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ARTICLE INFO ABSTRACT

Keywords: In this work, 3,4,9,10-perylenetetracar-boxylic acid (PTCA) as luminophor was grafted on the surface of gra-
PTCA phene oxide (PTCA-GO) directly. GO exhibited large specific surface area and excellent electrical conductivity
CuS which can immobilize large amounts of PTCA to improve the electrochemiluminescence (ECL) efficiency.

Co-reaction accelerator

Moreover, gold nanoparticles (Au NPs) were anchored on the surface of PTCA-GO to immobilize primary an-
Amyloid-f protein

tibodies (Ab,) via Au-NH, bond and enhance the electron transport of PTCA-GO. CuS was used as a novel co-
reaction accelerator in PTCA-K,S,0g system to label secondary antibodies (Ab,), which can react with the
coreactant (K»S»0g) to produce more SO,". SiO, nanospheres with large specific surface area were used to load a
mass of CuS and Au NPs, which can directly combine with Ab, and accelerate the ECL emission remarkably.
Therefore, a novel sandwich-type ECL immunosensor was fabricated successfully for amyloid-f protein (AB)
detection. Under the optimal condition, a wide detection range from 50 fg/mL to 25 ng/mL and a low detection
limit of 18 fg/mL (S/N = 3) were obtained. Featuring favorable specificity, stability and reproducibility, the

strategy can be a powerful analytical tool in sensitive trace detection of biomolecules in clinical analysis.

1. Introduction

Alzheimer's disease (AD) is a progressive neuromuscular atrophy,
which is initially characterized by learning and memory impairment
that will eventually lead to loss of cognitive ability (Selkoe and Schenk,
2003). Furthermore, it is the most common cause of dementia among
older adults. The genetic studies have shown that amyloid-f3 proteins
(AP) play a key role in the development of AD (Nhan et al., 2015;
Selkoe, 2001). Therefore, many methods have been developed to
quantify AP. For instance, chemiluminescence (Nishikimi et al., 2013),
radioimmunoassay (Cowie et al., 2003), surface plasmon resonance
immunoassays (Jang et al., 2014) and so on. At present, the application
of electrochemiluminescence (ECL) technology in the detection of Af
has attracted more attention because of it's simple and sensitive. In this
work, a novel sandwich-type ECL immunosensor was fabricated for
highly sensitive detection of AR based on PTCA-Au@GO and CuS-Au@
Si0, nanomaterials.

3,4,9,10-perylenetetracar-boxylic acid (PTCA) is the hydrolysis
product of perylene-3,4,9,10-tetracarboxylic dianhydride (PTCDA). It is
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a 5-ring polycyclic aromatic hydrocarbon that modified with abundant
carboxyl groups, and the perylene derivates with branched chains in-
dicate that it has many advantages. For instance, the unique structure of
PTCA can not only reduce biological toxicit, but also increase its hy-
drophobicity (Jana et al., 2012, 2014). In this work, PTCA was used as
ECL luminophore to react with coreactant (K,S50g) for constructing the
solid-state ECL sensor platform in A} detection. GO exhibited excellent
electrical conductivity and large specific surface area which was used to
load large amounts of PTCA. In addition, Au NPs were anchored on the
surface of PTCA@GO can not only combine with Ab,, but also enhance
the electrical transfer.

As a well-known p-type semiconductor material, copper sulfide
(CuS) has applications in many different fields (Tan and Wang, 2010),
such as catalysis (Dubale et al., 2016; Hong et al., 2015), biosensors
(Goel et al., 2013), superconductor (Mazin, 2012), cancer and anti-
bacterial (Shuang et al., 2015), microwave absorption (Zhou et al.,
2015), energy conversion and storage (Feng et al., 2015; Lee et al.,
2007) and so on. As we all know, many copper compounds exhibit quite
high catalytic performance (Liu et al., 2016). For instance, some copper
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Fig. 1. Schematic representation of the fabrication of immunosensor.

compounds act as fenton-like reagents which can catalyze H,O, pro-
ducing OH" (Dutta et al., 2013). In this work, CuS acted as co-reaction
accelerator to catalyze K,S,0g producing more SO,", further enhancing
the ECL signal of PTCA. SiO, nanospheres were used to load a mass of
CuS and Au NPs as a result of its large specific surface area, which could
combine with Ab, and improve the ECL efficiency.

Herein, a sensitive and stable sandwich ECL immunosensor was
prepared for AP detection. As shown in Fig. 1, the detailed fabrication
process of the immunosensor was observed. First, PTCA-Au@GO solu-
tion was dropped on the surface of glassy carbon electrode (GCE).
Subsequently, primary antibody (Ab;) was dropped on the modified
surface of GCE. Next, bovine serum albumin (BSA) was dispersed on the
modified surface of GCE to block nonspecific binding. Then the A with
different concentrations were dropped on the modified surface of GCE.
Finally, the prepared Ab,-Au@CuS-SiO, solution was incubated with
the modified GCE.

2. Experimental section
2.1. Materials

Amyloid- protein (Af), amyloid-} protein primary antibody (Ab;)
and secondary antibody (Ab,) were obtained from Nanjing Kingsrui
Technology CO. LTD. BSA (96-99%) was purchased from Aladdin
Industrial Corporation. Ethanol, methylbenzene, sodium citrate, so-
dium hydroxide (NaOH), sodium borohydride (NaBH,4), aminopropyl-
triethoxysilane (APTES), potassium persulfate (K,S;O0g), poly-
vinylpyrrolidone (PVP) and HAuCly6H,O were obtained from
Sinopharm Chemical. PTCDA was purchased from TOKYO Chemical
Industry CO. LTD. All the chemicals that used without further pur-
ification were of analytical reagent grade. Phosphate buffered saline
(PBS) was prepared by mixing 1/15 Na,HPO,4 and 1/15 KH,PO,4. The
electrolyte for electrochemical impedance spectroscopy (EIS) was pre-
pared by 0.1 M KNO3 and 2.5 mM [Fe(CN)] 3-/4 golution. Chitosan was
dissolved in 1% acetic acid and ultrapure water (18.25MQ cm, 24 °C)
was used for all the experiments.

2.2. Apparatus

X-ray powder diffraction (XRD) was performed with a D8 advance
X-ray diffractometer (Bruker AXS, Germany). UV-vis measurements
were carried out on a Lambda 35 UV-vis spectrometer (PerkinElmer,
United States). X-ray photoelectron spectroscopy (XPS) spectra was
recorded with an Escalab MK II (VG Company, UK). Scanning electron
microscope (SEM) and transmission electron microscopy (TEM) images
were gained by JEOL JSM-6700F microscope (Japan). The ECL mea-
surements were carried out by using MPI-F flowinjection chemilumi-
nescence detector (Xi’an remax Electronic Science Tech. Co. Ltd.,
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China) and electrochemical measurements were performed with
CHI760D electrochemical workstation (Chenhua Instrument Shanghai
Co. Ltd., China). A three-electrode system consisted of a platinum wire
acted as auxiliary electrode, an Ag/AgCl electrode acted as reference
electrode and a glassy carbon electrode (GCE) (4 mm in diameter) acted
as working electrode.

2.3. Preparation of PTCA and PTCA-Au@GO composites

PTCA nanomaterials were synthesized according to the previous
paper (Zhuo et al., 2014). First, 10 mg PTCDA was dissloved in 10 mL of
freshly prepared NaOH solution (1 M), then heated the solution until
PTCDA dissolved completely and the color of the solution changed into
yellow-green. Subsequently, HCl (1 M) was added into the above so-
lution until the color of the mixture turn to red completely. Next, the
resulted product was collected by centrifuging and washing, and the
precipitate was washed with anhydrous ethanol and ultrapure water
alternately until the pH was 7.4. Finally, the product was dried in va-
cuum at room temperature.

Graphene oxide (GO) was prepared by a modified Hummers’
method from graphite powder (Marcano et al., 2010), and the detailed
experiment process was showed in Supplementary material. PTCA@GO
nanomaterials were synthesized as follows: 0.05 g GO was dissloved in
ultrapure water, then the solution was ultrasounded for 1 h to make GO
dissolve thoroughly. Subsequently, PTCA was added into the above
solution and the mixture was ultrasounded for 2 h until GO and PTCA
mixed well, then the above mixture was stirred for 12h. PTCA@GO
nanomaterials were finally obtained by centrifuging, washing and
drying. For the synthesis of PTCA-Au@GO composites, 50 mg
PTCA@GO nanomaterials were first dissolved in ultrapure water with
ultrasonication for 2 h. Then 1 mL of HAuCl, (1%) and 10 mg PVP were
added into the above solution with stirring for 12h. Next, 4 mL of
50 mM sodium citrate and a little bit of NaBH, were added into the
mixture with stirring for 12h to reduce redundant HAuCly, then the
PTCA-Au@GO suspension was washed with ultrapure water and an-
hydrous ethanol to remove unbonded Au NPs. Finally, the resulted
product was dispersed in 0.5% chitosan for further use.

2.4. Preparation of Ab>-Au@CuS-SiO, composites

SiO, was prepared as mentioned in the previous paper (Jia et al.,
2015), and the detailed experimental process was showed in
Supplementary material. CuS was synthesized based on the previous
paper (Qiao et al., 2013), and the detailed experimental procedure was
also showed in Supplementary material.

For the synthesis of Ab,-Au@CuS-SiO, composites, CuS@SiO, na-
nomaterials were first synthesized. The prepared process of CuS@SiO,
nanomaterials were as follows: 1g SiO, was dissolved in 200 mL of
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toluene, then 2 mL of APTES was added into the solution with ultra-
sonication for 0.5 h. Subsequently, the mixture was transferred into the
Teflon-line stainless-steel autoclave (100 mL cubage) and maintained at
90°C for 24h. The aminated silica was obtained by centrifuging,
washing and vacuum drying. Next, 10 mg prepared CuS was dissolved
in ultrapure water, then 10 mg aminated silica was added into the
mixture with stirring for 1.5h. CuS@SiO, nanomaterials were finally
obtained and the resulted product was dissolved in ultrapure water for
further use. For the synthesis of Ab,-Au@CuS-SiO, composites, 1 mL of
HAuCl, (1%) and 10 mg PVP were first added into the above prepared
solution with stirring for 12 h. Subsequently, 4 mL of sodium citrate
solution (50 mM) and a little bit of NaBH, were added into the mixture
with stirring for 12 h, then the CuS-Au@SiO, suspension was washed
with ultrapure water and anhydrous ethanol. Next, the resulted product
was dispersed in PBS (pH=7.4) and mixed with Ab,, then BSA was
added into the above solution to block nonspecific binding. Finally, the
mixture was stored at 4 °C for further use.

2.5. Preparation of the ECL immunosensor

Fig. 1 revealed the fabrication procedure of the ECL immunosensor.
First, GCE was polished to a mirror-like surface with alumina powder
(1.0, 0.3 and 0.05 um), then it was cleaned with ultrapure water and
dried in air. Subsequently, 8 pL of 1 mg/mL PTCA-Au@GO mixture was
dropped on the surface of GCE. Then 5 pL of 1 mg/mL Ab; was dropped
on the modified GCE surface and incubation at 4°C for 2h. What's
more, for each modification step, the electrode was washed with ul-
trapure water to eliminate the nonspecific binding during the fabrica-
tion of the immunosensor. Next, 3 uL of 1 wt% BSA was dispersed on
the modified GCE surface for 1.5h to block nonspecific binding. Then
6 uL of prepared A solution with different concentrations were
dropped on the modified surface of GCE and incubated it at 4 °C for 3 h.
Finally, the prepared Ab,-Au@CuS-SiO, solution (7 pL of 2 mg/mL) was
dropped on the modified GCE surface and maintained at 4 °C for 1.5 h.

2.6. ECL detection of AB

10 mL of PBS (pH = 8.5) containing 50 mM K,S,0g and 0.1 M KCl
was added into the ECL cell. The scanning potential was set from
—1.6-0V, and the photomultiplier tube (PMT) was set at 600 V with
scan rate of 0.1 V/s. Finally, the modified electrode was placed in the
ECL cell, and the ECL signal was measured by a three-electrode system.

3. Result and discussion
3.1. Characterization of different nanomaterials

The morphologies of PTCA, PTCA@GO, PTCA-Au@GO, CuS, CuS@
SiO, and CuS-Au@SiO, nanomaterials were investigated by SEM and
TEM. As shown in Fig. 2A, PTCA nanomaterials exhibited short rod-like
structure. According to Fig. 2B and C, PTCA nanomaterials were
homogeneously distributed throughout the surface of GO, and Au NPs
were anchored on the surface of PTCA@GO. As shown in Fig. 2E, CuS
nanomaterials displayed sphere-like shape, and its diameter was about
20 nm. According to Fig. 2F and G, CuS nanospheres were homo-
geneously distributed on the surface of SiO,, and Au NPs were anchored
on the surface of CuS@SiO,. As shown in Fig. S1, GO exhibited flake-
like shape. SiO, nanomaterials exhibited sphere-like shape, which
diameter was about 450 nm.

According to Fig. 2D, the XRD pattern of PTCA (a) showed four
peaks which were at 12.2° (111), 16.7° (010), 22.7° (102) and 27.3°
(201). The XRD pattern of GO (b) showed a characteristic peak which
were at 14.9° (120). The above results were in good agreement with the
previous paper (Li et al., 2009; Wang et al., 2016), which indicated that
PTCA and GO nanomaterials were synthesized successfully. The char-
acteristic peaks of GO and PTCA were showed in the XRD pattern of
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PTCA-Au@GO (c). Furthermore, the peak of PTCA-Au@GO at 38.3° was
in good agreement with the characteristic peak of Au NPs (Karpenko
et al., 2007). Therefore, it was inferred that PTCA-Au@GO nanoma-
terials were synthesized successfully. As shown in Fig. S2A, the XRD
pattern of CuS exhibited eight diffraction peaks which were indexed at
27.7° (101), 29.3° (102), 31.8° (103), 32.9° (006), 38.8° (105), 47.9°
(110), 52.7° (108) and 59.3° (116) (JCPDS No. 06-0464). As shown in
Fig. S2B, the XRD pattern of SiO, exhibited four diffraction peaks which
were indexed at 22.0° (101), 36.2° (200), 42.8° (211) and 45.0° (202)
(JCPDS No. 06-0464). The results indicated that CuS and SiO, nano-
materials were synthesized successfully. As shown in Fig. 2H, the dif-
fraction peaks of CuS-Au@SiO, were in good agreement with the peaks
of CuS and SiO,. Moreover, the diffraction peak of CuS-Au@SiO, at
38.3° (111) was in good agreement with the characteristic peak of Au
NPs (Karpenko et al., 2007). Therefore, it was inferred that CuS-Au@
SiO, nanomaterials were synthesized successfully.

XPS was used to further investigate the surface electronic state and
elemental composition of the composite. According to Fig. S3A, the
peaks of O 1s, C 1s and Au 4f were clearly observed in the XPS full
survey spectrum of PTCA-Au@GO. As shown in Fig. S3B, the binding
energies at 284.8, 286.2, 288.7 and 289.6eV were due to C-C
(284.8 eV), C-O (286.2eV), C=O (288.7 eV), O-C=0O (289.6 eV) groups
(Li et al., 2018; Zhao et al., 2017), respectively. As shown in Fig. S3C,
the O 1s spectrum was fitted with three peaks at 531.7, 532.6 and
533.3eV, which could be attributed to O-H (531.7eV), O-C-O
(532.6eV) and C-O (533.3eV) groups (Cai et al., 2016; Ma et al.,
2017b), respectively. Therefore, it was inferred that the above peaks
could be attributed to the hydroxy, carboxyl and epoxy in PTCA and
GO. According to Fig. S4A, the peaks of Cu 2p, S 2p, O 1s, C 1s, Si 2p
and Au 4f were clearly observed in the XPS full survey spectrum of CuS-
Au@SiO,. As shown in Fig. S4B, the binding energies at 103.8 eV cor-
respond to Si 2p (Chung et al., 2011). As shown in Fig. S4C, the Cu 2p1/
2 peak was fitted with two peaks at 952.5 and 954.5eV, and the Cu
2p3/2 peak was fitted with three peaks at 934.7, 933.7 and 932.6 eV.
The peak-to-peak separations between the Cu 2p1/2 (952.5eV) and Cu
2p3/2 (932.6 eV) were about 20.0 eV, which indicated the typical va-
lues for Cu®* in CuS materials (Nie et al., 2013). The binding energies
of 954.5 and 933.7 eV could be CuS-CuSO,4 (Thuy et al., 2014), and the
peak at 934.7 eV could be CuO (Tian et al., 2014). As shown in Fig. S4D,
the S 2p3/2 and S 2pl/2 peaks both were fitted with two peaks at
161.2/162.1 and 163.3/164.7 eV, respectively. The peaks of 161.2 (S
2p3/2) and 163.3 eV (S 2p1/2) were characteristic of sulfide (Saldanha
et al., 2014; Xie et al., 2016), which could be attributed to the S-S bond
in CuS (Soares et al., 2017). The peaks at 162.1 (S 2p3/2) and 164.7 eV
(S 2p1/2) could be CuS (Kar et al., 2014), and the peak of 168.5eV
could be ascribed to the sulfate species formed by the oxidation of CuS
(Zhou et al., 2013).

The UV-vis characterization of PTCA (a), GO (b), Au NPs (c) and
PTCA-Au@GO (d) was implemented to prove that PTCA-Au@GO na-
nomaterials were synthesized successfully. As shown in Fig. S5, PTCA
had three ultraviolet absorption peaks in the absorption band of
400-500 nm (curve a), and the ultraviolet absorption peaks were at
466 nm, 438 nm and 412 nm, which accorded with the previous paper
(Ma et al., 2017a). Moreover, the three peaks were associated with -t
transitions of aromatic group and presented a well-defined vibronic
structure (Alessio et al., 2015). GO exhibited a ultraviolet absorption
peak at 230nm (curve b), which was in good agreement with the
previous paper (Gao et al., 2013). The characteristic absorption peak
was associated with w-n” transition of the sp? carbon (Eda et al., 2010;
Lai et al., 2012). The curve c indicated that the maximum absorption
peak of the Au NPs was identified at 528 nm. According to curve d, it
was observed that the characteristic absorption peaks of PTCA-Au@GO
were in good agreement with the peaks of PTCA, GO and Au NPs.
Therefore, the results proved that PTCA-Au@GO nanomaterials were
synthesized successfully.
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Fig. 2. SEM images of PTCA (A), PTCA@GO (B) and CuS@SiO, (F); TEM images of CuS (E), PTCA-Au@GO (C) and CuS-Au@SiO, (G); (D) XRD patterns of PTCA (a),
GO (b) and PTCA-Au@GO (c); (H) XRD patterns of CuS (a), SiO, (b), CuS-Au@SiO, (c).

3.2. ECL mechanism of PTCA-Au@GO/K>S20g system and CuS-Au@SiO_
enhancing PTCA-Au@GO nanomaterials

As we all know, K»S,0s is a frequently-used cathode coreactant for
ECL reactions. When the potential is enough negative, $,05> is de-
composed to generate sulfate radical (S0,%) and persulfate anion ra-
dical (SO47) (Lei et al., 2018). In this work, PTCA acted as cathodic
luminescent material to react with the coreactant (K,S,Og). The me-
chanism of PTCA/S,0g% system was as follows: PTCA™ was first gen-
erated at the electrode surface, then it reacted with SO,™ to form the
excited state PTCA” which backed to ground state with emitting light.
Nevertheless, PTCA has not strong enough ECL signal in aqueous so-
lution to meet the requirements for trace analysis. Therefore, CuS was
used as the co-reaction accelerator which could react with $,05% to
produce more SO,~, further enhancing the ECL signal of PTCA. As
shown in Fig. 3A, PTCA-Au@GO showed better ECL signal than the
pure PTCA after GO and Au NPs combined with PTCA. In order to ex-
plore the mechanism of CuS in PTCA/S,0¢> system, the ECL responses
in different solutions were measured. The detailed experimental process
was as follows: PTCA solution (a), PTCA+S,0g% solution (b),
PTCA + CuS solution (c), PTCA + CuS+S,05> solution (d), S,05> so-
lution (e) and CuS+82082' solution (f). As shown in Fig. 3B, the elec-
trode was first detected in PTCA solution, and the ECL signal was very
low (curve a). Then the ECL intensity has an obvious increase in
PTCA + S,05% solution (curve b), and the reason was that S,05> was
used as the coreactant of PTCA to amplify the ECL signal. Subsequently,
the electrode was detected in PTCA + CuS+52082' solution (curve d),
and the ECL intensity has an obvious increase compared with detecting
in PTCA +S,04> solution. What's more, the ECL signal of PTCA + CuS
solution was almost the same with detecting in PTCA solution (curve c),
which proved that CuS couldn't react with PTCA directly to affect the
ECL signal. Therefore, it was inferred that CuS could enhance the ECL
signal by reacting with S,0%. Next, the electrode was detected in
52082' solution (curve e), and the result was attributed to the emission
of singlet oxygen (Dai et al., 2014). Finally, the electrode was detected
in CuS+S,04% solution (curve f), and the ECL intensity was increased
compared with that only detected in $,05% solution. The reason could

be that CuS reacted with S,05% to produce ECL signal. According to
these experimental results, it was inferred that CuS could act as co-
reaction accelerator to amplify the ECL signal by reacting with S,052".
The possible mechanism of the ECL system contained PTCA, CuS and
K5S,0g as the following Egs. (1)-(5):

Cu®" + e - Cut @)
Cu™ + $,05% — Cu?™ + S0,% + SO, (more) )
PTCA + e — PTCA" 3
PTCA” + SO, —PTCA" + SO,* ()
PTCA" — PTCA + hv ()

3.3. ECL and EIS characterization of the immunosensor fabrication

The corresponding ECL-potential curves with different modified
electrodes were shown in Fig. 3C, which carried out in PBS (pH=28.5)
containing 0.05 M K5S,0g and 0.1 M KCI. The bare GCE produced a low
ECL signal (curve a), and it could be attributed to the system of 52082'/
0O, (Lei et al., 2016; Yao et al., 2009). When GCE was modified with
PTCA-Au@GO, the ECL intensity had an obvious increase (curve b).
Nevertheless, the ECL intensity was prominently decreased with im-
mobilizing Ab,, BSA and AP on the modified electrode (curve c, curve d
and curve e), and the reason was that they both hindered the electron-
transfer between coreactant (K,S;0g) and luminophor (Wang et al.,
2012). Finally, when the modified electrode was incubated with Ab,-
Au@CuS-SiO, (curve f), the ECL intensity was increased remarkably.
The reason was that CuS could effectively enhance the ECL intensity.
The results demonstrated that the ECL immunosensor was fabricated
successfully.

Moreover, we could also measure EIS to prove that the ECL im-
munosensor was fabricated successfully. It was one of the most effective
electrochemical methods for identifying the interfacial property of the
modified electrode (Ramanavicius et al., 2014). The original curves of
EIS with different modified electrodes were shown in Fig. 3D, which
carried out in 2.5 mM [Fe(CN)G]?”/ 4 and 0.1M KNOs3. The bare GCE
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Fig. 3. (A) ECL responses of PTCA (a), PTCA@GO (b) and PTCA-Au@GO (c). (B) ECL responses of GCE measured in PTCA solution (a), PTCA + S,0g> solution (b),
PTCA + CusS solution (c), PTCA + CuS + S$,05> solution (d), S;0s2 solution (e) and CuS + S,05> solution (f); (C) ECL responses of bare GCE (a), PTCA-Au@GO/GCE
(b), Ab;/PTCA-Au@GO/GCE (c), BSA/Ab,/PTCA-Au@GO/GCE (d), AB/BSA/Ab;/PTCA-Au@GO/GCE (e) and Ab,-Au@CuS-SiO,/AB/BSA/Ab;/PTCA-Au@GO/GCE
(f) in PBS (pH=28.5) containing 0.1 M KCl and 0.05M K,S,Og; (D) EIS of bare GCE (a), PTCA-Au@GO/GCE (b), Ab;/PTCA-Au@GO/GCE (c), BSA/Ab,/PTCA-
Au@GO/GCE (d), AB/BSA/Ab;/PTCA-Au@GO/GCE (e) and Ab,-Au@CuS- SiO»/AB/BSA/Ab,/PTCA-Au@GO/GCE (f) in 2.5 mM Fe(CN)g>”* and 0.1 M KNOs.

showed a small semicircle domain (curve a), which was ascribed to the
process of free electron transfer. When PTCA-Au@GO was modified on
the electrode, the modified electrode exhibited a larger semicircle do-
main (curve b). The result showed that higher electron transfer re-
sistance of [Fe(CN)¢]>”* on PTCA-Au@GO. After Ab,, BSA, Ap and
Abs-Au@CuS-SiO, were dropped successively on the modified elec-
trode, the semicircle domains were all increased (curve c, curve d,
curve e and curve f). The reason was that the formed protein layer
which blocked the electron transfer (Han et al., 2017; Li et al., 2017,
2016; Wang et al., 2017). These results further demonstrated the suc-
cessful fabrication of the ECL immunosensor.

3.4. Optimization of experimental conditions

To achieve the best experimental results, the experiment conditions
should be optimized. First, the effect of pH was investigated from 6.0 to
9.0 to determine the optimal condition. As shown in Fig. 4A, the ECL
signal achieved a maximum value at pH 8.5. The reason was that the
proton decreased easily at low pH, which caused that the luminescence
was inhibited. Moreover, highly pH could affect the activity of the
antigens and antibodies, further affected the ECL intensity (Zhang et al.,
2017). Therefore, pH 8.5 was selected as the optimal condition for Af
detection. The concentration of K,S,0g was also an important influ-
encing factor for ECL immunosensor performance. As shown in Fig. 4B,
the maximum ECL response appeared at 100 mM. The ECL intensity
increased when the concentration of K,S,0g was in the range from
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10 mM to 50 mM, and the reason was that more SO, were produced
with the increase of K,S,0g concentration, which could produce more
excited states PTCA” (Li et al., 2017). Nevertheless, the ECL intensity
decreased significantly when the K,S,Og concentration increased to
over 50 mM, which was ascribed to that overmuch S,042 could inhibit
the producing of excited state PTCA* (Cheng et al., 2012). Therefore,
50 mM K,S,0g was selected as the optimal condition for A} detection.
As shown in Fig. 4C, the concentration of PTCA-Au@GO for the fabri-
cation of the immunosensor was investigated. The ECL intensity in-
creased when the concentration of PTCA-Au@GO increased from
0.5mg/mL to 1mg/mL, then decreased with a further increase of
PTCA-Au@GO concentration, which attributed to the self-absorption
effect of the luminophor (Hua et al., 2009). Moreover, excessive PTCA-
Au@GO could hinder the electron transfer. Consequently, 1 mg/mL
PTCA-Au@GO was selected as the optimal condition for the fabrication
of the immunosensor. Finally, the concentration of CuS-Au@SiO, was
investigated for the fabrication of the immunosensor. The ECL intensity
changed with the concentrations of CuS-Au@SiO, when the con-
centrations of PTCA was equal. As shown in Fig. 4D, the ECL signal
difference increased gradually when the concentration of CuS-Au@SiO,
changed from 0.5 mg/mL to 2.0 mg/mL, then decreased with further
increase of CuS-Au@SiO, concentration, and the ECL intensity differ-
ence reached the maximum at 2.0 mg/mL. The reason was that inter-
face electron transfer resistance increased along with the increase of the
concentration of CuS-Au@SiO,, but the electrical conductivity de-
creased as a result of excessive CuS-Au@SiO, (Zhang et al., 2014).
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Therefore, 2.0 mg/mL CuS-Au@SiO, was selected as the optimal con-
dition for AP detection.

3.5. Performance of the immunosensor

In this work, the analytical performance of the proposed im-
munosensor was investigated by incubating different concentrations of
AP under the optimization conditions. As shown in Fig. 5A, the ECL
intensity increased gradually with the increasing concentrations of A
from 50 fg/mL to 25ng/mL (curve a-k). Moreover, the ECL intensity
was correlated with the exponential value of AP concentrations, and the
linear response range was from 50 fg/mL to 25ng/mL. As shown in
Fig. 5B, the linear equation was I = 2145.02 Inc + 11795.42, with a
correlation coefficient of 0.9961 and a detection limit of 18 fg/mL (S/
N = 3). As shown in Table S1, it was observed that the proposed im-
munosensor showed better detection linear range and detection limit
compared with previous works. This indicated that the strategy ex-
hibited high sensitivity and great potential for the precise detection of

AB.
3.6. Stability, selectivity and reproducibility

Operational stability is one of the most main portion for the fabri-
cation of the immunosensor (Wu et al., 2018). As shown in Fig. 5C, the
stability of the ECL immunosensor was investigated by detecting 5ng/
mL AP under 11 cycles of successive potential scans. It was calculated
that the relative standard deviation of ECL intensity was 1.06%, which
indicated that the sensing signal was quite reliable.

To investigate the selectivity of the developed immunosensor, car-
cinoembryonic antigen (CEA), alpha fetoprotein (AFP), bovine serum

albumin (BSA), glucose (Glu), Immunoglobulin G (IgG) and human
serum albumin (HSA) were used as the interferences. As shown in
Fig. 5D, the ECL signal of the target A (1 ng/mL) was much higher
than that of CEA (1 ng/mL), AFP (1 ng/mL), BSA (1 ng/mL), Glu (1 ng/
mL), IgG (1 ng/mL) and HSA (1 ng/mL). Furthermore, the ECL intensity
with a mixture solution (1ng/mL AP containing 100ng/mL CEA,
100 ng/mL AFP, 100 ng/mL BSA, 100 ng/mL Glu, 100 ng/mL IgG and
100 ng/mL HSA) were almost the same with that incubating with Af.
Therefore, the selectivity of the developed immunosensor was ex-
cellent.

As shown in Fig. S6, the repeatability of the ECL immunosensor was
investigated by seven prepared electrodes for the detection of Af
(0.01 ng/mL). The results indicated that the RSD of measurements was
less than 5%, which proved that the repeatability of the immunosensor
was excellent.

3.7. Analysis of clinical serum samples

To investigate the real sample analysis of the fabricated im-
munosensor, the standard addition method was conducted for the de-
tection of AP in human serum. Prior to measurement, the samples were
centrifugated by loading into a centrifugal filtration tube to obtain the
supernatant. Subsequently, the content of AP in the samples was de-
tected by the proposed immunosensor according to the relation be-
tween the current and the concentration. As described in Table S2, the
recoveries were ranging from 99.6% to 101% and the RSD was in the
range of 1.01-1.51%, which indicated that the developed im-
munosensor was feasible for the detection of AB in human serum
samples.
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4. Conclusion

In conclusion, a novel and efficient enhancing ECL immunosensor
for sensitively detecting AB was successfully developed. CuS was used
as a novel co-reaction accelerator in PTCA-K5S,0g system which can
react with the coreactant (S,05%) to produce more SO,", further en-
hancing the ECL signal. Besides, Au@GO exhibited large specific sur-
face area and excellent electrical conductivity which can load large
amounts of PTCA and antibodies to improve the ECL efficiency. The
proposed immunosensor showed better detection linear range and de-
tection limit compared with previous works, which indicated that the
strategy exhibited high sensitivity and great potential for the precise
detection of A. Moreover, the fabricated immunosensor exhibited ex-
cellent stability, selectivity and acceptable reproducibility, which sug-
gested its potential applications in real samples.
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