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In this paper, we discovered that the anionic polythiophenes derivative, poly[2-(3-thienyl)ethyloxy-
4-butylsulfonate] (PTEBS), possesses intrinsic peroxidase-like activity that can catalyze the reaction of
peroxidase substrate 3,3',5,5'-tetramethylbenzidine (TMB) in the presence of H,O, to produce a blue
color reaction, which provides colorimetric detection of H,0,. PTEBS exhibits several advantages such as
high catalytic efficiency, good stability, and rapid response over horseradish peroxidase (HRP). By
coupling the oxidation of glucose catalyzed by glucose oxidase, a simple, inexpensive, highly sensitive
and selective colorimetric method for glucose detection has been developed. The absorbance was
proportional to the concentration of glucose in the range from 0.01 to 0.5 mM with a detection limit of
0.004 mM. This work is not only of importance for a better understanding of the unique properties of
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E??;?::gemxide polythiophenes derivative but also of great potential for medical diagnostics and biotechnology.
Glucose © 2013 Elsevier B.V. All rights reserved.

1. Introduction

Enzyme-catalyzed reactions are of widespread interest due to
their high efficiency, high specificity, and mild conditions needed.
Artificial enzyme mimetics are a current research interest because
natural enzymes bear some serious disadvantages, such as their
catalytic activity can be easily inhibited due to denaturation with
environmental changes and they can be digested by proteases [1].
As a result, a lot of effort has been made to extend the natural
enzymes to enzyme mimetics [2]. Peroxidase enzymes activate
H,0, to perform a myriad of oxidations in nature and have been
targeted by biomimetic chemists. Many peroxidase mimics includ-
ing hemin [3,4], molecularly imprinted hydrogels [5], DNAzyme [6]
and porphyrin [7], have been applied in different fields. Since Yan
and co-workers first reported that Fes0, magnetic nanoparticles
possess intrinsic peroxidase-like activity similar to horseradish
peroxidase (HRP) [8], opening the door for developing nanomater-
ials for biochemical applications, a large of nanomaterials as HRP
mimetics have emerged such as CoFe,0,4 nanoparticles [9], ZnFe,04
nanoparticles [10], gold nanoparticles [11], CuO nanoparticles [12],
polymer-coating CeO, nanoparticles [13], Co304 nanoparticles [14],
single-wall carbon nanotube [15], carbon nanodots [16] and gra-
phene oxide [17]. Smaller nano-particles means higher activities
because of the larger specific area. However, as well known,
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nanoparticles easily aggregate into microscale or precipitate in the
aqueous solution due to their high specific surface energy, which
results in the degradation of catalytic performance [18]. Thus, it is
obvious that further efforts to find or develop new peroxidase
mimetics with more sensitivity, reusability and stability are still
required to underway and hold significant incentives in the field of
biochemistry analysis.

Conjugated polyelectrolytes (CPEs) are water-soluble polymers
that contain a r-delocalized backbone bearing pendant ionic
functionalities. Owing to their extensively delocalized r-network
and conformational restrictions, CPEs have gained enormous
attention as novel functional materials [19]. Over the past several
years, the use of CPEs as sensory materials, with emphasis on
biosensing, has been the subject of considerable research interest.
Relevant targets include polynucleic acids [20], proteins [21],
enzymes [22], and small molecules [23], and metal ions [24]. The
presence of biomolecules or biological events can be detected
through fluorescence resonance energy transfer between the CPEs
and an acceptor molecule, or through their impact on the
conformational alteration of the conjugated backbone. Although
the optical amplification of CPEs makes them useful as fluores-
cence probes, some defects would lower the fluorescence quan-
tum yields of CPEs. For example, the highly hydrophobic backbone
of CPEs leads to close proximity of the optically active units, and
then CPEs could aggregate in water, resulting in intractable self-
quenching of fluorescence. The noticeable photobleaching still
exists in CPEs-based fluorescence bioassays. These defects would
limit the application of CPEs-based fluorescence bioassays.
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Scheme 1. Schematic illustration of colorimetric detection of glucose by using

glucose oxidase (GOx) and PTEBS-catalyzed reactions. oxTMB is the oxidation
product of TMB.

In this study, we made the interesting discovery that poly[2-(3-
thienyl)ethyloxy-4-butylsulfonate] sodium salt (PTEBS), one of the
anionic polythiophene derivative, has intrinsic peroxidase-like
activity that can catalyze the reaction of peroxidase substrate
TMB in the presence of hydrogen peroxide (H,0,) to produce a
blue color reaction. Kinetic studies indicate that PTEBS has even
higher catalytic activity to TMB than the natural HRP. Peroxidase
has a wide range of practical applications and can be used as a
diagnostic kit for HO, and glucose. Detection of glucose has been
paid attention to more and more in biomedical fields and plays an
increasingly important role in the improvement of life quality [25].
Up to now, a number of glucose detection methods have been
reported using mimic peroxidase [10,15,16,26,27]. As a mimic
peroxidase, PTEBS exhibited good catalytic properties, stability,
and less vulnerable to denaturation compared to other mimic
peroxidases and HRP, and was also successfully used as peroxidase
mimetics for colorimetric detection of glucose (Scheme 1).

2. Experimental
2.1. Chemical reagents and materials

Poly[2-(3-thienyl)ethyloxy-4-butylsulfonate] ~ sodium  salt
(PTEBS) was purchased from American Dye Source Inc. The weight
of the polymer was afforded by the suppliers (MW=80,000-
1,000,000, GPC vs polystyrene). The polymer’s concentration was
given using its monomer. Glucose, fructose, lactose, and maltose
were purchased from Sinopharm Chemical Reagent Co. (Shanghai,
China). 3,3',5,5'-tetramethylbenzidine (TMB) was purchased from
Sigma-Aldrich, horseradish peroxidase (HRP, EC1.11.1.17, 300 U
mg~1) and glucose oxidase (GOx, EC 1.1.3.4. 47, 200 U mg~!) were
purchased from Sigma-Aldrich and stored in a refrigerator at
—18 °C. All other chemicals were of analytical reagent grade and
used without further purification. Millipore Milli-Q water
(18 MQ cm~!) was used in all experiments.

2.2. Instrumentation

UV-visible adsorption spectra were recorded on a U-3900H
UV-vis Spectrophotometer (Hitachi, Japan) at room temperature
using a 500 pL black-body quartz curette with 1 cm path length.
The photographs were taken with a Canon 500 digital camera. The
pH measurements were carried out on model PB-10 digital ion
analyzer (Sartorius Scientific instruments Co., Ltd., China, Beijing).
SEM images were taken using a TM3000 environmental scanning
electron microscopy operated at the accelerating voltage of 15 KV
(Hitachi, Japan).

2.3. Detection of H>0, using PTEBS as peroxidase mimetics

A typical colorimetric analysis was realized as follows. Firstly,
100 pL of 0.5 mM TMB, 50 uL of 1.0 x 10~7 M PTEBS, and 100 uL of

H,0, with different concentrations were added into 250 pL of
0.2 M acetate buffer (pH 4.0). Secondly, the mixed solution was
incubated in a 45 °C water bath for 10 min and cooled to the room
temperature. Finally, the resulting solution was used for adsorp-
tion spectroscopy measurement.

2.4. Detection of glucose using PTEBS and GOx

Glucose detection was performed as follows: (1) 20 uL of
5mg mL~' GOx and 200 pL of glucose of different concentrations
in 10mM PBS buffer (pH 7.4) were incubated at 37 °C for
15 min; (2) 100 puL of 0.5 mM TMB, 50 pL of the PTEBS solution
(1.0 x 107 M, on a monomeric unit basis of polymer) and 630 uL
of 0.2 M acetate buffer (pH 4.0) were added to the above glucose
reaction solution; and (3) the mixed solution was incubated at
45 °C for 10 min and then for standard curve measurement. In
control experiments, 5 mM maltose, 5 mM lactose, and 5 mM
fructose were used instead of glucose in a similar way. For glucose
determination in serum, the samples from local hospital were first
treated by centrifugation at 10,000 rpm for 30 min. After that, the
supernatant solution was diluted 100 times using PBS (10 mM, pH
7.4) for the following work. This diluted serum was then used with
GOx for glucose catalyzed reaction as stated above instead of
glucose aqueous solution and the corresponding absorbance was
measured at a wavelength of 652 nm.

3. Results and discussion
3.1. Peroxidase-like activity of PTEBS

In this work the PTEBS was used to catalyze the oxidation of a
peroxidase substrate TMB by H,0, to the oxidized colored product.
To investigate the peroxidase-like activity of the polyelectrolyte
PTEBS, the catalytic oxidation of peroxidase substrate TMB in the
presence of H,0, was tested. The results (Fig. 1) showed that
PTEBS could catalyze the oxidation of the substrate by H,0, in
acetate buffer, and produced the typical color reaction.

The inset in Fig. 1 shows the photographs of TMB solutions
under different conditions. As you can see that it is only TMB and
H,0, coexist with PTEBS, the blue color can be observed. The
typical absorbance peak of oxidation product of TMB (0XTMB) is at
652 nm. The absorbance of the PTEBS-TMB-H,0, system at
652 nm was much higher than that of the TMB-H,0, systems.
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Fig. 1. Typical absorption spectra of TMB solution catalytically oxidized by PTEBS in
the presence of H,0O, incubated at 45 °C in 200 pL of 0.2 M pH 4.0 acetate buffer
(from a to ¢: 0 mM H,0, with PTEBS, 1 mM H,0, without PTEBS, 1 mM H,0, with
PTEBS). Inset: typical photographs of three samples to the corresponding lines and
the chemical structure of PTEBS.
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Furthermore, in order to check whether the structure of PTEBS
changed before and after the oxidation reaction with H,0,, we
measured the absorption spectra and the fluorescence spectra of
PTEBS before and after the oxidation reaction in the same medium.
The optical character of conjugated polyelectrolytes is closely
related to their structure. There was no obvious change on the
absorption spectra and the fluorescence spectra of PTEBS (Fig. S1),
which indicated that PTEBS itself did not change during the
oxidation reaction with H,0,. Therefore, all these observations
further confirm that PTEBS has peroxidase-like catalytic ability and
thus can catalyze oxidation of TMB in the presence of H,0,.

In order to further verify the above inference, the morphology
of polymer PTEBS was studied. Fig. S2 shows SEM images for
PTEBS before and after reacting with H,0,. It can be observed that
the PTEBS before and after reacting with H,O, have very similar
morphology. All samples show an agglomerated grain structure
and the grains have diameters of around 3 pm. It was reported that
the morphology of films prepared by polyelectrolyte is not con-
trolled via the physical conformation of the polyelectrolyte chains
in solution but via their chemical structure [28]. During the whole
reaction, the morphology of PTEBS was not changed, so it was
confirmed that the structure of PTEBS was not changed. When
PTEBS was dispersed in homogeneous solution and reacted with
H,0,, the electron transfer to hydrogen peroxide is an important
pathway to accelerate the reaction.

3.2. Optimization of experimental conditions

According to the above discussion, PTEBS can catalyze the
oxidation of TMB by H,0, to obtain the oxTMB form with blue
color, which shows that PTEBS has intrinsic peroxidase-like
catalytic activity. Similar to peroxidase, the catalytic activity of
PTEBS was dependent on pH, temperature, and H,O, concentra-
tion (Fig. S3). The pH-dependent response curve showed that the
catalytic activity of PTEBS was highest at pH 4.0. The possible
reason is that PTEBS is stable in weak acidic media [29]. At the
same time, the oxidation of TMB occurs easily under weakly
acidic conditions [30]. Thus, the 0.2 M pH 4.0 acetate buffer
solution was taken as the reaction media. The catalytic activity
of PTEBS increased with increasing reaction temperature in the
range of 20-45 °C, and above 45 °C the activity decreased due to
the decomposition of H,0, itself under high temperature. So,
the reaction temperature was fixed at 45 °C. The optimal PTEBS
concentration was evaluated to 0.1 pM. Previous literature
has reported that the excess 1 mM H,0, can inhibit the catalytic
activity of HRP through conversion of HRP to inactive forms [31].
However, inhibition was found for the PTEBS-catalyzed reaction
beyond 20 mM H,0, concentration, which shows that the
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catalytic activity of the PTEBS is more stable at high H,O, concentra-
tion than that of HRP.

3.3. Mechanism of peroxidase-like activity of PTEBS

The study of peroxidase-like kinetics is fundamental and
necessary to understand the enzymatic characteristics and the
catalytic mechanism of PTEBS. Michaelis —Menten constant (Ki,)
and maximum initial velocity (Vqax) were obtained using Line-
weaver —Burk plot [32,33] and are shown in Table S1. K, repre-
sents the affinity of a given enzyme towards the substrate. Smaller
K, values thus indicate a stronger affinity between the enzyme
and the substrate. Whether TMB or H,O, as the substrate, the
apparent K, value for the PTEBS was lower than that for HRP and
other peroxidase nanomimetics (Table S1), suggesting that the
PTEBS had higher affinity for both H,O, and TMB than HRP and
other peroxidase nanomimetics. The catalytic effect is related to
PTEBS electronic structures and its interactions with H,0, and
TMB. Polythiophene derivative exhibited the good electrocatalytic
activity to reduction of oxygen, which was attributed to their
ability to promote electron transfer between electronic acceptor
and electronic donator [34]. In this system, PTEBS with negative
charge in side chain can adsorb TMB with positive charge in acid
condition by electrostatic interaction, consulted the previous
relative research, which is propitious to the catalytic activity of
PTEBS in TMB-H;0, system [15-17]. The peroxidase-like activities
of PTEBS may originate from an increase in the electron density
and mobility in the PTEBS because of electron transfer from lone-
pair electrons in TMB amino groups to the electronically deloca-
lized backbone of PTEBS. This would result in acceleration of
electron transfer from PTEBS to H,0, and the reaction rate of TMB
oxidation by H,0, would increase.

At the same time, another nature of peroxidase-like activities of
the PTEBS may originate from their catalytic ability to decompose
H,0, into « OH radicals, being confirmed with the ESR spin-trapping
technique (Fig. S4). The ESR spectra in the presence of PTEBS
displayed a 4-fold characteristic peak of the typical DMPO-+0OH
adduct with an intensity ratio of 1:2:2:1. It suggested that «OH
radicals have produced in the PTEBS-H,0, system. In order to
further demonstrate that the mechanism of peroxidase-like activity
of the PTEBS is from «OH formation, terephthalic acid was adopted
as a fluorescence probe to evaluate the effects of the PTEBS on «OH
signal intensity, in which terephthalic acid easily reacted with «OH
to form highly fluorescent 2-hydroxy terephthalic acid [35]. It was
clearly shown that gradual increase of the fluorescence intensity
was observed as the concentration of the PTEBS increased (Fig. S5),
suggesting that the amount of generated + OH was increased by the
increase in PTEBS. However, there was no fluorescence intensity in
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Fig. 2. Comparison of the stability of PTE-BS and HRP. (a) PTE-BS and HRP were first incubated at pH 2-12 for 2 h and then their peroxidase activities were measured under
standard conditions. (b) The catalytic activities of PTE-BS and HRP were measured under different temperatures form 5 to 70 °C.
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the absence of H,0,. These results indicated that PTEBS could
decompose H,0, to generate the «OH radical.

According to the above results, the catalytic mechanism of
PTEBS on TMB-H,O, reaction can be summarized. PTEBS as
electron donors reacts with H,O,, and the O-O bond of H,O,
might be broken up into double «OH radicals; the reactive +OH
radicals can oxidize TMB to produce color. For anionic PTEBS, there
is also another way to catalyze the TMB-H,0, reaction: the
electrostatic binding of TMB toward the polymer results in the
local concentration effect, which would also accelerate the reac-
tion of TMB and H,O0,.

3.4. Robustness of peroxidase activity of PTEBS

The stability of the PTEBS in wide pH and temperature ranges is
crucial to extend their applications. As a novel material with
peroxidase-like activity, the PTEBS is expected to be more stable
than the enzyme HRP. To confirm this, both PTEBS an HRP were
incubated at a range of values of pH and a range of temperatures
for 2 h, and then their activities were measured under standard
conditions. The catalytic activity of HRP was largely inhibited after
incubation at lower and higher pH or higher than 50 °C (Fig. 2). In
contrast the catalytic activity of the PTEBS remained stable over
wide range of pH (2-12) and temperature (5-70 °C). The robust-
ness of the PTEBS makes it potentially applicable under harsh
conditions. In addition, the stability of the polymer with the
change of time was investigated. The catalytic activity of the
polymer PTEBS which was preserved for one month, three months,
six months and one year was compared. The result indicated that
the catalytic activity of the polymer PTEBS had no significant
difference with the change of time. It was shown that the stability
during this time was good.

3.5. Detection of glucose

Because the catalytic activity of the PTEBS was H,0, concen-
tration dependent, this can be used to detect H,O,. The absorbance

Table 1
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at 652 nm is proportional to H,0, concentration from 0.001 to
0.01 mM with a detection limit of 0.3 pM (Fig. 3b). H,0, is the
main product of glucose oxidase-catalyzed reaction. When com-
bined with glucose oxidase, the proposed colorimetric method
could be used for the determination of glucose. The linear range
for glucose is from 0.01 to 0.5 mM, and the detection limit (taken
to be 3 times the standard deviation in the blank solution) is as
low as 4 uM (Fig. 3a). The color variation for glucose response was
also obvious by visual observation to as low as 0.01 mM (Fig. 3a
inset). In comparison with the reported colorimetric glucose
measure (Table 1), our assay for glucose detection is relatively
simple, cost-effective, and sensitive. In addition, the stability of the
low-cost PTEBS is much better than that of nanoparticles. The
enzyme mimics property of PTEBS holds a great potential for
practical applications. To test the selectivity of detection of
glucose, the control experiments were taken using fructose,
lactose, and maltose. The selectivity of the colorimetric method

Table 2
Results of determination of glucose in serum.

Sample Added Total found Recovery RSD  Glucosemeter
(mM) (mM)+SD? (%) method (mM)
Serum1 - 0.047 £0.002 - 32 4.74
0.05 0.094 +0.003 96.7 42
0.1 0.138+£0.005 93.9 3.7
Serum2 - 0.053+0.004 - 3.9 5.24
0.05 0.091 +£0.003 93.8 33
0.1 0.157 £0.006  102.6 4.1
Serum3 - 0.062 +0.002 - 2.8 6.22
0.05 0.116 £ 0.006  103.6 3.6
0.1 0.155+0.007 95.7 44

2 The serum samples were diluted 100-fold for glucose determination by the
proposed method.

> The glucose determination was performed directly without dilution for
clinical analysis in the laboratory of the hospital of Shaanxi Normal University.

Comparison of colorimetric glucose analytical performance for PTEBS with other glucose biosensors.

Catalyst Linear range (pM) Detection limit (uM) Usage of catalyst (mg) Detection time (min) Reference
PTEBS 10-500 4 0.0015 25 This work
Fe;04 MNPs 50-1000 30 0.037 40 [8]
Co304 nanoparticles 10-1000 5 0.045 60 [14]
Gold nanoparticles 18-1100 4 - 25 [16]
CuO nanoparticles 100-8000 - 0.01 40 [12]
Fe (Il)-based coordinationpolymer nanoparticles 2-20 1 0.52 80 [27]
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Fig. 3. Response curves of glucose (a) and H,0, (b). Error bars represent the standard deviation for three measurements. Inset: images of production of colored products for

different concentrations of glucose.
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was shown in Fig. S6. Even when the concentration of control
samples was 5 times larger than glucose, there are no detectable
signals observed. Thus, the colorimetric method developed here
showed high selectivity toward glucose detection.

The present novel PTEBS-based enzyme mimic colorimetric
system was applied to glucose determination in blood samples
with recoveries in the spiked samples from 93 to 104% and the
results agree well with those obtained by the conventional electro-
chemical method (Table 2). The general range of blood glucose
concentration in healthy and diabetic persons is about 4.4-6.6 mM
and 9-40 mM, respectively [36]. Therefore, the proposed method is
suitable and satisfactory for glucose analysis of real samples.

4. Conclusions

In summary, we provide the first report that the PTEBS possesses
intrinsic peroxidase-like activity. As a novel mimic peroxidase, the
PTEBS shows several advantages over HRP, such as stability, long
lifespan and high catalytic efficiency. On the basis, we provide a
simple, inexpensive, highly sensitive, and selective method for
colorimetric detection of glucose. The assay is homogenous and
occurs in the liquid phase, which makes it easy to automate by
standard robotic manipulation of microwell plates. Taking into
account the advantages of PTEBS, we confidently expected that PTEBS
would have potential applications in biotechnology and clinical
diagnosis as enzymatic mimics.
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