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Abstract
A highly sensitive fluorescence-based assay for cholesterol detection was developed using water-dispersible green-emitting 
silicon nanoparticles (SiNPs) as a fluorescence indicator and enzyme-catalyzed oxidation product PPDox (Bandrowski’s 
base) as a quencher. The SiNPs were facilely synthesized via a simple, one-step hydrothermal treatment using 3-[2-(2-ami-
noethylamino)ethylamino]propyl-trimethoxysilane (AEEA) as the silicon source, which has ultrahigh quantum yield and 
low phototoxicity. Under the catalysis of cholesterol oxidase (ChOx), hydrogen peroxide  (H2O2) was generated as a result of 
cholesterol oxidation. Utilizing p-phenylenediamine (PPD) as the substrate for horseradish peroxidase (HRP) in the presence 
of  H2O2 led to the production of PPDox. Based upon the inner filter effect (IFE), the established ultrasensitive fluorescent 
assay could accurately measure cholesterol. The limit of detection (LOD) of the assay was 0.018 μM with a linear range 
of 0.025–10 μM. The results for the detection of real serum samples by the proposed assay were comparable to those by a 
commercial reagent kit, demonstrating that our proposed strategy has high application potential in disease diagnosis and 
other related biological studies.
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Introduction

Cholesterol, the main steroid in mammals, is abundant in 
brain and nerve tissues. As an indispensable substance in 
cell metabolism, it not only is involved in the formation of 
cell membranes, but also acts as a precursor of other biomol-
ecules such as bile acids, vitamin D, and steroid hormones 
[1, 2]. Generally, the normal level of cholesterol in human 

blood ranges from 2.83 to 5.20 mM [3]. The improper dis-
tribution or abnormal content of this lipid can lead to many 
serious diseases or disorders. Atherosclerosis, coronary 
heart disease, and cerebral thrombosis have been shown 
to be associated with an excessive level of the lipid [4, 5], 
while hypocholesterolemia, sepsis, and malnutrition have 
been demonstrated to be caused by a low concentration of 
the lipid [6]. Therefore, considering that cholesterol is an 
essential biomarker for numerous diseases, the ability to 
precisely monitor cholesterol concentration during the early 
diagnosis of the diseases can play a significant role in medi-
cal and clinical fields.

There are several strategies for detecting cholesterol, which 
include high performance liquid chromatography [7, 8], mass 
spectrometry [9], amperometric method [10, 11], colorimetry 
[12–14], electrochemistry [15, 16], electrochemiluminescence 
[17, 18], and fluorometry [19–21]; among which, fluorom-
etry holds great advantages owing to its exceptional sensitiv-
ity, specificity, and instantaneity in sensing biomaterials after 
combining with fluorescent materials, which can be roughly 
divided into two categories: dyes and nanomaterials. Unlike 
most dyes that are synthesized intricately, nanomaterials con-
tain noble metal nanoparticles, semiconductor nanocrystals, 
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and carbon quantum dots which have been shown to be able to 
overcome drawbacks such as biological incompatibility, poor 
water solubility, and high toxicity [19, 22–25]. In addition, 
fluorescent silicon nanoparticles (SiNPs), as newly emerged 
nanomaterials, have particularly outstanding optical properties, 
superior quantum yield, robust photostability, and low cytotox-
icity [26–28]. However, the utilization of SiNPs in bioanalysis 
or clinical diagnosis yet remains at an immature stage.

Herein, we established for the first time a sensitive fluores-
cent method for cholesterol detection using SiNPs as fluores-
cent probes and PPDox as a quencher. As shown in Scheme 1, 
the SiNPs were prepared using a facile hydrothermal method 
with superior quantum yield [29]. PPD, a chromogenic sub-
strate, was finally converted into PPDox during two successive 
catalytic reactions, in which hydrogen peroxide was generated 
from cholesterol oxidation under the catalysis of cholesterol 
oxidase (ChOx) and from PPD oxidation induced by hydro-
gen peroxide under the catalysis of horseradish peroxidase 
(HRP). Because PPDox could suppress the emission of green 
fluorescence at 531 nm by absorbing the fluorescence via IFE 
mechanism; the fluorescence intensity of SiNPs was gradually 
restrained, thus allowing the ratio of fluorescence decrease 
(Rfd) to be used as the response signal in the detection of 
cholesterol. The proposed assay was applied to examine real 
and spiked human serum samples, and the results from which 
were in agreement with those examined using a commercial 
reagent kit, which further indicates the notable reliability and 
practicality of the proposed method.

Experimental sections

Chemical and biological reagents

3-[2-(2-Aminoethylamino)ethylamino]propyl-trimeth-
oxysilane (AEEA) was purchased from Fluorochem Ltd. 

(Derbyshire, UK). Rose Bengal (RB), p-phenylenediamine 
(PPD), Triton X-100, d-( +)-galactose (Gal), l-phenylalanine 
(Phe), and bovine serum albumin (BSA) were supplied by 
Shanghai Aladdin Industrial Corporation. Tyrosine (Tyr) 
and d-( +)-xylose (Xyl) were purchased from Shanghai 
Macklin Biochemical Technology Co., Ltd. l-Leucine (Leu) 
and cholesterol were respectively from HuaYi Biotechnol-
ogy Company Ltd. and Energy Chemical. ChOx, cholesterol 
esterase, and alkaline phosphate (ALP) were from Shanghai 
Yuanye Bio-Technology Co., Ltd. Horseradish peroxidase 
(HRP) and trilaurin (TG) were obtained from Beijing J&K 
Chemicals. Commercial total cholesterol content assay kit 
was supplied by Beijing Solarbio Science & Technology 
Co., Ltd. All the chemical reagents were of analytical grade 
and used without further purification. Ultrapure water with 
resistivity of 18.2 MΩ·cm at 25 °C prepared by a Milli-Q 
system (Millipore, USA) was used for all the syntheses and 
analyses. Aqueous solutions of cholesterol oxidase, HRP, 
and PPD were freshly prepared with BR buffer solution 
(0.04 M, pH = 8.0) before use.

Serum samples were collected from individual adult 
volunteers in the First Hospital of Jilin University (Chang-
chun, China) and were diluted five 100-fold before analyses. 
Recovery experiments were performed with spiked serum 
samples.

Instruments

Fluorescence spectra were recorded on an F-2700 fluo-
rescence spectrophotometer (Hitachi Ltd., Tokyo, Japan). 
UV–visible (UV–vis) absorption spectra were taken using a 
Cary 60 UV–vis absorption spectrometer (Agilent Technolo-
gies Inc., USA). Morphology of the SiNPs was character-
ized by a JEOL JEM-2100F transmission electron micro-
scope (TEM, Japan) operated at 200 kV without staining. 
X-ray photoelectron spectroscopy (XPS) was obtained on 

Scheme 1  Schematic illustra-
tion of cholesterol detection by 
the proposed nanoprobe
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an ESCALAB 250 spectrometer (Thermo Fisher Scientific 
Inc., USA). Fourier transform infrared (FT-IR) absorption 
was measured on a Nicolet Avatar360 FT-IR spectrometer 
(Thermo Fisher Scientific Inc., USA). Fluorescence lifetime 
was performed on an FLS920 spectrometer (Edinburgh 
Instrument). An electric oven (Tianjin Taisite Instrument 
Co., Ltd., China) was employed for the hydrothermal reac-
tion process. All pH values of buffer solutions were verified 
by a PHS-3C pH Meter (INESA Scientific Inc., China).

Synthesis of SiNPs

The fluorescent SiNPs used in the proposed assay were pre-
pared by a facile one-pot hydrothermal method according 
to a previous report with some modifications [29]. Briefly, 
60 mg of RB was dissolved in 8 mL of water. After 2 mL of 
AEEA was added, the mixture was transferred into a 30-mL 
Teflon-lined autoclave, which was then heated in an oven at 
160 °C for 4 h. Subsequently, the resultant solution was dia-
lyzed through a dialysis membrane (molecular weight cutoff 
of 500 Da) for 12 h to remove residual reagents. The final 
sample was stored at 4 °C until subsequent experiments. 
The prepared SiNPs were freshly diluted to 0.17 mg/mL 
before use.

Cholesterol measurement

Detection of cholesterol in a standard solution or a serum 
sample was carried out as follows. Firstly, 100 μL of BR 
buffer (pH = 8.0) solution, 100 μL of PPD (8 mM) solution, 
100 μL of HRP (15 U/L) solution, 100 μL of ChOx (1000 
U/L) solution, and 500 μL of cholesterol standard solution 
containing 1% Triton X-100 were successively added to a 
2.0-mL microcentrifuge tube. After shaking gently, the mix-
ture was incubated at 40 °C in the dark for 40 min. Then, 
100 μL of diluted SiNPs was injected into the tube, and the 
mixture was shaken thoroughly. Finally, the obtained solu-
tion was transferred to a 1-cm quartz cuvette, in which its 

fluorescent spectrum was recorded at room temperature at 
an excitation wavelength of 490 nm.

For the assay of serum sample, 50 μL of cholesterol ester-
ase was added to 500 μL of 500-fold diluted human serum, 
and the mixture was then incubated for 40 min. Other than 
replacing 100 μL of cholesterol oxidase (1000 U/L) solution 
with 50 μL of cholesterol oxidase (2000 U/L) solution, other 
procedures for the assay of total cholesterol in a real serum 
sample were the same as those used for standard solution. 
All experiments were carried out in triplicate.

In this work, the ratio of Rfd, which can indicate the effi-
ciency of IFE, was calculated using the following formula.

In the equation, F0 and F are the fluorescence emission 
intensity of the blank sample and the standard (or real) sam-
ple, respectively.

Results and discussion

Characterization of the SiNPs

The morphological analysis of the prepared SiNPs showed 
that they have good dispersibility and uniform sizes with 
an average diameter of 2.5 nm (Fig. 1). The high-resolution 
TEM image (inset in Fig. 1a) exhibited the crystal lattice 
spacing of 0.32 nm, which was congruous with the lattice of 
Si(111), further confirming the crystallization of the SiNPs.

The FT-IR spectra indicated that there were functional 
groups attached to the surface of SiNPs (Fig. 2a). The peaks 
at 1315  cm−1 and 1123–1036  cm−1 attributed to the Si–C 
asymmetric deformation [30] and the Si–O–Si stretching 
vibration [31]. The peak appeared at 929  cm−1 was caused 
by the Si–O stretching vibration of the Si–OH group. The 
absorption bands at 3406 and 1636  cm−1 were derived from 
the O–H and C = O stretching vibrations. The characteristic 

Rfd =
F
0
− F

F
0

× 100%

Fig. 1  a TEM image of SiNPs 
(inset is the lattice fringes). b 
Size distribution of SiNPs
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absorption peaks at 2933 and 1474  cm−1 were due to the 
unsaturated stretching vibration and the bending vibration 
of the C–H bond. The characteristic absorption bands cor-
responding to the bending and wagging vibrations of N–H 
appeared at 1577 and 781  cm−1. The band at 1384  cm−1 
was assigned to the C–N stretching vibration. The peak at 
691  cm−1 indicated the presence of secondary amine.

XPS measurements were performed to analyze the 
elemental composition of the prepared SiNPs (Fig. 2b–f). 
Five major peaks in the full-scan survey at 102 eV, 152 eV, 
284 eV, 398 eV, and 531 eV represented Si 2p, Si 2 s, C 
1 s, N 1 s, and O 1 s, respectively [32]. The high-resolution 
Si 2p spectrum revealed that there were three types of sili-
con atoms, including Si–C (101.3 eV/100.6 eV), Si–O–H 
(102.1 eV), and Si–O (103.3 eV) [33]. In the raw spec-
trum of O 1 s, three fitted peaks at 531.1 eV, 532.2 eV, and 
531.6 eV were assigned to C = O, Si–O, and C = O/C–O–C, 
respectively [34]. The N 1 s signal could be fitted to three 
peaks at 398.7 eV, 401.2 eV, and 397.86 eV corresponding to 
C–N–C, C–NH2, and Si–N, respectively [35]. The spectrum 
of C 1 s could be further divided into four peaks, including 
C–C/C = C (284.6 eV), C–Si (283.9 eV), C–OH/C–O–C 
(286.2 eV), and C = O (287.5 eV) [36]. These results were 
congruous with the FT-IR results.

Optical properties of the SiNPs

The optical properties of the SiNPs were examined using 
UV–vis absorption and fluorescence spectroscopy (Fig. 3a). 

The UV–vis absorption spectrum of SiNPs displayed a char-
acteristic peak at 510 nm originated from the surface defect-
induced trapping of the excited state. The SiNPs exhibited 
strong fluorescence emission at 531 nm under the excitation 
wavelength of 490 nm. In addition, the fluorescence emis-
sion wavelength remained constant as the excitation wave-
length was varied from 430 to 510 nm, indicating that the 
SiNPs have size-independent emission characteristics (Fig-
ure S2a). The fluorescence quantum yield (QY) of the SiNPs 
measured in an aqueous solution reached up to 96.18%. The 
response of the SiNPs towards environmental pH adjusted 
by BR buffer was investigated (Figure S2b), and the results 
from which revealed that alkaline pH could benefit the fluo-
rescence emission, which may be caused by the change of 
surface charge of SiNPs during deprotonation process. The 
salt tolerance (Figure S2c) and long-term photobleaching 
(Figure S2d) of the SiNPs were investigated seriatim. As can 
be seen, the irradiation at 490 nm for 60 min had little influ-
ence on the fluorescence emission of the SiNPs, indicating 
that they possess good stability, even when the concentration 
of NaCl solution was 100 mM.

Cholesterol‑sensing mechanism

The oxidation of substrate, i.e., cholesterol through molecu-
lar  O2, by cholesterol oxidase generates  H2O2 [37]. PPD, 
as an enzyme substrate, can be oxidized by HRP and  H2O2 
to PPDox (the oxidative product of PPD called Bandrows-
ki’s base, i.e., (3E,6E)-3,6-bis[(4-aminophenyl)imino]

Fig. 2  a FT-IR spectrum of SiNPs. b—f High-resolution XPS spectra of b survey, c Si 2p, d O 1 s, e C 1 s, and f N 1 s
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cyclohexa-1,4-diene-1,4-diamine) [38]. During the two con-
tinuous catalytic oxidation reactions,  H2O2 acts as both the 
creation of the former reaction and the reactant of the latter 
reaction, while PPDox is the final product.

As shown in Fig. 3c, PPD did not exhibit obvious absorp-
tion peak in the presence of HRP or  H2O2 alone, or in the 
copresence of HRP and ChOx. However, the absorbance 
peak of a mixture containing PPD, HRP, ChOx, and choles-
terol was found obviously overlapped with the absorption 
band, as well as the fluorescence excitation and emission 
bands of SiNPs. It appears that PPDox was generated under 
the catalysis of HRP, and the production of PPDox could 
largely decrease the fluorescence emission of SiNPs.

The influences of PPD, HRP, ChOx, and cholesterol, as 
well as their combinations on the fluorescence of SiNPs 
were examined (Fig. 3b). Only the mixture consisting of 
PPD, HRP, ChOx, and cholesterol exhibited a conspicuous 
fluorescence quenching effect, which is consistent with the 
results described above.

The overlap between the absorption spectrum of the 
quencher (PPDox) and the excitation or emission spectrum 
of the fluorescent probe (SiNPs) suggests that the fluores-
cence quenching may be caused by either IFE or FRET. To 
further investigate the quenching mechanism, the fluores-
cence decay of the SiNPs was examined. Since FRET is 
a non-radiative energy transfer process, where the energy 
created by fluorescence excitation of the energy donor in its 
excited state is transferred to an adjacent energy acceptor, it 
leads to simultaneous fluorescence quenching and lifetime 
shortening of the donor [39]. However, IFE, which is the 

radiative energy transfer that results in the perturbation of 
the ground state of the fluorophores, contributes only to the 
quenching of the donor emission rather than the reduction of 
the fluorescence lifetime of fluorophores [40, 41]. As illus-
trated in Fig. 3d, the fluorescence lifetimes of SiNPs in the 
absence and presence of PPDox were 4.189 ns and 4.125 ns, 
respectively. As evidenced by the nearly unchanged values 
of the fluorescence lifetime in this assay, the quenching of 
fluorescence of SiNPs by PPDox may stem from IFE [42]. 
Theoretically, the IFE-based quenching of fluorophores by 
absorbers in the detection system relies on the absorption 
of the excitation or emission energy, or both simultaneously 
[43], and for this reason, the quenching efficiency varies 
with the excitation wavelength [44]. To further verify the 
IFE mechanism, the excitation wavelength-dependent fluo-
rescence quenching behavior of the SiNPs was investigated 
(Figure S3). The results showed that the spectra of the exci-
tation wavelength-dependent quenching of SiNPs resembled 
the absorption spectrum of the absorber PPDox, confirming 
the quenching mechanism described above.

Optimization of assay conditions

In order to obtain the optimal analytical performance, sev-
eral experimental parameters involved in the proposed assay 
including pH value of BR buffer; temperature; incubation 
time; and concentrations of PPD, HRP, and ChOx were 
investigated (Figures S1a–f). The effect of pH range from 
2.0 to 11.0 on the proposed method was determined. The 
ratio of fluorescence decrease gradually increased as the 

Fig. 3  a UV–vis absorption, 
fluorescence excitation, and 
fluorescence emission spectra 
of SiNPs. b Fluorescence vari-
ations of SiNPs in the presence 
of different substrates. c UV–vis 
absorption spectra of SiNPs, 
PPD and mixture of PPD coex-
isting with different substrates, 
and fluorescence emission spec-
trum of SiNPs. d Fluorescence 
lifetime of SiNPs in the absence 
and presence of PPDox
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pH value was increased from 2.0 to 8.0 and as highest at 
pH ~ 8.0, which may be arisen from the highest activity of 
HRP and ChOx. Further increasing the pH value to 11.0 
caused a significant decrease of Rfd; thus, pH 8.0 was con-
sidered the optimal pH and was chosen in this assay. Reac-
tion time and temperature are also important factors that 
can significantly influence the fluorescence intensity of the 
proposed method. The Rfd progressively increased with the 
increase of reaction time, was not obviously changed after 
40 min, and reached its peak value at 40 °C. This indicates 
that the equilibrium was reached at 40 min, and the optimal 
temperature was 40 °C. Since the concentrations of PPD, 
HRP, and ChOx could also influence the dynamic detection 
range of the assay, these concentrations were also optimized 
and found to be optimal at 8 mM, 15 U/L, and 1000 U/L, 
respectively. These optimal concentrations were used in sub-
sequent experiments.

Selectivity towards cholesterol of the nanoprobe

The meddling of several potential interferences including 
inorganic ions  (Na+,  K+,  Mg2+, and  Ca2+) and biomolecules 
(Gal, Tyr, TG, Xyl, Phe, Leu, ALP, GSH, Glu, Met, Ala, 
UA, and BSA) was evaluated. As can be seen in Fig. 4, these 
coexisting substances most hardly had influence upon the 
assay, just a few of them were slightly biased varying in 
degrees but barely affecting the results, indicating that the 
proposed assay has good selectivity for cholesterol.

Analytical performance

The fluorescence responses of the established assay to 
the changes of cholesterol concentrations are depicted in 
Fig. 5a. The fluorescence emission of the SiNPs steadily 
declined as the cholesterol concentration was continuously 
enhanced from 0 to 250 μM (Fig. 5b). The calibration curve 
of the assay was constructed by plotting the Rfd at 531 nm 
against the cholesterol concentration (Fig. 5c). The ratio of 
fluorescence decreased values was directly correlated with 
the increase of cholesterol concentration in the range of 
0.025–10 μM. The detection limit (LOD) for the assay was 
calculated based on the value of three times the standard 
deviation (3σ) of the fluorescence response obtained from 
the blank sample and the slope (S) of the calibration curve, 
and was found to be 0.018 μM.

A comparison between the cholesterol-sensing perfor-
mance of the proposed assay and that of other reported 
methods is presented in Table 1. The data adequately sug-
gest that the proposed method is superior to other reported 
methods, owing to its lower LOD value, wider linear range, 
and higher sensitivity.

Analysis of real samples

We further assessed the applicability of the proposed assay 
in detecting total cholesterol in clinical samples. The fab-
ricated fluorometric approach and a commercial reagent 
kit were applied to detect real and spiked serum samples, 
and the results were compared (Fig. 6a, Table 2). There 
are two types of cholesterol in serum: free cholesterol and 
cholesterol ester, which together are called total choles-
terol. The latter can be converted into free cholesterol by 
cholesterol esterase. Hence, the content of total cholesterol 
was determined via both cholesterol oxidase and choles-
terol esterase. The recoveries were found ranging from 97 
to 117% with a correlation coefficient (r), calculated based 
on the results from the two methods, of 0.997, showing 
the promising applicability of the method in rapid clinical 
diagnosis (Fig. 6b). Compared with that of the commer-
cial reagent kit, which was between 0.156 and 5 mM, the 
linear range of this method was broader by three orders 
of magnitude. The content of cholesterol in human serum 
is at the level of millimoles per liter. The proposed assay 
was still able to detect it, despite being diluted by several 
thousand times. The dilution could reduce not only the 
concentration of cholesterol, but also the concentration 
of other coexisting substances. This process could greatly 
reduce the amount of latent interferences in the serum, 
thus improving the sensitivity of detection, endowing the 
method with enormous potential in diagnosis of samples 
with more complex environment.

Fig. 4  Selectivity of the proposed assay towards cholesterol. Concen-
tration of cholesterol was 7.5 μM. Concentrations of ALP and BSA 
were 50 U/L and 100 μg/L, respectively. Concentration of other inter-
fering substances was 100 μM
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Conclusions

In summary, we developed a new IFE-based fluorescent 
assay for cholesterol detection using SiNPs as a fluorescent 
indicator. Since  H2O2 could act as a vital link between two 

enzyme-catalyzed oxidation reactions, PPDox, which is 
both the final product and an IFE absorber, could distinctly 
absorb the green-light fluorescence of SiNPs. Through 
the observation of fluorescence variation during sensing, 
the developed assay was found to have strikingly high 

Fig. 5  a Fluorescence spectra 
of SiNPs upon the addition of 
cholesterol at various concentra-
tions (from top to bottom: 0, 
0.025, 0.1, 0.25, 0.5, 1, 2, 2.5, 
5, 10, 15, 20, 25, 30, 35, 40, 45, 
50, 60, 70, 80, 90, 100, 125, 
150, 175, 200, and 250 μM). 
b Variation of fluorescence 
responses of the assay with 
increasing cholesterol concen-
tration (Inset is a linear plot of 
Rfd versus cholesterol concen-
tration from 0.025 to 10 μM)

Table 1  Comparison of analytical performance of this assay and other works for monitoring cholesterol

Method Linear range (μM) LOD (μM) Ref

Gold nanocluster-assisted fluorometry 1–100 0.8 [45]
Carbon nitride quantum dot–based fluorometry 0–500 10.93 [46]
Carbon dots-cyanuric acid complex/MnO2 nanosheet–based dual-emissive fluorescence and 

phosphorescence spectroscopy
67.89–5431.27 77.23 [47]

Enzyme-encapsulated MOF and AgNC/MoS2-NS nanocomposite–based fluorometry 0.06–15 0.03 [48]
Mo, S co-doped carbon quantum dot nanozyme-based cascade colorimetric spectroscopy 10–1000 7 [49]
MnO2 nanosheets modified with 5-carboxyfluorescein-based fluorometry 1–300 0.33 [21]
SiNP-based fluorometry 0.025–10 0.018 This work

Fig. 6  a Comparison between quantification of cholesterol in real human serum samples by the proposed assay and that by a commercial reagent 
kit. b Correlation between cholesterol concentrations detected by the two methods
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analytical performance, including a broad linear range 
and a very low LOD. Additionally, the cholesterol detec-
tion results obtained by the proposed assay were found to 
have good correlation with those obtained by a commer-
cial reagent kit. Further comparison of the performance of 
the present method with that of other spectroscopic meth-
ods reported in the literature indicated that the present 
method could have a great potential in disease diagnosis 
and bioanalysis.
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