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Abstract
A film consisting of poly(γ-glutamic acid) modified with 3-aminothiophene (ATh-γ-PGA) was prepared by macromolecular self-
assembly and electropolymerization. ATh-γ-PGA is amphiphilic and electrically conductive. The copolymers undergo self-
assembly to form nanoparticles (NPs) on decreasing the pH value of an aqueous solution. A conducting film of NPs was formed
on the surface of a gold electrode by casting the ATh-γ-PGANPs and subsequently electropolymerizing the thiophene units. Next,
horseradish peroxidase and Nafion were cast onto the film to obtain an enzymatic biosensor for H2O2. Due to the
electropolymerization step, a cross-conjugated polymer network is created that improves electron transfer rates and thus enhances
the response. This endows the biosensor with high sensitivity. Two linear ranges are present, the first ranging from 1 × 10−11 to 1 ×
10−8 mol·L−1, and the second from 1 × 10−8 to 1 × 10−5 mol·L−1. The detection limit is as low as 3 × 10−12 mol·L−1. The sensor is
stable, repeatable, and was successfully applied to the determination of H2O2 in a commercial disinfecting solution.
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Introduction

Hydrogen peroxide (H2O2) is an excellent cleaning agent or
bleaching, which is often used in clinical, biological, environ-
mental and many other fields [1]. It is urgent to find a sensitive
determination method for H2O2. Many materials have been
used to immobilize enzyme on the electrode surface to prepare
biosensor for detecting H2O2, such as quantum dots [2],

polymers [3], mesoporous materials [4] and nanomaterials
[5]. Among these materials, biocompatible nanomaterials are
competitive candidates due to their unique advantages such as
large high surface reaction activity, strong adsorption ability,
surface-to volume-ratio and high-catalytic activity for enzyme
immobil izat ion [6] . Fur thermore, biocompatible
nanomaterials-based enzyme biosensor renders the microen-
vironment for keeping biological activity and enhancing the
direct electron transfer (DET) between the active sites of en-
zymes and the electrode [7, 8].

Self-assembled nanoparticles (NPs) prepared from amphi-
philic copolymer including various morphologies (such as
spheres, rods, bowls and vesicles) have attracted much atten-
tion. Combined the nanoscale effects and/or fascinating struc-
tures, the self-assembled NPs are useful in many potential
applications, such as sensors, drug delivery, catalysts and
others [9–14]. Miao et al. [6] used botanical inositol
hexakisphosphoric NPs to immobilize horseradish peroxidase
(HRP) for preparing enzyme-based biosensor. The prepared
biosensor for H2O2 sensing exhibited a low detection limit and
a long-term stability. In our previous work, a kind of photo-
sensitive amphiphilic poly(γ-glutamic acid)-graft-7-amino-4-
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methylcoumarin NPs was used as a matrix to entrap and im-
mobilize hemoglobin (Hb) on electrode surface to prepare
biosensor [15]. The subsequent photo-crosslinking locked
Hb in NPs film. The resultant biosensor showed good biocat-
alytic activity for H2O2. The biocompatible self-assembled
NPs can increase the loading of electroactive species for signal
amplification. The modified electrode formed by self-
assembled NPs platform has the advantages of high uniformi-
ty and organization, which provides excellent microenviron-
ment for enzyme immobilization and facilitates DET from the
electroactive enzyme to the underlying electrode. However,
due to the self-assembled NPs prepared from non-
conducting biopolymer, the electron transfer between NPs
film and underlying electrode was slow, which greatly limited
its detection limit and sensitivity.

Polythiophene is an important class of conjugated
conducting polymers, which has potential application in
sensors and biosensors [16–18]. In this work, a novel kind
of conducting NPs film prepared by self-assembly of an
electroactive amphiphilic 3-aminothiophene modified
poly(γ-glutamic acid) (ATh-γ-PGA) copolymer and
electropolymerization was employed to construct a electro-
chemical biosensor for voltammetric sensitive sensing
H2O2. The whole strategy is depicted in Fig. 1. First, the
electroactive ATh-γ-PGA was synthesized via amidation
reaction. The amphiphilic ATh-γ-PGA copolymer assem-
bled into NPs in aqueous solution through decreasing the
pH value of solution. Then, the ATh-γ-PGA NPs were cast
onto the surface of gold electrode (GE) to form a NPs film.
The subsequent electropolymerization of the electroactive
thiophene units in NPs film created cross-conjugated poly-
mer network, which enhanced the conductivity of the
ATh-γ-PGA NPs film. After HRP and Nafion were cast
on the NPs film, a biosensor was successfully fabricated.
It is quite expected that the good conductivity of the in situ
formed polythiophene network provides a platform to ac-
celerate the electron transfer and facilitate the signal trans-
duction from the NPs film to the GE, leading to high sen-
sitivity of the electrochemical biosensor.

Experimental

Reagents and materials

Poly (γ-glutamic acid) (γ-PGA, Mw 700,000–100,000)
was obtained from AMRESCO (USA, https://www.
amresco-inc.com), 3-aminothiophene (ATh), Nafion, phos-
phate, horse radish peroxidase (HRP), HCl, LiClO4, aceto-
nitrile, H2O2, K3[Fe(CN)6], KCl, K4[Fe(CN)6], 1-(3-
Dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride
(EDC·HCl) and N-hydroxysuccinimide (NHS), were

supplied by Aladdin Chemistry Co. Ltd. (Shanghai,
China, http://www.aladdin-e.com).

Synthesis of ATh-γ-PGA

ATh-γ-PGAwas synthesized via amidation reaction between
the carboxyl group of γ-PGA and amino group of 3-
aminothiophene in the presence of EDC·HCl and NHS.
Briefly, 2 mmol γ-PGA (repeat unit) was dissolved in
40 mL distilled water under stirring in an ice-bath. After
0.5 h, 2 mmol EDC·HCl and 4 mmol NHS were added into
the resulted solution. After 5 min of stirring, 2 mmol 3-
aminothiophene was added to the mixture. The reaction was
carried out in an ice-bath for another hour and then at room
temperature overnight. The ATh-γ-PGA copolymer was puri-
fied via dialysis using a dialysis membrane (MC: 14,000) in
distilled water. Purification was considered to be completed
when no free 3-aminothiophene was detectable in the wash
solution by UV. Finally, the washed ATh-γ-PGA copolymer
solution was frozen and then lyophilized. The synthetic route
of ATh-γ-PGA copolymer is shown in Fig. S1.

Preparation and characterization of ATh-γ-PGA NPs

The ATh-γ-PGA copolymer, which contains thiophene moie-
ties and —COO— groups at the side chains, is an anionic
polyelectrolyte with pH-responsiveness. After ATh-γ-PGA
copolymer was dissolved in distilled water, aqueous HCl
was used to adjust the pH value of the solution. With decreas-
ing the pH value of solution, ATh-γ-PGA copolymer self-
assembled into NPs. A volume of 10 mL of the ATh-γ-PGA
solution was removed at different pH values and left for 2 h to
equilibrate before the turbidity and size distribution measure-
ments. The turbidity was calculated as turbidity = 1–10 −A,
where A is the absorbance of the ATh-γ-PGA solution with
different pH values at 550 nm measured by TU-1901 UV–vis
spectrophotometry [19].

Fabrication and characterization of the biosensor

A bare gold electrode (GE) was polished by alumina par-
ticles and washed by ethanol and distilled water under
ultrasonication. The cleaned GE was then subjected to cy-
clic sweeping between −0.40 and 1.60 V in 1.0 mol·L−1

H2SO4 until a stable cyclic voltammogram was obtained.
5 μL of the ATh-γ-PGA NPs solution was cast evenly onto
the surface of GE and then dried on the air. After that, the
electrode covered with At-γ-PGA NPs film (ATh-γ-PGA/
GE) was subjected to electrochemical polymerization to
induce the cross-linking of the thiophene group.
Electrochemical polymerization was performed via cyclic
voltammetry (CV) with the scan range of 0 to 1.5 V at a
potential scan rate of 100 mV·s−1 for 20 cycles in a
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solution of 0.1 mol·L−1 LiClO4 dissolved in acetonitrile
[20]. After that, 5 μL of the HRP solution (5 mg·mL−1,
pH 7.4 phosphate buffered saline (PBS) solution) was
dropped onto the surface of ATh-γ-PGA/GE, which was
dried in 4 °C about 12 h. And then, the electrode HRP/
ATh-γ-PGA/GE was successively coated with 5 μL of
the Nafion solution (five times diluted by pH 7.0 PBS
solution). After thoroughly rinsing 3 times with distilled
water to remove the physically adsorbed HRP, the
Nafion/HRP/ATh-γ-PGA/GE biosensor was fabricated. It
was storied at 4 °C in pH 7.0 PBS solution while not used.
For comparison, Nafion/HRP/γ-PGA/GE was fabricated
using the similar procedures.

Characterization and measurement

1H NMR spectrum was recorded using a Bruker (400 MHz)
instrument. Infrared (IR) experiment was run by attenuate
total reflexion (ATR) mode on a Nicolet FI-IR Spectrometer
instrument. Ultraviolet visible (UV–vis) spectra and UV
Absorbance were recorded with a TU-1901 spectrophotome-
ter (Beijing Purkinje General instrument Co., Ltd.). Solution
pH value was monitored using a pHS-3C precision digital pH
meter (Shanghai Precision & Scientific Instrument Co. Ltd.).
The particle size and size distribution were measured using a
Zeta PALS instrument (Brookhaven Instruments Corporation,
Holtsville, USA). The morphology of NPs and the coated

Fig. 1 Schematic illustration of
the biosensor fabrication using
the self-assembled electroactive
ATh-γ-PGA NPs
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electrodes were observed by a Hitachi S-4800 field emission
scanning electron microscope (FESEM) operating at 2.0 kV.
Transmission electron microscope (TEM) images were re-
corded in a JEOL JEM-2100 at 200 kV. All electrochemical
experiments were performed using a CHI 660E electro-
chemical workstation with a three-electrode cell. The
three electrode system included a saturated calomel elec-
trode as reference electrode, a platinum wire electrode as
counter electrode and the modified GE as the working
electrode.

Results and discussion

Choice of material

Conduct ing polymers (polyani l ine, polypyrrole ,
polythiophene, etc.) have attracted considerable interest in
sensors and biosensors because of their attractive electrical,
environmental stability, and as well as biocompatibility and
conformability [21–24]. Providing many advantages such as
enhanced biocatalytic stability, easy protection against the
negative environmental impact, and allowed the application
of modified electrodes in a wider range of experimental con-
ditions, conducting polymers can be used as an immobilization
matrix for biologically active molecules in biosensor [21, 22].
Among these conducting polymers, polythiophene has been
often considered as a model for the study of charge transport
in conducting polymers. Moreover, polythiophene shows the
high environmental stability of both doped and undoped states
together with theirs structural versatility [21, 22]. Herein, 3-
aminothiophene was used to modify γ-PGA to prepare
electroactive ATh-γ-PGA NPs.

Preparation and characterization of ATh-γ-PGA NPs

The preparation and characterization of the ATh-γ-PGA co-
polymer are shown in electronic supplementarymaterial.With
hydrophobic thiophene groups and hydrophilic —COO−

groups, the amphiphilic ATh-γ-PGA copolymer can self-
assemble into NPs in aqueous solution by simply decreasing
the pH value. The self-assembly behavior of ATh-γ-PGA co-
polymer was monitored through turbidity experiment [19].
The turbidities of 0.1 mg·mL−1 aqueous solutions of γ-PGA
and ATh-γ-PGA copolymer at 550 nm as a function of solu-
tion pH are shown in Fig. S4. As can be seen, the turbidities of
γ-PGA aqueous solution showed negligible changes from
pH 5.60 to pH 1.50, indicating that no NPs were formed in
this pH value range. In contrast, the turbidities of ATh-γ-PGA
copolymer solution exhibited a clear break point at pH 2.5,
indicating the formation of NPs at this pH value. The possible
reason is that with the decrease of pH value, the protonation of
the hydrophilic —COO− groups makes ATh-γ-PGA more

hydrophobic, leading to self-assembly of the copolymer and
formation of the NPs. As pH value further decreased, the
turbidities sharply increased. The significant increasing tur-
biditymay be ascribed to the small NPs agglomerating to large
particles, as a result of the weakening electrostatic repulsion
between the NPs with further decreasing pH value. Below
pH 2.00, macroscopic precipitation was observed. The sizes
of ATh-γ-PGA NPs in solution with different pH values are
shown in Fig. S5. As can be seen, the stable ATh-γ-PGA NPs
formed at the range of pH 3.5~2.0. The size distributions of
ATh-γ-PGA NPs formed at pH 2.5 are shown in Fig. 2. It can
be seen, the size of ATh-γ-PGA NPs increased from 86.3,
96.2 to 103.7 with the increase of modification degree of
ATh-γ-PGA from 16.3%, 19.3% to 22.0%.

With the highest modification degree, ATh-γ-PGA22.0%

NPs formed in solution at pH 2.5 were used in the following
experiments. The morphology of ATh-γ-PGA22.0% NPs was
confirmed by TEM and SEM (shown in Fig. 3), which re-
vealed a spherical morphology with an average diameter of
110 nm.

Fabrication and characterization of the biosensor

The prepared ATh-γ-PGA22.0% NPs were then immobilized
on GE surface via casting method to form NPs film.
Electropolymerization was subsequently carried out owing
to the existence of a large amount of thiophene groups in
NPs film. Thiophene is a well-known electroactive moiety
which can electropolymerize to create a large conjugated
polythiophene structure [25]. The electropolymerization of
thiophenemoieties can form a conjugated conducting network
containing both inter- and intramolecular crosslinkages be-
tween the pendant thiophene units (Fig. S6) throughout the
ATh-γ-PGA22.0% NPs film, which played important roles for
the preparation of high-performance biosensor. With the for-
mation of crossconjugated conductive polymer network, the
electrical property of the NPs film was greatly enhanced,
which can accelerate the electron transfer and facilitate the
signal transduction from the enzyme to the electrode.
Figure S7 shows typical CVs obtained by scanning
electropolymerization from 0.0 and 1.5 V vs. SCE in a fresh
acetonitrile solution of LiClO4. In the first cycle, the onset of
oxidation potential of thiophene units located at 1.41 V. Upon
consecutive cycle, the onset of oxidation potential gradually
decreased, revealing polymer was easier to oxidize than
monomer [26]. The ATh-γ-PGA22.0% NPs film after
electropolymerization was then used as a biopolymeric NPs
platform for immobilizing HRP to fabricate biosensor. The
interfacial properties and morphologies of different modified
electrodes were characterized by electrochemical impedance
spectroscopy (EIS) and SEM, respectively.

EIS [27] is an effective method to monitor the interfacial
properties of the modified electrodes. The typical impedance
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spectrum which is present in the form of a Nyquist plot in-
cludes two parts: the semicircular part at higher frequencies
corresponds to the electron-transfer limiting process and the
linear part at a lower frequency corresponds to the diffusion
process. The diameter of semicircular part corresponds to the
electron transfer resistance (Rct) which controls the electron
transfer kinetics of the redox probe (such as [Fe(CN)6]

3−/4-) at
the electrode interface. EIS was employed to characterize the
interfacial properties of the electrodes with different modifi-
cations. To get an equilibrated situation at the electrode sur-
face, the impedance spectra were recorded at an open-circuit
voltage and an AC amplitude of 5 mVover a frequency range
from 105 to 10−2 Hz. All the EIS experiments were carried out
in 0.01 mol·L−1 PBS solution (pH 7.4) containing 0.1 mol·L−1

KCl and 5 mmol·L−1 K3[Fe(CN)6]/K4[Fe(CN)6] (1:1 mix-
ture). Fig. 4 shows the impedance spectra of bare GE, γ-
PGA/GE, ATh-γ-PGA22.0%/GE, ATh-γ-PGA22.0%/GE after
electropolymerization and HRP/ATh-γ-PGA22.0%/GE.
Obviously, the bare GE exhibited a small semicircle domain
with the value of 120 Ω (Rct). After modified by the γ-PGA,
the Rct increased to about 870 Ω. The much larger Rct value
than that of the bare GE indicated that γ-PGA modified GE
had a large electron transfer resistance. Comparatively, the
ATh-γ-PGA22.0%/GE exhibited a smaller semicircle domain
wi th the value of about 480 Ω . However, a f ter

electropolymerization, the semicircle was reduced to 80 Ω,
which was more than six times lower than the value before
electropolymerization. The significantly decrease of Rct dem-
onstrated that the electron transfer between the electrode and
electrolyte was accelerated and the conductivity of the NPs
film was improved. After immobilization of HRP, the Rct in-
creased to about 550 Ω, suggesting a decrease in conductivity
due to the adsorption of non-conductive HRP which hindered
electron-transfer.

Fig. S8 shows the morphologies of different modified elec-
trodes. It can be seen from the SEM images that the nanostruc-
tured particles morphology in Fig. S8(b) became more homo-
geneous after electropolymerization (Fig. S8(c)), which can be
attributed to the cross-linking of the NPs induced by the
electropolymerization. The nanostructured particles morphol-
ogy of ATh-γ -PGA22 . 0% on the e lec t rode af t e r
electropolymerization also was confirmed by AFM image
(Fig. S8(e)). Fig. S8(d) shows the SEM image of HRP/
ATh-γ-PGA22.0%/GE with an obvious changed morphology
of the particles, indicating the successful adsorption of HRP
on the surface of the ATh-γ-PGA22.0% NPs film. All these
morphologic changes demonstrated the success of stepwise
modifications of the GE. After Nafion, which is helpful in
protecting the biocompatibility of the enzyme and preventing
it from leakage, was cast on the surface of HRP/ATh-γ-

Fig. 3 TEM image (a) and SEM
image (b) of ATh-γ-PGA22.0%

NPs formed in aqueous solution
at pH 2.5. The concentration of
ATh-γ-PGA22.0% copolymer in
aqueous solution was
0.1 mg·mL−1

Fig. 2 Size distributions (a) and
sizes (b) of ATh-γ-PGANPs with
different modification degrees
formed in aqueous solution at
pH 2.5. The concentration of the
γ-PGA and ATh-γ-PGA aqueous
solution was 0.1 mg·mL−1
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PGA22.0%/GE, the electrochemical biosensor Nafion/HRP/
ATh-γ-PGA22.0%/GE was fabricated.

Performance of the electrochemical biosensor

The DET between the HRP and the underlying GE can be
readily achieved via a high biocompatible system based on
ATh-γ-PGA22.0% NPs. Fig. S9 shows the typical CVs of the
Nafion/HRP/γ-PGA/GE, Nafion/ATh-γ-PGA22.0%/GE and
Nafion/HRP/ATh-γ-PGA22.0%/GE. Compared with Nafion/
HRP/γ-PGA/GE and Nafion/ATh-γ-PGA22.0%/GE, a pair of
high and stable redox peaks of HRP in pH 7.0 PBS solution
for the HRP (FeIII)/HRP (FeII) redox couple transformation
was observed at the Nafion/HRP/ATh-γ-PGA22.0%/GE,
which was ascribed to the electron transfer between the HRP
and the underlying electrode. Therefore, the conducting
ATh-γ-PGA22.0% NPs were the key factor to enhance the di-
rect electron transfer of HRP.

In order to confirm the concentration of ATh-γ-PGA22.0%

NPs solution for preparing biosensor, 5 μL of different con-
centrations of ATh-γ-PGA22.0% NPs solution (0.05, 0.08,
0.10 mg·mL−1) was cast on the surface of GE to fabricate
biosensor, respectively. The electrochemical currents of pre-
pared Nafion/HRP/ATh-γ-PGA22.0%/GE in pH 7.0 PBS solu-
tion were determined by differential normal pulse voltamme-
try (DNPV) technique. The scan rate was 20 mV·s−1. The
relationship of peak currents subtracted the baseline and the
concentration of ATh-γ-PGA22.0% NPs is shown in Fig. S10.
As can be seen, the electrochemical current at 127 V of bio-
sensor prepared from 0.08 mg·mL−1 of ATh-γ-PGA22.0% NPs
solution was larger than the biosensors prepared from other
concentrations of ATh-γ-PGA22.0% NPs solution. So, the
Nafion/HRP/ATh-γ-PGA22.0%/GE prepared from 0.08 mg·
mL−1 was used in the following work.

In most cases the redox behavior of HRP is significantly
dependent on the pH value of buffer solution. So the influence
of buffer pH on properties of biosensor Nafion/HRP/ATh-γ-
PGA22.0%/GE was investigated in 0.1 mmol·L−1 PBS solution
with pH values ranging from 4.0 to 9.0. As shown in Fig. 5,
the maximum peak current was occurred at pH 7.0, which was
selected for the electrochemical investigation.

Previous republished work reported that HRP exhibited
excellent electrocatalytic activity toward H2O2. The reaction
mechanism [6] of the H2O2 biosensor was briefly summarized
as below:

HRP FeII
� �þ H2O2→HRP FeIII

� �þ H2O
HRP FeIII

� �þ e→HRP FeII
� �

The DNPV voltammograms of Nafion/HRP/ATh-γ-
PGA22.0%/GE in mol·L−1 PBS solution (pH 7.0) with different
concentrations of H2O2 are shown in Fig. 6. It can be seen in
Fig. 6a, the DNPV peak currents of the biosensor increased
with increasing H2O2 concentration and showed linear rela-
tionships ranging from 1 × 10−11 to 1 × 10−5 mol·L−1. The
calibration curve in Fig. 6b revealed that the peak currents at
127 V were proportional to the concentrations of H2O2 in two
segments: the first linear segment increased from 1 × 10−11 to
1 × 10−8 mol·L−1 with a linear regression equation of I(μA) =
9.142 + 0.271 × logC(H2O2) (R

2 = 0.999), and the second lin-
ear segment increased from 1 × 10−8 to 1 × 10−5 mol·L−1 with
a linear regression equation of I(μA) = 8.043 + 0.132 ×
logC(H2O2) (R

2 = 0.997). These results revealed that the
resulting Nafion/HRP/ATh-γ-PGA22.0%/GE biosensor in the
present work possessed a higher affinity to H2O2. This method
showed good sensitivity for sensing H2O2. The electrochem-
ical sensitivities obtained from corresponding linear regres-
sion equation were 0.0384 μA·(log mol·L−1)−1·cm−2 and
0.0187 μA·(log mol·L−1)−1·cm−2, respectively. Under the
same conditions, the response currents for H2O2 with different
concentrations at the electrode in the absence of HRP (Nafion/
ATh-γ-PGA22.0%/GE) have been conducted. The results are

Fig. 4 Nyquist plots corresponding to various modified electrodes. The
impedance spectra were recorded at an open-circuit voltage and an AC
amplitude of 5 mVover a frequency range from 105 to 10−2 Hz. The EIS
experiments were carried out in 0.01 mol·L−1 PBS solution (pH 7.4)
containing 0.1 mol·L−1 KCl and 5 mmol·L−1 K3[Fe(CN)6]/K4[Fe(CN)6]
(1:1 mixture)

Fig. 5 The peak currents in 0.1 mol·L−1 PBS solution with different pH
values determined by Nafion/HRP/ATh-γ-PGA22.0%/GE biosensors
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shown in Fig. S11. As can be seen that compared with Nafion/
HRP/ATh-γ-PGA22.0%/GE, the response currents of the
Nafion/ATh-γ-PGA22.0%/GE for H2O2 were independent of
the concentration, and stayed at very low values for all the
concentrations within the test range.

Additionally, we did a comparison of our prepared Nafion/
HRP/ATh-γ-PGA22.0%/GE biosensor with other previously
reported biosensors for sensing H2O2. As can be seen in
Table. 1, our prepared Nafion/HRP/ATh-γ-PGA22.0%/GE bio-
sensor exhibited much wider detection range with lower de-
tection limit for sensing H2O2 than other biosensors in the
previous reports. The wider detection range with lower detec-
tion limit was attributed to the large specific surface area of the
nanosized ATh-γ-PGA22.0% NPs-based film, which can im-
mobilize a great number of HRP with high surface-to volume
ratio. In addition, the electropolymerization of thiophene

moieties formed a cross conjugated conductive polymer net-
work, which accelerated the electron transfer and facilitated
the signal transduction from the enzyme to the underlying
electrode, resulting in the increase of sensitivity of Nafion/
HRP/ATh-γ-PGA22.0%/GE biosensor .

To investigate the reproducibility of the Nafion/HRP/
ATh-γ-PGA22.0%/GE biosensor, four biosensors were con-
structed under identical experimental conditions. For detect-
ing H2O2 of 1 × 10−10 mol·L−1 in 0.1 mol·L−1 PBS solution
(pH 7.0), the peak current at 127 V was determined by using
each of Nafion/HRP/ATh-γ-PGA22.0%/GE biosensor. The re-
sults are shown in Fig. S12. It can be seen that the standard
deviation of the response did not exceed 3%, indicating that
the prepared biosensor exhibited excellent reproducibility.

The stability of the Nafion/HRP/ATh-γ-PGA22.0%/GE bio-
sensor was also investigated through sensing 1 × 10−10 mol·

Fig. 6 (a) Differential normal
pulse voltammograms of H2O2

with different concentrations at
Nafion/HRP/ATh-γ-PGA22.0%/
GE in 0.1 mol·L−1 PBS solution
(pH 7.0). The scan rate is
20 mV·s−1. (b) Calibration curves
corresponding to the response
recorded on the Nafion/HRP/
ATh-γ-PGA22.0%/GE biosensor
versus the concentration of H2O2

Table 1 Comparison of the sensing performance of our biosensor with previously reported H2O2 electrochemical biosensors

Biosensora Linear range (mol·L−1) Detection limit (mol·L−1) References

Nafion/HRP/ATh-γ-PGA22.0%/GE 1 × 10−11 – 1 × 10−8

1 × 10−8 – 1 × 10−5
3 × 10−12 Present work

Nafion/Hb/PPy-C60-DDAB/CILE 1 × 10−6–1.141 × 10−4

1.141 × 10−4–1.479 × 10−3
3 × 10−7 [28]

HRP/PANI/PVS modified electrode 1 × 10−5–6 × 10−4

1 × 10−3–6 × 10−2
– [29]

Amplex Red-mediated SWV, soluble HRP 8 × 10−12–3 × 10−10 8× 10−13 [30]
3 × 10−10–3 × 10−6 3× 10−11

Amplex Red-mediated SWV, immobilized HRP 2 × 10−9–5 × 10−8 2× 10−9

NAD+-SWCNTs modified GCE 1 × 10−10 – 1 × 10−7 1 × 10−11 [31]

Cu2(OH)3Cl-CeO2 composite material 2 × 10−5 – 5 × 10−5 1 × 10−5 [32]

BD-ROM electrode 2.5 × 10−3 – 10 × 10−2 6 × 10−3 [33]

PEDOT/PB modified electrode 5 × 10−7 – 8.39 × 10−4 1.6 × 10−7 [34]

Nafion/HRP/IP6/GCE 1 × 10−7–5 × 10−7

6 × 10−7–1.6 × 10−6
1 × 10−7 [6]

a Abbreviations: PPy-C60-DDAB polypyrrole-fullerene-didodecyldimethylammonium bromide, CILE carbon ionic liquid electrode, PANI polyaniline,
PVS poly-vinylsulphonic acid, SWV Square wave voltammetry, NAD+ nicotinamide adenine dinucleotide ion, GCE glassy carbon electrode, SWCNTs
single walled carbon nanotubes, BD-ROM blu-ray disc-read only memory, PEDOT poly(3,4-ethylenedioxythiophene), PB Prussian blue, IP6 botanical
inositol hexakisphosphoric
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L−1 H2O2 in 0.1 mol·L−1 PBS solution (pH 7.0). The results
are shown in Fig. S13. The calculated RSD was about 2.4%
(n = 8). The biosensor can retain its property for 4 weeks as it
was stored in air at room temperature, indicating that the
Nafion/HRP/ATh-γ-PGA22.0%/GE biosensor response was
quite stable. The peak current at 127 V upon interaction with
1 × 10−10 mol·L−1 H2O2 in 0.1 mol·L−1 PBS solution (pH 7.0)
decreased by about 30% after 1 month of storage.

To assess the applicability of resultant Nafion/HRP/ATh-γ-
PGA22.0%/GE, the biosensor was applied to detect the concen-
tration of H2O2 in commercial disinfector. The sample was
diluted 10,000,000-fold with 0.1 mol·L−1 PBS solution
(pH 7.0). The average concentration of H2O2 in sample was
9.83 mol·L−1 determined by the Nafion/HRP/ATh-γ-
PGA22.0%/GE for four assays as shown in Tab. S2. Using
the potassium permanganate titration method, the concentra-
tion of H2O2 in sample was measured to be 9.79 mol·L−1. The
relative standard deviation of results obtained by two mea-
surements was 2%, indicating that it was practicable to apply
the Nafion/HRP/ATh-γ-PGA22.0%/GE biosensor to determine
H2O2 in medicine sample.

In addition, the interference study was carried out by mea-
suring the biosensor response before and after addition of
some interferent (ascorbic acid, dopamine, glucose, and l-
cysteine) into the 0.1 mol·L−1 PBS solution containing 1 ×
10−10 mol·L−1 H2O2 at their physiological concentration
[35]. The peak currents in 0.1 mol·L−1 PBS solution
(pH 7.0) containing H2O2 of 1 × 10−10 before and after addi-
tion of interferent at Nafion/HRP/ATh-γ-PGA22.0%/GE bio-
sensors determined by DNPV are shown in Fig. S14. The
results revealed that the addition of relevant physiological
concentrations of interferent did not reveal obvious additional
signals, suggesting good selectivity of the prepared biosensor.

Conclusion

In this work, a conducting nanoparticles-based film consisting
of ATh-γ-PGA was prepared by macromolecular self-
assembly and electropolymerization. The prepared Nafion/
HRP/ATh-γ-PGA22.0%/GE biosensor increased with increas-
ing H2O2 concentration and showed linear relationships rang-
ing from 1 × 10−11 to 1 × 10−5 mol·L−1 in two segments with
low detection limit and high sensitivity. Good selectivity and
repeatability of the prepared biosensor were also demonstrat-
ed. The prepared biosensor also exhibited good stability with-
in 1 month of storage. After 5 weeks of storage, the electro-
chemical response current for H2O2 significantly decreased.
As a practical application, the fabricated biosensor was suc-
cessfully and accurately employed to detect the amount of
H2O2 presented in commercial disinfector with satisfactory
results.
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