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Efficient double-quenching of
electrochemiluminescence from
CdS:Eu QDs by hemin-graphene-Au
e nanorods ternary composite for
e yltrasensitive immunoassay

Jing Liu?, Meirong Cui'?2, Hong Zhou! & Shusheng Zhang*

© A novel ternary composite of hemin-graphene-Au nanorods (H-RGO-Au NRs) with high electrocatalytic

. activity was synthesized by a simple method. And this ternary composite was firstly used in
construction of electrochemiluminescence (ECL) immunosensor due to its double-quenching effect
of quantum dots (QDs). Based on the high electrocatalytic activity of ternary complexes for the
reduction of H,0, which acted as the coreactant of QDs-based ECL, as a result, the ECL intensity of
QDs decreased. Besides, due to the ECL resonance energy transfer (ECL-RET) strategy between the
large amount of Au nanorods (Au NRs) on the ternary composite surface and the CdS:Eu QDs, the ECL
intensity of QDs was further quenched. Based on the double-quenching effect, a novel ultrasensitive
ECL immunoassay method for detection of carcinoembryonic antigen (CEA) which is used as a model
biomarker analyte was proposed. The designed immunoassay method showed a linear range from
0.01pg mL~1to0 1.0 ng mL~ with a detection limit of 0.01 pg mL~. The method showing low detection
limit, good stability and acceptable fabrication reproducibility, provided a new approach for ECL
immunoassay sensing and significant prospect for practical application.

Sensitive and accurate detection of serum or tissue biomarkers becomes increasingly important in biomedical
research, biodefense applications and early diagnosis of diseases'™. Most current detecting methods such as

. radioimmunoassay®®, fluorescence immunoassay”?, enzyme-linked immunosorbent assay (ELISA)*!?, chemi-

. luminescence immunoassay!'! !4, mass spectrometric immunoassay'®, which have been used for clinical sample
detections are faced with some key problems. For example, sensitivity and accuracy and most conventional meth-
ods are inefficient for some low-abundance determinand. Therefore, it is still urgently needed to develop simple
and ultrasensitive methods to satisfy the requirements in clinical diagnosis.

Recently, electrochemiluminescent (ECL) immunoassay based on quantum dots (QDs) has been rapidly
developed in this field because it showed intrinsic low background and excellent sensitivity'®-'. Furthermore,

. owing to the similar nature between the QDs-based ECL emission and photoluminescent (PL), energy transfer

© has been considered for the design of new QDs-based ECL analytical methodologies?®-?>. In this strategy, perfect

- energy overlapped donor/acceptor pair is a key factor to obtain optimal ECL-ET efficiency. Then to find energy

. tunable materials which could be employed as potential donor and acceptor is very important and becomes a hot

. topic for ECL-ET.

: Using consumption of a coreactant (for example H,0,) during enzymatic reactions on the immunosensor
surface is one primary principle of sensitive QDs-based ECL methodology?*-2¢. Rencent study showed that this
approaches based on natural enzymes probes were faced with many problems including complicated prepa-
ration process of enzyme linked probe and the misgivings of denaturation which greatly limited its practical
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Figure 1. Schematic illustration of the fabrication process the CEA biosensing platform based on double-
quenching of H-RGO-AuNRs. Process (A,B) respectively represents the preparation of hemin-reduced
graphene oxide-Au nanorods (H-RGO-AuNRs) and CEA biosensing platform.

applications. Therefore, another coreactant consumption probe enzyme mimics with high electrocatalytic reactiv-
ity and convenient storage and treatment attracted increasing interests. Among these enzyme mimics, for the rea-
son that graphene oxide (GO) provides large specific surface areas and other specific properties, it has been widely
employed for construction of devices involving catalytic processes. With its rapid development, more and more
soluble GO-based hybrid peroxidase mimetics were developed and applied due to its good catalytic activity?**.
However, rare attention has been paid to the applications of mentioned GO-based hybrid peroxidase mimetics in
smart ECL sensing. A ternary complex H-RGO-Au NRs was first synthesized and reported during our previous
work® and recently we found that it showed excellent performance during ECL biosensing which has not been
reported. Peroxidase-like activity of H-RGO-Au NRs could consume ECL coreactant (H,0,) during enzymatic
reactions on the immunosensor surface, resulting ECL signal diminution. Furthermore, with the combination
of our previous interesting discovery that ECL resonance energy transfer (ECL-RET) could generate between Au
NRs and the CdS:Eu QDs?, the introduce of the ternary complex is expected to realize further ECL quenching
with the abundant Au NRs on its surface.

Here, we first presented a novel ultrasensitive ECL immunoassay method based on the high electrocatalytic
activity of ternary complexes hemin-reduced graphene oxide-Au nanorods (H-RGO-Au NRs) for the reduction
of H,0, as the coreactant of QDs-based ECL, and the ECL resonance energy transfer (ECL-RET) strategy between
the abundant Au NRs on the graphene triple complex surface and the CdS:Eu QDs (Fig. 1). The designed immu-
noassay method showed a linear range from 0.01 pg mL ! to 1.0 ng mL~! with a detection limit of 0.01 pg mL™".
Compared former reported material®®, this novel H-RGO-Au NRs showed many unique and interesting proper-
ties including large specific surface, with abundant Au NRs for ECL-RET and peroxidase-like activity, all of which
were favorable conditions for ECL biosensor. The sensing platform provided a feasible way to detect different can-
cer biomarkers by changing antibody. Also, the method provided a new approach for ECL immunoassay sensing
and significant prospect for practical application.

Results and Discussion

Characterization of the materials. TEM images of employed materials were shown in Fig. 2. Therein,
Fig. 2A demonstrates the surface topography of doped CdS:Eu QDs with about 6 nm diameter. And for pure GO,
a thin layer morphology was found in Fig. 2B. And after modification with hemin by heating a hemin and GO
mixture with reflux in ammonia in the presence of hydrazine, the formed hemin-modified GO (H-RGO) was
used as a substrate material for growth of Au NRs in situ through reduction of HAuCl, by NaBH, and ascorbic
acid (AA). From Fig. 2C, we could find that Au NRs were successfully generated and grew on the surface of the
H-RGO. The TEM image also showed that Au NRs were homogeneous with size of 20 x 10 nm and covered on
the surface of H-RGO densely. The abundant decoration of Au NRs not only enlarged the surface area of the com-
posite and also could greatly quench ECL signal through effect of energy transfer efficiency (ECL-ET) due to the
overlapped spectrum between the ECL spectrum and Au NRs’s absorption spectrum. Energy-dispersive analysis
of X-rays (EDX) was further used to characterize the element component of the as-synthesized H-RGO-Au NRs
(Fig. 2D).

UV-vis absorption spectra was also employed on water-dissolved GO, hemin, H-RGO and H-RGO-Au NRs
respectively and the results were shown in Fig. 3A. From carve b, it can be clearly seen that GO exhibits its obvious
absorption peak at 233 nm and shoulder peak at 300 nm corresponding to T—7* transitions of the aromatic C=C
band and n-7* transitions of the C=0 band, respectively. Besides, carve ¢ shows that hemin has an obvious
absorption peak at 388 nm which is attributed to the Soret band of hemin. Also another group of weak peaks
between 500 and 700 nm ascribed to the Q-bands of hemin. However, after hemin was added on GO, the 388 nm
peak red shifted to 413 nm (carve d), which was deemed to the reason of adsorption of hemin molecule on
GO driven by w-m stacking interactions between the porphyrin moiety and RGO. After continuous addition of
HAuCl, and corresponding reduction the appearance of two new absorption peaks respectively at approximately
520 and 620 nm were consistent with the surface plasmon absorption of Au NRs. And this phenomenon indicated
the generation of H-RGO-Au NRs complex.
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Figure 2. TEM images of CdS:Eu QDs (A), GO (B), H-RGO-Au NRs (C) and the EDX analysis of H-RGO-
AuNRs (D). Insert of (C) shows the corresponding partly enlarged view of H-RGO-Au NRs.
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Figure 3. (A) ECL spectrum of the CdS:Eu QDs (a),and the UV-vis absorption spectra of GO (b), Hemin (c),
H-RGO (d) and H-RGO-AuNRs (e); (B) Cyclic voltammograms of 3 mm H,O, with addition of (b) hemin; (c)
GO; (d) H-RGO, and (e) H-RGO-Au NRs with the same concentration in 3 mm H,0, on GCE. Curve a is the
CV response of 3mm H,0, without addition of any material.

For the application of ECL-RET in biosensor, the most important point is to choose an effective ECL donor
and a suitable acceptor, with an essential condition that the donor’s ECL spectrum should be overlapped with the
acceptor’s absorption spectrum. As shown in carve a of Fig. 3A, two spectral bands could be in the ECL emission
spectrum of the CdS:Eu film: the one which was from 450 to 550 nm came out of the host CdS, and the other one
from 600 to 700 nm was attributed to the energy transfer from host CdS to Eu** ions*2. Exhilaratingly, from carve
e of Fig. 3A, we can see that the Au NRs from the prepared ternary complex have two absorption peaks which
completely overlap the ECL emission spectrum of CdS:Eu film. This great spectrum overlap between donor and
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Figure 4. ECL emission from CdS:Eu QDs film on GCE in 7.5mM H,0, + 0.1 M KCI + 0.1 M PBS
(pH=7.4) under continuous cyclic potential scan for 10 cycles. The PMT voltage: —600 V. Potential: —1.3V
(vs Ag/AgCl). Scan rate, 100mV/s.

acceptor could generate higher energy transfer efficiency in the ECL-ET system and was expected to show excel-
lent performance in the construction of ECL-biosensor.

Cyclic voltammograms (CV's) were first used for catalytic activity characterization of different materials under
the potential between —0.65 to 0V (100 mV s™!). The current response at —0.65 V was used as the analytical
signal. From Fig. 3B, we could find that hemin and GO showed catalytic activity in 3mM H,0O, (curve b and c).
However, H-RGO-Au NRs showed higher catalytic activity even compared with H-RGO (curve d and e).
This phenomenon may be due to Au NRs attached on H-RGO-Au NRs composite which greatly improves the
electron-transfer rate of graphene. The results demonstrated that the new composite H-RGO-Au NRs hold excel-
lent catalytic ability for H,O, attributed to the attached positively charged Au NRs on the surface of graphene
which greatly improves its catalytic activity.

Electrocatalytic reactivity mechanism of ECL biosensor. In our design, glassy carbon electrode
(GCE) was decorated by drop-coating of 10 pL CdS:Eu QDs which was used as ECL emitter. During the cathodic
potential scan, the CdS:Eu QDs were reduced to CdS:Eu~*, and the coreactant H,O, could react with CdS:Eu—*
to obtain an excited state (CdS:Eu*). This state could produce stable and high ECL signal in the aqueous solu-
tion and emit light at the same time (Fig. 4). The mechanism of this ECL process was listed as Eqs (1-3). Upon
the addition of Hemin-RGO-Au, the ECL intensity decreased due to the occurred electrochemical reduction of
hemin-RGO-Au. The reduced hemin-RGO-Au then chemically reduced the H,0, and resulted to the efficient

consumption of the coreactant. The process could be described by the following mechanism (Egs (4) and (5))%.
CdS:Eu + e — (CdS:Eu) * (1)

2(CdS:Eu) * + H,0, — 2(CdS:Eu)* + 20H™ 2)

(CdS:Eu)* — CdS:Eu + hv 3)

Hemin[Fe(III)] — RGO — Au + e — Hemin[Fe(II)] — RGO — Au (4)

Hemin[Fe(II)] — RGO — Au + H,0, — 2Hemin[Fe(III)] — RGO — Au + 20H™ (5)

The optimization of experimental conditions. The quenching efficiency of Iy =1 — I/I, (I, I, are the
ECL intensity treated with or without CEA respectively.) is used to study the effect of experimental conditions on
ECL intensity. The experimental conditions mostly containing the concentration of H,O,, the temperature and
time of Ab-CEA incubation, the volume of H-RGO-AuNRs/Ab, tags. The concentration of H,0, is important
to the detection of biosensor. As can be seen in Fig. 5A, 7.5 mM H,0, is the best concentration. Temperature of
CEA incubated with GCE-CdS:Eu QDs/Ab, are an important factor of the incubation efficiency which could also
affect the further incubation between CEA and H-RGO-Au/Ab,. Figure 5B shows that the ECL intensity increase
with the increasing temperature and reach the maximum at 37 °C which means 37 °C could be chosen as incu-
bation temperature. Also, the incubation time is studied and shown in Fig. 5C, the ECL intensity associated with
the time increase until 60 min, and then ECL intensity keeps invariant after 60 min. The concentration of CEA is
1.0 x 107" mg/mL during detection. Besides, Fig. 5D shows the volume of H-RGO-AuNRs/Ab, tags could also
influence the ECL intensity. The ECL intensity reach maximum when the volume increased to 20 uL, however,
the signal remain unchanged when the volume continue to increase. So, 20 .L H-RGO-AuNRs/Ab, tags is the
optimized condition in this experiment.
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Figure 5. Effects of concentrations on quenching efficiency: optimization of H,0O, concentrations (A), CEA
incubation temperature on GCE-CdS:Eu QDs/Ab, (B), CEA incubation time on GCE-CdS:Eu QDs/Ab, (C) and
volumes of H-RGO-AuNRs/Ab, in the ECL biosensor (D). The ECL peak intensity for analysis was obtained at
—1.3V (vs. Ag/AgCl) in 0.1 M PBS (pH 7.4), CV Scan rate: 0.1 V/s, the PMT voltage: —600 V.
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Figure 6. (A) The normalized ECL-potential curves of (a) GCE-CdS:Eu QDs, (b) GCE-CdS:Eu QDs/Aby, (c)
GCE-CdS:Eu QDs/Ab,/CEA and (d) GCE-CdS:Eu QDs/Ab,/CEA/Ab,/H-RGO-Au. Inset: the normalized
ECL-time curves. The ECL peak intensity for analysis was obtained at —1.3V (vs. Ag/AgCl) in 0.1 M PBS (pH
7.4) containing 7.5mM H,0,. CV Scan rate: 0.1 V/s. The PMT voltage: 600 V. (B) Electrochemical impedance
spectra of the proposed biosensing platform: (a) bare GCE; (b) GCE-CdS:Eu QDs; (c) GCE-CdS:Eu QDs/Ab;
(d) GCE-CdS:Eu QDs/Ab,/CEA; (e) GCE-CdS:Eu QDs/Ab,/CEA/H-RGO-Au/Ab, in 0.1 M KCl solution
containing 5.0 mM K;[Fe(CN)4]/K,[Fe(CN),]. The PMT voltage: —600 V. Potential: —1.3V (vs Ag/AgCl), Scan
rate: 100 mV/s.

Characteristic of biosensing platform. ECL signals at each immobilization step were also recorded to
characterize the fabrication process of the biosensing platform. Figure 6A are signal-potential and signal-time
curve of GCE-CdS:Eu QDs after added a scanning potential from —1.3V to 0V, respectively. And we can see
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Figure 7. ECL signals response for detection of different concentrations of CEA. The concentrations of CEA:
(2) 0, (b) 1.0 x 10 g/mL, (c) 1.0 x 10~*g/mL, (d) 1.0 x 10~ 2g/mL, (e) 1.0 x 10~ g/mL, (f) 5.0 x 10~ g/mL,
(g) 1.0x107°g/mL, (h) 5.0 x 107g/mL, (i) 1.0 X 10~g/mL and (j) 2.0 x 10~°g/mL, inset: Linear relationship
between quenching efficiency and the logarithm of CEA concentration, three measurements for each point. The
PMT voltage: —600 V. Potential: —1.3V (vs Ag/AgCl).

in curve a that the ECL intensity of GCE-CdS:Eu QDs is strong and table with H,0, as coreactant when the
potential of electrodes becomes sufficiently negative. After modified with Ab, and CEA, the ECL intensity of
GCE-CdS:Eu QDs decreased a bit (curve b and ¢) because of the steric-hinerance effect. However, the ECL inten-
sity of GCE-CdS:Eu QDs decreased a lot (curve d) after modified with H-RGO-Au/Ab,. This phenomenon was
supposed due to the double-quenching effects caused by hemin and Au NRs.

At the same time, every step of the fabrication process of this ECL biosensor was continuously monitored by
electrochemical impedance spectroscopy (Fig. 6B). The bare electrode displayed an almost straight line (curve a),
which was characteristic of a diffusion process. While CdS:Eu QDs were assembled on the electrode surface, the
electron—transfer resistance (Ret) increased obviously (curve b), which indicated that the CdS:Eu QDs were
immobilized on the electrode surface and decreased the electron-transfer efficiency. Ab, and following incubation
of CEA resulted in a larger Ret (curve c and d). And this is mainly due to the poor electroconduction of biomol-
ecules which results in steric hindrance and then inhibits the interfacial charge transfer. However, after following
conjugated nanoprobe of H-RGO-Au/Ab, onto the surface of Ab, through specific interaction, an obvious of Ret
decreases was appeared, which indicates that the synthesized H-RGO-Au/Ab, possessed high conductivity, good
electron transfer efficiency and excellent biocompatibility (curve e).

Analytical performance. Under the optimization of experimental conditions, the sensitivity of the ECL
biosensor based on CdS:Eu QDs and H-RGO-Au NRs were studied by changing the concentration of CEA. From
Fig. 7, ECL intensity is found to be very sensitive and decreased with increased CEA concentration form 1.0 x
107" t0 2.0 x 10~°g/mL. Besides, the inset of Fig. 7 show that quenching efficiency (I) was also logarithmic
related to the CEA concentration with R =0.998 and limit of detection (LOD) was 0. 01 pg/mL, which was com-
parable with that of 0.06 pg/mL CEA by hybrid gold/silica/CdSe-CdS quantum-dot nanostructure based ECL
immunosensor®. And it much lower than that of Au-polydopamine functionalized carbon encapsulated Fe;O,
magnetic nanocomposites based biosensor (0.33 pg/mL CEA)*, polybead carried gold nanoparticles assistant
biosensor (0.12 pg/mL CEA), electrochemical immunoassay with branched electrode system (0.05 ng/mL CEA)*,
and photoelectrochemical immunoassay (2.1 pg/mL CEA)* or fluorescent sensors (5.0 pg/mL CEA)*. This low
LOD was supposed to be the reasons as following: the strong and stable ECL intensity of CdS:Eu QDs, the high
electro-catalysis effect of H-RGO-Au NRs to coreactant and the energy transfer quenching effect of Au NRs.

The selectivity, repeatability and stability of ECL biosensor.  The practicality ECL biosensor was meas-
ured by the selectivity, repeatability and stability. The detection signal of 1.0 pg/mL CEA, 50 pg/mL AFP, 50 pg/mL PSA,
100 pg/mL BSA mixture was compared with pure CEA. And the result shows that the signal caused by mixture has
no obvious difference with the signal caused the pure CEA, and the relative standard deviation between them is
7.26% which means the designed ECL biosensor has an excellent selectivity to detect CEA. Meanwhile, the repeat-
ability was also been studied. 1.0 pg/mL CEA solution was detected by the same biosensor for five times with the
relative standard deviation of 3.28%. Besides, 1.0 pg/mL CEA solution was also detected business five electrodes and
got a relative standard deviation of 5.40%. Those result indicated the designed ECL biosensor has a favorable repeat-
ability. Finally, the stability of the biosensor was studied. The biosensor has been kept in pH = 7.4 PBS buffer at 4°C
for a week before detection. And the ECL response of treated electrode is almost the same as the electrode without
be treated which means the nice stability of the biosensor.

Application in analysis of samples. The practical application of the immunoassay was investigated by
analyzing the recoveries of different concentrations of CEA in human serum samples. In order to confirm the
practicality and reliability of this ECL biosensor in clinical application, the standard addition method was used to
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Standard CEA value
Sample (pg/mL) Found (pg/mL) | Recovery (%)
1 0.07 0.061 105
2 0.7 0.72 97.5
3 7 6.596 102
4 70 70.417 110
5 700 660.036 108

Table 1. The result of CEA determination in real human serum by the immunosensor.

detect the content of CEA in human serum. The result shows that the recovery of the ECL biosensor was between
97.5-110% which indicates this designed biosensor has a potential to be used in CEA clinical detection (Table 1).

Conclusion

In summary, a novel ECL biosensor for ultrasensitive CEA detection was built based on the high electrocatalytic
activity of ternary complexes for the reduction of H,0,, acted as the coreactant of QDs-based ECL, and the
ECL-RET strategy between the large amount of Au NRs on the graphene triple complex surface and the CdS:Eu
QDs. This simple and ultrasensitive ECL biosensor combined the advantage of the high electrocatalytic activity
of H-RGO-Au NRs and the superiority ECL-RET strategy between the Au NRs and the CdS:Eu QD. Besides, a
dynamic detection for monitoring the concentration of CEA was also achieved in this biosensor based on the
electrochemical method. The designed biosensor showing simple operation, wide linearity range, high sensitivity
and excellent selectivity, provided a new approach for ECL immunoassay sensing and significant prospect for
practical application.

Materials and Methods

Chemicals and reagents. Poly (sodium 4-styrenesuifonate) solution (PSS) was obtained from Sigma-
Aldrich. Carcinoembryonic antigen (CEA) was purchased from Zhenglong Biochem.Lab and used without fur-
ther purification. Graphene oxide was gotten from Nanjing XFNANO Materials Tech Co., Ltd. Cadmium nitrate
tetrahydrate (Cd(NOs),), Europium(III) nitrate hexahydrate (Eu(NO;);), 3-Mercaptopropionic acid (MPA),
N-Hydroxysuccinimide (NHS), N-(3-Dlmethylamlnopropyj)-N’-ethylcarbodll mide hydrochlorlde (EDC),
Bovine serum albumin (BSA), Chloroauric acid (HAuCl,) were obtained from Aladdin. Hematin Chloride was
purchased from Shanghai Generay Biotech Co., Ltd. All aqueous solutions were prepared using ultra-pure water
(Milli-Q, Millipore).

Apparatus. All ECL measurements were carried on a MPI-A multifunctional electrochemical and chemilu-
minescent analytical system (Remax Electronic Instrument Limited Co., Xi'an, China). A three-electrode config-
uration was used in electrochemical and ECL experiments with a glassy carbon electrode (GCE, 3 mm diameter)
as the working electrode, Pt wire served as the counter electrode, and Ag/AgCl electrode with saturated KCl
solution as reference electrode, respectively. The ECL emission measurements were conducted in 0.1 M pH 7.4
PBS using H,O, as a coreactant. The emission window was placed in front of the photomultiplier tube (PMT)
biased at —600 V.

Synthesis of CdS:Eu QDs. The CdS:Eu QDs were prepared as our previous report**. 0.08 M Eu (NO,);
solution (112.5pL) was added to 30 mL of aqueous solution containing 0.1683 g Cd(NO3),-4H,0 under stirring
and heated to 70°C. Then, a freshly prepared Na,S-9H,0, solution (0.7205¢g in 30 mL of ultrapure water) was
injected to obtain orange-yellow precipitates. This reaction stayed at 70 °C for 3 h with continuous refluxing.
The obtained final reaction precipitates were centrifuged and washed thoroughly with absolute ethanol and for
ultrapure water three times to get rid of the remaining Eu** and other ions. The finally precipitate was ultrasoni-
cally dispersed into water and then the upper yellow solution of CdS:Eu QDs were collected after centrifugation.
The final solution could be rather stable for 1 month when stored in a refrigerator at 4 °C.

Preparation of CdS:Eu QDs Film. The GCE was polished with alumina, sonicated in ethanol and ultrapure
water and then thoroughly rinsed with water. To prepare the CdS:Eu QDs film, 10 pL of the CdS:Eu QDs solution
was dropped onto the pretreated GCE surface at room temperature. Then, the CdS:Eu NC-modified GCE was
stored in 0.1 M NaCl+ 0.1 M PBS (pH 7.4) for further use.

Construction of ECL Biosensor. The CdS:Eu QDs modified GCE was treated with 1.5mM MPA for 3h
at 4°C, then the terminal carboxylic acid groups of the MPA on GCE surface were activated using 20 mg of EDC
and 10 mg of NHS which were dispersed in 1.0 mL of 0.1 M imidazole-HCI buffer (pH 6.8) for 1h at room tem-
perature. After rising the electrodes with 0.1 M PBS (pH 7.4), 100 ug mL~! Ab, solution was introduced to the
electrode and incubated at 4 °C for 12 h. Following this, the above electrode was immersed in 2 wt% BSA solution
for 40 min to block the nonspecific active binding sites. Finally, the electrode (marked as GCE/CdS:Eu QDs/Ab,)
was washed by PBS and stored in 4 °C when not used.

Preparation of Hemin-Reduced Graphene Oxide (H-RGO). Hemin-reduced graphene oxide
(H-RGO) was synthesized according to our previous reported procedure?!. First, 5mL GO (2 mg/mL) was dis-
persed in 35mL H,O in a 100 mL dried three-necked flask. After stirring and ultrasonication for 30 min, ammo-
nia solution (60 pL) and hemin (10 mg) were added to the mixture, followed by the addition of hydrazine solution
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(10 pL). The solution was heated in a water bath at 60 °C for 4 h. The final product was collected after 10000 rpm
centrifugation for 25 min and then washed and dried in vacuo for further use.

Preparation of H-RGO-Au NRs.  According to the provious work®, the seed solution was first prepared
for AuNRs. 1 mL 0.12mM HAuCl, was mixed with 1 mL 0.048 mM CTAB solution. Then fresh prepared NaBH,
(2.4mM, 0.12mL) was added into above Au (IIT)-CTAB solution under vigorous stirring for 2 min. until the
solution color changed from yellow to brownish-yellow. The prepared seed solution was aged at 27°C for 2h
before use. Then the growth solution was prepared using 50 mL 0.2 mM HAuCl, together with 50 mL 0.048 M
CTAB, 2.5mL of 0.96 mM AgNO; and 3.4 mg H-RGO product under gently mixing at room temperature. Then
0.7mL 0.02M AA was added in to above mixture. The color of the solution could be found to fade to colorless
from dark-yellow. Finally, 0.12 mL prepared seed solution was gently added into this solution at 27 °C for 20 min
and then was kept at 30 °C for 12 h for NR growth on the surface of H-RGO. The final products were collected by
centrifugation at 8500 rpm for 25 min and were then re-dispersed in water.

Preparation of H-RGO-Au NRs/Ab,. The Ab,-labeled H-RGO-Au NRs were prepared as follows:
H-RGO-Au NRs (0.1 mg mL~}, 0.5 mL) were mixed with PSS solution (200 pL, 30%), ultrasonic for 5 min, and
vibrated for 2 h, and then centrifuged to remove the excess PSS, and scattered in 400 pL PBS. Subsequently, a
solution of Ab, (50 pg L™, 100 pL) was added. The mixture was gently stirred at room temperature for 1 h and
then centrifuged. After washing with PBS, the pellet was resuspended in PBS (5001L) containing 2% BSA and
stored at 4 °C for further use.

ECL Measurements. Different concentrations of CEA (20 pL) were dropped onto the surface of the modi-
fied electrode and incubated at 37 °C for 40 min. Subsequently, the electrode was washed and treated with 20 pL
H-RGO-Au NRs/Ab, solution for 60 min incubation at 37 °C. The following ECL measurement was conducted in
0.1 M PBS (pH 7.4) containing 0.10 M KCl, 7.5 mM H,0, and scanned from 0 to —1.3 V after washing the elec-
trode to remove the unbound H-RGO-Au NRs/Ab, bioconjugates. The voltage of the PMT was set at —600V in
the process of detection.

References

1. Stoeva, S. 1, Lee, J. S., Smith, J. E., Rosen, S. T. & Mirkin,C. A. Multiplexed detection of protein cancer markers with biobarcoded
nanoparticle probes. J. Am. Chem. Soc. 128, 8378-8379 (2006).

2. Meng, J. et al. Carbon nanotubes conjugated to tumor lysate protein enhance the efficacy of an antitumor immunotherapy. Small. 4,
1364-1370 (2008).

3. Ferrari, M. Cancer nanotechnology: opportunities and challenges. Nat. Rev. Cancer. 5, 161-171 (2005).

4. Munge, B. S. et al. Nanostructured immunosensor for attomolar detection of cancer biomarker interleukin-8 using massively labeled
superparamagnetic particles. Angew. Chem. Int. Ed. 50,7915-7918 (2011).

5. Braithwaite, J. E., Yandle, T. G., Nicholls, M. G. & Lewis, L. K. Interference by o-phenanthroline in the radioimmunoassay of
angiotensin II in small volume blood samples. Clin Biochem. 45, 168-170 (2012).

6. Liu, R. et al. Metal stable isotope tagging: renaissance of radioimmunoassay for multiplex and absolute quantification of
biomolecules. Acc. Chem. Res., doi: 10.1021/acs.accounts.5b00509 (2016).

7. Li, C. L. et al. A universal multi-wavelength fluorescence polarization immunoassay for multiplexed detection of mycotoxins in
maize. Biosens. Bioelectron. 79, 258-265 (2016).

8. Huang, X. L. et al. Ultrasensitive fluorescence immunoassay for the detection of ochratoxin A using catalase-mediated fluorescence
quenching of CdTe QDs. Nanoscale, doi: 10.1039/C6NRO1136E (2016).

9. Dixit, C. K. et al. Development of a high sensitivity rapid sandwich ELISA procedure and its comparison with the conventional
approach. Anal. Chem. 82,7049-7052 (2010).

10. Li, C. et al. Improvement of enzyme-linked immunosorbent assay for the multicolor detection of biomarkers. Chem. Sci., doi:
10.1039/C5SC04256A(2016).

11. Lee, J. S., Joung, H. A, Kim, M. G. & Park, C. B. Graphene-based chemiluminescence resonance energy transfer for homogeneous
immunoassay. ACS Nano. 6, 2978-2983 (2012).

12. Zeng, H. P. et al. Broad-specificity chemiluminescence enzyme immunoassay for (fluoro) quinolones: hapten design and molecular
modeling study of antibody recognition. Anal. Chem. 88, 3909-3916 (2016).

13. Liu, A. R, Zhao, F, Zhao, Y. W,, Li, S. G. & Liu, S. Q. A portable chemiluminescence imaging immunoassay for simultaneous
detection of different isoforms of prostate specific antigen in serum. Biosens. Bioelectron. 81, 97-102 (2016).

14. Yang, Z.]. et al. A new label-free strategy for a highly efficient chemiluminescence immunoassay. Chem. Commun. 51, 14443-14446
(2015).

15. Aebersold, R. & Mann, M. Mass spectrometry-based proteomics. Nature. 422, 198-207 (2003).

16. Jie, G. E, Wang, L. & Zhang, S. S. Magnetic electrochemiluminescent Fe,;O,/CdSe-CdS nanoparticle/polyelectrolyte nanocomposite
for highly efficient immunosensing of a cancer biomarker. Chem. Euro. ]. 17, 641-648 (2011).

17. Dong, Y. Q., Wu, H,, Shang, P. X,, Zeng, X. T. & Chi, Y. W. Immobilizing water-soluble graphene quantum dots with gold
nanoparticles for a low potential electrochemiluminescence immunosensor. Nanoscale 7, 16366-16371(2015).

18. Li, L. L. et al. Fabrication of graphene-quantum dots composites for sensitive electrogenerated chemiluminescence immunosensing.
Adv. Funct. Mater. 21, 869-878 (2011).

19. Zhou, H,, Liu, J. & Zhang, S. S. Quantum dot-based photoelectric conversion for biosensing applications. TrAC-Trends Anal. Chem.
67,56-73 (2015).

20. Wang, J., Shan, Y., Zhao, W. W,, Xu, J. J. & Chen, H. Y. Gold nanoparticle enhanced electrochemiluminescence of CdS thin films for
ultrasensitive thrombin detection. Anal. Chem. 83, 4004-4011 (2011).

21. Li, L. L. et al. Electrochemiluminescence energy transfer-promoted ultrasensitive immunoassay using near-infrared-emitting
CdSeTe/CdS/ZnS quantum dots and gold nanorods. Sci. Rep. 3, 1529 (2013).

22. Dong, Y. P, Zhou, Y., Wang, J. & Zhu, J. J. Electrogenerated chemiluminescence resonance energy transfer between lucigenin and
CdSe quantum dots in the presence of bromide and its sensing application. Sensor. Actuat. B-Chem. 226, 444-449 (2016).

23. Zhou, H.,, Han, T. Q., Wei, Q. & Zhang, S. S. Efficient enhancement of electrochemiluminescence from cadmium sulfide quantum
dots by glucose oxidase mimicking gold nanoparticles for highly sensitive assay of methyltransferase activity, Anal. Chem. 2016, 88,
2976-2983(2016)

24. Zhou, H,, Liu, J., Xu, J. J. & Chen, H. Y. Highly sensitive electrochemiluminescence detection of single-nucleotide polymorphisms
based on isothermal cycle-assisted triple-stem probe with dual-nanoparticle label. Anal. Chem. 83, 8320-8328 (2011).

SCIENTIFICREPORTS | 6:30577 | DOI: 10.1038/srep30577 8



www.nature.com/scientificreports/

25. Deng, S. Y., Lei, J. P, Liu, Y., Huang, Y. & Ju, H. X. A ferrocenyl-terminated dendrimer as an efficient quencher via electron and
energy transfer for cathodic electrochemiluminescent bioanalysis. Chem. Commun. 49, 2106-2108 (2013).

26. Liu, X. et al. Quantum dots based electrochemiluminescent immunosensor by coupling enzymatic amplification with self-produced
coreactant from oxygen reduction. Anal. Chem. 82, 7351-7356 (2010).

27. Lei, J. P. & Ju, H. X. Fundamentals and bioanalytical applications of functional quantum dots as electrogenerated emitters of
chemiluminescence. TrAC-Trends Anal. Chem. 30, 1351-1359 (2011).

28. Deng, S. Y. & Ju, H. X. Electrogenerated chemiluminescence of nanomaterials for bioanalysis. Analyst. 138, 43-61 (2013).

29. Wang, Q. B,, Lei, J. P, Deng, S. Y., Zhang, L. & Ju, H. X. Graphene-supported ferric porphyrin as a peroxidase mimic for
electrochemical DNA biosensing. Chem. Commun. 49, 916-918 (2013).

30. Deng, S. Y., Lei, J. P, Huang, Y., Cheng, Y. & Ju, H. X. Electrochemiluminescent quenching of quantum dots for ultrasensitive
immunoassay through oxygen reduction catalyzed by nitrogen-doped graphene-supported hemin. Anal. Chem. 85, 5390-5396
(2013).

31. Liu, J., Xin, X. Y., Zhou, H. & Zhang, S. S. A ternary composite based on graphene, hemin, and gold nanorods with high catalytic
activity for the detection of cell-surface glycan expression. Chem. Euro. J. 21, 1908-1914 (2015).

32. Zhou, H., Zhang, Y. Y,, Liu, J., Xu, J. J. & Chen, H. Y. Electrochemiluminescence Resonance Energy Transfer Between CdS:Eu
Nancrystals and Au Nanorods for Sensitive DNA Detection. J. Phys. Chem. C. 116, 17773-17780 (2012).

33. Xin, X. Y. et al. Electrocatalytic reduction of a coreactant using a hemin-graphene-Au nanoparticle ternary composite for sensitive
electrochemiluminescence cytosensing. RSC Adv. 6, 26203-26209 (2016).

34. Deng, L., Shan, Y., Xu, J. J. & Chen, H. Y. Electrochemiluminescence behaviors of Eu**-doped CdS nanocrystals film in aqueous
solution. Nanoscale. 4, 831-836 (2012).

35. Zhou, H., Zhang, Y. Y, Liu, ], Xu, J. ]. & Chen, H. Y. Efficient quenching of electrochemiluminescence from K-doped graphene-
CdS:Eu NCs by G-quadruplex-hemin and target recycling-assisted amplification for ultrasensitive DNA biosensing. Chem.
Commun. 49, 2246-2248 (2013).

36. Jie, G. F, Liu, P. & Zhang, S. S. Highly enhanced electrochemiluminescence of novel gold/silica/CdSe-CdS nanostructures for
ultrasensitive immunoassay of protein tumor marker. Chem. Commun. 46, 1323-1325 (2010).

37. Ji, L. et al. Preparation of Au-polydopamine functionalized carbon encapsulated Fe;O, magnetic nanocomposites and their
application for ultrasensitive detection of carcinoembryonic antigen. Sci. Rep. 6, 21017-21023(2016).

38. Kong, E Y., Xu, B. Y,, Du,Y,, Xu, J. . & Chen, H. Y. A branched electrode based electrochemical platform: towards new label-free and
reagentless simultaneous detection of two biomarkers. Chem. Commun. 49, 1052-1054 (2013).

39. Wang, P. et al. A paper-based photoelectrochemical immunoassay for low-cost and multiplexed point-of-care testing. Chem.
Commun. 49, 3294-3296 (2013).

40. Zhou, Z. et al. Carcino-embryonic antigen detection based on fluorescence resonance energy transfer between quantum dots and
graphene oxide. Biosens. Bioelectron. 59, 397-403 (2014).

41. Gao, L. Z. et al. Intrinsic peroxidase-like activity of ferromagnetic nanoparticles. Nat. Nanotechnol. 2, 577-583(2007).

Acknowledgements

This work was supported by the National Natural Science Foundation of China (Grant Nos 21405072, 21505065,
21275086 and 21535002), the “Innovation Team Development Plan” of the Ministry of Education Rolling Support
(IRT_15R31), the Project of Shandong Province Higher Educational Science and Technology Program (J14LC14
and J14LC15), the Shandong Provincial Natural Science Foundation (ZR2014BL023 and ZR2014BL026), Special
Funds for the Construction of Taishan Scholars (Grant No. tspd20150209) and State Key Laboratory of Analytical
Chemistry for Life Science (SKLACLS1407).

Author Contributions

H.Z. and S.Z. conceived and designed the experiments. J.L. and M.C. performed the experiments, analyzed
the data and wrote the first draft of the manuscript. H.Z. and J.L. contributed substantially to revisions. All the
authors discussed the results and commented on the manuscript.

Additional Information
Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Liu, J. et al. Efficient double-quenching of electrochemiluminescence from CdS:Eu
QDs by hemin-graphene-Au nanorods ternary composite for ultrasensitive immunoassay. Sci. Rep. 6, 30577;
doi: 10.1038/srep30577 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

BN o1 other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2016

SCIENTIFIC REPORTS | 6:30577 | DOI: 10.1038/srep30577 9


http://creativecommons.org/licenses/by/4.0/

	Efficient double-quenching of electrochemiluminescence from CdS:Eu QDs by hemin-graphene-Au nanorods ternary composite for ultrasensitive immunoassay
	Introduction
	Results and Discussion
	Characterization of the materials
	Electrocatalytic reactivity mechanism of ECL biosensor
	The optimization of experimental conditions
	Characteristic of biosensing platform
	Analytical performance
	The selectivity, repeatability and stability of ECL biosensor
	Application in analysis of samples

	Conclusion
	Materials and Methods
	Chemicals and reagents
	Apparatus
	Synthesis of CdS:Eu QDs
	Preparation of CdS:Eu QDs Film
	Construction of ECL Biosensor
	Preparation of Hemin-Reduced Graphene Oxide (H-RGO)
	Preparation of H-RGO-Au NRs
	Preparation of H-RGO-Au NRs/Ab2
	ECL Measurements

	Additional Information
	Acknowledgements
	References



 
    
       
          application/pdf
          
             
                Efficient double-quenching of electrochemiluminescence from CdS:Eu QDs by hemin-graphene-Au nanorods ternary composite for ultrasensitive immunoassay
            
         
          
             
                srep ,  (2016). doi:10.1038/srep30577
            
         
          
             
                Jing Liu
                Meirong Cui
                Hong Zhou
                Shusheng Zhang
            
         
          doi:10.1038/srep30577
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep30577
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep30577
            
         
      
       
          
          
          
             
                doi:10.1038/srep30577
            
         
          
             
                srep ,  (2016). doi:10.1038/srep30577
            
         
          
          
      
       
       
          True
      
   




