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A B S T R A C T

The co-immobilization of two enzymes onto single support commonly exhibits low efficiency due to the com-
petition against limited sites. Water-stable metal–organic frameworks (MOFs) [i.e., PCN-333(Al)] with a high
surface area and ultra-large cavities were employed to efficiently adsorb cholesterol oxidase (ChOx) and en-
capsulate horseradish peroxidase (HRP), respectively. The prepared PCN-333/ChOx&HRP was characterized
through SEM, XRD, confocal microscopy, N2 adsorption isotherms, and thermal gravity analysis (TGA). The high
surface area and high concentration of mesoporous cages resulted in the high loadings of both ChOx and HRP.
The absorbed ChOx and the encapsulated HRP presented excellent activities without additional chemical
modification. The immobilized enzymes were stable against protease digestion, organic solvents, temperature
changes, and pH variation. Thus, a colorimetric biosensor for cholesterol detection was fabricated depending on
cascade catalytic reactions of the immobilized bi-enzymes. An extended linear range from 0.0 to 40.0 μM with a
low detection limit of 0.6 μM was obtained using the biosensor. The co-immobilization of the enzymes onto the
surface and into the mesopores of MOFs provided a new and excellent platform for the development of highly
stable and sensitive colorimetric biosensors.

1. Introduction

Various multi-enzymatic systems have been developed to catalyze
cascade reactions [1]. For instance, eight enzymes are involved in the
citric acid cycle to effectively metabolize sugars, fats, and proteins.
Inspired by nature, researchers coupled multiple enzymes for synth-
esis and industrial production in a cascade manner [2]. Enzyme im-
mobilization offers the benefit of stability, recovery, and reuse of ex-
pensive biocatalysts. Thus far, the strategy for enzyme immobilization
can be classified into four main categories, namely, surface attach-
ment (adsorption), covalent cross-linking, pore encapsulation, and co-
precipitation [3]. Immobilizing enzymes, which are not involved in
chemical modification, can finely retain the performance of free en-
zymes and show superior stability because of the fragile nature of
enzymes [4]. Different kinds of porous materials, such as mesoporous
silica, sol–gel matrices, and phospholipid liposomes, have been uti-
lized to construct various enzymatic cascade reaction [5,6]. However,

challenges related to rational structural designs, entry of bulky sub-
strates, and leaching of enzymes from support hinder the use of such
supports.

Metal–organic frameworks (MOFs) are attractive candidates for
enzyme immobilization because of their chemical and thermal stability,
high surface area, tunable porosity, and mild synthetic conditions
[3,7–10]. Various MOFs have been applied to immobilize different
enzymes, such as organophosphorus acid anhydrolase [11], glycerol
dehydrogenase [12], glucose dehydrogenase [13], pectinase [14]，li-
pase [15], trypsin [16], and urease [17–21]. Encapsulated enzymes in
MOFs exhibit excellent recyclability and stability. Pisklak and co-
workers [22] reported for the first time an approach that involves the
adsorption of microperoxidase-11 into the cavity of Cu-MOF. Zhou
et al. [23] demonstrated a series of stable MOFs with ultra-large pores
as single-molecule traps for enzyme encapsulation. Highly stable MOFs
[PCN-333(Al)] have a pore diameter of 5.5 nm × 4.2 nm and a large
pore volume and are suitable for enzyme encapsulation.
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Cholesterol maintains the structural integrity and fluidity of animal
cell membranes and acts as a precursor for the biosynthesis of steroid
hormones, bile acids, and vitamin D. In healthy human serum, the
desirable concentration of cholesterol is 200 mg/dL. Unregulated cho-
lesterol levels in the human body can lead to serious diseases, such as
hypertension, cardiac arrest, coronary heart and peripheral arterial
diseases, diabetes, and anemia [24]. Many methods are used to detect
cholesterol, such as fluorometry [25,26], electrochemical methods
[27–33], molecular imprinting technology [34], chromatography
[35,36], and colorimetric enzymatic assays [37]. However, some de-
tection methods require expensive equipment [26,36,38] or have low
sensitivity [30,34]. Therefore, a convenient and cost-efficient sensor
suitable for point-of-care diagnostics should be developed.

Such a colorimetric strategy is feasible on a point-of-care platform
[39]. Cholesterol oxidase (ChOx) and horseradish peroxidase (HRP)
mediate a two-step colorimetric reaction for cholesterol detection.
ChOx oxidizes cholesterol to produce H2O2, and HRP catalyzes the
chromogenic oxidation reaction of substrates with H2O2. This bi-en-
zyme cascade reaction is highly specific and efficient; however, the
decomposition of H2O2 largely reduces the accuracy and sensitivity of
assays [40]. Moreover, the overall cost of assays must be considered
when expensive enzymes are utilized [41]. As such, strategies for the
immobilization of ChOx and HRP have been exploited [42]. However,
the efficiency of the co-immobilization of bi-enzymes commonly de-
creases because of site limitations.

Herein, ChOx was first absorbed onto the surface of PCN-333(Al),
and HRP was successively diffused into the large pores of PCN-333(Al)
because of the high surface area, large pore diameter (5.5 nm) of PCN-
333(Al), and the sizes of ChOx (size: 5.13 nm × 6.30 nm × 7.30 nm)
and HRP (size: 4.0 nm × 4.4 nm × 6.8 nm). Thus, ChOx and HRP were
efficiently co-immobilized and had an excellent cascade catalytic per-
formance. MOFs immobilized with the two enzymes could be used as a
tandem sensor for the colorimetric detection of cholesterol (Scheme 1).

2. Experimental section

2.1. Materials and instruments

ChOx (> 10 U/mg) from microorganisms and N,N′-diethylforma-
mide (DEF) were purchased from Aladdin Chemistry Company.
(Shanghai, China). HRP (≥300 U/mg), cholesterol, 2,2′-azinobis-(3-
ethylbenzothiazoline-6-sulphonate) (ABTS), and rhodamine B (RhB)
were obtained from Sangon Biotechnology (Shanghai, China). 4,4′,4′-s-
Triazine-2,4,6-triyl-tribenzoic acid (H3TATB, 95%) and fluorescein
isothiocyanate (FITC) were procured from Sigma-Aldrich (Shanghai,
China). The human serums were donated by an affiliated hospital of
Shaanxi Normal University. All other chemicals used in this work were
of analytical grade and used without further purification.

UV-vis spectra were obtained using a Lambd-35 spectrophotometer
（Perkin Elmer, America）. SEM images were recorded with a SU8220
scanning electron microscope (Hitachi, Japan). The powder X-ray dif-
fraction (XRD) patterns of the as-prepared products were performed on
a D8 Advance X-ray diffractometer (Bruker, Germany). Nitrogen ad-
sorption–desorption isotherms were obtained with an ASAP2460 sur-
face area and porosity analyzer at 77 K（Micromeritics, America）.
Thermal gravimetric analysis (TGA) was conducted on a Q600SDT
thermoanalyzer systems under nitrogen atmosphere (25–800 °C) at a
heating rate of 10 °C min-1 （TA, America）. Confocal fluorescence
images were carried out on a FV1200 confocal laser scanning micro-
scope under ambient conditions（Olympus, Japan）.

2.2. Preparation of PCN-333

A mixture of H3TATB (50 mg) and AlCl3·6H2O (200 mg) was dis-
solved in DEF (10 mL) through ultrasonication for 30 min, and 1.0 mL
of trifluoroacetic acid was added to the obtained mixture. After 10 min
of ultrasonication, the mixture was heated in an oven at 135 °C for 2
days until a white precipitate formed. The white precipitate was cen-
trifuged and washed with fresh DEF several times. Finally, the product
was dried under vacuum at 45 °C for 3 days.

2.3. Preparation of PCN-333/ChOx&HRP

PCN-333/ChOx&HRP was prepared as follows: 6 mg of as-synthe-
sized PCN-333 was dispersed in 500 μL of deionized water, and 500 μL
of 2 mg/mL ChOx solution was added to the MOF slurry and stirred at
37 °C for 40 min. The solid was collected through centrifugation and
washed with DI water twice. MOF was re-dispersed in 500 μL of water.
Afterward, 500 μL of 1 mg/mL HRP solution was added to the MOF
slurry and stirred at 37 °C for another 40 min. The solid was collected
through centrifugation, washed with water twice, diluted in 1000 μL of
phosphatic buffer solution (0.02 M, pH 7.5), and finally stored at 4 °C in
a refrigerator.

The supernatants were collected for the determination of the
amount of immobilized enzymes in PCN-333.

2.4. Preparation of the PCN-333/RhB-ChOx and FITC-HRP

For the synthesis of RhB-ChOx, ChOx (1 mg) and RhB (2 mg) were
dissolved in 500 μL of phosphatic buffer solution (0.02 M, pH 7.5). The
solution was stirred at 4 °C for 24 h. The mixture was dialyzed against
distilled water for 24 h by using a membrane with a molecular weight
cut-off of 8000–14,000 Da. FITC-HRP was synthesized using a similar
procedure.

For the preparation of PCN-333/RhB-ChOx and FITC-HRP, 6 mg of
the as-synthesized PCN-333 was dispersed in 500 μL of deionized water,
and 500 μL of RhB-ChOx was added to the MOF slurry and shaken at
37 °C for 40 min. The solid was collected through centrifugation and
washed with DI water twice. MOF was re-dispersed in 500 μL of water,
and 500 μL of FITC-HRP solution was added to the MOF slurry and

Scheme 1. Schematic of the co-immobilization of ChOx and HRP and for
cholesterol detection.
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shaken at room temperature for another 40 min. The solid was obtained
through centrifugation, washed with water twice, diluted in 1000 μL of
phosphatic buffer solution (0.02 M, pH 7.5), and observed through
confocal laser scanning microscopy (CLSM).

2.5. Colorimetric detection of cholesterol with PCN-333/ChOx&HRP

The cascade enzymatic activity of PCN-333/ChOx&HRP was eval-
uated on the basis of the oxidation of cholesterol and chromogenic
substrate ABTS. A stock solution of cholesterol was used, and the
mixture of isopropanol and Triton X-100 (1:1) was used to dissolve
cholesterol. The standard cholesterol solutions were diluted with
phosphatic buffer solution (0.02 M, pH 7.5) and stored at 4 °C. For
cholesterol determination, 10 μL of 0.0–40.0 μM cholesterol was added
to 90 μL of phosphatic buffer solution (0.02 M, pH 7.5), and 10 μL of the
as-prepared PCN-333/ChOx&HRP was incubated at 37 °C in the dark
for 30 min. Afterward, 840 μL of acetate buffer (0.02 M, pH 4.0) and
50 μL of 10 μmol/mL ABTS solution were added to the obtained mix-
ture. The mixture was incubated at 37 °C in the dark for 10 min. The
reaction solution was centrifuged at 145,000 rpm for 3 min to remove
PCN-333/ChOx&HRP particles. The supernatant was measured using a
UV spectrophotometer, and the maximum absorbance of ABTS•+ was
recorded at 418 nm.

2.6. Detection of cholesterol in serum

For the determination of free cholesterol in serum, a standard ad-
dition method was used to detect cholesterol. The serum was pretreated
before detection to prevent the influence of other matrices. In parti-
cular, 0.2 mL of human serum sample was diluted with the mixture of
1.8 mL of ethanol solution and 2.0 mL of water. Then, the diluted
samples were added with 4.0 mL of n-hexane and centrifuged for 5 min.
The section of n-hexane extract was allowed to stand for a few minutes
and separated. The solvent was then evaporated into residue. Finally,
the residue was re-dissolved with the mixture of isopropanol and Triton
X-100 (1:1).

To take the above 50 μL serum into 50 μL phosphatic buffer solution
(0.02 M, pH 7.5), and 10 μL of PCN-333&ChOx/HRP was added to the
aforementioned mixture and incubated at 37 °C in the dark for 30 min.
Afterward, 840 μL of acetate buffer (0.02 M, pH 4.0) and 50 μL of 10
μmol/mL ABTS were added. The mixture was incubated at 37 °C in the
dark for 10 min. Finally, the mixture was centrifuged at 14,500 rpm for
3 min to remove PCN-333/ChOx&HRP. The supernatant was examined
using a UV spectrophotometer, and the maximum absorbance of
ABTS•+ was recorded at 418 nm.

3. Results and discussion

3.1. Characterization of PCN-333/ChOx&HRP

Because PCN-333 (Al) has high void volumes (3.84 cm3 g−1) and
three cage types (diameter :5.5, 3.4, and 1.1 nm), it is an ideal candi-
date for enzyme loading [23]. The overall procedure for the co-im-
mobilized ChOx and HRP onto/into PCN-333 and the detection me-
chanism of cholesterol are illustrated in Scheme 1. PCN-333 was
synthesized as described in literature [23]. To characterize the mor-
phological characteristics of PCN-333, we performed scanning electron
microscopy (SEM) (Fig. 1A). MOFs were uniformly dispersed in the
solution and showed an octahedron morphology with an average size of
around 2 µm. Considering the sizes of ChOx (5.13 nm × 6.30 nm ×
7.30 nm) and HRP (4.0 nm × 4.4 nm × 6.8 nm), we first immobilized
ChOx through surface absorption, and HRP was encapsulated through
diffusion. In this case, the calculated loadings were 0.06 g g−1 for ChOx
and 0.08 g g−1 for HRP. PCN-333/ChOx&HRP also displayed the same
morphology as that of PCN-333 (Fig. 1B). The retained bulk crystal-
linity and morphology of PCN-333 indicated that the immobilized

enzyme molecules did not alter the morphology of MOFs.
The crystal structures of the related PCN-333 products were tested

through powder XRD. The positions and corresponding intensities of all
the diffraction peaks matched well by comparing those from the as-
synthesized PCN-333 and PCN-333/ChOx&HRP with that from simu-
lated PCN-333(Fig. 1C). Therefore, enzyme immobilization did not
disturb the crystal construction of PCN-333 and still maintained good
crystalline integrity after immobilization was completed.

TGA was employed to quantitatively determine the composition of
PCN-333/ChOx&HRP (Fig. 1D). The first decomposition stage of both
PCN-333 and the composite exhibited a gradual weight loss of ~10%
up to ca.100 °C corresponding to the removal of some unreacted re-
agents and the guest molecules from the cavities. The second-stage
decomposition of the composite started from 250 °C and finished at
around 500 °C, whereas PCN-333 had much less weight loss during this
stage. About 11 wt% of weight loss of the composite were found at the
second stage possibly because of the decomposition of protein mole-
cules, and this finding was consistent with the results of the enzyme
loading calculations. The weight loss in PCN-333 and PCN-333/ChOx&
HRP over 500 °C was associated with the thermal decomposition of
PCN-333 crystals.

To test the extent of pore filling, the porous features of PCN-333
before and after enzyme immobilization were also investigated with
nitrogen sorption isotherms. The N2 uptake capacity of PCN-333/ChOx
&HRP was lower than that of PCN-333. Two steep increases at P/P0
= 0.30 and 0.45 on the N2 adsorption isotherm corresponded to two
types of mesoporous cages in PCN-333. Brunauer–Emmett–Teller (BET)
surface area decreased from 2550 m2/g to 603 m2/g after saturation
with ChOx and HRP occurred (Fig. 1E), indicating that a majority of the
free space in PCN-333 was occupied by enzyme molecules. Pore size
distribution analysis in based on density functional theory (DFT) re-
vealed that the pore size of PCN-333/ChOx&HRP was around 3–5 nm
(Fig. 1F). Furthermore, the pore volume decreased from 2.48 cm3/g to
0.43 cm3/g after ChOx and HRP immobilization (Fig. 1F). The pore-size
distribution diagrams of individual HRP and ChOx immobilized with
PCN-333 are different (see Supplementary information, Figs. S1-S4),
indicated that HRP and ChOx were immobilized in different way. No-
tably, the distribution of the largest cavity has obviously decreased in
PCN-333/HRP, but not in PCN-333/ChOx, which signify the entrap-
ment of HRP and adsorption of ChOx [43].

Confocal laser scanning microscopy (CLSM) was conducted to con-
firm whether ChOx and HRP were immobilized in PCN-333. ChOx and
HRP were labeled with RhB and FITC, respectively, and the two la-
beled-enzymes were immobilized in the same synthesis procedure. The
fluorescence signal originated from RhB-ChOx and FITC-HRP because
the PCN-333 material itself was not a fluorescence material (Fig. 2). The
experimental results indicated the presence and random distribution of
ChOx and HRP in the overall framework structure of PCN-333.

To investigate and compare the catalytic activity of PCN-333/ChOx
&HRP in a cascade reaction, we prepared PCN-333/ChOx and PCN-
333/HRP systems. The prepared PCN-333/ChOx and PCN-333/HRP
were immobilized with the same amount of enzymes as that of PCN-
333/ChOx&HRP. ChOx catalyzes the reaction between molecular
oxygen. The generated hydrogen peroxide was reduced in the conver-
sion of ABTS to ABTS•+ as catalyzed by HRP and monitored at 418 nm
through UV–vis spectroscopy. PCN-333 itself did not have any activity
on cholesterol in the cascade reaction under the same reaction condi-
tions (Fig. 3A). The activity of PCN-333/ChOx&HRP was 1.94 times
higher than that of the mixture of PCN-333/ChOx and PCN-333/HRP
(Fig. 3A). The results indicated that the catalytic rate of PCN-333/ChOx
&HRP for cholesterol detection was faster than that of the mixture. The
increase in the activity was due to the simultaneous encapsulation of
ChOx and HRP in the same PCN-333 structure, and H2O2 produced by
ChOx could react with ABTS immediately in the presence of HRP.
However, intermediates needed to be released from the PCN-333/ChOx
framework and enter the PCN-333/HRP framework to react. The
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increasing diffusion distance and decomposition of intermediates could
significantly reduce the cascade reaction rate for PCN-333/ChOx and
PCN-333/HRP systems. Considering that the number of empty cages
(i.e., 3.4 and 1.1 nm) of PCN-333 greatly facilitated the diffusion of
substrates and products, we observed an enhanced catalytic perfor-
mance of PCN-333/ChOx&HRP.

3.2. Stability of PCN-333/ChOx&HRP

The stability of immobilized enzyme is essential for applications. To
evaluate the stability of PCN-333/ChOx&HRP, we prepared the mixture
of free enzymes with 0.2 µM ChOx and 0.2 µM HRP for comparison and
tested the stability of co-immobilized ChOx and HRP against protease
and organic solvents. PCN-333/ChOx&HRP incubated with trypsin for

30 min remained at 90%, and the activity of the mixed free enzyme was
maintained at 29% of the initial activity (Fig. S5). PCN-333/ChOx&HRP
incubated with isopropanol or 50% ethanol for 15 min was maintained
at 71% or 61%. In comparison with the activity of the mixed free ChOx
and HRP, the activity of PCN-333/ChOx&HRP did not significantly
decrease in the presence of trypsin, isopropanol, or 50% ethanol (Fig.
S5). This observation fully demonstrated that the channel of MOF
formed a barrier when trypsin, isopropanol, and 50% ethanol were
closed to enzyme molecules reducing the activity loss of ChOx and HRP.

To evaluate thermal stability, we assessed the activity of the mixed
free enzymes and PCN-333/ChOx&HRP to the same concentration of
cholesterol at different temperatures (25–75 °C). At 25–45 °C, the ac-
tivity of two systems barely changed (Fig. S6). When the temperature
was increased to 50 °C, the activity of the mixed free enzymes was

Fig. 1. SEM images of (A) PCN-333 and (B) PCN-333/ChOx&HRP composite. (C) XRD patterns of simulated PCN-333, as-synthesized PCN-333, and PCN-333/ChOx&
HRP composite. (D) TGA curves of PCN-333 and PCN-333/ChOx&HRP composite. (E) N2 sorption isotherms of PCN-333/ChOx&HRP composite and PCN-333. (F)
Pore size distributions of PCN-333/ChOx&HRP composite and PCN-333.
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retained at 78%, and PCN-333/ChOx&HRP decreased by 4%. We fur-
ther increased the incubation temperature to 55 °C, and the activity of
the mixed free enzymes was 25% of their initial activity. On the con-
trary, PCN-333/ChOx&HRP remained at 88% of its initial activity. The
low thermal stability of the mixed free enzymes might be caused by the
partial inactivation of the free enzymes after the specimen was in-
cubated at high temperatures. The stability under different acidic
conditions is another crucial factor of immobilized enzymes. PCN-333/
ChOx&HRP and the mixed free enzymes were incubated at different pH
for 2 h, and the activity of PCN-333/ChOx&HRP was obviously higher
than mixed free ChOx and HRP (Fig. S7). The protective effect of the
highly stable PCN-333 rigid structure activated the enzymatic protein

conformation of ChOx and HRP at different temperatures and pH to
prevent enzyme deactivation.

The long-term storage stability of the co-immobilized enzymes were
also essential for biotechnological applications. The mixed free enzymes
and PCN-333/ChOx&HRP were incubated in phosphatic buffer solution
(0.02 M, pH 7.5) at room temperature (Fig. S8), respectively. The re-
lative activity of the free enzyme and the complex was compared at
0–20 days by taking a certain volume. PCN-333/ChOx&HRP retained
50% of the initial overall activity for 20 days. However, the relative
activity of the mixed free enzymes was seriously lost and reduced by
84%, indicating that a large number of the mixed free enzymes were
deactivated as time was extended. However, PCN-333 maintained a
relatively high activity and long-term stability, indicating that PCN-
333/ChOx&HRP could reduce the loss of enzyme activity due to its
solid crystal structure. PCN-333/ChOx&HRP activity slightly changed
in a refrigerator at 4 °C for 14 days (Fig. S9), and the MOF structure
could improve the ability of the enzyme against a wide variety of ex-
ternal factors.

3.3. Assay performance of PCN-333/ChOx&HRP as colorimetric sensors

We detected cholesterol by using PCN-333/ChOx&HRP composite
and by using ABTS as the chromogenic substrate in the enzyme cascade
reaction. We investigated the activity of the bi-enzyme system by
changing the mass ratio of ChOx and HRP from 2:1–6:1 (Figs. S10-S12)
given that the influence of two enzymes mass ratios might play an
important role in a cascade reaction. The least amounts of ChOx and
HRP used for immobilization were observed at the 2:1 activity ratio.
However, the obtained PCN-333/ChOx&HRP could achieve the ideal
catalytic activity. Thus, the mass ratio of ChOx/HRP 2:1 was selected
for the experimental study.

Fig. 2. Confocal laser scanning microscopy images of the PCN-333/ChOx&HRP
(left column, merged picture). ChOx = red and HRP = green. (For interpreta-
tion of the references to color in this figure legend, the reader is referred to the
web version of this article)

Fig. 3. (A) Comparison of the catalytic activity
of PCN-333, PCN-333/ChOx, PCN-333/HRP,
and PCN-333/ChOx&HRP. (B) UV–vis spectra
of the mixed solutions of ABTS and PCN-333/
ChOx&HRP in phosphatic buffer solution
(0.02 M, pH 7.5) at 37 °C. (C) The linear stan-
dard curve for cholesterol determination. Inset:
the corresponding images of the colored pro-
ducts. (D) Absorbance of the solutions with
different interfering substances or cholesterol
for demonstrating selectivity of cholesterol
detection. The concentration was 10 mM for
cholesterol, and 50 mM for the other inter-
fering substances.
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Cholesterol solutions with different concentrations were reacted
with PCN-333/ChOx&HRP suspension at 37 °C for 30 min to assess the
linear range and detection limit and determine cholesterol under the
optimized conditions. The acetate buffer solution and ABTS were added
to react for 10 min. As the cholesterol content in the solution increased,
its color deepened (Fig. 3B and C). A good linearity between the ab-
sorbance at 418 nm and the concentration of cholesterol in the range of
0.0–40.0 μΜ was observed. The linear fitting equation was A418 nm

= 0.02089 + 0.0343 × . The limit of detection (LOD) was calculated
based on the standard deviation (SD) of the responses of the blank
sample and the slope (S) of the calibration curve (Fig. 3C). The LOD
value for cholesterol detection is 0.6 μM according to the formula of
LOD = 3 SD/S. The LOD was much improved compared with that of
recently reported colorimetric detections of cholesterol [40,44]. The
cutoff value of cholesterol in the blood of patients with hypercholes-
terolemia is about 6 mM [45]. Therefore, the PCN-333/ChOx&HRP-
based detection system was sufficiently sensitive to distinguish normal
individuals from patients with diseases.

The selective test for the evaluation of the performance of a sensor is
an important factor. Cholesterol and other various kinds of interference
in serum compounds should be tested to verify the selectivity of PCN-
333/ChOx&HRP. Potential interferences, such as glucose, ascorbic acid,
cysteine, histidine, arginine, lysine, glycine, and ATP, were added to the
reaction system, and the results showed that they exhibited low ab-
sorbance at 418 nm, and only cholesterol showed significant absor-
bance (Fig. 3D), although the concentration of glucose and ascorbic
acid were 15 times higher than that of cholesterol and the concentra-
tion of the rest of interfering substances were 7.5 times higher than that
of cholesterol. Therefore, the results indicated that PCN-333/ChOx&
HRP had a high selectivity for cholesterol detection.

3.4. Detection of cholesterol in serum

To verify whether our method could be used for practical applica-
tions, we used it to detect actual samples. The standard addition
method was utilized to analyze the serum samples. The serum was di-
luted with the standard solutions of different concentrations. The cho-
lesterol levels of the three volunteers were 2.01, 1.73, and 1.88 mM
(Table 1). These detected values well agreed with the values of 2.07,
1.77, and 1.84 mM, which were determined by using a conventional
free ChOx-HRP method (Table S1). The recovery of the detected cho-
lesterol of the serum was 91.0–108.7%, and the different concentrations
of the cholesterol levels of RSD were less than 6.2%, confirming that
this method had good accuracy and reliability (Table 1 and Table S1).

4. Conclusions

A simple and highly efficient strategy was demonstrated for the
surface adsorption and pore encapsulation of bi-enzymes by con-
sidering the high surface area and high concentration of mesoporous

cages of MOFs (i.e., PCN-333). The co-immobilized ChOx and HRP
showed a high catalytic activity in a cascade reaction. With the rigid
MOF structures, the co-immobilized enzymes not only had high toler-
ance to protease digestion, organic solvents, and pH and thermal var-
iation but also had a long shelf life. A convenient colorimetric method
was established to sensitively and selectively detect cholesterol. These
findings indicated that MOFs that absorbed and encapsulated multi-
enzymes might be used in detection of cholesterol in serum samples.
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