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Highlights

e The detection of mesotrione using a nitroreductase biosensor is described.

e The biosensor was prepared with a nitroreductase @layered double hydroxide biohybrid.

« The current response is due to a competitive enzymatic reaction.
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Abstract

A mesotrione monitoring biosensor was preparedguginitroreductase (NfrA2) immobilized on
a glassy carbon electrode by adsorption on nariojegrtof MgAI-NO3; layered double
hydroxides (MgAI-NPs). The amperometric transductprocess was based on a competitive
enzymatic reduction between Fe(GNjand mesotrione, both substrates of NfrA2. Indeethée
presence of the NADH cofactor, Fe(GR)as enzymatically reduced and the Fe(€Ngleased
was then oxidized at the electrode. When mesotriwag added to the electrolyte solution, a
competitive enzymatic reaction took place at theAR@MgAI-NPs modified electrode leading
to a decrease of the electrocatalytic anodic currdfesotrione can thus be detected by
chronoamperometry at 0.375 V/SCE with a sensiticify18.4 mA M' cm? over a linear

concentration range between 5 and 60 puK=R.998) and a detection limitgBof 3 pM.
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1. Introduction

Mesotrione, 2-(4-methylsulphonyl-2-nitrobenzyl)aylceéxane-1,3-dione, is a selective herbicide
belonging to the triketone family. This nitro aramaderivative was marketed in 2001 by
Syngenta, under the brand name Calffistas a new selective pre- and post-emergence weed
control in maize crops [1]. Like many other pest&s, mesotrione may be washed off from soil
or leaves by rain and reach surface water and gwater by leaching. Therefore, this molecule
has been detected in all these environmental campats. The need of effective analytical tools
to monitor mesotrione concentration is therefostified. Its detection is generally possible using
conventional analytical methods, namely liquid chatography coupled with UV-Vis or
fluorescencevia the metabolite 2-amino-4-methylsulfonylbenzoic dagAMBA) and mass
spectrometry [2]. Sophisticated fluorometric immsewsors for mesotrione determination in
water samples and in the commercial formulationliga®) were also optimized with a limit of
detection (LoD) of 0.1 nM [3, 4]. A colorimetric wle cell bioassay was developed with 4-
hydroxyphenylpyruvate dioxygenase (HPPD) expressefl. coli immobilized in microplates
with a LoD of 69 nM [5]. Unfortunately since HPPIB the target enzyme d-triketonic
herbicides, the latter bioassay is not selectivgatds mesotrione. Although these analytical
methods are highly sensitive, they are quite exgenand cannot be easily transported to an
external experimental area. The development ofdadtinexpensive approaches is thus of great
interest. Miniaturized devices, such as chemicasges or biosensors, can be proposed as

possible alternatives to the conventional analytivethods.

Taking into account that mesotrione can be redumectlectrochemistry, its electrochemical

guantification was reported at a hanging mercugpdelectrode [6], a glassy carbon electrode



[7], an organo-clay modified electrode [8] or usagarbon black electrode. This latter electrode

gives the best LoD of 26 nM [9].

Recently, Carle®t al. [10] have identified and purified two nitroredusta (called NfrAl1 and
NfrA2/YcnD from Bacillus megateriunMesl1l1 strain) able to biotransform mesotrione.sEhe
enzymes, which use nicotinamide adenine dinuclegitibsphate (NADPH) and/or nicotinamide
adenine dinucleotide (NADH), respectively, as ccides, transform mesotrione into an
intermediate hydroxylamino derivative and then imtanmethylsulfonyl-2-aminobenzoic acid
(AMBA). In the literature, other nitroreductasesings the same co-factors were used into
amperometric biosensors for the detection of th@omskve trinitrotoluene (TNT) [11-14]. To the
best of our knowledge no nitroreductase-based bsmsehas been described for mesotrione

detection.

The development of efficient biosensors usuallyunexs the immobilization of enzymes.
Recently in our group, the immobilization of NfrAth MgAI-NO3 layered double hydroxide
(LDH) nanoparticles (MgAI-NPs) was optimized [19]his inorganic lamellar material, also
called anionic clay, exhibits intrinsic propertigsch as adsorption behavior, anionic exchange
capacities and good biocompatibility, favorable foteractions with enzymes. Generally,
enzyme@LDH biohybrid materials are also able ts@ne enzyme activity [16]. Hence, the
optimized NfrA2@MgAI-NPs biohybrid material dispky stable and reproducible enzymatic
activity [15]. With the aim of developing an altative method to detect mesotrione, an original
biosensor was further developed using the NfrA2@MgRs biohybrid coated on a glassy
carbon electrode (GCE) as recognition membrane.erdatingly, mesotrione and

hexacyanoferrate, a well-known redox mediator,lern substrates of NfrA2. Therefore, a new



concept of amperometric transduction process waggsed based on the competitive affinity of

NfrA2 towards mesotrione and hexacyanoferrate {fig.
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Figure 1: Proposed mechanistic scheme for mesotrione deteatith a NfrA2 biosensor (in
green the electron transfer occurring at the elede surface).

2. Material and methods

Nicotinamide adenine dinucleotide (NADH), mesotepB-(N-morpholino)propanesulfonic acid
(MOPS) were purchased from Sigma-Aldrich. Magnesium andmatium nitrate salts,
Mg(NOs),-6HO, AI(NO3)3-9H,0 and potassium hexacyanoferrate(lll) s;F&(CN)Y) and
phosphate buffer components, 0O, and KHPQO,) were of analytical grade (Acros Organics,
Merck) and were used without further purificati@eionized water was used for all experiments.
Recombinant NfrA2 was expressedbn coli BL21 (DE3) pLys cells and then extracted and
purified as previously described [15]. The purifexzyme was lyophilized and stored at 4°C for

more than one monthithout losing activity.



The activity of NfrA2 towards 0.1 mM mesotrione wadstermined by HPLCThe enzymatic
reaction was carried out in the presence of 0.1 mé4otrione, 0.7 mM NADH and 12.5 or 25
png/mL of free or immobilized enzyme, respectivety50 mM of MOPS buffer solution, at an
optimum pH 6.5, under stirring for 1 h. The disagma@ce of mesotrione was linear in the whole
time interval. One unit of nitroreductase acti\ity) was defined as the amount of enzyme which
transformsl umol of mesotrione equivalent per minute. The speattivity of the purified

lyophilized NfrA2 was 0.06 U miof protein.

With KsFe(CN), the assays were monitored by a spectrophotorae#20 nm g0 = 1040 M*
cm?) using a Cary 300 UV-Vis (Agilent). The reactiormsvcarried out in a 0.1 M phosphate
buffer solution (PBS pH 6.5) containing 1.5 mMHA€(CN), 1.5 mM NADH and 50 pg of

NfrA2. The resulting activity was 2.68 U mgrotein (1 U = 1 pmol of ¥re(CN) reduced/min).

Mg-,Al-NO3; LDH nanoparticles (MgAI-NPs) were prepared by alilaoprecipitation, followed
by a hydrothermal treatment as previously descr[ti&il The whole procedure was carried out
under N atmosphere. A metal nitrate solution (100 mL,M.Mg/Al = 2) was rapidly added to a
0.25 M NaOH solution (300 mL) under vigorous stigi The dispersion was first aged for 30
min at pH 10.0 at 0°C and then hydrothermally &daat 150°C for 4 h. The sample was
centrifuged at 18500 for 30 min, washed three times with deionized wakbe resulting MgAl-
NPs were re-dispersed in deionized water (50 mld) stored as a colloidal dispersion (26 %
w/w) at 4°C. The formation of LDH structure was fioned by powder X-Ray Diffraction and
Fourier-Transformed Infrared spectroscopy. The Ppetentials {) of MgAI-NPs, measured at
pH 6.5 with a Zetasizer nano ZS (Malvern instrurag@jpparatus, was positivé € +32 mV).

The isoelectric point of NfrA2 was determined at BH, and the protein was negatively charged



at pH 6.5 { = -10 mV). The adsorption of NfrA@n MgAI-NPswas carried out by mixing the
enzymatic and the LDH suspensions. The optimizetiyirid corresponds to an Enz/LDH ratio
of 1:1 leading to an enzyme adsorption > 80 % a#@ %of remaining activity, compared to the
same amount of free enzyme. Pristine MgAI-NPs affd2@MgAI-NPs biohybrid (1:1) were
characterized in Transmission Electron MicroscopgNl). TEM images were taken using a
Hitachi 7650 microscope at an acceleration voltage80 kV. One droplet of the aqueous
colloidal suspensions was deposited on a 400 melgly karbon-coated copper grid and dried at

room temperature.

Glassy carbon electrodes (GCE, A = 0.196)cwere used to prepare the biosensors. Before the
deposition of the NfrA2@MgAI-NPs biohybrid, the G@#s polished with a diamond paste (1
pm), washed with acetone, then polished with alansiirry (0.04 um), and finally rinsed with
ethanol and water. A drop (50 uL) of the suspensiamtaining100 pg of NfrA2@MgAI-NPs
biohybrid (Enz/LDH 1:1) was deposited on the sugfat GCE and the bioactive layer was dried
under vacuum for 1 h. ThRfrA2@MQgAI-NPs/GCE and MgAI-NPs/GCE modified elemtles
were imaged by Scanning Electron Microscopy (SEBh@ a Zeiss supra 55 FEG-VP operating
at 3 keV. The activity of the dried NfrA2@MgAIl-NPsohybrid was fully maintained at least for

one month of storage.

Cyclic voltammetry (CV) was recorded using a PGSTZ0B controlled by the NOVA software
(Metrohm). Chronoamperometry experiments were cEmbmwith a potentiostat EA161 (EDAQ),
under dynamic conditions using a rotating disk oarblectrode (500 rpm) in a thermostatic cell
(25°C) at an applied potential fixed at 375 mV/S®efore use, the NfrA2@MgAI-NPs/GCE

modified electrodes were rehydrated in 0.1 M phaspbuffer solution (PBS, pH 6.5) for 15 min



and then transferred into the three-electrode toettarry out electrochemical characterization.
The reference electrode was a saturated calometade (SCE) and the counter electrode a Pt

wire.

3. Results and discussion

A NfrA2 electrochemical biosensor was prepared raynobilization of the enzyme on glassy
carbon electrodes (GCE) by entrapment within arkeyeouble hydroxide (LDH) matrix. LDH
are synthetic lamellar materials with a generamisia [Mi>"M,3* (OH)]*[(A™)wny H20]
(abbreviated as #MM®*-A). The interactions between enzymes and LDH glagiare promoted
by the opposite charges of LDH layers and biomdéscuAn adsorption process is a simple and
convenient way to prepare enzyme@LDH biohybridsbiosensor applications [16]. Recently,
we have shown that M§I-NO3; LDH nanoparticles (MgAI-NPs) displayed high enzymerxifyi
leadingto stable Enz@LDH biohybrid materials [15, 17].M&nages evidenced the influence
of NfrA2 on MgAI-NPs dispersion. A pristine coll@tisuspension of MgAI-NPs displayed small
polydisperse particles with an average size ar@bhdm (Inset Fig.2A), whereas the electrostatic
interactions between positively charged MgAI-NPs=(+32 mV) and negative NfrAZ (= -10
mV) induced particle aggregation (Fig.2A). Thimfd were prepared using this Nfr@MgAl-
NPs biohydrid through a one-step deposition on lgsiped glassy carbon electrode. We have
compared the surface topology of both NfrA2@MgAls\ihd MgAI-NPs films cast on GCE by
SEM. The SEM images clearly show the influencehefénzyme on the membrane morphology.
While a homogeneous film (Fig.2B) in which it isgsible to distinguish the individual MgAl-
NPs is observed with biohybrid, pure MgAI-NPs leéadess dense and continuous film (Fig.2C).

In the latter case, dispersed aggregates of MgAd-Bifeé observed at the electrode surface. The



electrostatic interactions involved between the twamponentsj.e. LDH nanoparticles and

NfrA2, allow the formation of reproducible biomerabes at the electrode surface in which the

enzyme is irreversibly immobilized.

Figure2: (A) TEM images of NfrA2@MgAI-NPs biohydrid and in itiget initial MgAI-NPs and
SEM images afB) the biomembrane NfrA2@MgAI-NPs/GCE &@) the membran&IgAl-
NPs/GCE.

NfrA2 belongs to the group of oxygen-insensitivg/pé 1) nitroreductases using flavin
mononucleotide (FMN) and NAD(P)H as cofactors.educes mesotrione according to a ping-
pong Bi-Bi mechanism leading to the formation oflfoxylamino intermediate derivative and
finally AMBA [10] (Fig.1). Those transformation pidacts can be detected by electrochemistry.
Unfortunately, electrochemical detection of AMBAnc®&t be taken into consideration since its
oxidation potential (1.1 V/SCE) is more anodic thidse oxidation potential of the NADH
cofactor (0.7 VISCE) [15, 18]. The kinetics paraengtof NfrA2 for the reduction of mesotrione
were determined in the presence of NADH and NADRHboth cases, the Michaelis Menten
constants (i) are high, 327 uM with NADPH and 68 uM with NADHh@& a better catalytic
efficiency (ka/Km = 0.37 pM' min™) was obtained when NADH was used as the electomord

instead of NADPH (k/Ky = 0.07 uM' min®) [10]. However, the specific activity of the



purified enzyme remained quite low (0.06 U hdpr the reduction of mesotrione in the presence
of NADH, as cofactor. Therefore, this data indisathat although NADH is an effective
cofactor, mesotrione was converted with a very dleaction rate which can be a limiting factor
for the instantaneous detection of the enzymationéa mesotrione metabolite, namely
hydroxylamino intermediate, by electrochemistry.ddad in a previous study [15], the
amperometric response of NffA2@MgAI-NPs bioelec&roth the presence of 200 uM
mesotrione and 400 uM NADH was recorded by cyctttammetry.The current magnitude
corresponding to the oxidation of the hydroxylamintermediate, situated around 0.3 V/SCE,
was very low (0.8 A cihat 10 mV &) and prevented a sensitive detection of mesotrionder
these conditions, the direct electrochemical detecof mesotrione at NfrA2@MgAI-NPs

biosensor is thus impossible.

Interestingly, type | nitroreductases are ablesttuce not only nitro-compounds but also a single
electron acceptor, i.e. hexacyanoferrate [19-28}. iRstance, NR fronkEnterobacter cloacae
(EC 1.6.99.7)educed Fe(CNJ with a Ky value of 80 pM and an enzymatic rate constant
(kealKm = 3 10 M min?) [22]. The enzymatic reaction rate was tenfoldtfaghan with
nitrobenzene (&/Kyu = 1.8 16 M™ min™) [23]. Similarly, Zenncet al.reported that NRs (NfrAl
and NfsA) have reductase specific activities towaFe(CN}> (~ 200 U mg") six or tenfold
faster than nitro-compounds, such as methyl-némabate (20-30 U m{) [20]. Therefore, we
studied the NfrA2 enzymatic activity towards theluetion of hexacyanoferrate. We found, in
this case, a specific activity of 2.68 U thgand a K, value of 90 pM. Moreover,
hexacyanoferrate has been widely used as redoxatedh amperometric biosensing systems

because of its reversible electrochemical behd2iy.
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An original amperometric transduction process wasdfore proposed based on the ability of
NfrA2 to reduce Fe(CNY (Fig.1). The voltammetric curves clearly showed a modified
electrochemical signal for Fe(Ci)upon the electroenzymatic reaction (Fig.3). Fe@@Nan be
reversibly reduced at NfrA2@MgAI-NPs bioelectrodeaamean redox potential {& of 0.1
V/SCE with a quasi-ideal current ratio {lip. = 0.88). The addition of NADH cofactor into the
electrolyte solution caused an increase of the ianpelak with a concomitant decrease of the
corresponding cathodic signal, leading to aglpp ratio of 5. Indeed, Fe(Ch) was mainly
reduced by the immobilized NfrA2 and then Fe(€N)released from the enzymatic reaction,
was oxidized at the electrode surface (Fig.1). dddition of mesotrione into the same electrolyte
solution led to a competitive enzymatic reactioniocihtook place at the bioelectrode surface
leading to a decrease of the electrocatalytic anadirrent (Ig/lpc = 2) (Fig.3). This

amperometric transduction concept is similar togheyme inhibition-based biosensors [25].

(b)

S

i (MA)

0.2 0.0 0.2 04 0.6
E (VISCE)

Figure 3: Cyclic voltammograms (v = 10 m*)sof NfrA2@MgAI-NPs/GCE (1:1) in 0.1 M PBS
pH 6.5, containing200 uM Fe(CNY* before (a) and after additions of 400 uM NADH gny
200 pM mesotrione (c).
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The NfrA2@MgAI-NPs bioelectrode was subsequentlystad for indirect mesotrione
determination. A steady state current was recondethronoamperometry at 375 mV/SCE using
a rotating disk electrode. As shown in the insetFa@f.4, successive additions of mesotrione
caused a decrease of the anodic current, with @omes time of < 1 min. The mesotrione
calibration curve was established in triplicate.lidear response, satisfying Y = 0.00564 +
0.00361 X (R = 0.998, n = 7), was obtained between 5 and 60(Rig.4). The sensitivity,
calculated from the slope of this equation, wag B8A M™* cm? and the detection limit (8 was

3 UM.

0.3

A

0.2

i (uA)

0.1

0.0 T T T T T T

[Mesotrione] (UM)

Figure 4. Calibration curve of mesotrione obtained with Nf@RIgAI-NPs/GCE (1:1). Inset:
Chrono-amperogram in 200 pM Fe(GR)and 800 pM NADH adding 5 pM mesotrione.
(Eapp=375 mV, 500 rpm, 20 mL 0.1 M PBS pH 6.5 at 25°C).

4. Conclusion

Recently, we have identified and purified a nitchretase (NfrA2) able to reduce mesotrione. We
took this opportunity to develop a new concept @sbnsor to detect mesotrione. Specific
interactions between NfrA2 and LDH-NPs allow thenfation of homogeneous and reproducible

biomembranes at the electrode surface by a sintiglerption process. An original amperometric
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transduction process was proposed based on theetitivgp enzymatic reduction of Fe(C)

and mesotrione, both substrates of NfrA2. The Imsseresponse shows a linear dependence on
mesotrione concentration that was considerably receth compared to that recorded after the

direct enzymatic reduction of mesotrione. We amevawed that this concept is of interest and

could be applied to the development of biosensaseth on various types of nitroreductases.

Note that these results are preliminary and thahéu investigations would be necessary to

understand the enzymatic reactions better and hericgrove the biosensor performance.
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