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Abstract High density and uniform distribution of the
gold nanoparticles functionalized single-stranded DNA
modified reduced graphene oxide nanocomposites were
obtained by non-covalent interaction. The positive gold
nanoparticles prepared by phase inversion method exhib-
ited good dimensional homogeneity and dispersibility,
which could readily combine with single-stranded DNA
modified reduced graphene oxide nanocomposites by
electrostatic interactions. The modification of single-
stranded DNA endowed the reduced graphene oxide with
favorable biocompatibility and provided the preferable
surface with negative charge for further assembling of gold
nanoparticles to obtain gold nanoparticles/single-stranded
DNA modified reduced graphene oxide nanocomposites
with better conductivity, larger specific surface area,
biocompatibility and electrocatalytic characteristics. The
as-prepared nanocomposites were applied as substrates for
the construction of cholesterol oxidase modified electrode
and well realized the direct electron transfer between the
enzyme and electrode. The modified gold nanoparticles
could further catalyze the products of cholesterol oxidation
catalyzed by cholesterol oxidase, which was beneficial to
the enzyme-catalyzed reaction. The as-fabricated bioelec-
trode exhibited excellent electrocatalytic performance for
the cholesterol with a linear range of 7.5—280.5 umol-L ',
a low detection limit of 2.1 umol-L™', good stability and
reproducibility. Moreover, the electrochemical biosensor
showed good selectivity and acceptable accuracy for the
detection of cholesterol in human serum samples.
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1 Introduction

Cholesterol and its fatty acids are very important for
human body, which are the formation of biofilms, and the
structural components of nerve and brain cells [1,2]. When
the cholesterol levels in serum are excessively high, the
incidence rate of blood vessel damage and a series of fatal
diseases such as hypertension, arteriosclerosis, lipid
metabolism disorders and cerebral thrombosis, etc. will
be increased [3,4]. High cholesterol can also cause the
diseases such as diabetes, kidney disease, jaundice and
cancer [5]. For the diagnosis of the above serious diseases,
the determination of the cholesterol level in the blood is
one of the important indicators [6]. Gas chromatography,
high-performance liquid chromatography and spectro-
photometry are the traditional methods of cholesterol
detection [7—9]. However, these methods have disadvan-
tages such as high labor intensity, complicated operation
procedures, poor selectivity and high cost. Electrochemical
techniques remain the better favorable choice, due to their
unbeaten virtues like sensitivity, cost effectiveness, quick
response and ease of operation [10—12]. Lately, many
materials have been used to fabricate new types of
cholesterol electrochemical biosensors [13,14].

Colloidal gold nanoparticles (AuNPs), characterized by
large specific surface area, better biocompatibility, and low
electron transfer resistance, have been widely used in many
fields from interface interaction studies to biosensors [15—
17]. For example, Han et al. [18] used AuNPs and
molybdenum disulfide/graphene modified electrodes to
develop a nitrite ions electrochemical sensor with high
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sensitivity and good stability. Kumar-Krishnan et al. [19]
prepared amine groups functionalized AuNPs on the
silicon dioxide. The hybrid not only increased the
immobilized amount of glucose oxidase (GOx), but also
well maintained the biological activity of GOx and
promoted the electron transfer rate between enzyme and
the electrode. At present, the research of AuNPs in
electrochemical biosensing mostly focused on the nega-
tively charged gold nanoparticles (AuNPs"), and there are
few studies on the positive charged AuNPs (AuNPs®). In
fact, AuNPs” prepared in organic solvents are better than
AuNPs” in aqueous solution in terms of the monodisper-
sity, and their size and shape can be pre-designed,
furthermore, the concentration of nanogolds produced is
relatively high [20]. To preferably stabilize AuNPs,
prevent them from agglomerating and further increase
their electrical conductivity, carbon-based nanomaterials
were frequently used to composite with them as the
appropriate supporter [21,22].

Graphene has outstanding characteristics of excellent
electrical conductivity, high theoretical specific surface
area, good thermal conductivity, etc. [23], which have
become the research hotspots in many fields recently, and
their application in the aspect of modern electrochemical
analysis has been increasingly paid attentions [24].
Compared with other carbon-based nanomaterials, gra-
phene-based nanomaterials modified electrodes have
shown better electrochemical performance and become
one of the popular materials in the field of electrochemical
sensing research [25,26]. Using graphene as the electrode
material cannot only greatly promote the electron transfer
rate, but also increase the specific surface area of the
electrode, which is benefit to the electrochemical sensing
performance of the modified electrodes to achieve efficient
detection for target molecules [27,28]. However, owing to
the aromatic indefinite system composed of carbon atoms
in the graphene framework, there is a strong van der waals
force between the graphene sheets, leading to their
irreversible aggregation in aqueous solutions and poor
compatibility to biomolecules. Therefore, functionalizing
graphene with good dispersability in water and biocompat-
ibility is particularly important for their further application
in electrochemical biosensing. The optimization design of
functionalized materials and methods is important for
endowing graphene with better performance. Graphene
composites modified by the non-covalent methods have
the obvious advantage of maintaining the original structure
of graphene without being damaged while introducing
functional groups with novel properties and functions [29].
DNA molecules can interact with the surface of the
graphene nanosheets by the non-covalent n—r interaction
through their purine and pyrimidine bases structure [30].
The sugar phosphate backbone of the DNA can form a
hydrophilic outer layer toward the surface away from
the graphene [31], which can effectively improve the
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dispersibility in aqueous medium. Our group has success-
fully prepared the single-stranded DNA (ssDNA) modified
graphene nanocomposite with good biocompatibility for
the immobilization of horseradish peroxidase, showing
good catalytic detection performance for hydrogen per-
oxide (H,0,) [32].

In this paper, the positively charged AuNPs were
prepared by phase inversion method with good dimen-
sional homogeneity and dispersibility, which could readily
combine with ssDNA modified reduced graphene oxide
(rGO). The modification of ssDNA endowed the rGO with
good biocompatibility and water-dispersibility, meanwhile
exhibited significant negative charge property, which
provided preconditions for further assembling of AuNPs.
The AuNPs could be evenly dispersed on the ssDNA-rGO
nanosheets under the electrostatic interaction to produce
AuNPs/ssDNA-rGO ternary nanocomposites. The combi-
nation of ssDNA, rGO and AuNPs made full advantages of
the each, so that the nanocomposites possessed better
conductivity, a larger specific surface area and biocompat-
ibility. The AuNPs/ssDNA-rGO nanocomposites were
used as the substrates for immobilizing the cholesterol
oxidase (ChOx), and the fabricated biosensing interface
exhibited good electrochemical catalysis performance for
the cholesterol detection.

2 Experimental
2.1 Materials

Salmon sperm DNA, HAuCl,-3H,0, ChOx (EC 1.1.3.6,
500U) and cholesterol esterase (ChEt, EC 3.1.1.13, 10U)
were provided from Sigma-Aldrich Chemical Co., Ltd.
Hydrazine hydrate solution (85 wt-%), high-purity gra-
phite powder, K4Fe(CN)g, cholesterol, ethanol, acetone
and NaOH, isopropyl alcohol were purchased from
Sinopharm Chemical Reagent Co. Ltd. NaBH4, KMnQy,
H,SO4 and KCl were supplied by Tianjin Yongda
Chemical Reagent Co., Ltd. Tetraoctylammonium bro-
mide, 4-dimethylaminopyridine and K;Fe(CN)s were
obtained from Aladdin Biochemical Technology Co.,
Ltd. Triton X-100, isopropanol, ascorbic acid (AA),
glucose (Glu), uric acid (UA) and lactic acid (LA) were
obtained from Alfa Aesar. All the other reagents were
analytical grade and used without further purification. A
stock solution of 0.1 mmol-L™ cholesterol was prepared in
0.1 mol-L™" phosphate-buffered saline (PBS, pH 6.5)
containing 0.5% (v/v) isopropanol and 0.2% (v/v) Triton
X-100 in a bath at 60 °C. The cholesterol solution was
stored at 4 °C when not in use.

2.2 Preparation of the ssDNA-rGO nanocomposites

Typically, 120 mg of salmon sperm DNA was added into
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20 mL of deionized water, and refluxed at 95 °C for 2 h to
obtain a light yellow homogeneous solution, which was
6 mg-mL™" of ssDNA dispersion [33].

GO was prepared by the Hummer method [34].
Brownish yellow GO (100 mg) was added into 20 mL of
deionized water, ultrasonically dispersed for 3 h to obtain a
brown homogeneous solution. The ssDNA dispersion
prepared above (20 mL) was mixed with an equal volume
of GO dispersion and heated under stirring for 30 min.
Then, 0.1 mL of hydrazine hydrate was added, and the
mixture was refluxed at 100 °C for 4 h. Then, the reaction
liquid was centrifuged at 12000 r-min ' for 5 min, washed
with deionized water, and the process was repeated three
times in order to remove the excessed hydrazine hydrate
and free ssDNA, finally the ssDNA-rGO nanocomposites
were obtained.

2.3 Preparation of AuNPse

AuNPs” was prepared according to the literature [35] with
minor improvements. First, 1 mL of 1% chloroauric acid
solution and 2.5 mL of freshly prepared tetra-n-octyl
ammonium bromide toluene solution (25 mmol-L™) were
added in a small beaker, and magnetically stirred for
30 min to completely transfer HAuCl, from the aqueous
phase to the toluene phase. The upper liquid was observed
to be orange quickly. Then, 8.3 mL of fresh sodium
borohydride solution (0.04 mol-L™) was fleetly added into
the mixed liquor. The upper orange solution turned into
wine red instantly and was continuously stirred for 30 min.
After standing to the layers stratified, the lower layer of
liquid was separated, and the toluene layer was washed
three times with 0.1 mol-L™" H,SO,, 0.1 mol-L™' NaOH
and twice with water, respectively. The freshly prepared
4-dimethylaminopyridine was added to the toluene layer in
an equal volume. It was observed that the deep wine
colloid was transferred from the toluene phase to the
aqueous phase and allowed to stand for about 1 h. After the
AuNPs in the toluene layer were completely transferred to
the lower layer solution, the two phases were separated to
retain the lower layer liquid, that was, the positively
charged AuNPs were obtained and stored in a refrigerator
at 4 °C.

2.4 Preparation of the AuNPs/ssDNA-rGO nanocomposites

The AuNPs dispersion and 1 mg-mL™" ssDNA-rGO were
mixed in equal volume, and sonicated for 15 min to
obtain a uniform black dispersion, and then centrifuged
(8000 r-min™', 5 min) four times to remove the free
AuNPs, then AuNPs/ssDNA-rGO nanocomposites were
obtained.

2.5 Fabrication of the ChOx/AuNPs/ssDNA-rGO/GCE

Prior to use, the glassy carbon electrode (GCE) was
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polished with Al,Oj5 slurry to obtain a mirror-like surface
and sonicated in ethanol and ultrapure water, respectively,
then the electrode was dried with nitrogen flow. After
that, 5 pL aqueous solution of AuNPs/ssDNA-rGO
(1 mg-mL™") was dropped on the GCE. After the water
was dried out, the AuNPs/ssDNA-rGO thin film was
formed on the surface of electrode, and the AuNPs/
ssDNA-rGO/GCE was obtained. Then the modified
electrode was immersed into ChOx solution (5 mg-mL™,
pH 4.0 PBS) at 4 °C for 24 h in order to adequately
adsorbed the ChOx. After that, ChOx/AuNPs/ssDNA-
rGO/GCE was obtained. For comparation, the fabricated
procedure of ssDNA-rGO/GCE, AuNPs/ssDNA-rGO/
GCE and ChOx/ssDNA-rGO/GCE were similar to that of
ChOx/AuNPs/ssDNA-rGO/GCE. The modified electrodes
were preserved under the condition of 4 °C in the
refrigerator before use.

2.6 Electrochemical measurements

A traditional three-electrode system was used in electro-
chemical experiment. Ag/AgCl electrode was served as the
reference electrode, Pt wire as the counter electrode and the
modified GCE as the working electrode. Before the
electrochemical tests, the working electrode was washed
by ultra-pure water to remove the nonspecific adsorbed
ChOx and the high purity nitrogen was purged to 10 mL of
0.1 mol-L™ PBS (pH 6.5) for 30 min to remove the
dissolved oxygen. In the electrochemical catalysis
experiment, the oxygen was purged to the PBS until
saturation.

In the electrochemical impedance spectroscopy test, the
nyquist plots were measured at frequency range of 0.1 Hz—
100 kHz. The alternating voltage is 5 mV. The test solution
was K;3[Fe(CN)g]/K4[Fe(CN)g] solution with a concentra-
tion of 5.0 mmol-L™" containing 0.1 mol-L' KCI. The
parameters of differential pulse voltammetry (DPV) were
set as follows: the scanning interval was —0.1-0.7 V, and
the amplitude was 50 mV.

2.7 Apparatus

The morphology of AuNPs/ssDNA-rGO nanocomposites
were observed using a model JEM-2100 transmission
electron microscope (TEM, Hitachi Corp., Japan). The
crystalline structure was recorded by a Powder DS
Advance X-ray diffraction (XRD, Bruker Corp., USA)
with CuKa radiation (0.15418 nm). Ultraviolet-visible
(UV-vis) spectra were collected utilizing a Lambda 35
spectrophotometer (Perkin Elmer Corp., USA). Zeta
potential data were measured using a Zetasizer Nano-ZS
particle analyzer (Malvern Corp., UK). Electrochemical
impedance spectroscopy, cyclic voltammogram (CV) and
DPV measurements were performed using a CHI660E
electrochemical workstation (Shanghai Chenhua Instru-
ments Co., China).
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3 Results and discussion

3.1 Characterization of the AuNPs/ssDNA-rGO
nanocomposites

The morphology of the nanocomposites was characterized
by TEM. The images of AuNPs (a), ssDNA-rGO (b) and
AuNPs/ssDNA-rGO (c) are shown in Fig. 1. Figure 1(a)
showed that the diameter of AuNPs ranges from 1.0 to
7.0 nm with good monodispersity. After the bright brown
GO was reduced and modified by ssDNA, the ssDNA-rGO
turned black with well aqueous dispersity (Fig. 1(d)) and
appeared typical morphology of the rGO nanosheet, as
shown in Fig. 1(b). When modified on the surface of
ssDNA-rGO nanocomposites, the AuNPs were dispersed
uniformly on the ssSDNA-rGO sheets (Fig. 1(c)), with only
a very small number of AuNPs agglomerating and no
scattered ones around. It might be related to the preferred
prepared method of AuNPs and the stabilized ability of
ssDNA-rGO. The AuNPs/ssDNA-rGO nanocomposite
also presented good aqueous dispersity and no agglomera-
tion unlike the unmodified rGO (Fig. 1(d)).

Zeta potential is considered to be an important parameter
for evaluating the stability of dispersion systems. When the
zeta potential value of the colloidal system is greater than
430 mV, the system can stably disperse [36]. The AuNPs
prepared by the phase transfer method had a zeta potential
of34.5 mV (Fig. 1(e-1)). Since the AuNPs were covered by
4-methylaminopyridine with a positive amino functional
group on their surface, the AuNPs had significant positive
charges on their surface. The zeta potential of ssDNA-rGO
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was measured to be —41.9 mV (Fig. 1(e-ii)), with
significant negative charges on their surface. Due to the
significant difference in charge properties and zeta
potentials between AuNPs and ssDNA-rGO, that they
had a good interaction during the assembled process. The
zeta potential of the AuNPs/ssDNA-rGO nanocomposite
was —32.6 mV (Fig. 1(e-iii)).

The UV-Vis spectrogram and XRD patterns of the
different materials are shown in Fig. 2. The UV-Vis spectra
of GO, ssDNA-rGO, ssDNA and AuNPs/ssDNA-rGO
aqueous dispersions are represented in Fig. 2(a). As shown
in curve (i), the characteristic peak of GO presented at
230 nm. When GO was reduced by hydrazine hydrate, the
characteristic peak redshifted to 270 nm (curve (ii)) due to
the increase in the n—m conjugated system, indicating that
GO was reduced. The absorption peak of curve (iii) at
260 nm was the characteristic absorption of the ssDNA.
When AuNPs were modified on the rGO surface, two new
peaks appeared on the curve (iv). The characteristic
absorption peak of pyridine ring in 4-methylaminopyridine
covering on the surface of AuNPs at 249 nm and the
AuNPs at 530 nm were observed (The inner illustration
was the magnification of the absorption peak of AuNPs.
This showed that the AuNPs were successfully loaded on
ssDNA-rGO nanosheets [37].

The crystal structure of the nanohybrid was further
characterized by XRD. As can be seen in Fig. 2(b), the
(001) peak of GO appeared at 11.3°. When GO was
reduced, the characteristic peak of ssDNA-rGO exhibited a
wide graphite (002) crystal plane diffraction peak at 26.5°,
illustrating the modification of ssDNA had a certain effect
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Fig. 1 TEM images of (a) AuNPs (inset: the corresponding size distribution histogram of AuNPs), (b) ssDNA-rGO and (c) AuNPs/
ssDNA-rGO; (d) photos of (i) GO, (ii) rGO, (iii) ssDNA-rGO and (iv) AuNPs/ssDNA-rGO; (e) zeta potentials of (i) AuNPs, (ii) ssDNA-

rGO and (iii)) AuNPs/ssDNA-rGO.
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Fig. 2 (a) The UV-Vis spectrogram of GO (i), ssDNA-rGO (ii), ssDNA (iii) and AuNPs/ssDNA-rGO (iv) aqueous dispersions (inner
illustration: enlarged UV-Vis curve of AuNPs/ssDNA-rGO); (b) XRD patterns of Graphite, GO, ssDNA-rGO and AuNPs/ssDNA-rGO.

on the layer spacing of rtGO. Compared with ssDNA-rGO,
AuNPs/ssDNA-rGO presented new diffraction peaks at
38.2°, 44.4°, 64.7°, 77.6° and 81.8°, respectively.
Compared with JCPDS(04-0784) standard card, these
diffraction peaks were the characteristic peaks of the cubic
crystal system of Au(111), Au(200), Au(220), Au(311) and
Au(222), respectively [38]. Thus, the AuNPs on rGO
maintained a good crystal structure.

The preparation process of the ChOx/AuNPs/ssDNA-
rGO nanocomposite modified electrode was illustrated
schematically in Fig. 3. The GO was reduced in situ by
hydrazine hydrate in the presence of ssDNA. ssDNA was
modified to rGO nanosheets by a strong n—7 interaction to
form stable ssDNA-rGO hybrid. The modification of
ssDNA could not only endow rGO with good biocompat-
ibility and enhance water dispersion, but also increase the
negative charges on the rGO surface. Based on the
negative electric properties of ssDNA-rGO, the AuNPs
with positive charges could be composited by electrostatic
interaction. The AuNPs had good monodispersity due to
the good adsorption and stabilization of ssDNA, resulting
in the formation of the AuNPs/ssDNA-rGO nanocompo-
site with negative charges on the surface and better
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electrical conductivity. The ChOx had a significant
positive charge when pH is 4.0, and the ChOx/AuNPs/
ssDNA-rGO/GCE was obtained by electrostatic adsorption
self-assembly of the nanocompostie and ChOx.

3.2 Study on electrochemical performance of the
ChOx/AuNPs/ssDNA-rGO/GCE

Figure 4 shows the alternating-current impedance spectra
of different modified electrodes tested in the 5 mmol-L ' of
Fe(CN)s*"* solution. As could be seen, the impedance
value of ssDNA-rGO/GCE was much smaller than that of
the bare GCE, indicating that the conductivity of the
electrode modified by the ssDNA-rGO was increased.
Compared with the impedance value of ssDNA-rGO, the
surface of ssDNA-rGO modified with AuNPs was further
reduced, which illustrated the electron transfer rate was
accelerated by the AuNPs, and the AuNPs successfully
complexed with ssDNA-rGO. The impedance value
increased significantly when ChOx was adsorbed onto
AuNPs/ssDNA-rGO/GCE, owing to the ChOx was a non-
conductive substance, which hindered the electronic
transfer process.

%
AuNPs

ssDNA-rGO

AuNPs/ssDNA-rGO

—o @/

ChOx/AuNPs/ssDNA-rGO/GCE

Fig. 3 Schematic illustration of the preparation process of ChOx/AuNPs/ssDNA-rGO/GCE.
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Fig. 4 Nyquist plots of bare GCE, ssDNA-rGO/GCE, AuNPs/
ssDNA-rGO/GCE and ChOx/AuNPs/ssDNA-rGO/GCE in
5.0 mmol-L ™! Fe(CN)¢>"*" solution containing 0.1 mol-L ™! KCL.

3.3 Effect of pH value on the ChOx/AuNPs/ssDNA-rGO/
GCE

Figure 5 shows the electrochemical behaviors of the
immobilized ChOx influenced by the pH of PBS.
Figure 5(a) is the CVs of the modified electrode in various
pH values of PBS. As shown, the redox peaks of ChOx
modified electrodes showed good reversibility at different
pH values. With the increase of pH value, the potential
peaks of anode and cathode were negatively shifted,
indicating the electrochemical behaviors of the immobi-
lized ChOx were affected by the pH. From the CV results
in PBS with different pH wvalues, the highest electro-
chemical response of the ChOx on the modified electrode
was at pH 6.5. Based on this, the pH 6.5 PBS was selected
as the supporting electrolyte for subsequent experiments.
At the same time, the effect of pH on the formal potential
was also studied. It could be seen from Fig. 5(b) that
there was a linear relationship between the potential of
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1 " 1 1 " 1
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Potential/V (vs. Ag/AgCl)

pH 8.0
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ChOx and the pH of PBS (4.0—8.0), and the slope was
—53.0 mV/pH, testifying that the electrode reaction was
equal protons and electrons process [39].

3.4 Direct electrochemistry of the ChOx/AuNPs/ssDNA-
rGO/GCE

The electrochemical behaviors of ChOx/AuNPs/ssDNA-
rGO/GCE were investigated by CVs and shown in
Fig. S1 (cf. Electronic Supplementary Material, ESM).
Figure S1(a) is the CVs of AuNPs/ssDNA-rGO/GCE and
ChOx/AuNPs/ssDNA-rGO/GCE, respectively. As shown,
there was no redox peak at AuNPs/ssDNA-rGO/GCE.
However, a pair of obvious redox peaks appeared at ChOx/
AuNPs/ssDNA-rGO/GCE, indicating that the AuNPs/
$sSDNA-rGO electrode had no electrochemical response
within the range of such potential, and the direct
electrochemistry could be realized between the immobi-
lized ChOx and the surface of the electrode modified by
AuNPs/ssDNA-rGO nanocomposites. Figure S1(b) shows
the CVs of ChOx/AuNPs/ssDNA-rGO/GCE, ChOx/
ssDNA-rGO/GCE and ChOx/AuNPs/ssDNA/GCE in N,
saturated PBS, respectively. As shown, a pair of redox
peaks appeared in all three modified electrodes, and the
redox peak potentials were —0.360, —0.407, —0.359,
—0.408, and —0.377, —0.428 V, respectively. The peak
difference was 47, 49 and 51 mV, and the potentials (E° =
(Epa + Eyc)2) were —0.384, —0.382 and —0.403 V.
According to the above results that the three modified
electrodes could realize the direct electrochemistry of
ChOx. However, under the same conditions, the peak
current of ChOx/AuNPs/ssDNA-rGO/GCE was much
larger than the others, and the potential difference was
smaller. The CV curve of the modified electrode without
rGO was not as good as which with rGO. The reduced
conductivity of the nanocomposites resulted in a corre-
sponding current reduction of the redox center of ChOXx,
illustrating that the AuNPs/ssDNA-rGO could better
promote direct electron transfer between ChOx and

-02r
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4 5 6 7 8
pH

Fig. 5 (a) CVs of the ChOx/AuNPs/ssDNA-rGO/GCE in PBS at pH 4.0, 5.0, 5.7, 6.5, 7.0, 7.4 and 8.0, respectively (scan rate:

200 mV-s '); (b) Plot of E%vs. pH.
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electrodes, which was presumed to be related to the good
electrical conductivity and biocompatibility of AuNPs.

To investigate the kinetic behaviors of ChOx on the
AuNPs/ssDNA-rGO/GCE, the change of redox peaks and
linear relations at different scan rates of the modified
electrodes were investigated by CVs (Fig. S2, cf. ESM).
As shown in Fig. S2(a), the scan rates were in the range of
0.1-0.8 V-s', and the peak currents of oxidation and
reduction peaks increased with the augment of the scan
rates, and changed linearly with the scan rates (Fig. S2(b)),
manifesting that the electrochemical reaction process on
the modified electrode was a surface-control process. The
surface coverage (/™) of ChOx adsorbed on AuNPs/
ssDNA-rGO/GCE was calculated from Faraday’s law Q =
nFAI™* to be 5.11 x 10! mol-cm™2, which was much
larger than the reported value [40], also suggesting that the
immobilized ChOx on the AuNPs/ssDNA-rGO nanocom-
posite film existed in a multi-layered state. The realization
of the multilayer electron transfer process benefited from
the large specific surface area, good biocompatibility and
conductivity of the AuNPs/ssDNA-rGO nanocomposite,
which increased the immobilization amount and main-
tained good biological activity of ChOx.

3.5 Catalytic performance of the ChOx/AuNPs/ssDNA-
rGO/GCE for cholesterol

The catalytic performance of ChOx/AuNPs/ssDNA-rGO/
GCE for cholesterol was studied by CVand DPV. The CVs
of ChOx/AuNPs/ssDNA-rGO/GCE in N, saturated, con-
taining 47.5 pmol-L™' cholesterol and O, saturated PBS,
respectively, are shown in Fig. S3 (cf. ESM). There was a
reversible redox peak under the condition of N, saturation,
indicating that the ChOx immobilized on the surface of the
electrode achieved their direct electron transfer. At the
same time, it could be observed that under the condition of
O, saturation, the reduction peak current was significantly
increased because the ChOx participated in the redox

0_
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reaction, as shown in curve c. The reduced state of the
coenzyme (FADH,) was oxidized to the oxidation state
(FAD). However, when cholesterol was added into the O,
saturated PBS, the reduction peak current became smaller,
demonstrating that the immobilized ChOx well catalyzed
cholesterol. The catalytic mechanism was shown in

Egs. (1)-(3):
ChOx (FAD) +2H" + 2e~ < ChOx (FADH,) (1)

ChOx (FADH,) + 0,—ChOx (FAD) + H,0, (2)
Cholesterol + ChOx (FAD)—

Cholest-4-en-3-one + ChOx (FADH,) 3

The DPVs and catalytic linear relationship of ChOx/
AuNPs/ssDNA-rGO/GCE in PBS containing different
concentrations of cholesterol are shown in Fig. 6. As the
cholesterol concentration increased, the reduction peak
currents of ChOx/AuNPs/ssDNA-rGO/GCE decreased
accordingly (Fig. 6(a)), owing to the cholesterol in the
solution was oxidized to 4-cholesten-3-ketone, and the
oxidation state of ChOx(FAD) was reduced resulting in the
decrease of the concentration of ChOx (FAD). The
variation of the catalytic peak currents showed a good
linear relationship with cholesterol concentration in the
concentration range of 7.5—280.5 umol-L™" (Fig. 6(b)),
and the linear equation was y = 0.043x + 9.934 (x was the
concentration of cholesterol, y represented the response
currents), the linear correlation coefficient R* was 0.998 (n
= 18), and the limit of detection (LOD) was calculated to
be 2.1 umol-L " according to the LOD = 30/S (where o
represents the standard deviation of peak currents of the
blanks and S represents the slope of calibration plot) [41].
According to the slope of the calibration -curve,
the sensitivity of the modified electrode was
0.61 pA-pL-mol'-cm™.

24
(b)

9 1

0 50 100 150 200 250 300
C /(umol-L™)

cholesterol

Fig. 6 (a) DPVs of ChOx/AuNPs/ssDNA-rGO/GCE in 0.1 mol-L™! O,-saturated PBS (pH 6.5) in the presence of different
concentrations of 0, 7.5, 10.5, 15.5, 20.5, 25.5, 30.5, 35.5, 40.5, 50.5, 60.5, 70.5, 80.5, 100.5, 120.5, 160.5, 200.5, 240.5, 280.5 pmol -L !
cholesterol; (b) plot of the catalytic currents (A/) vs. cholesterol concentration.
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3.6 Anti-interference ability of the ChOx/AuNPs/ssDNA-
rGO/GCE

The effects of some interfering substances in serum
coexisting with cholesterol were examined. As illustrated
in Fig. 7, the peak currents weren’t significantly changed
when the coexisted interferences of 0.1 mmol-L' AA,
UA, LA and Glu [42], respectively were added to PBS
containing 40 pmol-L™ cholesterol. Then, when the
cholesterol was added, the peak current changed
obviously, illustrating that the ChOx/AuNPs/ssDNA-
rGO/GCE had good selectivity for cholesterol.

—— 40 pmol-L™! cholesterol

0r — 0.1 pmol-L™' UA
— 0.1 pmol-L™' LA
— 0.1 pmol-L ' AA
—0.1 pmol-L™! Glu
-10 —— 70 pmol-L™! cholesterol

Current/pA
1
o

-0.7 -06 -05 -04 -03 -02 -0.1
Potential/V (vs. Ag/AgCl)

Fig. 7 DPVs of ChOx/AuNPs/ssDNA-rGO/GCE in 0.1 mol-L™!
O,-saturated PBS (pH 6.5) in the presence of 40 pmol-L ™!
cholesterol, 0.1 mmol-L ' UA, 0.1 mmol-L ' LA, 0.1 mmol-L"
AA, 0.1 mmol-L ™! Glu and 70 pmol-L™" cholesterol.

3.7 Reproducibility and stability of the ChOx/AuNPs/
ssDNA-rGO/GCE

The reproducibility of the ChOx/AuNPs/ssDNA-rGO/
GCE was studied. Six as-prepared modified electrodes

Table 1 Comparison of different cholesterol electrochemical biosensors
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were used to determine 30 pmol-L™ cholesterol. The
relative standard deviation of response currents was 2.5%,
indicating ChOx/AuNPs/ssDNA-rGO/GCE had good
repeatability.

In addition, the stability of ChOx/AuNPs/ssDNA-rGO/
GCE was also investigated, and the effect of storage time
on the stability of ChOx/AuNPs/ssDNA-rGO/GCE was
studied. The modified electrodes were stored in the
refrigerator at 4 °C for 5 d and 10 d, and the response
currents were 98% and 96% of the initial values,
respectively, showing good long-term stability, which
might be attributed to the good biocompatibility of the
AuNPs and the good biological activity of ChOx
maintained by ssDNA-rGO. Compared to the other
reported cholesterol biosensors based on ChOx and
nanomaterials, the as-prepared biosensor exhibited higher
sensitivity, lower detection limit and good stability
(Table 1).

3.8 Real sample analysis

To evaluate the potential applicability of the proposed
biosensor for cholesterol detection in complex biological
samples, the determination of cholesterol in human blood
serum had been examined. The serum samples donated by
local hospital were pre-treated with ChEt to hydrolyze the
esterified cholesterol into free cholesterol [48] and were
diluted (1:200) with PBS before detection. The content of
spiked cholesterol in human blood serum was also
investigated [49]. The standard addition method was
carried out to test the recovery of the proposed biosensor,
the analyte samples (an appropriate cholesterol standard
solution) were added to the cell and the DPV responses
were recorded, respectively. The values of the recovery
obtained were in the range of 96.0% —104.0%. The
obtained results (Table S1, cf. ESM) indicated that the
analyses for cholesterol in serum samples were acceptable
and reliable.

Detection Detection of limit

Linear range

Sensitivity

2 aye

Electrode method /(umol L) fumol Ly K JuA " mL mol-em 2y Stbility - Ref.
CoMnHCF/Nafion/ChOx cv 30 50-150 0.9 385 - [43]

1501000 0.97 80
PPy-NO; -Fe(CN)s* -AuNPs-  Amperometry - 25-170 0972 100 30d(30%)  [17]
COx-CE
ChOx-gRGO-PPy/GCE © DPV 3.78 10-6000 0.9 1095.3 7d96%)  [44]
GCE/PTH/ChOX/HRP @ DPV 63 25125 0.99 180 30d (90%)  [45]
G/Ti(G)-3DNS/CS/ChOx cv 6.0 50-8000 0.9 3.82 5d(>98%)  [46]
bioelectrode ©
ChOX/PUrGO/P3ABA/SPE ?  Amperometry 40.5 250-4000  0.993 15.94 7d88%)  [47]
PEI/(ChOX/PEI-1GO)y/GCE DPV 2.1 7.5-2805  0.998 610 10 d (96%) Present work

a) Hexacyanoferrate(III) containing Co®>" and Mn?* /Nafion/ChOx; b) pyrrole-NO3 -Fe(CN)s*-gold nanoparticles-cholesterol oxidase-cholesterol esterase; ¢) ChOx-
green reduced graphene oxide-polypyrrole/GCE; d) GCE/poly(thionine)/ChOx/horseradish peroxidase; e) graphene/graphene embedded titanium nanowires (TiO»(G)-
NWs) 3D nanostacks/chitosan/ChOx bioelectrode; f) ChOx/platinum/reduced graphene oxide/poly(3-aminobenzoic acid)/screen-printed carbon electrode.
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4 Conclusions

In summary, a high selective and sensitive cholesterol
electrochemical biosensor was fabricated for cholesterol
detection based on AuNPs/ssDNA-RGO nanocomposites.
The results showed that the AuNPs/ssDNA-rGO nano-
composites enabled ChOx to achieve direct electron
transmission and enhanced the performance of fabricated
biosensors with high sensitivity, low detection limit, good
selectivity, stability, and reproducibility, which was
benefited from the large surface area, excellent biocompat-
ibility, fast electron transport, and synergistic effect of
AuNPs and ssDNA-rGO. The excellent performance of
ChOx/AuNPs/ssDNA-rGO/GCE demonstrated that it
would be a promising biosensor for the electrochemical
detection of cholesterol. The as-prepared nanocomposites
might provide an alternative platform for the detection of
other biomolecules only by changing the enzyme.
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