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ABSTRACT

In this study, water-dispersed, uniform-sized phosphorus and sulfur co-doped graphene quantum dots (P, S-
GQDs) were prepared by the one-step electrolysis of a graphite rod in an alkaline solution containing sodium
phytate and sodium sulfide. Compared with GQDs and mono-doped GQDs (P-GQDs and S-GQDs), the P, S-GQDs
dramatically improved the electrochemiluminescence (ECL) performance. Therefore, they were used as bright
ECL signaling markers through conjugation with a monoclonal antibody against okadaic acid (anti-OA-MADb).
Moreover, as an effective matrix for OA immobilization, the carboxylated multiwall carbon nanotubes-poly
(diallyldimethylammonium) chloride-Au nanocluster (CMCNT-PDDA-AuNCs) composite promoted electron
transfer and enlarged the surface area. Owing to the multiple amplifications, a competitive indirect ECL im-
munosensor for highly sensitive quantitation of OA has been developed. Under the optimized conditions, the
50% inhibitory concentration (ICso) of the immunosensor was 0.25ngmL”', and its linear range was
0.01-20 ng mL ! with a low detection limit of 0.005 ng mL . Finally, the proposed ECL sensor was successfully
utilized to detect OA contents in mussel samples. Therefore, this study provides new insights into the designation
of ECL luminophores and expands application of co-doped GQDs in fabrication of ECL immunosensors for
shellfish toxin determination.

1. Introduction

As a main component of diarrhetic shellfish poison (DSP), okadaic
acid (OA) can inhibit protein phosphatase activity, leading to hyper-
phosphorylation of the protein and thus affecting various biological
functions of the organism [1,2]. Previous studies reported that OA is
harmless in shellfish, with no influence on their taste, appearance, or
smell; by contrast, it is harmful to humans, even at very low part-per-
trillion doses [3]. As proposed by the European Food Safety Authority
(EFSA), the maximum permitted level of OA in mussels was decreased
from 160 to 45 g kg_1 [4]. However, in many countries and areas, the
permissible level of OA has still not been established. To minimize
potential risk, development of a fast, reliable, and sensitive method to
detect OA is of great importance. Recently, various immunosensors
have been developed for OA quantitation, including chemilumines-
cence [3,5], differential pulse voltammetry [1,6,7], fluorescence [8],
impedance [9,10], and square wave voltammetry [11]. Despite the
rapid response and good selectivity of these methods, high background
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and poor controllability limit their vast application.
Electrochemiluminescence (ECL) is an ideal analytical method that
combines the simplicity and controllability of electrochemistry with the
high sensitivity, clear background, and wide linear range of chemilu-
minescence. To the best of our knowledge, no reports have demon-
strated use of the immune-ECL technique to monitor OA. Furthermore,
most of the reported ECL luminophores such as luminol [12], Ru
(bpy)g,2+ [13], CdSe [14], and CdTe [15] are poisonous, water-un-
dispersed, or expensive. Therefore, designing and preparing new ECL
luminophores as efficient immune-ECL markers remains a major chal-
lenge. Graphene quantum dots (GQDs), as a kind of zero-dimensional
(0D) graphene, have not only outstanding electrochemical property
similar with graphene [16-18], but also special luminescence property.
In addition, GQDs behave low cytotoxicity and good biocompatibility,
thus are attracted great attention in ECL sensors [19,20]. However,
pristine GQDs without passivation have been demonstrated with low
quantum yield (QY) and high electrooxidation potential, which hinder
their practical application [21]. Fortunately, several recent reports
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indicated that, based on theoretical calculations and experimental re-
sults, doping of GQDs with heteroatoms can greatly change their charge
density distribution and band gap, thus improving their ECL perfor-
mance [22]. Wang et al. reported that N-GQDs displayed superior ECL
properties and could be used as a versatile signal indicator for ochra-
toxin A aptasensing [23]. In a recent report, Zhang et al. found that, by
using K»S,0g as the co-reactant, the ECL efficiency of N, S-GQDs in-
creased 5.8-fold, as compared to pristine GQDs [22]. Although ECL
studies based on heteroatoms-doped GQDs are limited, most heteroa-
toms contain the element N, such as N-GQDs [24,25] and N, S-GQDs
[22,26]. Since luminophores with advanced ECL activity and good
biobinding ability play vital roles in improving the performance of ECL
immunosensors, this study aimed to leverage advancements in N-doped
GQDs-based ECL to synthesize additional co-doped GQDs and apply to
ECL sensing of OA.

In this study, a green and facile electrochemical method was in-
troduced to synthesize P, S-GQDs using a graphite electrode, sodium
phytate, and sodium sulfide (Na,S) as C, P, and S sources, respectively.
Different from the traditional hydrothermal [25,27] and microwave
methods [28], electrolysis owns advantages of mild conditions, good
controllability and low cost. Based on our results, the resulting P, S-
GQDs with a yellow-green photoluminescence emission revealed high
ECL activity in the presence of K»S;Og, and was therefore used as a
bright signal indicator after monoclonal antibody-labeling against
okadaic acid (anti-OA-MAD). To further improve the sensitivity of the
OA sensor, carboxylated multiwall carbon nanotubes-poly(diallyldi-
methylammonium) chloride-Au nanocluster (CMCNT-PDDA-AuNCs)
composite was used as the platform to immobilize OA. Owing to the
multiple amplifications, a novel competitive indirect immunoassay for
the highly sensitive monitoring of OA was developed through compe-
tition of P, S-GQDs marked anti-OA-MAD for free and immobilized OA.
This study might prompt additional GQDs-based ECL studies and ad-
vance fabrication of ECL immunosensors for monitoring shellfish toxin.

2. Experimental methods
2.1. Reagents

OA potassium salt, anti-OA-Mab, and OA ELISA kits were obtained
from Puhuashi Ltd. (Beijing, China). High-purity graphite rods with a
6 mm diameter were purchased from Gaoss Union Ltd. (Wuhan, China).
Sodium phytate, Na,S, K»S,0g, Tween-20, Ru(bpy)sCl,, PDDA, chitosan
(CS), bovine serum albumin (BSA), tris(hydroxymethyl)aminomethane
(Tris), N-hydroxy-succinimide (NHS), 2-(N-morpholino)ethanesulfonic
acid (MES), and 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hy-
drochloride (EDC) were supplied by Sigma-Aldrich (Shanghai, China).
Chloroauric acid (HAuCl44H,0, 99.9%) was obtained from Aladin Ltd.
(Shanghai, China). Carboxylated multiwall carbon nanotubes (CMCNT,
diameter: 15 *+ 5nm, length: 0.5-2 pm, purity: 95%) were purchased
from Tanfeng Tech. Inc. (Suzhou, China). Ultrapure water prepared by
a Millipore Autopure WR600A (USA) was used throughout the study.
Unless otherwise specified, all reagents used in the study were analy-
tical grade.

2.2. Apparatus

The as-synthesized P, S-GQDs were characterized by transmission
electron microscopy (TEM) (JEOL JEM-2100, Japan), dynamic light
scattering (DLS) (Malvern instrument Ltd., UK), X-ray photoelectron
spectroscopy (XPS, EscaLab-250Xi, Thermo Fisher Scientific, USA), UV-
Vis absorption spectrophotometer (UV-2450, Shimadzu, Japan), fluor-
escence spectrometer (PerkinElmer-LS55, USA). The electrochemical
(including electrochemical impedance spectroscopy (EIS) and cyclic
voltammetry (CV)) and ECL tests were performed with an Autolab
electrochemical workstation (PGSTAT302 N, Switzerland) and an MPI-
A ECL analyzer (Remax Electronic Science & Technology Co. Ltd.,
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China) (See more details in the ESI).
2.3. Electrochemical synthesis of P, S-GQDs

P, S-GQDs were synthesized via the one-step electrolysis of a gra-
phite rod in a solution containing sodium phytate, Na,S, and NaOH.
Here, sodium phytate and Na,S functioned as both the electrolyte and
respective sources of P and S. The detailed synthesis process is as fol-
lows: 10 mL of 0.1 mol L™ ! sodium phytate, 10 mL of 0.1 mol L™ ! Na,S,
and 20 mL of 2 mol L.~ ! NaOH aqueous solution were first mixed as the
electrolyte. Subsequently, a graphite rod and Pt foil, functioning as an
anode and counter electrode, respectively, were inserted into the above
solution. The voltage was set to 5.0 V, and the electrolysis lasted for 6 h.
During the reaction, the electrolyte gradually turned to a brown and
finally to a homogeneous black solution. The product was filtered using
a 220 nm filter and further dialyzed using a 3500 Da dialysis bag for
48 h against pure water. Finally, the obtained product was treated by a
vacuum freeze-drying process.

For comparison, monoatomic-doped GQDs (S-GQDs and P-GQDs)
were prepared using the electrolysis method. The electrolytes were
Na,S and NaOH for the S-GQDs and sodium phytate for the P-GQDs.
The other procedures were the same as those used in the preparation of
P, S-GQDs.

2.4. Labeling of anti-OA-MAD to P, S-GQDs

Conjugation of anti-OA-MAb and P, S-GQDs was performed by a
classic amidation reaction. Briefly, 180 uL of 7.5 mg mL~! P, S-GQDs
was dispersed in 500 uL of PBS solution (pH 7.4, 10 mmol L™ ) con-
taining 50 mmol .~ EDC and 25 mmol L. ™! NHS. Next, the above so-
lution was added into 680 pL of anti-OA-MAb (dilution of 1:500,
1:1000, and 1:2000 in pH 7.4, 10 mmol L™! PBS). The mixture was
incubated for 2h at 4°C. Subsequently, the resulting solution was
centrifugated and washed with PBS (pH 7.4, 10 mmol L™ 1) three times
to remove residual anti-OA-MADb. To block non-specific binding sites,
400 uL of 2 wt% BSA containing 0.05% Tween-20 was added, and the
solution was incubated at 4°C for an additional 2h. The obtained
conjugation (named P, S-GQDs-Ab) was used as the ECL immunoprobe
in the following tests.

2.5. Immobilization of OA on CMCNT-PDDA-AuNC-modified electrode

Scheme 1 illustrated the assembly process of the modified electrode.
CMCNT was initially coated with PDDA according to a previous report
[29]. Briefly, 5mg CMCNT was mixed with 10 mL of 0.25% PDDA so-
lution containing 0.5 M NacCl, followed by sonication of the mixture for
30 min to obtain a homogeneous black suspension. Subsequently, the
complex was centrifuged and rinsed with water three times to remove
the excess PDDA. Finally, 5 uL of 1 mg mL~! CMCNT-PDDA was casted
onto a polished glassy carbon electrode (GCE) and then dried at room
temperature (RT, 25 °C).

AuNCs (using BSA as the template) were produced as described in
previous reports [30,31], with some modifications. The as-synthesized
AuNCs were immobilized on the CMCNT-PDDA GCE by immersing the
electrode into AuNCs suspension and incubating for 30 min. Subse-
quently, the CMCNT-PDDA-AuNCs-modified GCE was rinsed with pure
water and dried in N, atmosphere.

OA containing a carboxyl group was immobilized on the modified
electrode through a classic amidation reaction [32]. First, the car-
boxylic group of OA was activated and incubated in a mixture con-
taining 50 pL 0.2mgmL ™! OA, 200 uL MES buffer (0.1 molL™!, pH
5.5), 50mmol L ™! EDC, and 25 mmolL~! NHS at RT for 1h. Subse-
quently, 1 mL PBS (10 mmol L™, pH 7.4) was added to the mixture. As
shown in Scheme 1, a CMCNT-PDDA-AuNCs-modified GCE was im-
mersed in the activated OA solution and incubated for 1 h. Afterwards,
the electrode was rinsed with 10 mmol L.~ ! PBS to remove the unbound
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Scheme 1. Schematic representation for the fabrication and application of the immunosensor.

OA. It was then inserted in 1 mol L™ ethanolamine solution for 1 h at
RT to deactivate the remaining succinimine group. Afterwards, the
modified electrode was rinsed with PBS and stored dry at 4 °C for fur-
ther use.

2.6. ECL immunoassay for OA detection

First, the OA-CMCNT-PDDA-AuNCs GCE was incubated with 100 pL
of 2wt% BSA for 1h at RT to prevent non-specific binding.
Subsequently, 10 uL P, S-GQDs-Ab (dilution of 1:2, 1:5 and 1:10 in pH
7.4, 10 mmol L' PBS) and 10 uL OA standard solutions were casted
onto the surface of the OA-CMCNT-PDDA-AuNCs-modified electrode in
a fully wet environment to avoid vaporization during incubation. After
incubating at 37°C for 50 min, the electrode was rinsed with PBS
containing 0.05% Tween-20 to remove physical adsorption. ECL mea-
surements were performed in 50mmolL~! deoxygenated Tris-HCl
buffer solution (pH 7.4) containing 0.1 mol L™ K,S,0g and 0.1 mol L ™!
KCl. ECL intensities of the immunosensor were detected with a photo-
multiplier tube voltage setting of -800 V. ECL peak intensity was re-
corded and plotted against the OA concentrations, and the 50% in-
hibition (ICso) value and limit of detection (LOD) were determined
according to the Sigmoidal curves.

2.7. Sample pretreatment

Non-contaminated mussels (Ostrea plicatula) purchased from the
Jianong Market were treated according to a protocol described in a
previous report [33]. Briefly, 2 g of non-contaminated mussels spiked
with different concentrations of OA was extracted using 4.5 mL me-
thanol: water (v:v = 80:20) for 10 min with shaking at 200 rpm and
37 °C. After centrifuging the crude extracts at 2000 rpm for 10 min, the

supernatants were removed and diluted to 5 mL with ultrapure water.
For hydrolysis, the diluted extract was mixed with 544 uL of 2.5 mol
L~! NaOH and then heated at 74 °C for 40 min. After cooling to RT,
432 L of 2.5 mol L™ ! HCl was added to neutralize the solution. Finally,
a dilution step was carried out using PBS (pH 7.4, 10 mmol L™ %), and
the final concentrations of spiked OA were 0.2, 0.4, and 0.8 ngmL ™.

3. Results and discussion
3.1. Characterization of prepared P, S-GQDs

The water-dispersed P, S-GQDs in this study were prepared by the
one-step electrolysis of a high-purity graphite rod in an alkaline solu-
tion containing sodium phytate and Na,S. Except the precursors and
electrochemical parameters, the alkaline condition was critical to form
high-quality P, S-GQDs. In the absence of NaOH, the ECL efficiency
(D1, %) of the as-prepared P, S-GQDs was calculated at 6.1% relative
to the Ru(bpy)sCl,/K5S,0g system, which is much lower than that ob-
tained in the presence of NaOH (®gc; of 39.5%) (Additional details for
the @, calculation are available in ESI). This suggests that more O and
OH radicals serving as “scissors” are generated during the anodic oxi-
dation of NaOH, thus facilitating P and S doping into the carbon
structure of GQDs.

Fig. 1A presents representative TEM images of the P, S-GQDs. The
ultrafine P, S-GQDs revealed a spherical shape and a homogeneous size
of approximately 3.2nm, which is consistent with the estimated size
distribution results calculated from 100 particles (Fig. S1). XPS was
used to study the composition of the as-prepared P, S-GQDs. As shown
in Fig. 1B, four typical peaks located at 132.3, 167.2, 284.3, and
531.0 eV corresponded to the characteristics of Pyp, Sap, Cqs, and Oqg,
respectively. Additionally, based on the calculations, the atomic
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Fig. 1. (A) TEM image of the P, S-GQDs. (B) XPS spectra of the P, S-GQDs. (C) UV-vis absorption and fluorescence spectra of the P, S-GQDs. The inset displays
photographs of the P, S-GQDs under daylight (left) and UV irradiation (right) in aqueous solution. (D) The EIS of P, S-GQDs/CS GCE and CS GCE.

percentages of the above four elements in the P, S-GQDs were 2.5%,
3.7%, 45.9% and 47.9%, respectively, demonstrating the successful
doping of P and S into the framework of GQDs. The high resolution S,
spectra in Fig. S2 A revealed four peaks at 163.4, 164.5, 168.5, and
169.8 eV. Referring to previous reports [34,35], the former two peaks
were attributed to the C—S—C bond, and the latter two peaks were
assigned to the C—S(0),—C sulfone bridges. The high resolution P,
spectra (Fig. S2B) presented two main peaks at 131.8 eV and 133.5eV
related to the P—O and P—C bonds, respectively [36,37]. These results
further confirmed that S- and P-based functional groups exist on the
surface of P, S-GQDs. The optical property of P, S-GQDs was in-
vestigated by UV-vis absorption and fluorescence spectra, as shown in
Fig. 1C. From the UV-vis absorption curve, a strong band centering at
235 nm and a weak band located at 290 nm were attributed respectively
by mt—m* transition (C = C) and n—x* transition (C = O(S)). The
fluorescence results revealed that when the P, S-GQDs were excited at
440 nm, a maximum emission peak located at 530 nm could be ob-
served. Accordingly, from the inset of Fig. 1C, the as-prepared P, S-
GQDs appear pale orange under ambient daylight but yellow-green
under a UV lamp (365nm). These results suggested the successful
synthesis of luminescent P, S-GQDs. Moreover, as both of the fluores-
cence and ECL related to the energy transition from excited state to
ground state, the good fluorescence property of P, S-GQDs indicated the
obtained P, S-GQDs were also a very promising ECL luminophores.
Fig. 1D displays the EIS results of P, S-GQDs/CS GCE, and CS GCE in the
solution containing 5.0 mmol L™ ! [Fe(CN)]>/* and 1.0 mol L ™! KCL. It
is evident that the electron transfer resistance of P, S-GQDs/CS GCE
(170 Q) was lower than that of CS GCE (280 Q), suggesting faster in-
terfacial charge transfer between the P, S-GQDs/CS GCE and electro-
lyte.

The electrochemical and ECL behaviors of P, S-GQDs/CS GCE were
further studied. As shown in Fig. 2A, although there was a reduction
peak on P, S-GQDs/CS GCE in the cyclic voltammograms, no ECL signal

was observed on P, S-GQDs/CS GCE in the absence of K,S,0g. Referring
to the ECL of carbon nanodots [38], it is presumably due to the anni-
hilation reaction of the cation radicals and anion radicals generated by
P, S-GQDs. Conversely, in the solution containing K,S,0g, the voltam-
mograms revealed a current increase of the reduction peak at -1.35V.
Correspondingly, in the ECL intensity-potential (Igci-E) curve, a distinct
cathodic ECL peak appeared on P, S-GQDs/CS GCE by scanning the
potential in the negative direction. The onset luminescence occurred at
-0.93V, and the ECL rose sharply until reaching its maximum at
-1.62V. To further study the enhancement of the P, S-GQDs/K5S,0g
system, the Izc-E curve on P, S-GQDs/CS GCE was compared to CS
GCE, GQDs/CS GCE, P-GQDs/CS GCE, and S-GQDs/CS GCE. The
amount of GQDs and doped-GQDs modified on every electrode was
strictly controlled at 25ug (10uL, 2.5mg mL™Y), and CS (5L,
0.01 mg mL™!) was subsequently used to ensure these nanomaterials
were tightly attached onto the GCEs. From the Izc;-E curves presented
in Fig. 2B, on the CS GCE, only a small ECL peak could be detected from
K,S,0g itself. With the P, S-GQDs modification, a considerable increase
(by a factor of ca. 7.8) in the ECL peak intensity was obtained, in-
dicating that the enhanced ECL was due to the interaction between P, S-
GQDs and KS,0s. In addition, we investigated the influence of dif-
ferent doping quantities of P and S on the ECL response of P, S-GQDs.
The atomic percentages of P and S in different P, S-GQDs were calcu-
lated from the XPS results. As shown in Fig. S3, the ECL intensity of the
P, S-GQDs changed as follows: P, s, S5 7-GQDs (2.5% and 3.7% were the
atomic percentages of the P and S elements in the P, S-GQDs) > P, 3,
$1.3-GQDs > Pj 5, S3.4-GQDs. This result indicated that the doping of P
element has a more significant effect on the ECL intensity of P, S-GQDs
than that of S element. According to the ECL emission mechanism of the
reported GQDs/K,S20g system [39], in this study, P, S-GQDs "~ and SO~
were produced by the reduction of P, S-GQDs and K»S,0s. Next, a hole
from SO,~ was injected into the HOMO of P, S-GQDs™ to generate an
excited state of P, S-GQDs*, ultimately emitting the ECL signal (Scheme
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Fig. 2. (A) ECL emission curves and corresponding CVs of P, S-GQDs/CS GCE in the solution without (a and a,) and with (b and b,) K,S,0g. (B) ECL emission curves of
various modified GCEs in Tris-HCl buffer solution (0.5 mol L', pH 7.4) containing 0.1 mol L ™! K,S,0g and 0.1 mol L™! KCL.

S1). Additionally, the P, S-GQDs/CS GCE revealed the most positive
onset potential and the highest ECL peak intensity among these elec-
trodes, suggesting the superior ECL property of P, S-GQDs than the bare
or mono-doped GQDs. The significant enhancement of ECL intensity
may be ascribed to the abundant capturing centers of excitons produced
on the surface of P, S-GQDs through efficient doping of P and S; thus,
more holes from SO, could be captured, generating a brighter ECL by
P, S-GQDs.

3.2. Characterization of OA-immobilized electrode and ECL immunoprobe

The assembly process of the OA-CMCNT-PDDA-AuNCs GCE is pre-
sented in Scheme 1. CMCNT-PDDA with positive charges was first
modified on the GCE surface. Afterwards, AuNPs with a uniform size of
ca. 2.5nm and negative charges (Fig. S4) were fixed on the surface of
CMCNT-PDDA by an electrostatic interaction. In comparison against the
CMCNT-PDDA morphology (inset of Fig. 3A), the AuNPs were well
dispersed on the surface of CMCNT-PDDA. The final step was OA im-
mobilization on the surface of the modified electrode. Following surface
activation with EDC/NHS, a classic amidation reaction occurred be-
tween the activated carboxylic group of OA molecules and the amine
group of BSA around AuNPs, thus producing the OA-CMCNT-PDDA-
AuNCs GCE. EIS is an effective tool to monitor impedance changes of
the electrode surface during the modification process. Fig. 3B displays
the EIS results of bare GCE, CMCNT-PDDA GCE, CMCNT-PDDA-AuNCs
GCE, and OA-CMCNT-PDDA-AuNCs GCE in a 5.0mmolL™! [Fe
(CN)1>7* solution containing 1.0 mol L~ KCl. As depicted, the
CMCNT-PDDA GCE and CMCNT-PDDA-AuNCs GCE showed a much
lower resistance than bare GCE (161.2 Q), resulting in the good electric

conductive ability of CMCNT and AuNCs, which is consistent with
previous reports [40]. After OA immobilization, a significant increase in
electron transfer resistance (189.4 Q) was observed, as compared to
CMCNT-PDDA GCE and CMCNT-PDDA-AuNCs GCE, but similar to bare
GCE. This result demonstrated that although conductivity of the OA
molecule is poor, after combining with CMCNT-PDDA-AuNCs, GCE
conductivity was hardly affected after modification. Based on these
observations, the OA-CMCNT-PDDA-AuNCs GCE enables fast electron
transfer on the electrode/solution interface, which is important for the
development of ECL sensors.

The ECL immunoprobe of P, S-GQDs-Ab was prepared by an ami-
dation reaction between anti-OA-MAb and P, S-GQDs. To verify for-
mation of the bioconjugate, UV-vis absorption, DLS, and ECL mea-
surements were applied for product characterization. As shown in
Fig. 4A, the UV-vis absorption peak of anti-OA-MAb was located at
280 nm, which is attributed to the m-t* transition between tryptophan
and tyrosine residues of the proteins [41]. After combining with P, S-
GQDs, a slight blue shift (~10 nm) appeared on the UV-vis absorption
peak of P, S-GQDs-Ab, which might be due to the influence of the local
dielectric environment of P, S-GQDs towards anti-OA-MAb [42]. In
addition, from the DLS result, the size of P, S-GQDs-Ab was calculated
as 1958 nm, which is close to the sum of the particle sizes of P, S-GQDs
(552.2nm) and anti-OA-MAb (1558.1 nm), indicating successful pre-
paration of the P, S-GQDs-Ab bioconjugate. Here, it should be noted
that the hydrodynamic diameter measured by DLS is larger than that
obtained by SEM or TEM, because the hydrodynamic diameter of the
nanoclusters is the hydrated diameter obtained by combining the na-
noparticle cores together with the solvent coating layer, while for SEM
or TEM, this hydration layer is not present. Furthermore, the ECL

C
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Z (@)

Fig. 3. (A) The TEM image of CMCNT-PDDA-AuNCs. The inset displays the TEM image of CMCNT-PDDA. (B) EIS results of bare GCE (a), CMCNT-PDDA GCE (b),
CMCNT-PDDA-AuNCs GCE (c) and OA-CMCNT-PDDA-AuNCs GCE (d) in a 5.0 mmol L—" [Fe(CN)s]>”*~ solution containing 1.0 mol L ™" KCL.
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immunosensor.

behaviors of OA-CMCNT-PDDA-AuNCs GCE before and after incubation
in the P, S-GQDs-Ab and P, S-GQDs solutions were studied and com-
pared. As depicted in Fig. 4B, the OA-CMCNT-PDDA-AuNCs GCE itself
revealed a small ECL peak, similar to of CS GCE mentioned in Fig. 2B.
During incubation in the P, S-GQDs solution, only a slight increase was
observed on the OA-CMCNT-PDDA-AuNCs GCE, indicating that the
amount of non-specific absorption of P, S-GQDs on the modified elec-
trode was small and could be ignored. Further, after incubation in P, S-
GQDs-Ab, the specific affinity between OA and anti-OA-MADb generated
an abundant amount of modified P, S-GQDs-Ab on the electrode sur-
face, resulting in a significant increase (~ 6.9 times) of the ECL peak
intensity. This result further supported the successful synthesis of P, S-
GQDs-Ab.

As the binding amount of the ECL immunoprobe on the surface of
the electrode plays an important role in the sensitivity of the ECL im-
munosensor, the incubation conditions of OA-CMCNT-PDDA-AuNCs
GCE in P, S-GQDs-Ab solution have been optimized. Fig. 4C demon-
strated that an incubation temperature that was too high or too low did
not facilitate interactions between OA and anti-OA-MAb. When the
electrode was incubated in P, S-GQDs-Ab solution at 37 °C, the highest
ECL peak intensity was obtained, indicating the largest amount of P, S-
GQDs-Ab binding on the electrode. The effect of incubation time
(30-70 min) on the ECL signal was also investigated. As presented in
Fig. 4D, the ECL intensity grew with increases in incubation time during
the first 50 min, which then reached saturation. To decrease the de-
tection time and improve efficiency of the ECL immunosensor, a time
period of 50 min was chosen for the incubation stage.

3.3. Determination of OA

A novel competitive indirect ECL immunoassay based on the

competition of P, S-GQDs-Ab for free and immobilized OA was devel-
oped and optimized. As shown in Scheme 1, if the amount of free OA
increased, immunoprobe linking to the immobilized OA was decreased,
leading to the decrease of ECL intensity; conversely, less free OA would
result in the increase of ECL intensity. Thus, from the competitive in-
direct ECL immunosensor, the amount of free OA can be determined.
Fig. 5A presents representative Izc-E curves of OA-CMCNT-PDDA-
AuNCs GCE incubated in P, S-GQDs-Ab solution without and with
1ngmL~' and 5 ng mL ™' of OA. As expected, the binding between P, S-
GQDs-Ab and free OA caused less P, S-GQDs-Ab immobilization on the
electrode surface, resulting in decreased ECL intensity. Moreover, the
ECL intensity showed sensitivity towards the OA concentration due to
decreases in ECL intensity with accumulation of free OA. This phe-
nomenon further confirmed the feasibility of the proposed ECL im-
munosensor to monitor OA with high sensitivity.

To create an effective ECL immunoassay with high performance for
OA detection, the possible affecting factors, including the dilution of
anti-OA-MAb and P, S-GQDs-Ab, were optimized. Previous studies
suggest that larger amounts of antibody lead to stronger signal in-
tensity, but lower sensitivity of immunoassays [33]. Thus, a compro-
mise between a good ECL response and high sensitivity should be
considered to determine the optimal antibody amount. Figs. 5B and 5C
display the calibration curves under different dilution ratios of anti-OA-
MAD and P, S-GQDs-Ab, respectively, which show significant decreases
in the ICsq values as the antibody dilution ratio increased. As calculated
from Fig. 5B, corresponding to the dilution ratios of anti-OA-MAb at
1:500, 1:1000, and 1:2000, the ICs, values were 1.06ngmL™?,
0.45ngmL™!, and 0.25 ng mL ™7, and the LOD values (corresponding to
85% antibody binding) were 0.050ngmL~!, 0.009ngmL~*', and
0.005ngmL ™1, respectively. With further increases in the dilution
ratio, the decrease in the ECL response was negligible. Similar
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Fig. 5. (A) Igci-E curves of OA-CMCNT-PDDA-AuNCs GCE incubated in P, S-GQDs-Ab solution without and with 1 ng mL~! and 5 ng mL ™! of OA, respectively. (B)
Effect of the dilution ratio of anti-OA-MAD and (C) P, S-GQDs-MADb on the sensing performance. (D) The ECL curves and the corresponding calibration curve for OA
obtained on the proposed immunoassay. The symbol “|” in ‘ECL ruler: 20/|” represents as ECL intensity of 20 a.u.”.

calculation was adopted to optimize the amount of P, S-GQDs-Ab, and
the curve parameters derived from regression curves are summarized in
Table S1. Considering both the signal intensity and sensitivity of the
ECL immunosensor, the most suitable dilution ratio for anti-OA-MAb
and P, S-GQDs-Ab was 1:2000 and 1:10, respectively.

Under the optimized conditions, the indirect competitive ECL im-
munoassay was performed to determine the OA concentration. Fig. 5D
illustrates the ECL results and the corresponding calibration curve ob-
tained by the developed system. As shown, the percentage of P, S-
GQDs-Ab binding with the immobilized OA decreased proportionally
with the concentration of free OA in the range of 0.01-20 ng mL ™!, and
the LOD value (corresponding to 85% binding) was determined to be
0.005 ng mL ™. As presented in the inset of Fig. 5D, the corresponding
linear regression equation was y = -9.93 In(x) + 36.42, with a corre-
lation coefficient of 0.9978. Furthermore, the ECL results show high
stability, with a low relative standard deviation (RSD) of 1.3% between
15 curves (Fig. S5). Additionally, results obtained with the proposed
ECL immunosensor exhibited a wider linear range and relative lower
LOD values as compared to other OA immune-sensing methods, in-
cluding electrochemical, fluorescence, and luminescence, as concluded
in Table 1 [5,6,8-10,43,44]. The advanced performance of the ECL
immunosensor was attributed to three factors: (i) P, S-GQDs with good
ECL properties efficiently conjugated with anti-OA-MADb to form an
advanced ECL probe; (ii) direct immobilization of OA via covalent
linking to increase accessibility of OA towards P, S-GQDs-Ab; (iii) ad-
ditional reactive sites provided by the CMCNT-PDDA-AuNCs composite
for OA immobilization, which further improved the sensitivity of the
OA immunosensor.

To investigate its repeatability and reproducibility, intra- and inter-
assay precisions were calculated by monitoring three quality-controlled
OA. For repeated (n = 6) determination of OA at 0.1, 0.5, and

Table 1

Comparison of anatytical properties of various sensors for OA determination.
Method Range (ngmL™ 1) LOD (ngmL~1) Reference
DPV 0.78-500 0.5 43
DPV 1-300 0.55 6
Impedance 0.195-12.5 0.3 9
Impedance 0.1-60 0.07 10
Amperometry 0.19-25 0.15 44
CL-ELISA 0.03-0.2 - 5
Fluorescence 0.1-50 0.05 8
ECL 0.01-20 0.005 This work

1.0ng mL ™1, the RSD values were 4.3, 4.1, and 3.7%, respectively. Fig.
S6 showed the repeatability of the ECL immunosensor for detecting
1.0ngmL™"! of OA for six times using an electrode. Further, the RSD
values for the inter-assay (n = 6) were 6.5, 5.8, and 5.4%, respectively.
Both of the intra- and inter-assay precisions were less than 10%, in-
dicating good repeatability and reproducibility of the as-developed OA
ECL immunosensor.

Furthermore, the specificity and selectivity of the OA immunosensor
were evaluated by comparing ECL signals of OA with dinophysistoxin-1
(DTX-1), 13-desmethyl spirolide C (SPX-1), and saxitoxin diacetate salt
(STX) (at concentrations of 0.5ng mL~! for each toxin). The chemical
structures of the above toxins are depicted in Fig. S7. From Fig. S8, the
ECL intensity of DTX-1 was significantly reduced, while no obvious
changes were observed for SPX-1 and STX. Similar results were ob-
tained by adding OA to the above-mentioned toxins, further confirming
the as-prepared OA immunoassay displayed no cross-reactivity towards
SPX-1 and STX. However, the similar structures of OA and DTX-1,
which both belong to the DSP toxin family, resulted in relatively high
cross-reactivity of the proposed OA immunoassay towards DTX-1. Even
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Table 2
Results obtained by the proposed ECL immunoassay and commercial OA ELISA kit for spiked Ostrea plicatula samples.
Sample Spiked ELISA This work
OA
(ngmL™1) Found Recovery RSD Found Recovery RSD
(ngmL™1) (%) (%) (ngmL~Y) (%) (%)
Ostrea plicatula 0.200 0.191 95.5 3.9 0.196 98.0 2.7
0.400 0.422 105.5 4.3 0.391 97.8 3.2
0.800 0.769 96.1 4.7 0.816 102.0 3.7
though, aprevious report pointed out that the toxic equivalency factors References

of both OA and DTX-1 were 1 [45]. Therefore, the as-developed OA
immunoassay is applicable to monitor the safety level of shellfish.

3.4. Real sample analysis

To verify the feasibility for practical application, the proposed ECL
immunosensor was applied to detect OA in mussel samples. The pre-
treatment procedures are described in the Experimental Methods. The
recovery tests were carried out by spiking known amounts of OA in
non-contaminated mussel samples, and the results were calculated
based on the calibration curve presented in Fig. 5D. As summarized in
Table 2, the detected values of OA agreed well with the corresponding
spiked values. The recoveries varied from 97.8% to 102.0%, suggesting
the low matrix effect of the immunoassay. In addition, the recoveries of
the immunoassay were more favorable than those obtained from OA
ELISA kits (95.5% to 105.5%), further confirming the superiority of the
proposed OA immunoassay.

4. Conclusion

In summary, we for the first time, synthesized water-dispersed,
uniform-sized P, S-GQDs by an electrolysis method and demonstrated
their advance ECL properties. Based on systematically studies, a novel
competitive indirect ECL immunosensor was fabricated for highly sen-
sitive detection of OA using CMCNT-PDDA-AuNCs GCE as a sensing
platform and P, S-GQDs as efficient ECL markers. Our results showed
that the ICso of the immunosensor was 0.25ngmL ™", and the linear
range was 0.01-20ngmL~! with a low detection limit of
0.005ng mL~'. As compared to traditional OA ELISA kits, our design
revealed greater convenience, higher sensitivity response, and lower
matrix effect. These advantages make the proposed ECL immunosensor
promising for OA determination in mussel samples. Although this
system mainly focused on OA detection, the strategy of using P, S-GQDs
as ECL markers is a practical approach for fabricating high-performance
ECL sensors to monitor other analytes.
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