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A B S T R A C T

In traditional electrochemiluminescence (ECL) analysis, gold nanomaterials are commonly used as a tool for
signal amplification and linking antibodies due to their good electrical conductivity and biocompatibility. Here,
we found that multitipped gold nanoparticles—gold nanoflowers (AuNFs) as coreactant accelerator have good
catalytic activity for the reduction of dissolved oxygen (O2) to hydrogen peroxide (H2O2) using tris (hydro-
xymethyl) aminomethane (Tris) as electron donor. Based on this, a new enzyme-free and label-free ECL im-
munosensor have been constructed for the detection of α-fetoprotein (AFP). In this system, due to the unique
geometric and spatial effects of AuNFs, the dissolved O2 as endogenous coreactant was catalyzed by AuNFs to
produce H2O2 using Tris as an electron donor. The in situ generated H2O2 can more efficiently produce various
electrogenerated reactive oxygen species (ROSs) as the important intermediates on the electrode surface. Then,
oxidation of luminol reacts with ROSs significantly amplifies the luminol ECL signal. Under optimal experi-
mental conditions, the proposed ECL immunosensor was able to detect the AFP concentration from 0.01 to
100 ngmL−1, with a low detection limit of 3.4 pgmL−1 (S/N=3). In addition, the prepared ITO-based sensor is
similar to a micro-test chip and convenient to use, thus making it suitable for clinical use as a disposable device
in point-of-care tests (POCTs).

1. Introduction

Recently, Electrochemiluminescence (ECL) has become a powerful
tool for analysis of various samples in multiple applications, such as
clinic diagnosis (Fang et al., 2019; Mo et al., 2019), food safety (Gao
et al., 2018; Wang et al., 2019), and environmental monitoring (Ye
et al., 2016), etc., benefited from its inherent features including sim-
plicity, rapidity and high sensitivity (Farka et al., 2017; Liu et al., 2015;
Zhuo et al., 2018). Up to now, three major ECL systems, luminol (Liu
et al., 2018; Qiao et al., 2018), metal complexes (Wang et al., 2019),
and nanomaterials (Fang et al., 2019; Mo et al., 2019), have been
widely explored for the analytical application. Luminol is the most
popular luminescent reagent in ECL detection because of its non-
toxicity, low oxidation potential and strong luminescence (Liu et al.,
2018; Zhang et al., 2016). In order to enhance the luminol ECL signal,
H2O2 is usually used as a coreactant to accelerate the oxidation of lu-
minol by generating various reactive oxygen species (ROSs) such as

superoxide (O2
•-) and hydroxyl radical (•OH). Whereas, in traditional

luminol-H2O2 ECL system, H2O2 suffered from several serious defects
such as low stability under room temperature, making it almost im-
possible to quantify (Huang et al., 2018). On the other hand, the lu-
minol-glucose oxidase (GODx) system can catalyze the in situ genera-
tion of H2O2 by glucose and oxygen, but the pH of the system is
required to be neutral due to the limitation of activity of GODx (Kitte
et al., 2017; Xu et al., 2016b). However, luminol has a weaker ECL
signal under neutral conditions than alkaline conditions (Li et al.,
2008), thus limiting the extensive application of the luminol-GODx
system. Compared with H2O2, dissolved O2 as an endogenous cor-
eactant seemed to be an appropriate candidate in biosensors fabrication
in terms of the above concerns. Nevertheless, the ECL reaction effi-
ciency of O2 with luminol was too low to provide a significant signal
amplification. Therefore, it is necessary to explore a new enzyme-free
luminol-O2 system, which can both produce H2O2 in situ and improve
the luminol ECL signal.
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Gold nanomaterials have attracted great interests in bioassays,
especially in electrochemiluminescence due to their large surface area,
fascinating optical, electronic, catalytic and good biocompatibility
(Dong et al., 2007; Higashi et al., 2018; Song et al., 2010). Assemblies
of gold nanoparticles are known to produce collective physical prop-
erties due to their unique particle size, spacing, and higher-order
structure (Bera et al., 2015; Cui et al., 2012; Higashi et al., 2018; Maity
et al., 2014; Xu et al., 2016a), especially in the districts of corners,
sharp edges, apexes, and tips (Das and Chini, 2012; Das et al., 2012;
Hao et al., 2007; Hrelescu et al., 2011; Myroshnychenko et al., 2012).
These regions exhibit highly localized and strongly enhanced electro-
magnetic (EM) fields, known as plasmonic “hot spots” (Alonso-
González et al., 2012; Hrelescu et al., 2011), which can remarkably
enhance surface-enhanced Raman scattering (SERS) signals (Alonso-
González et al., 2012; Chirumamilla et al., 2014). On the other hand,
gold nanomaterials can catalyze many organic, electrocatalytic and gas-
phase reactions using their active sites on the surface or the Au/support
interface (Daniel and Astruc, 2004). For instance, Sunjie Ye and his
colleagues found that gold nanoflowers (AuNFs) have stronger catalytic
activity than gold nanoparticles (AuNPs) in the catalytic reduction of p-
nitrophenol to p-aminophenol (Ye et al., 2016). In addition, oxygen
adsorbed on the surface of the AuNPs can be catalyzed to produce
highly reactive superoxo- or peroxo-like species using poly (N-vinyl-2-
pyrrolidone) (PVP) donated electrons (Tsunoyama et al., 2009). Re-
cently, Higashi and co-workers observed that in tris (hydroxymethyl)
aminomethane (Tris) solution, AuNPs at about 15 nm can catalyze the
reduction of oxygen to ROS. They proposed that aggregation of the
AuNPs, in some manner, played a role in enhancing their catalytic ac-
tivity due to several factors such as spatial effects and the presence of
active sites at low-coordination Au atoms and Au/support junctions
(Higashi et al., 2018). Therefore, the aggregate state of gold nano-
particles, multitipped structure AuNFs, are responsible for great en-
hancements in catalytic and optical properties in luminol-O2 system
due to its unique spatial structure. In addition, AuNFs/ITO-based sen-
sors are expected to simplify the inspection process and significantly
improve detection performance.

Herein, a novel ECL immunosensor that combines the enzyme-free
and label-free strategies and utilizes the catalysis effect of the cor-
eactant accelerator AuNFs was developed. First, we prepared AuNFs
with the outer layer covered with a large number of irregularly shaped
AuNPs. Subsequently, the AuNFs were assembled on indium tin oxide
(ITO) electrode surface via the adhesion of (3-aminopropyl) triethox-
ysilane (APTES). After being immersed in Tris solution (electron donor)
for a while, the high catalytic activity, large surface area, high con-
ductivity, and excellent biocompatibility of AuNFs are used as cor-
eactant accelerator to catalyze the dissolved O2 to produce H2O2 in situ.
The generated H2O2 can further produce various electrogenerated ROSs
on the AuNFs/ITO electrode surface, which accelerate the ECL reaction
and enhance the ECL intensity in luminol-O2 system. After AFP speci-
fically binds to anti-AFP on the final sensor, the ECL signal decreased
with increasing AFP concentration due to the specific immunoreaction
of the antigen-antibody to block the electron transfer of the ECL reac-
tion (Scheme 1). Moreover, the ECL mechanism of the luminol-O2

System using AuNFs as the coreactant accelerator was explored.

2. Experimental section

Chemicals and reagents, and apparatus have been reported on
Supporting information.

2.1. Synthesis of gold nanoflowers (AuNFs)

AuNFs were prepared in aqueous solutions according to a previous
report with some modifications (Li et al., 2017). Briefly, 20mL of a
0.25mM HAuCl4 aqueous solution was first heated to boiling and
200 μL of a 5% sodium citrate was added with stirring. The reaction was

allowed to run until the color turned into wine red to obtain Au seeds.
To grow AuNFs, 50mL of 0.25mM HAuCl4 aqueous solution was ad-
justed to pH 11.5 by 1.0 M NaOH solution. Under mild shaking, the
mixture of 4mL Au seeds and 400 μL NH2OH·HCl solution (40mM) was
added into the above solution at 30 °C. Subsequently, the color of the
solution turned from wine red to blue green to obtain AuNFs. The
AuNFs solution was centrifuged and thoroughly washed three times
with ultrapure water. Thereafter, the obtained AuNFs precipitates were
ultrasonically distributed in 5mL ultrapure water for further experi-
ment.

2.2. Preparation of gold nanoparticles (AuNPs)

To compare the catalytic activities of AuNFs and AuNPs, AuNPs
with average size of 15 nm were prepared by the previously reported
method (Peng et al., 2007). Briefly, 100mL of 0.01 wt% HAuCl4 solu-
tion was heated to slight boiling in a flask, and then 4.0 mL of 1% tri-
sodium citrate was added with stirring. After 30min, the wine red
AuNPs solution was obtained and cooled to room temperature. Finally,
100mL AuNPs solution was centrifuged at 10000 rpm for 25min and
dispersed into 10mL ultrapure water for further use.

2.3. Preparation the AuNFs modified ITO electrode

Before the preparation, the ITO coated glass electrodes were ultra-
sonically washed sequentially with acetone, 1:1 (v/v) NaOH (1M)/
ethanol mixture and ultrapure water (15min each). The pretreated ITO
was immersed in solution containing H2O2/NH4OH (30%)/H2O in the
ratio of 1:1:5 for 90min for creating a hydrophilic surface with hy-
droxyl groups. After washing thoroughly with ultrapure water and
dried with a stream of N2, the ITO electrode was immersed into 2% (v/
v) APTES ethanol solution at room temperature overnight. Then, this
obtained ITO slice was rinsed with ethanol and dried with N2 gas,
followed by curing at 100 °C for 30min and cooled to room tempera-
ture. Subsequently, 35 μL of prepared AuNFs solution was coated on the
surface of the APTES-modified ITO electrode and left undisturbed for
4 h at 4 °C to deposit the AuNFs. Finally, the AuNFs/ITO electrode was
rinsed with ultrapure water and dried with N2 gas. The same method
was used for the preparation of the AuNPs modified ITO electrode.

2.4. Fabrication of the ECL immunosensor

Firstly, 25 μL of anti-AFP (20 μgmL−1) PBS solution (0.1M pH 7.4)
was dropped onto the AuNFs/ITO electrode surface, incubated for 1 h at
37 °C. After the electrode was rinsed with 0.1M PBS (pH 7.4) to remove
the residual anti-AFP, the anti-AFP/AuNFs/ITO electrode was blocked
with 20 μL BSA solution (0.1%) incubated for 40min to avoid non-
specific binding. Then, the obtained electrode was washed with 0.1M
PBS (pH 7.4) to remove physically adsorbed BSA. As a result, we ob-
tained the final sensor and filled it with PBS (pH 7.4) and stored at 4 °C.

2.5. Analysis procedure

The final sensor electrode was immersed in 0.1M PBS (pH 7.4)
spiked with various concentrations of AFP at 37 °C for 20min.
Afterward, it was washed with 0.1M PBS (pH 7.4) carefully. Finally, the
sensor electrode was transferred to 0.2mM luminol containing 0.1M
Tris (pH 9.5) and put in the ECL cell. After soaking for 20min, ECL
signal was recorded for the quantitative analysis of AFP. The photo-
multiplier tube (PMT) was set at 750 V and working potential was
0–1.0 V. The scan rate was set at 100mV/s.
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3. Results and discussion

3.1. Structural and optical properties of AuNFs

In this study, the growth of gold seeds is used to prepare AuNFs. The
SEM image shows that multitipped AuNFs were well-dispersed nano-
particles and the statistical particle size distribution of the AuNFs
(Fig. 1A, inset) was mainly in the range of 45–84 nm with an average
diameter of 65.1 nm, and each AuNF outer layer has a plurality of
spherical subunits (bright dots) (Fig. 1A). Furthermore, from the in-
serted high-resolution SEM (HRSEM) photo, it can be observed that the
surface of the AuNF is covered with irregularly shaped gold nano-
particles which form some edges, corners and tip regions. These regions
may provide abundant active sites that act as tiny conduction centers to
promote electron transport and enhance catalytic activity of AuNFs.
High-resolution TEM (HR-TEM) measurements of the AuNFs showed
that many well-resolved lattice fringes (Fig. 1B). Meanwhile, the (100)
and (111) sub-surfaces of the AuNFs edges and corners form low-co-
ordinate atomic steps, and these small facets are combined to further
form the (211) high-index facets that match the corresponding atomic
model (Fig. 1C), which provide sufficient active sites available for re-
actants (Fujita et al., 2012; Maity et al., 2014; Ye et al., 2016). The
crystal structures of AuNFs were also studied by XRD techniques. The
XRD pattern displays five Au diffraction peaks at 2θ=38.12, 44.27,
64.42, 77.85, and 81.49° which are assigned to (111), (200), (220),
(311), and (222) planes of the face-centered-cubic (fcc) gold. As shown
in Fig. 1E, the monodisperse AuNPs were 15 ± 2 nm in diameter.

Fig. 1F showed the normalized UV–vis spectra of the prepared AuNFs
and AuNPs, and the absorption peak of AuNFs was observed to be
significantly red-shifted due to the increase in particle size.

3.2. Electrochemical investigation of the assembly steps of the ECL biosensor

CV and EIS techniques were considered as optimal tools for char-
acterizing step-by-step assembly of immunosensors, which can show
changes of ITO electrode behavior after each modification step. As
shown in Fig. 2A, a pair of symmetric redox peaks (curve a) were ac-
quired which corresponded to the reversible redox reaction of [Fe
(CN)6]3–/4– on the bare ITO. The oxidation and reduction peak currents
increased after APTES modification due to the protonation of positively
charge amino group in aqueous solution (Khan et al., 2018) (curve b).
When AuNFs were cast onto the APTES/ITO electrode, the peak current
clearly improved duo to AuNFs could supply a larger surface area and
facilitate surface electron transfer. (curve c). By further attaching anti-
AFP and bovine serum albumin (BSA) (curve d), the redox peak current
significantly decreased due to the electron inertness of anti-AFP and
BSA. Obviously, the decreased peak current was observed after AFP
combined with the BSA/anti-AFP/AuNFs/ITO electrode (curve e).

The electron-transfer resistance (Ret) is an important indicator re-
flecting the impedance changes of the electrode surface, can be ex-
plained by semicircle diameter from EIS measurements. As shown in
Fig. 2B, compared with the bare ITO electrode (curve a), the Ret sig-
nificantly decreased after APTES (curve b) and AuNFs (curve c) were
covered on ITO electrode due to easy electronic transport at the

Scheme 1. Schematic illustration of (A) fabrication process of BSA/anti-AFP/AuNFs/ITO immunosensor; (B) possible ECL mechanism of the luminol-O2 system.
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electrode solution interface. However, the Ret values continuously in-
creased after the anti-AFP and BSA (curve d) loading onto the AuNFs
surface, indicating that the immobilized anti-AFP and BSA impeded
electron exchange on the electrode surface. When AFP was combined
on the final sensor, the Ret value becomes larger (curve e) due to the
formation of immune complexes, which further blocked electron con-
duction on the electrode surface. The EIS spectra showed an electron
transfer trend similar to the CV curves, proving that the successful as-
sembly of the immunosensor.

3.3. Possible mechanism of catalyzing the generation of H2O2 by AuNFs as
the coreactant accelerator

The possible mechanism of catalyzing the generation of H2O2 was
studied by taking UV–vis absorption spectra, Raman spectra and ECL
measurements.

As shown in Fig. 3A, several known concentrations of H2O2 in 1M
Tris have an absorption peak around 214 nm (curve a, b, c) because
under alkaline conditions, the hydroperoxyl ion formed after deproto-
nation of H2O2 has a broad absorption band in the vicinity (Higashi
et al., 2018; Song et al., 2017). At the same time, we soaked the AuNFs/
ITO or AuNPs/ITO electrode (prepared at the same concentration of

Fig. 1. (A) SEM image of AuNFs. Inset: HRSEM image and size distribution of AuNFs.; (B) HR-TEM image of the AuNF. Inset: TEM images of a single AuNF; (C) The
corresponding atomic models of {211} planes; (D) Wide-angle XRD profile of AuNFs. (E) SEM image of AuNPs; (F) Normalized UV–vis spectrum of AuNFs and AuNPs.
Inset: solution of AuNPs (left) and AuNFs(right).

Fig. 2. (A) CV curves and (B) EIS spectra of (a) ITO, (b) APTES/ITO, (c) AuNFs/APTES/ITO, (d) final sensor and (e) AFP/BSA/anti-AFP/AuNFs/APTES/ITO in 0.1M
KCl containing 5mM [Fe(CN)6]3–/4–. The inset of (B) shows the equivalent circuit. The scan rate of CV is 50mV/s. The frequency range is from 0.1 to 100 kHz with
amplitude of 5mV.
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AuNFs and AuNPs) in 5mL 1M Tris solution under the same conditions
for 10min. By comparing the UV–vis absorption spectra, we found that
the absorption peak of the Tris solution soaked by the AuNFs/ITO
electrode (curve d) near 214 nm was significantly higher than the Tris
solution soaked by the AuNPs/ITO electrode (curve e). These results
indicate that multitipped AuNFs catalyze the production of H2O2, and
its catalytic activity is much higher than that of AuNPs.

To further investigate the possible path of H2O2 generation, we
dripped 30 μL of 1M Tris or NaCl solution onto the AuNFs/ITO elec-
trode. After 10min, the Raman spectra of the electrode surface were
measured and compared (without drying the sample) (Fig. 3B). Com-
paring the Raman spectra in these two cases, we found that the peak
intensity of the electrode dropped by Tris at 1640 cm−1 corresponding
to O2 vibrational mode (Kong et al., 2012) was significantly decreased.
At the same time, the electrode dropped by Tris also showed a strong
peak at 886 cm−1, which is the vibrational mode of H2O2 (He et al.,
2019; Li and Gewirth, 2003). However, we did not observe this peak on
the electrode dropped by NaCl solution. The decrease in O2 content and
the increase in H2O2 content indicate that under the electron donating
effect of Tris, O2 adsorbed on the surface of AuNFs can be catalyzed by
some form of electron transfer to produce H2O2.

To verify the above process, the effect of dissolved O2 on the pro-
duction of H2O2 was investigated by AuNFs/ITO electrode immersed in
Tris (containing 0.2mM luminol) with or without continuous N2 gas

sparging (Fig. 3C). In the N2-saturated solution where dissolved O2 was
removed, the AuNFs/ITO electrode showed no significant lumines-
cence. However, the ECL signal of the AuNFs/ITO electrode increased
with increasing soaking time in air-saturated Tris solution and reached
a maximum at 20min. This result indicates that dissolved O2 as the
coreactant can be adsorbed on the surface AuNFs to catalyze the pro-
duction of H2O2 and accelerate the ECL reaction in Tris solution.

Furthermore, we explored the ECL performance of the AuNFs/ITO
and AuNPs/ITO electrodes in various solutions. Fig. 3D shows that the
AuNFs/ITO electrode in the borate buffer, PBS buffer and NaCl solution
or AuNPs/ITO electrode in Tris solution, the related ECL signals pre-
sented poor stability as a result of inefficient ECL reactions and the
changed microenvironment of the system. However, a significant ECL
signal was observed after the AuNFs/ITO electrode was immersed in
Tris solution and amplified with the increased concentration of Tris.
This may be ascribed to multitipped AuNFs with abundant active sites
catalyzing the production of H2O2 using the electron donating effect of
Tris, followed by continuous supply of electrogenerated ROSs to greatly
stabilize and enhance the intensity of the ECL signal.

Based on these experimental results, we propose a hypothetical
mechanism for AuNFs to catalyze the production of H2O2. First, dis-
solved O2 is adsorbed on the surface of AuNFs. Then, the amino and
hydroxyl groups of the Tris are oxidized by AuNFs, followed by elec-
trons transfer to the adsorbed O2 and activation of the O2 utilizing the

Fig. 3. (A) UV–vis spectrum of (a) 0.4 mM H2O2, (b) 0.2 mM H2O2, (c) 0.1 mM H2O2 (all contain 1M Tris), and Tris solution after soaked for 10min by (d) AuNFs/
ITO electrode, (e) AuNPs/ITO electrode; (B) Raman spectra of AuNFs/ITO electrode surface dripped with Tris and NaCl solution; (C) ECL intensity of AuNFs/ITO
electrode in Tris solution (pH 8.0) with and without continuous N2 sparging; (D) ECL intensity of AuNFs/ITO or AuNPs/ITO electrode in various solutions after
20min (contain 0.2 mM luminol; pH 8.0; scan potential from 0 to 0.8 V).
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active sites on the surface of the multitipped AuNFs. Finally, the acti-
vated O2 is reduced to form and release H2O2 by means of an oxidase-
type enzyme.

3.4. Possible ECL mechanism of Luminol-O2 system

In the presence of H2O2, H2O2 further produces various ROSs, which
directly participate in the luminol ECL reaction of and significantly
amplify the ECL signal (Kitte et al., 2017). To explore this process and
related mechanisms, we compared the ECL and CV responses of AuNF/
ITO and AuNPs/ITO electrodes immersed in different luminol solutions.
As shown in Fig. 4A, an almost invisible ECL signal was obtained with
AuNFs/ITO electrode in N2-saturated solution (curve a), revealing that
AuNFs does not directly enhance luminol ECL intensity without O2.
When the AuNPs/ITO electrode was immersed in air-saturated solution,
the ECL intensity was only increased to 240 a. u. at 0.94 V (curve b),
indicating that AuNPs has limited enhancement of luminol ECL signal
in the presence of O2. However, when the AuNFs/ITO electrode was
introduced into the air-saturated solution (curve c), the ECL signal in-
creased significantly from 240 a. u. to 1227 a. u. (about 5-fold ampli-
fication). At the same time, the initial potential of the corresponding
peak was negatively shifted from 0.45 to 0.32 V and reached a max-
imum at 0.59 V. These results further indicate that the coreaction ac-
celerator AuNFs did improve the efficiency of the ECL reaction of dis-
solved O2 and luminol.

Accordingly, the CV curves were shown in Fig. 4B. When the
AuNFs/ITO electrode was immersed in N2-saturated solution, the
electrode has only one oxidation peak at 0.78 V with a low current
value (curve a). This phenomenon further indicates that AuNFs are not
directly involved in the oxidation reaction of luminol. When the
AuNPs/ITO electrode was immersed in air-saturated solution, a pair of
redox peaks appeared with two weak oxidation peaks at 0.58 V and
0.78 V (curve b). These two oxidation peaks may be related to the
production of luminol radicals and diazaquinone, respectively
(Nagatani et al., 2016). Despite the presence of O2 in the system, the
low catalytic activity of AuNPs resulted in low oxidation efficiency and
weak ECL signal for luminol. However, after the AuNFs/ITO electrode
was immersed in air-saturated solution, the charging current of the
luminol was significant increased from 0.18 V and the strong anodic
peak shifted negatively from 0.78 to 0.72 V (curve c). This may be due
to the sufficient H2O2 involvement in the oxidation reaction of luminol
and reduction of the overpotential from the interaction between lu-
minol and various ROSs produced by H2O2 (Kitte et al., 2017). These
results revealed that under the electron donating effect of Tris, AuNFs

as the coreactant accelerator does catalyze the production of H2O2 from
dissolved O2 and further produces sufficient ROSs at anode potential to
accelerate the ECL reaction of luminol.

Combining the reference (Kitte et al., 2017; Nagatani et al., 2016;
Wu et al., 2018) with our experimental results, the possible lumines-
cence mechanisms of luminol-O2 ECL systems were shown in Scheme.
1B. In conclusion, the dissolved O2 was first catalyzed on the surface of
AuNFs to produce H2O2 using Tris as an electron donor. Then, Luminol
was oxidized to oxidation of luminol (Lumox) upon anodic potential
scanning at AuNFs/ITO electrode. Finally, oxidation of luminol reacts
with electrogenerated ROSs from H2O2 to generate the excited-state 3-
aminophthalate anion (Lum*), which produced a significant ECL
emission.

3.5. Analytical performance of the resulting sensor

The resulting immunosensor with a higher ECL intensity will have a
wider detection range. Therefore, we optimized the time of AuNFs
decoration and the pH of the Tris buffer to improve the ECL signal
intensity (Figs. S1A and C). At the same time, in order to obtain the
resulting immunosensor with higher performance, we optimized the
incubation time of anti-AFP and AFP (Figs. S1B and D).

These ECL signals are collected when different concentrations of
AFP standards specifically combined with antibodies on the resulting
sensor. As shown in Fig. 5A, because the combination of AFP and anti-
AFP inhibits the electron transfer, which decelerate the rate of ECL
reaction, the ECL intensities decrease with increasing of the AFP con-
centration from 0.01 to 100 ngmL−1 and presented an excellent linear
relationship with the logarithm of AFP concentration (Fig. 5B). The
corresponding calibration curve is described as ECL=−754.73 lgCAFP

+ 2142.3 (R2= 0.991), with a detection limit of 3.4 pgmL−1 (S/
N=3). In addition, Table S1 shows the linear range and detection limit
of previously reported immunosensors. Compared to other reports, the
prepared immunosensor showed a large linear range and a low detec-
tion limit.

Some very important features of this immunosensor, including se-
lectivity and stability need to be validated. According to Fig. 5C, the
developed immunosensors with some other potential interferents
showed almost the same response as the blank solution, indicating that
the obtained immunosensor has high selectivity and specificity for the
detection of AFP.

Finally, we studied the stability of the AFP immunosensor. The final
sensor was stored in PBS buffer (pH 7.4) at 4 °C throughout the test
period. The ECL intensity of the stored sensor retained about 91% of its

Fig. 4. (A) ECL intensity and (B) CV curves of (a) AuNFs/ITO electrode in N2-saturated, (b) AuNPs/ITO electrode in air-saturated, and (c) AuNFs/ITO electrode in air-
saturated solution (both contain 0.2 mM luminol and 0.1M Tris, pH 8.0; scan rate 100mV/s).
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initial value after 1 month (Fig. 5D), indicating that the sensor exhibits
high stability.

3.6. Preliminary analysis of real samples

In order to investigate the feasibility of the AFP immunosensor for
clinical determination, some human serum samples were measured by
the standard addition method. Different concentrations of AFP were
added to human serum and measured by using the prepared im-
munosensor. According to Table S2, these data showed that the re-
covery (between 95.4% and 113.0%) were acceptable, and the relative
standard deviation (RSD) was less than 3.97%, which indicated that the
designed immunosensor had potential applicability for reliable detec-
tion of AFP in clinical analyses.

4. Conclusions

In conclusion, an enzyme-free and label-free ECL immunosensor for
the detection of AFP has been demonstrated combining dissolved O2 as
the endogenous coreactant and AuNFs as a coreaction accelerator in the
luminol-dissolved O2 ECL system. Benefiting from its unique morpho-
logical characteristics, AuNFs exhibited a strong catalytic activity to
reduce O2 to H2O2 and significantly increase the ECL signal intensity.
Meanwhile, the ECL mechanism of luminol-dissolved O2 system was
initially studied. The resulting sensor exhibited good analytical char-
acteristics, excellent selectivity, long-term stability, and reproducibility

in AFP analysis. In addition, the proposed ECL immunosensor was
successfully applied to the detection of AFP in spiked human serum
samples. Moreover, the strategy is low in cost and easy to operate, and
in the future, combined with portable inspection device will make it
more suitable for clinical use as a disposable device in POCTs. We be-
lieve that this research provides a reliable approach and a great op-
portunity for further development of luminol-based ECL system.
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