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ABSTRACT: In this study, an ultrasensitive biosensor based on a novel electrochemiluminescence nanosurface energy transfer 

(ECL-NSET) system was developed for procalcitonin (PCT) detection. N‑(aminobutyl)-N(ethylisoluminol) (ABEI) as ECL donor 

was externally cross-linked with ferritin (ABEI-Ft), whose ECL emission was boosted by ferritin nanocore in the presence of 

hydrogen peroxide. Then, single gold nanoparticle (Au NP) as ECL acceptor was in situ reduced on ABEI-Ft surface to fabricate a 

donor-acceptor nanostructure (ABEI-Ft@Au). ECL quenching occurred in ABEI-Ft@Au correlates well with the NSET theory rather 

than FÖrster resonance energy transfer (FRET). To improve sensitivity of biosensor, HWRGWVC heptapeptide (HWR) was utilized 

to capture antibody Fc portion via specific interaction to realize site-oriented immobilization. After connecting with ABEI-Ft@Au 

via Au-S bond, HWR improved the incubation efficiency of antibody with a better maintained biological activity. Under optimal 

conditions, the proposed biosensor provided a quantitative readout to PCT concentration in the range of 100 fg/mL- 50 ng/mL with 

a detection limit of 41 fg/mL. With favorable specificity, stability and reproducibility, this highly efficient ECL-NSET system will 

inspire more interests in nanometal-based ECL quenching mechanism studies and developments of new methods for site-oriented 

antibody immobilization   improve the sensitivity.

■ INTRODUCTION 

Electrochemiluminescence (ECL), a light-emission progress 

generated from the excited luminous species, has received 

considerable attention due to high sensitivity, low background 

noises, wide dynamic response ranges and favorable 

controllability.1-3 To date, ECL system based on energy transfer 

theory has become an uprising focus in bioanalysis, clinical 

diagnosis and pharmaceutical analysis.4-7 Notably, gold 

nanoparticles (Au NPs) have been employed as energy acceptors to 

quench ECL emission of various luminophores.8-10 However, some 

of the involved mechanisms still remain unspecified despite FÖrster 

resonance energy transfer (FRET) has been used to verify the 

quenching process,7 thus making it essential to establish other 

qualified models to infer the possible mechanisms. As a 

nonradiative excitation energy transfer from molecular dipole to 

nanometal surface, nanometal surface energy transfer (NSET) is 

gaining growing attention in nanometer distance measurements, 

cell apoptosis monitoring and fluorescence quenching.11-14 

Recently, NSET has been utilized to reveal and demonstrate the 

quenching effects of nanometals toward fluorescence dyes.15, 16 

Though similar to FRET, NSET theory has not been applied to 

determine ECL quenching mechanisms and measure the distance 

between ECL donors and acceptors by now. Herein, concept of 

ECL-NSET is firstly brought up in this work, aiming at building a 

new quenching model for specific energy-transfer mechanism 

determinations between various ECL donors and nanometal-based 

ECL acceptors. 

As well known, N-(aminobutyl)-N-(ethylisoluminol) (ABEI) 

with high and stable ECL efficiency can generate  ECL signals with 

hydrogen peroxide (H2O2) as coreactant in alkaline solutions.17  

Due to the long steric distance between the primary amino group 

and benzene ring, ABEI exhibited favorable reducibility and has 

been used for in-situ preparation of Au NPs in ECL sensing systems. 
17, 18 For improving the biocompatibility of biosensors, some 

nanosized biomaterials like DNA nanoscaffolds13, 19 and protein 

nanocages20, have been explored as ECL nanocarriers. Ferritin is a 

ubiquitous iron-storage protein which encapsulates a ferric 

nanocore within the nanocage composed of 24 subunits.21, 22 With 

unique structural features, pH-tolerant property, biocompatibility, 

enzyme-mimic property, ferritin has been extensively utilized as 

nanoreactors for synthesis of nanomaterials, fabrication of 

nanodevices and controllable delivery of bioactive molecules, 

etc.23-27 It should be highlighted that the ferric nanocore with 

enzyme-mimic activity can efficiently catalyze the oxidation of 

ECL luminophores in the presence of H2O2.28 Inspired by this, 

ferritin as a natural, catalytic and biocompatible nanocarrier was 

served to crosslink with ABEI whose ECL emission will be boosted 

by the inside ferric nanocore.  

It is worth noticing that the antigen-recognition ability of 

biosensor is mainly dominated by the biological activity of 

immobilized antibody.29 Although  abundant amino and hydroxyl 

groups are exposed on the outer surface of ferritin, random 

immobilization of antibodies via amine reaction can’t guarantee 

their biological activity.30 Due to the fact that F(ab’)2 fragment is 

the active section of antibody that interacts with antigen, when it  

fully or partially participates in the immobilization process, the 

antibody activity would decrease or even lost.22 To avoid random 

immobilization and improve the availability of antibody for antigen 

binding, site-oriented immobilization is of great importance. To 

date, developments of small peptide ligands light up the way for  
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Scheme 1. The fabrication process of the proposed biosensor. 

 

site-oriented antibody immobilization on nanocarriers.29 In 

particular, HWRGWV hexapeptide has been demonstrated to 

specifically interact with the amino acids in the loop Ser383-

Asn389 (SNGQPEN) of antibody Fc fragment with high affinity.31 

Possessing superiorities of low cost, easy preparation, physical and 

chemical stability, HWRGWV holds great potential in ECL 

immunoassay for site-oriented antibody immobilization.   

In view of the above, a novel ECL biosensor was firstly proposed 

using ferritin-based ECL-NSET system with a new site-oriented 

antibody immobilization method. First of all, ABEI molecules 

were cross-linked on ferritin outer surface (ABEI-Ft) via 

glutaraldehyde (GA) interaction. AuCl4
- ions were adsorbed by 

amino groups of ferritin surface via electrostatic adsorption, which 

was then reduced to Au NPs (3.8 ± 0.2 nm) by proximal ABEI to 

form an donor-acceptor nanostructure of ABEI-Ft@Au. The 

quenching between proximal ABEI and Au NP correlated well with 

NSET theory by following a 1/d4 distance dependence. Then, the 

C-terminus of HWRGWV hexapeptide was modified with a 

cysteine to obtain HWRGWVC heptapeptide (HWR) which could 

combine with ABEI-Ft@Au via Au-S bond to specifically capture 

antibody in a site-oriented way.20 Notably, HWR greatly 

accelerated the incubation of antibody with a better maintained 

activity, which saved a lot of time and improved the effective 

availability of antibody as well. Procalcitonin (PCT) as a reliable 

biomarker of systemic inflammatory response syndrome (SIRS) 

was employed as a target analyte.32, 33 The developed biosensor 

based on ABEI-Ft@Au-HWR was constructed, which realized 

sensitive detection of PCT in human serums. This strategy will 

provide a new perspective for designing facile, biocompatible and 

eco-friendly ECL signal labels and quenching mechanism studies. 

■ EXPERIMENTAL SECTION 

Preparation of Ferritin and HWR Solution. Ferritin 

solution (100 mg/mL) was diluted to desired concentration of 10 

ug/mL with 0.05 mol/L pH 7.4 phosphate buffer (PBS) that 

contained 0.05 mol/L NaCl. 1 mg of HWR was dispersed with 0.1 

mol/L PBS (pH 7.4) and diluted to desired concentration of 1  

ug/mL. Both ferritin and HWR solution were stored at 4 oC for 

further use. The preparation details of apoferritin (ferritin devoid of 

ferric nanocore) were shown in Supporting Information for the 

following enzyme-mimic activity study. 

Preparation of ABEI-Ft@Au Nanostructure. First, 4 mL 

of ferritin (5 ug/mL), 1.5 mL of ABEI (10 mmol/L) solution were 

added into a 50 mL beaker, the mixture was then diluted with 4.5 

mL of ultrapure water. After that, 100 µL of GA (50%) solution 

was added and kept stirring for 2 h to obtain the crosslinking 

product of ABEI-Ft. In the following step, 200 µL of HAuCl4 (10 

mmol/L) solution was injected into the above mixture for stirring 

15 min. After that, the reaction was kept stirring at 50 oC for 5 min 

until the color changed from pale yellow to wine red. The ABEI-

Ft@Au was centrifuged at 8000 rpm to discard excess reagents and 

then dispersed into 1 mL of ultrapure water .  

Preparation of ABEI-Ft@Au-HWR-Ab2 Bioconjugate. 
Then, 1 mL of HWR solution (50 ng/mL) was added into the above 

solution and the mixture was oscillated for 50 min at 4 oC. After 

centrifugation at 12000 rpm, the sediments were dispersed into 1 

mL of PBS. Then, 400 uL of BSA solution (0.1%) was added to 

block the unspecific biding sites. After centrifugation and washing, 

5 ug of Ab2 was incubated at 4 oC for 40 min. After centrifugation 

and washing, the obtained ABEI-Ft@Au-HWR-Ab2 bioconjugate 

was added into 1 mL of PBS (pH 7.4) for dispersion and then stored 

at 4 oC for further study.  

High Performance Liquid Chromatography (HPLC) 
Analysis. Agilent 1260 HPLC system consisting of an UV 

detector and a Zorbax C18 column (4.6 ×250 mm, 5 μm) was 

utilized to conduct HPLC analysis in this work. Samples were 

eluted by the use of a mobile phase of acetonitrile/water (30:70, 

v/v). For the mobile phase, the injection volume of sample was 10 

uL with a flow rate of 0.5 mL/min, and the wavelength was set to 

220 nm. To assay the amounts of HWR that connected via Au-S 

bond, the centrifugation (8000 rpm for 10 min) supernatants of 

ABEI-Ft@Au-HWR bioconjugate were collected. Binding ratio 

(%) of HWR was calculated according to the following equation: 

binding ratio (%) = connected HWR (ug)/ HWR (ug)× 100% 
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Figure 1. Negative stain TEM image of pure ferritin (A) and ABEI-Ft@Au (B), HRTEM image (C), all the samples were stained with 2% uranyl acetate for 3 min. 

AFM image (D) and height profile of single ABEI-Ft@Au nanostructure (E), UV-vis absorption spectrum of ABEI, ferritin, ABEI-Ft and ABEI-Ft@Au (F). 

 

Circular Dichroism (CD) Analysis. CD spectroscopy is a 

powerful technique that sensitive to the secondary structural 

changes of protein or peptides when connected to substrate 

surfaces.34 CD spectra was utilized to demonstrate the antibody 

activity after immobilizations through HWR specific interaction 

and Au-N adsorption, respectively. All the CD spectra in this work 

were obtained by scanning from 190 to 260 nm in a MOS-450 

spectrometer consisting of a quartz cuvettes of 1 mm optical path 

length at 25 oC. All the data were expressed in terms of mean 

residual ellipticity (h) in deg cm2 dmol-1. 

Fabrication of the Proposed ECL Biosensor. After 

ultrasonic cleaning with ultrapure water and ethanol, bare GCE was 

successively polished using 0.3 and 0.05 μm Al2O3 powder to a 

mirror-like surface. Then, the cleaned GCE was immersed into 1% 

HAuCl4 solution at −0.2 V for 30 s to deposit Au film (DpAu) on 

the surface. It should be noted that after each step below, the 

modified electrode was rinsed thoroughly with PBS (10 mmol/L, 

pH 7.4) to get rid of the unabsorbed species. First of all, 

GCE/DpAu was immersed into HWR (50 ng/mL) solution for 60 

min to capture HWR via Au-S bond at 4 oC. After that, the electrode 

was dipped in 0.1% BSA solution at 37 oC for 1 h to block the non-

specific binding sites of Ab1. Then, the electrode was immersed 

into the Ab1 solution (5 ug/mL) for 50 min to finish the incubation 

at 4 oC. Following that, 10 uL of PCT with different concentrations 

were incubated for 40 min at 37 oC. Finally, 10 uL of ABEI-

Ft@Au-HWR-Ab2 bioconjugate was covered on the obtained 

surface for sandwiched immunoreaction for at 37 oC. The biosensor 

was fully constructed and stored at 4 oC for following detection, 

and the fabrication process of the proposed biosensor was 

presented in Scheme 1.  

Electrochemical and ECL Measurements. Cyclic 

voltammetry (CV) and MPI-F ECL analyzer were employed for the 

electrochemical and ECL measurements, respectively. A 

conventional three-electrode system containing the modified GCE 

as working electrode, a platinum wire as counter electrode and an 

Ag/AgCl electrode (saturated KCl) as reference electrode. The  

ECL detection was carried out in 10 mL of PBS (0.1 mol/L, pH 8.0) 

containing 30 mmol/L H2O2 at room temperature with parameters 

of photomultiplier tube voltage (800 V),  scan voltage (from 0 to 

0.58 V) and the scan rate (100 mV/s).  

■ RESULTS AND DISCUSSION 

Characterizations of ABEI-Ft@Au Nanostructure. The 

morphologies of pure ferritin and ABEI-Ft@Au were 

demonstrated by negative staining transmission electron 

microscopy (TEM) and high-resolution transmission electron 

microscopy (HRTEM). As shown in Figure 1A, pure ferritins with 

outer and inner diameter of ~12 nm and ~ 8 nm can be seen clearly. 

After sphere Au NPs with uniform size of 3.8 ± 0.2 nm were in situ 

synthesized on ABEI-Ft successfully (Figure 1B), the ABEI-

Ft@Au were well-dispersed with no obvious aggregations. In 

Figure 1C, single ABEI-Ft@Au nanostructure was clearly 

presented, which was further characterized by atomic force 

microscope (AFM) topography. As shown in Figure 1D and E, the 

thickness of ABEI-Ft and Au NP were approximately 12.3 nm and 

4.0 nm, respectively. Diameter distribution of Au NPs was shown 

Figure S1A. Besides, energy dispersive X-ray (EDX) showed C, N, 

O, P, S, Fe, Au signals, which was consistent with the elementary 

composition of ABEI-Ft@Au (Figure S1B). Then, the UV-vis 

absorption spectrum (Figure 1F) was further used to prove the 

synthesis of ABEI-Ft@Au. The absorption peak of ferritin was 

found at 280 nm, while the ABEI’s were found at 226, 283 and 322 

nm. Compared with ferritin and ABEI, the absorption peaks of 

ABEI-Ft  at 226 nm and 322 nm faded away while the absorption 

peak at 280 nm became wider, which indicated the successful 

crosslinking of ABEI with ferritin. After the in situ growth of Au 

NPs, a new absorption peak was found at 519 nm compared with 

ABEI-Ft, indicating the successful preparation of ABEI-Ft@Au 

nanostructure.  

Site-Oriented Capture of Antibody via HWR. HPLC was 

used to demonstrate the efficient combination of HWR with 

GCE/DpAu (Supporting Information, Figure S2A and B) and  
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Figure 2.  (A)HPLC results of uncoupled HWR (50 ng/mL) after coupling with ABEI-Ft@Au from 10 to 70 min. (B) UV-vis absorption of uncaptured Ab2 by HWR in 

a time range from10 to 60 min. (C) UV-vis absorption spectrum of uncaptured Ab2 by Au-N adsorption in a time range from 1 to 12 h. (D) CD spectra of pure HWR (a), 
ABEI-Ft@Au (b), ABEI-Ft@Au-Ab2 (c), ABEI-Ft@Au-HWR-Ab2 (d). 

 

 

 

 

 

 

 

 

Figure 3. (A) EIS profiles of stepwise modified electrodes in 10 mL of PBS (pH 7.4, 0.1mol/L) containing 0.1mol/L KCl and mmol/L [Fe(CN)6]
3-/4-: (a) GCE/DpAu, 

(b) bare GCE, (c) GCE/DpAu/HWR, (d) GCE/DpAu/HWR/BSA, (e) GCE/DpAu/HWR/BSA/Ab1, (f) GCE/DpAu/HWR/BSA/Ab1/PCT, (g) 

GCE/DpAu/HWR/BSA/Ab1/PCT/ABEI-Ft@Au-HWR-Ab2. (B) CV profiles of each step showed in (A).  

 

ABEI-Ft@Au via Au-S bond. First of all, 1 mL of ABEI-Ft@Au 

solution were mixed with HWR solution (50 ng/mL) and coupled 

for different time at 4 oC. After centrifugation, the supernatants 

were tested and corresponding peak areas of HWR were recorded. 

As shown in Figure 2A, the curves levelled off at 50 min and kept 

constant. According to the Peak Area (P) = 162.1, the unconnected 

HWR amount was calculated to be about 31.62 ng using the 

regression equation P=32.8202 + 86.1905 ×lg c (R2= 0.995) in 

Figure S2C, which indicated that approximately 18.45 ng of HWR 

(36.76%) were captured via Au-S bond in 50 min.  

After coupling with HWR for 50 min, 1 mL of Ab2 solution (5 

ug/mL) was added and incubated for different time at 4 oC. The 

supernatants were collected for UV-vis absorption test. As shown 

in Figure 2B, the absorbance levelled off at 40 min and stayed 

constant. According to the absorbance (A) = 0.0231, the 

unconnected antibody amount was calculated to be about 2.44 ug 

using the regression equation A=0.00706×c + 0.00575 (R2= 0.998) 

in Figure S2D, which indicated that 2.56 ug of Ab2 were captured 

by HWR in 40 min.  

As a comparison, ABEI-Ft@Au without HWR modification was 

directly mixed with 1 mL of Ab2 solution (5 ug/mL) for different 

time at 4 oC. During the incubation process, antibody could connect 

with GCE/DpAu via Au-N adsorption. When the incubation time 

reached to 10 h (Figure 2C), corresponding absorbance of 0.023 

was obtained, which was similar with the value of HWR method. 

It should be noted that this incubation time was 10 times longer 

than HWR method when incubating the same amount of antibody, 

which revealed the advance of using HWR as an antibody capturer 

for shortening incubation time of antibody.  

The biological activity Ab2 after HWR interaction and Au-N 

adsorption method was further demonstrated by CD spectra. As 

known, α-helix of secondary protein structure has specific 

absorption peaks at wavelength of 210 nm and 222 nm. Despite  the 

incubated amount of Ab2 was same by comparing their absorbance 

at 280 nm, the activity of Ab2 can be different using site-oriented 

or random immobilizing method. As shown in Figure 2D, it can be 

inferred that the Ab2 activity obtained by using HWR method was 

better maintained than that obtained by Au-N adsorption method, 

highlighting the advance of using HWR specific interaction to 

obtain a better maintained activity of Ab2 than traditional Au-N 

adsorption. 
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Figure 4. ECL-time curves (A) and ECL-potential curves (B) of bare GCE (blue curve), ABEI-Ft (black curve) and ABEI-ApoFt (red curve) in 10 mL of PBS (pH 8.0, 

0.1 mol/L) contaning 30 mmol/L of H2O2. (C) ECL emission  spectrum of ABEI-Ft (5 ug/mL) and ABEI-Ft@Au (5 ug/mL) in 10 mL of PBS (pH 8.0, 0.1 mol/L) 

contaning 30 mmol/L of H2O2. (D) Overlap between ECL emission spectrum (blue curve) and molar absorptivity spetrum (red curve) of ABEI-Ft@Au.  

 

 

 

 

 

 

 

 

 

Figure 5. (A) calibration curve and corresponding ECL-time curve (B) of biosensor incubated with PCT of different concentrations: (a)100 fg /mL, (b) 500 fg/mL, (c) 

1 pg/mL, (d) 10 pg/mL, (e) 100 pg/mL, (f) 500 pg/mL, (g) 10 ng/mL, (h) 30 ng/mL, (i) 50 ng/mL. 

 

Electrochemical Characterizations of ECL Biosensor. 
Stepwise characterization of the proposed biosensor was confirmed 

with electrochemical impedance spectroscopy (EIS) and CV 

profiles conducted in [Fe(CN)6]4−/3− (5 mmol/L) solution 

containing KCl (0.1 mol/L). Impedance spectra of GCE at different 

modified steps were shown in Figure 3A. GCE/DpAu (curve a) 

showed a smaller semicircle compared with bare GCE (curve b) 

because of the promotion of surface electron transmission by Au 

NPs. After the continuous modifications of nonconductive HWR, 

BSA, Ab1 and PCT on the GCE surface, resistance (curve c, d, e 

and f) increased sequentially. After the final modification of ABEI-

Ft@Au-HWR-Ab2 bioconjugate (curve g), the resistance further 

increased. Simulation parameters of equivalent circuit components 

were shown in Table S1 and corresponding structural 

confirmations of this assembly process were shown in Figure S3. 

All the results above were consistent with the CV profiles in Figure 

3B, indicating the superficial construction of the  proposed ECL 

biosensor was successful.  

Enhancement of ECL Emission by Ferric Nanocore. In 

order to demonstrate the enzyme-mimic activity of ferric nanocore, 

apoferritin (apoFt) was utilized to construct the ECL biosensor. 

ABEI-apoFt (5 ug/mL) and ABEI-Ft (5 ug/mL) were prepared. 

Under same experimental conditions, ECL signals of bare GCE, 

ABEI-apoFt and ABEI-Ft were recorded, respectively. As shown 

in Figure 4A and B, ECL signal generated by ABEI@Ft (curve a) 

was 1.6 times higher than ABEI@apoFt (curve b) while no ECL 

signals generated from bare GCE. Moreover, ECL responses of 

ABEI-Ft and ABEI-apoFt under different H2O2 concentrations 

were shown in Figure S4. The possible ECL enhancement 

mechanism was inferred as follows.17, 18 In the anodic scanning 

process, after the deprotonation and chemical oxidation of ABEI, 

the radical anion of ABEI (ABEI●−) was generated (1). Then, ferric 

nanocore (FeOOH) facilitated the deposition of H2O2 to produce 

OH● and O2
●− (2).  As oxidants, OH● and O2

●− reacted with ABEI●− 

to form the excited state (ABEIox)*(3). In the final redox process 

(4), (ABEIox)* decayed back to the ground state to finish the ECL 

emission process.  
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ECL Quenching Mechanism Discussion. As shown in 

Figure 4C, the ECL emission of ABEI-Ft@Au decreased from 

1,5804 a.u. to 6954 a.u., indicating that the efficiency of  56 % in 

the energy transfer process and the consistency study of quenching 

efficiency was shown in Figure S5 and Table S2. In order to 

rationalize the quenching mechanism, possible FRET and NSET 

mechanism were discussed, respectively. Since the UV-vis 

absorption spectra of ABEI-Ft@Au significantly overlapped with 

its ECL spectrum from 400 to 700 nm (Figure  4D) and  the distance 

between Au NPs and proximal ABEI was assumed to be less than 

10 nm, thus FRET theory was firstly applied to demonstrate the 

quenching process. According to previous works, the FÖrster radius 

R0 was calculated to be 13.84 nm (detailed calculation was in 

Supporting Information). In Persson and Lang’s model,11 d is the 

distance from the nanosurface of Au NPs to the proximal ABEI, d0 

stands for the separation distance when the energy-transfer 

efficiency is 50 %. Therefore, the radius d0 can be calculated by:  

𝑑0 = (
0.225ΦD𝑐3

𝜔D
2𝜔F𝑘F

)
1/4

 

where ΦD (quantum yield of ABEI) = 0.043, c (velocity of light)  

=3× 108 m/s, ωD (angular frequency of ABEI) = 4.07 × 1015 rad/s, 

ωF (Fermi frequency of Au) = 8.3 × 1015 rad/s, and kF (Fermi wave 

vector) = 1.2 × 1010/m. Therefore, the d0 value was calculated to be 

3.54 nm using the above data. Based on the estimated values of R0 

and d0, the energy transfer efficiency correlated with the following 

equation：  

ΦET =  
1

1 + (
𝑑
𝑑0

)
4

 

where ΦET is the energy-transfer efficiency, d is the separation 

distance between Au NPs and proximal ABEI, n is the power that 

owns a value of 6 for the FRET(r0 = R0) or 4 for the NSET (r0 = d0), 

respectively.13 When the ΦET was 56%, the estimated separation 

distance between Au NPs and proximal ABEI based on FRET and 

NSET mechanism were calculated to be 13.29 nm and 3.33 nm, 

respectively. However, it should be highlighted that in a qualified 

ECL quenching system based on FRET theory, the FÖrster distance 

R0 value should be in the range of 2 - 6 nm and the distance should 

be no longer than 10 nm.15, 35 Thus, it can be concluded that NSET 

theory is the dominant energy-transfer mechanism for the proposed 

ECL quenching system. Correlation between experimentally 

obtained quenching efficiency with the NSET theoretical plots of 

the quenching efficiency against the separation distance was shown 

in Figure S7, from which the distance between ABEI and proximal 

Au NP was estimated to be 3.33 nm in one donor-acceptor 

nanostructure when the energy transfer efficiency was 56%. 

Table 1. Comparison of Proposed Method with Other Reported 

Methods for PCT Detection.  

 

ECL Responses of Biosensor Toward PCT. Under the 

optimized experimental conditions (Supporting information, 

Figure S6), different concentrations of PCT were detected by the 

proposed ECL biosensor. The relationship between ECL intensity 

(IECL) and logarithm of PCT concentration (lg c) was presented in 

Figure 5A where the linear relation of IECL =1702.18 lg c +7055.63 

with a correlation coefficient of 0.993 was displayed. 

Corresponding ECL intensity-potential curves were presented in 

Figure 5B. This established ECL biosensor exhibited a wide linear 

range of 0.0001 - 50 ng/mL, and  the detection limit of 0.041 pg/mL 

(S/N=3) was lower than other previous works listed in Table 1, 36-

41 highlighting the advance of this ECL-NSET strategy for PCT 

detection. 

Analysis of PCT in Human Serum. SIRS caused by a 

bacterial, viral, or fungal infection has become a primary cause of 

patients death although new generation of antibiotics, chemical 

therapies or other medical advances have all been utilized to try to 

prevent it. PCT as a typical biomarker of SIRS in human serum 

plays a crucial role in realizing the accurate and reliable diagnostics 

in the early stage of SIRS. The PCT concentration in human serum 

specimens obtained from local hospital was detected to be 3.28 

ng/mL using the proposed biosensor. In order to investigate the 

accuracy and reliability of the obtained result, standard addition 

method was applied. The serum samples were divided into four 

groups and each group was spiked with 0.1 ng/mL, 3 ng/mL, 5 

ng/mL, 10 ng/mL of PCT standard samples, respectively. As 

shown in Table S3, the recovery values were acceptable with RSD 

(between 0.91% and 3.58%, n=5), proving the application potential 

of the proposed biosensor in detecting PCT concentration in human 

serum samples.  

■CONSLUSIONS 

In summary, an ultrasensitive ECL biosensor based on a highly 

efficient ECL-NSET donor-acceptor nanostructure of ABEI-

Ft@Au was developed. The excitation energy transfer mechanism 

between ABEI and Au NPs was firstly demonstrated to follow the 

NSET theory instead of FRET theory. Besides, HWR as specific 

Fc portion capturer was firstly employed to realize site-oriented 

antibody capturing, which not only facilitated the incubation 

process of antibody on carriers, but also helped maintain its 

biological activity to a larger extent to improve sensitivity of 

biosensor. Using PCT as a target, the proposed ECL biosensor 

exhibited sensitive response to PCT concentration with wide linear 

range and low detection limit in human serum detection, indicating 

its potential application in biomarkers detection. We believe that 

the established ECL-NSET system can inspire deeper and 

informative studies in nanometal-based ECL quenching 

mechanism and developments of peptides ligands in realizing site-

oriented immobilization of antibody in bioanalysis. 
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