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ABSTRACT: A novel and in situ amplified immunoassay strategy with
quadruple signal amplification was designed for highly efficient
electrochemical detection of low-abundance proteins (carcinoembryonic
antigen, CEA, as a model) by using nanogold-functionalized DNAzyme
concatamers with redox-active intercalators. To construct such an in situ
amplification system, streptavidin-labeled gold nanoparticles (AuNP-SA)
were initially used for the labelling of initiator strands (S,) and detection
antibody (mAb,) with a large ratio (mAb,—AuNP—S;), and then two
auxiliary DNA strands S, and S, were designed for in situ propagation of
DNAzyme concatamers with the hemin/G-quadruplex format. The
quadruple signal amplification was implemented by using the avidin—
biotin chemistry, nanogold labels, DNA concatamers, and DNAzymes. In
the presence of target CEA, the sandwiched immunocomplex was formed
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between the immobilized primary antibodies on the electrode and the conjugated detection antibodies on the mAb,—AuNP—S,,.
The carried S, initiator strands could progress a chain reaction of hybridization events between alternating S,/S, DNA strands to
form a nicked double-helix. Upon addition of hemin, the hemin-binding aptamers could be bound to form the hemin/G-
quadruplex-based DNAzymes. The formed double-helix DNA polymers could cause the intercalation of numerous electroactive
methylene blue molecules. During the electrochemical measurement, the formed DNAzymes could catalyze the reduction of
H,0, in the solution to amplify the electrochemical signal of the intercalated methylene blue. Under optimal conditions, the
electrochemical immunoassay exhibited a wide dynamic range of 1.0 fg mL™" to 20 ng mL™" toward CEA standards with a low
detection limit of 0.5 fg mL™". Intra-assay and inter-assay coefficients of variation (CV) were less than 8.5% and 11.5%,
respectively. No significant differences at the 0.05 significance level were encountered in the analysis of 14 clinical serum
specimens between the developed immunoassay and commercialized electrochemiluminescent (ECL) method for detection of

CEA.
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1. INTRODUCTION

Proteins are a general category of large molecules that serve as
both structural and functional units for all living organisms.
Sensitive and accurate determination of low-abundance
proteins is of paramount importance in proteomics and
biomedicine.! Typically, antibody-based immunoassay systems
are versatile and powerful tools for quantifying the low-
abundance proteins.”> Owing to the limitation of classical
analytical methodologies or instruments, however, improving
the sensitivity by the traditional physical methods or simple
chemical/biocatalytic process can not meet the practical
demands.* In this regard, various signal amplification strategies
have been designed and developed for improving the sensitivity
of traditional immunoassays, e.g., by applying new detection
probes, incorporating nanomaterials to increase the loading of
tags, and making use of the enzyme-assisted amplification
process.” ' These amplification strategies of detectable signals
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for highly sensitive immunoassays mainly consist of nanosignal
amplification and molecular biological amplification. Notwith-
standing some advances in this field, there is still the quest to
explore new schemes and protocols for sensitivity improvement
of clinical immunoassays, especially for some low-abundance
proteins.

An alternative strategy that is based on an electrochemical
principle and does not require an antibody-labeled reaction
would be advantageous because of simple instrumentation and
easy signal quantification."’ Nucleic acid sequence based
amplification is a primer-dependent technology that can be
used for the continuous amplification of nucleic acids in a single
mixture at one temperature.u_14 A DNA concatamer, one of
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the linear polymeric structures that arise by self-association of
short DNA fragments through specific interactions, has
attracted increasing attention in molecular biology and DNA
diagnostics.">~"” Their branched 2D or 3D analogues—DNA
dendrimers—have already been used to amplify the signal and
enhance trapping of the query nucleic acid in hybridization
analysis."® Recently, DNA concatamers have been for the first
time reported for signal amplification of electrochemical
immunoassays by our group.”” During this process, the
electrochemical signal was mainly derived from the labeled
ferrocene molecules and the in situ formed DNAzymes in the
concatamers toward the catalytic reaction of hydrogen peroxide
in the solution. The hemin-binding aptamers exhibit electro-
catalytic activity towards H,O,-mediated oxidation.”°"**
Despite the wide linear range and low detection limit in this
method, the obtained electrochemical signal is still relatively
weak (nA level in the current). The reason might most likely be
as a consequence of the facts that (i) the amount of the labeled
redox tags (ie., ferrocene) in the DNAzyme concatamers is
limited and (ii) the molecular tags (which could produce the
electrochemical signals) are too little. To tackle these issues,
our motivation of this study is to enhance the sensitivity and
detectable signal of DNAzyme concatamer-based immuno-
assays by coupling the nanolabels with redox-active inter-
calators without the need of the labelling of molecular tags.

A gold nanoparticle label is an ideal candidate in the
biotechnological systems due to its inherent advantages, such as
easy preparation and good biocompatibility.”>** Methylene
blue (MB), as a good redox indicator, is known to undergo
binding with the nucleic acids. MB-DNA complexation has
been studied both experimentally and theoretically because of
methylene blue’s medical importance as a photosensitizing
dye.> %" Herein, we report the proof-of-concept of a novel and
powerful electrochemical immunoassay protocol for detection
of low-abundance proteins with quadruple signal amplification,
e.g, carcinoembryonic antigen (CEA) [CEA is a preferred
tumor marker to help predict outlook in patients with
colorectal cancer, and the normal range of blood levels is
lower than 3 ng mL™'], by coupling nanogold-functionalized
DNAzyme concatamers with redox-active intercalators as
molecular tags. The assay mainly consists of the formation of
sandwiched immunocomplex, the DNA concatamer hybrid-
ization reaction, the formation of hemin-binding G-quadruplex
DNAzymes, the indicator intercalation, and electrochemical
measurement.

2. EXPERIMENTAL SECTION

CEA was purchased from Biocell Biotechnol. Co., Ltd.
(Zhengzhou, China). Monoclonal mouse anti-human CEA
antibody (clone II-7, designated as mAb;, dilution: 1:25—1:50)
was obtained from Dako Diagnostics Co., Ltd. (Shanghai,
China). Biotinylated monoclonal mouse anti-human CEA
antibody (clone M0911042, 9.0 mg mL™') (designated as
bio-mAb,) was achieved from MyBioSource Inc. (San Diego,
USA). Streptavidin (SA) was purchased from Amyjet Scientific,
Inc. (Wuhan, China). -Cyclodextrin (CD) was obtained from
Sinopharm Chem. Re. Co. (Shanghai, China). The biotinylated
initiator strand (bio-S,), S, and S, were obtained from Sangon
Biotech. Co., Ltd. (Shanghai, China). The sequences of
oligonucleotides are listed as follows:

Bio-S,: 5'-biotin-(CH,)-GTACT ACAGC AGCTG-3'
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S -GGG TAGGG CGGGT TGGGT ATCTC

CTAAT AGCAG CAGCT GCTGT AGTAC-3’
S,: §-CTGCT ATTAG GAGAT GTACT ACAGC

AGCTG-3’

In the probe S, the hemin-binding aptamer is the 18-nt bases
at the 5" end. The underlined sequence of probe S, at the 3’
end is the same as probe S;, which is complementary to the
underlined sequence of probe S, at the 3" end. The italic letters
of probe S, in the middle are the sequence complementary to
the italic letters of probe S, at the §’ end. DNA stock solution
was obtained by dissolving oligonucleotides in tris-HCI buffer
solutions (pH 7.4). Each oligonucleotide was heated to 90 °C
for S min and slowly cooled to room temperature before usage.
Gold colloids with 16 nm in diameter were prepared and
characterized as described.® All other reagents were of
analytical grade and were used without further purification.
Ultrapure water obtained from a Millipore water purification
system (>18 MQ, Milli-Q, Millipore) was used in all runs.
Clinical serum samples were made available by Fujian
Provincial Hospital, China. Phosphate-buffered saline (PBS,
0.1 M) solution with various pHs was prepared by mixing the
stock solutions of 0.1 M NaH,PO, and 0.1 M Na,HPO,, and
0.1 M KCl was added as the supporting electrolyte.

Prior to bioconjugation, streptavidin-labeled gold nano-
particles (AuNP-SAs) were prepared according to the literature
with a little modification.”” Briefly, 5 mL of gold colloids
(AuNP, C,) = 24 uM) was adjusted to pH 7.6 by directly
using 0.1 M Na,CO; aqueous solution. Then, 0.5 mL of
streptavidin aqueous solution (10 mg mL™") was added into
the resulting gold colloids. After gentle shaking on the shaker
(MS, IKA GmbH, Staufen, Germany) for 1 h at room
temperature (RT), 110 uL of 1.0 wt % polyethylene glycol was
injected, and the mixture was further incubated overnight.
During this process, the association of streptavidin onto the
surface of nanogold particles is possibly due to the interaction
between cysteine or NH;*-lysine residues of streptavidin and
gold nanoparticles.*® Following that, the resultant mixture was
repeatedly centrifuged at 4 °C for 20 min (14 000g). The
obtained precipitate (AuNP-SA) was redispersed in 1.0 mL of
PBS (0.1 M, pH 7.4).

Next, the as-synthesized AuNP-SA was used for preparation
of mAb,—AuNP-S, detection antibodies by consulting the
literature.” Initially, 50 4L of bio-mAb, (1.0 uM) was added
into the as-prepared AuNP-SA suspension and incubated for 20
min at RT. Afterwards, 200 uL of bio-S, (100 M) was injected
into the mixture. After gently shaking for S min, the mixture
was transferred to the refrigerator at 4 °C for further reaction
(overnight). During this process, bio-mAb, and bio-S, were
covalentl;r bound to AuNP-SA via the classical avidin—biotin
reaction.” > Following that, the mixture was centrifuged (14
000g) for 10 min at RT. The pellet (i.e., mAb,—AuNP-S,;) was
resuspended in 1.0 mL of 2 mM sodium carbonate solution
containing 1.0 wt % BSA and 0.1% sodium azide, pH 7.4, and
stored at 4 °C until use.

A glassy carbon electrode (GCE) with 2 mm in diameter was
polished with 0.3 ym and 0.05 pm alumina, followed by
successive sonication in bidistilled water and ethanol for 5 min,
and dried in air. The well-polished electrode was cycled in a 0.1
M H,SO, solution 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 p-cyclodextrin
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Scheme 1. Schematic Representation of Nanogold-Functionalized DNAzyme Concatamers with Redox-Active Intercalators for
Quadruple Signal Amplification of Electrochemical Immunoassays: Adivin—Biotin Chemistry with First Signal Amplification,
AuNP-Based Second Signal Amplification, DNA Concatamer-Based Third Signal Amplification, and DNAzyme-Based Fourth

Signal Amplification
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(CD) aqueous solution (50 mg mL™') was cast onto the
surface of the pretreated GCE and dried for about 2 h at RT to
form a CD-modified GCE. After washing with distilled water,
30 uL of mAb, antibodies (dilution ratio: 1:50) was thrown on
the modified electrode and incubated for 4 h at RT. During this
process, mAb, antibodies were immobilized on the CD-
modified GCE owing to the -cyclodextrin capture.”*>* Finally,
the as-prepared mAb,—CD—GCE was stored at 4 °C when not
in use.

Scheme 1 gives the schematic illustration of the electro-
chemical immunoassay protocols based on nanogold-function-
alized DNAzyme concatamers. In this work, all electrochemical
measurements were carried out on an AutoLab electrochemical
workstation (uAUTIILFRA2.v, Eco Chemie, The Netherlands).
A conventional three-electrode system used in the measure-
ments consists of a modified GCE working electrode, a
platinum foil auxiliary electrode, and a saturated calomel
electrode (SCE) as reference electrode. The assay was
performed as follows: (i) immunoreaction: 10 uL of incubation
solution including various-concentration CEA samples and
mAb,—AuNP—S; (Cp,,] = 120 uM) was dropped onto the
surface of mAb,—CD—GCE and incubated for 40 min at RT to
form a sandwiched immunocomplex; (ii) hybridization reaction:
the resulting immunosensor was immersed (Note: suspended)
into the hybridization solution containing 0.5 yuM S; and 0.5
UM S, and incubated for 80 min at RT (Note: During this
process, the hybridization reaction was triggered and
progressed to form the long nicked DNA concatamers on the
AuNP); (iii) DNAzyme formation: the modified electrode was
suspended into 0.2 mM hemin solution and reacted for 50 min
at RT to form the hemin/G-quadruplex (ie, DNAzyme)
complex; (iv) intercalation of methylene blue: the resultant
immunosensor was suspended into the 0.5 mM methylene blue
aqueous solution and incubated for 30 min at RT (Note:
During this process, the methylene blue molecules were
intercalated into the grooves of the double-helix); and (v)
electrochemical measurement: the electrochemical characteristics
of the resulting immunosensors were investigated by differential
pulse voltammetry (DPV) from 0 to —S00 mV (vs SCE) in the
PBS (pH 7.0) containing 3.0 mM H,0,. After each step, the
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immunosensor was washed by using pH 7.4 PBS. Analyses are
always made in triplicate.

3. RESULTS AND DISCUSSION

In this work, the immunosensor was simply prepared by means
of immobilizing mAb, on the S-cyclodextrin-modified GCE
based on the host—guest chemistry, while the streptavidin-
labeled AuNPs were heavily functionalized with bio-S; and bio-
mAb,, which were utilized as the detection antibodies (mAb,-
AuNP-S;). Two auxiliary DNA strands (S; and S,) were
designed for the concatamer reaction. In the design, the 30
bases at the 3’ end of S, are completely complementary with S,.
Differently, the beginning 18 nt at the 5’ end of S; can bind
with hemin to form the DNAzyme. It is noted that the 15 bases
at the 3’ end of S, are also complementary with the primer S,
on the AuNPs. In a typical target CEA detection experiment,
the mAb,—CD—GCE and mAb,—AuNP—S; initially sandwich
the target CEA, generating a complex with a large ratio of S,
and target CEA. The carried initiator stands on the mAb,—
AuNP—-S, can propagate a chain reaction of hybridization
events between alternating S, and S, in sequence to form a
nicked double-helix. Upon addition of hemin, the hemin-
binding aptamers can be bound to form the hemin/G-
quadruplex-based DNAzymes. Hence, a large number of
DNAzymes are concatamerized via the double-helix DNA.
Meanwhile, the formed double-helix DNA polymers cause the
intercalation of numerously electroactive methylene blue into
the grooves. In this case, the intercalated methylene blue
molecules are brought into close proximity with each other on
the concatamers, thereby resulting in the formation of
numerous methylene blue molecules and DNAzymes. During
the measurement, the formed DNAzymes can catalyze the
reduction of H,O, with the aid of methylene blue. The catalytic
currents directly depend on the concentration of target CEA in
the sample. In the absence of target CEA, mAb,—AuNP—S§; can
not be conjugated onto the mAb,—CD—GCE, thus displaying a
relatively low background signal.

As mentioned above, the electrochemical signal was mainly
derived from the intercalated methylene blue and the formed
DNAzymes on the mAb,—AuNP—S,. To realize our design, we
first used transmission electron microscopy (TEM, H-7650,
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Hitachi Instruments, Japan) and gel electrophoresis (Sub-Cell
GT Agarose Gel Electrophoresis systems, Bio-Rad Laborato-
ries, Inc, USA) to characterize the mAb,—AuNP—S, before
and after incubation with S; + S, (Note: the TEM image after
hybridization was obtained by dyeing). As shown from Figure
1a, the long nicked DNA polystrands could be observed on the

Figure 1. (a) TEM image of mAb,—AuNP—S;, after incubation with S,
and S, probes and (b) gel electrophoresis (lane 1: DNA ladder; lane 2:
0.1 uM S;; lane 3: 0.1 uM S,; lane 4: 0.1 uM Sj; lane 5: 0.1 uM S, +
0.1 uM S,; lane 6: 0.1 uM S, + mAb,—AuNP—S; lane 7: 0.1 yM S, +
0.1 4M S, + mAb,—AuNP—S,).

AuNPs after hybridization with S; + S,. The results indicated
that DNA concatamers could be formed in the presence of S; +
S, with the guidance of the initiator strands on the mAb,—
AuNP-S,. Figure 1b shows typical gel electrophoresis of
various components. As seen from lanes 2—4, the base numbers
of S, S,, and S, oligonucleotides were very close to our design.
Significantly, it can be seen that one ~80-nt spot was acquired
at the incubation solution containing 0.1 #M S, and 0.1 yuM S,
(lane 5), which was attributed to the formation of DNA
concatamers due to their self-hybridization reaction. As a
control test, the incubation solution containing 0.1 M S, and
mAb,—AuNP—S; was implemented. As shown from lane 6, two
spots were achieved for S; and mAb,—AuNP—S,, respectively,
suggesting that the mixture containing S; and mAb,—AuNP-S,
could not cause their self-hybridization. The reason for a strong
spot at the beginning of lane 6 might be the fact that the as-
prepared mAb,—AuNP—S, was difficultly migrated during the
gel electrophoresis. When 0.1 uM S;, 0.1 uM S,, and excess
mAb,—AuNP—S; were simultaneously present in the incuba-
tion solution, inspiringly, one strong spot at the beginning of
lane 7 was obtained. The reason might be most likely as a

consequence of the fact that the added S; and S, were
consumed as a result of a chain reaction of hybridization events
to form DNA concatamers on the mAb,—AuNP-S,. These
results revealed that the DNA concatamers could be progressed
in the simultaneous presence of S,/S,/mAb,—AuNP—S,, thus
providing a precondition for the formation of DNAzyme
concatamers on the mAb,—AuNP-S,,

Logically, another question arises as to whether the formed
DNA concatamers on the mAb,—AuNP—-S, could induce the
construction of DNAzyme concatamers and the intercalation of
methylene blue on the DNA concatamers. To investigate these
issues, the as-prepared mAb,—CD—GCE was used for the
detection of 1.0 ng mL™" of CEA by using nanogold-labeled
DNAzyme concatamers as molecular tags with a sandwich-type
immunoassay format. Figure 2A shows cyclic voltammograms
of variously modified mAb,—CD—GCE in pH 7.0 PBS at 50
mV s7'. No redox peaks were observed after the newly
prepared mAb,—CD—GCE was incubated with 1.0 ng mL™" of
CEA, mAb,—AuNP—-S,, and S; + S, in sequence (curve ‘a’).
The results indicated that the immobilized biomolecules and
AuNPs did not have redox properties. When the resulting
immunosensor was reincubated with hemin, however, a pair of
very weak redox peaks was observed (curve ‘b”), which mainly
derived from the direct electron transfer of the immobilized
hemin.*® Especially, when methylene blue molecules with good
redox activity were intercalated into the DNAzyme con-
catamers, a couple of stable and well-define redoxes at —240
and —330 mV were acquired (curve ‘c’). Favorably, upon
addition of 3.0 mM H,O, in pH 7.0 PBS, an obvious catalytic
characteristic appeared with a dramatic increase of reduction
current and a sharp decrease of oxidation current (curve ‘d’).
The result indicated that the formed DNAzymes in the
concatamers could exhibit an obvious enzymatic catalytic
behavior. The increase of the reduction current was mainly
derived from the DNAzymes toward the catalytic reduction of
H,0, with the help of methylene blue electron mediators.
Hence, the DNAzyme concatamers could be used for the signal
amplification of the electrochemical immunoassays.

To further investigate that the intercalated methylene blue in
the DNAzyme concatamers could exhibit good conductivity,
Faradic electrochemical impedance spectroscopy (EIS) was
employed to investigate the interface properties of the modified
electrode before and after the intercalation of methylene blue in
the DNAzyme concatamer-modified immunosensor in 5.0 mM
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Figure 2. (A) Cyclic voltammograms of variously modified electrodes: (a) mAb,—CD—GCE after incubation with 1.0 ng mL™" of CEA/mAb,—
AuNP—-S,/(S; + S,) in pH 7.0 PBS, (b) electrode ‘a’ after reaction with hemin in pH 7.0 PBS, (c) electrode ‘b’ after intercalation of methylene blue
in pH 7.0 PBS, and (d) electrode ‘¢’ in pH 7.0 PBS containing 3.0 mM H,0,. (B) Nyquist diagrams for (a) mAb,—CD—GCE after incubation with
1.0 ng mL™" of CEA/mAb,—AuNP—S,/(S, + S,)/hemin and (b) electrode ‘a’ after intercalation of methylene blue in 5.0 mM Fe(CN),*/3~ + 0.1
M KCI with the range from 107> to 10° Hz at an alternate voltage of 5 mV.
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Figure 3. (A) DPV response curves of the as-prepared mAb,—CD—GCE toward 1.0 ng mL™" of CEA by using various molecular tags: (a) mAb,-bio,
(b) mAb,-bio/SA/bio-S,, (c) mAb,-bio/AuNP-SA/bio-S,, (d) mAb,-bio/AuNP-SA/bio-S,/{S, + S,},, and (e) mAb,-bio/AuNP-SA/bio-S,/{S; + S,
+ hemin}, in pH 7.0 PBS containing 3.0 mM H,0, (1 = 3). (B) Comparison of DPV responses of the as-prepared mAb,—CD—GCE toward 1.0 ng
mL™" of CEA by using various immunoassay modes: (a) methylene blue-labelling strategy and (b) methylene blue-intercalated strategy in pH 7.0

PBS containing 3.0 mM H,0, (n=3).

Fe(CN)¢*3~ containing 0.1 M KCl (Figure 2B). Curve ‘a’ in
Figure 2B represents the Nyquist diagram of the mAb,—CD—
GCE after incubation with 1.0 ng mL™" of CEA, mAb,—
AuNP-S, S, + S,, and hemin in turn. The resistance, R,,, was
1263 . When the modified electrode was incubated with
methylene blue, however, the resistance was decreased (R,, =
521 Q) (curve ‘b’). The reason was that the intercalated
methylene blue molecules could serve as an intervening
“spacer” matrix to extend the immobilized biomolecules away
from the substrate matrix in the mobile phase, resulting in
binding sites more accessible to biomolecules.

To investigate the nanogold-labeled DNAzyme concatamers
with redox-active intercalators for quadruple signal amplifica-
tion of the developed electrochemical immunoassay, four types
of molecular tags, including mAb,-bio/SA/bio-S,, mAb,-bio/
AuNP-SA/bio-S,, mAb,-bio/AuNP-SA/bio-Sy/{S; + S,},, and
mAb,-bio/AuNP-SA/bio-S,/{S, + S, + hemin},, were used for
detection of 1.0 ng mL™" of CEA (as an example) on the same-
batch mAb,—CD—GCE under the same experimental con-
ditions (Figure 3A). The evaluation was made by comparison
with the change in the peak currents relative to zero analyte in
pH 7.0 PBS containing 3.0 mM H,O,. As a control test, mAb,-
bio tags were initially used for detection of 1.0 ng mL™" of CEA,
followed by the intercalation of methylene blue, to monitor
whether methylene blue molecules could be nonspecifically
adsorbed onto the bio-pAb,/CEA/mAb,—CD—GCE. Exper-
imental results indicated that almost no obvious peaks were
changed before and after incubation with methylene blue
(curve ‘a’), thus the nonspecific absorption was negligible.
When using mAb,-bio/SA/bio-S, as molecular tags, the shift in
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the currents was 2.5 yA (curve ‘b’ vs curve ‘a’). The reason was
ascribed to the four binding sites of streptavidin (one for mAb,-
bio vs three for bio-Sy). The carried S, initiator strands with
negative charge could adsorb the positively charged methylene
blue, resulting in the appearance of electrochemical signal.
Significantly, the electrochemical signal could be further
improved when using mAb,-bio/AuNP-SA/bio-S, as molecular
tags (curve ‘¢’ vs curve ‘a’). The reason might be the fact that
gold nanoparticles have a large surface coverage and hence
exhibit a high conjugation capacity for bio-S,. Herein, we might
roughly estimate that one streptavidin tetramer could
simultaneously conjugate three bio-S;, molecules at most,
while one 16 nm AuNP could simultaneously accommodate
up to 64 streptavidin tetramers (Note: The calculation is based
on the spherical surface area [Syp = 47ryp”] divided by the area
of the streptavidin’s radius-based circle [Siyeptaigin = 775°),
where ryp stands for the radius of AuNPs and ry stands for the
radius of the streptavidin [4—S5 nm in diameter]*”%).
Therefore, more bio-S, molecules (64 X 3 = 192, according
to one site for AuNP and three for bio-S,) could be
simultaneously conjugated onto the AuNP-SA nanoparticles
than a single streptavidin tetramer. When one mAb, antibody
on the mAb,—AuNP-S; reacted with the corresponding
antigen, the whole initiator strand on the mAb,—AuNP-S,
would be carried over and thus participate in the interaction
with methylene blue, thus displaying high electrochemical
signal. Further, the electrochemical signals could be greatly
amplified when using mAb,-bio/AuNP-SA/bio-S;/{S; + S,},
(curve ‘d’) and mAb,-bio/AuNP-SA/bio-S,/{S; + S, + hemin},
(curve ‘¢’) as molecular tags, respectively. The reason might be
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Figure 4. (a) Signal dependence of the developed electrochemical immunoassays on (a) incubation time for antigen—antibody reaction, (b)
hybridization time of DNA concatamers, (c) pH of PBS, and (d) incubation time for DNAzymes by using 10 fg mL™" of CEA as an example.

the facts that (i) methylene blue molecules could be
intercalated into between adjacent base pairs or into the
minor or the major groove of the DNA helix and (ii) the
formed hemin/G-quadruplex DNAzymes could act as perox-
idase-mimicking enzymes, which could catalyze the reduction
of H,O, with the aid of methylene blue mediators.

Maybe, a universal question to be produced was why not to
use the labelling of methylene blue on the S, or S, but to utilize
their intercalation approach into the DNA concatamers. To
elucidate this issue, the methylene blue-labeled S, at the end of
5" (i.e., similar to our recently reported mode'”) was also used
for detection of 1.0 ng mL™" of CEA. The judgement was based
on the change in the DPV peak currents relative to zero analyte.
As seen from Figure 3B, the immunoassay using the methylene
blue labelling strategy exhibited a relatively weak current
response (Ai
high peak current was achieved by using the methylene blue
intercalating strategy (Ai = 23.9 pA, curve ¢ vs curve ‘@’).
Therefore, the methylene blue intercalating method could
cause a 200.8 + 4.3% signal increase of the developed
immunoassay relative to the methylene blue labelling probes.
This is most likely a consequence of the fact that the
intercalated amount of methylene blue in the DNA
concatamers was much more than that of the labeled methylene
blue. We might also roughly estimate that a double-stranded
DNA with 30 base pairs (30 nucleotides for DNA concatamers
between S; and S, in this work) could label only one methylene
blue due to the presence of one 5’ end of S,. In contrast, such a
double-helix structure could form three major grooves and
three minor grooves at least (Note: The double helix is right-
handed with about 10—10.5 nucleotides per turn),”® which
could accommodate six methylene blue molecules. More

11.9 uA, curve ‘b’ vs curve ‘a’). In contrast, a
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importantly, every initiator strand on the AuNPs could trigger
the formation of a long nicked DNA polymer, thereby resulting
in the intercalation of numerous methylene blue molecules,
thus enhancing the electrochemical response signal.

On the basis of the results in Figure 3, we might clearly
observe that the quadruple signal amplification of the
electrochemical immunoassays could be implemented by
using streptavidin tetramers (1st amplification), AuNPs (2nd
amplification), DNA concatamers (3rd amplification), and
DNAzymes (4th amplification).

To achieve the optimal analytical properties of the
electrochemical immunoassays, some experimental parameters
including incubation time and incubation temperature for the
antigen—antibody reaction, the hybridization time of DNA
concatamers, the binding time between hemin/G-quadruplex,
and pH of the assay solution should be studied. In these cases,
10 fg mL™" of CEA was used as an example. Usually, the
antigen—antibody reaction is adequately carried out at human
normal body temperature (37 °C). Considering the possible
application of the developed immunoassay 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 incubation time on the
currents of the immunosensors from 10 to 60 min (Note: To
avoid confusion, the incubation times of the immunosensor
with CEA were paralleled with those of the immunosensor—
CEA with mAb,—AuNP—S,). As shown in Figure 4a, the DPV
peak currents increased with the increment of incubation time
and tended to level off after 40 min. Hence, an incubation time
of 40 min was selected for determination of CEA at acceptable
throughput.
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Figure 4b displays the effect of hybridization time between
mAb,—AuNP—S; and S; + S, on the electrochemical signal of
the immunoassay. The current increased with the time aged
and tended to level off after 80 min. Meanwhile, we also
monitored the effect of binding time between hemin/G-
quadruplex on the signal of the electrochemical immunoassays.
An acceptable signal was obtained at ~50 min, as shown in
Figure 4c. Longer incubation time did not cause the large
change in the current. Therefore, 80 min and 50 min were used
for the construction of DNA concatamers and the formation of
DNAzymes on the mAb,—AuNP-S,,.

To maintain the bioactivity of the DNAzymes and adequately
tulfill its catalytic potential, a moderately acidic pH should be
preferable. Figure 4d displays the dependence of DPV peak
currents on pH of PBS. An optimal current was obtained at pH
7.0 PBS. Higher or lower pHs resulted in the decrease of
cathodic currents. Thus, a pH 7.0 PBS was chosen as the
supporting electrolyte.

Under the optimal conditions, the sensitivity and working
range of the electrochemical immunoassay were studied by
assaying routine samples with different CEA standards by using
mAb,-bio/AuNP-SA/bio-S,/{S; + S, + hemin}, as molecular
tags. The DPV peak currents increased with the increasing CEA
level in the sample solution (Figure S). A linear dependence
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Figure S. (a) Typical DPV response curves of the electrochemical
immunoassays for different target CEA standards by using nanogold-
functionalized DNAzyme concatamers as molecular tags and (b) the
corresponding linear curves.

between the peak currents and the logarithm of CEA levels was
obtained in the range from 1.0 fg mL™" to 20 ng mL™’, i.e., over
seven decades. The linear regression equation was Ai (yA) =
1.9636 X log Cicgaj + 13.012 (pg mL™") (R* = 0.9973, n = 24)
with a detection limit (LOD) of 0.5 fg mL™" at the 3sy
criterion. For comparison, we also investigated the analytical
properties of the electrochemical immunoassays by using
mAb,-bio/streptavidin/bio-So/{S; + S, + hemin}, and mAb,-
bio/AuNP-SA/bio-Sy/{S; + S,},, respectively. The linear range
and LOD were 0.5—20 ng mL™" and 0.1 ng mL™" and 0.01-20
ng mL™" and 5.0 pg mL™’, respectively. Although the system
has not yet been optimized for maximum efficiency, the LOD
using mAb,-bio/AuNP-SA/bio-Sy/{S; + S, + hemin}, was four
to six orders of magnitude lower than those without AuNP or
hemin. The results further demonstrated the amplified
efficiency of the nanogold-functionalized DNAzyme conca-
tamers toward the developed electrochemical immunoassay
system.

The precision and reproducibility of the electrochemical
immunoassays were investigated by repeatedly assaying three
different CEA concentrations, using identical batches of mAb,—
CD—GCE and mAb,—AuNP-S,,. Experimental results revealed
that the coefficients of variation (CVs) of the intra-assay
between five runs were 7.2%, 5.3%, and 8.2% for 5.0 fg mL™",
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5.0 pg mL™!, and 5.0 ng mL™" CEA, respectively; the batch-to-
batch reproducibility with various batches was studied, and the
CVs were 11.3%, 8.4%, and 9.5% towards the above-mentioned
levels, respectively. With the exception of the slightly increased
CV for the 5.0 fg mL™" standard in the inter-assay experiment,
the other CVs indicated that the electrochemical immunoassay
could be used repeatedly and further verified the possibility of
batch preparation. When the mAb,—CD—GCE and mAb,—
AuNP-S, were stored at 4 °C and measured intermittently
(every 3—S days), they could maintain 96.4%, 89.7%, and
81.3% of the initial signal after being stored for 10, 20, and 30
days, respectively. We speculate that the slow decrease of the
signals was mainly attributed to the gradual deactivation of the
immobilized biomolecules.

To investigate the interfering effects of sample matrix
components on the responses of our developed strategy, we
challenged the system with several possible components in the
normal human serum samples since these samples usually co-
exist in the normal human serum, such as K', Ca?*, CI,
HCO;, glucose (Glu), uric acid (UA), dopamine (DA), and a-
fetoprotein (AFP). The comparative study was carried out by
measuring the low concentration of target CEA and high
concentration of interfering components based on the change
in the current before and after addition of the interfering
reagents. As indicated from Figure 6, higher current was
observed with the target CEA than those of other components.
These results clearly demonstrated the high specificity of the
electrochemical immunoassays.

4
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Figure 6. Interfering effects of sample matrix components on the
electrochemical signal of the developed immunoassays. Initially,
normal human serum samples used for spiking were assayed by
using the electrochemical immunoassay, and various sample matrices
were then spiked into the serum samples. Following that, the resulting
mixtures were determined by using the same method. Note: Using the
spiking level for each interfering component was near the maximum
concentration of the normal human serum in this case.

To investigate the analytical reliability and potential
applicability of the electrochemical immunoassay for testing
real samples, we collected 14 human serum specimens with
various CEA concentrations from Fujian Provincial Hospital of
China according to the rules of the local ethical committee.
Prior to measurement, these samples were gently shaken at
room temperature (Note: all handing and processing was
performed carefully, and all tools in contact were disinfected
after use) and then monitored by using the developed
electrochemical immunoassay. The results were compared
with those obtained by using the commercialized electro-
chemiluminescence immunoassay (ECLIA) method. The
obtained levels of CEA in these samples by the developed
immunoassays displayed the deviations ranging from 3.1% to
9.8% (Table 1). The statistical analysis of these experimental
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Table 1. Comparison of the Obtained Results for Human
Serum Specimens by Using the Developed Electrochemical
Immunoassay and the Reference ECLIA Method”

electrochemical
immunoassay ECLIA
sam%le [CEA] e Crcea _
no. (mean =+ SD, ng mL™") (mean + SD, ng mL D) o
1 14.5 + 1.38 183 £ 1.3 0.73
2 56.7 + 2.55 53.2 + 3.03 1.53
3 932 + 6.8 984 + 6.4 0.96
4 53 +£0.28 48 £ 0.3 2.12
S 234 + 1.94 26.3 + 1.29 2.18
6 47.6 + 3.43 434 + 295 1.61
7 32.1 + 3.02 30.2 + 2.4S 0.85
8 19.3 + 0.81 20.6 + 1.5 1.32
9 6.8 + 0.21 7.5 £ 0.39 2.73
10 29.5 +2.42 31.7 £ 2.19 1.17
11 37.8 + 3.7 362 + 2.46 0.62
12 126.2 + 4.29 121.9 + 10.12 0.68
13 874 + 4.54 86.8 + 6.42 0.13
14 11.2 + 0.87 12.3 £ 0.76 1.64

“The regression equation (linear) for these data is as follows: y =
0.9806x + 0.6316 (R* = 0.9945, n = 42; x axis: by the electrochemical
immunoassay; y axis: by ECLIA). “Analyses were made in triplicate,
and the data were obtained as mean values of three assays (n = 3).
“The concentrations (>20 ng mL™") were calculated by multiplying
the dilution factor.

results was performed by using a t-test and a linear regression
analysis approach between two methods at the 0.0S significance
level. As indicated from Table 1, the t,,, values in all cases were
less than £ (fuigs 00s) = 2.77),* while the slope and intercept
of the regression equation between the two methods were close
to the ideal unities of ‘0’ and ‘1’.

To further highlight the merits of the developed electro-
chemical immunoassay for detection of CEA samples with the
ultra-low concentrations, 4.8 ng mL™' of the CEA clinical
serum sample mentioned above (obtained by ECLIA, as an
example) was diluted to 4.8 fg mL7}, 48 fg mL™}, 480 fg mL™}
4.8 pg mL™", and 48 pg mL™' by using newborn calf serum,
respectively. The levels measured by the electrochemical
immunoassays were 5.2 fg mL™!, 46.7 fg mL™! 5123 fg
mL™, 5.3 pg mL™", and 45.2 pg mL™" for the above-mentioned
concentrations, respectively. The recoveries were 108.3, 97.3,
106.7, 110.4, and 94.2%, respectively. These results revealed
that the amplified electrochemical immunoassay could provide
assay performance comparable to the commonly used method
and could be considered as an optional scheme for detection of
CEA in clinical diagnostics.

4. CONCLUSIONS

In summary, we have developed an in situ amplified
immunoassay method for highly sensitive electrochemical
detection of low-abundance proteins in biological fluids by
coupling with the amplifying functionality of DNAzyme
concatamers and the classical avidin—biotin amplification
system with the nanogold-based labelling technique. The in
situ formed DNAzyme concatamers on the nanogold particles
could further amplify the detectable signal with the help of the
intercalated methylene blue molecules. More favorably, the
DNA-based hybridization chain reaction, an excellent iso-
thermal signal-amplification technique, does not require the
participation of an enzyme. In addition, the methodology does
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not involve the sophisticated fabrication and is well suited for
highly sensitive biomedical sensing and application in both
clinical diagnostics by controlling the target antibody.
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