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Nanozymes have drawn considerable attention because of their lower cost, higher stability and
convenient preparation compared to protein enzymes. In the present work, Mo, S co-doped carbon
quantum dots (Mo-CQDs) as a peroxidase mimic were used to fabricate a cascade colorimetric
biosensor to detect cholesterol. The Mo-CQDs possess a robust peroxidase-like activity, and they can
easily catalyze 3,3,5,5-tetramethylbenzidine (TMB) to produce an oxidized TMB in the presence of H,O,.
The Mo, S doping in the carbon quantum dots (CQDs) notably boosts the yield of CQDs and may
facilitate the electron transfer between TMB and H,O,, which further enhances the catalytic activity of
CQDs. The colorimetric biosensor based on Mo-CQDs and cholesterol oxidase exhibited excellent
selectivity and high sensitivity for cholesterol in the range of 0.01-1.0 mM along with a detection limit as
low as 7 uM. The total cholesterol concentration in the serum sample was measured with satisfactory
results and read out by the naked eye, indicating the potential application in clinical diagnosis and
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1 Introduction

Cholesterol, extensively existing in human blood, participates
in the formation of cell membranes and is a precursor for the
synthesis of some important biomolecules such as bile acids,
vitamin D and steroid hormones. Although cholesterol is of
crucial importance in organismes, it is essential to maintain it in
an optimum range from 2.9 to 6.0 mM in serum of healthy
adults." Research indicated that abnormal cholesterol levels
over a long term are associated with various diseases, such as
cardiovascular and cerebrovascular diseases, lipid metabolism
disorder and anemia.”® Thus, there is clinical significance in
precisely detecting cholesterol for early diagnosis of diseases.
Various approaches have been developed to detect cholesterol,
such as colorimetry, fluorescence, chromatography, electrochemical
analysis and chemiluminescence.®® Among them, the colorimetric
method based on horseradish peroxidase (HRP) is widely applied in
clinical diagnosis because of its safety, specificity, simplification and
ease of automatic detection. Furthermore, the results of the
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colorimetric method can be visually and simply read out by the
naked eye.” However, HRP suffers from some serious drawbacks,
such as easy denaturation, high-cost and complex preparation and
purification processes, which restrict its practical application.

Recently, nanozymes (nanomaterials with enzyme-like activity),
as a candidate of an ideal and important tool of colorimetric
methods, have attracted tremendous attention due to their lower
cost, higher stability and more convenient preparation than
protein enzymes.'®"* Inorganic nanomaterials with peroxidase-
like activity, such as transition metal oxides (e.g. ferromagnetic
nanoparticles),">"” transition metal sulfides (e.g. AUNP@MoS,QD,
nanohybrids of gold nanoparticles and MoS, nanoribbons'®"),
carbon-based nanomaterials (e.g. graphene dots,” graphene,
and carbon nanotubes*’) and other nonmetallic nanomaterials
(e.g silicon dots,> and Ce0,*’), were explored and used to
construct colorimetric sensors. To date, a few two-dimensional
nanozymes (MoS, nanosheets and CuS nanocomposites) and
Fe;0, nanoparticles have been explored to fabricate cholesterol
biosensors.?*® Although these nanomaterials have exhibited
promising peroxidase-mimic activity, they have prominent dis-
advantages including harsh synthetic conditions, high-cost or
low water solubility.

Taking advantage of their good water solubility and stability,
biocompatibility, environmentally benign nature and large
specific surface area, zero-dimension carbon nanomaterials
are attractive as peroxidase mimics, and they can also provide
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2931 As one kind of carbon nanomaterial with

more active sites.
zero-dimension, graphene quantum dots (GQDs) derived from
graphene-based materials have exerted peroxidase-like activity.>*
However, the synthesis process of these GQDs needs severe syn-
thetic conditions and the peroxidase-like activity of these GQDs still
requires further improvement.**** To overcome these limitations,
heteroatom doping may be an effective strategy to develop carbon
quantum dot (CQD) based nanozymes with the properties of low-
cost, easy manipulation and high efficient catalytic activity.
Nonmetal element doping (nitrogen and sulfur) in CQDs has
been reported,*>3¢ but the research of metal doping in CQDs
especially CQDs with peroxidase-like activity is still in its infancy.
To date, only a few references reported that platinum and copper
doped CQDs exhibited high peroxidase-like activity.>’*® Taking
the safety, low-cost and high peroxidase-like activity of MoS,
quantum dots and nanosheets into consideration,***! molybdenum
and sulfur were selected to be co-doped in CQDs. The CQDs
co-doped with molybdenum and sulfur were expected to act as
nanozymes with high peroxidase-like activity, good dispersion
and low cost.

In the present work, we prepared Mo, S co-doped carbon
quantum dots (Mo-CQDs) with high peroxidase mimetic catalytic
activity and excellent dispersion by the one step solvothermal
treatment of ethanol with the assistance of MoS, powder. Ethanol
was simultaneously employed as a carbon source and solvent.
The approach was economical as it used only two reagents, a
large amount of ethanol and a small amount of MoS, powder. In
addition, a simple and facile manufacturing process and high
catalytic activity also made the Mo-CQDs ideal candidates of
nanozymes. The Mo, S doping could not only notably enhance
the yield of CQDs but also facilitated the increase of catalytic
activity of CQDs. The Mo-CQDs with high peroxidase mimetic
catalytic activity combined with cholesterol oxidase cascade
reaction were utilized to construct biosensors for the sensitive
detection of cholesterol. Furthermore, the results of the determi-
nation could be visualized by the naked eye without the assistance
of any specialized instruments, suitable for the preparation of a
portable cholesterol test kit. The total cholesterol in different
human serum samples was exactly measured. Thus, the fabri-
cated biosensor exhibits potential utility in visual platforms for
effective cholesterol detection and clinical diagnosis.

2 Materials and methods
2.1 Materials and apparatus

L-Cysteine, molybdenum disulfide and glutathione were obtained
from Aladdin Industrial Co., Ltd (Shanghai, China). Cholesterol,
3,3',5,5"-tetramethylbenzidine (TMB), cholesterol oxidase and
cholesterol esterase were provided by Sigma Aldrich (USA). Urea
and r-ascorbic acid (vitamin C) were obtained from Dingguo
Biotech Co., Ltd (Beijing, China). Hydrogen peroxide (H,O,),
anhydrous ethanol, uric acid, glucose, monobasic potassium
phosphate (KH,PO,) and dipotassium phosphate (K,HPO,) were
purchased from Sinopharm Chemical Reagent Co., Ltd (Shanghai,
China). Volunteers’ serum was supplied by the First Hospital of
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Jilin University. This study was approved by the Research Ethics
Board of the First Hospital of Jilin University. All solutions were
prepared in deionized distilled water. All chemical reagents
were of analytical grade without further purification.

The UV-vis spectra were determined on a UV-2550 UV-vis
spectrophotometer (Shimadzu, Japan) and fluorescence spectral
measurements were performed on an RF-5301PC fluorophoto-
meter (Shimadzu, Japan). Fourier Transform infrared (FTIR)
spectral measurements were carried out on a Nicolet iS10 FTIR
spectrometer with an attenuated total reflectance (ATR) accessory
(Thermo scientific, America), which was employed to investigate the
surface groups of Mo-CQDs. A Thermo ESCALAB 250 spectrometer
(Thermo scientific, America) was used to record X-ray photoelectron
spectroscopy (XPS) spectra. Transmission electron microscopy
(TEM) and high solution transmission electron microscopy
(HRTEM) images of Mo-CQDs were obtained by using a JEOL
TEM-3010 instrument. X-ray diffraction (XRD) patterns of the
Mo-CQDs were recorded by using a Rigaku wide-angle X-ray
diffractometer. The measurement of fluorescent quantum yield
of the Mo-CDs was performed by using an Edinburgh FLS920
phosphorimeter (Edinburgh Instruments, U.K.).

2.2 Preparation of Mo-CQDs

The Mo-CQDs were synthesized by the one step solvothermal
treatment of ethanol in the presence of MoS,. Briefly, a mixture
of 80 mL of ethanol and 40 mg of MoS, power was ultrasonicated
for 8 h, then the mixture was transferred into a 50 mL Teflon-lined
stainless steel autoclave for reaction for 12 h at 200 °C. Then, the
large size MoS, was removed by filtering with a 0.22 um
microporous membrane and the reaction solution was further
dialyzed by a dialysis bag (molecular weight cut off: 3000 Da) for
two days. The solid product was obtained by vacuum freeze
drying of the outer dialysate.

2.3 Procedures for H,O, detection

For H,0, detection, 20 uL of 15 mM TMB, 10 pL of 100 pg mL ™"
Mo-CQDs and 260 pL of 0.2 M sodium acetate buffer (pH 4.0)
were mixed, and then different concentrations of H,O, (10 pL)
were added. After 30 min of incubation at room temperature,
the UV-vis absorption spectrum was determined immediately.
Each experiment was repeated three times.

2.4 Optimization procedure of cholesterol determination

Cholesterol detection was carried out as follows: first, 5 pL of
100 UN mL ! cholesterol oxidase, 10 pL of different concentrations
of CHO and 35 pL of 0.5 mM phosphate buffer (pH 7.0) were
mixed and incubated for 30 min at 37 °C, and then 10 pL of
100 pg mL~' Mo-CQDs, 20 pL of 15 mM TMB and 260 pL of
0.2 M sodium acetate buffer (pH 4.0) were added into the above
mixture. After 30 min of incubation at 37 °C for 30 min, the
UV-vis absorption spectrum was determined immediately.
To examine the specificity for cholesterol detection, uric acid,
urea, glucose, ascorbic acid and cysteine were added into the
reaction solution instead of cholesterol followed by performing
the same cholesterol detection process, respectively. Each
experiment was repeated three times.
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2.5 Detection of total cholesterol in human serum samples

Detection of total cholesterol in human serum was performed
as follows: first, 5.0 pL of 100 UN mL ™" cholesterol oxidase, 5.0 UL of
100 UN mL™* cholesterol esterase, 2.0 uL volunteers’ serum and
38 pL of 0.5 mM phosphate buffer (pH 7.0) were mixed and
incubated at 37 °C for 30 min. Then, 10 pL of Mo-CQDs
(100 pg mL ™), 20 UL of TMB (15 mM) and 260 UL of sodium acetate
buffer (0.2 M, pH 4.0) were added. After 30 min of incubation at
37 °C for 30 min, the UV-vis absorption spectrum was determined
immediately. Each experiment was repeated three times.

3 Results and discussion
3.1 Preparation and characterization of Mo-CQDs

Mo, S co-doped CQDs (Mo-CQDs) were prepared by a simple
solvothermal synthesis of MoS, powder in ethanol, followed by
dialysis purification. Ethanol simultaneously played the dual-
role of carbon source and solvent in the synthesis. The TEM

Fig.1 (a) TEM image of the Mo-CQDs. (b) HRTEM image of the
Mo-CQDs. The inset of (a) is size distribution of the Mo-CQDs.
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images showed that synthesized Mo-CQDs were spherical and
had good dispersion (Fig. 1a). The inset of Fig. 1a reveals that
the lateral diameter of obtained Mo-CQDs ranged from 3 nm to
5.5 nm with an average size of about 4.1 nm. In addition, the
HRTEM image revealed high crystallinity of Mo-CQDs and the
lattice spacing of the Mo-CQDs was 0.21 nm (Fig. 1b), which
was assigned to the (100) lattice distance of the graphitic
carbon.”>** Interestingly, the Mo-CQDs exhibited a long-term
stability in water without obvious precipitation at 4 °C for several
months of storage, which facilitated their applications in bio-
sensing and clinical diagnosis.

The XPS and FTIR spectra were employed to investigate the
chemical composition and surface groups of Mo-CQDs. In the
XPS spectra (Fig. 2a), the peaks at 284, 530.6, 497.5, 232.3, and
168.7 eV were attributed to C 1s, O 1s, Mo 3s, Mo 3d, and S 2p,
respectively.** XPS analysis revealed that the atomic% of Mo, S,
C and O was 0.55%, 4.52%, 36.6% and 56.8%, respectively.
These results indicated that the sample mainly consisted of
carbon and oxygen, and contained small amounts of molybdenum
and sulfur. Most of the bulk MoS, was removed during filtration
and dialysis in the process of synthesis. In the high resolution XPS
spectra of C 1s (Fig. 2b), the C 1s core region of the spectrum could
be resolved into three peaks at 284.6, 285.6, 288, 289.3 and
292.8 eV, assigned to graphitic (C-C/C=C) sp” carbon, C-S/C-O
bonds, carbonyl (C=O0) carbons and carboxyl (-COOH) carbon,
respectively.”>*® In the S 2p spectra (Fig. 2c), the two distinct
peaks centered at high energy (168.6 eV and 169.7 eV) were
consistent with the reported -C-S(0),-C- sulphone bridges.***°
Another peak at 163.8 €V could be attributed to -C-S-C- sulphide
bridges.”">* The binding energy of the S atoms in the sulphide
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(a) XPS spectra of Mo-CQDs. (b, c and d) High resolution XPS spectra of C 1s, S 2p and Mo 3d.
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bridges and sulphone bridges was higher than that of the original
MoS, (Fig. S1a in the ESIt), suggesting that most of the S atoms
were oxidized and existed in C-S covalent bonds. The high
resolution Mo 3d XPS spectra (Fig. 2d) could be resolved into
six peaks, wherein the peaks at 235.6 and 232.8 eV are ascribed to
Mo®, the peaks at 233.6 and 231.8 eV are assigned to Mo>", and
the peaks at 232 and 228.8 eV were attributed to Mo>". The high
resolution Mo 3d XPS spectra in the pristine bulk MoS, could
be resolved into three peaks, wherein the peaks at 232.8 and
229.7 €V were attributed to Mo** (Fig. S1b, ESIf). The binding
energy of Mo>* was lower than that of Mo 3d in the pristine bulk
MoS,, which was in good agreement with Mo peaks in Mo,C.>?
The analysis of Mo 3d at the higher binding energy demonstrated
that most of the Mo atoms were oxidized and existed in the form
of Mo-O covalent bonds. As shown in Fig. 3a, the FTIR spectra of
Mo-CQDs displayed the characteristic absorptions of C—O
stretching vibration at 1640 cm™ ", C-O stretching vibration at
1394 cm ',** C-O-C stretching vibration at 1112 cm™*, C-H
stretching vibration at 2978 cm™*,”® and C-S stretching vibrations
at 922 cm ™' and 780 ecm ™ *.>® Mo-CQDs were functionalized with
polar functional groups such as carbonyl, carboxylic acid and
hydroxyl. These functional groups of Mo-CQDs guaranteed their
excellent solubility. The XPS and FTIR results demonstrated that
most of the Mo atoms and S atoms in Mo-CQDs existed in the
Mo-0O, Mo-C and C-S covalent bonds and a small quantity of Mo
and S was doped into Mo-CQDs. The crystal structure and
composition of Mo-CQDs were further characterized by XRD. As
presented in Fig. 3b, all diffraction peaks of Mo-CQDs except peaks
at 20 = 29° and 34.4° could be indexed to carbon (JCPDS No.
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46-943) and the diffraction peaks at 20 = 29° and 34.4° correspond
to (220) and (400) of B-Mo,C (JCPDS No. 45-1013). As expected,
there was no diffraction peak that can be indexed to MoS,.
Furthermore, Fig. 3c displays that the partial enlargement of the
peak for Mo-CQDs at 26 = 45.4° slightly shifted to smaller angles in
comparison with carbon. This situation may result from Mo
doping into CQDs. Therefore, the results of XPS, FTIR and XRD
indicated that partial Mo and S were doped into CQDs, and partial
Mo existed in the form of carbide, coupling with CQDs.

The photoluminescence and UV-vis absorption spectra of
Mo-CQDs are shown in Fig. S2 (ESIt), and they exhibited an
emission-dependent wavelength. The quantum yield of Mo-CQDs at
320 nm excitation was determined to be 3.65% using an Edinburgh
FLS920 phosphorimeter. The aqueous solution of Mo-CQDs was
blue under UV excitation at 365 nm and colorless under daylight. In
contrast, a sample was prepared under the same conditions and
using the same process but without the addition of MoS, powder.
The product was almost colorless under UV light of 365 nm with a
very low yield. The yield of Mo-CQDs was 35 times higher than that
of pure CQDs (Table S1, ESIT). All the above tests indicated that the
introduction of Mo and S atoms could crosslink the carbon based
materials and obviously facilitated the formation of CQDs, as well as
significantly enhancing the yield of CQDs.

3.2 Study of peroxidase-like catalytic activity of Mo-CQDs

The peroxidase mimetic catalytic activity of Mo-CQDs was
investigated through catalytic oxidation of the TMB-H,0, reaction.
The UV-vis spectra and photographs of Mo-CQDs/TMB, H,0,/
TMB, and Mo-CQDs/H,0,/TMB systems were recorded after they
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Fig. 3 (a) FTIR spectra and (b) XRD pattern of the Mo-CQDs. (c) Partial enlargement of XRD pattern of Mo-CQDs.
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were mixed and incubated for 30 min, respectively. As shown in
Fig. 4a, there was no absorbance in the Mo-CQDs/TMB system,
demonstrating that no oxidation reaction of TMB occurred. A weak
UV-vis absorbance and tinged blue color of solution were obtained
in the H,0,/TMB system, suggesting that the reaction rate of
TMB and H,0, was low. However, the UV-vis absorbance of the
Mo-CQDs/H,0,/TMB system was remarkably enhanced and dis-
played intense characteristic absorbance at 369 nm and 652 nm. In
addition, the color of the solution became bright blue. This
indicated that Mo-CQDs catalyzed the oxidation of TMB by
H,0,. Fig. 4b displays the time dependent absorbance change of
the above three reaction systems, confirming the high catalytic
activity of Mo-CQDs. Moreover, Mo-CQD catalytic oxidation
of the TMB-H,0, reaction began to stabilize after 30 min of
incubation.

The effects of pH and temperature on Mo-CQD catalytic
capability were investigated. As shown in Fig. S3 (ESI{), the
peroxidase mimetic activity of Mo-CQDs was also affected by
pH and temperature, similar to natural peroxidase (HRP).'® The
catalytic activity of Mo-CQDs in acidic solutions was obviously
better than that in alkaline solutions and pH 4.0 was optimum.
Interestingly, the Mo-CQDs/H,0,/TMB system at room temperature
had a similar catalytic activity as that at 30 °C, 35 °C and 40 °C. The
high catalytic capacity at room temperature makes it easier for its
application in a portable test kit.

The steady state kinetics of the Mo-CQDs/H,0,/TMB system
was used to further investigate the peroxidase mimetic activity
of Mo-CQDs by keeping the concentration of TMB or H,0,
constant. Fig. 5 depicts relations between velocity and the
concentrations of TMB or H,0,. Results showed that typical
Michaelis-Menten Curves were achieved for both TMB and
H,0,. The steady state kinetics parameters, the maximum
reaction velocity (Vina) and the Michaelies constant (K,), were
calculated by using the Lineweaver-Burk plot, 1/v = (Ki/Viax) X
(1/[s]) + 1/Viax. The initial reaction rate (v) at different con-
centrations of substrates was calculated by using the Beer-
Lambert law equation. K;,, approximately indicates the affinity
of an enzyme to a substrate. When the value of K, is smaller,
the affinity of the enzyme to the substrate is stronger. Table S2
(ESIt) provides the Ky, and V;,,ax of different nanomaterials with
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various peroxidase mimics and HRP. The K,,, value of Mo-CQDs
in this work with H,O, as a substrate was substantially lower in
comparison with those of HRP, carbon nanodots, N-GQDs,
GQDs, BNNS@CuS, AuNPs@MoS,QDs and N-GQDs, clearly
demonstrating that the Mo-CQDs possessed a stronger affinity
toward H,O, than those of the above listed substances. Further-
more, the K;,, value of Mo-CQDs using TMB as a substrate was lower
in comparison with that of HRP, silicon dots and N-GQDs. Mean-
while the V,,.x of Mo-CQDs with the same substrate was higher than
those substances, indicating that Mo-CQDs in this work possessed a
stronger affinity and higher catalytic activity for TMB than those
substances. Recent research studies have demonstrated that the
enhancement of affinity of nanozymes to substrates could boost the
peroxidase-like activity of nanozymes.>**” In the current study,
the high affinity between the Mo-CQDs and TMB or H,0, could
be one reason why Mo-CQDs possessed superior catalytic activity
when either TMB or H,O, acted as a substrate.

The catalytic mechanism of functionalized Mo-CQDs was
thought to be that TMB could integrate with Mo-CQDs, and
then lone-pair electrons in TMB amino groups transferred to
the Mo-CQDs,>"*? leading to an increase in the electron density
and mobility of the Mo-CQDs, which resulted in the acceleration
of electron transfer from Mo-CQDs to H,0,.”®° The investigation
of chemical composition and surface groups of the Mo-CQDs
demonstrated that the Mo-CQDs contained graphitic sp> carbon
atoms and carboxylic/carbonyl moieties on their surfaces (Fig. 2
and 3). A density functionalized theory study showed that the
graphene surfaces with functionalized carboxylic and carbonyl
moieties played a crucial role in the reduction reaction of
H,0,.%° Previous research also demonstrated that carboxylic
and carbonyl moieties of GQDs were the substrate-binding sites
and catalytic active sites, respectively.®! Therefore, in our case,
we speculate that the carboxylic/carbonyl functionalized Mo-
CQDs may have a similar function. Moreover, according to
related literature, MoS, quantum dots and MoS, nanosheets
could work as peroxidase mimetics, which would facilitate the
electron transfer between TMB and H,0,."**° Similarly, Mo, S
doping in the CQDs may further accelerate the electron transfer
between TMB and H,0,. Consequently, the oxidation rate of
TMB-H,0, reaction was accelerated.
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Fig. 4 (a) Absorbance spectra of different reaction systems: (b) time dependent absorbance change of different reaction systems. TMB + Mo-CQDs
(black curve), TMB + H,O; (red curves); TMB + H,O, + Mo-CQDs (blue curves). The inset shows the visible color of different reaction systems: (a) TMB +
Mo-CQDs, (b) TMB + H,0O,, and (c) TMB + H,O, + Mo-CQDs. The concentration of TMB was 1.0 mM and the concentration of H,O, was 0.05 mM.
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Fig. 5 Steady state kinetic assay of Mo-CQDs. Experiments were performed in 300 pL of 0.2 M sodium acetate buffer (pH 4.0) with 3.3 pg mL™?
Mo-CQDs at room temperature. (a) The concentration of H,O, was 0.1 mM. (b) The concentration of TMB was 1 mM.

3.3 Detection of H,0, and cholesterol using Mo-CQDs as a
catalyst

The mechanism of colorimetric detection of H,O, and choles-
terol is illustrated in Fig. 6a. The oxidation of the TMB-H,0,
reaction could be catalyzed by Mo-CQDs to generate oxidized
TMB (0x-TMB) with a maximum absorption at 652 nm. The
concentration of H,O, in a suitable range could be obtained by
detecting UV-vis absorbance at 652 nm and estimated by
the color of solution. In addition, combining with cholesterol
oxidase (Chox)-triggered oxidation of cholesterol, the Mo-CQD-
based cascade colorimetric biosensor could be applied in the
detection of cholesterol. As depicted in Fig. 6b, the UV absorp-
tion was gradually enhanced with the increase in the concen-
tration of H,O, from 0 to 0.05 mM under optimal conditions.
Simultaneously, the color of the solution gradually changed
from colorless to dark blue as the concentration of H,O,
increased (inset of Fig. 6a). A good linear relationship (R> =
0.9955) in the range of 0.005-0.05 mM was obtained (Fig. 6c),
demonstrating that the Mo-CQD catalytic system with a high
sensitivity for H,O, could be utilized in monitoring the enzyme-
triggered reaction wherein H,0, was one of the catalysis
products. As a proof-of-concept, the UV absorption gradually
increased with the increase in the concentrations of cholesterol
under optimal conditions (Fig. 6d). In addition, the variety of
solution color from colorless to blue was obvious as the
concentration of cholesterol increased (inset in Fig. 6d). These
results demonstrated that the proposed strategy could be
applied in detecting cholesterol by visual observation even at
low concentrations (0.05 mM). A linear relationship in the
range of 0.01 to 0.6 mM was obtained with the detection limit

This journal is © The Royal Society of Chemistry 2019

for cholesterol of 7 uM (LOD = 3S/N) (Fig. 6e). The linear
regression equation is y = 1.38x + 0.02 (R* = 0.9905), where
y is the UV-vis absorbance intensity at 652 nm, and x is the
concentration of cholesterol. Comparison of analytical perfor-
mance of cholesterol biosensors is displayed in Table 1. The
established sensor exhibited a superior or competitive analytic
performance in comparison with other homogeneous cholesterol
biosensors. Further, the preparation of the Mo-CQDs possessed
some advantages, such as simplification, convenience and low
cost, compared with those nanomaterials listed in Table 1,
indicating that the Chox/Mo-CQDs platform was more suitable
for the detection of cholesterol.

The selectivity of the cholesterol biosensor was evaluated
by investigating the response of the sensing platform toward
co-existing interferences (glucose, urea, uric acid, ascorbic acid
and cysteine) under the same experimental conditions. As
shown in Fig. 7a, the absorbance intensity of the system toward
the above interference substances (2 mM) was very weak and
was close to that of the control group, significantly lower than
that of 0.4 mM cholesterol. This result demonstrated that the
biosensor platform possessed excellent specificity for recognizing
cholesterol.

The stability of the sensing platform is another crucial factor for
practical application. The stability of the Mo-CQD-based biosensor
was investigated by detecting the same cholesterol concentration
(0.5 mM) intermittently (every 5 days) during a 20 day period. As
shown in Fig. 7b, no apparent changes in the absorption intensity at
652 nm were observed during its storage for 20 days, suggesting that
the constructed cholesterol biosensor had a good stability, which
was mainly attributed to excellent stability of the Mo-CQDs.
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(a) Schematic illustration of the colorimetric detection of cholesterol using cholesterol oxidase (Chox) and Mo-CQDs. (b and d) UV-vis spectra of

colorimetric detection of H,O, and cholesterol based on Mo-CQDs. The inset of (b and d) presents the corresponding images of visible color in the
presence of H,O,. (c, inset of (e)) Linear calibration curves for H,O, and cholesterol detection. (e) Calibration curves for cholesterol.

Tablel Comparison of analytical performances of cholesterol biosensors
based on various nanomaterials

Sensing Detection Linear Detection

materials method range (uM)  limit (uM)  Ref.
Chox/Fe,O; Amperometry 100-8000 18 62
AgNPs/GCE ~ Amperometry 100-20000 25.8 63
BNNS@CuS Colorimetry 10-100 2.9 64

GQD Colorimetry 20-600 6 33

Au/MoS, Colorimetry 40-1000 15 18

Mo-CQDs Colorimetry 10-600 7 Present work

3.4 Analysis of serum samples employing the proposed

biosensor

To estimate the possibility of the proposed biosensor for
cholesterol detection in clinical samples, the fabricated colori-
metric approach was applied in detecting total cholesterol in
serum samples. The total cholesterol in serum was composed
of free cholesterol and cholesterol ester that could be converted

7048 | J. Mater. Chem. B, 2019, 7, 70427051

to free cholesterol by cholesterol esterase. Therefore, the total
cholesterol could be detected by adding both cholesterol esterase
and Chox. In the testing process, 2.0 UL of serum sample was
added into 50 pL and 48 pL of phosphate buffer containing
cholesterol esterase for incubating for 30 min. Then, sodium
acetate buffer containing Mo-CQDs and TMB was introduced into
the mixture. Finally, the total cholesterol in serum was detected
by UV-vis spectral measurements. Fig. 8 shows the response
of the proposed biosensor toward three volunteers’ serum
samples. These results can be directly evaluated by the naked
eye, indicating the potential to develop a cholesterol portable
test kit. Table 2 reveals the detection results of total cholesterol
in three volunteers’ serum. The relative deviation was less than
10% compared with those of the clinical detection, which
agreed well with those provided by the hospital. The relative
deviation was calculated by the equation of relative deviation =
(F — Fo)/Fy x 100%, where F, stands for the value determined by
the hospital method, and F stands for the value determined by

This journal is © The Royal Society of Chemistry 2019
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Fig. 8 Determination of total cholesterol in human serum samples. Inset:
The images of the corresponding samples.

Table 2 Total cholesterol determination in human serum samples

Determined in the Determined by the Relative
Samples hospital (mM) proposed method (mM) deviation (%)

Serum 1 7.85 7.83 £+ 0.69 —0.25
Serum 2 8.37 7.68 + 0.28 —8.24
Serum 3 7.75 8.45 + 0.31 9.03

the proposed approach. Most hospitals employ cholesterol
determination kits to detect the total cholesterol at present.
The kits mainly consist of natural peroxidase (HRP), HRP sub-
strate, cholesterol esterase and cholesterol oxidase. Compared
with the commercial method, the proposed approach replaced
HRP with the Mo-CQDs that possessed the merits of low cost,
high stability and facile preparation. The above results demon-
strated the promising application of the proposed approach in
clinical diagnosis.

4 Conclusion

In summary, we have successfully prepared Mo, S co-doped
CQDs with characteristics of robust peroxidase-like activity,
being cost effective, easy synthesis, good dispersion and good
biocompatibility, which were synthesized by one-step solvothermal
treatment of ethanol with the assistance of MoS,. The doping

This journal is © The Royal Society of Chemistry 2019

of Mo, S in the CQDs significantly facilitated the formation of
CQDs and may further enhance the peroxidase-like activity of
CQDs. The Mo-CQDs could catalyze the TMB-H,O, reaction to
generate colored ox-TMB, which possessed high affinity toward
both TMB and H,0,. The cascade colorimetric biosensor
based on the Mo-CQDs and cholesterol oxidase for cholesterol
detection was established, exhibiting high sensitivity, excellent
selectivity and good stability. In addition, the level of cholesterol
could be easily evaluated by observation of solution color with
the naked eye. Furthermore, total cholesterol in human serum
could be measured by the proposed approach, which was well in
agreement with that of clinical detection. The fabricated sensing
platform exhibits promising potential in clinical diagnosis and
portable test kits.
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