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This study presents a novel and ultrasensitive electrochemiluminescence approach for the quantitative
assessment of creatine kinase MB (CK-MB). Both carbon, carbon nano-onions (CNOs) and metal-based
nanoparticles, such as gold nanoparticles (AuNPs) and iron oxide (FezO4), were combined to generate
a unique nanocomposite for the detection of CKMB. The immunosensor construction involved the
deposition of the nanocomposite on the working electrode, followed by the incubation of an antibody
and a blocking agent. Tris(2,2'-bipyridyl)-ruthenium() chloride (IRu(bpy)s]>*Cl) was used as
a luminophore, where tri-n-propylamine (TPrA) was selected as the co-reactant due to its aqueous
immobility and luminescence properties. The analytical performance was demonstrated by cyclic
voltammetry on ECL. The characterization of each absorbed layer was performed by cyclic voltammetry
(CV) and chronocoulometry (CC) techniques in both EC and ECL. For further characterization of iron
oxide, gold nanoparticles and carbon nano-onions, scanning electron microscopy (SEM), transmission

electron microscopy (TEM) and X-ray diffraction (XRD) were performed. The proposed immunosensor
Received 3rd July 2019 h ide | (10 ng ML~ to 50 fg mL™Y), with an extremely low limit of detection (5 f
Accepted 8th October 2019 showcases a wide linear range ng m (o) g mL™), with an extremely low limit of detection (5 fg
mL™Y. This CKMB immunosensor also exhibits remarkable selectivity, reproducibility, stability and

DOI: 10.1039/c9ra05016g resistance capability towards common interferences available in human serum. In addition, the
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1. Introduction

Cardiovascular disorders (CVDs) is one of the leading causes of
global deaths, accounting for nearly 32% fatalities annually.
According to the World Health Organization (WHO), nearly 17.5
million people die annually due to cardiovascular diseases and
by 2030, the number may rise to 23.3 million worldwide.*
Therefore, the early detection of cardiac biomarkers is impor-
tant to combat and mitigate the prevalence of this epidemic.
Several cardiac biomarkers, such as creatine kinase MB
(CKMB), cardiac troponin (cTnT), aspartate transaminase (AST),
have been used to detect different coronary conditions. Among
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immunosensor holds great potential to work with real serum samples for clinical diagnosis.

these cardiac proteins, the CKMB level remains elevated up to
10-12 hours, making it a valuable and reliable candidate to
detect cardiac abnormalities.>* Clinically, human creatine
kinase is one of the most important biomarkers, and is exam-
ined as an indicator of several coronary disorders, such as acute
myocardial infraction (AMI), myocarditis, cardiomyopathy,
acute coronary syndrome, congenital heart defect, atrial fibril-
lation, and hypertensive heart disease.® The CKMB test is
mainly conducted when the overall CPK level is raised.®
Several methods, such as conventional blood tests, electro-
cardiograms (ECG), echocardiograms, CT angiograms, and
coronary angiography, are available to detect the CKMB range in
several cardiac disorders.” Later, electrophoresis, ion-exchange
chromatography, mass spectrometry, protein mass determina-
tion, luminescence, and colorimetric detection, have been
introduced.? Unfortunately, none of these methods are capable of
providing the desired information necessary for the early diag-
nosis of cardiac conditions as these methods are costly and
require an expert technician and a high-end laboratory setup.’
Hence, the point of care techniques can be promising alterna-
tives for the early prognosis of several heart complications. Table
1 comprises some of the recently used methods to detect CKMB.
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Table 1 Advantages of this study in comparison to other conventional immunoassay methods

Sensing platform Method Linear range LOD References
PANI nanowire-based EC biosensors DPV (100-1000) fg mL ™" 150 fg mL™" 6

Time resolved fluorescence detection Nitrogen pulse laser (20-500) pg mL ™" 1pg mL* 33
Fluorescence intensity detection Confocal microscopy (10-200) ng mL ™" 10 ng mL ™" 26
Chemiluminometric detection Chemiluminometry (1.0-250) pg mL " 1.23 pg mL ™! 34
Electrochemical detection Chronoamperometry (20-200) ug mL ™" 0.5 pg mL™* 35
Electrochemiluminescence detection cv (10 ng mL™" to 50 fg mL ) 5 fg mL ™! Our study

Recently, electrochemiluminescence-based biosensors are
on-trend as they are rapid, highly sensitive and involve no
hazardous reagents.'® Electrochemiluminescence (ECL) is
a type of chemiluminescence that is generated via electro-
chemically generated reactive species involved in electron
transfer reactions, and can excite a chosen luminophore and is
responsible for the emission of light in the presence of an
applied potential.™ Different organic luminophores, for
instance,  tris(2,2’-bipyridyl)-ruthenium(n)  ([Ru(bpy);]*"),
quantum dots, and inorganic luminophores, such as yttrium
oxide and zinc orthosilicate, are currently being used in several
ECL-based techniques.” In this study, tris(2,2’-bipyridyl)-ruth-
enium(n) ([Ru(bpy)s]”") and tri-n-propylamine (TPrA) were
selected as the luminophore and co-reactant, respectively,
owing to their high aqueous stability and robust luminescence
properties. The mechanism of the reaction between ECL
[Ru(bpy)s]*" and TPrA is given below:

[Ru(bpy)s]* — ¢~ — [Ru(bpy)s]*"
TPrA — e  — TPrA™™"
TPrA™" — TPrA" + H*
[Ru(bpy)s]’" + TPrA" — [Ru(bpy);]** + TPrA fragment

[Ru(bpy)s]** — [Ru(bpy)s]* + v (~620 nm)

Since the past decade, screen-printed electrodes (SPEs)
are being widely utilized to develop biosensors for the
detection of biomarkers as they are capable of carrying out
fast, simple and inexpensive fabrication methods along with
the luxury of miniaturization.”® The SPE used for this
particular study is pre-modified with single-walled carbon
nanotubes (SWCNTs), which comprise single-layered rolled-
up carbon sheets providing a strong and stable bond that
can tolerate extreme conditions (i.e. high temperature and
pressure).** Consequently, the SWCNT-SPE turns into a suit-
able thermal and electrical conductor,” possessing charac-
teristics, such as enhanced surface to volume ratio, superior
tensile strength, good dispersity and elasticity, allowing
uniform morphology throughout the surface of the working
electrode.'®

Currently, the use of different carbon and metal-based
nanomaterials to fabricate highly sensitive immunosensors,
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which give a remarkable signal amplification is on the rise."”
The inclusion of different nanoparticles having diverse
functions and multipurpose sensing areas, with electro-
chemiluminescence (ECL) has certainly expanded the appli-
cations and the acceptability of ECL-based sensors.'® Our
proposed immunosensor was fabricated with carbon and
metal-based nanoparticles (CNOs, AuNPs, and Fe;0,) to
generate a unique nanocomposite (CNOs/AuNPs/Fe;0,/Chi)
for a better ECL response. All the nanoparticles used in this
study have unique characteristics and potentiality. Gold
nanoparticles (AuNPs), for instance, is a well-known signal
amplifier having enhanced conductivity and superior shelf
life compared to most other available nanoparticles.* Carbon
nanoonion (CNO) is a biocompatible nanomaterial that
possesses substantial physical, mechanical, and electronic
properties.”® CNOs have a higher conductivity and a large
surface area and also serve as a linking layer between AuNPs
and the target biomolecule, resulting in a stronger signal
amplification.”® Apart from being an excellent conductive
nanomaterial, the water solubility and the incredible bio-
accessibility of Fe;O, allows it to retain the thermochemical
properties in both high and low pH conditions as well as high
temperatures, confirming the significant stability and versa-
tility.>> Finally, chitosan (CS), a polysaccharide which is
extensively used as an immobilization matrix for having
excellent membrane-forming ability, good adhesion quality
and high permeability,> has been utilized to act as a binder
to allow better absorption of different nanomaterials on the
working electrode surface.**

In this study, we have developed a novel-label free ECL-based
immunosensor incorporating a unique combination of CNOs,
AuNPs, Fe;O, and chitosan to detect CKMB with improved
sensitivity and stability. The maximum ECL intensity was
observed after the CNOs/AuNPs/Fe;0,/CS formed a thin layer on
the surface of the working electrode. Extensive studies were
conducted to optimize the immobilization time, blocking,
immunocomplex formation time, antibody concentration,
detection limit, specificity, and the effect of interferes on the
label-free immunosensor. The novelty of this proposed immu-
nosensor lies in the strength of finding better sensitivity to
detect traces of CKMB as compared to the recently stated
immunosensors,”® without the wuse of harmful-complex
components, enzymes, time-consuming pre-treatments, and
labelling of antibody/antigen required in other conventional
immunoassay methods.>®

This journal is © The Royal Society of Chemistry 2019
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2. Materials and methods
2.1 Synthesis of the CNO/Fe;04/AuNP/CS nanocomposite

The details of reagents and apparatus used for the synthesis of
the nanocomposite are described in the ESI sections.t In brief,
100 pg mL "' CNOs was first prepared by dissolving the stock in
distilled water and was sonicated for 3 h for proper dispersion
and later, the required concentration (1 ug mL~ ") was achieved
by serial dilution. Similarly, the Fe;O, stock was prepared by
serially diluting the main stock (20 mg mL™") into our required
concentration (20 pg mL™') and was sonicated for 30 min.
Following that, 20 pg mL~' AuNPs was prepared by serially
diluting the main stock, which was 60 ug mL™" and was soni-
cated for 1 h. Subsequently, for the synthesis of CNO/Fe;0,/
AuNP/CS nanocomposite, 1 pg mL~' CNOs, 20 pg mL™"
AuNPs and 20 pg mL ™! Fe;0, were mixed in 1 : 1 ratio by using
a magnetic stirrer for 6 h. After that, 0.1% chitosan was
prepared by dissolving 0.01 g of chitosan in 1% acetic acid.
Finally, before incubation on the electrode surface, chitosan
was mixed with the CNOs/Fe;O,/AuNP composite and ultra-
sonicated for 1 h to prepare the final CNOs/Fe;0,/AuNP/CS
nanocomposite.

2.2 Fabrication of ECL immunosensor

For the fabrication of the immunosensor, 10 uL of the CNO/
Fe;0,/AuNP/CS nanocomposite was drop-casted onto the

Nanocomposite
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SWCNT-SPE and left to dry for 2 h at RT for 1 h to allow the
formation of a thin film of the nanocomposite. Then, 10 pg
mL ™" of anti-CKMB (20 L) was spiked onto the SWCNT-SPE/
CNOs/Fe;O0,/AuNP/CS and incubated for 12 h + 1 at 4 °C.
Following that, the working electrode was washed with 10 mM
PBS pH 7.4 and dried at RT. Consequent incubation with 0.1%
BSA in 0.1% NaNj (w/v) for 1 h at RT was done to minimize the
nonspecific binding sites (as shown in Fig. 1). After appropriate
washing and drying steps, the sensor was kept at 4 °C. The
electrochemical change and the surface topography for each
step of the fabricated immunosensor were examined by ECL,
cyclic voltammetry and chronocoulometry. Now, this CKMB
immunosensor can be represented as SWCNT-SPE/CNO/Fe;0,/
AuNP/CS/anti-CKMB/BSA.

2.3 ECL detection of CKMB

For the detection of antigen CKMB utilizing our proposed
immunosensor, a series of CKMB solutions of different
concentrations (10 pL) were spiked on SWCNT-SPE/CNO/Fe;0,/
AuNP/CS/anti-CKMB/BSA and incubated for 30 min at room
temperature to allow the immunoreaction between the antibody
and the analyte (CKMB). The next step was washing by applying
10 mM PBS (pH 7.4) and drying at 21 °C £ 0.5. Following that,
the ECL determination of the immunosensor was completed
using 1 mL [Ru(bpy);]** and 1 mL TPrA having a molar ratio of
1:100. The ECL cell volume was sustained at 4 mL by the

ECL Intensity (a.u.)
g

.

Potential (V)

¢

BSA

Fig. 1 Schematic for the fabrication of the label-free electrochemiluminescence CKMB immunosensor and the detection principle: (A)
SWCNTs-SPE; (B) CNOs/Fez04/AuNPs/CS modified SPE; (C) anti-CKMB spiked immunosensor; (D) BSA blocked immunosensor; (E) immuno-

sensor spiked with the target antigen (CKMB); (F) ECL signal.

This journal is © The Royal Society of Chemistry 2019

RSC Adv., 2019, 9, 34283-34292 | 34285


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra05016g

Open Access Article. Published on 24 October 2019. Downloaded on 4/19/2026 3:02:37 PM.

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

(cc)

RSC Advances

addition of 10 mM PBS at pH 7.4. The cell was made up of a 5 cm
tubular translucent glass tube entirely enfolded with a silver-
mirror film, keeping only the bottom part (diameter 1.5 cm)
exposed to allow the transportation of the ECL light to a pho-
tomultiplier tube (PMT). The ECL cell was placed above the
central part of the PMT, which is capable of detecting ECL
intensity inside the light-resistant black container. All ECL
signals were determined having a primary voltage of 0.2 V,
maximum voltage of 1.25 V, minimum voltage of 0.2 V, scan rate
of 100 mV s, amplifying series of 3, sensitivity (A/V) of 1 x
10~ and a PMT voltage of 700 V. Highest ECL intensity was
attained at ~10 second after the initialization of each practice.
Error bars indicate the standard deviations of at least three
replicates (n = 3) for all experiments. The study was carried out
in accordance with the ethical standard of Helsinki Declaration
of 1975, which was revised in 2013 and also with the consent of
Universiti Brunei Darussalam's Faculty of Science Research
Ethics Committee and the sample donor.

3. Results and discussion

3.1 EC and ECL characterization of CNO/Fe;0,/AuNP/CS
nanocomposite

For the characterization of the proposed CNO/Fe;0,/AuNP/CS
nanocomposite, both ECL (cyclic voltammetry) and EC (cyclic
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voltammetry, chronocoulometry) analyses were performed, and
subsequently the responses when each nanoparticles were
added were compared with the bare SPE. The highest ECL peak
was recorded when all the nanoparticles were combined and
fabricated together as a nanocomposite on the bare SPE elec-
trode, Fig. 2A(e). Furthermore, an increase in the ECL intensity
was observed upon the addition of each nanoparticle. Hence,
the CNO/Fe;0,/AuNP/CS nanocomposite was selected and
chosen as a nanocomposite for further analysis. This increase in
the ECL intensity may have arisen from the high electrical
conductive properties and the large surface areas of the above
mentioned nanoparticles. A similar trend was observed in the
electrochemical (EC) detection using cyclic voltammetry and
chronocoulometry characterization, Fig. 2B and C, respectively.

3.2 Characterization of nanocomposite using scanning
electron microscopy (SEM), transmission electron microscopy
(TEM) and X-ray diffraction (XRD)

For further confirmation of each layer on the surface of the
working electrode, scanning electron microscopy (SEM) was
performed. At first, bare SWCNT electrode was analysed.
Following that, iron oxide-blue circles (Fe;0,) (Fig. 3A), gold
nanoparticles-red circles (AuNPs) (Fig. 3B) and carbon nano-
onion-yellow circles (CNOs) (Fig. 3C) were also analysed
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3 .0.08-
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0.24-

rrent (pA)

T
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Applied Potential (V)
C

4 d

Fig. 2 Nanocomposite characterization in EC and ECL using cyclic voltammetry and chronocoulometry: (A) ECL: CV line graph of (a) SWCNT-
SPE, (b) CNO/SWCNT-SPE, (c) AuNP/CNO/SWCNT-SPE, (d) Fe304/AuNP/CNO/SWCNT-SPE, (e) CS/Fes04/AuNP/CNO/SWCNTs. (B) EC: CV line
graph of (a) SWCNT-SPE, (b) CNO/SWCNT-SPE, (c) AuNP/CNO/SWCNT-SPE, (d) FesO4/AuNP/CNO/SWCNT-SPE, (e) CS/FezO4/AuNP/CNO/
SWCNTs. (C) EC: CC bar diagram of (a) SWCNT-SPE, (b) CNO/SWCNT-SPE, (c) AUNP/CNO/SWCNT-SPE, (d) FesO04/AuNP/CNO/SWCNT-SPE, (e)
CS/Fez04/AuUNP/CNO/SWCNTSs, (n = 3) at 21.5 + 0.5°C in 10 mM PBS, pH 7.4 (n = 3).
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Fig. 3 SEM images of iron oxide (FezO,4) (A), gold nanoparticles (AuNPs) (B) and carbon nano-onions (CNOs) (C) at 40 000x.

accordingly. Fe;O, had small circular-like structures, while
AuNPs showed slightly cylindrical bright features. On the
addition of CNOs, the electrode surface became less smooth,
showcasing more dense and cloudy regions. Thus, all these
distinctive features in each layer confirm the visual absorption
of three different nanoparticles on the surface of the working
electrode successfully. Next, the nanoparticles were character-
ized by transmission electron microscopy (TEM). The TEM
image of carbon nano-onions (CNOs) showed a ring like struc-
ture, reconfirming its proper adsorption on the working elec-
trode surface (Fig. 4A). On the other hand, the TEM image of
colloidal gold nanoparticles (AuNPs) had a circular surface
distribution (Fig. 4B), while the TEM image of iron oxide (Fe;0,)
nanoparticles displayed crystal like spherical structures, con-
firming a uniform morphology throughout the surface (Fig. 4C).
Furthermore, the presence of Fe;O,4, carbon nano onion and
AuNPs were found to be in agreement with their X-ray diffrac-
tion patterns (ESI Fig. S107).

3.3 ECL characterization of SWCNT-SPE/CNOs/Fe;0,/AuNP/
CS/anti-CKMB/BSA/Ag

Layer by layer characterization study provided evidence of
stepwise absorption of each layer on the surface of the working
electrode. At first, the ECL characterization of the SWCNT-SPE/
CNO/Fe;0,/AuNP/CS/anti-CKMB/BSA/Ag was performed by

This journal is © The Royal Society of Chemistry 2019

applying the CV technique. Here, the ECL response (ECL
intensity) was plotted against the potential applied to the
working electrode surface and appeared as CV curves shown in
Fig. 5A. The bare electrode had the lowest ECL peak (Fig. 5A(a))
whereas the maximum ECL response was recorded when it was
fabricated with the freshly prepared nanocomposite (CNOs/
Fe;0,/AuNP/CS) (Fig. 5A(b)). The highly conductive behaviour
of the nanoparticles and the increase in surface area due to the
use of Fe;0,, AuNPs and CNOs may have contributed to the
enhanced ECL intensity. However, a slightly gradual decrease in
the ECL intensity was observed as more layers (antibody)
(Fig. 5A(c)) were subsequently added on the pre-modified
SWCNTs working electrode. The lowest ECL response was
found when the nanocomposite and antibody fabricated elec-
trodes were incubated with the blocking agent, 0.1% BSA to
inhibit specific non-specific binding sites along with the target
antigen (Fig. 5A(d)). Henceforth, SWCNTs-SPE/CNOs/Fe;0,/
AuNPs/CS/anti-CKMB/BSA was selected to detect different
concentrations of the analyte (CKMB).

3.4 EC characterization of SWCNT-SPE/CNO/Fe;0,/AuN/CS/
anti-CKMB/BSA/Ag

Following the ECL characterization of the SWCNT-SPE/CNO/
Fe;0,/AuNP/CS/anti-CKMB/BSA/Ag platform, electrochemical
(EC) characterization was performed by applying

RSC Adv., 2019, 9, 34283-34292 | 34287
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Fig. 4 TEM images of carbon nano-onions (CNOs at 5 nm) (A), gold nanoparticles (AuNPs at 5 nm) (B) and iron oxide (FesO4 at 20 nm) (C).

chronocoulometry (CC) for further confirmation. At first, the
electrochemically generated charge for each step was ana-
lysed. As expected, both EC and ECL characterizations show-
case almost similar trends. In brief, the minimum EC signal
was recorded with bare SWCNTs-SPE (Fig. 5B(a)) and the
highest CC response was found when the working electrode
was incubated with the proposed nanocomposite (Fig. 5B(b)).
Later, the CC response for antibody (Fig. 5B(c)) and antigen
were taken (Fig. 5B(d)). The electrochemical signal gradually
decreases after the incorporation of each layer over the thin
film of nanocomposite. The lowest signal was found after
forming the BSA layer on the electrode, confirming the
successful immobilization of each layer on the working elec-
trode surface, ultimately resulting in a highly sensitive CKMB
immunosensor.

3.5 Calibration curve and analytical performance

This proposed immunosensor was then evaluated for its
capability to determine various concentrations of CKMB from
50 fg mL~" to 10 ng mL™"' (Fig. 6A). The calibration plot
(Fig. 6B) exhibited a negative linear relationship between the
log concentrations of CKMB and the current from 50 fg mL ™"

34288 | RSC Adv., 2019, 9, 34283-34292

to 10 ng mL " (R* = 0.97718) under optimum conditions (at 21
£ 0.5 °C in an air-conditioned research laboratory, in 10 mM
PBS pH 7.4, 100 mM [Ru(bpy);]Cl, 10 mM TPrA under standard
atmospheric pressure). As anticipated, with increasing CKMB
concentrations, a rise in ECL intensity was noticed. A linear
relationship between the log CKMB concentrations from 50 fg
mL " to 10 ng mL " and the ECL intensity of the CKMB signal
was detected as revealed by the calibration graph in Fig. 6B. An
exceptionally low experimentally calculated limit of detection
(LOD) of 5 fg mL™" was attained and it is the lowest concen-
tration of CKMB that can be identified in solutions. This
minimum LOD might be partially due to the improved ECL
properties and conductivity rising from the CNOs/Fe;0,/
AuNPs/CS nanocomposite.”” Moreover, the accessibility of
a large surface area of the carbon nanomaterial on a carbon-
based electrode (SWCNTs-modified SPE) helps to aid fast
electron transference and contributes to increased
specificity.?®

3.6 Label-free detection principle

In this work, the label-free ECL immunosensor (SWCNTs-SPE/
CNOs/Fe;04/AuNPs/CS/anti-CKMB/BSA)  was originally

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 Step-wise layer-by-layer characterization study of CKMB immunosensors using ECL (A) cyclic voltammetry: (a) SWCNT-SPE, (b) CNO/
FesO4/AuNPs/CS/SWCNT-SPE, (c) Ab/CNO/FesO4/AuNP/CS/SWCNT-SPE, (d) Ag/BSA/Ab/CNO/FezO4/AuNP/CS/SWCNT-SPE measured in
luminophore solution, CSE =100 mV s * using 1 : 100 [Ru(bpy)s]Cl,—TPrA solution containing 10 mM PBS, pH 7.4; and EC (B) chronocoulometry:
(a) SWCNTs-SPE, (b) CNOs/Fes04/AuNP/CS/SWCNT-SPE, (c) Ab/CNO/Fez04/AuNP/CS/SWCNT-SPE, (d) Ag/BSA/Ab/CNOs/FezO4/AuNP/CS/
SWCNT-SPE measured in redox probe (5 mM [Fe(CN)¢l>~/[Fe(CN)gl*~) solution, CSE = 100 mV st at 21.5 + 0.5°C in 10 mM PBS, pH 7.4 (n = 3).

verified for its capacity to determine 100 pg mL ™' CKMB, with
the response detected as ECL intensity (ESI Fig. S4A and BY).
The relative standard deviation (RSD) value below 5% speci-
fied the analytical accuracy of this biosensor.*® Moreover, the
isoelectric point (pI) of CKMB is 5.3,”° confirming that it will
carry an overall negative charge at the working pH 7.4,
attracting the positively charged luminophore ([Ru(bpy);]Cl,)
and the co-reactant (TPrA).*° Consequently, the dissemination
of [Ru(bpy);]Cl,-TPrA onto the immunocomplex amplified
with the increasing CKMB concentration, resulting in an
enhanced ECL response. Meanwhile, a persistent and
distinctive ECL signal was measured in the presence of 100 pg
mL~" of CKMB, attributing to the diffusion of [Ru(bpy);]Cl,~
TPrA onto the surface of the immunosensor after the emer-

revealed that in the presence of the analyte (CKMB), the total
charge determined was enhanced, representing that more
[Ru(bpy)s]Cl, dispersed towards the CKMB protein. In addi-
tion to that, diffusion kinetics were studied using cyclic vol-
tammetry on EC in the existence of [Fe(CN)g]* /[Fe(CN)e]*~
correspondingly on the immunosensor surface at the scan
rates of 20 mVs ' to 100 mV s ' (ESI Fig. S71). The linear
relationship between the oxidation-reduction peaks and the
square root of the scan rate was established in EC as in both
cases, the height of the peaks increased with the increasing
scan rate (Fig. S8A and Bt), confirming the dependency on
electrochemical diffusion.?" Similarly, in ECL, the graph (and
ESI Fig. S6A and BY) representing the oxidation and reduction
peaks vs. square root of scan rates exposed a linear associa-

gence of the immunocomplex. To further confirm that the tion supporting the earlier findings. Moreover, chro-
ECL system is dependent on the diffusion controlled elec- nocoulometry analysis was performed to confirm the
trochemiluminescence process of [Ru(bpy);]Cl,-TPrA, cyclic [Ru(bpy);]Cl,-TPrA  diffusion-controlled electrochemical
voltammetry analysis (ESI Fig. S51) was performed, which process (ESI Fig. S3A and Bf).
1000 - A 950+ B
(a) 10 ng/mL
=38.624 + 777.798
< 800 =90, - X
s 2 RZ =0.97718
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Fig. 6 Study of the analytical performance of the fabricated immunosensor in detecting CKMB: (A) CV line graph representing different
concentrations of CKMB antigens from 10 ng mL~*to 50 fg mL™%: (a) 10 ng mL™?, (b) 1 ng mL™?, (c) 500 pg mL™?, (d) 100 pg mL™?, (e) 10 pg mL™?,
(/1 pg mL™ (g) 0.5 pg mL™%, (h) 0.1 pg mL™% () 0.05 pg mL™™. (B) The calibration curves of the CKMB immunosensors towards different
concentrations from 10 ng mL™* to 50 fg mL~! of CKMB, graph has been plotted as ECL intensity vs. log concentration for best fitting (n = 3).
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3.7 Reproducibility, stability, selectivity and interference
assessment

In order to evaluate the reproducible ability of our fabricated
CKMB, five different electrodes were tested at five distinct times
using the same concentration (100 pg mL™ ') and the incubation
time with the target protein (CKMB). Following that, each
response of those fabricated electrodes was recorded and
compared accordingly, Fig. 7A. The proposed immunosensor
was found to have an extremely significant reproducibility
confirming the potentiality required to be a valuable biosensor.
For the stability assessment of the immunosensor, the ECL
signal was recorded at each five-day interval to estimate how
long the immunosensors provide similar signals compared to
the freshly prepared sensors, Fig. 7B. The electrodes were stored
at 4 °C for long term storage. We found that the immunosensor
has an exceptional stability up to twenty-one days of incubation.
Next, the specificity of the immunosensor was checked by
incubating the sensor with ten different proteins commonly
found in human serum and the ECL response was compared
with the same concentration (100 pg mL ') of the target
protein, Fig. 7C. As expected, the ECL peak height was

900 ] A

1 2 3 4 5

CKMB Immunosensors

1 2 3 4 5 6 7 8
Selectivity

9 10 11

View Article Online
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a maximum when the immunosensor was incubated with the
target protein (CKMB). Finally, to monitor the interference
capability of the CKMB sensors, the target protein was mixed
with three other cardiac proteins and the ECL analysis was
performed. The immunosensor was found to possess excellent
interference ability as no significant response was obtained as
shown in Fig. 7D. This evidently stipulates that this proposed
immunosensor is selective towards serum CKMB.

3.8 Real sample analysis

The capability of the label-free electrochemical immunosensor
for the real-world applications was examined by determining
the concentration of CKMB in serum samples of a healthy
donor. At first, serum samples were diluted with 10 mM pH 7.4.
PBS buffer to 10x, 100x, 1000x and 10 000x. Next, 100 pg
mL~' CKMB was introduced to each dilution. The highest
reduction in the signal was observed at dilutions higher than
1000x (ESI Fig. S9t). Later, three different concentrations of
CKMB (200, 300 and 500 pg mL™') were examined for the
immunosensor's practical application in identifying CKMB at
a dilution factor of 1000x. The RSD (relative standard deviation)

ECL intensity
28RN
o o o
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Storage time (days)

870- D
840-
S 810
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>
=" 750
e
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O 660
w
630-
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Fig. 7 Analysis of reproducibility, stability, selectivity and interference-resistance of the immunosensor. (A) BSA/CNOs/FesO4/AuNPs/CS/
SWCNTs-SPE immunosensors were incubated with 100 pg mL™ CKMB and their signals were recorded; (B) BSA/CNOs/FezO4/AuNPs/CS/
SWCNTs-SPE immunosensor incubated with 100 pg mL~* CKMB and stored at 4 °C. Signals were recorded and assessed at five-day intervals to
study the long-term stability of the immunosensors; (C) CKMB immunosensor was tested against other analytes known to be present in serum
and the signal was recorded. The different samples tested were: (1) 100 pg mL™* CKMB; (2) 100 pg mL™* HP; (3) 100 pg mL™* HCG; (4) 100 pg
mL~t leptin; (5) 100 pg ML~ CRP; (6) 100 pg mL~* CEA; (7) 100 pg mL™ cTnT; (8) 100 pg mL~t cTnl; (9) 100 pg mL™* cortisol; (10) 100 pg mL™* B-
2M; (11) 100 pg mL~* AFP (n = 3); and (D) CKMB immunosensor was tested against 100 pg mL~* of CKMB in combination with 1000 pg mL™* of
other analytes known to be present in serum and the signal recorded. The samples tested were (1) CKMB only, (2) CKMB + cTnT, (3) CKMB + cTnl,
(4) CKMB + B-2M, (5) CKMB + cTnT + cTnl + B-2M (n = 3).
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Table 2 Recovery of the fabricated label-free electro-
chemiluminescence CKMB immunosensor in real human serum
samples

Dilution factors Added conc. Found conc.

of the serum samples (pg mL™') (pgmL™') RSD% Recovery%
1000x 200 207 0.52 103

300 296 0.67 98

500 509 0.81 101

value for each CKMB concentration used here is between 0.52%
to 0.81% and the recovery range is between 98-103%. These
results, summarized in Table 2, validate that the fabricated
immunosensor has a substantial prospective for the detection
of CKMB in real serum samples.

4. Conclusion

In our work, we have established a novel and label-free ECL
immunosensor for the determination of CKMB using the CNOs/
Fe;0,/AuNPs/CS nanocomposite on modified SWCNTs-SPEs.
The modified platform of SWCNTs-SPE/CNOs/Fe;0,/AuNPs/CS
has been used for the very first time for the fabrication of
label-free ECL immunosensors representing enhanced sensi-
tivity in comparison to existing immunosensors.** In addition,
the improved analytical performance was confirmed regarding
the sensitivity by determining a remarkably low detection limit
(LOD) of 5 fg mL™". Additionally, the proposed immunosensor
showcased an extensive linear range of detection between 50 fg
mL ' and 10 ng mL ™", with a promising potentiality to evaluate
the deficiency and the excessive expression of the target (ana-
lyte). Besides the decent repeatability, stability and specificity
ensured its constructive applications for the analysis of CKMB
in real serum samples, which can be employed ubiquitously
from the hospital to patient's house with great possibility for
commercial applications compared to the currently available
biosensors.
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