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A carbon dot doped lanthanide coordination
polymer hanocomposite as the ratiometric
fluorescent probe for the sensitive detection of
alkaline phosphatase activity+
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The development of sensitive methods for alkaline phosphatase (ALP) activity analysis is an important
analytical topic. Based on the stimulus-responsive lanthanide coordination polymer, a simple ratiometric
fluorescence sensing strategy was proposed to detect ALP activity. A carbon dot (CD) doped fluorescent
supramolecular lanthanide coordination polymer (CDs@Th-GMP) was prepared with To®* and the ligand
guanine single nucleotide (GMP). To construct a ratiometric fluorescence biosensor, the fluorescence of
Th-GMP was used as a response signal, and the fluorescence of CDs was used as a reference signal due
to its good stability. When excited at 290 nm, the polymer network Tb-GMP emits characteristic fluor-
escence at 545 nm, while the CDs encapsulated in the polymer network emit fluorescence at 370 nm.
After adding ALP to the system, the substrate GMP can be hydrolyzed by ALP, resulting in the destruction
of the polymer network. Accordingly, the fluorescence of Tb-GMP significantly decreased, while the flu-
orescence of CDs slightly increased due to their release from the polymer network. By comparing the
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relationship between the fluorescence intensity ratio of the two signals and the concentration of ALP,
sensitive detection of ALP could be achieved with the linear range from 0.5 to 80 U L™ and a detection
limit of 0.13 U L™ . Furthermore, the proposed ratiometric sensing system was applied to the detection of

rsc.li/analyst ALP in human serum samples with desirable results, indicating potential application in clinical diagnosis.

Many methods have been developed for ALP activity detection,
such as electrochemiluminescence,® surface enhanced

1. Introduction
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Alkaline phosphatase (ALP) is widely distributed in the animal
and microbial community and can non-specifically catalyze
the hydrolysis of almost all phosphate monoesters, thereby
participating in various biological processes.! In addition, this
commonly used hydrolase is also involved in signal transduc-
tion and the regulation of intracellular cell growth and apopto-
sis processes.”’ ALP activity in serum is often used as an
important indicator for clinical diagnosis and treatment of
human diseases.*”” Therefore, accurate and sensitive assess-
ment of ALP activity is of great significance for understanding
the molecular mechanism of phosphate hydrolysis, biochemi-
cal analysis, diagnosis and treatment of clinical diseases.
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Raman scattering,” colorimetry,
electrochemistry.'”>° The detection principle is mainly based
on the ability of ALP to remove phosphate groups from various
substrates and obtain signal readings. Among the various
methods proposed, each method has its own advantages and
provides different opinions on ALP detection. However, most of
them usually require complicated analytical processing and
instrument operation as well as unsatisfactory sensitivity, which
are still far from practical application to biological systems.
Fluorescence technology is very attractive in this respect
because of its inherent advantages such as high sensitivity,
easy operation and availability in living organisms.*"** So far,
a variety of fluorescence analysis methods for ALP using
organic dyes,”>>> conjugated polyelectrolytes,”>*” quantum
dots*®*° or metal nanoclusters'® as fluorescent materials have
been reported. However, these methods are usually plagued
with disadvantages, such as poor water solubility and light
stability of organic dyes, small Stokes shift, complex synthesis
process of conjugated polyelectrolytes, cytotoxicity of quantum
dots, high cost of noble metal nanoclusters and poor stability
in aqueous systems, which limit their further application.

This journal is © The Royal Society of Chemistry 2021
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Therefore, it is still highly desirable to develop new fluorescent
materials with high selectivity, high light stability and low tox-
icity for the ALP activity detection.

In recent years, lanthanide coordination polymers (LnCPs),
which are self-assembled by lanthanide ions (Ln**) and
organic ligands, have attracted a wide range of interest due to
their highly controllable, diverse structures, excellent encapsu-
lation ability and inherent biocompatibility.**** Due to the f-f
electronic transition of Ln®*", LnCPs exhibit several unique
optical properties, such as large Stokes shift, narrow emission
peak and long fluorescence lifetime.*® Therefore, the fluo-
rescence measurement based on LnCPs has more obvious
advantages than the traditional fluorescence methods in elimi-
nating background interference and detecting scattered fluo-
rescence through time delay. Over the last two decades, fluo-
rescent probes based on LnCPs have shown a wide range of
applications and have been used to detect metal ions,*
anions,®® and various biomolecules.*®*” These studies have
made great contributions to the development of fluorescent
sensors based on LnCPs. However, most of these sensors rely
on a single response or intensity changing fluorescent signal,
which are easily affected by various factors, including the fluc-
tuation of light source intensity and environmental impact,
such as pH, medium polarity and photobleaching.?®3°
Therefore, the resultant poor sensitivity and accuracy limit
their further practical application. The ratiometric fluo-
rescence method measures the changes of the fluorescence
intensity ratio at two different wavelengths to achieve the
purpose of target analysis. As a consequence, the ratiometric
fluorescence method can eliminate the environmental fluctu-
ations, overcome the problems inherent in the above existing
methods, and realize reliable detection of targets of interest.
In addition, high sensitivity can be achieved by acquiring the
amplified signals of two channels simultaneously.***!
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Guanine mononucleotide (GMP) is one of the nucleotides
constituting nucleic acid, and its nucleobase part and phos-
phate group can be used as the bidentate ligand of Tb**.**> The
strong green fluorescence can be observed from the Tb-GMP
chelate, which is due to the sensitization of the guanine part
of GMP and the improvement of the energy transfer efficiency
of GMP to Tb*" caused by the phosphate group of GMP.** In
this work, we develop a ratiometric fluorescent probe based on
LnCPs doped with carbon dots (CDs@Tb-GMP) for ALP detec-
tion. As shown in Scheme 1, in this probe, Tb-GMP was
selected as the recognition and signal response group for ALP
detection, and CDs were selected as the signal reference group.
The as-prepared CDs have a wide absorption band that can
match the excitation wavelength of Tb-GMP; therefore, the
CDs@Tb-GMP can be excited by a single wavelength while
emitting the blue fluorescence of CDs and green fluorescence
of Tb-GMP at the same time, respectively. In the presence of
ALP, the phosphate group in GMP ligands can be hydrolyzed
by ALP, resulting in the destruction of the Tb-GMP network,
and the characteristic emission intensity of Tb-GMP at 545 nm
is significantly reduced. Meanwhile, due to the hydrolysis of
the polymer network, CDs are released into the solution,
resulting in a slight increase in the fluorescence of CDs at
370 nm. Therefore, by comparing the relationship between the
fluorescence intensity ratio of F3;¢/Fs45 and the concentration
of ALP, sensitive detection of ALP can be achieved.

2. Experimental section
2.1. Reagents and apparatus

Alkaline phosphatase (ALP), guanosine-5-monophosphate dis-
odium salt (GMP), terbium nitrate (Tb(NOj);), trypsin, and
horseradish peroxidasen (HRP) were purchased from Sigma-
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Scheme 1 Schematic illustration of the interaction between Tb®** and GMP (A), and the CDs@Tb-GMP probe for ratiometric fluorescence detection

of ALP activity (B).
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Aldrich Co. LLC. (St Louis Missouri, USA). Glutathione (GSH),
bovine serum albumin (BSA), uric acid (UA), heparin, cysteine
(Cys), glycine (Gly), phenylalanine (1-Phe) and hydrogen per-
oxide (H,O,) were obtained from Aladdin Industrial Inc.
(Shanghai, China). Metal salts including NaCl, FeCl,, FeCls,
CaCl,, MgCl, and ZnCl, were obtained from Sinopharm
Chemical Reagent Co. Ltd (Shanghai, China). 0.1 M HEPES
buffer solution (pH 7.4) was used for the preparation of Tb-
GMP and CDs@Tb-GMP. 50 mM Tris-HCI buffer solution (Tris-
HCI, 5 mM MgCl,, pH 8.0) was used for controlling the pH of
the detection system. The ultra-pure water (resistivity > 18 MQ
cm) used for the preparation of aqueous solutions was pro-
duced using a Millipore system.

The morphology and size characterization of the as-prepared
materials were performed using a scanning electron microscope
(SEM, JSM-6700F, Japan) and a transmission electron micro-
scope (TEM, JEM-2100PLUS, Japan). The UV-vis spectra were
recorded by using a Cary-300 UV-vis spectrophotometer (Varian,
USA). The fluorescence spectra were recorded using an F-7000
spectrometer (Hitachi, Japan) with an excitation wavelength at
290 nm, both excitation and emission slit widths of 10.0 nm
and a PMT detector voltage of 700 V. X-ray photoelectron spec-
troscopy (XPS) was conducted on an ESCALAB 250Xi spectro-
meter (Thermo Fisher, USA). Fourier transform infrared (FT-IR)
spectra were recorded on a Nicolet iS5 Fourier transform infra-
red spectrometer (Thermo Fisher, USA).

2.2. Preparation of CDs

According to the protocol reported in the literature, blue light-
emitting CDs were prepared by the microwave method.**
Briefly, 0.3 g of Gly and 1 g of urea were dissolved in ultrapure
water, and then the solution was heated in a microwave oven
for 4 min. The obtained black solid powder was dissolved with
10 mL of ultrapure water. The supernatant was collected by
centrifugation at 12000 rpm for 5 min, and then the super-
natant was dialyzed using a dialysis membrane for 48 h to
remove excess precursors and small molecules. The syn-
thesized CDs were stored in a refrigerator at 4 °C.

2.3. Preparation of Tb-GMP and CDs@Tb-GMP

The Tb-GMP nanocomposite was synthesized according to the
literature reported method.*? Firstly, the aqueous solution of
Tb(NO;);-6H,O0 (8 mM, 1 mL) was mixed with GMP (8 mM,
prepared with HEPES buffer solution) to form a white precipi-
tate at room temperature. The precipitate was centrifugally
washed three times (8000 rpm, 5 min) and then dissolved in
2 mL of ultra-pure water. The prepared materials were stored
in a refrigerator at 4 °C.

The synthesis of CDs@Tb-GMP nanocomposites was
carried out according to the following steps: the GMP (8§ mM,
prepared with HEPES buffer solution) was added into 1 mL of
CDs which diluted 5 times, and the mixture was incubated at
25 °C for 30 min. Then, the aqueous solution of Tb
(NO3)3-6H,0 (8 mM, 1 mL) was added into GMP-CDs (1 mL) to
obtain white precipitate. The precipitates were washed three
times via centrifugation (8000 rpm, 5 min), and redispersed in
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2 mL of ultra-pure water. The prepared materials were stored
in a refrigerator at 4 °C.

2.4. Fluorescence detection of ALP

The ratio fluorescence measurement of ALP activity was per-
formed according to the following procedure. After adding
40 pL of ALP with different concentrations into 40 pL of
CDs@Tb-GMP solution, the Tris-HCI buffer was used to main-
tain the reaction system at 200 pL, and then incubated in a
37 °C water bath for 30 min. Then, the fluorescence spectra of
the solutions were recorded at the excitation wavelength of
290 nm. For detecting the ALP in real complex samples, experi-
ments were conducted in diluted human serum samples from
healthy volunteers. Informed consent was obtained from
human participants of this study. The serum sample experi-
ments were approved by the Ethical Committee of Qufu
Normal University and performed according to its Guidelines.

3. Results and discussion
3.1 The feasibility of the sensing system

Based on the stimulus-responsive LnCPs, a simple and novel
ALP active fluorescence sensing strategy was proposed. The
supramolecular LnCPs were constructed using Tb*>' as the
metal ion and GMP as the ligand. Due to the unique ability of
self-association, GMP was selected as a ligand model to form
ordered nanostructures. GMP can form large chelates through
the coordination of the guanine moiety and N and O atoms in
the phosphate group with Tb**, and the resulting supramole-
cular coordination polymer network has adaptive inclusion
properties.*>*> Due to the energy transfer from guanine to the
emitted D4 state of Tb®", the Tb-GMP network emits fluo-
rescence at 490, 545, 585 and 620 nm (Fig. 1, curve b). By
simply mixing GMP, Tb** and blue-emitting CDs (Fig. 1, curve
a), CDs can be encapsulated as guest molecules inside the
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Fig. 1 Fluorescence emission spectra of (a) CDs, (b) Tb-GMP, (c)
CDs@Tb-GMP and (d) CDs@Tb-GMP + 60 U L~ ALP. The volumes of
CDs (diluted 5 times), Tb-GMP, and CDs@Tb-GMP used in this experi-
mental section are all 50 pL, respectively. The total volume of the detec-
tion solution is 200 pL.

This journal is © The Royal Society of Chemistry 2021


https://doi.org/10.1039/d1an00218j

Published on 01 April 2021. Downloaded on 5/15/2021 10:45:07 AM.

Analyst

coordination polymer network to form CDs@Tb-GMP nano-
composites. In order to verify the encapsulation of CDs in the
Tbh-GMP network, the fluorescence spectra of the CDs@Tb-
GMP nanomaterials were recorded. As shown in Fig. 1 (curve
c), the characteristic emission peaks of CDs at 370 nm and Tb-
GMP at 490, 545, 585 and 620 nm were observed, indicating
the successful encapsulation of CDs. When ALP was added,
which can catalyze the removal of the phosphate group from
the GMP ligand, the Tb-GMP polymer network was destroyed,
resulting in a significant decrease in the characteristic peaks
of Tb-GMP, while the fluorescence intensity of CDs slightly
increased due to their release from the network (Fig. 1, curve
d). Therefore, the fluorescence of CDs was selected as the refer-
ence signal, and the fluorescence of Tb-GMP was used as the
response signal. The change in fluorescence intensity ratio of
F350/Fs45 with ALP concentration was recorded to realize the
sensitive detection of ALP activity.

3.2 Characterization of Tb-GMP and CDs@Tb-GMP

The morphologies of the as-synthesized CDs, Tb-GMP and
CDs@Tb-GMP nanomaterials were characterized by SEM and
TEM. As shown in Fig. S1A,T the TEM image indicates that the
synthesized CDs are well dispersed with uniform particle size.
The corresponding particle size distribution histograms indi-
cated that the average diameter is about 2.9 nm (Fig. S1BY). As
shown in Fig. 2B and D, the CDs@Tb-GMP nanoparticles were
colloidal spheres with a diameter range of about 40-50 nm,
which are similar to the morphology and size of the Tb-GMP
network polymer (Fig. 2A and C). The results indicate that the
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encapsulation of CDs does not change the structure or mor-
phology of the Tb-GMP network.

The assembly mechanism of the coordination polymer was
further explored by FT-IR (Fig. 3A). The absorption peaks at
1630 and 1489 cm™ ' were attributed to the C=0 and N-C
stretching vibration bands of the GMP guanosine part, and the
peaks at 1073 and 980 ecm™" belonged to the antisymmetric
and symmetric vibration bands of the GMP phosphoric acid
part. When the Tb** ion was added, the GMP interacted with
Tb** to form Tb-GMP nanocomplexes. The absorption wave
numbers of GMP were shifted to 1637, 1467, 1112 and
994 cm ™, indicating that both the phosphate group and gua-
nosine unit of GMP play important role in the coordination
bond.***” For CDs@Tb-GMP, compared with Th-GMP, no sig-
nificant wave number shifts of the corresponding peaks were
observed, indicating that CDs are mainly confined within the
Tb-GMP polymer network and have no significant effect on the
coordination between Tb** and GMP.

Fig. 3B shows the XPS spectra of GMP, Tb-GMP and
CDs@Tb-GMP. The peaks of GMP at 130.6, 285.0, 399.2, and
531.8 eV were attributed to P 2p, C 1s, N 1s, and O 1s, respect-
ively. After binding with Tb®" to form Tb-GMP, the peaks of N
1s and O 1s of GMP changed to 398.8 eV and 530.8 €V, respect-
ively, indicating that the coordination of Tb®" with GMP is
through the synergistic action of N and O. In addition, the
appearance of the peaks at 145.9 eV and 1242.1 eV, which
belonged to Tb 4d and Tb 3d, respectively, confirmed the suc-
cessful synthesis of Tb-GMP. After the CDs were encapsulated
into the Th-GMP polymer network, the peaks did not change

Fig. 2 SEM images of (A) Tb-GMP and (B) CDs@Tb-GMP and TEM images of (C) Tb-GMP and (D) CDs@Tb-GMP.

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 (A) FT-IR spectra of GMP, Tb-GMP, CDs@Tb-GMP and CDs. (B) XPS spectra of CDs@Tb-GMP, Tb-GMP and GMP. (C) UV-Vis absorption
spectra of (a) CDs, (b) GMP, (c) Tb-GMP, (d) CDs@Tb-GMP and (e) CDs@Tb-GMP + ALP.

significantly, indicating that the encapsulation of CDs has
little effect on the coordination between Tb-GMP.

In order to verify the incorporation of CDs into the Th-GMP
network polymer and the disintegration of the Tb-GMP
network triggered by ALP, the UV-vis absorption spectra were
investigated under different conditions. As shown in Fig. 3C,
the CDs presented an absorption at 300 nm due to n-t* tran-
sition (curve a), and GMP in aqueous solution presented two
characteristic absorption peaks at 252 and 276 nm due to the
two m-n* transitions of guanine (curve b).*®*” After the Tb>*
ion was complexed with GMP, the absorbance of the Th-GMP
network polymer was decreased (curve c). For the CDs@Tb-
GMP network polymer, the absorbance at 300 nm is greatly
weakened, indicating that CDs have been successfully encapsu-
lated in the Tb-GMP polymer network, thereby shielding the
absorption of CDs (curve d). In the presence of ALP, the absor-
bance of Tb-GMP decreased again, verifying the hydrolysis of
GMP by ALP which resulted in the disintegration of the Tb-
GMP polymer network (curve e).

3.3 Optimization of the experimental conditions

To obtain a high fluorescence sensing performance of the pro-
posed method for ALP detection, the main experimental
factors were investigated. First, the effect of pH on the probe
fluorescence intensity ratio Fz;o/Fs4s5 was studied (Fig. 4A). The
experimental result shows that the probe has the largest fluo-
rescence intensity ratio at pH 8.0 for the detection of ALP, thus

2866 | Analyst, 2021, 146, 2862-2870

pH 8.0 was selected as the optimal pH for the reaction. In
addition, since Mg®" can catalyze the hydrolysis of phosphate
groups by ALP, the effect of the Mg>" concentration in Tris-HCI
buffer solution on the detection of ALP was studied. As shown
in Fig. 4B, the concentration of Mg>" at 10 mM is appropriate
for the response to ALP that with the highest ratio intensity of
F370/Fs45. Finally, the effect of the incubation time of ALP on
the fluorescence intensity ratio of the system was studied. As
shown in Fig. 4C, after the addition of ALP, the fluorescence
intensity ratio of Fj,¢/Fs4s gradually increased with the incu-
bation time and reached a relatively stable value at 30 min.
Therefore, 30 min was chosen as the appropriate incubation
time for subsequent experiments.

3.4 The analysis performance for ALP detection

To investigate the analysis performance of the CDs@Tb-GMP
probe, different concentrations of ALP was incubated with
CDs@Tb-GMP nanocomposite solution under optimal experi-
mental conditions. Fig. 5A depicts the changes of the fluo-
rescence spectra of CDs@Tb-GMP after incubation with ALP.
With an increase in ALP concentration, the fluorescence of
CDs at 370 nm slightly increased, while the fluorescence of Tb-
GMP at 545 nm significantly decreased. The fluorescence
intensity of CDs increased with an increase in ALP concen-
tration, which might be attributed to the following reason.
When the CDs were wrapped in the polymer network, the exci-
tation light was partially blocked by the GMP shell, resulting

This journal is © The Royal Society of Chemistry 2021
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Fig. 4 (A) The effects of the concentrations of Mg?* on the fluorescence intensity ratio (Fs70/Fsas). (B) The effect of the pH on the fluorescence
intensity ratio (Fs70/Fs4s). (C) The effect of the enzymatic reaction time of ALP for hydrolysis of GMP on the fluorescence intensity ratio (Fs70/Fs4s).
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Fig. 5 (A) The fluorescence spectra of the sensing system in the presence of different concentrations of ALP. (B) Linear relationship between ALP

concentration and fluorescence intensity ratio (Fs70/Fs4s).

in the relatively low fluorescence intensity of CDs. After the
disruption of the polymer network by ALP, the CDs were
released, thus resulting in the slight recovery of the fluo-
rescence. These results show that CDs@Tb-GMP is suitable as
a ratiometric probe for detecting ALP. Using the fluorescence
of Tb-GMP as the response signal, and the fluorescence of CDs
as the reference signal, the ratiometric signal output of the
probe endowed it with a built-in correction function to avoid
the environmental impact on the analysis. As shown in
Fig. 5B, when the concentration of ALP increased from 0 U L™"
to 200 U L™, the emission intensity ratio of F5,¢/Fs45 gradually

This journal is © The Royal Society of Chemistry 2021

increased. The method had a good linear relationship
between fluorescence intensity ratio (Fs;o/Fs45) and the concen-
tration of ALP in the range from 0.5 to 80 U L', with the
regression equation of Fz;o/Fsqs = 0.45923 + 0.01569C,p (U
L"), R* = 0.991. The detection limit for ALP is calculated to
be 0.13 U L' based on 3o/slope. Compared with the
previously reported ALP detection method, this probe shows
better or comparable sensitivity (Table S1t). In addition, the
detection process of the proposed probe for ALP is simple and
fast, and the synthesis of CDs@Tb-GMP nanocomposites is
convenient.
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3.5 Selectivity study for ALP detection

To evaluate the specificity of the developed sensing system for
ALP, the influence of various interfering substances, including
common metals (Na*, Zn>*, Mg>*, Ca**, Fe**, and Fe**), amino
acids (Cys, Gly, and 1-Phe,), redox chemicals (GSH, UA, and
H,0,), and other nonspecific substances (BSA, HRP, trypsin
and heparin) were investigated under the same conditions.
Among them, the concentration of ALP was 50 U L™", the con-
centration of metal ions, amino acids and redox chemicals
were all 100 uM, the concentration of BSA was 0.2 mg mL™",
and the concentrations of enzymes including HRP, pepsin and
heparin are both 100 U L™". As shown in Fig. 6, the value of
F370/Fs45 increased significantly after ALP was added into the
system. However, the value of Fj,0/Fs45 remained unchanged
even when the concentration of these substances was 10 times
higher than that of ALP. The results indicate that the proposed
ratiometric fluorescent probe in this work has high selectivity
for the detection of ALP.

3.6 Detection of ALP activity in human serum samples

To further estimate the practical application of the proposed
method, the measurement of spiked ALP in diluted human
serum was carried out. Taking into the account the ALP level
in healthy human serum and the linear range of our method,
the serum samples were diluted 50-fold before being tested. As
shown in Table 1, the recoveries were in the range from 96.5%
to 105.4% with the relative standard deviations (RSD) lower

P
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Fig. 6 Selectivity of the sensing system for ALP detection.

Table 1 Recovery of ALP from human serum samples using the stan-
dard addition method

Total
Found Added found Recovery RSD
Sample (U™ (UL (UL (%) (n=3,%)
Sample 1 2.0 2.09 104.5 3.6
0.0 5.0 4.87 97.4 4.1
10.0 10.36 103.6 4.5
Sample 1 2.0 2.33 96.5 3.8
0.4 5.0 5.67 105.4 4.3
10.0 10.88 104.8 3.7
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than 4.5%. These results indicate the potential of this method
in complicated biological environments.

4. Conclusions

In summary, a kind of carbon dot doped lanthanide coordi-
nation polymer (CDs@Tb-GMP) nanocomposite has been suc-
cessfully prepared by simple mixing and employed as a ratio-
metric probe for sensitive detection of ALP activity. The
CDs@Tb-GMP nanocomposites can emit the fluorescence at
370 nm of CDs and the fluorescence at 545 nm of Tb simul-
taneously when excited at 290 nm. Tb-GMP in the CDs@Tb-
GMP nanocomposite acted as the recognition and signal
response group and CDs acted as the signal reference group,
which endowed the probe with a built-in correction function
to avoid environmental influences. After adding the analyte
ALP to the system, the fluorescence of Tb-GMP in the
CDs@Tb-GMP nanomaterials significantly decreased due to
the hydrolysis of the Tb-GMP polymer network, while the fluo-
rescence of CDs only slightly increased due to their release
from the polymer network. By comparing the relationship
between the fluorescence intensity ratio Fs;o/Fsss of two
signals and the concentration of ALP, the sensitive detection
of ALP was realized with a detection limit of 0.13 U L™". More
importantly, the ratiometric fluorescent probe could be used
to detect ALP under physiological conditions. Therefore, the
proposed method has great potential for evaluating ALP in
clinical analysis.
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