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ARTICLE INFO ABSTRACT

Keywords: In our work, aptamers and hemin/G-quadruplex DNAzyme modified sandwich-rod graphene quantum dots @
Aptamers graphene oxide @ carbon fiber composite (DNAzyme/L-Apt/GQDs@GO@CF) was successfully prepared for
Carbon fiber sensitive and selective chemiluminescence (CL) detection of lysozyme (LZM). Initially, GQDs@GO@CF was
f;:gr;rﬁz successfully prepared and characterized. Lysozyme aptamers (L-Apt) as a recognition element and hemin/G-

quadruplex DNAzyme (DNAzyme) as a catalyst of luminal - H,O, were modified on the surface of
GQDs@GO@CF, sequentially. The immobilization properties of GQDs@GO@CF to L-Apt and the adsorption
properties of L-Apt/GQDs@GO@CF to DNAzyme were also researched, respectively. Then, the modified sand-
wich-rod carbon fiber composite was applied to the construction of CL biosensor for LZM detection. When LZM
existed, DNAzyme would be released from the surface of L-Apt/GQDs@GO@CF and catalyzed the reaction of
luminal - H,O,. Under optimized conditions, the CL biosensor for LZM detection showed wide linear range of
2.64 x 107 °t0 6.6 x 10~ 8 g/L and low detection limit of 1.25 x 107! g/L (38). Finally, the CL biosensor was
successfully used for LZM detection in human urine samples and illustrated the potential application in pratical

Chemiluminescence biosensor

samples.

1. Introduction

Lysozyme (LZM), also known as muramidase or N-acetylmuramide,
is an alkaline enzyme in pathogenic bacteria [1,2]. Owing to its ex-
cellent bactericidal properties, lytic activation and low molecular
weight, LZM has been widely applied in food industry as preservative or
biomedical sciences as therapeutic agent [3-5]. LZM in serum is a
marker for various kinds of acute leukemia [6], and LZM in urine is also
significant for the evaluation of renal tubular damage, high lysozyme
hyperlipidemia, renal damage and other diseases [7]. Therefore, sen-
sitive and accurate detection of LZM is extremely important [8]. There
are already some methods for LZM detection, such as resonance ray-
leigh-scattering [9], electrochemical biosensor [10,11], fluorescence
biosensor [12], chemiluminescence (CL) method based molecularly
imprinted polymers (MIPs) [13], aptamer-based biosensor [14]. These
methods could meet certain requirements in some fields, but some were
trapped in its complex operation, expensive instruments, low selectivity
or sensitivity [15]. So finding a simple, cost-effective, sensitive and
selective method to detect LZM is urgent needed.

* Corresponding authors.

Chemiluminescence (CL) is an optical radiation phenomenon ac-
companying in process of chemical reaction [16]. The product mole-
cules can absorb energy from chemical reactions and jumped to an
excited state, then the excited state molecules generate light radiation
when returning to the ground state. Because of its high sensitivity,
convenient operation, wide detection range and easy to automate, CL
has attracted researchers’ attention in recent years. However, low se-
lectivity limits its applications in some areas, which could be improved
by some specific identification materials, such as molecularly imprinted
polymers (MIPs) [17], antigen-antibody materials [18] and aptamers
composites [19,20]. Besides, CL intensity (I) of chemical reactions are
usually weak and catalysts are needed [21]. Common catalysts in CL
reactions are metal nanoparticles [22], carbon nanoparticles [23] and
enzymes (including some simulated enzymes) [24,25].

Aptamers are some specific oligonucleotide sequence screened from
artificial single-stranded oligonucleotide libraries [26]. Compared with
antibodies, aptamers have high specificity and affinity to their multiple
classes of target molecules, such as proteins, amino acids, drugs and
inorganic ions. Moreover, aptamers show many advantages of good
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Fig. 1. The schematic of IFFM-E flow injection CL analyzer.

stability, easy to obtain, simple synthesis, easy to modify or label [27].
So aptamers have been widely used in biosensors construction [28]. Si
et al. [29] prepared a biosensor to detect cancer biomarker CEA based
on aptamer induced current and molybdophosphate captured on a
glassy carbon electrode. Zhang et al. [30] synthesized carbon-based
nanocomposites with aptamer-templated silver nanoclusters and rea-
lized the highly sensitive and selective detection of platelet-derived
growth factor (PDGF).

Carbon fiber (CF) is a kind of fiber materials with high strength and
modulus. CF also has high quality density, soft outside and hard inside
[31,32]. So CF is usually used as functional composites after appro-
priate modification and it has been used in the synthesis of smart ma-
terials, energy device devices and the construction of biosensors
[33-36]. For its applications in biosensors, Shi et al. [37] proposed a
novel, sensitive and convenient method to detect lappaconitine based
on an electrostatic spinning carbon nanotube fiber modified glassy
carbon electrode (GCE/ESCNF). The sensitive detection of dopamine
was realized by PEDOT/graphene oxide coating on vivo carbon fiber
electrodes by Taylor et al. [38].

Graphene (GR) was successfully separated from graphite with
micro-mechanical stripping by British scientists in 2004 [39]. As a
new two-dimensional atomic crystal, GR is composed by sp® hybrid
carbon atoms and shows some excellent performances of mechanical,
electrical and thermal, low cost and easy chemical modification [40].
Graphene oxide (GO) is a kind of oxidation product of GR [41]. The
growing oxygen-containing functional groups make GO more active
than GR. Based on the excellent properties of large surface area, good
biocompatibility, rich functional groups and easy to surface mod-
ification [42], GO and its composites have caused widespread concern
among researchers in many fields, such as electronic devices [43],
biosensing [44] and adsorption or energy storage materials [45].
Graphene quantum dots (GQDs) are a new nano-carbon material in
recent years and have many good performances of water solubility,
stability, bright fluorescence characteristics and low toxicity [46,47].
In addition, GQDs can react with some chemical groups and functional
molecules by covalent bond [48]. A common method to covalent
modification is the acylation or esterification reaction between bio-
logical molecules and chemical groups. In addition, its surface mod-
ification can also be achieved by m-;t interaction, ionic bond or hy-
drogen bond effect.

In this work, GQDs@GO@CF was successfully synthesized and
characterized. Then, L-Apt was immobilized on the surface of
GQDs@GO@CF to improve the composites’ specific recognition ability.
Subsequently, the simulated catalytic enzyme - DNAzyme was com-
bined together with L-Apt by the base complementary pairing effect.
The composite was used for the construction of CL biosensor to detect
LZM. When LZM existed, DNAzyme would be released from the surface
of L-Apt/GQDs@GO@CF owing to the strong specific recognition
ability between LZM and L-Apt and released DNAzyme catalyzed CL
reaction. So the highly selective and sensitive detection of LZM was
achieved.
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2. Experimental
2.1. Materials

CF (24 K) was provided by Hui Ping Carbon Fiber Weaving Co. Ltd.
of Yixing (Jiangsu, China). Graphite powder was supplied by Hongyan
Chemical Reagent Factory (Tianjin, China). Citric acid was purchased
by Tianjin Damao Chemical Reagent Factory (Tianjin, China).
Lysozyme (LZM), Bovine serum albumin (BSA), Bovine hemoglobin
(Hb), glycine (Gly), Alanine aminotransferase (ALT), i-cysteine (Cys),
ammonium carbonate (AC) and lactic acid (LA) were purchased from
Solebo Biological Technology Co. Ltd. (Beijing, China). Sodium hy-
droxide, potassium permanganate, ethanol, hydrogen peroxide and all
other common chemicals unless specified were analytical reagent grade
and used without further purification. LZM aptamer: 5- ATCAGGGCT
AAAGAGTGCAGAGTTACTTAG-3' (10 OD) and the single stranded DNA
sequence of G-quadruplex DNAzyme (ssDNA): 5-TAGTCCCGACGTAT
CGTATGTTCGTTGGGTAGGGCGGGTTGGG-3' (10 OD) were purchased
from Sangon Biotech Company (Shanghai, China). Redistilled water
was used throughout the work. Phosphate buffer (PBS, pH = 7.4,
0.01 mol/L) solution was used to prepare all LZM solutions in all ex-
periments.

2.2. Apparatus

The IFFM-E flow injection CL analyzer (Xi’an Remex Electronic in-
strument High-Tech Ltd, China) was equipped with an automatic in-
jection system and a detection system. In the flow injection system,
luminol and NaOH flowed through the two channels of main pump into
the mixing reaction system while H>O, and samples (or PBS) flowed
through the two channels of the vice pump, as shown in Fig. 1. The
process of electrochemical deposition was performed on a CHI 660D
electrochemistry workstation (Beijing Huake Putian Technology Co.,
Ltd. China), in which the classical three-electrode system was adopted
and the working electrode was CF composites. Synthetic materials were
characterized by Scanning Electron Microscopy (SEM, GUANTA FEG
250, FEI, America), Transmission Electron Microscopy (TEM,
JEOL1400 microscope, Japan), X-ray Diffraction (XRD, Brooke AXS,
Germany), Fluorescence Spectrophotometer (FL, Shimadzu RF-5301,
Japan), UV-visible Spectrophotometer (UVUV-visPerkinAElmer,
America), Fourie Transform Infrared Spectroscopy (FT-IR, PerkinElmer
Corporation, America) and Brunauer-Emmett-Teller surface area mea-
surement (BET, Quantachrome, America).

2.3. Preparation of GO

GO was prepared by a modified Hummers method [49]. Briefly,
1.0 g of graphite powder and 200 mL of mixed acid (Viaso4:Vunos =
8:1) were added into a three mouth flask. Then 6.0g of potassium
permanganate was added and stirred for 12h at 90 °C. After that, 30%
H,0, was dropped. Finally, the mixture was centrifuged and washed by
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0.2 mol/L HCl and water, respectively. GO was obtained after vacuum
dried.

2.4. Preparation of GQDs

2 g of citric acid was added to a 25 mL of three beaker and heated
for 20 min at 200 °C until the solution turned orange. Then 10 mg/mL of
NaOH was dropped to obtain the light green transparent solution. The
solution was adjusted to pH = 7 by 10 mg/mL of HCI.

2.5. Preparation of GQDs@GO@CF

Many 2cm long of CF were washed with acetone, ethanol and
water, respectively and then dried. Then the electrochemical work-
station was supplied with 1.2V constant voltage and electrodeposited
for 100s to obtain GQDs@GO@CF. In the three-electrode electro-
chemical workstation, CF was used as the working electrode, platinum
wire as the counter electrode, Ag/AgCl as the reference electrode and
3 mg/mL of GO dispersions as electrolyte. Under similar experimental
conditions, GO@CF was used as the working electrode and 5 mg/mL of
GQDs dispersions electrode. The three electrodes were deposited for
100 at a voltage of 1.2V provided by the electrochemical workstation
and the final composites - GQDs@GO@CF was obtained. The preparing
process of GQDs@GO@CF was shown in Fig. 2.

2.6. Preparation of hemin/G-quadruplex DNAzyme (DNAzyme)

DNAzyme was prepared by ssDNA and hemin. 0.2mL 1.5 x 102 g/
L of hemin and 0.4mL 2.0 x 102 g/L of ssDNA were mixed and in-
cubated for 60 min at 37 °C. Then the incubated solution was cen-
trifuged for 90 min at 9000 rpm and excess ssDNA was removed. After
transferred to a 250 mL volumetric flask, the final 2.8 x 10 g/L of
DNAzyme was prepared successfully, as shown in Fig. 2.
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2.7. Immobilization experiments

2.7.1. Immobilization isotherm

Multiple parallel 0.1 g GQDs@GO@CF were placed into 50.0 mL
colorimetric tubes, respectively. Then, different volume doses 2.0 X 10
5 g/L of L-Apt were added to these tubes, respectively. After that, these
tubes were shaken for 1h at 25 °C, respectively. After removal separa-
tion, the supernatants in these tubes were determined by the CL ana-
lyzer and immobilization capacities were calculated.

2.7.2. Immobilization dynamics

Multiple parallel 0.1 g GQDs@GO@CF were dispersed in 50.0 mL
1.0 x 10 g/L of L-Apt which then were shaken for 0.5, 1, 3, 5, 10, 15,
20, 25, 30 min, respectively. After removal separation, the supernatants
in these tubes were determined by the CL analyzer and immobilization
capacities were calculated.

2.7.3. Calculation formula of immobilization capacity
The immobilization capacity was calculated from the following
formula:

Q. =(co—c)V/im

where Q. (g/g) was the mass of L-Apt immobilized per unit mass of
GQDs@GO@CF; co (g/L) and c. (g/L) were the concentrations of initial
and balance L-Apt, respectively; V (L) was the total volume of the im-
mobilization mixture and m (g) was the addition of GQDs@GO@CF.

2.8. Adsorption experiments

2.8.1. Adsorption isotherm

Multiple parallel 0.1 g of L-Apt/GQDs@GO@CF were placed into
50.0 mL colorimetric tubes, respectively. Then, different volume doses
2.8 X 10 g/L of DNAzyme were added to these tubes, respectively.
After that, these tubes were shaken for 1h at 25 °C, respectively. After
removal separation, the supernatants in these tubes were determined by
the CL analyzer and the adsorption capacities were calculated.

GO CF GO@CF GQDs@GO@CF
The base complementary
’ @ @ pairing effect
Hemin ssDNA DNAzyme
The CL system of ceveeee
luminol-H,O, . @ o
LZM
CL In solution Be removed

Fig. 2. The preparation process of composite and mechanism illustration of the CL biosensor.
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Fig. 3. The TEM image of GQDs (A); SEM images of GO (B), CF without pretreatment (C), CF with pretreatment (D), GO@CF (E) and GQDs@GO@CF (F).

2.8.2. Rebinding dynamics

Multiple parallel 0.1 g of L-Apt/GQDs@GO@CF were placed in
6.0mL 8.0 x 107 g/L of DNAzyme which then were shaken for 0.5, 1,
3, 5, 10, 15, 20, 30 min, respectively. After removal separation, the
supernatants in these tubes were determined by the CL analyzer and
adsorption capacities were calculated.

2.8.3. Calculation formula of adsorption capacity
The adsorption capacity was calculated from the following formula:

Qe=(Co—CV'/m’

where Q’. (g/g) was the mass of DNAzyme adsorbed per unit mass of
L-Apt/GQDs@GO@CEF; ¢’y (g/L) and ¢’ (g/L) were the concentrations
of initial and balance DNAzyme, respectively; V' (L) was the total

volume of adsorption mixture and m’ (g) was the addition of L-Apt/
GQDs@GO@CF.

2.9. Optimization experiments

To obtain the optimal CL intensity, pumps speed of the CL ana-
lyzer, concentrations of luminol, H,O, and NaOH were all optimized
by changing the single variable. For example, when the main pump
speed was optimized, main pump speed varied during 20-45 r/min
while other factors were fixed: 20 r/min of vice pump speed,
2.5 x 10"* mol/L of luminol, 0.10 mol/L of H,0, and 0.10 mol/L of
NaOH.

2.10. Selectivity experiments

To study the selectivity of the proposed CL biosensor, selectivity
experiments were carried out. In experiments, different amounts of
interference substances were added to LZM standard solution (c;zwm:
8.0 x 10® g/L) to research their effects on the CL intensity. These ef-
fects were reflected by the interference multiples that is a concentration

60

value relative to the concentration of LZM. Interference substances used
in experiments were simulate urine components, such as bovine al-
bumin (BSA), bovine hemoglobin (Hb), alanine aminotransferase
(ALT), glycine (Gly), L-cysteine (Cys), ammonium carbonate (AC), lactic
acid (LA), potassium ion (K*) and chloride ion (CI).

2.11. Recyclability experiments

To investigate practicality of the proposed CL biosensor, the re-
cyclability of GQDs@GO@CF was researched by comparing the im-
mobilization capacities of the GQDs@GO@CF used different times and
unused before, respectively. In experiments, L-Apt was immobilized on
the surface of GQDs@GO@CF by the m-m stacking effect between
GQDs@GO@CF and L-Apt and different concentrations of LZM could
cause the different changes of CL intensity.

2.12. Samples detection

LZM samples were detected by the CL analyzer and the procedures
were shown as following.

2.12.1. Blank detection
The CL intensity of I, was measured when only PBS existed in
sample tube. I, was produced by the pure luminol-H,0, and very low.

2.12.2. Sample detection

LZM and DNAzyme/L-Apt/GQDs@GO@CF existed in sample tube.
LZM could specific combine with L-Apt, making DNAzyme release from
the composites’ surface. Released DNAzyme could catalyze the CL re-
action of luminol-H,0, and the CL intensity of I; varied strong. So Al
= I, - Iy was produced by DNAzyme in sample and indirect detection of
LZM was realized.



Y. Sun, et al.

47
—UV

—PL

362

Insensity

400 500 600 700

Wavelength (cm)

300

Insensi

e Ao kol

25.0
30 4;0
20 (V)

T T

10 20

Talanta 200 (2019) 57-66

17
(i(l/\ I
Y Yool
\ G
A7 Voragd”
\/ 2927 CF@GO

Transmittance

600

3600 3000 2400 1800 1200

1
Wavenumber (cm™)
—_—~
o D
=
&
-’
120+
2
~
S
2 80
=
S 40
=
S
N
Qo . , . .
0.0 0.2 0.4 0.6 0.8 1.0

Relative Pressure (P/P )

Fig. 4. The UV and FL characterization of GQDs (A); the FTIR (B) and XRD (C) of CF, GO, GQDs, GO@CF and GQDs@GO@CF; the BET characterization curve of

GQDs@GO@CF (D).

3. Results and discussion
3.1. Characterizations

As shown in Fig. 3, the surface morphology of GQDs, GO, CF,
GO@CF and GQDs@GO@CF were characterized by TEM or SEM. In
Fig. 3(A), GQDs presented a bright dark area in its sheet structure. In
Fig. 3(B), a wrinkled and thin film was observed, which demonstrated
the large specific surface area of GO. Compared with Fig. 3(C), the
surface of CF has been fully washed and oxidized in Fig. 3(D). In
Fig. 3(E), the surface of CF was successfully coated with a thin layer of
GO. Fig. 3(F) clearly reveals GO@CF was successfully modified by an-
other thin layer of GQDs, which could provide greater specific surface
area and rich functional groups.

Subsequently, Fig. 4(A) showed the FL and UV characterizations of
GQDs. The FL characteristic absorption peak of GQDs appears at
471 nm under the excitation wavelength of 362nm while the UV
spectra shows a characteristic absorption peak at 362 nm. So GQDs was
successfully synthesized.

Then, Fig. 4(B) showed the FTIR characterization curves of CF, GO,
GQDs, GO@CF and GQDs@GO@CF under the wavenumber range of
400-4000 cm™. For CF, the absorption peak of 1400 cm™ is attributed
to the coupling vibration of -COOH and the peak of 1200 cm™ is the
deformation vibration of O-H. For the curve of GO, the absorption peaks
at 1703 cm™ and 1614 cm™ belong to the stretching vibration peaks of
C=0 and C=C, respectively. 1380 cm™ and 1055 cm™ are the deforma-
tion vibration peak of O-H and the stretching vibration peak of C-O,
respectively. These results showed GO was successfully synthesized. In
the spectrum of GQDs, the absorption peaks at 700 cm™, 2927 cm™ and
1089 cm™ are attributed to the in-plane bending vibration of -OH, the
stretching vibration of -OH and the stretching vibration of C-O-C, re-
spectively, which indicates GQDs was successfully prepared. For
GO@CEF, it also contains the characteristic absorption peaks of GO and
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CF, which clarified it was successfully synthesized. Similarly, for the
curve of GQDs@GO@CEF, it also contains the characteristic absorption
peaks of GQDs and GO@CF, demonstrating its successful synthesis.

To provide further illustrations, XRD characterizations of CF, GO,
GQDs, GO@CF and GQDs@GO@CF were investigated and shown in
Fig. 4(C). Obviously, a wide and strong characteristic absorption peak
of CF situates around 26 = 25.0°, the characteristic peak of GO is
around 26 = 11.5° and the wide but weak characteristic absorption
peak of GQDs lies around 26 = 25.0°. In the spectrums of GO@CF or
GQDs@GO@CF, all corresponding diffraction peaks are observed and
these satisfying results further provided remarkable supports for their
successful preparation.

The BET characterization curve of GQDs@GO@CF was shown in
Fig. 4(D). The specific surface area is 268.67 m?/g and it could provide
a relatively large specific surface area to immobilize L-Apt.

3.2. Immobilization properties

To illustrate the excellent immobilization properties of
GQDs@GO@CF to L-Apt, the immobilization properties of GO, GO@CF
and GQDs@GO@CF were also examined, respectively. The im-
mobilization capacities of L-Apt at different initial concentrations, i.e.
the immobilization isotherms, were shown in Fig. 5(A). The im-
mobilization capacity (Q.) of L-Apt increased with the concentration of
L-Apt (c1.ap) before reaching the maximum capacity of 1.135 x 10° g/
g, compared to 4.155 x 107 g/g of GO and 7.540 x 107 g/g of
GO@CF. Fig. 5(B) showed the immobilization kinetics of
GQDs@GO@CF (GO, GO@CF) to L-Apt and the maximum im-
mobilization capacity of GQDs@GO@CF was easily reached within
15 min, compared to 25 min of GO and 25 min of GO@CF. These sa-
tisfied immobilization properties of GQDs@GO@CF may contribute to
the strong m-;t stacking effect between GQDs@GO@CF and L-Apt.



Y. Sun, et al.

12{ A
.
—u—GQDs@GO@CF
*—~GO@CF
o~ 94 —a—Go
=l
S
o
o
> 6
—
N’
“
Q
3.
0
0

20
- 154
S0
~
o
5
S 10+
\-"J
= -.
i 7
4
7
0 T T T T
0 15 30 ” 45 60
’ -
€ DNAzyme (10 g/L)

Talanta 200 (2019) 57-66

21 B
—8— GQDs@GO@CF
*— GO@CF
?09- ——GO
S
)
=
= 67
—
N’
)
Ql 4
04
0 5 10 15 20 25 30
t/min
20 D
~ 16
o
S
o0
5
< 124
—
N’ 4
]
S /
8
Va
& &
0 6 12 18 24 30
t'/min

Fig. 5. The immobilization isotherm curves (A) and immobilization kinetics curves (B) of GQDs@GO@CF (GO, GO@CF) to L-Apt; the adsorption isotherm curve (C)

and adsorption kinetics curve (D) of L-Apt/GQDs@GO@CF to DNAzyme.

3.3. Adsorption performances

The adsorption performances of L-Apt/GQDs@GO@CF to DNAzyme
were also measured. The adsorption capacities of L-Apt/
GQDs@GO@CF to DNAzyme at different initial concentrations, i.e. the
adsorption isotherms, were shown in Fig. 5(C). The adsorption capacity
(Q%.) for DNAzyme increased with the concentration of DNAzyme
(¢’bnazyme) before reaching a maximum of 1.676 X 10 g/g. Fig. 5(D)
showed the adsorption kinetics of L-Apt/GQDs@GO@CF to DNAzyme
and the maximum adsorption capacity was easily reached within
10 min, which could be contributed to the electrostatic interaction and
fast mass transfer between L-Apt/GQDs@GO@CF and DNAzyme.

3.4. Optimizations

The peristaltic pumps speed was an important parameter for the
adsorption amount of DNAzyme on the surface of L-Apt/
GQDs@GO@CF. When the speed was too high, DNAzyme could not be
absorbed effectively. But when it was too low, other substances could
be absorbed by L-Apt/GQDs@GO@CF and interfere LZM detection.
Thus, 35 rpm of main pump speed and 30 rpm of vice pump speed were
optimized range from 20 to 50 rpm, as showed in Fig. 6(A, B). In ad-
dition, the concentrations of luminol, H,O, and NaOH would also affect
the CL intensity and were optimized as showed in Fig. 6(C-E). It could
be seen that the maximum CL intensity could be obtained at 7.5 x 10
mol/L luminol, 0.10mol/L. H,O, and 0.10 mol/L NaOH, simulta-
neously.

3.5. Analytical performances
Under the optimized conditions, analytical performances of the CL

biosensor were studied. In Fig. 6(F), the CL intensity (AI) and the
concentration of LZM (cyzy) showed a good linear correlation and the
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calibration curve was Al = (0.784 =+ 0.00041) CrLzm
+(119.58 * 0.028), (cLzm: 10'° mol/L, o = 0.05, R = 0.996). The
detection range was from 2.64 x 107 to 6.60 x 10°® g/L and the de-
tection limit was 1.25 x 107! g/L (38). Simultaneously, LZM samples
with same concentration (5.0 x 10° g/L) were measured and the re-
lative standard deviation (RSD) was obtained of 1.79% (n = 11). The
proposed CL biosensor was also compared with other already existed
methods and these results were shown in Table 1. These results in-
dicated the proposed CL biosensor had a relatively wide linear range
and low detection limit to LZM detection.

3.6. Selectivity performances

Anti-interference ability of the proposed CL biosensor were also
researched. In experiments, different interference substances with high
concentrations related to LZM (cpzv: 8.0 X 10 g/L) were added in
standard LZM solution, respectively. Interference substances contained
BSA, Hb, Gly, Cys, ALT, AC, LA, K* and CI. The anti-interference
ability was also compared with the conventional CL method, shown in
Fig. 7(A). The experimental conditions for the conventional CL bio-
sensor were exactly same as the proposed CL biosensor excepting not
adding DNAzyme/L-Apt/GQDs@GO@CF. These results showed the
interference multiples of proposed CL biosensor had significant in-
creases compared to the conventional CL method. For the proposed CL
biosensor, 300 multiples of Cys would interfere the determination of
LZM while 70 multiples of conventional CL biosensor. These similar
conclusions were also applied to Gly, AC and LA. But for the protein
analytes - BSA, Hb and ALT, the increases was not significant, which
may attribute to their similar structural units with LZM. For inorganic
ions, the prepared CL biosensor exhibited obviously anti-jamming
capability, which may due to the weak structural similarity. Therefore,
the proposed CL biosensor demonstrated a strong anti-interference
ability to LZM detection.
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(B), 35 r/min main pump, 30 r/min vice pump, 2.5 X 10" mol/L luminol, 0.10 mol/L H,0, and 0.10 mol/L NaOH; Luminol (C), 35 r/min main pump, 30 r/min vice
pump, 0.10 mol/L H,0, and 0.10 mol/L NaOH; H,0, (D), 35 r/min main pump, 30 r/min vice pump, 7.5 X 10"* mol/L luminol and 0.10 mol/L NaOH; NaOH (E) 35
r/min main pump, 30 r/min vice pump, 7.5 X 10" mol/L luminol and 0.10 mol/L H,0,; the regression equation (F) of the proposed CL biosensor.

3.7. Recyclability performances

The repeatability of prepared composite is an important parameter
to evaluate the CL biosensors’ practicality. For the proposed CL bio-
sensor, GQDs@GO@CF could be recycled for reuse when a test was
completed. When LZM existed, LZM@L-Apt/GQDs@GO@CF was
formed. But when conditions change, such as high temperature (95 °C)

Table 1
Comparing results with some existed methods.

or highly acidic (pH = 2), LZM@L-Apt would be desorbed from the
surface of GQDs@GO@CF and GQDs@GO@CF could be reused. As
shown in Fig. 7(B), compared with the original adsorption capacity of
1.135 x 10 g/g, the adsorption capacity of GQDs@GO@CF to L-Apt
used 6 times was 1.086 x 10 g/g and the adsorption capacity loss was
only 4.3%. It manifested that GQDs@GO@CF was suitable to be reused
in the construction of CL biosensor.

Analytical method

Linear range (g/L)

Detection limit (g/L)

Proposed

Resonance Rayleigh-scattering [9]
Electrochemical biosensor [10]
Fluorescence [12]

CL method based MIPs polymers [13]
Aptamer-based biosensor [14]

2.64 x 10°-6.60 x 10
8.0 X 10°-2.0 x 1072
5.0 x 10%-1.0 x 10™*
5.0 x 10°-1.0 x 1072
1.0 x 10°-8.0 x 10°®
1.0 x 1075-2,0 x 102

1.25 x 107!
6.5 x 107
1.5 x 10°®
3.343 x 10°°
3.0 x 10
1.0x10°°
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Fig. 7. The selectivity performance (A) and recyclability (B) of the proposed CL biosensor.

Table 2
Application of the proposed CL biosensor.

Sample ¢ 10° g/L) Cadded Ciound (107° RSD (%) Recovery (%)
(n=16) (107 %¢g/L) g/L) (n=6)
1 1.21 5.00 11.40 1.71 100.6
2 1.18 5.00 11.51 1.68 99.4
3 1.25 5.00 11.47 1.74 97.5
4 1.19 5.00 11.54 1.68 98.3
5 1.20 5.00 11.52 1.72 103.2
6 1.17 5.00 11.46 1.67 99.9

Male urine samples: 1, 2, 3; female urine samples: 4, 5, 6.

3.8. Application performances

Under the optimal experimental conditions, the proposed CL bio-
sensor was applied in LZM detection in urine samples. The human urine
samples were collected from six healthy individuals (3 male and 3 fe-
male) and were diluted 10°-fold with PBS, respectively. The con-
centrations of LZM in urine samples were calculated as (1.20 + 0.05)
x 10 g/L by a standard addition method and there was no significant
difference between male and female urine samples, which were com-
parable to the literature values [50]. To calculate the recoveries, urine
samples were then spiked with 5.0 x 107'° g/L of LZM, respectively. As
shown in Table 2, the proposed method shows excellent recoveries in
the range 97.5-103.2%. Therefore, the proposed CL biosensor may
provide an alternative method to detect LZM in serum samples or other
simple samples.

To further support the proposed CL method for LZM detection, va-
lidation experiments were carried out, shown in Table 3. Under opti-
mized experimental conditions, the proposed method and other re-
ported detection methods [13] were all applied to determinate LZM in
the same standard samples, respectively. Obviously, the recoveries of
the proposed method varied from 98.0% to 100.2% compared with the
recoveries of the reported method from 99.8% to 102.0%. These results
showed that the proposed method had relatively good precision and
accuracy for LZM detection compared with existed method.

Table 3
Validation experiments of the detection method (X + s).

3.9. Construction principles and possible mechanisms

In construction of the CL biosensor, GQDs@GO@CF was regarded as
a supporting material and provided large binding sites to L-Apt. L-Apt
was a specific recognition element and improved the selectivity of the
CL biosensor. Moreover, DNAzyme was regarded as a signal amplifi-
cation material and catalyzed the CL reaction of luminal-H50,, further
improving the sensitivity of the CL biosensor. As showed in Fig. 2,
primitively, L-Apt was immobilized on the surface of GQDs@GO@CF to
form L-Apt/GQDs@GO@CF by the - stacking effect. Then, DNAzyme
could be adsorbed on the surface of the L-Apt/GQDs@GO@CF by the
base complementary pairing effect. When LZM existed, LZM and L-Apt
would be specifically bound together, making DNAzyme release from
the surface of L-Apt/GQDs@GO@CF. Ultimately, LZM@L-Apt/
GQDs@GO@CF was separated and DNAzyme was remained in solution.
DNAzyme in solution would catalyze the CL reaction of luminol - H,O,
and realized the indirect detection of LZM.

In the CL system of luminal - H,0,, H,0,, as an oxidizer, could
oxidize luminol luminescence in alkaline environment. But the pure
reaction is relatively weak. As mentioned in Introduction, DNAzyme as
a catalyst can catalyze some CL reaction. For the proposed CL biosensor,
possible mechanisms of DNAzyme catalyzing luminal - H,O, was shown
in Fig. 8. Hemin has an axial high-spin ferric heme and DNAzyme was
formed when hemin bounds to G-quadruplex DNA. Conjuncted with the
active sites of G-quadruplex DNA, the coordination of guanine to heme
iron could contribute to their superior peroxidase activity. Then, in-
termediates DNAzyme-H,0, is generated in the presence of H,O,.
Under alkaline environment, luminol is oxidized by DNAzyme-H,0, to
generate luminol-acid radical ion and produces the stronger CL in-
density. These possible CL mechanisms are consistent with the litera-
tures [51-53].

4. Conclusions

Highly sensitive, selective and accurate detection of LZM is of par-
ticular significant owing to its important role in food preservation,
biochemical research and disease treatment fields. For the proposed CL

Sample c (107 g/L) (n = 6) Caddea (1077 g/1) Crouna (1077 g/L) (n = 6) RSD (%) Recovery (%)

1 5.01 = 0.032 1.00 5.99 + 0.013 1.8 + 0.011 98.0 = 0.12
1’ 498 + 0.023 1.00 6.00 = 0.012 2.3 = 0.013 102.0 = 0.14
2 5.00 = 0.028 3.00 7.98 = 0.021 2.4 = 0.011 99.3 + 0.082
2’ 5.00 = 0.012 3.00 8.01 = 0.016 1.6 = 0.0094 100.3 = 0.22
3 4.97 + 0.015 5.00 9.98 + 0.019 2.2 = 0.012 100.2 = 0.19
3 5.01 + 0.026 5.00 9.99 + 0.0074 2.6 = 0.078 99.8 + 0.098

The proposed method: sample 1, 2, 3; the reported method: sample 1/, 2/, 3".
* P<0.05 vs the reported method.
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Fig. 8. The possible chemiluminescence mechanism of the CL biosensor.

Y. Sun, et al.
Hemin
(1)
ssDNA DNAzyme
co,
(1)
co,
NH,
biosensor, the sandwich-rod composite - DNAzyme/L-Apt/

GQDs@GO@CF was successfully prepared and used to the construction
of CL biosensor for LZM detection. GQDs@GO@CF had good bio-
compatibility and provided large binding sites to L-Apt. As a specific
recognition element, L-Apt improved the biosensors’ selectivity owing
to the specific recognition ability between L-Apt and LZM. DNAzyme
catalyzed the CL reaction of luminal-H,O, and further improved the
biosensors’ sensitivity. So the proposed CL biosensor for LZM detection
showed highly sensitivity with detection limit of 1.25 x 107! g/L,
wide linear range of 2.64 x 107° to 6.60 x 10® g/L and recoveries in
the range of 97.5-103.2% in urine samples. So the proposed CL bio-
sensor provides a potential application value for LZM detection in
pratical samples.
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