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ARTICLE INFO ABSTRACT

Herein, a highly efficient dual-quenching biosensor based on electrochemiluminescence resonance energy
transfer (ECL-RET) is designed utilizing Ru-In,S; as ECL acceptor and a-MoO3-Au as ECL donor. Compared a-
MoOs3-Au with pure a-MoO3, the overlapping peak area between ECL emission of Ru-In,S3; and UV-vis spectra of
a-MoOs-Au is increased, indicated better quenching effect is obtained. Hollow In,S; and a-MoOs-Au both have
huge specific surface area to host a large amount of luminophores and antibodies. Moreover, HWRGWVC (H7) as
specific capturer is adopted to achieve site-oriented antibody immobilization, which not only maintain antibody
activity, but greatly improve the incubation process of antibodies, thus promoting the sensitivity of the bio-
sensor. It's worth mentioning that the effect of over-potential on protein activity was proved in this work. The
proposed biosensor obtained sensitive response by using PCT as a target with wide linear range from 0.0001 to
50 ng/mL and low detection limit of 12.49 fg/mL (S/N = 3), indicating its potential in the detection of bio-
markers. Importantly, a novel ECL-RET pair of Ru-In,S; (donor)/a-MoOs-Au (acceptor) is firstly developed,
which opened an efficient way for highly sensitive detection of antibody in disease clinical and diagnosis ana-
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lysis.

1. Introduction

Electrochemiluminescence (ECL), one luminous progress obtained
from the excited luminophores (Shi et al., 2012), has gradually at-
tracted widespread focus on account of its low ratio of signal-to-noise
(S/N), high sensitivity (Xue et al., 2019), and simplified instrument
operation, etc. The application of ECL technique in immunoassay field
requires that immune molecules can maintain high bioactivity in whole
process, which should be the core of improving immune recognition
and reducing detection limit (David and Richter, 2002). In view of this,
many researchers have turned their attention to explore more ECL lu-
minophore with good biocompatibility for replacing toxic carriers (Luo
et al., 2018), such as Cd-based compound (Chen et al., 2018a). How-
ever, this strategy cannot fundamentally protect immune molecules, as
reason that antigen or antibody can be inactivated by complexing re-
action with heavy metal ions (Nahar and Tajmir-Riahi, 1996) and
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completely oxidized in excessive cyclic voltammetry scan (Bruce and
Richter, 2002). Compared with traditional ECL reagents (Feng et al.,
2016), such as g-C3Ny4, luminol, Ru (bpy)32+ and so on (Tian et al.,
2018), many novel semiconductors luminophore need higher oxidation
potential to meet requirements of high-energy-state, which hinder their
expansion to immunoassay. About this aspect, some corresponding
proofs were made in this paper. Thus, the activity of detected proteins
should be focused more. With the advantages of low excited potential
and ultrahigh ECL efficiency (Wu et al., 2018), Ru (bpy)ngr is still one
of the most suitable ECL emitters in immunoassay (Liu et al., 2018b) on
the selection of luminescent materials. However, excellent water solu-
bility makes it difficult to immobilize on the electrode surface (Du et al.,
2018a). Therefore, one of the problems should be solved was searching
suitable materials for achieving abundant Ru (bpy)s>* immobilization
should be focused (Zhao et al., 2019).

Metal sulfide is widely used as a kind of active photocatalyst (Hao
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et al., 2018) due to its unique electronic structure, adjustable optical
properties and appropriate band gap and edge (Xiao et al., 2018).
However, it has potential applications in ECL and other fields because
of its good conductivity and catalysis (Du et al., 2018b). Meanwhile, the
structure of 2D nanosheets is conducive to reducing the carrier diffusion
length and supplying high surface area, thus accelerating transfer rate
of electrons and providing abundant active sites for the redox reaction.
The hollow microstructures (Jing et al., 2018) own the structure-de-
pendent advantages when compared with solid structures (Chen et al.,
2018b). Their internal cavities can also promote electron transfer by
reducing the diffusion length from the body to the surface, and provide
large specific surface area to improve the concentration of adsorbate. In
this work, 3D hollow In,S3; nanotubes with multiple shell layers (In,S3
HNTs) possessing both hollow structure to accelerate electron flow and
multilayer structure with a large specific surface area are successfully
prepared by self-templated strategy (Wang et al., 2017). In,S3 HNTs not
only increase the adsorption amount of Ru (bpy)s>*, but also effec-
tively improve the electron transfer efficiency to make it obtain good
stability and suitable intensity.

MoOs is an environmentally friendly n-type semiconductor metal
oxide (Mai et al., 2010), which has been widely studied and applied in
catalyst, adsorption, sensor (Mandal et al., 2018) and other fields. Up to
now, studies on MoO3; mainly focus on low-dimensional MoO3 struc-
tures, such as nanosheet, nanostrip, nanorod and nanoparticle (Liu
et al., 2018a), while reports on multi-level structure of MoO3 are re-
latively few because of the complicated preparation (Li Hua et al.,
2019). Therefore, it is necessary to apply multistage MoO3 with simple
preparation and good performance in the sensing field. In this work,
hollow porous a-MoO3; nanospheres (a-MoO; HNSs) composing with
nanoparticles are successfully prepared through hydrothermal and
roasting synthesis.

Fortunately, the ultraviolet absorption (UV-vis) spectra of a-MoO3
overlaps with ECL emission of Ru (bpy)s>* effectively was found, and
the overlap area increased after a-MoO3 compounded with gold na-
noparticles (Au NPs). The dual quenching effect not only achieves
better quenching efficiency but also effectively improves the sensitivity
of biosensor. In order to further improve the sensitivity of the im-
munosensor, this work also uses the small peptide ligands assisted to
realize site-directed immobilization of antibodies (Makaraviciute and
Ramanaviciene, 2013).

It is worth noting the second problem that except the suitable
scanning potential, the antigenic-recognition ability of biosensors
mainly depends on the bioactivity of immobilized antibodies. If the
active section N-terminus Fab fragment of antibody applies to bonding
with the materials, the activity of the antibodies would decrease or even
disappear and the binding efficiency of antigens and antibodies would
also be greatly reduced. In order to avert stochastic immobilization and
improve the availability of antibodies which need to bind with antigen,
it is greatly significant to achieve site-directed immobilization.
Currently, the use of small peptide ligands to achieve effective site-di-
rected immobilization of antibody has attracted much attention. It's
worth mentioning that HWRGWYV hexapeptide (Dostalova et al., 2016)
which holds superiority of low cost, easy preparation, stability has been
verified to specifically interact with the amino acids of antibody Fc
fragment with high affinity. Thus, HWRGWYV possesses great potential
for applications in site-directed antibody immobilization of ECL im-
munosensor. In this work, HWRGWVC heptapeptide (H7) is obtained by
modifying a cysteine on C-terminus of HWRGWYV hexapeptide which
could provide —-SH to combine with materials. It's worth mentioning
that the sensitivity and the antibody binding capacity are both further
improved when comparing with previous similar work (Jia et al.,
2019).

Nowadays, many previous works of similar sensors have been
achieved outstanding results. For example, wearable sensors (Jin et al.,
2016) could detect Parkinson's disease, stroke (Taylorpiliae et al., 2015)
and other diseases by monitoring physical factors such as exercise,
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blood pressure and blood sugar. In view of these, In,S3 HNTs were
successfully prepared as substrate to adsorb Ru (bpy)s?* (Ru-In,Ss;) for
achieving great ECL intensity. a-MoO3; HNSs were prepared by hydro-
thermal and calcining reactions and compounded with Au NPs by
electrostatic interaction to achieve the effect of dual-quenching. H7
combined with materials through amide bond (with Ru-In,S;) and
Au-S bond (with a-MoO3) which could capture the Fc fragment of the
antibody to achieve effective antibody immobilization. Electro-
chemiluminescence resonance energy transfer (ECL-RET) from
Ru-In,S; to a-MoOs-Au would occur and further confirmed by testing
the overlap between ECL emission of Ru-In,S; and UV-vis spectra of a-
MoOs3-Au. PCT was used as the target for the test, and a dual-quenching
immunosensor with antibody site-directed immobilization based on
RET from Ru-In,S; to a-MoO3-Au was constructed, which provided a
basis for sensitive analysis of biomarkers and contributed to develop
personalized and precision medicine in years to come.

2. Experimental section
2.1. Synthesis of In,S3 HNTs

Prior to preparation, the precursor was prepared firstly. In-MOF
hexagonal prisms were synthesized according to a reported method
(Wang et al., 2017) with some modifications. The basic steps are as
follows: 4.5mg of In(NO3)3xH>O and 5.5mg of 1,4-benzenedi-
carboxylic acid were mixed and dissolved in 2mL of Dimethyl For-
mamide (DMF) and stirred for 10 min. Next, the resultant solution was
heated at 120 °C for 30 min. After cooling down, the white precipitate
was washed with ethanol for three times and dried at 60 °C. The ob-
tained In-MOF hexagonal prisms were added into 40 mL of ethanol
solution containing 200 mg of thiourea, and stirred for 2 min. Then, the
resultant mixture was transferred into one 80 mL Teflon-lined autoclave
and maintained at 180 °C for 3h. After cooling down to room tem-
perature, yellow precipitate was filtrated and washed with ethanol and
ultrapure water for three times, respectively, and dried at 60 °C for
further use.

2.2. Synthesis of Ru-In,S3 nanocomposite

2mg of In,S; HNTs were accurately dissolved into the mixture of
1 mL deionized water and 1 mL of 1 X 10~3M Ru (bpy)s>*. The ob-
tained solution was oscillated for 12 h in dark at the room temperature.
After centrifugation at 8000 rpm, Ru-In,S; was obtained and then it
was re-dissolved into 1 mL of distilled water.

2.3. Preparation of a-MoOs-Au nanocomposite

First at all, a-MoO3 was synthesized according to previous report (Li
Hua et al., 2019) with a slight modification. 0.14 g of C;oH;4M00, was
dissolved into 30 mL of N-butyl alcohol under ultrasound for 10 min to
make the solid evenly dispersed into the solvent. Then under magnetic
stirring, 5 mL of 1 M HNO; was added into the mixture by drop, and then
stirred for 1 h. The obtained mixture was then shifted into a 50 mL Teflon-
lined autoclave and heated at 220 °C for 12 h, followed by cooling down to
room temperature. The precipitate shown up in black was washed by
deionized water and anhydrous ethanol for 5 times in turn. After drying at
60 °C for 5h, the precursor MoO, was obtained, and then MoO, was he-
ated at 400 °C for 3h under air atmosphere. The obtained white powder
indicated the successful synthesis of a-MoOs. Additionally, 1 mL of
HAuCl, (1%) and 10 mg PVP were assessed into the obtained composite
solution under stirring for 10 h. Following by adding 4 mL of sodium ci-
trate solution (50 mM) and 0.08 mg NaBH, into the mixture and stirring
for 12 h, the a-MoOs-Au was washed with anhydrous ethanol and ultra-
pure water. Finally, a-MoOs-Au was re-dissolved into 1 mL of PBS (pH
7.4) for use after centrifugation. The a-MoO3-Au-H7-Ab, bioconjugate was
prepared soon (Supplementary Material).
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2.4. Fabrication of the immunosensor

Glassy carbon electrode (GCE) (® = 4mm) was polished by uti-
lizing alumina (Al,O3) powder to make mirror-like surface with gran-
ularity of 0.05um and 0.03 um and followed by ultrasonic with ultra-
pure water and ethanol. It's worth noting that the modified electrode
should be rinsed thoroughly with 10 mM PBS (pH 7.4) to get rid of the
unabsorbed species after each step below (Yang et al., 2018). Firstly,
the bare GCE was modified with 6 puL of Ru-In,S3 suspension, and dried
at room temperature. Then, GCE/Ru-In,S; was immersed into PBS
containing 0.1 M NaCl and 3 mM mercaptoacetic acid for 5hat 4 °C to
introduce carboxyl groups and carboxyl groups were activated by im-
mersing GCE/Ru-In,S3 in EDC/NHS (Zhou et al., 2016). After that, the
electrode was dipped in H7 (50ng/mL) solution to capture H7 via
amide bond at 4 °C for 60 min. After that, the electrode was steeped in
BSA (0.1%) for 30 min at room temperature. Then, the electrode was
dipped into the Ab, (5 pg/mL) to incubate at 4 °C for 50 min. Next, 6 uL
of PCT with different concentrations were incubated at 37 °C for
40 min. Next, 3 uL of BSA (0.1%) was dropped on the surface to hinder
the non-specific active sites and dried into a film. Subsequently, dif-
ferent concentrations of PCT were incubated on the above surface fol-
lowing by drying at 4 °C (Wu et al., 2018). Followed by modifying 6 pL
of a-MoOs3-Au-Ab, and dried. This ECL biosensor was constructed and
conserved at 4 °C for next steps finally. In Scheme 1, the construction
process of the proposed ECL biosensor was shown.

2.5. ECL measurements of immunosensor

In this work, the ECL strategy was tested by three-electrode system
(Supplementary Material). Cyclic voltammetry (CV) was applied from 0O
to 1.15V to the electrochemical measurement at scanning rate of
0.12V/s (Huang et al., 2017). The measurement was worked in 10 mL
of 1/15M PBS (pH 7.6) containing 50 mM TPA with the voltage of
photomultiplier tube (PMT) at 600 V to optimize conditions and detect
the ECL responses to PCT with a series of different concentrations.

3. Results and discussion
3.1. Material characterization

Scanning electron microscope (SEM) images showed the average
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length (Fig. 1A) and diameter of In-MOF hexagonal prisms (inset of
Fig. 1A) are about 550 nm and 400 nm, respectively (Qin et al., 2010).
As shown in Fig. 1B, the surface of the In,S; hollow nanotubes are
composed of randomly assembled ultrathin nanosheets. In,S; HNTs
were further demonstrated by transmission electron microscopy (TEM).
In Fig. 1C, the well-defined hierarchical hollow structure with shell
thickness of about 120 nm was presented clearly. Energy dispersive
spectrometer (EDS) of In,S; was shown in Fig. S1A, the existence of In
and S elements could be observed. XRD (Fig. S1B) was also applied to
characterize In,S; crystallization. Specific peaks of three planes were
found at 33.445°, 47.995° and 70.116°, which corresponded to the
(200), (220) and (400) planes of In,S3 HNTs, respectively (JCPDS Card
NO. 05-0731). Besides, the existence of the representative lattice was
proved by high-resolution transmission electron microscopy (HRTEM)
(Fig. 1D). Furthermore, N5 adsorption isotherms of In,S; HNTs and the
pore size distribution curve of the derived from the adsorption branches
of the isotherms by using the Barrett-Joyner-Halenda (BJH) method
were also tested, the details were shown in Supplementary Material.
Moreover, a-MoO3z HNSs and MoOs;-Au nanocomposite were con-
firmed by the similar means of representation. SEM images showed the
average diameters of the precursor MoO, (Fig. 1E) and a-MoOs
(Fig. 1F) are both about 480 nm. As shown in inset of Fig. 1F, the a-
MoO3 HNSs presented a hollow porous structure which was comprised
of many nanoparticles. a-MoO3 was further verified by TEM image in
Fig. 1G, which presented the well-defined porous structure with thicker
shell thickness of about 80 nm. EDS of a-MoO5 was shown in Fig. S1C, it
could be observed the existence of Mo and O elements. After the pre-
cursor MoO,, changed into a-MoO3 successfully by calcining. XRD (Fig.
S1D) was applied to characterize the crystallization of MoO, and a-
MoOs. Specific peaks of different planes of MoO, were found at
26.033°, 31.784°, 37.025°, 49.468°, 53.512°, 60.197°, 66.659° and
73.248°, which corresponded to the (—111), (111), (—202), (—301),
(—312), (031), (—402) and (413) planes, respectively (JCPDS Card
NO. 32-0671). The diffraction pattern for thea-MoO3 had five broad
peaks at 23.328°, 25.704°, 27.334°, 54.127° and 58.804°, corresponding
to the (110), (040), (021), (221) and (180) planes, respectively (JCPDS
Card NO. 05-0508). The existence of the representative lattice was also
proved by HRTEM (Fig. 1H). In order to prove the successful compo-
sition of a-MoOs-Au, SEM image and its corresponding mapping
(Fig. 1I) were utilized to present a-MoOs-Au preparing by the in-situ
reduction not only its morphology but also the existence of Mo, O, Au
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Fig. 1. SEM image of In-MOF (A). SEM (B), TEM (C) and HRTEM (D) images of In,S;. SEM images of MoO,, (E) and a-MoOs. TEM (G) and HRTEM (H) images of a-

MoOs3. SEM image and the corresponding mapping of a-MoO3-Au (I).

elements. It was further characterized by TEM (Fig. 1SE) and EDS
(Fig. 1SF), which provide another intuitive proof information for a-
MoO3-Au composite. All of results indicated the preparation of In,S3, a-
MoO; and a-MoOs-Au in this work was successful.

3.2. Analysis of PCT bioactivity and site-oriented antibody capture

The activity of the immune molecules can be reflected by observing
the change of conformation utilizing CD spectra. The CD spectra of PCT
with 0.5 mg/mL stimulated by different potential (Fig. 2A). All of the
PCT samples were bubbled with high-purity nitrogen for 30 min to
empty oxygen and ensure the experimental results were not affected by
superoxide radical and other reactive oxygen species. Subsequently, the
PCT samples saturated with high-purity nitrogen were scanned using
CV model in a three-electrode system by adjusting the potential (0-1V,
0-1.2V, 0-1.5V, 0-2V) or scanning time (0.5 min, 1 min, 2 min, 5 min)
at 4°C. Furthermore, the other experimental conditions were con-
sistent. The data obtained are expressed as mean residue ellipticity
(MRE). The samples were diluted with PBS (0.1 M), which is without
any absorption (curve a), instead other curves showed the analogous p-
sheet conformation thanks to the characteristic peaks appeared at
213nm and 195nm. Concretely, the primordial sample without any
dispose exhibited maximum mean residue ellipticity (MRE) (curve b),
which could be regarded as reference for analyzing other samples.
Followed by scanning under the potential of 0-1V and 0-1.2V, the
MRE of PCT decreased slightly (curve ¢ and d), which could be

explained by the medium-level potential damage of secondary structure
with slight change of conformation. Furthermore, the CD intensity of
PCT exhibited a trend of rapid decline (curve e) when the potential
range was broadened to 0-1.5 V. Fabulously, the MRE of PCT decreased
by nearly half (curve f) compared to the original sample when the ex-
citation potential was 0-2 V. Besides, the effect of stimulated time on
antibody bioactivity was explored under 0-1.15V by CD (Fig. 2B). The
results represented the CD spectrum of PCT with 0.5 mg/mL stimulated
for 30 s which can obtain the maximum MRE (curve a). Additionally,
curve (b, ¢) and (d) respectively expressed the CD spectra of PCT with
stimulation for 1, 2 and 5 min. The results proved that the low-potential
in a short time cannot have a significant impact but the long-term cyclic
voltammetry scan not, which indicated that the degree of the potential
and the scanning time can lead to irreversible damage of protein,
especially the potential over 1.2V or longer time galvanism. In view of
these, more attention should be paid to protect the bioactivity of pro-
tein rather than widely explore ECL materials in immunoassay. The
favorable potential of Ru (bpy)®>* and its excellent stability by using
very short time to reach become its great advantages.

The coupling of H7 with In,S; could be analyzed by RP-HPLC (Fig.
S2A). H7 (50 ng/mL) was measured at 3.6 min (curve black), while the
peak area had diminution significantly after incubated with In,S; and
a-MoOs-Au (curve red and curve blue). This result could prove the
successful incubation of H7 with Ru-In,S; and a-MoOs-Au owing to
amide bond and Au-S bond, respectively. Moreover, H7 with gradient
concentrations were detected by using RP-HPLC and the obtained
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Fig. 2. (A) CD spectra of PCT with 0.5 mg/mL stimulated by different potential (A) and scanning time (B). HPLC results (C) of uncaptured H7 (50 ng/mL) coupling
with Ru-In,S3 from 10 to 40 min (left red histogram) and the corresponding calculated adsorption amount of H7 (right blue line chart). (D) UV-vis absorption of un-
captured PCT-Ab, by H7 with a time range from 10 to 80 min (left red histogram) and the corresponding calculated adsorption amount of PCT-Ab,, (right blue line
chart). (E) UV-vis absorption of uncaptured PCT-Ab, without H7 (only by Au-N adsorption) in time range of 1-12h. (F) CD spectra of pure H7 (a), a-MoO3-Au-Ab,
(b), a-MoO3-Au-H7-Ab, (c). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

values could draw the corresponding standard curve. The regression
equation P = —13.0313 + 110.7868 X Ig ¢ (R? = 0.9958) (Fig. S2B).
Then, 1 mL of Ru-In,S; solution was blended with H7 (50 ng/mL) and
shocked at 4°C for a series of different time. The supernatants were
tested by utilizing RP-HPLC (treat a-MoO3-Au and H7 in the same way)
after centrifugation. As shown in Fig. 2C, the decline rate decreased and
leveled off at 30 min. According to the regression equation, Peak
Area = 125.3, and the connected amount of H7 was calculated to be
about 40.17 ng, which indicated that approximately 40.17 ng of H7
(80.32%) could be captured in 30 min via amide bond. Using the same
processing and calculation method, it could be obtained that a-MoOs3-
Au could complete capture of about 39.62 ng of H7 (79.21%) in 30 min
via Au-S bond (Fig. S2C). After coupled with H7 for 30 min, 1 mL of
Ab, (5 pg/mL) was accessed into for different incubation time at 4 °C.
The collected supernatants were analyzed by UV-vis and the absor-
bance leveled off at 60min (Fig. 2D). The obtained absorbance
A = 0.0221, the connected amount of antibody was calculated at
2.74 ug according to the obtained regression equation (Fig. S2D).

As comparison, a-MoOs-Au modified without H7 was directly
compounded with 1 mL of Ab, (5 ug/mL) for a series of incubation time
at 4 °C. During this step, antibody could capture with a-MoOs-Au only
via Au-N bond. When the incubation time attained to 12 h (Fig. 2E), the
obtained absorbance A = 0.0282, the connected amount of antibodies
was calculated to be about 1.98 ug, which was similar but a little less
than that using H7 method. However, it is worth mentioning that
compared with the two methods, the latter one took more than 10 times
as long as the former. Therefore, H7 also played a significant role in
shortening incubation time of antibodies and improving the incubation
efficiency. In order to compare the biological activity of Ab, using H7 to
without H7, it was confirmed by CD spectra. The results of CD spectra
presented a significant difference due to using site-oriented or random
immobilization method of antibodies (Fig. 2F). All of results could be
indicated the activity of Ab, obtained by using H7 was maintained
better than that gained by Au-N, which highlighted the important role
of H7 application in the maintenance of antibody activity.

3.3. Mechanism Investigation of the dual-quenching system

2+

In this work, the Ru (bpy);~" adsorbed around In,S; worked high
anodic emission light with the existing co-reactant, tripropylamine

(TPA) at the voltage range from 0 to 1.15 V. Two possible mechanism
routes should be happened in this ECL system of Ru (bpy)s** — TPA. In
route 1, one of the possible mechanism to gain excited-state Ru
(bpy)s2* was shown clearly. Firstly, in a low-potential ECL, TPA was
oxidized to TPA-* directly and then deprotonated to TPA-. Ru (bpy)s>*
was reduced by TPA: (radical species) to product Ru (bpy)s*, which
would react with TPA-* (oxidative species) to produce Ru (bpy)32+ * In
route 2, another conceivable mechanism would be taken place at high-
potential. Firstly, Ru (bpy)s>* was obtained by oxidizing Ru (bpy)s>*
directly and then further reacted with TPA- to form Ru (bpy)s>**.
Additionally, an alternative mechanism for producing Ru (bpy)s* * at
higher potential would be increased when Ru (bpy)33+ produced from
route 2 reacted with Ru (bpy)s™ obtained from route 1 to form Ru
(bpy)s>* *. In,Ss as the substrate could capture more Ru (bpy)s;2* on
the surface of electrode to generate more Ru (bpy)s®* *, thus obtaining
large and stable ECL signals.
Route 1

TPA — e—TPA-*
TPA-* — H* —>TPA:
TPA- + Ru(bpy)s>* —Ru(bpy);* + product
Ru(bpy)s* + TPA-*—Ru(bpy)s>** + product
Ru(bpy)s> " *—Ru(bpy)s** + hv
Route 2
Ru(bpy)s®" — e —Ru(bpy)s>*
TPA — e—>TPA-*
TPA-* — H* —TPA:
Ru(bpy)s>* + TPA—Ru(bpy)s>* *
Ru(bpy)s " *—Ru(bpy)s>* + hv

The dual-quenching mechanism of a-MoOs-Au (acceptor) towards
Ru-In,S; (donor) system was mainly attributed to the existence of RET
between two of them. Satisfactory overlap was investigated and found
between the ECL emission of Ru-In,S; (curve blue) and UV-vis spec-
troscopy of a-MoO3 or a-MoOs-Au (Fig. 3A). Compared a-MoOs-Au
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(curve black) with a-MoOs (curve red), the UV-vis absorption peak was
wider, which based for enhancing of overlap and effect of quenching.
As a result, the quenching effect of a-MoO3; was increased by compo-
siting Au NPs. Layer of GCE/Ru-In,S;-H7-Ab;/BSA/PCT electrode was
applied as the elementary probes (curve red) (Yang et al., 2011). Then,
a-MoOs (curve green), Au NPs (curve black) and a-MoOs-Au (curve
blue) were further modified on electrode surface, respectively. In
Fig. 3B, the quenching effect of a-MoOs-Au was more satisfied than that
of pure a-MoOj3 or Au. Also, a-MoO3-Au-Ab, bedecking to GCE was
detected, the ECL intensity decrease a little bit because the antibody
further blocked the electron transfer on the electrode surface. For fur-
ther confirmation, the ECL quenching towards Ru-In,S3; was explored
at GCE with a series of concentrations of a-MoOs-Au in 10 mL PBS (pH
7.6) containing 50 mM TPA. As concentration of a-MoOs-Au increases,
the ECL intensity decreased and the values were recorded in Fig. 3C.
Based on an existing work, the plot of I,/I versus a series of con-
centrations of a-MoO3-Au was obtained in Fig. 3D, and it put a range of
0.05-5 g/L (R* = 0.996), indicating a quenching mechanism depicted
by equation (Stern-Volmer). In this step, I and I, were on behalf of ECL
intensity with a-MoOs-Au and without, respectively. According to this
plot, the quenching constant (K,) was measured at 3.136 x 10°g~*,
while the excellent dual-quenching effect of a-MoOs-Au on Ru-In,S3
was confirmed from all of these results.

3.4. Characterization of the immunosensor

First of all, the electrochemical active area of the electrode after
substrate modification was calculated to describe the relative state of
the electrode surface. GCE/Ru-In,S; was tested by CV in 2.5mM Fe
(CN)¢>~7*~ and 0.1 M KCl with different scanning speed range from
0.02V/s to 0.4 V/s (Fig. 4A),. The standard curve was drawn with the
reduction peak current iy as ordinate, and the scanning speed to the
power 1/2 as abscissa to obtain the regression equation
i X 107°(A) = -240.4(v'/2/5'/%)-0.9904 (Fig. 4B). It was further in-
dicated that the electrode surface was only controlled by diffusion
(Wang et al., 2019). According to Randles-Sovcik equation, the calcu-
lated effective electrochemical active area was 2.25 times of the actual
area (The details were in the Supplementary Material), which was due
to the large surface area of In,Ss. It's worth mentioning that the increase
of electrochemical active area is conducive to adsorption of more Ru
(bpy)s>™, and at the same time, it also increases the catalytic site on the

2 3
¢ MoO3 (g/L)

electrode and accelerates the rate of redox reaction on the electrode
surface (Wang and Ma, 2018).

Besides, electrochemical impedance spectroscopy (EIS) was worked
in 2.5 mM [Fe (CN)c]>”# and 0.1 M KCl at different modified-electrodes
for the fabrication characterization of the biosensor. As shown in
Fig. 4C, the bare GCE only performed a small semicircle domain (curve
a), which owned to the mass transfer process. When Ru-In,S; was
modified on the electrode, a little bigger arch than curve a (curve b)
was shown distinctly, as a result of diffusion control and the impedance
effect of nanomaterial itself. When H7 and Ru-In,S; successfully im-
mobilized and combined, the impedance value was only slightly in-
creased (curve c). It was related to the small molecular structure of H7
itself. Then, Ab; (curve d), BSA (curve e) and PCT (curve f) was mod-
ified layer by layer, and the semicircle domain was becoming bigger
and bigger, indicating the impedance value increased gradually owing
to the protein hindrance. Particularly, the electron transfer resistance
increased significantly after modified with a-MoO3-Au-Ab, (curve g)
because the antibody and quenching agent further blocked the electron
transfer on the electrode surface. Herein, in order to observe the im-
pedance further, the circuit was simulated by using the equivalent
circuit element of simulation parameters (Table S1). Additionally,
cyclic voltammetry (CV) and the ECL intensity were also performed for
the above electrodes (Fig. S3 and Fig. 4D). All of the results indicated
the proposed ECL biosensor was successfully constructed.

3.5. Analysis of PCT

The effective ECL-RET system between Ru-In,S; and a-MoOs3-Au in
this work was utilized to detect a series of PCT sensitively. Raw data
and the standard regression curve were shown in Fig. 5A and Fig. 5B,
which made ECL intensity Ixc, as Y-axis and log c as X-axis. Its equation
of linear regression was Igcy, = 4315.61-1909.96 X 1g ¢ (R% = 0.9905)
with linear range of 0.0001 ng/mL to 50 ng/mL and detection limit of
12.49 fg/mL (S/N = 3). This work was compared with other related
work to explain the advantage of the detection method (Table S2).
Results obtained at this step put up lower detection limit and wider
detection range of this immunosensor, which could offer significant
direction for the detection of PCT and other biomarkers.
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3.6. Real sample analysis

SIRS refers to the systemic inflammatory response (body's response
to multiple cytokines/inflammatory mediators). Endotoxin is the
trigger of systemic inflammatory response (SIR), and there is no ob-
vious cure for this disease. PCT, a typical biomarker of SIRS in serum,
plays a vital role in the early realization of accurate and reliable di-
agnosis of SIRS. In obtained human serum, the concentration of PCT
specimen was detected to be 3.06 ng/mL by utilizing biosensor con-
structed in this work. In order to verify the application of this im-
munosensor, the recovery rate of different PCT concentration was ac-
quired by the standard recovery method (Table S3) with RSD under
3.6% and recovery range from 95.2% to 96.8% (n = 5). F-test was
performed to judge whether there was a prominent difference in ac-
curacy. F value calculated (Equation (1)) was under the theoretical one
(F = 6.39 at confidence limits 95%), indicated the highly equivalent
precisions of both methods. In the meantime, the proposed biosensor
was assessed by ELISA kit with the human serum concentration sample
for five times respectively. There was no significant difference between

the average value of standard recovery method and ELISA. This dual-
quenching system was also applied to evaluate by T-test (Equation (2)).
These results are demonstrated in Table 1. The value of t was under
2.78 (P = 0.95, a = 0.05, f = 4), indicated the neglect of system error.
The precision and accuracy can be ensured through both F-test and t-
test.
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4. Conclusion

In summary, the effect of potential on protein bioactivity, had been
raised and confirmed by CD spectra. Based on this, dual-quenching ECL-
RET system with high sensitivity utilizing Ru-In,S3 as donor and a-
MoOs3-Au as acceptor was constructed. a-MoO3-Au in the proposed RET
process, which could be the dual-quencher thanks to the quenching
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Fig. 5. ECL response of the biosensor to a series of different concentrations of PCT (a-i): 0.0001, 0.0005, 0.001, 0.005, 0.1, 0.5, 1, 10, and 50 ng/mL towards time (A)
and potential (B), and the calibration curves (inset of B) of biosensor which detected in 10 mL of 1/15M PBS (pH 7.6) containing 50 mM of TPA.
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Table 1
F-test and t-test about serum samples analysis.

Biosensors and Bioelectronics 142 (2019) 111524

Sample content  ELISA (pg/mL) Mean (pg/mL) s

RSD (%)  This method (pg/mL)

Mean (pg/mL) s RSD (%) Fvalue T test

PCT 6.09, 6.11, 6.03, 6.01, 6.10  6.07 0.04 0.74

6.19, 6.01, 6.13, 6.07, 6.15  6.11 0.07 1.16 1.75 1.28

“This method” is standard addition method above mentioned; the theoretical values at 95% confidence limits: F = 6.39, t = 2.57.

effect of both Au NPs and a-MoOs. Moreover, fine overlap between
UV-vis spectra of a-MoOs-Au and ECL emission spectra of Ru-In,S3 was
further demonstrated the dual-quenching effect. Besides, the specific
capturer H7 was applied to achieve site-oriented antibody capturing,
which not only greatly improved the antibodies incubation, but also
further promoted the sensitivity of the biosensor. This ECL biosensor
obtained sensitive response by using PCT as a target with low detection
limit of 12.49 fg/mL (S/N = 3) and wide linear range from 0.0001 to
50 ng/mL in human serum detection, indicating the established system
would play a certain role and develop potential in the related further
research.
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