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A B S T R A C T

This work utilized ultrathin metal-organic layer (MOL) to immobilize luminophores for effectively shortening
the ion/electron-transport distance and relieving the diffusional constraints of ion/electron, which greatly en-
hanced the ECL efficiency and intensity. Moreover, the MOL's immobilization amount of luminophores should be
higher than these of bulk MOFs because MOLs possess more accessible postmodification sites for the lumino-
phores with minimal diffusion barriers. As expected, our proof-of-concept experiment indicated that the Hf-
MOL's loading number of Ru(bpy)2(mcpbpy)2+ was about 1.74 times that of a 3D mesoporous MOF (PCN-777),
and the ECL efficiency and intensity of PEI@Ru-Hf-MOL were around 1.27 times and 14.5 times those of PEI@
Ru-PCN-777, respectively. In view of these merits, this work utilized the prepared PEI@Ru-Hf-MOL as a highly
efficient sensing platform for simple, rapid and sensitive detection of mucin 1, which exhibited a broad linearity
from 1 fg/mL to 10 ng/mL and a low detection limit of 0.48 fg/mL. This work provided a practicable strategy to
develop high-performance ECL materials, and therefore opened up a new avenue to design ultrasensitive ECL
biosensors, which expanded the application potential of MOLs in ECL assays.

1. Introduction

Mucin 1 (MUC1) is an important glycosylated protein, and the ab-
normal expression of MUC1 is used as tumor markers in the clinical
diagnosis of colorectal, pancreatic, and prostate cancer (Kufe, 2009).
Thus, it is very meaningful to find an effective way to sensitively detect
MUC1 for clinical tumor diagnosis (Bossche et al., 2010; Nath and
Mukherjee, 2014). In comparison with several other techniques, for
example, fluorescence (Cheng et al., 2009; Si et al., 2018), electro-
chemical (Wen et al., 2015; Wang et al., 2017a) and surface plasmon
resonance spectroscopy (SPR) (Ferreira et al., 2008), the electro-
chemiluminescence (ECL) technology (Wu et al., 2014; Zhao et al.,
2015b; Cao et al., 2015; Liu et al., 2015; Wang et al., 2018) has cap-
tured a growing attention owing to its simplicity, high detection sen-
sitivity and low cost (Chen et al., 2017b; Li et al., 2017a).

As the most classic reagents of ECL, tris(2,2′-bipyridyl)ruthenium(II)
(Ru(bpy)32+) and its derivatives possess high ECL activity, superior
stability (Sun et al., 2007). In order to obtain a strong ECL signal,
abundant of nanomaterials (Kim and Kim, 2014; Liu et al., 2014; Lin

et al., 2015; Li et al., 2018; Wang et al., 2016b; Yang et al., 2017) have
been used to immobilize the Ru(bpy)32+ derivatives. Compared with
conventional nanomaterials as carriers, the well-ordered porosity and
high surface area of metal-organic frameworks (MOFs) provided the
intrinsic advantage in increasing the immobilization number of lumi-
nophores. Recently, Chi's group has synthesized a novel tris(bipyridine)
ruthenium(II)-functionalized MOF to sensitively detect Hg2+(Lin et al.,
2015), and our group has used ZIF-8 (ZIF = zeolitic imidazolate fra-
mework) as carrier to immobilize self-enhanced ruthenium poly-
ethylenimine (Ru-PEI) complex for ultrasensitive detection of telo-
merase activity (Xiong et al., 2017). However, these reported MOF-
based ECL sensors also face some challenges. On the one hand, the
leakage of luminophores during testing may reduce the stability of the
ECL immunosensor based on MOF because the stability of most MOFs in
water is low. On the other hand, the utilization ratio of Ru(bpy)32+

derivatives and the immobilization amount of Ru(bpy)32+ derivatives
were limited due to the small pore size of most MOFs. More recently, to
overcome these drawbacks, we have reported a feasible strategy to
construct highly stable and sensitive ECL sensors by using ultrastable
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three-dimensional (3D) mesoporous luminescent functional MOF (Ru-
PCN-777) (Fig. S1, PCN = porous coordination network) in our pre-
vious work (Hu et al., 2018). However, the long path of ion/electron
migration and diffusional constraints of ion/electron within the 3D bulk
MOFs (Song et al., 2010) inhibited the electrochemical activation of the
interior luminophores. As a result, the utilization ratio of ECL lumino-
phores was still limited in the 3D luminescence-functionalized MOFs.
Therefore, it is imperative to seek new materials as carriers to im-
mobilize luminophores for further increasing the utilization ratio of ECL
luminophores and enhancing the immobilization amount of lumino-
phores.

Metal-organic layers (MOLs) (Lan et al., 2017, 2018; Shi et al.,
2017; Cao et al., 2017; Ding et al., 2017), also known as MOF na-
nosheets or coordination nanosheets (Lu et al., 2016; Zhao et al., 2018;
Huang et al., 2017; Kong et al., 2018), are a two-dimensional (2D)
version of MOFs (Easun et al., 2017; Furukawa et al., 2013) with
thickness reduced to a few nanometers (Dong et al., 2015), which could
relieve the diffusional constraints of ion/electron (Cao et al., 2016).
Furthermore, compared with 3D bulk MOFs (Xiao et al., 2012; He et al.,
2012; Li et al., 2017b), the ultrathin 2D MOLs could shorten the
transportation length of ion/electron (Wang et al., 2017c), which
makes the utilization ratio of luminophores greatly increasing. In ad-
dition, because MOLs exhibit more readily accessible postmodification
sites for the luminophores with a small diffusion barrier, the MOL's
loading amount of luminophores should be higher than that of 3D bulk
MOFs. Thus, MOLs are an ideal platform to immobilize luminophores
for enhancing the ECL efficiency and intensity. Because of the above
advantages, we chose the Hf-MOL as carrier to immobilize Ru
(bpy)2(mcpbpy)2+ (bpy = 2,2′-bipyridine, mcpbpy = 4-(4′-methyl-
[2,2′-bipyridin]-4-yl)butanoic acid) on the Hf6 cluster of Hf-MOL by
solvent-assisted ligand incorporation (SALI) method (Cao et al., 2016;
Deria et al., 2014, 2015; Chen et al., 2016) (Scheme 1) and successfully
synthesized a novel and stable Ru-complex-grafted 2D MOL (Ru-Hf-
MOL). In order to further increase the ECL intensity, polyethylenimine
(PEI) was decorated onto Ru-Hf-MOL as coreactant (Wang et al., 2014;
Gui et al., 2014). As expected, it was found that the Hf-MOL's im-
mobilization number of Ru(bpy)2(mcpbpy)2+ was about 1.74 times
that of PCN-777, the average ECL intensity of PEI@Ru-Hf-MOL was
around 14.5 times that of PEI@Ru-PCN-777, and the ECL efficiency of
PEI@Ru-Hf-MOL was calculated to be 7.6%, which increased by 27%
compared with that of PEI@Ru-PCN-777 (6.0%).

Considering the above-mentioned superior properties of PEI@Ru-
Hf-MOL, it was used as an ideal sensing platform for MUC1 detection.
The target-induced proximity hybridization (Hu et al., 2012; Zhang
et al., 2007; Li et al., 2012) was utilized as the quantitative way for
MUC1 detection because this strategy is simple, rapid and no compli-
cated procedures are required. Thus, this work utilized PEI@Ru-Hf-
MOL to construct a highly stable ECL sensor with superior ECL effi-
ciency based on target-induced proximity hybridization for simple,

rapid, and ultrasensitive determination of MUC1. The principle of this
method was displayed in Scheme 2. First, PEI@Ru-Hf-MOL was deco-
rated onto the glass carbon electrode (GCE) surface by means of nafion.
Then, the ferrocene (Fc) and Ab1 labeled single-stranded DNA (Fc-
DNA1-Ab1, Ab1= antibody) acting as a quencher was strongly ab-
sorbed on PEI@Ru-Hf-MOL by π-π stacking interactions between the
Fc-DNA1-Ab1 and PEI@Ru-Hf-MOL (Zhang et al., 2014; Zhao et al.,
2016, 2015c; Wang et al., 2017b; Parvin et al., 2017), which made the
ECL emission of Ru(bpy)2(mcpbpy)2+ could be effectively quenched by
Fc (the signal off state) and resulted in a low background signal. Finally,
upon the introduction of MUC1 and Ab2 labeled single-stranded DNA
(Ab2-DNA2) into the system, a proximate complex was rapidly formed
by the target-induced proximity hybridization. Because PEI@Ru-Hf-
MOL can hardly interact with the formed proximate complex, the
proximate complex would detach from the PEI@Ru-Hf-MOL surface
(Zhang et al., 2014; Zhao et al., 2016, 2015c; Wang et al., 2017b;
Parvin et al., 2017), leading to the signal on state. As a result, the
proposed sensor realized the simple, rapid and ultrasensitive determi-
nation of MUC1. This work using highly stable Ru-complex-grafted 2D
MOL to increase ECL efficiency and intensity not only provides a new
approach for developing high-performance ECL materials, but also de-
monstrates that the stable MOLs can serve as a promising platform to
immobilize luminophore for constructing highly stable and sensitive
ECL sensors, which may expand the applications of MOLs in bioana-
lysis.

2. Experimental section

2.1. Construction process of immunosensor

Before fabrication, the GCE was polished and cleaned as the pre-
vious literatures (Wang et al., 2015; Zhang et al., 2015). Next, the
prepared PEI@Ru-Hf-MOL was coated on the electrode surface by
means of nafion. After drying, 10 μL of the Fc-DNA1-Ab1 solution was
incubated on the prepared electrode overnight at 4 °C. Then, 16 μL of
hexanethiol (HT, 1mM) was added into the prepared electrode 40min
at 37 °C for blocking the remaining active sites. The every resultant
electrode was washed with PBS (pH 7.4) to remove the excess reagents.

2.2. Measurement procedure

To detect MUC1, 10 μL of MUC1 solution with concentrations lin-
early increasing and 10 μL of the Ab2-DNA2 solution were doped onto
the prepared electrode, respectively. Then, the prepared electrode was
incubated 50min at 37 °C. Subsequently, the ECL signals were mea-
sured in an ECL detector cell with PBS (3mL) at room temperature.

Scheme 1. Schematic representation of the grafting of Ru(bpy)2(mcpbpy)2+ onto Hf-MOL by the SALI method.
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3. Results and discussions

3.1. Characteristics of Hf-MOL and Ru-Hf-MOL

The prepared Hf-MOL and Ru-Hf-MOL were characterized by
powder X-ray diffraction (PXRD), the scanning electron microscopy
(SEM), transmission electron microscopy (TEM), atomic force micro-
scopy (AFM), FTIR spectroscopy, and inductively coupled plasma-op-
tical emission spectroscopy (ICP-OES). The PXRD patterns of Hf-MOL
and Ru-Hf-MOL are consistent with the simulated PXRD pattern of Hf-
MOL (Fig. S2). The SEM images of Hf-MOL and Ru-Hf-MOL indicate
that the MOL is wrinkled ultrathin films (Fig. 1A and B). The TEM
image of Ru-Hf-MOL (Fig. 1C) shows it ultrathin nature. The thickness
of Ru-Hf-MOL was measured to be 1.4 ± 0.2 nm (Fig. 1D) by using
AFM. The thickness of Ru-Hf-MOL was also found to be 4.2 ± 0.2 nm
(Fig. S3), which corresponded to trilayer structures. Moreover, in
comparison to Ru(bpy)2(mcpbpy)2+, the IR spectrum of Ru-Hf-MOL
lacked the absorption peak at about 1710 cm−1 assigned to the proto-
nated carboxylate groups (Fig. S4), demonstrating the carboxyl groups
of Ru(bpy)2(mcpbpy)2+ were coordinated with the Hf4+. It was found
that 3.01 equiv of Ru(bpy)2(mcpbpy)2+ were incorporated per Hf6
node within Hf-MOL and 1.73 equiv of Ru(bpy)2(mcpbpy)2+ were in-
corporated per Zr6 node within PCN-777, which were measured by ICP-
OES, and suggesting that the Hf-MOL's immobilization number of Ru
(bpy)2(mcpbpy)2+ were around 1.74 times that of PCN-777. Through
comparison, it was clearly found that the ultrathin 2D MOLs with
minimal diffusion barriers provided an obvious advantage in increasing
the loading capacity of luminophores.

3.2. The ECL intensities of PEI@Ru-Hf-MOL and PEI@Ru-PCN-777

The ECL intensities of PEI@Ru-Hf-MOL and PEI@Ru-PCN-777 were
measured in the same experimental condition. As shown in Fig. S5B and
Fig. S5C, the average ECL signals of PEI@Ru-PCN-777 and PEI@Ru-Hf-
MOL were calculated to be 1109 au and 16120 au, respectively. This
result indicated that the ECL intensity of PEI@Ru-Hf-MOL was around

14.5 times that of PEI@Ru-PCN-777, suggesting that the use of stable
MOLs to load Ru(II) complex is an ideal approach for the construction
of ECL materials with excellent performance.

3.3. The ECL efficiency of PEI@Ru-Hf-MOL and PEI@Ru-PCN-777

The ECL efficiency is defined as the number of photons transmitted
per electron. And the ECL efficiency was calculated through the fol-
lowing relation (Wang et al., 2016a):
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Øx represents the ECL efficiency of sample, Øst stands for the ECL
efficiency of [Ru(bpy)3]2+ (1mM and 0.1M (TBA)BF4/acetonitrile) via
annihilation, which is considered to be 5.0% (I stands for ECL intensity,
i refer to current value). The ECL efficiencies of different ECL systems
were calculated based on Eq. (1) and showed in Table 1. Obviously, the
ECL efficiency of PEI@Ru-Hf-MOL is relatively high, which indicates
that Ru-complex-grafted 2D MOLs could notablely enhance the ECL
efficiency by shortening the ion/electron-transport distance and de-
creasing the inner filter effect.

3.4. The possible ECL mechanism of the proposed ECL immunosensor

According to previous reported works (Zhuo et al., 2014; Zhao et al.,
2015a), we proposed the possible mechanism of ECL process as follows
(1)-(4):

[Ru2+-Hf-MOL] – e- → [Ru3+-Hf-MOL] (1a)

PEI – e- → PEI•+ (1b)

PEI•+ → PEI• + H+ (2)

[Ru3+-Hf-MOL] + PEI• → [Ru2+*-Hf-MOL] + PEI (3)

[Ru2+*-Hf-MOL] → [Ru2+-Hf-MOL] + hv (4)

Scheme 2. (A) The synthesis of PEI@Ru-Hf-MOL and (B) the construction of the sensor.
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3.5. Optimization of the reaction time

To obtain the best ECL immunosensor performance, we using 1 ng/
mL MUC1 as an example to optimize the reaction time of Fc-DNA1-Ab1,
MUC1 and Ab2-DNA2. From Fig. S6, the ECL intensity fulfilled a rela-
tively stable value at 50min. Thus, 50 min was chosen as the optimal
reaction time in this experiment.

3.6. Characterization of the ECL immunosensor

To characterize the process of sensor modification, the ECL signal of
each fabricated procedure were recorded. As exhibited in Fig. 2A, there
was almost no ECL response for the GCE (curve a). Then, the ECL signal
was greatly improved after the PEI@Ru-Hf-MOL was coated onto the
electrode because of the superior property of PEI@Ru-Hf-MOL and the
amplified effect of PEI as coreactant (curve b). However, the ECL in-
tensity was almost the same as the GCE (curve c) after adding the Fc-
DNA1-Ab1, which indicated that 2D MOL can strongly adsorb Fc-
DNA1-Ab1 through π-π interactions, causing the effective quenching to
the ECL emission and a low background intensity. Then, after the

addition of HT, a further decreased ECL intensity was observed because
of the insulation of HT (curve d). Finally, the ECL signal was increased
again (curve e) when the electrode was incubated with MUC1 (1 pg/
mL) and Ab2-DNA2 for the reason that the proximate complex detached
from PEI@Ru-Hf-MOL.

Furthermore, cyclic voltammograms (CVs) were also used to con-
firm the modification process of the proposed immunosensor. As dis-
played in Fig. 2B, when nafion was modified on the electrode, the
current greatly decreased (curve b) in comparison to the bare GCE
(curve a) for the reason that nafion impeded the transfer of electrons.
After the PEI@Ru-Hf-MOL was added onto the modified electrode, an
increased redox peak current (curve c) was obtained because the large
specific area of PEI@Ru-Hf-MOL could promote electron transfer.
However, when the Fc-DNA1-Ab1 and HT was modified on the pre-
pared electrode, redox peak currents were declined successively (curve
d and e) because these biomacromolecules hindered the electron
transfer. The results of ECL and CVs demonstrated that the proposed
ECL sensor was modified as expected.

3.7. Analysis of MUC1

The prepared ECL sensor was used to detect MUC1 with different
concentration. From Fig. 3A, the ECL signal increased with increasing
MUC1 concentration from 1 fg/mL to 10 ng/mL. From Fig. 3B, the ECL
intensity was proportional to the logarithm of the concentration of
MUC1. The linear equation was I =9996.1+ 1498.3lgcMUC1 with the
correlation coefficient of 0.9992, and the detection limit was 0.48 fg/
mL (signal/noise = 3), which was more sensitive than or comparable
with the previously reported detection methods with signal amplifica-
tion (Table 2). However, the prepared ECL sensor without signal am-
plification exhibits some obvious advantages over the previously re-
ported sensors, such as simplicity, easier operation, shorter detection
time, and broader linear range for MUC1 detection (Table 2). In

Fig. 1. The SEM images of Hf-MOL (A) and Ru-Hf-MOL (B); TEM image of Ru-Hf-MOL (C) and AFM image of Ru-Hf-MOL (D).

Table 1
ECL efficiencies of different ECL systems.

material ECL efficiency ref

○@CdInS 2.1% Wang et al. (2016a)
Mn@CdInS 0.8%
Ru(bpy)3Cl2/1mM (annihilation) 5.0% Chen et al. (2017a)
Ru(mcbpy)(bpy)2Cl2/particles 1.2%
Ru-HPNSs 7.2%
PEI@Ru-PCN-777 6.0% this work
PEI@Ru-Hf-MOL 7.6%

Ru-HPNSs =hollow porous polymeric nanospheres of a self-enhanced ruthe-
nium complex.

G.-B. Hu, et al. Biosensors and Bioelectronics 135 (2019) 95–101

98



particular, the detection limit of the proposed ECL sensor was 69 times
lower than that of the ECL sensor based on PEI@Ru-PCN-777 with
signal amplification strategy (Hu et al., 2018), highlighting the ad-
vantage of 2D MOLs over traditional 3D bulk MOFs as ECL tags. All
these results indicated that the proposed ECL sensor may be an ap-
propriate tool for simple, rapid and ultrasensitive detection of MUC1.

3.8. Stability and selectivity of the sensor

The stability of the prepared ECL sensor was investigated under a
continuous scan with 1 pg/mL MUC1 for 16 cycles. As shown in Fig. 4A,
the relative standard deviations (RSD) was 2.97%, demonstrating the
ECL sensor possessed the high stability. Simultaneously, β2-micro-
globulin (β2-MG) (50 pg/mL), alpha-fetal protein (AFP) (50 pg/mL)

Fig. 2. (A) The ECL responses of dif-
ferent modified GCE: (a) bare GCE, (b)
PEI@Ru-Hf-MOL/Nafion/GCE, (c) Fc-
DNA1-Ab1/PEI@Ru-Hf-MOL/Nafion/
GCE, (d) HT/Fc-DNA1-Ab1/PEI@Ru-
Hf-MOL/Nafion/GCE, and (e) S2-Ab2-
MUC1/HT/Fc-DNA1-Ab1/PEI@Ru-Hf-
MOL/Nafion/GCE. (B) CVs curves in
the presence of 5mM [Fe(CN)6]3-/4- of
(a) bare GCE, (b) Nafion/GCE, (c)
PEI@Ru-Hf-MOL/Nafion/GCE, (d) Fc-
DNA1-Ab1/PEI@Ru-Hf-MOL/Nafion/
GCE, (e) HT/Fc-DNA1-Ab1/PEI@Ru-
Hf-MOL/Nafion/GCE.

Fig. 3. (A) The ECL signals of the prepared sensor with the variation of MUC1 concentrations. (B) The calirating curve of the proposed sensor for detecting MUC1.

Table 2
Comparison of different MUC1 detection methods.

Method Detection range Detection limit signal amplification strategy Detection time Refs.

electrochemical 1 nM − 1 μM 0.827 nM (0.25 μg/mL) without signal amplification strategy 120min Deng et al. (2017)
fluorescence 0.001− 20 ng/mL 0.23 pg/mL rolling circle amplification 330min Yang et al. (2018)
ECL 1 fg/mL − 1 ng/m 0.62 fg/mL catalyzed hairpin assembly 120min Jiang et al. (2017)
ECL 1 fg/mL − 100 pg/mL 0.31 fg/mL target-catalyzed hairpin hybridization 120min Chen et al. (2017a)
ECL 100 fg/mL − 100 ng/mL 33.3 fg/mL the enzyme-assisted DNA recycling 90min Hu et al. (2018)
ECL 1 fg/mL − 10 ng/mL 0.48 fg/mL without signal amplification strategy 50min this work

Fig. 4. (A) The stability of the prepared ECL sensor for 16 cycles with 1 pg/mL of MUC1. (B) Selectivity of the proposed immunosensor with different antigens.
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and carcinoembryonic antigen (CEA) (50 pg/mL) were used as inter-
ferences to evaluated the selectivity of the proposed sensor. As ex-
hibited in Fig. 4B, the ECL intensity was almost no difference between
the blank sample and these interferences. Moreover, compared with
MUC1 (1 pg/mL), the ECL response of the ECL sensor incubated with
the mixed samples was no significant changes. These results suggested
that the prepared immunosensor possessed excellent selectivity for
MUC1 detection.

3.9. Analysis of MUC1 in Human Serum

Recovery tests were performed in human serum for evaluating the
feasibility of the ECL sensor. As listed in Table 3, the recovery was from
96.3% to 104.6% and RSD was from 2.1% to 7.4%, indicating that the
immunosensor has favorable potential to detect MUC1 in real samples.

4. Conclusion

In summary, to increase the ECL efficiency and intensity, we have
synthesized a highly stable Ru-Hf-MOL, which effectively shortens the
transportation length of ion/electron, relieves the diffusional con-
straints of ion/electron, and possesses high loading number of Ru
(bpy)2(mcpbpy)2+. As a result, the ECL efficiency and intensity of PEI@
Ru-Hf-MOL are much higher than those of PEI@Ru-PCN-777. With the
PEI@Ru-Hf-MOL as ECL indicators, the prepared immunosensor ex-
hibits excellent selectivity, superior sensitivity and admirable stability
for simple and rapid detection of MUC1. To our knowledge, this is the
first example of an ECL sensor constructed by MOLs. Given that a lot of
MOLs can be used to develop high-performance ECL materials, this
work provided a new and feasible strategy to construct ultrasensitive
ECL sensors, which greatly expanded the application of MOLs in bioa-
nalysis.
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