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Research Highlights

e A novel polyphenol biosensor based on hybrid assemblies of
polyaniline-polyacrylonitrile-graphene has been fabricated.

e The excellent smooth steady-state currents were obtained to avoid errors caused
by the current drifting and fluctuation.

e The proposed biosensor exhibited high sensitivity and selectivity for

determination of phenolic compounds in water samples.

Abstract: Phenolic compounds are major environmental pollutants due to their toxic
and hazardous nature on human health. A fast, sensitive and stable sensor for
determination of phenolic compounds in the environmental water remains challenging.

Herein, a biosensor platform with stable response current was fabricated by



entrapment of polyphenol oxidase (PPO) into hybrid assemblies of the conducting
polyaniline (PAni)-porous polyacrylonitrile (PAN)-nanostructured graphene (GRA)
and phase inversion process. The porous structure of PAN provided a favorable
microenvironment for easily binding to PAni and GRA to obtain hybrid assemblies for
effective immobilization of enzyme and increased synergistic effect. The
morphologies and the electrochemical behaviors of the as-prepared biosensor were
investigated using scanning electron microscopy (SEM), electrochemical impedance
spectroscopy (EIS) and cyclic voltammetry (CV), respectively. The proposed
biosensor showed excellent sensitivity (6.46 pA pM™ cm2) and fast response time (=5
s) with low detection limit (2.65x10" M) under the optimal pH value and applied
potential. The biosensor was highly selective towards p-cresol that almost no signal
was detected from common interferents. The biosensor was used for determination of
phenolic compounds in water samples with satisfactory results compared with that of
UPLC, demonstrating its great potential as a biosensor for the rapid determination of
phenolic pollutants.

Keywords: Polyaniline; Nanocomposite; Polyphenol oxidase; Biosensor; Sensitivity

1. Introduction
Phenolic compounds are a class of refractory organic matters due to unique
chemical structures that consists of an aromatic ring with one or more hydroxyl

functional groups [1]. As is well known, it is harmful to ecosystem, natural



environment and human health even when present at a low concentration [2,3].
Phenolic compounds pose severe risks to human health with irreversible toxic effects
on living organism. Its accumulation in phytoplankton and zooplankton has profound
consequences to marine food webs and biogeochemical cycles [4,5]. Therefore, the
determination of these phenolic compounds in environmental matrices and biological
metabolites is of great significance. The various methods such as HPLC, GC-MS and
spectrometry have been widely employed in the determination of phenolic compounds
[6-10]. However, both chromatography and spectrometry have many weaknesses
including the laborious cleaning work, tedious separation steps, expensive equipment
and complex sample pretreatment. These disadvantages limit their practical
applications, especially in long-term, real-time monitoring of phenolic compounds.
Electrochemical technique with low cost and rapid analysis is regarded as a promising
method [11,12]. Many reports have focused on the construction of polyphenol
biosensor for evaluating phenolic compounds [15,16]. However, high sensitivity and
stable response currents of biosensor are still major problems[13,14]. In order to
overcome these drawbacks, it is crucial to have suitable support material and
microenvironment for efficient entrapment of enzyme. Various functional materials
have been developed, like carbon materials including graphene (GRA) [15] and
carbon nanotubes (CNTs) [16], conductive polymers such as polyaniline (PAnNI)
[17,18], polypyrrole [19,20] and polythiophene [21], other materials involving
polyacrylonitrile (PAN) [22], polyvinyl chloride [23], bismuth oxide [24], and

polydopamine [25]. GRA is a two-dimensional structure material that consists of



carbon atoms placed in a honeycomb crystal lattice bonded by sp? bond [26]. The
unique fascinating properties of graphene such as fast electron transportation,
excellent electrical conductivity and good mechanical strength make it a potential
matrix for electrochemical biosensor[27,28]. However, graphene sheets tend to form
graphite by agglomerating and restacking owing to n-m bonds and the van der Waals
forces interaction between layers [29]. So far, versatile methods have been developed
to disperse graphene sheets with polymer such as conducting PAni. PAni have been
considered to be chemical stability polymer with good biocompatibility and
controllable electrochemical properties [30-33], so the nanocomposites of GRA and
PAnNIi have successfully been employed by our research group for glucose biosensor
[34]. Unfortunately, the nanocomposite is not suitable for other biosensors such as
polyphenol biosensor due to the mechanism of enzyme catalytic reaction. PAN was
employed as a redox mediator for redox benzoquinones to enhance stability of the
response currents due to the electron-withdrawing of PAN with the nitrile group[35].
Furthermore, PAN is a porous polymeric material with satisfactory high surface area
and excellent adsorption ability. The size of micropore is a little larger than that of an
enzyme particle, so that enzymes could be adsorb into a favorable microenvironment
provided by the PAN [36-38]. Zheng et al [39] firstly immobilized glucose oxidase
into PAN micropore and obtained a fast response, good operational stability and
reproducibility glucose biosensor. Moreover, it may also provide suitable
microenvironment for preparing composites with PAni, which expands its usage [40].

The PAni-PAN-GRA hybrid assemblies could combine the excellent electrocatalytic



characteristics of PAni and GRA, porosity and good redox mediator of PAN, and
exhibit better performance than those of the single pure component. Moreover, the
strong interactions between PAni, PAN and GRA matrix could improve the electron
transfer rate and the stability of response current. This is particularly important for
investigating the polyphenol oxidase on catalytic reaction of phenolic compounds.
Based on our previous work [34,39,41], a polyphenol biosensor was fabricated
by entrapment of PPO into hybrid assemblies of the conducting polyaniline-porous
polyacrylonitrile-nanostructured graphene by an environmental friendly, reproducible
and controllable method, then followed by a chemical crosslinking step with
glutaraldehyde. The nanocomposite provided a stable platform for reduction catalytic
reaction, which was suitable for polyphenol biosensor. The response currents of the

biosensors based on different matrix materials have also been investigated.

2. Experimental
2.1 Materials
Polyphenol oxidase (PPO, BC grade) was purchased from Worthington (USA)
with an activity of 1800 U mg™. P-cresol, aniline, ascorbic acid, Na;HPOs, KH2POu,
NaCl, CaClz, MgSOs, KNOg, FeClz, ZnSOs, CoCl;, FeCl; and CuSO4 were obtained
from Sinopharm Chemical Reagent Co., Ltd. All other reagents and chemicals were
used as received without pretreatments. Milli-Q water was used throughout all test.
Polyaniline (PAni) was synthesized by a facile mechanochemical polymerization

of aniline monomers with ammonium persulfate (APS) as an initiator under



solvent-free condition according to our previous report [41]. Polymerization of
acrylonitrile was carried out using single component rare-earth catalyst-Y(OAr)3
mentioned in our previous paper to obtain polyacrylonitrile (PAN) with molecular
weight (Myw) of 2.93x10* [39]. Graphene (GRA) was prepared from exfoliation of
graphite to form few-layer graphene sheets by electrochemical method in propylene

carbonate electrolyte according to the literature [37].

2.2 Instrumental

All electrochemical studies were performed on PARSTAT P4000 electrochemical
workstation (AMETEK, USA) with a conventional three-electrode system including
reference electrode (saturated calomel electrode, SCE), working electrode (modified
Pt disk electrode, diameter of 2 mm) and counter electrode (bare Pt disk electrode,
diameter of 2 mm). The surface morphologies of the electrodes were observed by
scanning electron spectroscopy (SEM) (SU70, Hitachi, JAPAN). The ACQUITY
UPLC H-CLASS System equipped with a C18 column (Waters, BEH, 1.7um, 2.1 X
50 mm) and a PDA e\ Detector (Waters Corporation, USA) was utilized to detect
p-cresol in water samples as a standard method.
2.3 Preparation of PAni-PAN-GRA modified electrodes

The bare platinum electrode was successively polished with 1.5 um, 0.5 um and
50 nm AlxOg, respectively, then washed using Milli-Q water. The electrode was
treated by ultrasonic cleaning in ethanol and Milli-Q water sequentially.

The PAni-PAN-GRA solution was fabricated by hybrid assembling method. The



details were as follow: 3.4 mg PAN was added into 0.2 mL N, N-Dimethylformamide
(DMF) then placed overnight to allow the PAN to be fully dissolved. The 2.2 mg PAni
and 1.1 mg GRA were added into the PAN solution and treated with ultrasonic
oscillation for 1 h. The PAni-PAN-GRA modified electrode was obtained by coating
0.5 uL PAni-PAN-GRA solution onto the polished electrode through phase inversion

process [32].

2.4 Fabrication of the polyphenol biosensor

PPO was dissolved in 0.02 M phosphate buffer at pH 6.0 to obtain concentration
of 4 mg/mL, followed by the addition of 0.5wt% acidic chitosan (CS) solution at a 1:3
(v/v) ratio. The PPO was immobilized onto the surface of PAni-PAN-GRA modified
electrode by coating 5 pL of the prepared PPO solution and phase inversion process.
The modified electrode was finally hanged in a saturated glutaraldehyde vapor vessel
for 2 h at room temperature, in order to promote the cross-linking of the enzyme
molecules. After exhaustively washed with Milli-Q water, the modified electrode was
dried and stored at room temperature.
2.5 Electrochemical measurements

All amperometric measurements were carried out at an applied potential of -0.05
V (vs. SCE) in 0.02 M phosphate buffer (pH 6.0) without specific description,
requiring the transient background to decrease to a steady-state value. A magnetic
stirring was employed to achieve convective mass transfer during amperometric

measurements.



The cyclic voltammetric experiments were carried out in 0.02 M phosphate
buffer (pH 6.0) with potentials ranging from -0.4 to 0.4 V (vs. SCE) at a scan rate of
50 mV/s. Electrochemical impedance spectroscopy (EIS) were recorded in 0.02M
phosphate buffer (pH 6.0) containing 1mM Fe(CN)s*"* from 100 kHz to 1 Hz.
Amperometric currents-time responses were monitored at an applied potential of -0.05

V versus saturated calomel electrode (SCE).

3. Results and discussion
3.1 Effect of matrix materials on response currents

Amperometric measurements were recorded for characterizing the performance
of the biosensors based on different matrix materials. As shown in Fig. 1, the currents
drifting appeared in the response currents of the GRA/CS-PPO (curve a) and
PANi-GRA/CS-PPO electrodes (curve b). In contrast, more stable response currents
were observed from the PAN-GRA/CS-PPO (curve ¢) and PAni-PAN-GRA/CS-PPO
(curve d) electrodes. These results implied that PAN might played a significant role in
obtaining more reliable response current due to the electron-withdrawing nature of
nitrile groups. The functional nitrile groups of PAN used as a redox mediator in
electron transfer shuttle, which was suitable for biosensors especially based on
reductase reaction [42]. The PAN component in nanocomposite has enhanced the
current stability of biosensor and avoided the current drifting. In addition, comparing
curve ¢ with curve d, the response current of the curve d (PAni-PAN-GRA/CS-PPO)

was obviously greater than that of the curve ¢ (PAN-GRA/CS-PPQO), which might be



assigned to the excellent conductivity and biocompatibility of PAni and The
synergistic effect of PAni-PAN-GRA hybrid assemblies. Therefore, the
PANi-PAN-GRA nanocomposite was chosen as the biosensor matrix for the
immobilization of PPO.

(The preferred position for Fig. 1)

3.2 Morphology characterization of the biosensor

The surface morphologies of (A) PAni, (B) GRA, (C) PAN, (D) PAni-PAN-GRA
and (E) PAni-PAN-GRA/CS-PPO were characterized by scanning electron
microscopic (SEM). As shown in Fig. 2A, PAni through a facile mechanochemical
method based on various aniline-ammonium persulfate molar ratios displayed a
rod-like structure and a length of about 300 nm with an average diameter of 200 nm
[41]. The small size of PAni was beneficial for dispersing the graphene sheets and
provide large surface area. GRA (Fig. 2B) from electrochemical process exhibited a
curved, flake-like and few-layers structure composed of merely carbon atoms and
could be reasoned out according to the Raman spectra [43], which endowed GRA
excellent conductivity. The meshed uniform structure of PAN was observed from Fig.
2C, it can be seen that network contained high pore volume. When PAni, GRA and
PAN were assembled together (Fig. 2D), the nanocomposite film was mostly occupied
by GRA which became much rougher and shaggier, and the microporous structure of
PAN encouraged PAni to fully disperse around the film. This specific appearance in

Fig. 2D could be explained by the concentrations of these three components, as well



as the specific surface area for each of them were taken into account. As seen in Fig.
2E, a large amount of PPO was uniformly embedded into the PAnNi-PAN-GRA
nanocomposite.

(The preferred position for Fig. 2)

3.3 Electrochemical characterization of the biosensors

Fig. 3 showed the cyclic voltammograms (CVs) of various modified electrodes
in 0.02 M phosphate buffer (pH 6.0) with potential from -0.4 to 0.4 V (vs. SCE). As
shown in Fig. 3A, no obvious difference was observed for PAni-PAN-GRA between
curve a in the absence of p-cresol and curve b in the presence of 4 uM p-cresol
without the participation of PPO and the same results were found in
PANi-PAN-GRA/CS (curve ¢ and curve d), indicating that PAni-PAN-GRA and
PANi-PAN-GRA/CS based electrode had no catalytic activity toward the reaction of
p-cresol. The increased oxidation current can be clearly seen from Fig. 3B in the
presence of p-cresol (curve b) compared with that of the absence of p-cresol (curve a)
due to the direct electrochemistry of PPO, which suggested that the PPO-catalyzed
reaction of p-cresol occurred on the biosensor. It could be clearly confirmed that the
response of the biosensor to p-cresol resulted from the catalytic activity of enzyme
immobilized in the nanocomposite. The catalytic role of PPO might be considered to
be important in the reaction process of modified electrode. Therefore, the
PANi-PAN-GRA/CS-PPO electrode could be employed to determine the p-cresol

concentration.



(The preferred position for Fig. 3)

Electrochemical impedance spectroscopy (EIS) was used to evaluate and analyze
the interface properties of the surface-modified electrodes. Fig. 4 listed the EIS of
different modified electrodes including of PAni-PAN, PAni-PAN-GRA,
PANi-PAN-GRA/CS and PAni-PAN-GRA/CS-PPO, displaying apparent differences of
the electrochemical impedance spectra. The electron transfer resistance Rct of
PANi-PAN-GRA modified electrode (curve b) was much smaller than that of
PANi-PAN modified electrode (curve a), which might be assigned to excellent
conductivity of GRA, improving the electron transfer of the electrochemical probe.
However, when CS was incorporated onto the modified electrode, the value of Rct
increased slightly (curve c), which indicated that CS was of nonconductive property
and hindered the electron transfer. After the modified electrode was further assembled
with PPO, the value of Rct was found to be increase in small increments for the same
reason as CS (curve d), implying the successful immobilization of PPO.

(The preferred position for Fig. 4)

3.4 Optimal conditions of the biosensors

The operational conditions such as solution pH and potential have a significant
influence on the electrochemical behavior of the biosensor. The effects of various
applied potential on the biosensor behavior were studied over a range of potential
from -0.3 V to 0.05 V (vs. SCE). As shown in Fig. 5A, maximum value of response

current was observed at -0.05 V and the response current to p-cresol decreased when



applied potential varied in more negative potential. The result was in agreement with
the previously reported work [18,44], indicating that the decrease of the response
current at negative potentials was attributed to the decreased enzymatic activity
resulting from the oxygen depletion in the vicinity of the PPO immobilized at the
electrode surface. Therefore, the applied potential at -0.05 V was selected in the
following experiments.

The dependence of the biosensor response on the phosphate buffer pH was also
investigated in the pH range of 3.5 to 7.8. It can be found from Fig. 5B, the
electrochemical response current was quite stable at pH values ranging from 5.5t0 7.0
and the maximum response current was obtained at pH 6.0. The similar results have
been already reported [22]. On the other hand, the current response decreased at lower
or higher pH values due to the changing activity of PPO as a function of phosphate
buffer pH [45]. It was well known that highly acidic or alkaline solution would
damage the bioactivity of immobilized enzymes. Therefore, the optimum pH with the
high performance of the biosensor was chosen at pH 6.0 in the subsequent
experiments.

(The preferred position for Fig. 5)

3.5 Performance of the biosensor
The current response of the PAni-PAN-GRA/CS-PPO modified electrode was
investigated on successive addition of p-cresol with concentrations from 0.4 uM to

4.0 uM to the stirring phosphate buffer under the optimized experimental conditions



(Fig. 6A). As can be seen, the modified electrode indicated fast response achieving
95% of the steady state currents within 5 s due to excellent conductivity and best
electron transfer of hybrid assemblies nanocomposite [34]. Furthermore, the smooth
response currents were observed at every step from Fig. 6A attributed to the PAN used
as electron transfer shuttle in a redox mediator and favorable microenvironment
provided for adsorbing enzyme, avoiding the currents drifting. The smooth currents
are superior to that of some already reported phenol biosensors [45-47]. As shown in
Fig. 6B, the increased response current was no obvious with increasing p-cresol in the
lower region of concentration while the current response attained a saturation level in
the relatively high concentration region. More information can be obtained from Fig.
6C that the response currents for p-cresol determination exhibited high sensitivity of
6.46 pA pM™ cm, and a linearly range from 2x10° M to 1.16x10° M (R?=0.9963)
with detection limit of 2.65x107" M (S/N= 3). The sensitivity was much higher than
that of PAnNi-PPO biosensor [45], PAni-PAN biosensor [22] and PAni-SWCNFs
biosensor [48], but not as good as PAni-ionic liquid-PPO biosensor [18]. Apart from
the anthropogenic PBS solution, the detection limits were also calculated in the other
two environmental aqueous matrices acquired around our campus, 5.13x107 M (S/N=
3) in the lake and 3.65x107" M (S/N= 3), respectively, a little higher than that of PBS
solution, but still acceptable. A further comparison of different electrochemical
biosensors for the determination of p-cresol was summarized in table S1. An apparent
Michaelis-Menten constant was estimated to be 2.53 uM from Fig. 6D.

(The preferred position for Fig. 6)



3.6 Stability and anti-interference ability of the biosensor

The operational stability of the biosensor was evaluated by monitoring the
response currents in the presence of 4 uM p-cresol. The relative standard deviation
(RSD) of the biosensor was found to be 3.9% for ten measurements respectively. In
addition, the biosensor reproducibility was also examined from the response for 4 uM
p-cresol at four independently prepared electrodes, which indicated the RSD of 5.4%
for the determination of p-cresol concentration. This good stability and reproducibility
might be assigned to favorable microenvironment provided by hybrid assemblies
nanocomposite for effective immobilization of PPO.

The anti-interference ability was vital to the practical application of the biosensor.
Herein, we chose Na*, K*, Ca?*, Fe?*, Fe**, Zn?*, Co?*, Mg®*, CI', SO4*, NO3 and CI-
as inorganic interference representatives, and glucose, aniline, and ascorbic acid as the
organic ones to evaluate the property of the fabricated biosensor. The addition of up to
ten times concentration higher than p-cresol of all these inorganic ions showed no
considerable influence in 0.02M PBS (pH 6.0) solution, so did the organic
interference in the same concentration of p-cresol. The excellent anti-interference
ability could be contributed to excellent physical isolation of GRA and synergistic
effect of PAni-PAN-GRA hybrid assemblies as well as the specific catalysis of
polyphenol oxidase.

3.7 Determination of phenolic compound in water samples

To demonstrate the possible application of the proposed biosensor, the water



samples were estimated by standard addition method as reported previously [24,49].
No special sample pretreatment was performed except filtration and pH adjustment
before the water samples obtained from the Qiantang River and East China Sea were
analyzed. The experiment results were presented in Table S2. By adding standard
p-cresol to the water sample over the concentration range from 4.0 uM to 9.0 uM, the
recovery of the water samples was found to be from 102% to 106.7%, in general,
indicating that the concentrations found were higher than those added. It was implied
that both the Qiantang River and East China Sea contained refractory toxic phenolic
compounds but very low level of the content, indicating relatively good quality of
water. This is attributed to the effective environmental protection of Hangzhou city
and the globalization.

Apart from those two kinds of water samples, we acquired another four samples
around Zhoushan City, one from polluted adjacent sea, three from fresh water areas
risking of p-cresol pollution. All but seawater sample were detected by both biosensor
and UPLC method. Briefly, 2.5 ml of each water samples was added into a 25 ml 0.02
M PBS (pH 6.0) solution to acquire the signal change of the fabricated biosensor, then
the concentration of p-cresol was calculated by the linear fitting curve of Section 3.5
and compared with the results from UPLC method (Table S3). The relative low
difference between the biosensor detection and UPLC method indicated the
as-prepared biosensor was qualified for real water sample detection.

4. Conclusions

We have developed the biosensor based on a nanocomposite through PAni, PAN



and GRA hybrid assemblies for the determination of phenolic pollutants. The
PANi-PAN-GRA nanocomposite based biosensor demonstrated excellent performance,
especially, a high sensitivity and stable response current. The synergistic effect of
PANi-PAN-GRA hybrid assemblies not only improves the electron transfer ability of
the system, but also exhibits the signal amplification of the nanocomposites and
anti-interference ability. The proposed biosensor has been successfully applied for
detecting p-cresol in real samples with satisfactory results compared with that of
UPLC. Moreover, its advantage is also that there is no complex sample pretreatment
in the analysis process. The hybrid assembly nanocomposites are promising to be
highly useful for other biosensors based on redox reaction in the future. Further
development of the new composition method may reveal more exciting
microenvironment of the hybrid assembly nanocomposites for commercial and

practical sensor platforms.
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Figure captions

Fig. 1 Amperometric responses of bionsensors based on different matrix
materials (a) GCE/GRA/CS-PPO, (b) Pt/PAni-GRA/CS-PPO, (c) Pt/PAN-GRA/CS-

PPO, (d) Pt/PANni-PAN-GRA/CS-PPO.
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Fig. 2 SEM imagines of (A) PAni, (B) GRA, (C) PAN, (D) PAni-PAN, (E)

PAnNi-PAN-GRA/CS-PPO.



Fig. 3 (A) CVs in 0.02M pH 6.0 phosphate buffer at 50mV/s for (a) without
p-cresol, and (b) with 4uM p-cresol of PAni-PAN-GRA modified electrode, (c)
without p-cresol, and (d) with 4uM p-cresol of PAni-PAN-GRA/CS maodified
electrode. (B) CVs in 0.02M pH 6.0 phosphate buffer at 50mV/s for (a) without

p-cresol, and (b) with 4uM p-cresol of PAni-PAN-GRA/CS-PPO modified electrode.
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Fig. 4 EIS of different modified Pt disk electrodes in 0.02M pH 6.0 phosphate



buffer for (a) PAni-PAN, (b) PAni-PAN-GRA, (c) PAni-PAN-GRA/CS and (d) PAni-
PAN-GRA/CS-PPO modified electrodes. The inset figure showed the EIS for (b)

PANi-PAN-GRA, (c) PAni-PAN-GRA/CS and (d) PAni-PAN-GRA/CS-PPO.
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Fig. 5 Effects of (A) applied potential in 0.02M pH 6.0 phosphate buffer
containing 4uM p-cresol and (B) pH values in different pH buffers containing 4uM

p-cresol on the current responses of PAni-PAN-GRA/CS-PPO modified electrode.
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Fig. 6 (A) Amperometric responses to successive injection of p-cresol at an
applied potential of -0.05V (vs. SCE) in 0.02M pH 6.0 phosphate buffer, (B)
Current-Concentration curves, (C) calibration curves, and (D) calculation of apparent

Michaelis—Menten constants according to the data in (B).
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