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ABSTRACT: Nanochannels have brought new opportunities for biosensor development. Herein we present the novel concept of 

nanochannels photoelectrochemical (PEC) biosensor based on the integration of a unique CuxO nanopyramid islands (NPIs) photo-

cathode, the anodic aluminum oxide (AAO) membrance, and the alkaline phosphatase (ALP) catalytic chemistry. The CuxO NPIs 

photocathode possessed good performance, and further assembly with AAO will yield the designed architecture composed of verti-

cally-aligned, highly-ordered nanoarrays bottomed with CuxO NPIs film. With biocatalytic precipitation (BCP) stimulated within 

the channels, the biosensor was applied for the successful detection of ALP activity. This study has not only provided a novel para-

digm for an unconventional nanochannels PEC biosensor that can be used for general bioanalytical purposes, but also indicated the 

new concept of nanochannels–semiconductor heterostructures as a step toward innovative biomedical applications. 

One of the leading directions of state-of-the-art nanosci-

ence and nanotechnology is focused on the development of 

novel nanostructures and their unique applications in manifold 

fields. Among numerous nanostructures, nanopores and na-

nochannels have emerged in the last decade as materials with 

versatile capabilities for various applications, including in 

electronics, energy conversion and storage, optoelectronic 

devices, nanofabrication and nanosensing.
1
 Particularly, na-

nopores and nanochannels based sensing has recently drawn 

increasing attentions.
2
 For example, the most widely used nat-

ural protein-based ion channels， i.e., the heptameric α-

hemolysin bacterial protein pore from Staphilococus aureus, 

has been highly exploited for versatile sensing purposes.
3
 Sol-

id-state single nanochannels have also been fabricated by 

track-etching on polymeric membranes for biosensing.
4
 Na-

nochannel arrays seem to bring different advantages for bio-

sensor development and have been addressed for the detection 

of a variety of analytes.
5
 Among them, anodic aluminum oxide 

(AAO) nanoporous membrane is beyond doubt the most popu-

lar nanochannel array.
6,7

 It is of high interest in nanobiotech-

nology due to its stability, tissue compatibility, as well as high 

surface-to-volume ratio for increased guest immobilization. Its 

regular structure of well-ordered, hexagonal, honeycomb-like 

arrayed nanochannels with a narrow pore size distribution 

provides a well-defined, controllable, homogeneous interac-

tion surface. The fabrication of AAO is simple and reproduci-

ble, and further increase or reduce the pore radius was also 

possible in highly controlled manners via the wet-chemical 

etching or the layer by layer (LbL) deposition of polymers, 

respectively. In addition to its versatile applications in cataly-

sis,
8
 energy,

9
 electronics,

10
 photonics

11
 and etc., AAO has es-

pecially demonstrated itself as elegant platform for DNA, pro-

tein, small molecules, and bacteria biosensing with various 

optical (e.g., photoluminescence, (localized) surface-plasmon 

resonance, reflectometric interference spectroscopy) and elec-

trical (e.g., voltammetry/amperometry, impedance, capaci-

tance, resistivity/conductivity) modalities.
12-14

 

 

Scheme 1.  Schematic illustration for AAO-based cathodic 

nanochannels PEC biosensor.  

Photoelectrochemical (PEC) bioanalysis is a newly de-

veloped biomolecular detection technique which has promptly 

become a subject of hot research interest due to its desirable 

properties and attractive potential in future bioassays.
15-19

 Ba-

sically, PEC bioanalysis is the advanced generation of electro-

chemical detection and it thus inherits the advantages of low 

Page 1 of 7

ACS Paragon Plus Environment

Analytical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



2 

 

cost, robustness, fast responsibility and high sensitivity.
20-24

 

Besides, it operates with cheaper and simpler instrumentation 

as compared to various optical techniques.
25-28

 To achieve 

efficient PEC bioanalysis, diverse functional nanostructures 

with innovative signalling mechanisms have been exploited 

for addressing various targets of interest. For example, recent-

ly, IrO2−hemin−TiO2 nanowire arrays,
29

 N-doped carbon nan-

odot (N-Cdot)/TiO2 nanowire,
30

 hybrid organic/inorganic 

nanostructures,
31

 mesoporous iron oxide nanopyramid islands 

(NPIs),
32 

sandwiched Au nanoparticles (NPs)/reduced gra-

phene oxide (RGO)/TiO2 structure,
33 

ZnO@ZIF-8 nanorods,
34

 

and periodically patterned Au nanorods in TiO2 nanocavities
35

 

have been developed toward glutathione, cellular generation of 

H2S, dissolved oxygen, H2O2, cell monitoring, and glucose, 

respectively. Despite these exciting progress, the possibility of 

nanopores and nanochannels in this promising field has not 

been unveiled. 

Herein, we present the new concept of nanochannels PEC 

biosensor and demonstrate the proof-of-concept through a 

judiciously engineered PEC bionanosystem consisted of a 

unique CuxO NPIs photocathode, the nanoporous AAO mem-

brane, as well as their synergistic combination with the alka-

line phosphatase (ALP) catalytic chemistry. Specifically, as 

shown in Scheme 1, the CuxO NPIs photocathode was fabri-

cated as the light-harvesting platform to accommodate the 

AAO membrane, yielding the designed structure of vertically-

aligned, highly-ordered nanoarrays bottomed with CuxO NPIs 

film. With biocatalytic precipitation (BCP) within these tubes, 

this nanochannels PEC biosensor was then applied for detec-

tion of ALP activity, on the basis of the BCP-controlled pho-

toresponses of the cathodic photocurrents. This study proposed 

a novel concept for an unconventional nanochannels PEC bio-

sensor that can be extended for general bioanalytical purposes, 

and opens up a new perspective for using appropriately de-

signed nanochannels (nanopores)-semiconductor heterostruc-

tures toward innovative biomedical applications, which to our 

knowledge has not been reported. 

 

EXPERIEMENTAL SECTION 

Materials and Apparatus. All chemical reagents were 

supplied from Sigma-Aldrich, Alfa Aesar, Nanjing Chemical 

Reagent Co., Ltd. and Sinopharm Chemical Reagent Co., Ltd, 

and were used without further purification. The ALP activity 

kit was from KeyGEN BioTECH (Cat. NO. KGT043). Ul-

trapure water (18.2 MΩ·cm resistivity at 25 °C, Millier Q) was 

used in all experiments. SEM images were recorded by a Hita-

chi S4800 scanning electron microscope (Hitachi Co., Japan). 

XPS was obtained from PHI 5000 VersaProbe (UlVAC-PHI 

Co., Japan). UV-vis absorption spectra and UV−vis diffuse 

reflectance spectra were obtained on a Shimadzu UV-3600 

UV-vis-NIR spectrophotometer (Shimadzu Co., Japan). XRD 

spectra were characterized by powder X-ray diffraction (XRD, 

X'TRA, Cu Kα; ARL Co., Switzerland). PEC measurements 

were performed with a homemade PEC system equipped with 

a 5W light-emitting diode lamp with the emission wavelength 

of 410 nm. Photocurrent was measured on a CHI 660C elec-

trochemical workstation (Chenhua, China) with a three-

electrode system: a modified CuxO NPIs photocathode with a 

geometrical circular area (0.5 cm in diameter) as the working 

electrode, a Pt wire as the counter electrode and a saturated 

Ag/AgCl electrode as the reference electrode.  

Synthesis of CuxO NPIs Photocathode. The CuxO NPIs 

photocathode was fabricated according to the previous report-

ed method with modification
36

. Specifically, the FTO slices 

were cleaned by immersion in 2 M boiling KOH solution dis-

solved in 2-propanol for 15 min, followed by washing copi-

ously with ethanol and ultrapure water, and dried under N2. Cu 

film was deposited in a two electrode cell system using CHI 

660C electrochemical work station as the power supply. Two 

slices of FTO glass were dipped into a saturated CuSO4 solu-

tion with the conducting sides faced to each other and the Cu 

film was electrochemical deposited at the moderate rate of 100 

mV s
-1

 in the potential regime of 0.0 V to 4.0 V for 30 seg-

ments at room temperature (one of the FTO glass working as 

both counter and reference electrode). Then the obtained Cu 

film was oxidized by annealing in a tube furnace for 4 h at 450 

°C. 

Immunoassay Development Carried on AAO Mem-

brane. AAO membrane was washed by ethanol and ultrapure 

water in sequence to remove the impurities in the nanochan-

nels. After drying under N2, the AAO membrane was im-

mersed into 1 mL of ethanol solution containing 5% APTES 

and kept at 4 ℃ overnight to generated amino groups on the 

surface and inside the channels. By shaking gently in ethanol 

for four times with 10 min each time, excess APTES was 

washed out. Then the AAO membrane was immersed into 1 

mL of 50 µg/mL anti-ALP containing 5 mM EDC-NHS and 

left incubation for 16 h at 4 ℃, followed by washing with 10 

mM PBS (pH=7.4) for four times to remove the physically 

absorbed antibodies. Then the membrane was blocked by 1 

mL 3% BSA to avoid nonspecific absorption. After shaking in 

10 mM PBS (pH=7.4) twice and 10 mM Tris-HCl (pH=8.0) 

twice, the sensing platform was built.  

Detection of ALP Activity. In the detection process, 

ALP with different activity was reacted with the antibodies on 

the membrane for 2 h at 37 ℃, followed by washing in 10 mM 

Tris-HCl (pH=8.0) four times. Then the ALP-loaded mem-

branes were immersed into 0.5 mL of commercially available 

BCIP/NBT solution for 30 min at 37 ℃, followed by washing 

with ultrapure water. AAO membrane was compactly fixed 

onto the conducting side of CuxO NPIs photocathode by phys-

ical attachment of a black gummed tape, with a circular work-

ing area of 5 mm in diameter. Another black gummed tape 

with a circular working area of 4 mm was stick onto the non-

conducting side of the photoelectrode, forming concentric 

circles with the working area on the conducting side, allowing 

the irradiation light pass through. Then a PEC measurement 

was carried out with the light irradiating from backside. 

 

RESULTS AND DISSCUSSION 

Structural Information of CuxO NPIs. Experimentally, 

among various candidates, the CuxO, with direct band gap of 

1.3~2.5 eV, was rationally selected due to its excellent balance 

in strong visible light responsibility, low cost, nontoxic, and 

especially, the photocathodic characteristics,
36,37

 while NPIs 

nanostructure was utilized due to the distinct advantages as 

revealed in a recent report.
38

 Figure 1a and 1b depicted the top 

and side views, respectively, of the morphology of as-
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electrodeposited CuxO NPIs photocathode after annealing at 

450 ℃ for 4 h by scanning electron microscope (SEM) imag-

es. As shown, the surface coverage of CuxO was substantially 

dense with many pyramid-like nanosized islands formed on 

the glass surface. X-ray photoelectron spectroscopy (XPS) 

characterization shown in Figure 1c offered direct insight into 

the chemical composition of the CuxO NPIs. The curve-fit 

results confirmed the co-existence of CuO (two peaks centered 

at 933.5 and 953.2 eV) and Cu2O (two peaks centered at 932.4 

and 952.2 eV). In addition, the effect of the annealing temper-

ature on the composition change was also characterized by X-

ray diffraction (XRD) with the results shown in Figure S1, and 

the color change of the electrode was also exhibited by a digi-

tal photograph in Figure S2. 

 

Figure 1. (a) SEM and (b) the cross-sectional view of the CuxO 

NPIs photocathode; the scale bar in 1a equaled to 1 µm and the 

rest equaled to 100 nm; (c) XPS spectra of the Cu 2p core level of 

CuxO NPIs; (d) UV-vis diffuse reflectance spectra of CuxO NPIs; 

The cyclic voltammogram of (e) FTO as working electrode in a 

deoxygenated anhydrous acetonitrile solution containing 0.1 M 

tetrabutylammonium hexafluorophosphate (TBAPF6, curve a) and 

further containing 0.5 mM ferrocene (Fc, curve b) at a scan rate of 

50 mV s-1; (f) FTO (curve a), CuxO NPIs photocathode (curve b) 

and inset the Cu2O electrode (obtained by annealing the electro-

deposited Cu film at 250 ℃ for 4 h) as working electrode in 0.1 M 

TBAPF6 solution respectively in the same condition. 

To determine the energy gap (Eg) of this sample, UV-vis 

diffuse reflectance spectra of the photoelectrode was then per-

formed with the result shown in Figure 1d. As recorded, the 

CuxO NPIs electrode exhibited an excellent light harvesting 

ability in a broad region from visible to near-infrared range, 

implying its suitability as a photoactive specie in PEC biosen-

sor. The Eg was then calculated to be at a very small value of 

1.40 eV by the cut-off wavelength of 888 nm, according to Eq. 

(1): 

Eg (eV)=1240/λcut-off nm                      Eq. (1) 

The specific energy levels of CuxO NPIs were further in-

vestigated by cyclic voltammetry (CV) according to bulk ioni-

zation potential (IP),
39,40

 where a Pt wire worked as the counter 

electrode, a saturated Ag/AgCl as the reference electrode, and 

0.1 M tetrabutylammonium-hexaflurophosphate (TBAPF6) 

dissolved in acetonitrile as the electrolyte solution. The poten-

tial of Ag/AgCl was first calibrated by the oxidation potential 

of Fc/Fc
+
 (-4.80 eV vs vacuum), herein located at 0.35 V, as 

shown in Figure 1e, therefore the potential of Ag/AgCl was 

calculated to be -4.45 eV vs vacuum. The valence band (VB) 

level of CuxO NPIs complied to Eq. (2), and the EVB was cal-

culated to be -5.00 eV using Eox value of 0.55 V obtained from 

Figure 1f. ECB was then calculated as -3.60 eV by Eq. (1) and 

Eq. (3), 

EVB= -IP = -(Eox-IRE) eV                       Eq. (2) 

ECB= (EVB+Eg) eV                                Eq. (3) 

where EVB and ECB refers to the valence band and conduction 

band energy, Eox equals the onset potential of the oxidation 

peak of CuxO NPIs, IRE equals the absolute energy level to 

vacuum of the reference electrode, and Eg refers to the energy 

gap. Incidentally, the oxidation peak at 0.21 V was the oxida-

tion process from Cu
Ⅰ
 to Cu

Ⅱ
, since it agreed with the oxida-

tion peak of pure Cu2O electrode (obtained by annealing the 

as-electrodeposited Cu film at 250  for 4 h) in the same co℃ n-

dition, shown in the Figure 1f inset. This results also con-

firmed the coexistence of Cu
Ⅰ
 and Cu

Ⅱ
 in the CuxO NPIs pho-

tocathode. 

 

 

Figure 2. (a) the cathodic responses of the CuxO NPIs photocath-

ode after deoxygenation with N2 for 0, 1, 3, 5, 10, 30 min (from 

curve a to f); (b) Selectivity of the CuxO NPIs photocathode to-

ward common interference species. I0 is the photocurrent intensity 

measured in the air-saturated Tris-HCl solution (10 mM, pH 8.0), 

and I is the value after adding 10-4 M interfering reagents or de-

oxygenation with N2 for 30 min. (Figure 2b has been updated) 

PEC Properties of CuxO NPIs. Significantly, the ob-

tained energy levels of CuxO NPIs implied that the electrode 

might be apt to react with the ambient oxygen (O2) in the elec-

trolyte solution. As shown in Figure S3, the band position of 
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CuxO, with respect to reactive oxygen species (ROS)-

formation and O2/H2O potentials,
41

 were calculated at the pre-

sent condition and the results supported this assumption. To 

further validate this hypothesis experimentally, the chronoam-

perometric I−t response of the as-fabricated CuxO NPIs elec-

trode was recorded in Figure S4. As shown, a stable cathodic 

transient photocurrent over several cycles was observed upon 

the intermittent light irradiation in the air-saturated Tris-HCl 

solution (10 mM, pH 8.0), clearly demonstrating its favor for 

oxygen reduction reaction and the high stability of the elec-

trode. The linear sweep photovoltammograms of the CuxO 

NPIs electrode, as shown in Figure S5, displayed the anti-

dependence of the photocurrent with the bias potential, the 

essential characteristics of which conformed the as-fabricated 

CuxO NPIs as the p-type semiconductor.
42

 To further study the 

feasibility of the CuxO photocathode in the proposed biosensor 

system, the sensitivity of this photocathode to ambient O2 and 

the corresponding selectivity were then evaluated. When 

purged with highly pure nitrogen (N2) to deoxygenated the 

solution, as manifested in Figure 2a, the photocurrent intensity 

gradually decreased with the duration of the purging time, 

indicating its intimate dependence on the amount of ambient 

dissolved O2. Specifically, when the CuxO NPIs was excited 

by photons, electron/hole pairs was generated and separated to 

form the cathodic photocurrent due to the fast transfer of elec-

trons towards the electrolyte than that of holes.
43

 As the air-

saturated electrolyte was deoxygenated by purging N2, transfer 

of electrons to ambient O2 would be inhibited along with en-

hanced recombination of the electron-hole pairs, resulting to a 

gradual inhibition of the cathodic photocurrent.
44,45

 Especially, 

figure 2b disclosed the anti-interference property of the CuxO 

NPIs electrode. As shown, the electrode was totally independ-

ent to the common coexisting interfering species in biological 

fluids such as glucose, ascorbic acid, dopamine, hydrogen 

peroxide, amino acids and thio-compounds, further revealing 

the excellence of this electrode for subsequent application. 

Nanochannels-based BCP Reaction. Next, anti-ALP 

were loaded within the AAO nanochannels for the subsequent 

specific capture of ALP, after which BCP was then introduced 

into the channels based on the efficient ALP catalytic chemis-

try. Figure S6 illustrated the specific catalyzed reaction pro-

cess. In detail, during the enzyme catalysis, soluble 5-bromo-

4-chloro-3-indolyl-phosphate (BCIP) and nitro-blue tetrazoli-

um (NBT) will turn into insoluble dehydroindigo product and 

NBT diformazan, which was expected to accumulate on the 

surface and the inside channels of AAO. Obviously, the suc-

cess of this process will cause the change of elemental propor-

tion on the AAO surface, since elements such as C, N, Cl and 

Br will be brought in through the reaction. As shown in Figure 

S7 and Table S1, the energy dispersive X-Ray (EDX) compo-

sition analysis was then conducted for the 25 U/L ALP derived 

sample, and the increase of C, N, Cl and Br elements was rec-

orded as expected. This phenomenon not only revealed the 

successful occurrence of BCP reaction, but also the good en-

zymatic activity after the bioaffinity recognition and confine-

ment within the AAO channels. 

 

Figure 3. SEM (and inset HRSEM) images of the AAO mem-

brane before and after BCP reaction in the presence of 0, 5, 10, 

25, 40 U L-1 ALP, (a)-(e), respectively; and the corresponding 

cross section view, (f)-(j), respectively. The scale bars equal to 

200 nm and the inset scale bars equal to 100 nm. 

SEM characterization was then performed to unveil the 

details associated with the AAO during the BCP reaction cor-

responding to varying ALP activity. As shown in Figure 3, it 

is clear that the as-grown AAO film is composed of a self-

organized honeycomb-like nanoporous structure in large scale 
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with a diameter of ca. 90 nm, and a uniform vertically-aligned 

nanochannels array could be observed from cross section 

view. This unique morphology obviously ensured an ultra-

high specific surface area, which had a great potential for mas-

sive and regular biomolecular shipment. After ALP capture 

and the subsequent BCP reaction, nanosized particle-shape 

precipitation was found to deposit on the surface and within 

the channels. As the ALP activity increasing, the precipitation 

started to grow and accumulate and became more thick and 

dense. As shown, the hole opening on the surface was getting 

smaller while the internal was getting more crowded, blocking 

the nanochannels gradually. These results also in turn implied 

that the channels had been successfully employed for the uni-

form accommodation of the proteins (anti-ALP) and enzymes 

(ALP), and also its high biocompatibility for retaining these 

biomolecules. In addition, given that the precipitate was a 

bluish violet product,
46

 we also found the incubation solution 

kept clear after the catalyzed reaction, demonstrating that the 

AAO was very good at enrichment of the precipitate. This 

made possible a convenient direct monitoring of the reaction 

process. As shown in Figure 4, a simultaneous color change, 

from semi-transparent white to dark purple, could be directly 

observed by naked eye. And a complementary colorimetric 

analysing could thus be built, on the basis of taking the color 

intensity as an index. Using the photographs, the correspond-

ing value could be quantified in the blue channel with the help 

of Adobe Photoshop software, as illustrated in Figure S8.
47,48

 

Incidentally, we had also studied the pore size (ca. 280 nm) 

effect of the AAO film, and the results shown in Figure S9 

demonstrated the suitability of 90 nm sample. 

 

Figure 4. Digital photograph of AAO membrane before (the first 

one) and after BCP reaction in the presence of 1, 2.5, 4, 5, 10, 25, 

40 U L-1 ALP, respectively. 

Performance of the Nanochannels PEC Biosensor. 

Obviously, as the nanochannels gradually blocked, it will be 

more difficult for the solution solution-solubilized species (O2) 

to diffuse within the clogged channels. Figure 5 depicted the 

performance of the proposed nanochannels PEC biosensor by 

simply recording the transient photocurrent that stimulated 

from the backside of the transparent FTO electrode. Figure 5a 

revealed the stepwise signal change as the biosensor develop-

ment. As shown, upon light excitation, the bare CuxO NPIs 

promptly reached a steady cathodic photocurrent of 10.3 × 10
-7

 

A (curve a). After accommodating AAO membrane, the abso-

lute value of the photocurrent decreased to 8.44 × 10
-7

 A, due 

to the inherent impedance of AAO (curve b). The following 

modification of antibody-enzyme complex through silane 

chemistry only reduced the photocurrent slightly to 7.91× 10
-7

 

A (curve c), whereas this reduction is significantly magnified 

to 3.12× 10
-7

 A after the BCP reaction corresponding to 10 U 

L
-1

 ALP (curve d). As shown in Figure 5b and 5c, with the 

activity of ALP increasing, the photocurrent kept decreasing. 

This result agreed well with the SEM and naked eye observa-

tion, i.e., the AAO channels acted not only as a substrate for 

biomolecular loading  

 

 

Figure 5. (a) Photocurrent response of (curve a) the bare CuxO 

NPIs photocathode, the electrode after (curve b) blank AAO 

membrane accommodation, (curve c) antibody-enzyme modifica-

tion and (curve d) 10 U L-1 ALP catalyzed BCP reaction; (b) and 

(c) Photocurrent intensities after BCP reaction, corresponding to 

increased ALP activity; (d) The corresponding calibration curve. 

and precipitation collecting, but also the important aisles 

connecting electrolyte and the photoelectrode. And then the 

BCP-induced deposition accumulated on the surface and in-

side the channels will block these aisles to a varying degree, 

thus introducing different steric hindrance against the diffu-

sion of O2 along the nanochannels to the CuxO NPIs electrode. 

The higher enzyme activity, the more severe signal inhibition 

will be caused.  Figure 5d shows the corresponding derived 

calibration curve, demonstrating the linear correlation between 

the photocurrent intensity and the logarithm of ALP activity 

from 0.5 to 40.0 U L
-1

, with a detection limit of 0.33 U L
-1

 

(S/N = 3), and the linear equation was I (10
-7

 A) = 3.65 log 

(CALP, U L
-1

)-6.65, with a correlation coefficient R = 0.986. 

An interassay relative standard deviation (RSD) was used to 

evaluate the reproducibility. By analysing 10 U L
-1

 ALP with 

5 electrodes, the RSD was calculated to be 8.5%, indicating 

acceptable reproducibility. Given the excellent anti-

interference ability of the CuxO NPIs photocathode, the estab-

lished linear equation in this protocol could be applied to de-

termine the ALP activity in biological fluids, for example, 

diluted human serum. Actually, as a subfamily of phosphatase, 

ALP is of great importance in dephosphorylation process of 

proteins, DNAs and small molecules, whose disorder leads to 

the occurrence of several severe diseases such as dynamic 

bone disease, hepatitis, prostatic cancer and so on. The con-

centrations of ALP in healthy human blood is relatively low 

(ca. 40-120 U L
-1

), and a significant elevation happens when 

there is liver, bone or other disease.
49,50

 Accordingly, we then 
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determined the ALP activity in diluted healthy human serum 

by the proposed biosensor with the standard addition method, 

with the results presented in the Table S2. The coherence be-

tween our results and the commercial ALP kit results indicated 

that this protocol was qualified for applications in clinical 

diagnosis.  

CONCLUSIONS 

In summary, this work presented the new concept of na-

nochannels PEC biosensor and demonstrated the proof-of-

concept through a judiciously engineered PEC bionanosystem 

consisted of a unique CuxO NPIs photocathode, the nanopo-

rous AAO membrane, as well as their synergistic combination 

with the ALP catalytic chemistry. The as-fabricated CuxO 

NPIs photocathode possessed good performance in terms of 

strong and broad visible to near infrared light harvesting, fast 

generation of a stable cathodic photocurrent, and intrinsic anti-

interference ability. The AAO nanochannel arrays acted simul-

taneously as a platform for protein loading, a vessel for bio-

chemical reaction and product collecting, and also an aisle for 

solid-liquid interface connecting. With ALP-catalyzed precipi-

tation reaction, we succeeded to analyze the ALP activity with 

a low detection limit in biological fluid, which was qualified 

for clinical use. This work not only featured the first use of a 

unique CuxO photocathode and nanochannels in PEC bioanal-

ysis but also, upon the combination of various biorecognition 

events, provided a common basis for addressing of versatile 

targets. We further envision the new perspective of nanochan-

nels–semiconductor heterostructures could pave the way for 

advanced biochemical devices with faster response, enhanced 

sensitivity and higher stability.  
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