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Pt,P-codoped carbon nitride nanoenzymes for fluorescence and 
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• P-doped carbon nitride (CNP2) prepared 
by thermal annealing of urea and 
NH4PF6. 

• PtCNP2 obtained by atomic dispersion of 
Pt into CNP2 by thermal refluxing. 

• PtCNP2 exhibits peroxidase-like activity 
under physiological pH. 

• Smartphone-assisted visual sensing of 
cholesterol with PtCNP2 and cholesterol 
oxidase. 

• Demonstration of rapid detection of 
cholesterol in serum and food.  

A R T I C L E  I N F O   

Handling Editor: Prof Lin Yuehe  

Keywords: 
Platinum 
Phosphorus-codoped carbon nitride 
Cholesterol 
Nanoenzyme 
Fluorescence 
Colorimetric detection 
Smartphone 

A B S T R A C T   

Cholesterol is an important lipid compound found in a variety of foods, and its level in human blood is closely 
related to human health. Therefore, development of rapid and accurate POCT (point-of-care testing) methods for 
cholesterol detection is crucial for assessing food quality and early diagnosis of diseases, in particular, in a 
resource-limited environment. In this study, a smartphone-assisted colorimetric biosensor is constructed based 
on platinum,phosphorus-codoped carbon nitride (PtCNP2) for the rapid detection of cholesterol. Phosphorus- 
doped carbon nitride is prepared by thermal annealing of urea and NH4PF6, into which platinum is atomically 
dispersed by thermal refluxing. The obtained PtCNP2 exhibits an excellent peroxidase-like activity under phys-
iological pH, whereby colorless o-phenylenediamine (OPD) is oxidized to colored 2,3-diaminophenazine (DAP) 
in the presence of hydrogen peroxide (H2O2), which can be produced during the oxidation of cholesterol by 
cholesterol oxidase. A smartphone-assisted visual sensing system is then constructed based on the color recog-
nition software, and rapid on-site detection of cholesterol is achieved by reading the RGB values. Meanwhile, the 
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generated DAP shows an apparent fluorescence signal and can realize highly sensitive detection of cholesterol by 
the change of the fluorescence signal intensity. Such a cholesterol sensor exhibits a wide linear detection range of 
0.5–600 μg mL− 1 and a low detection limit of 59 ng mL− 1. The practicality of the sensor is successfully 
demonstrated in the rapid detection of cholesterol in serum and food.   

1. Introduction 

Cholesterol is a key part of cell membranes and an essential nutrient, 
playing a crucial role in maintaining the structural integrity of cells and 
the normal functions of the nervous, endocrine, and reproductive sys-
tems, as well as the synthesis of bile acids [1]. However, chronically high 
serum cholesterol can lead to serious health disorders, such as cardio-
vascular disease and obesity [2,3]. One of the most effective strategies to 
control cholesterol levels in humans is to reduce the intake of foods with 
a high cholesterol content [4,5]. Therefore, development of simple 
POCT (point-of-care testing) methods for the detection of cholesterol in 
food and blood is essential for the assessment of food quality and early 
diagnosis of diseases associated with high cholesterol, in particular, in a 
resource-limited environment, as well as for providing therapeutic rec-
ommendations and evaluation of drug efficacy [6]. 

Currently, immunoassay [7], electrochemistry [8], 
high-performance liquid chromatography (HPLC) [9], and enzymatic 
approaches [10] have been used for cholesterol detection; yet these 
technologies typically entail complicated sample handling, drawn-out 
analytical processes, and sophisticated instrumentation, which restrict 
their widespread uses. Such issues can be mitigated by using visualiza-
tion approaches where target detection is realized by direct observation 
of the color change with naked eyes. Indeed, sch a strategy has been 
widely employed in the detection platforms of various sensors [11,12]. 
For instance, horseradish peroxidase (HRP) catalyzes the oxidation of 
colorless substrates, such as 3,3,5,5-tetramethylbenzidine (TMB) and 
o-phenylenediamine (OPD), to colored products, in the presence of 
hydrogen peroxide (H2O2) [13]. In conjunction with cholesterol oxidase 
(ChOx) which can catalyze the oxidation of cholesterol and produce 
H2O2, HRP-based sensors have been developed for the visual detection 
of cholesterol. However, the practical applications of HRP-based sensors 
are limited because of the instability, low catalytic activity, and 
vulnerability of HRP to environmental and other conditions. Nano-
enzymes have recently emerged as effective alternatives to natural en-
zymes, due to their competitive catalytic activity and excellent 
structural stability [14]. For instance, Li et al. [15] prepared a nano-
composite (NSC/Co1-xS) with Co–S compounds loaded onto N,S-codo-
ped carbon for the detection of human serum total cholesterol, and 
observed the best catalytic activity under acidic conditions (pH = 3.6). 
This deviated markedly from the physiological condition (pH = 7.6) 
which is needed for the optimal performance of ChOx. Such poor 
compatibility of nanoenzymes and ChOx compromised the overall cat-
alytic efficiency of the sensor and accuracy of the results [16,17]. Within 
this context, it is of critical importance to prepare nanoenzymes that 
exhibit a high catalytic activity under physiological conditions. 

Single-atom catalysts (SACs) have emerged as attractive options 
[18–22], where the homogenous active sites and high atom utilization 
efficiency lead to markedly enhanced activity and selectivity as 
compared to the traditional nanoparticle counterparts [23]. Among 
these, Pt SACs represent a uniquely promising candidate. For instance, 
Chen et al. [24] directly converted platinum nanoparticles (Pt NPs) into 
single atoms by reversing the thermal sintering process, which fully 
exposed the metal catalytic sites and resulted in tunable atomic structure 
and electronic properties, thus significantly improving the enzyme-like 
activity and selectivity. Experimentally, carbon nanotubes [25], gra-
phene [26], and graphitic carbon nitride (g-C3N4) [27] have been used 
extensively as the supporting substrates, where the metal-support in-
teractions and the electron transfer between the metal atoms and 
coordinating moieties of the supporting scaffold can exert a significant 

impact on the catalytic activity of SACs [28]. For instance, Ou et al. [29] 
loaded Pt SACs on g-C3N4 nanosheets using a two-step procedure, and 
observed an improved performance in the photocatalytic evolution of H2 
and photooxidation of NO. Similarly, Zhu’s group placed Pt single atoms 
onto g-C3N4, and the effective dispersion of the Pt atomic active sites led 
to an increase of the charge separation efficiency and hence photo-
catalytic performance towards hydrogen production [30]. Nevertheless, 
the application of g-C3N4 supported Pt SACs for electrochemical analysis 
is generally limited due to the poor electrical conductivity of g-C3N4. 
This can be mitigated by doping of select heteroatoms [31], such as 
oxygen (O) [32], boron (B) [33], sulfur (S) [34], and phosphorus (P) 
[35]. Among these, P doping has been demonstrated to improve the 
electrical conductivity of g-C3N4 by altering the energy band structure 
and electron distribution, promoting charge transfer, and hence 
increasing the catalytic activity and selectivity of the nanocomposite 
[36]. Meanwhile, P doping can enhance the catalytic activity by altering 
the electronic configuration and coordination environment of the cen-
tral metal atoms. For example, Ding et al. [37] introduced phosphorus 
heteroatoms to SACs, and observed a significantly increased 
peroxidase-like activity and selectivity. 

In this study, we constructed a fast and convenient multi-mode 
platform for cholesterol detection based on the combination of ChOx 
and P-doped g-C3N4 embedded with platinum single atoms. The P-doped 
g-C3N4 was first prepared by thermal annealing of urea and NH4PF6, and 
Pt was atomically dispersed into the structural scaffold by a thermal 
refluxing method. The resulting PtCNP2 nanocomposites exhibited a 
good peroxidase-like activity under physiological conditions in the 
oxidation of colorless OPD to colored 2,3-diaminophenazine (DAP). In 
conjunction with ChOx, a smartphone-based sensing platform was 
constructed for the visual detection of cholesterol, where digital images 
were taken of the cholesterol reaction system at different concentra-
tions, and the RGB values were analyzed through the color recognition 
app “Color Picker”, leading to rapid and accurate detection of choles-
terol. Meanwhile, the unique fluorescence emission of DAP was 
exploited for sensitive and specific detection of cholesterol. Such a 
multi-mode detection allowed the sensing platform for the analysis of 
actual clinical samples, demonstrating high potential for practical 
applications. 

2. Experimental section 

2.1. Chemicals 

Cholesterol and ChOx were purchased from Aladdin Ltd (Shanghai, 
China). Hexane, anhydrous ethanol, OPD, hydrogen peroxide (H2O2, 
30%, w/w), potassium hydroxide (KOH), calcium chloride (CaCl2), 
magnesium chloride (MgCl2), potassium chloride (KCl), sodium chloride 
(NaCl), glucose, sucrose, glycine, L-lysine, and urea were purchased from 
Sinopharm Chemical Reagents Co. Ltd. (Shanghai, China). Ammonium 
hexafluorophosphate (NH4PF6) and potassium trichloro (ethylene) 
platinate (II) hydrate (Zeise’s salt, KPtCl3(C2H4)) were purchased from 
Sigma-Aldrich. Ultrapure water was provided by a Millipore water pu-
rification system (18.2 MΩ cm, Milli-Q Direct8). 

2.2. Synthesis of PtCNP2 nanocomposites 

PtCNP2 nanoenzymes were prepared by following a procedure re-
ported previously [38]. As shown in Scheme 1, in the first step to prepare 
P-doped g-C3N4, urea (10 g) was mixed with NH4PF6 (1 g) in a crucible, 
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which was covered and heated in air at a rate of 2 ◦C min− 1 to 300 ◦C and 
kept at 300 ◦C for 3 h. The resulting white solid was ground into powders 
and heated again in air at a rate of 2 ◦C min− 1 to 520 ◦C and kept at this 
temperature for 4 h. The resulting yellow solid was collected, washed 
with nanopure water, and dried overnight in a vacuum oven to obtain 
P-doped g-C3N4 (denoted as CNP2). 

The CNP2 produced above (50 mg) was dispersed into an acetone and 
isopropanol solution (4 and 1 mL, respectively) under sonication for an 
hour. Zeise’s salt (50 mg) was dissolved in acetone (5 mL) in a separate 
vial under magnetic stirring in an ice bath, into which was added KOH 
(20 mg) in a small amount of water under stirring for 40 min, and the 
KCl salt precipitate could be seen to accumulate on the wall of the glass 
vial. The carbon nitride dispersion was immersed in an ice bath under 
vigorous stirring for 10 min, into which was then added the Zeise’s salt 
solution under magnetic stirring for 40 min, before the solution was 
subject to centrifugation at 6000 rpm for 10 min. The precipitate was 
collected and washed five times with acetone to remove unreacted 
platinum salts and contaminants. The material was dried overnight in a 
vacuum drying oven to obtain PtCNP2. 

2.3. Structural characterization 

The surface morphology and structure of PtCNP2 were characterized 
using transmission electron microscopy (TEM) and high angle annular 
dark field-scanning transmission electron microscopy (HAADF-STEM). 
X-ray photoelectron spectroscopy (XPS) studies were conducted to 
analyze the elemental composition and valency of the nanocomposites. 
Fluorescence measurements were conducted with a Hitachi-4600 fluo-
rescence spectrophotometer. HPLC-MS tests were conducted with an AB 
SCIEX 6500+ mass spectrometer and an LC-40D Shimadzu liquid 

chromatographer. The chromatographic conditions included a column 
of ZORBAX Eclipse XDB- (4.6 × 250 mm, 5 μm), mobile phase of 0.1% 
formic acid aqueous solution:acetonitrile (50:50), isocratic elution, 
analysis time of 5 min, flow rate of 0.5 mL min− 1, column temperature 
40 ◦C, injection volume of 3 μL. The MS analysis was performed by using 
the electrospray ionization source (ESI) in the positive ion mode and 
multiple reaction monitoring (MRM) for ion detection, spray voltage 
5500 V, curtain gas (CUR) of 35 psi, medium collision gas (CAD), ion 
source temperature (TEM) of 550 ◦C and ion source gas stream 2 (GS2) 
at 55 psi. 

2.4. Determination and kinetic analysis of peroxidase activity of PtCNP2 
nanoenzymes 

OPD was employed in this experiment as a chromogenic substrate for 
the oxidation reaction to assess the peroxidase-like activity of PtCNP2. 
10 μg mL− 1 PtCNP2, 30 μM H2O2, and 30 μg mL− 1 OPD were mixed, and 
a phosphate buffered saline (PBS, pH = 7.4) was added to make the final 
volume of the reaction system at 1 mL. The reaction was carried out for 
30 min at room temperature (25 ◦C), and the fluorescence emission 
spectra were collected from 510 to 650 nm at the excitation wavelength 
of 414 nm. 

In the analysis of the peroxidase-like activity of PtCNP2, steady-state 
kinetic experiments were carried out at 25 ◦C using 10 μg mL− 1 PtCNP2 
as the catalyst. For kinetic analysis using H2O2 as the substrate, 30 μg 
mL− 1 OPD and different concentrations of H2O2 (0.5, 1, 2, 3, 4, and 5 
mM) were added. Conversely, for kinetic analysis using OPD as the 
substrate, the peroxidase-like activity was tested by adding 30 μM H2O2 
and different concentrations of OPD (0, 0.1, 0.2, 0.4, 0.6, 0.8, and 1 mM) 
for a reaction time of 10 min. 200 μL of the reaction solution was 

Scheme 1. Schematic representation of visual detection of cholesterol based on PtCNP2 nanoenzymes. (a) Synthesis of PtCNP2 nanocomposites. (b) Graphic 
illustration of smartphone-based colorimetric detection of cholesterol, where ChOx and PtCNP2 work concertedly, as depicted in panel (c). 
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pipetted into a 96-well plate, and the absorbance values were deter-
mined by an enzyme marker at 420 nm. The kinetic parameters were 
calculated according to the Michaelis-Menten equation (equation (1)), 

1
/

v = K (m)
/

v (max)[S] + 1/v (max) (1)  

where Km is the Michaelis-Menten constant, vmax is the maximum rate of 
the enzymatic reaction, [S] is the substrate concentration, and v is the 
initial reaction rate, which can be calculated from A/(bεOPDt), with A 
being the solution absorbance, b the path length of light, εOPD the OPD 
molar absorption coefficient, and t the reaction time. The lower the Km 
value, the higher affinity of the enzyme to the substrate. 

2.5. PtCNP2 sensing platform for cholesterol detection 

In the detection of cholesterol, 100 μg mL− 1 of ChOx and different 
concentrations of cholesterol (final concentrations 0.5, 10, 100, 200, 
400, 600, and 800 μg mL− 1) were added to 50 μL of a PBS buffer (pH =
7.4) and incubated at 37 ◦C for 30 min before passing through a 0.45 mm 
cellulose mixture filter. Then PtCNP2 and OPD were added to the filtrate, 
and the solution volume was increased to 1 mL by the addition of a PBS 
buffer solution (pH = 7.4). The solution was further incubated at 25 ◦C 
for 30 min, and the fluorescence emission spectra were collected at 414 
nm excitation. The measurements were repeated three times for each 
experimental condition to calculate the standard deviation (n = 3). 

2.6. Cholesterol detection in serum and food samples 

In the cholesterol assay in human serum, in order to prevent other 
substances within the serum from interfering with the experiment, the 
serum samples were subject to a pretreatment. Experimentally, 0.5 mL 
of human serum was mixed with 3.5 mL of ethanol and 4.0 mL of 
deionized water, followed by 2.0 mL of hexane. The mixture was under 
shaking for 2 min, and stood for a few minutes when the upper hexane 
portion was removed. The extraction was repeated twice, before the 
solution was dried with a nitrogen stream. The remaining solids were 
collected and dissolved in 0.5 mL of a mixture of ethanol and PBS (1:4). 
At 37 ◦C, 100 μL of the test solution and ChOx solution (100 μg mL− 1) 
were added to 50 μL of a PBS buffer (pH = 7.4) (section 2.5). The results 
obtained were methodologically compared with the hospital test results 
and the results obtained by high-performance liquid chromatography- 
mass spectrometry (HPLC-MS) measurements. 

To test the cholesterol content in eggs, the egg white was removed 
and 1 g of the egg yolk was collected and added into 10 mL of a 50% 
KOH solution and 30 mL of anhydrous ethanol under shaking. The so-
lution was subject to ultrasonic saponification for 30 min in a water bath 
at a constant temperature of 75 ◦C [39]. When the solution was cooled 
down to room temperature, 10 mL of a 25% NaCl solution and 10 mL of 
hexane were added under shaking for 1 min, and the solution was let to 
stand for 5 min, when the upper layer of the hexane phase was collected. 
The extraction was repeated twice and the collected hexane solution was 
washed with deionized water several times and dried with a nitrogen 
stream, before being dispersed into 1 mL of anhydrous ethanol to 
dissolve the cholesterol. The solution was filtered through a 0.45 μm 
filter before spectroscopic measurements. 

In the cholesterol analysis of milk, 5 mL of pure milk (commercially 
available), 10 mL of a 50% KOH solution and 30 mL of anhydrous 
ethanol were thoroughly mixed under saponification in a water bath at a 
constant temperature of 100 ◦C for 1 h [40]. When the solution was 
cooled down to room temperature under running water, the same 
extraction, concentration and analysis procedure was employed as that 
described above for egg yolks. 

2.7. Smartphone-assisted colorimetric detection of cholesterol 

Different concentrations of cholesterol, ChOx, PtCNP2, OPD, and PBS 

buffer solution were mixed according to the process described in section 
2.5. 200 μL of the mixed solution was added to a clean 96-well plate, 
where a digital image was captured using a smartphone (Mi 9 SE, Xiaomi 
Technology Co., Ltd., China), and imported into the color recognition 
app “Color Picker’. The area was selected by dragging and dropping, and 
the color parameters (RGB values) of the selected area were obtained for 
analysis. 

3. Results and discussion 

3.1. Morphological and structural characterization of PtCNP2 

The structure of PtCNP2 was first examined by TEM measurements. 
From Fig. 1a, PtCNP2 can be seen to possess a porous, lamellar structure 
(lateral size of a few hundred nm) without apparent particulates, 
consistent with the typical morphology of g-C3N4 [41,42]. In 
HAADF-STEM measurements (Fig. 1b), one can see that a number of 
bright spots, which were most likely individual Pt atoms, were 
embedded within the g-C3N4 scaffold. In the corresponding elemental 
mapping analysis based on energy-dispersive X-ray spectroscopy (EDS) 
(Fig. 1c), the elements of C, N, P, Pt, and O can be readily identified and 
exhibit a homogeneous distribution across the sample, consistent with 
the formation of PtCNP2 that consisted of P-doped C3N4 loaded with Pt 
single atoms [38]. 

XPS experiments were then carried out to evaluate the elemental 
composition and valency of PtCNP2. From the survey spectrum in 
Fig. 2a, Pt 4f (74 eV), P 2p (133 eV), Cl 2p (285 eV), C 1s (285 eV), N 1s 
(399 eV), and O 1s (532 eV) can be readily resolved in PtCNP2, with an 
elemental content of 2.03 at% for Pt, 0.69 at% for P, 0.75 at% for Cl, 
52.25 at% for C, 21.45 at% for N, and 22.83 at% for O (Table S1). Fig. 2b 
shows the high-resolution scan of the C 1s electrons where three peaks 
were deconvoluted at 284.80, 286.59, and 288.04 eV, due to the aro-
matic ring’s sp2 C, C–N––C, and C–P, respectively [43]. The N 1s spec-
trum is shown in Fig. 2c, which entails two peaks at 398.63 eV and 
400.53 eV that can be ascribed to the sp3 hybridized graphitic nitrogen 
N-(C)3 and sp2 hybridized pyridine nitrogen (C–N––C), respectively 
[44]. The high-resolution scan of the Pt 4f electrons is displayed in 
Fig. 2d, which consisted of two 4f7/2/4f5/2 doublets, Pt(II) at 
72.54/75.85 eV and Pt(IV) at 74.17/77.51 eV (Table S2) [43,45]. The P 
2p spectrum was depicted in Fig. S1a, where the P 2p3/2 binding energy 
of 133.41 eV (Table S2) is consistent with that of the P–C bond reported 
in the literature, suggesting successful doping of P into the g-C3N4 
skeletons [46]. The high-resolution scan of the Cl 2p electrons is shown 
in Fig. S1b, where the binding energy of 197.86/199.36 eV is consistent 
with that previously reported for PtCl-containing complexes (Table S2) 
[47]. In fact, the atomic ratio of Cl to Pt in PtCNP2 was calculated to be 
0.37:1, suggesting partial retention of the original Cl ligands in the 
Zeise’s salt precursor (Cl:Pt ratio 3:1) when Pt was embedded into 
g-C3N4. 

3.2. Peroxidase-like activity assessment and kinetic analysis of PtCNP2 
nanoenzymes 

Using a standard OPD-H2O2 colorimetric system, the peroxidase-like 
activity of PtCNP2 was then assessed (Fig. 3a). Note that a PBS solution 
containing only H2O2, OPD, or OPD + H2O2 was colorless with no 
fluorescence emission (Fig. S2 and inset). From Fig. 3b and inset, one 
can see that the mixed solution of PtCNP2+H2O2 was also colorless and 
non-fluorescent, whereas a faint yellow color emerged with 
PtCNP2+OPD, along with a weak fluorescence emission peak at 570 nm; 
and the yellow color became markedly more intense with 
PtCNP2+OPD+H2O2, and the fluorescence emission intensity increased 
by more than four folds. This is because PtCNP2 catalyzed the formation 
of hydroxyl radicals (•OH) from H2O2 (which was confirmed by electron 
spin resonance measurements, Fig. S3), and •OH subsequently catalyzed 
the transformation of colorless OPD into yellow DAP, which showed a 
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prominent emission peak at 570 nm [13]. Notably, there was no change 
in the hue of the solution and no conspicuous emission peaks were seen 
with mixed solutions of Pt-free CNP2+H2O2, CNP2+OPD, or 
CNP2+H2O2+OPD (Fig. 3c and inset). These results showed that PtCNP2 
indeed possessed peroxidase-like activity and could act as a 
nanoenzyme. 

Colorimetric experiments were then used to investigate the 
peroxidase-like catalytic activity of PtCNP2 in the oxidation of OPD. As 
shown in Fig. S4, in the simultaneous presence of PtCNP2 and H2O2, OPD 
was oxidized and the solution produced a strong absorption peak (λmax) 
at 420 nm, indicative of the high catalytic activity of PtCNP2. To further 
investigate the steady-state kinetics of PtCNP2, typical Michaelis- 
Menten curves were obtained by varying the concentrations of the 
substrates (OPD and H2O2) (Fig. 3d and f). The corresponding 
Lineweaver-Burk curves showed good linearity (Fig. 3e and j). The 
calculated Michaelis-Menten constants (Km) are shown in Table S3. 
When OPD was used as the substrate, the Km value of PtCNP2 was 0.061 
mM, which was almost one order of magnitude lower than that of nat-
ural HRP (0.59 mM), indicating that the affinity of PtCNP2 to OPD was 
stronger than that of HRP, likely because of the large specific surface 
area and abundant binding sites of PtCNP2. When H2O2 was used as the 
substrate, the Km value of PtCNP2 was 0.356 mM, which was very close 
to that for HRP (0.34 mM), suggesting comparable affinity to H2O2. In 
fact, the Km values of PtCNP2 for OPD and H2O2 are lower than most 
peroxidase nanoenzymes reported in the literature, suggesting good 
peroxidase-like activity of PtCNP2 (Table S3). 

We also examined the stability of PtCNP2 by repeating the tests for 7 
consecutive days, and the results are shown in Fig. S5, where the cata-
lytic activity remained virtually unchanged, confirming excellent sta-
bility of the PtCNP2 nanoenzyme. 

3.3. Parameter optimization 

The catalytic activity of PtCNP2 can be used to accomplish quick and 
visual detection of cholesterol in conjunction with ChOx that catalyzes 
the production of H2O2 from cholesterol oxidation. OPD serves as a 
chromogenic substrate, and H2O2 serves as a signal agent. Before 
applying it to the measurement of cholesterol, we first checked the H2O2 
test based on PtCNP2. The activity of nanoenzymes is known to be 
closely related to the experimental conditions. In this investigation, the 
concentration of OPD and PtCNP2, reaction time, temperature, and pH 
were identified as the major experimental variables for the optimization 
of H2O2 detection. First, we investigated the impact of OPD and PtCNP2 
concentrations and used the fluorescence transfer efficiency ((F–F0)/F0, 
where F and F0 are fluorescence emission intensities in the presence and 
absence of H2O2, respectively) as a criterion for the ideal conditions. As 
shown in Fig. 4a and b, (F–F0)/F0 reached the highest value at the OPD 
concentration of 30 μg mL− 1 and PtCNP2 of 10 μg mL− 1. These optimal 
concentrations were then chosen in the subsequent studies in order to 
prevent the inappropriate selection of enzyme and substrate dosage, 
which could have detrimental effects on the experiments such as 
nonspecific reaction, enzyme inhibition, and competition of substrate. 

Second, we optimized the reaction temperature. The enzyme can 
only remain active within a certain temperature range. Beyond this 
range, the enzyme may become denatured or potentially lose its cata-
lytic activity. From Fig. S6a, it can be seen that 25 ◦C was the ideal re-
action temperature. We then investigated the ideal response time for the 
PtCNP2 sensing device within the range of 5–40 min. An incomplete 
reaction and inadequate substrate conversion may occur if a reaction 
time is too short, whereas overreaction and experimental oversaturation 
may result from too long a reaction time. Therefore, selecting the right 

Fig. 1. (a) TEM and (b) HAADF-STEM images of PtCNP2. (c) HAADF image and the elemental maps of C, N, P, Pt, and O.  
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reaction time is essential for attaining effective catalysis. From Fig. S6b, 
it can be seen that the (F–F0)/F0 value peaked at about 30 min, indi-
cating that 30 min was the ideal reaction time. 

Finally, we evaluated the effect of pH (Fig. S7), where the fluores-
cence emission can be seen to peak within the pH range of 6.5 (weakly 
acidic) to 7.4 (physiological condition). Yet as the fluorescence emission 
of the blank control was also high under the weak acid condition (pH 
6.5), the (F–F0)/F0 value actually reached the maximum at pH = 7.4, 
suggesting high catalytic activity and low background interference of 
the PtCNP2 nanoenzyme under physiological conditions. Therefore, 
subsequent tests were carried out under the ideal conditions outlined 
above in order to maximize the efficacy and efficiency of the sensing 
platform. 

3.4. Cholesterol testing 

We first examined the solution color changes and fluorescence 
response for H2O2 levels in the range of 2~2000 μM under the ideal 
experimental conditions identified above. As seen in Fig. S8a, as the 
concentration of H2O2 increased from 0 to 2000 μM, the fluorescence 
emission of DAP at 570 nm steadily rose (Fig. S8b), and the color of the 
reaction solution gradually changed from light yellow to dark yellow 
(Fig. S8c and inset). Notably, the fluorescence emission intensity 
exhibited an excellent linear relationship with the H2O2 concentration in 
the range of 2–70 μM (F = 10.9649 [H2O2] + 306.8404, where R2 =

0.9982), and the limit of detection (LOD) (3σ k− 1, where k is the slope of 
the curve, and σ is the standard deviation) was as low as 224 ng mL− 1. 

Cholesterol was then analyzed by observing the change in color of 
the solution (from colorless to yellow) and the output of the fluorescence 
signal. Cholesterol oxidation is catalyzed by ChOx to produce cholest-4- 
en-3-one and H2O2, and H2O2 then reacts quickly with OPD catalyzed by 
PtCNP2. The experimental results are displayed in Fig. 4c and d. One can 
see that 0.1 mg mL− 1 of ChOx was the ideal concentration, and 30 min 

was the ideal response time. Additionally, we studied the impact of pH 
on cholesterol detection (Fig. S9). The results were in line with the H2O2 
assay, with a maximum (F–F0)/F0 at pH 7.4, confirming that the PtCNP2 
nanoenzyme possessed the high catalytic activity for cholesterol detec-
tion under physiological settings, which could be exploited for choles-
terol assay. Fig. 5a shows that the fluorescence emission intensity of DAP 
varies with cholesterol concentration (0–800 μg mL− 1), and the results 
at 0.5 μg mL− 1 of cholesterol were also recognizable by naked eyes 
(Fig. 5b). When the cholesterol concentration was between 0.5 and 600 
μg mL− 1, the fluorescence emission intensity increased linearly with the 
cholesterol concentration, F = 0.4517 [cholesterol] + 121.8489 (R2 =

0.9914), with a LOD of about 59 ng mL− 1. Notably, one can see that such 
a performance of cholesterol detection is highly comparable to those 
with other leading methods reported in the literature (Table S4). 

Studies were also carried out to investigate the selectivity of the vi-
sual fluorescence sensing platform based on PtCNP2 for H2O2 and 
cholesterol. As seen in Fig. S8d, H2O2 was the only agent that caused the 
assay solution to change color and the fluorescence signals to be 
amplified even at high concentrations of interfering substances, such as 
sugars, amino acids, and common inorganic ions, all at a concentration 
of 100 μM. As shown in Fig. 5c, the interfering substances sucrose, 
glucose, urea, uric acid, MgCl2, L-lysine, and others (all at 4 mg mL− 1) 
had almost no effect on the sensing platform. Only in the presence of the 
target cholesterol did the color of the solution change to yellow and the 
fluorescence emission intensity at 570 nm increase significantly. It 
shows that the present biosensor possessed superb selectivity for 
cholesterol detection, which could be ascribed to ChOx’s matrix-specific 
catalytic action. In conclusion, the PtCNP2-based sensing system 
demonstrated good sensitivity, acceptable selectivity for H2O2 and 
cholesterol detection. 

Fig. 2. (a) XPS survey spectrum of PtCNP2 and corresponding high-resolution scans of the (b) C 1s, (c) N 1s and (d) Pt 4f electrons.  
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Fig. 3. (a) Schematic illustration of PtCNP2 catalyzed H2O2 oxidation of OPD. (b) Fluorescence spectra of different reaction systems, (1) PtCNP2+H2O2, (2) 
PtCNP2+OPD, (3) PtCNP2+H2O2+OPD under 414 nm excitation. The concentration of OPD is 30 μg mL− 1, H2O2 is 30 μM, and PtCNP2 is 10 μg mL− 1 in PBS at pH 7.4. 
(c) Fluorescence spectra of CNP2+H2O2, CNP2+OPD, and CNP2+H2O2+OPD under excitation of 414 nm. The concentrations of CNP2, OPD, and H2O2 are 10 μg 
mL− 1, 30 μg mL− 1 and 30 μM, respectively. The insets show the corresponding solution photographs. Michaelis–Menten plot of (d) OPD and (f) H2O2. Line-
weaver–Burk plot of (e) OPD and (j) H2O2. 
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3.5. Detection of cholesterol in real samples 

Under simulated physiological settings, the PtCNP2 nanoenzyme was 
then used to detect cholesterol in clinical serum, egg yolk, and pure milk 
samples, to confirm the practical application and accuracy of the results. 
Twenty serum samples were obtained from the Hubei Provincial Hos-
pital of Traditional Chinese Medicine, and four samples each of pure 
milk and eggs were obtained from commercially available sources. 
These samples were then given the proper pretreatments (section 2.7) 
before being subjected to analysis and testing using the PtCNP2-based 
platform, and the results were compared to traditional cholesterol assays 

to assess the performance metrics of accuracy and stability (Table 1), 
where the results from the PtCNP2 sensor were mostly in accord with 
those from the hospital method and the HPLC-MS tests, with a relative 
standard deviation (RSD) of 1.1–14.2% for PtCNP2 and 1.8–7.4% for 
HPLC-MS. To assess the quantitative accuracy of the PtCNP2 platform, 
the Pearson correlation analysis (Fig. S10) was also carried out between 
the detection findings of the PtCNP2 sensor and those based on clinical 
methods and HPLC-MS. The findings demonstrated reasonable agree-
ment between the results of the PtCNP2 sensor and those of the hospital 
method and HPLC-MS (r = 0.9934 and r = 0.9899), and hence great 
sensitivity of PtCNP2 for cholesterol detection in intricate biological 

Fig. 4. Condition optimization for (a) OPD concentration, (b) PtCNP2 concentration, (c) ChOx concentration, and (d) ChOx-catalyzed cholesterol reaction time.  

Fig. 5. (a) Fluorescence response profiles of the PtCNP2-based fluorescent sensor for different concentrations of cholesterol. (b) Linear correlation between fluo-
rescence response and cholesterol. (c) Selective examination of cholesterol detection with interfering substances of sucrose, glucose, urea, uric acid, MgCl2, and L- 
lysine at 4 mg mL− 1, and a cholesterol concentration of 0.4 mg mL− 1. The inset shows the corresponding color change images. (For interpretation of the references to 
color in this figure legend, the reader is referred to the Web version of this article.) 
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samples. 
Also, to further study the applicability of the PtCNP2 sensor, the 

cholesterol levels in pure milk and egg yolks were also measured and 
compared to those of HPLC-MS. From Table S5, the RSD of the fluo-
rescence results was 3.8%–6.9% with a Pearson correlation coefficient of 
0.9909, suggesting good agreement between these two techniques 
(Fig. S11). Also, we conducted a recovery experiment using the con-
ventional addition method to identify the presence of cholesterol in egg 
yolk1 and pure milk1 (Table S6). The spiking recoveries were in the 
range of 99.2%–104.1% with RSDs of 2.9%–4.6%. These findings 
showed that the PtCNP2 biosensor possessed outstanding potential for 
practical clinical applications. 

3.6. Smartphone-assisted colorimetric detection of cholesterol 

To realize more convenient and accurate visual detection of choles-
terol, a smartphone-assisted fluorescence sensing system was also con-
structed, as schematically depicted in Fig. 6a. The experimental 
conditions were the same as the fluorescence detection described above, 
and the images of the cholesterol reaction systems at different concen-
trations were recorded by using the photo function of a smartphone, and 
the color changes of the reaction systems were converted into the values 
of the red (R), green (G), and blue (B) channels by using the app “Color 
Picker”. Fig. 6b shows the photographs of the reaction system in the 
presence of cholesterol at different concentrations (0–800 μg mL− 1), 
which exhibit a good linear relationship between (R + G)/B and 

cholesterol concentration, (R + G)/B = 7.9311 [cholesterol] + 2.0956 
(R2 = 0.99652), with the LOD of 188 ng mL− 1. In addition, to investigate 
the applicability of the smartphone for cholesterol detection in complex 
environments, we detected cholesterol in the presence of several inter-
fering substances. The results are shown in Fig. 6c, where the (R + G)/B 
values and reaction system colors in the presence of the interfering 
molecules or ions remained almost the same as those of the control. Only 
in the presence of cholesterol, did the (R + G)/B values and the color of 
the reaction system change significantly. Finally, we tested the choles-
terol contents in various food products to verify the use of the method 
for real samples. The extracted test solutions (in eggs and pure milk) 
were mixed with ChOx, PtCNP2, and OPD solutions (section 2.6), and 
digital photos were taken after a select period of reaction time, and the 
cholesterol contents of the test solutions were obtained by evaluating the 
(R + G)/B values (Table S5). The results were in general agreement with 
the fluorescence and HPLC-MS assays (Pearson correlation coefficients 
of 0.9987 and 0.9919, respectively; Table S7), with RSDs in the range of 
2.7–6.4%. These results confirm that the smartphone-assisted colori-
metric sensing system is a viable method for semi-quantitative detection 
and rapid on-site determination of cholesterol. 

4. Conclusion 

In this study, we prepared a nanoenzyme based on phosphorus- 
doped g-C3N4 embedded with platinum single atoms (PtCNP2) and 
constructed a label-free, fast, and sensitive multimodal biosensor for 
instant cholesterol detection based on the excellent peroxidase-mimetic 
activity under physiological conditions. Compared with other existing 
biosensors for cholesterol detection, the PtCNP2 sensing strategy showed 
more remarkable simplicity as it did not require specialized and 
expensive instrumentation or complicated operation steps. Meanwhile, 
the prepared PtCNP2 nanoenzymes exhibited low background interfer-
ence and high sensitivity in cholesterol detection, achieving ultra- 
sensitive detection of cholesterol in the linear range of 0.5–600 μg 
mL− 1 with an LOD as low as 59 ng mL− 1. Meanwhile, PtCNP2 also 
showed good applicability, selectivity, and accuracy and was success-
fully demonstrated to be suitable for cholesterol detection in clinical 
serum and food samples by naked-eye recognition and fluorescence 
signal readout, demonstrating high potential for the diagnosis and 
treatment of cholesterol-related diseases. Furthermore, a smartphone- 
assisted colorimetric sensing system based on the color recognition 
app was established and its ability to detect real samples was verified in 
food products, providing an advantageous tool for cholesterol detection 
in scenarios such as on-site and mobile environments. 

Notably, one can envisage that the peroxidase-like activity of PtCNP2 
can be exploited for the sensing of other biological activities that also 
produce H2O2. This paves the way for the development of multi- 
indicator, multi-functional, and multi-modal biosensing. Relevant 
research is ongoing and results will be reported in due course. 
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Table 1 
Fluorescence determination of cholesterol content in human serum samples in 
comparison to results from the clinical data and HPLC-MS measurements.  

Sample Clinical Data 
(mg mL− 1) 

PtCNP2 (mg 
mL− 1) 

RSD 
(%) 

HPLC-MS 
(mg mL− 1) 

RSD 
(%) 

normal 
serum 1 

1.98 1.89 ± 0.13 6.9 2.04 ± 0.07 3.4 

normal 
serum 2 

1.62 1.66 ± 0.06 3.3 1.68 ± 0.12 7.2 

normal 
serum 3 

1.68 1.74 ± 0.06 3.6 1.65 ± 0.10 5.8 

normal 
serum 4 

1.87 1.90 ± 0.05 2.5 1.89 ± 0.11 5.6 

normal 
serum 5 

1.53 1.58 ± 0.04 2.7 1.60 ± 0.07 4.7 

normal 
serum 6 

1.45 1.52 ± 0.06 4.0 1.49 ± 0.05 3.1 

normal 
serum 7 

1.79 1.77 ± 0.06 3.3 1.80 ± 0.20 11.0 

normal 
serum 8 

1.50 1.54 ± 0.05 4.1 1.53 ± 0.09 5.6 

normal 
serum 9 

1.34 1.38 ± 0.03 2.0 1.35 ± 0.19 14.2 

normal 
serum 10 

1.76 1.81 ± 0.04 2.4 1.81 ± 0.06 3.2 

obese 
serum 1 

2.76 2.83 ± 0.08 2.8 2.78 ± 0.05 1.8 

obese 
serum 2 

2.62 2.67 ± 0.05 1.8 2.70 ± 0.03 1.1 

obese 
serum 3 

2.63 2.57 ± 0.10 3.8 2.65 ± 0.09 3.6 

obese 
serum 4 

2.40 2.53 ± 0.06 2.5 2.46 ± 0.05 2.0 

obese 
serum 5 

2.34 2.39 ± 0.11 4.8 2.37 ± 0.10 4.4 

obese 
serum 6 

2.39 2.31 ± 0.17 7.4 2.45 ± 0.09 3.8 

obese 
serum 7 

2.94 2.91 ± 0.10 3.6 3.12 ± 0.10 3.3 

obese 
serum 8 

2.88 2.95 ± 0.08 2.9 3.04 ± 0.06 1.9 

obese 
serum 9 

2.34 2.39 ± 0.10 4.4 2.35 ± 0.07 3.0 

obese 
serum 10 

2.37 2.48 ± 0.13 5.3 2.42 ± 0.03 1.3  
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