, 7, 12, 17, 22, 27 and 32 pg L' of DCF in PBS were preincubated with 40
ug mL™! of anti-DCF in a total volume of 100 pL for 30 min. During preincubation, the
antibody is bound to the analyte until equilibrium of the reaction is reached. After
preincubation, 80 pL were injected and allowed to flow continuously over the sensor surface
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at a flow rate of 5 pL s’ for 10 min and re-equilibrated with PBS buffer. Only antibodies
with antigen-binding sites not occupied by analyte molecules are able to react with the
functionalized sensor surface, as shown in Figure 1, resulting in a signal inversely related to
the analyte concentration in the sample. Experiments were performed in triplicate. For data
analysis, results were normalized in terms of the mean and standard deviation.

3.3 Results and discussion

3.3.1 MALDI-TOF Characterization

The MALDI-TOF mass/charge spectra (Figure 4) for pure BSA shows a sharp peak at m/z
65213.11 corresponding to the single charged protein. The peak at m/z 32830.17 comes from
the doubly charged protein, the one at m/z 21853.89 is assigned to the triple charged protein
and the one barely observed around m/z 44000.00 belongs to the triple charged protein dimer
[78]. These same peaks are also observed in the mass/charge spectrum of the DCF-BSA
conjugate. Pure BSA has a mass of 65213.11 Da and the DCF-BSA conjugate with a mass
of 66535.31 Da.
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Figure 4. MALDI-TOF mass/charge spectrum of a) BSA and b) DCF-BSA conjugated.

3.3.2 Sensor functionalization

It is well known that the quality of the recognition element and the way it is immobilized
onto the surface greatly impact the performance of an SPR biosensor. For the inhibition
assay, the DCF-BSA conjugate was immobilized on the sensor surface, and to obtain a
sufficiently high response, functionalization was carried out by activating the carboxyl
groups. Initially, a half hour contact time between the DCF-BSA conjugate and the sensor
was established. However, it was necessary to extend this step to reach saturation and
stability. The ideal incubation time was determined as 1.5 hours; additional information
regarding the conditions established for the immobilization of the DCf-BSA can be found in
the supplementary information. Figure 5 (a) shows the sensogram in which a drop in the
angle caused by the washing step, used to remove the molecules that were not covalently
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bound, is observed after each functionalization stage. The change in the SPR angle before
and after DCF-BSA conjugate injection (ABspr) indicates an excellent immobilization due to
the large increase in the angle. Finally, blocking with ethanolamine reduces non-specific
binding of the analyte to the surface.

The % coverage can be estimated in terms of saturation; the change in angle after the total
functionalization process (including hapten immobilization and ethanolamine blocking) is
0.194 degrees, where the change in angle corresponding to the deposition of conjugate is 0.18
degrees and the change by ethanolamine is 0.014 degrees. Considering that ethanolamine has
the function of occupying any place where the conjugate has not adhered, it can be inferred
that the conjugate occupies 92.7% of the surface.
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Figure 5. a) Sensogram of the functionalization steps and the subsequent calibration curve performed with
anti-DCF and b) linear fit from the Anti-DCF affinity test.

In a similar published work in which a hapten-protein conjugate was used for the detection
of 17-B estradiol, several injections of the conjugate were carried out for its immobilization
(four injections of 10, 50, 100 and 150 pg mL™), taking a total of 1 hour to reach saturation
[79]. The authors concluded that the same result could obtained in a single step by injecting
the conjugate at 200 pg mL'. Hence, for future work it is proposed to increase the
concentration of the conjugate and thus reduce the incubation time.

3.3.3 Antibody affinity test

To determine the affinity of the antibody towards the functionalized sensor, consecutive
injections of Anti-DCF at different concentrations were performed. The objective of this test
was to observe the behavior of the sensor with different concentrations of the antibody, as
well as to assess possible sensor saturation after consecutive sample injections. A slight
negative difference between the baseline before and after the first sample injection is
observed in Figure 5 (a), which may be due to the removal of molecules that were unable to
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covalently bind to the sensor surface. Subsequent injections confirmed that the antibody was
indeed interacting and binding to the sensor.

As can be seen in the trend line, Figure 5 (b), the change in SPR angle increases on average
from the 40 pg mL™! injection onwards and then remains almost constant. Therefore, in order
to visualize a positive difference in the SPR angle after each injection, a higher concentration
of antibody (40 ng mL) was employed to perform the competitive assay. Antibody response
had a linear behavior, indicating a direct relationship between antibody concentration and
changes in the SPR angle. Furthermore, despite the increased concentrations, the sensor does
not seem to reach a point of total saturation up to this point. This indicates that the sensor can
be used to read several consecutive samples. Measurements were performed in triplicate and
results were consistent for every replicate, thus demonstrating reproducibility.

3.3.4 Biosensor specificity.

Figure 6 shows the results from the interference test, where the response to naproxen,
ibuprofen and ketorolac is observed as a drop in the angle. This drop is attributed to a change
of medium (from buffer to ultrapure water), and after the incubation and washing steps, the
baseline returns to its original value for naproxen and ibuprofen, indicating there is no
interaction with BSA. Only ketorolac produced a change in the SPR angle, with a shift of
0.0032 degrees, marked by the red line, this is because at the conditions at which the
interferents were tested, the carboxyl group of ketorolac is more reactive towards BSA.

An insert was added in Figure 6 showing a fragment of the diclofenac detection curve; the
angle shift for the lowest diclofenac concentration (2 ug L) was 0.061 degrees, showing
that the interference of ketorolac (15 ug L) is about 5 %. However, it should be noted that,
of the limited literature where ketorolac is analyzed in real samples, comparing for example
the analysis in hospital water, the data indicate that there is a concentration of 0.47 pug L™,
and 6.17 ug L' for diclofenac [80,81]. In general, regardless of the type of real sample
analyzed, a lower incidence of ketorolac is found, hence interference by this pharmaceutical
in real samples is expected to be insignificant.
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Figure 6. Interference test sensogram. Naproxen, ibuprofen, and ketorolac in ultrapure water were tested.
Inset shows a section of the DCF detection curve.

3.3.5 Inhibition immunoassay

Due to the small size of DCF molecules, an indirect competitive (inhibition) assay was
performed. Four repetitions of the assay were carried out, and results were normalized prior
to data analysis. Figure 7 shows the obtained calibration curve after a fit using the sigmoidal
Boltzman function [82] according to the Equation 1. Consequential to the fit used, an R2-
value of 0.99 was obtained. For the calculation of LOD and LOQ, the 3SD and 10SD criteria
were used, resulting in 3.15 ug L' and 10.52 pug L' respectively. The detection range is 2 to
32 pg L, corresponding to the concentrations tested during the assay. Figure 4 shows the
error bars, which represent the precision, the average precision being 1.96%. Finally, the
sample analysis time is 10 min.

12.71—-9.06
y=9.06 + 3112
1+ e 688

Equation 1. Boltzman function used for fitting.
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Figure 7. Calibration curve from the competitive assay for the detection of DCF.

Other biosensors have been previously developed for quantifying DCF, among these various
electrochemical biosensors, as well as fluorescence and interferometric biosensors in the case
of optical sensors. Table 1 shows the general information of the published works in
comparison with this work. As can be seen, in terms of LOD, this biosensor offers similar
results to the other SPR and QCM biosensors. However, it can also be seen that this biosensor
achieved better performance in terms of analysis time and accuracy.

Table 1. Comparison between biosensors developed for DCF detection.

. LOD LOQ Range o Analysis  Sample
Biosensor type ng L' pgLl  pg L SD (%) time tested Reference
SPR 315 1052 2-32 196  lomin Dcionized  This
water work
Interferometer 0.11 0.24 06423 1_ - 20 min Milk [83]
Photoelectrochemical ~ 0.23 - 043‘9 4_ 2.92 - Lake water [84]
2961.4
Fluorescence - - - - 12 h Wastewater [85]
14807.4
SPR Deionized
(with nanostructures) ) ) =10 ) i water [86]
4.4 — . .
QCM 2.8 4.5 13.6 - 60 min  River water [87]
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To the best of our knowledge, only one work has addressed the use of an SPR immunosensor
for DCF, in which a sensor with imprinted nanopillars was used [86]. In that work, DCF
molecules were directly deposited on the sensor and an inhibition immunoassay was
performed. The authors reported a detection range of 1 ug L™ and 10 ug L', and the LOD
obtained herein (3.29 ug L) is comparable to their results. The main differences between
both works are (a) the immobilization strategy, i.e., pure DCF instead of a DCF hapten-
protein conjugate, and (b) the use of nanostructured sensors based on nanopillars by Steinke
et al., instead of a gold coated glass slide. The nanopillars intensify the SPR signal therefore
eliminating the need for conjugating DCF to a bigger molecule, while in contrast in this work
similar detection limits were reached without having to design complex nanostructures since
the conjugate improves sensitivity. Having a biosensor whose configuration is simpler is
highly advantageous in terms of accessibility, as it can reduce production time and costs and
infrastructure requirements.

3.4 Conclusions

A DCF-BSA conjugate was developed for the detection of DCF. The conjugate was
successfully synthesized, achieving binding of approximately 3 DCF molecules to each BSA
molecule. The biosensor showed specificity towards DCF since other anti-inflammatory
drugs such as ibuprofen and naproxen could not bind to the surface, only ketorolac showed
affinity for the biosensor. However, interference by ketorolac is not significant since its
concentrations in ambient water are minimal. The SPR biosensor fabricated using the DCF-
BSA conjugate was able to detect DCF in concentrations of parts per billion, which are in
the same order of magnitude than those quantified in wastewater, with a LOD of 3.15 pg L~
P'and LOQ of 10.52 pg L', the measurements were performed in a time of 10 min and with
a SD of 1.96%, which improves the results of previous published works. Moreover, compared
to the only other SPR biosensor built for the quantification of this molecule, detection limits
and ranges were analogous considering the different approach used in each case (i.e.,
nanofabricated structures vs. a chemical-based method). An advantage of a chemical-based
method is that there is little to no requirement for specialized infrastructure (e.g., clean
rooms) or expensive top-down nanofabrication equipment, which can translate into higher
accessibility.
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CHAPTER 1V



4.1 Detection of acetaminophen by enzyme based amperometric

biosensor.

The work described in this chapter corresponds to an article entitled "Detection of
Acetaminophen in Groundwater by Laccase-Based Amperometric Biosensors Using MoS»
Modified Carbon Paper Electrodes" which is published in the journal Sensors with DOI:
https://doi.org/10.3390/s23104633

Briefly, in this chapter an enzyme-based amperometric biosensor was developed; the design
of the biosensor involves the use of laccases and molybdenum disulfide (MoS:). For the
optimization of the biosensor, three different types of laccase were tested, a commercial
laccase from the fungus Trametes versicolor (TvL); and a laccase harvested and purified
from a native strain of Pycnoporus sanguineus, from the latter two different isoforms were
obtained and both were tested (Lac I and Lac II). Once the best response was obtained, the
biosensor was tested for the detection of ACE in groundwater samples.

4.2 Methodology

4.2.1 Laccase Enzymes

A Laccase isoform (EC 1.10.3.2) from P. sanguineus CS43 (Lacl and Lacll) was obtained
as described in our previous work [88]. Briefly, mycelia were recovered from a tomato
medium supernatant after 10 days of culture by filtration (0.2 um pore size). Then, the sample
was concentrated by ultrafiltration with a tangential-flow filter (Membrane cut-off of 10 kDa,
Sartorius Sartojet). The ultra-filtered sample was purified with a DEAE-cellulose ion
exchange column eluted with a 20 to 300 mM phosphate buffer of pH 6.0 at a flow rate of
2 mL/min. Finally, laccase fractions were collected and concentrated. Commercially purified
laccase from T. versicolor (EC 1.10.3.2) was kindly provided by Amano Enzyme Inc. (TvL).
Laccase activity was determined as in a previous work [89], where the oxidation of 0.54 mM
ABTS 50 mM citric/phosphate buffer of pH 4 was monitored by the increase in the
absorbance at 420 nm. Total protein content was determined with the BCA reagents using
bovine serum albumin (BSA) as standard and measured at 562 nm. Absorbance was
measured using a Thermo 50 Scientific® Evolution 260 Bio UV-Visible Spectrophotometer
(Thermo Fischer Scientific, Waltham, MA, USA). Measurements were triplicated. All
solutions were prepared in MQ water. P. sanguineus CS43 fungal laccases were used as
obtained from a freshly purified culture, and TvL was prepared according to previous work
[89], where it was demonstrated to have an efficient electrochemical signal. Concentrations
and/or enzymatic activities were not modified for the following experiments.
Characterization of laccase enzymes is shown in Table 2.

Table 2. Enzymatic characterization of laccases from P. sanguineus CS43 and Trametes

versicolor.
Sample Conc. (mg/mL) Activity (U/mL) Specific Activity (U/mg)
TvL 1.32+0.64 81.00 += 30 61.50 £3.29
Lacl 0.31+0.48 33.87+£1.38 108.17 = 7.35
Lacll 0.48+0.17 74.49 £0.97 155.11 £1.50
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4.2.2 Synthesis of MoS2 Nanostructured Material

The hydrothermal synthesis of MoS, was performed following the procedure reported by
Najmaei et al. [90] with modifications. The modified synthesis is registered under patent
MX-a-2017-016742 [91]. The first step consisted of the obtention of MoO3 nanoribbons
through the hydrothermal method: a dispersion of 2 mL of a saturated ammonium molybdate
in HCl mixed by magnetic stirring for 30 min was then transferred to a Teflon-lined autoclave
and left at 185 °C for 12 h. MoOs and sulfur powder were put into a tube furnace at 600 °C
under nitrogen flow; afterward, the temperature was increased to 800 °C and was heated for
1 h. After the heating process, the furnace was left to cool down to room temperature under
nitrogen flow. Then powder was stored for further use.

4.2.3 Immobilization of Laccase onto MoS2 Modified Electrodes

Different solutions containing 0.5, 1, 2, and 5 mg/mL of MoS: were prepared and sonicated
for 15 min. After a homogeneous solution was obtained, 10 puL of each solution was drop-
casted onto the carbon paper (CP) electrode surface (0.25 cm?) and left to dry at room
temperature (CP-MoS;). TBAB-Nafion polymer was used for enzyme immobilization
according to the procedure previously reported [92,93]. Briefly, a solution of each purified
enzyme (Lacl, Lacll, and TvL) was mixed with a solution of TBAB-Nafion to obtain a ratio
of 3:1 (enzyme: TBAB-Nafion). Then, the solution was vortexed at 2000 rpm for 30 s. After
a homogeneous solution was obtained, 10 pL was taken and drop-casted onto (a) pristine
electrodes and (b) electrodes modified with MoS> to obtain the CP-Lac and CP-MoS;-Lac
working electrodes, respectively.

4.2.4 Electrochemical Measurements in the Optimization of Acetaminophen Detection

Voltametric and amperometric measurements were carried out on a CHI 611E
Electrochemical Workstation (CH Instruments, Shanghai, China) with a conventional three-
electrode system. Either carbon paper (CP) electrode or CP modified electrode was used as
the working electrode, saturated calomel as the reference electrode (SCE), and a platinum
mesh as the auxiliary electrode. All experiments were conducted at room temperature (~20
°C) in a beaker containing 5 mL of a 0.1 M citric acid/2 M KOH buffer (pH 4). The steady
state amperometric response of working electrodes at different ACE concentrations was
determined by successive additions of a 66.15 mM of ACE solution in MQ water. First, the
working electrodes were equilibrated in 0.1 M citrate buffer at a constant potential of —0.1 V
until a constant current was obtained, known as background current (I1). Then, aliquots of
the ACE solution were added to the electrochemical cell and the obtained steady-state current
response was recorded (12). The obtained current difference (Al = I2—I1) was used to plot a
calibration curve of Al vs. concentration of dopamine ([ACE]). All measurements were taken
by triplicate.

4.2.5 Characterization Techniques

Raman spectra of modified electrodes were acquired using a Renishaw InVia spectrometer
under ambient conditions with a 50x objective lens. Laser excitation was 633 nm using an
Argon ion laser in the range of 100-1900 cm . Laser power on the sample was set around
1.0 mW to avoid laser-induced heating. The modification of carbon paper electrodes with
MoS: was verified with SEM micrographs. A Nova NanoSEM 200 (FEI Company,
Hillsboro, OR, USA) Scanning Electron Microscope with an acceleration voltage of 15 kV
in high vacuum conditions with a BSE detector with the capacity to acquire high
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magnification images (>5000x) was used. Electrochemical impedance spectroscopic (EIS)
measurements were carried out on a BioLogic SP-150 potentiostat with a conventional three-
electrode system; the frequency range was between 100 kHz and 10 MHz, with the single
sine amplitudes of 100 pA.

4.2.6 Application of Optimized Electrodes for the Detection of Acetaminophen in
Groundwater Samples

To evaluate the practical effectiveness of the modified electrodes in a real environment,
optimal working electrodes were used for the determination of ACE in groundwater.
Groundwater samples were obtained from several aquifers located in the state of Nuevo Leon
in northeastern Mexico. Sample pH varied between 6.77 and 7.88, indicating neutral to
slightly alkaline water conditions within the studied area. Their concentration of major ions,
Na*, K, Ca*, Mg*, CI', SO4*", NOs ", and HCO3", is related to water—rock interaction
(lutites and limestones) [94]. The groundwater samples were pooled, and the pooled sample
was preconditioned by adding 50mM citric acid and adjusting pH to 4 with KOH (2M).
Electrochemical measurements were performed by successive injections of ACE into a 5 mL
preconditioned groundwater sample.

4.3 Results and Discussion

4.3.1 Immobilization of Laccases onto MoS: Modified Electrodes

Michaelis—Menten kinetic parameters of the free and immobilized laccase enzymes on
carbon paper electrodes modified with MoS; (CP-MoS»-Lac) were determined using ABTS
as a substrate. The values of the kinetic parameters shown in Table 3 were obtained by non-
linear curve fitting of the reaction rate versus substrate concentration from the Michaelis—
Menten equation. As observed, when laccases were subjected to the immobilization process,
an increase in KMapp of 1.93 and 2.41 was obtained for TvL and Lacl. Conversely, this
effect was not observed when Lacll (35.57 + 4.79 uM) was immobilized, as no significant
changes in its KMapp value were observed. The rise in KMapp is in general complemented
by a decrease in affinity and may be a result of the enzyme’s substrate diffusional restriction
or the conformational changes caused by its entrapment in polymer micelles, which prevent
substrate and laccase from interacting properly [95,96]. These findings indicate the existence
and functioning of laccase enzymes after they were immobilized.

Table 3. Michaelis-Menten kinetic constants for both free and immobilized laccase enzymes on
the carbon paper electrode surface.

KMapp
Laccase Free Immobilized
TvL 42.07 £3.136 123 £26.96
Lacl 16.64 +2.548 58.68 £10.12
Lacll 34.51 +£5.857 35.57+4.79

Bioelectrocatalytic activity was studied by cyclic voltammetry to corroborate the presence of
immobilized laccase enzymes on the electrodes. Figure 8 shows the CVs taken at every film
used in the construction of modified electrodes for ACE detection based on the
immobilization of laccases onto CP-MoS; electrodes. CVs showed a quasi-reversible system
with cathodic and anodic peaks at around 0.45 V and 0.55 V, respectively. Pristine CP
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presented a reduction peak of 0.45 V and a maximum current of 20 pA; when CP was
modified with MoS; (1 mg/mL), current decrease and shift in the reduction peak were
observed.

Nonetheless, after adding laccase enzymes to CP-MoS> modified electrodes, it was possible
to observe an increase in the current of the cathodic peak for three enzymes of around 30, 36,
and 72 pA for Lacl, Lacll, and TvL respectively. Peak shifting and current increase in peak
reduction for all bioelectrodes proved that laccases had been adsorbed on the surface of
modified electrode, thus decreasing laccase biocatalytic activity while also causing a slower
electron transfer due to the diffusion restriction attained by these layers.

—CP
—— CP-MosS,
—— CP-MoS,-TvL
CP-MoS -Lacl
—— CP-MoS,-Lacll

Current, 1A

0.90 0.75 0.60 0.45 0.30 0.15 0.00 -0.15
E (V) vs SCE

Figure 8. Cyclic voltammograms of electrodes in each immobilization step in a 0.5mM ACE solution in 0.1
M citrate buffer (pH 4) at a scan rate of 50 mV/s.

Laccase immobilization was also studied with Raman spectroscopy; this technique takes
advantage of the fingerprint of specific molecules in a sample. Commonly, the analysis of
enzymes (proteins) by Raman is based on bands associated with their peptide chains [97].
Figure 9 shows the Raman spectra of laccase-MoS; modified carbon paper electrodes in the
range 500—1450 cm™'; it was possible to observe characteristic peaks for CP, MoS,, TBAB-
Nafion, and laccases. Peaks at 1333 cm™! correspond to disorder and defects in the carbon
lattice (D-line) from the carbon paper [98]. For MoS», the signal at 645 cm™! corresponds to
a combination of the LA(M) frequency and the Alg mode, and the peak at around 820 cm !
is due to the presence of a small amount of MoOs [99,100]. TBAB-Nafion (TB-Naf)
presented several peaks in this region. The most prominent peaks at 732 and 1048 cm™!
correspond to CF> stretching and sulfonate (SO3) symmetric stretch, respectively [101]. Most
of the signals for laccase enzymes were overlapped by TBAB-Nafion polymer signals; this
condition was expected since it is known that this polymer entraps enzymes through the
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formation of a semi-permeable membrane that allows the diffusion of substrates and products
[102]. Nonetheless, Lacl and Lacll presented a small peak at around 930 cm™! probably for
stretching of the YOH in the carboxylic groups in amino acids (glutamic acid and aspartic
acid) [103]. TvL showed a more prominent peak at around 995 cm™! probably due to the
glycoproteic portion of laccase (C-O ribose); this higher signal may be associated with the
fact that TvL was more concentrated than Lacl and Lacll [104,105].

MoS,
TB-Naf
MoS,
acl&Lacll
TvL
TB-Naf
CP

=
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Figure 9. Raman spectra of a) CP-MoS,, b) CP-MoS,-Lacl, ¢) CP-MoS,-Lacll, and d) CP-MoS,-TvL.

The ACE molecule has a hydroxyl and amino derivative functional group; therefore, based
on laccase reactivity, the presence of functional groups acting as electron-donating groups
(EDG) such as hydroxyl (-OH) and amines (-NH) makes ACE susceptible to laccase attack
[106]. The role of MoS: in this mechanism is the modification of the working electrode
(carbon paper) to improve its conductive properties (transducer modifier), due to its features
as a bandgap ranging from 1.2 to 1.8 eV, as well as higher adsorption capacity of ACEox
[107-109]. Hence, according to this and CVs results, the proposed electron transfer
mechanism for the developed CP-MoS:-Lac biosensor is defined as follows: first,
acetaminophen (ACEred) is oxidized enzymatically by laccases in the presence of oxygen to
its respective N-acetyl-p-benzoquinoneimine form (ACEox), and then ACEox is
electrochemically reduced back at the electrode surface to its ACEred form, which is
reflected as an electrical current (Figure 10). For amperometric experiments, measurements
were made at a potential of —0.1 V to ensure the electrochemical reduction of ACEox.
Moreover, this potential avoids possible interference from MoS» precursors, specifically the
remaining MoOs. This low potential that was used was in accordance with previously
reported studies [110,111].
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Figure 10. Electron transfer mechanism for our developed CP—MoS2 Lac bioelectrodes in the detection of
acetaminophen.

4.3.2 Optimum MoS: Concentration for Laccase Bioelectrode Modification

All nonlinear regression of the Michaelis—Menten model was used to evaluate the apparent
electrochemical enzymatic kinetics of the bioelectrodes toward the substrate. This model can
be used to study the influence of factors such as temperature, pH, immobilization technique,
and diffusion-limiting membranes on an enzymatic system [112,113]. In this sense, the
following modified equation was used:

] = M
KM, + [S]
where J is the current density, KMapp 1s the apparent Michaelis constant which quantifies the
enzymatic affinity for the substrate, and Jmax is the maximum current density [114,115]. Since
the recognition system of the proposed enzymatic bioelectrode depends on the enzymatic
kinetics, ACE detection was evaluated under steady-state conditions to compare the apparent
affinity of KMapp and Jmax of ACE at the bioelectrodes. Consecutive injections of ACE into a
stirred buffer solution measured at a potential of —0.1V were made. Representative
amperometric curves for 1 mg/mL of MoS> modified electrodes (Figure 11) showed an
evident electrocatalytic effect obtained after adding ACE into the system.
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Figure 11. Amperometric i—t curves for the CP-MoS2-Lac modified electrodes with successive addition of
ACE into 0.1 M citric acid/2M KOH pH 4 recorded at —0.1 V. For a) CP-Mo0S2-TvL, b) CP-Mo0S2-Lacl, and
¢) CP-MoS2-Lacll.
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All the bioelectrodes demonstrated a Michaelis—Menten kinetic behavior, as can be seen in
Figure 12. It is also possible to observe that modification of MoS: in a concentration of 0.5—
5 mg/mL did not cause a noteworthy increase in the electrochemical detection of ACE when
using Lacl and TvL, where maximum current densities were around 45 uA/cm?. On the other
hand, for Lacll, a significant increase in current density was observed using 1 and 2 mg/mL

of MoS,. The maximum current density for Lacll was around 210 pA/cm? when using 1
mg/mL of MoS;.
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Figure 12. Apparent steady-state Michaelis—Menten kinetics of ACE for a) CP-Mo0S2-TvL, b) CP-MoS2-
Lacl, and c) CP-MoS2-Lacll, determined in stirred citric acid/KOH (pH 4, 500 rpm) at an applied potential of
—0.1 V vs. SCE. MoS2 concentrations were: 0 mg/mL (m), 0.5 mg/mL (0), 1 mg/mL (A), 2 mg/mL (V), and

5 mg/mL (#). Error bars represent standard deviation (n = 3).

Values for KMapp and Jmax from nonlinear regression of the Michaelis—Menten model are
reported in Table 4. Usually, low KM values are associated with high affinity [116]; taking
this into account, the results for Lacl and TvL modified bioelectrodes confirm that MoS; did
not have a significant effect on the concentrations that were studied. Contrarily, for Lacll,
lower KMapp and higher Jmax were achieved when 1 and 2 mg/mL of MoS; were used. From
these results, the MoS» concentration considered to be optimum for further uses was 1 mg/mL
since low KMapp and the highest Jmax were obtained.

Table 4. Apparent steady-state Michaelis—Menten kinetic values of Lacl, Lacll, and TvL MoS2
modified bioelectrodes for ACE, determined in stirred citric acid/KOH (pH 4, 50 mM, 500 rpm)
at an applied potential of —0.1 V vs. SCE.

MoS: TvL Lacl Lacll
Concentration KMapp (UM) Jmax (A/cm?) KMapp (UM) Jmax (A/cm?) KMapp (UM) Jmax (LA/cm?)
Unmodified

- 1659 £250 51.11+£2.59 2164+151 53.68+1.43 1908+77 1293+1.76

Modified with MoS:2

0.5mg/mL 2613 £254 29.80+1.09 2474+65 4539+044 1501+99 81.05+1.68
1 mg/mL 2952+ 155 41.03+0.85 2702+143 58.01+1.17 1656+37  234.7+1.65
2 mg/mL 1791+£99 4984 +091 2429+232 3434+130 1604+66  142.2+1.81
5 mg/mL 2733 +£253 4033 +1.43 3535+£250 22.07+£0.65 4176+331 29.54+1.04
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4.3.3 Characterization of Optimum MoS: Modified Electrodes

According to the above results, the electrode with the best efficiency in ACE determination
was the one modified with MoS; at 1 mg/mL. SEM and electrochemical impedance
spectroscopy (EIS) were carried out in order to study the electrode properties. SEM
micrographs of CP and CP-MoS; modified with 1 mg/mL are shown in Figure 13. From
Figure 13 a, it is possible to observe that CP is composed of carbon fibers with an average
diameter of 6.72 + 0.65 um, and that no impurities were observed. When CP was modified
with 1 mg/mL of MoS, (Figure 13 b), it was well distributed throughout the CP surface;
uniform distribution was confirmed by EDS mapping (Figure 13 e,f). At high magnification
(Figure 13 c¢), it is possible to observe that MoS, morphology resembles ribbons with an
average length of 5 um and an average width of 0.4 um. Moreover, some nano-platelets
grown over the surface (indicated with arrows in Figure 13 d) were observed, which can
serve as electroactive sites that are more accessible for the substrate to experience reduction
reactions. No visible gaps between the stacked MoS: ribbons were visible, suggesting that,
as the concentration of ribbon increases, they tend to stack in an ordered manner, ensuring a
good contact between adjacent ribbons and the surface of the electrode, which suggests that
the electron transfer process is favored. EDS analysis (Figure 13 g) was performed to
characterize the chemical composition of CP-MoS;, confirming the existence of the element
C, and Mo and S in a 1:2 ratio.

Mo La1 S Ka1 3 T

Figure 13. Representative SEM micrographs of electrodes: bare CP a) and CP modified with 1 mg/mL of MoS»
b—d). EDS mapping of Mo and S elements distribution within CP e,f). EDS spectrum of MoS; onto CP g).

The Nyquist plot (Figure 14) shows the electrochemical impedance spectra (EIS) of CP, CP-
MoS;, CP-MoS2-TvL, and CP-MoS:-Lacll. TvL was taken for comparison. All plots show
the typical semicircle portion at high frequencies that correspond to an electron-transfer
limited process with the transfer of electrons between the electrolyte and the electrode
surface. Symbols represent the experimental data, and solid lines represent the fitted data to
an equivalent circuit (inset Figure 14) to determine the charge transfer resistance (Rct) and
double-layer capacitance (Cdl) at the interface of the developed electrodes. The basic Randles
circuit was modified by an additional parallel RC circuit for a better fit. This additional circuit
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was required possibly due to the higher roughness of CP [117]. It was possible to observe
that CP unmodified by MoS; or laccase had an Rct of 61.21 £ 0.21 Q. After that, when MoS»
was added to the electrode, a slight decrease in Ret to 59.73 £ 0.73 was obtained; this result
may be associated with the electrical conductivity given by MoS,, promoting direct electron
transfer reactions. When TvL was added, an Rct of 63.84 + 0.62 was obtained, while, for
Lacll, an Rct to 61.34 + 0.27 was observed. The hindered electron transfer shown for CP-
MoS>-TvL and CP-MoS:-Lacll may be due to the addition of laccase enzymes to the
electrode [118]. Despite this increase in transfer-resistant charge compared to CP-MoS»,
LaclI had a lower Rct compared to TvL.

The characterization of electrodes in optimal conditions showed that the use of MoS» as a CP
modifier agent in the manufacture of bioelectrodes produces a positive effect, facilitating the
transfer of electrons in the system.

30
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Figure 14. Representative Nyquist plots in each step of bioelectrode fabrication. Measured in citric acid/KOH
buffer pH 4 using a frequency range between 100 kHz and 10 MHz, with single sine amplitudes of 100 pA.

4.3.4 Application of Modified Electrodes in the Detection of Acetaminophen

Based on enzymatic kinetics, by using the lower KMapp and higher Jmax values, the optimal
combination of enzyme/MoS: concentration for electrode modification was the one
fabricated with Lacll and a concentration of 1 mg/mL. Thus, further analyses were performed
to determine the linear ranges and limits of detection for ACE. As stated before,
commercially available TvL was used for comparison against native Lacll. Figure 15 and
Table 5 show the results for electrodes unmodified and modified with 1 mg/mL of MoS; and
with Lacll and TvL.
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Figure 15. Calibration curves for ACE using the electrodes unmodified and modified with 1 mg/mL of MoS2
in citric acid/KOH buffer pH 4 for a) Lacll, and b) TvL.

It was found that CP-MoS;-Lacll presented a broader linear range of 66—525 uM than TvL,
which had a range of 66—329 uM, when both were used in electrodes modified with MoSo.
These results agree with the fact that the linear range of enzymatic biosensors is limited to
substrate concentrations well below Km, where the reaction rate is diffusion-limited and
grows almost linearly when substrate concentration increases [119]. The almost 2-fold
improvement in sensitivity for the Lacll electrode, which passed from 0.0586 to 0.1083
nwA/uM cm?, can be attributed to the presence of MoS; in the electrode. Consequently, a
negative effect of sensitivity could be observed for TvL, which was reduced significantly
from 0.0218 to 0.0155 nA/uM cm?. The sensitivity values obtained may be associated with
changes in enzymatic affinity after immobilization since, as shown above, TvL presented a
lower affinity with a decreased sensitivity, whereas Lacll affinity was not affected by
immobilization process, and exhibited an increase in sensitivity.

Table 5. Linear range, sensitivities, and correlation coefficients obtained for the calibration
curves of the modified electrodes in the determination of ACE.

Bioelectrode  Linear Range (uM)  Sensitivity (nA/uM cm?) R?

CP-Lacll 66-395 0.058 0.9901
CP-MoS:-Lacll 66525 0.108 0.9948
CP-TvL 132-395 0.021 0.9901
CP-MoS,-TvL 66329 0.015 0.9901

The limits of detection (LOD) for CP-MoS»-Lacll and CP-MoS-TvL were determined by
adding a 5 mM acetaminophen solution gradually until a statistically significant change
response in current was observed. The obtained values for the modified electrodes were 0.2
uM for CP-MoS»-Lacll and of 2.00 uM for CP-MoS:-TvL, which are among the lowest
reported when compared with other oxidoreductase-based electrochemical biosensors for the
detection of acetaminophen, as compared in Table 4. In addition, it is possible to observe that
our developed bioelectrodes showed better sensitivity in the detection of ACE, reaching
almost twice the value of those reported in Table 6. It is important to mention that the
amperometric signals recorded for TvL were noisier than those recorded by the native Lacll
enzyme; this fact could translate into a much more reliable measurement.
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Table 6. Analytical characteristics of some enzyme-based electrochemical biosensors reported

for the determination of acetaminophen.

Detection

Linear range

Sensitivity

LOD

Electrode method Sample (uM) (A/UM cm?) (M) Ref.
Amp 50 M phosphate buffer
GCPE-PPO (~0.1V) solution pH 7.4, Up to70 0.015 pA/uM 7.8 [110]
50 mM sodium phosphate
Ggif_%fs@ ( _A(‘)“f%) buffer pH 7.0 with 100 5.6-331.1 0.069 17 [111]
' mM KCI
GCE-HRP-PPY  Amp 0.2 mM H;0: in 9.3-83.7 - 6.5 [120]
SPE-HRP-PPY (—0.175 V) phosphate buffer pH = 7.4 3.1-55.9 - 1.52
GCE-nano PPY-
HRP Amp (—0.2 Phosphate buffer solution 5-60 0.050 0.1 [121]
GCE-flat PPY- V) (pH 7.4) 5-300 0.002 4.1
HRP
GCE-clay-PEI- 100 mM phosphate buffer
HRP Amp (0 V) saline (pH 7.4) 525495 0.013 pA/uM  0.63 [122]
100 m M phosphate-buffer B
SPE-CoPC/Tyr Cv pH 6 /100 mM KCl up to 40 0.088 0.5 [123]
DPV 10 100 mM phosphate buffer .
CPE-EP-PPO Vs (pH 6.0) 600-1150 - 5.0 [124]
DPV 10 100 mM phosphate buffer
CPE-PPO mV/s pH 7.0 5-245 - 3.0 [125]
CP-Lacll 66-395 0.058 -
CP-TvL Amp —0.1 100 mM citric acid / 2 M 132-395 0.021 - Present
CP-MoS;-Lacll v KOH buffer (pH 4) 66-525 0.108 0.2 study
CP-MoS,-TvL 66-329 0.015 2.0
CP-MoS,-Lacll Amp —0.1  Groundwater (50mM 1-155.1 0.017 050 present
CP-MoS,-TvL AV4 citric acid/2 M KOH) 29.82-155.1 0.005 24.88 Stlldy

*GCPE-: glassy carbon paste electrode. PPO: polyphenol oxidase. GCE: glassy carbon electrode. HRP horseradish peroxidase.

PAA-BIS:—polyacrylamide—AN,N-methylenebisacrylamide.

PPY: polypyrrole.

SPE:

screen-printed

electrode.

PEI:

polyethyleneimine. CoPC: polyvinyl alcohol photocrosslinkable polymer. Tyr: tyrosinase. CPE: carbon paste electrode. EP-PPO:
eggplant polyphenol oxidase. MWCNT: multiwall carbon nanotubes. PANI: polyaniline. GA: glutaraldehyde. Amp:
Amperometry. CAmp: Chronoamperometry. CV: Cyclic Voltammetry. DPV: Differential pulse voltammetry.

4.3.5 Application of Modified Electrodes in the Amperometric Detection of
Acetaminophen in a Groundwater Sample from a City in Northeastern Mexico

With the aim of confirming the validity and feasibility of the biosensor for detecting ACE in
groundwater, an aliquot of groundwater was preconditioned by adding citric acid to reach a

concentration of 50 mM, then adjusting pH to 4 with KOH. Then, successive injections of

ACE were made to a 5 mL preconditioned groundwater sample. The detection of ACE was
studied by increasing concentration up to around 150 uM to determine the linear range,

sensitivity, and LOD in this water sample used as a model of environmental importance.
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Figure 16 and Table 7 summarize the application of 1 mg/mL modified electrodes with TvL
and Lacll in the detection of ACE in groundwater; this study was performed up to a
concentration of around 150 uM, where typical CECs are found [70,126].
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Figure 16. Calibration curves for ACE using the electrodes modified with 1 mg/mL of MoS2 for Lacll and
TvL, both in groundwater (5 mL) pre-conditioned with 0.05 M citric acid and adjusted to pH 4 con 2M KOH.

LacllI presented a wider linear range from 1 to 155 uM compared to TvL, which had a linear
range of 29.82—155 puM. In terms of linearity, Lacll also presented a better R value of 0.9992
than the TvL (0.9933). As is also shown in Table 6, LOD for Lac II was lower than that for
TvL, which was an expected result since, on the one hand, it is known that Lac II has
presented an enhanced resistance to common inhibitors such as major ions Na*, K*, Ca*",
Mg?*, CI", SO4*", NO*", which are normally found in groundwater, and, on the other hand,
Lacll did not show significant affinity change after the immobilization process. Furthermore,
the sensitivity of Lacll was shown to be around 3-fold higher when compared to TvL,
confirming that the native laccase enzyme is a better candidate for use in practical
applications for ACE detection in water samples of environmental importance such as
groundwater.

Table 7. Linear range, sensitivities, and correlation coefficients obtained for the calibration
curves for the modified electrodes in the determination of ACE in groundwater samples.

Electrode Linear Range Linear Range Sensitivity R? LOD LOD
(M) (ng/L) (nA/nMem?) oM  (ng/L)
CP—IIE/;(ZSz a 1-155 151.13-23,436.1 17.7 0.9992 0.50 75.57
CP-MoS: — 4507.84—
TvL 29.82-155 23.436.1 5.6 0.9933 24.88 3760.27
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From these results, it was possible to observe that the use of native laccase Lacll for the
fabrication of a modified electrode in the development of a laccase-based electrochemical
biosensor can be a powerful element for the determination of any noticeable increase in the
guidance value for ACE of 200 pg/L, which can be an indicator of pollution by this drug.
Moreover, laccase-based amperometric biosensors have the advantage of being of easy
usage, fast, and with good performance and selectivity, which may be convenient for the
detection of these emerging pollutants [127].

4.4 Conclusions

The use of MoS> as a two-dimensional material for the modification of carbon paper
electrodes coupled with the immobilization of laccase enzymes allowed the development of
a novel bioelectrode for use in the development of a laccase-based amperometric biosensor.
The resulting bioelectrode showed good analytical performance in the determination of ACE
in citric acid buffer, providing a sensitivity of 108.3 nA/uM*cm? and an LOD of 0.2 uM,
which are among the lower values reported for this oxidoreductase-based biosensor. It was
also demonstrated that MoS; allowed an increase in sensitivity. Furthermore, the difference
in the nature of laccase enzymes was investigated, presenting a very important effect for the
development of novel bioelectrodes; hence, it is of utmost importance to investigate enzymes
with improved detection yields. For example, of the two isoforms of the laccase enzyme from
the white-rot fungi, Pycnoporus sanguineus CS43 (Lacl and Lacll) and the commercial
laccase (Trametes versicolor), better results were achieved for Lacll native laccase.

The bioelectrode application in the determination of ACE in groundwater samples was
successfully carried out, with Lacll showing a good performance against naturally found
inhibitors (major ions). This achieved an LOD of 0.5 uM and a linear range of 1-98.04 uM
equivalent to 151.13-14,819.9 pg/L. The properties of this developed bioelectrode can be
effectively used to develop a monitor tool for any significant increase in guidance values
emitted by environmental organisms defined at 200 pg/L to study water pollution by this
pharmaceutical.
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5.1 General Conclusions

The electrochemical biosensor is easier to manufacture, because being of the catalytic type
does not require the formation of a conjugate for the quantification of small molecules, which
proves the advantage it has in terms of ease of manufacture and miniaturization capacity. On
the other hand, the SPR biosensor, due to its configuration and components, makes it difficult
to design a portable device. In addition, the design of the SPR biosensor turned out to be
slightly more complex due to the use of the DCF-BSA conjugate. Since it is an affinity
biosensor, the response generated by the antibody is strongly influenced by the quality of the
antigen present; in this sense, the synthesis of the conjugate is a delicate process that must be
carried out under the appropriate conditions.

In terms of sensing, the detection limits achieved were 3.15 pg L™! for DCF by SPR and 75.57
ug L for ACE in amperometry. Both biosensors achieved detection of pharmaceuticals at
concentrations low enough to be used in real samples; however, it is evident that SPR is better
in terms of sensitivity. The immunoassay proved to have a high specificity, which is also an
advantage in the detection of this type of contaminants.

Both works provide new findings in the application of these analytical techniques for
environmental water samples. They demonstrate that it is worthwhile to continue research in
this area, designing new biosensors that are increasingly sensitive, simple and portable, so
that CEC can be quantified quickly and reliably.

5.2 Future work

For future work we propose the development of specific SPR biosensors for the detection of
carbamazepine (CBZ) and diazepam (DZP). CBZ is an anticonvulsant drug used in the
treatment of epilepsy and for bipolar disorder as a mood stabilizer, it is one of the most
frequently found drugs in water samples, so its detection is important [128]. On the other
hand, DZP has anxiolytic, myorelaxant, anticonvulsant and sedative properties; it stands out
for being one of the most prescribed anxiolytics, therefore its detection is also relevant [129].
Both drugs have been shown to be toxic to aquatic organisms, having effects on the
development of crustaceans and fish [130-132]. Of the two, CBZ has been shown to have
more toxicological effects both acutely and chronically, causing malformations and a
decrease in the reproduction of certain fishes, as well as causing oxidative stress, liver and
gill damage, and damage to the aquatic biofilm [64,128,132,133].

For the development of biosensors, the methodology proposed is similar to the one presented
here, with the difference that prior to the synthesis of the hapten-protein conjugate, the
pharmaceutical molecule requires a previous modification, as described below.

1. Preparation of immunogen

Since the molecules, both CBZ and DZP, do not have a carboxyl functional group in its
structure it is first necessary to modify them to obtain the conjugate. For CBZ a reaction is
performed using iminostilbene as a precursor, along with triglycine which provides the
carboxyl functional group needed for protein conjugation; In the case of DZP, 3-
hemisuccinate is used [134,135].
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2. Synthesis and purification of hapten-protein conjugates

For preparing the haptens conjugated with BSA, the mixed anhydride method is used, which
consists of two steps. First, the hapten, containing a carboxyl group, is treated with isobutyl
chloroformate in the presence of tributylamine. This results in the formation of a mixed
anhydride to which the protein is added. Then, the hapten reacts with the free amine groups
and they are linked through an amide bond [77].

3. Sensor functionalization in continuous flow mode.

Functionalization of the sensor is carried out under continuous flow, which is achieved by
attaching a microfluidic system to the SPR arrangement. Once the sensor is clean, a self-
assembled layer of anchor molecules, specifically alkanethiols, is deposited on the surface.
The sensor is then placed in the SPR device, and the following solutions are sequentially
injected into the system: (1) a solution that forms the immobilization matrix, (2) the hapten-
protein conjugate and (3) an ethanolamine solution that occupies the spaces still available in
the sensor so the sample interacts only with the immobilized hapten.

4. Calibration curve using synthetic samples.

Synthetic samples will be prepared by using ultrapure water spiked with the respective
analyte at different known concentrations. Once SPR set up has been calibrated and
optimized at a fixed incidence-angle; synthetic samples previously incubated with the
specific antibody at a fixed concentration will be analyzed in continuous flow mode. The
detection process occurs when the sample flow interacts with the immunosensor settled in
the SPR system; in this case, the free antibody will bind to the immunogenic conjugate on
the surface of the sensor. In consequence the amount of the analyte will be estimated in
inverse proportion to the antigen-antibody bonds. Calibration curves for each target analyte
will be carried out in order to obtain analytical parameters such as linear ranges, sensitivity,
detection and quantification limits, among others.

5. Measurement of real samples.

The measurement of real samples is carried out following the procedure described for the
calibration curve, but the sample is prepared by mixing the antibody with a problem solution
containing the target analyte.
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Abstract: The correct detection and quantification of pollutants in water is key to regulating their
presence in the environment. Biosensors offer several advantages, such as minimal sample prepara-
tion, short measurement times, high specificity and sensibility and low detection limits. The purpose
of this review is to explore the different types of optical biosensors, focusing on their biological
elements and their principle of operation, as well as recent applications in the detection of pollu-
tants in water. According to our literature review, 33% of the publications used fluorescence-based
biosensors, followed by surface plasmon resonance (SPR) with 28%. So far, SPR biosensors have
achieved the best results in terms of detection limits. Although less common (22%), interferometers
and resonators (4%) are also highly promising due to the low detection limits that can be reached
using these techniques. In terms of biological recognition elements, 43% of the published works
focused on antibodies due to their high affinity and stability, although they could be replaced with
molecularly imprinted polymers. This review offers a unique compilation of the most recent work in
the specific area of optical biosensing for water monitoring, focusing on both the biological element
and the transducer used, as well as the type of target contaminant. Recent technological advances
are discussed.

Keywords: optical biosensors; water pollutants; water monitoring; interferometers; resonators; SPR
biosensor; fiber optic biosensors; emerging contaminants; heavy metals in water; waterborne pathogens

1. Introduction

Detecting pollutants in water bodies accurately is crucial for quantifying their impact
and developing tailored strategies to reduce their effects. Due to the variable complexity of
environmental water samples, as well as the low concentrations at which some pollutants
are found, so far chromatographic techniques are the gold standard for analytical detec-
tion [1,2]. However, biosensors have positioned themselves as a good alternative to these
classical techniques. According to Markets and Markets, in 2021 the biosensors market was
valued at USD 25.5 billion and is projected to reach USD 36.7 billion by 2026 [3].

Currently, biosensors primarily serve in the medical fields and life sciences, but their
use has been extended to the food industry [4], biotechnology [5] and environmental
monitoring [6], the latter which will be discussed in depth in this review. Biosensors are
analytical devices that use biological recognition elements connected to transducers to
generate a signal in response to a specific reaction between two elements [7]. This reaction
is proportional to the concentration of chemical components present in the sample. There
are numerous approaches to develop a biosensor, but overall, a biosensor can be classified
as electrochemical, piezoelectric, optical, mechanical, and thermal, depending on the type
of transducer used.
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Optical biosensors stand out because they can provide valuable information about a
sample (e.g., kinetic behavior, concentration, molecular interaction, etc.) while avoiding
electrical or magnetic interference [8]. Moreover, optical biosensors are highly sensitive and
can detect analytes even at attomolar [9] and femtomolar [10] concentrations. Despite the
aforementioned advantages, electrochemical biosensors are still the most commercialized
type of portable biosensor, mostly because they are easier to miniaturize.

The main challenges for the development of portable commercial optical biosensors are
(a) device miniaturization, (b) stability of the biological recognition element, and (c) device
reusability. Nevertheless, there are successful benchtop commercial optical biosensors used
for drug discovery, small molecule, and therapeutic screening, among which the Biacore
system and its iterations have been in production since around 2004 [11]. These biosensors
are not commonly for environmental applications, although research advances could bring
breakthroughs in this area.

Recently, optical sensors and biosensors have been developed that take advantage of
the optical elements of smartphones to capture signals and transform them into measurable
values. For example, high-resolution cameras allow for data acquisition, while exposure
lights provide the sources of light excitation [12]. Hence, the optical characteristics of
an image, such as color, luminescence, pixel counts, reflected light, and scattered light
can be processed to obtain relevant information [13]. Smartphone-based optical sensors
and biosensors use colorimetric [14], fluorescence [15] or bright-field imaging [16] as their
detection principle; due to the complexity of this data, tools such as machine learning and
deep learning are used for processing [12]. Within the biosensors that have been developed
with this technology, most of them have been used for disease diagnosis [17] and point-of-
care analysis [15]. However, their working principles can also be extended to environmental
monitoring. For example, a smartphone has been used to detect the fluorescence emitted
by labeled antibodies to quantify bisphenol A in lake and tap water [18]. Although further
research is still required for the development of portable and accessible biosensors using this
technology, the progress achieved so far represents a breakthrough in the miniaturization
of optical devices and their potential use for on-site water monitoring.

The aim of this literature review is to analyze the most recent works published on the
specific topic of optical biosensors for the detection of pollutants in water, since information
is needed on fast, simple and in situ methodologies that can be used even by users without
highly specialized training to increase their awareness of the type and concentration of
pollutants found in water bodies and incentivize regulatory measures.

At present, review articles have been published on optical biosensors, but these are
mostly focused on biomedical sensing applications such as biomarkers, disease detec-
tion [17] and point-of-care analysis [13]. Similarly, although to a lesser extent, biosensors
have been used in the food industry [2].

Unlike the few reviews that broadly focus on biosensing water pollutants [19-21], this
paper purposely excludes other types of biosensors such as electrochemical, mechanical,
piezoelectric, etc., and instead seeks to expand the information pertaining exclusively to
optical biosensors published in the last decade. Optical biosensors are highly promising for
environmental analysis because of their versatility in terms of configuration and types of
target samples and the fact that optical devices stand out from other types of transducers
because of their immunity to external signals [22].

This review discusses recent advances in the development and application of optical
biosensors for the environmental monitoring of water samples (freshwater and wastewater),
focusing on the detection of pesticides, pharmaceuticals, microorganisms, toxins and heavy
metals. A brief description of the main types of biological detection elements is given, as
well as a discussion of their advantages and limitations. Subsequently, the different types of
optical transducers currently available and their working principle are described, including
some of the progress made in their different configurations. Next, papers from the last
decade on the subject of optical biosensors for water monitoring are presented. Works
are detailed, with an emphasis on each of the elements that conform the biosensor (i.e.,
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transducer and biological element), specific type of sample (e.g., freshwater, wastewater)
and analytical parameters.

2. Methods

The literature review was conducted using the following databases: Pubmed, Sci-
enceDirect and Scopus. The search was delimited to last decade and the following search

v Y77i

terms were used: “optical biosensors”, “environmental monitoring”, “water samples”,

Zaw V/a I

“resonators”, “interferometer”, “grating biosensors”, “SPR”, “refractometers”, “fiber op-
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tic biosensors”, “immunoassay”, “pharmaceuticals in water”, “emerging contaminants”,
“heavy metals”, “waterborne pathogens”, “DNA biosensors”, and “whole cell biosensors”.
A total of 46 original research articles were considered for analysis. Once the articles were
collected, they were classified according to the type of contaminant detected. For each
article the type of transducer used, the biological element, the analyte of interest and the

type of water sample in which it was tested was identified.

3. Main Optical Biosensor Components
3.1. Biological Recognition Element
3.1.1. Enzymes

Enzymes are among the most used biomolecules in the development of biosensors. A
main advantaged offered by enzymes is that their production can be easily scaled up [23].
Nonetheless, enzymatic activity can be affected by temperature and pH changes, and
they are susceptible to denaturization. These challenges can be solved by immobilizing
enzymes on substrates or trapping them in polymer networks [23]. An important part of
the research and development of enzyme biosensors is focused on long-term stability and
reproducibility studies [24].

3.1.2. Antibodies

Antibodjies are a type of protein produced by the immune system to recognize and
attack infections. In a biosensor, the chemical interaction between an antigen and an
antibody produces a signal proportional to their concentration in the sample, which is then
captured by a transducer [25]. Antibodies can be produced for any type of target molecule,
including molecules with low molecular weights [26]. However, the affinity and specificity
of an antibody can be affected during immobilization, impacting the overall biosensor
performance [27].

3.1.3. DNA

Biosensors with DNA or RNA as the biological recognition elements are called genosen-
sors. Genosensors can have high selectivity to interact with their complementary poly-
merase chains, and the sensitivity of the biosensor is improved by increasing the chain
length of the genetic material [28]. These biosensors can be used to detect fractions of
DNA /RNA or other types of biomolecules or chemical compounds [29].

Nucleic chains can be prepared using polymerase chain reaction (PCR), which is sim-
ple and does not involve the use of hazardous material [30]. Genosensors are limited by the
number of molecules with which the genetic material can interact. In addition, hybridiza-
tion processes can take days, hampering their use in commercial and real-time monitoring
settings [30]. Therefore, most genosensors are developed for clinical applications.

3.1.4. Other

Other biological elements used in the development of biosensors include tissues,
whole cells, non-enzymatic proteins, and fatty acids.

As the name implies, whole-cell biosensors use the entire cell as a recognition element
rather than isolated or purified components (e.g., enzymes, nucleic acids). Using the
whole cell as a recognition element can decrease biosensor specificity and slows down the
response time [31]. Still, they can interact with various types of target compounds and
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are versatile when integrated into different device configurations [32]. For example, the
non-enzymatic proteins ERx and ERf3 estrogen have been used not only for the detection of
their target hormones [33], but also to target endocrine disrupting compounds in water [34].
Other examples are the use of lectins from Concanavalin A for pathogen detection [35], and
stearic acid as a recognition element for copper [36].

In recent decades, whole-cell bioreporters (WCBs) have emerged as a low cost, high
specificity, high sensitivity, and rapid alternative to biological receptors. These are living
microorganisms with chromosomes or plasmids that have a regulatory promoter and a pro-
moterless reporter either naturally present in the cells or added by genetic modification [37].
The protein encoding the reporter gene produces detectable signals when the regulatory
promoter is active or repressed by a particular chemical or environmental stress [37]. WCBs
are divided into class I, II and Il based on which parameters are detected and how they
are transformed into a measurable signal: those that react specifically to a type of target
compound by increasing the output signal (class I), those that react specifically to stress
conditions by increasing the output signal (class II), and those that react specifically to
compounds or stress by decreasing the output signal (class 1II) [38]. WBCs have been
shown to have excellent suitability for use in biosensors for water monitoring. Class I are
the most widely employed for the detection of contaminants in water, although Class II
and III have also been used to a lesser extent [39].

Molecularly imprinted polymers (MIP) are synthetic receptors in which specific recog-
nition sites are formed via synthesis with a target template [40]. The resulting MIP is
therefore capable of selectively recognizing the target analyte in the template-derived sites.
MIPs have been developed to overcome the stability limitations affecting enzymes, as well
as the high cost of producing antibodies.

3.1.5. Comparison of Biological Elements for Optical Sensors Monitoring Water Quality

Table 1 compares the main biological recognition elements in terms of their affinity for
an analyte, specificity, sensibility, stability, versatility, and cost.

Table 1. Comparison between different biological recognition elements.

Bé‘l)elfng;;itﬂ Affinity Specificity (Ls(;agffgllitzl) Stability Versatility Cost
Enzyme High Medium/high 12,000-1 x 107*  Medium/low High Low
Antibody High High 250-0.07 x 107° High High High
DNA/RNA Very High Very high 4.14-44 x 1073 High Low Low
Cell Medium Medium 2900-0.5 High Medium Low
MIP High High 1900-0.08 High High Low

Enzymes were classified as medium to high specificity (Table 1) as some enzymes
can react with molecules that have similar structures to their substrate, so their use can be
expanded to more than one target molecule. In water monitoring, this medium/high speci-
ficity can be exploited for the simultaneous detection of more than one pollutant. For exam-
ple, the enzymatic detection of pesticides has been performed via acetylcholinesterase [41,42],
halogenated compounds have been detected using haloalkane dehalogenases [43,44] and
acid phosphatase has been used for heavy metals [45]. Despite this, according to our litera-
ture review, enzymes represent only 12% of the biological material used in the development
of optical biosensors for water quality.

According to the data collected in this review, 42% of biosensors use antibodies as
their recognition element. Antibodies are the preferred recognition element used for
the detection of emerging pollutants such as pesticides [46], pharmaceuticals [47], and
miscellaneous organic compounds [48,49]. They have also been used for monitoring
pathogenic microorganisms [50] and toxins [51].

In the case of genetic material, as is well known, nucleic bases bind only adenine-
thymine and cytokine-guanine. The combinations of these base pairs make DNA the
receptor with the highest affinity and selectivity. However, this also limits their versatility
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and their potential applications in water quality. So far, DNA-based biosensors have been
employed for the detection of pathogenic microorganisms and heavy metals in water,
the latter of which is due to their mutagenic capacity on DNA. Genosensors have also
been developed for detecting organic compounds such as bisphenol A [52], and Kim
et al. developed a biosensor combining an aptamer with antibodies for the detection of
tetracycline [53].

As for cells, being a complete system allows them to interact with more than one
molecule, which detracts from their specificity but adds versatility. Cells have been shown
to be able to detect different types of contaminants in water. So far, yeasts cells, microalgae
and bacteria have contributed to the detection of pharmaceuticals [54], pesticides [55], and
heavy metals in water [56].

MIPs can have high affinity and specificity and have the advantage of being more
stable and having a low cost compared to natural receptors [57]. Their main uses in water
quality biosensors are in the detection of emerging pollutants, mainly in pharmaceuticals,
and MIPs have been shown to have detection limits close to those of antibodies [47,58].
Research and development of MIPs is emerging, but they could be a viable alternative for
the mass production and commercialization of biosensors in the future.

In Table 1, sensitivity was considered as a function of the limit of detection (LOD).
LOD ranges in terms of ng L' were obtained from the articles discussed in this review. It is
important to note that for each biological element, these limits are variable and depend on
the type of transducer employed in the biosensor. For example, in the case of enzymes, the
reached upper limit (Table 1, 12,000 ng L) corresponds to a fluorescence-based biosensor,
while the lower limit is for a resonator (Table 1, 1 x 10~* ng L~!). This shows that both the
biological element and the transducer have a direct impact on the final performance of the
biosensor, so choosing the right components is critical.

3.2. Optical Transducer
3.2.1. Interferometer

Interferometry is based on the superposition of a pair of light beams with different
optical paths (space or dielectric media acting as waveguides) to generate controlled inter-
ferences. Interferometry is able to determine changes in the thickness or refractive index
of a surface; any change in the refractive index of the bulk or adsorption of a biocoating
induces changes in the intensity or phase of the resulting signal [59]. The light beams must
be coherent with each other; in other words, they must come from the same source, be
monochromatic and have the same frequency. Because of the interference produced, there
is a change in the intensity of the resulting light, which depends on the optical path of the
beams [60]. The first configurations used in the development of interferometers were by
Mach-Zehnder and Young. Other configurations for interferometers are the Fabry-Perot In-
terferometer (FPI), the Exposed-Core microstructured optical fiber (ECF) and Reflectometric
Interference Spectroscopy (RIfS).

Different interferometers have been designed for water monitoring. For example,
Yaghoubi et al. used an interferometer based on RIfS (Figure 1), whose performance was
improved using the Fourier transform (RIFTS). The work describes how they use porous
silicon (PSi) substrates functionalized with lectins for the detection of S. aureus and E. coli,
two pathogenic microorganisms commonly found in drinking water [35].

3.2.2. SPR and LSPR

Surface Plasmon Resonance (SPR) is a phenomenon which occurs when the free
electrons of a metal are excited by photons, creating an evanescent wave. This is useful for
monitoring changes in the refractive index since the evanescent wave is highly sensitive to
changes in the vicinity of the surface [61]. SPR occurs only at the nanometer scale in metals
(gold and silver are preferred) and are divided into two types: Localized Surface Plasmon
Resonance (LSPR) when the phenomenon occurs in metallic nanoparticles and SPR when
it occurs in a metallic film [62]. The plasmon generated depends directly on the size of
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the nanoparticle or metal film and the material used. As for the material, it is known that
from the physical point of view, silver is better since its plasmon is more intense. However,
gold is more used because it is chemically inert [63]. One way to take advantage of the
characteristics of each material is the use of multilayers or core-shell nanoparticles. It has
been shown that metallic multilayer sensors have a wider measuring range and also an
improvement in sensitivity compared to single-layer sensors [64]. Examples of the use of
more than one metal in SPR substrates are the Ti/Ag/Au combination [64] and the triple
layer composed of Au/Ag/Au [65]. In terms of size, the intensity of the plasmon varies
according to the thickness of the metal layer or the diameter of the nanoparticles. For SPR
propagation, it has been shown that a thickness of 40 nm generates the highest plasmon
intensity, while for nanoparticles, the smaller the diameter, the lower the intensity [66].

Spectrometer

RIFTS Measurement

Light
source

=

Surface
modification

F

Blosensm

Modified PSi

Figure 1. Schematic representation of a reflective interferometric Fourier transform spectroscopy
(RIFTS) set up. During surface modification, analyte molecules enter the Si pores. Biosensing
monitoring of a bacterial suspension is carried out in a fluidic system. Reproduced from [35].

The simplest SPR/LSPR biosensor includes only a gold layer [67,68]. Nevertheless,
recently, the use of multilayers has been implemented, and such is the case of graphene, as
this material has gathered interest for the development of SPR biosensors due to its optical
and electrical properties. Incorporation of graphene to the SPR biosensors can be achieved
via simple methodologies such as the addition of a layer of this material on the gold [69]
or more complex arrangements such as the MoS2/Al/MoS2-graphene hybrid structure
proposed by L. Wu et al. [70].

One of the benefits of LSPR is the wide variety of nanoparticle geometries available.
Optical properties of nanoparticles depend on their size and shape; thus, tailoring these
properties can improve the performance of the biosensor. A nanoparticle’s SPR can be
modified throughout visible and near-infrared (NIR) wavelengths by changing its size,
shape, or aspect ratio [71]. For example, spherical and rod nanoparticles have different
optical properties and generate varying signal intensities; the surface plasmon shifts from
the visible to the NIR region when the shape of nanoparticles is changed from spherical to
rod [72]. In addition, nanoparticles with sharp tips such as triangles, stars, or pyramids
show higher sensitivity towards refractive index changes and larger near-field enhance-
ments [71]. Gold nanostars with branches and projecting tips have the plasmon in the NIR
wavelength. In this case, LSPR signal intensity is proportional to the size of the tips, which
improves the local electromagnetic fields significantly and results from the hybridization
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of the central core and tips plasmon resonance [73]. The most common nanoparticles are
spherical, although there are also triangular, cubes, nanorods and nanostars. For use in
SPR sensors, gold is preferred due to its biocompatibility, although silver or copper are
also employed.

One of the most recent applications of plasmons is the use of surface plasmon cou-
pled emission (SPCE), which improves the emitted fluorescence signal. Its operation is
based on the near-field interaction of the fluorophore and the surface plasmon of the
metal. It has remarkable optical qualities, such as high directivity, distinct polarization,
wavelength resolution and background suppression. SPCE-based fluorescence is highly
sensitive in the context of sensing and imaging [74], and has been successfully employed in
optical sensors for detecting tannic acid in water, reaching detection limits at the picomolar
scale [75]. Therefore, this is a promising technology that could improve the sensitivity of
the environmental biosensors discussed herein.

3.2.3. Optical Resonators

Optical resonators are a type of device in which photons are confined to a certain
space. Once confined, the photons accumulate intensity due to interference, which in turn
amplifies the signal [76]. When confined, light interacts with itself in a cavity, and only
certain optical frequencies can be sustained without incurring significant losses. These are
the so-called resonance frequencies. The microcavity functions as a transducer of optical
signals and changes in the cavity alter the resonance parameters, which are converted into a
change in light intensity [77]. In optical resonators, the sample interacts with light multiple
times, which improves detection limits [76]. The Q factor is widely used in the evaluation
of a resonator. This parameter describes the behavior of the resonator and is directly related
to its geometry and material. The Q-factor has a critical role in determining the magnitude
of the resonance shift and the resulting biosensing capacity. A larger cavity has a higher
Q-factor. The Q factor of a smaller cavity is lower, but the resonance shift is higher [77].

This type of biosensors is developed in two configurations: Fabry-Perot resonators
and ring resonators. The latter are the most common and consist of a circular structure
(e.g., a micro-sphere, micro-disk, or micro-toroid), where the light is confined. Resonator
biosensors can be found in arrangements such as silicon-on-isolator (SOI) [78], opto-fluidic
ring resonator (OFRR) [79], subwavelength grating (SWG) [80] and whispering gallery
mode (WGM) [81].

SOI are devices in which the ring is made of silicon. Due to the high refractive index
of silicon, the optical modal field is strongly located near the surface of the waveguide,
resulting in a high response to surface disturbances [78]. OFRR consists of a microtube
that is functionalized on the inside, while a light source is outside. The main advantage of
OFRR is that multiple analytes can be detected simultaneously; in addition, the amount
of sample to be used is small and the results are very accurate [79]. SWG consists of
silicon columns that are in the direction of propagation with a sub wavelength. One of the
advantages of SWG is that the effective detection area is increased because in addition to
the surface of the waveguide, the space between the silicon columns is also available. SWG
offers a higher sensitivity and increased detection surface area and improves the overlap of
biomolecules on the surface of the waveguide; that is, the sensitivity on the surface is high
despite the accumulation of biomolecules [80]. WGM are found in the cavity as a result of
total reflection at the exterior cavity contact. It has a low internal loss and, hence, a weakly
constrained near-field, yet a greatly elevated Q factor [81].

Currently, resonators are scarcely used in the detection of water pollutants. Figure 2
illustrates the work by Duan et al., in which liquid crystal microdroplets doped with stearic
acid and LC 4-cyano-4'-pentylbiphenyl (5CB) were employed in WGM resonators for the
detection of copper in drinking water [36].
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3.2.5. Fiber Optic

Among the advantages offered by fiber optics (FO) are immunity to electrostatic
and electromagnetic interference, good biological compatibility, corrosion resistance and
easy installation and operation [84,85]. Due to these characteristics, it is possible to find
resonators, interferometers and SPRs developed with this material. However, by itself,
fiber optics are also excellent materials, with optical properties that allow the detection of
compounds. The simplest design of a fiber optics biosensor is to immobilize the biological
elements in the coating; another option is to add subsequent layers to the coating that
improve the performance of the biosensor.
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plasmon, allowing considerable signal and sensitivity improvement. One of the benefits of
LSPR is that it allows us to experiment with different types, materials, and geometries of
nanoparticles. An example of an LSPR biosensor for the detection of contaminants in water
is the one developed by Kim and Lee in which gold nanostars are used in conjunction with
a combination of aptamers and antibodies for the detection of an antibiotic [53]. In general,
SPR and LSPR biosensors have low detection limits below 1 pug/L.

Resonators are not commonly used in the detection of water pollutants, as only two
works with these types of biosensors were found, specifically for the detection of pesticides
and heavy metals. Both works employed a whispering gallery mode configuration and
reached LODs of 0.001 ug/L. In a similar manner, grating couplers are not as common in
the development of water quality biosensors. However, there are two examples of their use
for the detection of pathogens [50] and pesticides [6], and have also been shown to have
low detection limits, being comparable to those mentioned above.

Some examples of fiber optic biosensors used in water quality are the tapered fiber
optic designed by Arjmand et al. for pesticide detection [41] and the U-bent developed
by Lamarca et al. for antibiotic detection [47]. Both have simple designs, which is an
advantage for commercialization, and both have low LODs.

Finally, the use of fluorescence has been extended to all types of analytes, pesticides,
pharmaceuticals, microorganisms, heavy metals, and organic compounds. In general,
fluorescence biosensors have high LODs, with the lowest being ten to thousands of ug/L.
To achieve LODs that compete with other biosensors, it has been necessary to replace
traditional fluorometers with more efficient devices. Such is the case of the biosensors
designed by Liu et al., in which FO and planar waveguides are used [89]. Another example
is the biosensor based on Forster resonance energy transfer, which was also functionalized
with graphene [52]. These devices were able to decrease the LOD down to 0.001 ug/L.

4. Detection of Selected Water Pollutants
4.1. Pesticides

Due to their frequent use in cultivation, pesticides reach surface and groundwater
bodies during irrigation and precipitation. For example, Atrazine is one of the most
ubiquitous pesticides, as its slow degradation makes it persistent, and its presence has
been detected in water bodies worldwide [90]. Atrazine is also an endocrine-disrupting
compound (EDC) that affects the sexual development of fishes, amphibians, reptiles, and
mammals [91]. In addition to atrazine, organophosphate compounds have toxic effects at
the neuronal level [92].

Recent research for quantifying pesticides in water via optical biosensors employ dif-
ferent approaches. For example, a fluorescence biosensor with a planar waveguide-based
array immunosensor (PWAI) was designed to be able to analyze multiple samples in a sin-
gle measurement. This biosensor uses a planar waveguide that disperses light into different
individual channels (see Figure 4), and detection is performed using fluorophore-labeled
antibodies. One of the analytes tested was 2,4-dichlorophenoxyacetic acid (2,4-D), a com-
monly used herbicide, for which a limit of detection (LOD) of 7.53 ug/L was obtained [89].

Whole cells (i.e., encapsulated algae) have been used to measure chlorophyll fluores-
cence differences in the cells when exposed to pesticides. Tests were conducted with three
different types of algae and three different pesticides, and the best result was a limit of
detection of 10 ug/L [55]. Additionally, Scognamiglio et al. [90] presented an alternative
whole-cell biosensor, where photosynthetic algae were immobilized on a paper base sensor
to measured changes in fluorescence. This biosensor was used for the detection of atrazine,
and an LOD of 80 ng/mL was obtained, proving it to be an efficient and sustainable
biosensor thanks to the manufacturing materials.
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Table 2. Cont.
Target Analyte  Type of Biosensor Limit (:i)}]));)tectlon Sample Bio Reference

Atrazine Grating couplers 0.05 Tap and river Antibody [6]

water
. . . Deionized ,
Methyl-parathion Fiber optic 0.063 Enzyme [41]
water
Chlorpyrifos 0.03 .
Thiabendazole Interferometer 0.04 Spiked bottled Antibody [93]

Imazalil 0.03 water

Atrazine 0.04 Deionized :

Paraquat Interferometer 0.05 wator Antibody [94]
Fenitrothion Interferometer 0.29 Tap water Antibody [46]
Phy 4
Df;ggﬁf :treb Resonator } i 18,3 River water Enzyme [42]

4.2. Pharmaceuticals

Pharmaceutical compounds reach the environment through the incorrect disposal of
their residues or through excretion. Like pesticides, these compounds are persistent and
accumulate in the environment; some also have estrogenic effects in specific organisms and
even alter the development of certain species of algae and microalgae [97]. In addition, the
presence of antibiotics in water exacerbates the problem of increasing antibiotic-resistant
bacteria [98].

SPR and LSPR are commonly employed for the detection of pharmaceuticals in water.
For example, Tomasseti et al. [99] developed an immunoassay in a sandwich format for the
quantification of ampicillin, obtaining an LOD of 0.3 g/L and showing it to be a biosensor
with low sensitivity but good selectivity. One of the innovations in this kind of biosensors
is the fabrication of the sensor chip, as was shown in Steinke et al. [100], where glass wafers
with imprinted nanopillars were covered with gold and functionalized. This work was
carried out for diclofenac detection, and an LOD of 1 pug/L was obtained. SPR can also be
used in conjunction with other techniques to improve the sensitivity of the biosensor. An
example of this is the biosensor designed by Altintas et al. [101], where molecularly printed
polymers were deposited on the surface of the sensor chip. In this work, the detection of
metoprolol in drinking water samples was performed, first in a simple way and then by
adding gold nanoparticles to the samples so that the LOD improved from 78 pg/mL to
1.9 ng/mL.

Another SPR biosensor with a molecularly printed polymer was developed for the
detection of ciprofloxacin, an antibiotic. The detection limit for this biosensor was estimated
at 0.08 ug/L [102]. One of the most interesting advances is the biosensor developed by
Shrivastav et al. [57], in which SPR and LSPR were combined with fiber optics. In this case,
the biosensor was composed of an optical fiber with the core exposed in a section. A layer
of silver was deposited onto the core, followed by silver nanoparticles; in this way, the
different plasmons were enhanced, resulting in a highly sensitive biosensor. Tetracycline
was used as target molecule, obtaining an LOD of 0.97 ug/L.

A similar work published that investigated the detection of tetracycline proposed a
SPR/LSPR biosensor with an immunoassay in a sandwich format that integrated gold
nanostars and a DNA aptamer. In this work, no limit of detection was established; however,
it is reported that the biosensor was able reach attomolar concentrations [53]. A more
recent study was conducted to detect the presence of ciprofloxacin in the effluent of water
treatment plants. This work was carried out with an optical fiber immunosensor; the result
obtained was an LOD of 3.3 x 103 ng/L [47].

The latest attempt to detect antibiotics by fluorescence combines a fiber optic sensor
with molecularly imprinted composite hydrogel nanoparticle detector. The biosensor was
used for the quantification of ciprofloxacin, for which a 6 uM LOD was obtained [58].
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ng/mL [52]. Cheng et al. developed a biosensor that uses a smartphone to measure
changes in the fluorescence of an immunoassay; the data are processed in an app, where
the measurement can be tracked in real time. The immunoassay was performed with
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0.1 ng/mL [52]. Cheng et al. developed a biosensor that uses a smartphone to measure
changes in the fluorescence of an immunoassay; the data are processed in an app, where
the measurement can be tracked in real time. The immunoassay was performed with
antibodies labeled with the Cy5.5 dye and was tested on water samples from a lake and tap
water for the detection of BPA, achieving an LOD of 0.1 nM in terms of free Cy5.5 [18]. In
another work, a simpler fluorescence array was used to test the detection of halogenated
compounds. In this study, they tested for five different compounds, for which they obtained
LODs in a range between 12.1 and 1.4 mg/L [43].

Table 4 includes the most recent studies published on the detection of organic com-
pounds in water samples. Two works carried out with fluorescence can be seen that have
the lowest detection levels. However, the configuration of these biosensors is not simple,
and they also require the use of florescent markers. On the other hand, there are the SPR
biosensors, which have a good performance, have simpler configurations, do not require
markers and their detection limits are competent in relation to chromatography. Finally,
there are the fiber-optic biosensors, which have a good detection limit, although they can
be improved.

Table 4. Published work on detection of organic compounds in water.

Type of Limit of .
Target Analyte Biosensor Detection (ppb) Sample Bio Reference
Dichloroethane Fiber optic 1000 River, tap and Enzyme [44]
bottled water
Naphthalene SPR 0.76 Sea water Antibody [49]
Bisphenol A SPR 52 x 1073 Deionized Antibody [48]
water
Bisphenol A SPR 0.14 Wastewater Antibody [111]
Bisphenol A SPR 0.04 Drinking water  Antibody [112]
1,2-dibromoethane 2400
1,2,3-trichloropropane 1400
1,2-di-chloroethane 2700
3-chloro-2-(chloro- Fluorescence River water Enzyme [43]
1400
methyl)-1-propene
v-hexa-chloro- 12,100
cyclohexane
Bisphenol A Fluorescence 0.03 Drinking water ~ Antibody [89]
. River, tap and
Bisphenol A Fluorescence 0.001 bottled water DNA [52]
Bisphenol A Fluorescence 0.076 Lake and tap Antibody [18]
water
Bisphenol A Fluorescence 0.025 Deionized Antibody [95]
water
Bisphenol A Interferometer 0.5 Treated water ~ Antibody [113]

4.4. Microorganisms and Toxins

The presence of microorganisms has special interest in water quality monitoring since
these are transmitters of diseases. Likewise, metabolites from some species of fungi contain
harmful toxins.

Masdor et al. [114] used a simple SPR system for the detection of Campylobacter jejuni
via a direct immunoassay, where an LOD of 8 x 10° CFU/mL was obtained. Subsequently,
an immunoassay in a sandwich format was performed, which improved the sensitivity of
the biosensor, resulting in an LOD of 4 x 10* CFU/mL. An alternative to the traditional
SPR is SPR imaging (SPRi). It differs in that the detector is replaced by a CCD camera,
which allows us to obtain a complete image of the sensing area. SPRi was employed by
Foudeh et al. in the development of a biosensor for the detection of L. pneumophila. In
this work, genetic material was used in conjunction with quantum dots. The biosensor
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between them. However, the interferometer and the grating stand out because they seem
to be the most sensitive and have low detection limits; therefore, it would be interesting to
carry out more research using these techniques and exploit their potential.

Table 5. Published work on detection of microorganisms and toxins in water.

Target Analyte Type of Biosensor Limit of Detection Sample Bio Reference
Microorganisms
Spiked water
L. pneumophila SPRi 3 x 10* CFU/mL from a cooling DNA [115]
tower
C. jejuni SPR 4 x 10* CFU/mL Deionized water Antibody [114]
E. coli O157:H7 SPR 5 x 10?2 CFU/mL Spiked tap water Peptide [116]
S.Eé::elits Interferometer }82 ZEEE;E}: Deionized water Coﬁi;ﬁ;sni)lfin A [35]
S tyfﬁicrsifriuni Interferometer TOO g}f[[jj // r;nI} Drinking water Antibody [119]
E. coli Resonator 3.33 x 10~° RIU Drinking water Antibody [117]
E. coli Fluorescence 10 CFU/mL Wastewater DNA [121]
S. aureus Grating 244 CFU/mL Deionized water Antibody [50]
S. typhimurium Retroreflector 2.84 pM Deionized water DNA [118]
Toxins

Microcystin-LR Fluorescence 0.67 ppb Drinking water Antibody [89]
Microcystin-LR Fluorescence 0.03 ppb Deionized water Antibody [95]
Microcystin-LR Fluorescence 0.016 ppb Fresh water Antibody [122]
Microcystin-LR Fluorescence 0.14 ppb Drinking water Eﬁﬁsg;l [123]
Microcystin-LR Fluorescence 0.09 ppb Lake water Antibody [124]
ﬁigggz:gﬁ:ﬁg Fluorescence 8; ggl}; Lake water DNA [125]
Ochratoxin A Interferometer 1x1073 ppb Deionized water Antibody [51]
Zearalenone Interferometer 0.01 ppb Deionized water Antibody [120]

4.5. Heavy Metals

Heavy metals such as copper, mercury, lead and cadmium are highly dangerous

pollutants because they are not chemically or biologically degradable, which causes them
to accumulate in soil, water, and air. Human exposure to heavy metals leads to serious
diseases, from kidney failure [126] to cancer [36].

In recent years, several types of optical biosensors have been developed for this pur-
pose. An innovative and simple device was proposed by Tagad et al. [45]. In their work
they developed an enzymatic biosensor using optical fiber to measure transmittance. This
was used for the detection of Hg and resulted in an LOD of 2.5 uM. Years later, Sadani et al.
proposed a U-bend fiber optic LSPR biosensor for the detection of Hg, which was functional-
ized with gold nanoparticles covered with chitosan, as shown in Figure 8a [85]. Meanwhile,
Halkare et al. [56] used a similar U-bend fiber optic LSPR biosensor with immobilized E.
coli cells (Figure 8b), which was able to detect Hg and Cd. Both biosensors were tested with
tap water samples, and both achieved detection limits in the ppb range.

A different approach for detecting these compounds is the fluorescence biosensor. The
first attempt to use this technique in the detection of heavy metals was by DNA attached to
fiber optics. This study was conducted to quantify Hg and Pb, obtaining detection limits
of 22 pM and 20 nM, respectively [126]. Several years later, fluorescence was employed to
measure Hg via a cell-free expression system. The result was considerably superior, with a
LOD of 1 ppb [127]. Similarly, Cu has been analyzed using a resonator, reaching an LOD of
40 pM [36].
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more complex designs and operating principles. Such is the case for a fluorescence-based bio-
sensor mounted on optical fiber or the use of FRET. However, these biosensors are usually
preferred due to their relative simplicity compared to other optical biosensors.

SPR biosensors usually provide low detection limits, although this tends to be limited
by the type of immunoassay. Even so, these limits can be further reduced by including
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have more complex designs and operating principles. Such is the case for a fluorescence-
based biosensor mounted on optical fiber or the use of FRET. However, these biosensors
are usually preferred due to their relative simplicity compared to other optical biosensors.

SPR biosensors usually provide low detection limits, although this tends to be limited
by the type of immunoassay. Even so, these limits can be further reduced by including other
materials (e.g., metal nanoparticles, graphene, optical fiber) to improve device sensitivity.
Moreover, SPR has become widespread since the optical arrangement and device has been
thoroughly study and is relatively simple. Moreover, an SPR sensor is reusable, so multiple
measurements can be performed.

Interferometers have also been shown to achieve low detection limits. Therefore,
they account for 27% of the biosensors developed for the detection of contaminants in
water. These types of biosensors can also be easily constructed and do not require markers.
Meanwhile, fiber optics and grating couplers are often used in biosensor development in
combination with other biosensing techniques, such as SPR and fluorescence, which may
seem to be of little relevance but are key elements in biosensor design. During the literature
search for this review, it was noticed that at the beginning of the decade, resonators were
just emerging and being tested, so most of the articles published in those years do not
offer a concrete application. However, resonators have been demonstrated to have high
sensitivity and achieve low detection limits in the detection of small molecules in water,
accounting for 4% of the publications included here. So, it is worthwhile to exploit their
potential for environmental applications.

As for biological receptors, antibodies are the most common (43%), followed by genetic
material (22%) and MIPs (9%). The use of antibodies is so widespread due to their compati-
bility with any type of transducer, their high specificity, and their sensitivity. Moreover, they
have higher stability than enzymes and can be used for many target analytes, as opposed
to DNA. In addition, their affinity for their antigens improves biosensor performance,
which—combined with their specificity and the fact that these bonds can be dissociated,
allowing the reuse of the sensor—make antibodies the best option in terms of receptors.

So far, the use of whole cells has been limited to fluorescence and SPR. However,
with the use of bioreporter cells, their use could be expanded to other transducers [136];
however, these bioreporters have a great performance in fluorescence biosensing [137].
Another receptor that is of great interest at present are MIPs; although their use is relatively
recent, it has been shown that these synthetic receptors have the potential to perform as
well as natural ones, with the advantages of reducing production costs, being more stable
and offering a more homogeneous sensor functionalization [138,139].

In general, sample preparation for biosensors was minimal, consisting of simple
filtration if necessary; otherwise, the sample was read directly. This represents a great
advantage compared to chromatographic methods, whose sample preparation includes
several filtrations, separations, concentration, and in some cases, derivatization, making
the pretreatment the most complex part of the analysis. Furthermore, biosensors proved to
be competitive with chromatography since their detection limits are similar [56,85,93].

6. Key Trends and Future Perspective

Recent developments in optical sensors have shown considerable improvements in
terms of sensitivity, such as SPCE sensors developed for the detection of pollutants such
as tannic acid in environmental water samples [75] and perindopril erbumine in water
and blood plasma samples [140]. Although these examples did not include a biological
recognition element in their sensing platform, SPCE biosensors have been developed for
clinical applications [141], proving that this technique could be an excellent alternative for
enhancing the sensitivity of environmental biosensors. It is also important to highlight that
nanomaterial advances such as soret and cryosoret that promote the generation of hotspots
can improve the sensitivity of the biosensors that incorporate nanomaterials [142,143]. With
proper biofunctionalization, these types of sensors can offer high-quality platforms for the
environmental field. On the other hand, the detection of single molecules is a powerful
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technology that avoids bulk averaging and provides direct information on individual
molecules [144]. Although single-molecule biosensors do not yet outperform ensemble-
averaged approaches in terms of sensitivity, they show considerable improvement in
affinity [81]. Single-molecule biosensors have been extensively studied in the healthcare
field [145], making them a source of future research if these developments are extrapolated
to environmental detection.

An advance in terms of portability and miniaturization is the use of the optical com-
ponents of smartphones and their implementation in biosensing. Cell phones are one of
the technological tools whose progress has been accelerated [146], and one of the features
in which more has been invested is the capture of better quality photographs, since it is
one of the elements that the user considers when choosing a product. Taking advantage
of the high-resolution camera as well as other sensors present in smartphones for photo
capture and data acquisition translates into cost reduction in the manufacturing of optical
sensing devices [147]. For example, in 2017, McCracken et al. designed a sensor that was
able to detect BPA in water samples using fluorescence [148]. This sensor used the camera
flash as the excitation source and the camera’s complementary metal-oxide-semiconductor
(CMOS) sensor as the detector. Once the images were obtained, they were processed in
RGB format using Image] software. The result was a detection limit of 1004 pg L1, which
is not sufficient to compete with other techniques. However, this sensor represents a first
approach to the accessible detection of contaminants in water with cell phones.

Since sensing the data of the aforementioned devices are complex due to variations
in light or image aberrations, data processing tools such as machine learning (ML) are
useful [149]. ML employs computer systems to replicate human learning and offers an
algorithm with the capacity to identify and gain knowledge about the environment. Com-
plicated biological systems are inherently compatible with ML algorithms since they can
find hidden patterns [150]. In general, ML can approximate three sorts of problems: classifi-
cation, regression, and clustering [151]. ML implementation can increase optical biosensor
performance by simplifying the examination of raw biosensor output data to approximate a
solution to various challenges. For example, (a) classification may be used for detection; (b)
regression can be used to forecast and prevent harmful occurrences; and (c) clustering can
be used to identify groupings of data that share features [151]; the optical biosensor signals
can be analyzed in real time to develop meaningful output pathways in the algorithms,
differentiating between good and bad images [14]. Leveraging these tools has facilitated
the development of smartphone optical biosensors, which means we are one step closer
to the miniaturization of these devices and their use for in situ monitoring. Taking the
McCracken sensor as an example [148], it may be inferred that sensor performance could
be enhanced by implementing ML for data processing.

Today it is feasible to develop smartphone-based optical biosensors that have low
detection limits. An example of this is the biosensor developed by Guo et al. [152], in which
they used a strip functionalized with streptavidin-biotinylated DNA probes modified with
gold nanoparticles. Once the sample is run, an image is captured by a smartphone and
the result is displayed by means of an application. This biosensor achieved an LOD of
0.5 ug L~1, being a remarkable improvement.

Considering all the above, there is still a wide range of research ahead. On the one
hand there are the new proven techniques in sensors that can be coupled to biological
receptors. Considering the advances in nanomaterials with the promotion of hotspots by
means of sorets and cryosorets, this represents an improvement in SPR systems and any
other system in which nanomaterials are to be implemented. This also includes the use
of SPCE for biosensor fabrication and single-molecule detection. All these methodologies
need to be explored in environmental applications.

On the other hand, it is also necessary to continue the research and development of
portable, simple, and functional systems. Compared to traditional biosensors, smartphone-
based biosensors are straightforward and simple to use. Such evaluations are accomplished
at a cheaper cost and may thus be utilized for non-laboratory assessments. For water moni-
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toring, this type of biosensor has been developed in two ways: detection through image
capture from a chip or sensor cartridge where the measurement to be read is previously
carried out, or with a small and portable array, which wirelessly connects to the smartphone
and reads the signals. The first one is perhaps the most practical in terms of portability and
commercialization. However, the second offers greater versatility in the type of array that
can be fabricated, testing different transducers and receivers and with the possibility of
integrating nanomaterials and microfluidics.

Although everything up to this point has been projected at the laboratory level,
biosensors are a growing market. Previously, there have been biosensors for water quality
assessment that have gone on sale, such as Optiqua™ [113], which is an interferometer
that uses antibodies to detect contaminants. The use of biological elements is complicated,
but technologies such as Optiqua™ are proof that it is possible to overcome this challenge.
Additionally, the advancement in the development of MIPs is another possible solution that
will improve the development and commercialization of biosensors in the future. With the
integration of these new methodologies, the development of portable biosensors capable of
detecting low molecular weight compounds at low concentrations is possible.

7. Concluding Remarks

Throughout this review, different types of optical biosensors and their applications
in environmental detection have been described. The biosensors are diverse since each
one is designed according to the needs and objectives of each application. However, SPR-
based biosensors are amongst the most versatile, and their use extends to almost all kinds
of pollutants found in water. Similarly, fluorescence is another technique that has been
successful in the detection of contaminants in water. Between these two types of biosensors,
the SPR-based biosensors have an advantage over fluorescence since, in general, they can
reach lower detection limits.

Other types of devices, such as interferometers and resonators, are less commonly
used but have been proven to have a high sensitivity and to have low detection limits. The
potential shown by these types of biosensors makes it worthwhile to further develop them.

Similarly, each type of biological recognition elements has its advantages and disad-
vantages. Antibodies are the most versatile and widely used receptors because of their
various advantages; however, it is necessary to continue developing research on this sub-
ject to make antibodies more affordable. Enzymes are very sensitive to changes in their
environment, so this instability limits their potential, while DNA is limited in terms of the
variety of analytes it can quantify.

Some of the challenges faced by optical biosensors for their commercialization is the
miniaturization of the devices because their optical components are generally delicate and
even more expensive than those used in electrochemistry. However, with the increasing
development of technology, it is possible to develop biosensors that take advantage of
the optical elements of smartphones to develop biosensors. Another challenge is to guar-
antee the stability of the biological element and to achieve the reusability of the sensors.
Continuing to innovate and develop research in biosensors and related areas is of the
utmost importance to overcome these barriers and achieve their widespread application
for environmental analysis.
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ABSTRACT

A Surface Plasmon Resonance (SPR) biosensor based on an inhibition immunoassay was developed for the detec-
tion of diclofenac (DCF) in aqueous solution. Due to the small size of DCF, an hapten-protein conjugate was pro-
duced by coupling DCF to bovine serum albumin (BSA). DCF-BSA conjugate formation was confirmed via
MALDI-TOF mass spectrometry. The resulting conjugate was immobilized onto the surface of a sensor fabricated
via e-beam deposition of a 2 nm chromium adhesion layer followed by a 50 nm gold layer onto precleaned BK7
glass slides. Immobilization onto the nano thin gold surface was accomplished by covalent amide linkage
through a self-assembled monolayer. Samples were composed of a mixture of antibody at a fixed concentration
and DCF at different known concentrations in deionized water, causing the inhibition of anti-DCF on the sensor.
The DCF-BSA was obtained with a ratio of 3 DCF molecules per BSA. A calibration curve was performed using
concentrations between 2 and 32 pg L-1. The curve was fitted using the Boltzmann equation, reaching a limit of
detection (LOD) of 3.15 pg L1 and limit of quantification (LOQ) of 10.52 pg L-1, the inter-day precision was cal-
culated and an RSD value of 1.96% was obtained; and analysis time of 10 min. The developed biosensor is a pre-
liminary approach to the detection of DCF in environmental water samples, and the first SPR biosensor devel-
oped for DCF detection using a hapten-protein conjugate.

1. Introduction

Emerging contaminants (ECs) are compounds of diverse origins and
chemical nature, for which no environmental or public health risks
have been established. These contaminants include personal hygiene
and household products, as well as pharmaceutical and industrial
chemical compounds (Sauvé and Desrosiers, 2014). Diclofenac (DCF) is
one of the most widely prescribed anti-inflammatory drugs worldwide
and is also sold over the counter in several countries. Studies have re-
vealed that the chronic exposure of marine species to the presence of
DCF in their habitat causes alterations in tissues in vertebrates, changes
in gill physiology that leads to affect the oxygen supply in fishes and
generate oxidative stress in mollusks (Hoeger et al., 2005; Quinn et al.,
2011; Sathishkumar et al., 2020). DCF has been found globally in sur-
face water, groundwater, drinking water and wastewater, at concentra-

* Corresponding author.
** Corresponding author.

tions ranging from less than 1 ng L-1 to 57 pg L-1 (Sathishkumar et al.,
2020).

Detection and quantification of ECs typically imply the use of labor-
intensive analytical methods such as gas chromatography (GC) or liquid
chromatography (LC) complemented using specific detectors such as
mass spectrometry (MS) (Comtois-Marotte et al., 2017; Richardson and
Ternes, 2018). Chromatographic techniques, although accurate and re-
liable, can have some drawbacks. They require specialized equipment,
highly skilled operators, and the use of high purity reagents and stan-
dards. In addition, extensive pretreatment or sample preparation steps
may be required for the analysis of ECs at low concentrations, including
sequential filtration, solid phase extraction, derivatization, among oth-
ers. For example, in a comprehensive study by Kostich, Batt and Lazor-
chak analyzing the occurrence of ECs in samples from different waste-
water treatment plants, it was emphasized that “because of the large
number of sampling sites and chemical analytes, it was logistically too
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difficult and expensive to collect and analyze field blanks as well as du-
plicates from each location” (Kostich et al., 2014). This is especially rel-
evant in Latin America (LA), due to the lack of information in this re-
gion about this type of pollutants.

So far, the presence of ECs has been studied in only a few countries,
primarily Argentina, Brazil, Mexico, and Colombia, where ECs have
been detected not only in wastewater, but also in surface, ground and
drinking water (Pefia-Guzman et al., 2019). So far, in studies carried
out in Latin America, DCF has been found in concentrations between at
concentrations of 95-6360 ng L-1 in wastewater, 0.04-500 ng L-! in
surface water and an average concentration of 44275 ng L-1 in drinking
water (Pefia-Guzman et al., 2019). Specifically in Mexico, DCF has been
detected in groundwater at concentrations ranging from 1 to
130 ng L-1 (Pefia-Guzman et al., 2019), in hospital wastewater at
1.79 pg L-1 and in the influent of a wastewater treatment plant at
0.85 pg L-1 (Calderdn et al., 2019). While in Brazil, two points of a river
were sampled for six months and the concentrations of DCF varied be-
tween 0.01 and 0.19 mg L-1, the latter being the highest concentrations
(Veras et al., 2019). Among the emerging contaminants that have been
analyzed in the region, DCF has some of the lowest reported concentra-
tions in samples like surface waters. However, its constant presence in
surface, ground and drinking water is a cause for concern, as this com-
pound has a detection frequency between 70 and 100% (Calderén et al.,
2019; Pena-Guzman et al., 2019; Veras et al., 2019). Highly selective
and simple analytical methods would not only help to facilitate the de-
tection of target ECs, but it would promote access to information, which
could in turn contribute to the regulation of ECs into water bodies.
Presently, Brazil, Mexico and Argentina have published most of the lit-
erature on the presence of ECs in the environment, however, this re-
search has not been used to develop regulatory measures (Souza et al.,
2022).

Methodologies based on immunological reactions such as ELISA and
its variants are high-throughput alternatives that have proven to be vi-
able analytical tools for the quantification of analytes in different matri-
ces (Zhang et al., 2017). Residues of the pesticide carbofuran have been
detected in water, soil and food samples (Yang et al., 2008); the psychi-
atric drug carbamazepine has been found in water (Calisto et al., 2011)
and the antimicrobial triclocarban was revealed in human blood, serum
and urine (Ahn et al., 2012). Although ELISA is reliable, sensitive, and
specific compared to other immunoassays, it also has certain draw-
backs. Laboratory procedures are also laborious which leads to errors in
the assay, multiplexing options are limited, centralized laboratory
equipment is needed and markers are often required (Hosseini et al.,
2018); for this reason, new methodologies are required that are simple
to carry out and at the same time are sensitive, accurate and reliable.

Typically, an immunosensor comprises the attachment one of the
immunological binding pairs to the sensor surface to monitor its reac-
tion with the antigen or complementary antibody (Flanagan and
Pantell, 2007). Currently, the use of immunosensors based on the sur-
face plasmon resonance (SPR) phenomenon has extended its use to the
development of biosensors in the medical, food and environmental
fields (Lu et al., 2020; Souto et al., 2019; Zhou et al., 2019). In this con-
text, the key feature of the immunoassay is the high affinity and speci-
ficity of the antibodies towards their counterpart, while SPR brings the
ability to monitor surface reactions without relevant interference from
the bulk of the solution, without the need to use labels, and allowing
real-time monitoring.

In this work, we propose the development of an SPR immunosensor
for the detection of DCF in aqueous samples. DCF is a small molecule
(considering small molecules as those with a molecular weight
<1000 Da) and molecules of this size, called haptens, have low to no
antigenic response, so coupling to carrier macromolecules is required to
promote the antibody response (Singh et al., 2004). The biosensor was
designed as an inhibition immunoassay where DCF was first bound to
BSA as a carrier protein. The DCF-BSA conjugate was made using the
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anhydride mixing method, which has been previously reported for
other applications, for example, in the development of an immunochro-
matographic lateral flow strip test for the detection of DCF in medicinal
wine samples (Yang et al., 2020). In this study, the DCF-BSA conjugate
approach is used for the first time in an SPR sensor configuration. So far
only one other work has been published for the detection of DCF in
aqueous samples using an SPR immunosensor (Steinke et al., 2019). In
said work, the SPR sensor was based on gold nanopillars fabricated in-
house, and no modifications were made to the DCF molecule prior to
the inhibition immunoassay. Therefore, the enhanced sensitivity of the
sensor was solely provided by the nanofabricated tailored gold struc-
tures. In contrast, in the present work a chemical approach was used as
follows: DCF was conjugated to a carrier protein (BSA) via the anhy-
dride mixture method to ensure its immunodetection, and the gold SPR
sensor was fabricated by depositing a simple 50 nm gold layer on a
glass substrate. In this case, signal detection was defined by the correct
conjugation between BSA and DCF, and the LOD (3.29 pg L-1) was
comparable with the only other studied published so far (1 pg L-1).
Therefore, we consider this work provides a valuable contribution,
since levels of quantification comparable to the concentrations of DCF
found in some environmental water samples were achieved with an ac-
cessible and straightforward method.

2. Materials and methods
2.1. Reagents

1,4-dioxane, tributylamine, isobutyl chloroformate, bovine serum
albumin  (BSA), diclofenac  sodium salt, ethanol, 16-
mercaptohexadecanoic (MHDA), 11- mercaptoundecanoic acid (MUD),
ethanolamine, trifluoroacetic acid (TFA), acetonitrile and a-cyano-3,4-
hydroxycinnamic acid (CHCA) were purchased from Sigma-Aldrich. N-
(3-Dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (EDC)
and N-hydroxysulfosuccinimide (NHS) are from CHEM-IMPEX Intl Inc,
the antibody used was Anti-Diclofenac antibody rabbit polyclonal LS-
C185241 purchased from LSBio.

2.2. DCF-BSA conjugate

The mixed anhydride method was used to couple DCF to BSA as a
carrier protein (Gendloff et al., 1986). Briefly, 0.08 mmol of DFC in its
acid form were dissolved in 5 mL of 1,4-dioxane, and tributylamine and
isobutyl chloroformate were added in equimolar amounts. The mixture
was allowed to react for 2 h at 4 °C. Then, 5 mL of BSA aqueous solu-
tion (pH 8.5) were dripped and stirred for 4 h at room temperature to
allow the DCF to react with the free amine groups and bind via an
amide bond. Finally, the resulting mixture was purified by dialysis for
three days using a 12-14 kDa membrane, lyophilized and stored at
—20 °C.

2.3. DCF-BSA conjugate characterization

An AB Sciex 5800 MALDI-TOF mass spectrometer was used to char-
acterize the DCF-BSA conjugate. To carry out the analysis, a 1:1 mixture
of 5% trifluoroacetic acid (TFA) aqueous solution and acetonitrile
(ACN) was prepared, and 10 mg mL-! of a-cyano-3,4-hydroxycinnamic
acid (CHCA) were added to the mixture to obtain the ionization matrix.
Then, 2 pL of the respective conjugate and unmodified protein
(200 pg mL-1 both) were deposited on the MALDI-TOF plate; once the
samples were dry, 2 pL of the matrix were added over. Spectra were ac-
quired in the positive reflector mode with a laser intensity between
4700 and 5400. Four replicates per sample were placed in the dish, and
at least five shots were taken per sample.



M. Herrera-Dominguez et al.

2.4. Diclofenac quantification by SPR

2.4.1. SPR setup

The dual-channel NanoSPR 6-321 spectrometer was used for all
conventional SPR measurements. The device used a GaAs semiconduc-
tor laser light source (A = 670 nm), a manufacturer-supplied prism of
high refractive index (n = 1.61 and a 30 pL flow cell. 50 nm gold layer
SPR substrates previously modified with a self-assembled monolayer
(SAM) of alkanethiols were inserted, and online analysis was conducted
in an angular scanning mode with a 17-degree angular window that
tracked the resonance angle every 5 s while simultaneously collecting
the angular spectrum.

2.4.2. Sensor functionalization

SPR substrates were fabricated by e-beam deposition of a 2 nm
chromium adhesion layer followed by a 50 nm gold layer onto pre-
cleaned BK7 glass slides. Before functionalization, the sensors were
rinsed with ethanol and dried under compressed air. The clean gold
substrates were incubated overnight in a mixture of alkanethiols, 16-
mercaptohexadecanoic acid and 11-mercaptoundecanol acid (1:10 M
ratio), to form a SAM on the surface. Then, one chemically modified
sensor was placed in the SPR device and 0.01 M PBS buffer was injected
at a rate of 5 pL s-1 until the signal was stabilized. Subsequently, 80 uL
of an EDC/NHS mixture were injected at a ratio of 0.3:0.1 M, and the
mixture was incubated for 30 min. Next, 150 pL of the DCF-BSA conju-
gate at a concentration of 50 pg mL-1 were injected and incubated for
1.5 h until the signal stabilized. Finally, 80 pL of a 1 M aqueous
ethanolamine solution were injected for 20 min; Fig. 1 shows a
schematic of the functionalized sensor.

2.4.3. Antibody affinity test

Prior to analyte quantification, a test was performed to verify the
affinity of the anti-DCF for the conjugate. Anti-DCF was injected into a
functionalized sensor at concentrations of 10, 20, 40, 60, 80 and
100 pg mL-1. The injections were performed consecutively with PBS
buffer re-equilibration steps between each measurement. These tests
were performed in triplicate.

2.4.4. Specificity test

An interference test was performed to determine the specificity of
the biosensor and to rule out its interaction with naproxen, ibuprofen,
and ketorolac, three common anti-inflammatory drugs. The analytes
were injected on the functionalized surface of the biosensor. The injec-
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tions were consecutive, with a concentration of 15 pg L-1 in ultrapure
water and an incubation time of 10 min per injection.

2.4.5. Inhibition assay for DCF detection

For this assay, 2, 7, 12, 17, 22, 27 and 32 pg L-1 of DCF in PBS were
preincubated with 40 pg mL-1 of anti-DCF in a total volume of 100 pL
for 30 min. During preincubation, the antibody is bound to the analyte
until equilibrium of the reaction is reached. After preincubation, 80 pL
were injected and allowed to flow continuously over the sensor surface
at a flow rate of 5 pL s-1 for 10 min and re-equilibrated with PBS buffer.
Only antibodies with antigen-binding sites not occupied by analyte
molecules are able to react with the functionalized sensor surface, as
shown in Fig. 1, resulting in a signal inversely related to the analyte
concentration in the sample. Experiments were performed in triplicate.
For data analysis, results were normalized in terms of the mean and
standard deviation.

3. Results and discussion
3.1. MALDI-TOF characterization

In the MALDI-TOF mass/charge spectra (found in supplementary in-
formation S1) the mass difference between the pure BSA and the conju-
gate is clearly observed, demonstrating that the conjugate was success-
fully formed, and according to our calculations, there were 3 DCF mole-
cules per molecule of BSA. The same batch of DCF-BSA conjugate was
used for all experiments, and no changes suggesting loss of stability
were observed when carrying out the experiments.

3.2. Sensor functionalization

It is well known that the quality of the recognition element and the
way it is immobilized onto the surface greatly impact the performance
of an SPR biosensor. For the inhibition assay, the DCF-BSA conjugate
was immobilized on the sensor surface, and to obtain a sufficiently high
response, functionalization was carried out by activating the carboxyl
groups. Initially, a half hour contact time between the DCF-BSA conju-
gate and the sensor was established. However, it was necessary to ex-
tend this step to reach saturation and stability. The ideal incubation
time was determined as 1.5 h; additional information regarding the
conditions established for the immobilization of the DCf-BSA can be
found in the supplementary information. Fig. 2 (a) shows the senso-
gram in which a drop in the angle caused by the washing step, used to
remove the molecules that were not covalently bound, is observed after
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# -

¥
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DCF indirect detection

Fig. 1. Schematic of the functionalized surface of the biosensor and the inhibition immunoassay for DCF detection.
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Fig. 2. A) Sensogram of the functionalization steps and the subsequent calibra-
tion curve performed with anti-DCF and b) linear fit from the Anti-DCF affinity
test.

each functionalization stage. The change in the SPR angle before and af-
ter DCF-BSA conjugate injection (A0, ) indicates an excellent immobi-
lization due to the large increase in the angle. Finally, blocking with
ethanolamine reduces non-specific binding of the analyte to the surface.

The % coverage can be estimated in terms of saturation; the change
in angle after the total functionalization process (including hapten im-
mobilization and ethanolamine blocking) is 0.194°, where the change
in angle corresponding to the deposition of conjugate is 0.18° and the
change by ethanolamine is 0.014°. Considering that ethanolamine has
the function of occupying any place where the conjugate has not ad-
hered, it can be inferred that the conjugate occupies 92.7% of the sur-
face.

In a similar published work in which a hapten-protein conjugate
was used for the detection of 17-f estradiol, several injections of the
conjugate were carried out for its immobilization (four injections of 10,
50, 100 and 150 pg mL-1), taking a total of 1 h to reach saturation
(Kumbhat et al., 2019). The authors concluded that the same result
could obtained in a single step by injecting the conjugate at
200 pg mL-1. Hence, for future work it is proposed to increase the con-
centration of the conjugate and thus reduce the incubation time.

3.3. Antibody affinity test

To determine the affinity of the antibody towards the functionalized
sensor, consecutive injections of Anti-DCF at different concentrations
were performed. The objective of this test was to observe the behavior
of the sensor with different concentrations of the antibody, as well as to
assess possible sensor saturation after consecutive sample injections. A
slight negative difference between the baseline before and after the first
sample injection is observed in Fig. 2 (a), which may be due to the re-
moval of molecules that were unable to covalently bind to the sensor
surface. Subsequent injections confirmed that the antibody was indeed
interacting and binding to the sensor.

As can be seen in the trend line, Fig. 2 (b), the change in SPR angle
increases on average from the 40 pg mL-1 injection onwards and then
remains almost constant. Therefore, to visualize a positive difference in
the SPR angle after each injection, a higher concentration of antibody
(40 pg mL-1) was employed to perform the competitive assay. Antibody
response had a linear behavior, indicating a direct relationship between
antibody concentration and changes in the SPR angle. Furthermore, de-
spite the increased concentrations, the sensor does not seem to reach a
point of total saturation up to this point. This indicates that the sensor
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can be used to read several consecutive samples. Measurements were
performed in triplicate and results were consistent for every replicate,
thus demonstrating reproducibility.

3.4. Biosensor specificity

Fig. 3 shows the results from the interference test, where the re-
sponse to naproxen, ibuprofen and ketorolac is observed as a drop in
the angle. This drop is attributed to a change of medium (from buffer to
ultrapure water), and after the incubation and washing steps, the base-
line returns to its original value for naproxen and ibuprofen, indicating
there is no interaction with BSA. Only ketorolac produced a change in
the SPR angle, with a shift of 0.0032°, marked by the red line, this is be-
cause at the conditions at which the interferents were tested, the car-
boxyl group of ketorolac is more reactive towards BSA. An insert was
added in Fig. 3 showing a fragment of the diclofenac detection curve;
the angle shift for the lowest diclofenac concentration (2 pg L-1) was
0.061°, showing that the interference of ketorolac (15 pg L-1) is about
5%. However, it should be noted that after reviewing the limited avail-
able literature where the occurrence of ketorolac is analyzed in real
samples, for example the case of hospital wastewater, the concentra-
tion of ketorolac was 0.47 pg L-1, whereas a diclofenac concentration
of 6.17 pg L-1 has been reported (Calderdn et al., 2019; Oliveira et al.,
2015). In general, regardless of the type of real environmental sample
analyzed, a lower incidence of ketorolac is reported. Hence, interfer-
ence by this pharmaceutical in real samples is expected to be insignifi-
cant.

3.5. Inhibition immunoassay

Due to the small size of DCF molecules, an indirect competitive (in-
hibition) assay was performed. Four repetitions of the assay were car-
ried out, and results were normalized prior to data analysis. Fig. 4
shows the obtained calibration curve after a fit using the sigmoidal
Boltzmann function (Xue et al., 2019) according to Equation (1). Conse-
quential to the fit used, an R2-value of 0.99 was obtained. For the calcu-
lation of LOD and LOQ, the 3SD and 10SD criteria were used, resulting
in 3.15 pg L-! and 10.52 pg L-1 respectively. The detection range is
2-32 pg L-1, corresponding to the concentrations tested during the as-
say. The precision of the method was evaluated in terms of repeatability
(inter-day) and was expressed as the percentage of the Relative Stan-
dard Deviation (RSD%), for which a value of 1.96% was obtained, as
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Fig. 3. Interference test sensogram. Naproxen, ibuprofen, and ketorolac in ul-
trapure water were tested. Inset shows a section of the DCF detection curve.
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can be seen in the error bars in Fig. 4. Finally, the analysis time per sam-
ple is 10 min.
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Equation (1). Boltzmann function used for fitting.

A search of previously published papers for the detection of DCF by
SPR was performed and only one article was found. Hence, the search
was extended to other techniques involving other types of biosensors,
the information from these papers is given in Table 1. Most of these
works do not report all the analytical data, being the QCM based
biosensor the only one that is comparable in terms of LOD with the
biosensor developed here (2.8 and 3.15 pg L-1 respectively). The SPR
biosensor shows an advantage in measurement time, achieving detec-
tion in only 10 min compared to 60 min for QCM. In addition, we found
studies that have lower LOD like the work reported by Okoth et al.
(2018) and others with higher LOD like the work performed by
Guenther et al. (2019). The lowest LOD corresponds to a photoelectro-
chemical biosensor, which in addition to the biological element, is func-
tionalized with CdS-doped graphene and gold nanoparticles, making it
a complex system, which instead of the typical electrochemical station
requires an external lamp to induce the photocurrent. On the other
hand, the measurement time is much longer (90 min) than that re-
quired for this SPR biosensor (10 min).

To the best of our knowledge, only one work has addressed the use
of an SPR immunosensor for DCF, in which a sensor with imprinted
nanopillars was used (Steinke et al., 2019). In that work, DCF molecules
were directly deposited on the sensor and an inhibition immunoassay
was performed. The authors reported a detection range of 1 pg L-1 and
10 pg L-1, and the LOD obtained herein (3.29 pg L-1) is comparable to
their results. The main differences between both works are (a) the im-
mobilization strategy, i.e., pure DCF instead of a DCF hapten-protein
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conjugate, and (b) the use of nanostructured sensors based on nanopil-
lars by Steinke et al. instead of a gold coated glass slide. The nanopillars
intensify the SPR signal therefore eliminating the need for conjugating
DCF to a bigger molecule, while in contrast in this work similar detec-
tion limits were reached without having to design complex nanostruc-
tures since the conjugate improves sensitivity. Having a biosensor
whose configuration is simpler is highly advantageous in terms of ac-
cessibility, as it can reduce production time and costs and infrastructure
requirements.

The DCF concentrations used during the study are close to the val-
ues reported previously in some works, especially those that sampled
wastewater and for the Latin American region. Table 2 summarizes the
DCF values reported in other works, indicating the country of origin
and the type of water sampled. Therefore, it can be inferred that these
results are a good first approximation to the detection of DCF in envi-
ronmental aqueous samples using a rapid and simple analytical
method.

The disparity in DCF concentrations between these two regions
could be attributed to poor waste management and lack of regulation
for emerging pollutants. Moreover, diclofenac prescription has under-
gone regulatory label changes in some European countries (Morales et
al., 2021), while it's still an over-the-counter medication in LA, suggest-
ing a higher overall consumption. In the case of Mexico for example, af-
ter an exhaustive review, only six works were found where diclofenac
was quantified in environmental water samples. Three of these studies
worked with fortified samples (Calderén et al., 2019; Félix-Cafedo et
al., 2013; Rivera-Jaimes et al., 2018). The three works where real sam-
ples were analyzed are from 2011 to 2019, and focused on highly local-
ized sampling points (i.e., the sampling campaigns were limited and
might not represent the overall concentration in the country) (Arguello-
Pérez et al., 2019; Chéavez et al., 2011; Isaac-Olivé and Navarro-
Frometa, 2019). This indicates that the values in Table 2 should not be
used yet as a definitive reference framework, as more studies are
needed to generate significant information on real environmental con-
centrations in México. In Latin American countries where more re-
search regarding emerging pollutants has been carried out, such as
Brazil, environmental concentration ranges from 19 to 193 pg/L can be
found. Given the high concentrations of ECs, biosensors could be a vi-
able alternative in LA countries for fast quantification of this pollutant.

4. Conclusions

A DCF-BSA conjugate was developed for the detection of DCF. The
conjugate was successfully synthesized, achieving binding of approxi-
mately 3 DCF molecules to each BSA molecule. The biosensor showed
specificity towards DCF since other anti-inflammatory drugs such as
ibuprofen and naproxen could not bind to the surface, only ketorolac
showed affinity for the biosensor. However, interference by ketorolac is
not significant since its concentrations in ambient water are minimal.
The SPR biosensor fabricated using the DCF-BSA conjugate was able to
detect DCF in concentrations of parts per billion, which are in the same
order of magnitude than those quantified in wastewater, with a LOD of
3.15 pg L-1 and LOQ of 10.52 pg L-1, the measurements were per-
formed in a time of 10 min and with a RSD of 1.96%, which improves

Table 1
Comparison between biosensors developed for DCF detection.
Biosensor type LOD LOQ Range pg L1 SD (%) Analysis time Sample tested Reference
pg L1 pg L1

SPR 3.15 10.52 2-32 1.96 10 min Deionized water This work
Photoelectrochemical 0.23 - 0.29-44.4 2.92 90 min Lake water Okoth et al. (2018)
Optical/impedimetric 180 - 1970-21700 - 0.5 min Deionized water Guenther et al. (2019)
Fluorescence - - 2961.4-14807.4 - 12 h Wastewater Schirmer et al. (2019)
SPR (with nanostructures) - - 1-10 - - Deionized water Steinke et al. (2019)
QCM 2.8 4.5 4.4-13.6 - 60 min River water Mazouzi et al. (2021)
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Table 2
Reported DCF concentrations in water samples in Latin America and Europe.
Country Sample Concentration pg  Reference
L1
Mexico Hospital 6.17 Calder6n et al. (2019)
wastewater
Urban 5.47
wastewater
Tap water 4.51
Brazil River 19 to 193 Veras et al. (2019)
Colombia River 1 12.20-67.54 Gallego-Rios and
River 2 0.68-7.29 Pefiuela (2021)
Colombia Hospital 1.72 Botero-Coy et al. (2018)
wastewater
Wastewater 0.40
influent
Antarctic Stream 0.077-7.76 Gonzélez-Alonso et al.
Peninsula Wastewater 15.08 (2017)
Germany Wastewater 0.14-2.4 Deng et al. (2003)
Portugal Seawater 0.002-0.004 Paiga et al. (2017)
France Groundwater 0.005 Vulliet and Cren-Olivé
Surface water 0.01 (2011)
Italy River water 0.1 Patrolecco et al. (2013)
Wastewater 0.21
influent
Wastewater 0.11
effluent
Switzerland Wastewater 0.99 Tixier et al. (2003)
effluent

the results of previous published works. Moreover, compared to the
only other SPR biosensor built for the quantification of this molecule,
detection limits and ranges were analogous considering the different
approach used in each case (i.e., nanofabricated structures vs. a chemi-
cal-based method). An advantage of a chemical-based method is that
there is little to no requirement for specialized infrastructure (e.g.,
clean rooms) or expensive top-down nanofabrication equipment, which
can translate into higher accessibility, especially for Latin America
(Kumar et al., 2018). The developed biosensor should be able to easily
DCF present in water samples, although research will continue to im-
prove the biosensor. Moreover, we believe the results from this work
are highly valuable as they could be combined with the metal-
nanostructures approach to obtain superior detection limits.
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Abstract: The use of enzyme-based biosensors for the detection and quantification of analytes of
interest such as contaminants of emerging concern, including over-the-counter medication, provides
an attractive alternative compared to more established techniques. However, their direct applica-
tion to real environmental matrices is still under investigation due to the various drawbacks in
their implementation. Here, we report the development of bioelectrodes using laccase enzymes
immobilized onto carbon paper electrodes modified with nanostructured molybdenum disulfide
(Mo0S;). The laccase enzymes were two isoforms (Lacl and Lacll) produced and purified from the
fungus Pycnoporus sanguineus CS43 that is native to Mexico. A commercial purified enzyme from the
fungus Trametes versicolor (TvL) was also evaluated to compare their performance. The developed
bioelectrodes were used in the biosensing of acetaminophen, a drug widely used to relieve fever
and pain, and of which there is recent concern about its effect on the environment after its final
disposal. The use of MoS, as a transducer modifier was evaluated, and it was found that the best
detection was achieved using a concentration of 1 mg/mL. Moreover, it was found that the laccase
with the best biosensing efficiency was Lacll, which achieved an LOD of 0.2 uM and a sensitivity of
0.108 uA/uM cm? in the buffer matrix. Moreover, the performance of the bioelectrodes in a compos-
ite groundwater sample from Northeast Mexico was analyzed, achieving an LOD of 0.5 uM and a
sensitivity of 0.015 pA/uM cm?. The LOD values found are among the lowest reported for biosensors
based on the use of oxidoreductase enzymes, while the sensitivity is the highest currently reported.

Keywords: electrochemical biosensor; acetaminophen; laccases; MoS;; emerging pollutants

1. Introduction

Water pollution is a global environmental concern, and recently particular attention has
been paid to a group of organic pollutants found in low concentrations (ng/L to mg/L) [1],
as they may represent a real hazard to aquatic ecosystems due to their bioaccumulation
and long-term effects. These pollutants are known as contaminants of emerging concern
(CEC), and in many cases they are not regulated by environmental laws. Therefore, it is of
vital importance to investigate the possible effects of these pollutants at the concentrations
found in the environment [2].

The term CEC includes pharmaceutical active compounds (PhACs). Among these
compounds, pharmaceuticals sold without a medical prescription are especially concerning
since they are more frequently discharged into water bodies either directly or indirectly [3].
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Acetaminophen (ACE), also known as paracetamol, is a widely used analgesic whose pres-
ence has been detected in aquatic ecosystems [4]. ACE is the first step in pain management
according to the World Health Organization (WHO) ladder [5] and has been commonly
recommended for many clinical practice guidelines since its inception in the 1950s [6]. It has
been estimated that the annual production of ACE is as high as 145,000 t [7], and indicators
have ranked its usage in countries such as the United States (5790 t in 2002) and France
(3303 t in 2005) in the top 10 [8].

Several studies have demonstrated that ACE may interfere with the endocrine system
of fish, causing abnormal embryonic development, growth, and have negative effects
in reproduction; furthermore, possible deleterious effects in kidney and liver have been
found [9,10]. ACE has been found worldwide in the environment in concentrations up to
230 ug/L [8,11]. Due to these reasons, some organizations, such as the Minnesota Depart-
ment of Health (MDH) in the US, have determined a guidance value for acetaminophen in
drinking water of 200 ug/L, since the liver is the most sensitive organ to ACE exposure [12].

ACE has been quantified in environmental samples using well-established techniques
such as chromatography, spectroscopy, and capillary electrophoresis. Nevertheless, these
present some drawbacks, such as high costs, long analysis times, and exhaustive sample
preparation steps [13-15]. Therefore, the development of environmental electrochemical
biosensors has been increasing recently due to their advantages, such as short response
times, minimal sample preparation, and relatively easy construction and operation coupled
with high sensitivity and selectivity [16]. Among electrochemical biosensors, enzymatic-
based biosensors have shown advantages in the detection of a wide variety of chemical
compounds. These devices consist of a transducer and a biological component. In enzyme-
based biosensors, the enzyme chemically interacts with the target compound, and this
interaction is then transduced into a measurable signal [17-19]. Moreover, it is important
to note that the determination of ACE by electrochemical sensors has been mostly studied
in pharmaceuticals and human body fluids, and few studies have been conducted on
environmental samples [9].

In fact, since these types of electrochemical sensors still have some limitations when
being used in real environments, it has become necessary to use other technologies and
approaches, such as the development of conductive polymers, the use of nanomaterials,
and the obtaining of new biological components, to improve their electrochemical response.
Among the biological elements being developed, laccase enzymes are multicopper oxidore-
ductases that catalyze the oxidation of phenolic and amino aromatic-like compounds into
their oxidized form, accompanied by the reduction of molecular oxygen [20-22]. Further-
more, the use of laccases provides other advantages compared to other oxidoreductases,
such as biocatalysis without additional cofactors, good thermostability, stability to pH, and
denaturing substances [23]. Specifically, two laccase isoforms from the native strain Pycro-
porus sanguineus CS43, Lacl and Lacll, have been demonstrated to possess high resistance
to inhibitors and thermal stability up to 60 °C [24]. According to previous studies, both
isoforms are promising recognition elements for electrochemical biosensors, since they
have exhibited an onset potential of over +650 mV vs. Ag/AgCl at pH 4 [25].

On the other hand, nanostructured electrochemical transducers can be used to im-
prove a biosensor [18,26], as these materials can exhibit enhanced conductivity and catalytic
activity [27-29]. Molybdenum sulfide (MoS;) presents interesting structural, physicochem-
ical, thermal, mechanical, and electrocatalytic properties (10-15 mA/ cm?) [30,31], and
has been employed in the development of a series of sensors for the detection of analytes
such as NO in as gas sensor, glucose, DNA, dopamine, and bisphenol A in biological and
pharmaceutical samples [27,32-36].

In this work, a laccase-based biosensor for the environmental determination of ac-
etaminophen in water was developed. The biosensor comprises carbon paper functional-
ized with MoS;, a two-dimensional nanomaterial, and laccase enzyme. The performance of
purified laccase isoforms from the native Pycnoporus sanguineus CS43 fungus was compared
to a commercially available laccase from Trametes versicolor (TvL). This is the only work
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in which a laccase-based biosensor has been specifically developed for the environmental
determination of ACE in water. ACE quantification was evaluated in real samples (i.e., a
pool of 31 groundwater samples from northern Mexico), and the pharmaceutical was suc-
cessfully detected at environmentally relevant concentrations. Moreover, high sensitivity
was achieved due to the presence of MoS,.

2. Materials and Methods
2.1. Reagents

Acetaminophen (ACE), potassium hydroxide, dibasic sodium phosphate, ammonium
heptamolybdate tetrahydrate (AHMo), thiourea (TU), molybdenum (VI) oxide (MoOs3)
and sulfur powder, bicinchoninic acid (BCA), tetra-n-butylammonium bromide (TBAB),
Nafion solution, and ABTS (2,2’-azino-bis(3-ethylbenzthiazoline-6-sulphonic acid)) reagents
were purchased from Sigma-Aldrich. (Sigma Aldrich, Saint Louis, MO, USA) Citric acid
monohydrate was purchased from Fisher Scientific (Thermo Fischer Scientific, Waltham,
MA, USA). Toray Paper (TGP-H-060) was purchased from Fuel Cell Earth (Fuel Cell Earth,
Woburn, MA, USA). All reagents were of analytical grade and were used without further
purification, and all solutions were prepared using deionized water (18 mQ-cm).

2.2. Laccase Enzymes

A Laccase isoform (EC 1.10.3.2) from P. sanguineus CS43 (Lacl and Lacll) was obtained
as described in our previous work [24]. Briefly, mycelia were recovered from a tomato
medium supernatant after 10 days of culture by filtration (0.2 um pore size). Then, the
sample was concentrated by ultrafiltration with a tangential-flow filter (Membrane cut-off
of 10 kDa, Sartorius Sartojet). The ultra-filtered sample was purified with a DEAE-cellulose
ion exchange column eluted with a 20 to 300 mM phosphate buffer of pH 6.0 at a flow rate
of 2 mL/min. Finally, laccase fractions were collected and concentrated. Commercially
purified laccase from Trametes versicolor (EC 1.10.3.2) was kindly provided by Amano
Enzyme Inc. (TvL). Laccase activity was determined as in a previous work [37], where
the oxidation of 0.54 mM ABTS 50 mM citric/phosphate buffer of pH 4 was monitored by
the increase in the absorbance at 420 nm. Total protein content was determined with the
BCA reagents using bovine serum albumin (BSA) as standard and measured at 562 nm.
Absorbance was measured using a Thermo 50 Scientific® Evolution 260 Bio UV-Visible
Spectrophotometer (Thermo Fischer Scientific, Waltham, MA, USA). Measurements were
triplicated. All solutions were prepared in MQ water. P. sanguineus C543 fungal laccases
were used as obtained from a freshly purified culture, and TvL was prepared according
to previous work [37], where it was demonstrated to have an efficient electrochemical
signal. Concentrations and/or enzymatic activities were not modified for the following
experiments. Characterization of laccase enzymes is shown in Table 1.

Table 1. Enzymatic characterization of laccases from P. sanguineus CS43 and Trametes versicolor.

Sample Conc. (mg/mL) Activity (U/mL) Specific Activity (U/mg)
TvL 1.32 £ 0.64 81.00 £ 30 61.50 = 3.29
Lacl 0.31 =048 33.87 = 1.38 108.17 £ 7.35
Lacll 0.48 £0.17 74.49 £ 0.97 155.11 £ 1.50

2.3. Synthesis of MoS, Nanostructured Material

The hydrothermal synthesis of MoS, was performed following the procedure reported
by Najmaei et al. [38] with modifications. The modified synthesis is registered under patent
MX-a-2017-016742 [39]. The first step consisted of the obtention of MoO3 nanoribbons
through the hydrothermal method: a dispersion of 2 mL of a saturated ammonium molyb-
date in HCl mixed by magnetic stirring for 30 min was then transferred to a Teflon-lined
autoclave and left at 185 °C for 12 h. MoOj3 and sulfur powder were put into a tube furnace
at 600 °C under nitrogen flow; afterward, the temperature was increased to 800 °C and
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was heated for 1 h. After the heating process, the furnace was left to cool down to room
temperature under nitrogen flow. Then powder was stored for further use.

2.4. Immobilization of Laccase onto MoS, Modified Electrodes

Different solutions containing 0.5, 1, 2, and 5 mg/mL of MoS; were prepared and
sonicated for 15 min. After a homogeneous solution was obtained, 10 uL of each solution
was drop-casted onto the carbon paper (CP) electrode surface (0.25 cm?) and left to dry at
room temperature (CP-MoS,). TBAB-Nafion polymer was used for enzyme immobilization
according to the procedure previously reported [40,41]. Briefly, a solution of each purified
enzyme (LacI, Lacll, and TvL) was mixed with a solution of TBAB-Nafion to obtain a ratio
of 3:1 (enzyme: TBAB-Nafion). Then, the solution was vortexed at 2000 rpm for 30 s. After
a homogeneous solution was obtained, 10 uL was taken and drop-casted onto (a) pristine
electrodes and (b) electrodes modified with MoS, to obtain the CP-Lac and CP-MoS,-Lac
working electrodes, respectively.

2.5. Electrochemical Measurements in the Optimization of Acetaminophen Detection

Voltametric and amperometric measurements were carried out on a CHI 611E Elec-
trochemical Workstation (CH Instruments, Shanghai, China) with a conventional three-
electrode system. Either carbon paper (CP) electrode or CP modified electrode was used as
the working electrode, saturated calomel as the reference electrode (SCE), and a platinum
mesh as the auxiliary electrode. All experiments were conducted at room temperature
(~20 °C) in a beaker containing 5 mL of a 0.1 M citric acid/2 M KOH buffer (pH 4). The
steady state amperometric response of working electrodes at different ACE concentrations
was determined by successive additions of a 66.15 mM of ACE solution in MQ water. First,
the working electrodes were equilibrated in 0.1 M citrate buffer at a constant potential of
—0.1 V until a constant current was obtained, known as background current (I1). Then,
aliquots of the ACE solution were added to the electrochemical cell and the obtained steady-
state current response was recorded (I2). The obtained current difference (Al =12 —I1)
was used to plot a calibration curve of Al vs. concentration of dopamine ([ACE]). All
measurements were taken by triplicate.

2.6. Characterization Technigues

Raman spectra of modified electrodes were acquired using a Renishaw InVia spec-
trometer under ambient conditions with a 50x objective lens. Laser excitation was 633 nm
using an Argon ion laser in the range of 100-1900 cm™. Laser power on the sample was
set around 1.0 mW to avoid laser-induced heating. The modification of carbon paper
electrodes with MoS; was verified with SEM micrographs. A Nova NanoSEM 200 (FEI
Company, Hillsboro, OR, USA) Scanning Electron Microscope with an acceleration voltage
of 15 kV in high vacuum conditions with a BSE detector with the capacity to acquire high
magnification images (>5000x ) was used. Electrochemical impedance spectroscopic (EIS)
measurements were carried out on a BioLogic SP-150 potentiostat with a conventional
three-electrode system; the frequency range was between 100 kHz and 10 MHz, with the
single sine amplitudes of 100 pA.

2.7. Application of Optimized Electrodes for the Detection of Acetaminophen in Groundwater Samples

To evaluate the practical effectiveness of the modified electrodes in a real environment,
optimal working electrodes were used for the determination of ACE in groundwater.
Groundwater samples were obtained from several aquifers located in the state of Nuevo
Leon in northeastern Mexico. Sample pH varied between 6.77 and 7.88, indicating neutral to
slightly alkaline water conditions within the studied area. Their concentration of major ions,
Na*, K*, Ca2t, Mg2+, Cl—,S04%2,NO;~, and HCO; , is related to water—-rock interaction
(lutites and limestones) [42]. The groundwater samples were pooled, and the pooled sample
was preconditioned by adding 50mM citric acid and adjusting pH to 4 with KOH (2M).
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Electrochemical measurements were performed by successive injections of ACE into a 5mL
preconditioned groundwater sample.

3. Results and Discussion
3.1. Immobilization of Laccases onto MoS, Modified Electrodes

Michaelis—Menten kinetic parameters of the free and immobilized laccase enzymes
on carbon paper electrodes modified with MoS, (CP-MoS,-Lac) were determined using
ABTS as a substrate. The values of the kinetic parameters shown in Table 2 were obtained
by non-linear curve fitting of the reaction rate versus substrate concentration from the
Michaelis—-Menten equation. As observed, when laccases were subjected to the immo-
bilization process, an increase in Ky of 1.93 and 2.41 was obtained for TvL and Lacl.
Conversely, this effect was not observed when Lacll (35.57 £ 4.79 uM) was immobilized, as
no significant changes in its Ky, value were observed. The rise in Kyjgpy is in general com-
plemented by a decrease in affinity and may be a result of the enzyme’s substrate diffusional
restriction or the conformational changes caused by its entrapment in polymer micelles,
which prevent substrate and laccase from interacting properly [43-45]. These findings
indicate the existence and functioning of laccase enzymes after they were immobilized.

Table 2. Michaelis-Menten kinetic constants for both free and immobilized laccase enzymes on the
carbon paper electrode surface.

Kmapp
Laccase Free Immobilized
TvL 42.07 +3.136 123 £ 26.96
Lacl 16.64 £ 2.548 58.68 + 10.12
LaclI 34.51 + 5.857 35.57 +4.79

Bioelectrocatalytic activity was studied by cyclic voltammetry to corroborate the
presence of immobilized laccase enzymes on the electrodes. Figure 1 shows the CVs taken
at every film used in the construction of modified electrodes for ACE detection based on
the immobilization of laccases onto CP-MoS; electrodes. CVs showed a quasi-reversible
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Nonetheless, after adding laccase enzymes to CP-MoS, modified electrodes, it was
possible to observe an increase in the current of the cathodic peak for three enzymes of
around 30, 36, and 72 pA for Lacl, Lacll, and TvL respectively. Peak shifting and current
increase in peak reduction for all bioelectrodes proved that laccases had been adsorbed on
the surface of modified electrode, thus decreasing laccase biocatalytic activity while also
causing a slower electron transfer due to the diffusion restriction attained by these layers.
All bioelectrodes failed to exhibit a redox reaction in the absence of ACE at potentials
between 1.0 and —0.2 V (Supplementary Materials Figure S1).

Laccase immobilization was also studied with Raman spectroscopy; this technique
takes advantage of the fingerprint of specific molecules in a sample. Commonly, the
analysis of enzymes (proteins) by Raman is based on bands associated with their peptide
chains [46]. Figure 2 shows the Raman spectra of laccase-MoS; modified carbon paper
electrodes in the range 500-1450 cm~!; it was possible to observe characteristic peaks for
CP, MoS,, TBAB-Nafion, and laccases. Peaks at 1333 cm~! correspond to disorder and
defects in the carbon lattice (D-line) from the carbon paper [47]. For MoS,, the signal at
645 cm~! corresponds to a combination of the LA(M) frequency and the Alg mode, and
the peak at around 820 cm ™! is due to the presence of a small amount of MoOs [48,49].
TBAB-Nafion (TB-Naf) presented several peaks in this region. The most prominent peaks
at 732 and 1048 cm ™! correspond to CF; stretching and sulfonate (SO3) symmetric stretch,
respectively [50]. Most of the signals for laccase enzymes were overlapped by TBAB-Nafion
polymer signals; this condition was expected since it is known that this polymer entraps
enzymes through the formation of a semi-permeable membrane that allows the diffusion
of substrates and products [51,52]. Nonetheless, Lacl and Lacll presented a small peak at
around 930 cm~! probably for stretching of the YOH in the carboxylic groups in amino
acids (glutamic acid and aspartic acid) [53]. TvL showed a more prominent peak at around
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groups (EDG) such as hydroxyl (-OH) and amines (-NH:) makes ACE susceptible to lac-
case attack [56]. The role of MoS: in this mechanism is the modification of the working
electrode (carbon paper) to improve its conductive properties (transducer modifier), due
to its features as a bandgap ranging from 1.2 to 1.8 eV, as well as higher adsorption capac-
ity of ACEox [57-59]. Hence, according to this and CVs results, the proposed elecefdn
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All the bioelectrodes demonstrated a Michaelis—-Menten kinetic behavior, as can be

seen in Figure 5. It is also possible to observe that modification of MoS: in a concentration

of 0.5-5 mg/mL did not cause a noteworthy increase in the electrochemical detection of

ACE when using Lacl and TvL, where maximum current densities were around 45

pA/cm?2. On the other hand, for Lacll, a significant increase in current density was ob-
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Values for Kyizpp and Jimax from nonlinear regression of the Michaelis-Menten model
are reported in Table 3. Usually, low KM values are associated with high affinity [65]; taking
this into account, the results for Lacl and TvL modified bioelectrodes confirm that MoS,
did not have a significant effect on the concentrations that were studied. Contrarily, for
Lacll, lower Kjayp and higher Jyuqx were achieved when 1 and 2 mg/mL of MoS; were used.
From these results, the MoS, concentration considered to be optimum for further uses was
1 mg/mL since low Kpapp and the highest J;;,x were obtained.

Table 3. Apparent steady-state Michaelis-Menten kinetic values of Lacl, Lacll, and TvL MoS;
modified bioelectrodes for ACE, determined in stirred citric acid/KOH (pH 4, 50 mM, 500 rpm) at an
applied potential of —0.1 V vs. SCE.

MoS, TvL Lacl Lacll
Concentration KMapp (UM) Jinax (WA/cm?) Kmapp (UM) Jinax (WA/cm?) Kmapp (UM) Jinax (WA/cm?)
Unmodified

- 1659 + 250 51.11 4+ 2.59 2164 + 151 53.68 +1.43 1908 £ 77 129.3 £ 1.76
Modified with MoS,

0.5mg/mL 2613 + 254 29.80 + 1.09 2474 + 65 45.39 + 0.44 1501 4+ 99 81.05 4+ 1.68

1 mg/mL 2952 + 155 41.03 4+ 0.85 2702 + 143 58.01 +1.17 1656 + 37 234.74+ 1.65

2 mg/mL 1791 £ 99 49.84 + 091 2429 + 232 34.34 +1.30 1604 £ 66 142.2+ 1.81

5mg/mL 2733 + 253 40.33 +1.43 3535 + 250 22.07 + 0.65 4176 + 331 29.54 +1.04

3.3. Characterization of Optimum MoS; Modified Electrodes

According to the above results, the electrode with the best efficiency in ACE determi-
nation was the one modified with MoS, at 1 mg/mL. SEM and electrochemical impedance
spectroscopy (EIS) were carried out to study the electrode properties. SEM micrographs
of CP and CP-MoS; modified with 1 mg/mL are shown in Figure 6. From Figure 6a,
it is possible to observe that CP is composed of carbon fibers with an average diameter
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of 6.72 £ 0.65 um, and that no impurities were observed. When CP was modified with
1 mg/mL of MoS, (Figure 6b), it was well distributed throughout the CP surface; uni-
form distribution was confirmed by EDS mapping (Figure 6e,f). At high magnification
(Figure 6¢), it is possible to observe that MoS; morphology resembles ribbons with an
average length of 5 um and an average width of 0.4 um. Moreover, some nano-platelets
grown over the surface (indicated with arrows in Figure 6d) were observed, which can
serve as electroactive sites that are more accessible for the substrate to experience reduction
reactions. No visible gaps between the stacked MoS, ribbons were visible, suggesting that,
as the concentration of ribbon increases, they tend to stack in an ordered manner, ensuring
a good contact between adjacent ribbons and the surface of the electrode, which suggests
that the electron transfer process is favored. EDS analysis (Figure 6g) was performed to
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The characterization of electrodes in optimal conditions showed that the use of MoS:
as a CP modifier agent in the manufacture of bioelectrodes produces a positive effect, fa-
cilitating the transfer of electrons in the system.
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It was found that CP-MoS,-Lacll presented a broader linear range of 66-525 M than
TvL, which had a range of 66-329 pM, when both were used in electrodes modified with
MoS,. These results agree with the fact that the linear range of enzymatic biosensors is
limited to substrate concentrations well below Km, where the reaction rate is diffusion-
limited and grows almost linearly when substrate concentration increases [68]. The almost
2-fold improvement in sensitivity for the Lacll electrode, which passed from 0.0586 to
0.1083 A /puM cm?, can be attributed to the presence of MoS; in the electrode. Conse-
quently, a negative effect of sensitivity could be observed for TvL, which was reduced
significantly from 0.0218 to 0.0155 pA/uM cm?. The sensitivity values obtained may be
associated with changes in enzymatic affinity after immobilization since, as shown above,
TvL presented a lower affinity with a decreased sensitivity, whereas LaclI affinity was not
affected by immobilization process, and exhibited an increase in sensitivity.

The limits of detection (LOD) for CP-MoS,-Lacll and CP-MoS,-TvL were determined
by adding a 5 mM acetaminophen solution gradually until a statistically significant change
response in current was observed. The obtained values for the modified electrodes were
0.2 uM for CP-MoS;-Lacll and of 2.00 uM for CP-MoS;-TvL, which are among the lowest
reported when compared with other oxidoreductase-based electrochemical biosensors
for the detection of acetaminophen, as compared in Table 4. In addition, it is possible to
observe that our developed bioelectrodes showed better sensitivity in the detection of ACE,
reaching almost twice the value of those reported in Table 5. It is important to mention that
the amperometric signals recorded for TvL were noisier than those recorded by the native
Lacll enzyme; this fact could translate into a much more reliable measurement.

Table 5. Analytical characteristics of some enzyme-based electrochemical biosensors reported for the
determination of acetaminophen.

Detection Linear Sensitivity
*
Electrode Method Sample Range (uM) (LA/UM cm?) LOD (uM) Ref.
GCPE-PPO Amp (-01Vv) M PhOSP}I‘j_tIe7b:ffer solution 11470 0.015 wA/uM 7.8 [60]
B 50 mM sodium phosphate buffer
GCE-HRP @PAA-BIS  Amp (~0.1V) O 7 0with 100 T K1 5.6-331.1 0.069 17 [13]
GCE-HRP-PPY _ 0.2 mM H,0, in phosphate 9.3-83.7 - 6.5
SPE-HRP-PPY Amp (-0175V) buffer pH = 7.4 31-55.9 - 152 (691
GCE-nano PPY-HRP Phosphate buffer solution 5-60 0.050 0.1
GCE-flat PPY-HRP Amp (=0.2V) (pH 7.4) 5-300 0.002 41 [70]
GCE-clay-PEL-HRP Amp (0V) 100 mM ph"(;pgl"‘;ti)buffer saline 505 495 0.013 pA/uM 0.63 [71]
100 m M phosphate-buffer pH B
SPE-CoPC/Tyr cv o0 P e up to 40 0.088 05 [15]
CPE-EP-PPO DPV 10 mV/s 100 mM phosphate butffer 600-1150 ; 5.0 [72]
(pH 6.0)
CPE-PPO DPV 10 mV/s 100 mM phosphate butffer 5-245 : 3.0 73]
pH7.0
CP-Lacll 66-395 0.058 ;
CP-TvL ~ 100 mM citric acid /2 M KOH 132-395 0.021 ;
CP-MoS,-Lacll Amp —0.1V buffer (pH 4) 66-525 0.108 0.2 Present study
CP-MoS,-TvL 66-329 0.015 20
CP-MoS,-Lacll Amp —0.1V Groundwater (50 mM citric 1-155.1 0.017 0.50 Present stud
CP-MoSy-TvL p —0. acid /2 M KOH) 29.82-155.1 0.005 24.88 y

* GCPE-: glassy carbon paste electrode. PPO: polyphenol oxidase. GCE: glassy carbon electrode. HRP horseradish
peroxidase. PAA-BIS:—polyacrylamide—N,N-methylenebisacrylamide. PPY: polypyrrole. SPE: screen-printed
electrode. PEL: polyethyleneimine. CoPC: polyvinyl alcohol photocrosslinkable polymer. Tyr: tyrosinase. CPE:
carbon paste electrode. EP-PPO: eggplant polyphenol oxidase. MWCNT: multiwall carbon nanotubes. PANI:
polyaniline. GA: glutaraldehyde. Amp: Amperometry. CAmp: Chronoamperometry. CV: Cyclic Voltammetry.
DPV: Differential pulse voltammetry.
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e other hand "LaclI did not show significant affinity change after the immobilization
rocess. Furthermore, the sensitivity of Lacll was shown to be around 3-fold higher when
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From these results, it was possible to observe that the use of native laccase Lacll for the
fabrication of a modified electrode in the development of a laccase-based electrochemical
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biosensor can be a powerful element for the determination of any noticeable increase in
the guidance value for ACE of 200 pg/L, which can be an indicator of pollution by this
drug. Moreover, laccase-based amperometric biosensors have the advantage of being of
easy usage, fast, and with good performance and selectivity, which may be convenient for
the detection of these emerging pollutants [75].

4. Conclusions

The use of MoS; as a two-dimensional material for the modification of carbon paper
electrodes coupled with the immobilization of laccase enzymes allowed the development of
a novel bioelectrode for use in the development of a laccase-based amperometric biosensor.
The resulting bioelectrode showed good analytical performance in the determination
of ACE in citric acid buffer, providing a sensitivity of 108.3 nA/uM#cm? and an LOD of
0.2 uM, which are among the lower values reported for this oxidoreductase-based biosensor.
It was also demonstrated that MoS; allowed an increase in sensitivity. Furthermore, the
difference in the nature of laccase enzymes was investigated, presenting a very important
effect for the development of novel bioelectrodes; hence, it is of utmost importance to
investigate enzymes with improved detection yields. For example, of the two isoforms
of the laccase enzyme from the white-rot fungi, Pycnoporus sanguineus CS43 (Lacl and
Lacll) and the commercial laccase (Trametes versicolor), better results were achieved for Lacll
native laccase.

The bioelectrode application in the determination of ACE in groundwater samples was
successfully carried out, with Lacll showing a good performance against naturally found
inhibitors (major ions). This achieved an LOD of 0.5 pM and a linear range of 1-98.04 uM
equivalent to 151.13-14,819.9 ug/L. The properties of this developed bioelectrode can be
effectively used to develop a monitor tool for any significant increase in guidance values
emitted by environmental organisms defined at 200 pug/L to study water pollution by this
pharmaceutical. In a field in which few studies have been carried out, this work contributes
new findings in the application of these types of electrochemical sensors in environmental
samples [60].

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/s23104633 /51, Figure S1: CVs of developed bioelectrodes in the absence
of ACE; Figure S2: Representative SEM images of the as obtained MoS; nanostructured material;
Figure S3: Cyclic voltammograms of modified electrodes using MoS,-R and MoOj3 in the absence
of immobilized enzymes and of ACE; Figure S4: Enzyme leaking test. Refs. [41,45,52] are cited in
Supplementary Materials.
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