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Plasmon resonance energy transfer (PRET) occurs between the plasmonic nanoparticles (NPs) and organic
dyes forming donor-acceptor pairs, which has great potential in quantitative analytical chemistry because
of its excellent sensitivity under dark-field microscopy (DFM). Herein, we introduce supramolecular S-
cyclodextrin (8-CD) to design a host-guest recognition plasmonic nano-structure modified gold nanopar-
ticles (GNPs), while GNPs and rhodamine molecule (RB) act as the donor and acceptor, respectively. In
the presence of the target cholesterol, due to the stronger binding of cholesterol with 8-CD, RB molecules
are released, inducing the inhibition of PRET, as well as the increase of the scattering intensity of GNPs.
The proposed strategy achieves a linear range from 0.02 pmol/L to 2.0 pmol/L for cholesterol detection,
and reaches a limit of detection (LOD) of 6.7 nmol/L. This host-guest recognition strategy can easily inte-
grate receptor-donor pair into one nanoparticle, which simplifies the construction of the PRET platform,
and further provides an effective approach for PRET-based analytical applications. Afterwards, the pro-
posed PRET strategy was successfully applied for the detection of cholesterol in serum samples with high
sensitivity and specificity. The proposed method provides an effective clinically potential means for the

detection of cholesterol and other disease-related biomarkers.
© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Cholesterol is not only an essential component of animal cell
membranes, but also the main precursor for the synthesis of dif-
ferent biomolecules such as bile acids, steroid hormones and vita-
min D, and the only precursor of all steroid hormones [1-4]. The
abnormal level of cholesterol in human serum would cause a vari-
ety of related dangerous diseases [5,6]. The total cholesterol count
in human serum is one of the most important indexes in clini-
cal diagnosis. Currently, a wide range of methods for the detection
of cholesterol have been developed, such as electrochemistry [7],
chromatography [8], enzyme-linked immunosorbent assay (ELISA)
and fluorometry [2,9]. So far, the main clinical method for the de-
tection of cholesterol is the ultraviolet-visible spectrophotometry
based on the principle of photoelectric colorimetry. However, it
suffers from problems of relatively high sample consumption and
long time-consuming. Thus, it is in urgent need to construct cost-
effective and time-saving strategy with high sensitivity and speci-
ficity.

Noble metal nanoparticles (NPs) exhibit excellent optical perfor-
mances due to their unique localized surface plasmon resonance
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(LSPR) properties, which have attracted increasing attention and
been gradually applied in the field of analytical chemistry. The
LSPR properties of noble metal NPs depend on their composition,
size, shape and surrounding medium environment. The adsorp-
tion and chemical reaction of small organic molecules and bio-
logical macromolecules can cause changes in the surface medium
environments of noble metal NPs, which further influences the
wavelength and intensity of their LSPR scattering spectra. In the
early stage of LSPR absorption based sensing, a large number of
NPs in the bulk solution were used for the quantitative analysis.
In recent years, dark-field microscopy (DFM) provides the possi-
bility of single-particle plasmonic imaging analysis. Single-particle
plasmonic imaging not only significantly improves the sensitiv-
ity of the analytical detection [10-12], but also greatly reduces
the sample consumption. Recently, a new form of energy transfer-
plasmon resonance energy transfer (PRET) was proposed based on
the LSPR properties of noble NPs. Technically speaking, PRET is
Rayleigh scattering resonance energy transfer, which can be mon-
itored by DFM imaging with great sensitivity and signal-to-noise
ratio [13-15]. PRET is considered to be the non-radiative energy
transfer process between plasmonic donor and resonant acceptor
molecules through dipole-dipole interaction [16,17]. In 2007, Lee
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Scheme 1. Schematic illustration of single-particle detection of cholesterol.

and colleagues discovered that cytochrome C can induce the PRET
phenomenon with GNPs and resulting in the changes of scattering
spectrum [18]. Due to its high sensitivity and mature application,
PRET effect based DFM single-particle imaging was widely used in
various analytical chemistry fields, such as ion detection, biological
imaging, and enzyme analysis [19-21]. At present, the challenge of
PRET is to construct the suitable donor-acceptor pairs due to the
lack of apposite energy acceptor chromophores and the additional
complicated operation requirements for the connection with GNPs.

In this work, we constructed the detection platform of
cholesterol based on the B-cyclodextrin (8-CD) modified GNPs
(GNPs@CD NPs). B8-CD is a macrocyclic compound composed of
seven glucose units [22,23]. It has a hollow cone structure with
lipophilic cavity and hydrophilic outer surface, which can be
used as a multifunctional body and form host-guest inclusion
compounds with thousand kinds of lipophilic guest molecules
[24]. B-CD molecules exhibited different binding abilities toward
various types of aromatic molecules (such as many dye fluorescent
molecules), and have been widely applied in the field of catalysis,
separation, drug loading and sensing, etc. The acceptor molecules
in PRET systems are commonly dye fluorescent molecules with
hydrophobic group, therefore, it is reasonable to introduce CD
molecules for the construction of PRET platform. Considering the
unique topological structure of S-CD molecules, their interaction
with GNPs may significantly adjust the surface chemistry of GNPs
and generate new properties and corresponding potential applica-
tions [25-28]. The introduction of S-CD molecules on the surface
of GNPs simplified the additional complex connection require-
ments of GNPs, making it easier to construct donor-acceptor pairs.
The distance between the donor and acceptor must be shorter
than 1nm, which contributes to the high quenching efficiency of
the scattering signal. On this account, in virtue of the host-guest
interaction between S-CD and cholesterol, a highly sensitive, spe-
cific and efficient detection method of cholesterol was established.
The specific principle of this experiment is described in Scheme 1.
As a commonly used fluorescent organic molecule, rhodamine
molecule (RB) is preloaded into the cavity of 8-CD. The position of
the ultraviolet absorption spectrum of RB overlaps with the scat-
tering spectrum of GNPs, making them an efficient donor-acceptor
pair. On account of the generation of the PRET effect, the plasmon
resonance energy of the donor GNPs is transferred to the acceptor
molecule RB, resulting in the decrease of the scattering intensity
of GNPs. The interaction energies of CD-cholesterol and CD-RB
are —1.37eV and —1.01eV, respectively. A more negative energy
value means higher stability of the resulting complexes. Therefore,
cholesterol can effectively replace RB from the CD cavity [1,25].
While in the presence of cholesterol, the stronger host-guest
binding ability of cholesterol with 8-CD leads to the release of RB
and preventing the occurrence of PRET, further the scatter signal
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Fig. 1. (a) TEM, (b) Hydrodynamic size distribution and (c) UV-vis characterization
of GNPs. (d) Representative DFM images of GNPs, scale bar: 5um.

of GNPs@CD gradually recovers. A linear dynamic range from 0.02
umol/L to 2 pmol/L was achieved, with a limit of detection (LOD)
down to 6.7 nmol/L. Overall, this PRET effect based platform pro-
vides a good opportunity for the clinical application of cholesterol
sensing in human serum with high sensitivity and accuracy.

In this work, a straight, low-sample consumption and sensi-
tive single particle plasmonic imaging approach for the detection
of cholesterol was designed as illustrated in Scheme 1. In order
to prepare GNPs with good morphology and uniformity, the seed-
mediated growth method in the presence of sodium citrate and
HAuCl, was introduced according to previous reports with some
modification [29,30]. The synthesized GNPs show uniform mor-
phology, which could be observed in the TEM image as shown in
Fig. 1a. The size determined by statistical analysis is 73.242.5nm.
And the dynamic light scattering (DLS) measurement of GNPs in
Fig. 1b indicates that the particles possess a hydrated particle size
of approximately 85 nm. In addition, the results of UV-vis absorp-
tion spectroscopy show that the prepared GNPs exhibit a charac-
teristic resonance absorption peak at approximately 550 nm in Fig.
1c. It should be noticed that GNPs with diameter of 70-75nm
were considered as optimal observation objects under DFM, be-
cause they could be easily identified on single particle level and
sensitive to the change of surrounding environments [31]. Most of
the particles are bright kelly under DFM, further indicating that
these GNPs have excellent uniformity and monodispersity (Fig. 1d).

As mentioned above, in order to establish the connection be-
tween B-CD and GNPs, SH-B-CD molecules were imported due
to the strong Au-S bond. Briefly, GNPs@CD NPs were obtained by
mixing 5mL of prepared GNPs with 5mL of SH-$-CD (10 mmol/L)
aqueous solution. After reaction, the zeta potential changed from
—39.7+1.5mV to —22.2 4+ 1.8 mV, indicating the successful replace-
ment of citrate by 8-CD molecules. In addition, we also character-
ized GNPs@CD and B-CD molecules by Fourier transform infrared
spectroscopy (FT-IR) respectively. As shown in Fig. S1 (Supporting
information), the similarity of the two curves of the main char-
acteristic groups of B-CD molecules further indicates the success-
ful modification of 8-CD molecules on GNPs. The supramolecular
macrocycle on the surface of GNPs can be used as the scaffold of
organic fluorophores, and the further formed host-guest compos-
ite NPs are expected to be used in the field of PRET based single-
particle biosensing.

The strong overlap between the scattering spectra of GNPs and
the absorption spectra of RB ensured the effective PRET. The UV-
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Fig. 2. (a) Spectral overlap between the plasmon resonance scattering of GNPs
(black line) and the absorption of RB (red line). (b) Typical time-dependent DFM
images (scale bar: 5um). (c) Corresponding scattering spectral changes of a single
GNP (red circle) in (b) as a function of time.
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Fig. 3. DFM images of GNPs@CD-RB before (a) and after (b) exposure to cholesterol
(scale bar: 5pm). (c) Statistical analysis of gray values of particles in (a) and (b).

vis absorption spectrum of RB in Fig. 2a shows with an absorption
peak around 555 nm, which has a great overlap with the scattering
spectrum of GNPs. Therefore, when RB molecules were introduced
into the entire system, the host-guest recognition structure was
formed between RB and GNPs@CD, leading to the occurrence of
PRET effect and the gradually decrease in the scattering intensity
of GNPs. In order to characterize the PRET process between GNPs
and RB molecule, the in situ dark field imaging measurements
were conducted. Specifically, the real-time monitoring of the reac-
tion process is shown in Fig. 2b. In order to observe the process of
host-guest recognition, a series of DFM images were acquired ev-
ery few minutes in a randomly selected field of view. In the whole
process, as the reaction time was prolonged, it is worth noting that
the scattering intensity of the NPs gradually decreased, illustrating
a complete formation of host-gust complex around the surface of
GNPs. 40 min was chosen as the optimal time for follow-up DFM
experiments. In addition, the corresponding scattering spectra of
individual particles were also collected as shown in Fig. 2c, which
displayed the similar variation trend with dark field images.

In order to explore the ability of GNPs@CD NPs to detect choles-
terol, both dark field imaging and fluorescence detection were car-
ried out. According to the standard deviations of the results, the re-
producibility of the approach is good. As displayed in Figs. 3a and
b, When the target cholesterol was introduced into the reaction
system, 8-CD and cholesterol had stronger binding ability than RB
according to the higher binding constant, leading to the decrease
in the efficiency of PRET. Subsequently, the scattering intensity of
the nanoprobe gradually recovered under DFM, which verified the
feasibility of this PRET based sensing system. The gray intensity
values of the images collected before and after the reaction were
statistically analyzed in Fig. 3c. The gray value as determined us-
ing by the software of Image]. Besides, the fluorescence of RB was
quenched when inserted into the cavity of CD that modified on
the surface of GNPs, while in the presence of cholesterol, due to
the competitive effect between the guests, GNPs@CD NPs releases
RB molecules and forms a host-guest complex with cholesterol, re-
sulting in the restoration of the fluorescence of RB. As illustrated
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Fig. 4. (a) Representative DFM images of GNPs@CD-RB after adding different con-
centrations of cholesterol (0, 0.02, 0.1, 0.3, 0.5, 1, 2, 3, and 5 pmol/L, scale bar: 5um).
(b) The relationship between the I/l and the cholesterol. (c) Corresponding linear
(from 0.02 pmol/L to 2 pmol/L) ranges of the determined ratio I/Iy.

in Fig. S2a (Supporting information), as the increase of cholesterol
concentration in the reaction system, GNPs@CD NPs gradually re-
leased RB molecules, and the fluorescence intensity of the reac-
tion solution gradually recovered. Specifically, the relationship be-
tween the fluorescence intensity and cholesterol concentration is
shown in Fig. S2b (Supporting information) through data analy-
sis. The fluorescence spectra results were similar with the DFM
measurements, which further proves the successful establishment
of host guest recognition effect induced PRET biosensing system,
which makes the measurement results more credible and univer-
sal.

The quantitative detection of cholesterol by the nanoprobe
GNPs@CD-RB was carried out under DFM. Representative single-
particle DFM images are shown in Fig. 4a. When the cholesterol
concentration increased from 0.02 pmol/L to 5 pmol/L, the scat-
tering intensity of particles gradually increased. The cholesterol
can be accurately quantified according to the statistical analysis. In
consideration of the errors between different batches of samples,
relative ratios rather than absolute values are used in the quanti-
tative analysis. Among them, I and Iy are the gray values of the
particles in the presence and absence of cholesterol, respectively.
The relationship between the ratio and cholesterol concentration
is shown in Figs. 4b and c. As the concentration increases gradu-
ally from 0.02 pmol/L to 5 pmol/L, the value of I/l rises gradually
and remains stable after reaching a plateau. In addition, it is found
that the ratio I/l has a good linear relationship with the choles-
terol concentration from 0.02 pmol/L to 2 pmol/L, and the linear
equation is y=1.09x+1.17 (R2=0.98). The LOD (30) for choles-
terol is calculated to be 6.7 nmol/L. Compared with quantitative
analysis using a fluorescence spectrometer in the bulk solution,
the single-particle plasmonic imaging using DFM can provide rela-
tively higher sensitivity. These results suggest that the single par-
ticle plasmonic imaging method constructed by the supramolecu-
lar host-guest recognition can greatly improve the detection sen-
sitivity, and it will be a promising single-particle level functional
molecular detection biosensor.

Selectivity is a key feature to evaluate the applicability of the
designed detection platform. Therefore, in order to evaluate the
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Fig. 5. (a) Typical DFM images of GNPs@CD NPs with various interfering substances
in the absence of cholesterol. (b) Typical DFM images of GNPs@CD NPs in the pres-
ence of cholesterol and interfering substances, scale bar: 5pm. (c) Column plots of
ratio I/l against the interference substances without and with cholesterol, respec-
tively.

Table 1
Recovery estimations in human serum sample.

Samples Spiked (pmol/L) Detected (pmol/L) Recovery (%) RSD (%)
1 / 1.363 / 1.2
2 0.06 1.418 91.7 35
3 1.00 2.342 97.9 1.7
4 1.50 2914 1034 2.8

selectivity of this method for cholesterol, various interfering sub-
stances that may be present in biological samples, such as ser-
ine, tyrosine, glutamate, arginine, cystine, dopamine, L-cystine, and
ascorbic acid (AA) (5 pmol/L) were then studied. Similarly, before
the measurement of the solution at the single-particle level, we
carried out the selectivity experiments at the single-particle level.
These above-mentioned substances were added to the reaction so-
lution instead of cholesterol. Representative DFM images of these
reaction solutions are shown in Fig. 5a. Obviously, compared with
the blank group, the scattering intensity of the particles remained
almost unchanged. The calculated ratios I/l of the nanoparti-
cles are close to 1.0. However, when the mixture of cholesterol
(2 pmol/L) and interfering substances (5 pmol/L) coexist, the
scattering intensity of the nanoparticles is significantly enhanced
(Fig. 5b), and the ratio reaches about 3. The above results all indi-
cate that these substances do not interfere with cholesterol detec-
tion (Fig. 5¢).

In order to prove the feasibility of this method in real biolog-
ical samples, human serum samples were further used for test-
ing. We used the standard addition method to evaluate the choles-
terol level in the sample. Subsequently, a series of cholesterol con-
centrations (0, 0.06, 1.00, 1.50 umol/L) were spiked into the di-
luted human serum, and cholesterol level was further determined
through DFM imaging. The spiked recoveries between 91.7% and
103.4% were obtained with RSD from 1.2 to 3.5 as shown in Table
1, revealing the satisfactory accuracy of the proposed method for
cholesterol detection in the diluted serum samples.

In conclusion, we have successfully constructed functionalized
host-guest recognition plasmonic nanoprobe-GNPs@CD NPs, which
is used to achieve sensitive and selective detection of cholesterol
in human serum under DFM. By introducing supramolecular 8-
CD to form nanoparticles with a host-guest recognition structure,
the plasmonic nanoprobe GNPs@CD NPs benefited from the effec-
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tive PRET significantly overcomes the limitations of traditional col-
orimetry method. In the presence of cholesterol, due to its stronger
binding ability with B-CD, the guest molecule RB that inserted into
the CD cavity is released by competition, which inhibits PRET ef-
fect and further changes the scattering signals of GNPs. Through
the statistical analysis of the data, sensitive and quantitative de-
tection of cholesterol was realized. Benefited from the advantages
of the constructed host-guest recognition plasmonic nanoparti-
cles, we believe that the proposed biosensing strategy can provide
important guidance for the development of PRET-based methods
to analyze various disease biomarkers. The PRET approach shows
strong universality and good potential for the clinical analysis.
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