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Abstract

A black phosphorene (BPE) and poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS) hybrid was used for
the immobilization of hemin on a carbon ionic liquid electrode (CILE). BPE inside the PEDOT:PSS film was stable without
adverse effects of water and oxygen. The hemin-modified electrode facilitates electrochemical communication with a couple of
well-shaped and enhanced redox waves. Therefore BPE exhibits an accelerating function to the electron movement. This sensor
exhibits excellent electrocatalytic effects on the reduction of various substrates including trichloroacetic acid (TCA), nitrite and
H,0,. As for TCA, the reduction current at —0.36 V (vs. Ag/AgCl) increases linearly in the concentration range from 2.0 to
180 mmol-L ! with a detection limit of 0.67 mmol-L ' (at 30). As for nitrite, the reduction current at —0.59 Vis linear in the 1.0 to
10.5 mmol-L™" concentration range, and the detection limit is 0.33 mmol-L" (at 30). As for H,O,, the reduction current at
—0.033 V (vs. Ag/AgCl) is linear in the concentration range from 4.0 to 35.0 mmol-L ™" and the detection limit is 1.3 mmol-L™" (at
30). The real sample was analyzed with satisfactory results, which indicated that BPE had potential applications in the field of
electrochemical biosensor.

Keywords Black phosphorene - Hemin - Electrochemical biosensor - Electrocatalytic effect -
Poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) - Carbon ionic liquid electrode - Direct electrochemistry -
Trichloroacetic acid - Nitrite - Hydrogen peroxide

Introduction

Layered nanomaterials are composed of single layer that ex-
hibit many unique properties such as large specific surface
area, good conductivity and so on. As a new emerging two-
dimensional (2D) nanomaterial, black phosphorus (BP) at-
tracts great interest. BP has layered structure and
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semiconductor properties [1], which has been used in high-
performance electrochemical devices [2], optoelectronic [3]
and medicine [4] due to novel electronic structures and opto-
electronic properties. Also BP has tunability, highly mobility
value with wide range of direct bandgap, which is superior to
other atomically and ultra-thin layered nanomaterials includ-
ing graphene [5], boron nitride [6] or transition metal
dichalcogenides [7]. However, many researches about BP
show that it is unstable in ambient conditions and easily de-
graded by reaction with water and oxygen in air, which lead to
the degradation of the device performance [8] and seriously
hinder the real application of BP. Various effective methods
including the operation of preparing BP device in vacuum or
inert environment, or the minimized exposing time in air can
be used to protect BP from degradation. Wood et al. encapsu-
lated BP by alumina film to lessen BP degradation in air/
moisture [9]. Avsar et al. sealed BP by using graphene as the
source leakage electrode and hexagonal boron nitride as the
encapsulation layer in the inert gas condition [10]. In order to
protect BP and reduce the degradation rate, another common
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and effective strategy is to cover the BP surface with a protec-
tive film. It has been reported that poly(3,4-
ethylenedioxythiophene)-poly(styrenesulfonate)
(PEDOT:PSS) can protect BP. Poly(3.,4-
ethylenedioxythiophene) (PEDOT) is an effective organic
electronic material with the characteristics such as low oxida-
tion potential, moderate band gap and inherent stability. It can
dopant with poly(styrene sulfonic acid) (PSS) during poly-
merization to get a composite (PEDOT:PSS), which has good
film forming properties and excellent stability [11]. Xu et al.
prepared a soluble nanocomposite (PEDOT:PSS/Au) and
used it as biomaterial for HRP immobilization to design
HRP/PEDOT:PSS/Au modified electrode [12]. Lee et al. con-
firmed that the presence of BP in PEDOT:PSS increased con-
ductivity with good stability [13]. Harano et al. showed that
PEDOT:PSS promoted heterogeneous nucleation of crystalli-
zation and aggregation of donor materials with the formation
of a flat and uniform film on the surface [14]. Our group also
used PEDOT:PSS and black phosphorene (BPE) composite to
construct electrochemical sensors for rutin and hemoglobin
(Hb) investigation [15, 16].

Here in, an electrochemical biosensor was designed with
BPE and hemin as electrode modifiers, which was mixed with
PEDOT:PSS to get a stable film on the electrode. Hemin is a
synthetic porphyrin molecule with 7t conjugated structure,
which has a catalytic center with structure similar to redox
proteins such as cytochrome C, peroxidase and Hb [17, 18].
Ranjani et al. constructed a sensing platform for the ampero-
metric analysis of nitrite by titanium dioxide nanotubes and
hemin modified glassy carbon electrode [19]. Hemin is also a
good electronic medium and has good electrocatalytic activity
for redox reaction of small molecules. Carbon ionic liquid
electrode (CILE) belongs to carbon paste electrode that pre-
pared by ionic liquid and graphite powder with the advantages
including high conductivity, good anti-pollution ability, excel-
lent detection sensitivity and specific electrocatalytic behav-
ior, which has been applied in electrochemical sensor [20, 21].
By exploring CILE as the substrate electrode, an electrochem-
ical sensor using BPE and hemin modified CILE was de-
signed with excellent performance, which highly extended
the usage of BPE in the development of biosensors.

Experimental
Reagents and apparatus

Hemin chloride (Hefei Bomei Biotechnology Co., China,
http://www.bomei.bioon.com), BPE nanosheets (Nanjing
XFNANO Mater. Co., China, https://www.xfnano.com), 1-
hexylpyridinium hexafluorophosphate (HPPF¢, Lanzhou
Yulu Fine Chem. Co., China, http://www.ilssale.com),
PEDOT:PSS (Kuer Chem. Tech. Co., China, http://www.
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kuerhuaxue.com), graphite powder (average particle size
30 um, Shanghai Colloid Chem. Co., China, https://shjthg.
cn.china.cn), TCA (Tianjin Kemiou Chem. Co., China,
http://www.chemreagent.com), NaNO, (Sinopharm
Chemical Reagent Co. Ltd., Shanghai, China, http://
5716366.1024sj.com) and H,0O, (Xilong Scientific Co. Ltd.,
China, http://www.xlhg.com) were used as received. All
solutions were prepared by doubly distilled water and other
chemical reagents used were of analytical grade.

A CHI 1220B electrochemical workstation (Shanghai CH
Instrument, China, http://www.chinstr.com) was applied to all
voltammetric experiments using a traditional three-electrode
cell, which was consisted of a hemin based working electrode
(? =4 mm), a platinum wire counter electrode and an Ag/
AgCl1 (3.0 mol-L ! KCI) reference electrode.

Electrode fabrication

The stepwise fabrication of the electrochemical sensor was
shown in Scheme 1. Firstly, CILE was fabricated by using
the mixture of graphite powder and ionic liquid HPPFg (mass
ratio of 2:1), which was put tightly in glass electrode tube
(® =4 mm) and connected by a copper wire. Then CILE
was used as the substrate electrode with its surface polished
to mirror-like before use [22]. Inside the nitrogen-filled
glovebox, BPE nanosheets and PEDOT:PSS were mixed by
a weight ratio of 1:5, and a uniform BPE-PEDOT:PSS mix-
ture was obtained by ultra-sonication for 3 h. The mixture was
further blended with 30.0 mg':mL ™" hemin solution by vibrat-
ing, and 8.0 uL solution was dropcasted onto CILE and dried
in glovebox with the N, atmosphere to obtain BPE-
PEDOT:PSS-hemin/CILE. For comparison, various modified
electrodes such as BPE-PEDOT:PSS/CILE, PEDOT:PSS/
CILE and PEDOT:PSS-hemin/CILE were fabricated by the
similar procedures in the N, filled glovebox. Then electro-
chemistry of hemin modified electrode was studied by cyclic
voltammetry with electrocatalysis to different targets investi-
gated carefully.

Results and discussion
Electrochemical investigations

As shown in Fig. 1a, no redox peaks were found at BPE-
PEDOT:PSS/CILE (curve a) and PEDOT:PSS/CILE (curve
b) in a 0.1 mol-L ™" pH 2.0 phosphate buffered solution, indi-
cating electroinactive material present on the electrode. Direct
electrochemistry of hemin on different electrodes was mea-
sured with cyclic voltammograms present in Fig. 1b. A couple
of asymmetric redox peaks was observed on PEDOT:PSS-
hemin/CILE (curve ¢) and BPE-PEDOT:PSS-hemin/CILE
(curve d), indicating that electrode reaction of hemin was
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Scheme 1 Photos of (a) BPE solution, (b) PEDOT:PSS, (¢) BPE-PEDOT:PSS (1:5) dispersion, and the fabrication procedure of this electrochemical

biosensor

realized [23]. As a conductive polymer, PEDOT:PSS is bene-
fit for the electron transfer of hemin on electrode with high
stability. Due to its metalloporphyrin structure, hemin is often
acted as media with the reversible reaction of Fe(III)/Fe(II)
redox couple. The redox responses of hemin were enhanced
after the incorporation of BPE nanosheets, which indicated
that BPE had the positive effects to direct electron transfer
of hemin. As shown in reference [16], electrochemical re-
sponses of this hemin modified electrode were larger than that
of Hb modified electrode with the same BPE-PEDOT:PSS
composite. The reason maybe the deeply buried of the same
electroactive center inside the dense polypeptide layers of Hb
that hinder the electron transfer rate. As a p-type
semiconductive nanosheet, BPE can interact with
PEDOT:PSS by non-covalent to result a stable hybrid with
the conductivity enhanced. Also BPE has unique 2D layer
structure with high carrier mobility and big surface area that
have effective contact and electron transfer with hemin. Zhang
et al. reported the stability investigation of BP with
PEDOT:PSS, which was not influenced by oxygen and water
[24]. Therefore, BPE could be protected by PEDOT:PSS and
used as the modifier on the CILE. The peak currents of BPE-
PEDOT:PSS-hemin/CILE are about 1.2-fold higher than
those on PEDOT:PSS-hemin/CILE, indicating BPE on the

modified electrode further enhances the electron transfer from
hemin to electrode.

The buffer pH influenced the redox reaction of hemin with
cyclic voltammograms recorded at pH ranged from 2.0 to 7.0.
As shown in Fig. 1c and d, the maximum electrochemical
response of this biosensor was attained at pH 2.0 phosphate
buffered solution, which was chosen as the optimal supporting
electrolyte. The redox peak potentials moved negatively with
increasing pH. The formal peak potential (E*) has a good
linearity with pH value, and the equation is E® (V)=—
0.0427 pH - 0.0445 (y =0.999), proving protons take part in
the reaction.

Electrochemical behaviors of BPE-PEDOT:PSS-hemin/
CILE were recorded by varying scan rate and the results were
shown in Fig. 1e. Both the anodic and cathodic peak currents
increase with scan rate from 100 to 800 mV-s ™', inferring a
surface-controlled electrode process. Linear relationships be-
tween redox peak potential (Ep) and Inv were also constructed
and the following Laviron’s equation was used to calculate the
electrochemical parameters [25]:

RT

(I-—a)nF (m

Ep=E" + Inv
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Fig. 1 Cyclic voltammograms of b
(a) BPE-PEDOT:PSS/CILE (a)
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anF
logk, = alog(1—a) Because of the same catalytic active centre of hemin with
RT WFAE peroxidase, it has been reported that hemin exhibits good
+ (l—a)loga—logﬁ—(l—a)a 73R 7{’ (3)  electrocatalysis to many small molecules such as nitrite [27],

Then electron transfer number (7), the charge transfer co-
efficient («v) and the apparent heterogeneous electron transfer
rate constant (k,) are obtained to be 1.03, 0.53 and 1.58 s '.
According to the equation I'* = Q/nAF for the calculation of
surface electroactive concentration (I'*), where Q corresponds
to the quantity of electricity, n represents electron transfer
number, F is the Faraday’s constant and A is for geometric
area [26]. The value of I'* is calculated as 8.62 x 10 ® mol-
cm 2. The total concentration of hemin on the modified elec-
trode surface is 1.46 x 10~* mol-cm 2, so 5.88% of hemin is
involved in electrochemical reaction. Therefore the layered
2D BPE with the large surface area can absorb more hemin
through 7t-7t stacking interactions on its surface, and electron
transfer from the electroactive center is easily realized with
electrochemical response enhanced.

@ Springer

serotonic [28] and hydrogen peroxide [29]. Therefore, elec-
trocatalytic properties of BPE-PEDOT:PSS-hemin/CILE to
various substrates were checked in detail due to the excellent
biocatalytic activity of hemin.

Trichloroacetic acid (TCA) is an organic halide with po-
tential environmental damage, therefore it is essential to find
a reliable and sensitive procedure for TCA analysis [30]. As
illustrated in Fig. 2a, electrocatalytic performance of BPE-
PEDOT:PSS-hemin/CILE to TCA was recorded in pH 2.0
phosphate buffered solution. The reduction peak at
—0.359 V (vs. Ag/AgCl) increases with TCA concentration
and the oxidation current in cyclic voltammogram decreases.
This indicates that the presence of hemin exhibits the catalytic
effects to TCA reduction. The catalytic current increases lin-
early with TCA concentration from 2.0 to 180.0 mmol-L™"
(Fig. 2b) and the regression equation is Iz (mA)=0.015C
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Fig. 2 Cyclic voltammograms of a a3sF b
BPE-PEDOT:PSS-hemin/CILE “f 32t .
in 0.1 mol'L™" pH 2.0 phosphate 250 /
buffered solution (a) with ' // 2.4}
r n
increasing trichloroacetic acid < 5[ 1 ///w é
concentrations (curve a to n was § L a /,:0:‘::}}'7/;;, = 1.6}
0,2.0,10.0,20.0, 30.0, 40.0, 50.0, 0.5l //Q’;"a;’:;’i:’ééj
60.0, 70.0, 80.0, 90.0, 110.0, = %’;J! 0.8}
140.0, 170.0 mmol-L™"), (¢) with 0.5 o~ ‘ L ! . ) ) . .
increasing nitrite concentrations 0.4 02 00 -02 -0.4 -0.6 -0.8 -1.0 0 40 80 120 160 200
(curve atolwas 0, 0.5, 1.0, 1.6, C/(mmol'L_l)
2.6,3.6,4.6,5.6,6.6,7.6, 8.6, EV
9.6 mmol-L™"), (e) with c d
increasing H,O, concentrations 0.6} .
(curve a to h was 0, 4.0, 8.0, 12.0, LOF A
16.0, 20.0, 32.0, 35.0 mmol-L); /f_.% o.sp
Calibration plot of electrocatalytic < 051 v 4/’,% E 0.4}
current and the concentration of £ 0.0 = =
(b) TCA, (d) nitrite, (f) H,O, = 0.3F
-0.5 0.2}
-1.0 e 0.1 : : : . :
0.4 02 02 -04 -0.6 -0.8 0 2 4 6 .8 10
E/V C/(mmol-L")
e f
12f
0.32F
< 0.24f
E
= 016}
0.08}
08l : : . :
04 02 00 -02 -04 -0.6 -0.8 -1.0 0 10 20 30 40
E/V C/(mmol-L")

(mmol'L ") +0.58 (y=0.997) with the detection limit of
0.67 mmol'L ™! (30). After the TCA concentration exceeds
180.0 mmol-Lﬁl, the catalytic current becomes stable, prov-
ing a saturation reaction with a typical characteristic of the
Michaelis-Menten kinetic process [31]. Based on the electro-
chemical format of Michaelis-Menten dynamic equation, the
Michaelis-Menten constant (K,,7) is obtained as 4.3 1 mmol-
L™ with the Lineweaver-Burk equation [32].

As nitrite has been utilized extensively in industry and meat
processing, a fast and sensitive detection method for nitrite is
necessary to be developed. Electrocatalytic behavior of BPE-
PEDOT:PSS-hemin/CILE towards nitrite was measured with
cyclic voltammograms illustrated in Fig. 2c. With the contin-
uously addition of NO, , the enhancement of the new reduc-
tion current at —0.592 V (vs. Ag/AgCl) and the disappearance

of the original waves were observed, clearly proving an elec-
trocatalytic behavior. The catalytic current has an excellent
linear relationship with nitrite concentration from 1.0 to
10.5 mmol-L™" (Fig. 2d). The linear regression equation is
I (mA)=0.057C (mmol-L™")+0.070 (y=0.993) with the
detection limit estimated as 0.33 mmol'L ™! (30). After nitrite
concentration is bigger than 10.5 mmol-L™", the catalytic cur-
rent almost stays unchange, demonstrating a Michaelis-
Menten dynamic mechanism and K, is estimated to be
23.31 mmol-L™".

Also electrocatalytic reduction activity towards H,O, was
explored with cyclic voltammograms provided in Fig. 2e. The
addition of H,O, in buffer solution lead to a new reduction
peak at —0.033 V (vs. Ag/AgCl) and a good linear relationship
of H,O, concentration with the catalytic currents is

Table 1 Analysis of TCA in medical facial peel solutions (7 = 3)
Detected (mmol-L ") Added (mmol-L ™) Total (mmol-L 1) Recovery (%) RSD (%)
Medical facial peel solution (35% TCA) 146.33 £0.09 10.00 156.3+0.1 99.9 1.11
20.00 166.9+£0.2 100.4 1.42
30.00 178.0+£0.3 101.1 2.51
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Table2  Comparison of analytical performances of various modified electrodes
Modified electrode Analyte Linear range (mmol-L~ b LOD Refs
(mmol-L™)
CTS/ELDH-GR-Hb/CILE TCA 5.0-360.0 1.50 [33]
CTS/CMS-Hb/CILE TCA 2.0-70.0 0.30 [34]
HA-HRP-CdS-IL/CILE TCA 1.6~18.0 0.53 [35]
Nation/nano-CdS/Hb/CILE TCA 14.0-46.0 10.0 [36]
CTS-Mb-GR-IL/CILE TCA 2.0~16.0 0.58 [37]
Nation/HRP/Co3;04/CILE TCA 5.0~90.0 1.7 [38]
NaNO, 0.1~1.1 0.033
Nafion-Mb-SGO-GCE NaNO, 2.0~24.5 1.5 [39]
Nafion/Hb/B-GQDs/CILE H,0, 4.0~24.0 1.3 [40]
Nafion/Mb/TiO, @ CNF/CILE TCA 5.0~105.0 1.6
NaNO, 1.0~70.0 0.3 [41]
H,0, 2.8~32.0 1.0
BPE-PEDOT:PSS-hemin/CILE TCA 2.0~180.0 0.67
NaNO, 1.0~10.5 0.33 This work
H,0, 4.0~35.0 1.33

*CTS: chitosan; ELDH: exfoliated Co,Al layered double hydroxide; GR: graphene; Hb: hemoglobin; CMS: carbon microspheres; HA: hyaluronic acid;
HRP: horseradish peroxidase; CdS: cadmium sulfide; Mb: myoglobin; SGO: sulfonated graphene oxide; GCE: glassy carbon electrode; B-GQDs:
boron-doped graphene quantum dots; TiO, @CNF: TiO,-doped carbon nanofiber

established from 4.0 to 35.0 mmol-L ! (Fig. 2f). The linear
regression equation is I; (mA) = 0.0079C (mmol-L 1) +0.031
(y =0.998) with the detection limit and K,,” obtained as
1.33 mmol-L™" (30) and 11.85 mmol-L™".

Sample analysis and analyte detection

Medical facial peel solution (35% TCA, Shanghai EKEAR
Biotech. Co., China) was detected by this hemin modified
electrode with the result listed in Table 1 and the recovery
was calculated by standard addition method. A satisfactory
result is obtained with recoveries from 99.9% to 101.1%, val-
idating the practicability of this biosensor in real sample.

Stability and reproducibility

The stability and reproducibility of this designed biosensor
were examined by multi-scan cyclic voltammetry. The result
shows that the current response of BPE-PEDOT:PSS-hemin/
CILE decreases for 7.8 % after 70 cycles in phosphate buffered
solution (pH 2.0) and the current response retains 92.2% of the
original sensitivity after storing for 15 days at 4 °C, indicating
BPE-PEDOT:PSS-hemin/CILE has a good stability.
Therefore, the long service life of BPE-PEDOT:PSS-hemin/
CILE may be attributed to the fact that BPE-PEDOT:PSS
composite is a suitable material with good biocompatibility

@ Springer

and stability due to the protection of PEDOT:PSS to biocom-
patible phosphorene.

Conclusion

In this paper BPE nanosheets and hemin are chosen as the
electrode modifier using PEDOT:PSS as protective film.
Direct electrochemistry of hemin is realized with BPE as the
enhancer and electrocatalysis of this modified electrode is
checked. A systematic comparison with different redox
protein/enzyme modified electrodes for the electrocatalytic
detection of various substrates was listed in Table 2. Real
sample is also analyzed with satisfactory result and this inves-
tigation effectively broaden the usage of BPE in electrochem-
ical biosensor due to the high stability of BPE-PEDOT:PSS
composite on the electrode.
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