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electrochemiluminescence,[11–13] photo-
electrochemical (PEC),[14–16] quartz crystal 
microbalance,[17] and surface plasmon 
resonance,[18] have been proposed for the 
detection and evaluation of cell mem-
brane receptors. Among these label-free 
sensing technologies, PEC cytosensors 
possess the advantages of low back-
ground signal and thus high sensitivity 
due to the unique photo-to-current trans-
forming process. For the binding of mem-
brane receptors, biorecognition elements 
such as antibodies and aptamers should 
be incorporated into the sensing plat-
form.[19] Based on the high binding affinity 
between ligands and protein receptors, 
the ligands have been used as recognition 
probes for the construction of cytosensing 
interfaces.[20]

Folate receptor (FR) is one type of 
membrane proteins overexpressed on 

tumor cells of several malignant cancers and has been well 
used as a target for imaging and treatment of cancers.[21] While 
the most cancers are heterogeneous, the expressing levels 
of folate receptor are closely related to the metastatic pheno-
types.[22] Cytosensors for detection of cancer cells expressing 
folate receptors have been fabricated based on the high affinity 
between folic acid (FA) and FR.[23,24] Nanomaterials also play 
important roles in the construction of cytosensing interfaces 
because they act not only as the transducing elements for signal 
generation but also as platforms for the immobilization of 
FA.[25] In consider of the membrane topology of cancer cells,[26] 
hierarchical nanostructures are promising for capture and 
sensing of cancer cells.[27] TiO2 nanotube arrays (TNAs) with 
highly ordered porous structures are attractive platforms for 
development of PEC biosensors.[28–32] However, the preparation 
of hierarchical nanostructures on TNAs for PEC cytosensing 
has less been reported.

While the evaluation of membrane receptors by cytosen-
sors is based on the capture of cancer cells on sensing inter-
faces through the recognition effect of immobilized ligands, 
nonspecific surface interactions should be strictly controlled, 
especially for the case of cytosensing on porous structures. 
Cytosensors with antifouling interfaces have been fabricated to 

The quantitative detection of cancer cells and the evaluation of folate receptor 
(FR) expression on cell membranes are of great significance for tumor-related 
research. In this work, a photoelectrochemical (PEC) biosensing interface is 
proposed for detection of cancer cells based on the construction of nano-
structured platforms coupled with surface engineering. A “sphere-on-tube” 
hierarchical nanostructure is fabricated by depositing biomimetic polydopa-
mine nanospheres on TiO2 nanotube arrays. Enhanced PEC responses are 
achieved with the formation of polyethylene glycol antifouling layers and the 
immobilization of folic acid as a recognition ligand. Based on the ligand–
receptor interaction, the antifouling PEC biosensor exhibits a wide linear 
range for the detection of the breast cancer cell line MDA-MB-231 from 20 to 
2.0 × 106 cells mL−1 with a low detection limit of 15 cells mL−1 (S/N = 3). The 
expressing differentiation of FR on several cancer cells is well discriminated. 
The proposed PEC cytosensing method shows great potential in detection of 
cancer cells expressing folate receptors.
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1. Introduction

The overexpressed protein receptors on tumor cell surfaces play 
important roles in tumorigenesis and metastasis of cancers.[1–3] 
It is critical to understand the roles of membrane receptors in 
disease development and it is appealing to develop methods for 
evaluation of their expressing levels on cancer cells.[4] Cytosen-
sors are attractive methods for cancer cells sensing due to the 
high sensitivity and the label-free sensing mode.[5,6] A variety 
of cytosensing strategies, including electrochemical,[7–10] 
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reduce the nonspecific cell adsorption.[33,34] In this work, hier-
archical nanostructures were combined with antifouling inter-
faces for the development of a PEC cytosensor (Scheme  1). A 
“sphere-on-tube” hierarchical nanostructure was fabricated by 
depositing biomimetic polydopamine nanospheres (PDANSs) 
on TNAs. Further polydopamine (PDA) coating was performed 
to enhance the visible light response and the photo-to-current 
converting efficiency.[35,36] The sensing interface was finally 
achieved by the construction of antifouling layers and the con-
jugation of FA.[37] The fabricated hierarchical nanostructures 
show enhanced cytosensing performances and the expression 
of FR on several cancer cells was discriminated.

2. Results and Discussion

2.1. Formation of “Sphere-on-Tube” Hierarchical Nanostructures

TNAs prepared by anodic oxidation can be easily trans-
formed to the anatase form (Figure S3A, Supporting Informa-
tion) through calcination and show good PEC performances.  
Furthermore, the unique porous structures with adjustable pore 
diameters (Figure 1A) are excellent platforms for the fabrication 
of hierarchical nanostructures. A “sphere-on-tube” hierarchical 
structure (Figure 1C) was created by decoration of polydisperse 
melanin-like PDANSs (Figure  1B) on TNAs. The abundant 
catechol groups on PDANSs enable the facile attachment on  
the surface of TNAs based on the coordination interaction with 
the titanium atoms.[38,39] In our previous work, we have reported 
the functionalization of TNAs with mussel-inspired PDA surface 
coating.[37] The PEC responses under visible light was greatly 
enhanced due to the formation of complex of electron transfer. 

In spite of the homology with PDA films, PDANSs decorated 
on TNAs show little enhancement effect on PEC responses due 
to the low coverage and contact area, which will be discussed 
below. For the subsequent surface engineering, PDA coatings 
were further deposited on prepared hierarchical nanostruc-
tures to form a consistent surface functionality and to improve 
the PEC responses (Figure  1D). Moreover, the surface compo-
sition change of composite coating can be further determined 
by Fourier transform infrared  spectra (Figure S3B, Supporting 
Information). It can be noticed that the sharp peaks at 1591 and 
3435  cm−1 were assigned to the aromatic rings and catechol 
OH of polydopamine.[40] The peaks at 1693 and 1632 cm−1 can 
be attributed to the stretching vibrations of the CO group of 
COOH and amide group of folic acid.[41,42] Respectively, the 
peak at 1604  cm−1 belonged to the bending vibrations of the 
NH group. Therefore, the characteristic absorption peak fur-
ther confirmed the incorporation of PEG and FA.

2.2. Surface Engineering for Construction of PEC  
Sensing Interfaces

The grafting of antifouling layers on nanostructured platforms 
was combined with the immobilization of recognition ligands 
to construct a sensing interface. The quinone structures in 
PDA coatings show high reactivity toward amino groups by 
Michael addition or Schiffbase reaction.[33,43] Furthermore, PDA 
enhances the photoelectric response of TiO2 by improving the 
separation of photoinduced electron hole pairs and two OH 
groups of the catechol moiety can form a strong bidentate com-
plex with coordinatively unsaturated Ti atoms.[44] An antifouling 
layer was constructed by grafting amino-terminated eight-arm 

Scheme 1.  Schematic illustration of preparation of PEC biosensor.
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PEG onto PDA coating. Meanwhile, the remaining amino 
groups on branched PEG was further immobilized FA as a rec-
ognition element. The change of surface functionality during 
the engineering process was accompanied by the change of 
wetting properties, which was easily evaluated by measuring 
the contact angle (CA). The static water CA of titanium pieces 
was 38.6 (±1.3)° (Figure 2A). Moreover, the static water CA of 
TNAs was become 19.4 (±1.6)° (Figure 2B).[45] The static water 
CA of TNAs/PDANSs electrode was 16.3 (±1.5)° (Figure  2C). 
The static water CA of TNAs/PDANSs/PDA electrode was 
30.4 (±1.1)° (Figure 2D). Notably, the static water CA of TNAs/
PDANSs/PDA/PEG electrode reduced to 8.7 (±1.2)° (Figure 2E). 
After modifying the FA on the TNAs/PDANSs/PDA/PEG 

electrode, the static water CA of the PEC biosensor interface 
was 15.2 (±1.7)° (Figure 2F).

2.3. Characterization of PEC Platform

The modification process of PEC platform and the successful 
surface engineering can be further confirmed by  electro-
chemical impedance spectrum (EIS).[46] Figure 3A shows the 
impedance spectra of different modified electrodes related to 
each construction step of the biosensor and the inset is the 
corresponding equivalent circuit. The Ret value of TNAs elec-
trode was large (curve a), which was related to the characteris-
tics of semiconductor materials. However, the Ret value of the 
TNAs/PDANSs electrode (curve b) was decreased. Moreover, 
the Ret value of TNAs/PDANSs/PDA was very small (curve c), 
owing to the charge transfer characteristics of PDA. With the 
modification of PEG (curve d) and FA (curve e), the Ret values 
of the electrodes gradually increase due to the hinder effect of 
electron transfer.[47,48] Figure 3B manifested the photocurrent 
at different modification stages. It can be found that the TNAs 
in anatase form have good photoelectric properties (curve a).  
After modifying PDANSs (curve b), the photocurrent was 
increased. The further PDA coating induces a significant  
increase of photocurrent owing to enhanced PEC response 
(curve c).[49,50] The grafting of PEG (curve d) and conjuga-
tion of FA (curve e) induce the decreases of photocurrent. In 
addition, the introduction of PEG layers and FA molecules 
hinders the electron transfer of the AA donor in the solution. 

Figure 1.  SEM images of A) TNAs, B) PDANSs, C) TNAs/PDANSs, and D) TNAs/PDANSs/PDA.

Figure 2.  Hydrostatic contact angle of the electrodes: A) Ti, B) TNAs, 
C)  TNAs/PDANSs, D) TNAs/PDANSs/PDA, E) TNAs/PDANSs/PDA/
PEG, and F) TNAs/PDANSs/PDA/PEG-FA.
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This hindering effect mediated photocurrent change is also 
mode of the signal response for the sensing of cancer cells.

2.4. Antifouling Performance of PEC Biosensing Interfaces

The fouling effect of bovine serum albumin (BSA) was used to 
study the antifouling performance of the fabricated biosorp-
tion interfaces. The adhesive properties of PDA result in the 
adsorption of BSA and significant fouling effect (Figure 4A). 
As is expected, due to the antifouling performance of the 
PEG layers, the Ret value had barely change (Figure 4B). The 
antifouling performance was well retained after the conjuga-
tion of FA (Figure  4C), which forms the bases for the spe-
cific recognition of FA receptors and reduces the nonspecific 
adsorption of cancer cells. In consistent with EIS tests, when 
the TNAs/PDANSs/PDA electrode was soaked in the BSA 
solution the photocurrent was reduced (Figure  4D). Com-
pared with TNAs/PDANSs/PDA electrode in photocurrent, 
the TNAs/PDANSs/PDA/PEG electrode (Figure  4E) and 
TNAs/PDANSs/PDA/PEG-FA electrode (Figure  4F) basically 
unchanged. This demonstrates that PEC biosensing pos-
sessed excellent antifouling performance.

2.5. Selectivity, Stability, and Reproducibility  
of the PEC Biosensor

MDA-MB-231 cells are human breast cancer cell lines 
expressing FR and are selected as targets for the investigation 
of cytosensing performances. Based on the antifouling ability 
of the fabricated PEC sensing electrodes toward common pro-
teins, the selectivity investigation was conducted for detection of 
MDA-MB-231 cells using proteins as interfering substances. The 
photocurrents of PEC electrodes soaked in the cell single solu-
tion or the cell protein mixed solution and protein were almost 
unchanged (Figure  5A), indicating the anti-interference per-
formance of the PEC biosensor was outstanding. The current 
stability test of the PEC electrodes modified with MDA-MB-231 
cell (5.0  ×  105 cells  mL−1) within 600 s was recorded to detect 
the output signal stability of the biosensor, and the results were 
shown in Figure 5B. It can be seen that there was no obvious 
fluctuation in the light response, the calculated relative standard 
deviation (RSD) of the photocurrent value was 1.2% (n  =  15), 
indicating the developed PEC biosensor has excellent stability. 
Repeatability reflects the reliability of the PEC biosensor. Under 
the same conditions, the photocurrents of five TNAs/PDANSs/
PDA/PEG-FA electrodes modified with MDA-MB-231 cells 

Figure 4.  EIS and photocurrent responses of different modified electrodes a) before and b) after immersing in 0.5 mg mL−1 BSA solution: A,D) TNAs/
PDANSs/PDA, B,E) TNAs/PDANSs/PDA/PEG, and C,F) TNAs/PDANSs/PDA/PEG-FA.

Figure 3.  A) EIS and B) photocurrent responses of the different modified electrodes: a) TNAs, b) TNAs/PDANSs, c) TNAs/PDANSs/PDA, d) TNAs/
PDANSs/PDA/PEG, and e) TNAs/PDANSs/PDA/PEG-FA. Inset of part (A): the electrical equivalent circuit applied to fit the impedance spectra.
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(5.0 × 105 cells mL−1) were compared to estimate the reproduc-
ibility (Figure 5C). The calculated RSD was 2.1%, indicating the 
PEC biosensor also showed good reproducibility.

2.6. Hierarchical Structure Enhanced PEC Responses  
of Cancer Cells

While the engineered surfaces show recognition abilities 
toward MDA-MB-231 cells, the PEC responses to different con-
centrations of cells were investigated (Figure  6A). To demon-
strate the advantages of the prepared hierarchical structures 
for the improving of sensing performances, contrast PEC 
electrodes without the deposition of PDANSs (TNAs/PDA/
PEG-FA) were also prepared and PEC responses were com-
pared with that of TNAs/PDANSs/PDA/PEG-FA (Figure  6B). 
Based on the hindering effect of the fixed cells on the electron 
transfer, the photocurrent signals gradually decrease with the 
increase of the cell concentration of the soaking solution, indi-
cating the direct relationship between the fixed number of cells 
on electrode and the concentration of the soaking solution. A 
linear relationship for these PEC responses could be fitted in 
the range of 20–2.0 × 106 cells mL−1. The linear regression equa-
tion obtained with TNAs/PDANSs/PDA/PEG-FA electrode was 
ΔI = 38.99 lgc + 28.94 (R2 = 0.9934) and the limit of detection 
(LOD) was calculated to be 15 cells mL−1. In contrast, the linear 

regression equation obtained with TNAs/PDA/PEG-FA elec-
trode was ΔI = 26.33 lgc + 14.97 (R2 = 0.9825), and the LOD was 
calculated to be 25 cells mL−1 (Signal/Noise, S/N = 3).

The obviously enhanced sensing parameters indicate the 
advantages of the prepared hierarchical nanostructures for the 
recognition and capturing of cells. The enhanced capturing effi-
ciency could be confirmed by the state of the living cells and the 
density of the fixed cells on different electrodes. As revealed by 
fluorescent imaging (Figure  7), under the same experimental 
conditions, the cell density of MDA-MB-231 cells on TNAs/
PDANSs/PDA/PEG-FA is larger than that on TNAs/PDA/PEG-
FA. Moreover, the cells on TNAs/PDANSs/PDA/PEG-FA can 
stretch more filopodia (Figure  7D). These filamentous pseu-
dopods exposed more contact areas and adhere to the surface, 
which can greatly improve the cell capture ability.[47] The cell 
morphologies on TNAs/PDANSs/PDA/PEG-FA revealed by 
SEM are also more complete and stretched than that on TNAs/
PDA/PEG-FA (Figure  8). These results confirm the contri-
butions of the hierarchical structures on the enhanced PEC 
responses of cancer cells.

2.7. Evaluation of FR Expressing Differentiation on Different Cells

The expressing differentiation of FR mediated the difference 
between cancer cells and normal tissue cells and also the 

Figure 5.  A) The photocurrent test of TNAs/PDANSs/PDA/PEG-FA electrodes soaking in the MDA-MB-231 cell (5.0 ×  105 cells mL−1) solution, the 
mixed solution of MDA-MB-231 cell (5.0 × 105 cells mL−1) and BSA (0.5 mg mL−1), and the mixed solution of MDA-MB-231 cell (5.0 × 105 cells mL−1), 
BSA (0.5 mg mL−1), Hb (0.5 mg mL−1), and IgG (0.5 mg mL−1). B) The current stability test of 15 on/off lamp cycles of TNAs/PDANSs/PDA/PEG-FA 
electrode modified with cells (5.0 × 105 cells mL−1). C) The current reproducibility test of five TNAs/PDANSs/PDA/PEG-FA electrodes (a-e) modified 
with cells (5.0 × 105 cells mL−1).

Figure 6.  A) The photocurrent response of TNAs/PDANSs/PDA/PEG-FA electrodes at different concentrations: 20, 2.0 ×  102, 2.0 ×  103, 2.0 ×  104, 
2.0 × 105, and 2.0 × 106 cells mL−1. B) The linear relationship between photocurrent and logarithm of the cells concentration of the TNAs/PDANSs/
PDA/PEG-FA/Cells (black curve) and the TNAs/PDA/PEG-FA/Cells (red curve).
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Figure 7.  Fluorescent images of calcein-AM cell staining. A,C) MDA-MB-231 cells on the TNAs/PDA/PEG-FA electrode and B,D) MDA-MB-231 cells on 
the TNAs/PDANSs/PDA/PEG-FA electrode (EX = 488 nm).

Figure 8.  SEM images of A,C) TNAs/PDA/PEG-FA/Cells and B,D) TNAs/PDANSs/PDA/PEG-FA/Cells.

Adv. Mater. Interfaces 2021, 2100421



www.advancedsciencenews.com

© 2021 Wiley-VCH GmbH2100421  (7 of 8)

www.advmatinterfaces.de

heterogeneity of cancer cells. The PEC cytosensing with high 
sensitivity provides facile label-free methods for the evalua-
tion of expressing differentiation of FR on cells based on the 
PEC responses. Both cancer cells (MDA-MB-231, MCF-7, and 
A549) and normal tissue cells (HUVEC) were adopted for the 
comparison of their PEC responses (Figure  9A). The larger 
PEC responses of MDA-MB-231, MCF-7, and A549 than 
HUVEC indicate the overexpression of FR on cancer cells. The 
expressing differentiation of FR on three types of cancer cells 
can also be obtained based on the slope of the PEC responses 
(Figure  9B), that is, MDA-MB-231 > MCF-7 > A549, which in 
consistent with the reported results.[23,51]

3. Conclusion

In this work, we designed a new type of label-free antifouling 
PEC biosensor, which can effectively capture and detect MDA-
MB-231 cells with a wide detection range and low detection 
limit. Moreover, the PDANSs were modified on TNAs to con-
struct “sphere-on-tube” hierarchical nanostructure and then the 
PDA was coated on the surface of hierarchical nanostructure to 
enhance PEC responses. Apparently, the addition of PEG and 
FA improved the antifouling performance and specificity. More 
importantly, the PEC biosensor can also be used to evaluate FR 
expressed on the cell membrane. This strategy has great poten-
tial in cell capture and detection, indicating broad application 
prospects in clinical applications.

4. Experimental Section
Preparation of PEC Biosensor: In detail, the titanium pieces were 

successively treated with ultrasound in ultrapure water, acetone, and 
ethanol for 30  min. Titanium pieces were anodized in ethylene glycol 
(EG) containing 0.3 wt% NH4F and 2% by volume H2O at the constant 
voltage of 40  V for 1  h. Finally, the obtained sample was calcined in a 
muffle furnace at 450 °C for 1 h to obtain highly ordered TiO2 nanotube 
arrays (TNAs).

PDANSs were prepared through oxidative polymerization of dopamine 
hydrochloride (DA). 100 mg of DA was added into a mixture of 100 mL Tris 
buffer (pH = 8.8) and 50 mL isopropyl alcohol. After stirring for 24 h, the 
resulting product was collected by centrifugation at 9000 rpm for 20 min 
and washed with water for five times to remove unreacted substances. 
Ultimately, it was redispersed into 5 mL ultrapure water for further using.

The oxidized titanium dioxide nanotube was cut into 0.6  ×  3  cm2 
and acted as a working electrode. Then, the electrode was immersed in 
2.5 mg mL−1 PDANSs solution for 60 min and washed the electrode with 
ultrapure water. Subsequently, the prepared TNAs/PDANSs was soaked 
in the newly prepared DA solution (2 mg mL−1) prepared with Tris-HCl 
buffer solution (pH =  8.5, 0.1 m) for 150 min. Afterward, the electrode 
was washed with the Tris-HCl buffer solution. Finally, the TNAs/
PDANSs/PDA electrode was prepared.

The NH2-polyethylene glycol (PEG) solution (1  mg  mL−1) was 
prepared with Tris-HCl buffer solution (pH  =  8.5, 0.1  m). Then the 
TNAs/PDANSs/PDA electrode was immersed into the above solution 
for 60  min. Subsequently, the TNAs/PDANSs/PDA/PEG electrode was 
immersed in the FA solution for 60 min under dark conditions. Similarly, 
the obtained TNAs/PDANSs/PDA/PEG-FA electrode was rinsed with 
phosphate buffered saline (PBS) buffer solution. Eventually, the PEC 
sensing platform was successfully prepared.

Antifouling Performance of PEC Biosensor: The PEC current and EIS 
changes before and after protein contamination were used to evaluate 
the prepared sensing platform. The experiment of photocurrent response 
test was acquired under excitation light at a wavelength of 557 nm on a 
PEC workstation with a bias voltage of 0  V at room temperature. EIS 
testing was carried out in electrolyte solution containing 5 mmol  L−1 
[Fe(CN)6]3-/4− and 0.1 mol  L−1 KCl with AC amplitude 5  mV and the 
frequency range was set as 10−1–105  Hz without light. And then, the 
electrode was immersed into 0.5 mg mL−1 protein (Hb, IgG, and human 
serum) solution for 30 min. Obviously, the PEC current and EIS diagram 
before and after protein have barely change, indicating the constructed 
sensor had good antifouling performance.

PEC Detection for the Target: The sensor preparation and sensing 
conditions were selected. By optimizing the voltage and time of anodizing, 
the stable tubular structure of the electrode was ensured. The optimum 
performance was determined by screening AA, pH, PDANSs, PDA, and 
PEG concentrations (Supporting Information). The TNAs/PDANSs/PDA/
PEG-FA electrode was soaked in MDA-MB-231 cell suspension of different 
concentrations and subjected to magnetically stirring for 30  min. After 
that, the above electrode was washed for further detection.

Cell Culture and Fluorescent Staining: The breast cancer cell line 
(MCF-7, MDA-MB-231), human squamous-cell lung carcinoma cell line 
A549, and human umbilical vein endothelial cells (HUVEC cell line 
20170811-2, DSMZ, from Chi  Scientific) were trained in Dulbecco’s 
modified eagle medium or Roswell Park Memorial Institute (RPMI)-
1640 containing fetal bovine serum (10%), penicillin and streptomycin 
(1%), and incubated in an incubator with CO2 concentration of 
5.0% at 37  °C. In confluence reaches 80%, cells were digested with 
0.25% trypsin-ethylene diamine tetraacetic acid (EDTA), and collect 
immediately after centrifugation at 1000  rpm for 10 min. Subsequently, 
cells were redistributed with PBS (1  mL, pH  =  7.4) buffer solution 
to form a stable cell suspension. Afterward, 20  µL of cell suspension 
was taken and incubated on different platforms for 30 min. Finally, the 
living cells captured on the electrode surface were stained with calcein-
acetoxymethyl ester (AM) (5 µg mL−1, 10 µL).

A Zeiss laser confocal microscope (LSM880) was used to record 
photoluminescence at room temperature in the range of 430–750  nm 
with an excitation wavelength of 488 nm. The scanning resolution was 
512 × 512, the eyepiece was 10 X, and the field of view was 25 mm.

Scanning Electron Microscopy (SEM) Observation: First, the MDA-MB-
231 cells were incubated for 1 h. Then, the electrode was carefully washed 
three times with PBS buffer solution to remove the medium. Subsequently, 
the cells were fixed with 4% paraformaldehyde at 4 °C for 30 min, washed 
with PBS buffer solution. Afterwards, the cells were dehydrated in different 
concentrations of ethanol (20%, 40%, 60%, 80%, 95%, 100%) for 15 min 
each time. Eventually, the cells morphology was observed by SEM.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.

Figure 9.  A) Photocurrent response of different cells at the same con-
centration (1.0 ×  105 cells). B) Working curve of photocurrent response 
of TNAs/PDANSs/PDA/PEG-FA electrodes at the same concentration 
(1.0 × 102, 1.0 × 103, 1.0 × 104, 1.0 × 105, and 1.0 × 106) in different cells: 
a) MDA-MB-231 cells, b) MCF-7 cells, c) A549 cells, and d) HUVEC cells.
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