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A B S T R A C T   

Alkaline phosphatase (ALP) is an enzyme that catalyzes the dephosphorylation of proteins, nucleic acids, and 
biomolecules. It is a potential biomarker for diverse diseases such as breast cancer, osteopenia, and hepatobiliary. 
Herein, we developed a colorimetric sensor for the ALP assay based on its enzymatic activity to dephosphorylate 
the p-aminophenol phosphate (pAPP) into pAP. In a solution containing silver nanoparticles (AgNPs) and Ag+

ions prepared using a low concentration of NaBH4, pAP mediates the growth of AgNPs by reducing the con
centration of Ag+ ions to enhance the intensity of localized surface plasmon resonance as the pAPP cannot induce 
a reduction of the remaining Ag+ due to the masking of the hydroxyl with phosphate. The quantitative assay of 
the ALP was demonstrated via the colorimetric detection of the pAP-mediated growth of AgNPs in the presence of 
an ALP. The highly sensitive enzymatic growth of AgNPs provided a wider dynamic linear range of 0.5–225 U/L 
with a lower limit of detection of 0.24 U/L than that previously reported. The use of pAP resulted in excellent 
selectivity of the sensor for the ALP assay in human serum, yielding a high recovery rate and a high precision of 
99.2 ± 1.5 % for the standard addition method.   

1. Introduction 

Alkaline phosphatase (ALP) is an enzyme that can eliminate phos
phate groups in proteins, nucleic acids, and biomolecules, which is 
crucial to sustain the metabolism of living organisms. Therefore, ALP is 
detected in the intestine, liver, kidney, bone, and placental tissues in the 
human body [1–4]. ALP is considered to be an important prognostic 
(and diagnostic) biomarker because the abnormal expression of ALP 
indicates the presence of certain diseases like breast and prostatic can
cer, bone disease, and hepatobiliary disease [5–10]. The normal level of 
ALP in adult human serum is 40–190 U/L (and is more than 500 U/L for 
children and pregnant women) [11]. A higher level of ALP typically 
indicates the presence of osteoblastic bone tumors [12,13], biliary 
obstruction [14,15], and diabetes [16,17], whereas a lower level is 
associated with some metabolic disorders or Wilson’s disease [7,18]. 
ALP has recently been presented as a label enzyme to replace horse
radish peroxidase (HRP) enzymes in immunoassay systems (ELISA) 
[19–22]. HRP enzymes have been extensively used in ELISA because of 

their small size, high turnover value, high stability, and low stearic 
hindrance. However, it has been reported that HRP interferes with 
antibacterial agents containing azides, cyanides, and sulfides. HRP also 
releases mutagenic and carcinogenic products upon reacting with the 
HRP substrate [23,24]. These drawbacks of HRP have prompted the 
usage of the ALP enzyme as an alternative to the HRP enzyme in 
immunoassay systems. Therefore, there have been considerable efforts 
to develop biosensors for the ALP assay via various detection strategies, 
such as fluorometry [25–28], Raman scattering [29–31], capillary 
electrophoresis [32–34], and electrochemical reactions [35–37]. 
Compared with other techniques, colorimetric ALP biosensors, which 
exploit the chromogenic signals between the phosphate substrate and 
the dephosphorylated products, enable much simpler and faster quan
titative detection of ALP with less complex instrumentation, making 
them suitable for point-of-care testing systems. 

A variety of phosphate molecules, such as p-nitrophenyl phosphate, 
disodium phenyl phosphate, and ascorbic acid phosphate, have been 
explored as a substrate for ALP biosensors [38–40]. Among these, 
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ascorbic acid phosphate, which is hydrolyzed into ascorbic acid by ALP, 
is the most commonly used substrate because it provides high reducing 
power for transducing chemical signals to optical or electrical signals 
[41–47]. However, the level of ascorbic acid is highly dependent on the 
nutrition condition of patients, leading to false-positive results in the 
ALP assay [48–51]. Therefore, an alternative phosphate substrate is 
required to develop highly sensitive and reproducible ALP biosensors. 

Herein, we developed a colorimetric biosensor for the ALP assay 
based on its enzymatic activity to convert p-aminophenol phosphate 
(pAPP) into pAP. pAP can mediate the controlled growth of AgNPs from 
a solution containing an AgNPs–Ag+ mixture that is prepared using a 
low concentration of NaBH4. The pAP-mediated growth of AgNPs en
hances the intensity of localized surface plasmon resonance (LSPR) with 
a distinct color change as a function of pAP concentration. The devel
oped colorimetric ALP biosensor used herein is highly sensitive with a 
low limit of detection (LOD) of 0.24 U/L with an UV–vis spectrometer 
and 30 U/L with a naked-eye readout. We also found that pAP is highly 
selective to the ALP detection, resulted in a reproducible ALP assay in 
diluted human serum (10 %) with a high recovery rate of 99.2 ± 1.5 % 
for the standard addition method. 

2. Materials and methods 

2.1. Materials 

Silver nitrate (AgNO3), magnesium chloride anhydrous (MgCl2), p- 
aminophenol (pAP), cetyl trimethyl ammonium bromide (CTAB), p- 
aminophenyl phosphate monosodium (pAPP), sodium boron hydride 
(NaBH4), alkaline phosphatase (ALP), penicillin-streptomycin (peni
cillin), thrombin (Thr), bovine serum albumin (BSA), glucose oxidase 
(GOX), matrix metallopeptidase 9 (MMP-9), and human immunoglob
ulin G (IgG) were purchased from Sigma Aldrich, whereas trypsin (Try) 
was purchased from ThermoFisher. All solvents and chemicals were 
used as received without purification. Deionized water filtered to 18.2 
MΩ.cm was used in all experiments. 

2.2. Preparation of gemini nonionic (GFEO) surfactant 

The gemini nonionic (GFEO) surfactant was synthesized in the 

laboratory using a procedure described in [52]. Fumaric acid was 
esterified with 3-(4-hydroxyphenyl) propanoic acid in the presence of 
p-toluenesulfonic acid as a catalyst, and xylene was used as a solvent. 
The theoretical volume of water was collected in the Dean–Stark 
apparatus to obtain the diester and the intermediate compound. After 
evaporating the solvent and performing recrystallization using diethyl 
ether, the intermediate compound was esterified with polyethylene 
glycol using the same conditions as in the fumaric acid esterification. 
After the reaction, the obtained product was treated like the afore
mentioned intermediate compound and the product was dissolved in 
xylene with dodecanoic acid and p-toluenesulfonic acid as a catalyst. 
Diethyl ether was used for recrystallization after evaporating the solvent 
and performing purification. The resulting compound was labeled as 
GFEO surfactant. 

2.3. Preparation of the AgNPs–Ag+ solution 

An aqueous solution of AgNO3 precursor (50 mL, 0.9 mM) was mixed 
with 3 mL of an aqueous GFEO surfactant solution (1 mM) and 1 mL of 
aqueous CTAB solution (10 mM). Then, the solution was stirred for 8 
min at 1100 rpm. Subsequently, 120 μL of hydrogen peroxide (35 %) 
was added to the aforementioned solution with stirring, followed by the 
addition of 330 μL of NaBH4 (0.1 mM). The color of the solution 
instantly changed from colorless to faint yellow. 

2.4. Characterization of AgNPs 

The morphology of the prepared AgNPs was imaged using a trans
mission electron microscope (TEM, JEM-ARM200 F, JEOL). The Zeta
sizer (Malvern) was used to examine the size distribution of the 
synthesized nanoparticles and their zetapotential. The LSPR of the 
nanoparticles was monitored using a UV–vis spectrometer (V770, 
JASCO). 

2.5. ALP assay based on the pAP-mediated growth of AgNPs 

Fixed volumes (50 μL) of ALP at different concentrations (0–450 U/ 
L) in Tris-base solution (10 mM, pH = 9.5) were mixed with 50 μL of 
pAPP aqueous solution (3 mM), and this solution was incubated for 30 

Scheme 1. Schematic representation of ALP detection based on the pAP-mediated growth of AgNPs.  
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min at 37 ⁰C in a water bath. After the incubation period, 1 mL of the as- 
prepared AgNPs–Ag+ solution was injected into the aforementioned 
solution. The change in color and absorbance of the solution was 
measured using the naked eye and UV–vis spectroscopy, respectively, 
after 5 min for the pAP-mediated growth of AgNPs. 

2.6. Selectivity for ALP assay 

Seven different biomolecular species, namely, penicillin, Try, Thr, 
BSA, MMP-9, GOX, and IgG, which are commonly present in human 
serum, were selected to investigate their interference with the developed 
ALP biosensor. They were individually tested as an alternative to ALP 
under the same conditions as mentioned in Section 2.5. Subsequently, 
the ALP assay was conducted with the species, and the results were 
compared with the case wherein there were no species present. 

2.7. ALP assay in human serum 

Human serum was used without any pretreatment. It was diluted 10 
times using the Tris-base solution (10 mM, pH = 9.5) prior to conducting 
the ALP assay using the same procedure as mentioned in Section 2.5, 
except that 50 μL of the standard ALP was replaced with 50 μL of the 
diluted human serum. A standard solution of ALP was added to the re
action solution to evaluate the recovery rate. The recovery rate (%) was 
calculated according to the following equation: 

Recovery rate (%) =
Measured concentration

Added concentration
˟ 100  

3. Results and discussion 

3.1. pAP-mediated growth of AgNPs 

A solution containing an AgNPs–Ag+ mixture was prepared using 
small concentrations of NaBH4, which is insufficient for the consump
tion of all Ag+ ions. The addition of hydrogen peroxide allowed for the 
further growth of AgNPs via the reduction of the remaining Ag+ ions 
[45]. The prepared AgNPs–Ag+ solution was kept in a refrigerator before 
use, and it showed no change in both its color and peak intensity at λ 
=407 nm for two months. This solution can be used as a colorimetric 
indicator of ALP when it is injected into the mixture of pAPP and ALP 
because pAP, which is released from pAPP by the action of ALP, reduces 
Ag+ ions for the further growth of AgNPs, resulting in the LSPR 
enhancement of AgNPs for the colorimetric detection of ALP (Scheme 1). 

In our ALP sensing scheme, the uniformity of the AgNP seeds in the 
prepared solution should be precisely controlled to maximize sensitivity 
to pAP because the growth of AgNPs depends on the size and shape of the 
AgNP seeds. To attain the uniformity in AgNP seeds, we employed a 
binary surfactant system (comprising CTAB and GFEO surfactants), 
which allows for better control of kinetics in nanoparticle formation and 
growth for fine tuning [53–55]. Compared with the irregular 
morphology and large size of AgNPs of the single surfactant systems 
(Figure S1 and S2 for the CTAB and GFEO surfactants, respectively), the 
simultaneous use of the CTAB and GFEO surfactants resulted in AgNPs of 
a small size exhibiting a uniform spherical nanostructure, as depicted in 
Figures S3a and S4a. The small size of the AgNPs is attributed to the use 
of the two different surfactants, leading to decreased solution interfacial 
tension and enhanced adsorption tendency of the surfactant toward 
interfaces. Thus, in the case of using a mixed surfactant, their adsorption 
affinity toward the initially formed AgNP surface is increased, thereby 
suppressing AgNPs agglomeration and preventing the formation of 

Fig. 1. Optimization of the ALP assay conditions. Effect of the (a) initial pAPP substrate concentration (b) pH of the medium and (c) incubation time were 
investigated. 
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bigger AgNPs [53,56,57]. After the reaction of the uniform AgNP 
seeds-Ag+ ions and pAP (85 μM), we confirmed the pAP-mediated 
growth of AgNPs via TEM imaging and particle-size estimation (with an 
increase in the average size of AgNPs) as depicted in Figures S3b and 
S4b, clarifying that our strategy works successfully. 

3.2. Colorimetric ALP biosensor based on the pAP-mediated growth of 
AgNPs 

Scheme 1 describes the principle of the ALP assay through an 
enzymatic reaction. The ALP enzyme can catalyze the dephosphoryla
tion of pAPP substrate into the pAP, which has the ability to mediate an 
enhancing AgNPs growth of the prepared AgNPs–Ag+ solution (Scheme 
1). As the ALP concentration increases, the amount of the released pAP 
from pAPP increases, followed by the increase in the LSPR peak intensity 
as a result of AgNP growth. pAPP cannot mediate the growth of AgNPs 
because the phosphate group of pAPP masks the hydroxyl group of pAP, 
thus preventing the release of the electron that is responsible for the 
reduction of Ag+ into AgNPs. Based on that, the mediated-growth of 
AgNPs–Ag+ by pAP can be used for ALP assay. 

The enzymatic activity of ALP depends on several parameters that 
must be optimized for a successful ALP assay, such as incubation time 
between the ALP and phosphate substrate (pAPP), pH of the environ
ment, and concentration of initial pAPP substrate. We optimized these 
factors to elucidate the best operation condition for the ALP assay, as 
shown in Fig. 1. As the pAPP is considered as the source of reducing 
agent pAP, its concentration plays an important role in enhancing the 

sensor sensitivity. Upon increasing the concentration of pAPP substrate 
to 3 mM, a continuous enhancement in the LSPR peak intensity at 407 
nm occurred (Fig. 1a). When the pAPP concentration was >3 mM, a 
background signal was observed even in the absence of ALP; thus, the 
optimal concentration of the pAPP substrate is 3 mM. Fig. 1b shows the 
effect of pH on the catalytic performance of ALP toward converting the 
pAPP into pAP. Upon increasing the environmental pH, the ALP activity 
enhanced, promoting a higher concentration of the released pAP. Thus, 
maximum change in the LSPR intensity of AgNPs occurred; as such, the 
pH of 9.5 was considered as optimal pH for highest ALP activity. As the 
reaction between the ALP and pAPP is kinetically controlled, optimizing 
the incubation time is significant. Thus, under the optimized pH and 
pAPP concentration, the incubation time between ALP and pAPP was 
investigated (Fig. 1c). Incubation time of 30 and 40 min induce similar 
changes in the LSPR intensity of AgNPs, indicating that both can lead to 
the same amount of pAP released; thus, 30 min was considered as the 
optimum incubation time between the pAPP and ALP. Results deter
mined the optimized condition for the ALP assay, as described in Section 
2.5, i.e., incubation of 50 μL of ALP in Tris-base solution (pH = 9.5) for 
30 min with 50 μL of pAPP (3 mM) at 37 ◦C, followed by the addition of 1 
mL of the prepared AgNPs–Ag+ solution. Then, a change in the LSPR 
intensity at 407 nm and the color was detected through UV–vis spec
trometry and the naked eye after a subsequent 5-min incubation. 

Colorimetric detection of ALP based on the pAP-mediated growth of 
AgNPs was conducted, as shown in Fig. 2a. By increasing the concen
tration of ALP from 0.5–225 U/L, a significant change in the absorption 
intensity, which originates from the LSPR effect, with a slight red shift, 

Fig. 2. (a) UV–vis spectra of the colorimetric ALP biosensor based on the pAP-mediated growth of AgNPs, with different concentrations of ALP and corresponding 
calibration curve showing the change in the absorbance of the biosensor at a wavelength of (b) 407, and (c) 520 nm as a function of ALP concentration. (d) 
Photograph of the color change of the sensor with different concentrations of ALP. The concentrations of ALP are 0, 0.5, 1.25, 2.5, 5, 7.5, 12.5, 17.5, 25, 30, 37.5, 50, 
62.5, 75, 100, 125, 150, 175, 200, and 225 U/L. 
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was observed, indicating further growth of the prepared AgNPs. The 
change in the absorption intensity at 407 and 520 nm was measured for 
the quantitative detection of ALP, which is shown in Fig. 2b,c, with a 

linear dynamic range of 0.5–225 U/L (y = 0.0037x + 0.044) and 0.5–75 
U/L (y = 0.0041x + 0.062) for 407 and 520 nm, respectively. The LOD 
was as low as 0.24 U/L based on the equation 3σ/m (σ is the standard 
deviation of the blank sample, and m is the slope of the calibration 
curve). The colorimetric response of the prepared AgNPs to ALP from 
yellow to brown is shown in Fig. 2d, which is useful for the colorimetric 
detection of ALP with naked eyes at an LOD of 30 U/L, where a yellow- 
to-brown color change was observed. The LOD of our ALP biosensor is 
lower than most of the previously reported ALP colorimetric sensors, 
including some of the fluorometric ones (Table 1), making it suitable for 
use as an ALP assay for biological samples. 

3.3. Selectivity test for the ALP assay 

To test the selectivity of our ALP biosensor, the potential interference 
of seven biomolecules, namely, penicillin, Try, Thr, BSA, MMP-9, GOX, 
and IgG, with the ALP biosensor were investigated because these bio
molecules are commonly found in human serum [42,46,68]. As shown 

Table 1 
Performance comparison of ALP biosensors.  

Method Linear range (U/L) LOD (U/L) Ref. 

Colorimetric 0.5–225 0.24 This work 
Colorimetric 0–120 5.4 [58] 
Colorimetric 0–200 1.25 [59] 
Colorimetric 5–100 3.3 [60] 
Colorimetric 0.01–0.4 0.01 [44] 
Colorimetric 0.2–20 0.1 [61] 
Fluorescence 3.4–100 0.9 [62] 
Fluorescence 17.6–782.6 1.1 [63] 
Fluorescence 4.6–383.3 1.4 [64] 
Fluorescence 0–150 0.15 [65] 
Fluorescence 0− 100 0.63 [66] 
Fluorescence 0.2− 100 0.06 [67]  

Fig. 3. (a) Selectivity test of the ALP biosensor with the seven common biomolecules and ALP. (b) Interference test of the ALP biosensor in the presence of the 
biomolecules and ALP. The concentrations of ALP in the selectivity and interference test were 150 and 100 U/L respectively, whereas the concentrations of BSA, 
MMP9, penicillin, thrombin, GOX, trypsin, and IgG were 100 μg/mL, 0.2 μg/mL, 500 U/L, 0.5 μg/mL, 50 μg/mL, 100 μg/mL, and 50 μg/mL, respectively. 

Fig. 4. (a) UV–vis spectra of the ALP biosensor with different concentrations of the added ALP in a 10 % diluted human serum solution and (b) linear standard 
addition calibration curve of the change in the absorbance of the biosensor as a function of added ALP concentration. 
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in Fig. 3a, only ALP caused a sharp change in the absorption intensity at 
470 nm compared with a slight change by the other biomolecules (the 
photograph of color change is shown in Figure S5a). Next, we explored 
the potential interference of the seven biomolecules with the ALP 
biosensor in the presence of ALP; no significant interference was 
observed, as shown in Fig. 3b. The photograph of the ALP biosensor 
color change is shown in Figure S5b. 

3.4. Human serum test of the ALP biosensor 

To test the feasibility for prognostic (and diagnostic) analysis, we 
prepared a 10 % diluted human serum solution and detected the con
centration of ALP using the standard addition method. The UV–vis 
spectra of the ALP biosensor with various concentrations of added ALP 
are shown in Fig. 4a (the color response of the sensor to the human 
serum is shown in Figure S6). The change in the absorption intensity at 
407 nm (ΔA407) with various concentrations of the added ALP is shown 
in Fig. 4b. Different concentrations of ALP (2.1, 6.25, 10.4 and 20.8 U/L) 
were added to the initial concentration of ALP in the 10 % diluted 
human serum based on the standard addition method, and the initial 
concentration of ALP is revealed to be 11.1 U/L as clarified in the 
Table 2. The recovery rates of each solution with the added ALP varied 
from 97.91%–101.25% with the relative standard deviation (RSD) 
ranging from 3.25 % to 4.75 %, respectively, proving the potential 
applicability of our ALP biosensor for clinical tests. 

4. Conclusion 

We developed a colorimetric ALP biosensor based on the pAP- 
mediated growth of AgNPs for the simple and rapid detection of ALP in 
human serum. We successfully analyzed a human serum sample 
comprising unknown ALP concentrations with high precision and high 
reproducibility using the standard addition method. We used pAPP as a 
new substrate for the dephosphorylation of ALP to exploit pAP, which 
does not interfere with the biomolecules in human serum, as a reducing 
agent for the further growth of AgNPs in the solution containing AgNP 
seeds and Ag+ ions. Given the high sensitivity of the LSPR peak intensity 
to the growth of AgNPs, our ALP biosensor showed a linear dynamic 
range as wide as 0.5–225 U/L and LOD as low as 0.24 U/L. The devel
oped biosensor exhibited a high recovery rate with a high precision of 
99.2 ± 1.5 %, proving its high applicability to clinical prognosis and 
diagnosis. Thus, we believe that our biosensor can be used as a general 
analytical tool for the detection of diverse biomolecules based on 
immunoassay technology using ALP as a labeling agent. 
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