
N
d
b

K
Z
S
4

a

A
R
R
A
A

K
P
s
N
E
P
E

1

a
r
i
s
c
h
c
c
i
r
c
o
t
(

h
0

Sensors and Actuators B 240 (2017) 586–594

Contents lists available at ScienceDirect

Sensors  and  Actuators  B:  Chemical

jo u r nal homep age: www.elsev ier .com/ locate /snb

ear–infrared  electrochemiluminesence  biosensor  for  high  sensitive
etection  of  porcine  reproductive  and  respiratory  syndrome  virus
ased  on  cyclodextrin-grafted  porous  Au/PtAu  nanotube

ang  Shao1, Chenjun  Zhang1,  Shiyi  Ye,  Kai  Cai,  Long  Wu,  Biru  Wang,  Chenchen  Zou,
hicheng  Lu,  Heyou  Han ∗

tate Key Laboratory of Agricultural Microbiology, College of Science, College of Food Science and Technology, Huazhong Agricultural University, Wuhan,
30070, PR China

 r  t  i  c  l e  i  n  f  o

rticle history:
eceived 28 April 2016
eceived in revised form 14 August 2016
ccepted 28 August 2016
vailable online 29 August 2016

eywords:
orcine reproductive and respiratory
yndrome virus

a  b  s  t  r  a  c  t

Self-supported  one-dimensional  nanocatalysts  with  better  electrical  transport  and  less  vulnerable  to
dissolution  and aggregation  than  zero-dimensional  nanocrystals  have  aroused  particular  attention  in
mimic-enzyme  catalysis.  Herein,  the  porous  Au/PtAu  bimetallic  heterojunction  nanotube  (PtAu BNT)  as
a remarkable  catalyst  was  firstly  introduced  into  the  near–infrared  electrochemiluminesence  (NIR  ECL)
immunoassay  for  enhancing  detection  sensitivity  of  porcine  reproductive  and  respiratory  syndrome  virus
(PRRSV). Meanwhile,  the  unique  and  strong  host-guest  recognition  between  �-cyclodextrin  and  adaman-
tine  was  chose  as the  linker  to  assemble  the  PtAu  BNTs  catalysts  onto  PRRSV  antibody,  which  clearly
surpassed  the unstable  electrostatic  assembly  between  cationic  surfactant  and  biosamples.  The formed
ear–infrared
lectrochemiluminescence
tAu nanotube
nzyme catalysis

supramolecular  “bridge”  could  extend  the  space  to  accommodate  more  PtAu  BNTs  catalysts  and  reduce
the  blocking  effect.  The  fabricated  sandwich  immunosensor  exhibited  excellent  analytical  performance
for  PRRSV  with  a better  linear  detection  range  from  1:103 to  1:106 (dilution  ratio)  and  a  sensitive  detec-
tion  limit  (10.8  pg/mL).  Good  stability,  acceptable  reproducibility  and  accuracy  of  the  immunosensor

plica
suggested  its  potential  ap

. Introduction

Porcine reproductive and respiratory syndrome virus (PRRSV) is
 small, enveloped positive single-stranded RNA virus that causes
eproductive failure in breeding swine and respiratory problems
n young pigs [1]. PRRSV has become a significant pathogen of
wine herds worldwide, with new disease phenotypes emerging
onstantly, leading to severe economic losses in global animal
usbandry [2]. Accurate detection of disease marker at low con-
entrations is crucially important for successful infectious disease
ontrol, which can facilitate early-stage disease detection. Recently,
ncreasing false-positive detections of PRRSV were reported using
everse-transcription polymerase chain reaction (PCR), which were
ommonly used in laboratory diagnosis [3]. Therefore, combination

f different assays is needed for accurate early-stage disease detec-
ion [4]. A better alternative electrogenerated chemiluminescence
ECL) technology has attracted increasing interest in biosensing
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tions  in clinical  diagnostics.
©  2016  Elsevier  B.V.  All  rights  reserved.

applications because of its high sensitivity, wide dynamic con-
centration response range, as well as its potential and spatial
controlment [5].

Currently, the ECL emissions from traditional emitters, such as
luminol [6], polyaromatic hydrocarbons [7] and Ru(bpy)3

2+ [8] are
alsways interfered by background signals of biosamples. Develop-
ment of near–infrared (NIR, emission 650–900 nm)  ECL analysis
could avoid background signals in visible light range and reduce
photochemical damage of biological samples [9]. Great efforts have
been made toward the fundamental properties and theoretical
explanations of NIR-emitting QDs ECL [10]. However, few stud-
ies are focused on NIR QDs-based ECL biosensors [11], because
relatively weak ECL signal intensity and unexpected ECL signal
interference of persulfate [12]. Thus, it is imperative to explore new
signal amplification strategy and restrain signal interference by
persulfate itself. The NIR QDs-H2O2/O2 ECL system is an alternative
co-reaction system but needs signal amplification [13].

Inspired by our proposed amplification strategy, the NIR ECL

can be improved via increasing the amount of signal labels or rais-
ing the efficiency of single signal label in single-pass ECL behavior
[14]. By means of some “bridge” linkers, such as streptavidin-
biotin [15] and cyclodextrin-adamantane [16], more signal labels

dx.doi.org/10.1016/j.snb.2016.08.162
http://www.sciencedirect.com/science/journal/09254005
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ould be anchored in an extended space above antibody or DNA,
hich could not only reduce the blocking effect but also expand

pace. Beta-cyclodextrin (�-CD), a cyclic oligosaccharide com-
osed of seven glucopyranose units, could form stable “bridge”

inker with various guest molecules by the host-guest interaction
wing to their special molecular structures-hydrophobic inter-
al cavity and hydrophilic external surface [17]. Recently, Ju’s
roup achieved signal-enhanced electrochemical bioassay rely-
ng on host-guest interaction between �-CD functionalized AuPd
imetallic nanoparticles and adamantine (Ada) [18]. By theoreti-
al calculation, approximately seven AuPd labels can be connected
ith a single antibody. On the other hand, enzyme catalysis plays

n important role in raising the efficiency of ECL signal label [19].
evertheless, natural enzymes have the restrictions of instabil-

ty, long-time consumption and high-cost purification processes.
herefore, a variety of nanostructures have been developed as
rtificial enzymes, mainly including Fe-based nanoparticles [20],
raphene oxide based-nanoparticles [21], metallic nanoparticles
22] and alloy nanoparticles [23]. Especially, porous materials
xhibit much higher catalytic activity than do their bulk coun-
erparts. As known to us all, one-dimensional nanocrystals, such
s nanowires and nanotubes, have better electrical transport and
re less vulnerable to dissolution and aggregation than zero-
imensional nanocrystals when used as self-supported catalysts
24]. Nonetheless, little is known about porous nanotubes and even
eterojunction nanotubes as artificial enzymes. Recently, we have
ynthesized quasi-one-dimensional Au/PtAu heterojunction nano-
ubes by the heterogeneous nucleation and growth of Au on Te/Pt
ore-shell nanostructures in aqueous solution [25]. Thus, introduc-
ng porous one-dimensional heterojunction nanotube with high
atalytic activity into NIR-ECL bioassay would effectively reduce
he amount of catalyst and greatly increase the detection sensitivity
f bio-samples, which to our knowledge, has never been reported
efore.

However, the Au/PtAu heterojunction nanotube compactly
oated by the long chain cationic surfactant cetyltrimethyl ammo-
ium bromide (CTAB) is different to connect biosamples tightly,
hich greatly restrict its biological application. Herein, we utilized
ost-guest recognition to prepare a CTAB-free porous Au/PtAu het-
rojunction nanotube-cyclodextrin composite and integrated the
IR ECL of the core-shell CdTe/CdS QDs-H2O2 system to prepare a

ynergistically amplified NIR ECL immunosensor for ultrasensitive
etection of PRRSV. The porous PtAu BNT instead of the traditional
nzyme was used as mimic-enzyme catalyst to improve the effi-
iency of single signal label. The ECL intensities increased regularly
ith the increase of PtAu BNTs, which provide the basis of quantita-

ive analysis. On the other hand, more PtAu BNTs could attach firmly
o the single antibody leading to “bridge” amplification based on the
upramolecular recognition between �-CD and Ada. The sandwich
mmunosensor can be fabricated using the specific binding of the
ntibody (Ab1) to PRRSV and the labeled secondary antibody (Ab2).
he novel ECL biosensor was successfully applied to the detection
f PRRSV and presented an excellent performance.

. Experimental

The used agents and instruments and the detailed preparation
rocesses of Au NPs, NIR-emitting CdTe/CdS coresmall/shellthick QDs
nd Te nanowires are described in Supporting information.

.1. Preparation of porous PtAu BNTs-CD composite
The porous PtAu bimetallic nanotubes were synthesized as
eported in our latest work with minor modifications [25]. Briefly,
e nanowires (ca. 0.04 mM)  were dispersed in an aqueous solution
ors B 240 (2017) 586–594 587

of CTAB (5 mM,  50 mL)  with constant magnetic stirring at 30 ◦C. An
aqueous solution of NaOH (0.1 M,  0.2 mL)  and K2PtCl6 (ca. 0.01 mM)
was added into the solution of CTAB, which changed from blue
to grey-black after 30 min, indicating the formation of Te/Pt core-
0shell nanostructures. Then, a certain amount of HAuCl4 was added
to the solution of CTAB and the solution turned gray-black after
25 min, thus indicating the formation of PtAu bimetallic nanotubes
(PtAu BNTs). The mixture was subjected to a centrifugation/wash
cycle to remove most of the matrices.

Scheme 1B showed the proposed formation process of porous
PtAu bimetallic nanotube-cyclodextrin composite (PtAu BNTs-CD).
Firstly, 1 mL  of porous PtAu BNTs were subjected to three centrifu-
gation/wash cycles at 12,000 rpm for 15 min  and resuspended in
5 mM CTAB solution. Next, 1.5 mL  of 5 mM SH-�-CD was added
dropwise into the dispersion under stirring. After the mixture was
gently shaken overnight at room temperature, the formed PtAu
BNTs-CD composite was collected by two times of centrifugation
at 12,000 rpm for 15 min  with 5 mM CTAB as the washing solu-
tion. Finally, the composite was  redispersed in 2 mL of 5 mM CTAB
solution and stored at 4 ◦C for further use.

2.2. Preparation of Ada-Ab conjugates

Adamantanecarboxylic acid (33 mg)  was suspended in 40 mL
of water followed by adding 20 �L of 1 M NaOH to obtain a clear
solution, which was  immediately diluted to 100 mL.  EDC (10 mg)
and NHS (10 mg) were added to 2 mL  of Ada solution and then
mixed with 2 mL  of PBS (50 mM,  pH 7.4). After the mixture was
gently shaken at room temperature for 30 min, PRRSV antibody
solution (20 �g/mL, 1 mL) was injected into this mixture and incu-
bated overnight at 4 ◦C. Subsequently, the obtained mixture was
dialyzed against PBS (50 mM,  pH 7.4) to remove the excess Ada.
Finally, the Ada-Ab conjugates were gathered and stored at 4 ◦C for
further use.

2.3. Preparation of porous PtAu BNTs-CD@Ada-Ab conjugates

The porous PtAu BNTs-CD composite and Ada-Ab conjugates
were mixed at an approximate molar ratio of 1:10 overnight at
room temperature. Then, the conjugates were collected by two
times of centrifugation at 12,000 rpm for 15 min  and then redis-
persed in 5 mM CTAB solution containing 1% BSA and stored at 4 ◦C
for further use.

2.4. Fabrication of the sandwich immunosensor

Scheme 1A represented the preparation of the biosensor. The
polished and subsequently washed glassy carbon electrode (GCE,
diameter of 3 mm)  was dried with high-purity nitrogen gas for
the next modification process. Five microliters of carbon nano-
tubes (CNTs) solution, 6 �L of CdTe/CdS coresmall/shell thick QDs
solution and 6 �L of chitosan solution (0.025%) were pipetted one
after another onto the center of the pretreated GCE and dried at
room temperature for over 3 h. Then, CH/QDs/CNTs/GCE was incu-
bated in 100 �L of Au NPs solution for 2 h, followed by rinsing twice
with PBST. After that, 10 �L of PRRSV Ab1 was  pipetted onto the
Au/CH/QDs/CNTs/GCE surface and then covered with a pipette tip
for 12 h at 4 ◦C. Next, the modified electrode was rinsed with PBST to
remove physically absorbed antibody and then incubated in 100 �L
1% BSA solution for 1 h at 37 ◦C to block possible remaining active
sites and avoid the nonspecific adsorption. After washing thor-

oughly with PBST, the Ab1/Au/CH/QDs/CNTs/GCE was  incubated in
60 �L of PRRSV suspension for 1 h at 37 ◦C and then washed with
PBST. Finally, the Ag/Ab1/BSA/Au/CH/QDs/CNTs/GCE was  incubated
in 100 �L of PtAu BNTs-CD@Ada-Ab conjugates for 1 h at 37 ◦C,
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cheme 1. (A) Schematic illustration of ECL biosensors for detection of PRRSV (a) w
b)  PtAu BNTs-CD (c) PtAu BNTs-CD@Ada-Ab2.

nd then washed thoroughly with PBST to remove nonspecifically
ound conjugates for the subsequent ECL characterization assays.

. Results and discussion

.1. Characterization of the nanomaterials

Transmission electron microscopy (TEM) was initially used to
bserve the microstructure of the Te nanowires, PtAu BNTs, CNTs,
u NPs and CdTe/CdS QDs. As shown in Fig. 1A, Te nanowire (Te
Ws) presented a uniform rhabdoid structure with a mean diam-
ter of 20 nm and a length of 500 nm.  In Fig. 1B, the hollowed-out
nd porous Pt/Au bimetallic nanotube synthesized from Te NWs
emplates were interspersed with spherical Pt/Au nanoparticles
ith no individual nanoparticles observed in the surroundings,
ndicating that nanoparticles heterogeneously nucleate and grow
irectly on the surface of the framework. To further verify the
t/Au element distribution in the bimetallic nanotube, the nan-
tube was characterized by high-angle annular dark-field (HAADF)
 Ada and �-CD (b) with Ada and �-CD. (B) The fabrication procedures of (a) Ab2-Ada

scanning transmission electron microscopy (STEM). Fig. 1D respec-
tively showed the HAADF-STEM images of the bimetallic nanotube
and the selected-area in the HAADF-STEM image of bimetallic nan-
otube. The Pt and Au elemental mappings of the selected-area in
the bimetallic nanotube showed in Fig. 1E and F indicated that ele-
mental Au and Pt were distributed on every component of the
heterojunction nanotube. Fig. S1A showed CNTs possessed the
spindly and interlaced tubular structures. Spherical Au NPs with
a uniform size (∼25 nm,  Fig. S1B) showed a strong characteristic
absorption peak at 523 nm due to surface plasmon resonance (Fig.
S1D). Under ultraviolet light irradiation, the MPA-CdTe/CdS cores-
mall/shell thick QD with 3.5 nm size (Fig. S1C) and 7.53 nm average
hydrodynamic size (Fig. S1E) showed a −25.2 mV  zeta-potential
(Fig. S1F). As displayed in Fig. 2A, a clear characteristic absorption
peak at 650 nm and a sharp fluorescent emission peak at 710 nm
were observed, revealing that the CdTe/CdS coresmall/shell thick

QD is NIR QD.
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ig. 1. TEM images of (A) Te NWs, (B) porous PtAu BNTs and (C) PtAu BNTs-CD
pectroscopy (EDX) mapping image of PtAu BNTs-CD.

.2. Characterization of the porous PtAu BNTs-CD@Ada-Ab2
onjugates

Firstly, the successful preparation of PtAu BNTs-CD@Ada-Ab2
onjugates can be directly observed in Fig. 1C. Compared to the
qually distributed individual PtAu BNT in Fig. 1B, obvious aggre-
ation and conglutination were observed among most PtAu BNTs in
ig. 1C, indicating the successful formation of PtAu BNTs-CD@Ada-
b2 conjugates, which can also be verified by the ultraviolet
bsorption spectrum. As shown in Fig. 2B, the characteristic absorp-
ion peaks of PtAu BNTs emerged at ∼260 nm and ∼530 nm (curve
). With PtAu BNTs combined to SH-�-CD (curve b), a red shift
ccurred, which was attributed to the presence of SH-�-CD, indi-
ating the successful fabrication of PtAu BNTs-CD conjugates. After
he host-guest recognition between PtAu BNTs-CD and Ada-Ab,
wo characteristic absorption peaks emerged at about 280 nm
nd 530 nm,  which respectively corresponding to the characteris-
ic absorption peaks of PRRSV Ab and PtAu BNTs, which further
onfirmed the successful formation of PtAu BNTs-CD@Ada-Ab2
onjugates. The combination of PtAu BNTs-Ab by electrostatic
dsorption can be confirmed in the same way  shown in Fig. 2B
curve d) and Fig. 2C.

Additionally, X-ray photoelectron spectroscopy curves of Au4f,
t4f, N1s and S2p were recorded to further identify the formation
f PtAu BNTs-CD@Ada-Ab2 conjugates (Fig. 2D, E and F). The bind-
ng energies of Pt4f and Au4f from PtAu BNTs were 71.94 eV and
3.7 eV, which were lower than that of PtAu BNTs-CD@Ada-Ab2
73.14 eV and 91.03 eV) (Fig. 2E). In Fig. 2F, the new S2p binding
nergy could be ascribed to the sulfur from the disulfide bond in
rotein (168.47 eV). In addition, conjugation with Ada-Ab2 on PtAu
NTs-CD resulted in an increase in the relative elemental composi-
ions of oxygen, nitrogen, and sulfur and a decrease in the irrelative

lemental compositions of platinum and gold (Fig. 2D and Table S1).
ll these facts confirmed that PtAu BNTs-CD@Ada-Ab2 conjugates
ere successfully fabricated.
-Ab2. (D, E) HAADF-STEM images and (F) HAADF-STEM energy-dispersive X-ray

3.3. ECL of CdTe/CdS coresmall/shell thick QDs-H2O2 system

The ECL performance of NIR QDs was closely related to the trig-
gering potential, scan rates and pH of PB solution, thus a series of
optimization experiments were carried out concerning these vari-
ables. As shown in Fig. 3A, the ECL intensity showed an increase
with the decrease of triggering potential first, followed by a gradual
decrease after reaching the peak value. The optimal scan poten-
tial window was 0 ∼ −1.5 V. Similarly, the optimal scan rate was
0.3 V/s (Fig. 3B). In Fig. 3C, the ECL signal increased obviously with
increasing pH, and reached a plateau after pH 8.0. Considering the
physiological pH and ECL response of QDs, pH 7.4 was  defined as
the optimal pH of PB solution.

To explore the role of oxygen in the QDs−H2O2 ECL system, three
different PB testing solutions were pretreated with air, nitrogen and
oxygen for 15 min, respectively. As displayed in Fig. 3D, almost no
ECL signal were detected if there is no oxygen in PB testing solution
(curve e). With increasing dissolved oxygen concentration, the ECL
intensity enhanced greatly (curve d and f), indicating that oxygen
plays a vital role in QDs−H2O2 ECL system, which also verified the
feasibility of improving ECL on the basis of enzyme catalysis.

As shown in Fig. 3E, a significant ECL peak of NIR QDs was
observed around −1.5 V. The inset indicated the cyclic voltammetry
(CV) of NIR QDs-H2O2 at the base condition, which was related to a
possible reaction mechanism for the ECL of NIR QDs. Based on the
aforementioned results and some previous studies [26], a possible
reaction mechanism is proposed as follows:

NIR QDs + e → NIR QDs− (1)

O2 + H2O + 2e → OOH− + OH−or (2)

− −
H2O2 + OH → OOH + H2O (3)

NIRQDs− + OOH− + H2O → 3OH− + 2 NIR QDs∗ (4)

NIR QDs∗ → NIR QDs + h� (5)
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Fig. 2. UV–vis absorption spectra of (A) NIR-QDs and (B) PtAu BNTs (curve a); PtAu BNTs-CD (curve b); PtAu BNTs-CD@Ada-Ab (curve c) and PtAu BNTs-Ab (curve d). (C) Zeta
potential of PtAu BNTs-Ab. (D, E and F) XPS analysis of PtAu BNTs and PtAu BNTs-CD@Ada-Ab.
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ig. 3. ECL responses to (A) triggering potential, (B) scan rate and (C) pH. (D) The 

ptimum conditions. The inset was CV of QDs-H2O2. (F) Calibration curve for H2O2

ost ECL emissions are often generated via a so-called pre-

nnihilation and co-reaction mechanisms. In our study, the
issolved oxygen was reduced and the reduced product OOH− was
ne of the co-reactants which participated in the ECL reaction when
n between ECL of QDs and H2O2/O2. (E) ECL-potential curves of QDs-H2O2 under
ination.

the electrode potential was scanned from 0 to −1.5 V. At the basic

condition, H2O2 was liable to produce OOH−, which could react
with NIR QDs− to generate more NIR QDs*, leading to a higher ECL
intensity.
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Fig. 4. CV (A) and EIS (B) of (a) bare GCE, (b) CNTs/GCE, (c) Au/CH/QDs/CNTs/GCE, (d) Ab1/Au/CH/QDs/CNTs/GCE, (e) BSA/Ab1/Au/CH/QDs/CNTs/GCE, (f)
Ag/BSA/Ab1/Au/CH/QDs/CNTs/GCE, (g) PtAu BNTs-CD@Ada-Ab2/Ag/BSA/Ab1/Au/CH/QDs/CNTs/GCE.
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ig. 5. ECL responses of (a) Ab2/PRRSV/BSA/Ab1/Au/CH/QDs/GCE, (b) Ab2/PRRSV/B
nd  (d) PtAu BNTs-CD@Ada-Ab2/PRRSV/BSA/Ab1/Au/CH/QDs/CNTs/GCE.

The relationship between ECL intensity of NIR QDs and the con-
entration of H2O2 was showed in Fig. 3F. The ECL intensity was
inearly increased with increasing concentration of H2O2. The lin-
ar regression equation obtained from the calibration curve (the
nset) was y = 102.65x + 740.06 (R2 = 0.9904) and the linear range

as 2.0 × 10−4 ∼ 2.0 × 10−6 mol/L.

.4. Characterization of the ECL immunosensor

Cyclic voltammetry (CV) and electrochemical impedance spec-
roscopy (EIS) were used to verify the assembly process of the

odified electrodes step by step. Fig. 2A showed the CV curves
haracterizing the fabrication procedures of the modified GCE

sing [Fe(CN)6]4−/[Fe(CN)6]3−as electroactive probes. The bare GCE
xhibited a couple of reversible redox peaks (curve a). After mod-
fied with CNTs, the peak currents of the electrode increased

ildly. However, the potential difference (�E) increased slightly
1/Au/CH/QDs/CNTs/GCE, (c) PtAu BNTs/Ab2/PRRSV/BSA/Ab1/Au/CH/QDs/CNTs/GCE

between the oxidation peak and reduction peak because of the
hydrophobicity of CNTs and the charge repulsion between CNTs and
[Fe(CN)6]4−/[Fe(CN)6]3− electroactive probes (curve b). The better
performance of the modified electrode was attributed to the good
electrical conductivity of CNTs. Obvious decrease was observed
in the amperometric signal (curve c) when QDs, CH and AuNPs
were immobilized on CNTs/GCE. With a further decrease in the
peak currents in the CV, the gap between the anodic and cathodic
peaks became wider in subsequent stepwise construction process
of Ab1, BSA, PRRSV and PtAu BNTs-CD@Ada-Ab2. This phenomenon
was ascribed to the electron inert properties, blocking the elec-
tron transfer and mass transfer of [Fe(CN)6]4−/[Fe(CN)6]3− ions at
the Au/CH/QDs/CNTs/GCE surface. These results demonstrated the

successful fabrication of the ECL biosensor for detection of PRRSV.

Additionally, EIS was  also used to monitor the changes of surface
features in modified electrodes in the assembly process (Fig. 4B).
The diameter of the semicircle in a higher frequency range of the
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ig. 6. (A) ECL profiles of the biosensor at different dilution ratios of PRRSV (a–j) 1:
rom  0 V to −1.5 V at a scan rate of 300 mVs−1. (B) Calibration curve for determina
mission from PtAu BNTs-CD@Ada-Ab2/PRRSV/BSA/Ab1/Au/CH/QDs/CNTs/GCE und

yquist plots was equal to the electron transfer resistance (Ret)
t the electrode interface. The CNTs/GCE exhibited a higher Ret

han GCE due to the good hydrophobicity (curve a, b). With the
equential assembly of QDs/CH/AuNPs (curve c), Ab1 (curve d), BSA
curve e), Ag (curve f) and PtAu BNTs−CD@Ada−Ab2 (curve g), the
et increased steadily. The result of EIS was consistent with that
f CV, confirming the successful preparation of the biosensor. The
urface topography of modified electrodes surveyed by SEM also
emonstrated the successful fabrication of the ECL biosensor (Fig.
2).

.5. Synergetic amplification of PtAu BNTs and CD-Ada for ECL
iosensor

The roles of the three amplifying mediums (CNTs, PtAu BNTs
nd CD-Ada) were confirmed by comparing the signal intensities
f four different biosensors (Fig. 5). The first biosensor with a low
CL intensity can be used as control (curve a). Compared with
urve a, the enhanced ECL intensity (curve b) was improved 1.2-fold
emonstrating that CNTs could accelerate the electron transfer in
he ECL process. After electrostatic adsorption between PtAu BNTs
nd Ab2 (curve c), the ECL intensity showed a 2.1-fold enhancement
ecause of the mimic-enzyme catalysis of porous PtAu heterojunc-

ion nanotube. The ECL intensity of complete biosensor (curve d)
ad a 5.1-fold enhancement compared with curve b, which could be
ttributed to three reasons: (i) the interaction of CD-Ada is greater
nd more stable than electrostatic adsorption; (ii) CD-Ada act as
:106 in 0.1 M pH 7.4 PB solution containing 0.01 M H2O2 and in the potential range
f PRRSV. (C) Specificity of IgG, BSA, PCV, EV71, mixed sample and PRRSV. (D) ECL
tinuous CVs for 12 cycles.

a “bridge” that could cause outward extension of space from the
surface of the antibody, resulting in the reduction of steric hin-
drance above electrode interface; (iii) more extra Ada decorated on
Ab2 could contact PtAu BNTs-CD, leading to further mimic-enzyme
catalysis.

3.6. Characterization of the ECL detection of PRRSV

The ECL behavior of the fabricated biosensor for detection of
PRRSV was  measured under aforementioned optimized conditions
in 0.1 M PB solution with 1 mM H2O2. The ECL signal of biosensor
was corresponded to PRRSV at different concentrations (Fig. 6A).
The ECL signal intensities gradually decreased with decreasing
concentrations of PRRSV, indicating that the biosensor are biocom-
patible and sensitive to target changes.

The standard calibration curve of PRRSV (100X, ∼19 �g/mL)
detection was illustrated in Fig. 6B. The ECL peak intensities
were proportional to the logarithmic value of the PRRSV dilu-
tion ratio over a range from1:103 to 1:106 (19 ng/mL–19 pg/mL).
The linear regression equation was IECL (au) = 1535.00 × log Vvirus:

V + 9769.64, with the correlation coefficient R2 = 0.9951.IECL indi-
cated the ECL peak intensity and Vvirus: V was the PRRSV dilution
ratio. The detection limit (dilution ratio) was roughly calculated to
be 5.68 × 10−7 (∼10.8 pg/mL) with a signal−to−noise ratio of 3.
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.7. Specificity, reproducibility, stability and recovery of the
iosensor

Immune globulin (IgG), albumin bovine (BSA), porcine cir-
ovirus type 2 (PCV2) and Enterovirus 71 (EV71) at the same
oncentration were adopted to test the specificity of the biosensor
or PRRSV detection. As shown in Fig. 6C, two stronger ECL sig-
als were obtained from PRRSV sample and mixed sample, while
nly very weak signals emerged for IgG, BSA, PCV and EV71. Addi-
ionally, these two stronger ECL signals were fitted to the linear
egression equation. These results demonstrated that the proposed
CL biosensor had a good feasibility and selectivity. Moreover, after
ncubating immunosensor in PRRSV solution for 1 h, the ECL inten-
ities remained comparatively stable during consecutive cyclic
otential scanning, indicating an acceptable stability for ECL detec-
ion (Fig. 6D). After storage at 4 ◦C for 7 days, the biosensor retained
5% of the original ECL response.

.8. Standard addition recovery experiments of the PRRSV in
hree negative serums

According to the standard addition method, the recovery test
as performed by adding PRRSV to three different serum samples.

he ECL signals of three different negative serums as the back-
round interference were deducted before. The results obtained
rom diluted serum samples before and after adding PRRSV were
ompared to determine each recovery of PRRSV. The results pre-
ented in Table S1 indicated that the recovery ratios of 3 serum
amples at different PRRSV content ranged from 101.6 to 109.2%.
analytical precision of RSD ≤ 10%) These results validated the reli-
bility and practicality of this method.

. Conclusion

In this study, we fabricated a novel near–infrared electrochemi-
uminesence immunosensor for ultrasensitive detection of PRRSV
ased on mimic-enzyme catalysis and host-guest recognition. Two
onclusions could be drawn for the novel near–infrared electro-
hemiluminesence immunosensor: (i) the porous PtAu BNTs as a
ubstitute for peroxidase presents a catalytic effect, resulting in
reat improvement of NIR ECL immunoassay; and (ii) host-guest
ecognition between �-CD and Ada form a stable “bridge” to link
ore PtAu BNTs with single antibody, leading to signal amplifica-

ion. Compared with the traditional veterinary laboratory diagnosis
f PRRSV antigen like PCR and indirect immunofluorescent assay,
he current method exhibits a higher sensitivity and wider linear
ange. Therefore, this novel detection method can be used as an
lternative tool for clinical diagnosis.
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