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Abstract

A simple and sensitive electrochemical cholesterol biosensor was fabricated based on ceramic-coated liposome (cerasome)
and graphene quantum dots (GQDs) with good conductivity. The cerasome consists of a lipid-bilayer membrane and a ceramic
surface as a soft biomimetic interface, and the mild layer-by-layer self-assembled method as the immobilization strategy on
the surface of the modified electrode was used, which can provide good biocompatibility to maintain the biological activity of
cholesterol oxidase (ChOx). The GQDs promoted electron transport between the enzyme and the electrode more effectively.
The structure of the cerasome-forming lipid was characterized by Fourier transform infrared (FT-IR). The morphology and
characteristics of the cerasome and GQDs were characterized by transmission electron microscopy (TEM), zeta potential,
photoluminescence spectra (PL), etc. The proposed biosensors revealed excellent catalytic performance to cholesterol with
a linear concentration range of 16.0 X 107°-6.186 x 10~ mol/L, with a low detection limit (LOD) of 5.0 x 10~ mol/L. The
Michaelis—Menten constant (K,,) of ChOx was 5.46 mmol/L, indicating that the immobilized ChOx on the PEI/GQDs/
PEl/cerasome—modified electrode has a good affinity to cholesterol. Moreover, the as-fabricated electrochemical biosensor

exhibited good stability, anti-interference ability, and practical application for cholesterol detection.
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Introduction

Cholesterol is widely found in the human body, especially
in brain and nerve tissues. It is present in high amounts in
the kidneys, spleen, skin, liver, and bile, and is necessary for
life activities [1]. If the concentration of cholesterol exceeds
the normal level in the body, it will cause cardiovascular
disease, etc. [2]. When the cholesterol concentration is too
low, it often leads to a decrease in the synthesis of corticos-
teroids, which results in weakened stress ability, immunity,
and normal disease resistance [3]. Therefore, the detection of
cholesterol level in serum is of great significance [4]. Several
methods have been developed for the detection of cholesterol
in blood, including colorimetry [5], spectrophotometry [6],
chemiluminescence [7], and electrochemical methods [8, 9].
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Among these methods, the electrochemical method based
on cholesterol oxidase (ChOx) has been widely used due
to its advantages of higher sensitivity and selectivity, lower
price, and ease of operation [10, 11]. In addition, the elec-
trode materials are particularly important for the construc-
tion of a cholesterol electrochemical biosensor. Therefore,
the selectivity of electrode materials can availably improve
the performance of electrochemical biosensors with a higher
sensitivity and lower detection limit.

Liposomes, a biomimetic material with a cell-like mem-
brane structure, have excellent compatibility with biomol-
ecules. Using the membrane-like properties of liposomes
as supporting matrix to modify the electrode surface is
more beneficial to the binding of redox active biomol-
ecules to the electrode [12]. However, it is difficult for
liposomes to maintain the stability of their morphology
on the solid surface, and they are often flattened into lipid
bilayers, which greatly enhance the resistivity in the con-
struction of electrochemical biosensors. Ceramic-coated
liposome (cerasome) is an organic—inorganic hybrid
material [13]. Its internal lipid bilayer and surface silicate

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00216-022-03986-9&domain=pdf

3594

WuS. etal.

network structure determine that the cerasome not only
has good biocompatibility, but also can maintain its stable
morphological structure on the electrode [12, 14]. Based
on these advantages, it has been reported that the cerasome
was used as a preferable electrode material to construct
modified electrodes through non-covalent interaction with
hydrophobic vitamin B, derivatives or with hemoglobin
[15, 16]. The results showed that cerasome had good elec-
trochemical performance for the modification of the elec-
trode. Furthermore, the double-lipid membrane structure
of the cerasome can have a concentrated effect toward a
water-insoluble substrate, like cholesterol [17]. Although
Si0, nanoparticles with similar structure can also be used
as supporting materials for biologically active enzymes,
their poor biocompatibility is likely to lead to the inac-
tivation of biomolecules, and poor conductivity is not
suitable as an electrode material. It is expected that high-
performance electrochemical biosensors can be prepared
[18]. In order to increase the load of bioactive molecules
and increase the electron transport capacity between the
enzyme and electrode, the modified electrode was prefer-
ably constructed using the materials with large specific
surface area and electrical conductivity.

As a zero-dimensional carbon nanomaterial, graphene
quantum dots (GQDs) possess the characteristics of both
graphene and quantum dots [19]. Due to their many excel-
lent physical and chemical properties, such as excellent
electrical conductivity, large surface area, good dispers-
ibility, hypotoxicity, etc. [20-22], GQDs have attracted
great attention for their application prospect in the field of
electrochemical sensing [23, 24]. Razmi et al. [25] used
GQDs as a substrate to successfully immobilize glucose
oxidase (GOx) on a carbon ceramic electrode. The glucose
biosensor presented a wide detection range, high sensitiv-
ity, high enzyme capacity, and good affinity for glucose,
all of which are attributed to the advantages of GQDs with
a large specific surface area and excellent electrical con-
ductivity [26].

In this work, the novel biomimetic nanomaterial cera-
somes with good biocompatibility and structural stability
were prepared by ethanol injection method, and GQDs
were simply prepared by acid oxidation of carbon black.
The cerasome and the GQDs were used to construct ChOx/
PEI/GQDs/PEl/cerasome—modified electrodes for the detec-
tion of cholesterol. The catalytic activity of the immobilized
ChOx was well maintained, and the lipid-bilayer membrane
structure of cerasome provided a good affinity for the sub-
strate cholesterol, making the ChOx preferably interact with
cholesterol. Moreover, the GQDs used in the construction
of cerasome-based modified electrodes more effectively
promoted electron transport between the enzyme and the
electrode. The as-fabricated biosensor showed good perfor-
mance in the detection of cholesterol.
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Experimental
Reagents

Silicone (C-300 Silica Gel C-300), hydrochloric acid (HCI),
nitric acid (HNOj;), anhydrous dichloromethane (CH,Cl,),
ethyl acetate (C,HgO,), anhydrous ethanol (C,HsOH), and
cholesterol were purchased from Sinopharm Chemical Rea-
gent Co., Ltd. Carbon black and polyethyleneimine (PEI)
were obtained from Aladdin Reagent Co., Ltd. Cholesterol
oxidase (ChOx, E.C.1.1.3.6, 500 U) was purchased from
Sigma-Aldrich Chemical Co., Ltd. Hexadecylamine, hexa-
decyl bromide, potassium carbonate (K,COj3), ascorbic acid
(AA), glucose (Glc), uric acid (UA), lactic acid (LA), and
3-(triethoxysilyl) propyl isocyanate were obtained from Alfa
Aesar. Chloroform, methanol, N-hexane, and isopropanol
were purchased from Tianjin Bodi Chemical Co., Ltd. All
chemicals and reagents were of analytical grade and used
without further purification. 0.1 mol/L phosphate buffer
solutions (PBS, pH 7.0) were employed as supporting elec-
trolyte. All solutions were prepared using ultrapure water
(>18.0 MQ-cm).

Apparatus

The morphology of GQDs was observed using a model
JEM-2100 transmission electron microscope (TEM) (Hitachi
Corp., Japan). The Fourier transform infrared (FT-IR) spec-
tra of the samples were measured utilizing a Spectrum One
spectrophotometer (Perkin Elmer Corp., USA). Nuclear
magnetic resonance (\H NMR) was performed by a Mer-
cury300 nuclear magnetic resonance spectrometer (Varian
Corp., USA). Ultraviolet—visible spectroscopy (UV—vis)
spectra were collected using a Lambda 35 spectrophotom-
eter (Perkin Elmer Corp., USA). Zeta potential data were
obtained using a Zetasizer Nano-ZS particle analyzer (Mal-
vern Corp., England). Photoluminescence (PL) spectra were
performed by a RF-5301PC fluorescence spectrophotom-
eter (Shimadzu Corp., Japan). Cyclic voltammogram (CV)
and differential pulse voltammogram (DPV) measurements
were obtained using a CHI660E electrochemical workstation
(Shanghai Chenhua Instruments Co., China). A conventional
three-electrode system contained a platinum wire as auxil-
iary electrode, an Ag/AgCl electrode as reference electrode,
and an as-prepared modified glassy carbon electrode (GCE,
3 mm, Shanghai Chenhua Instruments Co., China) as work-
ing electrode. All the electrochemical measurements were
carried out in nitrogen environment at room temperature
without particular illustration.
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Preparation of N,N-dihexadecylamine HN(C,4H;;),

10.0 g (41.4 mmol) hexadecylamine was dissolved in 40 mL
of ethanol, and 6.0 g (19.7 mmol) hexadecyl bromide was
added into it. Then, 9 g (65.1 mmol) K,CO; was added and
refluxed at 85 °C for 165 h. Afterwards, the solvent ethanol
was removed by rotary evaporation, and the crude product
was washed with deionized water 3 times to remove potas-
sium carbonate. Finally, the crude product was dried in a
vacuum oven.

The crude product was recrystallized with N-hexane 3
times, and the mixture of chloroform and methanol (9:1
v/v) was used as the developing solvent. The purity of the
product after recrystallization was determined by thin-layer
chromatography (TLC) (R;=0.43). The purified product was
vacuum dried to a white flake solid with a yield of 44.5%
[27].

Preparation of cerasome-forming lipids
(Et0),SiC;U2C,

0.499 g (1.07 mmol) N,N-dihexadecylamine was placed in
a round-bottom flask, and 30 mL anhydrous CH,CI, was
added to completely dissolve the hexadecanamine. 0.320 g
(1.29 mmol) 3-(triethoxyl) propyl isocyanate under nitrogen
protection was added to the round-bottom flask and reacted
for 2 h at room temperature. After the reaction, the solvent
CH,Cl, was removed by rotary evaporation to obtain a color-
less viscous liquid. The crude product was purified by 300
mesh silica gel column chromatography with the eluent of
n-hexane: ethyl acetate (4:1 v/v). The solvent was removed
by rotary evaporation, and a colorless transparent viscous
liquid was obtained after being dried with a rotary vacuum
evaporator. The reaction yield was 62.3%. The product was
sealed and dried in a refrigerator.

Preparation of cerasome

3.9 mg (5.45 mol) (EtO),;SiC;U2C, ¢ was placed in an oscil-
lating tube. 1.9 pL (10 mmol/L) HCI solution and 63.5 pL.
(1.09 mmol) anhydrous ethanol were added to the mixture
to vibrate for 12 h. A 0.5 mmol/L cerasome suspension was
obtained by injecting 30 pL of the hydrolysate into 5 mL 40
°C deionized water at a slow and uniform rate under stirring
conditions, then incubated at room temperature for 24 h [27].

Preparation of graphene quantum dots

0.25 g XC-72 carbon black was placed in a 100-mL round-
bottom flask; 50 mL 6 mol/L. HNO; was added and refluxed
at 95 °C for 24 h under stirring. The resulting suspension was
cooled to room temperature, centrifuged at 6000 RPM for
30 min to obtain a yellow supernatant, and then dried at 75

°C. Finally, the red—brown graphene quantum dots (GQDs)
were obtained [28].

Preparation of ChOx/PEI/GQDs/PEl/cerasome/GCE

A 7-pL cerasome (0.5 mmol/L) dispersion in water was
dropped on the surface of the electrode. Water was slowly
evaporated, and a layer of cerasome film was formed on
the electrode surface at room temperature. Then, the elec-
trode was immersed in 1 mg/mL PEI solution for 5 min at
room temperature, rinsed with ultrapure water, and dried
with nitrogen gas. After that, the PEI/cerasome/GCE was
immersed in the aqueous dispersion of GQDs for 5 min;
then, the above steps were repeated, with the electrode
soaked in PEI. Finally, the electrode was immersed in
0.5 mg/mL ChOx (pH 8.0 PBS) solution under 4 °C for 24 h
to obtain the ChOx/PEI/GQDs/PEI/cerasome/GCE.

Electrochemical measurements

The performances of the modified electrodes were investi-
gated by a three-electrode system using an Ag/AgCl refer-
ence electrode and a platinum counter electrode. The GCE
electrode modified with ChOx/PEI/GQDs/PEl/cerasome as
the working electrode was rinsed with ultrapure water prior
to use to remove the unadsorbed ChOx. Before the elec-
trochemical experiment, high-purity nitrogen was inleted to
10 mL PBS for 30 min to remove oxygen. Electrochemi-
cal catalytical experiments were carried out under saturated
oxygen condition.

The electrochemical impedance was tested with a fre-
quency range of 0.1 Hz to 100 kHz, an AC voltage of 5 mV,
and a solution containing 0.1 mol/L KCl with a concentra-
tion of 5.0 mmol/L K;[Fe(CN)41/K,[Fe(CN)4] (1:1).

Results and discussion

Characterization of N,N-dihexadecylamine
HN(C,¢H;3), and cerasome

Figure S1 shows the FT-IR spectra of HN(C,H33), (a)
and cerasome (b). The absorption peaks of bending vibra-
tion and stretching vibration for C—-H were 1467 cm™!
and 2920 cm™!, respectively. The methyl absorption peak
was at 1375 cm™!, the characteristic peak at 1129 cm™!
was attributed to the C-N stretching vibration, and the
characteristic methylene absorption peak was at 773 cm™!
and 726 cm™' [12]. As for the cerasome, the intense bands
at 1095 cm™! and 953 cm™! were corresponding to the
stretching vibration peak of Si—-O-Si and the stretch-
ing vibration peak of Si—~OH bond, respectively. While
the band at 783 cm™! could be ascribed to the in-plane
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bending vibration peak of the C-—H bond. The bands
around 1628 cm™! and 1540 cm™! could be assigned to
the absorption peaks of the amide bond, indicating that
the siloxane structure existed on the surface of cerasome,
similar to SiO, nanoparticles [29].

Figure 1 is the TEM image of cerasome (a), the photo
of the cerasome suspension under natural light (b), and
the zeta potential diagram (c). It could be seen that
the prepared cerasome was spherical-like, with a size
between 200 and 300 nm (Fig. 1a), and the aqueous solu-
tion was milky white, which could maintain a stable state
for a long time (Fig. 1b). The surface charge of the as-
prepared cerasome was negative, and the zeta potential
was —44.7 mV, which was caused by Si—OH on the cera-
some surface and the amide bond structure in the lipo-
some monomer (Fig. 1c). This negative charge allowed
the cerasome to disperse stably in aqueous solution for
a long time without aggregation and precipitation, and
provided a premise for further assembly of modified elec-
trodes through electrostatic interaction. In addition, the
surface of the cerasome was covered with rigid inorganic
layers and the existence of intermolecular hydrogen bonds
greatly improved the stability of the cerasome.

Fig.1 a TEM image of cera- 3
some; b photographs of cera-
some solution under normal

light; ¢ zeta potential data of

cerasome in the aqueous disper-

sion
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Morphology and structure characterization
of graphene quantum dots

The morphology properties of GQDs were characterized as
shown in Fig. 2a. The GQDs with a relatively uniform par-
ticle size and an average particle size of about 6 nm could
be observed in the TEM image. Figure 2b, ¢ shows the com-
parison photographs of the GQD aqueous dispersion under
sunlight and ultraviolet light. It could be seen from Fig. 2b
that the GQDs could form a uniform and stable red—brown
dispersion with certain turbidity in water, and the disper-
sion of GQDs could remain stable for a long time at room
temperature. Figure 2c shows the image of the GQD aqueous
dispersion irradiated by an ultraviolet lamp. Under ultravio-
let irradiation of 365 nm wavelength, the GQD aqueous dis-
persion emitted green fluorescence, while this phenomenon
did not appear under sunlight, indicating that the GQDs were
successfully prepared and had typical quantum dot proper-
ties [30].

Figure 2d is the zeta potential diagram of the GQD aque-
ous dispersion. The zeta potential test results showed that
the GQDs presented a relatively strong negative charge, and
zeta potential value was — 19.3 mV. The strong electrostatic
repulsion between surface charges could effectively prevent
the aggregation of GQD molecules, so that the GQDs could

Zeta Potential Distribution
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Fig.2 a TEM image of as-
prepared GQDs; b photographs
of GQD solution under normal
light and ¢ monochromatic light
of 365 nm; d zeta potential
data of GQDs in the aqueous
dispersion
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be stably stored in water for a long time. In addition, the
negative charge on the surface of the GQDs provided pre-
conditions for further preparation of enzyme-modified elec-
trodes by electrostatic adsorption.

Figure 3a is the FT-IR spectrum of the GQDs. The bands
around 1373 cm™! could be assigned to -COOH stretching
vibration. The intense bands at 1713 cm™" and 3518 cm™’,
correspond to the C =0 stretching and —OH hydroxyl asso-
ciation, while the band at 1049 cm™! could be ascribed to the
C-O stretching [31]. It could be seen from the spectrum of
GQDs that a large number of carboxyl groups and hydroxyl
functional groups existed in the GQDs.

Figure 3b shows the UV-vis and PL spectra of the
GQD aqueous dispersion. It could be seen that a broad

absorption peak appeared at a wavelength of 301 nm; it
was related to the n-n* transitions of aromatic C =0 bonds
[32]. As the excitation wavelength increased, the fluores-
cence intensity decreased, and the peak position shifted to
the right. The best excitation wavelength was 300 nm. It
shows the fluorescence characteristic of quantum dots and
proved the successful preparation of GODs.

Fig.3 a FT-IR spectrum of 120
GQDs; b UV-vis absorption a 3 b 300 nm
and PL emission spectra of o 1004 5
GQD aqueous dispersion i 80 © ©
8 g 21 2
s 8 a
= 2 i)
g 401 o 14 £
c < —
© 20 o
[ N
0+ 0+ 600nm |
4000 3200 2400 1600 800 300 400 500 600 700
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Electrochemical performance studies of ChOx/PEI/
GQDs/PEl/cerasome/GCE

Construction of ChOx/PEI/GQDs/PEl/cerasome/GCE

The construction process of ChOx/PEI/GQDs/PEI/cera-
some/GCE is shown in Fig. 4. First, the cerasome was
dropped on the electrode surface which could adsorb posi-
tively charged PEI, and then interacted with negatively
charged GQDs and adsorb PEI again. Since ChOx is an
amphoteric protein, ChOx has a negative charge when the
pH is higher than its isoelectric point. When PEI/GQDs/
PEl/cerasome/GCE was immersed in the negatively charged
ChOx suspension, the enzyme molecules could be adsorbed
to the surface of PEI/GQDs/PEl/cerasome through electro-
static interaction to obtain ChOx/PEI/GQDs/PEI/cerasome/
GCE. The advantage of using electrostatic interaction for
molecular self-assembly is that it enables enzymes to be
immobilized on the surface of nanomaterials under relatively
mild conditions, so that the natural structure and bioelectri-
cal activity of the immobilized enzymes can be effectively
maintained [33].

The influence of pH on ChOx/PEI/GQDs/PEIl/cerasome/GCE

Since protons participated in the entire electrode reac-
tion, the redox peak of ChOx should be affected by the
pH change of the solution [4]. The performance of ChOx/
PEI/GQDs/PEl/cerasome/GCE was investigated by cyclic
voltammograms (CVs) at pH 4.0-8.0 in PBS. It is evident
from Fig. S2A that both oxidation peak and reduction peak
move toward the negative potential with the increase of pH,
indicating that the electrochemical behavior of ChOx was
affected by pH. As shown in Fig. S2B, the linear relation-
ship between the equation potential and pH, and the slope
is —50.3 mV/pH (R=0.999), suggesting that the electron
transport process of ChOx is a process of isoproton coupling
[34].

Fig.4 Fabrication of ChOx/
PEI/GQDs/PEl/cerasome/GCE

GCE
J cerasome
S PEI
\
.  GaDs
</ ChOx
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The electrochemical properties of the ChOx/PEI/GQDs/PEI/
cerasome/GCE

Figure 5A shows the CV curves of cerasome/GCE (a)- and
PEI/GQDs/PEl/cerasome/GC (b)-modified electrodes at
0.1 mol/L PBS (pH 7.0). As shown, no redox peaks were
observed in the figure, suggesting that both of the modi-
fied electrodes had no electrical activity within the scan-
ning range. However, the ChOx/PEI/cerasome/GCE (a) and
ChOx/PEI/GQDs/PEl/cerasome/GCE (b) electrodes had a
pair of obvious redox peaks (Fig. 5B), and the GQD-modi-
fied electrode peak was larger, indicating that the electrode
has better electron transport performance. The oxidation
peak potential (E,,,) and the reduction peak potential (E,)
were —0.396 V and —0.4441 V, respectively, with a peak
potential separation of 45 mV. The formal potential (E,),
the average of E,. and E,,;, was —0.419 V. The redox peak
current had good symmetry, indicating that the electrode
reaction was a rapid electron transfer process and had good
reversibility.

The CVs of the ChOx/PEI/GQDs/PEl/cerasome/GCE at
various scan rates were investigated to evaluate the electron
transfer kinetics. Figure 5C shows the CV curves at various
scan rates ranging from 0.1 to 0.8 V/s, and the oxidation
peak and the reduction peak current increased simultane-
ously, and had a good linear relationship with the scan rate
(inset of Fig. 5C), suggesting that the electrode reaction pro-
cess is a surface control process [18].

Electrochemical impedance spectroscopy was used to
monitor the electrode layer-by-layer self-assembly process.
In a typical Nyquist plot (Fig. 5D), the value of the electron
transfer resistance at the electrode surface can be estimated
from the diameters of the high-frequency semicircle. The
linear part of the plot at lower frequency range is attrib-
uted to a diffusion-limited process. The impedance of cera-
some/GCE showed a larger resistance value (curve a). After
the PEI coated the modified electrode, the resistance value
increased slightly (curve b). But when the GQDs assembled
onto the electrode surface, the resistance value decreased

PEl/cerasome/GCE

I GQDs

GQDs/PEl/cerasome/GCE
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Fig.5 A CVs of cerasome/GCE 2
(a) and PEI/GQDs/PEl/cera-

some/GCE (b); B ChOx/PEl/ 1
cerasome/GCE (a) and ChOx/
PEI/GQDs/PEl/cerasome/GCE 0-

(b) in 0.1 mol/L PBS at pH 7.0;
B CVs of ChOx/cerasome/GCE
at scan rates of 0.1, 0.2, 0.3, 0.4,
0.5, 0.6, 0.7, and 0.8 V/s (a-h) 24
in 0.1 mol/L PBS at pH 7.0
(inset: plots of oxidation peak
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obviously (curve c), illustrating that the GQDs enhanced
the conductivity of the modified electrode. After continuing
to modify with the PEI, again, the resistance value is still
slightly increased (curve d). Lastly, with the modification of
the enzyme, the resistance value of the modified electrode
increased significantly, indicating that ChOx was success-
fully immobilized on the modified electrode (curve e).

Study of the catalytic performance of ChOx/PEI/GQDs/PEIl/
cerasome/GCE for cholesterol

The rapid and sensitive detection of cholesterol is of great
significance in clinical diagnosis [35]. In order to investigate
the biocatalytic activity of ChOx on the modified electrodes,
this experiment explored the catalytic response of ChOx/
PEI/GQDs/PElI/cerasome/GCE to cholesterol. The three
curves in Fig. 6A represent the CV curves in N,-saturated
PBS (a), 5.686 mmol/L cholesterol (b), and O,-saturated (c),
respectively. Obviously, the reduction peak current increased
significantly after O, was introduced into the buffer solu-
tion comparing curve a, suggesting that the reducing state
(FADH,) of the ChOx coenzyme was oxidized to the oxi-
dation state (FAD). After adding cholesterol, the reduction
peak current decreased correspondingly (curve c), indi-
cating that the ChOx had good catalytic performance for
cholesterol.

Figure 6B shows the CV curves of ChOx/PEI/GQDs/PEI/
cerasome/GCE in the presence of cholesterol in 0.1 mol/L
PBS at pH 7.0. As the cholesterol concentration increased,

08 -06 -04 -02 00 02
E/V (vs. Ag/AgCl)

500 1000 1500 2000 2500 3000 3500
Z'/ohm

the reduction peak current decreased, indicating that ChOx
immobilized on PEI/GQDs/PEl/cerasome/GCE maintained
a good catalytic activity for the reduction of cholesterol.
It could be seen from Fig. 6C, D that the detection con-
centration range of the modified electrode for cholesterol
was 16.0x 107 —6.186 x 107> mol/L, the linear equation
was y=0.187x+0.037, and the linear correlation coeffi-
cient R? was 0.999 (x was the concentration of cholesterol,
y was the concentration of the cholesterol/response cur-
rent value). The limit of detection (LOD) was calculated
to be 5.0 x 107% mol/L according to the LOD =36/ (where
o represents the standard deviation of peak currents of the
blanks and S represents the slope of the calibration plot). The
Michaelis constant (K,,) was estimated to be 5.46 mmol/L
according to the Lineweaver—Burk equation: 1/i = (K /i, ..)
(1/C)+ (1/i,,,), where i is the current under steady state
after the addition of cholesterol, i, is the maximum cur-
rent measured under saturated cholesterol conditions, and
C is the cholesterol concentration. Compared to the other
reported electrochemical biosensors for cholesterol determi-
nation, the as-fabricated electrochemical biosensors showed
the lower LOD, wider linear range, and higher K, value in
our work (Table 1).

The repeatability, stability, and anti-interference
performance of ChOx/PEI/GQDs/PEl/cerasome/GCE

To investigate the repeatability of the ChOx/PEI/GQDs/PEI/
cerasome/GCE, five identical glassy carbon electrodes were
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Fig.6 A CVs of ChOx/ A
PEI/GQDs/PEl/cerasome/ 0’5
GCE in N,-saturated (a) and
O,-saturated 0.1 mol/L PBS -101
with 5.686 mmol/L choles- 204
terol (b) and in O,-saturated 43:_ <§_
at pH 7.0 PBS (c). Scan rate, Z -301 -~
200 mV/s (Inset: amplification 0] -
of curve a). B CVs of ChOx/ A —
PEI/GQDs/PEl/cerasome/GCE -50+ Evs (AgiAICIY
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Table 1 Comparison of the reported cholesterol electrochemical biosensors

Electrode Detection method LOD Linear range R? K. Reference
pmol L! pmol L' mmol L™}
AgNPs/BDDE coupled with PAD? Amperometry 6.5 10-7000 0.9967 6.48 [36]
ChOx-CSPPy-g-C3N4H+/GCEb Amperometry 8.0 20-5000 0.9988 52 [37]
PPy-NO’~-Fe(CN)¢*~-AuNPs-ChOx-CE* Amperomety 25 5-25 0.98 - [38]
AuNPs-f-MWCNT-PPy-ChOx/GCE? Amperometry 100 2000-8000 0.9897 1.66 [3]
ChOx-gRGO-PPy/GCE*® DPV 3.78 10-6000 0.99 0.17 [39]
CoMnHCF/Nafion/ChOx’ CV 30 50-150 0.99 0.139 [40]
GCE/PTH/ChOx/HRP# DPV 6.3 25-125 0.99 - [41]
ChOx/Pt/rGO/P3ABA-modified SPCE" Amperometry 40.5 250-4000 0.9927 3.82 [2]
Fe,0,@APTES-MNP! CV 80 100-700 0.9882 - [42]
Fe,0,@PAMAM-MNP! 100 100-800 0.9834 -
ChOx/PEI/GQDs/PEl/cerasome/GCE (&A% 5 16-6186 0.999 5.46 This work

#Silver nanoparticle/boron-doped diamond electrode coupled with paper-based analytical device

®ChOx/cylindrical spongy-shaped polypyrrole/graphitic carbon nitrides/GCE

°Pyrrole-NO*~-Fe(CN)4*~-gold nanoparticles-cholesterol oxidase-cholesterol esterase

4ChOx immobilized on gold nanoparticles—functionalized—multiwalled carbon nanotube—polypyrrole nanocomposite modified electrode

¢ChOx/green reduced graphene oxide/polypyrrole/GCE

fHexacyanoferrate(HI) containing Co** and Mn

>*/Nafion/ChOx

£GCE/poly(thionine)/ChOx/horseradish peroxidase

"ChOx/platinum/reduced graphene oxide/poly(3-aminobenzoic acid)/screen-printed carbon electrode

iFeg,O4 was functionalized with 3-aminopropyltriethoxysilane (APTES) magnetic nanoparticles

JFe;0, was functionalized with polyamidoamine (PAMAM) magnetic nanoparticles

used to prepare ChOx/PEI/GQDs/PEl/cerasome/GCE and
the modified electrode was used to determine 0.5 mmol/L
cholesterol; the test result showed that the relative standard

@ Springer

deviation of the catalytic current was 3.4%, indicating that
the modified electrode had good repeatability. Furthermore,
the influence of storage time on the stability of ChOx/PEI/
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GQDs/PEl/cerasome/GCE was also studied. The current
response value did not change significantly after storing at
4 °C for a week (near 100% of its original value), suggesting
its good stability.

In addition, the effect of adding interfering substances
on the detection of cholesterol was investigated. The
experimental results showed that there was no significant
change in the electrochemical response signal of the sensor
when 2 mmol/L. AA, 2 mmol/L Glc, 0.2 mmol/L UA, and
0.2 mmol/L LA were added, suggesting that these interfering
substances had no significant influence on the determination
of cholesterol. These results further demonstrated the good
selectivity and anti-interference ability of the as-fabricated
biosensor.

Sample analysis

The potential applicability of the developed biosensor for
cholesterol detection was studied by using human blood
serum as real sample. The recovery of the biosensor was
evaluated by the standard addition method. The DPV
responses of the analyte samples (the appropriate concen-
tration of the cholesterol standard solution) added into the
real sample were recorded, respectively. The values of the
recovery obtained were in the range of 96.0-105.0%. The
obtained results (Table 2) revealed that the cholesterol detec-
tion of the as-fabricated biosensor in serum samples was
acceptable and reliable.

Conclusions

In summary, the biomimetic cerasome with a phospholipid-
bilayer structure was prepared with good biocompatibility
and structural stability. The GQDs with good conductiv-
ity and cerasome were used to fabricate ChOx/PEI/GQDs/
PEI/cerasome/GCE by assembling alternately the positively
charged polyelectrolyte of PEI. A mild environment for
enzyme immobilization was provided by the utilization of
the layer-by-layer assembled method, which was conducive
to keep the bioactivity of the redox enzyme. This bioelec-
trode exhibited good biosensing performance for cholesterol

Table 2 Determination of the cholesterol in human serum by the pro-
posed biosensor

Cholesterol spiked Cholesterol found* Recovery (%)
(mmol/L) (mmol/L)

0.20 0.21£0.07 105.0

0.50 0.48+0.09 96.0

0.80 0.81+£0.12 101.3

#An average value from three determinations

with a wide linear range, a low detection limit, and good
selectivity and recoveries, benefiting by the lipid-bilayer
membrane structure of cerasome, which was conducive to
the long-term maintenance of enzyme biological activity and
had a good affinity for cholesterol substrate, making ChOx
more sensitive to catalysis oxidation of cholesterol. Moreo-
ver, the GQDs commendably promoted the electron trans-
fer between ChOx and the electrode. This novel cholesterol
biosensor might have a great prospect in clinical detection.
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