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a b s t r a c t

In this work, a very simple dual-readout lateral flow test strip (LFTS) platform was developed for sensi-

tive detection of alkaline phosphatase (ALP) based on a portable device. In this assay, quantum dots (QDs)

conjugated with bovine serum albumin (QDs-BSA) were chosen as fluorescence signal labels. In the ab-

sence of ALP, MnO2 nanosheets aggregate on the test line and exhibit an obvious brown color, which

can be observed by naked eyes to realize semi-qualitative analysis. Meanwhile, fluorescence intensity of

QDs-BSA can also be effectively quenched by MnO2 nanosheets due to inner-filter effect. Correspondingly,

in the presence of ALP, ALP can catalyze the hydrolysis of ascorbic acid 2-phosphate (AAP) to generate

L-ascorbic acid (AA), which can reduce MnO2 into Mn2+, accompanying with the obvious fluorescence

recovery of the QDs. By simply monitoring the change of colorimetric and fluorescent signal on the test

line, trace amount of ALP can be quantitatively detected. Under the optimal conditions, measurable eval-

uation of ALP was reached in a linear range from 1 U/L to 20 U/L with a detection limit of 0.7 U/L based

on fluorescence signal. Furthermore, this colorimetric/fluorescent dual-readout assay was successfully ap-

plied to monitor ALP in human serum samples, showing its great potential as a point of care biosensor

for clinical diagnosis.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Alkaline phosphatase (ALP), an essential and universal hydro-

lase in human body, plays a vital role in normal growth of or-

ganism [1–3]. Moreover, this enzyme can catalyze hydrolysis of

phosphoryl esters and has been used as a crucial clinical diagno-

sis indicator for the variety of diseases [4–6]. The expression lev-

els of ALP in different organisms are not uniform, ranging from 46

U/L to 190 U/L in adult serum and above 500 U/L in children and

pregnant women [7]. The concentration of ALP deviation is associ-

ated with many diseases, such as bone disorders (osteoporosis and

bone tumor), hepatobiliary and liver dysfunction (extrahepatic bil-

iary tract obstruction,cirrhosis and hepatitis), breast and prostatic

cancer, and diabetes mellitus [8–10]. Thus, convenient and sensi-

tive quantification of ALP level in complex biological systems is

highly meaningful.

To date, many analytical methods for ALP determination have

been developed, such as chemiluminescence [11,12], electrochem-

istry [13], colorimetry [14,15], chromatographic and surface en-
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hancement Raman scattering assay [16,17]. Despite these tech-

niques are useful and have been successfully applied to sensing

ALP, most of them still have some hindrances including high cost

and specialized equipment, time-consuming and difficulties con-

nected with implementation in point-of-care clinical diagnostics,

which greatly limit their applications. Therefore, exploring novel

methods, meeting the demand of simplicity, rapidness, low-cost,

high sensitivity and highly accurate on-site diagnosis are still ur-

gently needed.

Recently, lateral flow test strips (LFTSs) have received exten-

sive attention due to their rapidness, robustness, low-cost, and low

technical barrier [18–20], Up to now, most of the previously re-

ported LFTS systems were based on single readout, either colori-

metric or fluorometric [21–23], which was not convincing enough

because many factors may interfere with the signals readout. To

obtain better performance for measuring disease indicators or

monitoring the efficacy of therapeutic treatment, new LFTS with

multiple signals is highly required. Compared with single signal,

dual/multiple signals LFTS have higher sensitivity, higher accuracy

and wider application range [24,25].

https://doi.org/10.1016/j.cclet.2021.05.019
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Manganese dioxide (MnO2) nanosheets, as a new kind of 2D

nanomaterials, have received great favor by researchers in recent

years owing to their excellent physical and chemical properties

[26–28]. Based on their broad and intense absorption band and fast

electron transfer rate, MnO2 nanosheets have been widely utilized

as fluorescence quencher to fabricate biosensors [29–31]. For ex-

ample, our group has developed a fluorescence “switch-on” probes

for rapid glutathione detection by using carbon dots and MnO2

nanocomposites [32]. Lin et al. also utilized MnO2 nanosheets-

carbon dots for the sensitive detection of organophosphorus pesti-

cides [33]. More interestingly, many previous work show that ALP

can catalyze the hydrolysis of ascorbic acid 2-phosphate (AAP) to

generate ascorbic acid (AA) [34] and AA can lead to the decompo-

sition of the MnO2 nanosheets [35–37]. On the basis of this knowl-

edge, MnO2 nanocomposite may possess great potential for the

sensitive detection of ALP.

Herein in this work, a novel dual-readout LFTS for ALP detection

was fabricated based on MnO2 nanosheets and fluorescence quan-

tum dots (QDs). The principle of this dual-readout platform was

shown in Scheme 1. In the absence of ALP, MnO2 nanosheets ag-

gregate on the test line exhibiting a dark brown color to adopt as a

colorimetric signal. Meanwhile, the fluorescence intensity of QDs-

BSA compound can be quenched by captured MnO2 nanosheets. In

the presence of ALP, ALP can effective bio-catalyze AAP hydroly-

sis to generate AA, which reduces MnO2 to Mn2+. As a result, the

brown color on the test line fades and the fluorescence signal of

QDs also recover. The change of color and fluorescence intensity

of QDs is highly depended on the concentration of ALP. More im-

portantly, this new developed dual-readout sensor displays a great

potential for detecting ALP with advantages of simplicity, good re-

producibility, robust stability and low-cost.

The detailed synthesis process of QDs and QDs-BSA conjugates

can be found in Supporting information. And the physicochemical

property of QDs and QDs-BSA were characterized by Transmission

electron microscopy (TEM), fluorescence emission spectrum, UV-

vis spectroscopy and Fourier transform infrared (FT-IR) spectrum.

As shown in Fig. S1 (Supporting information), the TEM image (Fig.

S1A) shows that QDs are spherical shape and possess a uniform

size distribution. The fluorescence emission spectrum (Fig. S1B)

displays that the emission peak of BSA and QDs at 450 nm and 615

nm. Meanwhile, QDs-BSA conjugates have obvious emission peaks

at 450 nm and 615 nm corresponding to emission peak of BSA and

QDs. As shown in Fig. S1D, the FT-IR spectrum of QDs-BSA resem-

bled that of QDs, giving clear evidence that the BSA formed part of

the nanocomposite. In the spectrum of QDs-BSA, the peaks at 1647

cm−1 and 1652 cm−1 were assigned to the asymmetric stretch-

ing of C=O, while the peak at 1537 cm−1 and 1290 cm−1 corre-

sponding to C-N of amide bond. All these characterization results

demonstrate that the QDs and QDs-BSA have been prepared suc-

cessful.

The prepared MnO2 nanosheets material was characterized by

transmission electron microscopy (TEM) and UV-vis spectroscopy

to investigate its morphological structure and optical properties.

As shown in Fig. S2 (Supporting information), the TEM image

shows that MnO2 nanosheets have an obvious two-dimensional

nanosheet structure (Fig. S2A). The UV-vis absorption spectrum

of material is illustrated in Fig. S2B, the as-prepared MnO2

nanosheets exhibit a broad absorption and have an intense ab-

sorption peak at around 374 nm. These properties clearly demon-

strate that MnO2 nanosheets was successfully prepared, which laid

a solid foundation for all the experiments in this design.

To investigate the feasibility of this dual-readout LFTS, we mon-

itored the change of colorimetric signal and fluorescence signals

on test line of dual-readout LFTSs under different experiment con-

ditions (Fig. 1). As shown in Fig. 1B, 5 mmol/L AAP was mixed

with PB buffer and then added onto the sample pad of dry LFTSs.

A few minutes later, the fluorescence intensity was recorded by a

portable fluorescence reader (black curve). When MnO2 nanosheets

were added to the test sample, a weak fluorescence was observed

(purple curve), suggesting that MnO2 nanosheets can efficiently

quench the fluorescence of QDs-BSA conjugates. While, when ALP

was introduced to the samples, the fluorescence intensity of the

test strips was enhanced remarkably (red curve) due to ALP enzy-

matically hydrolyzed the substrate AAP into AA, which triggered

the reduction of MnO2 nanosheets into Mn2+. Inset in Fig. 1B

shows the images of test strips under the daylight lamp and UV

lamp in different conditions correspondingly. The experiment re-

sults demonstrate that this detection platform can be used to de-

tect ALP with dual-readout signal.

The relevant experimental parameters were carefully optimized

to obtain the best analytical performance for ALP sensing. The

blocking solution in sample pads, the types and pH of the running

buffers and running time all can affect the sensitivity of assay and

the activity of ALP. Therefore, we choose the optimum experimen-

tal condition. Experimental results showed that 5% sucrose solution

as blocking solution, PB buffer with pH 7.4 as running buffer, 10

min for running time can provide the best response for the sens-

ing system (Fig. S3A in Supporting information).

Similarly, the added amount of the MnO2 nanosheets has a sig-

nificant influence on the sensitivity of this system. Therefore, the

best optimized concentration of MnO2 nanosheets were investi-

gated. The experiment results were shown in Fig. S4 (Support-

ing information), the fluorescence intensity of QDs-BSA decreased

gradually with the concentration of MnO2 nanosheets increases.

When the MnO2 nanosheets reached a certain concentration (350

μg/mL), the quenching efficiency slowed down and then reached

equilibrium, which suggested that the quenching ability of MnO2

nanosheets reached the maximum. Thus, the optimum concentra-

tion of MnO2 nanosheets in this assay was chosen as 350 μg/mL.

Some relevant photographs of the fluorescent dual-readout LFTS

under daylight lamp and UV lamp with different concentrations of

MnO2 nanosheets are shown in Fig. S5 (Supporting information).

As shown in Fig. S5A, no test band is observed by the naked eye

in the absence of MnO2 nanosheets. Whereas, a brown band ap-

pears on the test line with adding to MnO2 nanosheets and the

color gradually deepens as the amount of MnO2 nanosheets grows.

A strong fluorescence signal can be monitored on the test line (Fig.

S5B) without MnO2 nanosheets. However, the fluorescence signal

decreases gradually as the concentrations of MnO2 nanosheets in-

creases, indicating that this dual-readout LFTS can be successfully

used for qualitative and quantitative detection.

In addition, the incubation time of ALP usually has a direct ef-

fect on the analytical characteristics of immunoassay. Therefore,

the incubation time was also studied and the result was shown

in Fig. S6 (Supporting information). With the increase of incuba-

tion time, the relative fluorescence intensity significantly increased

and then reached equilibrium after 3 min. Therefore, the optimal

reaction time after added ALP was chosen as 3 min for further in-

vestigation in this assay.

The principle of this dual-readout LFTS is based on AA-

mediated specific reduction of the MnO2 nanosheets to Mn2+. In
order to verify whether this assay can be used for ALP detection,

the fluorescence signal change of the LFTSs was recorded by a

portable reader with addition of different amounts of AA standard

samples. As displayed in Fig. 2A, with the increasing concentra-

tions of AA from 0 μmol/L to 700 μmol/L, a dramatic increase of

fluorescence intensity on the test line can be observed. Fig. 2B de-

scribes the relationship between the fluorescence intensity and the

concentrations of AA. These results show that this platform be re-

liably employed for ALP detection through sensing AA.

It has been proved that ALP can hydrolyze AAP to produce AA

at an alkaline environment. Based on this principle, the analytical
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Fig. 1. The feasibility study of the dual-readout LFTS platform. (A) The portable fluorescence reader. (B) Fluorescence signals and images of dual-readout assay for (a) blank

sample, (b) add to MnO2 and AAP, (c) add to MnO2, AAP and ALP. Inset: Photographs of the dual-readout LFTS with different conditions of a,b,c in daylight lamp and UV

lamp, respectively

Fig. 2. (A) Fluorescence signals of this dual-readout LFTSs with addition different amounts of AA in a wide range of 0-700 μmol/L (from bottom to top: 0, 1, 5, 10, 20, 50,

100, 200, 300, 500, 700 μmol/L, respectively). (B) Scatter plot of fluorescence intensity as a function of the concentrations of AA (0-700 μmol/L). The error bar represents the

standard deviation of parallel experiments.

Fig. 3. (A) Fluorescence signals of dual-readout LFTS by addition of ALP with different amount, from bottom to top: 0, 1, 3, 5, 7, 10, 20, 30, 50, 70, 100, 200 and 300 U/L. (B)

Scatter plot of fluorescence intensity as a function of the concentrations of ALP (0-300 U/L). Inset: Linear relationship between peak area and the concentration of ALP. The

error bar represents the standard deviation of three measurements.

performance of this dual-readout system was first investigated in

buffer under the optimal conditions. Fig. 3A shows that the fluores-

cence intensity on the test line gradually increases with the change

of ALP (0-300 U/L) concentration. The calibration curve was ob-

tained by plotting the relationship between fluorescence intensity

and ALP concentration (Fig. 3B). Ranging from 1 U/L to 20 U/L, the

calibration curve exhibits a good linear relationship (R2 = 0.9982,

inset of Fig. 3B). According to the 3σ /slope calculation, the detec-

tion limit for ALP is estimated to be 0.7 U/L. Photos of the LFTSs

are shown under the daylight lamp (Fig. S7A in Supporting infor-

mation) and UV lamp (Fig. S7B in Supporting information) with

different amount of ALP. From Fig. S7, we can see that the fluo-

rescence intensity obvious enhance with the increase of ALP con-

centration, which corresponds to the results from the device read-

out. As a new type of the test strip, dual/multiple signals LFTS have

been used for biomedical monitoring in recent years based on their

advantages (Table S1 in Supporting information).

To evaluate the selectivity of dual-readout test strips system

for the detection of ALP, some interference substances including

bovine serum albumin (BSA), human serum albumin (HSA), glu-

cose oxidase (GOx), immunoglobulin G (IgG), streptavidin (SA),

lysozyme (Lys), trypsin (Try), cysteine (Cys), DL-homocysteine

(Hcy) and N-acetyl-L-cysteine (NAC) were tested. The concentration

of ALP is 100 U/L (almost 0.1 nmol/L) [38] and other interference

substances are 1 μmol/L, respectively. In Fig. 4A we can see that

only ALP can produce a significant fluorescence recovered signal,

while other interference substances yield very weak fluorescence

responses (F0 represent the fluorescence intensity of this biosensor

in the presence of ALP. Meanwhile, F represents the fluorescence

intensity of this dual-readout LFTSs in the presence of other inter-

ference substances, respectively). These results demonstrated that

our fabricated dual-readout platform has a high specificity to ALP

and can be applied for sensing ALP in complex samples.

To evaluate the applicability of this proposed dual-readout test

strip in complicated biological systems, the amount of ALP in real

human serum samples was performed. The human serum samples

were provided by the First Affiliated Hospital of Zhengzhou Univer-

sity (Zhengzhou, China) and obtained from healthy donors. All ex-
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Fig. 4. (A) Investigation of the selectivity of this proposed dual-readout LFTS for ALP detection. The amount of ALP is 100 U/L (almost 0.1 nmol/L) and the amount of other

interfering substances are 1 μmol/L. F0 and F respectively represent the fluorescence intensity in the presence of ALP or other interferences. (B) The fluorescence responses

of this dual-readout platform in diluted serum samples to different amount of ALP. Inset: Linear relationship between peak area and the amount of ALP added to the serum.

Scheme 1. Schematic illustration of the dual-readout LFTS for detection of ALP.

periments were approved by the Life-Science Ethics Review Com-

mittee of Zhengzhou University and obtained the informed con-

sent from the blood donors of this project. The human serum sam-

ples were provided by the First Affiliated Hospital of Zhengzhou

University (Zhengzhou, China) and obtained from healthy donors.

All experiments were approved by the Life-Science Ethics Review

Committee of Zhengzhou University and obtained the informed

consent from the blood donors of this project. The human serum

was diluted 100-fold due to the high level of ALP in the normal

serum sample. In Fig. 4B, the fluorescence intensity increases ob-

viously with the change of ALP from 0 U/L to 200 U/L. Meanwhile,

a good linear relationship was obtained in complex serum sample

in ranging from 1 U/L to 10 U/L. In Fig. S8 (Supporting informa-

tion) we can see the photos of the LFTSs under the daylight lamp

(Fig. S8A) and UV lamp (Fig. S8B) with the addition of different

amount of ALP in human serum samples. Obviously, the fluores-

cence signal recovered with the reduction and decomposition of

MnO2 nanosheets and these results are consistent with the de-

vice readout. The recovery assays for diluted serum samples were

further carried out to evaluate the accuracy and reliability of the

practical application of the dual-readout LFTS. As shown in Table

S2 (Supporting information), satisfactory recoveries between 98.8%

and 106% are achieved. All results demonstrate that this developed

dual-readout test strip has good reliability and can be applied for

the practical application for ALP detection in complex mixtures

with many advantages including rapidness, portability and cost-

effectiveness, etc.

In summary, a dual-readout LFTS sensor was developed for sen-

sitively, rapidly and portably detecting ALP based on “off-on” sig-

nal switch mechanism. The aggregation of MnO2 nanosheets ef-

fectively quench the system fluorescence based on inner-filter ef-

fect of fluorescence. However, in the presence of AA, the fluores-

cence of QDs can recover because MnO2 nanosheets are reduced to

Mn2+. ALP can bio-catalyze AAP hydrolysis to AA, thus, the quan-

titative analysis of ALP can be achieved indirectly by monitoring

the increase of fluorescence. As well as, the qualitative analysis

of ALP can be achieved by analyzing the change of color on the

test line via naked eyes. This new test strip system may open a

new door towards developing various simple, cost-effective, and

portable dual-readout fluorescence detection platform in bioassay

constructions.
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