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A simple enzyme-catalyzed reaction induced
“switch” type fluorescence biosensor based on
carbon nitride nanosheets for the assay of alkaline
phosphatase activity
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An enzyme-catalyzed fluorescence “switch” type sensor was constructed for the determination of alkaline
phosphatase (ALP) activity by combining the fluorescence quenching effect of Ag* on ultrathin g-CsN,
nanosheets (CNNSs) with the simple redox reaction of AA and Ag*. Briefly, Ag* exhibits a significant
quenching effect on the fluorescence of CNNSs. Thus the fluorescence signal of the CNNS-Ag* system is
extremely weak even in the presence of L-ascorbic acid-2-phosphate (AAP) (“off” state). When ALP coex-
ists in the system, the enzyme can specifically catalyze the hydrolysis of AAP to form ascorbic acid (AA),
which reduces Ag* to Ag®. In this case, the fluorescence signal of the system is recovered (“‘on” state).

Received 18th June 2020,
Accepted 19th August 2020

DOI: 10.1039/d0an01224f

Based on this principle, a signal-enhanced CNNS fluorescence sensor was developed to determine the
activity of alkaline phosphatase. The experimental results show that the detection range of alkaline phos-
phatase is 0.5-20 U L™, and the detection limit is 0.05 U L™ (S/N = 3). Meanwhile, this method was used

Published on 17 September 2020. Downloaded by University of New England on 9/21/2020 10:25:14 AM.

rsc.li/analyst to assay ALP in serum samples.

Introduction

Alkaline phosphatase (ALP) is a common and important mem-
brane-bound protease in the human body and widely distribu-
ted in tissues such as the liver, bone, intestine, kidneys and
placenta. ALP has a broad substrate specificity and is capable
of catalyzing the dephosphorylation of small molecules,
nucleic acids and proteins.’ The catalytic reaction of ALP can
repair the phosphate group to a hydroxyl group at the end of
DNA. Therefore, it plays an important role in many biological
processes, including gene transduction, cell metabolism and
neuronal action. Meanwhile, some human orthopaedic dis-
eases® (osteoblastoma, malformation osteitis and rickets), liver
diseases® (hepatitis and obstructive jaundice), prostate cancer
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and diabetes®” are all closely related to the level of ALP in the
human body. In view of the important role of ALP, the con-
struction of highly sensitive and selective ALP detection
methods is of great value.

To date, many efforts are dedicated to fast, efficient, and
easy-to-handle analytical methods, such as fluorescence,®®
chemiluminescence,'® bioluminescence,'’ colorimetric,'>**
electrochemical,”™”  and surface-enhanced ~ Raman
spectroscopy.’®'® Among them, fluorescent spectrometry not
only offers favourable analytical performance with high sensi-
tivity with simple instruments and operation, but is also flex-
ible to combine with a microscope to achieve direct dynamic
analysis in a single cell. In recent years, organic dyes®*° and
nanodots'*?! as probes have been applied in ALP sensing.
Although these proposed methods provide different perspec-
tives for analyzing ALP, they suffer from several disadvantages,
including poor photostability, complex preparation, and high
costs. The development of analytical methods with simple
operation, low sample consumption and low costs for ALP
activity is still a challenging task.

Recently, g-C3N, nanosheets (CNNSs), a two-dimensional
(2D) semiconductor nanomaterial, not only have excellent fluo-
rescence characteristics and dispersibility, but also have many
advantages such as easy synthesis, low costs, non-toxicity and
good biocompatibility. In this work, a simple strategy was con-
structed for monitoring ALP activity by the fluorescence
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annihilation effect of Ag" toward CNNSs and the specific cata-
lytic hydrolysis ability of ALP to the substrate r-ascorbic acid
2-phosphate (AAP). The principle is simply described as
follows: ALP can catalyze the dephosphorylation of its sub-
strate AAP into r-ascorbic acid (AA). Then AA will reduce Ag" to
Ag®, inhibiting the fluorescence quenching ability of Ag" to
CNNSs. This sensor can monitor the activity of ALP with high
sensitivity and exhibits several advantages, including easy
operation, low costs, and good selectivity.

Experimental section
Chemical reagents and apparatus

Dicyanodiamide and silver nitrate (AgNOjz, 99.9995%) were
purchased from Sigma. r-Ascorbic acid (AA) and vr-ascorbic
acid 2-phosphate (AAP) were purchased from Fuchen Chemical
Reagent Co., Ltd (Tianjin, China). Alkaline phosphatase (ALP),
bovine albumin (BSA, >98.0%), glucose oxidase, lysozyme, etc.
were purchased from Sangon Biotech (Shanghai) Co., Ltd. The
experimental water was ultrapure water obtained from a
Millipore Milli-Q system (resistance was 18.2 MQ). The buffer
solution was 20 mM Tris-acetic acid (TAE) with pH 9.0.

Fluorescence spectra were recorded on a fluorescence
spectrophotometer (Cary Eclipse, Varian). Transmission elec-
tron microscopy (TEM) was performed on an electronic micro-
scope (TecnaiG2 F20S-TWIN 200 kV). UV-vis absorption
spectra were recorded with a UV 1800 spectrometer.

Preparation of CNNSs

The CNNSs were prepared according to the previously reported
literature.?* Firstly, 3 g of dicyanamide was heated at 600 °C in
a tube furnace for 2 h under air conditions with a ramp of
about 3 °C min™" for the heating processes to gain pale yellow
bulk g-C3N,. Next, 100 mg of bulk g-C;N, powder was ground
well with a mortar and a pestle, followed by dispersion in
100 mL of water and ultrasound treatment for 16 h. After cen-
trifugation at about 6000 rpm, the supernatant was collected
and concentrated on a rotary evaporator under reduced
pressure. A milk-like CNNS suspension was obtained after the
above preparation procedure. The mass concentration of the
CNNS suspension was calculated by weighing the power dried
from a certain volume of the suspension. The final concen-
tration of CNNSs used in the experiment was 0.06 mg mL™".

Detection of AA

AA of different concentrations was added to the TAE solution
(20 mM, pH 9.0) containing 60 uM Ag", and then incubated at
37 °C for 30 min. Subsequently, CNNSs were added to the solu-
tion and mixed thoroughly before fluorescence detection.

Detection of ALP

Alkaline phosphatase of different activities was added to the
TAE solution (20 mM, pH 9.0) containing 600 pM AAP and
60 pM Ag', and then incubated at 37 °C for a period of time.
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Subsequently, CNNSs were added to the mixture for 2 min
before fluorescence detection.

Determination of serum samples

The serum samples used in the experiment were provided by
Fuzhou Second People’s Hospital. After the serum samples
were diluted 10 times, 50 pL of serum was added to TAE solu-
tion (20 mM, pH 9.0) containing 600 pM AAP and 60 uM Ag'.
After shaking at 37 °C for 4 h, 0.06 mg mL™' CNNS was
thoroughly mixed for 2 min before detection.

Results and discussion
Characterization of CNNSs

In the TEM image (Fig. 1A), the as-prepared CNNSs show
lamellar and planar thin nanosheets. The zeta potential of
CNNSs (displayed in the inset of Fig. 1A) was —23.5 mV in de-
ionized water, indicating that the surface of CNNSs was nega-
tively charged, so they can be well dispersed in water for a long
time without aggregation. The optical properties of CNNSs
were also investigated. Under a 365 nm UV light lamp, the
homogeneous CNNS solution exhibits bright blue fluorescence
(the inset in Fig. 1B). Further, CNNSs possess the maximum
emission peak at about 440 nm upon an excitation wavelength
of 330 nm (Fig. 1B). The XRD characterization of CNNSs is
shown in Fig. 1C. The peak of (002) at 27.6° is attributed to the
stacking of the aromatic segments in the g-C;N, graphitic-like
structure.>*** The low-angle diffraction at 13.3° is indexed to
the (100) plane of CNNSs.** The feeble intensity of this peak
indicated the successful preparation of CNNSs. Atomic force
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Fig.1 (A) TEM image, inset: zeta potential of CNNSs, and (B) fluor-
escence spectrum of CNNSs. Inset: The photograph of CNNSs under UV
light. (C) XRD patterns and (D) AFM of CNNSs.
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microscopy (AFM) images in Fig. 1D clearly show that CNNSs
used herein are ultrathin nanosheets with a thickness of about
0.4 nm, which also provides evidence of successful preparation
of ultrathin CNNSs.

Sensing principle

The detection principle of this work is illustrated in Scheme 1.
When Ag’ and AAP coexisted in the solution, no reaction
occurred, and in this case, the fluorescence of CNNSs was sig-
nificantly quenched by Ag" after it was introduced into the
solution. In this state, this fluorescence response of the system
was called the “OFF” state. Next, the presence of ALP will
hydrolyse its substrate AAP to AA, which can further reduce
Ag' to Ag® and weaken the quenching effect of Ag" toward
CNNSs. The fluorescence signal of the system recovered under
this circumstance, called the “ON” state. Based on the change
of the fluorescence intensity, therefore, this detection method
can be used to monitor the activity of ALP.

Feasibility analysis

In order to confirm the feasibility of the method, the following
verification experiments were carried out. Firstly, the effects of
Ag', AA and AAP on the fluorescence of CNNSs were investi-
gated (Fig. 2A). The fluorescence intensity of CNNSs stayed
unchanged in the presence of AA and AAP, indicating that AA
and AAP have no significant effect on the fluorescence of
CNNSs. However, the fluorescence signal of CNNSs signifi-
cantly decreased in the presence of Ag" owing to the obvious
quenching effect of Ag'. Moreover, when AAP and Ag' co-
existed, the fluorescence signal of the solution was similar to
that of the solution with only Ag". This is due to the inability
of AAP to react with Ag’. By contrast, the fluorescence intensity
obviously enhanced in the presence of AA and Ag’. This
revealed that the presence of AA can significantly suppress the
quenching effect of Ag* to CNNSs by reducing Ag" to elemental
Ag®, resulting in the fluorescence recovery.

Next, the influence of ALP on the fluorescence of the Ag'-
CNNS system with/without AAP was further verified. As shown
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Scheme 1 Schematic representation of the sensing principle for ALP
activity.
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Fig. 2 (A) Fluorescence spectra of CNNSs in TAE buffer solution
(20 mM, pH 9.0) containing different substances. The concentrations of
Ag*, AA and AAP were 60 uM, 300 uM, and 600 uM, respectively. (B)
Fluorescence spectra of Ag*-CNNS in the presence of different con-
ditions in TAE buffer solution (20 mM, pH 9.0). The concentrations of
Ag* and AAP were 60 uM and 600 pM, respectively. The activity of ALP
was 12 U L% (C) UV-vis spectra of AgNPs and the product of AA reaction
with Ag™ in TAE buffer solution (20 mM, pH 9.0) and (D) fluorescence
spectra of CNNSs in the presence of AgNPs (60 pM) and the product of
AA reaction with Ag* in TAE buffer solution (20 mM, pH 9.0). The con-
centrations of Ag* and AA were 60 uM and 300 uM, respectively.

in Fig. 2B, it was confirmed that ALP has negligible influence
on the fluorescence of CNNSs beforehand. Then, the fluo-
rescence signal of the Ag'-CNNS system was very weak in the
presence of AAP. Similarly, without AAP, the solution still
exhibited weak fluorescence in the presence of ALP, showing
that there was no reaction between ALP and the Ag'-CNNS
system. However, when AAP and ALP coexisted in the Ag'-
CNNS system, the fluorescence was remarkably enhanced. This
can be attributed to the catalytic hydrolysis of AAP by ALP to
form AA, followed by the reduction of Ag" by AA, inhibiting the
quenching effect of Ag" toward the fluorescence of CNNSs.
Additionally, since it has been reported that AgNPs also
have a serious quenching effect on the fluorescence of
CNNSs,”® it is necessary to check out whether AgNPs could be
formed in this experimental system. UV-Vis absorption spectra
were recorded to get insight into the difference between AgNPs
and the product of AA reaction with Ag’, and fluorescence
spectra were also recorded to check out the influence of AgNPs
on CNNSs. Fig. 2C provides the absorption spectra of AgNPs
synthesized according to a previous report*® using AA as the
reduction agent for comparison with the product in the
present system. It is shown that no visible absorption peak
could be observed for the solution containing AA and Ag',
while the AgNP solution exhibited an obvious absorption at ca.
410 nm. It can be deduced that AgNPs cannot be formed by
reducing Ag" with AA under the proposed experimental con-
ditions. As shown in Fig. 2D, the fluorescence intensity of
CNNSs in the presence of AgNPs showed striking suppression
compared with that of CNNSs only, indicating that AgNPs
indeed have an intense quenching effect on CNNSs, which is
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consistent with the previous report.”> Under the same circum-
stances, the fluorescence of CNNSs exhibited a much stronger
signal in the reaction solution of AA and Ag" than in the solu-
tion of AgNPs, inferring the essential difference between
AgNPs and the product of AA and Ag' in this detection system.

Overall, from the above series of experiments, it can be veri-
fied that this method using the AAP-Ag'-CNNS system to
detect ALP activity is feasible.

Optimization of experimental conditions

Considering that several metal ions are reported to be capable
of quenching the fluorescence of graphitic carbon
nitride,>**”7>° the changes of CNNS fluorescence were investi-
gated in the absence and presence of AA with these main
metal ions, respectively. Fig. 3 shows the fluorescence intensi-
ties with different metal ions and AA, where F, and F; rep-
resent the fluorescence signals of CNNSs with different metal
ions in the absence and presence of AA, respectively. It is
observed that the fluorescence of CNNSs is significantly
quenched by Ag" without AA compared with other metals except
Cu®". Cu”" also showed a quenching effect on CNNSs, which is
consistent with previous reports®*° despite its weaker influence
than Ag". However, in the presence of AA, the fluorescence inten-
sity of Cu®>*-CNNS failed to recover as that of Ag"-CNNS. The reason
may be due to the fact that the redox potential of Ag" transferred to
the elemental state is much higher than that of Cu®" (the reduction
potential value E ;. .0, Was +0.7996 V and E(¢». 0 Was +0.159
V vs. NHE in aqueous solution at 25 °C, respectively®°). It can be
deducted that Ag" is easier to reduce by AA under the same con-
ditions. Furthermore, compared with Ag”, Cu®* needs to consume
twice the amount of AA to generate Cu’. Based on the above
results, Ag" was used as the quenching source of CNNSs in this
work.

The amount of Ag" and the reaction time between Ag" and
CNNSs were examined subsequently. From Fig. 44, it is
observed that the fluorescence of CNNSs decreased linearly
with the addition of Ag" and reached a stable value when the
concentration of Ag" was 60 pM. Thereafter, the addition of
Ag' does not decrease the fluorescence intensity again. So the
concentration of Ag" was set at 60 uM in the subsequent
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Fig. 3 Relative change of the fluorescence intensity of CNNSs in the
presence of different metal ions (60 pM) and 100 pM AA. Inset: The flu-
orescence intensity before (Fp) and after (F;) adding metal ions. Buffer
solution: TAE buffer solution (20 mM, pH 9.0).
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Fig. 4 (A) The fluorescence spectra of CNNSs under different concen-
trations of Ag*. Inset: The fluorescence intensity of CNNSs under
different Ag* concentrations. (B) The reaction time of Ag* and CNNSs.
(C) Fluorescence intensities under different concentrations of AAP and
(D) fluorescence intensities under different reaction times of AAP
(600 puM) with ALP (12 U L™Y).

experiments. As elucidated in previous reports,®'™? the
quenching mechanism of Ag" towards CNNSs could be attribu-
ted to the strong absorption ability of Ag" with the cyano
group on the CNNS surface,® as well as the appropriate redox
potential of Ag" lying between the CB and VB of CNNSs, which
makes photoinduced electron transfer (PET) effect liable to
occur and eventually leads to a significant fluorescence
quenching phenomenon.***?

The reaction time of Ag" and CNNSs is further investigated.
As shown in Fig. 4B, the fluorescence of CNNSs was dramati-
cally quenched within 2 min after adding Ag" in the solution,
and reached a plateau in 5 min. It is apparent that the inter-
action of Ag" with CNNSs is quite fast. In addition, it was also
found that the reaction process of Cu®>" and CNNSs was much
more gradual and required about 10 min to reach quenching
saturation. These observations agree with previous reports that
the adsorption energy barriers in the Ag'-g-C;N, system are
smaller than those of the Cu®"-g-C;N, system;**** that is, Ag"
binds to CNNSs much more rapidly than Cu®>* and leads to a
faster response of fluorescence changes. Thus, in order to
reduce the possible interference of Cu®", the reaction time of
Ag" and CNNSs is chosen as 2 min.

The influences of AAP concentration and the reaction time
of AAP with ALP were then investigated. The fluorescence
intensity of the system gradually increased with the increase of
AAP concentration and reached the maximum value when the
AAP concentration was 600 uM (Fig. 4C). Overload of the sub-
strate may inhibit the enzyme activity; thus, the concentration
of the substrate AAP was set at 600 pM. As shown in Fig. 4D,
the fluorescence of Ag'-CNNS reaches a plateau when the reac-
tion time of AAP with ALP lasts for 120 min. Thus, the reaction
time was set at 120 min in the following experiments.

Once the main experimental conditions were determined,
we next investigated the relationship between the fluorescence

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 (A) Fluorescence spectra of the Ag™-CNNS system with different
concentrations of AA in TAE buffer solution (20 mM, pH 9.0) and (B) plot
of the fluorescence intensity against the logarithm of AA concentration.
Curves a to k represent the concentrations of 0, 0.5, 1, 2, 4, 8, 16, 32, 64,
128 and 256 uM, respectively. [Ag*] = 60 M.

intensity of Ag"-CNNS and the concentrations of AA. The results in
Fig. 5 showed that the fluorescence intensity of the Ag'-CNNS
system increased with the addition of AA concentration, which
indicates that the increase of AA concentration promotes the reac-
tion process between AA and Ag', leading to gradual recovery of
the fluorescence signal. A linear relationship between the fluo-
rescence intensity and the logarithm of the concentration of AA in
the range of 0.5-256 pM was also oversized.

ALP detection

Under the optimal conditions, the relationship between the
fluorescence intensity and ALP activities was further investi-
gated. It can be seen from Fig. 6A that as the ALP activity
increases, the fluorescence of the system increases, indicating
that AA was gradually produced in the solution due to ALP-
catalyzed hydrolysis of the substrate AAP. Then AA further
reduces Ag' to the silver element, thereby weakening the
quenching effect of Ag" on the CNNS fluorescence, resulting in
the recovery of the fluorescence signal. There is a certain linear
relationship between the fluorescence intensity and the logar-
ithm of the activity of ALP in the range of 0.5-20 U L. As
shown in Fig. 6B, the linear equation is as follows:

Y = 64.10X + 191.88 (R* = 0.997)

where Y represents the fluorescence intensity and X represents
the activity of ALP. The limit of detection (LOD) was calculated
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Fig. 6 (A) The fluorescence spectra under different activities of ALP;
curves a to i represent the activity of 0, 0.5, 1, 2, 4, 8, 12, 20, and 30 U
L%, respectively. (B) The fluorescence intensity as a function of [ALP];
inset: the linearity of FL intensity with respect to logarithmic [ALPI.
Buffer solution: TAE buffer solution (20 mM, pH 9.0) with 60 uM Ag*
and 600 pM AAP.
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Fig. 7 The selectivity of the proposed method for ALP. Buffer solution:
TAE buffer solution (20 mM, pH 9.0) with 60 uM Ag* and 600 pM AAP.
The concentrations of the interferents were 1 mM, and the activity of
ALPwas1U L™

to be 0.05 U L™" based on signal/noise = 3, which is more sen-
sitive than that of the previous methods.***

Selective investigation

Several proteins such as bovine serum albumin (BSA), throm-
bin, glucose oxidase (GOx), lysozyme and avidin were selected
as interference proteins to evaluate the selectivity of the
sensor. Fig. 7 shows the fluorescence changes AF with
different proteins. The fluorescence change AF is defined as F;
— F,, where F; and F, stand for the fluorescence response with
and without these proteins. It is obvious that there are weak
fluorescence changes in the absence of other interference pro-
teins, while only the target molecule ALP can induce the
enhancement of the fluorescence change. However, it has to
be pointed out that, if the detection sample contains high con-
centrations of copper ions, halide ions or small molecules like
cysteine which can strongly bind with Ag', pretreatment is
required to remove or mask them to avoid negative influence
on the final result.

The reproducibility of this method was also tested by per-
forming five successive assays for the detection of ALP (2 U
L™"). The RSD was calculated to be 3.7%, indicating the good
reproducibility of the proposed method.

Detection of serum samples

In order to examine the utility of the method, it was applied to
assay ALP in serum samples. Here, six different serum
samples were selected, and each was measured three times in
parallel. The results of the measurement are shown in Table 1.

Table 1 The determination of ALP in serum samples

No. This method (U L™") Rate method (U L)
1 90.4 + 2.5 92.6
2 126.9 £ 4.5 130.1
3 147.9 £ 6.5 145.0
4 98.8 +4.8 100.2
5 153.9£5.5 150.6
6 87.6 +6.3 86.6
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The ALP activities in the serum samples ranged from 87.6 U
L' to 153.9 U L™". The results were basically consistent with
those of the standard method (rate method).

Conclusions

Combining the fluorescence quenching effect of Ag" on CNNSs
with enzyme-induced substrate hydrolysis, a simple fluo-
rescence method was established for the detection of ALP.
Compared with traditional analytical methods for ALP, this
method does not require radioisotopes, and is easy to operate.
Moreover, this method was used to assay ALP in the serum,
indicating that CNNSs as a promising material can be used for
early diagnosis of some diseases.
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