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Lignosulfonate (LS), a biomass by-product from sulfite pulping and the paper-making industry, which has
many excellent characteristics, such as renewable, environmentally friendly, amphiphilic nature, and
especially the abundant content of hydrophilic functional groups in its architecture, making it highly
reactive and can be used as a sensitive material in sensors to show changes in electrical signals. Herein,
we report a one-step in situ method to fabricate lignosulfonate-modified reduced graphene oxide (LS—
rGO) green biosensors, which can be used for the sensitive electrochemical detection of dopamine
without interference from uric acid and ascorbic acid. The modified LS molecular layers act as chemical-
sensing layers, while the rGO planar sheets function as electric-transmitting layers in the as-assembled
dopamine biosensors. After the in situ-decoration of the LS modifier, the sensing performance of LS—
rGO for the detection of dopamine was much higher than that of the pure rGO electrode, and the
highest current response of the biosensor toward dopamine greatly improved from 11.2 pA to 52.07 pA.
The electrochemical sensitivity of the modified biosensor was optimized to be 0.43 pA pM™, and the
detection limit was as low as 0.035 pM with a wide linear range (0.12-100 pM), which is better than that
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Accepted 17th October 2022 of most previously reported metal- and organic-based modified graphene electrodes. The newly
designed biosensor has unique advantages including rapid, stable, sensitive and selective detection of

DOI: 10.1039/d2ra05635¢ dopamine without interference, providing a facile pathway for the synthesis of green resource-derived
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Introduction

Lignin is considered the most abundant, eco-friendly and
renewable aromatic compound resource on Earth, but its
complex structure and poor dispersion make its direct utiliza-
tion difficult. Lignosulfonate (LS), as one of the derivatives of
lignin, is a type of by-product from the pulp and paper making
industry,*® which not only can maintain the primary aromatic
framework and multiple active functional groups of lignin, but
simultaneously introduce multi-sulfonic functional groups
during sulfite pulping.”® Based on the hydrophobic aromatic
skeleton and hydrophilic sulfonated functionalized chains, LS
presents typical amphiphilic behavior, further broadening the
application scope of lignin. Even though, the green resources
based on LS are mainly used in fields, such as construction,
industry and agriculture, making the high-valued utilization of
LS limited. The multi-functionalities of LS make it easy to
interact with a variety of biological small molecules, which
means that LS is a potential candidate for application in the
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sensing materials instead of the traditional toxic and expensive modifiers.

biomedical engineering field, especially the electrochemical
detection of biological small molecules.

As an emerging carbon-based material, graphene-based
electrode surface materials have been extensively studied
owing to the unique properties, such as excellent electro-
chemical surface area,”'® high charge carrier mobility,"*** wide
electrochemical window and good biocompatibility,'* making it
an ideal candidate for electrochemical analysis. However, the
absence of chemically active sites on the basal plane of rGO
reduces the heterogeneous electron transfer between biomole-
cules and electrode surface during electrochemical detection.™
Thus, to address this, a range of modifiers has been used to
improve its electrochemical sensing performance. The common
modifiers include metal oxide nanoparticles (such as MnO, (ref.
16) and Co30, (ref. 17)), metal nanoparticles (AuNPs' and
AgNPs*), conductive polymers (PPy***' and PANI**) and ionic
liquids.*® Although these organic and metal-based modifiers
can be employed to achieve sensitive detection, their significant
threat to the environment and high consumption of chemical
resources limit their wide application. Hence, it is essential to
urgently develop greener modifiers instead of the expensive,
nondegradable and toxic modifiers. The introduction of LS on
the surface of graphene via supramolecular interaction not only
can improve the dispersion of graphene, but also the

RSC Adv, 2022, 12, 31083-31090 | 31083


http://crossmark.crossref.org/dialog/?doi=10.1039/d2ra05635f&domain=pdf&date_stamp=2022-10-29
http://orcid.org/0000-0002-1854-938X
http://orcid.org/0000-0002-6718-6255
https://doi.org/10.1039/d2ra05635f
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra05635f
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA012048

Open Access Article. Published on 31 October 2022. Downloaded on 7/29/2025 6:34:55 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

multifunctional groups of LS increase the number of active sites
present in graphene, which further promotes the sensitivity
during electrochemical analysis. The application of LS-rGO
composite materials in the field of biological small molecule
detection, integrating the advantages of both, not only alleviates
the energy and environment crisis caused by the use of heavy
metals and petroleum-based materials, but simultaneously
promotes the effective high-value utilization of lignin.

Dopamine (DA), as a type of catechin neurotransmitter,>** is
one of the most important biological small molecules, playing
arole in the central nervous® and cardiovascular and hormone
system.””?® Furthermore, it is of great significance in the study
of physiological function, diagnosis and treatment of mental
illness, drug detection and food safety. Thus, the accurate
detection of dopamine in biological fluids is essential.
Currently, the mainstream analytical methods for the detection
of dopamine include fluorescence spectrometry, high-
performance liquid chromatography, capillary electrophoresis
and colorimetry, which are usually accompanied by several
problems during practical applications, and it is difficult to
detect DA in vivo. Given that the DA molecule contains easily
oxidizable phenolic hydroxyl groups, its quantification can also
be achieved by electrochemical methods, which are fast, simple
and enables in vivo testing. A comparison between electro-
chemical biosensors and other analytical methods are shown in
Table S1.f Also, for the electrochemical detection of DA with
high selectivity and sensitivity but without interference,
numerous electrode surface materials have been developed.**-**

According to the above perspective, herein, an electrochemical
sensing platform based on an LS-rGO composite material is re-
ported for the detection of DA on a glassy carbon electrode (GCE)
using a one-step in situ modification method. The conjugated large
7 bonds between LS and rGO in the LS-rGO composite are
beneficial for electron transfer to DA through m—m stacking inter-
actions. Meanwhile, the similar structure to catechol and large
amounts of anionic groups of LS can raise the affinity for dopa-
mine, enhancing the selectivity of the biosensor. Hence, the
maximum response (I,,) of the LS-rGO electrode reached 52.07 pA
for the detection of 100 uM DA, which was nearly 12.8 times higher
than that of the bare electrode and 4.65 times higher than that of
the pure rGO electrode. Moreover, the LS-rGO electrode enabled
the highly selective detection of dopamine in the presence of uric
acid (UA) and ascorbic acid (AA) with a low detection limit of 0.035
uM, which is better than that of most previously reported metal-
and organic-based modified graphene electrodes. Electrochemical
biosensors with high sensitivity, selectivity and stability fit well
with the green approach in replacing conventional metal- and
organic-based electrode modifiers, which is of great strategic
significance for sustainable development and extending the valo-
rization of lignocellulosic biomass.

Results and discussion
The characteristics of LS-rGO composite

Dispersibility and surface morphology of LS-rGO. A sche-
matic of the procedure for the synthesis of LS-rGO/GCE is
shown in Fig. 1a. A certain amount of sodium lignosulfonate
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powder (1250 mg, 500 mg, 250 mg, 50 mg, 10 mg, 5 mg, and 2
mg) was added to 100 mL GO aqueous solution, followed by
ultrasound treatment for 10 min. The applied GO sheets were
almost transparent with a thickness of about 0.76 nm, as
observed in the AFM image (Fig. S1}). The obtained homoge-
neous LS-GO solution was further reduced by 48.4 puL hydrazine
hydrate in ammonia solution under 95 °C for 1 h. It can be
observed from Fig. 1b that 0.5 mg mL~" rGO aqueous solution
gathered and settled after being stored for only one week, while
the 0.5 mg mL ™" LS-rGO aqueous solution was still dispersed
uniformly after 2 months (Fig. 1c). This may be because LS
combines closely with the rGO planar sheets through w-m
conjugation and interacts with the oxygen-containing groups on
the edge of the rGO sheets through hydrogen bonds; mean-
while, the abundant oxygen-containing functional groups and
polar sulfonic acid group in the structure of LS make LS-rGO
well dispersed. Consequently, with the assistance of LS, the rGO
sheets were still be well dispersed in water even after 2 months,
facilitating the formation of an efficient stable system to
maintain the sensitivity of the assembled electrodes. The
surface morphologies of the prepared rGO and LS-rGO samples
were investigated via SEM (Fig. 1d and e, respectively). After
modification with LS, the surface of the rGO sample had more
wrinkles and grains, which could accelerate the electron
transfer and provide more exposed active sites for the detection
of DA* (Liu et al., 2018).

/7

/
L]

(a)
LS
o
ultrasonic dropping
reduction
GO

LS-rGO
(b)

| 1

analysis

b |
L

LS-rGO/GCE

-

|
GCE
c)

afterone after two
week months

— s
GO LS-rGO

(

(e) .

Fig. 1 (a) Schematic illustration of the synthetic route for LS-rGO/
GCE. (b) 20 mL rGO aqueous solution (0.5 mg mL™Y) before and after
one week. (c) 20 mL LS-rGO (0.5 mg mL™%) aqueous solution before
and after two months. SEM images of (d) rGO and (e) LS—-rGO surface.
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Fig. 2 (a) FT-IR spectra of rGO and LS—-rGO samples. The inset image
shows a partial enlargement of the FT-IR spectra. (b) Raman spectra of
rGO and LS-rGO samples. High-resolution XPS spectra for (c) rGO
sample and (d) LS-rGO samples.

FT-IR analysis. The comparison of the FT-IR spectra of LS-
rGO and rGO present the band information of the corre-
sponding functional groups (Fig. 2a). It can be found that both
of them have strong characteristic peaks of aromatic skeleton
vibrations (1600 cm™') and the C-H plane deformation vibra-
tion of the aromatic ring (1029 ecm ™). The aromatic structure
can promote the -1 conjugation with oxidized DA during
electrochemical sensing. LS-rGO still retained the C-O bending
vibration peak (1226 cm™') and plentiful hydroxyl groups
(3377 em™?), resulting in the formation of strong hydrogen
bonds. In addition, LS-rGO showed the obvious characteristic
absorption peak of the -SO;>~ functional group (1164 cm '),
which can absorb the active cations in the detection of biolog-
ical fluids.

Raman studies. The edge structure and defect degree of LS—
rGO were evaluated by Raman spectroscopy, which play
a significant role in electrochemical behaviour. The typical G
band at ~1578 cm ™ and D band at ~1341 cm ™' could be clearly
observed (Fig. 2b),**** which correspond to the in-plane
stretching vibration of the sp® network and disordered vibra-
tion due to sp® hybridization, respectively.

The intensity ratio of the D and G bands (Ip/I;) can be used to
investigate the degree of structural disorder in carbon-based
materials.*® The Ip/Ig ratio decreased from 1.22 to 1.07 after
rGO was decorated with LS. This indicates that the noncovalent
interaction formed between the LS chains and rGO sheets not
only ameliorated the uniform dispersion, but also enhanced the
structural integrity of graphene after reduction.***® The great
sp” character can result in a better performance towards the
detection of DA.

XPS analysis. To further prove that the LS chains and rGO
planar sheets were integrated, LS-rGO was tested by XPS. As
shown in Fig. 2c and d, the intensity of the peaks corresponding
to C-O (286.1 eV), C=0 (287.8 V) and O-C=0 (288.4 eV) for
LS-rGO increased compared to that of rGO.***' The main
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reason for this is that LS can be considered as a phenolic
macromolecule, which is rich in oxygen-containing groups such
as hydroxyl, carbonyl and carboxyl groups. The introduction of
LS increased the content of related multifunctional groups in
the composite. Table S21 exhibits that the elemental content
ratio of O and C increased from 14.66% for rGO to 25.12% for
LS-rGO, which is owing to the incorporation of LS, whose
branched chains are rich in oxygen-containing functional
groups. Thus, it offered the abundant active sites to interact
with DA molecules.

Electrochemical activity of LS-rGO/GCE towards the oxidation
of DA

The electrochemical response of different nanomaterial. To
evaluate the electrochemical response of the modified elec-
trodes, CV measurements were performed using the bare GCE,
rGO/GCE and LS-rGO/GCE (0.25 and 0.5 mg mL ") in 0.1 M
phosphate buffer solution (PBS, pH = 7.0) at a scan rate of
50 mV s~ " in the presence 100 uM DA. Fig. 3a shows that with
the use of LS-rGO/GCE for the detection of DA, a couple of redox
peaks appeared, which are distinct with the I,, of 52.07 pA and
I, of 43.97 pA. The value of I, was about 4.65 times and 12.8
times higher than that of rGO/GCE and bare GCE, respectively.
This can be explained based on the scheme shown in the top of
Fig. 3. The negatively charged groups (carboxyl, hydroxyl and
sulfonic) decorated on the LS chains can form strong and stable
interactions with DA through electrostatic attraction. Mean-
while, the large aromatic rings of the LS skeleton are facile to
form intermolecular forces with the oxidized state of DA
through non-covalent -7 conjugation. Thus, the modified LS
is considered the chemical-sensing layers in the LS-rGO/GCE
sensor. Alternatively, the self-assembled rGO planar sheets on
the electrode with the high-speed transmission of electrons
functioned as electric-transmitting layers. During the prepara-
tion of the electrode, the negatively charged LS also promoted
the uniform dispersion of the rGO sheets through electrostatic
repulsion, increasing the active surface area. It can be estimated
that the intercalation structure formed in the LS-rGO
composite, as presented by SEM, can accelerate the diffusion of
DA in the chemical-sensing layer and promote the conductivity
of the electric-transmitting layers.

Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) was used to
further evaluate the electrochemical impedance of the bare
GCE, rGO/GCE, and LS-rGO/GCE. The electronic transfer
capacity at the interface between the solution and electrode
varies inversely to charge transfer resistance (R.), which is
represented as the diameter of the high-frequency semicircles
in the Nyquist plots.*” As depicted in Fig. 3b, semicircles are
observed in high-frequency region, confirming that the electron
transfer between the interfaces is impeded and reflecting the
existence of R... Compared to rGO/GCE, the R value of LS-rGO/
GCE decreased from 110 Q to 92 Q, which indicates that the
modified electrode had accelerated electron transfer owing to
the restoration of the sp” conjugation network. This is ascribed
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Fig. 3 Top: schematic explaining the sensing mechanism of LS—-rGO/GCE sensors. (a) CV curves of 100 uM DA in 0.1 M PBS (pH =7.0) at a scan
rate of 50 mV s~ on GCE, rGO/GCE (0.5 mg mL™?), LS-rGO/GCE (0.25 mg mL™Y), and LS-rGO/GCE (0.5 mg mL™Y). (b) Nyquist plots of 5 mM [Fe
(CN)gl*">~ and 0.1 M KCL in 0.1 M PBS on GCE, rGO/GCE, and LS-rGO. Frequency range of 0.1 Hz to 1000 kHz. The amplitude of 5 mV was

applied.

to the less stacking of the rGO sheets in the presence of LS.
Furthermore, the formation of three-dimensional channels in
the LS macromolecule is conducive for electron transfer.

Electrocatalytic mechanism of DA oxidation

To reveal the kinetic mechanism, the responsive currents at
different scan rates (v) were investigated in the range of 50 to
500 mV s~ '. Fig. 4a shows that both I,, and I,. increased
dramatically with an increase in scan rate, while the oxidation
potential moved toward the positive direction to some extent,
which indicates the occurrence of a quasi-reversible reaction.*
Fig. 4b shows that the E,,, and E,. are proportional to logv at
high scan rates, where v > 100 mV, and the linear regression
equations are as follows:

Ep, = —7.86 + 74.86 log W(R> = 0.991) (1)

Ep. = —261.76 — 87.09 log v(R*> = 0.986) (2)

In the case of a quasi-reversible electrochemical process, the
Laviron equation is widely used for the calculation of the elec-
tron transfer rate constant (Ks) and other dynamic parameters.*
According to the linear regression equations and the Laviron
equation, the dynamic parameters of the surface electro-
chemical processes were evaluated with the values of «, n, and
Ks to be 0.46, 1.47, and 2.69, respectively. Fig. 4c presents that
I, and I, are proportional to the square root of the scan rate in
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the range of 50-300 mV s~ . The linear regression equations are
as follows:

1
5 R2
Iy = 34.53 — 12.212(R* = 0.998) (3)
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Fig. 4 (a) CV curves of LS-rGO/GCE in 0.1 M PBS (pH = 7.0) con-
taining 100 pM DA at various scan rates (50-500 mV s™3). (b) Plots of
peak current (E, and E,c) versus scan rate. (c) Plots of peak current (/,
and /) versus square root of scan rate in the range of 50-300 mV's ™%,
(d) Plots of peak current (/p, and I,c) versus scan rate in the range of
300-500 mV st
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Fig. 5 Relationship of (a) potential (Ep,) and (b) CV current (I,,) versus
pH value toward 100 pM DA in 0.1 M PBS at a scan rate of 50 mV s~ on
LS-rGO/GCE.

1
Ine = —50.87 +12.9312(R* = 0.997) (4)

which reveal that the redox reactions of DA on the LS-rGO/GCE
surface were diffusion-controlled.***” Nevertheless, at a higher
scan rate in the range of 300-500 mV s~ ', the relationship of I,
and I, with scan rate showed a linear correlation (Fig. 4d), and
the linear regression equations are as follows:

Lo = —71.36 — 0.356v(R> = 0.9996) (5)
I = 49.56 + 0.425v(R* = 0.9998) )

demonstrating a surface adsorption-controlled process.*® This
suggests that DA can easily diffuse through the LS-rGO/GCE at
a low scan rate, while tending to show adsorption behavior at
high scan rate. These phenomena are mainly due to the fact that
the three-dimensional skeleton of LS promotes the diffusion
process when decorated around the stacked graphene sheets.
Even at a high scan rate, the active sites on LS could also adsorb
DA through -7 conjugation and electrostatic repulsion.
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Fig. 6 (a) CV curves of LS-rGO/GCE in 0.1 M PBS (pH = 7.0) con-
taining various concentrations of DA (0, 10, 20, 30, 40, 50, 60, 70, 80,
90, and 100 pM) at a scan rate of 50 mV s~*. (b) Linear relationship of
peak potential with concentration. (c) DPV curves of LS-rGO/GCE in
0.1 M PBS (pH = 7.0) containing various concentrations of DA (0, 10,
20, 30, 40, 50, 60, 70, 80, 90, and 100 uM). DPV settings: step
potential: 4 mV; amplitude: 50 mV; pulse period: 0.2 s; and amplitude:
50 mV. (d) Linear relationship between peak potential (/p,) with
concentration.
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The pH condition of the working environment is crucial in
the oxidation of DA on modified electrodes. Thus, the influence
of pH value on the detection performance of the LS-rGO/GCE
biosensor at 50 mV s~ (Fig. 5) was investigated.

The linear regression equation of E, versus pH value is pre-
sented as follows:

Epa = 606.3 — 63.6pH (R> = 0.989) 7)

The slope value of the calibration curve was calculated to be
63.6 mV pH ', approaching 59 mV pH ', which is the theo-
retical value of a proton-coupled electron transfer reaction at
25 °C. This shows that the electron transfer is often accompa-
nied by the synchronous migration of the same quantities of
protons in the oxidation process of DA on LS-rGO/GCE.***°
Fig. 5b shows that in the pH range of 4.0-8.0, I, increased
initially, and then decreased with a gradual increase in pH,
reaching the maximum value when pH is 7.0. Hence, pH 7.0 was
found to be optimal for the other studies.

Relationship between dopamine concentration and response
current

Fig. 6a shows the cyclic voltammograms for LS-rGO/GCE at
different concentrations of DA in 0.1 M PBS (pH = 7.0). With an
increase in the concentration of DA in the range of 10 uM to 100
uM, the peak current increased linearly, and the equation is as
follows:

IpA = 0.219C/uM + 20.94 (R* = 0.993) 8)

The linear correlation (Fig. 6b) confirms that the electro-
chemical oxidation of DA follows first-order kinetics with
respect to DA concentration.

Differential pulse voltammetry (DPV) is a type of electro-
chemical measurement method widely used for analysis, which
has the advantages of high sensitivity and high selectivity. Thus,
DPV was also used to detect DA with a concentration in the
range of 10 uM to 100 uM at the LS-rGO/GCE surface (Fig. 6¢).

It can be observed in Fig. 6d that the oxidation peak currents
are also proportional to its concentrations, with the linear
relationship equation as follows:

IIpA = —0.44C/uM — 50.53 (R = 0.996) (9)

(a (b
€0 6015207 -51.64
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Fig. 7 (a) Histogram of peak current (I,,) for LS-rGO/GCE tested
repeatedly seven times. (b) Histogram of peak current (/,,) on the LS-
rGO/GCE under continuous monitoring for 6 weeks.
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rGO/GCE in 0.1 M PBS (pH = 7.0) containing 0.2 mM AA, 0.1 mM DA at a scan rate of 100 mV s, (c) Schematic representation of electrocatalysis

of DA, AA, and UA at LS-rGO/GCE.

The detection limit was estimated to be 0.035 uM, which is
better than that of most previously reported metal- and organic-
based modified graphene electrodes (Table S37), suggesting the
high sensitivity of the LS-rGO/GCE biosensor.

Repeatability and stability of the sensor

To test the reversibility of the modified electrode, the repeated
current response of the LS-rGO/GCE was measured for 100 pM
DA in 0.1 M PBS (pH = 7) at a scan rate of 50 mV s~ . Fig. 7a
shows the current response (I,,) under multiple cycles, and the
relative standard deviation (RSD) of the current response (Ip,)
was calculated to be 1.10% for 7 measurement times, indicating
that the modified electrode has excellent repeatability. Then, to
evaluate the storage stability of LS-rGO/GEC, the I, for the
detection of 100 uM DA at 50 mV s~ was measured for 6 weeks
and the histogram shows that the I;,, could still maintain 97.3%
compared with the initial response current after storage for 6
weeks.

Selectivity of the sensor

The selectivity of LS-rGO/GCE for DA was in the presence of
interference from other coexisting biological macromolecules
in the body. Obviously, there was no peak-overlap with fluid
interferences, such as UA and AA. As shown in Fig. 8b and c, the
peak interval between DA for UA is about 138 mV and 195 mV

31088 | RSC Adv, 2022, 12, 31083-31090

for AA, respectively. Thus, coexisting species and the interfer-
ence caused by the presence of UA and AA in the detection of DA
can be disregarded.

UA, AA and DA are all electrically active substances, and thus
during electrochemical detection, when the potential changes
to the critical potential of their redox potential, the corre-
sponding reactions will occur. In human serum, these three
biomolecules have similar electrochemical oxidation potentials,
which often hinders the accurate detection of DA. However, the
acidity coefficients (pK,) of UA and AA are 5.4 and 4.1 respec-
tively, while that of DA is 8.61. Thus, in different pH solutions,
they exist in different ionic forms.

When pH = 7, DA mainly exists in the form of a cation, while
UA and AA mainly exist in the form of anions. As shown in Table
S4,T due to the ionization of the phenolic hydroxyl and amide
groups in DA molecule, it has multiple ionic states in different
pH aqueous solutions, and 99% of DA exists in the form of
cation in neutral solution. As an anionic surfactant, lignosul-
fonate has strong cation selective permeability due to the
abundant sulfonic groups on its side chain. In the aqueous
solution of pH = 7.0 PBS, the positively charged -NH*" group is
easily absorbed on LS, which contains extensive negatively
charged -SO;>~ through electrostatic interaction. In addition,
the aromatic structure of LS-rGO and DA can generate a large
conjugation area, and the interface electronic transmission of

© 2022 The Author(s). Published by the Royal Society of Chemistry
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DA can be boosted by - interactions, which can restrain the
attachment of UA and AA onto the electrode surface. Thus, the
modifier is beneficial for the selective detection of DA and these
results are reasonable to explain the anti-interference of LS-
rGO/GCE in coexisting species.

To further illustrate the selectivity of the electrodes, the
interference from substances significantly co-existed with DA in
biological fluids, such as NaCl, KCl and Glu, was excluded by
performing a chronoamperometry test. As shown in Fig. S2,f
a slight change in current was observed with the addition of 1
uM of NaCl, KCl and Glu, and when the concentration of
interfering substances was increased to 5 uM, no significant
change in current was observed.

Experimental
Preparation of LS-rGO

GO was prepared via the oxidation of natural graphite powder
(325 meshes) according to a modified Hummers' method®*
(Hummers, 1958). A GO dispersion was diluted to 0.5 mg mL ™",
Then a certain amount of LS powder was added to 100 mL GO
solution to obtain an LS-GO aqueous, followed by ultra-
sonication for 10 min to obtain a homogeneous dispersion, in
which the mass ratios of LS and GO were 25:1,10:1,5:1,1:1,
1:5,1:10, and 1:25, respectively. In a typical procedure for the
chemical conversion of GO to rGO according to Li** (Li et al.,
2008), 48.4 pL hydrazine hydrate (98 wt%) was added to the
obtained brown dispersion with the weight ratio of hydrazine to
GO of 7:10. Then, ammonia (28 wt%) was added to the solution
to adjust the pH to about 10, and after being vigorously shaken
or stirred, the solution was reacted at 95 °C in a water bath for
1 h.

Fabrication of LS-rGO/GCE

The bare GCE was polished using an o-Al,O; slurries with
different sizes (1.0, 0.3 and 0.05 pm). Then, the GCE was washed
thoroughly with ethyl alcohol and DI water under ultra-
sonication and blown with ultrapure N, gas for the next step.
The LS-rGO-modified electrode was prepared via the drop-
coating method. 5 uL of the reduced LS-rGO dispersion was
deposited onto the surface of the polished GCE via drop casting
with a pipette gun. After the solvent evaporated and solidified,
a coating was formed, which bonded to the electrode surface to
achieve the purpose of loading. A pure rGO electrode was
prepared for comparison in the same way and air-dried for
subsequent testing.

Characterization of the LS-rGO

AFM (Bruker multimode 8) was used to measure the thickness
and transverse diameter of GO. The AFM analysis was con-
ducted using a drop of dialyzed GO solution, which had been
diluted and ultrasonicated for 1 h on a mica substrate. The
prepared LS-rGO and rGO solutions were dropped on a copper
sheet and observed through SEM (Zeiss Sigma 300, Germany)
after the solvent was completely dried to contrast the surface
morphology and the folding degree. The Raman spectra of the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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freeze-dried LS-rGO and rGO samples were recorded on a Sen-
terra R200-L apparatus (Bruker Optics) with an excitation
wavelength of 532 nm. The FT-IR measurements (Bruker tensor
11) were performed in the wavenumber range of 680-4000 cm ™
to explore the chemical structure of the freeze-dried LS-rGO and
rGO samples. The XPS analysis was performed on a Thermo
Scientific K-Alpha photoelectron spectrometer using Al Ko
(1486.6 eV) radiation.

All electrochemical measurements were performed on an
electrochemical workstation (CHI-760E, Austin, Texas) with
a standard three-electrode system, as shown in Fig. 1a. Details
can be found in the ESL}

Conclusions

Herein, an LS-rGO-based biosensor that can be used for the
detection of DA was developed through a simple one-step in
situ-modification method. The maximum current response ()
of the as-prepared LS-rGO/GCE was 52.07 pA, which is almost
12.8 times and 4.65 times higher than that of the bare GCE and
rGO/GCE, respectively. The electrochemical sensitivity of the
modified biosensor was optimized to be 0.43 pA pM™' with
a detection limit as low as 0.035 pM in a wide linear range (0.12-
100 uM), which is better than that of most metal- and organic-
based modified graphene electrodes. Moreover, LS-rGO/GCE
exhibited high selectivity in the presence of coexisting species,
such as UA and AA. In addition, the resulting biosensors show
good repeatability and stability for the determination of DA. The
novel designed biosensor derived from lignin modifier has
potential to be used for the trace detection of DA, and simul-
taneously it provides a new idea for the detection of other trace
elements using lignin as a sensing material, helping the
resource utilization of lignin-based materials.
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