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A B S T R A C T

A highly efficient enzyme-based sensor was made from a heteroleptic tris(phthalocyaninato) europium triple-
decker complex Eu2(Pc)[Pc(OPh)8]2, for the first time. The ITO working electrode was modified by a mixture of
hybrid multi-layers consisting of Eu2(Pc)[Pc(OPh)8]2, stearic acid (SA) and tyrosinase (Tyr) (Eu2(Pc)[Pc
(OPh)8]2/SA/Tyr-ITO) using the Langmuir-Blodgett (LB) technique. The microstructure and morphology of the
resulting LB films can be characterized by their π–A isotherms, UV–vis absorption spectra, X-ray diffraction and
atomic force microscopy (AFM) analysis. The experimental results revealed that the triple-decker molecules of
Eu2(Pc)[Pc(OPh)8]2 take a H-type molecular stacking mode in both pure and mixed LB film, and the micro-
structures of films were effectively improved by mixing SA within the triple-decker Eu2(Pc)[Pc(OPh)8]2 mole-
cules. The excellent electrocatalytic effect of the Eu2(Pc)[Pc(OPh)8]2/SA/Tyr LB films, leads to a good linear
increase from 5.26×10−7 to 2.1× 10−4 M for catechol. It also leads to an excellent sensitivity of 2.19 μA/μM,
and a detection limits of 6.29×10−8 M (S/N=3) of catehol at the oxidation peak, achieving best catechol
sensing performance among the phthalocyanine-based biosensing mediators. The reduction peak also showed a
good linear increase from 5.26× 10−7 to 1.60× 10−4 M for catechol with a sensitivity of 0.615 μA/μM, and a
detection limit of 1.69× 10−7 M (S/N=3). Moreover, the Eu2(Pc)[Pc(OPh)8]2/SA/Tyr-ITO electrode are easy
to reproduce, stable and resistant to interference when it comes to detection for catehol, and this indicates great
potential of industrial application of tris(phthalocyaninato) rare earth complexes in ultrasensitive and specific
biosensors.

1. Introduction

In general, unique electronic characteristics, high chemical stability
and great electroactivity of phthalocyanines are well known and
documented [1], and as a result, phthalocyanine-based devices have
been applied in the electrochemical sensors [2], OFETs [3] and gas
sensors [4,5]. Depending on their electroactivity, some electrochemical
sensors based on phthalocyanines [6] and biphthalocyanines [7] for the
detection of phenolic compounds have been researched widely. Very
recently, solution-processed quasi-Langmuir–Shäfer (QLS) films of the
functionalized sandwich mixed (phthalocyaninato) (porphyrinato)
europium derivatives have been revealed to display specific electro-
chemical recognition for H2O2 [8], dopamine, uric acid, tyrosine,
tryptophan and acetaminophen [9,10], etc. depending mainly on in-
termolecular interaction between triple-deckers and the analytes.

However, to the best of our knowledge an electrochemical sensor based
on tris(phthalocyaninato) rare earth triple-deckers towards catechol has
not yet been reported.

Catechol is a phenolic compound which is widely used in many
chemical industries for the production of pesticides, plastics, herbicides,
pharmaceuticals, cosmetics, antiseptics and synthetic products.
Nevertheless, catechol is also a toxic environmental pollutant due to its
poor biodegradability in waste water [11]. Up to now,many kinds of
methods have been used for the determination of catechol, such as flow
injection analysis [12], electrochemical methods [13], high perfor-
mance liquid chromatography (HPLC) [14], electro-chemiluminescence
[15], and gas chromatography/mass spectrometry [16]. However, the
practical applications of these methods still have some limitations such
as complicated operating conditions, time-consuming processes, ex-
pensive equipment, etc. Therefore, much efforts have been devoted to
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develope the simple, sensitive, and cost-effective electrochemical
method for detection of catechol. It has been reported that catechol can
be detected by using the DMPA (phospholipid dimyristoyl phosphatidic
acid) mixed either with FePc (iron phthalocyanine) or with LuPc2 (lu-
tetium bisphthalocyanine) as voltammetry sensors, achieving the limit
of detection (LOD) of 4.30×10−7 and 3.34×10−7 M for FePc/DMPA
and LuPc2/DMPA, respectively [17]. The biomimetic sensors con-
taining LuPc2 and tyrosinase nano-aggregates was developed for the
voltammetry detection of catechol with a LOD as low as 3.75× 10−7 M
[18]. By using CoPc as an electron mediator and tyrosinase as a bio-
catalyst, the-CoPc/tyrosinase-based sensor exhibited a highly sensitive
response to catechol with a low LOD of 1.66×10−6 M [19]. Compared
to metal phthalocyanines (MPcs) and bis(phthalocyaninato) rare earth
double-decker complexes, tris(phthalocyaninato) rare earth triple-
decker complexes possess more extended systems in the normal direc-
tion of the macrocycle plane. Therefore, it would be high promising for
these triple-deckers as electroactive candidates in electrochemical
sensing application [8–10]. With this background in mind, herein, the
self-assemblied hybrid films of a tris(phthalocyaninato)europium(III)
complex, Eu2Pc[Pc(OPh)8]2 [Pc= unsubstituted phthalocyaninate; Pc
(OPh)8= 2,3,9,10,16,17,23,24-octaphenoxyphthalocyaninate]
(Scheme 1), mixed with stearic acid (SA) (denoted as Eu2Pc[Pc
(OPh)8]2)/SA are prepared by using the Langmuir-Blodgett (LB) tech-
nique. The sensitive and selective electrochemical responses of the
Eu2Pc[Pc(OPh)8]2)/SA LB films modified by tyrosinase (Tyr) toward
catechol have been revealed.

2. Experimental section

2.1. Fabrication of Eu2Pc[Pc(OPh)8]2)/SA and Eu2Pc[Pc(OPh)8]2)/SA/
Tyr films

To prepare Eu2Pc[Pc(OPh)8]2)/SA films, a mixed solution of Eu2Pc
[Pc(OPh)8]2 and stearic acid (SA) in a molar ratio of 1:5 dissolved in
chloroform (1× 10−4 M) acted as the spread sample and ultrapure

water as the subphase. LB hybrid films of Eu2Pc[Pc(OPh)8]2/SA were
deposited onto ITO glass substrates under the surface pressure of 20mN
m-1.

In order to immobilize tyrosinase on the resulting LB films, the
Eu2Pc[Pc(OPh)8]2/SA LB films (20-layers)-modified ITO electrode was
firsly activated by immersing in the mixed solution of 5mM NHS and
2mM EDC for 1 h. After rinse with deionized water, the activated ITO
electrode n was immersed into the PBS solution containing 280 μgml−1

tyrosinase for 1 day followed by drying in air at room temperature to
form Eu2Pc[Pc(OPh)8]2/SA/Tyr films.

The other experimental details including materials, chemicals, ap-
paratus and measuremental methods are shown in the Supporting in-
formation.

3. Results and discussion

3.1. Film morphology and microstructure

The pressure–surface area (π–A) isotherms of pure triple-deckers
and their mixtures with stearic acid (SA) in a molar ratio of 1:5 were
comparatively studied for the evaluation of the molecular packing be-
haviors triple-deckers Eu2(Pc)[Pc(OPh)8]2 molecules on the air/water
interface, Fig. 1. A molar ratio of 1:5 was chosen as it allows for the
incorporation of SA without compromising the electrochemical che-
mical properties of the triple-deckers, meanwhile enough carboxyl
groups from SA in the mixed LB films were expected to effectively
immobilize Tyr species. As can be seen, the collapseing pressure of
mixed monolayer of Eu2(Pc)[Pc(OPh)8]2/SA (∼32 mN/m) is higher
than that of corresponding pure Eu2(Pc)[Pc(OPh)8]2 monolayer (∼25
mN/m), implying superior stability and film-forming ability for the
mixed Eu2Pc[Pc(OPh)8]2/SA monolayer on pure water subphase. The
limiting molecular areas of 0.44 and 1.60 nm2 per molecule were ob-
tained for the mixed and pure monolayer of Eu2(Pc)[Pc(OPh)8]2, re-
spectively. By means of the closely packed molecular area of SA,
0.21 nm2 (Fig. 1), a limiting molecular area (Alimit(mixture)= 1/6Acalcd

(pure) +5/6ASA) of pure Eu2(Pc)[Pc(OPh)8]2 is estamited to be
ca.1.59 nm2/molecule if an ideal Eu2(Pc)[Pc(OPh)8]2/SA mixture
formed in the resulting hybrid monolayer. This value is in good
agreement with that obtained by experiment (1.60 nm2/molecule),
implying that the incorporation of SA molecules into the hybrid
monolayers have no effect on the orientation of the phthalocyanine
molecules [20–22]. However, the average area per molecule of Eu2(Pc)
[Pc(OPh)8]2 in pure and mixed films is much smaller than that of either
the projection for a perpendicular standing molecule of Eu2(Pc)[Pc
(OPh)8]2 (ca. 2.7 nm2/molecule), or a molecular planar area with the

Scheme 1. Schematic molecular structure oftris(phthalocyaninato) europium
triple-decker complex Eu2Pc[Pc(OPh)8]2.

Fig. 1. π–A isotherms of SA (solid line), Eu2Pc[Pc(OPh)8]2 (dash line) and
Eu2Pc[Pc(OPh)8]2/SA (1:5) (dot line) both at the air–pure water interface.
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phthalocyanine ring plane facing on water surface (ca. 4.4 nm2 /mo-
lecule), based on the diagonal dimension (2.1 nm) and thickness
(1.3 nm) of Eu2(Pc)[Pc(OPh)8]2 taken from single crystal X-ray dif-
fraction results [23]. Therefore, it is deduced that Eu2(Pc)[Pc(OPh)8]2
molecules stacked closely with a “face-to-face” configuration (H-ag-
gregation) in the monolayers, where there were longitudinal overlaps
between phenoxy substituents from adajacent triple-decker molecules
owing to the strong π-π stacking and hydrophobic interactions among
both the phthalocyanine rings and the phenoxy substituents of triple-
decker molecules.

The absorption maxima from the UV–vis spectra of the CHCl3 so-
lution and the LB films for Eu2(Pc)[Pc(OPh)8]2 and Eu2(Pc)[Pc
(OPh)8]2/SA are recorded in Fig. 2. As can be seen, an intense Q band
appeared at ca. 650 nm for Eu2Pc[Pc(OPh)8]2 in CHCl3, Fig. 2a. How-
ever, a blue-shifted Q band at 640 nm was found for Eu2(Pc)[Pc
(OPh)8]2 in both the pure and mixed films, suggesting H-aggregates
formed for the triple-deckers in the LB films, according to exciton
theory [24] and previously research [20,25,26]. Furthermore, the
spectra for Eu2(Pc)[Pc(OPh)8]2 in pure and mixed LB films are very
similar in terms of both the peak position and the band width, indicates
that the aggregation mode of the Eu2(Pc)[Pc(OPh)8]2 molecules in the
LB films were not affected by the SA, being preserved upon transfer
onto a solid support as in the LB film,which is consistent with the the
previous literature studies on sandwich bis-and tris(phthalocyaninato)
rare earth analogues [21,22].

The LB films were further evaluated by X-ray diffraction (XRD). The
pure Eu2Pc[Pc(OPh)8]2 and Eu2Pc[Pc(OPh)8]2/SA mixed LB films show
obvious diffraction peaks in the low-angle region, Fig. 3, demonstating
an uniform oriention of the triple-decker molecules relative to the plane
of the substrate in a layered structure. The (001) Bragg diffraction peak
at 2θ=4.42° and 4.36° for the pure and mixed LB films, respectively,
corresponds to a regualr distance of 1.99 and 2.04 nm. As a result, or-
ientation angles of phthalocyanine rings with respect to the substrate
are estimated to be ca. 71° and 76° for Eu2Pc[Pc(OPh)8]2 in the pure
and mixed LB films (the inset of Fig. 3A and B), based on the diagonal
dimension of Eu2(Pc)[Pc(OPh)8]2 (2.1 nm) [19]. However, anothor
well-defined peak is observed at 2θ=2.06° for the Eu2Pc[Pc(OPh)8]2/
SA mixed film, providing a layer space of ca. 4.29 nm. Consequently,
the Y-type LB film formed for the SA molecules with a slight mutual
penetration between the alkyl chains [21], which further confirmed SA
molecules have been introduced into the LB films of Eu2Pc[Pc(OPh)8]2/
SA.

The morphologies of Eu2Pc[Pc(OPh)8]2 and Eu2Pc[Pc(OPh)8]2/SA
films were characterized by AFM. As presented in Fig. 4A, Eu2Pc[Pc

(OPh)8]2 film showed a sheetlike structure comtaning some aggregate
domains on the surface of the film. However, after being fabricated into
Eu2Pc[Pc(OPh)8]2/SA film, two different phases (i.e.bright and dark
nanoparticles) were observed, in which uniform granular crystallites
formed on the suface of the mixed films in contrast to the randomly
dispersed domains in the pure film, Fig. 4B. These are expected to be
beneficial for the electrocatalytic activity of Eu2Pc[Pc(OPh)8]2/SA films
for electrochemical sensing applications [8].

3.2. The analysis of the electrochemical sensor

The electrochemical response of bare ITO electrode, an ITO covered
with Eu2Pc[Pc(OPh)8]2/SA mixted films (Eu2Pc[Pc(OPh)8]2/SA-ITO)
and Eu2Pc[Pc(OPh)8]2/SA absorbing with tyrosinase (Eu2Pc[Pc
(OPh)8]2/SA/Tyr-ITO) were tested via immersing the electrodes to-
wards catechol (10−5 M) in 0.01M phosphate buffer solution pH=7.0
at 0.02 V s−1 (Fig. 5).The diverse responses of the three electrodes can
disclose some valuable clues about the effects of the electronic media of
the Eu2Pc[Pc(OPh)8]2 and the enzymatic activity [18]. The voltam-
mograms in PBS using bare ITO immersed in catechol solution (10−5

M) exhibits one cathodic (reduction) peak at −0.235 V, Fig. 5a, which
is in accordance with that found in the literature [24,27]. However, the
anodic peak for the ITO in catechol solution (10−5 M) related to the
electrochemical oxidation of the catechol cannot be observed, which is
likely due to the very low concentration of catechol employed [17]. The
CV response of the Eu2Pc[Pc(OPh)8]2/SA-ITO electrode towards ca-
techol (10−5 M) showed a significant peak at 0.498 V (peak I), assigned
to the electrochemical oxidation of the catechol [28], Fig. 5b. This is
lower than the oxidation of the catechol occuring by using a carbon
paste electrode [29,30]. Consequently, the existence of Eu2Pc[Pc
(OPh)8]2 boosted the oxidation of catechol, thus confirming an elec-
trocatalytic effect of the Eu2Pc[Pc(OPh)8]2. In the case of Eu2Pc[Pc

Fig. 2. UV–vis absorption spectra of (a) Eu2Pc[Pc(OPh)8]2 and (b) mixed Eu2Pc
[Pc(OPh)8]2/SA in CHCl3, (c) pure Eu2Pc[Pc(OPh)8]2 and (d) Eu2Pc[Pc
(OPh)8]2/SA mixed LB films.

Fig. 3. X-ray diffraction patterns of the LB films of Eu2Pc[Pc(OPh)8]2 (A) and
Eu2Pc[Pc(OPh)8]2/SA (B). The insets show the possible molecular organization
on ITO surface.

Q. Liu, et al. Enzyme and Microbial Technology 139 (2020) 109578

3



(OPh)8]2/SA/Tyr-ITO electrode, the voltammetric response towards
catechol (10−5 M) exhibited two definite redox processes, Fig. 5c. One
well-defined cathodic peak at −0.271 V (peak II) related to the re-
duction of the o-quinone to catechol that occurs upon absorption of
tyrosinase, and another electrochemical oxidation peak appeared at
0.498 V (peak I) [31]. Furthermore, the presence of tyrosinase on the
Eu2Pc[Pc(OPh)8]2/SA/Tyr-ITO surface also increases drastically the
intensity of oxidation peak (peak I) involving the electrocatalytic ac-
tivity of Eu2Pc[Pc(OPh)8]2 compared to that of Eu2Pc[Pc(OPh)8]2/SA-
ITO, revealing the interaction between the Eu2Pc[Pc(OPh)8]2 and the
enzyme and its subsequent electrocatalytic effect. This is in accord with
the case of LuPc2 reported by Rodriguez-Mendez et al. [18]. Note that,
the voltammogram registered in PBS using Eu2Pc[Pc(OPh)8]2/SA/Tyr-
ITO electrode without catechol showed only a small background cur-
rent, Fig. 5d.

On the basis of the present experimental results, the response me-
chanism of the Eu2Pc[Pc(OPh)8]2/SA/Tyr-ITO towards catechol was
proposed and shown in Fig. 6. The coupling of the oxidation of catechol
to the o-quinone (peak I) facilitated by the Eu2Pc[Pc(OPh)8]2 and the
reduction of the o-quinone(peak II) produced by enzymatic oxidation
forms a reaction cycle, resulting in signal amplification. Kinetic studies
were studied by recording the CVs of the Eu2Pc[Pc(OPh)8]2/SA/Tyr-
ITO biosensor at different scan rate, from 0.02 to 0.2 V s−1 in 10−5 M

catechol solution (Fig. S1A). Both the anodic and cathodic peak cur-
rents (denoted as Ipa and Ipc) of catechol are proportional to the square
root of the scan rate in Fig. S1B, demonstrating a surface diffusion-
controlled process for catechol at the Eu2Pc[Pc(OPh)8]2/SA/Tyr-ITO
electrode [32].

The CVs responses of Eu2Pc[Pc(OPh)8]2/SA/Tyr-ITO to the varied
concentrations of catechol were investigated by exposing the electrode
in 0.526–210 μM catechol solution. As can be seen from Fig. 7A, the
intensity of both electrochemical oxidation (peak I) and the enzymatic
process (peak II) increased with inceased catechol concentration. A
linear response with sensitivity of 2.19 μA/μM for oxidation peak (peak
I) was observed in the range of 0.526–210 μM (R2=0.9932), while a
narrower linear range from 0.526 to 100 μM (R2= 0.999) with lower
sensitivity of −0.615 μA/μM was obtained for the enzymatic process
(peak II), in Fig. 7B. The more efficient solid-state packing effect and a
large number of electroactive species supported by Eu2Pc[Pc(OPh)8]2
molecules than those by enzyme in the Eu2Pc[Pc(OPh)8]2/SA/Tyr film
modified on the surface of ITO should favor charge transfer in LB film
and through electrode interface, which led to an increased sensitivity
obtained from electrochemical oxidation. According to the 3Sb/m
equation [m = the slope of the calibration plot, Sb = the standard
deviation (n=6) of the amperometric signals of the blank at the po-
tential measured [33], the corresponding LOD were calculated to be
0.187 μM for the electrochemical process (peak I) and 0.324 μM for the
enzymatic process (peak II), respectively, being in polyphenol range of
concentrations found in water, foods and others [34].

The relationship between the peak current of the Eu2Pc[Pc

Fig. 4. AFM images of Eu2Pc[Pc(OPh)8]2 (A) and Eu2Pc[Pc(OPh)8]2/SA (B) films.

Fig. 5. Cyclic voltammograms of bare ITO electrode (a), Eu2Pc[Pc(OPh)8]2/SA-
ITO (b), Eu2Pc[Pc(OPh)8]2/SA/Tyr-ITO (c) immersed in 0.01M phosphate
buffer (PBS, pH=7.0) with 10−5 M catechol acid, and Eu2Pc[Pc(OPh)8]2/SA/
Tyr-ITO immersed in 0.01M PBS without catechol (d), respectively, at scan rate
of 0.02 V s−1.

Fig. 6. Schematic illustration of the reactions that take place at the Eu2Pc[Pc
(OPh)8]2/SA/Tyr-ITO biosensor surface.
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(OPh)8]2/SA/Tyr-ITO sensor and concentration of catechol has also
been further assessed using differential pulse voltammetry (DPV)
technique for comparison, Fig. 8. As shown in Fig. 8A and 8C, the
changes in the currents of both anodic and cathodic peaks corre-
sponding to the electrochemical oxidation and enzymatic processes

clearly disclose the good separation of the different catechol con-
centration levels in 0.526∼210 μM range. The corresponding DPV ca-
libration sets of both anodic and cathodic peaks were collected (Fig. 8B
and D). Similar to those from CV response, the intensity of peak current
enhanced linearly with increasing in the catechol concentration from

Fig. 7. (A) Cyclic voltammograms response of Eu2Pc[Pc(OPh)8]2/SA/Tyr-ITO to different concentration of catechol (0.526–210 μM) in pH=7.0 PBS. (B) Oxidation
peak intensity and reduction peak intensity vs catechol concentration. Plot of the relationship between reduction peak intensity and catechol concentration
(0.526–80 μM).

Fig. 8. DPV responses and the corresponding peak intensity vs. concentration of catechol in the range of 0.526–210 μM: oxidation peak (A and B) and reduction peak
(C and D). The inset of D shows a linear plot between reduction peak intensity and concentration of catechol in 0.526–160 μM range, at Eu2Pc[Pc(OPh)8]2/SA/Tyr-
ITO electrode in 0.1M phosphate buffer (pH=7.0).
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0.526 to 210 μM with a sensitivity of 1.018 μA/μM for anodic peak [Ip
(μA)=4.360+ 1.018c (μM), R2= 0.9969] and from 0.526 μM to 158
μM with a sensitivity of 0.1616 μA/μM for cathodic peak [Ip
(μA)=−1.296 to 0.1616c (μM), (R2= 0.9891)], respectively. The
LOD was 0.0629 μM and 0.169 μM for anodic and cathodic peak, re-
spectively. As expected, a significant lower LOD to catechol, particu-
larly from the anodic peak, has been achieved by DPV than those by CV.
Each data point represents the average of three separate measurements
with three different modified ITO for a single phenol concentration.
Note that the LOD of 0.0629 μM from anodic peak in the present case
was almost one order of magnitude lower than those reported for a
biosensor based on tyrosinase and bisphthalocyanine [32], and 26
times lower than the value found in Tyr/CoPc-CNTP [17], indicating
promising application of tris(phthalocyaninato) rare earth triple-
deckers for biosensors. The performance of Eu2Pc[Pc(OPh)8]2/SA/Tyr-
ITO sensor was compared with the results reported in the previous
literature using Tyr based electrochemical sensors for the detection of
catechol in Table S1 (SI). As far as we know, this result represents the
best sensing performance for detecting catechol among the phthalo-
cyanine-based molecular materials as biosensing mediators.

3.3. Reproducibility, stability and interference

The relative standard deviation (RSD) of peak currents was calcu-
lated to be ∼3.9% for cathodic peak and 5.4% for anodic peak upon 6
electrodes, revealing the excellent reproducibility of the Eu2Pc[Pc
(OPh)8]2/SA/Tyr-ITO electrode (Fig. S2). In addition, for measuring the
long-term stability, the Eu2Pc[Pc(OPh)8]2/SA/Tyr-ITO was evaluated
in 0.1M PBS buffer (pH=7.0) containing 10-5 M catechol. The athodic
peak current decreased less than 2.69% for storing 7 days, (Fig. S3),
suggesting that the good stability. The specificity of the developed
sensor is also investigated. As shown in Fig. S4, the cyclic voltammo-
grams signal of Eu2Pc[Pc(OPh)8]2/SA/Tyr-ITO for 30 μM catechol
showed a negligible change upon other six molecules including caffeic
acid, citric acid, phenol, arginine, glucose and histidine at 30 μM.
confirming the high selectivity to catechol for the present sensor.

4. Conclusions

An enzymatic electrochemical sensor based on Tyrosinase and a
triple-decker has been developed for the first time. The great electro-
activity and the conductive nature of the triple-decker combined with
highly selective catalysis of tyrosinase presents Eu2Pc[Pc(OPh)8]2/SA/
Tyr-ITO outstanding sensing properties to catechol, representing ad-
vanced level among the enzymatic organic semiconductor-based bio-
sensors. This work provides a promising way toward developing highly
stable, ultrasensitive electrochemical sensors by making use of both the
selective catalysis of tyrsinase enzymatics and the great electroactivity
of phthalocyaninato europium triple-deckers.
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