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Abstract: Gold nanoparticles (AuNPs) are good candidates for donor material in energy transfer
systems and can easily be functionalized with various ligands on the surface with Au-S bonding.
Cyclodextrin (CD) forms inclusion complexes with fluorophores due to its unique structure for host—
guest interaction. In this study, we fabricated BCD-functionalized AuNPs using different lengths of
thiol ligands and recognized cholesterol to confirm the energy-transfer-based turn-on fluorescence
mechanism. AuNP-BCD conjugated with various thiol ligands and quenched the fluorescein (F1)
dye, forming BCD-Fl inclusion complexes. As the distance between AuNPs and fCD decreased, the
quenching efficiency became higher. The quenched fluorescence was recovered when the cholesterol
replaced the Fl because of the stronger binding affinity of the cholesterol with CD. The efficiency
of cholesterol recognition was also affected by the energy transfer effect because the shorter BCD
ligand had a higher fluorescence recovery. Furthermore, we fabricated a liposome with cholesterol
embedded in the lipid bilayer membrane to mimic the cholesterol coexisting with lipids in human
serum. These cellular cholesterols accelerated the replacement of the Fl molecules, resulting in a
fluorescence recovery higher than that of pure lipid. These discoveries are expected to give guidance
towards cholesterol sensors or energy-transfer-based biosensors using AuNPs.

Keywords: cyclodextrin; host-guest interaction; gold nanoparticle quenching; surface modification;
turn-on sensing

1. Introduction

Gold nanoparticles (AuNPs) have been widely used in bioapplications because of
their useful properties, such as size- and shape-dependent optoelectronics [1,2], simple
and multi-functionalization [3], plasmonic effect [4], good biocompatibility [5,6], and
low toxicity [7]. The surface chemistry of AuNPs is crucial in functionalizing various
ligands on their surface [8-11]. To use the specific Au-S bond with a thiolated ligand
or thiol functional group, AuNPs can be functionalized with various bioligands, such
as DNA [12,13], peptide [14], antibody [15], antigen [16], lipid [17], and enzyme [18].
Additionally, AuNPs are good candidates as donor materials due to their good quenching
efficiency in a wide range of wavelengths in the visible light area for energy transfer [19-21].
According to Foster’s theory, the rate of energy transfer is considerably affected by the
distance between the donor and acceptor [22-25].

Cyclodextrin (CD) is an oligosaccharide consisting of a cyclic ring structure of glucose
subunits. It has three different sizes of ring structures depending on the number of glucoses:
six for a-cyclodextrin (a«CD), seven for (3-cyclodextrin (3CD), and eight for y-cyclodextrin
(YCD). It can form inclusion complexes with various molecules, known as host-gust inter-
action, due to its unique structure with a hydrophobic cavity and hydrophilic outside [26].
Depending on the type of CD or modification of functional groups, binding affinity with
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guest molecules is different [27-29]. When multiple guest molecules exist, various inclusion
complexes are formed depending on their biding affinity, or the original guest material is
replaced with a new guest material [30-32].

In this research, we fabricated fCD-functionalized AuNPs and formed CD-fluorophore
inclusions with the fluorescein (Fl) dye molecule. Various thiol functionalized ligands were
used to confirm the energy transfer efficiency according to the distance between 3CD
and AulNP [30]. The other guest molecule as the target material was cholesterol, an im-
portant component of animal cell membranes and the main precursor for the synthesis
of biomolecules, having great binding affinity with CD. For more details, schematic il-
lustrations of turn-on recognition of cholesterol with BCD-attached AuNPs are shown
in Scheme 1. After synthesizing spherical gold particles with a size of 20 nm, CD was
attached to the surface of the AuNPs through a thiol-ligand reaction. Three thiol ligands of
different lengths were used for the surface modification of gold particles. We used dodecane
thiol (12MPA), hexane thiol (6HPA), and mono-(6-mercapto-6-deoxy)-beta-cyclodextrin
(mBCD) to adjust the distance from the AuNPs. When fluorescein (Fl) was added to the
AuNP solution, the fluorescein was incorporated into the 3CD to form a BCD-Fl inclusion
complex. The fluorescein molecules that were close to the AuNPs underwent fluorescence
quenching through energy transfer to the AuNPs. After cholesterol (Chol), which has a
higher binding affinity with BCD than fluorescein [33,34], was added, it replaced fluores-
cein and constituted a CD-Chol inclusion complex. The replaced fluorescein molecule
moved away from the AuNPs, and the recovered fluorescence created a turn-on recognition
signal. We fabricated cholesterol-mixed liposome nanoparticles as a membrane cholesterol
model to mimic the environment in which cholesterol coexisted with lipids in human
epithelial cells [35]. The liposome nanoparticles interacted with the three types of AuNPs-
BCD, including Fl, for the recognition of cellular cholesterol. The cholesterol could interact
with BCD faster than lipids, leading to a higher recovered fluorescence intensity according
to the reaction time. When liposomes were exposed to BCD for a long time, the structure
of the liposomes collapsed due to the interaction of lipid and fCD. Through cholesterol
detection with BCD-functionalized AulNPs, we confirmed that the distance between the
AuNPs and fluorophores affects energy transfer and detection efficiency.

AuNP/C12/CD Fluorescein Cholesterol

BCD-attached > >
Dodecane thiol
Fluorescence Fluorescence
Turn-off quenching turn-onrecovery

Surface
modification
with ligand
exchange
After

r 7 30h B
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Fluorescence recovery Membrane deformation
AuNP/C6/BCD with cholesterol extraction  with lipid extraction

Scheme 1. Schematic illustrations of turn-on recognition of monomeric and membrane cholesterol
with B-CD-attached AuNPs with different intradistance of linker.

2. Materials and Methods
2.1. Preparation of 20 nm Spherical AuNPs

Gold(IIl) chloride trihydrate (>99.9%, trace metals basis, Sigma-Aldrich, St. Louis,
MO, USA) with a concentration of 1 mM was dissolved in deionized water (20 mL). The
solution was heated at 100 °C with 600 rpm stirring. Sodium citrate tribasic dehydrate
(ACS reagent, >99%, Sigma-Aldrich) with a concentration of 38.8 mM was dissolved in
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deionized water (2 mL) and added to the boiled gold solution quickly. After approximately
10 min, the solution turned dark red and was cooled to room temperature. Then, the
solution was filtered using a syringe filter (0.22 pm pore, MCE membrane, Biofil, Indore,
India) and stored at 4 °C before use.

2.2. B-Cyclodextrin Modification of AuNPs with Thiol Ligands

To control the distance between (3-cyclodextrin and the gold surface, we used 4 thiol
ligands: 12-mercaptododecanoic acid (MPA, >96%, Sigma-Aldrich), 6-mercaptohexanoic
acid (MHA, >90%, Sigma-Aldrich), heptakis-(6-mercapto-6-deoxy)-f3-cyclodextrin (hSH-{3-
CD, >98%, Zhiyuan Biotechnology, Binzhou, China), and mono-(6-mercapto6-deoxy)-f3-
cyclodextrin (mSH-f3-CD, >98%, Zhiyuan Biotechnology). For MPA, 50 uL of MPA was
added to 1 mL of AuNP solution. After reacting for 3 h, the solution was centrifuged at
12,000 rpm for 10 min and dispersed in deionized water. Centrifugation was repeated twice.
Subsequently, 10 uL of 5 mM 1-ethyl-3-(3’-dimethylaminopropyl) carbodiimide - HCI (EDC,
Thermo Scientific), 10 uL of 5 mM N-hydroxysuccinimide (NHS, 98%, Sigma-Aldrich),
and 50 puL of 1 mM 3A-amino-3A-deoxy-fB-cyclodextrin hydrate (NH;-(3-CD, >97%, Tokyo
Chemical Industry, Portland, OR, USA) in deionized water were added to the solution in
order. After reacting for 3 h, the solution was centrifuged at 12,000 rpm for 10 min and
dispersed in deionized water. Centrifugation was repeated twice, and the solution was
stored at 4 °C before use. For HPA, the process was the same as that for MPA.

In the case of mSH-{3-CD, 50 uL. of mSH-f3-CD was added to 1 mL of AuNP solution.
After reacting for 3 h, the solution was centrifuged at 12,000 rpm for 10 min and dispersed
in deionized water. Centrifugation was repeated twice, followed by storage at 4 °C before
use. For hSH-3-CD, the process was the same as that for mSH-3-CD.

2.3. Fluorescence Turn-Off Quenching by Inclusion of Dye with B-Cyclodextrin

Fluorescein (Sigma-Aldrich) with a concentration of 1 mM was added to deionized
water (20 mL) and sonicated until completely dissolved. The fluorescein solution was
diluted to 100 uM with deionized water. Subsequently, 50 pL of fluorescein solution was
mixed with 950 uL of B-cyclodextrin-modified AuNP solution for 2 h. The optical responses
of the samples were analyzed.

2.4. Preparation of Cholesterol Embedded Liposome Particles

The fabrication of artificial liposome particles was referred to by previous work [36].
[1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC, >99%, Avanti Polar Lipids, Alabaster,
AL, USA), 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC, >99%, Avanti Polar Lipids),
and cholesterol (>99%, Sigma-Aldrich) were dissolved in chloroform (2 mL). The solution
was filtered using a syringe filter (0.2 um pore, PTFE membrane, Macherey-Nagel, Dueren,
Germany) and dried using N gas. Deionized water (10 mL) was added to the dried sample
and heated in an 80 °C bath for 15 min. Then, the solution was sonicated at 10 mW (Sonic
Dismembrator 500, Fisher Scientific, Hampton, USA) for 15 min and stored at 4 °C before
use. The unstructured lipids and cholesterols were washed by centrifugation at 12,000 rpm
for 10 min.

2.5. Cholesterol Detection with Fluorescence Turn-On Recovery

The turn-on fluorescence recovery experiment was referred to by previous work [37,38].
Cholesterol with a concentration of 10 mM was dissolved in ethanol (1 mL). The solution
was diluted to 1 mM with deionized water. Next, 50 uL of cholesterol solution (0.1 v%
ethanol) was mixed with 950 uL of quenched gold solution. Subsequently, 50 uL of 1 mM
liposome solution was also mixed with 950 uL of quenched gold solution. After reacting
for 2 h, the optical responses of the samples were analyzed.



Sensors 2024, 24, 2315

40f12

2.6. Characterization

The surface morphology of the AuNPs was observed using transmission electron
microscopy (TEM, Technai G2, FE], Jiilich, Germany). The surface morphology of the lipid
vesicles was observed using scanning electron microscopy (SEM, S-4300, Hitachi, Tokyo,
Japan). The optical properties were measured by UV-Vis spectroscopy (Cary 60 UV-Vis,
Agilent Technology, Santa Clara, CA, USA) and fluorescence spectroscopy (G9800A, Agilent
Technology). The surface charge and hydrodynamic diameter (HDD) were analyzed using
electrophoretic light-scattering spectroscopy (ELS-Z2, Otsuka Electronics, Osaka, Japan).

3. Results
3.1. Fabrication of BCD-Modified AuNPs with Thiol Ligand Exchange

We fabricated approximately 20 nm-sized AuNPs by citrate and HAuCly, commonly
known as the Frens method [39]. Citrate served as a capping agent to reduce gold ions at
high temperatures and as a stabilizer to lower the surface energy of the AuNPs. Citrate
could be replaced with thiol ligand through Au-S bonding, a strong chemical bond that
replaced the ionic bond of Au-—citrate. We used 12-mercaptododecanoic acid (MPA), 6-
mercaptohexanoic acid (MHA), and mono-(6-mercapto6-deoxy)-B-cyclodextrin (mpBCD)
as a thiol ligand. In the case of MPA and MHA, we conjugated the BCD to the AuNP
surface through a terminal carboxyl group capable of an EDC/NHS coupling reaction with
amine-BCD. Step-by-step absorption spectra and TEM images are shown in Figure S1. In
the case of mPBCD, the hydroxyl group of BCD can be chemically substituted with a thiol to
be directly attached to the gold surface. Finally, we fabricated three types of AuNPs-3CD:
AuNP/C12/BCD, AuNP/C6/pCD, and AuNP/mpCD.

The morphological and optical properties of the AuNPs-CD were measured. TEM
images of AuNPs-BCD are shown in Figure 1a. In all cases, the particles had a spherical
shape. For quantitative analysis, the size of the particles in the image was measured.
The average diameter of AuNP/citrate was 14.5 &= 1.4 nm, which was the smallest value,
while AuNPs-BCD increased slightly, but the deviation was small: 17.3 &+ 1.5 nm for
AuNP/C12/BCD, 16.9 + 1.7 nm for AuNP/C6/pBCD, and 16.3 £ 1.6 nm for AuNP/mpCD.
Dynamic light-scattering measurement was also performed, and the hydrodynamic di-
ameter (HDD) of AuNPs-BCD is shown in Figure S2. HDD is larger than the actual
diameter of the particle because it is the diameter of a potential layer composed of ions
surrounding the particle [40,41]. The HDD of AuNP/citrate was 22.9 + 11.6 nm and
increased with modification of thiol ligands: 93.0 & 74.6 nm for AuNP/C12/3CD, 78.1
+ 66.6 nm for AuNP/C6/pCD, and 32.7 + 19.3 nm for AuNP/mpBCD. The increase in
HDD was greater in the relatively long ligand. The AuNPs combined with carbon chains,
such as AuNP/C12/B3CD and AuNP/C6/p3CD, had a significantly higher HDD than
AuNP/mpBCD directly attached to the surface. The surface charge of AuNPs-BCD is also
shown in Figure 1b. The surface charge of AuNP/citrate was —56.5 mV because of the
high charge density of the citrate molecules. Meanwhile, it was observed that AuNPs-3CD
had a relatively lower negative-charge value with a low charge density of fCD: —32.9 mV
for AuNP/C12/BCD, —29.6 mV for AuNP/C6/pCD, and —20.7 mV for AuNP/mpCD.
UV-Vis absorbance spectra of AuNPs-BCD are shown in Figure 1c. AuNPs have their own
absorption peaks according to size due to the localized surface plasmon resonance (LSPR)
effect. The maximum peak of the main absorbance band of AuNP/citrate, with a size of 20
nm, was at approximately 520 nm. The AuNPs-BCD caused a few nm red-shift, indicating
that the thiol ligands were substituted with citrate on the surface.
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Figure 1. Surface modifications of AuNPs with fCD-attached thiol ligands. (a) Transmission electron
microscopy (TEM) images and size distribution of BCD-functionalized AuNPs (scale bars: 20 nm).
(b) Surface charge of AuNPs with different ligands. (c) Visible spectra of CD-functionalized AuNPs.

3.2. Fluorescence Turn-On Recovery of AuNP-BCD-Fluorescein Complexes for the Detection of
Monomeric Cholesterol

We chose fluorescein (Fl), a commonly known aggregation-caused quenching (ACQ)
material, as a fluorescent donor because of its high binding affinity for CD and approxi-
mately 520 nm fluorescence peak matched with the absorbance of the AuNP solution. The
fluorescence spectra of various concentrations of Fl are shown in Figure 2a. From these
results, under 100 uM of Fl was used when fluorescence decreased as the concentration
decreased. The AuNPs-BCD was mixed with Fl dye to form a CD-Fl inclusion complex.
The fluorescence spectra of AuNPs-3CD interacted with Fl, as shown in Figure 2b. When
Fl was combined with fCD, the AuNP quenched the fluorescence of Fl due to energy
transfer. The calculated quenching efficiency was 67.4% for AuNP/C12/BCD, 71.3% for
AuNP/C6/BCD, and 92.5% for AuNP/mpCD. This confirms that the closer the distance
between FCD and AulNP, the higher the quenching efficiency.

Then, monomeric cholesterol dispersed in ethanol was added to the quenched solution.
Monomeric cholesterol was complexed with 3CD by replacing Fl due to its higher binding
affinity with BCD than Fl. As Fl became distant from AuNPs, the fluorescence of Fl recov-
ered. The recovered fluorescence spectra for monomeric cholesterol are shown in Figure S3,
and the calculation of recovered fluorescence from the quenched state is shown in Figure 2c.
The normalized Pl increases were 52.6% for AuNP/C12/BCD, 65.7% for AuNP/C6/3CD,
and 152% for AuNP/mpCD. This showed that the higher the quenching efficiency, the
greater the recovered fluorescence increase. The control case of the AuNP/citrate not
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attached to BCD is shown in Figure S4. The fluorescence intensity of Fl molecules was
more quenched than other AuNPs-BCD due to the non-specific binding of F1 molecules on
the surface of AuNP/citrate. However, the recovered fluorescence intensity was only 9%
owing to the absence of specific binding domain with cholesterol, unlike the 3CD molecule.
As a result, if the distance between BCD and AuNP was closer, the quenching efficiency of
fluorescence was improved, and the fluorescence increased more when it interacted with
monomeric cholesterol.

200 -

150

100

50

- —
5 600 €
8 . Yss £
> 500 - - . =
& o

(7] -
£ 400 %0 o
[] [ ] L] u 2
£ )
£ 300 4 1525 2
o . =
g . . X
S 200 1520 %
: ' ;

|
2 100+ " &
5 s 1515 %
. = | =
AT 2
0z 74 e
. . : : ; . . . ) 510
500 520 540 560 580 600 620 1 10 100 1000
Wavelength (nm) Concentration (uM)

(2]

Monomeric cholesterol

= Fl + AuNP/C12/BCD
= Fl + AuNP/C6/BCD
= Fl + AuNP/mBCD

150

100

o
=)
L

Normalized PL Increases (%)

T
500

T T T |
550 600 650 700

Wavelength (nm)

Figure 2. Fluorescence turn-off quenching and turn-on recovery with the FI-fCD inclusion complex
for monomeric cholesterol recognition. (a) Photoluminescence spectra of mixture of fluorescein dye
(5 uM) and BCD-functionalized AuNPs. (b) Fluorescence turn-on recovery of fCD-functionalized
AuNPs in response to monomeric cholesterol with replacement of inclusion molecules in BCD. (c)
Calculated normalized PL increases (%) = (I — I,)/I, x 100 (I: fluorescence intensity after cholesterol
interaction at 512 nm; I: fluorescence intensity before cholesterol interaction at 512 nm; concentration
of cholesterol: 12.5 puM).

3.3. Fabrication of Liposome Nanoparticles Containing Cholesterol as a Membrane
Cholesterol Model

We fabricated liposome nanoparticles consisting of phospholipid and cholesterol
to make the environment similar to that of cholesterol in human epithelial cells. The
artificial liposomes had the advantage of easily forming lipids and cholesterol uniformly
in a self-assembled structure. We used dipalmitoyl phosphocholine (DPPC) and dioleoyl
phosphocholine (DOPC) as phospholipids. As DOPC has a double bond in its carbon chain,
it is more flexible and has a lower phase-transition temperature than DPPC, which has a
single bond. The SEM images of liposome particles are shown in Figure 3a,b. All four types
of liposomes had a spherical shape. There were some ruptured particles whose structure
was destroyed by the dehydration force under the drying process, showing as bigger
particles stuck to the substrate. The HDD of four artificial liposomes, cholesterol-free or 25%
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added, is shown in Figure 3c. While the diameter of the DPPC liposome was 120.3 nm, the
DPPC/Chol liposome was smaller at 115.7 nm because cholesterol has a relatively smaller
volume than lipids. The HDD was 88.3 nm for the DOPC liposome and 78.3 nm for the
DOPC/Chol liposome. To determine the cholesterol distribution in liposome nanoparticles,
we used NBD-labeled cholesterol (Chol-NBD) and Cy5-labeled DOPC (POPC-Cy5). The
excitation and emission spectra of Chol-NBD and POPC-Cy5 are shown in Figure S5. If
the emission of Chol-NBD and excitation of DOPC-Cy5 had an overlap region, Forster
resonance energy transfer occurred when the distance between two molecules was less
than 10 nm. The fluorescence spectra of DOPC/Chol liposomes labeled with dyes are
shown in Figure 3d. Under excitation at 450 nm, the DOPC/Chol-NBD liposome emitted
the fluorescence of NBD at 535 nm. In the case of the DOPC-Cy5/Chol-NBD liposome,
the excitation energy was transferred from NBD to Cy5, emitting fluorescence at 535 and
675 nm.
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Figure 3. Fabrication of liposome particles with or without cholesterol. Scanning electron mi-
croscopy (SEM) images (scale bars, 1 pm) of 1 mM (a) DOPC, DOPC/Chol liposomes and (b) DPPC,
DPPC/Chol liposomes. The molar ratio of lipid:chol with liposome was 3:1. (c) hydrodynamic
diameter (HDD) of DOPC, DOPC/Chol, DPPC, and DPPC/Chol liposomes. (d) Photoluminescence
spectra of DOPC/Chol liposomes labeled with NBD and Cy5 dyes.

3.4. Fluorescence Turn-On Recovery of AuNP-BCD-Fluorescein Complexes for Recognition of
Membrane Cholesterol

Four types of liposome particles were treated with quenched AuNP-3CD-Fl complexes,
and each spectrum of recovered fluorescence after 1, 2, and 30 h is shown in Figure S6. For
quantitative analysis, the increase in recovered fluorescence was calculated and is shown in
Table S1. The normalized PL increases after 1 h are shown in Figure 4a. In the case of DPPC
liposome particles, the normalized PL increases were 8.4% for AuNP/C12/3CD, 9.8% for
AuNP/C6/BCD, and 13.8% for AuNP/mpBCD. This supports FCD interacting with DPPC
lipid molecules, showing some recovered fluorescence. On the other hand, the normalized
PL increases of DPPC/Chol liposome particles were 14.7% for AuNP/C12/3CD, 16.8%
for AuNP/C6/BCD, and 69.6% for AuNP/mpCD, showing higher intensity than DPPC
liposome in all cases. These results suggest that cholesterol was extracted by the 3CD from
the lipid membrane to make a CD-Chol complex, further accelerating the exchange of
the Fl molecules faster than lipid molecules. In particular, the AuNP/mpCD showed a
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substantial fluorescence increase of 69.6%. This means that AuNP/m@BCD had a higher
binding affinity with the DPPC/Chol liposome than other AuNPs/BCD particles. The
case of interaction with DOPC liposome showed a similar trend to DPPC liposome, where
cholesterol improves fluorescence recovery: 1.0% to 8.9% for AuNP/C12/3CD, 7.3% to
14.8% for AuNP/C6/3CD, and 36.9% to 84.7% for AuNP/m@CD. The normalized PL
increases after 2 h are shown in Figure S7. The PL intensity was more recovered in all
cases of the samples. However, the relative recovered rates with pure liposomes, such as
DPPC and DOPC, were more increased than those with liposome with cholesterol, such
as DPPC/Chol and DOPC/Chol. It was expected that the interaction between 3CD and
phospholipid was increasing while that with cholesterol was decreasing. The normalized
PL increases after 30 h are shown in Figure 4b. This was enough time for all the lipids and
cholesterol to react to 3CD. The PL increases of liposomes with and without cholesterol were
saturated at approximately 300%, except for AuNP/mpCD with liposomes. This means
that all the Fl molecules in the fCD-FI inclusion complex were escaped by phospholipids
and cholesterol, resulting in the same fluorescence recovery with liposomes regardless of
cholesterol. However, in the case of AuNP/mpCD, the PL increases were 296.6% for DPPC,
584.3% for DPPC/Chol, 348.0% for DOPC, and 535.9% for DOPC /Chol. The differences
with these liposomes with or without cholesterol could be caused by steric hindrance
of the lipid molecule interacting with AuNP/mpCD. The common inclusion complex of
BCD-phospholipid has a structure in which the long carbon chain passes through the ring
of two BCD molecules [28]. However, the distance was too short for DPPC and DOPC
molecules to make an inclusion complex, with mBCD closely attached to the surface of
AuNP. Therefore, the Fl molecules of the 3CD-Fl inclusion complex could not escape
fully in the case of pure liposomes like DOPC and DPPC, resulting in a difference from
the liposomes with cholesterol. After treatment, we performed a nanoparticle tracking
analysis (NTA). The scattered light of DPPC/Chol liposomes and 3D plot mapping of
particle size are shown in Video S1 and Figure S8. In the case of the DPPC/Chol liposome
before treatment, the scattered light showed that the size distribution of the liposomes was
uniform, with a diameter of approximately 170 nm. After 1 h treatment with AuNP/mpCD,
the size of most liposomes was maintained, but their uniformity was reduced. After 30
h treatment of AuNP/mpBCD, most liposomes disappeared, and particles with size of
few nanometers were observed. This could be due to the deformation of their bilayer
structure by the interaction between lipid and 3CD. To confirm the sensitivity of membrane
cholesterol recognition, the AuNP/mpBCD was treated with different concentrations of
DOPC/Chol liposomes. The PL increase in samples is shown in Figure S9 and calculated in
Figures 4c and S10. The AuNP/mpCD was sensitive to changes in nanoscale concentration
and could be detected from nano- to micro-molar concentrations of cholesterol. The kinetic
PL analysis of AuNP/mpBCD treated with liposomes is shown in Figure 4d. In all cases of
liposomes, the fluorescence increased in the form of an unsaturated binding curve. The
liposomes containing cholesterol increased fluorescence faster than pure lipid liposomes.
As a result, we observed the fluorescence recovery of the AuNP-3CD-Fl complex interacted
with liposomes being cholesterol-free or with 25% added. Cholesterol interacted with 3CD
faster than phospholipids to show higher fluorescence intensity, although the phospholipids
became similar over time. There was no difference in fluorescence recovery according to
the lipid, such as DOPC and DPPC.
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Figure 4. Cholesterol extraction in lipid membrane using BCD-functionalized AuNPs. Fluorescence
turn-on recovery of 3-CD functionalized AuNPs in response to cholesterol-embedded liposome
particles after (a) 1 h and (b) 30 h. Normalized PL increases (%) = (I — I5/I,) x 100 (I: fluorescence
intensity after cholesterol interaction at 512 nm; I: fluorescence intensity before cholesterol interaction
at 512 nm; concentration of cholesterol: 12.5 uM). (¢) Photoluminescence intensities of AuNP/mpCD
in response to DOPC/Chol liposomes with different concentrations of cholesterol. (d) Increase of
photoluminescence of AuNP/mpCD in response to liposome particles over time.

4. Conclusions

We fabricated three types of AuNPs: AuNPs-3CD, AuNP/C12/3CD, and AuNP/C6/
BCD with different distances between AuNP and 3CD. We fabricated AuNPs conjugated
with BCD and inclusion complexes with Fl molecules. The closer the distance between
BCD and AuNP, the higher the energy transfer efficiency, showing a more quenched
intensity of fluorescence. Similarly, after treatment of monomeric cholesterol, shorter
ligands of AuNPs/3CD showed higher fluorescence recovery: 46% for AuNP/C12/3CD,
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78% for AuNP/C6/pBCD, and 128% for AuNP/mpCD. To determine the effect of membrane
cholesterol, we fabricated artificial phospholipid liposomes that were cholesterol-free or
25% added and treated with the AuNPs-B3CD-Fl complex. The BCD could also interact
with DPPC lipid molecules, showing recovered fluorescence. Meanwhile, cholesterol
accelerated the exchange of the Fl molecules, improving fluorescence recovery: 1.0% to
8.9% for AuNP/C12/BCD, 7.3% to 14.8% for AuNP/C6/pCD, and 36.9% to 84.7% for
AuNP/mpCD in DOPC/chol liposome. In the case of the 30 h reaction, with enough
time for all lipids and cholesterol to react with BCD, the PL intensity was recovered
up to 348.0% for DOPC and 535.9% for DOPC/Chol, showing specific recognition of
cholesterol. We expect this study to provide guidance for energy transfer-based sensors in
biological applications.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/s24072315/s1, Figure S1: Analysis of visible spectroscopy and
transmittance electron microscopy (TEM) images in the process of AuNP/C12/BCD fabrication;
Figure S2: Analysis of dynamic light scattering with AuNP-BCD particles; Figure S3: Photolumi-
nescence spectra for recognition of monomeric cholesterol; Figure S4: Photoluminescence spectra
of fluorescence quenching and turn-on recovery process with AuNP/Citrate; Figure S5: Optical
properties of Chol-NBD and DOPC-Cy5 molecules for FRET; Figure S6: Fluorescence recovery with
recognition of membrane cholesterol with quenched AuNP-BCD-Fl complexes; Figure S7: Fluores-
cence recovery after 2 h treatment of liposome particles with quenched AuNP-BCD-FI complexes;
Figure S8: Nanoparticle tracking analysis of DPPC/Chol liposomes before and after treatment
with AuNP/mpCD; Figure S9: Fluorescence recovery with different concentrations of membrane
cholesterol; Figure 510: PL response of AuNP/mpBCD on DOPC/Chol liposomes for the cholesterol
concentration expressed linear scales with x axis. Table S1: Calculation of recovered fluorescence
with AuNPs-BCD-Fl interaction after recognition of membrane cholesterol; Video S1: Scattered light
of DPPC/Chol liposome particles before and after treatment of quenched AuNP/mpCD.
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