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A novel and unconventional electrochemical immunosensing
18 : I - H,0* +e —~ H,, +H,0
19 protocol was designed for the sensitive monitoring of neuron- 3 ads 2
20 specific enolase (NSE, as a model analyte) by using sunflower- H,4 + H;O* +e-— H,+ H.,0
21 10 like gold nanostructure (AuSF)-triggered hydrogen evolution \/ H,.+H,., ~H,
22 reaction (HER). 7
23 . . . . o ;
24 Hydrogen evolution reaction (HER) is the main reaction in water \
25 electrolysis, and has been one of the most extensively studied i
26 electrochemical processes.'” Typically, the efficiency of -
27 15 electrolytic hydrogen production could be improved by using ‘_’ :
28 some novel (nano)materials with good electrocatalytic activity.*®
29 Unfavorably, most HER reactions were applied in the energy e s SRAS L eaet
30 fields for the production of hydrogen nowadays. To the best of Gold nanoflower-based immuno-HER assay
31 our knowledge, there are little reports focusing on development
32 2 of HER-base;i_ganalyt.ical mthods, e'SPe'CiaHy for'i'mmunoassay Scheme 1 Schematic illustration of the electrochemical immuno-HER
33 development.”™ Despite the high sensitivity of traditional enzyme s, assay toward neuron-specific enolase (NSE) on the monoclonal anti-NSE
34 immunoassays, they have some limitations, e.g., most are antibody (mAb)-modified glassy carbon electrode (GCE) using polyclonal
susceptible to interference and assay conditions during the signal- anti-NSE antibody (pAb)-conjugated sunflower-like gold nanostructure
35 generation stage such as pH, temperature and instability cause by (AuSF) as the detection antibody accompanying nanogold-triggered
36 »s structural unfolding.lo Hence, an alternative immunosensing hydrogen evlutlox:i reabcttlton (HER): reaction mechanism of HER (top) and
37 strategy that is based on a HER principle and does not need an s immunoassay mode (bottom).
38 enzyme labeling/or reaction process would be advantageous. . .
39 lung cancer, medullary thyroid cancer, carcinoid tumors,
Generally, an advanced catalyst for HER should reduce the ancreatic endocrine tumors and melanoma. Herein w 4 NSE
40 over-potential and consequently increase the efficiency of this pafiereatic ceocriic Wmors ¢ anoma. Ferein we use
41 . . 1 . . . as a model for fabrication of HER-based immunoassay. To
30 important electronic process. Gold colloids display inherent . .
42 merits, g, casy preparation, good biocompatibility and construct such an immunoassay mode, sur'lﬂowe.r-hke gold
43 electrocatalytic activity. Merkoci's group studied the effects of ° nano'structu.res (AuSEs) were .ﬁrSt synthesized .m aqueous
44 . . . . solution with poly(vinyl pyrrolidone) (PVP)-sodium dodecyl
gold nanoparticles-induced HER on electrocatalytic properties in : 4 o
45 electrochemical immunoassays.”” However, we found that the sslgfste (SDSd) daggretgatll((;ns.L frltelfl] y(i SOj[mg' PVI; alll(d 35_21’%
46 35 nanostructures with different shapes usually exhibited various > were acced into TR-mL CIstified wa'et 1 a beaker under
47 clectrocatalytic behaviors. Mohanty et al., reported that flower- vigorous stirring in sequence. Afterwards, the mixture was heated
48 like platinum nanoparticles have superior catalytic activity for © ;IXOC‘:O € and continll.ously st1rred.§;)r 6.O.m1tn;15t0 #‘[1;1 of 1.0 th
49 Suzuki-Miyaura and the Heck coupling reaction over spherical Hu N aqlllleousl f)o uon fwf:)s TapIcty 811_]6C el o e ml? urle ’
50 counterparts.'”> Qian et al. demonstrated that gold-platinum l;o owiing ! Et’ ) ln.lL of 5 mM Na dH Sfl) ution was Z.O.W Y
51 40 bimetallic nanoflowers could exhibit good electrocatalytic ;]0 pp.eThto ! le resfu ltllng Sush ens;lon uI:l Frr the slameh.con lt:ion;
52 activities toward oxygen reduction." To this end, our motivation (Note: e cororo the mixture changed from pale white to dar
53 in this work is to synthesize sunflower-like gold nanostructures 70 blue during this process). After that, AuSFs were collected by
54 for the advanced development of HER-based electrochemical Zen;r;fugatlon 5115 IEH; atﬂllO,?Ol()) lg)' Fu;allyl, t}11e ai_sygg.lfsmjd
55 immunoassay without the participation of natural enzymes while hu X :I/;r; utl.;ze(:i Zr SFe 1}:) Elgﬂ? (Ii) ot.yc (;I.la d'ra blt anmt
56 ss preserving the essential benefits in sensitivity and robustness. uEan " anull ody ( dL;r P SH Y the ?tll\:e 1rt1.b1n§ © \lveen
57 Neuron-specific enolase (NSE) is detected as a substance in fe(:e thI::a:i(r)rjilraller rt)isegnre inez; regir;)usp OOrkl% antibody (please
58 patients with certain tumors, namely neuroblastoma, small cell " P . UE previous w ’
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Fig. 1. (A) TEM image of the synthesized flower-like nanogold particles (inset:

SAED pattern), and (B) DLS analysis of (top) AuSF and (bottom) AuSF-pAb.

To investigate the possible application of the as-prepared
AuSF-pAb in the immuno-HER assay, a sandwich-type assay
was designed for the detection of NSE on monoclonal mouse
anti-human NSE antibody and B-cyclodextrin-modified glassy
carbon electrode (2 mm in diameter, electrode area: 3.14 mm?)
(mAb-CD-GCE) (Scheme 1), using AuSF-pAb conjugates as the
detection antibodies. First, a cleaned GCE was cycled ina 0.1 M
H,SO, solution for 5 times in the potential range from 0 to 2 V.
During this process, the anodization of the GCE surface resulted
in a multilayer oxide film having —OH groups or —COOH
groups.'®'” Following that, 5 uL of CD aqueous solution (50
mg/mL) was cast onto the surface of the pretreated GCE and
dried for about 2 h at room temperature to form a CD-modified
GCE. After being washed with distilled water, 10 uL of mAb
antibodies (1.0 mg/mL) was thrown on the modified electrode,
and incubated for 4 h at room temperature. During this process,
mAb antibodies were immobilized on the CD-modified GCE
owing to f-cyclodextrin capture.'®' Finally, the mAb-CD-GCE
was used for the detection of NSE. In the presence of target NSE,
the immobilized mAb antibody sandwiched the target analyte
with the labeled pAb antibody on the AuSF. The carried gold
nanostructures accompanying pAb antibody could catalyze the
hydrogen evolution reaction of H" ions to H, in an acidic medium
(2 M HCl used in this case), thereby resulting in the generation of
electrochemical signal at the applied potential thanks to the
catalytic effect of the labeled AuSFs (Please see the detailed
experimental procedure in the ESIT). The signal depended on the
concentration of target NSE in the sample. By monitoring the
electronic signal, we could indirectly evaluate the NSE level in
the detection solution.

To successfully develop the electrochemical immuno-HER
assay, one important precondition was whether AuSFs could be
readily synthesized by the in situ reduction method. To monitor
this issue, we used transmission electron microscope (TEM) to
characterize the as-synthesized nanostructures. As shown in Fig.
1A, the as-prepared nanostructures exhibited the sunflower-like
structures with the mean size of 50 nm, which was in accordance
with the result obtained from dynamic light scatter (DLS) (Fig.
IB). The inset in Fig. 1A displays the selected-area electron
diffraction (SAED) pattern of the as-synthesized AuSFs, and the
bright diffraction rings could be indexed as the lattice planes of a
gold-face-entered-cube (fcc) lattice structure. Moreover, the size
of AuSFs after conjugation with pAb antibody was obviously
more than that of AuSFs alone (Fig. 1B, bottom vs. top).
Furthermore, we also observed that the AuSFs could be

homogeneously dispersed in the distilled water, thus providing

so the facilitation for the development of the immuno-HER.
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Fig. 2. (A) Chronoamperograms of (a) the newly prepared mAb-CD-GCE,
(b) sensor 'a' + AuSF-pAb, (c) sensor 'a' + 1.0 ng/mL NSE + AuSF-pAb
and (d) sensor 'a' + 1.0 ng/mL NSE + AuNP-pAb in 2 M HCL; (B) the
calibration plots of the immuno-HER assay toward NSE standards with

AuSF-pAb (inset: the corresponding chronoamperometric curves).

Logically, two concerns arise as to whether (i) the prepared
AuSF-pAb could be used for NSE detection on the mAb-CD-
GCE, and (ii) AuSF-pAb could be non-specifically adsorbed on
the mAb-CD-GCE. To clarify these points, the same-batch
prepared immunosensors were employed for the detection of 0
and 1.0 ng/mL NSE using chronoamperometric assay method
under the same conditions in 2.0 M HCI, respectively (Fig. 2A).
Curve 'a' gives the chronoamperometric response of newly
prepared mAb-CD-GCE. In contrast, the steady-state current
(curve 'b") was almost the same as curve 'a' when the mAb-CD-
GCE was incubated with zero analyte and AuSF-pAb in turn,
indicating the ignorable non-specific reaction. However, the
steady-state current largely increased in the presence of 1.0
ng/mL NSE (curve 'c"). The results revealed that the change in the
current stemmed from the specific antigen-antibody reaction, i.e.,
our strategy could be used for NSE detection.

To further monitor the amplified efficiency of AuSF-based
immuno-HER assay, we prepared a kind of 50-nm spherical
nanogold particles, which was used for the labeling of pAb
(AuNP-pAb) (Note: AuNPs were synthesized referring to the
literature®). Following that, AuSF-pAb and AuNP-pAb were
used for detection of 1.0 ng/mL NSE (as an example) on the
mAb-CD-GCE by using the same assay protocol, respectively.
The evaluation was based on the change in the current relative to
background signal. As shown in Fig. 2A, use of AuSF-pAb could
cause a 375 £ 6.1% signal increase of the immuno-HER assay
(curve 'c' vs. curve 'a'), whilst the signal of using AuNP-pAb only
increased 246 + 3.7% (curve 'd' vs. curve 'a'). The reason might
be the fact that AuSF exhibited a dendritic structure and was
more liable to form sequential field besides the adsorbed
concentration/directional effect and quantum size effect. AuNF-
based enzyme-free electrochemical immunoassay procedure can
be simply summarized as follows:

90 Immunoreaction:

NSE + mAb-CN-GCE — NSE/mAb-CD-GCE
NSE/mAb-CD-GCE + pAb-AuSF —

AuSF-pAb/NSE/mAb-CD-GCE  (2)

According to the electrochemical (EC) mechanism, the electronic

(1

9s signal, i.e., the overall HER mechanism in acidic media occurred

via three possible steps.!' The first step is a primary discharge
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step [H;O0" + ¢ — H,g + H,O (Volmer reaction)], while the
second step is an electrochemical desorption step [Hy + H;0" +
e — H, + H,O (Heyrovsky reaction)], and the third step is as
recombination reaction [Hygs + Hags — H, (Tafel reaction]. The
electrochemical desorption is a rate-determining step with the
Volmer-Heyrovsky mechanism for HER.

To achieve a high sensitivity and good analytical properties,
some experimental conditions including the incubation time for
the antigen-antibody reaction and the applied potential for the
HER reaction should be studied. Usually, the antigen-antibody
reaction is adequately carried out at human normal body
temperature (37 °C). However, considering the possible
application of the immuno-HER assay in the future, we selected
room temperature (25 + 1.0 °C) for the antigen-antibody
interaction throughout the experiment. At this condition, we
monitored the effect of the incubation time on the catalytic
current of the immuno-HER assay from 10 min to 50 min (Note:
To avoid confusion, the incubation times of the immunosensor
with target NSE were paralleled with those of the immunosensor-
NSE with AuSF-pAb) (1.0 ng/mL NSE used as an example). As
seen from Fig. S1 in the ESIt, the currents increased with the
increment of incubation time, and tended to level off after 30 min.
Hence, an incubation time of 30 min was selected for sensitive
detection of NSE in this work.

Fig. S2 (in the ESIt) displays the effect of applied potential on
the catalytic currents of the immuno-HER assay for the detection
of 1.0 ng/mL NSE. The steady-state currents increased gradually
with the applied potential shifted negatively from +0 to -1.0 V,
which might be attributed to the increasing driving force for the
fast reduction of nanocatalysts at a low potential. When the
applied potential was lower than -1.0 V, the reduction current
decreased gradually. So, -1.0 V was selected as the working
potential for the hydrogen evolution reaction.

Using AuSF-pAb as the nanotags, the sensitivity and dynamic
range of the electrochemical immuno-HER assay were evaluated
on mAb-CD-GCE toward NSE standards in 2 M HCI solution
with a sandwich-type immunoassay format. As seen from Fig. 2B,
the steady-state currents increased with the increasing NSE levels.
A linear dependence between the catalytic currents and the
logarithm of NSE was obtained within the range from 0.01 to 50
ng/mL. The linear regression equation was / (LA) = 2.4414 x Ig
Cinsgp T 13.942 (ng/mL) (R?=0.9982, n = 18). A detection limit
of 5.0 pg/mL NSE was estimated to be 3x the standard deviation
of zero-dose response, which coincided with the lower bound of
the pseudolinear part of the calibration curve. Higher or lower
NSE concentrations would deviate from the linear relations
presumably due to that the unbalance of the ratio of antigen to
antibody may result in a decreased formation of “lattice-like”
immunocomplex, which was also termed as the “prozone”
phenomenon in immunology.?"** Although the system has not yet
been optimized for maximum efficiency, the LOD of using
AuSF-pAb was partial lower than that of commercially available
human NSE ELISA kits from CusaBio Biotech. Inc. (0.39 ng mL”
", MyBioSource, Inc. (0.39 ng mL™', Cat# MBS704796, USA),
Wuhan EIAab Sci. Co., Ltd (0.156 ng mL!, Cat# E0537h, China),
Diagnostic Automation, Inc. (15 ng mL™', Cat# 6334Z, USA),
USCN Life Sci. Inc. (0.0072 ng mL™', Cat# E90537Hu, USA),
and Alpha Diagnostic Intl. (1.0 ng mL"', Cat# 0050, USA).
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Fig. 3. The specificity of AuSF-based immuno-HER assay against 0.1 ng/mL
target NSE, 100 ng/mL MYC, 100 ng/mL SCCA, 100 ng/mL AFP, 100 ng/mL
TSH (Note: Sample mixture contained the above-mentioned analytes with the

same concentrations).

The precision of the electrochemical immuno-HER assay was
evaluated by repeated assaying three NSE levels, using identical
batches of pAb-AuNF and mAb-CD-GCE. Experimental results
indicated that the coefficients of variation (CVs) of the intra-
assay (n = 3) toward 0.05 ng/mL, 1.0 ng/mL and 30 ng/mL NSE
were 9.7%, 5.9% and 8.3%, respectively, whereas the CVs of the
inter-assay with various-batch pAb-AuNF and mAb-CD-GCE
were 10.3%, 8.7% and 9.2% toward the above-mentioned
analytes, respectively. The low CVs indicated that the
electrochemical immunoassay could be used repeatedly, and
further verified the possibility of batch-to-batch preparation.

Further, we evaluated the specificity of the immuno-HER
assay through challenging other proteins, e.g. myc-oncogene
(MYC), squamous cell carcinoma antigen (SCCA), alpha-
fetoprotein (AFP), and thyroid-stimulating hormone (TSH).
Results indicated that all the interfering materials did not cause
significant increase in the current relative to control test,
regardless of target existance or not (Fig. 3). So, the selectivity
of our strategy was acceptable.

Finally, our strategy was used for analysis of five NSE human
serum specimens (Note: Five samples were initially detected via
Electrochemiluminescent Automatic Analyzer and provided by
Chengdu Secondary People's Hospital, China). The assayed
results were 0.12, 32.4, 13.7, 3.54 and 23.6 ng/mL for sample 1-5
toward the immuno-HER assay, and 0.14, 31.2, 12.6, 3.83 and
21.5 ng/mL for Electrochemi-luminescent method, respectively.
The RSDs between two methods were 10.9, 2.7, 5.9, 5.6 and
6.6% for sample 1-5, respectively, indicating that the immuno-
HER assay could be used for analytical application in real
samples.

In conclusion, we developed a new enzyme-free immuno-HER
assay with sensitivity enhancement for electrochemical detection
of NSE by using AuSF-catalyzed hydrogen evolution reaction.
The signal was amplified by sunflower-like gold nanostructures.
Highlight of this work is to utilize the catalytic characteristic of
inorganic nanostructures, and avoid the participation of natural
enzymes for the signal amplification compared with conventional

This journal is © The Royal Society of Chemistry [year]
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enzyme immunoassays. Importantly, the immuno-HER assay was
relatively simple, low-cost and user-friendly without the need of
sophisticated instruments, thereby representing a versatile
detection protocol.
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