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Abstract 

A sensitive photoelectrochemical (PEC) biosensor for determination of alkaline phosphatase 

(ALP) activity was constructed based on a photo-excited electron transfer strategy. Immobilization 

of CdTe quantum dots (QDs) on TiO2 nanotube arrays (TNAs), addition of iron (III) and 

adenosine triphosphate (ATP) in turn can effectively adjust the photocurrent response of TNAs 

under visible light irradiation due to a photo-excited electron transfer process, and alkaline 

phosphatase (ALP) activity can be determined for its catalysis toward dephosphorylation of ATP. 

The preparation of CdTe QDs, construction of TNA/QD PEC biosensor and the mechanism of 

photo-excited electron transfer are investigated in the present work. Under the optimal 

experimental conditions, the TNA/QD PEC biosensor shows a low limits of detection (LODs) 



(0.05 U L
-1

) and limits of quantification detection (LOQs) (0.15 U L
-1

), wide linear range from 0.2 

to 15 U L
-1

, and good selectivity towards ALP determination, which has been successfully applied 

for human serum analysis with good precision (RSD ≤ 5.4%) and high accuracy (recovery rate, 91% 

-112%). 
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1. Introduction 

As a common enzyme in human body, alkaline phosphatase (ALP) could catalyze the 

hydrolysis or transphosphorylation of various phosphoric acid monoesters, including biological 

macromolecules and small organic molecules in alkaline medium [1,2]. The normal concentration 

of ALP in adult serum is 20-160 U L
-1

 [3], and some diseases, such as diabetes, liver dysfunction, 

bone disease and prostate cancer, could cause abnormally elevated ALP levels [4-6]. Therefore, 

construction of a sensitive analytical method for ALP activity is important for the clinical 

diagnosis of ALP-related diseases. To date, some analytical methods have been developed for 

determination of ALP activity, including colorimetric [7-9], electrochemical [4,10,11], 

fluorescence [12-14], and photoelectrochemical (PEC) analysis [15,16]. In which, the PEC assay 

exhibits an excellent analytical performance due to the separation of excitation signal from 

detection signal [17-19]. For example, Chen and co-workers developed a nanochannels PEC 

biosensor for the detection of ALP activity based on the biocatalytic precipitation controlled 

photoresponses of the cathodic photocurrents [15]. Shen et al. developed a simple double-channel 



PEC sensor for ALP activity based on differential signal between the measuring and reference 

PEC cells [16]. However, to the best of our knowledge, there has no report of PEC analysis for 

ALP determination based on an electron transfer mechanism.  

TiO2 nanotube arrays (TNAs) have a large surface area and one-dimensional nanostructure 

with tubular symmetry like other porous nanomaterials [20-23], and have been used in PEC 

biosensing due to the good biocompatibility and photochemical stability [24]. However, TNAs can 

only be excited by ultraviolet light due to the wide band gap [25,26], limiting their direct PEC 

application. In recent years, many attempts have been made to photosensitize TiO2 for visible light 

response [27-32]. In the present works, to sensitively determine ALP activity, we first prepared 

TNAs on titanium foil substrate by the electrochemical anodization according to our previously 

reported method [33]. Then the CdTe QDs were immobilized on the TNAs by covalent bond to 

form a TNA/QD biosensor, which could improve the visible light response of TNAs. Due to the 

electrostatic interaction of CdTe QDs and iron (III), a photo-excited electron transfer (PET) 

process would occur, where CdTe QDs acted as a donor and iron (III) as an electron acceptor [34], 

leading to the photocurrent decrease of TNA/QD. Addition of adenosine triphosphate (ATP) and 

ALP in turn would make the photocurrent of TNA/QD recovery and decrease again because of the 

chelation reaction between iron (III) and ATP and the catalysis of ALP toward ATP. Based on this 

mechanism, a sensitive PEC biosensor for determination of ALP activity would be constructed, 

and the specific construction process was shown in Scheme 1. 



 

Scheme 1. Construction process of the TNA/QD biosensor for determination of ALP activity based on a 

photo-excited electron transfer strategy. 

2. Experimental 

2.1. Materials and reagents 

Titanium foils, tellurium powder, sodium borohydride, cadmium chloride hemi 

(pentahydrate), L-cysteine, ATP and ALP from bovine intestinal mucosa (EC 3.1.3.1, 670 U mL
-1

) 

were purchased from Sigma-Aldrich Co., Ltd. (St. Louis, MO, USA). Glycerol and NH4F were 

obtained from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). All chemicals and 

materials were used as received unless otherwise noted. Deionized water (18.2 MΩ cm) was 

prepared from a Milli-Q water purification system and used in the present work. 

2.2. Apparatus 

The morphology of all nanomaterials was characterized by Hitachi S-4800 scanning electron 

microscope (Japan) and JEM-2100 transmission electron microscope (JEOL, Japan, acceleration 

voltage of 200kV), respectively. X-ray photoelectron spectroscopy (XPS) was conducted on a 

Thermo ESCALAB 250XI instrument with Al Kα X-ray source. UV-vis absorption spectra and 

fluorescence spectra were drawn by UV-2450 spectrometer (Shimadzu, Japan) and F-4600 FL 



spectrophotometer (Hitachi, Japan), respectively. PEC measurements were carried out on a 

CHI660E electrochemical workstation (CH Instruments, Austin, USA) with a conventional 

three-electrode system, in which, a TNA/QD was used as the working electrode, a saturated 

calomel electrode (SCE) was used as the reference electrode and a platinum wire electrode was 

used as the counter electrode, respectively. 

2.3. Preparation of CdTe QDs capped with L-cysteine 

NaHTe solution was prepared by mixing NaHB4 (1 mmol) and Te powder (0.4 mmol) in 10 

mL of N2 saturated water at 80 
o
C for 30 min. Then, 2.0 mmol of CdCl2 and 4.0 mmol of 

L-cysteine were mixed in a 50 mL of N2 saturated solution, and adjusted the pH to about 10.0. 

Under stirring, 2.0 mL of freshly prepared NaHTe solution was added through a syringe into the 

above solution at room temperature (RT) with the molar ratio of Cd: L-cysteine: Te of 1: 2: 0.4, 

and refluxed at 100 
o
C under N2 flow for 30 min to produce the CdTe QDs. Ethanol was added to 

precipitate CdTe QDs, which was centrifuged and washed with ultrapure water for several times. 

Then the purified CdTe QDs were dispersed in ultrapure water and stored in a dark environment 

for subsequent use. 

2.4. Construction of TNA/QD PEC biosensor and determination of ALP activity 

For construction of the TNA/QD PEC biosensor, the Ti/TNA was immersed in 100.0 μL of 

dried dimethyl sulfoxide (DMSO) containing 100 μg of N, N'-carbonyldiimidazole (CDI) at 4 
o
C 

for 2 h in the dark, then immersed in a 200-μL solution of the above-prepared CdTe QDs and 

incubated for 1 h with slight stirring. Finally, the TNA/QD was washed with water for several 

times and stored at 4 
o
C for the following use. Prior to determination of ALP activity. 0.4 μM of 

iron (III) and 0.5 μM of ATP was mixed in 200 μL of 10 mM Tris-HCl buffer solution (pH 8.0), 



shaken thoroughly and equilibrated for 30 min before PEC measurements, immersed the TNA/QD 

and measured the photocurrent under visible light irradiation, which was I0, then added ALP with 

different concentration into the above system and kept at RT for 20 min, determined the 

photocurrent value, which was I. Therefore, the ALP activity could be determined by the 

photocurrent change value of the TNA/QD PEC biosensor (△I=I0-I). To investigate the inhibition 

efficiency of Na3VO4 toward ALP, 5.0 μL of Na3VO4 solution with different concentration was 

initially added into 5.0 μL of 1.0 mU ALP solution for 20 min, then added into the PEC system 

similar to the determination procedure of ALP activity. 

3. Results and discussion 

3.1. Construction and characterization of TNA/QD PEC biosensor  

To construct a TNA/QD PEC biosensor, CdTe QDs were firstly synthesized and capped with 

L-cysteine to ensure the stability. The results showed that, with the increase of preparation time, 

the fluorescence emission wavelength of QDs increased from 532 to 560 nm (Fig. 1A), which 

displayed different colors from green to yellow under UV light irradiation (inset of Fig. 1A). At 

the same time, the absorption peaks of CdTe QDs were red-shifted from 485 to 530 nm and all in 

the visible light region (Fig. 1B), indicating that the electron transfer from the valence band (VB) 

to the conduction band (CB) of CdTe QDs would be easy to occur under visible light irradiation. 

However, CdTe QDs prepared for a long time were not stable. When the preparation time was 90 

min, CdTe QDs had relatively high fluorescence intensity and stability, and had an average size of 

3.5 nm as seen from the TEM image (Fig. 1C). In addition, the as-prepared CdTe QDs capped 

with l-cysteine could be verified by FT-IR spectra (Fig. 1D). For free L-cysteine (curve a of Fig. 

1D), the peaks of 1586 cm
-1

 and 1393 cm-1 were corresponded to the carboxyl group, the 



absorption peaks at 3176 cm-1 and 2077 cm-1 
indicated the existence of the –NH3

+
 group of free 

L-cysteine. The peak at around 3400 cm
-1

 indicated the −NH2 group, while the peak at 2550 cm
-1

 

represented the thiol group. Compared to free L-cysteine, only the characteristic peaks of the 

carboxyl and amino groups were observed on the L-cysteine-CdTe QDs (curve b of Fig. 1D). It 

was because that, the covalent affinity of Cd
2+

 to the S-H group of L-cysteine resulted in the 

disappearance of the thiol group vibration on the L-cysteine-CdTe QDs, which proved the 

covalent combination of CdTe QDs and L-cysteine. 

 

Fig. 1. Fluorescence emission spectra (A) and UV-vis absorption spectra (B) of CdTe QDs for various reaction 

times (a-h: 10 min, 20 min, 30 min, 60 min, 90 min, 120 min, 150 min and 210 min. λex = 360 nm). Inset: the 

photograph of L-cysteine-CdTe QDs prepared for various time under 365 nm UV light irradiation. (C) TEM 

image of CdTe QDs. (D) FT-IR spectra of the free L-cysteine (a) and L-cysteine-CdTe QDs (b). 

As shown in Fig. 2 A and B, the TNAs fabricated by electrochemical anodization technique 

with a potential of 20 V for 4h had an average length of 3.0 µm and the inner diameter of ~ 100 



nm, which were arranged with a typical ordered porous structure in continuous arrays, and could 

offer a large interior and outer surface area [35-37]. After immersing the activated TNA in CdTe 

QD solution for 1 h, CdTe QDs were clearly observed on the TNAs from the SEM image (Fig. 

2C), and the EDX showed the existence of Cd, Te, Ti and O (Fig. 2 D to H). In addition, the XPS 

survey spectrum of TNA/QD and corresponding high resolution XPS spectra of Ti 2p, O 1s, Cd 3d 

and Te 3d were shown in Fig. 2 I-M, in which, the peaks at 459.2 and 465.0 eV for Ti 2p3/2 and Ti 

2p1/2 indicated a Ti
4+

 state in TiO2 (Fig. 2J), two divided peaks at 530.8 and 532.5 eV in the O 1s 

spectra (Fig. 2K) were attributed to the crystal lattice oxygen of Ti-O in TiO2 and surface hydroxyl 

groups, respectively. The peaks at 405.8 and 412.1 eV (Fig. 2L) were ascribed to the Cd 3d5/2 and 

Cd 3d3/2 states of Cd
2+

 in CdTe, respectively. Furthermore, the two peaks in Fig. 2M were 

attributed to the Te 3d5/2 at 572.5 eV and Te 3d3/2 at 582.8 eV of Te
2-

. All of these suggested the 

successful construction of the TNA/QD PEC biosensor. 

 

Fig. 2. (A) SEM top-view and cross section images (Inset) of TNAs. (B) TEM images of TNAs. (C) SEM 

top-view image of TNA/QD. (D-H) Energy dispersive X-ray spectroscopy (EDX) of TNA/QD and corresponding 



element distribution mapping of Cd, Te, Ti and O. XPS survey spectrum of TNA/QD (I) and high-resolution XPS 

spectra of Ti 2p (J), O 1s (K), Cd 3d (L) and Te 3d (M). 

3.2. Fluorescent property of CdTe QDs and mechanism of TNA/QD biosensor for determination of 

ALP activity  

When iron (III) ion was added in the CdTe QDs solution, the fluorescence intensity of CdTe 

QDs decreased gradually with the increase of iron (III) concentration (Fig. 3A), which indicated 

that the formation of iron (III)-CdTe complex efficiently induced the photo-excited electron 

transfer from CdTe QDs to iron (III) ion, leading to the fluorescence quenching. Further addition 

ATP into iron (III)-CdTe solution, the fluorescence intensity recovered (Fig. 3B), reflecting that 

ATP seized iron (III) ion from iron (III)-CdTe, and CdTe QDs were in a free state, leading to the 

fluorescence recovery, which provided the feasibility for subsequent determination of ALP activity 

with PEC technique. 

 

Fig. 3. Fluorescence change of CdTe QDs after addition of iron (III) with different concentration (a-f: 0-0.4 μM) 

(A), then added ATP with different concentration (a-f: 0-0.5 μM) (B), λex = 360 nm. (C) Photocurrent response of 

TNA (a), TNA/QD (b) and TNA/QD after addition of iron (III) with different concentration (c-g: 0-0.4 μM), (D) 

Photocurrent response of TNA/QD in 0.4 μM of iron (III) solution containing ATP with different concentration (a-f: 



0-0.5 μM), applied potential, +0.2 V. (E) Cyclic voltammogram of TNA/QD, (F) Cyclic voltammogram of iron 

(III), electrolyte solution: 0.1 M NaCl, scan rate: 0.1 V s-1. 

Compared to TNAs (curve a of Fig. 3C), a typically anodic photocurrent for TNA/QD could 

be observed under visible light irradiation at an applied potential of +0.2 V (curve b of Fig. 3C). 

However, when the TNA/QD was immersed in a 10 mM Tris-HCl buffer solution (pH 8.0) 

containing iron (III), the photocurrent decreased gradually (curve c-g of Fig. 3C). After addition of 

ATP, the photocurrent would recovery (curve a-f of Fig. 3D). Further adding ALP enzyme, the 

photocurrent decreased again (curve g of Fig. 3D). It was because that, the band gap of CdTe QDs 

prepared for 90 min was calculated to be 2.26 eV from the UV-vis absorption spectra (Fig. 1B), 

and the CB and VB positions of CdTe QDs was -3.61 eV and -5.87 eV, respectively according to 

the formal redox potential with -1.03 V (vs. SCE, Fig. 3E). The CB of TNA at -4.21 eV was more 

positive than that of CdTe QDs [26], the photo-excited electrons could quickly transfer from the 

CB of CdTe QDs to that of TNAs, resulting in the photocurrent improvement of TNAs. However, 

after adding iron (III), it could chelate with CdTe QDs by amino and carboxyl groups, making the 

photo-excited electron from the CB of CdTe QDs (i.e., donor) to the unfilled d shell of iron (III), 

not to that of TNAs, due to the reduction potential of iron (III) and CdTe QDs of +0.05 V and-1.29 

V (vs. SCE, Fig. 3 E and F) respectively, leading to the photocurrent decrease of TNA/QD. 

Further adding ATP, iron (III) could coordinate with ATP through triphosphate group, weaken the 

interaction between iron (III) and CdTe QDs, leading to the recovery of TNA/QD photocurrent. If 

ALP enzyme was added into the above solution, ATP would be dephosphorylated to adenosine 

catalyzed by ALP, which was difficult to combine with iron (III). Therefore, iron (III) would 

recombine with CdTe QDs, leading to the decrease of TNA/QD photocurrent again. 

3.3. Optimization of experimental conditions on the TNA/QD biosensor 



In the present work, the added amount of iron (III) or ATP had significant effect on the 

photocurrent response of the TNA/QD biosensor. The results showed that, with the increase of 

iron (III) concentration, the photocurrent of TNA/QD gradually decreased. When the 

concentration of iron (III) was 0.4 μM, the photocurrent tends to be stable (Fig. 4A). When ATP 

was added in the solution, the photocurrent recovered, and the recovery value reached to a 

maximum at the concentration of ATP with 0.5 μM (Fig. 4B). So, 0.4 μM of iron (III) and 0.5 μM 

of ATP were used in the subsequent experiments.  

 

Fig. 4. Effect of experimental conditions on the photocurrent response of TNA/QD PEC biosensor. (A) Effect of 

iron (III) concentration (0-0.8 μM). (B) Effect of ATP concentration (0-1.0 μM). (C) Effect of pH from 4.0 to 10.0. 

(D) Effect of incubation time from 4 to 30 min. 

In addition, the medium pH affects both the enzyme activity and the state of iron (III) in 

solution. The photocurrent response was measured in the range of pH 4.0-11.0 in 10 mM Tris-HCl 

buffer solution. The results showed that (Fig. 4C), the photocurrent response increased at first with 



increasing pH of solution, the maximum response was obtained at pH 8.0. But the photocurrent 

decreased when the pH was larger than 8.0. It was because that, the catalytic activity of ALP 

enzyme would be inhibited in too acidic solution, and iron (III) would be hydrolyzed to form 

Fe(OH)3 in too alkaline solution, affecting its combination with CdTe QDs or ATP. So, 10 mM 

Tris-HCl buffer solution with pH 8.0 was used in the experiments, which not only ensured the 

high catalytic activity of ALP enzyme, but also ensured the steady state of iron (III). Furthermore, 

the influence of the incubation time after addition of ALP on the response of the TNA/QD PEC 

biosensor was investigated (Fig. 4D). The photocurrent leveled off after 15 min, indicating that the 

catalytic reaction attained the maximum. Thus, 20 min was selected as the incubation time for the 

PEC biosensor.  

3.4. Determination of ALP activity and effect of inhibitor 

Under the optimized experimental conditions, different concentrations of ALP were tested by 

the present biosensor. Fig. 5A showed that the photocurrent of the TNA/QD biosensor decreased 

with the increase of ALP concentration, and the change value of photocurrent was linear with the 

ALP concentration in the range of 0.2 to 15 U L
-1

 (Fig. 5B), the linear fitting equation was △I = 

1.6775C (U L
-1

) + 0.6028 (R
2
 = 0.9914), the limit of detection (LOD) of such biosensor was 0.05 

U L
-1

 (S/N=3), and the limits of quantification (LOQs) (S/N=10) was 0.15 U L
-1

, which indicated 

the TNA/QD could be applied for the evaluation of ALP activity in human body because the 

normal ALP levels in adult serums are approximately 20 to 160 U L
-1

 [3]. Compared to other 

methods in Table 1, the proposed assay for ALP determination exhibited an ideal measurement 

range and high sensitivity. 

The reproducibility and selectivity of the TNA/QD PEC biosensor were investigated. For the 



single TNA/QD biosensor, the relative standard deviation (RSD) was evaluated to be 2.5% for 12 

successive measurements. And the RSD was calculated to be 6.8% for 5 biosensors, which 

indicated good reproducibility of the biosensor. To study the selectivity of the biosensor, other 

nonspecific proteins including protein kinase A (PKA), glucose oxidase (GOD), horseradish 

peroxidase (HRP), alcohol dehydrogenase (ADH), and human serum albumin (HSA) were 

introduced as control. The result showed that (Fig 5C), the TNA/QD biosensor had almost no 

response to these interfering proteins, even if their concentration were 20 times that of ALP, which 

indicated the proposed method has high selectivity toward ALP determination. In addition, 

common interfering cations in real samples, such as Na
+
, K

+
, Ca

2+
, Mg

2+
, Zn

2+
, Mn

2+
 and Fe

2+
 

with the concentration of 1.0 mM, had also little effect on the analytical results. 

Table 1 Comparison of the proposed method for ALP determination with other previously reported works. 

Methods Linear range (U L-1) LOD (U L-1) Reference 

Electrochemical 0.1-5 0.03 10 

PEC 0.5-40 0.33 15 

PEC 0.003-1 0.001 16 

FRET 30-1650 8.45 38 

Electrochemical 1-500 0.5 39 

Fluorescence turn-on approach 0-8 0.1 40 

Colorimetric and SERS dual-readout 0.5-10 0.1 41 

Colorimetric 0.07-300 0.07 42 

Fluorescence quenching 2.5-40 1 43 

Real-time ratiometric fluorescent 25-200 10 44 

Label-free fluorescence 50-1000 10 45 

PET-based PEC  0.2-15 0.05 This work 

Furthermore, Na3VO4, a common ALP inhibitor, was introduced into the iron-ATP-ALP 

system to evaluate the efficiency of ALP inhibitor. The results showed that (Fig. 5D), the 



photocurrent recovered gradually with the increase of Na3VO4 concentration. The IC50 value of 

Na3VO4 was estimated to be 2.54 μM, which suggested that the proposed biosensor could be used 

for potential ALP inhibitor screening in drug discovery. 

 

Fig. 5. (A) Photocurrent responses of TNA/QD biosensor under visible light irradiation after immersing in 10 mM 

pH 8.0 Tris-HCl buffer solution containing 0.4 μM of Fe(III), 0.5 μM of ATP and ALP with 0 (a), 0.1 (b), 0.2 (c), 

0.5 (d), 1.0 (e), 2.0 (f), 5.0 (g), 7.0 (h), 10 (i) and 15 U L-1 (j), respectively. (B) Calibration curve of photocurrent 

response change of the biosensor versus ALP concentration in the ranges of 0.2-15.0 U L-1, applied potential, +0.2 

V. (C) Photocurrent change of the PEC biosensor after immersing in 10 mM pH 8.0 Tris-HCl buffer solution 

containing 0.4 μM of Fe(III), 0.5 μM of ATP (a) and 200 U L-1 of PKA (b), GOD (c), HRP (d), ADH (e), HSA (f), 

or 10 U L-1 of ALP (h). (D) Plot of the inhibition efficiency versus Na3VO4 concentration.  

3.5. Application 

To evaluate analytical reliability and application potential of the proposed TNA/QD PEC 

biosensor, the ALP activity was determined in 1% (v/v) human serum and the spiked experiment 

was carried out when 0.5 U L
-1

, 2.0 U L
-1

 or 5.0 U L-1
 of ALP was added into 1% (v/v) human 



serum, respectively. As seen in Table 2, the RSD values of the analytical results were between 2.8% 

and 5.4%, and the recoveries for the spiked samples ranged from 91% to 112%, which implied the 

PEC biosensor had a good accuracy and could be applied for practical analysis. In addition, the 

proposed PEC biosensor could be regenerated simply for repeated use by immersing in the iron 

(III) and ATP mixing solution according to experimental section, which could maintain ∼90% 

activity upon repetition of these regeneration steps for 20 cycles, showing an excellent reusability. 

Furthermore, compared to others PEC methods for ALP determination [15,16], the proposed 

method was simple and time-saving, the entire analysis process took a relatively short time and 

lasted about 1.0 h for each sample including detection and regeneration steps. 

 

Table 2 Determination of ALP activity with the proposed PEC biosensor. 

Sample Spiked (U L-1) Found (U L-1) Recovery (%) RSD (%, n=6) 

human serum 0.50 0.56 112 5.4 

2.00 1.82 91 3.2 

5.00 5.12 102 2.8 

 

Conclusions 

In summary, CdTe QDs immobilized on the TNAs improved the photocurrent response of 

TNAs under visible light irradiation. Addition of iron (III), followed by the addition of ATP could 

effectively adjust the photocurrent of TNAs due to the photo-excited electron transfer from CdTe 

QDs to iron (III) and the reaction of iron (III) and ATP, indicating the feasibility for determination 

of ALP activity based on its catalysis toward dephosphorylation of ATP. Under the optimal 

experimental conditions, the constructed TNA/QD PEC biosensor exhibited a satisfactory 

quantitative determination for the of ALP activity with high selectivity, good precision, and high 



accuracy, which has been successfully applied for the ALP analysis in the real human serum, and 

can be expected to have potential applications for the other biomolecule analysis. 
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 A sensitive PEC biosensor for ALP activity based on photo-excited electron transfer. 

 Controllable electron transfer adjustment among TNAs, CdTe QDs and iron (III) by ALP 

catalysis. 

 Determination of ALP activity with wider linear range of 0.2-15 U L
-1

 and lower LOD of 

0.05 U L
-1
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 Analysis of real samples with good accuracy, selectivity, reproducibility and stability. 

 




