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Abstract
A kind of lead halide perovskites (LHPs) with aggregation-induced emission (AIE) feature is used as a
�uorescent probe for cholesterol detection. LHPs exhibit a high emission when they aggregate in water.
However, β-cyclodextrin modi�ed gold nanoparticles (β-CD@AuNPs) cause the AIE quenching of LHPs.
Based on the host-guest recognition between β-cyclodextrin (β-CD) and cholesterol, LHPs are replaced by
cholesterol, resulting in the AIE recovery of LHPs. A linear range of cholesterol is obtained from 0.35 to 20
nM with the limit of detection 0.12 nM which is lower than the most reported methods. This is because
only a few pM β-CD@AuNPs quench the AIE of LHPs. Furthermore, phytosterols cannot interfere with the
detection of cholesterol due to the different a�nities of cholesterol and phytosterols for β-CD. Finally, this
method is applied to detecting cholesterol in egg, milk, and pork. Additionally, cholesterol in milk powder
containing phytosterols has been determined with good recoveries.

1. Introduction
Cholesterol is the most important risk factor for inducing atherosclerotic cardiovascular diseases, such as
peripheral artery disease and ischemic stroke (Gylling, et al. 2020). One part of cholesterol is produced by
the liver, and the other part is ingested from food (Li, et al. 2019). The National Cholesterol Education
Program recommends that the cholesterol intake of the general population is under 300 mg/day
(Ishinaga, et al. 2005). When the blood cholesterol content of the human body exceeds 100 mg/dL, it is
necessary to reduce the intake of cholesterol by controlling the diet (Grundy, et al. 2004). The therapeutic
lifestyle proposes that patients with high cholesterol should consume less than 200 mg/day of
cholesterol. Therefore, it is necessary to detect cholesterol in food to guide diet.

The most commonly used method to detect cholesterol clinically is Trinder reaction (Van Gent, et al.
1977), where cholesterol oxidase (ChOx) catalyzes the oxidation of cholesterol to produce hydrogen
peroxide (H2O2). In the presence of peroxidase, 4-aminoantipyrine is oxidized by H2O2 to generate a red
quinone imine compound. This method is proper to determine cholesterol in blood with good selectivity.
However, it is not suitable for cholesterol measurement in food. The reason is that some phytosterols,
such as sitosterol and stigmasterol are usually in foods (e.g. milk powder and vegetable oil), and their
structures are similar to that of cholesterol (Tolve, et al. 2020). Phytosterols can also be catalyzed by
ChOx to H2O2 (MacLachlan, et al. 2000), resulting in the interference of cholesterol detection. In addition,
ascorbic acid is rich in food, and it can reduce H2O2. Thus, the enzymatic methods are inappropriate to
detect cholesterol in food samples.

For another, non-enzymatic ways show a comparable sensitivity and selectivity due to the components
that can speci�cally recognize cholesterol. For instance, cholesterol can be inserted into the β-
cyclodextrin (β-CD) cavity by host-guest interactions. In this way, the nano-probes, such as carbon
quantum dots (CQDs) (Li, et al. 2019) and luminescent metal-organic framework (LMOF) (Gong, et al.
2019), in the cavity of β-CD were pushed out, producing the �uorescence recovery. Although the a�nity of
phytosterols for the β-CD is inferior to that of cholesterol because of the structural differences, the
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phytosterols can also enter into the macrocyclic cavity of β-CD. Moreover, the nano-probes exhibit the
weakest a�nity for β-CD. Thus, the phytosterols in food also interfere with the detection of cholesterol in
non-enzymatic ways. Developing a �uorescent way for cholesterol detection in food with good sensitivity
and selectivity is still challenging.

In 2015, Zhong’s group have exploited a new kind of lead halide perovskites (LHPs) with aggregation-
induced emission (AIE) (Niu, et al. 2015). Through a rapid precipitation method, the LHPs were
synthesized by dodecyl ammonium iodide (C12H25NH3I) and lead iodide (PbI2), and they show strong
�uorescence when aggregate in water. This AIE behavior offers the possibility of �uorescence detection
based on LHPs. In this paper, it is found that the β-CD modi�ed gold nanoparticles (β-CD@AuNPs) can
quench the AIE of LHPs effectively. The reason may be that by host-guest interaction the dodecyl ligand
of LHPs can enter into the cavity of β-CD. However, the cholesterol reveals the highest a�nity for β-CD, so
the addition of cholesterol replaces LHPs from the cavity, leading to the AIE recovery of LHPs. Based on
this principle, cholesterol can be detected sensitively with the linear range from 0.35 to 20 nM. The limit
of detection (LOD) of cholesterol is 0.12 nM, which is more sensitive than most reported works.
Additionally, it should be noted that phytosterols do not interfere with the detection of cholesterol in food
samples by this strategy, because the a�nity of LHPs for β-CD is higher than phytosterols. Last but not
the least, cholesterol has been successfully determined in egg, milk powder, pork, and milk. The results
can provide guidance for scienti�c diets.

2. Materials And Methods

2.1 Chemicals and materials
Hydroiodic acid, dodecanamine [CH3(CH2)11NH2], lead iodide (PbI2), tetrahydrofuran (THF), β-cyclodextrin
(β-CD), chloroauric acid (HAuCl4·4H2O), cholesterol, N, N-dimethylformamide (DMF), isopropanol, β-
sitosterol, lactose, ascorbic acid, Vitamin D2, Vitamin B, and oleinic acid were obtained from Aladdin
Reagent Co., Ltd. (Shanghai, China). Palmitic acid was purchased from Yuanye Biotechnology (Shanghai,
China). KCl, NaCl, MgCl2, CaCl2, and ZnCl2 were obtained from Tianjin Guangcheng Chemical Reagent
Co., Ltd. (Tianjin, China). The enzyme-linked immunosorbent assay (ELISA) kit was purchased from
Baolai Biotechnology Co., Ltd (Jiangsu, China). The food samples were collected from local
supermarkets. All chemicals were of analytical grade and were used without further puri�cation. All
aqueous solutions were prepared with deionized water.

2.2 Instruments
The �uorescence was recorded by Hitachi F-7000 �uorescence spectrophotometer (Hitachi, Japan).
Fourier transform infrared spectroscopy (FT-IR) was carried out (via the KBr pellet method) using a
Thermo Nicolet Nexus 470 FT-IR ESP spectrometer (Thermo Nicolet, USA). A Cary 300 Bio UV-vis
spectrophotometer was used to measure absorption spectra (Varian, USA). The �uorescence lifetimes
were recorded using a Fluorolog-3-21 �uorescence spectrometer (Horiba Jobin Yvon, USA).
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2.3 Synthesis of C12H25NH3I
According to the previously reported literature (Niu, et al. 2015), stoichiometric quantities of hydroiodic
acid solution were dropped into dodecanamine [CH3(CH2)11NH2] solution (40 wt% in ethyl alcohol) at 0
oC with stirring. In a rotary evaporator, the mixture was evaporated under reduced pressure at 50°C for 2
hours. Thereafter, the resulting solid was �ltered and washed with diethyl ether several times and dried at
50 oC for 1 d.

2.4 Synthesis of LHPs
The LHPs were synthesized according to the previous method (Niu, et al. 2015). C12H25NH3I (0.13 g, 0.20
mmol) and PbI2 (0.92 g, 0.10 mmol) were added in THF (1.0 mL) and sonicated to a clear yellow solution.
The solution was �ltered through a Te�on �lter (pore size: 0.2 µm). Deionized water (19.0 mL) was
injected rapidly. Then the mixture was stirred vigorously for 2 h. After aggregates formed, the suspension
was separated by centrifugation (7000 rpm/3 min). It was dried at room temperature in a dryer. What's
more, the concentration of LHPs which is used in the following experiments is 50 mg/mL.

2.5 Preparation of β-CD@AuNPs
The β-CD@AuNPs were prepared by the citrate reduction method (Zhao, et al. 2016). At �rst, all
glasswares were washed with aqua regia (mixture of HCl and HNO3 at a 3:1 ratio) and then with
deionized water. Typically, 15 mL of PBS (0.1 M, pH 7.0), 3 mL of HAuCl4 (0.01 M) and 30 mL of β-CD

(0.01 M) were added in 105 mL water, and vigorously stirred. Then, the mixture was heated to 100 oC for
60 min. When the β-CD@AuNPs is formed, the solution gradually changed from light yellow to wine red.
At last, it was cooled to room temperature and preserved at 4 oC for future use. According to an extinction
coe�cient of 6.31×108 M− 1cm− 1 at 450 nm, the concentration of the β-CD@AuNPs solution was
approximately 0.4 nM by calculating (Haiss, et al. 2007).

2.6 Fluorescence detection of cholesterol
First, different concentrations of cholesterol were reacted with 23 µL β-CD@AuNPs (0.4 nM) for 30 min.
Then, 25 µL DMF solution of LHPs (50 mg/mL) were added into the above mixture and the �nal volume
was adjusted to 1 mL with deionized water. The �uorescence spectra of the samples were measured after
30min of reaction, and the excitation wavelength is 365nm. A calibration curve is constructed by the
�uorescence ratio of (F2-F1)/F1 (F1 and F2 representing the �uorescence intensities of the LHPs at 515
nm in the presence of β-CD@AuNPs before and after addition of cholesterol, respectively).

2.7 Real sample detection
The real samples were processed according to the previous method (Albuquerque, et al. 2016). Firstly, a
proper sample-pretreatment was required. For instance, pork was chopped, and an egg was stirred. The
milk powder was dissolved, and the milk was taken out directly. Subsequently, in a 50 mL tube, 1 g or 1
mL of sample was weighed, and 5 mL of ethanolic KOH (0.4 M, w/v) were added. Samples were heated in
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a water bath at 50°C for 30 min. Afterwards, the mixture was cooled at room temperature, and 5 mL of
deionized water was added and thoroughly mixed in a vortex. The solution was extracted twice with 10
mL of n-hexane. The combined extracts were dried and then redissolved in 3 mL of isopropanol. After
that, deionized water was added to the obtained solution to an appropriate concentration. The �nal
mixture was analyzed as described in the “Fluorescence detection of cholesterol” section. Finally, the
spike experiment was carried out. Different concentrations of the standard cholesterol solutions were
spiked into the unprocessed samples. Then, the spiked samples were treated as mentioned above and
then analyzed.

3. Results And Discussion

3.1 Characterizations of LHPs and β-CD@AuNPs
Typically, N, N-dimethylformamide (DMF) is a good solvent for LHPs, our group has studied the AIE
feature of LHPs in DMF/water mixtures (Qu, et al. 2021). As shown in Fig. 1a, LHPs are highly dispersed
in nano-scale irregular shapes in Transmission electron microscopy (TEM) image. However, LHPs
aggregate signi�cantly in water, and some micrometer-sized sticks are observed in the TEM image (Fig.
1b). Meanwhile, the emission of LHPs in DMF is extremely low, while the aggregated ones in water emit
strong �uorescence (Fig. 1c). The AIE behavior of LHPs in water is supported by these results.

Figure 1

On the other hand, through the one-step colloidal synthesis method, the β-CD@AuNPs with wine-red color
are prepared (Zhao, et al. 2016; Zhang, et al. 2019). The Fourier transform infrared spectroscopy (FT-IR)
spectra (Fig. 2a) display the characterized surface groups of β-CD@AuNPs and β-CD. The peak of β-CD at
1640 cm− 1 corresponds to the stretching vibrations of O-C-O (Zhang, et al. 2019). However, its blue shifts
to 1624 cm− 1 in the FT-IR spectrum of β-CD@AuNPs. This reason is that the hydroxy groups in β-CD
reduce Au3+ into Au0, and the hydroxy groups themselves are oxidized to carboxyl groups (Zhao, et al.
2016). Furthermore, the peaks at 3430 and 1160 cm− 1 are the stretching vibrations of O-H and C-O in the
FT-IR spectra of β-CD and β-CD@AuNPs. Additionally, these nanoparticles are mostly spherical particles
and highly dispersed in solution (Fig. 2b). The diameter of β-CD@AuNPs is mainly around 21 nm. These
results illustrate that β-CD@AuNPs are successfully synthesized with good solubility in water.

Figure 2

3.2 The interaction between β-CD@AuNPs and LHPs
A high AIE is shown by the aggregations of LHPs. However, the AIE is quenched with an increasing
concentration of β-CD@AuNPs. A good linear relationship (R2 = 0.998) between the quenching e�ciency
and the concentrations of β-CD@AuNPs is from 5.2 to 10 pM (Fig. 3b). As well known, a variety of
substances, such as CQDs (Li, et al. 2019), rhodamine B (RB) (Zhao, et al. 2016), CuInS2 quantum dots
(Hu, et al. 2017), and so on, can be quenched by β-CD@AuNPs. The above reports use the concentrations
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of the β-CD@AuNPs in the nanomolar range. However, only 10 pM β-CD@AuNPs can quench the AIE of
LHPs by about 87%. This phenomenon illustrates the sensitive response of LHPs to β-CD@AuNPs.

The quenching mechanism of LHPs by β-CD@AuNPs is investigated. The surface plasmon peak of β-
CD@AuNPs in the UV-vis spectrum (Fig. 3c) appears at 533 nm. This result overlaps well with the
emission of the LHPs. Hence, the inner �lter effect (IFE) or Förster resonance energy transfer (FRET) may
be causing the effective �uorescence quenching of LHPs by β-CD@AuNPs (Shang, et al. 2009; Jares-
Eruman, et al. 1997). Different from IFE, the �uorescence lifetime decreases in FRET (Koushik and Vogel
2008). Figure 3d suggests that after adding β-CD@AuNPs, the �uorescence decay time of LHPs is from
1.86 to 0.64 ns. As a result, the �uorescence quenching of LHPs by β-CD@AuNPs is mostly based on
FRET rather than IFE. Moreover, FRET is distance-dependent and occurs when the donor and acceptor are
brought close to one another (Varghese, et al. 2010). The TEM image of LHPs after adding β-CD@AuNPs
(Fig. S1) shows that many β-CD@AuNPs are attached to the surface of LHPs. It is reasonable to
speculate that by host-guest interactions the ligand dodecanamine of LHPs may enter into the
macrocyclic cavity of β-CD. Thus, this close distance provides a favorable condition for FRET.
Additionally, the FRET e�ciency can be assessed by Eq. (1) (Biju, et al. 2006; Qu, et al. 2021):

where τ0 (τ0 = 1.86 ns) and τ (τ = 0.64 ns) are the �uorescence lifetimes of the LHPs in the absence and
presence of the β-CD@AuNPs at the concentration of 12.4 pM. The result indicates that approximately
66% of the quenching is attributed to the FRET by calculating.

Figure 3

To further investigate the remaining quenching effect, static quenching effect (SQE) and dynamic
quenching effect (DQE) are analyzed according to the Stern-Volmer Eq. (2) (Xiang, et al. 2007):

F0/F=1+Ksv[Q]

2
where F0, F are the �uorescence intensities of LHPs in the absence and presence of β-CD@AuNPs,
respectively; Ksv is the Stern–Volmer quenching constant, and [Q] is the concentration of β-CD@AuNPs. At
different temperatures, the concentration of β-CD@AuNPs remains linear with the �uorescence intensity
ratios (F0/F) (Fig. S2). One type of quenching mechanism (SQE or DQE) is predominating by the liner
Stern–Volmer plots (F0/F versus [Q]) revealing (Xiang, et al. 2007). During the excited state, DQE is
ascribed to the collisional encounters between the quencher and the �uorophore. Higher temperature
promotes molecular diffusion. This phenomenon leads to an increase in the Ksv. For SQE, between the
�uorophore and quencher forms a non�uorescent ground-state complex. The temperature increment



Page 7/15

causes a decrease in the stability of the complex, leading to a smaller value of Ksv (Legrand, et al. 2021).

The obtained Ksv values from Stern-Volmer slopes in Fig. S2 at 277, 288, 298, and 313 K are 5.435 ⋅ 1010,

4.682 ⋅ 1010, 4.315 ⋅ 1010 and 3.698 ⋅ 1010 M− 1, respectively. With increasing temperature, these Ksv

values show a tendency that is gradually decreasing. The result proves that another mechanism of the β-
CD@AuNPs quenching LHPs is DQE instead of SQE. The ground-state complexes formed between β-
CD@AuNPs and LHPs are validated by UV-vis absorption spectra. The characteristic absorption peaks of
LHPs and the surface plasmon peak of β-CD@AuNPs disappear when β-CD@AuNPs and LHPs are mixed
(Fig. S3). Therefore, β-CD@AuNPs induce signi�cant �uorescence quenching of LHPs via a combination
of FRET and SQE.

3.3 Detection of cholesterol
As shown in Fig. 4, there is no reaction between cholesterol and LHPs, because cholesterol does not
affect the AIE of LHPs. However, β-CD@AuNPs quench effectively the AIE of LHPs. When cholesterol and
β-CD@AuNPs are preincubated, cholesterol can enter the macrocyclic cavity due to the strong
hydrophobicity of the cholesterol structure (Zhao, et al. 2016). Thus, the ligand dodecylamine of LHPs
cannot enter the cavities of β-CD, resulting in the �uorescence recovery of LHPs. Under UV lamp at 365
nm (inset in Fig. 4), the above phenomenon is also observed. Scheme 1 illustrates the principle of
detection of cholesterol based on this system.

Figure 4

Scheme 1

Experimental conditions have been optimized for the sensitive detection of cholesterol, including addition
order and incubation time (Fig. S4 and S5). Under the optimized conditions, the AIE of LHPs is gradually
restored with increasing concentration of cholesterol in the presence of β-CD@AuNPs (Fig. 5a). A good
linear range of cholesterol is obtained from 0.35 to 20 nM (Fig. 5b). The LOD is determined to be as low
as 0.12 nM. The expression which is LOD=3σ/K is used to calculate LOD, where σ is the standard
deviation for the blank solution (n = 10), and K is the slope of the calibration curve (Wu, et al. 2007; Zi, et
al. 2021). As summarized in Table 1, the LOD of this work is better than most reported methods involving
enzyme and non-enzyme. The sensitive response of LHPs to β-CD@AuNPs may be causing the AIE of
LHPs effectively quenched by β-CD@AuNPs, which the concentration of β-CD@AuNPs is only a few pM.
Thus, very few amounts of cholesterol can be detected. 
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Table 1
Comparison of various methods for the detection of cholesterol

Method System Linear range LOD Refs.

Electrochemistry ChOx / AuNPs 0.5–48 µM 0.26 µM [27]

Colorimetry ChOx / horseradish peroxidase 0–40 µM 0.6 µM [28]

Colorimetry ChOx / Prussian blue 4-100 µM 3 µM [29]

Fluorescence ChOx / CdTe CQDs 5-100 nM 0.89 nM [30]

Fluorescence ChOx / Ag nanocluster 0.06-15 µM 0.03 µM [31]

Fluorescence CQDs / β-CD@AuNPs 10–210 µM 0.34 µM [8]

Fluorescence β-CD@AuNPs / RB 0.32–4.80 µM 0.15 µM [11]

Fluorescence β-CD functionalized CQDs 3.5–110 µM 0.7 µM [32]

Fluorescence LHPs / β-CD@AuNPs 0.35-20 nM 0.12 nM This work

Figure 5

Table 1

3.4 Selectivity
It is important to have good selectivity for real sample detection. Therefore, β-sitosterol (a kind of
phytosterols), lactose, palmitic acid, vitamin B, ascorbic acid, vitamin D, oleinic acid, K+, Na+, Mg2+, Ca2+,
and Zn2+ are selected as potential interference substances. As shown in Fig. 6, AIE recovery of LHPs may
not be induced by these substances. In particular, ascorbic acid does not interfere with the detection of
cholesterol, because there is no redox reaction in this strategy.

Nowadays, phytosterols are often added to milk powder, because phytosterols can inhibit the body
absorption of cholesterol, reducing the risk of cardiovascular disease (Gylling, et al. 2020). Thus, it is
important to determine cholesterol even when cholesterol and phytosterols co-exist in food. Up to now, no
reports are available on the accurate detection of cholesterol in the presence of phytosterols. Herein,
cholesterol can be detected when cholesterol coexists with β-sitosterol, suggesting the importance of this
method. The good selectivity may be related to the different a�nities of cholesterol and β-sitosterol to β-
CD. The �uorescence responses of LHPs to cholesterol, dodecylamine, and β-sitosterol have been studied
in the presence of β-CD@AuNPs. The �uorescence of LHPs can be restored by cholesterol and
dodecylamine rather than β-sitosterol (Fig. S6). The structure of β-sitosterol has one more ethyl group
than cholesterol (Fig. S7), so it is reasonable to speculate that the ethyl group increases the steric
hindrance. Therefore, the a�nity of β-sitosterol for β-CD is weakest compared with that of cholesterol or
dodecylamine. It should be mentioned that this is the �rst case to accurately detect cholesterol in the
presence of phytosterols.
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Figure 6

3.5 Detection of cholesterol in real samples
This method is further applied to the analysis of cholesterol in foods. As illustrated in Table S1, the
content of cholesterol per gram of egg is 3.62 mg; the content of cholesterol per milliliter of milk is 0.25
mg; the content of cholesterol per gram of pork is 1.46 mg. These results are similar to those obtained by
ELISA as a reference method. It reveals that the detection of cholesterol based on this essay is reliable.
After that, a series of cholesterol standard solutions with different levels are spiked to the food samples.
And the result can verify the accuracy of the proposed method. As shown in Table S2, it is obtained that
the range of the satisfactory recoveries of cholesterol is from 96.8–100.6%, revealing that the detection
of cholesterol in foods is accurate based on the proposed method. The therapeutic lifestyle recommends
that the intake of cholesterol in patients with high cholesterol should not exceed 200 mg/day. Hence,
according to the test results, it is recommended that the daily intake of eggs does not exceed 55 g; milk
does not exceed 800 g; pork does not exceed 135 g. These results can provide dietary guidance for people
with high cholesterol.

It is worth noting that this method can accurately determine the cholesterol content when cholesterol
coexists with phytosterols, so cholesterol is measured in milk powder, where phytosterols are added
(Table S3). The cholesterol in this kind of milk powder is 1.02 mg/g, which is not much different from the
labeled amount on milk powder cans (1.08 mg/g). It indicates that cholesterol can be accurately detected
in presence of phytosterols by this assay.

4. Conclusions
In summary, a novel �uorescent platform that highly sensitive detects cholesterol based on LHPs and β-
CD@AuNPs is developed. Compared with other probes for the determination of cholesterol, this strategy
is more sensitive because the AIE of LHPs is effectively quenched by β-CD@AuNPs with only a few pM.
Furthermore, this method shows a good selectivity toward cholesterol, and especially the ascorbic acid
and phytosterols cannot interfere with the detection of cholesterol. This is important for the detection of
cholesterol in foods. Last but not least, it is believed that this method can sensitively and accurately
determine cholesterol to further evaluate the cholesterol content in food and provide support for dietary
guidance.
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Figure 1
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TEM images of LHPs dispersed in DMF (a) and aggregated in water(b). Fluorescence spectra of LHPs in
DMF or water (c). Inset: the corresponding photographs of solutions under UV light and daylight

Figure 2

(a) FT-IR spectra of β-CD@AuNPs and β-CD. (b) TEM image of β-CD@AuNPs

Figure 3

(a) Fluorescence spectra of LHPs in the presence of different concentrations of β-CD@AuNPs, and (b)
corresponding linear range. (c) Comparison of UV-vis spectra of β-CD@AuNPs (line 1) with �uorescence
spectrum of LHPs (line 2). (d) Fluorescence decay curves for LHPs in the absence and presence of β-
CD@AuNPs

Figure 4

Fluorescence spectra of LHPs in the existence (line 1) and inexistence of cholesterol (line 2), β-
CD@AuNPs (line 3), the mixture of β-CD@AuNPs and cholesterol (line 4), and the insets are photos which
are corresponding solutions under UV light at 365 nm. The concentration of LHPs is 1.25 mg/ml; the
concentrations of β-CD@AuNPs and cholesterol are 9.2 pM and 40 nM, respectively

Figure 5
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(a) Fluorescence spectra of LHPs in the presence of β-CD@AuNPs with the addition of various
concentrations of cholesterol and (b) corresponding linear range

Figure 6

Selectivity toward cholesterol. The concentrations of interfering substances are 20 μM. The
concentrations of LHPs, β-CD@AuNPs and cholesterol are 1.25 mg/mL, 9.2 pM and 20 nM, respectively
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