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ABSTRACT

The performance of electrochemical laccase-based biosensors can be improved by 

immobilizing the enzyme on composite Layer-by-Layer (LbL) supports in which 

materials with complementary functions are combined. LbL films are formed by layers 

combining an electrocatalytic material which favors electron transfer (sulfonated copper 

phthalocyanine, CuPcS(-)), an ionic liquid which enhances the electrical conductivity of 

the layers (1-butyl-3-methylimidazolium tetrafluoroborate, IL(+)) and a material able to 

promote enzyme immobilization (chitosan, CHI(+)). Composite films with different 

structures have been demonstrated to be efficient electrocatalysts, producing an increase 

in the magnitude of the responses towards catechol. The most intense and reproducible 

electrocatalytic effect was observed when a layer of the CuPcS(-) was placed on top of  a 

layer formed by a mixture of CHI(+)+IL(+) to obtain [CHI(+)+IL(+)|CuPcS(-)]2 films. 

Biosensors with laccase immobilized on the surface of the LbL layers 

[CHI(+)+IL(+)|CuPcS(-)]2|Lac showed mediated electron transfer between the redox 

enzyme and the film and a reproducibility of device-to-device performance of 4.1%. 

The amperometric biosensor showed a sensitivity of 0.237 A·M−1 and a linear detection 

range from 2.4 μM to 26 μM for catechol. The excellent Limit of detection (LOD) of 

8.96·10-10 M (3·σ /m) is one order of magnitude lower than that obtained in similar 

studies. A Michaelis-Menten constant of 3.16 μM confirms excellent enzyme-substrate 

affinity.
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3

1. INTRODUCTION

Catechol is a widely studied phenol that occurs naturally in foods and vegetables and is 

also a common industrial byproduct [1]. A wide range of electrochemical sensors 

and biosensors dedicated to the detection of phenols have been developed [2,3]. 

This assortment is due to the number of immobilization procedures aimed at 

improving enzyme functionality. These include: entrapment in sol–gel or 

hydrogel matrices; incorporation into polymer films; covalent linking to the 

electrode surface; or immobilization on self-assembled monolayers, Langmuir-

Blodgett films or the surface of carbon nanotubes; among many others [4–6]. In 

addition, different electron mediators have been used to facilitate electron transfer 

between the enzyme and the electrode. These include Prussian blue [7], conducting 

polymers [4,8,9], nanoparticles [10] or graphene [11,12], among others.

The Layer by layer (LbL) technique is an interesting approach for the preparation 

of enzymatic  biosensors, as it provides structures which can be a suitable support 

for enzyme immobilization [13–15]. In previous studies, LbL films 

combining polyethyleneimine (PEI) [13,16], polyallylamine hydrochlorate (PAH) 

[14,17], or chitosan (CHI) -as positively charged species- with poly(styrene 

sulfonate) (PSS) or polyvinyl sulfonate (PVS) -as polyanions- have been used as 

substrates for biosensors [18,19].

The objective of the present study was to explore a new strategy to improve the 

performance of biosensors using LbL assemblies with a dual functionality. In this 

approach, LbL films act simultaneously as suitable supports for enzyme immobilization 

and as efficient electron mediator layers.

An enzymatic electrochemical biosensor for catechol detection was developed for this 

purpose, in which a phenol oxidase (laccase) was immobilized on LbL films prepared 



with materials selected to preserve and promote enzyme activity and to 

facilitate electron transfer. The materials chosen included CHI(+), a natural 

cationic polyaminosaccharide, which was selected as a cationic polymer since it is a 

standard support for enzyme immobilization [20–25]. The selection of CuPcS(-) was 

due to its electrocatalytic and film forming properties [4,14,26,27]. A 

variety of metallophthalocyanines have been used as redox mediators for enzyme 

based sensor phthalocyanines [28–31]. However, phthalocyanines have the 

inconvenience of their low conductivity [32]. To improve the conductivity of the 

sensing layer, an IL(+) was included in the LbL assembly, owing to its high ionic 

conductivity and electrochemical stability [33–36].

In short, in this work, LbL films combining positively charged molecules including 

CHI(+) and IL(+) and a polyanion, CuPcS(-) were designed. The benefits obtained by the 

immobilization properties provided by CHI(+), the electrocatalytic activity of CuPcS(-), the 

high ionic conductivity of the IL(+) and the occurrence of synergetic effects due to 

interaction between the components were explored. The influence of the architecture of the 

LbL films in the immobilization of Laccase and on the electron transfer from the 

enzyme to the electrode were analyzed. Performance of the biosensor was investigated in 

terms of sensitivity, linearity range, limits of detection and reproducibility. 

2. MATERIALS AND METHODS

2.1. Materials and Instruments

Chitosan (CHI(+)) (medium molecular weight, 75-85% deacetylated chitin) (CAS 

Number: 9012-76-4), copper (II) phthalocyanine-3,4´,4´´,4´´´-tetrasulfonic acid 

tetrasodium salt (CuPcS(-)), and 1-butyl-3-methyliimidazolium tetrafluoroborate (IL(+)) 

were purchased from Sigma-Aldrich (St. Louis, MO, USA). Laccase enzyme (Lac, from 

Trametes versicolor, activity of 10 U mg-1, CAS 80498-15-3) and catechol were also 
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purchased from Sigma-Aldrich. Glutaraldehyde (50% aqueous solution) was purchased 

from Alfa Aesar (Haverhill, MA, USA). Deionized water from MilliQ (resistivity 18.2 

MΩ·cm) was used in all solutions and experiments.

Layer by layer films were prepared using a rotary dip-coater device ND-R from 

Nadetech (Spain). LbL films were deposited onto different substrates including glass, 

ZnS, quartz, mica and ITO glass. ITO glass slides were purchased from SIGMA 

(surface resistivity 15-25 Ω/sq). Mica slides were muscovite Mica V2 quality (Electron 

Microscopy Science. USA.Cat . 71857-01-10).

UV-Vis characterization was performed using films deposited on quartz substrates in a 

Shimadzu UV-2600. Fourier Transform Infrared (FTIR) spectra of films deposited on 

ZnS were obtained using a FTIR 6600 Jasco spectrophotometer from 700 to 2000 cm−1, 

at a resolution of 4 cm-1 and 1000 scans. Atomic force microscope (AFM) images were 

recorded in films deposited on mica at room temperature in a NanoScope IIIa operated 

in tapping mode. Electrochemical measurements were carried out using a 

potentiostat/galvanostat PGSTAT128 (Autolab Metrohm, Utrecht, Netherlands).

2.2. Sensor preparation

Substrates were modified with LbL films containing CHI(+),CuPcS(-)and IL(+). Films 

with two different preparation sequences were developed. 

The first sequence was denoted as [CHI(+)|CuPcS(-)|IL(+)|CuPcS(-)]n, where n means the 

number of repetitions. These films were prepared by incubating an ITO substrate in 

different solutions (at 21ºC and 30% relative humidity) using the following sequence: 1) 

Immersion in a CHI(+) solution (10-3 M, prepared in acetic acid 0.3% v/v) for 5 min. 2) 

Washing step by immersion in deionized water for 5 s. 3)  Immersion in an aqueous 

solution of CuPcS(-) (5·10 -5 M) for 5 min. 4) Washing step in deionized water for 5 s. 

5) Immersion in a 10-3 M solution of IL(+) during 5 min. 6) Washing in deionized water 

for 
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5 s. 7) Immersion in an aqueous solution of CuPcS(-) (5·10 -5 M) for 5 min. 8)  

Washing in deionized water for 5 s. This procedure was repeated to increase the 

thickness of the structures. 

The second architecture was obtained by alternating immersions in a solution containing 

a mixture of positively charged materials (CHI(+)+IL(+)) (1:1 v/v) and a solution of 

the negative CuPcS(-) to form  [CHI(+)+IL(+)|CuPcS(-)]n . The procedure was as 

follows: 1) Immersion in a mixture (CHI(+)+IL(+)) (1:1 v/v) for 5 min. 2) Washing 

with deionized water for 5 s. 3) Immersion in CuPcS(-) (5·10 -5 M) for 5 min. 4) 

Washing with deionized water for 5 s.

Biosensors were prepared by depositing the enzyme laccase (Lac) on the surface of the 

LbL films using the following method. After washing the LbL films in 0.01 M 

phosphate buffer (pH 7.00) for 2 min and subsequent drying, 50 µL of a solution 

containing 5 mg·mL -1 of the enzyme (in a 0.01 M phosphate buffer; pH 7.00) 

were deposited onto the surface. Once dried at room temperature, the enzyme was 

cross-linked by introducing the device into a desiccator (20 cm diameter) containing 20 

ml of a 2.5% (v/v) glutaraldehyde solution prepared in 0.01 M phosphate buffer 

during 20 min at room temperature. Sensors were washed in order to remove 

any unbound enzyme from the electrode surface.

2.3. Electrochemical measurements

Electrochemical experiments were carried out in a three-electrode electrochemical 

cell (50 mL) using the LbL films deposited on ITO glass as the working electrode. Ag|

AgCl (3M)/KCl (0.1M) was used as the reference electrode and a platinum sheet (2 

cm2) as the counter electrode. Cycles were carried out from -800 to 1200 mV at a 

scan rate of 100 mV·s -1 in 10-4M catechol in 0.01 M phosphate buffer (pH 7.00). 

Experiments 
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focused on studying of the effect of the scan rate were carried out from 10 to 1000 

mV·s -1. Chronoamperometry was carried out at a fixed potential of -200 mV.

3. RESULTS AND DISCUSSION

3.1. Preparation and structural characterization of LbL films

Films formed by the combination of CHI(+), IL(+) and CuPcS(-) were deposited using the 

LbL technique. These films were used as substrates for enzyme immobilization and 

to promote electron transfer. Two types of structures were prepared: LbL films 

where cationic species were deposited in successive steps [CHI(+)|CuPcS(-)|IL(+)|

CuPcS(-)]n and films where cations were mixed and deposited in a single step [CHI(+)

+IL(+)|CuPcS(-)]n. The deposition of the layers was monitored by UV-vis 

spectroscopy (Figure 1.a). Spectra registered on quartz substrates were similar 

for all the films obtained, independently of their architecture. They showed the 

classical strong Q band at 680 nm, originated by a ∗π−π transition at the 

phthalocyanine ring. The Q band showed a shoulder at 617 nm associated to the 

presence of H-aggregates due to the formation of dimeric species [37,38]. Spectra 

also showed a band at ~335 nm produced by a ∗π−π transition named the Soret 

band [39]. As observed in Figure 1.b, absorbance values measured at 680 nm 

increased linearly with the number of layers (correlation coefficient higher than 0.9906 

in all structures tested), confirming the formation of the layers on the surface of the 

substrate. Once LbL films had been obtained, Laccase was immobilized on the 

surface. UV-vis spectra of the [CHI(+)|CuPcS(-)|IL(+)|CuPcS(-)]2 substrate and the 

[CHI(+)|CuPcS(-)|IL(+)|CuPcS(-)]2|Lac biosensor are shown in Figure 1.c. The spectrum 

of the biosensor showed the characteristic bands of the LbL films and the typical 

band at 280 nm produced by the presence of the enzyme. Spectral data of [CHI(+)+IL(+)|

CuPcS(-)|2 and [CHI(+)+IL(+)|CuPcS(-)|2|Lac are shown in Figure S.1, confirming the 

formation of the films on the surface of the substrate, independently of the sensor 

architecture. 
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“Here Figure 1”

FTIR spectra of the LbL films, deposited on a zinc sulfide (ZnS) substrate, showed 

the characteristics bands of all three compounds forming the layers (Figure 2.a)[22,40–

42]. In addition, FTIR spectra were identical, regardless of the structure of the LbL 

films as can be seen in Figure S.2. The peaks of the [CHI(+)+IL(+)|CuPcS(-)]n sensor 

and casted films of the individual components are collected in Table 1.

The characteristic peaks of CHI(+) appeared at 3424 cm-1, corresponding to the OH 

stretching vibrations; at 1657 cm-1, related to the C-O stretching; and at 1419 cm−1 and 

1395 cm−1, due to the C-H-OH bending and CH2OH stretching, respectively. Peaks 

produced by the IL(+) appeared at 1647 cm-1, corresponding to the C=C and C=N bonds 

[22,43,44]. Peaks characteristic of the CuPcS(-)
 appeared at 1456 cm-1 (asymmetric 

bending isoindole), 1338 cm-1 (pyrrole stretching of the –C=C–N– bonds) [45–47], 

1093 cm-1 produced by the in-plane C-H bending, 1027 cm-1 related to the isoindole 

deformation and aza stretching [46], and 742 cm-1 due to C-H bending [46,48]. 

Transmittance increased linearly with the number of layers, with regression coefficients 

close to 1 (for instance, the R2 of the peak at 1027cm-1 was 0.9627). Similar coefficients 

were obtained for films with different architectures. The FTIR spectra of the biosensors 

were also registered. As expected, these spectra showed the typical amide bands of the 

polyphenol oxidase, which appeared at 1625 cm-1 and 1567 cm-1  (Figure 2.b). The band 

assignment confirmed the correct adsorption of the enzyme onto the surface of the LbL 

films [49].

“Here Figure 2”

“Here Table 1”



AFM images of the surface of films with different architectures and increasing 

number of layers were registered and compared (Figure 3). In all cases, the images 

showed smooth surfaces that increased their roughness when the number of 

layers were increased. The RMS of [CHI(+)+IL(+)|CuPcS(-)]2 (where both cationic 

species  were mixed and deposited in the same step) was 0.39 nm and increased to 

7.71 nm in thicker films formed by 12 bilayers [CHI(+)+IL(+)|CuPcS(-)]12. In LbL films 

where each cation was deposited in a different step, the RMS increased from 0.46 

nm in [CHI(+)|CuPcS(-)|IL(+)|CuPcS(-)]2 to 14.07 in [CHI(+)|CuPcS(-)|IL(+)|CuPcS(-)]12. The 

increase in the RMS points to the presence of aggregation and indicates that the 

molecular ordering of the LbL films decreased with the number of layers. It is also 

important to point out that the different components added in sequential steps probably 

interpenetrate.

Figure 3.e shows the AFM image of the [CHI(+)+IL(+)|CuPcS(-)]2|Lac sensor. In the 

presence of the enzyme, globular structures were observed (138 nm height) on top of 

smooth surface (3 nm in height). These structures, with similar sizes, have been already 

observed in previously published results [8]. However, the presence of globules can be 

caused by the reorganization of the layer when laccase is deposited on top of the LbL 

film [50,51]. 

“Here Figure 3”3.2. Sensing properties of LbL films and biosensors based on LbL films

The sensing properties for catechol of [CHI(+)+IL(+)|CuPcS(-)]n and [CHI(+)|

CuPcS(-)|IL(+)|CuPcS(-)]n films were analyzed by cyclic voltammetry. Then, 

laccase was deposited on top of LbL films and the performance of the biosensors was 

analyzed. 

A bare ITO, immersed in catechol 10-4 M, showed one anodic wave at ~900 mV and 

one cathodic wave at ~-100 mV, corresponding to the oxidation and reduction of 

catechol, respectively. When the ITO was modified with the LbL films, the intensity of 
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the peaks increased (for instance, the intensity of the cathodic peak increased from -5 to 

-12 µA), indicating a certain electrocatalytic activity of the LbL films. It is worth noting 

that the results obtained were similar, independently of the number of layers, 

confirming that the electrocatalysis was a surface phenomenon (Figure S.3). Moreover, 

the chemical nature of the last layer was fundamental to obtain good responses and only 

when the last layer was formed by CuPcS(-) was electrocatalytic behavior observed. 

The presence of the enzyme considerably increased the intensity of the cathodic wave 

(from -12 µA -33 µA). This was due to the increase in the efficiency of the electron-

transfer between the enzyme and the electrode, activated by the presence of the LbL 

films. This effect was clearly observed when the CuPcS(-) was in direct contact with 

laccase. In contrast, when the last layer was the positively charged CHI(+)+IL(+) mixture, 

the intensity of the cathodic wave was only 16 µA (Figure 4), or 17.5 µA when the last 

layer was CHI(+). According to the previous results, ideal substrates must have CuPcS(-) as 

the top layer, while structure and thickness are irrelevant. For these reasons, the rest of 

the study was carried out using only the [CHI(+)+IL(+)|CuPcS(-)]2 substrate. Figure S.4 

shows the voltammograms registered using bare ITO and an ITO covered with laccase.

“Here Figure 4”

The repeatability of the measurements was tested by calculating the coefficients of 

variation in the intensity of the cathodic peaks for 10 consecutive cycles (Figure S.5). 

The coefficient of variation was 2.0% for [CHI(+)+IL(+)|CuPcS(-)]2 and 4.6% for 

[CHI(+)|CuPcS(-)|IL(+)|CuPcS(-)]2. Thus, the best repeatability [CHI(+)+IL(+)|CuPcS(-)]2  

sensor was selected as the underlying layer for the laccase biosensor.

The repeatability of the [CHI(+)+IL(+)|CuPcS(-)]2|Lac biosensor, calculated from the 

intensity values registered after 10 consecutive cycles, was 4.7%. This indicated that the 
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biosensors could be repeatedly cycled without considerable loss of intensity. However, 

once the sensors were withdrawn from the solution, a decrease in the intensity of the 

peaks was perceived and biosensors were considered as disposable devices.

The variation coefficients of the responses of 3 sensors, prepared under the same 

conditions, were 3.8% for the [CHI(+)+IL(+)|CuPcS(-)]2 architecture (-12 ± 0.46 μA (n=3) 

and 4.1% for the [CHI(+)+IL(+)|CuPcS(-)]2|Lac biosensor (-33 ± 1.4 μA (n=3)), indicating 

the good level of accuracy achieved in the fabrication of the developed enzymatic 

electrochemical biosensor (Figure S.6).

 3.2.1. Effect of scan rate

Information about the electrochemical mechanisms can be obtained from the analysis of 

the relationship between the peak current and the scan rate. The voltammetric behavior 

of sensors and biosensors immersed in catechol (10-4 M in 0.01 M phosphate buffer pH 

7.00) at different scan rates was studied (from 10 to 1000 mV·s -1), as shown in Figure 5.

 “Here Figure 5”

The peak potential of the reduction peak shifted to more negative potential values when 

the scan rate increased, confirming the irreversibility of the process. The linear 

relationship between the peak potential and the logarithm of the scan rate can be 

expressed as (1) for the [CHI(+)+IL(+)|CuPcS(-)]2  sensor and (2) for the 

[CHI(+)+IL(+)|CuPcS(-)]2|Lac biosensor (shown in Figures S.7.a and .b, respectively). 

   (1)
E𝑝𝑐(𝑉) =‒ 0.12log 𝑣(𝑉𝑠 ‒ 1) ‒ 0.44;  (𝑅2 = 0.9432) 

𝐸𝑝𝑐(𝑉) =‒ 0.10log 𝑣(𝑉𝑠 ‒ 1) ‒ 0.45;  (𝑅2 = 0.9238)  (2)

As for an irreversible electrode process, according to Laviron [51], the Epc is defined by 

the following equation:
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𝐸𝑝𝑐 (𝑉) = 𝐸0'
+ (2.303𝑅𝑇

∝ 𝑛𝐹 )𝑙𝑜𝑔(𝑅𝑇𝑘0

∝ 𝑛𝐹) ‒ (2.303𝑅𝑇
∝ 𝑛𝐹 )𝑙𝑜𝑔𝑣 (𝑉𝑠 ‒ 1)        (3)

where α is the transfer coefficient, k0 the standard heterogeneous rate constant of the 

reaction, n the number of electrons transferred, v the scan rate, R the ideal gas constant 

(8,314 J·mol -1·K -1), T the temperature (298 K), F Faraday´s constant (96,480 C·mol -1) 

and E0’ the formal redox potential. Therefore, the value αn can easily be calculated from 

the slope of Epc vs. log v, which was calculated to be 0.47 when using a [CHI(+)+IL(+)|

CuPcS(-)]2 electrode and 0.55 for the enzymatic electrode. Furthermore, according to the 

Butler-Volmer equation, the α value can be calculated [52,53]. For large values of the 

overpotential (η > 118 mV), the Butler-Volmer equation can be simplified as follows:

log 𝐼𝑝𝑐(𝜇𝐴) = log 𝐼0 ‒
𝛼𝐹

2.3𝑅𝑇𝜂  (4)

The value of α can be estimated from the slope of the Tafel plot (known as the plot of 

log Ipc vs. η). Therefore, the value calculated for α was 0.23 for the [CHI(+)+IL(+)|

CuPcS(-)]2 sensor and 0.25 for the [CHI(+)+IL(+)|CuPcS(-)]2|Lac biosensor. Thus, the 

electron transfer number of n was found to be between 2.1-2.2, which is in accordance 

with a two-electron process in all electrodes (Figure S.8).

3.2.2 Effect of the catechol concentration

The limits of detection (LOD) were calculated, using chronoamperometry (CA), 

by analyzing the intensity of the responses to increasing concentrations of 

catechol  obtained by the successive addition of aliquots of catechol every 100 s 

(in 0.01 M phosphate buffer pH 7.00). The potential used was -200 mV. 

 “Here Figure 6”
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As observed in Figure 6, the sensor (n=3) [CHI(+)+IL(+)|CuPcS(-)]2 and the biosensor 

(n=3) [CHI(+)+IL(+)|CuPcS(-)]2|Lac both showed linear responses in the range from 

2.4-38 µM and 2.4-26 µM, respectively, with linear equations of 𝐼𝑝𝑐(μA) =(-4.38±0.01)-

(0.070±0.001)·[catechol]/μA·μM (R2=0.993) for the non-biosensor and 𝐼𝑝𝑐(μA) 

=(-10.020±0.005)-(0.237±0.001)·[catechol]/μA μM (R2=0.997) for the biosensor. The 

electrocatalytic behavior of the modified electrodes at different concentrations of 

catechol confirmed that the biosensor was more effective than the sensor, with better 

sensitivity to the reduction of catechol in 0.01M phosphate buffer pH 7.00. 

The LODs were calculated from the linear range of the calibration curves registered in 

the reduction region, using the 3·σ /m criterion, where σ is the standard deviation for 5 

voltammograms of blank solutions and m is the slope of the calibration plot.

The LbL sensor showed a sensitivity of 0.07 A·M−1, a detection limit of 2.17·10 -8 M 

and a linear detection range from 2.4 μM to 38 μM. The LOD obtained for the LbL 

biosensor was lower and a detection limit of 8.96·10 -10 M, with a sensitivity of 0.24 

A·M−1 and linear detection range from 2.4 μM to 26 μM, were obtained.

The apparent Michaelis-Menten constant (𝐾 𝑀𝑎𝑝𝑝) was obtained through the linearization 

of the Lineweaver-Burk equation from both intensity regions.

1
𝐼 =

1
𝐼𝑚𝑎𝑥

+
𝐾𝑎𝑝𝑝

𝑀

𝐼𝑚𝑎𝑥·[𝑆]      (5)

where I is the intensity of the cathodic current after 100 s of analyte addition, Imax is the 

maximum rate of the enzymatic reaction and [S] is the concentration of substrate. The 

Imax and the  were calculated from the intercept and the slope, respectively [54]. 𝐾𝑎𝑝𝑝
𝑀

The small value of 𝐾𝑎𝑝𝑝 obtained with the developed nanostructured biosensor, 𝑀

indicated excellent affinity between the laccase and the substrate.
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“Here Table 2”

Table 2 shows the analytical parameters characteristic of the new enzymatic 

biosensor developed here. The Table also shows some previous results obtained 

with different electrochemical biosensors with laccase immobilized in different 

matrices for catechol detection, including biomimetic matrices (LbL, SAM and 

Langmuir-Blodgett). The comparison with these previous results, and others 

collected in a recent review [55], corroborate the excellent performance of our 

biosensor, where the LOD of the developed biosensor (8.96·10 -10 M) has 

significantly improved the LOD for catechol.

4. CONCLUSIONS

A new strategy to obtain efficient substrates for laccase-based biosensors for the 

detection of catechol has been developed. Using the LbL technique, thin 

layers combining materials with complementary functionalities have been obtained. 

It has been demonstrated that LbL composite films combining an efficient electron 

mediator (such as a copper phthalocyanine derivative), an ionic liquid that 

increases the conductivity of the films (1-butyl-3-methylimidazolium 

tetrafluoroborate) and chitosan (which interacts efficiently with enzymes), provide 

a suitable support for laccase immobilization.

Biosensors with laccase immobilized on the LbL layers have shown a detection limit of 

8.96·10 -10 M towards catechol, confirming the high efficiency of the substrate, reaching 

detection limits lower than those reported in the bibliography.

This technique has allowed us to develop LbL substrates that, at the same time, act as an 

efficient support for enzyme immobilization and successful electron transfer layers.
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Figure 1. UV-Vis spectra of a) [CHI(+)|CuPcS(-)|IL(+)|CuPcS(-)]n  LbL films with increasing number of 

layers (n = 2,4,8,12,16,20,24,28,32); b) Correlation between the absorbance measured at 680 nm and the 

number of layers; c) comparison of the spectra of [CHI(+)|CuPcS(-)|IL(+)|CuPcS(-)]2  (solid line) and of 

[CHI(+)|CuPcS(-)|IL(+)|CuPcS(-)]2|Lac (dotted line).
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Figure 2. a) FTIR spectra of LbL [CHI(+)+IL(+)|CuPcS(-)]n films with increasing number of layers (n = 

4,8,12,16,20,24,28,32). The inset shows the correlation between the transmittance measured at 1027 cm-1 

and the number of layers. b) Comparison of the spectra of [CHI(+)+IL(+)|CuPcS(-)]16 (solid line) and of 

[CHI(+)+IL(+)|CuPcS(-)]16|Lac (dotted line).
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Figure 3. AFM topographic images of a) [CHI(+)+IL(+)|CuPcS(-)]2; b) [CHI(+)+IL(+)|CuPcS(-)]12; c) 

[CHI(+)|CuPcS(-)|IL(+)|CuPcS(-)]2; d) [CHI(+)|CuPcS(-)|IL(+)|CuPcS(-)]12 and e) [CHI(+)+IL(+)|CuPcS(-)]2|Lac. 

“Note that the vertical heights of surface features varied from ≈ 3 nm (panels a and c) to > 120 nm (panels 

d and e)”
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Figure 4. Cyclic voltammograms of [CHI(+)+IL(+)|CuPcS(-)]2 ( _____) , [CHI(+)+IL(+)|CuPcS(-)]2|Lac ( 

……), and [CHI(+)+IL(+)|CuPcS(-)]2|CHI(+)+IL(+)|Lac ( - - - - ) immersed in 10-4 M catechol in 0.01 M

phosphate buffer (pH 7.00). Scan rate 100 mV.s-1.
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Figure 5. CV registered at increasing scan rates from 10 to 1000 mV/s immersed in 10-4 M catechol in 

0.01 M phosphate buffer (pH 7.00) for: a) the [CHI(+)+IL(+)|CuPcS(-)]2 sensor; and b) the 

[CHI(+)+IL(+)|CuPcS(-)]2|Lac biosensor. The insets show the linear relationship between Ipc and the square 

root of the scan rate.
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Figure 6. Relationship of the amperometric responses to catechol addition with the working electrode 
potential fixed at −200 mV immersed in 0.01 M phosphate buffer (pH 7.00) for the [CHI(+)+IL(+)|
CuPcS(-)]2 sensor (upper) and the [CHI(+)+IL(+)|CuPcS(-)]2|Lac biosensor (lower). Error bars correspond to 
the errors registered in three replicate experiments.
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Table 1. FTIR bands of the [CHI(+)+IL(+)|CuPcS(-)]2 sensor and of the individual components 

Wavelength 
(cm-1)

IL(+)

(cm-1)
CHI(+)

(cm-1)
CuPcs(-)

(cm-1)
Assignment

3424 3478s OH stretching vibrations, 
Intermolecular H Bonds

2926 2973 2924 2923 (C-H) asymmetric stretching 
vibration in alkyl

2845 2888 2856 2854 (C-H) asymmetric stretching 
vibration in alkyl

1657 1656 C=O stretching in amide group
1647 1652 the C=C and C=N stretching
1610 1612 (C-C) stretching vibration in 

pyrrole
1546 1572 C-C stretching of the imidazole

ring
1546 1571 N-H bending
1510 1542 (C-H) bending vibration
1461 1463s CH3 and CH2 asymmetric bending 

of alkyl substituent in imidazolium 
ionic liquids

1456 1469 1468sh Isoindole stretching
1456 1458sh 1450 (C-H) in plane bending
1419 1422 (CH-OH) bending
1395 1378 (CH2OH)
1338 1330vs (C-C) in isoindole
1216 1410 S=O Symmetric stretching 

vibration
1169s 1167 C-N stretching
1150 1145 S=O Symmetric stretching 

vibration
1093 1114vs β(C-H) bending in plane
1072 1069 C-H deformation in plane
1051 1048 S-O stretching
1027vs 1060 ν(C-N) stretching in pyrrole 

vibration
832 847 C-H bending
742 744 C-H plane bending
720 723vs γ(C-H) out of plane deformation
vs: very strong, s: strong, sh: shoulder, w:weak
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Table 2. Comparison of analytical parameters of different biosensors dedicated to the detection of 

catechol.

Biosensor description Potential 
(V)

R2  𝑲𝒂𝒑𝒑
𝑴

(µM)
Sensitivity 

(A M−1)
LOD 
(M)

[Catechol] 
(µM)

Ref.

[CHI(+)+IL(+)|CuPcS(-)]2|Lac -0.2 0.981 3.16 0.23 9.98·10-9 2.4-14.9 This work
Lac/PANI/GCE --- 0.989 --- 0.706 2.07·10-6 3.2-19.6 [8]

Fe3O4-PANI/Lac/CHI/CPE -1.5 0.995 1.09 126.00 4.0·10-7 0.5-80 [56]
Lac/AP-rGOs/GCE 0.37 0.998 3000 15.79 7.0·10-6 15-700 [57]

Lac/Si/MWCNTs/SPEs -0.12 0.991 3.78 2780.00 4.2·10-7 1.3-85.5 [58] 
Carbon-fiber/Lac -0.1 0.999 610 0.33 --- 1-10 [59]

Au-SAM/AuNPs-
Linker/Fullerenols/Lac

-0.1 0.999 0.66 --- 6.0·10-6 30-300 [60]

Lac/AA/LuPc2 0.06 0.992 --- 0.360 5.18·10-7 4-150 [61]

TiO2/NAF/Lac --- 0.996 --- 2.94 1.25·10-6 0.75-150 [62]

MMCNTs/Lac/CHI -0.05 0.999 --- 0.279 3.34·10-8 0.1-165 [63]
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Table 3. Comparison of the results obtained with the sensor and the corresponding 
biosensor

Sensor description Intensity 
Current 

(µA)

R2  𝑲𝒂𝒑𝒑
𝑴

(µM)
Sensitivity 

(A M−1)
LOD ·108 

(M)

[CHI(+)+IL(+)|CuPcS(-)]2 -12 0.993 --- 0.070±0.001 2.17±0.17
[CHI(+)+IL(+)|CuPcS(-)]2|Lac -33 0.997 3.16 0.237±0.001 0.08±0.001















Table 1. FTIR bands of [CHI(+)+IL(+)|CuPcS(-)]2 sensor and of the individual components 
Wavelength 
(cm-1)

IL(+)

(cm-1)
CHI(+)

(cm-1)
CuPcs(-)

(cm-1)
Assignment

3424 3478s OH stretching vibrations, 
Intermolecular H Bonds

2926 2973 2924 2923 (C-H) asymmetric stretching 
vibration in alkyl

2845 2888 2856 2854 (C-H) asymmetric stretching 
vibration in alkyl

1657 1656 C=O stretching in amide group
1647 1652 the C=C and C=N stretching
1610 1612 (C-C) stretching vibration in 

pyrrole
1546 1572 C-C stretching of the imidazole 

ring 
1546 1571 N-H bending
1510 1542 (C-H) bending vibration
1461 1463s CH3 and CH2 asymmetric bending 

of alkyl substituent in imidazolium 
ionic liquids

1456 1469 1468sh Isoindole stretching
1456 1458sh 1450 (C-H) in plane bending
1419 1422 (CH-OH) bending
1395 1378 (CH2OH)
1338 1330vs (C-C) in isoindole
1216 1410 S=O Symmetric stretching 

vibration
1169s 1167 C-N stretching
1150 1145 S=O Symmetric stretching 

vibration
1093 1114vs β(C-H) bending in plane
1072 1069 C-H deformation in plane
1051 1048 S-O stretching
1027vs 1060 ν(C-N) stretching in pyrrole 

vibration
832 847 C-H bending
742 744 C-H plane bending
720 723vs γ(C-H) out of plane deformation
vs: very strong, s: strong, sh: shoulder, w:weak



Table 2. Comparison of analytical parameters of different biosensors dedicated to the detection of catechol.

Biosensor description Potential 
(V)

R2  𝑲𝒂𝒑𝒑
𝑴

(µM)
Sensitivity 

(A M−1)
LOD 
(M)

[Catechol] 
(µM)

Ref.

[CHI(+)+IL(+)|CuPcS(-)]2|Lac -0.2 0.981 3.16 0.23 9.98·10-9 2.4-14.9 This work
Lac/PANI/GCE --- 0.989 --- 0.706 2.07·10-6 3.2-19.6 [8]

Fe3O4-PANI/Lac/CHI/CPE -1.5 0.995 1.09 126.00 4.0·10-7 0.5-80 [56]
Lac/AP-rGOs/GCE 0.37 0.998 3000 15.79 7.0·10-6 15-700 [57]

Lac/Si/MWCNTs/SPEs -0.12 0.991 3.78 2780.00 4.2·10-7 1.3-85.5 [58] 
Carbon-fiber/Lac -0.1 0.999 610 0.33 --- 1-10 [59]

Au-SAM/AuNPs-
Linker/Fullerenols/Lac

-0.1 0.999 0.66 --- 6.0·10-6 30-300 [60]

Lac/AA/LuPc2 0.06 0.992 --- 0.360 5.18·10-7 4-150 [61]

TiO2/NAF/Lac --- 0.996 --- 2.94 1.25·10-6 0.75-150 [62]

MMCNTs/Lac/CHI -0.05 0.999 --- 0.279 3.34·10-8 0.1-165 [63]
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Figure S.1. UV-Vis spectra of a) [CHI(+)+ IL(+)|CuPcS(-)]n LbL films with increasing number of layers (n =

2,4,8,12,16,20,24,28,32). b) Correlation between the absorbance measured at 680 nm and the number of 

layers; c) comparison of the spectra of [CHI(+)+ IL(+)|CuPcS(-)]2  (solid line) and of [CHI(+)+ IL(+)|CuPcS(-

)]2|Lac (dotted line). 
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Figure S.2. FTIR spectra of LbL [CHI(+)|CuPcS(-)|IL(+)|CuPcS(-)]n films with increasing number of layers (n

= 4,8,12,16,20,24,28,32). The inset shows the correlation between the transmittance measured at 1027 

cm-1 and the number of layers.
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Figure S.3. Cyclic voltammograms of a [CHI(+)+IL(+)|CuPcS(-)]n with increasing number of layers (n =

0,24,8,12,16,20) immersed in 10-4 M catechol in 0.01 M phosphate buffer (pH 7.00). Scan rate 100 mV.s-1. 

The inset shows the correlation between the intensity current at -100mV and the number of layers.
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Figure S4. Cyclic voltammograms of a bare ITO and ITO|Lac immersed in 10-4 M catechol in 0.01 M

phosphate buffer (pH 7.00). Scan rate 100 mV.s-1.
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Figure S.5. Cyclic voltammograms of a) [CHI(+)+IL(+)|CuPcS(-)]2, b) [CHI(+)|CuPcS(-)|IL(+)|CuPcS(-)]2 and c)

[CHI(+)+IL(+)|CuPcS(-)]2|Lac immersed in 10-4 M catechol in 0.01 M phosphate buffer (pH 7.00). Scan rate 

100 mV.s-1. Cycles 1,3,5,7 and 10 are shown. 
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Figure S.6. Cyclic voltammograms of 3 different sensors prepared under the same condition of a)

[CHI(+)+IL(+)|CuPcS(-)]2, and b) [CHI(+)+IL(+)|CuPcS(-)]2|Lac immersed in 10-4 M catechol in 0.01 M

phosphate buffer (pH 7.00). Scan rate 100 mV.s-1.
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Figure S.7. Linear relationship between Epc vs. log V shown by the a) [CHI(+)+IL(+)|CuPcS(-)]2 sensor and 

b) [CHI(+)+IL(+)|CuPcS(-)]2 |Lac biosensor immersed in 10-4 M catechol in 0.01 M phosphate buffer (pH 

7.00). 
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Figure S.8. Linear relationship between log Ipc vs.  shown by the a) [CHI(+)+IL(+)|CuPcS(-)]2 sensor and 

b) [CHI(+)+IL(+)|CuPcS(-)]2 |Lac biosensor immersed in 10-4 M catechol in 0.01 M phosphate buffer (pH 

7.00). 




















