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The serum cholesterol level is an important indicator of healthy and there is a great necessity for frequent
cholesterol monitoring to some cardiovascular-related diseases, which puts forward higher requirements
for point-of-care testing (POCT) of cholesterol. In this work, a cascade catalytic system of cholesterol is
developed by encapsulation of cholesterol oxidase (ChOx) and PdCuAu nanoparticles into zeolitic imi-
dazolate framework-L (ChOx/PCA@ZIF-L). Results indicate that ZIF-L carrier can significantly increase the
catalytic activity of single or multiple enzymes, due to its high loading capacity and efficient molecular
transport. Under the optimal conditions, the absorbance of reaction system performs linear relationships
with the concentration of cholesterol in two intervals from 0.0005 mmol/L to 1.0000 mmol/L, with a limit
of detection of 0.2176 pmol/L. The proposed colorimetric strategy based on ChOx/PCA@ZIF-L performs a
good agreement with the results provided by chemiluminescence method for the serum cholesterol de-
tection. Interestingly, a simple paper-based sensing system is constructed through a pre-reaction-transfer
operation, which gets rid of the complex pre-processing requirements of traditional operations on filter
paper. The presented strategy allows for the sensitive, convenient, costless assay of serum cholesterol,

and paves a new way to design the POCT device for daily monitoring of healthy.
© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Cholesterol, a derivative of cyclopentane polyhydrophenan-
threne, serves as a precursor for the synthesis of many important
substances in living organisms such as bile acids, hormones, and
vitamin D [1]. In addition, cholesterol also participates in the for-
mation of cell membranes and maintenance of normal physiolog-
ical functions of cell membranes [2]. The appropriate level of to-
tal cholesterol in the serum of healthy adults should be less than
5.2mmol/L. Yet with the change in people’s dietary habits and
lifestyles, the incidence of dyslipidemia has increased significantly
[3]. Researchers found that hypercholesteremia had been reposi-
tioned globally, shifting from high-income countries such as north
America to east and southeast Asia [4]. Among them, the overall
prevalence of dyslipidemia in Chinese adults is as high as 40.40%,
which is a significant increase from 2002 [5]. Plenty of researches
show that excessive serum cholesterol levels are closely related to
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the occurrence of arteriosclerosis, cerebral thrombosis, and coro-
nary heart disease [6]. According to statistics, every 1% reduction
of cholesterol content in serum reduces the risk of heart disease
by 2% [7].

At present, many analytical technologies have been developed
to detect cholesterol, the common ones are liquid chromatography-
mass spectrometry (LC-MS) [8], electrochemical methods [9,10],
fluorescence spectrometry [11,12], colorimetry [13-15], etc. Com-
pared with other methods, colorimetry is a convenient and eco-
nomical detection method, which can get rid of the need of pro-
fessional instruments, and is suitable for on-site diagnosis. The col-
orimetric detection of cholesterol is mainly based on the cascaded
enzyme-catalyzed reactions, in which the produced H,0, oxidizes
the colorless 3,3',5,5'-tetramethylbenzidine (TMB) into blue oxTMB
[16]. In order to realize the efficient cascaded reactions, the immo-
bilization of the enzymes is one of the most attractive strategies
as their improved operation stability, easier reactor operation, and
being recycled to reduce the production cost [17].

1001-8417/© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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Multiple carriers were developed for the enzyme immobiliza-
tion such as chitosan [18], halloysite [19], silica [20], carbon nan-
otubes [21], and porous materials [22-24]. Metal-organic frame-
works (MOFs) are a new type of porous materials with metal-
containing nodes and organic ligands linked through coordina-
tion bonds [25]. Because of their high surface area and tunable
pore size, MOFs have served as potent supporting matrices for
enzyme immobilization in biosensing, diagnosis, treatment of dis-
eases, etc. [26-28]. In the design of MOFs-based enzyme catalytic
systems, the pore size of MOFs is a key factor affecting the cat-
alytic activity of an enzyme [29]. Among the different MOFs, the
two-dimensional (2D) zeolitic imidazolate framework-L (ZIF-L) ex-
hibits a leaf-like morphology and large pore cavities between its
unique 2D layered structures [30,31]. Cui et al. reported the syn-
thesis of catalase@ZIF with cruciate flower-like morphology un-
der high concentration Zn2* and 2-methylimidazole [32]. Bene-
fiting from its large mesopore size and high protein loading ca-
pacity, the catalytic activity of flower-like catalase@ZIF exhibited
400% higher than that of conventional rhombic dodecahedral mor-
phology. Liu et al. had constructed separated organelles of the cell
mimics by separately encapsulating glucose oxidase (GOX) and per-
oxidase from horseradish (HRP) in ZIF-L nanoparticles [33]. Vari-
ous cellular mimicking events including metabolism, communica-
tion, and programmed degradation were successfully realized, re-
sulting from the efficient molecular transport properties of ZIF-L.
Therefore, the ZIF-L is suitable for enzyme immobilization to de-
termine cholesterol, however, the effect of ZIF-L on cholesterol cas-
cade catalysis has never been reported.

In recent years, portable test devices for serum cholesterol are
in great necessity as daily monitoring of cholesterol and become
increasingly important, the development of point-of-care testing
(POCT) is in full swing [34,35]. Among the various supporting ma-
terials for POCT of cholesterol, the paper-based devices are the
most affordable, which are especially for applications in resource-
limited areas when combined with using a smartphone as a de-
tector [36]. Nanoscale artificial enzymes have attracted extensive
attention from scholars attributed to their advantages of simple
preparation, low cost, and high stability [37-39]. Pd element con-
tained nanoparticles with unique electronic properties and high
catalytic activity have been considered as promising peroxidase
(POD)-like nano-enzyme in biosensors fabrication [40,41]. Thus,
the introduction of artificial enzymes in the cascade catalytic re-
action on POCT devices of cholesterol may ensure the detection
stability and ease the preparation processes.

Herein, we presented the co-precipitation approach to immo-
bilize ChOx and PdCuAu alloy nanoparticles in leaf-liked ZIF-L
(ChOx/PCA@ZIF-L). The cholesterol was oxidized by oxygen in the
presence of ChOx to produce cholest-4-en-3-one and H,0,. Then,
PdCuAu alloy nanoparticles with POD-like activity catalyzed the
oxidation of peroxidase substrate TMB by H,0, to produce a blue
color product (Scheme 1). It was found that the cascade catalytic
efficiency could be improved by ZIF-L compared with conven-
tional ZIF-8 and free enzymes. Under the optimal conditions, the
ChOx/PCA@ZIF-L was available for the sensitive and specific detec-
tion of cholesterol in buffer and serum of patients with dyslipi-
demia. Furthermore, when combined with the paper sensing sys-
tem, the POC detection of serum cholesterol is presented to serve
as an efficient and rapid approach for the diagnosis of hypercholes-
terolemia.

In order to construct the cascade catalytic nanocomposite, the
PdCuAu nanoparticles were firstly obtained through hydrothermal
reduction reaction containing three metal ions and ascorbic acid.
Then, the ChOx/PCA@ZIF-L was synthesized by the co-precipitation
with the high concentrations of Zn2t and 2-methylimidazole.
While self-assembled to form the carrier, the two were directly
sealed to ZIF-L. The morphology of the synthesized nanocompos-
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ites was analyzed using SEM and TEM. The TEM results showed
that the obtained PdCuAu nanoparticles (Fig. S1 in Supporting in-
formation) were spherical and uniform (average diameter: 10 nm).
However, due to the small diameter of the nanoparticles, the spe-
cific surface area and surface energy increase, will increase the
probability of agglomeration [42]. It could be seen that the bare
PdCuAu NPs were aggregate. As shown in Fig. 1A, the prepared
ZIF-L was sheet-like and crossed with a length of 2.8 um, a cen-
ter width of 1.0um, and a thickness of 50 nm. Fig. 1B showed the
TEM image of ChOx/PCA@ZIF-L. It could be observed that the high
density of small particles on the ZIF-L by local magnification. In
addition, the ChOx/PCA@ZIF-L composite presented the same leaf-
like crystal morphology as pure ZIF-L, which suggested that the
presence of PdCuAu nanoparticles and ChOx neither inhibited the
crystallization of ZIF-L, nor affected the crystal shape of ZIF-L. Fur-
thermore, the SEM images of ZIF-L and ChOx/PCA@ZIF-L were ex-
hibited in Figs. 1C and D, which were in line with the TEM charac-
terization.

Next, the phase composition and crystal structure of the com-
posites were characterized by XRD with a scanning angle of
10°~50° and a scanning speed of 2°/min. The main diffraction
peaks of ZIF-L (Fig. 2A) were observed at 26 values of 10.98°,
12.7°, 15.12°, 18.0° and 28.98°, which correspond to the (020),
(220), (400), (004), and (800) planes, respectively. The XRD pat-
tern of ZIF-L matched well with this of simulated ZIF-L (CCDC
database identifier: IWOZOL), indicating that ZIF-L was successfully
synthesized. It is noted that the diffractions of PdCuAu nanopar-
ticles can not be detected in the XRD pattern of PCA@ZIF-L and
ChOx/PCA@ZIF-L, this is due to their ultrasmall size and high dis-
persion in the ZIF-L [43,44]. Furthermore, the XRD pattern of
ChOx/PCA@ZIF-L composites resembled that of pure ZIF-L, reveal-
ing that there was no significant difference with regard to the crys-
tal structure and crystallinity following ChOx immobilization.

The functional groups of ZIF-L, PCA@ZIF-L, and ChOx/PCA@ZIF-L
were analyzed by FT-IR in Fig. 2B. The bands at 3133 cm~!, 2972
cm~!, and 2927 cm~! were attributed to the C-H stretch on the
imidazole. The characteristic peaks at 1565 cm~! and around 1050
cm~! were ascribed to the C=N double bond, bending vibration
of C-H on the imidazole, respectively [45]. The absorption peak at
754 cm~! was corresponded to the coordination between the ZIF
skeleton and imidazole N atoms forming the Zn-N bond [46]. Addi-
tionally, the peak at 840 cm~! is due to the presence of Zn-O. The
peak at 1658 cm~! was mainly from C=0 stretching mode, indi-
cating the presence of proteins in the composites [47]. Comparing
three spectra, the all bands appeared at the same position, which
indicated the existence of the same chemical bonding on them.

The composition and valence of elements in the ZIF-L and
ChOx/PCA@ZIF-L were measured by XPS. As anticipated, the XPS
wide-scan spectra (Fig. S2A in Supporting information) confirmed
that ZIF-L contained four major elements, including C, O, N and Zn.
Compared with ZIF-L, ChOx/PCA@ZIF-L had three more elements,
Cu, Au, and Pd (Fig. S2B in Supporting information). The character-
istic peaks of Cu and Pd were not obvious, which was mainly due
to the low content of Cu and Pd. In a high-resolution scan, two
characteristic peaks of Zn appeared at 1045.0 and 1021.9eV (Fig.
2C), which were assigned to Zn 2p;, and 2p3),, respectively. The
high-resolution N 1s spectra (Fig. 2D) could be fitted to three dif-
ferent bands.

The N, sorption-desorption isotherms analysis (Fig. 2E) showed
that the hysteresis loops were clearly observed at a lower rel-
ative pressure range (P/P, > 0.2), which indicated the presence
of mesoporous structures of the ZIF-L and ChOx/PCA@ZIF-L com-
posites. Pore diameter distribution was calculated using Barrett-
Joyner-Halenda (BJH) models based on the adsorption isotherm.
The inset in Fig. 2E showed that the pore size distribution of ZIF-
L and ChOx/PCA@ZIF-L was centered at 11 nm. Compared to ZIF-
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Scheme 1. Schematic diagrams of ChOx/PCA@ZIF-L synthesis, catalytic oxidation principle of cholesterol, and the cholesterol detection using ChOx/PCA@ZIF-L-based test

paper.

Fig. 1. TEM images of (A) ZIF-L and (B) ChOx/PCA@ZIF-L. SEM images of (C) ZIF-L and (D) ChOx/PCA@ZIF-L with partially enlarged results. Insets in (C) and (D) are the digital

photos of ZIF-L and ChOx/PCA@ZIF-L powders, relatively.

8 (Fig. S3 in Supporting information), however, the surface area
and pore volume of ZIF-L were lower. This is because ZIF-L has
higher density (density of metal atoms per unit volume) than ZIF-
8. Moreover, cavities in ZIF-L are much more flexible than the
rhombic dodecahedral structure of ZIF-8, because they are located
between the 2D layers that are weakly connected by the termi-
nal methylimidazole-4 and “free” methylimidazole-5 [48]. There-
fore, ZIF-L possesses superior adsorption selectivity and could en-
able an efficient molecular transportation and cascade catalytic re-
action of cholesterol.

The POD-like property of PCA@ZIF-L was studied using the reac-
tion of oxidizing the chromogenic substrate TMB. As illustrated in
Fig. 2F, the colorless TMB solution rapidly changed into blue with

the introduction of the PCA@ZIF-L composites and H,0, (Fig. 2F in-
set) because of the produced hydroxyl radicals, where a character-
istic absorbance at 652 nm appeared, like that of horseradish per-
oxidase (HRP). In contrast, in the presence of either the PCA@ZIF-
L or H,0, alone, it showed almost no visible color change or
characteristic absorption peak at 652nm under the same condi-
tions. These results successfully confirmed an intrinsic peroxidase-
mimicking activity of the PCA@ZIF-L composites. For further veri-
fying whether the POD-like property is due to PCA or ZIF-L, control
groups for PCA or ZIF-L were set. As shown in Fig. S5 (Supporting
information), the group (b) was colorless and the group (a) was
blue, which indicated that the POD-like property of PCA@ZIF-L was
resulted from PCA rather than ZIF-L.
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TMB in different reaction systems. The inset of (F) shows the related digital photos.

In order to further examine the superiority of ZIF-L as an en-
zyme carrier, the dynamic behaviors of the immobilized enzyme
in ZIF-L and ZIF-8 have been compared, because metal ions and
organic linkers of them are resemblances. The PCA@ZIF-L was used
because its catalytic reaction product of TMB and H,0, can be
easily detected. The ZIF-8 loaded PdCuAu nanoparticles (PCA@ZIF-
8) was synthesized through the co-precipitation with 25 mmol/L
Zn** and 25mmol/L 2-methylimidazole. As shown in Figs. S6A
and B (Supporting information), the TEM results exhibited that the
prepared ZIF-8 was the standard rhombic dodecahedral morphol-
ogy, and PdCuAu nanoparticles were attached to the ZIF-8 sur-
face. It can be observed that whether using PCA@ZIF-L or PCA@ZIF-
8 as a catalyst, the reaction rate increases with the addition of
H,0, concentration (fixed TMB concentration) or TMB (fixed H,0,
concentration). As illustrated in Fig. S7 (Supporting information),
the typical Michaelies-Menten curves were successfully fitted us-
ing GraphPad Prism 9.0 software (California, USA), from which the
Michaelis constant (Kp), the maximum reaction rate (Vpax) and
catalytic number (Kca¢) can be calculated (Table S2 in Support-
ing information). The apparent Ky value of PCA@ZIF-L is 0.0864
and 0.0531 mmol/L using TMB and H,0, respectively, which are
lower than that of PCA@ZIF-8 (0.0968 and 0.1041 mmol/L). Com-
pared with the previously reported nanozymes, the Ky, value of as-
prepared PCA@ZIF-L was 69.8 times lower than that of HRP when
H,0, was used as substrate (Table S3 in Supporting information).
What is more, the second-order rate constant (Kca¢/Km) is the most
important parameter to measure the catalytic efficiency of an en-
zyme [49]. As shown in Table S2, the Kcat/Km of PCA@ZIF-L, varying
the concentration of H,0,, was 1.79 times that of PCA@ZIF-8. The
above results suggest that the PCA@ZIF-L has stronger affinity and
higher catalytic efficiency to the substrate than PCA@ZIF-8. This is
benefiting from superior adsorption selectivity to ChOx of ZIF-L.
Furthermore, the slopes the fitted lines in Figs. S8A and B (Sup-
porting information) were parallel, revealing a ping-pong mecha-
nism.

As H,0, is the oxidation product of cholesterol by O, and can
oxidize TMB to produce chromogenic substance through the cas-
cade catalytic reaction, the relationship between the UV-vis ab-
sorption spectra of TMB (0.2 mmol/L) and the concentrations of
H,0, is studied with the existence of 50 ug/mL ChOx/PCA@ZIF-L.
It can be seen from Fig. S9A (Supporting information) that the
absorbance increases with the increasing of H,0O, concentration,

the color of the solution gradually changes from colorless to blue.
The absorbance intensity at 652nm shows a linear relationship
with H,0, from 0.1 mmol/L to 1.0 mmol/L, the linear equation is
A=0.3318Cy,0,) + 0.2808 (Fig. S9B in Supporting information). The
obtained results indicate that the ChOx/PCA@ZIF-L acts as an ideal
probe for the quantification of H,0,, which lays the foundation for
its further application for cholesterol assay.

Next, the cascade catalytic reaction efficiency of the immobi-
lized enzymes in ZIF-L and ZIF-8 have been compared. The ZIF-
8 loaded ChOx and PdCuAu nanoparticles (ChOx/PCA@ZIF-8) was
synthesized through the co-precipitation with 25 mmol/L Zn?* and
25 mmol/L 2-methylimidazole. The absorbance at 652 nm of each
group is monitored with the time prolonging (Fig. S9C in Support-
ing information). It is noted that the absorbance reaches 0.46 after
reaction for 30 min with the existence of ChOx/PCA@ZIF-L. How-
ever, the absorbance of the solution catalyzed by ChOx/PCA@ZIF-8
is only about 72.96% that by ChOx/PCA@ZIF-L. The above experi-
ments suggest that the ZIF-L is more suitable for multiple enzymes’
immobilization of cascade catalytic reaction. The detection condi-
tions for cholesterol based on ChOx/PCA@ZIF-L were optimized to
obtain maximum assay sensitivity. As shown in Fig. S10 (Support-
ing information), the relative activity continuously increases with
the temperature from 25 °C to 45°C, and begins to decrease when
the temperature rises to 50°C. A lower pH is beneficial to the
cascade catalytic reactions because acidic solutions provide elec-
trolytes that are effective in facilitating electron transfer during
redox processes, however, excessive acidity (pH 3.5) may lead to
the degradation of ZIF-L, making the relative activity decreasing
(Fig. S11 in Supporting information). There were positive corre-
lations between the absorbance and the concentrations of TMB
(Fig. S12 in Supporting information) or ChOx/PCA@ZIF-L (Fig. S13
in Supporting information). Therefore, the assay of cholesterol was
conducted under the following experimental conditions: (a) 10 uL
ChOx/PCA@ZIF-L (50ng/mL); (b) 10 pL TMB (0.2 mmol/L); (c) 870
1L NaAc-HAc buffer solution (pH 4.0); (d) incubation temperature
45°C; (e) incubation time 30 min.

And then, the absorbance at 652nm of the TMB with differ-
ent concentration of cholesterol was measured under the opti-
mal conditions. As shown in Fig. 3A, the absorbance was grad-
ually enhanced with the increasing concentration of cholesterol
from 0.0005mmol/L to 1.0000 mmol/L, indicating that the re-
lationship between the absorbance at 652nm and cholesterol
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concentration was dose-dependent (Fig. 3B). It can be seen
that there was a linear relationship between the absorption
at 652nm and the concentration of cholesterol in two inter-
vals. When the cholesterol concentration ranged between 100
pmol/L to 1000 pmol/L (Fig. 3C), the regression equation was
A=0.2284Ccholesterol) + 0.2607 (R? =0.9911). Besides, a linear rela-
tionship (A= 2.0678C(cholesterol) + 0.0797, R =0.9914) between the
absorbance value and the cholesterol level was calibrated in the
content range from 0.5 pmol/L to 100 pmol/L (Fig. 3D), with a limit
of detection (LOD) estimated to be 0.2176 pmol/L (30/k, where o
is the standard deviation of the blank samples, o =0.00014). Com-
pared to the latter standard curve, the slope of the former lin-
ear equation had dropped, indicating that a common saturation
effect was observed when more cholesterol was added. As sum-
marized in Table S4 (Supporting information), in comparison with
other cholesterol biosensors, ChOx/PCA@ZIF-L exhibited a superior
or competitive analytic performance.

The selectivity of ChOx/PCA@ZIF-L-based detection approach
with possible interfering substances in blood samples including
uric acid, urea, ascorbic acid, dopamine, glucose, MgCl,, and NaCl
were investigated. Fig. 3E showed that the absorbance of these in-
terfering substances was not evident when their concentrations
were ten times as high as that of cholesterol. This indicated
that the approach was probably suitable for the cholesterol de-
termination in human blood. The stability of the detection sys-
tem is another key factor in practical application. The stability of
ChOx/PCA@ZIF-L sensing platform was investigated by detecting
the same cholesterol concentration (1.0 mmol/L) every three days.
As shown in Fig. 3F, during 15 days, there were no obvious changes
in the absorbance at 652 nm, revealing that the ChOx/PCA@ZIF-L
sensing platform had a good stability which was appropriate for
paper-based analytical detection.

Given the determination of serum cholesterol concentration is
closely related to human health, the human serum samples were
applied for cholesterol assay to demonstrate the analytical reliabil-
ity of the proposed strategy. As stated above, TG in serum is the
sum of free cholesterol and cholesterol esters [50]. In fact, choles-
terol ester can be converted to free cholesterol by cholesterol es-

terase effectively. Therefore, cholesterol level in human serum sam-
ple equals to free cholesterol after pretreatment by cholesterol es-
terase. According to the absorbance of oxTMB in serum sample,
combining with dilution multiple and linear calibration plot for
cholesterol, eight serum samples were added to test the choles-
terol concentration using the proposed method and the standard
enzymatic measurements (detected by hospital). To investigate the
consistency of the two methods, Bland-Altman plot was adopted
for analysis. As shown in Fig. S14 (Supporting information), the
difference between the detection results of the two methods was
within 95% limits of agreement (95% LoA), indicating the results of
the two methods are consistent.

Although the ChOx/PCA@ZIF-L combined with UV-vis spec-
trophotometer have realized a sensitive and selective detection of
serum cholesterol, the necessity of professional equipment mak-
ing it is hard to serve as a daily monitoring tool. With the grow-
ing demands for quick, convenient, affordable on-site diagnosis,
paper-based sensors rise in response to the proper time and condi-
tions. A simple paper-based sensing system is constructed through
a pre-reaction-transfer operation, which gets rid of the complex
pre-processing requirements of traditional operations on filter pa-
per. As shown in Fig. S15A (Supporting information), after remov-
ing the filter paper from the reaction system with different con-
centrations of cholesterol, the color could be seen to be different
with the naked eye. The color images were captured using a smart-
phone camera, analyzed by the TakeColor APP, and the correspond-
ing gray values were obtained by calculation. A linear relationship
(Gray = -26.41(Ccholesteroly) + 190.0, R?= 0.9951) between the gray
value and the cholesterol level was calibrated in the content range
from 0.1 mmol/L to 10 mmol/L (Fig. S15B in Supporting informa-
tion).

In summary, we have successfully prepared PdCuAu NPs and
ChOx self-encapsulated on ZIF-L nanosheets in situ by the co-
precipitation method. Benefiting from its large pore size and ef-
ficient molecular transport, the ZIF-L obviously improved the ef-
ficiency of cascade catalytic reaction. The apparent Ky value of
PCA@ZIF-L is calculated as 0.0864 and 0.0531 mmol/L using TMB
and H,0, respectively, which are lower than that of PCA@ZIF-8
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(0.0968 and 0.1041 mmol/L). After reaction with 1.0 mmol/L choles-
terol for 30 min, the absorbance of TMB has reached 0.46 catalyzed
by ChOx/PCA@ZIF-L, while that is only 0.33 by ChOx/PCA@ZIF-8.
The colorimetric biosensor based ChOx/PCA@ZIF-L exhibits high
sensitivity and excellent selectivity towards serum cholesterol.
More importantly, the fabricated POCT device utilizing paper sens-
ing system and smartphone also enables frequent cholesterol mon-
itoring to some patients with cardiovascular-related diseases.
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