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A B S T R A C T

A novel ratiometric fluorescence sensing system based on cholesterol oxidase-functionalized dual-color meso-
porous silica nanoparticles (MSNs)@metal-organic framework core-shell nanocomposite is demonstrated for
cholesterol detection. MSNs were first loaded with 5-aminofluorescein (AF) inside pores and then wrapped with
red-emission CdTe quantum dots (QDs) on the surface to seal in the dye molecules, forming the signal displaying
unit (AF-MSN-QDs). Next, AF-MSN-QDs were encapsulated with zeolitic imidazolate framework (ZIF-8) to form
a transition layer with distinct size-selectivity, which not only protected the cores from corrosion but also greatly
decreased background interference from large molecules. More significantly, the ZIF-8 shells showed high af-
finity for most enzymes, which made it possible for cholesterol oxidase (ChOx) to self-organize on the surface of
ZIF-8-encapsulated AF-MSN-QDs via chemo-physical adsorption, forming novel core-shell nanocomposites (AF-
MSN-QD@ZIF-8-ChOx) as a sensing platform for cholesterol detection. The detectable signal was monitored by
enzymatic product-quenching fluorescence of the QDs. The fluorescence changes of I520/I618 showed excellent
linearity with H2O2 concentrations in the range of 5–100 nM, with a limit of detection (LOD) as low as 0.89 nM.
As a proof-of-concept, cholesterol was selectively detected with beneficial LOD as low as 0.923 μg/mL, de-
monstrating the great potential of this biosensor platform for other biologically important molecules with H2O2-
producing oxidases.

1. Introduction

Cholesterol is an important compound in brain and nerve cells; they
are precursors of other biological materials, such as steroid hormones
and bile acids. Without cholesterol, brain cells cannot send messages
that power the organs in our bodies. However, it is essential that the
human body maintains cholesterol levels within a certain range [1].
The concentration of cholesterol in human serum should be lower than
200mg dL−1 under normal circumstances, any serum level higher than
240mg dL−1 specifies high blood cholesterol. High cholesterol levels
can cause damage to blood vessels and result in arteriosclerosis, car-
diovascular diseases, heart disease, cerebral thrombosis, coronary ar-
tery disease, and other diseases [2–4]. Meanwhile, a low concentration
of cholesterol (< 167mg dL−1) results in hypocholesterolemia, which
may cause hemorrhagic stroke [5]. To date, several biosensor strategies

have been proposed for the selective detection of a single analyte in the
blood [6,7]. A number of methods have been employed to detect cho-
lesterol, such as high-performance liquid chromatography [8], thin
layer chromatography [9], electrochemical methods [10,11], colori-
metry [12,13], photonic crystal [14], and fluorescence-based assays
[15]. Among these approaches, the fluorescence method is endowed
with distinct merits for applications in cholesterol detection assays due
to its simplicity, rapidity, sensitivity, spatiotemporal resolution，and
wide linear range.

To obtain more accurate readouts, ratiometric fluorescent assays
have drawn considerable attention because of their self-calibration.
Ratiometric fluorescent assays, which detect the analyte by measuring
the change in the ratios of fluorescence intensities at two wavelengths,
can achieve improved sensitivity and accuracy by providing built-in
correction for environmental conditions [16]. Quantum dots (QDs) are
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advantageous over organic fluorophores due to their broad absorption
and narrow, size-tunable emission, which enables different-band
emissions by single-wavelength excitation [17,18]; thus, QDs are su-
perior for constructing multicolored fluorescent systems [19,20]. In the
past few years, ratiometric fluorescent nanoprobes based on dual-color
QD systems have been successfully developed for visual and sensitive
detection of metal ions [21], TNT [22], amino acids [23], and duplex
DNA [24]. Recently, mesoporous silica nanoparticles (MSNs) have been
recognized as an intelligent carrier material for a controllable release
system because of its unique pore size, large load capacity, chemical
and thermal stability, and fine dispersibility in aqueous solutions.
Moreover, MSNs with high surface silanol groups are conducive to
various surface reactions and the bonding of biomolecules [25]. On the
other hand, metal–organic frameworks (MOFs) have attracted con-
siderable research attention on account of their high ordered crystalline
porous networks; high pore volume, and high specific surface area [26].
Recently, MOFs were expanded by encapsulating nanoparticles (NPs)
within MOFs, forming core-shell NP@MOF nanocomposites. The NP@
MOF nanocomposites are of great interest because it provides MOFs and
certain classes of NPs with novel chemical and physical properties,
including photoluminescence properties, tunable porosity, and higher
surface area [27]. Since the surface unsaturated ligand metals of MOFs
may be favorable for the high affinity binding of enzymes via co-
ordinative bonds, we hypothesize that core-shell NP@MOF nano-
composites can be utilized as a promising platform for facile enzyme
immobilization via chemo-physical adsorption, and thus for the con-
struction of enzyme-based biosensors.

Herein, a novel ratiometric fluorescence sensing system based on
cholesterol oxidase-functionalized dual-color MSN@MOF core-shell
nanocomposites is developed for the detection of cholesterol. We de-
monstrate the rational synthesis of dual-color MSN@MOF core-shell
nanocomposites and their first used as substrate for enzyme im-
mobilization. The synthetic route is showed in Scheme 1. Firstly, MSNs
were synthesized using a sol-gel method, and then 5-aminofluorescein
(AF) was encapsulated inside the MSN pores. The AF-MSN surface was
grafted with CdTe QDs, resulting in dual-color AF-MSN-QD nano-
composites. Secondly, a zeolitic imidazolate framework (ZIF-8) transi-
tion layer was deposited on the surface of the AF-MSN-QD nano-
composites, granting size-selectivity, anti-interference properties,
chemical and thermal stability, and fine dispersibility to the nano-
composites. Afterward, the cholesterol oxidase (ChOx) was tightly

immobilized on the surface of ZIF-8 shells via coordinative bonds intact
by copious phosphate buffer saline (PBS, 10mM, pH 7.4). Finally, H2O2

produced in the presence of cholesterol readily permeated through the
shell of ZIF-8 and then quenched the fluorescence of the CdTe QDs,
whereas cholesterol and cholestenone have little influence on AF-MSN-
QD@ZIF-8 fluorescence. Hence, the highly sensitive detection of cho-
lesterol was completed by observing the fluorescence ratio of I520/I618
(I520 and I618 are the fluorescence intensity of AF-MSN-QD@ZIF-8-
ChOx at 520 and 618 nm, respectively) by H2O2 produced in the pre-
sence of cholesterol.

2. Results and discussion

2.1. Characterization of AF-MSN-QD@ZIF-8

To construct a target dye loading system, the successful synthesis of
MSNs with porous structures is crucial. As shown in Fig. 1A, MSNs were
synthesized as described in literature [28], in which the average dia-
meter of the MSNs was ≈ 70 nm and the average pore diameter was
≈ 2.7 nm. The pore size is large enough for loading fluorescent dye.
The AF-MSN exhibits a significantly different morphology as compared
to that of the MSNs, indicating the successful encapsulation of the dye
inside of MSN (Fig. 1B). In contrast, the TEM image of QD-capped MSNs
shows dark spots of about 6 nm in diameter on the exterior of the MSNs,
indicating aggregation of the QDs on the exterior of the MSNs (Fig. 1C).
The CdTe QDs of AF-MSN-QDs nanocomposites synthesized herein was
composed of multiple QDs with almost identical morphologies to the
native QDs (Fig. S1). The TEM characterization revealed a well-defined
core–shell structure with an AF-MSN-QD core and a ZIF-8 shell of
≈ 31 nm in thickness, which provided clear evidence of the successful
wrapping of AF-MSN-QDs with the ZIF-8 shell (Fig. 1D). The ZIF-8 shell
not only protects cores from corrosion, but also greatly decreases
background interference from large molecules, and further provides a
platform for facile enzyme immobilization.

FTIR spectroscopy was performed to further investigate the struc-
tures of the MSNs, AF-MSNs, and AF-MSN-QDs. MSN-NH2 gave a ty-
pical FTIR spectrum with a large band at 3100–3500 cm−1 due to the
O-H stretching vibration, two peaks at 795 and 1090 cm−1 due to the
Si-O symmetric and asymmetric vibrations, a peak at 950 cm−1 as-
signed to the Si-OH asymmetric vibration, and at 1520 cm−1 due to the
N-H bending vibration, consistent with published data (Fig. S2, black

Scheme 1. The synthetic route to AF-MSN-QD@ZIF-8 with the enzyme immobilization and ratiometric fluorescence strategy based on AF-MSN-QD@ZIF-8-ChOx for
cholesterol detection.
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line) [29]. AF-MSNs showed similar characteristic peaks to those of
MSNs, except for additional peaks at 1395–1440 cm−1 and 1470 cm−1

from C-O and C˭C stretching vibrations, respectively, which can be
explained by the AF (Fig. S2, red line), indicating successful en-
capsulation of AF in the MSN porous structures. Once the AF-MSN-NH2

reacted with the COOH-QDs, a characteristic band at 1562 cm−1 at-
tributed to the CO-NH vibration indicated the successful conjugation of
QDs on the exterior surface of AF-MSNs (Fig. S2, blue line). Moreover,
the decoration of the ZIF-8 on the above AF-MSN-QDs is confirmed by
the presence of 6.62 at% Zn2+ in EDX analysis (Fig. S3).

To demonstrate the mechanism of AF-MSN-QD@ZIF-8 fluorescence
quenching by H2O2, the optical properties of AF, QDs, and AF-MSN-
QD@ZIF-8 were investigated. Fig. 2A shows that the AF and QDs have a
characteristic peak at 520 nm and 618 nm, respectively, while AF-MSN-
QD@ZIF-8 exhibits two characteristic peaks at 520 nm and 618 nm.
Varying the excitation wavelength from 420 to 460 nm at 10 nm

intervals showed that the AF-MSN-QD@ZIF-8 PBS solution exhibited
almost the same fluorescence emission peaks at 520 nm and 618 nm
upon excitation at 440 nm (Fig. 2B). The lack of changes in the fluor-
escence of AF before and after adding H2O2 excluded the possibility
that H2O2 directly changed the fluorescence of AF (Fig. S4A). In con-
trast, the fluorescence of the QDs at 618 nm gradually decreased with
increasing H2O2 concentration from 0 to 10 μM (Fig. S4B), indicating
that the correlation between fluorescence intensity and H2O2 con-
centration was dose-dependent.

2.2. Ratiometric fluorescent detection of H2O2

Fig. S5 shows the relationship between the AF-MSN-QD@ZIF-8
concentration and the fluorescence quenching effect on the QDs, (I0-I)/
I0, where I0 and I represent the fluorescence intensities at 618 nm be-
fore and after the addition of 50 nM H2O2 to the AF-MSN-QD@ZIF-8

Fig. 1. TEM images of (A) APTES-modified MSNs (MSN-NH2), (B) AF-MSNs, and (C) AF-MSN-QDs, (D) AF-MSN-QD@ZIF-8. Scale bar: 50 nm.
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Fig. 2. (A) Fluorescent emission spectra of AF
with the characteristic peak at 520 nm (red
line) upon excitation at 460 nm; QDs with the
characteristic peak at 618 nm (black line) upon
excitation at 420 nm, and AF-MSN-QD@ZIF-8
with two characteristic peaks at 520 and
618 nm (blue line) upon excitation at 440 nm.
(B) Emission spectra of AF-MSN-QD@ZIF-8 at
excitation wavelengths from 420 to 460 nm at
intervals of 10 nm.
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solution, respectively. The quenching effects of H2O2 on QDs were
studied in the concentration range 0.6–1.0 mg/mL. By harmonizing the
quenching effect and incubation time, an AF-MSN-QD@ZIF-8 con-
centration of 0.8 mg/mL was chosen for determining the H2O2

quenching effect. Using the optimal experimental conditions obtained
above, the linear response of the reaction system to H2O2 concentra-
tions ranging from 0 to 100 nM was evaluated. As shown in Fig. 3A, the
ratiometric fluorescence intensity I520/I618 of AF-MSN-QD@ZIF-8 was
gradually enhanced with increasing H2O2 concentrations from 0 to
1000 nM, indicating that the relationship between the ratiometric
fluorescence intensity I520/I618 and H2O2 concentration is dose-depen-
dent. The inset of Fig. 3B shows the calibration curves based on the
ratiometric fluorescence intensity I520/I618 versus H2O2 concentration.
In the linear region (2, 10, 20, 40, 60, 80, and 100 nM), the regression
equation is y=0.001820x+0.8888(R2 = 0.9923), with a limit of
detection (LOD) as 0.89 nM (3σ/ slope, where σ is the standard devia-
tion of the blank samples). It is noteworthy that our assay provided a
lower detection limit than the previously reported methods for H2O2

detection [30–37]. Therefore, cholesterol detection using the H2O2-
dependent signal from ChOx-catalyzed cholesterol is feasible.

2.3. Ratiometric fluorescent detection of cholesterol

An enzymatic reaction of cholesterol that produced H2O2 was de-
tected. The mechanism for the ChOx enzymatic reaction is as follows:

+ ⎯ →⎯⎯⎯⎯ +O Cholestenone H OCholesterol
ChOx

2 2 2

The surface unsaturated coordination Zn2+ in the ZIF-8 is favorable
for efficient binding of ChOx via coordinative bonds, which makes
immobilization of ChOx on the surface of AF-MSN-QD@ZIF-8 by a

physical adsorption method possible. Expectedly, ChOx readily self-
organized onto the ZIF-8 surface to form robust AF-MSN-QD@ZIF-8-
ChOx nanocomposites, which is washed with phosphate buffered saline
solution (PBS, 10 mM, pH 7.4) and showed a sharp response to cho-
lesterol. The reaction time of the ChOx-mediated enzymatic reaction
and the amount of AF-MSN-QD@ZIF-8-ChOx were then investigated to
obtain optimum conditions. Fig. S6A shows the relationship between
the AF-MSN-QD@ZIF-8-ChOx concentration and the fluorescence
quenching effect on the QDs, (I0-I)/I0, where I0 and I represent the
fluorescence intensities at 618 nm before and after the addition of
cholesterol to the AF-MSN-QD@ZIF-8 solution, respectively. The
quenching effects of cholesterol on QD fluorescence intensity was stu-
died in the concentration range 0.3–0.8 mg/mL. By harmonizing the
quenching effect and incubation time, an AF-MSN-QD@ZIF-8-ChOx
concentration of 0.5mg/mL was chosen for determining the cholesterol
quenching effect. Fig. S6B shows that the hydrolysis of cholesterol by
ChOx gradually increases with increasing incubation time, during
which the fluorescence spectra was recorded every 10min, and an
equilibrium point was reached within 30min. Balancing the quenching
effect and time consumption, an incubation time of 30min was chosen
for the quantitative determination of the cholesterol quenching effect.
The sensitivity of ChOx-mediated cholesterol detection was evaluated
using the above optimum conditions. A gradual decrease in the fluor-
escence intensity at 618 nm was studied in the cholesterol concentra-
tion range from 0 to 100 μg/mL (Fig. 4A). Because of H2O2 production
from the ChOx-assisted oxidation of cholesterol, the fluorescence ratio
gradually increased with increasing cholesterol concentration, dis-
playing a cholesterol dose-dependent fluorescence ratio enhancement.
Fig. 4B shows a plot of I520/I618 versus cholesterol concentration. The
response is linear in the range of 0–10 μg/mL cholesterol. The linear
equation is y=0.01230×+ 0.9184, and R2 =0.9942. The limit of
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detection of cholesterol was calculated to be 0.9230 μg/mL (3σ/ slope,
where σ is the standard deviation of the blank samples). The response is
linear in the range of 10–100 μg/mL cholesterol. The linear equation is
y=0.002550×+ 1.026, R2 =0.9929. The detection sensitivity for
cholesterol was higher than other nanomaterials. A comparison with
previous methods for cholesterol detection is shown in Table S1. The
AF-MSN-QD@ZIF-8-ChOx assay is more sensitive than a number of
reported approaches involving nanomaterials, but not more sensitive
than the methods based on Au nanoparticles [38].

2.4. Selectivity test

We next examine its efficacy in selective cholesterol detection in the
complicated system of human serum, which has a multitude of inter-
ference from the simultaneous presence of urea, uric acid, cysteine,
glucose, and ascorbic acid (commonly present in blood, respectively at
1mM). For this investigation, 100 μg/mL of cholesterol and 2mM of
urea, uric acid, cysteine, glucose, and ascorbic acid was each taken and
analyzed for detecting of cholesterol [38]. The results in Fig. 5 clearly
demonstrate that the proposed AF-MSN-QD@ZIF-8-ChOx-based system
has high selectivity for cholesterol detection.

2.5. Practical application in real samples

The dependability of the results was examined by testing the serum
samples. The proposed method was applied to detect cholesterol in
different serum samples from healthy volunteers. Serum sample was
diluted 50 and 200 times with 10mM PBS (pH 7.4) before use. As

shown in Fig. 6, the system was successfully tested on real human
serum samples containing different concentrations of cholesterol, with
the optical image showing different the color formations in the inset.
These results agreed with those obtained by the conventional enzymatic
method with a RSD of 3.0–4.8% (Table S2), indicating great potential of
the AF-MSN-QD@ZIF-8-ChOx-based system for analysis of real samples.

3. Conclusions

In summary, a novel ratiometric fluorescence sensing system based
on cholesterol oxidase-functionalized dual-color MSN@MOF core-shell
nanocomposites have demonstrated for the detection of cholesterol.
MSNs were first loaded with AF and then wrapped with red-emission
QDs on the surface to seal in the dye molecules, forming the signal-
displaying unit of the ratiometric fluorescence sensor. Next, AF-MSN-
QDs were encapsulated with ZIF-8 to form a transition layer with dis-
tinct size-selectivity, chemical and thermal stability, and fine dis-
persibility. The ZIF-8 shells not only protect the cores from corrosion
but also greatly decrease background interference from large molecules,
and further provide an efficient platform for enzyme immobilization.
ChOx was readily immobilized on the surface of ZIF-8-encapsulated AF-
MSN-QDs via chemo-physical adsorption, forming ratiometric fluores-
cence sensing system for the highly selective and sensitive detection of
cholesterol in both standard solutions and serum samples. The current
work demonstrates the great potential of the AF-MSN-QD@ZIF-8 core-
shell nanocomposites as a general and promising sensing platform for
other biologically important molecules with H2O2-producing oxidases.
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