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ABSTRACT: Because abnormal acid phosphatase (ACP) can disrupt the normal
physiological processes, determination of ACP level is extremely important for early
diagnosis, treatment, and prognostic evaluation of diseases. Herein, a fluorescence
platform for monitoring ACP level was established based on the assembly of red-
emitting carbon dots (RCDs) on cobalt oxyhydroxide (CoOOH) nanoflakes. RCDs
displayed excellent water solubility, pH stability, salt resistance, and photobleaching
resistance. Interestingly, the fluorescence of the RCDs assembled on the surface of the
CoOOH nanoflakes could be quenched due to the energy transfer caused by the
nanoflakes. However, the ascorbic acid (AA) produced by the hydrolysis of ascorbic
acid-2-phosphate trisodium salt (AAP) catalyzed by ACP could quickly and effectively
reduce CoOOH nanoflakes, leading to the fluorescence recovery of the RCDs.
Therefore, an “off−on” biosensor platform for rapid, sensitive, and selective detection
of ACP was constructed with a limit of detection of 0.25 mU/L. With the assistance of
the biosensor, the level of ACP in human serum samples was evaluated, and the spike recovery values ranged from 94.0% to 104.5%.

■ INTRODUCTION
Acid phosphatase (ACP), as a phosphomonoesterase widely
distributed in many organisms and plant species, could
hydrolyze effectively phosphate acid monoester to phosphate
ion under weak acid conditions with its best catalytic
performance.1 Existing reports indicate that an abnormal
ACP level is closely related to many important physiological
processes. Generally, ACP levels are highly expressed in people
who suffer from prostate cancer, Gaucher disease, granulocytic
leukemia, Niemann Pick’s disease, hemolytic anemia, osteo-
sarcoma, osteitis deformans, and urinary retention. In
particular, ACP not only can be used as a biomarker in the
diagnosis of prostate cancer but also has significant value in the
monitoring, curative effect observation, and prognosis
evaluation of advanced prostate cancer. Therefore, the level
of ACP is usually used as a serum marker to evaluate the
above-mentioned diseases.2−4 On the basis of the momentous
role of ACP in physiology and clinical medicine, assay
platforms including fluorescence, colorimetry, electrochemis-
try, SERS, mass spectrometric, and other methods for ACP
sensing have been established.5−13 Among them, fluorescence
detection of ACP is considered one of the most widely used
strategies due to its high sensitivity, convenient use, and simple
operation.
As a typical 2D nanomaterial, cobalt oxyhydroxide

(CoOOH) nanoflakes have attracted considerable research
interest and are widely used in catalytic oxidation, photo-
carriers, supercapacitors, biological imaging, and biological
sensing, etc., due to their excellent physical and chemical
properties.14−21 As an oxidant, CoOOH nanoflakes exhibit a

planar structure and wide UV−vis absorption, making them an
effective fluorescence quencher and energy acceptor for
quenching the fluorescence of nanomaterials.14 However, the
fluorescence of the nanomaterial will be restored again when
CoOOH nanoflakes are reduced by a reducing agent (such as
ascorbic acid).22 Therefore, CoOOH nanoflakes can be used as
an intermediate for the detection of biological or other
substances in fluorescence assay. Evolutionary, CoOOH
nanoflakes have been widely used in recent years due to
their excellent water dispersion and simple and mild
preparation procedure. For example, based on the fluorescence
quenching effect of the CoOOH nanoflakes, the determination
of ascorbic acid oxidase, ochratoxin A, ascorbic acid, T4
polynucleotide kinase activity, vitamin C, imidacloprid, and
ascorbic acid has been realized.23−29

Carbon dots (CDs) have aroused strong research interest
because of their excellent water solubility, biocompatibility,
photobleaching resistance, low toxicity, and easy modifica-
tion.30,31 In addition, due to the excellent physical and
chemical properties of the CDs, they has become an emerging
fluorescent nanomaterial which could replace traditional
organic dyes, toxic semiconductor quantum dots, and weak
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fluorescent polymers.32−34 At present, CDs not only are widely
used in drug delivery, optoelectronic devices, catalysis, energy,
and other fields but also have attracted more attention in
biosensor and biological imaging.35,36 Unfortunately, due to
the imperfection of the designability theory of long-wavelength
fluorescent CDs, the emission wavelengths of most of the
reported CDs are distributed in the blue and green regions.
Therefore, the wide application of these CDs in biological
imaging and biological samples detection is hindered because
of the autofluorescence of amino acids, proteins, and other
substances in biological samples or tissues.37 Fortunately, the
emergence of red-emitting carbon dots (RCDs) could
compensate for the shortcomings of short-wavelength
fluorescent nanomaterials.38−41

In this work, based on the excellent optical, chemical, and
physical properties of the RCDs, a biosensor for selective
detection of ACP level was established. RCDs with an emission
wavelength of 607 nm were prepared using p-phenylenedi-
amine (PPD) and PEG 1000 via a one-step solvothermal
method, which could avoid the interference of autofluor-
escence of biological tissues and biological matrix. As shown in
Scheme 1, RCDs were introduced into the CoOOH nanoflakes
solution and integrated into the RCDs/CoOOH quenching
system due to the energy transfer caused by CoOOH
nanoflakes. The ascorbic acid (AA) produced by the ACP-
catalyzed hydrolysis of ascorbic acid-2-phosphate trisodium
salt (AAP) was used to decompose CoOOH nanoflakes into
Co2+, which caused the surface on which the RCDs were
assembled to be decomposed and the fluorescence of the
detection system was restored. Therefore, an “off−on”
biosensor platform was constructed for rapid, sensitive, and
selective detection of ACP. Importantly, the biosensor
constructed based on the RCDs/CoOOH nanoflakes exhibited
excellent performance in the assessment of ACP levels in
human serum.

■ EXPERIMENTAL SECTION
Synthesis of the RCDs. RCDs were synthesized from PPD and

PEG 1000 by a solvothermal method. Briefly, 1.0 mmol of PPD and
0.2 mmol of PEG 1000 (molar ratio 5:1) were dissolved in 60 mL of
ethanol by sonication. The clear mixture was transferred into a
Teflon-lined autoclave and heated to 160 °C for 2 h. When
completed, the autoclave was cooled naturally to room temperature.

The obtained deep purple/red mixture was filtered through a 0.45 μm
filter membrane and stored at 4 °C for further use. In the control
experiments, the molar ratios of PPD and PEG 1000 were changed to
10:1, 5:2, and 1:1. Other procedures were the same as above.

Synthesis of the CoOOH Nanoflakes. The CoOOH nanoflakes
were synthesized by a previously reported chemical reaction method
with some modification.42 First, 0.8 M NaOH (1 mL) and 0.2 M
NaClO (1 mL) were added dropwise into 1.0 mL of a 10 mM CoCl2
solution under vigorous stirring. Then the mixture was sonicated for
30 min at room temperature to form a brownish black suspension.
Subsequently, the mixture was rinsed three times with deionized water
and dried at 80 °C. Finally, the as-synthesized CoOOH powder was
redissolved with deionized water by sonication to form a 0.5 mg/mL
homogeneous CoOOH nanoflakes solution and stored at 4 °C for
further use.

Detection of ACP Activity in Buffer Solution. A 40 μL amount
of freshly prepared CoOOH nanoflakes (5.0 mg/mL) and 20 μL of
AAP (10 mM) were mixed in a series of 1.5 mL centrifuge tubes.
Then 20 μL of ACP with various activities and a certain volume of
phosphate buffer solution (20 mM PBS, pH 5.0) was added with a
final volume of 0.99 mL and incubated at 37 °C for 15 min.
Subsequently, 10 μL of RCDs was successively introduced, and the
fluorescence spectra centered at 607 nm of the resulting solutions
were measured on a Fluoromax-4 spectrofluorometer with an
excitation of 540 nm.

Detection of ACP Activity in Human Serum. Three human
serum samples pretreated and ultrafiltered to remove the redundant
salt and small biomolecules were received from adult volunteers from
the Second Affiliated Hospital of Lanzhou University, Lanzhou, PR
China. Then the samples were diluted 10 times using PBS buffer (10
mM, pH = 5.0) and stored at 4 °C for further use. The feasibility of
the assay was examined according to the above procedure by just
adding the diluted human serum instead of the ACP standard
solution.

■ RESULTS AND DISCUSSION
Optimization of Reaction Conditions for Synthesis of

RCDs. The experimental conditions including reaction time,
temperature, and ratio of reactants were optimized. The
fluorescence intensity (FL intensity) of the prepared RCDs
was increased when the reaction temperature changed from
140 to 160 °C and then decreased when the reaction
temperature further increased to 200 °C (Figure S1A). Thus,
the influence of reaction time on the FL intensity of the RCDs
was studied at 160 °C (Figure S1B). The FL intensity of the
RCDs increased until 2 h, remained almost constant with a

Scheme 1. Schematic Illustration of the Novel Fluorescence “Off−On” Nanosensor for ACP Assay Based on the Assembly of
RCDs on CoOOH Nanoflakes

Langmuir pubs.acs.org/Langmuir Article

https://doi.org/10.1021/acs.langmuir.1c01512
Langmuir XXXX, XXX, XXX−XXX

B

https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.1c01512/suppl_file/la1c01512_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.1c01512/suppl_file/la1c01512_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.1c01512?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.1c01512?fig=sch1&ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.1c01512?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


prolonged carbonization time of 2−4 h, and then decreased at
5 h. Therefore, in the subsequent experiments, the reaction
temperature and time were set at 160 °C and 2 h, respectively.
As the passivating agent played an important role in regulating
the FL intensity of the prepared RCDs, the mass ratio between
PPD and PEG 1000 was adjusted. As shown in Figure S1C, the
FL intensity of the RCDs increased when the molar ratio was
changed from 10:1 to 5:1 and decreased when the molar ratio
changed from 5:1 to 1:1. Taking the fluorescent intensity into
account, 5:1 was chosen as the optimal reagent ratio. The
absolute quantum yield (QY) of the obtained RCDs was
measured to be 25% under the excitation wavelength fixed at
540 nm.
Characterization of the RCDs and CoOOH Nano-

flakes. The size and morphology of the prepared RCDs and
CoOOH nanoflakes were characterized by TEM, XRD, and
FT-IR. As illustrated in Figure 1A, the as-synthesized RCDs
were uniform in size and well monodispersed, showing a
spherical morphology with an average particle size of 5.0 nm.
No obvious lattice fringes were found in the high-resolution
TEM (HRTEM) of the RCDs (Figure S2A), indicating their
amorphous nature. The XRD pattern of the RCDs displayed a
prominent broad (002) diffraction peak centered at about 21°
(Figure 1B), implying only graphitic carbon and no other
crystalline phases,43 which also confirmed the poor crystal-
lization and the disordered surface of the RCDs. Raman
spectroscopy was also used to identify the chemical state of
carbon in the RCDs, as shown in Figure S2B. The D and G

bands centered at 1402 and 1525 cm−1 are attributed to the
disordered and sp2-bonded C atoms in the RCDs, respectively.
The relative intensity of the characteristic bands (ID/IG) was
0.91, which further confirmed the disordered graphite-like
structure of the RCDs.44 The FT-IR spectrum was also
measured to identify the structures and functional groups of
the RCDs, as shown in Figure 1C. The presence of N−H and
O−H bonds was verified by the peaks centered at 3375, 3307,
and 3200 cm−1.45 The adsorption peak at 1512 cm−1 was
assigned to the vibration of CC.46 The peaks at 1254 and
1117 cm−1 proved the presence of C−N and C−O,
respectively.45 The above results proved that the RCDs were
fabricated successfully.
The CoOOH nanoflakes were also fully characterized. TEM

images (Figure 2A) clearly revealed the typical hexagon
nanoflakes morphology of CoOOH, and a clear lattice could
be observed in the HRTEM image (Figure 2B). The XRD
pattern (Figure 2C) indicated the hexagonal rhomb-centered
phase (JCPDS07-0169) of CoOOH nanoflakes, which proved
the crystallinity of CoOOH nanoflakes.47 The absorption
peaks at 3386, 1628, and 578 cm−1 (Figure 2D) are ascribed to
the hydroxyl group (−OH), Co−O bond, and Co−O2−

complex in the oxide, respectively.18 Figure S3 shows that
the prepared CoOOH nanoflakes had a completely different
UV−vis spectral position from CoCl2. In summary, the above
results adequately demonstrated that the RCDs and CoOOH
nanoflakes have been successfully fabricated. In addition, the
morphology of the mixed system of RCDs and CoOOH

Figure 1. (A) TEM image, (B) XRD pattern, (C) FT-IR spectrum, and (D) UV−vis and fluorescent spectrum of the prepared RCDs.( Inset of A)
Size distribution of the RCDs, which was calculated from 50 individual nanoparticles. (Inset of D) Pictures of the RCDs taken under visible light
and UV light (λex = 365 nm).
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nanoflakes was also characterized. Figure S4 shows that the
RCDs could be well assembled on CoOOH nanoflakes.
Optical Properties and Stability of the RCDs. The

optical properties of the RCDs were investigated by UV−vis
absorption and FL spectra, which are shown in Figure 1D. In
the UV region, an absorption peak was observed at 255 nm
with a shoulder at 280 nm, corresponding to the π−π*
transitions of CC and CN bonds in the aromatic rings,
respectively, which typically do not generate fluorescence.48

The broad absorption peak around 513 nm could be adopted
to excite the RCDs.38 Unlike the generally reported CDs, the
suspension of prepared RCDs showed an excitation-independ-
ent feature. When the excitation wavelength varied from 510 to
550 nm, no emission shift but increased FL intensities were
obtained with the emission centered at 607 nm (Figure S5).
This phenomenon could be ascribed to the relatively uniform
size distribution and surface state of the prepared RCDs.49 The
FL intensities of the RCDs toward ionic strengths, pH,
temperature, and light irradiation were measured to study the
stability of the RCDs. As illustrated in Figure S6A and S6B, the
RCDs exhibited stable FL intensity even in concentrations of
NaCl up to 1.0 M or in the temperature range from 25 to 45
°C. Figure S6C demonstrates the FL intensity toward various
pH values. The FL intensity increased with increasing pH from
3.0 to 7.0, followed by a decrease at higher pH values, which
might result from changes in the surface charge due to
protonation−deprotonation. Besides, the FL intensities were
almost constant under continuous irradiation for 60 min

(Figure S6D). The above phenomenon confirmed that the
prepared RCDs possess excellent salt tolerance, excellent pH
stability, and high photostability in an ambient environment,
making them promising in biosensing and bioimaging. In
addition, the influence of substances that may exist in
biological tissues on the FL intensity of the RCDs has also
been investigated. It can be seen from Figure S7A that these
potential interfering substances could not affect the FL
intensity of the RCDs. In addition, the AAP and ACP could
not change the FL intensity of the RCDs (Figure S7B). These
results are conducive to the application of RCDs in biological
systems and biological samples.

Principle of the Biosensor. The design principle of the
proposed biosensor for detecting ACP activity is described as
follows. In detail, the fluorescence of the RCDs assembled on
the surface of the CoOOH nanoflakes could be quenched
effectively by the nanoflakes because it exhibited absorption
peaks in a wide wavelength range (Figure S8) and overlapped
with the fluorescence emission spectra of the RCDs. Therefore,
the CoOOH nanoflakes have become a favorite fluorescence
quenching agent and energy receptor.50 However, the CoOOH
nanoflakes are be reduced to Co2+ by adding AA, which was
obtained by hydrolyzing AAP with ACP, causing the surface
assembled by RCDs to be decomposed and the fluorescence to
be restored. Figure 3A further verifies the rationality of the
design of the biosensor and the feasibility of detecting ACP
activity. Therefore, the RCDs could realize effectively the “off−

Figure 2. (A) TEM image, (B) HRTEM image, (C) XRD pattern, and (D) FT-IR spectrum of the CoOOH nanoflakes. (Inset of A) Selected-area
electron diffraction (SAED) pattern of the CoOOH nanoflakes.
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on” mode detection of ACP based on the CoOOH nanoflakes
and AAP intermediates.
Sensitivity and Selectivity of the Biosensor. To

achieve sensitive and rapid detection of ACP activity, some
factors that affect the fluorescence intensity of the detection
system, including the concentration of the CoOOH nanoflakes
and AA, pH value of the buffer solution, fluorescence
quenching, and recovery time were investigated. As expected,
the fluorescence intensity of the RCDs solution gradually
decreased with increasing CoOOH nanoflakes concentration.
The fluorescence intensity was less than 100 a.u. when the
concentration of the CoOOH nanoflakes decreased to 200 μg/
mL (Figure S9). Therefore, the concentration of CoOOH

nanoflakes was selected as 200 μg/mL in the subsequent
experiments. Similarly, the change of fluorescence intensity of
the RCDs/CoOOH system was opposite to that of the above
detection system, that is, the concentration of AA was
positively correlated with the fluorescence intensity of the
RCDs (Figure S10). Therefore, the concentration of AA and
AAP was designated as 200 μM in the subsequent experiments.
In addition, Figure S11 shows that the fluorescence intensity of
the RCDs returned to the maximum when the pH of the buffer
solution was 5.0. Subsequently, the fluorescence quenching
and recovery times of the RCDs by CoOOH nanoflakes and
ACP+AAP were determined. Figure S12 shows that the
CoOOH nanoflakes could quench the fluorescence of the

Figure 3. (A) Fluorescence quenching and recovery of the RCDs by CoOOH and ACP (concentrations of CoOOH, AAP, and ACP were 200 μg/
mL, 200 μM, and 16 μU/mL, respectively). (B−D) Fluorescence emission spectra and FL intensities of the RCDs−CoOOH with varied
concentrations of ACP.

Table 1. Comparison of Our Approach with Other Methods for ACP Detection

detection strategy material intermedium linear range LOD total detection time ref

fluorescence N-GQDs AA2P, dopaquinone 0.04−0.7 U/L 14 mU/L 40 min 51
GQDs@GSH AA2P 0.1−9 U/L 27 mU/L 40 min 52
N-CDs AA2P 5−40 U/L 0.1 U/L ∼120 min 6
L-cys-CuInS2 QDs (NaPO3)6 75−1500 μU/L 9.02 μU/L 2 min 53
Au-NCs/MnO2 AA2P 0.01−16 U/L 3 mU/L 60 min 54
GQDs Cr2O7

2−, AA2P 0.02−3 U/L 8.9 mU/L ∼120 min 55
CQD PPi, Ni2+ 18.2−1300 U/L 5.5 U/L 60 min 56
CDs dopamine 1−60 U/L 0.45 U/L 100 min 57
GQDs-NR lecithin/β-CD complex 0−1500 mU/L 28 mU/L 90 min 58
N-CDs (NaPO3)6 1−50 U/L 0.43 U/L 120 min 59

colorimetric Cu(BCDS)2
2− AA2P 0−220 U/L 3.16 U/L 30 min 60

Ch−PtNPs AA2P, TMB 0.25−2.5 U/L 16 mU/L 35 min 7
C3N4 Cu2+−PPi, TMB 0.05−40 U/L 8.8 mU/L 45 min 8

electrochemical TNA/g-C3N4/DAT Fe3+, AA2P 0.05−100 U/L 16 mU/L 15 min 61
RCDs/CoOOH AAP 1−2000 mU/L 0.25 mU/L 15 min this work
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RCDs in a very short time (1 min). The response time of the
RCDs/CoOOH system to ACP+AAP reached equilibrium
within 15 min. Therefore, 1 and 15 min were used as effective
fluorescence quenching and recovery times, respectively.
Subsequently, the proposed biosensor was applied for

evaluation of the ACP level. It can be seen from Figure 3B
that the gradually increasing concentration of ACP causes the
fluorescence of the detection system to gradually increase, and
this phenomenon is shown in Figure 3C. In addition, a good
linear relationship was obtained when the concentration of
ACP ranged from 1 to 2000 mU/L with a limit of detection of
0.25 mU/L (Figure 3D). The sensitivity, detection time, and
other properties for ACP sensing based on the proposed
biosensor were comparable to or even lower than reported
(Table 1). Furthermore, some potential interfering substances
(protein, amino acid, and cation, etc) and metal ions in the
organism hardly change the fluorescence intensity of the
detection system (Figure 4), which proved that these
substances could not affect the detection performance of the
proposed biosensor for ACP. The above results demonstrated
that the biosensor can evaluate ACP levels quickly, sensitively,
and selectively based on the RCDs/CoOOH system.
Determination of ACP by Biosensor in Real Samples.

To verify the feasibility of the fluorescence method based on
the RCDs to detect ACP in actual samples and expand its
application range, the ACP levels in three human serum
samples were evaluated. Table 2 shows that there were obvious
differences in ACP level for different samples. Subsequently,
ACP levels in human serum samples were determined by the
standard addition method, and satisfactory spiked recoveries
(94.0−104.5%) were obtained. The above results proved that

the method could realize the assessment of ACP level and has
potential value in practical application, which is expected to
provide a useful platform for the diagnosis, treatment, and
prognosis evaluation of ACP-related diseases.

■ CONCLUSION

RCDs with excellent resistance to pH, NaCl, temperature, and
long-lasting light radiation were fabricated by a one-pot
solvothermal method. The fluorescence of the obtained RCDs
could be quenched effectively by the CoOOH nanoflakes
because the assembly of the RCDs on the surface of the
CoOOH nanoflakes shortened the distance between them,
which further promoted the energy transfer of the RCDs to the
CoOOH nanoflakes. Interestingly, AA could reduce CoOOH
nanoflakes to Co2+. Therefore, a fluorescence method based on
the RCDs biosensor for rapid, sensitive, and selective detection
of ACP activity was established with a limit of detection of 0.25
mU/L. In addition, the RCDs could assess successfully the
ACP level in human serum samples, indicating that they
displayed excellent practical application capabilities and were
expected to provide useful reference for the diagnosis,
treatment, and prognosis evaluation of diseases related to
ACP level.
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