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Abstract: Bisphenol A (BPA) is an endocrine-disrupting chemical (EDC) employed in industrial
processes that causes adverse effects on the environment and human health. Sensitive and inex-
pensive methods to detect BPA are therefore needed. In this paper, we describe an electrochemical
biosensor for detecting low levels of BPA using polymeric electrospun nanofibers of polyamide
6 (PA6) and poly(allylamine hydrochloride) (PAH) decorated with gold nanoparticles (AuNPs),
namely, PA6/PAH@AuNPs, which were deposited onto a fluorine-doped tin oxide (FTO) substrate.
The hybrid layer was excellent for the immobilization of tyrosinase (Tyr), which allowed an ampero-
metric detection of BPA with a limit of detection of 0.011 µM in the concentration range from 0.05 to
20 µM. Detection was also possible in real water samples with recoveries in the range of 92–105%.
The improved sensing performance is attributed to the combined effect of the large surface area and
porosity of PA6/PAH nanofibers, the catalytic activity of AuNPs, and oxidoreductase ability of Tyr.
These results provide a route for novel biosensing architectures to monitor BPA and other EDCs in
water resources.

Keywords: electrospinning; nanofibers; gold nanoparticles; tyrosinase; biosensor; endocrine disrupt-
ing compounds; bisphenol A

1. Introduction

The continuous discharge of highly toxic chemicals in the aquatic environment is a
global concern due to their adverse effects on human health and the environment [1,2].
Pollutants with endocrine-disrupting activity, in particular, may damage the endocrine
system of animals (including humans), even at such low concentrations as ng L−1 [3–5].
Regulatory agencies have established safe exposure limits, which are often low because
the hormone systems are sensitive to these compounds [6–8]. Therefore, the demand for
accurate, rapid and sensitive detection methods has been increasing with varied approaches
to analyze endocrine-disrupting chemicals (EDCs) in various matrices [8–11]. Chemical
(bio)sensors are advantageous over traditional analytical methods for this application
owing to their high selectivity and sensitivity, fast analytical response, and possibility of
automation, miniaturization, and integration [6,10]. One of the main features of these
biosensors is that their architecture may be controlled with high precision upon combining
nanomaterials and biomolecules.

Nanofibers have been demonstrated to work efficiently as platforms to immobilize
biomolecules for further application in biosensing [12,13]. Among the various techniques
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available for producing such nanofibers, electrospinning represents a unique technology
that combines low cost, ease of production, and applicability for varied materials [12,14].
Electrospinning is based on an electrohydrodynamic process in which fibers ranging from
nm to µM are produced by uniaxial electric stretching and elongation of a viscoelastic
solution [12–14]. The nanofibrous membranes are featured with a high surface-to-volume
ratio, interconnected porous structure, low barrier to diffusion, and adjustable function-
ality [12–15]. These properties enable the design of hybrid and composite nanofibrous-
sensing films with remarkable sensitivity and selectivity for several analytes [16]. Further-
more, the nanofibrous structure is suitable to incorporate high loadings of enzymes, which
is beneficial for biosensing performance [17–19]. Despite the suitability of electrospun
nanofibers, considerable efforts are required to adjust the composition of the nanofibrous
film to achieve a high performance for a given analyte.

Herein, we exploit a facile approach to fabricate enzyme-functionalized nanofibers to
detect bisphenol A (2,2-bis(4-hydroxyphenyl) propane (BPA), one of the most important
EDCs. Electrospun nanofibers of polyamide 6/poly(allylamine hydrochloride) (PA6/PAH)
are decorated with gold nanoparticles (AuNPs), which then serve as a matrix for the
immobilization of tyrosinase (Tyr). BPA detection is performed with an amperometric
technique, including in real samples of water from different sources.

2. Materials and Methods
2.1. Materials

Polyamide 6 (PA6, Mw = 20,000 g mol−1), poly(allylamine hydrochloride) (PAH,
Mw = 15,000 g mol−1), tyrosinase from mushroom (Tyr), hydrogen tetrachloroaurate (III)
trihydrate (HAuCl4·3H2O, ≥99.9%), sodium citrate, bovine serum albumin (BSA), N-
hydroxysuccinimide (NHS), 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC), and
bisphenol A were purchased from Sigma–Aldrich. Formic acid was purchased from Synth
Chemical (São Paulo, Brazil). All aqueous solutions were prepared with double-distilled
water, and the chemicals were used without further purification.

2.2. Fabrication of the Biosensing Platform

The sensing platform was prepared following a three-step process: (i) electrospinning
of PA6/PAH, (ii) AuNP adsorption, and (iii) Tyr immobilization. The PA6/PAH solution
was prepared by dissolving 20% (w/v with respect to the solvent) PA6 and 30% (w/w with
respect to PA6) PAH in formic acid, with the resulting solution being stirred for 5 h at
room temperature. The electrospun nanofibers were obtained by using an electrospinning
apparatus at a feed rate of 0.01 mL h−1 and an electric voltage of 25 kV. A working
distance of 10 cm was kept between the syringe and the metallic collector. The inner
diameter of the steel needle was 0.7 mm. In order to ensure reproducibility in terms of
electrochemical response, the nanofibers were collected with an optimized time of 10 min
onto fluorine-doped tin oxide (FTO) glass substrates attached at the same position on the
fiber collector system.

Citrate-stabilized AuNPs were synthesized with the Turkevich method [20], in which
20 mL of 1 mM HAuCl4 was heated at 90 ◦C and 2 mL of 1% sodium citrate solution was
added under vigorous stirring and constant heating. During the addition, the yellow gold
chloride solution turned to a red wine color, indicating the formation of the nanoparticles.
The reaction was maintained for 30 min under gentle stirring and then cooled to room
temperature. The formation of AuNPs, with an average size of 18± 3 nm, was confirmed by
ultraviolet-visible (UV–Vis) spectroscopy through the monitoring of the surface plasmon
resonance absorption band at 520 nm. The electrospun nanofibers deposited on FTO
were immersed into the AuNP solution, rinsed with distilled water, and dried under
ambient conditions. Various adsorption times for AuNPs were tested (1, 6, 12, and 24 h)
to determine the best electrochemical response for BPA, and the time period of 12 h was
chosen for subsequent studies. Tyr was immobilized onto the PA6/PAH@AuNPs modified
electrode by adding 20 µL of a solution containing 5 mM EDC and 5 mM NHS, which
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acted as a cross-linker between the enzyme and the hybrid nanofibrous membrane [21,22].
Then, 10 µL of Tyr solution (2 mg mL−1 in 0.1 M PBS pH 7.0) was uniformly spread onto
the PA6/PAH@AuNPs/FTO electrode and kept in a humid chamber for 12 h at 4 ◦C.
The modified electrode (PA6/PAH@AuNPs/Tyr/FTO) was washed thoroughly with PBS
(0.1 M PBS pH 7.0) to remove any unbound enzyme, and then stored at 4 ◦C.

2.3. Characterization and Electrochemical Measurements

The morphology of the PA6/PAH nanofibers was evaluated using a scanning electron
microscope (SEM, JEOL 6510) operating at 10 kV, with the fiber diameter being estimated
with an image analysis software (Image J, National Institutes of Health, Bethesda, MD,
USA). In each experiment, the average fiber diameter was determined by measuring 100
random fibers using representative micrographs. After the decoration with AuNPs, the
morphology was investigated using a field-emission gun scanning electron microscope
(FEG-SEM, JEOL-JSM 6701F). The electrochemical experiments were performed using a
PGSTAT30 Autolab electrochemical system (Metrohm) controlled with GPES software.
The PA6/PAH@AuNPs/Tyr/FTO platform was used as the working electrode. A Pt
foil and Ag/AgCl (3 M KCl) served as the counter (CE) and reference (RE) electrodes,
respectively. Electrochemical characterization of modified electrodes was performed by
cyclic voltammetry (CV) in a 0.05 M [Fe(CN)6]3−/4− solution containing 0.1 M KCl over
a potential range from 0.1 to 0.6 V at a scan rate of 0.05 V s−1. The electrochemical
essay for BPA detection was performed using 0.01 M phosphate buffer solution (pH 7.0)
at room temperature. To evaluate the activity of PA6/PAH@AuNPs/Tyr/FTO, cyclic
voltammograms were acquired in the presence of BPA at the potential range from −0.2 to
0.4 V at a scan rate of 0.05 V s−1. Chronoamperometric measurements were carried out
under an applied potential of −0.1 V with successive addition of the BPA solution.

3. Results and Discussion
3.1. Choice of Materials for the Biosensing Platform

The materials used in this work were judiciously selected to leverage the characteris-
tics of nanofibers, AuNPs, and Tyr, with which we expected to obtain a hybrid nanomaterial
with improved electrochemical performance in BPA detection. To the best of our knowl-
edge, this is the first use of hybrid electrospun nanofibers to immobilize tyrosinase for
BPA detection. PA6 was chosen due to its nanofiber-forming ability and stability [23],
while PAH was selected to introduce functional groups and improve adsorption of AuNPs
via H-bonding and/or electrostatic interactions [24]. Citrate-capped AuNPs modified the
nanofibers to enhance electrochemical performance, since AuNPs are capable of transfer-
ring electrons between the enzyme metal centers and the electrode, even achieving direct
electron transfer [25]. The final hybrid nanomaterial offers functional groups (–NH2 and
–COO–) and appropriate surface for enzyme immobilization through chemical bonding [22].
The cuproprotein enzyme Tyr was chosen for its ability to catalyze the oxidation of phenolic
compounds, such as BPA. Furthermore, Tyr has higher specificity toward BPA than other
polyphenol oxidases [25–27].

3.2. Characterization of the Biosensing Platform

Figure 1a,b show the scanning electron microscopy images of PA6/PAH and PA6/
PAH@AuNPs nanofibers, respectively. Prior to the functionalization step, the PA6/PAH
nanofibers (Figure 1a) showed a smooth and bead-free surface and an average diam-
eter of 88 ± 24 nm. The FEG-SEM image in Figure 1b confirms that AuNPs were at-
tached homogeneously onto PA6/PAH nanofibers, which is beneficial for sensing perfor-
mance [28]. The stability of the decorated nanofiber was evaluated by leaching tests in
water, which revealed that the AuNPs were strongly attached to the nanofiber surface.
Citrate-functionalized AuNPs may interact with PA6/PAH through H-bonding and/or
electrostatic forces [22,24]. H-bonding should occur between amide groups from PA6, or
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amine groups from PAH, and the carboxylic groups from the functionalized AuNPs, while
the latter may interact electrostatically with PAH (pKa 8.7).
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Figure 1. (a) SEM image of PA6/PAH and (b) FEG-SEM image of PA6/PAH@AuNPs nanofibers.

The electrochemical characterization of the electrodes was performed using cyclic
voltammetry, which results are shown in Figure 2. A well-defined redox peak was observed
for bare FTO with peak separation (∆Ep) of 122 mV. Upon modifying the electrode with
PA6/PAH@AuNPs, the redox current increased and ∆Ep decreased to 115 mV, implying
an increase in the electroactive area of bare FTO. The chemical immobilization of Tyr was
accompanied by a decrease in the peak current since the enzyme blocked electron transport
with its insulating nature [27]. The voltammogram for the Tyr-modified electrode (blue
curve in Figure 2) was used to calculate the average surface concentration of ionic species
(Γ), following Equation (1) [21,29]:

Γ = (4RTIp)/(n2F2Aν) (1)

where R is the universal gas constant, T is the temperature (K), Ip is the peak current, n is
the number of electrons, F is the Faraday constant, A is the electrode surface area (cm2),
and ν is the scan rate (Vs−1). The surface concentration of electrochemically active species
adsorbed onto the electrode was estimated as 3.72 × 10−9 mol cm−2.
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Figure 2. CV curves of FTO, PA6/PAH@AuNPs/FTO, and PA6/PAH@AuNPs/Tyr/FTO using a
0.05 M [Fe(CN)6]3−/4− solution containing 0.1 M KCl.

3.3. Electrochemical Detection of BPA

The electrochemical behavior of BPA at the interface of the PA6/PAH@AuNPs/Tyr-
modified electrode was investigated using the CV technique. Figure 3 displays a large
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irreversible peak upon adding BPA. The reduction reaction took place at the modified
electrode interface at a low potential (0.1 V) and the peak current increased due to the
increase in BPA concentration. In addition, a slight change in the oxidation region can
be observed with the addition of BPA, which might be attributed to the BPA oxidation.
Similar behavior was observed in previous studies [30,31]. Tyr is a binuclear copper-
containing enzyme that catalyzes the hydroxylation and oxidation of phenolic compounds
to o-quinones [25]. The most accepted mechanism for BPA electrooxidation consists of
the transfer of two electrons and two protons [25,32] in the presence of dissolved oxygen,
as indicated in Equation (2) through (4): tyrosinase catalyzes the oxidation of phenolic
compounds to o-quinone derivatives via catechol derivatives. The generated o-quinone
can be electrochemically reduced at a low potential [33]. The reduction signal of o-quinone
is normally used to determine the phenolic compound with the purpose of preventing
interference [31,33].

bisphenol A + tyrosinase(O2)→ cathecol, (2)

cathecol + tyrosinase(O2)→ o-quinone + H2O, (3)

o-quinone + 2H+ + 2e− → cathecol, (4)
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Chronoamperometry was used to investigate the performance of the biosensor in
determining BPA. Figure 4 shows a linear relationship between the peak current and the
log of BPA concentrations, with the regression equation ∆I (µA) = 1.79 log [BPA] + 3.98
(R2 = 0.997). The limit of detection (LOD), calculated according to S/N = 3 criterion, was
0.011 µM. The reproducibility and repeatability of the PA6/PAH@AuNPs/Tyr electrode
were evaluated by performing repeated experiments with solutions containing 5 µM BPA.
For ten successive measurements, the relative standard deviation (RSD) was 2.9% for a
given electrode, while it increased to 7.6% when three nominally identical electrodes were
used. Note in Figure 4 that the response curve tended to reach a plateau for concentra-
tions above 20 µM, indicating typical Michaelis–Menten enzyme kinetics. The apparent
Michaelis–Menten constant (Km) was 0.34 mM, lower than the Km of the free enzyme
(1.46 mM) reported for the BPA substrate [34]. This low Km indicates that Tyr retains its
bioactivity after chemical immobilization on the hybrid nanofiber and has a high affinity
for BPA [18,35].
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The performance of the PA6/PAH@AuNPs/Tyr/FTO biosensor is compared with
other BPA sensors in Table 1. Its competitive limit of detection (LOD) and wider linear range
compared to other sensing platforms are ascribed to the synergy between the nanofibrous
structure and AuNPs and inherent compatibility of the components. Furthermore, the
immobilization of the Tyr enzyme proved effective for sensitive detection of BPA, as
demonstrated with the lower LOD of PA6/PAH@AuNPs/Tyr than with other enzyme-free
nanofiber-based electrochemical sensors [36,37]. In addition, our work opens the possibility
for developing multifunctional nanofibers as tyrosinase-based nanofibrous membranes
have been applied for BPA removal [34].

Table 1. Comparison of nanomaterial-based tyrosinase electrochemical biosensors for BPA detection.

Electrode Nanomaterial Type Linear Range (µM) LOD
(µM) Reference

Tyr-NGP-Chi/GCE Carbon-based 0.1–2 0.033 [38]
Tyr-GDY-Chi/GCE Carbon-based 0.1–3.5 0.024 [27]

Tyr/Mag-BCNPs-COOH/MGCE Nanocomposite 0.01–1.01 0.003 [26]
Tyr-SF-MWNTs-CoPc/GCE Nanocomposite 0.05–3 0.03 [35]

CuMOF-Tyr-Chi/GCE Nanocomposite 0.05–3 0.013 [39,40]
Tyr@PANI-Mn3O4/ITO Nanocomposite 0.004–0.8 0.004 [41]

Tyr-NiNPs/SPCE Metallic Nanoparticle 0.9–48 0.007 [30]
Tyr/SnNP/GCE Metallic Nanoparticle 0.01–0.1 0.002 [42]

Nafion/Tyr/Au/SPCE Metallic Nanoparticle 0.5–50 0.077 [32]
nTyr-Chi/GCE Nanocapsule 0.05–2 0.012 [43]

BCNPs/Tyr/Nafion/GCE Polymeric Nanoparticle 0.02–10 0.003 [44]
PA6/PAH@AuNPs/Tyr/FTO Electrospun Nanofiber 0.05–20 0.011 This work

Note: NGP–nanographene; Chi–chitosan; GCE–glassy carbon electrode; GDY–graphdiyne; Mag-BCNPs-COOH–magnetic biochar nanopar-
ticles; MGCE–magnetic glassy carbon electrode; SF–silk fibroin; MWCNTs–carbon nanotubes; CoPc–cobalt phthalocyanine; CuMOF–copper-
centered metal-organic framework; PANI–polyaniline; ITO–indium tin oxide; SPCE–screen-printed carbon electrode; nTyr–tyrosinase
nanocapsules; BCNPs–sugarcane-derived biochar nanoparticle.

The possible interference from potential interferents in the detection of BPA was
investigated, and the results are present in Table 2. One notices that the co-presence of
100-fold concentrations of ascorbic acid, uric acid, urea, glucose, KCl, and NaCl did not
interfere in the detection. Also evaluated was BPA detection in the presence of other
phenolic compounds, since Tyr is known to possess activity in these compounds [45].
As indicated in Table 2, the maximum interference was around 20% for phenol, and
therefore the ability to detect BPA specifically was preserved.



Electrochem 2021, 2 47

Table 2. Selectivity of the amperometric PA6/PAH@AuNPs/Tyr biosensor for BPA.

Compound Concentration (µM) % of Signal

BPA 5 100
phenol 20 20.5

4-nitrophenol 20 7.6
4-methoxyphenol 20 4.7

4-aminophenol 20 1.5
ascorbic acid, uric acid, urea,

glucose, KCl, NaCl 500 -

The feasibility and reliability of the biosensor were estimated by evaluating the recov-
ery of BPA in real samples. Water samples of different origins (bottled water, tap water,
and river water), without pretreatment, were spiked with 5 µM BPA and the percentage
recoveries were calculated. Table 3 displays recoveries ranging from 92 to 105% with an
RSD of 1.3–4.1%, indicating that the PA6/PAH@AuNPs/Tyr platform may be applied to
determine BPA in real samples.

Table 3. Determination of BPA in real water samples (n =3).

Real Sample Recovery (%) RSD (%)

Tap Water 95 1.3
Bottled Water 105 2.7
River Water 92 4.1

4. Conclusions

A novel approach using Tyr-immobilized hybrid nanofibrous mats in electrochemical
biosensors to detect BPA is reported here for the first time. Owing to the synergy of the
materials employed, namely, nanofibers decorated with AuNPs for the immobilization
of Tyr, the sensing performance was superior to similar biosensors reported in the litera-
ture. The limit of detection was 0.011 µM, with a wide linear range from 0.05 to 20 µM.
The biosensors were reproducible and robust and could detect BPA in water samples
from different sources, including tap and river water. It is significant that the chemical
immobilization of Tyr onto a hybrid PA6/PAH@Au nanofibrous sensing layer provides
an alternative and simple strategy to detect BPA with high sensitivity, which can also
be explored for other endocrine disruptors. Furthermore, the concepts behind the novel
architecture may be exploited in the design of multifunctional materials that combine both
removal and detection functions.
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