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Abstract: Selectivity is a crucial parameter for photoelectrochemical (PEC) sensing 

in a practical setting. Despite the use of specific probes such as aptamers, antibodies, 

and enzymes, coexisting interferences can still result in inaccuracies in PEC sensing, 

especially for complex biosample matrices. Here we report the design of a 

Fe3O4@SiO2@TiO2 magnetic-optical bifunctional beacon applied in a novel PEC 

sensor that can selectively capture progesterone in complex bio-samples, be 

magnetically separated and cleaned, and be detected in pure phosphate buffer solution 

(PBS). The magnetic separation strategy efficiently removes the complex coexisting 

species from the modified electrode surface and drastically enhances the selectivity of 

the as-designed PEC sensor. The as-designed PEC sensor is cost-effective, easy to 

fabricate, highly selective and sensitive, and highly reliable, making it a promising 

platform for efficient aptasensing.  
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Introduction 

Photoelectrochemical (PEC) sensing, composed of separated light irradiation and 

electric signal readout, has attracted tremendous research interest in the past decade due 

to the high sensitivity resulting from its relatively low background signal response.1 

Development of PEC sensors has significantly focused on signal amplification 

strategies2-3 to achieve higher sensitivity and lower limits of detection through the use 

of improved photoelectric beacons enhanced by metal ions doped semiconductors,4 

dyes or quantum dots sensitized semiconductors,5-6 semiconductor heterojunctions,7-12 

and plasmonic nano-sized noble metals (Au, Ag) sensitized semiconductors.13-16 

Resonance energy transfer approaches have also been applied towards the construction 

of highly sensitive "on-off" type PEC sensors.17-19 Furthermore, in order to develop 

ultrasensitive PEC aptasensing, various biological signal amplification strategies20-23 

were employed. All of these designs greatly contributed to the sensitivity of PEC 

sensing, resulting in a detection limit that can even reach the sub-femtomole level. To 

the best of our knowledge, however, there are few reports for PEC sensing with 

improved selectivity in real biological samples,17, 24 especially for complex biosample 

matrices. As is known, the conventional detection approaches are typically based on 

analytes dropped on the surface of modified electrodes, incubated at 4 oC in a 

refrigerator overnight, then rinsed by a buffer to remove weakly binding target and 

coexisting species. Still, interferences are not easily removed due to the absorption and 

hydrogen bond interaction on the solid-liquid interfaces. While the electrode modified 

materials can be further removed following several washes, such an operation will 

result in problems in selectivity, reproducibility, and stability. We believe such 

shortcomings can be overcome by in situ magnetic separation and electrode assembly. 

Superparamagnetic Fe3O4 nanocrystals have gained increasing interest due to their 
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paramagnetic response that can be fully controlled by externally applied magnetic 

fields,25 holding promises for applications in  recoverable enzyme-free catalysis,26-28 

magnetic resonance imaging,29-30 cell separation,31 drug delivery,32 and therapy in 

biomedicine.33 They can be well dispersed in solution after removing the external 

magnetic field,34 and exhibit excellent biocompatibility and stability.35-36 Due to their 

magnetic properties,37 superparamagnetic Fe3O4 nanocrystals bound with specific 

probes can be applied for selectively extracting targets from a complex matrix by an 

external magnetic field, which is beneficial to improve the selectivity of PEC sensing.  

In this work, we propose the design of a highly selective PEC aptasensing platform 

using bifunctional magnetic-optical core-shell superparamagnetic Fe3O4@SiO2@TiO2 

nanoparticles modified with a progesterone aptamer and capture DNA (Scheme 1). 

When Fe3O4@SiO2@TiO2-NH2-aptamer-cDNA nanoparticles capture the targets, the 

conformation of chain structured aptamer-cDNA will change,38 blocking the incident 

light and decreasing the photocurrent. The superparamagnetic cores allow easy 

separation of the progesterone-captured nanoparticles and enable high selectivity for 

PEC sensing. With the advantages of high cost-effectiveness and ease of manufacture, 

as well as excellent performance in terms of selectivity, sensitivity, and repeatability, 

the as-fabricated PEC sensor has a broad prospect in monitoring progesterone in real 

biological environments. 

 

Experimental section  

Preparation of Fe3O4@SiO2@TiO2-NH2-aptamer-cDNA 

In the synthesis of Fe3O4@SiO2@TiO2-NH2-aptamer-cDNA, 100 μL of 2 mol L-1 

EDC and 5 mol L-1 NHS were added into 20 μL of aptamer Tris-HCl (50 mM, 150 mM 

NaCl, 2 mM MgCl2, pH 7.4) solution for 1 h of the activation of carbonyl at room 
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temperature. Then 100 μL of Fe3O4@SiO2@TiO2-NH2 suspension was added into the 

above solution at 4 oC overnight, and washed with Tris-HCl buffer solution several 

times by external magnetic force. Thus, Fe3O4@SiO2@TiO2-NH2-aptamer was 

obtained and redispersed in 100 μL of Tris-HCl buffer solution. After that, 3.3 μL of 

100 μmol L-1 cDNA Tris-HCl buffer solution was incubated with 100 μL of 

Fe3O4@SiO2@TiO2-NH2-aptamer for 1 h of partial hybridization at 37 oC, and then the 

mixture was washed with Tris-HCl buffer solution several times by external magnetic 

force. Finally, Fe3O4@SiO2@TiO2-NH2-aptamer-cDNA was produced and redispersed 

in 100 μL of Tris-HCl buffer solution. All the products modified with aptamer or cDNA 

were stored at 4 oC in refrigerator.  

Determination of progesterone by prepared PEC sensor 

Firstly, 100 μL solutions with different concentrations of progesterone were added 

into 100 μL of Fe3O4@SiO2@TiO2-NH2-aptamer-cDNA Tris-HCl buffer solution. After 

the interaction of 40 min, the target was captured by Fe3O4@SiO2@TiO2-NH2-aptamer-

cDNA and removed from the solution by external magnetic force. Next, it was washed 

three times and redispersed in 100 μL of Tris-HCl buffer solution. After that, 20 μL of 

the above suspensions with different concentrations of progesterone were dropped on 

the cleaned ITO electrodes, respectively. When the modified electrodes were dried and 

they were used to draw a calibration curve. Finally, progesterone in liquid milk samples 

was also conducted by the same approach mentioned above, and then the concentration 

of progesterone was achieved by the calibration curve. 

 

Results and discussion 

Characterization and optimization 

The morphologies and nanostructures of Fe3O4 nanoclusters, Fe3O4@SiO2, 
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Fe3O4@SiO2@TiO2, and partially etched and calcined Fe3O4@SiO2@TiO2 have been 

imaged by HRTEM as displayed in Figure 1. The monodispersed Fe3O4 nanoclusters, 

with an average diameter of about 90 nm, are assembled from a large number of 

approximately 10 nm Fe3O4 nanocrystals (Figure 1A). In order to prevent the 

fragmentation of Fe3O4 nanoclusters and further titanium dioxide coating, Fe3O4 coated 

with SiO2 was synthesized through the hydrolysis of TEOS, resulting in a silica shell 

with a thickness of about 40 nm which served as a moderate medium to tailor the lattice 

mismatch between Fe3O4 and TiO2 (Figure 1B).39 The Fe3O4@SiO2@TiO2 was then 

successfully prepared by hydrolysis of TBOT (Figure 1C), and the particle size 

increased to about 300 nm in diameter. To obtain a magnetic-optical composite with 

good photoelectric performance, the Fe3O4@SiO2@TiO2 was partially etched by NaOH 

solution, where the voids were then used for TiO2 calcination shrinkage. The TiO2 was 

calcined under nitrogen conditions, and the calcined Fe3O4@SiO2@TiO2 was about 240 

nm in diameter (Figure 1D). To further confirm the successful synthesis of 

Fe3O4@SiO2@TiO2, the element mapping profiles have been displayed in Figure 2. 

The multicolor pattern of Figure 2A corresponded to Fe3O4@SiO2@TiO2. In addition, 

specific profiles of Fe (B), Si (C), Ti (D), and O (E) were reflected, respectively. For 

the element imaging profiles of Fe (B), Si (C), Ti (D), their dimensions increased 

accordingly, and their distributions were fully covered by the profile of O (E). These 

images all indicated that the Fe3O4@SiO2@TiO2 was successfully prepared. 

X-ray diffraction (XRD) measurements were taken to confirm the structure of 

magnetic Fe3O4 nanoclusters, Fe3O4@SiO2, and Fe3O4@SiO2@TiO2 (Figure 3A). As 

shown in curve a, the diffraction peaks located at 18.3°, 30.1°, 35.4°, 43.1°, 53.4°, 56.9°, 

62.5°, and 74.9° can be assigned to the (111), (220), (311), (400), (422), (511), (440), 

and (622) planes of the magnetite Fe3O4 phase (JCPDS 19-0629).35, 40  Curve b showed 
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the XRD pattern of annealed Fe3O4@SiO2, and the positions of the peaks of Fe3O4 were 

almost the same as those of colloidal Fe3O4. However, those peaks’ intensities were 

obviously enhanced, indicating that Fe3O4 saw improved crystallinity after being 

annealed at 600 oC under nitrogen for 2 h. As seen in curve b, there was an additional 

broad peak at 16-30°, indicating that colloidal SiO2 (JCPDS 29-0085) did not crystallize 

at 600 oC. Compared to the curve b, additional peaks in curve c at 25.3°, 48.1°, and 

55.1° can be assigned to the (101), (200), and (211) planes of anatase TiO2 phase 

(JCPDS 21-1272).41 The weak peak intensity is due to the thin-layer of TiO2 coating 

the surface of Fe3O4@SiO2. Therefore, the bifunctional magnetic-optical 

Fe3O4@SiO2@TiO2 was successfully prepared, ready to use for electrode modification 

and assembly.  

The magnetic hysteresis loops measurements of Fe3O4, Fe3O4@SiO2, and 

Fe3O4@SiO2@TiO2 were carried out at room temperature (Figure 3B). All the curves 

exhibited typical superparamagnetic characteristics as no obvious hysteresis, 

remanence, and coercivity appeared.42 As can be seen from curve a, the saturation 

magnetization of Fe3O4 nanoclusters was 72 emu g-1. When they were coated with a 

silica shell, the saturation magnetization decreased to 33 emu g-1 (curve b). The coating 

of massive diamagnetic silica diluted the magnetic response of Fe3O4 nanoclusters. 

When they were further coated with TiO2 (curve c), the saturation magnetization further 

decreased to 20 emu g-1 due to the same principle. In order to discern the specific 

coercivities, the inset at the lower right corner of Figure 3B showed the amplified 

magnetic hysteresis loop. It exhibited that the small coercivities were all less than 15 

Oe, indicating that the superparamagnetic properties at room temperature.43 

The superparamagnetic features are essential for magnetic separation. As shown in 

the inset at the upper left corner of Figure 3B, the prepared magnetic 
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Fe3O4@SiO2@TiO2 microspheres can easily be dispersed in the solution and then 

readily removed from the substrate with an external magnetic field. Therefore, in view 

of this unique superparamagnetic feature, a probe was anchored to the 

Fe3O4@SiO2@TiO2 microspheres to allow for the magnetic separation of the analyte in 

complex biological samples.  

Typically, the enhanced photocurrent is closely related to the amount of 

Fe3O4@SiO2@TiO2 modified ITO electrode. Therefore, the optimum amount of 

substance concentration has been investigated (Figure 4A). Firstly, Fe3O4@SiO2@TiO2 

stock suspension was diluted multiple times. Then 20 μL of each diluted suspension 

was dropped onto the surface of ITO electrodes, dried under atmospheric conditions, 

and used for the photocurrent measurements. As seen from the curves a-d, the 

photocurrent gradually improved and reached the maximum until the stock solution was 

diluted 6 times. The photocurrent from curve e to curve g showed a downward trend, 

which corresponded to 7 ~ 9 times dilution. This expresses that a high concentration of 

Fe3O4@SiO2@TiO2 will result in the recombination of more photon-generated carriers 

and a low photocurrent. However, a low concentration of Fe3O4@SiO2@TiO2 does not 

produce adequate electrons separated from the holes. Therefore, the optimized dilution 

time of 6 was chosen for amino-group modification and DNA assembly. 

In order to show that the Fe3O4@SiO2@TiO2 had been successfully modified with 

different species, impedance measurements were conducted at room temperature. As 

shown in Figure 5A, the surface of the Fe3O4@SiO2@TiO2 based glassy carbon 

electrodes was orderly modified with amidogen, aptamer, aptamer-cDNA, and then the 

combination of progesterone. The corresponding charge transfer resistance (Rct) values 

were then read out from the semi-circle Nyquist plots (a-e). It can be seen that the 

diameter of a semi-circle Nyquist plot gradually increased with the Fe3O4@SiO2@TiO2 
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modified in sequence, indicating that the corresponding species were successfully 

assembled on its surface. Photocurrent measurements were also performed for the 

different modified ITO electrodes. As shown in Figure 5B, the photocurrent gradually 

decreased with the electrodes assembled by different species in sequence, which is 

caused by the blockage of the incident light to the surface of TiO2 shells during the 

stepwise modification. Scheme 1 illustrates the proposed mechanism, in which the 

photocurrent decreases proportionally with the increase of progesterone concentration.  

Analytical performance 

The as-designed Fe3O4@SiO2@TiO2-NH2-aptamer-cDNA combined with different 

concentrations of progesterone based photoanodes were used for the photocurrent 

measurements in 0.1 mol L-1 PBS (pH 7.0). As shown in Figure 6A, the photocurrents 

gradually decreased with the increase of progesterone concentration from 0 to 10000 

pmol L-1. A calibration curve was obtained through linear-fit (Figure 6B). The dynamic 

linear range was between 1 and 6000 pmol L-1, and the limit of detection was 0.3 pmol 

L-1 at 3σ/k. Herein, σ is the standard deviation calibrated by blank photocurrent 

measurements for 7 times, and k is the slope of the calibration curve in Figure 6B. The 

low limit of detection is advantageous over all other detection methods reported in the 

literature (Table S1). This can be attributed to the intrinsic property of PEC sensing 

from having a low background signal. The linear range sees benefits of three orders of 

magnitude from the high-density assembly of Fe3O4@SiO2@TiO2-NH2-aptamer-

cDNA combined with progesterone on ITO electrodes. Additionally, the as-designed 

PEC sensor has good performance in cost-effectiveness, short time consumption, and 

simple operation.  

For the as-designed PEC sensor, stability is one of the key parameters and has been 

tested (Figure 5B). Firstly, 100 μL of 100 pmol L-1 progesterone solution was added 
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into 100 μL of Fe3O4@SiO2@TiO2-NH2-aptamer-cDNA Tris-HCl buffer solution. After 

40 min, the target and Fe3O4@SiO2@TiO2-NH2-aptamer-cDNA were separated by 

external magnetic force. It was then washed three times and redispersed in 100 μL of 

Tris-HCl buffer solution. 20 μL of the above suspension was dropped on the cleaned 

ITO electrodes and dried under atmospheric conditions in preparation for photocurrent 

measurements. There was almost no photocurrent change between the 3 times of 

switched illumination over 140 s, indicating that the fabricated PEC sensor had 

excellent stability. The shelf life of the as-designed PEC sensor was examined by 

keeping it in a refrigerator at 4 ◦C, and the photocurrent measurements were performed 

every week. The photocurrent was almost consistent with the initial value after 3 weeks, 

and was still maintained at a level of 94.3 % after storing for 4 weeks. This suggests 

that the fabricated PEC sensor can keep its stability for an even longer period of time. 

Another important parameter of reproducibility was also investigated. As can be seen 

in Figure 6B, a relative standard deviation of 5.2% was estimated from the calibration 

plots of seven freshly fabricated PEC sensors, indicating that the as-designed PEC 

sensors can be repeatedly produced. 

Selectivity is a very important parameter for the PEC sensor. It was evaluated by 

conventional co-existing species such as norethisterone, 17β-estradiol, cortisol, estrone, 

quinolones, and estriol in liquid milk samples. As shown in Figure 4B, the maximum 

interference was no more than 6.8% even when we added norethisterone at 200 times 

the concentration of the target progesterone (10 pmol L-1), 17β-estradiol (500 times), 

cortisol (500 times), estrone (500 times), quinolones (500 times), estriol (500 times), 

and a mixture of these species (each 100 times). The detailed experimental procedure 

was conducted using the same approach for progesterone determination with the 

involvement of co-existing species. The proportion of interference was calibrated by 
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the photocurrent induced by co-existing species.  Good selectivity was attributed to the 

effective magnetic separation of the analyte in the presence of the interference 

substance and its detection in pure PBS.  

Finally, the practicability of the Fe3O4@SiO2@TiO2-NH2-aptamer-cDNA based 

PEC sensor was also estimated in real samples. Firstly, 100 μL of liquid milk was 

diluted with 500 μL of water, then 200 μL of Fe3O4@SiO2@TiO2-NH2-aptamer-cDNA 

stock suspension was added and allowed to interact for 1h. It was then separated by an 

external magnetic field and washed several times. Afterward, it was redispersed in 200 

μL of Tris-HCl buffer solution, and 20 μL of the above suspension was dropped onto 

clean ITO electrodes. After the modified electrode was dried under atmospheric 

conditions, it was used to take photocurrent measurements. A concentration of 201.4 

pmol L-1 progesterone was obtained from the calibration curve (Table 1). A recovery 

between 97.5% and 103.7% was calculated with the standard addition method, 

indicating the high accuracy of the as-designed PEC sensor. The relative standard 

deviation of 1.86% suggests that the PEC sensor also has the advantage of high 

precision. Therefore, the as-designed PEC sensor can be successfully applied to 

detecting progesterone in a practical setting. 

Conclusions 

In this work, a novel and robust PEC sensor was developed based on magnetic-

optical Fe3O4@SiO2@TiO2-NH2-aptamer-cDNA nanoparticles. This strategy 

overcomes the issues of the conventional PEC process where complex coexisting 

species retain on the modified electrodes and obscure the detection. We believe the as-

designed PEC sensor has a number of advantages, particularly in the easy separation of 

analytes from the complex biological sample by applying an external magnetic field 

which significantly enhances the selectivity since the PEC detection can be performed 
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in pure PBS. In addition, the superparamagnetic nature of the Fe3O4 cores offers the 

hybrid nanoparticles great dispersity in solution, which ensures high efficiency in 

capturing progesterone. The subsequent magnetic separation not only cleans the 

analytes but also allows their assembly in high density on the electrode, both of which 

are beneficial to high performance in PEC sensing of progesterone.  
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Figure and table captions 

Scheme 1. Schematic illustration of the synthesis of Fe3O4@SiO2@TiO2 modified with 

aptamer and capture DNA for PEC aptasensing of progesterone. 

Figure 1. HRTEM images of Fe3O4 (A), Fe3O4@SiO2 (B), Fe3O4@SiO2@TiO2 (C) 

without annealing, and Fe3O4@SiO2@TiO2 microspheres calcined at 600 °C for 2 h in 

N2 atmosphere (D). 

Figure 2. Elemental mappings of Fe3O4@SiO2@TiO2 core-shell-shell structures (A), 

Fe (B), Si (C), Ti (D), O (E) corresponding to the image of (A). 

Figure 3. (A) X-ray diffraction patterns of (a) magnetite Fe3O4 particles without 

calcination, (b) Fe3O4@SiO2, and (c) Fe3O4@SiO2@TiO2 particles calcined at 600 °C 

for 2 h in N2 atmosphere. (B) Magnetic hysteresis loops of (a) Fe3O4, (b) Fe3O4@SiO2, 
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and (c) Fe3O4@SiO2@TiO2 particles measured at room temperature. The inset at the 

upper left corner is a photo showing the superparamagnetic behavior of the 

Fe3O4@SiO2@TiO2 particles in response to an external magnetic field. The inset at the 

lower right corner shows an enlarged portion of the magnetic hysteresis curves.  

Figure 4. (A) Curve a to g corresponds to the photocurrent response of the crystalline 

Fe3O4@SiO2@TiO2 microspheres that have been diluted 3 to 9 times. (B) The 

interference of 200-fold norethisterone, 500-fold 17β-estradiol, 500-fold cortisol, 500-

fold estrone, 500-fold quinolones, 500-fold estriol, and 100-fold concentration of each 

of these species for Fe3O4@SiO2@TiO2-NH2-aptamer-cDNA modified ITO electrodes 

at a bias potential of 0.1 V and in 0.1 mol L-1 PBS (pH 7.0). 

Figure 5. (A) Electrochemical impedance spectra measured in 2.5 mmol L-1 

[Fe(CN)6]
4−/3− solution containing 0.2 mol L-1 KNO3 based on the glassy carbon 

electrodes modified with Fe3O4@SiO2@TiO2 (a), Fe3O4@SiO2@TiO2-NH2 (b), 

Fe3O4@SiO2@TiO2-NH2-aptamer (c), Fe3O4@SiO2@TiO2-NH2-aptamer-cDNA (d), 

and Fe3O4@SiO2@TiO2-NH2-aptamer-cDNA combined with 100 pmol L-1 

progesterone (e). (B) The modified photoanode corresponds to the photocurrent 

response in 0.1 mol L-1 PBS (pH 7.0) and at a bias potential of 0.1 V. 

Figure 6. (A) The photocurrent responses of Fe3O4@SiO2@TiO2-NH2-aptamer-cDNA 

combined with 0, 1, 2, 4, 6, 8, 10, 20, 40, 60, 80, 100, 200, 400, 600, 800, 1000, 2000, 

4000, 6000, 8000 and 10000 pmol L-1 progesterone in 0.1 mol L -1 PBS (pH 7.0) and at 

a bias potential of 0.1 V. (B) The linear calibration curve. 

Table 1. Analytical results of progesterone in liquid milk samples using the proposed 

method (n=4). 
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Figure 3 
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Figure 4 
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Figure 5 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



25 
 

 

Figure 6 
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Table 1 

Sample Added (pmol L-1) Found (pmol L-1)  Recovery (%) RSD (%) 

Liquid milk 0 201.4 --- 0.68 

 200 408.7 103.7 1.86 

 400 599.5 99.5 1.54 

 600 787 97.6 1.34 

 800 981 97.5 1.50 

n is the number of repetitive measurements. 
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