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g r a p h i c a l a b s t r a c t
� Based on a novel antifouling nano-
material, a sensitive sensor for MO
was constructed.

� This novel biosensor for MO can
directly detect the related disease
markers in whole serum.

� It is one of few successfully-
constructed electrochemical bio-
sensors for MO.
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Based on the successful design and preparation of Fe3O4@Au@polyethylene glycol (PEG)@chondroitin
sulfate (CS) nanoparticles, a novel electrochemical biosensor was elaborately developed for MO deter-
mination by the drop coating method. This biosensor demonstrates ultra-low fouling properties in
complex biological systems, especially in whole serum. Only 2.40% of the differential pulse voltammetry
(DPV) signal changes are shown in the resistance test of electrode interface to 100% goat serum. The
constructed biosensor also presented a good selectivity (DNA samples for M1, M2 and M3give a response
around 14.2e21.4%of that obtained by the target analyte), reproducibility (the relative standard deviation
(RSD) is only 4.82%) and storage stability (93.2% of the initial response is maintained after 20 day).
Moreover, this biosensor exhibits high analytical performance with a wide line arranges
(10�17 M ~ 10�12 M) in buffer, even in 100% goat serum. In both cases, a low limit of detection (LOD) of 3.3
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aM(S/N ¼ 3)is showed. To our knowledge, a few examples reported the application of electrochemical
biosensors to the direct ultrahigh sensitive determination of MO, especially in whole serum.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Mycoplasma ovipneumonia (MO), a highly infectious disease,
can spread silently at the herd level [1].When it is found, there is no
any therapeutic significance from the perspective of economic
profit ability. One of the most effective means to prevent the
outbreak of MO still is its early diagnosis. Currently, several elegant
methods, including isolation culture method [2], electron micro-
scopy [3], serological methods [4], loop-mediated isothermal
amplification (LAMP) [5], polymerase chain reaction (PCR) method
[6] and fluorescence method [7] have been widely reported and
applied.

However, these traditional assays still suffer from these prob-
lems of cross reactions, false positives or false negatives, time
consuming, the dependence of sophisticated and expensive
equipment and the requirement of the strict experimental condi-
tions and the skillful operators. For example, pathogen separation is
the “gold standard” for MO, but it usually takes up to two weeks for
microbiological culture of MO. EILSA reduces the need for time
consuming, but some false positive and negative finding and its
relatively complex manipulation greatly limit its application in
remote mountainous areas. Thus, developing a point of care, facile
and sensitive determination for MO is highly desirable. The prob-
lem of the bottleneck in real-time determination of MO is that the
disease markers with the extremely low concentration are sur-
rounded by a large number of organic compounds, enzymes and
proteins in bodily fluid at the early stage of infection [8].

Electrochemical biosensors as an emerging technology
demonstrated its attractive potential in bioassays, due to its low
cost, rapid response and high selectivity, especially its excellent
sensitivity (10�19 M) [9,10]. Recently, this technology is getting
more attention because of its successfully application in 100% body
fluids (blood, urine and serum) for the determination of the disease
[11]. However, to the best of our knowledge, the electrochemical
sensors related to MO have seldom been investigated.

The behavior of the excellent electrochemical sensors is influ-
enced by three key factors: the electrical conductivity, the further
chemical modification ability and the antifouling ability [12]. The
magnetic particles covered with a gold nano-shell are widely used
in electrochemical sensors due to its excellent electrical conduc-
tivity, the further chemical modification ability and the stability
[13,14].

Here, Fe3O4@Au NPs are selected as the interface material of the
modified electrodes. Nevertheless, in the detection of real biolog-
ical samples, a lot of active sites on the surface of gold bring a great
challenge on the biofouling resistance. Polyethylene glycol (PEG)
and chondroitin sulfate (CS) are respectively modified on the sur-
face of Fe3O4@Au nanoparticles to improve it. Then, the successfully
fabricated Fe3O4@Au@PEG@CS NPs were magnetically adsorbed
onto the magnetic glassy carbon electrode (MGCE). Interestingly,
this novel material endow electrode interface with the excellent
low fouling characteristics in a single protein, especially in the
complex biological systems. Finally, the specific DNA fragments
only representing MO were designed and anchored on
Fe3O4@Au@PEG@CS NPs modified biosensor and the various
properties of the electrode were studied in detail by DPV. This
sensor shows a good analytical performance, a wide linear range
and the low detection limit for MO assays.

2. Materials and methods

2.1. Chemicals

Hexa ammine ruthenium (III) chloride (Ru(NH3)63þ) and 1,4-
butanediol diglycidyl ether (BDE) were supplied by Sigma-Aldrich
(https://www.sigmaaldrich.com/china-mainland.html). Potassium
ferricyanide (III), potassium ferrocyanide (II) trihydrate, sodium
phosphate dibasic dodecahydrate, sodium phosphate monobasic
dehydrate, bovine serum albumin (BSA, MW: 66.43 kDa), sodium
bicarbonate, sodium carbonate anhydrous, sodium chloride, hyal-
uronic acid (HA) and potassium chloride were bought from Aladdin
science and technology (China) Co., Ltd (Shanghai) (https://www.
aladdin-e.com/). PEG terminated with amino group (molecular
weights of 5000 g moL�1) was bought from Shanghai Yare Biotech,
Inc (https://guide21901.guidechem.com/) and CS was bought from
Shanghai yuanye Biological technology Co., Ltd (http://www.
shyuanye.com/). Goat milk was from Shandong Yangchun Sheep
Milk Dairy Co., Ltd. It was purchased in the local market and con-
tained 2.8 g protein per 100 g goat milk. The outer membrane
protein 31 of brucellosis (OMP31) was donated by college of animal
science and technology, Shihezi University. Goat serum was ob-
tained from Shanghai Sangon Biotechnology Co. Ltd (Shanghai,
China) (https://www.sangon.com/). All oligonucleotide sequences
were synthesized and purified by high performance liquid chro-
matography (HPLC) at Shanghai Sangon Biotechnology Co. Ltd
(Shanghai, China) (https://www.sangon.com/). The sequences of
the oligonucleotides are listed in Table S1.

All solutions were prepared with Millipore water from Milli-Q
water purifying system. All reagents were analytical grade
without further purification and all experiments were taken at
room temperature. Buffer includes the phosphate buffered saline
(PBS, 10 mM, pH 7.4) and carbonate buffer (CBS, 10 mM, pH 10.56
and pH 9.5).

2.2. Apparatus

Electrochemical measurements (cyclic voltammetry (CV), DPV)
were donewith the help of a CHI 660E electrochemical workstation
from Shanghai CH Instruments Co. Ltd. (China) (http://www.
chinstr.com/). A conventional three-electrode system, MGCE
(3.0 mm in diameter) as a working electrode, platinum wire as a
counter electrode (CE) and saturated calomel as a reference elec-
trode (RE), was utilized in all experiments. The MGCE has three
components, a copper connector, a hollow cylinder magnet and a
poly tetra fluoroethylene cylindrical tube packed with glassy car-
bon. CVs were recorded between �0.6 V and 0.2 V using Ru(NH3)63þ

as probe.
Transmission electron microscopy (TEM) was performed uti-

lizing a JEM-2100 TEM instrument (Hitachi High-Technology Co.,
Ltd. Japan). Scanning electronmicroscopy (SEM) images and energy
dispersive spectrometer (EDS) were performed with field emission
SEM (JEOL JSM-7500F, Hitachi High-Technology Co., Ltd., Japan).
Fourier transform infrared spectroscopy (FTIR) was performedwith
the BRUKER.Water contact angle measurement was recorded using
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the JC2000 goniometer of Zhongchen Digital Technical Co.
(Shanghai, China).
2.3. Preparation of CS coated magnetic nanoparticles

Fe3O4@Au@PEG@CS NPs were successfully synthetized as
shown in Scheme.1A (The detail synthesis and characterization of
Fe3O4@Au NPs are described in the Electronic Supplementary Ma-
terial S2 and Fig. S1). Then 4-armeNH2ePEG (10 mL, 2 mM) was
first added into the Fe3O4@Au NPs (10 mL, HCl, pH 3) and this
mixture was sonicated for30 min and kept static at 4 �C for 48 h.
After the water wash treatments, the unreacted PEG in the freshly
synthetized Fe3O4@Au@PEG NPs solution is removed (Character-
ization of Fe3O4@Au@PEG NPs is shown in the Electronic Supple-
mentary Material S3 and Fig. S2). Subsequently, CS (20 mg, in
2.5 mL water) was mixed with EDC (80 mg) and NHS (80 mg) for
30 min. Then, this mixture was dropped into the solution of
Fe3O4@Au@PEG NPs (2.5 mL, 10 mg L�1) for another three days of
incubation. Finally, the successfully synthesized Fe3O4@Au@-
PEG@CS NPs were collected and then diluted 60 folds with deox-
ygenated water for further use. The preparation of
Fe3O4@Au@PEG@HA NPs is the same as that of Fe3O4@Au@PEG@CS
NPs.
2.4. Preparation of Fe3O4@Au@PEG@CS NPs/MGCE

Fe3O4@Au@PEG@CS NPs (30 mL) were dropped on the electrode
surface. Then this electrode was placed in an oven at 37 �C for 4 h.
Finally, the water wash treatment was used to remove the free
Fe3O4@Au@PEG@CS NPs for the further use. The preparation of
Fe3O4@Au@PEG@HA NPs/MGCE is the same as that of
Fe3O4@Au@PEG@CS NPs/MGCE.
Scheme 1. Illustration of the fabrication of Fe3O4@Au@PEG@CS NPs (A); Illustration
2.5. Low fouling performance of Fe3O4@Au@PEG@CS NPs modified
sensor

A single protein (BSA or OMP31) and the complex media (DNA
mixture, 100% goat milk and 100% goat serum) were employed to
evaluate the antifouling property of Fe3O4@Au@PEG@CS NPs
modified sensor. The concentrations of BSA and OMP31 were
10 mg mL�1 and 1 mg mL�1, respectively. DNA mixture consisted of
three kinds of DNA with same concentration (0.1 mM) (DNA se-
quences were supported in Table S1). Finally, Fe3O4@Au@PEG@CS
NPs modified sensor was separately incubated in the above solu-
tion, 100% goat milk and 100% goat serum for 30 min and the DPV
responses of the electrode before and after incubation were
recorded. By the way, the DPV responses of Fe3O4@Au@PEG@HA
NPs/MGCE before and after incubation in 100% goat serum were
also recorded.

2.6. Immobilization of probe DNA

The electrode modified with Fe3O4@Au@PEG@CS NPs was
immersed in 300 mL BDE (0.6 M, diluted with 10 mM CBS, pH 10.56)
for 18 h. After the water wash treatments, 30 mL CBS (10 mM, pH
9.5) containing 1 mM probe DNA (Electronic Supplementary Ma-
terial S5) was dropped onto the surface of electrode for another
18 h. At last, the MGCE/Fe3O4@Au@PEG@CS NPs/probe DNA was
thoroughly rinsed with PBS (10 mM, pH 7.4) and stored in PBS at
4 �C before use.

2.7. Electrochemical determination of DNA

Various concentrations of target DNA (30 mL, from 10�17 M to
10�12 M)were respectively dropped on themodified electrodes and
then those electrodes were stored at 37 �C for 45min. The DPV
peaks before and after hybridization between probe and target
were collected. DPV measurements were performed with a
of the fabrication of low fouling biosensor of Mycoplasma ovipneumonia (B).
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potential increment of 4.0 mV, a pulse width (modulation time) of
50 ms, and a pulse amplitude of 50 mV by scanning the potential
from �0.6 V to 0.2 V in PBS (10 mM, pH 7.4) doped with 5.0 mM
Ru(NH3)63þ and 0.1 M KCl. All analyses were performed in triplicate.

3. Results

3.1. The choice of materials and the modified chemistry of
Fe3O4@Au@PEG@CS NPs based biosensor

Excellent surface of electrode has the properties of a high
electrical conductivity, the further chemical modification and the
low-fouling. Fe3O4@Au NPs modified on interface of electrode
endow MGCEs with a good conductive effect [15]. But a large
amount of charges at the interface of golden shell will cause strong
nonspecific binding in real sample analysis. How to reduce this bio-
fouling is one of the most important issues for the construction of
sensor interface PEG [16], zwitterionic polymers [11], peptide [17]
and glycosaminoglycan [18] as the antifouling material have been
widely used in various fields. Thus, PEG terminated with four arms
NH2 was firstly anchored on Fe3O4@Au NPs surface by AueN bond.
The CeOeC backbone of PEG can easily form a dense hydrated layer
to protect the surfaces of the golden shell from bio-fouling. The
density of PEGylation plays a key role in the protein-repellent na-
ture of PEG. But the curvature of the NPs does not allow PEG to form
a tightmolecular alignment layer on Fe3O4@Au@PEG. Thus, another
material should be chosen to make up for this shortage.

Chondroitin sulfate (CS), one of the natural glycosaminoglycans,
is composed of repeating disaccharide units, including (1e3)-b-D-
glucuronic acid and the sulfated Nacetylgalactosamine. The
massive amide (COeNH) and hydroxyl (OH) groups are also the
important functional groups for increasing the strength of hydra-
tion because of their strong proton accepting ability. So it is
modified on the surface of Fe3O4@Au@PEG nanoparticles by the
addition of EDC and NHS. The carboxyl groups from CS molecules
react with EDC/NHS to produce an active ester (O-acylisourea)
leaving group. They can more effectively covalently bond to the
primary amine of PEG to form a peptide bond on the surface of
Fe3O4@Au@PEG NPs.

As shown in Scheme.1B, the successfully fabricated
Fe3O4@Au@PEG@CS NPs were magnetically adsorbed onto the
MGCE. Subsequently, in study of the resistance to bio-fouling
(Fig. 3), this electrode demonstrates the ultralow-fouling proper-
ties towards a single protein, especially towards the complex bio-
logical systems. For the electrodes before and after the incubation
in 100% goat serum, the percent change of DPV current response is
only 2.40% (Fig. 3 D). This is obviously lower than that of the
electrode constructed with Fe3O4@Au@PEG NPs and Fe3O4@Au
(Fig. S3). They directly imply that CS can greatly improve the
antifouling ability of interface.

Then, the specific DNA fragments terminated with NH2 only
representing MO are fixed on Fe3O4@Au@PEG@CS NPs modified
biosensor with homobifunctional cross linker, namely, 1,4-
butanediol diglycidyl ether (BDE). This cross linker has two reac-
tive groups that are identical in structure and have the same re-
action specificity [19]. One epoxy functional group at the end of
BDE reacts with amino groups of DNA, and another with hydroxyl
group of CS. Subsequently, various DNA hybridization experiments
were carried out and ideal results were got.

3.2. Characterization of Fe3O4@Au@PEG@CS NPs

To confirm the successful synthesis of Fe3O4@Au@PEG@CS NPs,
HR-TEM, SEM, FTIR and EDS were used to characterize those
nanoparticles. Both TEM (Fig. 1A) and SEM (Fig. 1B) demonstrate
that the surfacemorphology of Fe3O4@Au@PEG@CS NPs is spherical
with an average diameter of about 169 nm and no aggregation
takes place. Surface functional groups of Fe3O4@Au@PEG@CS NPs
were characterized by FTIR. The spectrum of Fe3O4@Au@PEG@CS
NPs in Fig. 1C exhibits several characteristic peaks. They are basi-
cally consistent with that of Fe3O4@Au@PEG NPs (Fig. S2B), excepts
for the peak at 800 cm�1. The characteristic peak at 800 cm�1

actually corresponds to CeOeS stretching vibration and it only
comes from chondroitin sulfate [20]. The EDS spectra of
Fe3O4@Au@PEG@CS NPs (Fig. 1D) also shows S element from
chondroitin sulfate, besides Fe, Au, O, N and C from Fe3O4@Au@PEG
(Fig. S2C). These indicate the successful synthesis of Fe3O4@Au@-
PEG@CS NPs.

3.3. Electrochemical characterization of the fabrication process of
the DNA sensor

The voltammetry is a relatively common method in electro-
chemical sensors [21]. As shown in Fig. 2, DPV and CV are employed
to monitor and characterize the fabrication procedure of the bio-
sensors. In Fig. 2A, DPV current response of the MGCE is first
recorded (curve a). When Fe3O4@Au@PEG@CS NPs is dripped on
the electrode surface (curve b), a significant improvement in the
peak currents is gained. It can be attributed to the excellent elec-
trical conductivity of magnetic nanomaterial and the increases of
electrode surface area. After the immobilization of probe DNA, a
large number of negative charges from DNA phosphate backbone
are accumulated on the electrode surface and produce the strong
electrostatic attraction to the electrochemical probe carrying pos-
itive charge. It results in a dramatic increase of the peak current
(curve c). Finally, the target DNA hybridizes with probe DNA (curve
d) and the increased negative charges attract more Ru(NH3)63þ

redox probes to diffuse toward the electrode surface, then the DPV
peak current further increases. As can be seen, the result from CV
(Fig. 2B) is in a good agreement with that from DPV, further guar-
anteeing the successful fabrication of the biosensor.

3.4. Low fouling performance of Fe3O4@Au@PEG@CS NPs modified
biosensor

ITOs modified with and without Fe3O4@Au@PEG@CS NPs are
immersed into 100% goat serum for 1 h. Then, SEM is used to
characterize the morphology of two samples before and after the
incubation with 100% goat serum and demonstrates a clear differ-
ence each other (Fig. 3A). For ITO modified without Fe3O4@Au@-
PEG@CS NPs, the significant serum levels of substance is shown
before and after the incubation with 100% goat serum (Fig. 3A: a
and b). However, for ITO modified with Fe3O4@Au@PEG@CS NPs,
the morphology remains basically unchanged before and after the
incubation with 100% goat serum (Fig. 3A: c and d).

The low-fouling performance of electrode interface is closely
related to the wettability of the interface [22]. Therefore static
contact angle was used to characterize the hydrophilicity of elec-
trode surface. Fig. 3B (contact angle images) and Fig. 3C (contact
angle value) show the changes in contact angle for the different
nano-layer of electrodes. The water contact angle of Fe3O4@Au@-
PEG NPs modified ITO (about 57.8�) is smaller than that of bare ITO
(about 63.6�). After the conjugation of CS with Fe3O4@Au@PEG NPs,
a large amount of eOH and CeOeC group significantly improved
the wettability of nanomaterial. So the contact angle of
Fe3O4@Au@PEG@CS NPs modified ITO immediately drops to 15.4�.

The better the hydrophilicity of interface is, the higher the
surface energy is. The surface energy of each nano-layer of elec-
trode is determined by the sessile drop method. Fe3O4@Au@-
PEG@CS NPs modified ITO with the best hydrophilicity has the



Fig. 1. HR-TEM image of Fe3O4@Au@PEG@CS NPs (A); SEM images of Fe3O4@Au@PEG@CS NPs (Inset: magnified SEM images ofFe3O4@Au@PEG@CS NPs) (B); FTIR spectra (C) and
EDS spectra (D) of Fe3O4@Au@PEG@CS NPs.

Fig. 2. DPV (A)and CV (B) recorded in PBS (10 mM, pH 7.4) solution containing 5.0 mM Ru(NH3)63þ and 0.1 M KCl: (a) (a’) bare MGCE; (b) (b’) MGCE/Fe3O4@Au @PEG@CS NPs; (c) (c’)
MGCE/Fe3O4@Au@PEG@CS NPs/probe DNA; (d) (d’) MGCE/Fe3O4@Au@PEG@CS NPs/probe DNA/target DNA. DPV and CV signals were respectively detected at potential range from -
0.6 to þ0.2 V and - 0.8 to þ0.4 V.
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highest surface energy (Fig. S5). Both the excellent hydrophilicity
and the high surface energy of Fe3O4@Au@PEG@CS NPs are favor-
able for the formation of hydration layerwhich can effectively resist
bio-fouling. It is the main reason why Fe3O4@Au@PEG@CS NPs has
the best antifouling performance.

To make more detailed evaluation on the antifouling perfor-
mance of the Fe3O4@Au@PEG@CS NPs modified electrode, the
solution with a single protein (BSA and OMP31) or the complex
biological system (DNA mixture, 100% goat milk and 100% goat
serum)were used. The current changes of the electrodes before and
after the incubation in the different solutionwere recorded by DPV.
DPV value of the electrodes modified with Fe3O4@Au@PEG NPs and
Fe3O4@Au@PEG@CS NPs are first compared. As shown in Fig. S3, the
electrodes modified with Fe3O4@Au@PEG@CS NPs show



Fig. 3. (A) SEM images of ITO modified without Fe3O4@Au@PEG@CS NPs before (a) and after (b) soaked in 100% goat serum, SEM images of ITO modified with Fe3O4@Au@PEG@CS
NPs before (c) and after (d) in 100% goat serum; (B) Contact angle images of bare ITO (a), Fe3O4@Au@PEG NPs modified ITO (b) and Fe3O4@Au@PEG@CS NPs modified ITO (c); (C)
Contact angle value of bare ITO, ITO/Fe3O4@Au@PEG NPs (PEG) and ITO/Fe3O4@Au@PEG@CS NPs (CS). (D) DPV responses changes of Fe3O4@Au@PEG@CS NPs modified MGCE after
incubation in single protein solution (10 mg mL�1 BSA and 1 mg mL�1 OMP31) and complex media (0.1 mM DNA mixture, 100% goat milk and 100% goat serum), 1, 2 and 3 were the
three results of parallel experiments, respectively. DPV measurements were performed in5.0 mM [Fe(CN)6]3-/4- with a scanning potential from - 0.2 to þ 0.6 V.
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significantly smaller DPV value changes before and after immersing
in 100% goat serum. They confirm our expectation that the fusion of
CS can effectively improve the antifouling ability of nanomaterial.
Fig. 3D exhibits that the changes of DPV current (Ip/Ip0) caused by
the nonspecific adsorption of electrode interface from BSA
(10mgmL�1), OMP31 (1 mgmL�1), DNAmixture (0.1 mM),100% goat
milk and 100% goat serum are 0.99, 1.03, 1.02, 0.98 and 0.976,
respectively. Obviously, the fluctuations of current value are very
minor. These strongly confirmed that Fe3O4@Au@PEG@CS NPs can
endow the electrode interface with an excellent antifouling prop-
erty again. By the way, the antifouling ability of Fe3O4@Au@PE-
G@HA NPs is similar to that of Fe3O4@Au@PEG@CS NPs. CS can be
replaced by HA (Fig. S6).
3.5. MO target response on the MGCE/Fe3O4@Au@PEG@CS NPs/
probe DNA in buffer or in 100% serum

In order to achieve optimal electrochemical response, incuba-
tion time is optimized for the probe/target DNA interaction [23].
MGCE/Fe3O4@Au@PEG@CS NPs/probe DNA was immersed into
target DNA solution (1.0 � 10�9 M) at 37 �C for the different incu-
bation times (15 min up to 60 min). The DPV response increases
with the elongation of incubation time and then reaches nearly
constant in 45 min (Fig. S7). Thus, 45 min is chosen as the optimal
incubation time for the following experiments.

The electrochemical analytical performance of Fe3O4@Au@-
PEG@CS NPs/probe DNA modified electrode for the determination
of MO was studied in PBS containing various concentrations of
target DNA by DPV. As shown in Fig. 4A, the current responses of
the biosensor increase along with the increasing concentration of
the target DNA (10�17 M -10�12 M). It confirms the successful for-
mation of DNA double helix between the probe and the target. The
percentage of DPV current changes [DIp/Ip0 (%)] is linearly related
with the logarithm of the concentration of the target DNA in the
range from 10�17 M to 10�12 M with the limit of detection of 3.3 aM
(S/N¼ 3) (as seen in Fig. 4B). The linear regression equation is [DIp/
Ip0 (%)] ¼ 59.43 þ 3.31 lgC, and the correlation coefficient (R2) is
0.9983. Interestingly, when the same experiment is carried out in
100% goat serum, a good linear correlation ([DIp/Ip0
(%)] ¼ 59.15 þ 3.29 lgC, R2 ¼ 0.996, Fig. 4C) and a low limit of



Fig. 4. DPV response curve of the biosensor to different concentrations of target DNA in PBS (A); Dynamic response range and calibration plot (inset) of the biosensor against target
DNA concentration in PBS (B) or in 100% goat serum (C). DPV measurements were performed 5.0 mM Ru(NH3)63þ with a scanning potential from - 0.2 to þ 0.6 V.
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detection (LOD) (3.3 aM, S/N ¼ 3) are still exhibited. To be sure,
compared with others, this novel biosensor has its own unique
advantages (as shown in Table 1).
3.6. Selectivity, reproducibility and stability of MO biosensor

To assess the selectivity of the biosensor, the current response
Table 1
Comparison of different magnetic material.

Method Magnetic material Substance to be exam

Electrochemistry Ag@MWCNT-IL-Fe3O4 Glucose oxidase
Surface enhanced Raman scattering GO wrapped

Fe3O4@Au
Nile blue A

Electrochemistry Fe3O4@Au MON810 maize gene
Resonance light scattering Fe3O4@Au Alzheimer’s amyloid-
Electrochemistry Fe3O4@Au-GSH Estradiol
Electrochemical biosensor Streptavidin-magnetic

beads
Tuberculosis

Electrochemistry Fe3O4@SiO2nanoparticles Acetaminophen (AP)

Electrochemistry Fe3O4@Au@PEG@CS NPs Mycoplasma pneumo
[DIp/Ip0 (%)] of the biosensors was respectively measured in
various solutions (WB-DNA, M1-DNA, M2-DNA, M3-DNA and
Target DNA). As shown in Fig. 5, compared with the current
response [DIp/Ip0 (%)] to target DNA, the current response to WB-
DNA, M1-DNA, M2-DNA and M3-DNA is smaller, although con-
centrations of WB-DNA, M1-DNA, M2-DNA and M3-DNAare 1000-
fold higher than that of target DNA. The excellent selectivity may be
ined Linear range Detection limit Media References

6 mM- 2 mM 2.12 mM In buffer [27]
e 0.1 nM In buffer [28]

0.25e2.5 nM 0.15 nM In buffer [29]
b peptide (Ab) 5.0 fM - 5.56 nM 1.2 fM In buffer [30]

0.025 mM - 10.0 mM 2.76 nM In buffer [15]
1 aM - 1 fM 0.5 aM In buffer [31]

60 nМ - 50 mМ
50 mМ - 200 mМ

17.3 nМ In buffer [32]

niae 10 aM-0.1 nM 3.30 aM In whole serum Present assay



Fig. 5. DPV responses change of the biosensor to target DNA (1.0 � 10�12 M) and WB-
DNA, M1-DNA, M2-DNA and M3-DNA (1.0 � 10�9 M) respectively.
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interpreted as the integrated results of the low fouling property of
the sensor and the strong bioaffinity between probe DNA and target
DNA.

The reproducibility of the electrochemical MO biosensor is
evaluated using five independent electrodes modified with
Fe3O4@Au@PEG@CS NPs/probe DNA and 10�12 M target DNA was
used in this experiment (Fig. S8). Under the same conditions, the
relative standard deviation (RSD) was only 4.82% and this indicates
the good reproducibility of the biosensor.

Stability is a very significant factor for the practical applicability
[24]. One case is that the biosensor constructed by He et al. retained
92.6% signal in 10 days [25]. Another case is the biosensor designed
by Xie et al. retains 91.3% of its initial current response after 15 days
[26]. The long term stability of MGCE/Fe3O4@Au@PEG@CS NPs/
probe DNA/target DNA is assessed by monitoring the response of
DPV current (Fig. S9). After the storage in the PBS solution in a
refrigerator at 4 �C for 5 days, the response of DPV current are held
constant. For 14 day, it still retains approximately 93.6% of the
initial response. After 20 day, it drops to 93.2%. Compared with the
reported work, this biosensor has better stability. Such excellent
stability of the biosensor can be attributed to chemical stability of
materials (Fe3O4@Au@PEG@CS NPs). They provide friendly micro-
environment to maintain DNA bioactivity.
3.7. Analytical performance of biosensor in 100% goat serum

The biosensors were also used to detect MO in 100% goat serum
by standard addition method in order to investigate the practical
application of the designed biosensor. Target DNA was added into
100% goat serum and this mixture was shook for 2 min for the
preparation of the target DNA with the different concentrations
(1.0 � 10�17 M � 1.0 � 10�14 M). Then, they were, respectively,
dropped on MGCE@Fe3O4@Au@PEG@CSNPs@Probe DNA for
45 min at 37 �C. After water washing treatment, those electrodes
were separately putted into a three-electrode system and per-
formed in PBS (10 mM, pH 7.4) doped with 5.0 mM Ru(NH3)63þ and
0.1MKCl. DPV is used to record electrochemical signals by scanning
the potential from �0.6 V to þ0.2 V. Finally, the concentration
(Found) ofMOwas obtained by formula [DIp/Ip0 (%)]¼ 59.15þ 3.29
lgC. The recovery results as shown in Table S2 are in the range of
approximately 102% and 106%, with RSD between 0.38% and 4.49%.
Determination of the low concentrations of DNA in 100% goat
serum is very important for the early diagnosis of disease.

4. Conclusions

A selective electrochemical biosensor for the highly sensitive
determination of MO was elaborately designed and constructed
based on the successful preparation of Fe3O4@Au@PEG@CS NPs. CS
as a new antifoulingmaterial conjugating with Fe3O4@Au@PEG NPs
endows the electrode surface with near perfect low-fouling prop-
erties in various biological media. Therefore, in the hybridization
between probe DNA only representing MO and target DNA, a very
good selectivity is demonstrated in a wide range of determination
(10�17 M-10�12 M) in buffer, even in whole serum and a very low
limit of detection are also gained. To our knowledge, it is one of the
few successfully constructed electrochemical sensors about MO so
far. It is more encouraging that this sensor achieves the goal of
direct determination of disease in whole serum. But this modified
electrode also has its own limitations. Magnetic nanoparticle is
easy to agglomerate when stored for a long time, so after the
preparation, this novel material should be used immediately to
ensure the optimal effect of the electrode.
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