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A B S T R A C T   

A competitive-type PEC immunosensor for 17β-estradiol (E2) detection was successfully fabricated using 
ZnIn2S4@NH2-MIL-125(Ti) composite as matrix. The excellent PEC behavior of ZnIn2S4@NH2-MIL-125(Ti) 
composite could be attributed to that the Ti4þ-Ti3þ intervalence cycles in the titanium oxo-cluster of NH2-MIL- 
125(Ti) as well as the matching energy level between ZnIn2S4 and NH2-MIL-125(Ti) promote the migration and 
separation of photocarrier. Besides, polydopamine (PDA) with abundant amino- and quinone-groups was 
selected to further improve the PEC signals and capture antibody, which implement through the covalent 
bonding of PDA and BSA-E2 or carboxyl-group functionalized Mn:ZnCdS QDs in the competitive-type strategy. 
Concretely, the quinone functional groups in PDA film was applied to immobilize BSA-E2 through Michael re
actions, and the PDA nanosphere loaded Mn:ZnCdS quantum dot (PDA NS/Mn:ZnCdS QDs) was used as anti
bodies’ labels to amplify PEC signals. After PDA NS/Mn:ZnCdS-anti-E2 immobilized on the modified electrode, a 
remarkable increase of photocurrent signal was observed owing to the specific bonding of antigen and antibody. 
Based on the competitive binding of PDA NS/Mn:ZnCdS-anti-E2 with either free E2 or bovine serum albumin 
(BSA)-E2 causing the change of the photocurrent signal, the standard sample free E2 could be accuracy detect. 
Under optimal conditions, the competitive-type PEC immunosensor exhibited the linear range from 0.0005 ng/ 
mL to 20 ng/mL and a limit detection of 0.3 pg/mL (S/N ¼ 3). Meanwhile, the acceptable stability, selectivity and 
reproducibility of the proposed PEC immunosensing platform indicating the promising detection of small mo
lecular environmental pollutants.   

1. Introduction 

17β-estradiol (E2), a typical endogenous estrogen, is in charge of the 
growth and development of the female reproductive system (Singh et al., 
2017). It is widely exist in environment due to the residual in female 
hormone drug production or the metabolism of organisms (Li et al., 
2011). Researchers have proved that trace levels of E2 can cause immune 
deficiency and increase the risk of ovarian and breast cancer in women 
(Ming et al., 2017). Due to its strong bioaccumulative toxicity, E2 has 
been added to the group of environmental endocrine disrupting chem
ical (EDC) (Han et al., 2016). Until now, various analytical methods 

have been developed for the detection of E2, such as electrochemical 
analyses (Zhang et al., 2014), liquid chromatography (Hao et al., 2015), 
magnetic sensing film (Han et al., 2016) and capacitive immunosensor 
(Singh et al., 2017). However, most of the mentioned methods usually 
have the drawbacks including time-consuming, bulky instruments and 
expensive. Thus, it is imperative to develop a simple, low cost and rapid 
E2 analysis methods. 

Photoelectrochemical (PEC) sensing has developed rapidly for the 
detection of biological and environmental molecules owing to its low 
background noise, low cost, acceptable stability and ease of miniaturi
zation (Fan et al., 2015; Han et al., 2017; Shu et al., 2016). The kernel 
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component of PEC sensors is photochemically active material which can 
convert light excitation energy to an electrical signal (Wu et al., 2018b). 
So far, a variety of semiconductor materials including metal sulfides 
(Zhao et al., 2014), metal oxides (Zhang et al., 2017b), novel 
carbon-based materials (Zeng et al., 2013) have been explored for 
fabricating PEC sensor. However, the photoelectric activity over these 
materials are restricted because the poor separation efficiency of pho
togenerated carriers and the inefficient utilization efficiency of solar 
energy. Consequently, it is an inevitable trend to explore high-efficiency 
photoactive materials. 

Metal organic framework (MOFs), a class of crystalline micro- 
mesoporous hybrid materials with metal units assembling with 
organic ligands. In the past two decades, MOFs as a preeminent all- 
round and adjustable platform have received a large amount of atten
tion from researchers, which mainly owing to their ultrahigh porosity 
and internal surface areas (Wu et al., 2018a). MOFs have shown great 
promise in many diverse applications, such as catalysis (Fu et al., 2012), 
sensing (Zhang et al., 2016), gas storage/separation (Ma et al., 2009) 
and drug delivery (Peng et al., 2014), etc. It has been reported that some 
MOFs possess semiconducting performance and can act as a 
charge-carrier transport system in PEC sensing (Zhan et al., 2013; Zhang 
et al., 2016). In addition, the abundant pore structures of MOFs are 
propitious to the enrichment of target analyte which can improve the 
performance of the sensors (Jin et al., 2017). Recently, various semi
conductor@MOFs structures have been synthesized including 
Cd0.2Zn0.8S@UiO-66-NH2 (Xie et al., 2017), TiO2@NH2-MIL-125(Ti) (Li 
et al., 2018), ZnO@ZIF-8 (Zhan et al., 2013) and Ni2P/MIL-125-NH2 
(Kampouri et al., 2018). Among them, Ti-based MOFs have been widely 
applied because it not only contains unparalleled characters of MOFs but 
also has attractive redox and photocatalytic properties (Hendon et al., 
2013). The Ti4þ-Ti3þ intervalence cycles in the titanium oxo-cluster 
contributes to the efficient transfer of photo-induced electron (Li 
et al., 2018). 

As a ternary chalcogenide, ZnIn2S4 has attracted increasing attention 
owing to its suitable bandgap (~2.6 eV), excellent visible-light-response 
and outstanding stability (Liu et al., 2018). For example, Chen et al. 
prepared hexagonal ZnIn2S4 microspheres and cubic ZnIn2S4 nano
particles via a hydrothermal process, and compared the photocatalytic 
activity in the degradation of Rhodamine B (RhB) (Chen et al., 2012). 
Tan et al. reported that Sm-doped ZnIn2S4 microspheres was successfully 
prepared by doping samarium into ZnIn2S4, the obtained Sm-doped 
ZnIn2S4 exhibited a remarkable photoactivity for the degradation of 
RhB (Tan et al., 2014). 

Herein, we choose ZnIn2S4 coupling with NH2-MIL-125(Ti) as PEC 
sensing material. The Ti4þ-Ti3þ intervalence cycles in the titanium oxo- 
cluster as well as the matching energy level between ZnIn2S4 and NH2- 
MIL-125(Ti) effectively facilitate the separation of electron-hole pairs. 
To achieve the competitive detection of E2, the PDA NS/Mn:ZnCdS QDs 
were covalently conjugated with anti-E2 as labels. The dopant of Mn can 
introduce an electronic state in the mid-gap region of the QDs which 
depress the charge recombination (Zhang et al., 2017a). Moreover, PDA 
NS with surface functional groups (-NH2) could capture more Mn:ZnCdS 
QDs through the interaction between the amino groups and carboxyl 
groups. 

2. Experimental section 

2.1. Materials and reagents 

2-NH2-terephthalic acid (H2ATA) was obtained from Macklin 
Biochemical Co., Ltd. (Shanghai, China). Bovine serum albumin (BSA)- 
E2, 17β-estradiol (E2) and anti-estradiol (anti-E2) were both purchased 
from Shenzhen Anti Biotechnology Co., Ltd. The other details are pro
vided in the Supplementary Material. 

2.2. Apparatus 

Energy dispersive spectrometer (EDS) images were obtained from 
emission scanning electron microscope (SEM) (Zeiss, Germany). Trans
mission electron microscopy (TEM) and high-resolution transmission 
electron microscopy (HRTEM) images were obtained from a JEOL- 
2100F TEM (Japan). The other details are provided in the Supplemen
tary Material. 

2.3. Preparation of NH2-MIL-125(Ti) and ZnIn2S4@NH2-MIL-125(Ti) 
composite 

NH2-MIL-125(Ti) was prepared by a one-step solvothermal method. 
First, 3.0 g H2ATA and 1.56 mL Ti(OC4H9)4 were dissolved into a solu
tion containing 54 mL DMF and 6 mL MeOH with magnetic stirring for 
60 min. And then, the above mixture was transferred into Teflon-lined 
stainless-steel autoclave and heated at 150 �C for 24 h. After cooling to 
room temperature, the obtained products were washed with methanol 
and DMF for several times, collected by centrifugation and dried under 
vacuum. 

ZnIn2S4@NH2-MIL-125(Ti) composite was synthesized according to 
the literature with minor modifications (Liu et al., 2018). A certain 
amount of NH2-MIL-125(Ti) was dispersed in a mixture solution of 
15 mL DMF and 5 mL MeOH glycerol. After ultrasound for 10 min, 
0.136 g ZnCl2, 0.30 g TAA and 0.442 g InCl3 were added to the above 
solution and stirred for 1 h. After that, the final suspension was trans
ferred to a Teflon-lined autoclave and heated at 180 �C for 10 h. The 
resulting mixture was washed with distilled water and ethanol for 
several times and dried at 60 �C. The as-synthesized ZnIn2S4@NH2-
MIL-125(Ti) samples with different NH2-MIL-125(Ti) mass ratios of 1, 3, 
5, 10 and 20% have been synthesized and designated as ZIS@NM1, 
ZIS@NM3, ZIS@NM5, ZIS@NM10 and ZIS@NM20, respectively. 

2.4. Preparation of PDA NS/Mn:ZnCdS-anti-E2 bioconjugates 

PDA NS was synthesized by oxidative polymerization of dopamine 
based on previous reports (Yan et al., 2013). Carboxyl groups func
tionalized Mn:ZnCdS QDs was prepared according to the previous re
ports with slight modification (He et al., 2016). The other details are 
provided in the Supplementary Material. 

2.5. Fabrication of the immunosensor for detecting E2 

The fabrication procedure of the immunosensor was shown in 
Scheme 1. Before fabrication, indium-tin-oxide (ITO) slices were cut into 
2 � 0.8 cm2 sections and washed separately with acetone, ethanol, and 
ultrapure water for 30 min. Subsequently, the ITO slices were dried 
under a nitrogen stream. 

First, 10 μL 4 mg/mL ZIS@NM3 was dropped onto the ITO electrode 
and dried at room temperature. Then 5 μL 0.5 mg/mL dopamine Tris- 
HCl solution (pH ¼ 8.5) was decorated on the ZIS@NM3/ITO elec
trode for 1 h to form the PDA film by self-polymerization of dopamine. 
After washed thoroughly, 5 μL BSA-E2 was attached to modified elec
trode with PDA film being used as bridging media. Concretely, the 
quinone functional groups in the PDA could directly couple with amine- 
terminated biomolecules via Michael addition (Wang et al., 2017a). The 
electrode was incubated at 4 �C and then rinsed with washing buffer. In 
order to block nonspecific binding sites, 5 μL 1% bovine serum albumin 
(BSA) was incubated on the electrode at 4 �C for 1 h. Finally, after 
washed with washing buffer, 5 μL mixing solution of PDA NS/Mn: 
ZnCdS-anti-E2 and E2 was dropped onto electrode surface and incubated 
at 4 �C for another 1 h. The resulting electrodes were washed and stored 
at 4 �C until testing. 
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2.6. PEC detection 

PEC detection was carried out in 0.1 mol/L phosphate buffered saline 
(PBS, pH ¼ 7.4) containing 0.2 mol/L ascorbic acid (AA) which was 
served as sacrificial electron donor. The photocurrent was measured on 
PEC workstation (Zahner Zennium PP211, Germany) with a conven
tional three-electrode system. The light intensity was 150 W/cm2 with 
wavelength of 450 nm. Bias voltage was 0 V. 

3. Results and discussion 

3.1. Characterization of the synthesized materials 

The morphologies and microstructures of prepared materials were 
characterized by SEM and TEM. As shown in Fig. 1A, NH2-MIL-125(Ti) 
has rod-like shape and the length was about 100 nm which is different 
from previously reported (Liu et al., 2018) due to different ratio of raw 
materials. In addition, pristine ZnIn2S4 possesses a microsphere 
morphology with average diameter about 1 μm (Fig. 1B). After hybrid
ization, ZnIn2S4 microspheres were unfolded (Fig. 1C and D) and 
ZnIn2S4@NH2-MIL-125(Ti) composite was smaller than ZnIn2S4. The 
tight contact between ZnIn2S4 and NH2-MIL-125(Ti) could promote the 
transfer of electron. The EDS analysis in Fig. 1G indicated that C, N, O, 
Ti, Zn, In, S elements were observed in ZnIn2S4@NH2-MIL-125(Ti) 
composite. The elemental mapping images of ZnIn2S4@NH2-MIL-125 
(Ti) composite in Fig. S1 showed that C, N, O, Ti, Zn, In, S elements were 
well defined with sharp contrast. It can be observed from Fig. 1E, Mn: 
ZnCdS QDs was uniformly distributed on PDA NS, and HRTEM image 
(Fig. 2F) of PDA NS/Mn:ZnCdS QDs further confirmed the crystallite size 
of Mn:ZnCdS QDs is ~3 nm. Fig. S2A shows the EDS spectrum, which 
illustrates the Mn:ZnCdS QDs is composed of Mn, Zn, Cd, S elements. 

The XRD analyses of ZnIn2S4, NH2-MIL-125(Ti) and ZnIn2S4@NH2- 
MIL-125(Ti) composite were given in Fig. 1H. For pristine ZnIn2S4 
(curve a), the reflection peaks appearing at 21.1�, 27.7� and 47.8� could 
be assigned to the hexagonal ZnIn2S4 (JCPDS No.65–2023) (Shang et al., 
2013). Curve c shows that the XRD pattern of NH2-MIL-125(Ti) coincide 
with previous reports (Fu et al. 2012, 2016). For ZnIn2S4@NH2-MIL-125 
(Ti) (curve b), the diffraction peaks at 6.4� and 9.7� were attributed to 
NH2-MIL-125(Ti), which confirmed ZnIn2S4@NH2-MIL-125(Ti) was 

successfully prepared. For Mn:ZnCdS QDs (Fig. S2B), the diffraction 
peaks at 26.8�, 44.5� and 52.6� could be indexed to (111), (220) and 
(311) planes of ZnCdS QDs (Ouyang et al., 2007). It is worth noting that 
the crystal structure of ZnCdS has not changed after doping of Mn and 
the diffraction peak of Mn species was not obtained, which could be due 
to the small quantity of Mn. 

X-ray photoelectron spectrometry (XPS) was used to characterize the 
chemical states of ZnIn2S4@NH2-MIL-125(Ti). The full XPS spectra of 
ZnIn2S4@NH2-MIL-125(Ti) in Fig. 1I showed that only C, N, O, Ti, S, In, 
Cd elements existed in the sample, which coincided with EDS spectrum. 
The C 1s spectrum in Fig. S3A could be divided into four peaks, located 
at 284.6 eV, 285.6 eV, 286.6 eV and 288.8 eV which assigned to C––C, 
C–N, C–C, and C––O of H2ATA (Wang et al. 2015a, 2015b). In the N 1s 
spectrum (Fig. S3B), the peaks at 399.4 eV and 402.3 eV could ascrib
able to the N of the amine functionality stretching out or protruding into 
the cavities and the positively charged nitrogen (� N ¼þ and –NH� þ) 
(Wang et al. 2015a, 2015b). In the O 1s spectrum (Fig. S3C), three peaks 
could be observed. The peaks appeared at 530.0 eV and 532.6 eV can be 
indexed to C––O and oxygen in titanium oxo-cluster, respectively. The 
peaks appeared at 532.7 eV showed presence of hydroxyl groups (Wang 
et al., 2015a). As shown in Fig. S3D, peaks for Ti 2p3/2 and Ti 2p1/2 at 
458.4 eV and 464.3 eV suggesting titanium bounded to oxygen remains 
in oxidation state IV for the titanium oxo-cluster. Two separated peaks at 
161.5 eV and 162.7 eV in the high-resolution XPS spectrum of S 2p 
(Fig. S3E) could be ascribed to S 2p3/2 and S 2p1/2, respectively (Yuan 
et al., 2016). As presented in Fig. S3F, the peaks at 444.6 eV and 
451.5 eV are assigned to In 3d5/2 and In 3d3/2, respectively (Lin, 2014). 
Two peaks recorded in the Zn 2p region at 1021.4 and 1044.4 eV could 
be assigned to Zn 2p3/2 and Au 2P1/2, respectively (Fig. S3G). 

3.2. Mechanism exploration 

The optical absorption characteristics of as-prepared samples were 
measured by UV–vis diffuse reflectance spectra. As shown in Fig. S4A, 
for NH2-MIL-125(Ti), two absorption edges around at 350 nm and 
525 nm were ascribed to the absorption of titanium oxo-clusters and the 
ligand-based absorption, respectively (Fu et al. 2012, 2016). It could be 
observed that the absorption edge of ZnIn2S4 was located at 600 nm. 
Compared with NH2-MIL-125(Ti), the absorption edges of 

Scheme 1. (A) Fabrication procedure of a PEC immunosensor for detection of E2; (B) Preparation procedure of PDA NS/Mn:ZnCdS-anti-E2 bioconjugates.  
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ZnIn2S4@NH2-MIL-125(Ti) composite showed a red shift, illuminating 
that the composite could utilize more visible light. In addition, Fig. S4B 
showed that the absorption edge of ZnCdS was 540 nm, while that for 
Mn:ZnCdS was 565 nm. 

The flat-band potential of prepared materials was obtained by Mott- 
Schottky plots. Fig. S5A showed that NH2-MIL-125(Ti) and ZnIn2S4 were 
n type semiconductor and the flat-band potentials were � 0.9 V vs. SCE 
(� 0.66 V vs. NHE) and � 0.98 V vs. SCE (� 0.74 V vs. NHE), respectively. 
For n type semiconductor, the conduction band potentials (ECB) are 
0.1–0.2 V negative than flat-band potentials (Wu et al., 2018b). It could 
be obtained from Fig. S4A inset, the band-gap energies for NH2-MIL-125 
(Ti) and ZnIn2S4 were 2.65 eV and 2.3 eV. Thus, the valence band po
tentials (EVB) of NH2-MIL-125(Ti) and ZnIn2S4 were determined to be 
þ1.89 V vs. NHE and þ1.46 V vs. NHE. Furthermore, it has been re
ported that the carrier density of the electrode material was inversely 
proportional to the slope of the plot (Chen et al., 2017; Sultana et al., 
2017). As shown in Fig. S5A, the slope of ZnIn2S4@NH2-MIL-125(Ti) is 
much smaller than NH2-MIL-125(Ti) and ZnIn2S4, indicating the higher 
carrier density of ZnIn2S4@NH2-MIL-125(Ti). In addition, the band-gap 
energies of Mn:ZnCdS QDs was 2.2 eV (Fig. S4B inset) and it can be 
inferred from Fig. S5B that the ECB and EVB were � 0.95 V vs. NHE and 
þ1.25 V vs. NHE. 

The photo-generated electrons and holes transfer mechanism of the 

PEC immunosensor was displayed in Scheme 2. Under visible light 
illumination, both NH2-MIL-125(Ti) and ZnIn2S4 could be excited to 
generate electrons and holes. The photo-generated electrons were 
quickly transmitted from the CB of ZnIn2S4 to NH2-MIL-125(Ti) due to 
the matching energy level. At the same time, electrons generated in 
organic ligand of NH2-MIL-125(Ti) could be transferred to titanium oxo- 
clusters to produce Ti3þ (Fu et al., 2012). After that, the electron could 
transfer to ITO generating the photocurrent response and Ti3þ are 
recovered back as Ti4þ. Furthermore, when the PDA NS/Mn:ZnCdS 
QDs-anti-E2 was attached to the photoelectrode, the current intensity 
increased rapidly. This could be attributed to two aspects: On one hand, 
the excited electrons in Mn:ZnCdS would be quickly injected into the 
ZnIn2S4 due to the matching of energy levels between Mn:ZnCdS and 
ZnIn2S4, and therefore the photoinduced electrons and holes could be 
separated efficiently. On the other hand, PDA NS could inhibit the 
photogenerated electron-hole recombination (Wang et al., 2017a). 
Meanwhile the photogenerated holes on the VB side of NH2-MIL-125(Ti) 
directly move to ZnIn2S4 and then to the VB of Mn:ZnCdS and finally be 
scavenged by AA. 

Photoluminescence (PL) emission spectrum was performed to pro
vide useful information about separation efficiency of photogenerated 
electron-hole pairs (Su et al., 2017). Fig. S4C showed a strong emission 
peak approximately at 445 nm for ZnIn2S4. However, the PL emission 

Fig. 1. TEM image of NH2-MIL-125(Ti) (A); SEM image of ZnIn2S4 (B); SEM image (C) and TEM image (D) of ZnIn2S4@NH2-MIL-125(Ti); TEM image (E) and HRTEM 
(F) image of PDA NS/Mn:ZnCdS QDs; EDS spectrum of ZnIn2S4@NH2-MIL-125(Ti) (G); XRD patterns of ZnIn2S4 (curve a), ZnIn2S4@NH2-MIL-125(Ti) (curve b) and 
NH2-MIL-125(Ti) (curve c) (H); XPS spectra of ZnIn2S4@NH2-MIL-125(Ti) (I). 
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intensity for ZnIn2S4@NH2-MIL-125(Ti) decreases markedly indicating 
the significant improvement of the separation efficiency of electron-hole 
pairs. 

3.3. Characterization of the fabricated PEC immunosensor 

Electrochemical impedance spectroscopy (EIS) is a powerful tool to 
characterize the interface properties of electrodes during the fabrication 
process (Li et al., 2017; Wu et al., 2016). EIS was performed in a solution 
containing 0.1 mol/L KCl and 2.5 mmol/L Fe(CN)6

3� /4-. It can be seen 
from Fig. 2A, the impedance spectrum contained a semicircle portion at 
a higher frequency and a linear portion at lower frequency region. The 
semicircle diameter equaled to electron transfer resistance (Ret) which 
was an important indicator to analysis the interface properties of elec
trodes (Wang et al., 2017b). The inset in Fig. 2A was the equivalent 
circuit includes Ret, the solution resistance (Rs), the Warburg impedance 
(Zω) and the double-layer capacitance (Cdl). The values of them simu
lated with ZSimWin software were shown in Table S1 (Supplementary 
Material). The bare ITO electrode exhibited a small semicircle domain, 
suggesting a free electron-transfer process (curve a). After ZIS@NM3 
deposition, a larger semicircle diameter was obtained (curve b), which 
indicated successful modification of matrix materials. After the deco
ration of PDA film, the Ret decreased slightly (curve c). This phenome
non could be attributed to charge transfer of the PDA (Wang et al., 

2017a). When BSA-E2 (curve d), BSA (curve e) and the mixing solution 
of free E2 and PDA NS/Mn:ZnCdS-anti-E2 (curve f) were immobilized, 
the Ret were increased gradually due to the insulating effect of protein. 

The fabrication process of PEC immunosensor could be monitored by 
the photocurrent response. As shown in Fig. 2B, the bare ITO electrode 
showed a small photocurrent (cover a). When ZIS@NM3 coated, the 
photocurrent intensity was obviously increased (cover b). After modi
fied with PDA film (cover c), the photocurrent reached a maximum. This 
is because that PDA as electron donor could promote the separation of 
photogenerated electron-hole pairs (Feng et al., 2018; Fan et al., 2017). 
After the immobilization of BSA-E2 (curve d) and BSA (curve e), the 
photocurrent decreased significantly. This could be attributed that the 
protein could obstruct the electron transfer and prevent AA reacting 
with the photogenerated holes. After the mixing solution of free E2 and 
PDA NS/Mn:ZnCdS-anti-E2 dropped on the electrode, the photocurrent 
intensity increased obviously (curve f). The inset in Fig. 2B shows that 
ZIS@NM3 exhibited the highest photocurrent which could be attributed 
to the well-matched band structure between NH2-MIL-125(Ti) and 
ZnIn2S4 facilitated the transfer of photogenerated charges. 

3.4. Optimization of experimental conditions 

To obtain the best analytical performance for the detection of E2, 
several experiment conditions were optimized. As shown in Fig. 3A, the 

Scheme 2. The electron-transfer mechanism of the PEC immunosensor.  

Fig. 2. (A) Nyquist plots of electrochemical 
impedance spectroscopy and (B) corre
sponding photocurrent responses of the 
modified ITO electrodes: (a) bare ITO elec
trode, (b) after ZIS@NM3 deposition, (c) 
PDA subsequently coating, (d) after BSA-E2 
immobilization, (e) after BSA blocking, (f) 
after incubation with mixing solution of free 
E2 and PDA NS/Mn:ZnCdS-anti-E2. The inset 
in A is the equivalent circuit for EIS and the 
inset in B is the photocurrent of NH2-MIL- 
125(Ti), ZnIn2S4 and ZIS@NM3.   
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photocurrent intensity over ZnIn2S4@NH2-MIL-125(Ti) composite 
increased with increasing NH2-MIL-125(Ti) content and achieved a 
maximum at the dosage of NH2-MIL-125(Ti) was 3%. However, when 
the dosage of NH2-MIL-125(Ti) further increased, the photocurrent 
declined. It is inferred that excessive NH2-MIL-125(Ti) may turn into a 
recombination center of photoinduced charges. The excitation wave
length and applied potential were discussed in Fig. S6, the optimal 
excitation wavelength was 450 nm (Fig. S6A). As the applied potential 
increased from � 0.2 V to 0 V, the photocurrent reached 2.1 μA and later 
decreased when the applied potential further increased to þ0.2 V 
(Fig. S6B). Thus, 0 V was used in this work. For Mn:ZnCdS QDs, the 
photocurrent intensity was affected by Cd:Zn ratio and the doping 
amount of Mn2þ. As displayed in Fig. S6C, the photocurrent reached a 
maximum when Cd:Zn ratio was equal to 9:1. Meanwhile, the photo
current could be further improved by doping of Mn2þ, there was a 
maximal photocurrent intensity when the doping amount of Mn2þ was 
1% (Fig. S6D). As shown in Fig. 3B, the optimal concentration of PDA 
NS/Mn:ZnCdS QDs was 3 mg/mL. 

Fig. 3C showed the effect of AA on the sensing performance. As an 
electron donor to trap the photogenerated holes, AA could suppress the 
e� /hþ recombination. The photocurrent was increased with AA con
centration from 0.05 mol/L to 0.2 mol/L and reached a peak. Thus, 
0.2 mol/L AA was used in this work. The influence of pH value on the 
photocurrent was also performed. As shown in Fig. 3D, the photocurrent 
increased from 6.5 to 7.4 and then decreased. Thus, the pH ¼ 7.4 was 
chosen in this work. This could be contributed to that the immobilized 
protein can maintain their activity in neutral environment (Li et al., 
2016; Liu et al., 2016). The effects of incubation time between mixing 
solution (free E2 and PDA NS/Mn:ZnCdS-anti-E2) and BSA-E2 on the 
photocurrent response was shown in Fig. 3E. With the increasing of 
incubation time from 0.25 h to 1 h, the photocurrent increased and 
reached a stable level, indicating the mixing solution of free E2 and PDA 
NS/Mn:ZnCdS-anti-E2 has completely combined with BSA-E2. Given 
this, 1 h was selected as the optimal incubation time. 

3.5. PEC detection of E2 

Under the optimal conditions, the proposed PEC immunosensor was 

used to detect E2. As shown in Fig. 4A, the concentration of E2 was from 
0.0005 ng/mL to 20 ng/mL. The photocurrent decreased gradually with 
the increment of E2 concentrations. Fig. 4B displayed a good linear 
relationship between the reduction of photocurrent and the logarithm of 
E2 at different concentrations. The equation of the calibration curve was 
I ¼ 1.483–1.01 lgc, and the correlation coefficient was 0.994. The pro
posed PEC immunosensor displayed a wide response range and a low 
detection limit (0.3 pg/mL). As listed in Table S2, among most of pre
viously reported methods for E2 detection, the competitive-type PEC 
immunosensor possessed relatively good analytical performance and 
certain advantages in detection time (Zhang et al., 2019), which could 
realize the fast detection of target analytes in the future. 

3.6. Stability, selectivity and reproducibility 

To evaluate the stability of the competitive-type PEC immunosensor, 
the photocurrent responses were recorded with 10 on/off irradiation 
cycles. As shown in Fig. 4C, there was no obvious variation occurred, 
which suggested good stability of the proposed PEC sensors. 

Selectivity was an important evaluation index for the application of 
an immunosensor. Some common interfering agents involving diethyl
stilbestrol, estriol and BSA were selected for the interference tests. It can 
be seen from Fig. 4D, upon the addition of 10 ng/mL other interfering 
substance in comparison with the biosensor incubated with 0.1 ng/mL 
E2 only, no distinct interferential photocurrent signal was observed. The 
relative standard deviation (RSD) of photocurrent responses was 2.14% 
indicating a good selectivity of the competitive-type PEC immunosensor. 

Reproducibility of the PEC immunosensor was assessed by 
measuring five electrodes (with 0.1 ng/mL E2) under the same experi
mental condition. The PEC responses of measured five electrodes were 
2.7, 2.68, 2.72, 2.8, and 2.65 with RSD of 2.09%. The above results 
indicated the acceptable reproducibility of this competitive-type PEC 
immunosensor. 

3.7. Real sample analysis 

To assess the analytical accuracy and the feasibility of immunosensor 
in practical application, the proposed PEC immunosensor was used to 

Fig. 3. The optimization of experimental conditions: (A) the dosage of NH2-MIL-125(Ti); (B) concentration of PDA NS/Mn:ZnCdS QDs; (C) concentration of AA; (D) 
pH value; (E) the incubating time between the mixing solution (free E2 and PDA NS/Mn:ZnCdS-anti-E2) and BSA-E2. cE2 ¼ 0.1 ng/mL, Error bars ¼ SD (n ¼ 5). 
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detect the concentrations of E2 in real water by standard addition 
methods. Initially, the E2 in water samples was not detected. As shown in 
Table S3, three different concentrations of E2 was added into lake water. 
The RSD was in the range of 2.7%–3.0% and recovery were 100.2%– 
100.8%. To further evaluate the selectivity of immunosensor in real 
sample analysis, 0.1 ng/mL E2 containing 100-fold interfering sub
stances were added to lake water. As shown in Fig. S7, no obvious 
photocurrent variation was observed when 10 ng/mL of diethylstilbes
trol, estriol and BSA were incubated on the blank electrode respectively 
in the presence or absence of E2. The analytical results indicated that the 
PEC immunosensor could be applied for the quantitative analysis of E2 in 
real water. 

4. Conclusions 

In this study, ZnIn2S4@NH2-MIL-125(Ti) nanocomposites with per
fect PEC behavior were synthesized through a one-step solvothermal 
method and employed as photoactive matrix for the detection of E2. 
Meanwhile, PDA NS/Mn:ZnCdS QDs was adopted as labels to amplify 
the PEC signal. The charge transfer of PDA NS and the favorable 
matching energy level between Mn:ZnCdS QDs and substrate dramati
cally improved the photocurrent response. Through the application of a 
competitive strategy, the obtained PEC immunosensor displayed a wide 
linear range (0.0005 ng/mL - 20 ng/mL) and a low detection limit of 
0.3 pg/mL. The proposed PEC immunosensing platform with good sta
bility, selectivity and reproducibility could provide a promising appli
cation for the detection of small molecules in environmental samples. 
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