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In this paper, a new strategy is reported for preparing a label-free 3-trophin electrochemiluminescent
(ECL) immunosensor with good specificity, reproducibility and stability. An aquagel polymer from

. the hydrolysis of (3-aminopropyl) trimethoxysilane acted as the linker to catch the Au nanoparticles
(AuNPs) on the indium-tin oxide (ITO) substrate by a two-step method. The AuNPs play an important

- role in enhancing ECL and immobilizing the 3-trophin antibody. This immunosensor can test for

. B-trophin using luminol as an ECL probe. The ECL intensity at the resultant sensor, after the direct

. immuno-interaction, was proportional to the concentration of 3-trophin and had a low limit of

. quantification as 4.2 ng mL~1. After deep discussions on the ECL mechanism of this immunosensor,

. we found that its sensitivity is greatly affected by the presence of oxygen and improved under
deoxygenation. We believe that this sensor can be used for clinical cases.

B-Trophin (also known as hepatocellular carcinoma-associated protein-TD26, RIFL, angiopoietin-like protein
: 8, lipasin, and C190rf80) is a 198-amino acid protein (My, = 22 kDa) that is overexpressed in liver or adipose
. tissue' and was first included in GenBank in 2004 (https://www.ncbi.nlm.nih.gov/genbank/). By 2012, studies
- had shown that 3-trophin might be involved in the metabolism of glucose? or lipids®*=. In 2013, Melton ef al.
. found that this peptide hormone can control the proliferation of pancreatic 3 cells in mice. Subsequent studies
. have indicated that 3-trophin in the human body is closely related to diabetes®. These findings raised the hope
¢ for the development of novel therapeutic approaches with 3-trophin as a drug target of diabetes or cardiovascu-
. lar disease. However, these findings have been disputed by other authors since 2014, ultimately resulting in the
: retraction of the original paper in 20167-'°. Thus, the function of 3-trophin in diabetes is once again uncertain.
: Meanwhile, there have been several severely conflicting reports about the 3-trophin content from the pg mL™!
* topg mL~!level in real serum samples!'!~'*. Considering this dubious situation, we believe it is beneficial to more
. precisely quantify 3-trophin content in related organismic tissues. To date, enzyme-linked immunosorbent assay
: (ELISA) is the most common technique for monitoring the content of 3-trophin'-®. However, the application of
ELISA in point-of-care testing (POCT) is limited by the high cost of ELISA kit and the bulky instrument'*.
Different biosensors have been maturely developed for the diagnosis of known or unheard diseases by gaug-
ing biomarkers including proteins'*~'7. Inmunoassays, including immunosensors, based on specific immune
recognition have attracted growing attention in related fields, including medical diagnostics'® *°. There are many
signalling channels, such as radioisotopes®”2!, ELISA*> %, fluorescence?, electrochemistry®, piezoelectricity®,
. chemiluminescence and electrochemiluminescence (ECL), have been used for quantitative calibration. Among
. them, ECL is one of the most attractive techniques and has been applied extensively in pharmacology?, clini-
cal chemistry®, and the analysis of food and water® ** due to its comprehensive advantages of high sensitivity,
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spatio-temporal controllability, low background noise and simplified setup®-*%. The immunoassay is often a het-
erogeneous process with direct, competitive® or sandwich® modes. In contrast to the latter two modes, the direct
immunoassay is relatively simple and fast, more suitable for real-time monitoring, and avoids time-consuming,
laborious and high-cost antibody labelling. Furthermore, the label-free direct immunoassay will further reduce
the labelling process, saving time and cost and reducing the risk of damaging the activities of the biomolecules
during the chemical conjugation. Further promotion of the sensing ability and applicability of label-free direct
ECL immunosensors has become a focus of research, and is a great challenge to perfectly meet the demands of
POCT in clinical investigations.

Biocompatible nanomaterials are the best substrate for constructing successful biosensors. They are also
inducted into the studies of ECL analysis and ECL biosensors to improve the quality of their analytical merits®’-#2.
These studies have made significant progress not only in intensifying ECL emissions but also in reducing
the requirements for high medium alkalinity and exciting potential. Thus, these nanomaterials provide an
opportunity for the application of ECL in the physiological domain and for implementation as bio-detectors.
Among them, metal nanoparticles, especially Au nanoparticles (AuNPs), have received most consideration
because of their unique optical performance, appealing catalytic activity, good electrical conductivity and
biocompatibility*~+°.

In recent years, we have dedicated our efforts to developing ECL biosensors for diabetes-related indexes such
as glucose®?, glycosylated haemoglobin*®, and genes*. It has already been demonstrated that the platform of ECL
biosensing via an immune strategy on nanomaterials functionalized indium tin oxide (ITO) glass was competent
for those purposes. Therefore, it is possible to build a label-free direct ECL immunosensor for 3-trophin detection
via the specific recognition of the 3-trophin antibody.

Results

The investigation of immunosensor construction and its electrochemical behaviour.  An inves-
tigation with electron microscopy is direct and helpful for judging the sensing matrix. The changes in surface
morphology of an electrode along with the sensor-preparing process are clearly displayed in Fig. 1. Picture “a”
shows the surface of the ITO substrate. Then, it is covered by a cloudy film when the hydrolysed (3-aminopropyl)
trimethoxysilane (APTMS) is overlaid (Fig. 1b). In picture “c” in Fig. 1, the SEM image of the AuNPs layer shows
that AuNPs with a diameter of ~15nm are arranged in an orderly fashion on the surface of the ITO through the
adherence of APTMS, forming a mono-dispersed homogeneous decorating layer. This indicates that the hydro-
lysed APTMS can effectively place AuNPs onto the ITO substrate with excellent dispersion. Presumably, the
AuNPs adhere to the substrate because of the electrostatic force between the negatively charged AuNPs and the
positively charged amine groups of the hydrolysed APTMS. Figure 1d presents the morphology of the resultant
immunosensing interface (anti-3-trophin/AuNPs/ITO). It is readily apparent that the anti-3-trophin proteins
are bound tightly on the AuNPs/ITO, similar to a layer of paste. This indicates the successful conglutination of
proteins on AuNPs.

Electrochemical impedance spectroscopy (EIS) is also an effective technique for probing the surface char-
acter of an electrode, which is shown in Fig. 2A. The double layer capacitance or constant phase element (CPE,
a non-intuitive capacitance other than double layer) and the electron transfer resistance (R,,) will change with
each step of the modification. As shown in Fig. 2A, compared to the ITO substrate (curve a), the electron transfer
resistance (R,,) increased obviously after non-conducting hydrolysed APTMS was attached to it (curve b); on the
other hand, the AuNPs greatly accelerate the electron transference, as clearly seen in (c) of Fig. 2A. Meanwhile,
the proteins of the antibody, BSA and antigen could resist the arrival of electrons to the sensing interface, leading
to the increasing impedance (curves d, e and f), which proves the immobilization of those biomolecules. In cor-
relation, the ECL signals of each step are displayed in the inset of Fig. 2A. These two pictures are consistent with
each other, which demonstrates the attainment of our immunosensor.

Figure 2B displays the CV curves of 0.1 mM luminol on different electrodes in a buffer solution. Compared
to bare ITO (curve a) or APTMS/ITO (curve b), there is almost no obvious Faradaic current of luminol, the
redox peak currents are highly increased on the AuNPs decorated ITO (curve c). Here, two remarkable oxidation
peaks at 0.537V and 0.902V and a reduced peak at 0.366 V are observed. This is in rough accordance with the
redox behaviour of luminol on a bulk Au electrode (curve d) but at a lower potential. This result indicates that
the AuNPs-functionalized electrode performs better than the bulk Au electrode for the oxidation of luminol due
to the rising d-band electrons in AuNPs. The decreased voltage for the redox of luminol also indicates that the
catalytic activity of AuNPs reduces the activation energy of the ECL reaction, thus accelerating the ECL reaction.
With successive deposition of different proteins (antibody, BSA and antigen) on the electrode, the peak current
gradually decreases (curves e, f and g in Fig. 2C), which also corresponds to the EIS and ECL tests.

The optimization of preparation/detection conditions of immunosensor. There are many con-
ditions that will affect the final performance of AuNPs functionalized ITO electrodes. Considering the possible
interaction between these factors, an orthogonal optimization of L;4(4°) was conducted, with the ECL emission of
luminol on the resultant electrode as the target index. Table 1 shows the parameters and outputs of the orthogonal
experiment with 4 levels of 3 factors.

The results show that ECL intensity ranged from 0.511 V to 2.63V under these different parameters. Table 2
lists the range analysis results of the orthogonal optimization. Here, k; (i=1, 2, 3, 4) is the average value of the
four parallel results at the same level of the corresponding parameter, and r is the range. Table 2 shows that the
relative importance of influence factors on the target index is as follows: the concentration of APTMS > the time
of immersion (T) > the content of AuNPs. Thus, from these data, we decided that the optimal condition for elec-
trode preparation is to drop 10 L of 0.05% APTMS on the ITO for hydrolysis under 55°C for 2.5h and then array
AuNPs on it with 50 uL of AuNPs sol.
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Figure 1. The SEM images of (a) bare ITO, (b) APTMS/ITO, (c) AuNPs/APTMS/ITO and (d) anti-3-trophin /
AuNPs/APTMS/ITO.

The immobilized quantity of anti-3-trophin on the electrode significantly affects the performance of
the biosensor. As shown in Fig. 3A, the relative response (AECL/background) is greatest with a loading of
0.75 pg anti-B-trophin per piece of sensor. The incubation time is also important for fixing the antibody on the
AuNPs-functionalized electrode; 6 h is necessary (Fig. 3B). The intensity of ECL emission towards 3-trophin
is related to the pH of the buffer solution. Figure 3C illustrates the ECL intensity of luminol in a 0.2 M buffer
solution of pH ranging from 7.0 to 10.0. The relative intensity (AECL/background) is greatest at pH 8.0 when
anti-3-trophin attaches to AuNPs/ITO, as displayed in the inset. The potential of the exciting electrolytic pulse
also affects the ECL intensity. Figure 3D shows the increased ECL background accompanied by the decreasing
lower limiting potential or increasing upper limiting potential. Considering the reversibility of the luminol redox
reaction and ECL reproducibility, an upper limiting potential of 1.2V and a lower limiting potential of —0.2V
were selected as the optimal conditions.

Discussion

Under the abovementioned optimal conditions, the ECL sensing capability for 3-trophin of the resultant biosen-
sor is shown in Fig. 4A. Here, the inserted figure “b” shows that the relative degree of quenched ECL (AI/I, Al
as the decreased ECL signal after the antigen-antibody interaction) is linearly correlated with the logarithm of
B-trophin concentration. A linear regression of the ECL signal against 3-trophin concentration was established
within the range of 3pgmL~! to 13.6 ug mL~! with a detection limit (LOD) of 1.19 pgmL ! (S/N = 3). The regres-
sion equation is AI/T=0.8110g Cs_ophin — 0.36, with a correlation coefficient of 0.995.

However, this is a very poor sensitivity; as we known, generally the electrochemical immunosensors will
extend their detection limit under the level of ng mL~! even to pg mL™! degree** 3. On account of the dosage of
0.75 pg of B-trophin antibody on every piece of the sensor, and considering the effective contacting possibility of
sensing interface for target proteins, we can estimate the top limit of the response. Conceivably, in this sensing
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Figure 2. (A) The EIS of (a) bare ITO, (b) APTMS/ITO, (c) AuNPs/APTMS/ITO, (d) anti-3-trophin/AuNPs/
APTMS/ITO, (e) BSA/anti-3-trophin/AuNPs/APTMS/ITO and (f) responded toward (3-trophin in 0.1 mol-L™!
NaCl supporting electrolyte solution containing 5 mmol-L~! [Fe(CN)¢]>*~"*~. The insert is the ECL signals of
different surface status (pH 8.0, 5 x 10~8mol-L™! luminol); (B) The CVs of 0.1 m mol-L™! luminol on (a) bare
ITO, (b) APTMS/ITO, (c) AuNPs/APTMS/ITO and (d) bulk Au electrode in PBS (pH = 8.0) with a scan rate
0f0.05V-s;7! (C) The CVs of 0.1 m mol-L ! luminol on (e) anti-B-trophin/AuNPs/APTMS/ITO, (f) BSA/anti-
B-trophin/AuNPs/APTMS/ITO and (g) responded toward 3-trophin in PBS (pH = 8.0) with a scan rate of
0.05V-s~L,

1 0.01% 0.5 0.540 0.511
2 0.01% 15 0.756 0.823
3 0.01% 2.5 1.26 1.61
4 0.01% 12 3.78 2.10
5 0.05% 0.5 0.756 2.54
6 0.05% 15 0.540 1.70
7 0.05% 2.5 3.78 2.63
8 0.05% 12 1.26 2.57
9 0.1% 0.5 1.26 1.02
10 0.1% 15 3.78 0.701
11 0.1% 2.5 0.540 1.72
12 0.1% 12 0.756 1.67
13 0.15% 0.5 3.78 0.603
14 0.15% 15 1.26 0.795
15 0.15% 2.5 0.756 1.41
16 0.15% 12 0.540 0.987

Table 1. Process parameters and the results of L,¢(4%) orthogonal experiments.
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k, 1.26 1.17 1.23
k, 2.36 1.00 1.61
ks 1.28 1.84 1.50
k, 0.948 1.83 1.51

Table 2. Range analysis of the L 4(4%) orthogonal experiments.
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Figure 3. The optimization of (A) the effect of anti-3-trophin concentration; (B) The time of incubation; (C)
The pH of PBS for (a) the detection of 3-trophin and (b) the immobilization of anti-3-trophin; (D) The upper
and lower limiting potential.
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Figure 4. (A) The calibration of sensing output toward (3-trophin. Experiment conditions: 10.0 pL of differently
concentrated 3-trophin (PBS, pH 7.4) drop on the sensor surface, incubated at 37 °C for 2 hours. (a) The linear
calibration in a deoxygenated solution. (b) The linear calibration in dissolved oxygen equilibrium solution. (B)
The interference of coexisting substances on the determination of 3-trophin (300 ng mL™!).
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Figure 5. The sensor structure and response mechanism.

system, the outputs are recorded after the completion of the immuno-reaction with enough time; thus, the rate
of the immuno-reaction is non-essential. Here, a geometrical factor might be critical. It is expected that the
proteins of the antibody were randomly orientated when they were attached to the AuNPs; thus, the antigenic
determinant of the protein would be only partially functioning. Assuming a fully covered and ordered loading of
antibody proteins on the sensing interface, at least 6.7% of total protein surface is motile for sensing event accord-
ing to geometrical calculation (the effective percentage = 2tRh/4mR? here the “R” is radius of globulin, “h” is the
height of actlve section, for a 60° active section is (1 —v/3/2)R). Thus, the expectable top limit should be at least
5.5pgmL™! (0.75pg x 22kDa/20kDa x 1 mL/10pL x 6.7%). Thereafter a ng mL~" level detection limit is logical
considering the millesimal resolution of our instrument.

Therefore, a giant gap between the measured result and the theoretical anticipation has appeared. What
occurred in this situation? Are there any undiscovered tangles? Why?

This tangle might be uncovered through careful consideration of the sensing mechanism. In this system, lumi-
nol serves as an ECL probe to monitor the immuno-interaction via the alteration of its mass transfer dynamics,
which were controlled by the surface loading of the sensing interface. The ECL emission, occurring electrochem-
ically on the surface of the electrode, depends on the mass transfer of the luminophore in a liquid medium and
on a liquid/solid interface, is usually a sequential multiphase, multi-step process. In the present ECL immunosen-
sor, luminol is obliged to pass through the solution by diffusion, then penetrate the gaps between the adhered
antibody proteins to reach the surface of the AuNPs. When the 3-trophin proteins are bonded on those immo-
bilized antibodies, the mass transfer of luminol is more difficult owing to the complicated surface structure,
which reduces the luminescent performance (as seen in Fig. 5). There are two main factors determining the
mass-transfer behaviour of luminol: the occupied surface area and the thickness of the immobilized proteins.
Both factors reduce the luminous efficiency of luminol. Therefore, the ECL output of luminol is contingent upon
the status of the immuno-interaction on the sensor interface. Rationally, the sensing performance primarily relies
on the speed and degree of the immuno-interaction.

But the above discussion cannot compensate the gap between theoretical and experimental data. To under-
stand this case, another possible factor emerges as a clue. Indeed, there is a bypass reaction of oxygen that would
influence the sensing performance*”*°. We can see from route “a” in Fig. 5 that the dissolved oxygen in solution
will participate in the ECL reaction to boost the emission intensity with the forms of those reactive oxygen species
(ROSs). Thus, there is a high ECL background that led to a low quenching ratio of immune-binding for the ECL
of luminol. Therefore, a deoxygenated solution will be beneficial for sensing output (route “b”). As seen in Fig. 4A,
there is a decayed exponential response of AI/I as a function of the concentration of 3-trophin from ng mL™!
level to 15pgmL~". Furthermore, according to the decayed exponential fitting (the inset “a” in Fig. 4A), we can
calibrate the response linearly against the concentration with a regression efficient of 0.996 (log AI/I=0.22log
Cy-trophin — 1.48) with a detection limit of 1.26 ng mL~! and the quantification limit (LOQ) of 4.2ng mL". Thus,
the experimental results perfectly coincided with theoretical discussion, and our research successfully reached
the desired object. Compared with those reported results of ELISA method, as listed in Table 3, the sensitivity of
resultant immunosensor is rival.
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Serum ~14.8 China 2

Serum ~22.8 Turkey 11
Serum ~12.3 Spain 51
Serum ~1.95 USA 52

Table 3. The sensing performance of some reported ELISA methods for 3-trophin detection.

1 4.61 4.32 0.290 0.0629 1.43 1.46
2 4.83 4.51 0.320 0.0663 1.80 1.57
3 4.97 4.63 0.340 0.0684 2.07 2.09
4 4.77 4.44 0.330 0.0692 222 2.23

Table 4. The detected results of 3-trophin in serum samples.

100 4.84 4.42 0.087 81.3 79.9
1.43 300 4.92 4.36 0.114 275.4 91.3
800 4.97 427 0.141 724.4 90.4

Table 5. The results of recovery tests.

The specificity of the resultant immunosensor was tested. Considering the possible coexistence of various
substances in real samples as blood, the sensing responses of 300 ng mL™! of 3-trophin was examined together
with some potential interferents including bovine hemoglobin (60 ug mL™?), L-alanine (150 pgmL™!), dopamine
(150 pg mL™1), glucose (300 pgmL~!) and bovine serum albumin (300 ugmL™!). As shown in Fig. 4B, there is
only 8.5% or less of ECL signal alteration from anyone of them, which demonstrates that this biosensor is hardly
affected by those potential coexisting substances with the tolerance of at least 2000. The sensor has a good repro-
ducibility, at 2.4% of RSD (n=3) for 8.0ug mL~! B-trophin. The stability of the immunosensor was also examined
by detections of 8.0 ugmL~! 3-trophin, and no evident alteration of intensity was observed during 28 days of
storage at 4 °C. Thereafter, the resultant sensor was employed to detect 3-trophin in inspissated serum samples.
The results are shown in Table 4, it is clear that the detected results are closely accordance with ELISA. The results
of recovery tests are listed in Table 5, between 80 to 90%, indicating a reliable quantification.

Methods

Reagents and materials. ITO glass was purchased from Suzhou Nippon Sheet Glass Electronics Co. Ltd.
(Suzhou, China). Luminol was obtained from Fluka (USA). 3-Trophin (Myy =22kDa) and the antibody of 3-tro-
phin (anti-3-trophin, My, = 20kDa, 1 mg mL~!) were provided by Beijing Springup Scientific Co. Ltd. (Beijing,
China). APTMS, chloroauric acid (HAuCl,-4H,0), trisodium citrate, bovine serum albumin (BSA, 96 to 99%)
and phosphate (NaH,PO,-2H,0 and Na,HPO,-12H,0) were obtained from Sinopharm Chemical Reagent Co.
Ltd. (Shanghai, China). All chemicals and reagents are of analytical grade without further purification. A 0.2M
phosphate buffer solution (pH 8.0) containing 5 x 1078 M luminol served as the electrolyte in ECL analysis.
Ultrapure water is used throughout the experiments.

Apparatus. ECL experiments were performed on a lab-built system as described in our previous paper®.
An RST600 electrochemical workstation (custom-built, Risetest Instrument Co. Ltd., Suzhou, China) provided
a pulsed electrolytic potential to excite and record the ECL signal. The ECL detector is an R212 photomultiplier
tube (Hamamatsu, Japan) with a bias potential of —800 V. All experiments were performed in a 10-mL cuvette
with a three-electrode system including a bare or modified ITO as the working electrode, a platinum wire as the
auxiliary electrode and a silver wire as the reference electrode. Electrochemical studies were performed on an
RST 5200 electrochemical workstation (Risetest, Suzhou, China). The form and size of the AuNPs were observed
by transmission electron microscopy (FEI, USA). Scanning electron microscopy (S-4700, Hitachi, Japan) was
applied to observe the surficial morphology of AuNPs/ITO and the resultant immunosensor.

Preparation of biosensor. Prior to each experiment, a 1.0 cm x 5.0 cm ITO strip was cleaned in an ultra-
sonic bath with water, ethanol/1 M NaOH (1:1, v/v) and acetone successively, and then immersed in 30% (v/v)
ammonium hydroxide for 12h to acquire a hydrophilic surface with dense -OH groups. After nitrogen stream
drying, the APTMS solution of anhydrous ethanol (0.05%, v/v) was dropped on and the full volatilization of eth-
anol was achieved, the obtained strip was laid in a wet environment at 55°C to completely ensure the hydrolysis
of APTMS.
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AuNPs were synthesized according to our previous report. Briefly, 4.5 mL of 1% sodium citrate solution was
added to 100 mL of boiling 0.01% HAuCl, solution to obtain AuNPs of approximately 15nm. After 4mL of freshly
prepared AuNPs sol were twice centrifuged at 3000 rpm for 10 min and at 10000 rpm for 30 min, and finally dis-
persed with 250 pL of water, a homogeneously sized AuNPs sol was acquired (0.76 mg mL ™). Thereafter, some of
the AuNPs sol (approximately 40 ug/ITO strip) was dropped onto the surface of APTMS/ITO to prepare a fully
functionalized substrate. After that, the electrodes were rinsed using a copious amount of water and dried in a
nitrogen stream.

The fabrication of ECL immunosensor. The entire procedure of the fabrication of the immunosensor is
clearly illustrated in Fig. 5. The antibody protein had compact affinity with AuNPs via an electrostatic interaction,
so the consequential AuNPs/ITO electrode can provide a substrate for immobilizing the antibody with good bio-
activity and stability. An aliquot of 10 uL of anti-3-trophin solution was dropped on an AuNPs/ITO electrode and
incubated for 6h at 25 °C, and then blocked by BSA solution (2%) for 2 h at 25 °C to avoid non-specific bindings.
The resultant sensor was washed by PBS (pH 7.4) to remove those non-chemisorbed species after every step and
stored at 4°C.

References

1. Al-Daghri, N. M. et al. Circulating 3-trophin in healthy control and type 2 diabetic subjects and its association with metabolic
parameters. J. Diabetes Complicat. 30, 1321-1325 (2016).

2. Chen, H. B. & Jia, W. P. et al. Decreased serum (3-trophin levels correlate with improved fasting plasma glucose and insulin secretion
capacity after Roux-en-Y gastric bypass in obese Chinese patients with type 2 diabetes: a 1-year follow-up. Surg. Obes. Relat. Dis. 12,
1343-1348 (2016).

3. Ren, G., Kim, J. Y. & Smas, C. M. Identification of RIFL, a novel adipocyte-enriched insulin target gene with a role in lipid
metabolism. Am. J. Physiol. - Endoc. M. 303, E334-E351 (2012).

4. Cohen, J. C. et al. A typical angiopoietin-like protein that regulates ANGPTL3. PNAS. 109, 19751-19756 (2012).

5. Zhang, R. Lipasin, A novel nutritionally-regulated liver-enriched factor that regulates serum triglyceride levels. Biochem. Bioph. Res.
Commu. 424, 786-792 (2012).

6. Yi, P, Park, J. S. & Melton, D. A. 3-Trophin: a hormone that controls pancreatic 3 cell proliferation. Cell. 153, 747-758 (2013).

7. Gusarova, V. et al. ANGPTL8/3-trophin does not control pancreatic beta cell expansion. Cell. 159, 691-696 (2014).

8. Yi, P, Park, J. S. & Melton, D. A. Perspectives on the activities of ANGPTL8/3-trophin. Cell. 159, 467-468 (2014).

9. Melton, D. A. et al. Resolving discrepant findings on ANGPTLS in (3-cell proliferation: A collaborative approach to resolving the
B-trophin controversy. PLoS One. 11, €0159276, doi:https://doi.org/10.1371/journal.pone.0159276 (2016).

10. Yi, P, Park, J. S., Melton, D. A. Retraction notice to: 3-Trophin: A hormone that controls pancreatic 3 cell proliferation. Cell. (2016).

11. Tuhan, H. et al. Circulating B-trophin concentration is negatively correlated with insulin resistance in obese children and
adolescents. Diabetes Res. Clin. Pr. 114, 37-42 (2016).

12. Ishikawa, S. E. et al. Circulating 3-trophin is elevated in patients with type 1 and type 2 diabetes. Endocrine. J. 62, 417-421 (2015).

13. Abu-Farha, M. et al. Lack of associations between 3-trophin /ANGPTLS level and C-peptide in type 2 diabetic subjects. Cardiovasc.
Diabetol. 14, 112 (2015).

14. Li, J. & Macdonald, J. Multiplexed lateral flow biosensors: technological advances for radically improving point-of-care diagnoses.
Biosens. Bioelectron. 83, 177-192 (2016).

15. Tothill, I. E. Biosensors for cancer markers diagnosis. Semin. Cell Dev. Biol. 20, 55-62 (2009).

16. Gaudin, V. Advances in biosensor development for the screening of antibiotic residues in food products of animal origin - A
comprehensive review. Biosens. Bioelectron. 75, 363-377 (2016).

17. Qiu, X. L,, Itoh, D., Satake, T. & Suzuki, H. Microdevice with integrated multi-enzyme sensors for the measurement of pork
freshness. Sensors Actuat. B. 235, 535-540 (2016).

18. Shankaran, D. R., Gobi, K. V. & Miura, N. Recent advancements in surface plasmon resonance immunosensors for detection of
small molecules of biomedical, food and environmental interest. Sensors Actuat. B. 121, 158-177 (2007).

19. Tang, D. P, Su, B. L., Tang, ], Ren, J. ]. & Chen, G. N. Nanoparticle-based sandwich electrochemical immunoassay for carbohydrate
antigen 125 with signal enhancement using enzyme-coated nanometer-sized enzyme-doped silica beads. Anal. Chem. 82,
1527-1534 (2010).

20. Sloan, J. H. et al. Development of a novel radioimmunoassay to detect autoantibodies to amyloid beta peptides in the presence of a
cross-reactive therapeutic antibody. J. Pharmaceut. Biomed. 56, 1029-1034 (2011).

21. Tyan, Y. C. et al. Utilizing isotope dilution-matrix-assisted laser desorption ionization-time of flight mass spectrometry as a
reference procedure for the radioimmunoassay of serum thyroxine. Clin. Chim. Acta. 420, 99-103 (2013).

22. Landgraf, A., Reckmann, B. & Pingoud, A. Direct analysis of polymerase chain reaction products using enzyme-linked
immunosorbent assay techniques. Anal. Biochem. 198, 86-91 (1991).

23. Nunes, G. S., Toscano, I. A. & Barcel6, D. Analysis of pesticides in food and environmental samples by enzyme-linked
immunosorbent assays. TrAC - Trend Anal. Chem. 17,79-87 (1998).

24. Paek, S. H. et al. A fluorescent immunosensor for high-sensitivity cardiac troponin I using a spatially-controlled polymeric, nano-
scale tracer to prevent quenching. Biosens. Bioelectron. 83, 19-26 (2016).

25. Zhang, H. F, Ma, L. N, Li, P. L. & Zheng, J. B. A novel electrochemical immunosensor based on nonenzymatic Ag@ Au-Fe;0,
nanoelectrocatalyst for protein biomarker detection. Biosens. Bioelectron. 85, 343-350 (2016).

26. Shen, G. Y. & Lu, J. L. Piezoelectric immunosensor based on gold nanoparticles capped with mixed self-assembled monolayer for
detection of carcinoembryonic antigen. Thin Solid Films. 518, 5010-5013 (2010).

27. Wang, J., Shan, Y., Zhao, W. W, Xu, J. J. & Chen, H. Y. Gold nanoparticle enhanced electrochemiluminescence of CdS thin films for
ultrasensitive thrombin detection. Anal. Chem. 83, 4004-4011 (2011).

28. Yin, X. B,, Kang, J. Z., Fang, L. Y., Yang, X. R. & Wang, E. K. Short-capillary electrophoresis with electrochemiluminescence detection
using porous etched joint for fast analysis of lidocaine and ofloxacin. J. Chromatogr. A. 1055, 223-228 (2004).

29. Shelton, D. R, Van Kessel, J. A. S., Wachtel, M. R, Belt, K. T. & Karns, J. S. Evaluation of parameters affecting quantitative detection
of Escherichia coli 0157 in enriched water samples using immunomagnetic electrochemiluminescence. J. Microbiol. Meth. 55,
717-725 (2003).

30. Min, J. H. & Baeumner, A. J. Highly sensitive and specific detection of viable Escherichia coli in drinking water. Anal. Biochem. 303,
186-193 (2002).

31. Arora, A, Eijkel, J. C., Morf, W. E. & Manz, A. A wireless electrochemiluminescence detector applied to direct and indirect detection
for electrophoresis on a microfabricated glass device. Anal. Chem. 73, 3282-3288 (2001).

32. Fahnrich, K. A., Pravda, M. & Guilbault, G. G. Recent applications of electrogenerated chemiluminescence in chemical analysis.
Talanta. 54, 531-559 (2001).

SCIENTIFICREPORTS|7:11199 | DOI:10.1038/s41598-017-11750-8 8


http://dx.doi.org/10.1371/journal.pone.0159276

www.nature.com/scientificreports/

33. Hu, L. Z. & Xu, G. B. Applications and trends in electrochemiluminescence. Chem. Soc. Rev. 39, 3275-3304 (2010).

34. Muzyka, K. Current trends in the development of the electrochemiluminescent immunosensors. Biosens. Bioelectron. 54, 393-407
(2014).

35. Yan, P. P, Tang, Q. H., Deng, A. P. & Li, J. G. Ultrasensitive detection of clenbuterol by quantum dots based electrochemiluminescent
immunosensor using gold nanoparticles as substrate and electron transport accelerator. Sensors Actuat. B. 191, 508-515 (2014).

36. Zhu, M. Y., Tang, Y. J., Wen, Q. Q, Li, J. & Yang, P. H. Dynamic evaluation of cell-secreted interferon gamma in response to drug
stimulation via a sensitive electro-chemiluminescence immunosensor based on a glassy carbon electrode modified with graphene
oxide, polyaniline nanofibers, magnetic beads, and gold nanoparticles. Microchimica Acta. 183, 1739-1748 (2016).

37. Liu, T., Chen, X., Hong, C. Y., Xu, X. P. & Yang, H. H. Label-free and ultrasensitive electrochemiluminescence detection of
microRNA based on long-range self-assembled DNA nanostructures. Microchimica Acta. 181, 731-736 (2014).

38. Chai, Y. Q & Yuan, R. et al. A sensitive electrochemiluminescence immunosensor based on luminophore capped Pd@Au core-shell
nanoparticles as signal tracers and ferrocenyl compounds as signal enhancers. Biosens. Bioelectron. 81, 334-340 (2016).

39. Dai, H. et al. Signal-on electrochemiluminescent immunosensor based on poly (amidoamine) dendrimer functionalized carbon
nanodots amplification for ultrasensitive detection of a-fetoprotein. Electrochimica Acta. 196, 67-74 (2016).

40. Zhao, Q,, Xiao, C. B. & Tu, Y. E The electrochemiluminescence of luminol on titania nanotubes functionalised indium tin oxide glass
for flow injection analysis. Talanta. 143, 90-96 (2015).

41. Tang, S., Zhao, Q. & Tu, Y. F. A sensitive electrochemiluminescent cholesterol biosensor based on Au/hollowed-TiO, nano-
composite pre-functionalized electrode. Sensors Actuat. B. 237, 416-422 (2016).

42. Yu, L. Y., Wei, X. H., Fang, C. & Tu, Y. F. A disposable biosensor for noninvasive diabetic diagnosis rest on the Au/TiO, nano-
composite intensified electrochemiluminescence. Electrochim. Acta. 211, 27-35 (2016).

43. Ding, S. N. et al. Enhanced electrochemiluminescence of peroxydisulfate by electrodeposited Au nanoparticles and its biosensing
application via integrating biocatalytic precipitation using self-assembly bi-enzymes. J. Electroanal. Chem. 703, 9-13 (2013).

44. Jiang, J., Zhao, S. L., Huang, Y., Qin, G. X. & Ye, E G. Highly sensitive immunoassay of carcinoembryonic antigen by capillary
electrophoresis with gold nanoparticles amplified chemiluminescence detection. J. Chromatogr. A. 1282, 161-166 (2013).

45. Deng, A. P. & Li, J. G. et al. Highly sensitive electrochemiluminescent immunosensor based on gold nanoparticles-functionalized
zinc oxide nanorod and poly (amidoamine)-graphene for detecting brombuterol. Biosens. Bioelectron. 86, 899-906 (2016).

46. Zhao, Q, Tang, S., Fang, C. & Tu, Y. F. Titania nanotubes decorated with gold nanoparticles for electrochemiluminescent biosensing
of glycosylated hemoglobin. Anal. Chim. Acta. 936, 83-90 (2016).

47. Zhai, S. Y., Fang, C., Yan, J. L., Zhao, Q. & Tu, Y. E. A label-free genetic biosensor for diabetes based on AuNPs decorated ITO with
electrochemiluminescent signalling. Anal. Chim. Acta. 98(2), 62-71 (2017).

48. Wan, Y, Su, Y., Zhu, X. H,, Liu, G. & Fan, C. H. Development of electrochemical immunosensors towards point of care diagnostics.
Biosens. Bioelectron. 47,1-11 (2013).

49. Yu, Z. M., Wei, X. H,, Yan, J. L. & Tu, Y. F. Intensification of electrochemiluminescence of luminol on TiO, supported Au atomic
cluster nano-hybrid modified electrode. Analyst. 137, 1922-1929 (2012).

50. Ming, L., Peng, T. T. & Tu, Y. E. Multiple enhancement of luminol electrochemiluminescence using electrodes functionalized with
titania nanotubes and platinum black: ultrasensitive determination of hydrogen peroxide, resveratrol, and dopamine. Microchimica
Acta. 183, 305-310 (2016).

51. Frithbeck, G. et al. Circulating ANGPTL8/3-trophin concentrations are increased after surgically induced weight loss, but not after
diet-induced weight loss. Obes. Surg. 26, 1881-1889 (2016).

52. Fu, Z. et al. Elevated circulating lipasin/beta-trophin in human type 2 diabetes and obesity. Sci. Rep. 4, 05013, doi:https://doi.
org/10.1038/srep05013 (2014).

Acknowledgements
This work is financially supported by the National Natural Science Foundation of China (21375091, 21675115).

Author Contributions

Lijuan Zheng and Chen Fang carried out the experiments, prepared the figures. Jilin Yan and Huiling Li wrote
the main manuscript text. Yifeng Tu is the director of this research, designed all of the experiments, checked and
ratified the manuscript. All authors reviewed the manuscript.

Additional Information
Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS|7:11199 | DOI:10.1038/s41598-017-11750-8 9


http://dx.doi.org/10.1038/srep05013
http://dx.doi.org/10.1038/srep05013
http://creativecommons.org/licenses/by/4.0/

	A New Tactic for Label-Free Recognition of β-Trophin via Electrochemiluminescent Signalling on an AuNPs Supported Immuno-In ...
	Results

	The investigation of immunosensor construction and its electrochemical behaviour. 
	The optimization of preparation/detection conditions of immunosensor. 

	Discussion

	Methods

	Reagents and materials. 
	Apparatus. 
	Preparation of biosensor. 
	The fabrication of ECL immunosensor. 

	Acknowledgements

	Figure 1 The SEM images of (a) bare ITO, (b) APTMS/ITO, (c) AuNPs/APTMS/ITO and (d) anti-β-trophin /AuNPs/APTMS/ITO.
	Figure 2 (A) The EIS of (a) bare ITO, (b) APTMS/ITO, (c) AuNPs/APTMS/ITO, (d) anti-β-trophin/AuNPs/APTMS/ITO, (e) BSA/anti-β-trophin/AuNPs/APTMS/ITO and (f) responded toward β-trophin in 0.
	Figure 3 The optimization of (A) the effect of anti-β-trophin concentration (B) The time of incubation (C) The pH of PBS for (a) the detection of β-trophin and (b) the immobilization of anti-β-trophin (D) The upper and lower limiting potential.
	Figure 4 (A) The calibration of sensing output toward β-trophin.
	Figure 5 The sensor structure and response mechanism.
	Table 1 Process parameters and the results of L16(43) orthogonal experiments.
	Table 2 Range analysis of the L16(43) orthogonal experiments.
	Table 3 The sensing performance of some reported ELISA methods for β-trophin detection.
	Table 4 The detected results of β-trophin in serum samples.
	Table 5 The results of recovery tests.




