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The Laccase mediator system at carbon nanotubes for anthracene oxidation and femtomolar electrochemical biosensing

We investigated the use of POXA1b laccase from Pleurotus ostreatus for the oxidation of anthracene into anthraquinone. We show that different pathways can occur depending on the nature of the redox mediator combined to laccase, leading to different structural isomers. The laccase combined with ABTS lead to the formation of 1,4-anthraquinone and/or 1,2-anthraquinone. The unprecedented role of carbon nanotubes (CNTs) as redox mediators for oxidation of anthracene into 9,10-anthraquinone is shown and corroborated by DFT calculations. Owing to the efficient adsorption of anthraquinones at CNT electrodes, anthracene can be detected with high limit-of-detection using either laccase in solution, CNT-supported laccase or laccase immobilized at magnetic beads exploiting the adhesive property of a chimeric hydrophobin-laccase

Polycyclic aromatic hydrocarbons (PAHs), aromatic molecules consisting of at least two fused benzenic rings, are well-known environmental and food pollutants. Accumulating PAHs have detrimental effects on flora and fauna and are an increasing health problem as human carcinogens. PAHs can be either produced by food processing (baking, smoking, roasting) or introduced by contamination. PAHs can also be a marker of important environmental pollution of water by oil. Current methods for PAH sensing are based on gas or liquid chromatography coupled to mass spectrometry, fluorimetry or UV-visible spectroscopy. 1 In order to avoid these heavy laboratory instrumentation and/or expensive light sources, electrochemical sensors have represented an easy-to-use and inexpensive alternative. However, PAHs are difficult to detect by electrochemical methods. Most PAHs have high and irreversible oxidation potential. This is the reason why most electrochemical sensors rely on high-potential detection or rely on the detection of oxidized hydroxylated PAHs. 1 Enzyme-based electrochemical biosensors have relied on both the specificity of enzyme towards specific substrates and the catalytic activity of enzyme to provide high sensitive responses. 2,3 Furthermore, enzyme-based biosensors also rely on the ability of enzymes to perform specific reactions in water at room temperature and atmospheric pressure. Laccases (pdiphenol-dioxygenoxidoreductases; EC 1.10.3.2) are coppercontaining oxidases, catalyzing the oxidation of a wide range of aromatic substrates while concomitantly reducing O2 into water. These metalloenzymes are used or envisioned in industrial applications such as remediation, bleaching, biosensing and fuel cells. [4][5][6] The active site of laccase is composed of a Type 2/Type 3 trinuclear copper cluster where O2 is reduced into water. Electrons are transferred to a mononuclear type 1 copper centre, near the surface of the protein, where the substrate is oxidized. POXA1b, a laccase from Pleurotus ostreatus, possess interesting properties for many applications: high stability, high enzymatic activity over a wide range of pHs and temperatures and a high redox potential 7,8, We recently investigated this particular laccase at modified graphene and carbon-nanotube(CNT)-based electrodes. 12 For biosensing applications, laccases and POXA1b have been mostly studied for the detection of ortho-diphenol substrates such as catechol or dopamine. [9][10][11][12] We recently produced in Pichia pastoris a chimera by fusion of POXA1b with a hydrophobin, a self-assembling adhesive protein produced by the same fungus P. ostreatus, making laccase prone to be immobilized at different types of materials such polystyrene beads, graphene nanosheets or CNTs. 9,11,13 Laccase redox mediators, the most common being the diammonium salt of 2,2'-azine-bis(3-ethylbenzothiazoline-6sulfonic acid (ABTS), have been used for many years, acting as electron relays when laccase are immobilized at electrode surface 5,6 or acting as an enhancer/promoter of the ability of laccase to catalyze the oxidation of high potential nonphenolic substrate. 14 Several studies have shown that this so-called laccase-mediator system is able to oxidize several PAHs such as anthracene or benzo-(a) pyrene into quinoid products. [15][16][17] In this work, we intend to design the first example of a PAH electrochemical enzyme sensor by exploring the oxidation of PAHs by laccase and the detection of the quinoid products at Multi-walled CNT (MWCNT) electrodes. Porous carbon materials are notorious adsorbents of PAHs, owing to the strong pi-pi-stacking of pi-extended aromatic with CNT sidewalls of CNTs or graphene-based materials. [18][19][20][21][22][23][24][25] We therefore investigate the oxidation of PAH by laccase in solution or immobilized at both CNT and magnetic beads, the subsequent adsorption and detection of their corresponding enzymatically-oxidized products at MWCNT electrodes.

Results and discussion

Electrochemical study of the adsorption of anthraquinone on MWCNT electrodes

In order to develop a biosensor based on the detection of oxidation products of anthracene, the detection of adsorbed anthraquinone at MWCNTs was investigated. Among the products of anthracene oxidation, either by chemical or biochemical processes, the main redox-active products of anthracene oxidation are either 1,4-anthraquinone, 1,2anthraquinone and 9.10-anthraquinone, 26,27 while co-products or products of further oxidation are non-electroactive. In particular, major products of anthracene oxidation by the white rot fungus Pleurotus ostreatus have been identified as 9.10-anthraquinone and anthracene trans-1,2-dihydrodiol. 27 First, the ability of MWCNT electrodes to detect anthraquinone derivatives were tested on two anthraquinone isomers, 1,4-anthraquinone and 9.10-anthraquinone. MWCNTs are well-known to strongly interact with polycyclic aromatics via pi-pi interactions with CNT sidewalls. Figure 1 shows the electrochemical response of MWCNT electrodes previously incubated in a 1 mM solution of 1,4-anthraquinone or 9.10-anthraquinone in MeCN. The electrodes were further washed and the adsorption of respective anthraquinones were studied in 0.1 M phosphate buffer. The expected redox reversible system observed at Ep,1/2 = -0.43 V (E = 90 mV) and Ep,1/2 = -0.12 V vs. SCE corresponds to the redox potential of 9.10-anthraquinone and 1,4anthraquinone respectively. Both systems correspond to the twoelectron/two-proton oxidation of anthraquinone into their corresponding bis-paraphenol product. [28][29][30] According to integration of the charge, similar maximum surface concentrations of 0.82 and 0.71 nmol cm -2 were measured for 1.4-anthraquinone and 9,10-anthraquinone respectively.

With the aim of further describing the adsorption of anthraquinone at MWCNTs, an equilibrium isotherm model was investigated using different concentrations of anthraquinone (Figure 2). The adsorption isotherm was studied by investigating the anthraquinone redox system by Square-Wave Voltammetry (SWV) obtained after incubation at different anthraquinone concentrations. SWV is employed as it provides high sensitivity towards the detection of such reversible redox signals, reducing signal-to-noise ratio and background capacitive currents. As expected, the intensity of the peak for each anthraquinone increases when increasing the incubating concentration until reaching a plateau. This behaviour was well modelized by using a simple Langmuir isotherm model according to equation 1: [31][32][33] 

𝐼 𝑝,𝑒𝑞 = 𝐼 𝑝,𝑚𝑎𝑥 × 𝐾 𝐴𝑄 ×[AQ] 1+𝐾 𝐴𝑄 ×[AQ] (1)
Where Ip,eq is the equilibrium peak current, Ip,max is the peak current at saturating concentrations of 1.4-anthraquinone or 9,10-anthraquinone and KAQ is the association constant between AQ and MWCNT surface in MeCN at 25°C. For 1.4anthraquinone, the best fit (R 2 = 0.98) was achieved with a Ip,max = 260 (+/-16) µA and K1,4-AQ = 3.2 (+/-0.7) 10 5 L mol -1 . For 9,10anthraquinone, the best fit (R 2 = 0.98) was achieved with a Ip,max = 230(+/-15) µA and K9,10-AQ = 3.0 (+/-0.7) 10 5 L mol -1 . For comparison, an association constant 1 to 2 10 3 L mol -1 have been measured for pyrene and different type of pyrene-based derivatives. 20,33,34 As expected, both anthraquinone derivatives exhibits the same interaction mechanism with MWCNT sidewalls. These results underlines that MWCNT electrodes is able to reproducibly adsorb and detect anthraquinone isomers via a Langmuir-type reversible model.

Electrochemical detection of the products of anthracene oxidation by solubilized and adsorbed laccase with and without ABTS

Using the ability of MWCNT electrodes to detect anthraquinone derivatives, we investigate the detection of the products of the enzymatic oxidation of anthracene by laccase, either in solution or adsorbed at the surface of the MWCNT electrodes. In most cases, the use of a redox mediator such as ABTS is required for laccases to be able to oxidize nonphenolic compounds such as PAHs. 14 POXA1b laccase was chosen for its high redox potential, high activity and stability and its thermophilic character 35 suitable for the oxidation of nonphenolic compounds. We have recently shown its facile adsorption on MWCNT electrodes for sensitive catechol and dopamine sensing. Figure 3 shows the detection of anthraquinone products at different concentrations of anthracene in the presence of POXA1b laccase in solution or adsorbed at MWCNT electrodes, with and without ABTS. When laccase is used in solution, no anthraquinone derivatives were detected at room temperature after incubation of laccase (1 U mL -1 ) and 100 µM of anthracene. When temperature is increased to 40°C, traces of 9,10-anthraquinone are detected at MWCNT electrodes with maximum SWV peak current of 5.5 µA (Ep = -0.42 V) at 100 µM of anthracene (Figure 3A). When the incubation is achieved in the presence of ABTS (20 mM), a SWV peak is observed at Ep = -0.06 V, likely corresponding to the production of 1,2-or/and 1,4-anthraquinone (Figure 3B). 1,4anthraquinone is detected at extremely low limit-of-detection of 0.1 fM and the signal levels off at current values of 122 µA at 100µM of anthracene. At this concentration, a small peak is also observed at Ep = -0.42 V, corresponding to the concomitant formation of 9,10-anthraquinone, only observed at high anthracene concentrations. For MWCNT-supported laccases, without addition of ABTS, 9,10-anthraquinone is detected at concentrations of 0.1 nM, levelling at 100 µM with maximum current of -148 µA (Figure 3C). When ABTS is used in solution with MWCNT-supported laccase, 1,2-or/and 1,4-anthraquinone is mostly detected with maximum current of 45 µA at Ep = -0.06 V at 100 µM of anthracene, with the concomitant formation of 9,10-anthraquinone at Ep = -0.41 V (Figure3D). These results show that the formation of these anthraquinone isomers can be obtained from the enzymatic oxidation of anthracene by laccases, depending on the conditions and the presence and nature of the redox mediator. When ABTS is used either with laccase in solution or adsorbed on MWCNT, 1,2-and or 1,4-anthraquinone are the major products of the oxidation of anthracene. The fact that negligible amounts of anthraquinone is observed when laccase is used in solution without ABTS is expected from the fact that laccases are known to have poor oxidation ability of nonphenolic substrates without the addition of a redox mediator. However, owing to the stability of POXA1b at temperature up to 40°C, traces of 9.10-anthraquinone can still be observed. More interestingly, despite the fact that adsorbed laccase are present in low amounts as compared to laccase in solution (2U), the formation of 9,10-anthraquinone is detected when laccases is adsorbed at MWCNT electrodes, without the need of a redox mediator in solution.

To further investigate the role of MWCNT in the oxidation of anthracene by the laccase in the absence of ABTS, DFT calculations were done. The idea was to compare the electronic structure of the anthracene adsorbed at MWCNT electrodes or in solution. To modelize the anthracene adsorbed at MWCNT electrodes, we used a graphene ribbon of 18*12 Ả 2 . Fig 4 reports the highest occupied orbitals HOMO, HOMO-1 of the two systems. The orbitals involved in the oxidation of the anthracene are the HOMO for the molecule isolated and the HOMO-1 for the anthracene adsorbed on the graphene. These two orbitals are localized similarly on carbon atoms of anthracene but the energy of the orbital involved for the model of the anthracene adsorbed is higher in energy (-6.93 eV against -7.29 eV). Therefore, DFT calculations underline the fact that anthracene is easier to oxidize when adsorbed at the surface of MWCNTs. This explains the difference of reactivity observed experimentally and that laccases do not need redox mediators such as ABTS when anthracene is adsorbed on MWCNTs, the latter acting as oxidation promoters. SWV experiments performed in the best conditions, i.e. adsorbed laccases without ABTS and laccase in solution with ABTS, were modelized using adsorption isotherms considering the fact that a pseudoequilibrium is reached during the oxidation of anthracene (Figure 5A). No accurate model was obtained using a simple Langmuir isotherm, likely arising from the presence of a mixture of enzymes, anthracene and anthraquinone at MWCNT electrodes. In this particular case where heterogeneity of adsorptions might be caused by a complicated mixture at such porous surface, the Freundlich model was successfully used to fit the experimental data, according to equation 2: 31,36 

𝐼 𝑝,𝑒𝑞 = 𝐼 𝑝,𝑚𝑎𝑥 ×(𝐾 𝐴𝑄 𝑎𝑝𝑝 ×[anthracene]) 𝑛 1+(𝐾 𝐴𝑄 𝑎𝑝𝑝 ×[anthracene]) 𝑛 (2) 
Where Ip,eq is the equilibrium peak current, Ip,max is the peak current saturating concentrations of anthracene and KAQ is the association constant between the as-produced anthraquinone derivative and the MWCNT surface in water and n is Langmuir-Freundlich coefficient number. Table 1 shows the Langmuir-Freundlich model parameters obtained from fitting curves of Figure 4. The high apparent value of KAQ of 1.5 10 14 L mol -1 for the laccase/ABTS mediator system is likely due to the high efficiency of the enzymatic oxidation, which maximize the formation of 1.4-anthraquinone and its subsequent adsorption on MWCNT surfaces. The KAQ app value is also several order of magnitude higher compared to the KAQ value measured for anthraquinone adsorption in MeCN. This is expected from the stronger pi-pi interaction between anthraquinone and CNT sidewalls in water as compared to MeCN. KAQ app value of 3.7 10 7 L mol -1 for MWCNT-supported laccase, is indicative of a lessefficient oxidation process as compared to the laccase/ABTS mediator system, generating lower amounts of 9,10anthraquinone. The fact that higher Ip max of 150 µA are obtained for the MWCNT-supported laccase system likely arise from two reasons. The oxidation process in this case is driven by the adsorption of anthracene which might have higher amounts of binding site on MWCNT sidewalls as compared to anthraquinone. ABTS can also possibly compete with anthraquinone towards binding sites in the case of the laccase/ABTS system. These results indicate that two major pathways are involved in the anthracene oxidation by laccases (figure 5B). First, the most sensitive and efficient way is the use of the laccase/ABTS system in solution. This allows the fast generation of 1,4-anthraquinone, which is subsequently adsorbed on MWCNTs and detected by SWV at detection limits as low as 0.1fM. A second pathway is observed in the case of MWCNT-supported laccase, producing specifically 9,10-anthraquinone. The fact that this reaction is only observed when laccase is immobilized on MWCNT implies that MWCNT plays the role of the redox mediator by oxidizing adsorbed anthracene. Electrons are likely transferred from MWCNTs to the laccase active site, affording the oxidation of anthracene into 9,10-anthraquinone. We recently demonstrated that POXA1b could favourably transfer electrons between the T1 active site and the electrode for direct oxygen reduction. 13 This pathway led to the preferred formation of 9,10-anthraquinone over 1,4-and 1,2-anthraquinone. The selectivity of the oxidation of anthracene via these two pathways is still not clearly understood. However, we can hypothesize that a radical intermediate formed by anthracene oxidation is likely stabilized by pi-pi interactions with MWCNTs. It is noteworthy that the high-potential electro-oxidation of anthracene at CNT-based electrodes leads to the formation of 9,10-anthaquinone. 37 

Anthracene and PAH biosensing performances

Owing to the logarithmic scale, a linear range for the biosensing of anthracene could be obtained for the laccase/ABTS and the laccase/MWCNT systems. Furthermore, in order to underline the versatility of this type of PAH biosensors, we also took advantage of the engineered laccase-hydrophobin chimera to modify magnetic beads. The immobilization procedure was easy and fast, since no derivatization procedure was necessary, and allowed to obtain 70% immobilization yield. The immobilized laccase showed high stability, retaining almost total activity after 28 days of storage at both 4° and 25°C. These biofunctionalized magnetic beads were also used with ABTS to provide anthracene biosensing in solution. Figure 6 displays the linear region for all three configurations towards anthracene concentrations.

The performances of the three configuration are given in table 2. As expected, the best sensitivity and LOD (0.6 fM) is obtained for the laccase/ABTS system in solution with excellent repeatability (performed on three electrodes). This originates for the high concentration of enzyme (1 U mL -1 ) and the efficiency of the laccase/ABTS system towards anthracene oxidation. The laccase/MWCNT system (without the use of ABTS) exhibits a higher LOD of 0.1 nM but a wider linear range between 0.1 nM and 0.1 mM. The chimera-modified magnetic beads exhibits a lower sensitivity of 14 µA per log unit as compared to the laccase/ABTS system. This is caused by the lower activity of the biofunctionalized beads (10 mU L -1 ), as compared to laccase in solution (1 U mL -1 ). However, this lower activity affords a lower production of 1,4-anthraquinone and a higher linear range between 1pM and 1 mM. These results underline the fact that a wide linear range and an extremely-low LOD can be obtained depending on the biosensing conditions. These conditions can be easily adapted depending on the concentration range of the starting anthracene solution.

Owing to the high sensitivity of the laccase mediator system based on laccase and ABTS in solution and the ability of MWCNT electrodes to sensibly detect anthraquinone, the biosensing of different PAHs were studied using this strategy.

Figure S1 shows the oxidation of pyrene and benzo(a)pyrene, two well-known PAHs. By performing a logarithmic fit, calibration curves were obtained for all PAHs. Table 3 summarizes the analytical performances of the biosensors. It is noteworthy that a one-order-of-magnitude difference is observed compared to anthracene biosensing, arising from the lower efficiency of the oxidation process for both pyrene and benzo(a)pyrene by the laccase/ABTS system. This is the first example of a PAH biosensor based on an enzymatic process. For comparison, few electrochemical biosensors for PAH have been developed, only based on affinitytype receptors such as antibody/antigen interaction. A biosensor based on the interaction of PAH with DNA was able to detect PAH by DPV at high potential (1 V) with a LOD of 10 nM. 38 Other type of electrochemical sensor are mostly based on the high potential oxidation of PAH on different electrode materials. 1 Polyaniline-based nanostructured electrodes exhibit LOD of 4.4 nM and 0.1 fM for anthracene and phenanthrene respectively [39][40][41] Direct electrochemical detection of monohydroxylated PAHs by conjugated polyelectrolyte/graphene-based electrodes exhibits LOD of 1.4 nM. 42 Imprinted polymers have also been used, showing LOD of 0.5 fM and sensitivity of 80 µA per log unit. 43 Cadmium/aluminum layered double hydroxide-based electrodes 44 are able to interact with anthracene and its electrochemical sensing was achieved at -0.92V in 1 M KOH by DPV with a sensitivity of 1.9 µA per log unit, a linear range of 0.1 to 100 pM and a LOD of 0.5 fM.

Conclusions

In this work we developed, a novel strategy for oxidation and detection of PAH using a combination of laccase and MWCNT electrodes. Owing to the high sensitivity of MWCNT electrodes towards quinones, products of the oxidation of PAHs can be adsorbed and detected at MWCNT electrodes using SWV. The study of anthracene oxidation by the thermophilic POXA1b shows that MWCNT can play the role of a redox mediator towards oxidation of anthracene into 9,10-anthraquinone, as confirmed by SWV experiments and DFT calculations. Using ABTS, 1,4-and/or 1,2-anthraquinone are preferably formed and provide the most efficient way of anthracene oxidation and detection. A highly sensitive biosensor of anthracene was designed with extremely low LOD of 0.6 fM and a linear range which can be easily adapted depending the biosensing conditions. Owing to the flexibility of laccase and its hydrophobin mutant, laccase-modified magnetic beads can also be employed in combination with MWCNT electrodes for anthracene detection. Furthermore, this biosensor can be extended to other PAH such pyrene or benzo(a)-pyrene. This study paves the way for the use of laccase and laccase-modified nanomaterials for the design of highly efficient PAH oxidation and detection systems.

Figure 1 .

 1 Figure 1. 3D Schematic representation of adsorbed 1-9 anthraquinone and 1 4 anthraquinone at MWCNT electrode and CV of the modified MWCNT electrodes performed in 0.1 M McIlvaine buffer pH 5 (v = 10 mV s -1 , pH 7) after incubation (10 min, 25°C). of the MWCNT electrode in a 1 mM MeCN solution of (a) 9,10anthaquinone and (b) 1,4-anthraquinone

Figure 2 .

 2 Figure 2. (A) SWV (0.1 M McIlvaine buffer pH 5, 25°C, pulse height = 25 mV, pulse width = 0.5 s, step height = -5 mV) performed after incubation (10 min, 25°C) of the MWCNT electrode in a MeCN solution of (a) 9,10-anthaquinone and (b) 1,4anthraquinone at different concentrations

Figure 3 .

 3 Figure 3. (A) SWV (0.1 M McIlvaine buffer pH 5, 25°C, pulse height = 25 mV, pulse width = 0.5 s, step height = -5 mV) for the detection of different concentrations of anthracene (0, 0.1 nM, 100 nM, 1 µM and 100 µM) after incubation (10 min) of the MWCNT electrode in a solution of 1 U mL -1 of laccase and anthracene left to react for 2 h at 40 °C min ; (B) SWV for the detection of different concentrations of anthracene (0, 0.1 fM, 0.5 fM, 1fM, 10 fM, 50 fM, 0.1 pM, 1 pM, 10 pM, 0.05 nM, 1 µM and 100 µM) after incubation (10 min) of the MWCNT electrode in a solution of 1 U mL -1 of laccase and ABTS left to react for 1 h at 25 °C min ; (C) SWV for the detection of different concentrations of anthracene (0, 0.1 nM, 10 nM, 0.1 µM, 1 µM, 10 µM and 100 µM) after incubation (10 min) of a POXA1b modified electrode in a solution of anthracene left to react for 2 h at 40 °C ; (D) SWV for the detection of different concentrations of anthracene after incubation (10 min) of a POXA1b-modified electrode in a solution of anthracene (0, 0.1 nM, 100 nM, 1 µM and 100 µM) and ABTS left to react for 1 h at 25 °C

Fig 4 .

 4 Fig 4. Schematic representation of the highest occupied orbitals for the anthracene and for the model of the anthracene adsorbed at MWCNT electrodes.

Figure 5 .

 5 Figure 5. (A) Logarithmic plot of the SWV peak current towards anthracene concentration for the detection of anthracene at MWWCNT electrode from () a solution of 1 U mL -1 of laccase and ABTS left to react for 1 h at 25 °C min and () from a POXA1b-modified MWCNT electrode in a solution of anthracene left to react for 2 h at 40 °C ; (B) Hypothesized Mechanism for the formation of 1,4anthraquinone and 9,10-anthraquinone and their adsorption on MWCNT

Figure 6 .

 6 Figure 6. Linear part of the logarithmic plot of the SWV peak current towards anthracene concentration for the detection of anthracene at MWWCNT electrode from (A) a solution of 1 U mL -1 of laccase and 20 mM ABTS left to react for 1 h at 25 °C min, (B) from a POXA1b-modified MWCNT electrode in a solution of anthracene left to react for 2 h at 40 °C and (C) a solution of 20 mU mL -1 of biofunctionaized microbeads and 50 mM ABTS left to react for 1 h at 25 °C min (inset: corresponding SWV performed in a 0.1 M phosphate/citrate buffer solution pH 5)

Table 1 .

 1 Fitting paramaters for the Langmuir-Freundlich isotherm model from figure XA.

		Ip,max	KAQapp (L	n	R 2
			mol -1 )		
	Laccase/ABTS	100 (+/-9)	1.5 1014	0.7 (+/-	0.975
				0.1)	
	Laccase/MWCNT	150 (+/-7)	3.5 107	0.4 (+/-	0.997
				0.1)	

Table 2 .

 2 Electrochemical parameters for anthracene biosensing

		Sensitivity	Linear Range	R2
	Laccase/ABTS	36 (+/-4)	0.6 fM-0.1	0.966
			pM	
	Laccase/MWCNT	24.4 (+/-0.6)	0.1 nM-0.1	0.997
			mM	
	MB-laccase/ABTS	14 (+/-2)	1 pM-1 mM	0.960

Table 3 .

 3 Electrochemical parameters for pyrene and benzo(a)pyrene biosensing

		Sensitivity	Linear Range	R2
	Pyrene	3.6 (+/-0.1)	1 fM-10 pM	0.998
	Benzo(a)pyrene	3.5 (+/0.4)	1 fM-10 pM	0.979
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