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A B S T R A C T

A simple and sensitive fluorescent assay for determination of alkaline phosphatase (ALP) activity has been
developed based on the inner filter effect (IFE) of p-nitrophenol (PNP) through the in-situ formation of aza-
monardine. Herein, p-nitrophenylphosphate (PNPP) was used as ALP substrate, which could be hydrolyzed to
PNP with an absorption band centered at 405 nm. Under the alkaline condition, the introduction of resorcinol
into the oxygen-containing dopamine solution would trigger the formation of fluorescent azamonardine with an
intense emission band centering at 460 nm when excited at 415 nm. As a result, the fluorescence of azamo-
nardine could remarkably decrease in the presence of PNP via IFE due to the absorption spectrum of PNP
overlaps with the excitation spectrum of azamoardine. An IFE-based fluorescent assay has been thereby pro-
posed for the ALP activity detection showing a linear range from 0.1 to 6.0 mU mL−1 with the detection limit
down to 0.07 mU mL−1. Moreover, the developed fluorescent assay was successfully applied to probe ALP in
human serum samples with satisfactory results. This IFE-based detection strategy exhibits several merits such as
high sensitivity, good anti-interference ability, time-saving and easy operation simply by mixing the commercial
reagents together. Therefore, it may promote the development of simple and sensitive fluorescent assays for the
enzyme activity detections.

1. Introduction

Alkaline phosphatase (ALP) that is widely distributed in mammal
tissues can catalyze the dephosphorylation of many phosphorized pro-
teins, nucleic acids and small molecules [1]. As a result, ALP plays a key
role in the signal transduction and regulation of intracellular processes
[2]. In the clinic diagnostics filed, ALP is usually used as an important
biomarker since its abnormal level is closely associated with several
diseases, such as liver tumor, leukemia, bone and kidney disease [3].
Thus, developing a facile, sensitive and selective method for the ALP
activity detection is of great importance.

To date, several kinds of analysis methods have been developed for
the ALP activity detection, which are mainly based on the utilization of
techniques such as colorimetry [4], fluorimetry [5], electrochemistry
[6] and surface-enhance Raman scattering (SERS) [7]. Among them,
fluorimetry has attracted great attentions due to its simplicity, short
detection time and high sensitivity. Currently, various organic probes
have been employed for probing ALP activity [8–10]. However, there
are some disadvantages like high toxicity, poor water-solubility,

laborious and time-consuming probe preparation and especially the low
sensitivity affected by the auto-fluorescence from the complex matrices,
which have undoubtedly limited their large-scale applications in real
sample detections. With the development of nanotechnology, nanos-
tructures show great potentials in bioanalysis [11,12]. A variety of
nanostructures, such as carbon dots [13,14], gold nanoclusters [15] and
semiconducting polymer dots [16], have been utilized for the fluor-
escent detections of ALP. Though the preparation procedures for C-dots
are usually simple, they may encounter with the complex surface
modification or the introduction of other nanostructures. Moreover, the
high cost and poor stability of gold nanoclusters and the complex
synthesis procedure for semiconducting polymer dots may have also
limited their further practical applications. Therefore, it is still urgent to
develop simple, cost-effective and sensitive fluorescent assays for ALP
activity detection.

Recently, several fluorescent assays for ALP detection have been
proposed based on the in situ formation of fluorescent materials by
simply mixing commercial reagents together, which do not need to
prepare fluorescent probes in advance [17–19]. Besides, most of these
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assays have been developed by utilization of L-ascorbic acid-2-phos-
phate as ALP substrate since it can be hydrolyzed to ascorbic acid that
can takes place in various kinds of reactions. For example, Li et al has
reported a fluorescent assay for the ALP activity detection based on the
reaction between ascorbic acid and Cu2+ in the presence of DNA
template to obtain fluorescent copper nanoclusters [20]. Though it
shows high sensitivity, it can be largely limited by the high cost and low
stability of DNA. Similarly, Zhao et al has developed an ALP-based
fluorescent assay by making use of the interaction between o-pheny-
lenediamine and ascorbic acid to obtain quinoxaline fluorophore [21].
This assay shows the distinctive advantages of simplicity by firstly in-
cubating L-ascorbic acid-2-phosphate and ALP for a certain time and
then mixing with commercially available o-phenylenediamine together
to produce fluorescent signals. However, the long interaction time be-
tween ascorbic acid and o-phenylenediamine may have severely im-
peded its application in real samples detections. In addition, instead of
use L-ascorbic acid-2-phosphate as ALP substrate, Zhao et al has re-
ported an enzyme cascade-triggered fluorogenic reaction applied in
ALP activity assay by using p-aminoethyl-phenyl phosphate disodium
salt (PAPP) as ALP substrate [22]. Under the aid of ALP and tyrosinase,
PAPP is hydrolyzed to dopamine that can interact with resorcinol to
obtain fluorescent azamonardine. Despite its high sensitivity and sim-
plicity in operation, it suffers from the complex preparation procedure
of PAPP and high cost and instability of tyrosinase. Therefore, it is still
challenging to develop fluorescent assay based on the in situ formation
of fluorescent materials with simplicity, low cost and high sensitivity.

In this work, we report a fluorescent assays for ALP activity detec-
tion based on the in situ synthesis of azamonardine to detect ALP via
inner filter effect (IFE). IFE, a vital non-irradiation energy conversion
model in fluorimetry, describes the absorption of the excitation and/or
emission light by absorbers in the detection system [23]. IFE can result
from the overlapping between the absorption spectra of absorbers and
the fluorescence excitation and/or emission spectra of fluorophores.
Due to its high sensitivity, considerable flexibility and simplicity, IFE
shows great potentials in construction of fluorescent assays for ALP
detection. So far, several kinds of fluorescent probes, such as carbon
dots [24], gold nanoclusters [25], titanium carbide MXene quantum
dots [26], polymer dots [27], CdTe/CdS quantum dots [28] and MoS2
quantum dots [29] have been used as for ALP detection based on IFE
between them and the p-nitrophenol (PNP) generating from ALP-cata-
lyzed p-nitrophenylphosphate (PNPP). Though these methods can show
a high sensitivity, the preparation procedures for these fluorescent
probes are either complex or time-consuming. Consequently, it irradi-
ates us to develop a fluorescent method for ALP detection using in situ
formation of fluorescent materials.

In this paper, azamonardine obtained from the reaction between
dopamine and resorcinol under alkaline condition was used as the
fluorophores in the IFE-based assay. By utilization of PNPP as the ALP
substrate, PNPP could be catalytically hydrolyzed to PNP, whose ab-
sorption spectrum would largely overlap with the excitation spectrum
of azamonardine, resulting in the fluorescence quenching of azamo-
nardine. Therefore, an IFE-based fluorescent assay for ALP activity
detection has been established with a detection limit down to 0.07 mU
mL−1. This assay has also been successfully applied to detect ALP in
human serum samples with satisfactory results. As far as we know, this
is the first report on an IFE-based fluorescent assay for ALP activity
based on the in-situ synthesis of azamonardine rather than pre-syn-
thesized fluorescent materials. Moreover, this highly sensitive and se-
lective assay is simple to operate by mixing the commercially available
reagents together, showing great potential in practical applications.

2. Experimental

2.1. Instrumentation

UV–vis absorption spectra were recorded by a UV-8000

spectrophotometer (Shanghia Metash Instruments Co., Ltd., China).
Fluorescence excitation and emission spectra were recorded on a RF-
6000 spectrofluorometer (Shimadzu, Japan). Time-resolved fluores-
cence decay tests were obtained from a FLS-920 fluorescence spectro-
photometer (Edinburgh, England)

2.2. Chemicals

Lysozyme, pepsin and pancreatin were supplied by Shanghai
Macklin Biochemical Co., Ltd. (Shanghai, China). Resorcinol, PNPP,
PNP, bovine serum albumin (BSA), trypsin, and magnesium chloride
were purchased from Aladdin Reagent Company (Shanghai, China).
Trizma base, dopamine and ALP were acquired form Sigma-Aldrich (St.
Louis, USA). All the reagents were used as received without any further
purification.

2.3. Fluorescent assay for ALP activity detection

Firstly, 70 μL of Tris-HCl buffer solution (10mM, pH=9.0), 10 μL
of 1mM MgCl2, 10 μL of 40mM PNPP and 10 μL of various con-
centrations of ALP were added sequentially into a 1.5mL calibrated test
tube, mixed thoroughly and incubated at 37 °C for 30min. Then, 780 μL
of ultrapure water, 100 μL of 15mM Na2CO3, 10 μL of 10mM dopamine
and 10 μL of 5mM resorcinol were introduced and incubated at 37 °C
for another 5min. Finally, the obtained solution was transferred for
fluorescence spectral measurements.

For detection ALP in human serum samples by standard addition
method, human serum samples were firstly diluted 100 times and
spiked with various concentrations of ALP. Then, the detection proce-
dure is similar to the above mentioned method for ALP detection except
that 10 μL of various concentrations of ALP prepared by distilled water
was replaced by 10 μL of spiked serum samples.

For direct detection ALP in human serum samples, 20 μL of serum
were added into the detection system including 70 μL of Tris-HCl
(10mM, pH=9.0), 10 μL of 1mM MgCl2 and 10 μL of 40mM PNPP,
which were incubated at 37 °C for 30min. Then, 770 μL of distilled
water, 100 μL of Na2CO3 (15mM), 10 μL of 10mM dopamine and 10 μL
of 5mM resorcinol were introduced and incubated at 37 °C for another
5min. Finally, the fluorescent spectra were recorded under the excita-
tion of 415 nm.

3. Results and discussions

3.1. Mechanism of ALP activity detection based on IFE

The fluorescent assay for ALP activity was developed based on the
IFE of PNP through the in-situ formation of fluorescent azamonardine
from the reaction of dopamine and resorcinol under alkaline condition.
Previous reports have proven that dopamine can react with resorcinol
to form fluorescent azamonardine [22,30]. The obtained azamonardine
shows an intense absorption band centered at 420 nm (Fig. S1A) and
maximum emission intensity at 460 nm when excited at 415 nm (Fig.
S1B). Moreover, this reaction can be finished in short time (Fig. S1C and
Fig. SD), making the obtained azamonardine more attractive to be used
for fluorescent assay. PNPP was chosen as the ALP substrate due to its
low cost, easily available and good water solubility [24]. As shown in
Fig. 1A, when either ALP or PNPP was introduced, the fluorescence of
azamonardine stayed unchanged. However, when ALP and PNPP were
simultaneously added, PNPP could be catalytically hydrolyzed to PNP,
resulting in the fluorescence quenching. When increasing concentra-
tions of PNP, the fluorescence intensity at 460 nm could decrease gra-
dually (Fig. 1B), suggesting the fluorescence quenching of azamoardine
might be triggered by the PNP yielded from ALP-catalyzed PNPP.

In order to verify the mechanism of the fluorescence quenching of
azamonardine by PNP, the UV–vis absorption spectra by incubation
PNPP with various concentrations of ALP were measured. After the
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addition of ALP into PNPP solution, the absorbance at 310 nm could
decrease gradually accompanied with the increased absorbance at
405 nm (Fig. 1C), suggesting the transformation from PNPP to PNP.
One can note that the UV–vis absorption peak of PNPP can be centered
at 310 nm (Fig. 1D), showing a negligible effect on the fluorescence
excitation or emission of azamonardine. While, PNP displayed a strong
absorption peak at 405 nm, which showed a large overlap with the
fluorescence excitation spectrum of the azamonardine. As a con-
sequence, PNP might induce the fluorescence quenching of azamo-
nardine through IFE. Then, time-resolved fluorescence spectra of the
azamonardine in the absence and presence of PNP was used to study the
exact mechanism of the fluorescence quenching azamonardine caused
by PNP. It can be clearly seen from Fig. 2 that the fluorescence decay
curves of azamonardine before and after the addition of 0.4 mM PNP
could maintain a high degree of consistency, and the fluorescent life-
time remained almost unchanged after the introduction of PNP.
Therefore, the fluorescence quenching of azamonardine by PNP might
be mainly due to IFE since IFE is usually considered to show no impact
on the fluorescence lifetime of fluorophore. Finally, the IFE-based

fluorescence quench can also be proved by excitation wavelength-de-
pendent fluorescence quenching of azamonardine [31,32]. As displayed
in Fig. S2, the excitation wavelength-dependent fluorescence quenching
spectrum is almost similar to the UV–vis absorption spectrum of PNP,
confirming IFE-based fluorescence quench of azamonardine by PNP.
Based on the above facts, a novel fluorescent assay for ALP activity is
proposed by the IFE between PNP yielded from ALP-catalyzed PNPP
and the is-situ formation of azamonardine (Scheme 1).

3.2. Optimization of the detection conditions

To achieve higher sensitivity, several detection conditions including
the concentrations of Na2CO3, PNPP, dopamine and resorcinol and in-
cubation time were optimized before its application in ALP activity
detection. We utilize ΔF as a criterion to obtain the optimal detection
conditions. ΔF is F0-F, where F0 and F represent the fluorescence in-
tensity at 460 nm of the detection assay before and after the introduc-
tion of ALP.

Since the reactions between dopamine and resorcinol can undergo
under alkaline condition, we used Na2CO3 solution instead of buffer
solutions for simplicity. In the absence of Na2CO3, both the F and F0 are
too low that can be ignored (Fig. S3A). In contrast, the F0 increases
gradually with the increasing concentration of Na2CO3 ranging from
0.10 to 1.5mM and reaches a plateau when Na2CO3 concentration is
higher than 1.5 mM (a, Fig. S3A). While the F increases gradually with
the increasing concentration of Na2CO3 (b, Fig. S3A). The largest ΔF is
obtained when the concentration of Na2CO3 is 1.5 mM (Fig. S3B). Next,
as ALP substrate, PNPP concentrations ranging from 0 to 1.2mM were
used to study its effects. The F0 keeps almost unchanged with increasing
concentrations of PNPP, suggesting that PNPP shows negligible impact
on the fluorescence of azamonardine (a. Fig. S4A). The F decreases
gradually with increasing concentrations of PNPP and stays stable when
the concentration is higher than 0.40mM which was ascribed to that
more PNP was obtained in certain concentration range resulting in
fluorescence quenching of azamonardine (b. Fig. S4A). Therefore, ΔF
reaches maximum and keeps constant when PNPP concentration were
0.40mM (Fig. S4B). Then, the influences of dopamine in the con-
centration ranges from 0 to 0.2 mM were investigated. F0 increases
sharply when its concentration if below 0.1mM and decreases step-by-

Fig. 1. (A) Fluorescence spectra of the in situ
formation of azamonardine in the absence
(blank) and presence of PNPP, ALP, PNP and
PNPP-ALP. The concentrations of PNPP, ALP,
PNP are 0.4 mM, 100 mU mL−1 and 0.4 mM.
(B) Fluorescence spectra of the in situ synthesis
of fluorescent azamonardine in the absence
and presence of various concentrations of
PNPP. From top to down the concentrations of
PNPP are 0.0, 0.001, 0.005, 0.01, 0.02, 0.03,
0.04, 0.05, 0.06, 0.07, 0.08, 0.09, 0.1, 0.15,
0.2, 0.25, 0.3, 0.35, 0.4mM. (C) UV–vis ab-
sorption spectra of the enzymatic reaction so-
lution after the introduction of ALP with var-
ious activities from 0.0 mU mL-1 to 100.0 mU
mL-1 with 0.1 mM PNPP and 10.0 μM MgSO4

incubated at 37 °C for 30min. (D) UV–vis ab-
sorption spectra of 0.1 mM PNPP and 0.05mM
PNP, and the excitation and emission spectra of
the obtained azamonardine.

Fig. 2. Fluorescence decay curves of azamonardine as a function of time in the
absence and presence of 0.4 mM PNP.
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step when the concentration increases further (a. Fig. S5A), which may
be due to high concentrations of dopamine can be oxidized to dopamine
quinine molecules under the alkaline condition [33], causing the
fluorescence quenching of azamonardine. The F increases and keeps
constant when its concentration is higher than 0.05mM (b. Fig. S5A).
The maximum ΔF is obtained when dopamine concentration is 0.1mM
(Fig. S5B). After that, the effects of resorcinol concentration ranging
from 0 to 0.2mM were further explored. Both F0 and F increases firstly
and stays constant when its concentration is higher than 0.05mM (Fig.
S6A). Similar results are also found for ΔF (Fig. S6B). Finally, the im-
pact of incubation time ranging from 0 to 15min is studied (Fig. 7). F0
increases dramatically in the first 1 min and reaches the maximum at
5min, which further indicates the fast reaction between dopamine and
resorcinol. Moreover, similar result is also found for F, indicating the
fast response of IFE. Consequently, the optimal concentrations of
Na2CO3, PNPP, dopamine and resorcinol are 0.5 mM, 0.4mM, 0.1mM
and 0.05mM, the incubation time is 5min.

3.3. Analytical performances for ALP activity detection

Under the optimized detection conditions, a fluorescent assay for
ALP activity detection is proposed by utilization of PNPP as the enzyme

substrate. In the absence of ALP, the in situ cyclization between do-
pamine and resorcinol results in remarkable fluorescence intensity
(Fig. 3A). Nevertheless, due to the increasing concentrations of PNP
generated by ALP-catalyzed hydrolysis of PNPP, the fluorescence in-
tensity decreases gradually with the increasing concentrations of ALP,
while the ΔF increases gradually with the increasing concentrations of
ALP and reaches a plateau when its concentration is higher than 30 mU
mL−1 (Fig. 3B). There is a good linear relationship between ΔF and ALP
concentration in the range from 0.1 to 6.0 mU mL−1. The linear re-
gression equation is ΔF= 11707.1+59584.3cALP (mU mL−1,
R2= 0.990). The detection limit is calculated to be 0.07 mU mL−1

based on a signal-to-noise of 3. Furthermore, we compare the analytical
performance of this assay for ALP activity detection with previously
reported method and the corresponding results are shown in Table 1. It
is clearly found that the sensitivity of this assay is comparable or even
better than most of these methods. Moreover, the detection time is
shorter and this assay is free of complex preparation of fluorescent
probe by mixing the commercial reagents together, making it much
simpler. The high sensitivity, short detection time and easy operation
make this assay more attractive.

Scheme 1. Schematic illustration of the detection principle for ALP based on the in-situ formation of azamonardine.

Fig. 3. (A) Fluorescence spectra of the detec-
tion assay in the absence and presence of dif-
ferent concentrations of ALP. From top to
down, the ALP concentrations are 0, 0.1, 0.3,
0.5, 0.7, 1.0, 2.0, 4.0, 6.0, 8.0, 10.0, 15.0, 20.0,
30.0, 40.0, 50.0 70.0 100.0 mU mL−1. (B) The
plot of the ΔF versus various concentrations of
ALP, where ΔF is F0-F (F0 and F are the fluor-
escence intensity of the detection assay in the
absence and presence of ALP). Inset shows the
corresponding linear curve.
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3.4. Selectivity of IFE-based assay

To study the specificity of this assay, the effects of BSA, trypsin,
pancreatin, pepsin and lysozyme were studied. Under the same analy-
tical conditions, these proteins or enzymes were separately introduced
into the detection system both in the absence and presence of ALP. As
shown in Fig. 4, when they were added individually, none of them
could cause obvious fluorescence changes compared with blank solu-
tion. While, the fluorescence decreased drastically after the introduc-
tion of ALP. In addition, when they were simultaneously added with
ALP, dramatic fluorescence decrease was observed. These results de-
monstrate that these possible interfering substances show negligible
influence on ALP activity detection and indicate that this assay shows
good selectivity.

3.5. Detection of ALP in human serum samples

To evaluate its potential in practical application, this assay was
firstly employed to detect ALP in human serum samples using standard
addition approach. Human serum samples were obtained from Hospital
of University of Jinan. The accuracy of this method was assessed by the
recoveries of ALP in serum samples. As shown in Table S1, recoveries
ranging from 90.6% to 110% with relative standard deviation (RSD)
varying from 4.69% to 7.00% is obtained. The satisfactory recoveries
and acceptable RSD suggest that this fluorescent assay is highly feasible
for ALP detection in real samples. Then this method is directly used to

detect ALP in human serum samples without treatment. These samples
were respectively analyzed by our method and clinic method. As de-
picted in Fig. 5, the results obtained by using our method are consistent
with those obtained by clinic method, suggesting the high potential of
our assay in real sample detections.

4. Conclusion

In summary, we have proposed a simple, time-saving and sensitive
fluorescent assay for the ALP detection using the in-situ formation of
azamonardine as the fluorescent probe by IFE. The azamonardine with
high fluorescence can be simply obtained by mixing dopamine and
resorcinol together under alkaline condition in short time, making it a
simper and time-saving operation. PNP generating from ALP-catalyzed
hydrolysis of PNPP results in the fluorescence quench of azamonardine
due to IFE. This IFE-based assay can achieve sensitively and selectively
detect ALP with a detection limit down to 0.07mUmL−1. More im-
portantly, this assay has been successfully applied to detect ALP in
human serum samples with the accurate results. This work may not
only pave a new way for the ALP detection, but also broaden the ap-
plication of the in-situ materials for biosensing analysis.
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