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Abstract

A multifunctional catalytic nanomaterial (Co-MOF@ AuNP @ ABEI) composed of cobalt-doped metal-organic frameworks
(Co-MOF), gold nanoparticles (AuNP), and N-(4-aminobutyl)-N-(ethylisoluminol) (ABEI) is reported. Co-MOF@ AuNP@
ABEI exhibits high synergistic and zero-distance catalytic properties, which are beneficial to the improvement of the detection
sensitivity of an electrochemiluminescent (ECL) biosensor. After coupling with the ECL system and 3D magnetic walking
nanomachine amplification strategy, the Co-MOF@ AuNP @ ABEI can achieve an ultrasensitive ECL assay of Burkholderia
pseudomallei with the limit of detection (LOD) of 60.3 aM, which is 2 and 4 orders of magnitude lower than individual ECL
system without the nanomachine (4.97 fM) and individual walking nanomachine (340 fM), and superior to the pathogenic
bacteria analyses in the previous report. Moreover, the LOD of the proposed ECL detection system for the determination
of B. pseudomallei in serum sample was as low as 9.0 CFU mL™". The relative standard deviations (RSD) of ECL intensity
for the detection of five B. pseudomallei-spiked serum samples were 4.02%, 0.84%, 0.84%, 1.55%, and 0.21%, respectively.
The recoveries of the ECL biosensor for the detection of B. pseudomallei DNA-spiked serum samples were 93.63 ~ 107.83%.
Therefore, this work demonstrated that the developed multifunctional catalytic nanomaterial with synergistic and zero-distance
catalytic properties can be used as excellent ECL signal reporter to improve the detection sensitivity of ECL biosensor.

Keywords Burkholderia pseudomallei - Synergistic catalysis - Zero-distance catalysis - Magnetic walking nanomachine -
Electrochemiluminescent biosensor

Introduction
Yuexin Wang and Rui Chen contributed equally to this work.

5 Chuanlong Zhu Early monitoring of Burkholderia pseudomallei infection

P<

chuanlong @yahoo.com

Qianfeng Xia
xiagianfeng @sina.com

Department of Tropical Diseases of the Second Affiliated
Hospital, Key Laboratory of Tropical Translational Medicine
of Ministry of Education, NHC Key Laboratory of Control
of Tropical Diseases, School of Tropical Medicine,

Hainan Medical University, Haikou, Hainan 571199,
People’s Republic of China

Key Laboratory of Clinical Laboratory Diagnostics
(Ministry of Education), College of Laboratory Medicine,
Chongqing Medical University, Chongqging 400016,
People’s Republic of China

Department of Laboratory Medicine, Chongqing Hospital
of Traditional Chinese Medicine, Chongqing 400021,
People’s Republic of China

is essential since its high fatality rate [1, 2]. Currently,
enzyme-linked immunosorbent assay [3], conventional
culture methods [4], and polymerase chain reaction (PCR)
[5] are conventional validated analytical methods for the
detection of B. pseudomallei. However, the existing clini-
cal testing techniques require skilled technicians, expensive
experimental instruments, and time-consuming tests [6—8],
which limits the point-of-care testing (POCT) application.
Therefore, developing a simple, cost-effective, and sensitive
strategy for the early determination of B. pseudomallei is
urgently needed.

Electrochemiluminescent (ECL) biosensor is
one of the widely used analysis tools in the POCT
field [9, 10]. The conventional ECL biosensor use
horseradish peroxidase (HRP)-hydrogen peroxide
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Scheme 1 Schematic diagram of detection of B. pseudomallei by Co-MOF @ AuNP@ ABEI- and 3D magnetic walking nanomachine amplifica-

tion strategy-based ECL biosensor

(H,0,)-N-(4-aminobutyl)-N-(ethylisoluminol) (ABEI)
as the ECL signal system [11, 12]. Nevertheless, the
HRP — ABEI - H,0, system gives limited stability and
repeatability due to the catalytic oxidation process of H,0,
catalyzed by HRP is affected by temperature [13], pH [14],
and sample matrix [15, 16]. To improve the detection per-
formance of ECL system, many catalytic nanomaterials
with intrinsic peroxidase-like activity are used to construct
the ECL system, including iron-based (e.g., prussian blue
nanoparticles) [17, 18], noble-metal-based (e.g., gold and
platinum nanoparticles) [19, 20], and carbon-based (e.g.,
metal-organic frameworks, MOFs) nanomaterials [21, 22].
Among them, MOF nanomaterials-based ECL detection sys-
tem has attracted more and more attention in the develop-
ment of POCT diagnostics technology because of its high
stability and simple preparation conditions. However, the
inherent insufficiently catalytic activities of MOF nanoma-
terials usually cause relatively low sensitivity, which limits
its wide application in ECL detection system, especially in
trace target analysis.

Improving the catalytic activities of MOF nanomateri-
als is the key to improve the sensitivity of ECL detection
system and expand its application range. Herein, we report
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the synthesis of a multifunctional catalytic nanomaterial
with collective and zero-distance catalytic properties,
named Co-MOF@AuNP @ ABEI, and exhibit its potential
to facilitate an ultrasensitive ECL assay of B. pseudomallei
(Scheme 1). The Co-MOF@AuNP@ABEI was obtained
by employing the Co-MOF as the carrier for the in situ
growth of gold nanoparticles (AuNP), and subsequent
modification of ABEI on the AuNP surface. The large
surface area of Co-MOF could load a large number of
AuNP to increase the catalytic capacity, and AuNP could
immobilized a large number of ABEI molecules to shorten
the distance between the substrate and the catalyst. Co-
MOF and AuNP could synergistically catalyze hydrogen
peroxide to produce reactive oxygen species, and then zero
distance catalyze ABEI to produce strong electrochemi-
cal signals. After being integrated with the ECL system,
the Co-MOF@ AuNP @ ABEI probe could detect B. pseu-
domallei in serum sample with a limit of detection (LOD)
of 9.0 CFU mL™! by coupling collective catalysis, zero-
distance catalysis, and 3D magnetic walking nanomachine
amplification. This work shows a promising strategy using
Co-MOF@AuNP @ ABEI as a multifunctional reporter for
development of ultrasensitive ECL detection system.
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Experimental section
Materials and instruments

One-micrometer Streptavidin-labeled magnetic
beads (SMB) were purchased from Selvinth Bio-
technology Co., Ltd. Polyvinyl pyrrolidone (PVP),
N-(3-dimethylaminopropyl)-N-ethylcarbodiimide hydro-
chloride (EDC), N-hydroxysuccinimide (NHS), 3-amino-
propyl triethoxysilane (APTEs), and DA were obtained
from Sigma-Aldrich Co., Ltd. Exo III was purchased
from New England Biolabs. Cobalt nitrate hexahy-
drate (Co(NO;),-6H,0), chloroauric acid hexahydrate
(HAuCl,-6H,0), and tripotassium hexacyanocobaltate
K;[Co(CN)¢] were obtained from Aladdin. ABEI and
MES hydrate (C¢H5;NO,S) were acquired from Macklin
Inc. B. pseudomallei (HNBPOO1) was provided by the
Hainan Medical University, while Staphylococcus aureus
(S. aureus, ATCC26213) and Escherichia coli (E. coli,
ATCC25922) were obtained from the Ninth People’s
Hospital of Chongqing. Bacterial genome extraction kit
was obtained from TianGen biotech (Beijing) CO., LTD.
The serum samples were obtained from Hainan Medical
University. This study was approved by the institutional
review board of Hainan Medical University (81,960,002).
Other reagents were supplied by Chemical Reagent Co.,
Ltd. (Chongqging, China). The DNA oligonucleotides were
synthesized and purified by Sangon Biotechnology Co.,
Ltd. Table S1 and S2 show the detailed information of
sequences (Supporting Information). The detailed com-
position of the experimental buffers and instruments are
shown in the Supporting Information.

Fabrication of 3D magnetic walking nanomachine

To generate 1 uM PP/DWT duplex strand (PWT), 10 uL
of 10 uM biotin-modified DNA walker stand (DWT) and
10 puL of 10 uM protecting probe (PP) were dissolved in
100 pL of 20 mM Tris—HCI buffer at 37 °C for 1 h. On the
other hand, 10 puL of 10 uM biotin-modified DNA track
stand (DWT1) and 10 pL of 10 uM output stand (S3) were
also dissolved in the 100 uL of 20 mM Tris—HCI buffer
at 37 °C for 1 h to form S3/DWT1 double-stranded track
probes (SDs). Ten microliters of SMB was washed three
times with washer buffer 1 and then redispersed in 10 uL
of 20 mM Tris—HCI buffer. To combine the DNA strands
with the SMB, 100 pL of PWT and SDs at a molar ratio
of 1 to 20 was sufficiently mixed with 10 pL of the redis-
persed SMB for 1 h at 37 °C. Thereafter, the PWT-SDs-
SMB was successively washed three times with 20 mM
Tris—HCI buffer after magnetic separation.

The 3D magnetic walking nanomachine was initiated
by adding 10 uL of the target gene at various concentra-
tions, 5 uL of PWT-SDs-SMB, 10 uL of 10 x NEBuffer
1 (100 mM bis Tris Propane-HCI, 10 mM dithiothreitol,
100 mM MgCl,, and pH 7.0), and 72.5 pL of ultrapure
water for 30 min at 37 °C. A total of 2.5 uL of 100 U mL™!
Exo III was added and gently mixed, and then incubated
at 37 °C for 1.5 h to trigger motion of the walker. Finally,
numerous S3 were obtained after magnetic separation, and
then the Exo III was inactivated at 70 °C for 30 min.

Preparation of Co-MOF@AuNP@ABEI nanocubes

Co-MOF was synthesized following a modified coprecipita-
tion reaction [23]. Concretely, 0.0375 g Co(NO5),-6H,0 and
0.0551 g Na;C4H50,-2H,0 were fully dissolved in 5 mL of
ultrapure water. Then, 0.033 g K;[Co(CN),] aqueous solu-
tion (7.5) was added into the mixed solution and reacted
overnight. The obtained Co-MOF was washed thrice with
ethanol and drying at 60 °C for 2 h.
Co-MOF@AuNP@ABEI was synthesized by sequen-
tial modification of AuNP and ABEI on the surface of
Co-MOF. Briefly, 0.025 g Co-MOF and 1 mL of APTEs
were dissolved in 20 mL of ultrapure water and stirred for
1.5 h. Afterwards, 0.25 mL of HAuCl,-6H,0 (1.0 wt%) and
0.00125 g PVP were added into the mixture and stirred for
another 15 min. Next, 10 pL of fresh NaBH, (1.9 M) was
added into the reaction solution and reacted for 1.5 h. The
Co-MOF@ AuNP was obtained by centrifugation, washed
three times with ethanol, and re-suspended in 20 mL of
ultrapure water. Finally, 1 mL of 10 mM ABEI was added
into the Co-MOF @ AuNP aqueous solution and then reacted
for 30 min. The Co-MOF@ AuNP @ ABEI obtained by cen-
trifugation and re-suspended in 0.1% chitosan solution.

Preparation of $S2-DA

Firstly, 40 pL of EDC (100 mM) and 10 pL of NHS
(100 mM) were added into the 150 uLL of S2 PBS solution
(33.3 uM), and reacted at 4 °C for 2 h. Secondly, 200 pL of
DA solution (100 pM) was added into the S2 solution and
reacted overnight at 4 °C.

Fabrication of the switching ECL biosensor

The GCE was polished with 0.05 um Al,Oj; slurry, sonicated
with ultrapure water, and dried in nitrogen. Then, 10 pL of
Au@Co-MOF@ABEI was immobilized on the surface of
obtained GCE. Next, 10 uL of S1 (1 pM) was added into the
modified GCE at 4 °C overnight. The product was blocked
with 3 pL of MCA (1 pM) for 30 min. Subsequently, 10
pL of S2-DA was added into the obtained electrode and
reacted at 37 °C for 1 h. After hybridization between S1 and
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S2-DA, the excess S2-DA was removed by the wash buffer
2. Thereafter, 10 pL the released S3 was hybridized through
Watson—Crick base pairing with the S2-DA for 1.5 h. The
biosensor was then monitored by the ECL analyzer. Finally,
the developed biosensor was used in 2 mL PBS (0.1 M, pH
8.0) and H,0, (3 mM) to record the ECL signal.

Preparation of pure microbial sample and spiked
serum samples

B. pseudomallei was cultured in Ashdown’s media for 18
to 24 h (37 °C). E. coli and S. aureus were cultured with
blood plate under the same conditions. The cultured B.
pseudomallei was diluted with negative serum samples and
quantified as 1.5x 10 CFU mL~! by Michaelis turbidity
method (0.5 wheat turbidity standard). The E. coli- and S.
aureus-spiked serum samples were prepared in the same
method. Then, the B. pseudomallei-spiked serum samples
with different concentration (1.5% 10'-1.5x 10’ CFU mL ™)
were prepared by diluting the high concentration of B.
pseudomallei-spiked serum samples (1.5x 108 CFU mL™")
using the negative serum. Finally, the genomes of B. pseu-
domallei-spiked serum samples with the concentrations of
1.5%10'-1.5x 10® CFU mL~! were extracted with the bacte-
rial genome extraction kit (extract according to the instruc-
tions) and stored at 4 °C for further use.

The PCR was performed under the same conditions in a
final volume of 50 pL containing 5.0 pL of genomic DNA,
1.0 pL of 10 pM each primer, 25 pL of Premix Taq (0.1
U/pL DNA polymerase, 2 X Taq buffer, 3 mM MgCl,, and
0.4 mM of dNTPs), and 18 pL of water. Bacterial genomic
DNA was initially denatured at 94 °C for 5 min, followed by
32 cycles of 94 °C for 5 min (denaturation), 59 °C for 1 min
(annealing), 72 °C for 1 min (extension), and final 5 min
extension. Multifunctional MPI-E analyzer (Xi’An Remax
Electronic Science & Technology Co., Ltd. Xi’An, China)
was used to perform ECL analysis with a photomultiplier
tube voltage at 800 V and the scanning potential from —0.2
to 0.55 V at a scanning rate of 0.1 V/s in 2 mL PBS (0.1 M,
pH 8.0) containing 3 mM H,0,. Finally, the measured data
are processed and analyzed with origin software and plotted.

Results and discussion

Synthesis and characterization of Co-MOF@AuNP@
ABEI

Figure 1A depicts the synthetic strategy of Co-MOF@
AuNP@ABEI. The Co-MOF was first synthesized using a
coprecipitation synthesis method in accordance with a previ-
ous literature with a slight modification. Scanning electron
microscopy (SEM) verified that the resultant Co-MOF had
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high uniformity with the size of 500 + 10 nm (Fig. 1B). Sub-
sequently, Co-MOF were applied as a carrier for the in situ
growth of the gold nanoparticles (AuNP) to form Co-MOF@
AuNP by NaBH, reduction method. SEM images showed
that Co-MOF surface had obvious AuNP with an average
size of 14 +2 nm (n=50), indicating that the AuNP was
successfully coated on the surface of Co-MOF (Fig. 1C;
Figure S1, Supporting Information). The X-ray diffraction
(XRD) peaks of Co-MOF@ AuNP approximately agree with
those of the Co-MOF host material (JCPDS No. 04-0784),
implying that the square structure of Co-MOF could still
be well maintained after in situ growth of AuNP (Fig. 1D).
Afterwards, ABEI were coated on the surface of Co-MOF@
AuNP to prepare the Co-MOF@AuNP@ABEI through
strong coordination bond of Au-NH,. The energy-dispersive
X-ray spectroscopy (EDS) mapping of Co-MOF@AuNP@
ABEI indicated an ordered distribution of C, O, Co, Au, and
N over the whole nanoparticles (Fig. 1E), demonstrating the
successful assembly of Co-MOF @ AuNP and ABEI. Moreo-
ver, the X-ray photoelectron spectroscopy (XPS) result was
demonstrated in the presence of C, O, Co, Au, and N in
Co-MOF@AuNP@ABEI (Fig. 1F; Figure S2, Supporting
Information). The Fourier transform infrared spectroscopy
(FTIR) result was demonstrated in the presence of Co-MOF,
AuNP, and ABEI (Figure S3, Supporting Information). The
changes in the zeta potentials of Co-MOF, Co-MOF@ AuNP,
and Co-MOF@AuNP@ ABEI indicated the sequential modi-
fication of the AuNP and ABEI on the surface of Co-MOF
(Figure S4, Supporting Information). These results indicated
successful synthesis of the designed Co-MOF@ AuNP @
ABEI

Electrochemical characterization and catalytic
mechanism of Co-MOF@AuNP@ABEI

The intrinsic catalytic activity of the Co-MOF@AuNP@
ABEI is crucial to improve the sensitivity of ECL. We first
compared the ECL signal intensity when using AuNP, Co-
MOF, and Co-MOF@AuNP@ABEI as ECL probes. The
ABEI was selected as control. Results showed that the
ECL intensity gradually increased from 3293 to 12,392
after AuNP, Co-MOF, and Co-MOF@ AuNP@ ABEI were
coated on the electrode surface (Fig. 2A), indicating the sig-
nificantly enhanced catalytic activity of Co-MOF@ AuNP@
ABEI. The reason for the increased catalytic activity of Co-
MOF@AuNP@ABEI was the collective catalysis of Co-
MOF and AuNP (Figure S5, Supporting Information), and
the zero-distance catalysis of Co-MOF@ AuNP and ABEI.

As shown in Fig. 2B, Co-MOF can catalyze H,0, to
produce hydroxyl radical (HOe) and superoxide radical
anion (0,°7); the HOe can further react with HO,™ to
generate 0,°~. AuNPs also can catalyze H,0, to gen-
erate HOe, which further reacts with HO,™ to O,*~. In
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Fig. 1 Synthesis and characterization of Co-MOF@AuNP@ABEI. A
Schematic illustration of the synthetic strategy of Co-MOF@ AuNP@
ABEIL B and C SEM images of Co-MOF and Co-MOF@AuNP. D

addition, ABEI was electro-oxidized to ABEI®*™ [24, 25].
Subsequently, the generated O,°~ reacts with ABEI*™ to
produce the strong ECL luminescence. Compared with
the single component, the synergetic catalysis of the
Co-MOF @ AuNP significantly enhance the production
of 0,*”. Moreover, ABEI immobilizing on the surface
of AuNP shortens the transmission distance of O,°~ and
enhances the catalytic ability of O,*~ to ABEI The result
suggested that Co-MOF@AuNP@ABEI with collec-
tive- and zero-distance catalysis properties can serve as
improved ELC probes to enhance the detection sensitivity
of ECL system.

Intensity / a. u.

0 200 400 600 800 1000 1200
Binding Energy / eV

XRD peaks of Co-MOF and Co-MOF@AuNP. E EDS elemental
mapping of Co-MOF@AuNP@ABEI. F XPS spectra of Co-MOF
and Co-MOF@ AuNP

Construction of ECL detection system

To fabricate the “signal on” detection system, the dopa-
mine (DA) nanoparticles were introduced as ECL signal
quencher to quench the ECL signal generated by Co-MOF@
AuNP@ABEI. As shown in Fig. 2C, the ECL signal sharply
decreased from 12,362 to 1692 with the increase of binding
concentration of DA nanoparticles (S1/S2 DNA strand) on
the surface of electrode, indicating that the quencher could
significantly quench the ECL signal. Moreover, the ECL
signal recovered from 1692 to 9540 after adding the DNA
strand S3, indicating successful fabrication of the “signal

@ Springer
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lytic mechanism of Co-MOF@AuNP@ABEI. C Changes of ECL
intensity of ECL system after adding Co-MOF@AuNP@ABEI, DA
nanoparticles, and DNA strand S3, respectively. Inset: Schematic dia-

on” detection system. The “signal on” detection system was
further confirmed through monitoring EIS signal gener-
ated by stepwise modification of the electrode. As shown in
Fig. 2D, compared with the clean glassy carbon electrode
(GCE, red line), the impedance value obviously increased
(159 to 189 Q) with the modification of the Co-MOF@
AuNP@ABEI on the electrode surface (black line), due to
the poor conductivity of the probes. After orderly immobi-
lizing S1 DNA strand (green line) and S2-DA nanoparticles
(blue line) on the electrode surface, the impedance value
increased from 219 to 483 Q because of the poor conductiv-
ity of those components. With the addition of the S3 DNA
strand, it could bind to the S1 strand and release the S2-DA
nanoparticles, which was confirmed the by the reduction of
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the impedance value from 483 to 343 Q. This phenomenon
was also confirmed by the CV results (Figure S6, Supporting
Information). All the above results suggested that the devel-
oped Co-MOF@ AuNP @ ABEI could be used as a promis-
ing probe with high ECL signal to build a “signal on” ECL
detection system.

Design of ECL biosensor

DNA nanotechnologies, such as 3D magnetic walking
nanomachine, rolling circle amplification, and
hybridization chain reaction, have become powerful
tools for isothermal amplification biosensing, which
can significantly amplify the detection signal [26-28].
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target DNA and without target DNA

To construct an ultrasensitive detection system for the
detection of B. pseudomallei DNA, the 3D magnetic
walking nanomachine was introduced into the detection
system to amplify the target signal. Firstly, the signal
amplification capability of 3D magnetic walking
nanomachine was verified. As shown in Fig. 3, the
fluorescent intensity was significantly enhanced after
adding the target DNA, indicating that the 3D magnetic
walking nanomachine could significantly amplify the
detection signal. The optimal parameter combination of
3D magnetic walking nanomachine to enable the best
detection performance of ECL detection system are
summarized in Figure S7 (Supporting Information).

Scheme 1 depicts the detection principle of the
designed Co-MOF@ AuNP@ ABEI-based “signal on”
ECL detection system for the ultrasensitive detection of B.
pseudomallei. The ECL detection system was prepared by
fixing the Co-MOF@AuNP @ ABEI and S2-DA nanopar-
ticles on the GCE. In the presence of B. pseudomallei, the
target DNA was first integrated into protecting probe (PP)
strand and released protected DNA walker probe (DWT).
The free DWT then rapidly bond to biotin-modified DNA
track stand 1 (DWTI1) to form DWT/DWT1 with blunt
3’end and released S3. Thereafter, the DWT/DWT1 struc-
ture could be cleaved by circumscribed enzymes III (Exo
III) and released DWT to form more cleavage site of Exo
III. Finally, a large amount of S3 produced in the reaction
system was added to the ECL detection system to release
S2-DA nanoparticles to produce ECL signal. On the con-
trary, the S2-DA nanoparticles could not be released and
the ECL signal could not be generated.

Analytical performance of designed ECL biosensor

The optimization of ECL experimental conditions is the key
to improve the detection sensitivity of this “signal on” ECL
detection system. Here, there are several important param-
eters, including molar ratio of PWT to double-stranded track
probe SDs, Exo III concentration, S2-DA nanoparticle con-
centration, and reaction time of replacing S2-DA nanopar-
ticles with S3. The optimal parameter combination of ECL
detection system are summarized in Figure S8 (Supporting
Information). Under the optimal conditions, B. pseudomal-
lei DNA solution with different concentrations from 10 to
10'? aM were analyzed using the “signal on” ECL detection
system. As shown in Fig. 4A, the ECL intensity gradually
increased with increasing B. pseudomallei DNA concentra-
tion, and then reached a balance with continuous increase
the B. pseudomallei DNA concentration. The experimen-
tal results exhibit a good correlation between the ECL
intensity and B. pseudomallei DNA concentration (10* to
10® aM) following an equation of 7= 1362.90 [gC—627.9
(R*=0.9957). The LOD calculated by 3 SD/slope was 60.3
aM, which was 2 and 4 orders of magnitude higher than
individual ECL system without the nanomachine (4.97 fM)
and individual walking nanomachine (340 fM) (Figure S9,
Supporting Information), respectively. In addition, the
LOD was superior to the pathogenic bacteria analyses in
the previous report (Table 1, Table S3 Supporting Informa-
tion). These results indicated the suitability of developed
Co-MOF@AuNP @ ABEI-based “signal on” ECL detec-
tion system for the ultrasensitive quantification of B. pseu-
domallei DNA. The accuracy of the proposed ECL biosensor
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Fig.4 (A) Calibration curve of the ECL biosensors for the detec-
tion of B. pseudomallei. (B) Stability of the developed ECL biosen-
sor. (C) ECL intensity for the detection of target containing differ-
ent mismatched bases. (D) Calibration curve of the ECL biosensors
for the detection of B. pseudomallei in serum sample. (E) Stability

Table 1 Comparison with different biosensors for bacteria detection

Detection Linear range (CFU mL™") LOD (CFU Ref
methods mL™)

DPV 1x10'-1x10’ 10.0 [29]

DPV 1x10%1x107 32.0 [30]

I-T 1.5%10%-1.5x108 42.0 [9]

DPV 1x10'-1x108 10.0 [31]

cv 1x10'-1x10° 10.0 [32]

ECL 1.5%10'-1.5%x10% 9.0 This work

I-T, intensity-time; CV, cyclic voltammetry; DPV, differential pulse
voltammetry; ECL, electrochemiluminescence.

of the developed ECL biosensor for the detection of B. pseudomal-
lei in serum sample. (F) Specificity of the developed ECL biosen-
sor for the detection of B. pseudomallei in serum sample. The con-
centration of E. coli, S. aureus, mixture, and B. pseudomallei were
1.5%10® CFU mL.™

was verified by the recovery experiment using synthetic B.
pseudomallei DNA strand-spiked serum sample. The spiked
DNA chain was extracted by commercial kit. As shown in
Table 2, the average recovery of ECL biosensor for the
detection of B. pseudomallei DNA-spiked serum samples
were 93.63%, 107.83%, and 99.37%, respectively, indicating
that the developed ECL biosensor had good accuracy. The
stability of the Co-MOF @ AuNP @ ABEI-based “signal on”
ECL detection system was investigated by monitoring the
ECL intensity 10 times within 100 s. Result in Fig. 4B has
shown that the ECL intensity exhibited negligible change
in 10 times test with a relative standard deviation (RSD) of

Table2 The recovery Added Detected I (aM)  Detected II (aM)  Detected III (aM) ~ Average RSD (%)
experiment u§1ng synthetic B. (aM) Recovery
psgudomallez DNA strand- (%)
spiked serum sample
5.0x107  43x10’ 49%107 4.9%10’ 93.63% 0.84%
20x10*  1.9x10* 2.2x10* 24x10% 107.83% 1.21%
3 50x10°  5.1x107 5.4x10? 43%10? 99.37% 2.28%
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2.15%, demonstrating the excellent stability. The specificity
of the developed “signal on” ECL detection system was also
evaluated by detecting nine diverse mismatched synthetic
DNAs. Result in Fig. 4C has shown that the ECL inten-
sity gradually decreased with the increase of the number
of mismatched bases, indicating that the constructed detec-
tion strategy could effectively detect different mismatched
DNA. These results indicated that the developed Co-MOF @
AuNP@ABElI-based “signal on” ECL detection system can
be used as a promising strategy to enhance the detection
sensitivity of ECL.

Detection of B. pseudomallei-spiked serum samples

Encouraged by its ultrahigh sensitivity, the Co-MOF@
AuNP@ABEI-based “signal on” ECL detection strat-
egy was further extended to analyze B. pseudomallei
with various concentration (0 to 1.5x 10® CFU mL™})
in serum samples. The prepared B. pseudomallei-spiked
serum samples were extracted by commercial PCR kit,
and then analyzed by the developed ECL strategy. Fig-
ure 4D exhibited a good correlation between the ECL
intensity and B. pseudomallei concentration (1.5 x 10" to
1.5x 10® CFU mL™!) following an equation of /=912.82
C+766.20 (R*=0.9994). The LOD was 9.0 CFU mL™' in
the serum samples. The result showed that the developed
Co-MOF@AuNP@ABEI-based “signal on” ECL detec-
tion system can be used as a potentially pragmatic tool
for ultra-sensitivity determination of B. pseudomallei in
serum sample. The stability and specificity of this strat-
egy for the determination of B. pseudomallei in serum
sample were further evaluated. Figure 4E has shown that
the RSD were 4.02%, 0.84%, 0.84%, 1.55%, and 0.21%
(n=3), respectively, when detecting the various concen-
tration B. pseudomallei (1.5% 10" to 1.5x 10° CFU mL™")
in serum sample, indicating the good stability of the
developed ECL strategy. Figure 4F exhibits obvious sig-
nal responses toward B. pseudomallei and the mixture
serum sample compared with those toward Escherichia
coli, Staphylococcus aureus, and blank, implying high
specificity of the developed ECL strategy for specifically
detection of B. pseudomallei against other nontargets. The
ultrahigh sensitivity, good stability, and robust specificity
demonstrated the practicality of the developed Co-MOF@
AuNP@ABEI-based “signal on” ECL detection system.
Although there are still some difficulties in the practical
clinical application of this sensing strategy, it provides
a new method and idea for the detection of melioidosis-
related diseases at the present stage, and lays a theoretical
foundation for the realization of economic and efficient
detection of this bacterium.

Conclusion

We have reported a multifunctional catalytic nanomaterial
(Co-MOF@AuNP@ABEI) and demonstrated its potential
as a new ECL signal reporter in improving the detection
sensitivity of ECL biosensor. The obtained Co-MOF@
AuNP@ ABEI has excellent optical ECL performances, which
is attributed to the sequential modification of AuNP and ABEI
on the surface of Co-MOF, enhancing the synergistic catalytic
activity of Co-MOF/AuNP and reducing the catalytic distance
of Co-MOF@AuNP/ABEI. Using the Co-MOF@AuNP@
ABETI as the signal reporter, the detection performance of ECL
biosensor were significantly enhanced. Given its outstanding
properties, the constructed ECL biosensor can serve as a
potential strategy in early diagnosis of ultralow concentration
pathogenic bacteria.

Discussion

Co-MOF@AuNP@ABEI exhibits high synergistic and
zero-distance catalytic properties, which are beneficial to the
improvement of the detection sensitivity of ECL biosensor.
However, this detection method also has some disadvantages.
Firstly, the actual sample pretreatment steps need to be
simplified to reduce complex operations and save operation time.
Secondly, portable electrodes need to be designed to realize
on-site detection. In the next experiments, we will improve the
electrochemical real-time detection ability by designing a simple
sample processing device and optimizing the electrode structure.
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