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Abstract: Halide lead perovskite has attracted increased attention due to its excellent optical proper-
ties. However, the poor stability of the halide lead perovskite nanocrystals has been a major obstacle
to their application in biosensing. Here, we proposed a method to synthesize CsPbBr3/BSA NCs
perovskite using bovine serum albumin (BSA) as a zwitterion ligand. Then, a fluorescent sensor
for alkaline phosphatase determination based on CsPbBr3/BSA NCs was successfully built via the
interaction of L-ascorbic acid (AA) with BSA on the perovskite surface. Under optimal conditions,
the sensor showed a linear concentration range from 50 to 500 µM with a detection limit of 28 µM
(signal-to-noise ratio of 3) for AA, and demonstrated a linear concentration range from 40 to 500 U/L
with a detection limit of 15.5 U/L (signal-to-noise ratio of 3) for alkaline phosphatase (ALP). In addi-
tion, the proposed fluorescent biosensor exhibited good selectivity and recovery in the determination
of ALP in human serum. This strategy offers an innovative way for enhancing the water stability of
lead halide perovskite and promoting their application in biosensing areas.

Keywords: perovskite; fluorescence sensing; alkaline phosphatase; L-ascorbic acid

1. Introduction

Halide lead perovskites have emerged as an appealing nanomaterial in optical and
electronic applications owning to the high tolerance of defect, broad light absorption and
high photoluminescence quantum yield [1]. The narrow and symmetrical fluorescence
emission with a full width at half maximum (FWHM) of 12–42 nm and the large Stokes shift
of perovskites made it a desired material for fluorescent bio-applications [2,3]. However,
the ionic perovskite is easily destroyed in highly polarized water which is a key obstacle for
perovskite biosensor. Many efforts have been made in improving the stability of perovskite
in aqueous solution, including crystal structure engineering, defect engineering and surface
encapsulation [4,5]. Among the above, surface modification is the most effective method,
which enhances the stability of perovskite by the exchange of the ligand or coating materials
while preserving the fluorescent structure of perovskite.

Polymer molecular chains were widely used for encapsulating perovskite nanocrystals,
such as polystyrene (PS) [6], polymethacrylate (PMMA) [7], polyvinylpyrrolidone (PVP) [8]
and some hydrophobic polymer [9]. Although hydrophobic polymer-coated perovskites
offer a high potential for bioimaging due to their long-term fluorescence emission and
water durability, they respond poorly to environmental changes in biosensing. Inorganic
nanoparticles with voids, such as metal organic frame (MOF) or mesoporous silicon, have
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also been used for perovskite protection and have applied in variable ink printing and pho-
toelectrochemical (PEC) biosensing [10–12]. When dispersed in an aqueous solution, these
voids inorganic nanoparticles struggle to stop water molecules from eroding perovskite,
and it was still a challenge to maintaining the optical properties of perovskite by inorganic
nanoparticles coating. Nevertheless, some ligands and small biomolecules were reported to
connect with perovskite and were successfully applied in biosensing. Shen et al. proposed
a PEC biosensor for the determination of dibutyl phthalate (DBP) based on perovskite
coated with cetyltrimethylammonium bromide (CTAB). The static interaction of NH4

+

and Br- between CTAB and the surface of perovskite maintains its stability when different
charges of aptamer react with the surface CTAB causing PEC changes [13]. Dong et al.
developed aflatoxin M1 (AFM1) and carcinoembryonic antigen (CEA) biosensor based on
perovskite via a ligand engineering strategy. Oleylamine-OH (OAm-OH) ligands formed a
hydrophilic layer on the surface of the perovskite, where the hydrophobic long chain of
OAm protects perovskite from water erosion. This kind of fluorescent biosensor based on
perovskite with ligands hydroxyl functionalization possesses good water dispersion and
stability [14]. These findings point to the possibility of improving perovskite biosensing via
a ligand–perovskite surface interaction.

Recently, ligands or small molecules containing sulfur elements have been reported
to stabilize perovskite [15,16]. For instance, a sensitive biosensor for the detection of H2S
was achieved by creating a strong Pb–S bond with perovskite [17,18]. The ligands with
sulfur, such as 1-dodecanethiol (DSH) [19], 4-aminobenzene sulfonic acid (SA) [20] and
dodecylbenzene sulfonic (DBSA) [21], were found to improve the fluorescence of per-
ovskite in water, indicating that it is of great potential to modify perovskite using ligands
containing sulfur. Since bovine serum albumin (BSA) is composed of 585 amino acid
residues, it contains numerous disulfide bonds and a free sulphydryl group, which pos-
sesses good biocompatibility and ionic affinity and has been widely used in the fabrication
of nanoparticles. [22,23]. Given the numerous groups and unique structure, BSA has a
great potential for the surface engineering of perovskite nanocrystals and is expected to
increase their aqueous solution stability. As far as we known, there was no study on the
modification of perovskite surface using BSA has been reported. In this work, we em-
ployed BSA as a ligand to create a perovskite solution with stable luminescence in aqueous
solution using an ultrasonic technique. The sulfur groups, such as SH or S-S of BSA, can
be well combined with lead ions or defects on the surface of perovskite, which improves
the aqueous dispersion and stability of perovskite nanoparticles. In addition, the possible
electrostatic interaction between AA and BSA might cause the aggregation of CsPbBr3/BSA
nanocrystals, resulting in fluorescence quenching. Based on this principle, a fluorescent
biosensor based on CsPbBr3/BSA was effectively developed for ascorbic acid (AA) and
alkaline phosphatase (ALP) determination. This method provides a new way for the future
modification of perovskite and the application of perovskite for biosensor design.

2. Materials and Methods
2.1. Materials and Apparatus

Lead bromide (PbBr2, 99%), cesium bromide (CsBr, 99%), oleylamine (OAm, 80~90%)
and oleic acid (OA, 85%) were purchased from Aladdin Biochemical Technology Co., Ltd.
(Shanghai, China). N,N-Dimethylformamide (DMF, ≥99.5%) was purchased from Macklin
Biochemical Technology Co., Ltd. (Shanghai, China). Bovine serum albumin (BSA) was
purchased from BBI Life Sciences Co., Ltd. (Shanghai, China). Phosphatase, alkaline
from bovine intestinal mucosa buffered aqueous solution (ALP, P6774-2KU), L-Ascorbic
acid (AA, 99%) and Tris (hydroxymethyl) amino methane hydrochloride (Tris-HCl) were
purchased from Sigma-Aldrich. Ascorbic acid 2-phosphate magnesium ester (AAP, 98%)
was purchased from Bepharm Science & Technology Co., Ltd. (Shanghai, China). Human
serum samples were received from the Xiangya hospital (Changsha, China). All other
reagents were of analytical grade and used without further purification. Ultrapure water
(18.2 MΩ cm resistivity at 25 ◦C, Milli-Q) was used in all experiments.
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Fluorescence spectra were measured by F-7000 fluorescence spectrometer (Hitachi,
Japan). The transmission electron microscopy (TEM) images were obtained using JEOL JEM-
2100 F electron microscopy. The micromorphology and energy-dispersive spectroscopy
(EDS) were measured by scanning electron microscopy (FE-SEM, Hitachi S-4800). X-ray
diffraction (XRD) was conducted on X-ray diffractometer (XRD-7000, Shimadzu, Japan).
UV–vis absorption spectra were recorded using a UV-2450 spectrophotometer (Hitachi,
Japan). X-ray photoelectron spectroscopy (XPS) was measured using K-Alpha spectrometer
(Thermo Scientific, Waltham, MA, USA). The ultrasonic treatment was conducted using an
ultrasonic homogenizer (KQ-500DE, Suzhou, China).

2.2. Preparation of CsPbBr3/BSA

Water stable fluorescent CsPbBr3/BSA nanocrystals was synthesized with ultrasonic
treatment from Cs4PbBr6. Typically, 0.638 g CsBr (3 mmol) and 0.367 g PbBr2 (1 mmol)
were mixed with 30 mL of DMF stirred continuously for 2 h until a milky-white solution
was formed. Then, 1 mL of OA was added quickly and 1 mL of OAm was added slowly,
before the upper layer solution was removed after continuous stirring for 1 h. Next, 20 mL
of toluene was added, the Cs-rich Cs4PbBr6 precipitation was centrifuged at 8000 rpm and
was then freeze-dried for further use. A total of 10 mg of BSA was dissolved in 10 mL
Milli-Q water, mixed with 20 mg of prepared Cs4PbBr6 and then an ultrasonic treatment
was applied for 4 h (40 kHz, 500 W), before it was centrifuged at 4000 rpm to remove large
particles. Finally, the CsPbBr3/BSA supernatant was prepared and stored at 4 ◦C.

2.3. CsPbBr3/BSA-Based Fluorescence Probe for AA Determination

A total of 100 µL of Tris-HCl (10 mM, pH = 7.4) containing different concentrations of
AA (0, 0.05, 0.1, 0.2, 0.3, 0.5, 1, 5, 10 mM) was mixed with 100 µL of CsPbBr3/BSA solution
and oscillated for 5 min at room temperature. The fluorescence intensity of these mixture
was measured with F-7000 fluorescence spectrophotometer with the excitation wavelength
at 400 nm (EX slit = 5 nm, EM slit = 5 nm, PMT voltage = 700 V).

2.4. CsPbBr3/BSA-Based Fluorescence Probe for ALP Determination

A total of 80 µL of Tris-HCl (10 mM, pH = 8) containing 5 mM AAP was mixed
with 20 µL of ALP with various concentrations (40, 50, 100, 200, 300, 400, 500 U/L) and
incubated for 30 min at 37 ◦C. A total of 20 µL of the above mixture was added into 80 µL
of Tris-HCl (10 mM, pH = 7.4) and mixed with 100 µL of CsPbBr3/BSA solution, before it
was oscillated for 5 min at room temperature. The fluorescence intensity of these mixtures
was recorded using an F-7000 fluorescence spectrophotometer with the excitation at 400 nm
(EX slit = 10 nm, EM slit = 5 nm, PMT voltage = 700 V).

2.5. Human Serum Sample Analysis

The fluorescent biosensor determination of ALP in human serum samples was evalu-
ated using the spike-recycling method. Fresh human serum samples of healthy people were
obtained from the Xiangya hospital (Changsha, China). A total of 80 µL of Tris-HCl (10 mM,
pH = 8) containing 5 mM AAP was mixed with 20 µL of human serum samples (diluted
10 times) spiked with different concentrations of ALP and incubated for 30 min at 37 ◦C
before the fluorescence measurement (Excitation = 400 nm, EX slit = 10 nm, EM slit = 5 nm,
PMT voltage = 700 V).

3. Results

In this work, the water-stable CsPbBr3/BSA perovskite was obtained by the mixing
of Cs4PbBr6 and BSA with ultrasonic treatment. The binding force between the sulfur-
containing groups in BSA and the defects or ions on the surface of CsPbBr3 perovskite can
produce fluorescence stable perovskite in aqueous solution. However, this binding force
was prone to break down, owing to the possible stronger electrostatic force of ascorbic acid
(AA) with BSA. In the presence of ALP, AA was produced by the dephosphorylation of
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AAP, which then reacted with the BSA on the surface of CsPbBr3/BSA, resulting in the
quenching of the fluorescence (Scheme 1).
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Scheme 1. Schematic diagram of fluorescent biosensor based on CsPbBr3/BSA nanocrystals for
determination of AA and ALP.

3.1. Characterization of the Synthetic Process of CsPbBr3/BSA NCs

The morphology of Cs4PbBr6 and CsPbBr3/BSA NCs were characterized by SEM and
TEM. As shown in Figure 1A, the size of rhombohedral Cs4PbBr6 was approximately 10 µm
with a rough surface, which may be caused by rapid precipitation in DMF when OAm
was added [24]. The loose structure of Cs4PbBr6 will decompose fast in polar solvent, and
then be transformed to large bulk CsPbBr3, before eventually being exfoliated to CsPbBr3
NCs in the aqueous phase with a longtime ultrasonic treatment [25]. The BSA aqueous
solution exfoliated fluorescence CsPbBr3/BSA nanocrystals with different sizes (Figure 1B),
rather than quasi-two-dimensional nanosheets. The reason for this might be attributed
to the weak hydrogen bond between the sulfydryl (-SH) and amidogen (-NH2) and the
strong Pb–S bond which caused different growth rate in different dimensions [26]. As
shown in Figure 1C, the lattice spacing were measured to be 0.41 Å and 0.58 Å, which
belongs to CsPbBr3 lattice planes of (110) and (100). Figure 1D shows the morphology of
the product of CsPbBr3/BSA and AA, it can be seen that most of the nanoparticles were
agglomerated together, and this may be the reason why AA caused fluorescence quenching
of CsPbBr3/BSA NCs. And the energy-dispersive spectroscopy (EDS) mapping (TEM) of
CsPbBr3/BSA NCs was shown in Figure S1, which confirmed the uniform distribution of
the Cs, Pb, Br, S and C elements. These results indicate that the BSA-coated CsPbBr3/BSA
NCs were successfully synthesized.
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X-ray diffraction (XRD) analysis was also used for the characterization of the synthesis
process. As shown in Figure 2A, the pristine Cs4PbBr6 diffraction peaks at 12.9◦, 18.1◦,
22.4◦, 25.4◦, 28.6◦, 30.3◦ and 39.0◦ correspond to the lattice planes of (110), (202), (300), (024),
(214), (223) and (324) (refer to JCPDS NO. 73-2478). When dispersed in water, Cs4PbBr6
quickly transformed into the large CsPbBr3 cubic crystal. The XRD pattern of bulk CsPbBr3
showed major characteristic cubic CsPbBr3 structure (JCPDS NO. 54-0752) lattice planes
of (100), (110), (200), (211) and (220) with diffraction peaks at 15.2◦, 21.6◦, 30.6◦, 37.8◦ and
43.4◦, respectively. Several characteristic Cs4PbBr6 diffraction peaks still existed in the XRD
pattern of CsPbBr3, which suggests that the nonluminous product of Cs4PbBr6 in water was
the mixture of CsPbBr3 and Cs4PbBr6. The weak diffraction peaks of CsPbBr3/BSA NCs
indicate that the crystalline shape of the nanoparticles obtained through ultrasonic peeling
is not regular, which may be due to the Brownian motion of ions in aqueous solution
or the coating caused by BSA. CsPbBr3/BSA NCs were scanned and calibrated at high
resolution using C1s as the reference peak for X-ray photoelectron spectroscopy (XPS)
testing; the testing results are shown in Figure 2B,C. The S 2p peak at 163.5 eV is larger
than the common Pb–S bond characteristic peak at 162 eV [15], while there was no peak at
163.5 eV of S 2p in the sample of CsPbBr3, and the peak at 158.5 eV belongs to Cs 4p3/2,
indicating that the sulfur element of BSA does not form PbS with the lead element on the
surface of perovskite and that the BSA and CsPbBr3 NCs may be bound by a force stronger
than the hydrogen bond and weaker than the Pb–S bond. The results of high-resolution
XPS scans for elements of C, O, Br and Pb were exhibited in Figure S2.
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3.2. Optical Properties of CsPbBr3/BSA NCs

The optical properties of CsPbBr3/BSA NCs were investigated. As shown in Figure 3A,
an emission peak at 528 nm with a FWHM of 25 nm was observed and can be effectively
excited from 360 nm to 490 nm, which conforms to typical perovskite nanocrystals material
and is suitable for fluorescence sensing. The stability of CsPbBr3/BSA NCs in aqueous
solution was displayed in Figure 3B, the fluorescence intensity of CsPbBr3/BSA NCs hardly
change for even 96 h, which may be due to the stabilizing effect of BSA. Additional variables
influencing the fluorescence of the solution were also explored, with pH being the most
relevant. The fluorescence of perovskite tends to be rapidly quenched especially in alkaline
surroundings, due to the structural transitions of BSA in alkaline conditions (Figure 3C).
Considering that ALP performs its best catalytic activity under alkaline conditions, the
buffer solution we used for subsequent experiments was pH = 7.4.
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The fluorescence intensity of CsPbBr3/BSA NCs synthesized through different con-
ditions are illustrated in Figure 4. To establish the appropriate concentration of BSA in
the experiment, a series of BSA solutions with varying concentrations (0, 0.5, 1, 5 and
10 mg/mL) were ultrasonically mixed with 2 mg/mL Cs4PbBr6 for 4 h. According to
Figure 4A, the fluorescence intensity was greatest when the concentration of BSA was
1 mg/mL in the aqueous solution. The fluorescence of the solution obtained by ultrasound
with excessive concentration of BSA was weakened, which may be due to the high concen-
tration of BSA, and more prone to oxidation and condensation under long-term ultrasonic
treatment. Similarly, high Cs4PbBr6 concentration also led to a decrease in fluorescence
intensity of CsPbBr3/BSA NCs, which may be due to the large amount of Cs4PbBr6 at
high concentrations, requiring stronger or longer ultrasonic treatment for exfoliation, while
Cs4PbBr6 at small concentrations (smaller than 1 mg/mL) tend to break down during long
time ultrasonication. As shown in Figure 4B, the optimal concentration of Cs4PbBr6 was
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2 mg/mL for synthesized CsPbBr3/BSA NCs. The optimal time of ultrasonic treatment
was 4 h to avoid oxidation induced by extended ultrasound (Figure 4C).
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3.3. CsPbBr3/BSA NCs for Determination of AA

L-ascorbic acid (AA), as an essential micronutrient involved in many biological reac-
tions in human body, has been demonstrated as a significant biomarker of many diseases.
As shown in Figure 5, the fluorescence intensity at 528 nm of CsPbBr3/BSA NCs decreased
with the increase of AA. There is a linear relationship between the change of fluorescence
intensity and the concentration of AA ranging from 50 to 500 µM. The linear regression
equation is ∆F = 1.15c(AA) + 66.82, the coefficient (R2) is 0.9904, ∆F represents the fluo-
rescence intensity of blank minus the sample’s and the c(AA) is the concentration of AA.
The limit of detection (LOD) is 28 µM (3σ/S, where σ is the standard deviation of the
fluorescence intensity measured by 10 blank samples; S is the slope of the linear equation).
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The possible mechanism of the AA-induced fluorescence quenching of CsPbBr3/BSA
NCs was also investigated. We found that some flocculent precipitates were produced in
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the CsPbBr3/BSA NCs solution with the addition of large concentration of AA, as shown in
the Figure S3, it can be seen by EDS that the precipitate was uniformly distributed by Pb, Cs,
Br and other elements, indicating that it was formed by the condensation of CsPbBr3/BSA
NCs. In addition, we obtained a CsPbBr3 perovskite fluorescence solution without BSA
through long-term ultrasonic treatment. As shown in Figure S4, even if 10 mM of AA
was added, the fluorescence intensity at 528 nm did not decrease greatly. These results
show that the reaction with BSA may be the reason for the decrease in CsPbBr3/BSA NCs
fluorescence caused by AA, while the mechanism of the reaction needs to be researched
further, given there are few studies on AA and BSA reactions to date. In addition, the
possible mechanism of AA induced fluorescence quenching of CsPbBr3/BSA NCs may
be due to the electrostatic interaction between AA and BSA, according to the reported
literature [27].

3.4. CsPbBr3/BSA NCs for Determination of ALP

Alkaline phosphatase (ALP), a common exocrine enzyme in vivo, was a mediator to
catalyze the transphosphorylation or hydrolysis of phosphoric acid monoesters in many
biological processes, which has been widely reported as biomarker for many diseases.
The biosensor in this work realizes the sensitive detection of ALP by quenching the fluo-
rescence at 528 nm of CsPbBr3/BSA NCs with different concentrations of AA produced
by ALP (Figure 6A). There is a linear relationship between the fluorescence intensity of
CsPbBr3/BSA NCs and the concentration of ALP, ranging from 40 to 500 U/L (Figure 6B).
The linear regression equation is ∆F = 2.19c(ALP) −14.99, the coefficient (R2) is 0.9959, ∆F
represents the fluorescence intensity of blank minus the sample’s and the c(ALP) is the con-
centration of ALP. The limit of detection (LOD) is 15.5 U/L (3σ/S, where σ is the standard
deviation of the fluorescence intensity measured by 10 blank samples; S is the slope of
the linear equation). The proposed fluorescent perovskite biosensor exhibited a suitable
linear range covering both normal and abnormally high ALP levels in vivo, as well as a
low detection limit for ALP determination.
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In order to investigate the specificity of the fluorescent perovskite biosensor, different
interference substances were added for analysis, including other proteins in serum (GOx,
IgG, HRP, Urease: 10 µg/mL) and some small molecules with a structure similar to AA
(DA, UA: 1 mM). As shown in Figure 6C, in the presence of the target ALP (200 U/L),
the difference in fluorescence intensity (∆F, represents the fluorescence intensity of blank
minus the sample’s) of ALP is much larger than that of other interferents, suggesting that
the proposed fluorescence biosensor has good specificity for ALP determination.
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3.5. Human Serum Sample Analysis

To assess the applicability of the PEC biosensor, the sensor was used to determine ALP
in human serum samples using a standard addition method. A fresh human serum sample
was received from Xiangya hospital and was diluted 10 times for analysis. Specific amounts
of ALP (100, 200 and 300 U/L) were added to the normal people serum, respectively. Each
sample was tested three times (n = 3). The recovery rates were 96.6%, 108.8% and 101.7%
with RSDs of 2.3%, 4.7% and 1.6% (Table 1). The RSDs of all these samples were all less
than 5%, indicating that the fluorescent biosensor possesses good accuracy and stability
and may be used for analysis of ALP in human serum samples.

Table 1. Determination of ALP in human serum samples (n = 3).

Sample Spiked (U/L) Found (U/L) RSD (%) Recovery (%)

1 --- 46.2 4.2 ---
2 100 142.8 2.3 96.6
3 200 263.2 4.7 108.8
4 300 351.3 1.6 101.7

Currently, the fluorescent perovskite reported perovskite-based biosensors (Table 2)
were almost synthesized using the HI (hot-inject) or the LARP (ligand assisted reprecip-
itation) method, which require a large amount of organic solvents, such as toluene or
n-hexane, in the synthesis process, confined to detect polar substances in non-polar solvents
or through further complex modification to disperse in an aqueous solution for the determi-
nation of biomarkers. In this work, the fluorescent perovskite nanoparticles we used were
synthesized in an aqueous solution of BSA subjected to ultrasonic treatment, which avoids
the environment pollution caused by the use of volatile organic solvents or the possible
injuries caused by high temperature operation. The perovskite-based fluorescent biosensor
we proposed realized the detection of ALP in vitro, which has wide application potential
in the field of biomarker detection and diagnosis. Compared with other ALP biosensors
Table S1), the proposed perovskite biosensor in this work possesses suitable detection range
and lower LOD.

Table 2. Comparison with several biosensors reported based on perovskites.

Fluorescent Material Synthetic
Method Solution Target Object Ref.

1 CsPbBr3 HI cyclohexane H2O [28]
2 CsPbBr3 HI n-hexane H2S [17]
3 CsPbBr3 HI toluene TPM [29]
4 CsPbBr1.5I1.5/MSNs HI edible oil AN [30]
5 PL-CsPbBr3 LARP water PSA [31]
6 CsPbBr3/BSA Ultrasonication water ALP This work

4. Conclusions

In this work, a strategy was proposed for the green synthesis of fluorescent CsPbBr3/BSA
NCs with the participation of BSA under ultrasonic treatment, in which BSA played a role
in maintaining the stability of the perovskite. The addition of BSA cannot only improve the
stability of perovskite but must also provide a possible molecular recognition of ascorbic
acid through the electrostatic interaction. The L-ascorbic acid, produced through enzymatic
dephosphorylation of AAP by ALP, will combine with BSA on the surface of CsPbBr3/BSA
NCs, resulting in the quenching of the fluorescence of CsPbBr3/BSA NCs solution. The
sensitive detection of ALP was successfully realized through this principle. The fluorescent
biosensor based on the water-stable CsPbBr3/BSA NCs has a wide detection range and
low detection limit for ALP detection. However, the mechanisms of the CsPbBr3/BSA NCs
and AA reaction need to be further studied.
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Supplementary Materials: The following supporting information [32–36] can be downloaded
at: https://www.mdpi.com/article/10.3390/bios13080770/s1, Figure S1: EDS digital (TEM) of
CsPbBr3/BSA NCs; Figure S2. High-resolution XPS scans of CsPbBr3 and CsPbBr3/BSA NCs;
Figure S3. EDS of the precipitate resulting from the reaction of CsPbBr3/BSA NCs and AA.; Figure S4.
The fluorescence intensity of CsPbBr3 NCs (without BSA) with different concentration of AA.;
Table S1. Comparison with several reported ALP biosensors.

Author Contributions: Conceptualization, formal analysis, software and writing—original draft
preparation, L.D.; investigation, F.H. and A.Z.; resources and data curation, T.W.; visualization and
writing—review and editing, X.L. and M.Y.; supervision, project administration, funding acquisition,
M.Y.; Methodology and Validation, X.C. All authors have read and agreed to the published version of
the manuscript.

Funding: The authors are thankful for the support of this work by the National Natural Science
Foundation of China (Grant No.22174163), the Hunan Provincial Science and Technology Plan
Project, China (No. 2019TP1001), and the Project of Intelligent Management Software for Multimodal
Medical Big Data for New Generation Information Technology, Ministry of Industry and Information
Technology of People’s Republic of China (TC210804V).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Shamsi, J.; Urban, A.S.; Imran, M.; De Trizio, L.; Manna, L. Metal Halide Perovskite Nanocrystals: Synthesis, Post-Synthesis

Modifications, and Their Optical Properties. Chem. Rev. 2019, 119, 3296–3348. [CrossRef]
2. Huang, G.; Guo, Z.; Ye, T.; Zhang, C.; Zhou, Y.; Yao, Q.; Chen, X. Colorimetric Determination of Chloridion in Domestic Water

Based on the Wavelength Shift of CsPbBr3 Perovskite Nanocrystals via Halide Exchange. J. Anal. Test. 2021, 5, 3–10. [CrossRef]
3. Li, H.; Zhu, Y.; Liu, X.; Gao, Z.; Huang, Y.; Chen, X. Colorimetric Sensing of Hydrogen Peroxide Based on the Wavelength-Shift of

CsPbBr3 Perovskite Nanocrystals on Water–Oil Interface. J. Anal. Test. 2023, 7, 1–7. [CrossRef]
4. Lian, H.W.; Li, Y.; Saravanakumar, S.; Jiang, H.; Li, Z.J.; Wang, J.; Xu, L.Q.; Zhao, W.R.; Han, G. Metal Halide Perovskite Quantum

Dots for Amphiprotic Bio-Imaging. Coordin. Chem. Rev. 2022, 452, 214313. [CrossRef]
5. Shen, Z.H.; Zhao, S.L.; Song, D.D.; Xu, Z.; Qiao, B.; Song, P.J.; Bai, Q.Y.; Cao, J.Y.; Zhang, G.Q.; Swelm, W. Improving the Quality

and Luminescence Performance of All-Inorganic Perovskite Nanomaterials for Light-Emitting Devices by Surface Engineering.
Small 2020, 16, 1907089. [CrossRef]

6. Chen, J.; Huang, X.; Xu, Z.L.; Chi, Y.W. Alcohol-Stable Perovskite Nanocrystals and Their In Situ Capsulation with Polystyrene.
ACS Appl. Mater. Interfaces 2022, 14, 33703–33711. [CrossRef] [PubMed]

7. Wang, Z.; He, H.Y.; Liu, S.; Wang, H.; Zeng, Q.S.; Liu, Z.; Xiong, Q.H.; Fan, H.J. Air Stable Organic-Inorganic Perovskite
Nanocrystals@ Polymer Nanofibers and Waveguide Lasing. Small 2020, 16, 2004409. [CrossRef] [PubMed]

8. Zhang, H.H.; Wang, X.; Liao, Q.; Xu, Z.Z.; Li, H.Y.; Zheng, L.M.; Fu, H.B. Embedding Perovskite Nanocrystals into a Polymer
Matrix for Tunable Luminescence Probes in Cell Imaging. Adv. Funct. Mater. 2017, 27, 1604382. [CrossRef]

9. Sanjayan, C.G.; Jyothi, M.S.; Balakrishna, R.G. Stabilization of CsPbBr3 Quantum Dots for Photocatalysis, Imaging and Optical
Sensing in Water and Biological Medium: A Review. J. Mater. Chem. C 2022, 10, 6935–6956.

10. Bhattacharyya, S.; Rambabu, D.; Maji, T.K. Mechanochemical Synthesis of a Processable Halide Perovskite Quantum Dot-MOF
Composite by Post-Synthetic Metalation. J. Mater. Chem. A 2019, 7, 21106–21111. [CrossRef]

11. Jing, Y.; Merkx, M.J.M.; Cai, J.M.; Cao, K.; Kessels, W.M.M.; Mackus, A.J.M.; Chen, R. Nanoscale Encapsulation of Perovskite
Nanocrystal Luminescent Films via Plasma-Enhanced SiO2 Atomic Layer Deposition. ACS Appl. Mater. Interfaces 2020, 12,
53519–53527. [CrossRef] [PubMed]

12. Feng, D.W.; Huang, P.; Miao, Y.F.; Liang, A.X.; Wang, X.; Tang, B.; Hou, H.P.; Ren, M.X.; Gao, S.M.; Geng, L.A.; et al. Novel
Photoelectrochemical Sensor for Cholesterol Based on CH3NH3PbBr3 Perovskite/TiO2 Inverse Opal Heterojunction Coated with
Molecularly Imprinted Polymers. Sens. Actuators B Chem. 2022, 368, 132121. [CrossRef]

13. Shen, Y.Z.; Guan, J.; Ma, C.; Shu, Y.; Xu, Q.; Hu, X.Y. Competitive Displacement Triggering DBP Photoelectrochemical Aptasensor
via Cetyltrimethylammonium Bromide Bridging Aptamer and Perovskite. Anal. Chem. 2022, 94, 1742–1751. [CrossRef] [PubMed]

14. Dong, Y.H.; Tang, X.Q.; Zhang, Z.W.; Song, J.Z.; Niu, T.C.; Shan, D.; Zeng, H.B. Perovskite Nanocrystal Fluorescence-Linked
Immunosorbent Assay Methodology for Sensitive Point-of-Care Biological Test. Matter 2020, 3, 273–286. [CrossRef]

https://www.mdpi.com/article/10.3390/bios13080770/s1
https://doi.org/10.1021/acs.chemrev.8b00644
https://doi.org/10.1007/s41664-021-00160-5
https://doi.org/10.1007/s41664-022-00231-1
https://doi.org/10.1016/j.ccr.2021.214313
https://doi.org/10.1002/smll.201907089
https://doi.org/10.1021/acsami.2c07707
https://www.ncbi.nlm.nih.gov/pubmed/35819234
https://doi.org/10.1002/smll.202004409
https://www.ncbi.nlm.nih.gov/pubmed/33006251
https://doi.org/10.1002/adfm.201604382
https://doi.org/10.1039/C9TA05977F
https://doi.org/10.1021/acsami.0c16082
https://www.ncbi.nlm.nih.gov/pubmed/33174735
https://doi.org/10.1016/j.snb.2022.132121
https://doi.org/10.1021/acs.analchem.1c04348
https://www.ncbi.nlm.nih.gov/pubmed/35026109
https://doi.org/10.1016/j.matt.2020.05.004


Biosensors 2023, 13, 770 11 of 11

15. Li, J.Y.; Chen, Z.H.Y.; Saha, S.; Utterback, J.K.; Aubrey, M.L.; Yuan, R.F.; Weaver, H.L.; Ginsberg, N.S.; Chapman, K.W.; Filip, M.R.;
et al. Zwitterions in 3D Perovskites: Organosulfide-Halide Perovskites. J. Am. Chem. Soc. 2022, 144, 22403–22408. [CrossRef]

16. Li, S.Q.; Lei, D.Y.; Ren, W.; Guo, X.Y.; Wu, S.F.; Zhu, Y.; Rogach, A.L.; Chhowalla, M.; Jen, A.K.Y. Water-Resistant Perovskite
Nanodots Enable Robust Two-Photon Lasing in Aqueous Environment. Nat. Commun. 2020, 11, 1192. [CrossRef]

17. Chen, C.Q.; Cai, Q.; Luo, F.; Dong, N.; Guo, L.H.; Qiu, B.; Lin, Z.Y. Sensitive Fluorescent Sensor for Hydrogen Sulfide in Rat Brain
Microdialysis via CsPbBr3 Quantum Dots. Anal. Chem. 2019, 91, 15915–15921. [CrossRef]

18. Deng, L.; Ma, F.H.; Yang, M.H.; Li, X.Q.; Chen, X. A Halide Perovskite/Lead Sulfide Heterostructure with Enhanced Photoelectro-
chemical Performance for the Sensing of Alkaline Phosphatase (ALP). Chem. Commun. 2023, 59, 1361–1364. [CrossRef]

19. Ghorai, A.; Mahato, S.; Singh, S.; Bose, S.; Roy, B.; Jeong, U.; Ray, S.K. Ligand-Mediated Revival of Degraded α-CsPbI3 to Stable
Highly Luminescent Perovskite. Angew. Chem. Int. Ed. 2023, 62, e202302852. [CrossRef]

20. Shen, W.; Yu, Y.; Zhang, W.Z.; Chen, Y.F.; Zhang, J.B.; Yang, L.; Feng, J.T.; Cheng, G.; Liu, L.H.; Chen, S.F. Efficient Pure Blue
Light-Emitting Diodes Based on CsPbBr3 Quantum-Confined Nanoplates. ACS Appl. Mater. Interfaces 2022, 14, 5682–5691.
[CrossRef]

21. Liu, Y.; Li, Y.L.; Hu, X.D.; Wei, C.T.; Xu, B.; Leng, J.; Miao, H.B.; Zeng, H.B.; Li, X.M. Ligands for CsPbBr3 Perovskite Quantum
Dots: The Stronger the Better? Chem. Eng. J. 2023, 453, 139904. [CrossRef]

22. Calzolai, L.; Franchini, F.; Gilliland, D.; Rossi, F. Protein-Nanoparticle Interaction: Identification of the Ubiquitin-Gold Nanoparti-
cle Interaction Site. Nano Lett. 2010, 10, 3101–3105. [CrossRef]

23. Chen, H.Y.; TIan, F.S.; Lu, C. Engineering Plasmon-Enhanced Fluorescent Gold Nanoclusters Using Bovine Serum Albumin as a
Novel Separation Layer for Improved Selectivity. Anal. Chem. 2022, 94, 16461–16469. [CrossRef] [PubMed]

24. Haydous, F.; Gardner, J.M.; Cappel, U.B. The Impact of Ligands on the Synthesis and Application of Metal Halide Perovskite
Nanocrystals. J. Mater. Chem. A 2021, 9, 23419–23443. [CrossRef]

25. Xie, M.; Liu, H.; Chun, F.; Deng, W.; Luo, C.; Zhu, Z.; Yang, M.; Li, Y.; Li, W.; Yan, W.; et al. Aqueous Phase Exfoliating Quasi-2D
CsPbBr3 Nanosheets with Ultrahigh Intrinsic Water Stability. Small 2019, 15, 1901994. [CrossRef]

26. Yu, S.K.; Zhang, Z.R.; Ren, Z.H.; Zhai, H.L.; Zhu, Q.Y.; Dai, J. 2D Lead Iodide Perovskite with Mercaptan-Containing Amine and
Its Exceptional Water Stability. Inorg. Chem. 2021, 60, 9132–9140. [CrossRef]

27. Song, J.Y.; Guo, X.Y.; Chen, H.Y.; Tang, Y.E.; Han, L. Ascorbic Acid-Caused Quenching Effect of Protein Clusteroluminescence
Probe: The Fast Fluorescent Detection of Ascorbic Acid in Vegetables. Molecules 2023, 28, 2162. [CrossRef]

28. Xiang, X.X.; Ouyang, H.; Li, J.Z.; Fu, Z.F. Humidity-Sensitive CsPbBr3 Perovskite Based Photoluminescent Sensor for Detecting
Water Content in Herbal Medicines. Sens. Actuators B Chem. 2021, 346, 130547. [CrossRef]

29. Huangfu, C.X.; Feng, L. High-Performance Fluorescent Sensor Based on CsPbBr3 Quantum Dots for Rapid Analysis of Total
Polar Materials in Edible Oils. Sens. Actuators B Chem. 2021, 344, 130193. [CrossRef]

30. Zhao, Y.; Xu, Y.J.; Shi, L.X.; Fan, Y. Perovskite Nanomaterial-Engineered Multiplex-Mode Fluorescence Sensing of Edible Oil
Quality. Anal. Chem. 2021, 93, 11033–11042. [CrossRef] [PubMed]

31. Li, M.L.; Wang, Y.; Hu, H.; Feng, Y.K.; Zhu, S.; Li, C.; Feng, N.H. A Dual-Readout Sandwich Immunoassay Based on Biocatalytic
Perovskite Nanocrystals for Detection of Prostate Specific Antigen. Biosens. Bioelectron. 2022, 203, 113979. [CrossRef]

32. Liu, S.G.; Han, L.; Li, N.; Fan, Y.Z.; Yang, Y.Z.; Li, N.B.; Luo, H.Q. A Ratiometric Fluorescent Strategy for Alkaline Phosphatase
Activity Assay Based on g-C3N4/CoOOH Nanohybrid via Target-Triggered Competitive Redox Reaction. Sens. Actuators B Chem.
2019, 283, 515–523. [CrossRef]

33. Liu, X.T.; Fan, N.N.; Wu, L.J.; Wu, C.C.; Zhou, Y.Q.; Li, P.; Tang, B. Lighting up Alkaline Phosphatase in Drug-Induced Liver Injury
Using a New Chemiluminescence Resonance Energy Transfer Nanoprobe. Chem. Commun. 2018, 54, 12479–12482. [CrossRef]
[PubMed]

34. Zeng, Y.; Ren, J.Q.; Wang, S.K.; Mai, J.M.; Qu, B.; Zhang, Y.; Shen, A.G.; Hu, J.M. Rapid and Reliable Detection of Alkaline
Phosphatase by A Hot Spots Amplification Strategy Based on Well-Controlled Assembly on Single Nanoparticle. ACS Appl.
Mater. Interfaces. 2017, 9, 29547–29553. [CrossRef]

35. Liu, Y.; Xiong, E.; Li, X.; Li, J.; Zhang, X.; Chen, J. Sensitive Electrochemical Assay of Alkaline Phosphatase Activity Based on
TdT-Mediated Hemin/G-quadruplex DNAzyme Nanowires for Signal Amplification. Biosens. Bioelectron. 2017, 87, 970–975.
[CrossRef] [PubMed]

36. Mahato, K.; Purohit, B.; Kumar, A.; Chandra, P. Clinically Comparable Impedimetric Immunosensor for Serum Alkaline
Phosphatase Detection Based on Electrochemically Engineered Au-nano-Dendroids and Graphene Oxide Nanocomposite.
Biosens. Bioelectron. 2020, 148, 111815. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1021/jacs.2c09382
https://doi.org/10.1038/s41467-020-15016-2
https://doi.org/10.1021/acs.analchem.9b04387
https://doi.org/10.1039/D2CC06142B
https://doi.org/10.1002/anie.202302852
https://doi.org/10.1021/acsami.1c24662
https://doi.org/10.1016/j.cej.2022.139904
https://doi.org/10.1021/nl101746v
https://doi.org/10.1021/acs.analchem.2c03925
https://www.ncbi.nlm.nih.gov/pubmed/36383051
https://doi.org/10.1039/D1TA05242J
https://doi.org/10.1002/smll.201901994
https://doi.org/10.1021/acs.inorgchem.1c01106
https://doi.org/10.3390/molecules28052162
https://doi.org/10.1016/j.snb.2021.130547
https://doi.org/10.1016/j.snb.2021.130193
https://doi.org/10.1021/acs.analchem.1c02425
https://www.ncbi.nlm.nih.gov/pubmed/34320808
https://doi.org/10.1016/j.bios.2022.113979
https://doi.org/10.1016/j.snb.2018.12.052
https://doi.org/10.1039/C8CC07211F
https://www.ncbi.nlm.nih.gov/pubmed/30338324
https://doi.org/10.1021/acsami.7b09336
https://doi.org/10.1016/j.bios.2016.09.069
https://www.ncbi.nlm.nih.gov/pubmed/27668724
https://doi.org/10.1016/j.bios.2019.111815

	Introduction 
	Materials and Methods 
	Materials and Apparatus 
	Preparation of CsPbBr3/BSA 
	CsPbBr3/BSA-Based Fluorescence Probe for AA Determination 
	CsPbBr3/BSA-Based Fluorescence Probe for ALP Determination 
	Human Serum Sample Analysis 

	Results 
	Characterization of the Synthetic Process of CsPbBr3/BSA NCs 
	Optical Properties of CsPbBr3/BSA NCs 
	CsPbBr3/BSA NCs for Determination of AA 
	CsPbBr3/BSA NCs for Determination of ALP 
	Human Serum Sample Analysis 

	Conclusions 
	References

