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The detection of alkaline phosphatase (ALP) activity is of great significance in many biomedical 

applications and for understanding the functional mechanism of ALP-related biological events. A 

sensitive electrochemical ALP biosensor using ascorbic acid 2-phosphate (AA-P) as the substrate was 

developed based on a gold nanoparticle-decorated single-walled carbon nanotube (GNP/SWNT)-

modified glassy carbon electrode (GCE). The activity of ALP was determined indirectly according to 

the concentration of ascorbate (AA), which was generated during the hydrolysis reaction of AA-P in 

the presence of ALP as a catalyst. The biosensor exhibited a low applied potential, high sensitivity and 

selectivity, and the current response increased with ALP concentration from 3 to 50 U L
-1

 with a 

detection limit of 0.2 U L
-1

. The applicability of the developed method was demonstrated for 

successfully detecting ALP in whole HeLa cell lysate, thus providing a promising tool for other 

sensing systems that involve ALP. 

 

 

Keywords: Alkaline phosphatase activity, Gold particles, Single-walled carbon nanotubes (SWNTs), 

whole cell lysate. 

 

 

1. INTRODUCTION 

Alkaline phosphatase (ALP) (EC 3.1.3.1), one of the most common enzymes that exists in 

mammalian tissues, is a non-specific phosphomonoesterase that can catalyze the hydrolysis reaction of 

a wide variety of phosphoric acid monoesters in alkaline media including biological macromolecules 

(such as nucleic acids, proteins, and carbohydrates) and small organic molecules [1-2]. An abnormal 
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level of ALP activity has been associated with a number of diseases such as liver dysfunction [3], 

adynamic bone disease [4], breast and prostate cancers [5], and diabetes [6]. Thus, simple, sensitive 

and exact ALP detection methods are highly desired in clinical diagnoses and many biomedical 

applications.  

The routine assessment of ALP activity utilizes ALP substrates for the detection of 

enzymatically generated products via various monitoring techniques and methods. The most frequently 

described detection methods are electrochemistry[7-10], electrochemiluminescence [11-12], 

colorimetric[13-15] and fluorescence assays [16-20,23-25]. Among these methods, owing to the low 

detection limit, fast response, versatile design and ease of miniaturization, growing interest has been 

focused on electrochemical methods based on the direct detection or electrocatalytic approach. The 

future development of electrochemical methods for ALP activity assays depends on the selection of 

suitable substrates that can be converted by the enzyme to an electrochemical active product. 

Additionally, the substrate should be chemically stable and electrochemically inactive at the detected 

potential, while the product should have good electrochemical activity with rapid electron transfer to 

the electrode and should be able to be detected at a relatively low potential. The common substrates in 

the electrochemical detection of ALP activity are phosphorylated phenols such as 1-naphthol 

phosphate, p-nitrophenyl phosphate, p-aminophenyl phosphate, etc. The oxidation peak potential of 

most phenols appears at approximately 0.200 V, suggesting that there are potential interferences from 

other electroactive species at this potential. To fulfill the requirements of high sensitivity and minimum 

interference, in this work, ascorbic acid 2-phosphate (AA-P) was chosen as the substrate for the 

electrochemical detection of ALP activity based on the different electrochemical responses of the 

enzyme substrate AA-P and product ascorbate (AA) on the as-prepared electrodes. The oxidation 

current of AA can determine indirectly ALP. 

The previous work of our group has displayed the proposed mechanism for the electrooxidation 

of the ALP-catalyzed product AA [21]. AA can be electrochemically oxidized through a two electron 

and one-proton pathway, and SWNTs can facilitate the oxidation of AA at a low potential, 

approximately -0.100 V, which avoids interferences from other electroactive species at such a low 

potential. On this basis, the purpose of this work was to develop a highly sensitive and selective 

electrochemical method for the determination of ALP activity in biosamples such as cancer cell lysate. 

Herein, for the first time, an electrochemical biosensor for the ALP-catalyzed product AA was 

developed using dual signal amplification of SWNTs and gold nanoparticles (GNPs). The principle 

scheme is demonstrated in Scheme 1. The GNP /SWNT biocomposite denotes efficient electrocatalytic 

function and faster electron-transfer kinetics for the electrochemical oxidation behavior of AA at -

0.100 V. Compared to the reported electrochemical methods with phosphorylated phenols as the 

enzyme substrate, the main advantage of the present method is its high selectivity for the detection of 

the ALP-catalyzed product AA. Such a low oxidation potential avoids interference from other 

bioactive substances coexisting with AA in biological samples. With this striking analytical 

performance, the developed method is applied for the sensitive detection of AA and selective 

determination of ALP activity in whole HeLa cell lysate, which could be potentially useful in 

physiological metabolic process research and in clinical diagnosis. 
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2. EXPERIMENTAL SECTION 

2.1. Apparatus and reagents 

Ascorbic acid 2-phosphate (AA-P), dopamine (DA), lactate, glucose, and sodium ascorbate 

(AA) were all purchased from Sigma-Aldrich. The amino acids were obtained from Aladdin company. 

Dulbecco’s modified Eagle Medium (DMEM, high glucose) was obtained from Gibco Invitrogen, 

Carlsbad, CA. Fetal bovine serum (FBS, South American Origin) was obtained from HyClone. Single-

walled carbon nanotubes (with an average diameter less than 2 nm, SWNTs), and reduced graphene 

oxide (rGO) and graphene oxide (GO) were obtained from Chengdu Organic Chemicals Co., Ltd., 

Chinese Academy of Sciences (Chengdu, China). A 0.1 M phosphate-buffered saline (PBS) solution 

was prepared containing 136.7 mM NaCl, 2.7 mM KCl, 0.087 M Na2HPO4, and 0.014 M KH2PO4, 

using NaOH and HCl to adjust the pH. Aqueous solutions of AA-P, and AA were freshly prepared 

with PBS. A mixture of amino acids in 0.1 M PBS at pH 9.0 was prepared containing tryptophan, 

cysteine, glutamic acid, tyrosine, arginine, homocysteine, lysine, and phenylalanine (the final 

concentrations for every kind of amino acid was 50 μM), a mixture of metal ions in 0.1 M PBS at pH 

9.0 was prepared containing Fe
3+

, Fe
2+

, Zn
2+

, Al
3+

, Pb
2+

, and Cu
2+

 (the final concentrations for every 

type of metal ion was 20 μM), All reagents were at least analytical grade and used as received. 

Aqueous solutions were prepared with Milli-Q water. 

Cyclic voltammetry (CV) was performed on an electrochemical analyzer (CHI 660E, CH 

Instruments) with a GCE as the working electrode, a Pt wire as the counter electrode and a Ag/AgCl 

electrode (KCl-saturated) as the reference electrode. All potentials were referred to with respect to this 

reference electrode. Transmission electron microscopy (TEM) studies were carried out with the Tecnai 

G2 F20 microscope (FEI Company, USA) operating at a 200 kV accelerated voltage.  

 

2.2. Enzymatic assay for ALP 

The GC electrodes (2.0 mm diameter) and Au electrodes (1.6 mm in diameter) were 

successively polished with 0.3 and 0.05 µm alumina slurries on a polishing cloth, cleaned under bath 

sonication for 5 min in acetone and distilled water, and thoroughly rinsed with Milli-Q water. The Au 

electrode was then electrochemically pretreated by consecutively cycling the potential between -0.2 

and +1.6 V at 0.5 V s
-1

 in a 0.5 M H2SO4 solution until a cyclic voltammogram characteristic of a clean 

Au electrode was obtained. One milligram SWNTs were dispersed into 1 mL N,N-dimethylformamide 

(DMF) to obtain a homogeneous suspension under sonication, followed by drop-coating 3 μL of the 

prepared suspension onto the surface of cleaned GC electrodes to obtain the SWNT-modified 

electrodes (SWNT/GCEs). The procedures for the electrodeposition of gold nanoparticles (GNPs) on 

SWNT/GCEs agreed with reference [22]: GNPs were electrodeposited on the electrode by maintaining 

a constant potential of + 1.1 V (vs. Ag/AgCl, sat. KCl) for 60 s and then a constant potential of -0.1 V 

for 10 min at the desired electrode in 0.1 M HClO4 containing 0.1% HAuCl4. For the graphite-

modified GCE, a 2 mg/mL portion of graphite powder was dispersed into N,N-dimethylformamide 
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followed by drop-coating 2 μL of the dispersion onto the GC electrode. The electrode was then air-

dried to evaporate the solvent to obtain the graphite-modified GCE.  

Electrochemical measurements of the ALP-catalyzed substrate and products (AA-P, AA) were 

performed on the modified GCE and Au electrode in 0.1 M PBS. For ALP activity in the solution, AA-

P in PBS was preincubated with different concentrations of ALP for 15 min. The current signals were 

then recorded. The CV measurements were performed at a rate of 0.05 V s
-1

 in the potential range from 

-0.4 to 0.6 V. For ALP activity on the electrode, 2 μL of the aqueous solution of ALP (50 U L
-1

) was 

mixed with 1 μL of the aqueous solution of BSA (1 wt.%) and 1.5 μL of the aqueous solution of 

glutaraldehyde (1 wt.%), and the as-obtained mixture was dropped onto a clean GNP/SWNT-modified 

GCE.  

 

2.3 Cell culture and electrochemical determination of alkaline phosphatase activity in whole HeLa cell  

lysate 

Human cervical carcinoma cells (HeLa cells, Xi'an Medical University) were cultured in a 

DMEM medium supplemented with 10% fetal bovine serum, penicillin (100 µg/mL), and streptomycin 

(100 µg/mL) in a humid incubator (5% CO2, 37°C). The cell number was determined using a 

traditional counting chamber (Thoma). A Leica inverted microscope (DMI 6000) equipped with a 

digital monochrome camera (Leica DFC 350 FX) with software provided by Leica (LAS AF) was used 

to visualize the cells. The lysis buffer for the HeLa cells was prepared and contained 50 mM Tris–HCl, 

150 mM NaCl, and 0.1% Triton x-100, and the pH was adjusted to 9.0. 

For the alkaline phosphatase extractions, first, the cells were washed twice with 0.1 M PBS (pH 

7.4). All subsequent procedures were carried out at +4°C. The cells were scraped and collected into the 

0.5 mL lysis buffer, then homogenized in a vortex mixer for 20 min. The homogenate was centrifuged 

at 20000 × g for 10 min. The supernatant was collected into a fresh tube as the alkaline phosphatase 

extraction. For the electrochemical detection of alkaline phosphatase activity in whole HeLa cell 

lysate, the substrate AA-P was directly dispersed in the alkaline phosphatase extraction, the final 

concentration is 3 mM, and the mixture was incubated at 37°C for 10 min for subsequent detection.  

 

 

 

3. RESULTS AND DISCUSSION  

3.1. Cyclic voltammetric response of the enzyme substrate and product (AA-P, AA) at different  

modified GCEs  

Simple, sensitive and selective detection methods for bio-related molecules and enzymes 

exhibit extremely important roles in metabolic process research and clinical diagnosis. In the previous 

work of our group, a comparison of the voltammograms obtained for ascorbate (AA) oxidation at 

various electrodes clearly demonstrates that AA oxidation at SWNT- and heat-treated SWNT-modified 

electrodes located at a more negative potential exhibits a faster electron-transfer kinetics than GC and 

graphite-modified GC electrodes, suggesting the efficient electrocatalytic function of SWNTs [21]. 
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Based on these results, in this work, the ALP activity assays with high sensitivity and selectivity will 

be developed. As displayed in Scheme 1, the oxidation current of AA on the as-prepared electrode was 

applied to determine indirectly the ALP activity. The method is based on the fact that ALP as the 

catalyst can catalyze the hydrolysis of AA-P and trigger the release of AA. The latter can produce 

electrochemical signals at the electrode surfaces, while the AA-P substrate exhibit no electrochemical 

signals. Based on the various electrochemical responses of the enzyme substrate and product on the as-

prepared electrodes, the ALP activity can be sensitively determined. 

Figure 1A and 1B compare the oxidation of 3 mM AA at different kinds of modified 

electrodes. As shown, at the bare GCE (d), graphite-modified GCE (c), GO-modified GCE (b) and Au 

electrode (e), the oxidation of AA occurs irreversibly at +0.20 V, +0.19 V, +0.29 V and +0.30 V, 

respectively. The oxidation current value for the abovementioned electrodes did not exceed 20 μA. At 

the rGO-modified electrode, the oxidation of AA occurs at -20 mV with a response of less 20 μA. At 

the SWNT-modified GCE (g) and GNPs /SWNT-modified GCE (f), the oxidation of AA occurs at -70 

mV with oxidation current values of approximately 150 and 180 μA, respectively. These observations 

manifest the efficient electrocatalytic function of the SWNT/GCE or GNPs /SWNT-modified GCE and 

the faster electron-transfer kinetics towards the electrochemical oxidation behavior of AA. In view of 

the higher peak current for AA oxidation at the GNP /SWNT-modified GCE, the GNP/SWNT 

nanocomposites were chosen as the modified material for the subsequent ALP activity assays in this 

work.  

To further examine the feasibility of the as-designed sensing method, we studied the 

electrochemical behavior of the substrate AA-P at the corresponding electrodes. As shown in Figure 

1C and 1D, no corresponding oxidation or reduction peak appeared for 3 mM AA-P. These results 

clearly demonstrated that the electrochemical detection of ALP activity using AA-P as the substrate is 

feasible. It should be noted that a pair of redox waves was observed at a potential of 0.0 V (Fig. 1C), 

which were not generated from AA-P electrochemical behavior but were from the characteristic redox 

process of oxygen-containing moieties produced at the SWNTs, which had been verified in the 

previous work of our group[21]. 

Under physiological conditions, with PBS at pH 7.4, the analytical performance of GNP 

/SWNT-modified GCE was investigated by cyclic voltammetry with different concentrations of AA. 

As shown in Figure 2, a well-defined increase in the oxidation peak current at approximately -0. 70 V 

was observed with successive increments of AA in the AA concentration range from 0.3 mM to 5 mM, 

the linear equation was I (μA) = 52.05 CAA (μM) – 9.886 (R =0.986), and the detection limit of AA 

was 0.01 mM. The assay displayed good performance in the detection limit and the linear range, which 

was attributed to the excellent catalytic properties of the GNP /SWNT nanocomposites. Since the 

method is based on the oxidation current of AA on the GNP /SWNT/GCE to indirectly determine ALP 

activity, these results evidently manifested that the use of GNP /SWNT nanocomposites and AA-P as 

the substrate for the ALP activity assays are successful. 
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Scheme 1. The proposed mechanism for detecting ALP activity by using the GNP/SWNT 

nanocomposite. 

 

 

 
 

Figure 1. (A) and (B). Typical cyclic voltammograms (CVs) obtained at the bare GC (d), rGO-

modified (a), GO-modified (b), graphite-modified (c), SWNT-modified (g), and GNP /SWNT-

modified (f) GC electrodes and Au electrode (e) in 0.10 M PBS (pH 7.4) in the absence and 

presence of 3 mM AA. (C) and (D). Typical cyclic voltammograms (CVs) obtained at the bare 

GC (g), rGO-modified (e), SWNT-modified (b), GNP/SWNT-modified (a) GC electrodes and 

Au electrode (i) in 0.10 M PBS (pH 7.4) in the absence and presence of 3 mM AA-P. Scan rate, 

50 mV s
-1

. 
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Figure 2. CVs and plot of Ip (μA) versus CAA at the GNP /SWNT-modified GCE in different 

concentrations of AA (from bottom to top: 0, 0.5, 1, 1.5, 2, 3, 5, and 10 mM) in 0.10 M PBS 

(pH 7.4). Scan rate, 50 mV s
-1

. 

 

3.2. Characterization of the GNP /SWNT nanocomposites 

Transmission electron microscopy (TEM) was used to characterize the morphologies of the as-

prepared GNP/SWNT nanocomposites and directly monitor the formation of GNPs on the SWNTs. 

These TEM profiles demonstrate an obvious difference in the SWNT morphology between the pristine 

SWNTs and GNPs /SWNTs. In detail, it is observed that large amounts of microcubes with sizes of 

several micrometers and quite smooth surfaces were observed from the net SWNTs in Figure 3A. In 

contrast, as shown in Figure 3B, the surface of the SWNTs was modified with homogeneous spherical 

nanoparticles, indicating that there was a substantive formation of GNPs on SWNTs by using the 

electrodepositing method. Herein, there are two functions of GNPs in this work. One is the 

amplification of the active surface area, and the other is providing more biocompatible sites for the 

cross-linking of ALP, as demonstrated later.  

Moreover, the different interfaces of the modified electrodes were evaluated by monitoring the 

change in the electron-transfer resistance (Ret) using electrochemical impedance spectroscopy (EIS) 

and conductivity using cyclic voltammetry with [Fe(CN)6]
3-

/
4-

 as the redox probe (Fig. 3C and Fig. 

3D). As shown in Fig. 2C, EIS included a semicircular portion at higher frequencies and a linear 

portion at lower frequencies, which corresponds to Ret and the diffusion process, respectively. Ret (Fig. 

3C, c) at the GNP /SWNT-modified GCE was much smaller than that at a bare GCE (Fig. 3C, a) or 

was slightly smaller than the SWNT-modified GCE (Fig. 3C, b), suggesting that both GNPs and 

SWNTs can both accelerate the electron transfer of [Fe(CN)6]
3-

/
4- 

due to their excellent electronic 

conductivity. To attain better electrochemical responses, GNPs and SWNTs were combined as the 

nanocomposite for dual signal amplification. The CV data also showed perfectly good agreement with 

the above results of the Nyquist plots (Fig. 3D). The results demonstrate again that GNPs have 

successfully been synthesized on the SWNT-modified GCE by using an electrodeposition method to 

catalyze the electrochemical oxidation of AA at a low potential.  

javascript:void(0);
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Figure 3. TEM images of (A) SWNTs and (B) GNP-electrodeposited SWNTs. Nyquist plots of the 

impedance spectra (C) and cyclic voltammograms (D) of different electrodes in 0.1 M PBS (pH 

7.4) containing 5 mM
 
[Fe(CN)6]

3-
/[Fe(CN)6]

4-
: a) bare GC, b) SWNT-modified, and c) GNP 

/SWNT-modified GCE. The biased potential was + 0.25 V. The frequency was from 1 Hz to 

100 kHz, and the amplitude was 5.0 mV. Scan rate, 100 mV/s. 

 

3.3 Effect of pH 

Since the electrochemical behaviors of the ALP-hydrolyzed product AA and ALP activity both 

depend on the pH value of the detection solution, to attain a high sensitivity, the effect of pH on the 

electrochemical behaviors was studied at the GNP /SWNT/GCE with typical pH values (pH 4.5, pH 

7.4, pH 9.0) in the presence of 3 mM AA. The pH value of 7.4 was chosen because the pH value of the 

physiological condition is 7.4, whereas pH 9.0 was chosen because ALP exhibits maximum activity at 

pH 9.0. As shown in Fig. 4, the oxidation peak currents increased with an increase in pH, and the 

largest current response appeared at pH 9.0, indicating that an alkaline condition was beneficial to the 

electrochemical processes for AA oxidation. In addition, the redox peak potentials negatively shift 

gradually with an increase in pH value, suggesting that H
+
 participated in this process. The previous 

work of our group has displayed the proposed mechanism for the electrooxidation of AA [21]. AA is a 

water-soluble hexonic sugar acid and has two dissociable protons with pKa values of 4.2 and 11.8, 

which means that AA is a monovalent anion at pH 7.4 or pH 9.0. Further, AA should be 

electrochemically oxidized through a two-electron and one-proton pathway (Scheme 1), which can 

explain the phenomenon of a negative shift in the potential. Since the higher peak current response for 

AA oxidation was obtained in an alkaline condition pH 9.0 and ALP also exhibits maximum activity at 

A B 
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pH 9.0, 0.1 M PBS (pH 9.0) was selected as the pH buffer for the subsequent ALP activity assays in 

this work. 

 

 
 

Figure 4. CVs obtained in different pH buffer solutions containing 3 mM AA with GNP /SWNT-

modified GC electrodes. From left to right: 0.10 M PBS (pH 9.0, pH 7.4, pH 4.5). 

 

3.4. Assay performance for the detection of ALP activity based on GNP /SWNT nanocomposites  

Alkaline phosphatase (ALP) is one of the most important hydrolase that exists in different 

tissues. ALP assays generally utilize ALP substrates and detect enzymatically generated products to 

indirectly reflect the ALP activity. Herein, AA-P was chosen as the substrate for the electrochemical 

detection of ALP activity, and the oxidation current of AA can determine indirectly the ALP activity. 

By empirically optimizing the detection conditions, the following optimal parameters were identified: 

a 60-s electrodeposition time for the GNPs and a 15-min incubation time. For the ALP activity in the 

solution, 3 mM AA-P in PBS (pH 9.0) was incubated with varying units of ALP for 15 min, the 

oxidation current signals at the GNP /SWNT-modified GCE were then recorded. Figure 5 displayed 

typical voltammetric responses toward 3 mM AA-P incubated with different concentrations of ALP, 

and the results indicate that almost no current response was observed from the AA-P solution without 

the presence of ALP. In contrast, a well-defined increase in the oxidation peak current at 

approximately -0.100 V was observed with an increase in ALP activity, Fig. 5 inset shows the 

calibration curve for the ALP assay, and the linear equation was I (μA) = 3.4947 CALP (U L
-1

) + 1.7737 

(R =0.982) in the range from 3 U L
-1

 to 10 U L
-1

. The detection limit of the ALP concentration based 

on a signal-to-noise ratio of 3 (S/N = 3) was calculated to be 0.2 U L
-1

. Compared with other methods 

for the ALP activity assay, the as-established electrochemical method displayed good performance 

regarding the detection limit and linear range. For example, our system was comparable and even more 

efficient for the detection of ALP activity compared to existing methods (Table 1). More importantly, 

the obvious advantage of this study is the simplicity and effectiveness in using AA-P as the substrate, 

in which the hydrolysis product had a lower oxidation potential, demonstrating the high selectivity 

compared with other species, as described later. 
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Figure 5. CVs and plots of Ip (μA) versus CALP in the presence of 3 mM AA-P with different 

concentrations of ALP from bottom to top (0, 3, 5, 10, 20, 30 and 50 U L
-1

) at the GNPs 

/SWNTs-modified GC electrode in 0.1 M PBS at pH 9.0. Scan rate, 50 mV s
-1

. 

 

Table 1. Analytical performance for the ALP activity assay. 

 

 

Detection 

technique 

 

Materials used 

 

Detection 

limit 

 

Linear range 

Sample 

analysis 

Refer

ence 

Differential pulse 

voltammetry 

Copper sulfide 

nanoparticle-decorated 

graphene 

 

0.02 U L
-1

 

 

0.1 to 100.0 U L
-1

 

 

serum samples 

 

7 

Cyclic 

voltammetry 

Sodium molybdate-

decorated graphene 

oxide 

 

0.5 U L
-1

 

 

1.0 to 500.0 U L
-1

 

 

No 

 

10 

Differential pulse 

voltammetry 

Single molecular 

beacon-initiated T7 

exonuclease mediated 

signal amplification 

 

0.1 U L
-1

 

 

0.1 to 10.0 U L
-1

 

 

No 

 

8 

Fluorescent 

strategy 

 

Resazurin 

 

0.12 U L
-1

 

 

0.6 to 6.0 U L
-1

 

diluted serum 

samples (0.2% 

fetal bovine serum). 

 

23 

Fluorescent 

strategy 

Infinite coordination 

polymer (ICP) 

nanoparticles: the 

coumarin@Tb-GMP 

suspension 

0.010 U mL
-1

 0.025 U mL
-1

 to 

0.2 U mL
-1

 

No 20 

Fluorescent 

strategy 

polyethyleneimine-

capped copper 

nanoclusters and the 

MnO2 nanosheets 

 

0.27 U L
-1

 

 

0.5 to 200.0 U L
-1

 

 

dilute human serum 

(5%) 

 

24 

Fluorescent 

strategy 

graphene quantum dots 

and para-benzoquinone 

(BQ). 

 

0.45 U L
-1

 

 

1.0 to 90.0 U L
-1

 

 

dilute serum 

samples 

 

25 

Colorimetric and 

SERS dual-

readout 

Ag-coated Au 

nanoparticles 

 

0.10 U L
-1

 

 

0.5 to 10.0 U L
-1

 

 

No 

 

15 

Electrochemilumi

nescence 

CdSe nanoparticles 2.0 U L
-1

 2.0 to 25.0 U L
-1

 diluted serum 

samples 

11 

 
Cyclic 

voltammetry 

Gold nanoparticle-
decorated single-walled 

carbon nanotubes 

 
0.2 U L

-1
 

 
3.0 to 50.0 U L

-1
 

 
whole HeLa cell 

lysate 

 
This 

work 
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3.5 Detection of AA-P at the ALP/GNP/SWNT-modified GCE biosensor 

ALP was dropped onto the ALP GNP /SWNT-modified GC electrodes to develop a biosensor 

based on the immobilization of ALP on the electrode. Considering that the enzymatic activity is 

inhibited by the presence of heavy metals, insecticides, nerve gases, etc., enzyme-based biosensors are 

important tools to detect these toxic chemicals for healthcare applications, the food industry, 

environmental analyses, etc. [26-27]. The ALP biosensor was explored by CV measurements at an 

applied potential of 0.0 V vs. Ag/AgCl. The resulting ALP/GNP/SWNT-modified GCE exhibits good 

bioelectrocatalytic activity for the oxidation of AA that originated from ALP-catalyzed AA-P 

hydrolysis, which commences at -0.1 V, as shown in Figure 6A. After the immobilization of ALP onto 

the GNP/SWNT-modified GCE, a well-defined current response was recorded for AA-P at the 

ALP/GNP/SWNT-modified GC electrode and the current responses reached their maximum values in 

a short time, suggesting good sensing properties of the ALP-based biosensors with GNPs and SWNTs 

as the electrocatalysts for the oxidation of the ALP–hydrolyzed product AA. 

Figure 6B shows the amperometric response at the ALP/GNP/SWNT-modified GCE at 0.0 V 

in a stirred solution on the successive addition of AA-P. With increasing AA-P concentration, the 

amperometric response of the biosensor increased in the range from 0.1 to 3 mM. The response current 

increased with increasing AA-P concentration, and the calibration curve was I (μA) = 2.3407 CAA-P 

(mM) + 0.3369 (R =0.987) in the range from 0.1 mM to 1.5 mM. Additionally, the detection limit of 

ALP concentration based on a signal-to-noise ratio of 3 (S/N = 3) was calculated to be 20 μM. The 

higher AA-P concentrations have the lower amperometric responses; furthermore, when the 

concentration of AA-P exceeded 3 mM, the amperometric response gradually leaned toward a constant 

value, indicating that the ALP catalytic reaction changed from the first to zero order, which agrees 

with the characteristic of Michaelis–Menten kinetics. The experiments showed that the resulting AA-P 

biosensors based on the ALP/GNP/SWNT biocomposite exhibited a rapid and sensitive response to the 

change in AA-P concentration, which could be potentially useful for evaluating the enzyme inhibitor 

efficiency and may be further applied to monitor toxic chemicals in the environment. 

 

 

Figure 6. (A) CVs at the ALP/GNP /SWNT-modified GC electrodes in the absence and presence of 

3.0 mM AA-P in 0.1 M PBS at pH 9.0. Scan rate, 50 mV s
-1

 (B) Typical current–time plot for 

the sensor with the successive addition of stock AA-P to 0.1 M PBS (pH 9.0) at 0.00 V vs. 

Ag/AgCl. The insert shows the linear relationship between the peak current values and the 

concentration of AA-P. 

javascript:void(0);
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3.6 Interference study 

The selectivity of the GNP/SWNT-modified GCE towards AA-P activity was assessed by 

testing the specific enzyme (5 U L
-1

 ALP) and nonspecific enzymes (other proteins and enzymes, 

including BSA, GOx, lysozyme, and AChE) in the solution. A distinct increase in current (ΔCurrent = 

16.2 μA) was observed for 5 U L
-1

 ALP, whereas a very slight increase in current was found for the 

other proteins and enzymes (Figure 7A). A distinct increase in ALP was ascribed to AA that is 

generated in the hydrolytic reaction and increased depending on the ALP activity under the condition 

of excess AA-P at the GNP /SWNT-modified GCE. These results indicate that the proposed strategy 

exhibited good selectivity for the ALP activity assays in the biosystem samples. 

Moreover, the selectivity of the ALP/GNP/SWNT-modified GCE was evaluated by comparing 

its current response towards AA-P with the most common bioactive species, including glucose (0.5 

mM), 6 types of metal ion mixtures, amino acids, citric acid, oxalic acid under the same detection 

conditions. The results demonstrated that no noticeable changes in the current signals were detected for 

the interfering species at the present operating potential in this system, suggesting that the proposed 

strategy based on ALP/GNPs/SWNTs biocomposite has a high selectivity towards the substrate AA-P, 

allowing potential applications in complex samples for screening enzyme inhibitors and determining 

toxic chemicals. 

 
 

Figure 7. (A) A selectivity evaluation of the ALP activity assay at the GNP /SWNT-modified GCE 

was performed in 3 mM AA-P in 0.10 M PBS (pH 9.0) with blank, 5 U L
-1

 ALP or 20 U L
-1 

interferences including glucose oxidase (GOx), lysozyme, acetylcholinesterase (AChE) and 0.1 

mg/mL bovine serum albumin (BSA). (B) Current-time responses obtained with the system 

towards species including glucose (0.5 mM), 6 types of metal ion mixtures (Fe
3+

, Fe
2+

, Zn
2+

, 

Al
3+

, Pb
2+

, and Cu
2+

, 50 μM), 3 types of anion mixtures (SO4
2−

, NO3
−
, and Cl

-
, 100 μM), amino 

acid mixtures, citric acid (100 μM), and oxalic acid (50 μM), which were added in order. The 

other conditions were the same as those in Figure 6B. 

 

3.7. Detection of ALP activity in whole HeLa cell lysate 

To evaluate the applicability of the as-established detection method for the electrochemical 

detection of ALP activity in real samples, the ALP activity in whole HeLa cell lysate was detected as 

depicted in Figure 8. The black line displays the current response in the absence of the AA-P substrate. 
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For comparison, after the addition of AA-P into the whole HeLa cell lysate, it was observed that an 

oxidation peak appeared at -0.100 V, which was estimated as the peak current ascribed to the current 

response of AA. This finding indicates that ALP activity in the HeLa cell lysate was 0.8012 U L
-1

 for 

5×10
5
 cells•mL

-1
 and 1.8912 U L

-1
 for 1×10

6
 cells•mL

-1
, suggesting the existence of ALP in the HeLa 

cells. The applicability of the developed method was demonstrated for ALP activity in whole HeLa 

cell lysate, which could be potentially useful to measure ALP in clinical samples. 

 

 

 

Figure 8. Typical CVs of 3 mM AAP obtained in 0.1 M PBS (pH 9) in the absence and presence of 

whole HeLa cells lysates. (Hela cells, 5×10
5
 cells•mL

-1
, 1×10

6
 cells•mL

-1
) at the GNP /SWNT-

modified GC electrode. Scan rate, 50 mV s
-1

. 

 

 

 

4. CONCLUSIONS 

This work is the first demonstration of the electrochemical detection of alkaline phosphatase 

(ALP) activity using ascorbic acid 2-phosphate (AA-P) as the substrate. The oxidation current of the 

ALP-catalyzed product ascorbate (AA) can indirectly determine ALP activity. By combining the 

virtues of carbon nanotubes and gold nanoparticles for efficient electrocatalytic activity towards AA 

oxidation, an electrochemical protocol was successfully developed for the selective detection of ALP 

activity. Compared with existing methods using phosphorylated phenols as the enzyme substrate, the 

main advantage of the present method is its high selectivity for detecting AA. AA is a good alternative 

for phenols and allows the sensitive and selective electrochemical detection at -0.10 V. Such a low 

oxidation potential avoids interference from other bioactive substances. The applicability of the 

developed method was demonstrated for the successful determination of ALP activity in the whole 

HeLa cell lysate, suggesting that the as-established method could be potentially useful in physiological 

metabolic process research and in clinical diagnosis. 
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