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Abstract

An aptamer-based method is described for electrochemical determination of lysozyme. A glassy carbon electrode was modified
with a nanocomposite composed of multi-walled carbon nanotubes, poly(diallyl dimethyl ammonium chloride), and carbon
quantum dots. The composition of the nanocomposite MWCNT/PDDA/CQD) warrants good electrical conductivity and a high
surface-to-volume ratio. The lysozyme-binding aptamers were immobilized on the nanocomposite via covalent coupling be-
tween the amino groups of the aptamer and the carboxy groups of the nanocomposite. The modified electrode was characterized
by electrochemical impedance spectroscopy, cyclic voltammetry and differential pulse voltammetry. The use of this nanocom-
posite results in a considerable enhancement of the electrochemical signal and contributes to improving sensitivity.
Hexacyanoferrate was used as an electrochemical probe to study the dependence of the peak current on lysozyme concentration.
In the presence of lysozyme, the interaction of lysozyme with immobilized aptamer results in a decrease of the peak current, best
measured at +0.15 V vs. Ag/AgCl. A plot of peak current changes versus the logarithm of the lysozyme concentration is linear in
the 50 fmol L' to 10 nmol L™! concentration range, with a 12.9 fmol L! detection limit (at an S/N ratio of 3). The method is
highly reproducible, specific and sensitive, and the electrode has a rapid response. It was applied to the determination of lysozyme
in egg white, serum, and urine.

Keywords Biosensor - Differential pulse voltammetry - Electrochemical aptasensor - Electrochemical impedance spectroscopy -
Nanocomposite

Introduction

The quantification and detection of proteins play important
roles in fundamental studies conducted on food safety [1],
proteomics [2], bioengineering [3], medical, and clinical ap-
plications [4]. In this regard, the aptamer-based sensor
(aptasensor) is proved to be a powerful technique for the
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identification of proteins, kinds of bio-molecules and bio-
chemical reactions [5].

Lysozyme is a remarkably small protein. It is a ubiquitous
enzyme and plays a vital role in various organisms [6]. It is
highly effective in the defense system of the human body due
to its antibacterial activity [7]. Moreover, this protein is applied
in medicine and clinical fields as a tumor marker (especially for
myelomonocytic leukemia), model in pharmaceutical, applica-
tion in antibiotics field, model in protein studies, model for
enzyme catalysis, and in proteomics [8]. It is available in nature
as a single polypeptide chain that includes 129 amino acid res-
idues with a MW of 14,300 Da, and an isoelectric point of 11.0
[8]. Given the importance of the clinical detection of lysozyme,
scholars have proposed several methods such as electrophoretic
[9], immune-enzymatic, chromatographic [10], ELISA [11], op-
tical, electrochemiluminescent [12], colorimetric, surface plas-
mon resonance [13], and electrochemical methods [14].
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Aptamers are short single-stranded DNA/RNA molecules
and functional nucleic acid receptors which bind to specific
target molecules with high affinity. They are applied for clinical
goals and basic research for drugs, proteins and other inorganic/
organic molecules [3]. Considerable efforts have been made to
develop aptasensors using various identification methods such
as colorimetric [15, 16], fluorescent [17], quartz crystal micro-
balance [18], surface plasmon resonance [13], field effect tran-
sistors [19], optical sensor [20], electrochemiluminescence [12],
magnetic sensors [21], and electrochemical methods [14, 22].

Electrochemical aptasensors have been developed by com-
bining aptamer-based signal conversion strategies with vari-
ous electrochemical techniques to identify different targets.
These methods compared to other used techniques are faster
in response, more robust, sensitive, stable, cost-efficient, and
suitable for miniaturization [23]. These different electrochem-
ical methods include potentiometric, amperometric, Faradaic
impedance, and voltammetric techniques [5, 24].

The most important step in making electrochemical biosen-
sors based on aptamer is the immobilization of aptamer on the
transducer surface [25] because this process not only provides
a functionalized sensing interface but also ascertains the se-
lectivity, stability, and sensitivity of the electrochemical
aptasensors [26]. One of the main factors in designing elec-
trochemical aptasensors is the development of efficient
aptamer immobilization methods, which tightly fixes the
aptamer and makes it stable on the electrode surface [27,
28]. Various methods, including direct adsorption or 7t -
tacking interaction, affinity binding based on biotin-avidin,
covalent coupling, sol-gel entrapment, electrostatic interac-
tion, and self-assembled monolayers (SAMs), have been put
forward for the immobilization of aptamers [8].

Considerable progress made reveals that combining
aptamer with nanomaterials is successful for building and de-
veloping novel electrochemical biosensing platform in protein
analysis methods, biological engineering, and clinical detec-
tion. Fabrication of novel nanostructures such as carbon quan-
tum dots (CQD), carbon nanotubes, gold nanoparticles, and
nanosheets [29], having highly improved properties, is an al-
luring prospect of nanotechnology in the development of sen-
sitive, stable, and cost-effective aptasensor [30]. Carbon quan-
tum dots (CQD) are carbon nanoparticles with small sizes less
than 10 nm so that the electron wave functions are limited
within their volume. They have become one of the most im-
portant nanomaterials in recent scientific research [31].

CQD can be taken into account as a potential material to
enhance the immobilization of biological types (aptamer
chains or DNA) because of some if its noticeable characteris-
tics, including hydrophilicity, good chemical stability, suscep-
tibility to chemical modifications, benignity to chemical com-
position, biodegradability, non-toxicity, good conductivity,
biocompatibility, and cost efficiency. In addition, CQDs are
appropriate for chemical modification with various biological,
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polymeric, organic, and inorganic materials [32—34]. Multi-
walled carbon nanotubes (MWCNTSs), as another class of
nanoparticles, are used as a modifier in the electrochemical
aptasensor [22], because they have the good conductivity,
specific surface areas, and high surface-to-volume ratios for
better immobilization of aptamers [22].

In this study, the combination of a nanocomposite of
MWCNTs, poly diallyldimethylammonium chloride
(PDDA), and CQD (MWCNT/PDDA/CQD) is proposed to
improve the electrochemical aptasensor for lysozyme detec-
tion. This combination is used into an electrochemical
aptasensor to apply synergy contributions for better immobi-
lization of aptamer and improvement of aptasensor character-
istics. It should be noted that PDDA (as a conductive cationic
polymer) is used as a dispersant of functionalized MWCNTs.
In addition, PDDA causes an electrostatic assembly between
positively charged PDDA/MWCNT and negatively charged
synthesized CQD [28]. Compared with other electrochemical
aptasensors, the novel GCE has key advantages for the immo-
bilization of amino-linked anti-lysozyme aptamer using amine
coupling method. These advantages include rich 7-
conjugation structure, large surface area, excellent in-plane
conductivity resulting from the presence of functionalized
MWCNTs as well as positively charged PDDA, many amino
and carboxy functional groups on the synthetic CQD surface,
and its conductivity.

Experimental
Chemical and apparatuses

The sequence of anti-lysozyme aptamer (APT) applied in this
study is "5'-NH2-ATC TAC GAATTC ATC AGG GCTAAA
GAG TGC AGA GTT ACT TAG-3". The description of all
reagents and chemical materials and apparatuses are presented
in more detail in the “Electronic Supporting Material” file
(Section S1).

Synthesis of CQD

In the first step, 1.05 g urea and 0.90 g citric acid were dis-
solved into 25 mL pure water. After that, the formed solution
was poured into 100 mL Teflon-lined stainless autoclave. The
closed autoclave was transferred into an electric oven at
180 °C for 10 h. Then, ethanol was added to the prepared
solution to get the final product. The solid product was sepa-
rated by centrifuging it at 3727 g for 5 min. Then, after dis-
solving the solid product in pure water, the solution was fil-
tered by filter membrane (0.22 pum) to remove the possible
coarse particles and dried at room temperature.
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Preparation of the MWCNT/PDDA/CQD
nanocomposite

In order to purify and activate the MWCNTSs, they were
heated at reflux in nitric acid. In this step, 0.40 g of the
MWCNTs (diameter of 70—110 nm, length of 5-9 um
bundles) were sonicated with 80 mL of HNO; 5.0 mol
L' and refluxed for 15 h. The mixture of MWCNTs
was diluted with water and then was filtered. The washing
procedure continued until the water layer reached a neu-
tral pH. Then, the final product of MWCNTSs was dried at
room temperature. This procedure produces —COOH
groups on the MWCNTSs structure. In this experiment,
5.0 mg of the activated MWCNTs were dispersed with
5.0 mL of the solution including 0.5 mol L' of NaCl
and 0.005 g PDDA by ultrasonication of the solution for
1.5 h. Afterward, 2 mg of synthesized CQD was added to
the dispersed MWCNT/PDDA solution and the resulting
suspension was sonicated for 1 h. Finally, the homoge-
nous dispersion of MWCNT/PDDA/CQD nanocomposite
was prepared.

Covalent immobilization of aptamer, and lysozyme
detection

In this section, glassy carbon electrodes (GCE) were first
polished with 0.05 mm of alumina slurries. After that, they
were ultrasonically washed in ethanol and water 50% (V/V)
solution and in distilled water, respectively. Then, 5.0 pL of
the homogenous dispersion of MWCNT/PDDA/CQD was
dropped onto a GCE surface and dried at room temperature.
The carboxylic groups of MWCNTs and CQD placed on the
GCE surface were activated in a mixture of 100 mM EDC (1-
ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochlo-
ride) and 100 mM NHS (N-hydroxysuccinimide) in 10 mM
TE buffer (pH 7.4) for 2 h. Afterward, in order to immobilize
the APT covalently, the GCE-MWCNT/PDDA/CQD was im-
mersed in TE buffer solution (pH 7.4) containing 0.1 uM
aptamer for 2.5 h. Then, the electrodes were washed with
TE buffer for 10s to eliminate unbound aptamers from the
modified GCE. 40 uL of 0.1% BSA solution was also
dropped on the prepared GCE-MWCNT/PDDA/CQD/
aptamers dropped for 1 h to deactivate the remaining
succinimide groups and avoid nonspecific adsorption. After
being washed with TE buffer, the prepared electrode was im-
mersed in TE buffer including lysozyme with various concen-
trations for 1.5 h. Each of the prepared GCEs was used once
for each measurement of lysozyme protein. In order to detect
changes in the electrochemical properties of the modified
GCE, electrochemical methods such as differential pulse volt-
ammetry (DPV), electrochemical impedance spectroscopy
(EIS), and cyclic voltammetry (CV) were applied.

Electrochemical measurements

The modified electrode performances were evaluated by EIS,
DPV, and CV in a three electrode cell assembly, having
2.5 mmol L' [Fe(CN)6]37/4' (1:1) mixture as a redox probe
and 0.1 mol L' KCI in TE buffer (pH 7.4). The EIS measure-
ments were conducted in a frequency range from 5 mHz to
100 kHz with a sinusoidal signal of 10 mV and at a DC potential
of +0.15 V versus Ag/AgCl (3 M KCI). CV was applied by a
potential scanning between —0.2 and 0.6 V at a scan rate of
100 mV s . DPV was also used with following parameters
modulation amplitude of 50.0 mV, step potential of 8.0 mV,
modulation time of 0.05 s and interval time of 0.5 s. Using
Golay and Savitzky filter (level 2) of the GPES software, the
raw voltammograms of DPV method were treated. The average
baseline correction was defined by a ‘peak width’ of 0.01 V.
The measurements of CV, EIS, and DPV techniques were con-
ducted using an AUTOLAB PGSTAT 12 device at room tem-
perature and the GPES and FRA software version 4.9.

Results and discussion

According to the description stated in the “Introduction” sec-
tion, the MWCNTs was used to development of lysozyme as-
say because of the various characteristics, including the good
conductivity, specific surface areas, and high surface-to-volume
ratios for better immobilization of aptamers, high mechanical
strength, cheap fairly price, and availability. Moreover, the syn-
thesized CQDs was used to development of lysozyme assay
due to good chemical stability, susceptibility to chemical mod-
ifications, benignity to chemical composition, biodegradability,
non-toxicity, good conductivity, biocompatibility, and cost effi-
ciency. Additionally, the PDDA, as a conductive cationic poly-
mer, was used as a dispersant of functionalized MWCNTs. It
also causes an electrostatic assembly between positively
charged PDDA/MWCNT and negatively charged CQDs.
The MWCNT/PDDA/CQD nanocomposite was applied to de-
velopment of lysozyme assay due to the high electron mobility,
synergistic contribution of functional components, high specific
surface, high mechanical strength, low manufacturing cost, and
so forth.

Characterization of CQD

The Dynamic Light Scattering (DLS), X-ray diffraction
(XRD), Fourier Transform Infrared (FT-IR), UV-vis-NIR,
and fluorescence spectroscopy techniques were applied to
study the characteristics of CQDs synthesized from urea and
citric acid. The obtained results of this section were explained
in the “Electronic Supporting Material” file (Section .S21).
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Surface morphology of nanocomposites on the GCE

Field emission-scanning electron microscope (FE-SEM) is
a powerful technique for investigating the morphology of
a surface on a nano-scale. Figure 1 shows the surface
morphologies of each modified working GCE using FE-
SEM. Figure la clearly displays the surface roughness of
unmodified GCE. Figure 1b shows the electrode coverage
morphology modified with CQD/PDDA. As observed in
this figure, the effective surface area of the modified GCE
has increased and CQDs are dispersed in the PDDA solu-
tion. This is also an evidence of the coverage of CQDs on
the surface of GCE, and an increase in the current, in the

presence of this modifier. The FE-SEM images of
MWCNT/PDDA film show a good dispersion in Fig. lc.
As seen in this figure, the impressive surface area of the
modified GCE has increased by deploying well conduc-
tive MWCNTs compared with unmodified GCE.
Figure 1d shows that the modified GCE surface of
MWCNT/PDDA/CQD nanocomposite is visible and
CQDs appear to enhance the surface area of nanotubes.
Furthermore, CQDs were detected on the sidewalls of
MWCNTSs, which reveals the highly conjugated CQDs-
MWCNTs hetero-junctions. Figure le shows the immobi-
lization of APT on the GCE surface modified with
MWCNT/PDDA/CQD nanocomposite.

MWCNT

Fig. 1 FE-SEM images of a Unmodified GCE, b CQD/PDDA, ¢ MWCNT/PDDA, d MWCNT/PDDA/CQD, and e MWCNT/PDDA/CQD/APT
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Evaluation of the electrochemical properties
of CQD/PDDA, MWCNT/PDDA,
and MWCNT/PDDA/CQD nanocomposites

In this section, for each step, the CV, EIS, and DPV techniques

are applied to investigate electrochemical properties of men-
tioned different nanocomposites. Figure 2a shows the DPVs
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Fig.2 a DPV, b CV, ¢ EIS curves of (a) unmodified GCE, and modified

GCE with (b) CQD/PDDA, (¢) MWCNT/PDDA, (d) MWCNT/PDDA/

CQD nanocomposites in a solution containing 2.5 mmol L! [F e(CN)G]3

% (1:1) mixture and 0.1 mol L™ KCl in TE buffer (Inset in Fig. ¢ is the

zoom of trace ¢ and d)

of 2.5 mmol L ™" [Fe(CN)¢]* "* (1:1) and 0.1 mol L™ KCl in
10 mM TE buffer on the different GCE covered with CQD/
PDDA, MWCNT/PDDA, and MWCNT/PDDA/CQD nano-
composites. The unmodified GCE has a discrete peak (trace
a). After covering the electrode surface with CQD/PDDA,
the current response clearly increases (trace b). However,
MWCNT/PDDA enhanced the electron transfer characteris-
tics and increase the GCE surface (trace c¢). This led to an
increase in the current response. By modifying the electrode
with MWCNT/PDDA/CQD, current response increases
even more (trace d) in than other previous statuses. This
nanocomposite with high conductivity increases the
electron-transfer ability and the GCE surface. The outcome
ofthis section shows thatthe MWCNT/PDDA/CQD electro-
chemical properties are better than CQD/PDDA and
MWCNT/PDDA nanocomposites. It should be noted that
the results of electrochemical analysis relating to only
PDDA were not discussed in this study because the results
did not show a sensible change in electrochemical measure-
ments in comparison with unmodified GCE. Additionally,
CVoutputs (Fig. 2b) confirm the differential pulse voltamm-
etry outputs acquired under similar conditions. After that,
EIS measurements are acquired for different nano-modified
GCEsunder similar conditions. This study showed that, after
coating MWCNT/PDDA, the value of R is sharply reduced,
in comparison with bare and CQD/PDDA modified elec-
trode, which can be attributed to the great conducting capa-
bility of MWCNTs. Moreover, as presented in the Fig. 2c¢,
after coating the GCE with MWCNT/PDDA/CQDs, the R
decreases a little in comparison with MWCNT/PDDA mod-
ified electrode due to the presence of CQDs.

Lysozyme detection

EIS and DPV values of samples at different steps and lyso-
zyme detection were obtained using 2.5 mmol L'
[Fe(CN)6]37/4’ (1:1) mixture as a redox probe and 0.1 mol
L™ KCl in TE buffer.

The aptamer immobilization process on the nanomaterials
modified GCE surface restricts the access of electrons to
the transducer surface, which leads to the low efficiency of
electron transfer. Subsequently, this process leads to the
increase of R in the EIS and decrease of peak current
(Ip) in the DPV measurements. Moreover, after lysozyme
detection with GCE-MWCNT/PDDA/CQD/aptamer, I, de-
creases continuously and R, increases because lysozyme
additionally restricts the access of electrons to the surface
of nano-modified GCE.

The MWCNT/PDDA, CQD/PDDA, and MWCNT/
PDDA/CQD were used for the fabrication of the lysozyme
aptasensor. The amount of immobilized aotamer (APT) and
the performance of lysozyme detection on the modified
GCE with these nanocomposites were also compared with
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each other. Figure 3a and b shows variation of lysozyme
detection performance on the different modified GCE sur-
faces by R and I, values. The differences between R,
and I, values (AR and Al) are considered as the main
responses for after and before preparation of a new adhe-
sive layer. As for lysozyme assay based on CQD/PDDA,
MWCNT/PDDA and MWCNT/PDDA/CQD nanocom-
posites, the outcomes demonstrate that the Al values after
lysozyme detection (Ciysozyme =0.05 nmol LY are 2.60,
3.71, and 10.31 pA, respectively. Besides, the values of
the AR are 139.1, 177.9, and 724.6 QQ, respectively, for
the three above-mentioned nanocomposites. The consider-
able increase in the values of AR and AI at MWCNT/
PDDA/CQD, compared to other nano-modified GCE, is
appropriate for the lysozyme identification. For more de-
tails about DPV and EIS behaviors of the three aforemen-
tioned nanocomposites, see Fig. 4a-f.

Figures 3 and 4 show that, after the immobilization of
aptamer on the MWCNT/PDDA/CQD and catching the lyso-
zyme, the biggest increase and decrease can be seen in R and
L,, respectively. These results show the better immobilization
of aptamer due to the existence of synthesized CQDs with
carboxyl functional group on MWCNTSs. This result suggests
a novel prospect for applying such films in the detection of
protein.

Figure 5a shows the DPV voltammograms for different
lysozyme concentrations. As shown in this figure, the peak
currents decrease as the analyte concentration increases.
Fig. 5b presents the calibration plot.

The peak current is inversely proportional to the lyso-
zyme concentrations in the wide range of 50 fmol L™' to
10 nmol L™". The detection limit for lysozyme concentra-
tion is 12.9 fiol L' at a signal-to-noise ratio of 3. The
regression equation is AI=2.8156 lgc +14.371 with the
estimated detection limit of 12.9 fmol L' at 3 Sy/m
(where m is the slope of the corresponding calibration

u lmodiﬁcd'lbarc
200 1 B LuggiticaLaptamer
= laplamcr 'llysozyme
15.0
—_~
<
=
= 10.0 4
<
5.0 4
0.0 4

CQD/PDDA

MWCNTs/PDDA  MWCNTs/PDDA/CQD

curve and Sy is the standard deviation of the blank). In
addition, sensitivity, which is equal to m, is 2.8156 uA/
nM. The peak currents are equivalent to the logarithm of
lysozyme concentration in the wide range of measurement
from 50 fmol L' to 10 nmol L', as shown in Fig. 5b
(Inset). The lysozyme assay developed in this study is
compared with previous electrochemical aptasensors for
lysozyme detection in terms of aptamer construction and
detection techniques (Table 1). According to Table 1, the
LOD and linear range of lysozyme detection can be better
than that of other electrochemical aptasensors, which have
been presented up to now.

Storage stability and repeatability

In the practical application of the detection of the lyso-
zyme protein, the storage stability of the modified GCE is
an important issue. To assess the stability of the GCE-
MWCNT/PDDA/CQD/aptamer, Fig. 5c is provided to
present the time-dependency of the relative current re-
sponse change, related to the original signal of 0.05 nmol
L' lysozyme on the first day of measurement. The
GCEswere kept in dry conditions at temperature of 4 °C
between each measurement on different days. The results
show that, in lysozyme presence, after one month, the
signal for 0.05 nmol L™" lysozyme is 89% of the original
signal (Fig. 5c¢). This outcome reveals that the GCE has
good stability.

The repeatability of the applied aptasensor is also im-
portant in the assay of protein. Ten parallel-prepared
GCE-MWCNT/PDDA/CQD/aptamers were applied for
identifying 0.003 nmol L' lysozyme (See Table SI,
Section S2.2). The signals of ten modified GCEs for de-
tection of 0.003 nmol L' lysozyme are shown in
Table S1. A Relative Standard Deviation (RSD) of 4.9%
is also evaluated for the value of Al

. Rbare - Rmodified
120 { mr

18 Riysozyme = R,

aptamer = Rmodificd

aptamer

CQD/PDDA

MWCNTs/PDDA  MWCNTs/PDDA/CQD

Fig. 3 alp and b R, variation for each step in detection of lysozyme was measured via prepared aptasensor, in which CQD/PDDA, MWCNT/PDDA,

and MWCNT/PDDA/CQD were applied as sensitive layers
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Fig. 4 a DPV and b EIS curves of (a) unmodified GCE, (b) nano-
modified GCE of CQD/PDDA, (c) immobilized aptamer on the nano-
modified GCE of CQD/PDDA, and (d) aptamer fitted to lysozyme
(0.05 nmol L™"). ¢ DPV and d EIS curves of (a) unmodified GCE, (b)
GCE modified with MWCNT/PDDA, (c) immobilized aptamer on the
GCE modified with MWCNT/PDDA, and (d) aptamer fitted to
lysozyme (0.05 nmol L™"). e DPV and f EIS curves of (a) unmodified

Specificity of the assay

In this section, some proteins being in the same family
as lysozyme, like thrombin, BHb, human IgG, and BSA
were used to evaluate selectivity. In addition, they were
applied to determine any probable non-specific adsorp-
tion of other proteins onto the nano-modified GCE. The

1400 4
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1000 | ¢
_ b
S s00 a
N
' 600 4

400 4

200

0 500 1000 1500 2000 2500 3000 3500
7'(©)

0 500 1000 1500 2000 2500 3000 3500
7'

0 500 1000 1500 2000 2500 3000 3500
YALO]

GCE, (b) GCE modified with MWCNT/PDDA/CQD, (c) immobilized
aptamer on the GCE modified with MWCNT/PDDA/CQD, and
(d) aptamer fitted to lysozyme (0.05 nmol L") .DPV and EIS
curves acquired in a solution containing 2.5 mmol L™
[Fe(CN)]*"* (1:1) mixture and 0.1 mol L' KCI in TE buffer
(pH 7.4)

mixture of these proteins with lysozyme has been tested
under the same experimental conditions. As observed in
Fig. 5d, the peak current of the anti-lysozyme GCE-
MWCNT/PDDA/CQD/aptamer related to the addition
of human IgG (0.1 nmol L"), BSA (0.3 nmol L"),
BHb (0.3 nmol L), and thrombin (0.03 nmol L")
does not show considerable changes in the current,
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Fig. 5 a DPV voltammograms of the GCE modified with MWCNT/

PDDA/CQD/aptamer for different concentrations of lysozyme within

50 fmol L' — 10 nmol L™" with scan rate 100 mVs ', b calibration

curve for AT and (Inset) AI vs. 10g(Ciysozyme, NmMol L"), ¢ Time

dependency of relative current response change connecting to the original

Al=2.8156 1gc +14.371
R*=0.9953
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signal at 5.0 nmol L™" lysozyme on the first day of measurement, d Peak
current response to (a) 0.003 nmol L' lysozyme, mixtures of 0.003 nmol
Lt lysozyme with (b) 0.3 nmol L' BSA, (¢) 0.1 nmol L™ human IgG,
(d) 0.3 nmol L™! BHb, (e) 0.03 nmol L ™! thrombin, respectively, (n=3)

Table 1 Comparison of developed electrochemical aptasensors for detection of lysozyme

Method Electrode & material LOD Linear range Sample RSD% References
SWvV GCE/Au/(Fc-cDNA/LBA TWI) 0.2 nM 0.2-100 nM - 7.90 [8]

SWv SPCE/AuNPs/LBA 21 fM 0.07-3.4 pM Egg white 4.20 [26]
SWvV GCE/THH Au NCs/APT 0.1 pM 0.1 pM-10 nM Egg white, serum 7.70 [8]

LSW Au/cDNA/LBA 1 pM 1.0 pM-1.1 nM Egg white 420 [8]

EIS rGO-AuNP/chit-AuNP/MWCNT-AuNP 9 M 0.02 to 250 pM Saliva, urine 39 [22]

EIS Au/cDNA/LBA 70 pM 0.2-4.0 nsM - 3.70 [8]

EIS LBA-GR-GCE 6 tM 0.01-0.5 pM Saliva, Egg white - [29]

EIS SPCE/LBA1 and LBA2 25 nM 0.025-0.8 uM Wine 3.80 [8]

EIS GCE/ AuNPs/erGO 0.06 pM 1.0 to 104.3 pM Serum - [27]

EIS Fe203-GR-GCE/LBA 11.1 pM 35 pM-350 nM - 448 [8]

(0% Au/LBA/TCA/AuNPs/cDNA 0.1 pM 5 pM-1 nM Egg white 4.30 [8]

DpPV Au/CD/DLAP1 + DLAP2 64 pM 100-1000 pM Serum - [8]

DpPV GR-GCE/LBA 0.08 nM 0.2 nM-1040 nM - 423 [8]

DPV GCE/O-GNs/LBA 1 pM 5.0 pM-0.7 nM - - [8]

DPV SPCE/LBA/Lysozyme/B-AB/SA-ALP 43 M 5f to5nM wine 5.5 [14]

DPV Au-Cu20/rGO/PpPG 0.06 nM 0.1 nM 200 nM saliva, plasma, urine 4.8 [24]

DPV GCE/ AuNPs/erGO 0.24 pM 9.6-205.5 pM Serum 5.8 [27]

DPV GCE-MWCNT/PDDA/CQD 129 tM 50 f.—10 nM Egg white, Serum, urine 4.9 This work
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Table 2 Recovery measurements
of lysozyme for real sample Samples Detected Spiked lysozyme Found Recovery (%) RSD(%)
analysis in the presence of applied (M) (nM) (nM)
GCE-MWCNT/PDDA/CQD/
aptamer Egg white 2.23+0.07 1.00 3.26+0.34 102.03 5.01
3.00 5.16+£0.31 97.67 3.56
5.00 7.29+0.39 101.20 4.61
Serum 4.61+0.09 1.00 5.59+0.21 98.04 4.86
3.00 7.69+0.38 102.67 473
5.00 9.44+0.34 96.60 5.09
Urine 0.52+0.05 1.00 1.49+0.26 97.01 4.11
3.00 3.56+0.33 101.30 3.72
5.00 5.45+0.28 98.60 4.54

compared to the response to lysozyme (0.003 nmol
L™"). This suggests that the electrode has excellent se-
lectivity in detecting between lysozyme and other dif-
ferent proteins.

Application to lysozyme detection in real samples

In this section, the lysozyme content in egg white, se-
rum, and urine of healthy people was tested to examine
the feasibility of applying the sensor in the real sample
analysis by DPV after preparation (Table 2). For this
purpose, 1.0 g of egg white was diluted 1000 times in
TE buffer; serum and urine were provided from healthy
persons and diluted 15 and 5 times in TE buffer, respec-
tively. Then, the modified GCE was immersed into the
each of the real samples for 1.5 h. The lysozyme con-
centrations are 2.23 +0.07 nM, 4.61 £0.09 nM, and 0.52
+0.05 nM (n=4) for egg white, serum, and urine, re-
spectively. These measurements are located into normal
range of the reported values [8]. By applying analytical
recovery experiments, the accuracy of the assay was test-
ed, as shown in Table 2. According to the standard ad-
dition method, the percentage of spiked recoveries
changes from 96.60 to 102.67. The results confirm the
efficiency of this technique for lysozyme analysis in real
and biological samples.

Conclusions

This study has developed a novel electrochemical lyso-
zyme assay based on the use of a MWCNT/PDDA/CQD
nanocomposite. In this scheme, the aptamer on adsorbent
layer catches the target lysozyme on the electrode inter-
face. This process makes a barrier for electrons and re-
stricts electron transfer; therefore, resulting in a decrease
in DPV peak current. The results demonstrate that the

immobilized amount of aptamer on the modified GCE
has increased. This method has several advantages in
comparison with other electrochemical aptasensors for
biomolecule (aptamer) immobilization, including (i) the
existence of large amounts of hydroxy, carboxy, and ami-
no functional groups in synthetic CQD and functionalized
MWCNTs, and positively charged PDDA; (ii) fast
electron-transfer kinetics which is due to the presence of
MWCNTs; (iii) high surface-to-volume ratio in the pres-
ence of CQDs and MWCNTs. Although the fabrication of
nanoparticles and CQDs is not straightforward and fabri-
cation has complex stages, they have a lot of advantages
compared to other electrochemical aptasensors, like great
stability, selectivity, and sensitivity. In our perception, this
approach is a powerful and selective tool for improving
and developing novel electrochemical aptasensors.
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