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Abstract
A kind of electroactive nanoparticles (NPs) was prepared in solution by self-assembling amphiphilic 3-thiophenecarboxylic acid-
modified starch (TPCA-St), which was synthesized through esterification reaction. By casting TPCA-St NPs on the surface of
gold electrode and subsequent electropolymerization of the thiophene moieties in NP film, the electroconductive TPCA-St NP-
based film was formed. After horseradish peroxidase and Nafion were sequentially cast on the film surface, a biosensor was
successfully prepared. The prepared biosensor showed high sensitivity for H2O2 detection. The linear range from 1 × 10−10 to 1 ×
10−5 mol L−1 with a detection limit of 3 × 10−11 mol L−1 was obtained for H2O2 sensing. The biosensor also showed good
repeatability and stability, and it has been successfully used to sense H2O2 in commercial disinfector with satisfactory results.
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Introduction

Starch is a natural, biocompatible, biodegradable, non-toxic, inex-
pensive, and renewable biopolymer produced bymany plants as a
source of stored energy. With the development of nanomaterials,
many kinds of starch-based NPs have been prepared from modi-
fied starch via various methods, such as precipitation of amor-
phous modified starch, combining complex formation and enzy-
matic hydrolysis, and microfluidization [1]. However, the pre-
pared biocompatible starch-based NPs have only been used in
drug delivery and gene carrier [2–4]. So, it is necessary to extend
the application of starch-based NPs in some other fields.

Biosensor is a three-element system consisting of a
bioreceptor, a transducer, and a signal processing unit. When
the bioreceptor interacts with the analyte, a quantifiable signal

is generated. Biosensor can be used in the fields of environmental
sensing, medicine, and food testing [5]. Because of expediency,
high sensitivity, and good selectivity, the enzyme-based biosen-
sor has received significant attention [6, 7]. However, it is still a
great challenge that effectively immobilize enzyme on solid elec-
trode surface for preparing biosensor [8]. Many materials have
been used as a platform to immobilize enzyme on the electrode
surface, such as quantum dots [9], polymers [10, 11], mesopo-
rous materials [12], and nanomaterials [13–15]. Among these
materials, biocompatible nanomaterials are competitive candi-
dates because of their unique advantages, such as large high
surface reaction activity, strong adsorption ability, surface-to-
volume ratio, and high-catalytic activity for enzyme immobiliza-
tion [16]. Furthermore, biocompatible nanomaterial-based en-
zyme biosensor provides the microenvironment for keeping bio-
logical activity and enhancing the direct electron transfer between
the enzyme active sites and the underlying electrode [17, 18].

Self-assembly of amphiphilic macromolecule is a kind of
micro-phase separation behavior due to the weak interactions
(such as hydrophilic and hydrophobic interaction, electrostatic
interaction, hydrogen bond interaction, and others) between the
polymer chains [19]. It is a commonmethod to prepare polymer-
based nanoparticles (NPs). The self-assembled NPs can be used
in many fields, such as sensors, drug delivery, nanoreactors,
catalysts, and others [19, 20]. Miao et al. [16] firstly reported
using biocompatible botanical inositol hexakisphosphoric NPs
as a platform to immobilize horseradish peroxidease for
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preparing enzyme-based biosensor. The resultant biosensor ex-
hibited low detection limit and long-term stability for H2O2

sensing. In our previous work, a photosensitive amphiphilic
poly(γ-glutamic acid)-graft-7-amino-4-methylcoumarin NPs
were used as a matrix to entrap and immobilize hemoglobin
on electrode surface for preparing biosensor, which showed
good biocatalytic activity for H2O2 [21]. The biocompatible
self-assembled NP-modified electrode has the advantages of
high uniformity and organization, providing good microenvi-
ronment for enzyme immobilization and facilitating direct elec-
tron transfer from enzyme to the underlying electrode. In order
to improve the electroconductivity of insulting self-assembled
polymer NPs, we prepared an electroactive 3-aminothiophene-
modified biocompatible poly(γ-glutamic acid) NPs, which were
then used to prepare ultrasensitive biosensor. The prepared bio-
sensor was ultrasensitive, stable, repeatable, and was successful-
ly applied to the determination of H2O2 in a commercial
disinfecting solution [22].

In this work, a novel kind of electroactive 3-thiophene-
carboxylic acid-modified starch (TPCA-St) NPs was prepared
and then employed to fabricate an electrochemical biosensor
for H2O2 detection. The whole strategy is shown in Fig. 1.
Firstly, the electroactive amphiphilic TPCA-St was synthesized
via esterification reaction. Through solvent exchange method,
TPCA-St can assemble into electroactive NPs, which were then
cast onto the surface of gold electrode (GE) to form a NP-based
film. The subsequent electropolymerization of the electroactive
thiophene moieties in NP film induced the formation of
electroconductive polymer network, which can provide a plat-
form to accelerate the electron transfer and facilitate the signal
transduction from the NP film to the GE, leading to high sensi-
tivity and low detection limit of the electrochemical biosensor.
After horseradish peroxidase and Nafion were sequentially cast
on the NP film, a biosensor was successfully prepared.

Experimental

Reagents and materials

3-Thiophenecarboxylic acid (TPCA), 4-dimethylaminopyridine
(DMAP), starch (St), 1-(3-Dimethylaminopropyl)-3-
ethylcarbodiimide hydrochloride (EDC·HCl), Nafion, phosphate,
dimethyl sulfoxide (DMSO), acetonitrile, LiClO4, horse radish
peroxidase (HRP), K4[Fe(CN)6], K3[Fe(CN)6], H2O2, and KCl
were supplied by Aladdin Chemistry Co. Ltd. (Shanghai, China).

Synthesis of TPCA-St

TPCA-St was synthesized via esterification reaction between the
hydroxyl group of starch and carboxyl group of TPCA in the
presence of EDC·HCl and DMAP. Briefly, 2 mmol starch (repeat
unit) was dissolved in 40mLDMSOunder stirring at 95 °C.After
starch dissolved, the temperature of solution was gradually de-
creased to room temperature. DMAP of 12 mol, 6 mol TPCA,
and 6 mol EDC·HCl were sequentially added into the starch so-
lution. The reaction was carried out for 24 h at room temperature.
The mixture was placed into a dialysis membrane (MC: 14000)
and dialyzed in distilled water. Purification was considered to be
finished as no free TPCAwas detectable in the wash solution by
UV. Finally, the TPCA-St solution was frozen and then lyophi-
lized. The synthetic route of TPCA-St is shown in Fig. S1.

Preparation and characterization of TPCA-St NPs

With the hydrophobic TPCA moieties and hydrophilic starch
chain, TPCA-St can self-assemble into NPs in DMSO/H2O solu-
tion through the solvent exchange method [23]. The self-
assembly behavior of TPCA-St was monitored through turbidity
experiment [24]. The turbidity was calculated from the equation:

Fig. 1 Schematic illustration of
the biosensor fabrication using
the self-assembled electroactive
TPCA-St NPs
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turbidity = 1− 10−A, where A is the absorbance of the TPCA-St
solution at 550 nmmeasured byUV–Vis spectrophotometry [25].
The solution was continued to be stirred for 3 h and then
quenched into 10 mL distilled water. The resulted solution was
then dialyzed to removeDMSO, obtaining TPCA-StNP solution.
The size distribution and morphology of TPCA-St NPs were
characterized by Zeta PALS instrument and transmission electron
microscope (TEM) measurement.

Preparation and characterization of the biosensor

A bare GE was polished on polishing cloth with alumina parti-
cles and washed by ethanol and distilled water under
ultrasonication. The cleaned GE was then subjected to cyclic
sweeping between − 0.40 and 1.60 V in 1.0 mol L−1 H2SO4 until
a stable cyclic voltammogram was obtained. Five microliters of
TPCA-St NP solution was cast evenly onto the surface of GE
and then dried in the air, obtaining theGE coveredwith TPCA-St
NPs (TPCA-St/GE), which was subjected to electrochemical po-
lymerization to induce the cross-linking of the thiophene moie-
ties. The electrochemical polymerization was conducted via cy-
clic voltammetry (CV) for 20 cycles in a solution of LiClO4

dissolved in acetonitrile (0.1 mol L−1) [26]. The scan range and
the scan rate are 0 ~ 1.5 V and 100 mV s−1, respectively. Five
microliters of the HRP solution (5 mg mL−1, pH 7.4 PBS) was
then cast on the surface of TPCA-St/GE and dried in 4 °C about
12 h, obtaining HRP/TPCA-St/GE, which was successively
coated with 5 μL of the Nafion solution (five times diluted by
pH 7.0 PBS). After Nafion/HRP/TPCA-St/GE was thoroughly
rinsed three times with distilled water to remove the physically
adsorbed HRP, the Nafion/HRP/TPCA-St/GE biosensor was
fabricated. It was storied at 4 °C while not used.

Characterization and measurement

Infrared (IR) experiment was run by attenuate total reflexion
(ATR) mode on a Nicolet FI-IR Spectrometer instrument. 1H
NMR spectrum was recorded using a Bruker (400 MHz) instru-
ment. Ultraviolet visible (UV–Vis) spectra and UV absorbance
were recorded with a TU-1901 spectrophotometer (Beijing
Purkinje General instrument Co., Ltd.). The particle size and size
distribution were measured using a Zeta PALS instrument
(Brookhaven Instruments Corporation, Holtsville, USA). TEM
images were recorded in a JEOL JEM-2100 at 200 kV. The
morphology of coated electrodes was observed by a Hitachi S-
4800 field emission scanning electron microscope (FESEM) op-
erating at 2.0 kV. Solution pH value was monitored using a pHS-
3C precision digital pH meter (Shanghai Precision & Scientific
Instrument Co. Ltd.). All electrochemical experiments were per-
formed using a CHI 660E electrochemical workstation with a
three-electrode cell. The three-electrode system included a plati-
num wire electrode as counter electrode, a saturated calomel

electrode as reference electrode, and the bare or modified GE
as the working electrode.

Results and discussion

Characterization of TPCA-St

The structure of TPCA-St was characterized by 1H NMR spec-
trum. The signals corresponding to the characteristic protons
from both thiophene moieties and starch were assigned by num-
bers as shown in Fig. 2. The 1H-chemical shifts of H2–5 were
possible assigned peaks in the range of 3.15–3.85 ppm. The
chemical shifts of H1 and OH were possible to assign peaks
between 4.58 and 5.50 ppm [27]. The signals at 6.9–7.5 ppm
(H6) were assigned to the aromatic protons of thiophene groups,
which indicated that TPCA had been successfully introduced
into starch side chain. The degree of substitution (DS) of
TPCA-St was determined by 1H NMR using integrals of the
aromatic protons of thiophene groups and the H2–5 of starch
skeleton. The effect of reaction conditions on the DS of TPCA-
St is shown in Table S1. The structure of TPCA-St was further
confirmed through FT-IR spectrum analysis. The FT-IR spectra
of starch and TPCA-St are shown in Fig. S2. Compared with
starch, a new peak at 1728 cm−1 corresponding to the C=O
stretching mode of ester group appeared in the FT-IR spectra of
the TPCA-St, confirming successful synthesis of TPCA-St.

Preparation and characterization of TPCA-St NPs

With the highest DS, TPCA-St0.56 was used in the following
experiments. The turbidities of starch and TPCA-St0.56 in
DMSO solutions (1 mL, 10.0 mg mL−1) at 550 nm as a function
of water volumes are shown in Fig. S3. It can be seen that the
turbidities of starch solution showed negligible change within the
tested range, indicating that no NPs were formed because of the
hydrophilicity of starch. Comparatively, the turbidities of TPCA-
St0.56 were dramatically increased after the critical water content
(CWC). The reason may be that at the point of CWC, the solvent
DMSO/H2Owas worse enough for the hydrophobic TPCAmoi-
eties of the TPCA-St0.56, resulting in the aggregation of TPCA-
St0.56 by the hydrophobic interaction and the formation of TPCA-
St0.56 NPs [28]. The effect of TPCA-St0.56 concentration on as-
sembly process is shown in Fig. 3. It can be seen that with the
decrease of TPCA-St0.56 concentrations from 10 to 0.2 mgmL−1,
the turbidities of TPCA-St0.56 solutions were initially low and
dramatically increased after the CWC. Additionally, the CWC
values of TPCA-St0.56 solutions increased with the decrease of
TPCA-St0.56 concentration (Fig. 3b). The reason can be ascribed
to that with the increase of TPCA-St0.56 concentrations, lesswater
content can induce TPCA-St0.56 chains to aggregate and self-
assemble into NPs [29]. When TPCA-St0.56 concentrations fur-
ther decreased to 0.1 mg mL−1, the turbidities showed negligible
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change in the tested range, indicating that noNPswere formed. It
can be attributed to that the TPCA-St0.56 chain was difficult to
aggregate each other via weak hydrophobic interactions at very
low concentration.

The TPCA-St0.56 NPs in DMSO/H2O solution were stirred
for 3 h and then quenched into 10 mL distilled water. The result-
ed solution was purified by dialysis to remove DMSO, obtaining
TPCA-St0.56 NP aqueous solution. After 3 days’ standing, mac-
roscopic precipitate can be observed in the TPCA-St0.56 NP so-
lution except the TPCA-St0.56 NP solution prepared from the
concentration of 0.2 mg mL−1. The size distribution and mor-
phology of TPCA-St0.56 NPs are shown in Fig. 4, which revealed
a spherical morphology with an average diameter of 100 nm.

Fabrication and characterization of the biosensor

The prepared TPCA-St0.56 NPs were then cast on the surface of
GE to form aNP film. The electroactive TPCAmoieties can form
a large conjugated electroconductive structure (Fig. S4) through-
out the NP film via electropolymerization [30], which can en-
hance the electroconductivity of NP film and then accelerate the
electron transfer from the enzyme to the underlying electrode.

Figure S5 shows typical cyclic voltammograms (CVs) obtained
by scanning electropolymerization from 0.0 to 1.5 V vs. SCE in a
fresh LiClO4 in acetonitrile solution. It can be seen that after 15
circles, the current of oxidation peak of thiophene units was sta-
ble, indicating the completion of electropolymerization. So, the
electropolymerization circle was set as 15. HRP solution of 5 μL
was then cast onto the surface of elctroconductive TPCA-St0.56
NP film. The interfacial properties and morphologies of different
modified electrodes were characterized by electrochemical im-
pedance spectroscopy (EIS), CV, and SEM.

EIS is an effective measurement to investigate the interfacial
property of the modified electrode [31]. To get an equilibrated
situation at the electrode surface, the impedance spectra were re-
corded at an open-circuit voltage and an AC amplitude of 5 mV
over a frequency range from 105 to 10−2 Hz. All the EIS experi-
ments were carried out in 0.01 mol L−1 PBS (pH 7.4) containing
5 mmol L−1 K3[Fe(CN)6]/K4[Fe(CN)6] (1:1) and 0.1 mol L−1

KCl. Figure 5a shows the impedance spectra of bare GE,
TPCA-St NPs/GE, TPCA-St NPs/GE after electropolymerization,
and HRP/TPCA-St NPs/GE. Obviously, the bare GE exhibited a
small semicircle domain with the value of 90Ω (Rct). After being
modified by the TPCA-St0.56 NPs, the Rct increased to about

Fig. 2 1H NMR spectra of
TPCA-St
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105 Ω. The increased Rct value indicated that NP film-modified
GEhad a large electron transfer resistance.However, theRct ofNP
film-modified GE after electropolymerization was reduced to
30 Ω, demonstrating the improved electroconductivity of the NP
film. After immobilization of HRP, the Rct of modified electrode
increased to about 880 Ω, suggesting a decrease in
electroconductivity due to the adsorption of insulating HRP.

CVs also demonstrated the interfacial property of the modi-
fied electrode. All the CV experiments were carried out in
0.1 mol L−1 KCl containing 0.01 mol L−1 [Fe(CN)6]

4−/3− [31].
The scan rate was 100 mV s−1. As shown in Fig. 5b, a pair of
excellently reversible redox peaks of [Fe(CN)6]

4−/3− was ob-
served on the bare GE. When TPCA-St0.56 NPs were cast on
the GE surface, the redox peaks of [Fe(CN)6]

4−/3− decreased,
indicating the formation of an insulating film on the GE. After
electropolymerization, an almost 2-fold increase in the peak cur-
rent response was observed, confirming the improved electrical
property of the film. After immobilization of HRP, the redox
peaks of [Fe(CN)6]

4−/3− decreased, implying the adsorption of
insulating HRP on the film. After Nafion was cast on the surface
of HRP/TPCA-St NPs/GE, the electrochemical biosensor
Nafion/HRP/TPCA-St NPs/GE was fabricated.

Performance of the electrochemical biosensor

In order to confirm the concentration of TPCA-St0.56 NP so-
lution for biosensor fabrication, 5 μL of TPCA-St0.56 NP so-
lutions with different concentrations (0.05, 0.02, 0.01,
0.005 mg·mL−1) was cast on the surface of GE, respectively.
The electrochemical currents of prepared Nafion/HRP/TPCA-
St NPs/GE in pH 7.0 PBS were determined by differential
normal pulse voltammetry (DNPV) technique. The scan rate
was 20 mV s−1. As shown in Fig. S6, the electrochemical
current of biosensor prepared from TPCA-St solution of
0.02 mg mL−1 was larger than that of biosensors prepared
from other concentrations. So, the Nafion/HRP/TPCA-St
NPs/GE prepared from 0.02 mg mL−1 was used in the follow-
ing experiments.

The DNPV voltammograms of Nafion/HRP/TPCA-St NPs/
GE in 0.1 mol L−1 PBS (pH 7.0) with different concentrations
of H2O2 are shown in Fig. 6. As can be seen, the DNPV peak
currents of the biosensor increased with increasing H2O2 concen-
tration and showed linear relationships in the range of 1 × 10−10 ~
1 × 10−5mol L−1. The calibration curve in Fig. 6b revealed that the
peak currents were proportional to the concentrations of H2O2.

Fig. 4 Size distribution (a) (inset:
photograph of TPCA-St0.56 NP
solution) and TEM image (b) of
TPCA-St0.56 NPs. The
concentration of TPCA-St0.56
solution was 0.2 mg mL−1

Fig. 5 Nyquist plots (a) and CVs (b) 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. All the EIS experiments were carried out in 0.01 mol L−1 PBS

(pH 7.4) containing 5 mmol L−1 K3[Fe(CN)6]/K4[Fe(CN)6] (1:1) and
0.1 mol L−1 KCl. All the CV experiments were carried out in
0.1 mol L−1 KCl containing 0.01 mol L−1 [Fe(CN)6]

4−/3−. The scan rate
was 100 mV s−1
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The linear regression equation was I(uA) = 9.142 + 0.271 ×
logC(H2O2) (R

2 = 0.999).
Additionally, we did a comparison of the prepared Nafion/

HRP/TPCA-St NPs/GE biosensor with other previously reported
detection methods for H2O2. As can be seen in Table 1, the
prepared Nafion/HRP/TPCA-St NPs/GE biosensor exhibited
wider detection range with lower detection limit for sensing
H2O2 than other detection methods in the previous reports. The
wider detection range with lower detection limit can be attributed
to the large specific surface area of the TPCA-St NP-based film,
which could immobilize a large number of HRP. In addition, the
electropolymerization of thiophene moieties formed the
elcetroconductive network accelerated the electron transfer from
the enzyme to the underlying electrode, leading to the increase of
sensitivity of Nafion/HRP/TPCA-St NPs/GE biosensor.

To investigate the reproducibility of the Nafion/HRP/TPCA-
St NPs/GE biosensor, four biosensors were prepared under iden-
tical experimental conditions. For detecting H2O2 of 1 ×
10−8 mol L−1 in 0.1 mol L−1 PBS (pH 7.0), the peak current
was obtained by using each of Nafion/HRP/TPCA-St NPs/GE
biosensor. As shown in Fig. S7, the standard deviation of the

obtained response did not exceed 3%, implying good reproduc-
ibility of the prepared biosensor.

The stability of the Nafion/HRP/TPCA-St NPs/GE biosensor
was also investigated through sensing 1 × 10−8 mol L−1 H2O2 in
0.1 mol L−1 PBS (pH 7.0). The peak currents determined by
Nafion/HRP/TPCA-St NPs/GE versus time are shown in Fig.
S8. The calculated RSD was about 2.4% (n = 8). The prepared
biosensor can retain its properties for 4 weeks as it was stored in
air at room temperature, indicating that the Nafion/HRP/TPCA-
St NPs/GE biosensor response was quite stable.

To investigate the applicability of prepared Nafion/HRP/
TPCA-St NPs/GE, the biosensor was applied to sensing H2O2 in
commercial disinfector. The sample was diluted 10,000,000-fold
with 0.1 mol L−1 PBS (pH 7.0). The average concentration of
H2O2 in sample was 9.75 mol L−1 determined by the Nafion/
HRP/TPCA-St NPs/GE as shown in Table S2. The concentration
of H2O2 in sample was 9.79mol L

−1 determined by themethod of
potassium permanganate titration. The relative standard deviation
of results obtained by two methods was 2.8%, indicating that it
was practicable using the Nafion/HRP/TPCA-St NPs/GE biosen-
sor to determine H2O2 in real sample.

Fig. 6 a Differential normal pulse voltammograms of H2O2 with
different concentrations at Nafion/HRP/TPCA-St NPs/GE in
0.1 mol L−1 PBS (pH 7.0). The scan rate is 20 mV s−1. b Calibration

curves corresponding to the response recorded on the Nafion/HRP/
TPCA-St NPs/GE biosensor versus the concentration of H2O2

Table 1 Comparison of the sensing performance of our biosensor with previously reported detection methods for H2O2

Methods (materials) Linear range (mol L−1) Detection limit (mol L−1) References

Electrochemistry (Nafion/HRP/TPCA-St NPs/GE) 1 × 10−10–1 × 10−5 3 × 10−11 Present work

Electrochemistry
(Nafion/HRP/IP6/GCE)

1 × 10−7–5 × 10−7

6 × 10−7–1.6 × 10−6
1 × 10−7 [12]

Electrochemistry
(Au-PDA-GQD nanocomposite)

1 × 10−7–4 × 10−5

4 × 10−5–2 × 10−2
5.8 × 10−9 [32]

Colorimetric method
(Au@Ag nanorods)

0–1 × 10−4 3.2 × 10−6 [33]

Ion Chromatography with UV Detector 2.9 × 10−6–1.5 × 10−3 7.9 × 10−7 [34]

Luminol electrochemiluminescent 1 × 10−9–1 × 10−6 4.56 × 10−10 [35]

IP6 botanical inositol hexakisphosphoric, GCE glassy carbon electrode, PDA polydopamine, GQDs graphene quantum dots
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Conclusion

In this work, a novel kind of electroactive TPCA-St NPs was
prepared from self-assembly via solvent exchange method.
The electroactive NPs were then cast on the surface of GE.
After subsequent electropolymerization, HRP and Nafion
were cast on the electroconductive NP film to prepare
Nafion/HRP/TPCA-St NPs/GE biosensor. The electrochemi-
cal response current of prepared biosensor for H2O2 increased
with increasing H2O2 concentration and showed linear rela-
tionships in the range of 1 × 10−10 ~ 1 × 10−5 mol·L−1. The
prepared biosensor also showed good stability, repeatability,
and practical application.
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