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ABSTRACT

Interleukin-6 (IL-6) is of high importance for disease diagnosis and prognosis in human health since it’s a
crucial component in immune homeostasis, hematopoiesis, and metabolism. Herein, an immunosensor
has been developed for monitoring IL-6, which is fabricated by Au nanoparticles (Au NPs)-thionine (THI)-
carboxylated multi walled carbon nanotubes (CMWCNTSs) as the substrate with high conductivity.
Staphylococcal protein A (SPA) could directionally capture antibody to reduce steric hindrance caused by
random immobilization. Built upon the high efficiency of IL-6 antibody immobilization by the SPA on the
sensing surface, the immunosensor exhibited a favorable activity for IL-6 detection. Under optimal
conditions, the biosensor presented a LOD of 2.87 pg mL~! and a wide linear range from 0.01 ng mL ™! to
800 ng mL ! in serum samples. Furthermore, the assembled sensor successfully quantified the IL-6
concentration in serum and different tissue lapping liquids (lung, heart, liver) from rats with myocar-
dial infarction. The satisfactory performance of the proposed sensor not only broadens its application in
clinical monitoring of IL-6 but also provides a novel approach to study inflammation in rats.
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1. Introduction

Cardiovascular diseases (CVD), a chronic non-communicable
disease, is a group of developmental disorders affecting the heart
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and blood vessels with high incidence and mortality rate, including
cardiac arrhythmia, myocardial ischemia, stroke, heart failure,
acute myocardial infarction (AMI) and so on [1]. AMI is a life-
threatening one in CVD, caused by partial or complete epicardial
coronary artery occlusion as a result of plaque rupture or superficial
erosion [2]. The existed plaques have evidence of stimulating the
secretion of pro-inflammatory factors, which leads to inflammation
erosion [3]. As a 185 amino acid polypeptide, interleukin-6 (IL-6) is
a member of the multifunctional cytokine family with pro- and
anti-inflammatory effects [4]. It is not only a factor that causing
inflammation but also relative to the regulation of cardiac meta-
bolism [5]. Diverse diseases like leukemia, Alzheimer’s Disease,
psoriasis, and sepsis also reveal an abnormal level of IL-6, thus
making it become an important biomarker [6]. Therefore, in order
to facilitate the intervention and management of diseases, there is a
huge demand for the development of accurate methods for IL-6
monitoring. Additionally, quantification of IL-6 in rats will also
benefit the assessments of inflammatory response aroused by the
target drug contributing to the pharmacodynamic evaluation.

Although a series of methods for determining the IL-6 concen-
tration have been developed, such as enzyme-linked immunosor-
bent assay (ELISA) [7], conductometric instrument [8], and organic
electrochemical transistors [9], drawbacks like time-consuming
procedures, sophisticated processes, and effortful pretreatment
impede their further practical value. Currently, electrochemical
sensors have gained extensive absorption in the field of medicine
owing to its advantages of instant response, simplicity, and cost-
effectiveness [10]. Electrochemical immunosensors have been
widely explored to quantify IL-6 via immobilization of antibody
[11—13], but the chaotic location of asymmetric macromolecules on
supporting surfaces decreases their biological activities [14]. In
addition, the IL-6 circulating in body fluids is in a tiny amount with
nano and picomole scale [15]. Due to the level of IL-6 in AMI is
28.5—46.5 pg mL™!, the immunosensor is meeting a challenge to
attain a low enough detection limit and a wide linear range to
further application in disease diagnosis [16].

To data, composing novel substrate materials with significant
conductivity and biocompatibility and increasing the efficiency of
antibody immobilization are the compelling strategies to improve
the properties of the immunosensors [17]. Carbon-based materials,
metallic nanoparticles, and electroactive substances have attracted
considerable interest in the modification of sensing surface because
of their distinguished electrochemical properties in enhancing
conductivity and chemical stability [18]. Multi walled carbon
nanotubes (MWCNTSs) are well-known carbon nanomaterials with
high conductivity, but the low solubility blocks their further ap-
plications [19]. Carboxylation of MWCNTs is an efficient way to
solve such the problem, while CMWCNTs will also provide more
binding sites due to the introduction of the carboxyl group [20,21].
Thionine (THI), as a cationic phenothiazine accelerating electron
transfer, is a remarkable electroactive substance attributing to its
exceptional ability on fastening electron transfer, electrochemical
reversibility, and stability [22]. The CMWCNTSs will strongly bind to
THI through m—m interaction, electrostatic interaction, and amide
bonds, which benefit the sensitivity and long-term stability of the
sensor [23,24]. Besides, thionine also has the capacity as a linker to
further anchor Au nanoparticles on the supporting materials via the
mercapto group. Gold nanoparticles are outstanding candidates for
immobilization of biological protein to detect biological events,
exhibiting an active specific surface area with great capacity,
negligible toxicity, and high affinity to bonding biomolecules,
which makes the biosensor biocompatible and sensitive [25,26].

Apart from the enhanced conductivity, the more effective anti-
body is fixed, the better sensing performance will be obtained.
Firstly, directional immobilization of antibody is a key to improving
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sensitivity and stability. Staphylococcal protein A (SPA), as a cyto-
derm unit of staphylococcus aureus, connects the Fc portion of the
antibody directionally and leaves the Fab portion to catch the an-
tigen, which improves the binding capacity towards target analyte
and reduces the loss of biological activity due to the decrease on
steric hindrance [14,27,28]. On the other hand, the appropriate
connecting approaches between biomolecules like SPA and the
sensing surface, including ionic interactions, hydrophobic in-
teractions, dative binding, bifunctional linkers or mediator linkers,
and chemisorption via thiol derivatives, also have impacts on the
effectiveness of antibody immobilization [29]. Bifunctional linkers
are increasingly utilized in the connecting biological compounds
owing to their specific binding sites, which will finally enhance the
specificity and stability of the sensor [30]. As a bifunctional linker
involving multifunctional groups, cysteine (Cys) will make AuNPs
covalently connect protein, effectively improving the ability of
detection via forming a stable complex [31—34]. Thus, SPA-Cys-
AuNPs-THI-CMWCNTs could be a sensing platform to accomplish
precisely and speedily electrochemical recognition of IL-6.

Herein, an ultrasensitive immunosensor has been proposed based
on Ab-SPA-Cys-AuNPs-THI-CMWCNTs nanocomposites for IL-6
detection. First of all, THI-CMWCNTs were synthesized through
m—m stacking and amide bonds. After loading with AuNPs by thionine
as the linker, AuNPs -THI-CMWCNTs nanohybrids were functional-
ized with SPA via cysteine. With orientated immobilization of IL-6
antibody, the electrochemical immunosensor has been successfully
fabricated based on the antigen-antibody coupling event. The decline
in random orientation and steric-hindrance guaranteed the obtained
sensor owning a satisfactory specificity. Moreover, the impacts of
AuNPs size on the analytic perfoemance of the sensor also has been
investigated in this work. There was a remarkable linear relationship
between the current response and the concentration of IL-6, and the
sensor earned a LOD of 2.87 pg mL~! with a wide linear range from
0.01 ng mL™! to 800 ng mL~! in serum samples. With the presence or
absence of drugs, the proposed immunosensor successfully accom-
plished the detection of IL-6 in myocardial infarction rats. The pro-
posed immunosensor can be an ideal platform for detecting trace IL-6
in a complex matrix, facilitating further study on AMI and investiga-
tion of the inflammatory response in drug discovery.

2. Experimental
2.1. Reagents and materials

Sodium dihydrogen phosphate (NaH;PO4-2H,0), Gold (III)
chloride trihydrate, dibasic sodium phosphate (NaHPO4-12H,0), N-
(3-dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride
(EDC), N-hydroxysuccinimide (NHS), Cysteamine (Cys), potassium
chloride (KCl), potassium ferricyanide (KsFe [(CN)g]), Albumin from
bovine serum (BSA), Glucose Oxidase (GOD), Cholesterol esterase
(ChOx), Salvianic acid A sodium (SAA) were all purchased from
Sigma-Aldrich Inc. (St. Louis, MO, USA). Thionine chloride was pur-
chased form Solarbio Inc. L-Ascorbic acid (AA) was purchased from
VETEC Inc. MWCNTs (30—50 nm) was purchased from the Institute
of Organic Chemistry, Chinese Academy of Sciences (Chengdu,
China). Staphylococcal protein A (SPA, MW:46,742) was purchased
from Thermo Scientific Inc. Rats IL-6 Enzyme Linked Immunosor-
bent Assay Kit, IL-6, IL-6 Antibody, interleukin-1 (IL-1), interleukin-
10 (IL-10), and insulin were purchased from R&D system. CA125 was
purchased from Abnova. Alpha-fetoprotein (AFP) was purchased
from Biorbyt (European). Isoproterenol Hydrochloride (ISO), Chloral
Hydrate were purchased from TCI Shanghai. Radio-
immunoprecipitation assay (RIPA) was purchased from New Cell
and Molecular Biotech Co. The chemicals were used without treat-
ment, and ultrapure water was used throughout all experiments.
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2.2. Synthesis of AuNPs-THI-CMWCNTs nanomaterials

CMW(CNTs were synthesized based on our previous report [35].
CMWCNTSs was ultrasonically dissolved in 20 mL water for 90 min
and supplied 2 mM EDC and 2 mM NHS. After adding 20 mL THI
solution (1 mg mL~1), the reaction was kept for 6 h under vigorous
stirring. The amino groups of THI and terminal carboxyl groups of
CMWCNTs were covalently bound via the formation of amide
bonds. Then 20 mM 2-mercaptoethanol was added into the
mixture. The THI-CMWCNTs was resuspended in ddH,0, followed
by centrifugation with 8000 rpm to remove the excess agents. For
synthesis of AuNPs-THI-CMWCNTs, 10 mM HAuCly and 0.1 M AA
were injected into the above mixture and stirred under room
temperature for 2 h. Finally, the product was collected by centri-
fugation and washed by ddH,O for three times. After overnight
dried in the vacuum drying oven, the AuNPs-THI-CMWCNTs
nanomaterials were stored at 4 °C refrigerator. The methods of
different sizes of AuUNPs were shown in supplementary material.

2.3. Fabrication of the proposed IL-6 immunosensor

The prepared process of IL-6 biosensor was presented in Scheme
1. The glass carbon electrode (3 mm, GCE) was furbished by alumina
powder (0.1 and 0.05 pm) before modification, followed by washing
with water and absolute ethanol for 3 min, respectively, and then
dried under nitrogen gas. The 8 uL AuNPs-THI-CMWCNTSs suspen-
sion was drop coated onto a purified GCE and desiccated in air
under room temperature to obtain AUNPs-THI-CMWCNTs/GCE. Due
to cysteine (Cys) contains carboxyl, amino and sulfhydryl groups,
AuNPs-THI-CMWCNTs/GCE was immersed in 5 mM Cys solution to
form carboxyl/amino group surface by Au—S. Whereafter, 2 mM
EDC and 5 mM NHS were dropped onto the electrode for 15 min,
and then the surface was incubated with 2 mg mL~" SPA solution at
4 °C. After the modified electrode immersed in 1.5 mg mL~' Ab, the
Fc fragment of Ab selectively binds with SPA to form oriented
immobilization immunosensor. The 1% BSA was used to debride
non-specific binding sites and blocked the surface of electrode.
Subsequently, the assembled sensor was bathed with different
concentration of IL-6 for testing. In each modification process, the
proposed electrode was washed stepwise with the PBS buffer so-
lution (100 mM, pH 7.4) to remove unconnected molecules on the
electrode surface and stored at 4 °C for later research.
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2.4. Apparatus and electrochemical methods

Transmission electron microscopy (TEM), energy-dispersive X-
ray spectroscopy (EDX) images and mapping images were obtained
using Philips Tecnai G2 F20 instrument (Amsterdam, Holland).
Fourier transform infrared spectroscopy (FTIR) measurements and
X-ray diffraction (XRD) measurements were collected with a Bruker
TENSOR 37 (Karlsruhe, Germany) and Rigaku D/max-rA with Cu Ka
radiation (Rigaku, Japan). CHI 760 E electrochemical workstation
(Shanghai CH Instrument with 760 E software, China) was used for
the electrochemical experiments. An ordinary three-electrode
system was used as electrochemical system, including working
electrode (modified GCE), counter electrode (1 mm Pt wire),
reference electrode (Ag/AgCl electrode with potassium chloride
supersaturated solution). All the electrochemical tests were carried
out under ambient temperature in 5 mM 40 mL [Fe(CN)g]>~/4~
aqueous solution with 0.1 M KCl.

2.5. Preparation of practical samples and rat model

Conforming to the Chinese Medical Ethics Committee ground
rules of animal experiments and ARRIVE, all procedures were
conducted with ethical principles for animal research. Before the
experiment, the animals were fed with half of the light/dark day,
and free access to commercial standard rat cube diet and water at
25 °C for 7 days.

Sprague—Dawley male rats (190~210 g, SPF grade,
NO.1112512011000006) were purchased from the National In-
stitutes for Food and Drug Control (Daxing). ISO increases heart rate
and triggers cardiac hypertrophy and ultimately myocardial
infarction and injury [36], which employed make for model rats of
myocardial infarction. Rats were aimlessly classified into 4 groups
(each group 6 rats): (1) normal control group (Con), received
equivalent physiological saline (i.p.) for 11 days; (2) ISOyg group,
received normal saline (i.p.) for 7 days and ISO injection daily
(20 mg/kg, i. p., dissolved in physiological saline) for 4 days; (3)
ISOgg group, same as ISO,q group, but the concentration of ISO was
80 mg/kg; (4) SAA + ISOgp group, daily received SAA (3 mg/kg, i. g.)
for 7 days and ISO injection (80 mg/kg, i. p.) for last 4 days. Rats
were starved overnight before the end of the experiment, and
anesthetized with 10% chloral hydrate (i.p.). The heart, liver, and
lung tissue (1 mg) were disrupted with the grinding tube in RIPA
(10 mL) lysis buffer, then the tissues were incubated for 30 min on
ice. With centrifugation at 3000 rpm for 10 min at 4 °C, the
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Scheme 1. The preparation procedure of IL-6 immunosensor working electrode.
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epipelagic solution was gained. The blood was collected from the
operation with the abdominal aorta and incubated at room tem-
perature until blood clotted. After centrifugation at 2000 rpm for
5 min at 4 °C, the lymph was collected and deposited at —80 °C for
further assessment. The serum and supernatants were diluted to
10% before the electrochemical experiments.

3. Results and discussion
3.1. Structure presentation

To verify the microstructure and morphological features of
AuNPs-THI-CMWCNTs nanocomposites, the complex was identified
by TEM. As shown in Fig. 1A, CMWCNTSs exhibited an open terminal
with defects indicating the pristine MWCNTS were successfully
oxidized, which resulted in an improved solubility in water. Fig. 1B
displays the TEM image of AuNPs-THI-CMWCNTSs. Apparently, THI-
CMWCNTs maintained their original tubular structures, implying
that the addition of thionine did not change the morphology of
CMWCNTs. Meanwhile, AuNPs (around 18.49 nm in diameter) were
also well loaded on the surface of THI-CMWCNTs, which may result
from the formation of Au—N bond and Au—S bond between AuNPs
and THI[37]. As shown in the EDX spectrumin Fig. S1, the occurrence
of C, O, S and Au elements could further testify that gold nano-
particles had been introduced on the surface of THI-CMWCNTs.
Element mapping was conducted to confirm the element distribu-
tion (Fig. 1C). It can be clearly seen that the C, O and S elements were
full of the view, while Au and S element obviously blended together,
revealing that AuNPs could be anchored onto the nanocomposites
on account of the special structure of THIL

FT-IR and XRD were employed to confirm the combinational
properties and crystallinity of the AuNPs-THI-CMWCNTs nano-
composites in Fig. 1D and E. As displayed in Fig. 1D, the band at
1630 cm~1,1600 cm~! and 1500 cm~! due to the stretching fre-
quencies of C=0 and the aromatic ring of THI [38], respectively. The
weak absorption band at 901 cm~! was divided to C—S, while 1650-
1390 cm~! was attributed to Amide II, indicating a covalent linkage
between THI and CMWCNTs [39]. The secondary amine of the THI
stretching in AuNPs-THI-CMWCNTs emerged at 1625 cm™, suggest-
ing that AuNPs favorably bound to THI-CMWCNTs surfaces [40]. The
XRD spectra of the MWCNTs, CMWCNTs, THI-CMWCNTs and AuNPs-
THI-CMWCNTs are shown in Fig. 1E. MWCNTs presented character-
istic peaks around 25.98°, whereas smooth peaks appeared after the
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formation of CMWCNTSs, which confirmed the MWCNTs had been
oxidized successfully. The 20 values of 38.2°, 44.42°, 64.6°, 77.64° and
81.74°, which can be assigned to the (111), (200), (220), (311) and
(222) reflections of AuNPs [41], respectively. All the results reveal that
the Au-THI-CMWCNTs nanocomposites had been successfully
synthesized.

3.2. Electrochemical characterization

The electron transfer of the proposed electrodes was deter-
mined in a KCI (100 mM) aqueous solution by cyclic voltammo-
grams using the ferro/ferricyanide redox system as a probe. In
Fig. 3A, the modified GCE exhibited a pair of chiseled redox peak of
Fe?*/** at around 290/165 mV and the peak-to-peak separation
(4Ep) was half of bare GCE. The active surface area of all the above
sensors was computed from the Randles—Sevcik equation [42]:
ip=2.69 x 10°n%/2D/2Cov'2A [1]
where i) represents the redox peak current (uA), n is the number of
transferred electrons, D is relate to the diffusion coefficient of
ferricyanide solution (6.70 + 0.02) x 10~% cm? s71), Cy is the con-
centration of the probe molecule (10 mM), v is the scan rate
(100mVs~1),and Agfy is effective surface area of the electrode (cm?)
can be calculated by the equation. AuNPs-THI-CMWCNTs/GCE
(curve d) gained the largest electroactive surface area, and 1.13,
132, 214 times higher than THI-CMWCNTs/GCE (curve c),
CMW(CNTSs/GCE (curve b) and GCE (curve a). This phenomenon can
be explained by the following reasons: (1) CMWCNTs with more
open ends and defects not only offer a better charge transfer to
enhance the electrical conductivity of nanomaterials, but also
enlarge the active surface area providing more binding sites. (2)
THI, as an electroactive substance, aids the redox of Fe>*/>* and
acceleration of electron transfer through amide bonds and w—m
stacking interaction with CMWCNTs. (3) The phenothiazinium
moiety of THI makes it as a linker to fix AuNPs on the surface of
CMW(CNTs without complicated procedures. (4) AuNPs efficiently
enhance the effective surface area of the GCE, which improves the
conductivity and enables to immobilized biomolecules on the
sensing electrode by bioconjugation. Therefore, the AuNPs-THI-
CMWCNTs nanocomposites with significantly electrochemical
properties can be a suitable supporting matrix for improving per-
formances of the immunosensor.

500m

Fig. 1. TEM images of (A) CMWCNTs and (B) AuNPs-THI-CMWCNTSs and insert shows the distribution of diameter for this sample (C) Elemental mapping images of AuNPs-THI-

CMWCNTs. (D) FTIR and (E) XRD images of different modifications.
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The electrochemical behavior of the stepwise decorated
immunosensor were researched and shown in Fig. 2B. When SPA
(curve b), BSA (curve c), and IL-6 Ab (curve d) were immobilized
layer by layer on Cys-AuNPs-THI-CMWCNTs/GCE, compared to the
pristine one (curve a), the current peaks decreased 0.91, 0.85, and
0.71 times, respectively, since the modified non-conductive protein
molecules hampered the electron transfer. It also proved the
immunosensor was assembled successfully. In addition, along with
the increasing concentration of IL-6, a further decline could be
observed in the peak current (curve e and f) by the electrochemical
measurement on Ab-BSA-SPA-Cys-AuNPs-THI-CMWCNTs/GCE.
This slight current change gave the as-prepared GCE an opportu-
nity to be a potential platform for monitoring IL-6 levels. Electro-
chemical impedance spectroscopy (EIS) displayed the step-by-step
decorating process of the sensor. As shown in Fig. 2C, with the
stepwise decoration on the electrode surface, resistance (Rct)
remarkably decreased implying that the nanomaterials accelerated
the electron transfer. As shown in Fig. 2D, when SPA, Ab, BSA, IL-6
modified the AuNPs-THI-CMWCNTs, the Rct values were increased
constantly, owing to the insulation of biomaterials. The results of
EIS were consistent with all the electrochemical behaviors in Fig. 2A
and B, demonstrating the IL-6 biosensor was formed successfully.

3.3. Optimization conditions of the fabricated immunosensor

To compare the effects of AuNPs size, the analytical abilities of
the obtained nanomaterials also had been investigated in this work.
As shown in Fig. S2, AuNPs with different size of 5.5 nm, and
42.1 nm were synthesized successfully. The smaller AuNPs revealed
higher conductivities than their counterparts (Fig. S2C). However, it
can be clearly seen in Fig. S3A that the larger nanoparticles dis-
played more enhancements on the 4I since the smaller ones have
strong coulomb repulsion which are not conducive to protein
immobilization [43]. Due to the surface of gold nanoparticles is
always deficient in electron, the affinity to electrons will reduce
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with the increase of dimension, thus the nanohybrids based on over
18.4 nm exhibiting a weaken electrochemical property. Therefore,
18.4 nm AuNPs were chosen for further experiments.

The immobilization conditions including the incubation time,
pH and temperature were optimized in accordance with the best
sensing response (Fig. S3). Firstly, the SPA incubation time in the
formation of the immunocomplex impacts on the performance of
the designed sensor. In Fig. S3B, the 4l (A1 = Ipeqr, — Ipeak;» Ipeak, 1S
the peak current with 0 ng IL-6 in [Fe(CN)g]>~/*") increased obvi-
ously when the incubation time extended from 40 min to 60 min.
However, a longer incubation time over 60 min did not heighten
the 4l significantly. As a result, 60 min was selected for linking SPA
in the assembling process. For the incubation time of IL-6 antibody
(Fig. S3C), the response current distinctly boosted until 25min.
When the incubation continued, the 4I tended to smooth with a
slightly decrease, indicating the optimal time for IL-6 antibody was
25 min. The same phenomenon can be observed when incubated
with IL-6 in Fig. S3D because the proper concentration fortified
specific binding between Ab and IL-6, but the excessive thickness
film hindered electron transfer. As a result, 25 min was chosen for
IL-6 in further detection.

With different pH values, the PBS aqueous solution greatly
influenced the behavior of proposed sensor because the excessive
acidity and alkalinity could impair the activity of bioactive sub-
stances and the linkage of antigen-antibody. As shown in Fig. S3E,
the best 4l was obtained in pH 7.5 PBS solution. The sensitivity of
the immunosensor relied on the test temperature, thus the IL-6
immunosensor was experimentally performed at a temperature
range of 5—45 °C. The 41 grew with the temperature risen from 5 °C
to 35 °C, and then decreased with the variation of temperature from
35 °C to 45 °C, which indicated that suitable increase of tempera-
ture facilitated the combination of Ab and IL-6, and excessive
temperature destroyed the chemical structure of the bioactive
materials. Hence, pH 7.5 and 35 °C were selected for the follow-up
research.

3.4. Quantitative capability of the IL-6 immunosensor

With comparatively high sensitivity and less time, square wave
voltammetry (SWV) has been a powerful technique in analytical
measurement. Therefore, SWV was utilized to verify the analytic
ability of the established label-free sensor towards different levels
of IL-6 and shown in Fig. 3A. With the IL-6 concentrations
increasing from 0 ng mL™! to 1000 ng mL~!, the 4I values have
decreased accordingly under the selected experimental conditions.
By calculation, the semi-log plot of 4I and IL-6 concentration
showed a strong linear relationship in the range from 0.01 ng mL~!
to 800 ng mL~. After fitting the relationship between the lgC and
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the 41, the equation of linear regression was 4I = 7.26651gC +
22.0446, with a correlation coefficient of 0.9912. From Fig. 3B (the
calibration plot), the detection limit of about 2.87 pg mL™' (S/
N = 3). Compared with the recorded IL-6 method and sensor
tabulated in Table 1, the proposed immunosensor showed an
outstanding sensitivity and distinguished application in serum
samples and tissue lapping fluid.

3.5. Specificity, stability, reproducibility and applicability of the IL-6
immunosensor

Specificity is a crucial parameter for an immunosensor, which
ensures it can discriminate the target analyst among complicated
substrates or biological samples without further separation and
extraction. The specificity and nonspecific absorption of the pre-
sented IL-6 immunosensor have been assessed in blank serum and
serum with seven interferences, namely IL-1, IL-10, insulin, CA125,
AFP, ChOx, and GOD. The current changes were recorded by SWV
and depicted in Fig. 4A. The peak currents caused by interfering
substances and blank serum were relatively weak, suggesting that
the nonspecific absorptions were rare on the proposed sensing
surface. In contrast to the single, the 41 of IL-6 (30 ng mL™') with
seven proteins changed less than 4.5% implying that the current
responses on the prepared sensor could not be affected by these
interferences. The above results revealed that the proposed Ab-
SPA-Cys-AuNPs-THI-CMWCNTs/GCE was highly specific and selec-
tive for detection of IL-6 under the physiological conditions.

Besides, the reproducibility is also a considerable indicator to
figure out the accuracy of the obtained sensor. It was investigated by
parallel SWV measurements using five independent Ab-SPA-Cys-
AuNPs-THI-CMWCNTs modified electrodes (Fig. 4B). The relative
stand deviation (RSD) of the prepared biosensor was 2.45%, demon-
strating a good reproducibility of the proposed immunosensor. As
longstanding stability, the immunosensor was assessed by testing the
Al on five working electrodes at an interval of 5 days. The unused
proposed immunosensors were stored at 4 °C with pH 7.4 PBS buffer
in the refrigerator. As seen in Fig. 4C, the 4l remained 90.8% of the
original current response after 30 days. Therefore, the above results
reveal that Ab-SPA-Cys-AuNPs-THI-CMWCNTs nanohybrids can serve
as an admirable electrode modifier for the quantification of IL-6 with
satisfactory properties in specificity, reproductivity, and stability.

The pragmatic feasibility and applicability of the prepared
sensor were assessed for detection of IL-6 in the real sample. As
shown in Table S1, IL-6 were carried out by both the proposed
sensor and commercial ELISA kits in 10% diluted human serum
samples for recovery experiments. With 15, 20 and 30 ng mL~! IL-6
added in human diluted serum samples, the RSD of immunosensor
was in the range from 2.05% to 3.22% with the recovery rate of
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immunosensor from 98.3% to 101.4% between two methods. The
results demonstrated that the proposed immunosensor had an
acceptable feasibility for analysis of IL-6 in serum samples.

3.6. Detection of IL-6 released from animal model

As a [-adrenoceptor agonist, ISO can cause a contractile
dysfunction of the left ventricle, with increasing end-diastolic
volume and end-diastolic pressure leading to the cardiac remod-
eling [47]. Rats with ISO-induced myocardial infarction can serve as
a typical model to study myocardial infarction in human since the
pathophysiological and morphologic alterations in noncoronary
myocardial necrotic rats are consistent with the lesions in human
[48,49]. SAA is beneficial for the treatment of cardio- and cerebro-
vascular diseases, it is a water-soluble active component of natural
medicine salvia miltiorrhiza. Evaluation of inflammatory response
by IL-6 is one of the ways to assess the positive influence of SAA on
myocardial infarction [50]. As shown in Fig. 5A, the IL-6 concen-
tration increased with the increments of ISO, suggesting an in-
flammatory reaction has been risen by ISO in rat while the
myocardial infarction had been set up successfully to some extent.
Based on the 41, IL-6 concentration for ISO5, ISOgg, and SAA + ISOgg
were calculated to be 0.25, 0.43, and 0.35 ng mL~! by the calibration
equation in Fig. 3B. It can be seen that the concentration of IL-6 in
SAA + ISOgp was obviously lower than its ISOgy counterpart,
implying that SAA had protective effects for rats, consistent with
the results reported by Song [51].

The inflammatory reactions in different tissues also had been
explored by the immunosensor and ELISA kit in rats. As shown in
Fig. 5B, after adding 100 pg mL~! standard concentration of IL-6 in
rat heart samples, two approaches both achieved the detection of IL-
6 changes, indicating the proposed sensor has prominent practi-
cality. In addition, the immunosensor had also been applied in the
determination of IL-6 in the liver and lung tissue (Fig. 5C). Under the
stimulation of ISOgy, liver tissue did not reveal a significant increase
of IL-6 level. On the contrast, the inflammatory factor IL-6 had been
obviously active in the lung (P < 0.05), consistent with the results of
the ELISA kit (P < 0.01), further confirming the reliability of the ob-
tained immunosensor in the animal model. Therefore, IL-6 immu-
nosensor has the capacity of evaluating inflammatory response in
the animal model, providing an attractive approach for the in-depth
study on inflammatory response during drug discovery.

4. Conclusions

In general, we established a fast orientation immunosensor
based on Ab-SPA-Cys-AuNPs-THI-CMWCNTs/GCE. It earned a
strong linear relationship between 41 and IL-6 concentration with a

Table 1
The different methods for the detection of IL-6.
Measurement protocol Signal strategies Linear range (ng/ Detection limit (pg/ Real samples Reference
mL) mL)
ELISA anti-IL6 0.039-2.5 39 human serum samples [7]
conductometric HRP-anti-IL6-modified nanogold 0.025-0.4 5 human serum samples [8]
immunosensor
colorimetric sensor Au@Ag bimetallic nanoparticles 0.011-1.8 11 human serum samples [44]
electrochemical Au-EGgCOOH electrodes 0.22-2.2 220 glycine—HCl buffer [45]
transistors
electrochemical aptameric graphene-based field effect  0.02—0.8 12.2 saliva 9]
transistors transistor
electrochemical Gold micro disc electrodes 0.02—-0.06 20 serum samples [46]
immunosensor
electrochemical Ab-SPA-Cys-Au NPs- THI -CMWCNTs/  0.01—-800 2.87 serum samples, model rat serum and tissue This work
immunosensor GCE lapping fluid
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Fig. 4. (A) The specificity of the Ab-SPA-Cys-AuNPs-THI-CMWCNTs immunosensor for the 100 ng mL~" other proteins and 30 ng mL~! IL-6. (B) The 4I of the 10 ng mL~" IL-6 to
different electrodes treated in same way. (C) The stability studies of the IL-6 immunosensor. Error bar = RSD (n = 5).
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Fig. 5. (A) The IL-6 concentrations of Con, IS5, ISOgo and SAA + 1SOg, in serum. (B) The IL-6 concentrations of control group and control group added 100 pg mL™", **P < 0.05 vs
Con (n = 6). (C) The IL-6 concentrations of control group and ISOgg, **P < 0.05 vs Lung Con and ***P < 0.01 vs Lung Con (n = 6). (Blue column stands for immunosensor, Purple ones
for ELISA). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

detection limit of 2.87 pg mL~L By taking advantages of the
remarkable specificity, stability, reproducibility, and applicability,
we have successfully applied the prepared sensor for the quanti-
tative measure of IL-6 in the animal model with admirable feasi-
bility. Compared with ELISA, the proposed immunosensor has
successfully captured the inflammatory response of car-
diomyocytes in ISO-induced rats, with highly consistent results.
Meanwhile, the immunosensor has the ability to analyze IL-6 dif-
ferences among various tissues in the presence or absence of drugs,
revealing an outstanding potential in pharmacodynamic evalua-
tion. Thus, the present work not only provides a precise platform
for quantification of IL-6 levels but also facilitates in-depth re-
searches on inflammation-linked diseases and relative drug dis-
covery in the prospect.
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