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Abstract: We report a facile method for the preparation of vesicle-like carbon dots (VCDs) via dry-
heating of surfactant solutions. Like most reported CDs, the VCDs possess interesting fluorescence
properties. Entrapment of enzymes and gold nanoclusters (AuNCs) inside the VCDs allows for the
development of fluorescent probes for the quantitation of various substrates, with the advantages
of high sensitivity and selectivity. The AuNCs act as a probe, and the VCDs as an internal standard
confine the AuNCs, enzyme, and analyte to provide high local concentrations to enhance the assay
sensitivity. In this study, we employed cholesterol oxidase (ChOX) as a model enzyme for the
quantitation of cholesterol. The as-formed hydrogen peroxide through the enzyme reaction inside the
VCDs causes fluorescence quenching of AuNCs (excitation/emission wavelengths of 320/670 nm),
but not that of the VCDs (excitation/emission wavelengths of 320/400 nm). To improve the sensitivity
and linearity, the fluorescence ratios of AuNCs/VCDs are plotted against analyte concentration.
The present ratiometric fluorescent method allows for the detection of hydrogen peroxide over the
concentration range of 1-100 pM, with a detection limit of 0.673 uM, and cholesterol concentrations
ranging from 5 to 100 uM, with a detection limit of 2.8 uM. The practicality of this fluorescent method
has been further validated by evaluating cholesterol levels in human serum samples with sufficient
accuracy and recovery, revealing its great prospective in diagnosis and biomedical applications.

Keywords: vesicle-like carbon dots; gold nanoclusters; ratiometric fluorescence probe; cholesterol

1. Introduction

Cholesterol is an indispensable component of the human body. It maintains many
important biological functions (such as hormones), providing the stability and fluidity
of cell membranes [1]. Generally, the normal range of human serum cholesterol levels
is 3.23-5.17 mM (125-200 mg dL~!) [2]. The high content of cholesterol is suggested
to be associated with a variety of diseases, such as type 2 diabetes, hypertension, heart
disease, atherosclerosis, and so on [3,4]. On the other hand, low serum cholesterol level
is often related to Tangier disease, hepatic disease, and even COVID-19 [5,6]. Therefore,
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the development of a sensitive, accurate, and effective cholesterol detection method is of
great significance in the clinical and medical fields.

In recent years, numerous approaches have been developed for the quantitation of
cholesterol, such as chromatography [7], colorimetry [8], chemiluminescence [9], and elec-
trochemical methods [10]. Fluorescence approaches are generally based on the fluorescence
changes of probes induced by hydrogen peroxide (H,O,) formed through the enzyme
reaction of cholesterol oxidase (ChOX) and cholesterol, with the advantages of sensitivity
and selectivity [11,12]. In most cases, the fluorescence intensity at a single wavelength is
measured; however, it is sensitive to the test system and environmental factors. To minimize
the disadvantage, ratiometric fluorescence methods are employed [13-15]. In addition,
owing to the hydrophobic nature of cholesterol, surfactant is commonly added to the
sensing system to enhance the solubility of cholesterol and thus its sensitivity [16].

In this study, our aim is to develop a new sensing system for the quantitation of
cholesterol by taking advantage of two relatively new emerging fluorescent nanoma-
terials, including gold nanoclusters (AuNCs) and carbon dots (CDs). Biocompatible
and fluorescent AuNCs with large Stokes shifts are easy in preparation and bioconju-
gation, the potential applications in sensing and cell imaging of which have already been
shown [17-20]. Various ligands and templates, including small thiol molecules [21,22],
DNA [23,24], and proteins [25,26], have been used in the preparation of AuNCs to detect
H,0, [27,28]. Carbon dots (CDs), a new class of emerging zero-dimensional carbon nano-
materials, have attracted much attention for their high biocompatibility, photostability,
simplicity of synthesis, and unique optical properties [29-33].

To enhance the solubility of cholesterol, CDs were prepared from span-20 through dry
heating. The as-formed CDs possess a vesicle (V)-like structure and thus are represented as
VCDs. This is the first paper on the synthesis, characterization, and application of VCDs
prepared from span-20 by the dry heating method. The VCDs were then used to encapsulate
cholesterol oxidase (ChOX) and AuNCs to form nanoreactors (nanoprobes) for cholesterol
detection. ChOX catalyzes the reaction of cholesterol and O, to form HyO;, leading to the
fluorescence quenching of AuNCs [34]. Because the fluorescence of VCDs is inert to Hy,O»,
their blue emission can serve as an internal standard. We investigated important factors,
including the concentrations of VCDs, AuNCs, pH, incubation temperature, and response
time on determining the sensitivity, selectivity, and reproducibility of this approach for
the quantitation of cholesterol. Under optimal conditions, the ratiometric fluorescence
approach allows for sensitive and selective quantitation of cholesterol. The practicality of
this approach was further validated by the quantitation of cholesterol in serum samples,
with the advantages of rapid response, superior reproducibility, and stability.

2. Materials and Methods
2.1. Chemicals

Hydrogen tetrachloroaurate (III) trihydrate (HAuCly-3H,0O), bovine serum albu-
min (BSA), glutathione (GSH), Amplex Red (AR; 10-acetyl-3,7-dihydroxyphenoxazine),
rhodamine B isothiocyanate (RITC), and sorbitan monolaurate (span-20) were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Phosphoric acid, monobasic, dibasic, and trib-
asic sodium salts of phosphate, and sodium hydroxide were purchased from J.T. Baker
(Phillipsburg, NJ, USA). Ultrapure water (18.2 M(Q) cm) from a Milli-Q system (Millipore,
Billerica, MA, USA) was used in all experiments.

2.2. Instruments

UV /visible absorption spectra of the tested materials were recorded by Evolution
220 UV-Visible Spectrophotometers (Thermo Fisher Scientific Inc., Waltham, MA, USA).
Fluorescence spectra were recorded using a monochromatic microplate spectrophotometer
(Synergy 4 Multi-Mode; Biotek Instruments, Winooski, VT, USA). X-ray photoelectron
spectroscopy (XPS) measurements were carried out with ES-CALAB 250 spectrometer (VG
Scientific, East Grinstead, UK), having Al K« X-rays as the excitation source. Fourier trans-
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form infrared (FTIR) spectra were obtained using Nicolet iS5 FTIR spectrometer (Thermo
Scientific, Waltham, MA, USA). Dynamic light scattering (DLS, Zetasizer 3000HS analyzer,
Malvern Instruments Ltd., Worcestershire, UK). The particle sizes and morphologies of the
GSH/BSA-AuNCs, and VCDs were obtained using a Tecnai 20 G2 S-Twin transmission
electron microscope (Philips/FEI, Hillsboro, OR, USA) and Hitachi S-4800 Field Emission
Scanning Electron Microscope (Hitachi High-Technologies, Tokyo, Japan), respectively.
The encapsulation ability of VCDs was observed in different fluorescence channels under
an inverted fluorescence microscope (Olympus BX 51, Tokyo, Japan)

2.3. Synthesis of GSH/BSA-AuNCs

AuNCs were synthesized using BSA as a template and using GSH as a reducing agent
according to a previous report [35] with minor modification. Briefly, aqueous HAuCly
solution (1 mL, 20 mM) was added into BSA (120 uM) and GSH (4 mM) mixture solution
(8.75 mL). Subsequently, NaOH (250 uL, 1 M) solution was added to the mixture with
vigorous stirring and the reaction was carried out at 70 °C for 30 min. To purify GSH/BSA-
AuNCs, the solution was centrifuged at 8000 rpm using molecular weight cutoff of 50 kDa
membrane to remove excess reactants and washed three times. The concentration of the
as-prepared GSH/BSA-AuNCs was denoted as 1x (50 uM).

2.4. Synthesis of Vesicle Carbon Dots

VCDs were synthesized via a simple dry heating method: span-20 (200 mg) in a
20-mL beaker was placed in a muffle furnace and heated at a temperature of 230 °C for 3 h,
producing brown residues. After returning to room temperature, the residue was dissolved
in ethanol prior to centrifugation at 8000 rpm for 20 min to remove large particles. Then,
the solution was dialyzed against ultrapure water in a dialysis membrane (MW: 3 kDa) for
24 h. Finally, the purified VCDs solution was freeze-dried and resuspended in ethanol for
further experiment.

2.5. Validation of GSH/BSA-AuNCs and ChOX Encapsulation

ChOX was labeled with the fluorescent dye rhodamine B isothiocyanate (RITC) for
further confirmation of encapsulation. For the labeling procedure, ChOX (20 mg) was
dissolved in 0.1 M bicarbonate buffer (pH 9, 10 mL). RITC (0.1 mg) was dissolved in
dimethyl sulfoxide (DMSQO, 50 pL) and was added dropwise with vigorous stirring of the
solution. After stirring RITC-ChOX for 8 h at room temperature, the RITC-ChOX conjugate
was separated from the unreacted labeling agent using Sephadex G-25 column. In order to
remove excess salt, the RITC-ChOX solution was centrifuged three times at 8000 rpm with
a molecular weight cut-off membrane of 10 kDa, and then lyophilized for quantification.

To encapsulate GSH/BSA-AuNCs and RITC-ChOX in VCDs, a solvent injection
method was used. Briefly, 100 uL. VCDs (0.5 mg mL~!) in ethanol was rapidly added
into 900 uL of 10 mM phosphate buffer (pH 5.0) with 0.02x GSH/BSA-AuNCs or 0.1 U/mL
ChOX. The encapsulation of GSH/BSA-AuNCs and RITC-ChOX was confirmed by com-
parison with substrate-free VCDs by fluorescence microscopy following their purification
with Sephadex G-150 column.

2.6. Fluorescence Detection of HyO,

The stock solution of HyO, was freshly diluted to a 30% solution with 0.1 M phos-
phate buffer (pH 5.0). GSH/BSA-AuNCs (0.2, 100 uL) and phosphate buffer (100 mM,
pH 5.0, 100 pL) were added to aqueous solutions (790 uL), and aliquots (10 pL) of different
concentrations of H,O, were then added (final concentrations 0-0.6 mM). After 10 min of
incubation at 55 °C, the fluorescence intensity of each mixture was measured at 670 nm
when excited at 320 nm.
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2.7. Fluorescence Detection of Cholesterol

Standard cholesterol solution was diluted with ethanol (0-5 mM) prior to mixing with
an equal volume of VCDs (10 mg mL~1). For cholesterol determination, each (100 uL)
of the prepared cholesterol-VCDs ethanol solution was rapidly added into 900 puL of
reaction buffer (containing 10 mM pH 5.0 phosphate buffer, 0.02x GSH/BSA-AuNCs and
0.1 U/mL ChOX). After 10 min of incubation at 55 °C, the fluorescence at 400 and 670 nm
of each mixture was measured when excited at 320 nm. The ratiometric fluorescence ratios
of AuNCs (670 nm)/VCDs (400 nm) were obtained to establish a plot against cholesterol
concentration. The limit of detection (LOD) was calculated by 3 times of standard deviations
of the blank.

2.8. Peroxidase Kinetic Analysis

Peroxidase kinetic analysis was measured in a black 96-well microplate using a Synergy
4 microplate reader. Amplex Red (AR) and H,O, were prepared in 180 pL Tris-HCl
(5 mM, pH 7) buffer solution in each well of the plate, and the reaction was started by
adding enzyme solution (20 pL) to each well. Various concentrations of H,O, (0—5 mM)
were used as substrates for BSA (1 uM) and GSH/BSA-AulNCs (1 uM) at a constant AR
concentration (20 uM).

2.9. Analysis of Real Serum Samples

The concentrations of free cholesterol in serum were assessed using the standard
addition method. Specifically, 50 pL of human serum sample was added to 450 pL of
ethanol solution containing VCDs (final concentration 5 mg mL~!), then ultrasonicated
for 10 min, and centrifuged at 8000 rpm for 10 min to remove the precipitation matrix.
Then, 100 uL of suspension was added into 900 uL reaction buffer (containing 10 mM pH
5.0 phosphate buffer, 0.02x GSH/BSA-AuNCs and 0.1 U/mL ChOX). The mixtures were
separately incubated at 55 °C for 1 h before fluorescence measurement.

3. Results
3.1. Characteristics of Vesicle-like Carbon Dots

The vesicle-like carbon dots (VCDs) were produced by heating liquid span-20 directly
in an autoclave. During heating, the liquid turned brown, indicating carbonization of
span-20. Various carbonization times and temperatures were investigated to obtain the
optimized condition for forming VCDs (Figure S1); the optimal condition of 230 °C for
3 h was obtained based on the fluorescent intensity and product stability. The as-prepared
VCDs, like its precursor, are highly dispersed in ethanol, but exhibit a stronger absorption
peak at 220 nm (Figure 1A, spectra B) due to the presence of aromatic 71— transition as
a result of carbonization [36-38]. Furthermore, the VCDs and their precursor (Figure 1A,
spectra C and D) share an obvious scattering phenomenon due to emulsification in water,
suggesting that VCDs inherit the amphiphilic nature of the precursor successfully [39].
The excitation-dependent fluorescence property of VCDs displayed in Figure 1B indicates
aromatic clusters in the VCDs. FTIR analysis of the VCDs in Figure S2A reveals slightly in-
creased C=0 residues after carbonization. The XPS data shown in Figure S3 further suggest
that the increase in C=0 residues was accompanied by decreased C-O residues, supporting
the oxidation of the reactants during heating. DLS analysis (Figure S2B) showed that both
VCDs and precursors self-assembled to form vesicles in an aqueous solution, with average
sizes of 172.3 and 301.1 nm, respectively. The morphology and size of VCDs before and after
self-assembly were characterized using TEM, as shown in Figure 1C, D. Monodisperse
VCDs with a size of approximately 4.05 & 0.96 nm (132 counts) were observable when VCDs
were dispersed in ethanol (Figure 1C), confirming the formation of carbon dots after dry
heating. VCDs, on the other hand, self-assemble into uniform spherical vesicles and exhibit
hollow structures when placed in the aqueous phase (Figures 1D and S4A). VCDs have a
self-assembled size of approximately 0.41 £ 0.20 pm (134 counts), which is consistent with
SEM findings (0.42 £ 0.20 um, Figure S4B,C). The particle sizes in TEM and SEM were both
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larger than in DLS, which could indicate that the structure of the formed vesicles collapsed
upon drying. In addition to the vesicle properties of VCDs, the optical microscopic image of
VCDs displayed in Figure 1E. Compared with the precursor in Figure S5, VCDs possessed
unique fluorescence properties and their positions were perfectly matched with those in
the bright field. Furthermore, we utilize the emission of Nile red as a probe molecule to
determine the critical micelle concentration (CMC) of span-20 and VCDs. As shown in
Figure S6, the fluorescence of Nile red increases sharply when the concentration of span-20
or VCDs increases to CMC concentrations. The critical micelle concentration of VCDs is
0.0526 mg mL~!, which is not much different from that of the precursor. From the above
results, it can again demonstrate that VCDs have the properties of surfactants and possess
a vesicle-like structure.

(A) ©
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Figure 1. (A) UV-visible absorption spectra of 0.5 mg/mL span-20 (spectra A, C) and VCDs
(spectra B, D) in ethanol (spectra A, B) and aqueous (spectra C, D) systems, respectively. Inset
photos show span-20 and VCDs in a different environment. (B) Effect of excitation wavelength on
the emission behavior of VCDs. The insert photograph displays the VCDs fluorescence observed
under a 365 nm UV lamp. TEM images of VCDs suspended in ethanol (C) and aqueous solution (D),
respectively. Insets are the particle-size distribution of the corresponding samples. (E) Bright-field
(i) and fluorescence (Aex = 360-370 nm; Aeyy > 420 nm) microscopic images (ii) of VCDs.

3.2. Characterization of GSH/BSA-AuNCs

The freshly prepared GSH/BSA-AuNCs exhibited a dark brown color and produced
strong red fluorescence in the presence of UV light. The fluorescence excitation and emis-
sion spectra of GSH/BSA-AuNCs are shown in Figure 2A (spectra a and b). Moreover,
MALDI-MS (Bruker Daltonics, Bremen, Germany) analysis (Figure S7) was consistent with
the previous literature, the peak (72.73 kDa) of GSH/BSA-AulNCs is around 6.70 kDa
upshifted in mass compared to BSA, confirming the formation of GSHg/BSA-AuysNCs [35].
The morphology of GSH/BSA-AuNCs was observed by TEM. As shown in Figure S8A,
AuNCs displayed well dispersion characteristics, and it can be seen from Figure S8B that
the particle size distribution is about 2-5 nm. Figure S8C shows that GSH/BSA-AuNCs still
display strong fluorescence under extreme pH and ionic strength, indicating superior sta-
bility based on protein as a template. GSH/BSA-AuNCs, on the other hand, are attributed
to the reduction of GSH, leading to their fluorescence enhancement and sensitivity to HyOy.
In Figure 2B, as opposed to AuNCs synthesized without GSH, which rarely respond to
H,0,, GSH/BSA-AuNCs are excellent candidates for indirectly detecting cholesterol levels
in human serum.
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Figure 2. (A) The excitation (Aem = 670 nm, spectra a) and emission (Aex = 320 nm, spectra b) in the
presence of 1 mM H,O, (spectra c) fluorescence spectra of as-prepared GSH/BSA-AuNCs. The insert
photograph displays the luminescence of the AuNCs in the absence and presence of H;O, under a
365 nm UV lamp. (B) Fluorescence (Aex = 320 nm; Aern = 670 nm) of 1 uM BSA-AuNCs and GSH/BSA-
AuNCs before (black) and after (red) addition of HyO, (200 uM), and the corresponding response in
fluorescence (blue).

3.3. Optimization of the Sensing Parameters and Detection of HyO,

Since cholesterol is detected through the detection of HyO; formed from its reaction
with ChOX, various reaction parameters such as solution pH, incubation temperature,
and response time were evaluated and optimized in order to achieve the greatest H,O,
detection performance. Fluorescence response ratio [(Irg — Ir)/Ipo] against different pH
values in the presence of HyO; (200 uM) are shown in Figure S9A, in which Igy and Iy
are the fluorescence intensity of AuNCs at 670 nm when excited at 320 nm in the absence
and presence of H,O,, respectively. The results reveal that GSH/BSA-AuNCs are more
sensitive to HyO; in an acidic environment, reaching the maximum sensitivity at pH 5.0.
We then examined the fluorescence change of GSH/BSA-AuNCs at pH 5.0 with and without
H,0;, over an incubation temperature range from 25 to 65 °C. According to the trend
of (Irg — Ir)/Ipg for the GSH/BSA-AuNCs corresponding to temperature (Figure S9B),
the sensor performed better at high temperatures. Furthermore, the kinetics curves of
incubation time (Figure S9C) demonstrated that GSH/BSA-AuNCs completed the response
to HyO, within a short period (within 10 min) at 55 °C.

The optimal conditions for the determination of H,O, were obtained by placing
GSH/BSA-AuNCs in sodium phosphate aqueous solution (pH 5.0), then incubating at
55 °C for 10 min after adding H,O,. As shown in Figure 3A, the fluorescence intensity of
GSH/BSA-AuNCs gradually decreased with increasing H,O, concentration. The Au-5
bond of GSH/BSA-AuNCs is oxidized in the presence of H,O, to induce fluorescence
quenching. A good linear correlation (R? = 0.946) was obtained between (Iry — If)/Irg
and the HyO; concentration in the range of 5-100 uM. A detection limit of 2.4 pM was
calculated from the equation. Even though the single-wavelength fluorescence method is
very sensitive to HyO;, its performance can be compromised by instrument and external
environment variations. Due to its ability to confine the reaction and serve as an internal
standard of ratiometric fluorescence, VCDs can further lower the detection limit of H,O».
In the sensing system, adding VCDs to the GSH/BSA-AuNCs did not affect their reactivity
to HyO,, but increased local H,O, concentration. The fluorescent peak at 400 nm of
VCDs remained stable (Figure 3B). When compared to the single-wavelength fluorescence
approach, the ratiometric approach (Ig7o/I400) exhibits not only better linearity (R? = 0.996)
but great sensitivity (detection limit 0.673 uM). To sum up, the ratiometric fluorescent
probe exhibits sensitive detection of HyO,, meaning that it is appropriate for monitoring
cholesterol indirectly.
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Figure 3. Fluorescence emission spectra of (A) GSH/BSA-AuNCs and (B) GSH/BSA-AuNCs@VCDs
in aqueous solution upon addition of various concentrations of HyO, (from top to bottom: 0, 1, 4, 10,
20, 40, 60, 80, 100, 200, 400, 600 uM), excitation at 320 nm. Insert: Stern—Volmer plot.

3.4. Cholesterol Sensing Based on the GSH/BSA-AuNCs, ChOX, and VCDs System

The morphologies of self-assembly of nonionic surfactants in aqueous dispersions
can be predicted by hydrophilic-lipophilic balance (HLB) and critical packing parameter
(CPP) values [40]. Surfactants with a high HLB value are more hydrophilic, and those
with an HLB number around 3 to 8 are compatible with bilayer surface preparation [41].
The CPP value was calculated to determine the type of aggregate formed by the surfactant,
as defined below.

CPP = v/lag

where v is the hydrophobic group volume, l. is the critical hydrophobic group length and
ag is the area of the hydrophilic head group. Based on the CPP value, surfactants can
be predicted to form micelles (CPP < 1/2), bilayer vesicles (1/2 < CPP < 1), or reverse
micelles (1 < CPP) [42]. Span-20 was used as the precursor of VCDs, and its HLB (8.6)
and CPP (1/2 < CPP < 1) values were both suitable for the formation of vesicles. TEM
and SEM images showed that the VCDs self-assembled to form a uniform spherical shape,
which should have inherited the precursor’s characteristics to form a vesicle. GSH/BSA-
AuNCs and ChOX were encapsulated in VCDs by the facile solvent injection method [43].
As shown in Scheme 1, VCDs and cholesterol were first dispersed in ethanol and then
injected into a buffer solution (final EtOH: buffer = 1:9) containing GSH/BSA-AuNCs
and ChOX. Based on the literature [44,45], cholesterol tends to anchor on the hydropho-
bic membrane of VCDs, while more hydrophilic ChOX and AuNCs were incorporated
into the hydrophilic layer of VCDs. Without high-pressure extrusion after solvent in-
jection, the VCDs should be larger-sized multilamellar vesicles rather than the double
layer in the hollow vesicles. Fluorescence microscopy images demonstrate their adequate
encapsulation by VCDs. Bright-field (Figure 4) revealed no obvious change in the mor-
phology of VCDs after embedding ChOX or AuNCs. GSH/BSA-AuNCs-encapsulated
VCDs, however, showed red fluorescence (Figure 4B) in the blue channel (Aex = 360-370 nm;
Aem > 420 nm) of an inverted fluorescence microscope instead of pristine blue-green fluo-
rescence (Figure 4A), proving that AuNCs were successfully encapsulated. RITC-labeled
ChOX is also used to examine whether it is embedded in the VCDs. Comparing Figure 4A,
the red channel (Aex = 525-545 nm; Aey > 575 nm) in Figure 4C shows stronger red fluores-
cence within a much shorter exposure time, representing the successful encapsulation of
RITC-ChOX in VCDs.
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Scheme 1. Schematic drawing of a sensing system for detecting cholesterol.

Bright field hex =360-370 nm; 2.y, > 420 nmM hex = 460—490 nm; 2., > 520 nm hey = 525-545 nm; 2., > 575 nm

(&)

VCDs

®B)
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©
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Figure 4. Bright field, blue (Aex = 360-370 nm; Aem > 420 nm), green (Aex = 460490 nm; Aery > 520 nm),
and red (Aex = 525-545 nm; Aem > 575 nm) fluorescence microscopic images of (A) VCDs,
(B) GSH/BSA-AuNCs@VCDs, and (C) ChOX-RITC@VCDs. Exposure times are labeled in the
left corner of each image. Scale bar = 10 pm.

Under the optimized conditions, the fluorescence spectra of the sensing system to
cholesterol were measured as shown in Figure 5B. With increasing cholesterol concentration,
the intensity of fluorescence emission from GSH/BSA-AuNCs (I470) decreases, while the
fluorescence emission intensity from VCDs (I499) does not change. With the concentra-
tion range of cholesterol between 5 uM and 100 uM, there is a good linear relationship
between intensity ratio (Igyo/lsgp) and cholesterol concentration, with a detection limit
of 2.8 pM. By contrast, in the absence of VCDs, cholesterol would be unable to disperse
in the aqueous surrounding, significantly limiting the response of GSH/BSA-AuNCs to
cholesterol (Figure 5A). Based on the result, we point out that the VCDs can act as a fluo-
rescence standard as well as enhance the local concentration of cholesterol to improve the
catalytic reaction efficiency. Moreover, when the g7 /1409 ratio was quenched by cholesterol
at 100 uM, no obvious change was detected with the additions of 100 uM interferences.
Various interferences commonly exist in serum (black bars in Figure 510), and the fluores-
cence response was not influenced by the interfering substance’s coexisting (red bars in
Figure 510). In view of the high specificity and similar sensitivity of the present invention
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to previous fluorescent methods reported for detecting cholesterol (Table S1), it can be
widely applied to human serum samples.
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Figure 5. Fluorescence emission spectra of (A) GSH/BSA-AuNCs and (B) GSH/BSA-AuNCs@VCDs
in aqueous solution upon addition of various concentrations of cholesterol (from top to bottom: 0, 1,
5,25, 50, 125, 250 uM), excitation at 320 nm. Insert: Stern—-Volmer plot.

3.5. The Mechanism of the Fluorescence Response of GSH/BSA-AuNCs toward Cholesterol

Besides, we assessed the XPS spectrum, fluorescence lifetime, and peroxidase activity assay
in order to explain the mechanism behind the sensitive fluorescence response of GSH/BSA-
AuNCs to cholesterol. In BSA-templated gold clusters, the photoluminescence (PL) is derived
from the icosahedral core of Au(0) atoms mixed with [-5-Au(I)-S-Au(I)-5-] semirings [46,47].
Thus, once the Au cluster’s Au-S bond is broken by several factors, such as oxidant, PL will
be quenched sensitively. Summarizing previous studies, in the presence of H,O5, ligands or
templates that are bound to Au nanoclusters through Au-S bonding are likely oxidized to
form disulfide (RS-SR) or sulfonic acid product (-RSO3-) [48,49]. In this study, the spectra of
GSH/BSA-AuNCs XPS S 2p treated with different concentrations of HyO, were analyzed.
Figure 6 shows S 2p3/2 and 2p1/2 peaks at 161.9 eV and 163.1 eV, indicating the formation
of the S—~Au bond. However, with the increase in H,O, concentration, the characteristic
peaks of S—-Au decreased, while the peaks at 167.0 eV and 168.2 eV of the sulfonic acid group
increased significantly, representing the fact that H,O, oxidized S-Au and the as-formed
R-SO3- dominated the fluorescence quenching of gold nanoclusters. Secondly, Figure S11A
shows that with the addition of H,O, the average lifetime of the GSH/BSA-AuNCs re-
mains almost the same, proving that the fluorescence quenching mechanism is static in
nature, which is also supported by the XPS analyzed. Additionally, numerous reports claim
that AuNCs have peroxidase-like activity [50-54]. Therefore, we suspect that the sensitivity
of GSH/BSA-AuNCs in response to HyO; is due to its peroxidase-mimic, which converts
H,0; to OH radical with strong oxidative activity and then oxidizes S—Au bonds to quench
its fluorescence. The peroxidase activity of GSH/BSA-AuNCs was determined using Am-
plex Red (AR) as a substrate. When GSH/BSA-AuNCs transform H,O, to OH radicals,
AR is converted to highly fluorescent resorufin (Aex = 560 nm; Aey, = 590 nm) upon oxida-
tion [55]. Figure S11B shows the fluorescence kinetics of AR and GSH/BSA-AuNCs signals
simultaneously in various concentrations of HyO;. As the H,O; concentration and reaction
time increased, resorufin fluorescence improved along with the decrease in GSH/BSA-
AuNCs, demonstrating that GSH/BSA-AuNCs possessed peroxidase-like activity that was
absent from pristine BSA (Figure S11C).
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Figure 6. High-resolution XPS of S 2p spectra for GSH/BSA-AuNCs treated with 0-10 mM H,O,.

3.6. Determination of Cholesterol in Real Serum Samples

The feasibility of the present ratiometric fluorescence approach was further investi-
gated by quantitation of cholesterol in human blood serum. Serum samples were analyzed
using a standard addition method. As shown in Table 1, the cholesterol levels of the
two volunteers were 2.06 mM and 1.98 mM, which are in good agreement with the com-
mercially available Amplex Red Cholesterol Assay Kit results of 2.10 mM and 1.99 mM.
The recovery in human serum is 97.18-101.45% and the RSD is 2.9-7.9%, indicating the
dual-emission ratiometric fluorescent sensor has satisfactory accuracy and reliability and
has great application potential.

Table 1. Results of measurement of cholesterol in serum.

Sample Detected ! and Dilution?  Spiked (uM)  Found (uM) Recovery (%)  RSD (%) (1 =3)

Serum 1 21.01 0 20.55 97.81 4.1
20 39.99 97.51 7.9
40 59.64 97.75 3.8
Serum 2 19.86 0 19.81 99.74 49
20 40.44 101.45 44
40 60.21 100.58 29

1 Amplex™ Red Cholesterol Assay Kit; 2 Final dilution is about 100 times.

4. Conclusions

We have demonstrated a cholesterol biosensor based on the ratiometric fluorescence
of VCDs and GSH/BSA-AuNC:s. In the assay system, VCDs simultaneously increased the
dispersion of cholesterol in an aqueous solution and the efficiency of cholesterol enzymatic
oxidation. In the catalytic reaction, the generated H,O, does not impact the fluorescence
of VCDs, which were used as internal standards, but it does severely quench the fluores-
cence of GSH/BSA-AuNCs. As a result, the present ratiometric approach can provide a
satisfactory detection limit (2.8 uM) for the quantitation of cholesterol. Additionally, it was
confirmed that the ratiometric sensing system was successful in monitoring cholesterol
levels in human serum with satisfactory accuracy and recovery, which can be used as a
promising analytical tool for cholesterol.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /chemosensors10050160/s1, Figure S1. Fluorescence intensity
(Aex = 320 nm, Aem = 400 nm) of aqueous vesicle-like carbon dots (1 mg/mL) solution at various
carbonization time (A) and temperature (B). Insert: photographs of VCDs formed from span-20
surfactant at RT to 250 °C; Figure S2. (A) FTIR spectra of span-20 and VCDs. (B) DLS analysis of
0.5 mg/mL VCDs and span-20 in 10 mM sodium phosphate buffer solution (pH 5); Figure S3. XPS
spectra of Span-20 and VCDs synthesized at 230 °C; Figure S4. (A) Enlarge TEM image of VCDs.
(B) SEM image of VCDs. Insert is particle size distribution image of the corresponding samples.
(C) Enlarge SEM image of VCDs; Figure S5. Bright-field (i) and fluorescence (Aex = 360-370 nm;
Aem > 420 nm) microscopic images (ii) of span-20 and the corresponding exposure times are labeled
in the left corner; Figure S6. Nile red fluorescence intensity (Aex = 515 nm; Aem = 585 nm) as a function
of logarithm of the surfactant concentration. CMC was determined by the intersection of the two
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tangents created in the graph; Figure S7. MALDI-MS spectra of (A) BSA (B) GSHg/BSA-Auy5NCs;
Figure S8. (A) TEM image of GSH/BSA-AuNCs. (B) The particle size distribution histogram of
GSH/BSA-AuNCs. (C) Stability test of GSH/BSA-AuNCs; Figure S9. Fluorescence response of the
GSH/BSA-AuNCs (Aex = 320 nm; Aem = 670 nm) in presence of 200 pM H,O, at different pH (A),
incubation temperature (B) and incubation time (C); Figure S10. The selectivity and interference of the
sensing system. Fluorescence response of GSH/BSA-AuNCs@VCDs ratio in the presence of 100 pM
of different substances before (black) and after (red) addition of cholesterol (100 uM); Figure S11.
(A) Fluorescence decay of the GSH/BSA-AuNCs as a function of time with different concentrations
of HyO,. (B) Simultaneous monitoring of the fluorescence kinetics of (i) Amplex Red (Aex = 560 nm;

em = 590 nm) and (ii) GSH/BSA-AuUNCs (Aex = 320 nm; Aery = 670 nm) signal at series of HyO,
concentrations. Reactions were carried out in 10 mM sodium phosphate buffer and the concentration
of GSH/BSA-AuNCs and Amplex Red was 1 uM and 20 uM, respectively. (C) Kinetic curves of Isgg
(Aex = 560 nm) for monitoring the catalytic oxidation of Amplex Red in the presence of 1 uM BSA
at 0-5 mM HO,. The reaction media was the same as in (B); Table S1. Comparison of fluorescence
nanomaterials and their analytical performance for cholesterol detection. References [56-60] are cited
in the supplementary materials.
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