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ARTICLE

Boronate Affinity-assisted Electrochemically
Controlled ATRP for Ultrasensitive Electrochemical
Aptasensing of Carcinoembryonic Antigen

Qiong Hu*, Shi-Qi Li, Yi-Yi Liang, Wen-Xing Feng, Yi-Lin Luo, Xiao-Jing Cao, Li Niu*

Guangdong Engineering Technology Research Center for Sensing Materials and Devices, Guangzhou Key Laboratory of Sensing
Materials and Devices, Center for Advanced Analytical Science, School of Chemistry and Chemical Engineering, Guangzhou
University, Guangzhou, 510006, PR China

Abstract

As an acidic glycoprotein, carcinoembryonic antigen (CEA) is of great value as a broad-spectrum tumor marker in
the differential diagnosis and surveillance of malignant tumors. In this work, we report an electrochemical aptasensor
for the ultrasensitive and highly selective detection of CEA, taking advantage of the dual amplification by the boronate
affinity-assisted electrochemically controlled atom transfer radical polymerization (BA-eATRP). Specifically, the BA-
eATRP-based electrochemical aptasensing of CEA involves the capture of target antigens by nucleic acid aptamers,
the covalent crosslinking of ATRP initiators to CEA antigens via the selective interactions between the phenylboronic
acid (PBA) group and the cis-diol group of the monosaccharide residues, and the collection of the ferrocene (Fc) re-
porters via the eATRP of ferrocenylmethyl methacrylate (FcMMA). As CEA is decorated with hundreds of cis-diol
groups, the BA-based crosslinking can result in the labeling of each CEA with hundreds of ATRP initiators;
furthermore, the eATRP of FEMMA results in the surface-initiated growth of long-chain ferrocenyl polymers, leading
to the tethering of each ATRP initiator-conjugated site with hundreds to thousands of Fc reporters. Such that, the BA-
eATRP can result in the efficient labeling of each CEA with a plenty of Fc reporters. Under the optimized conditions,
the BA-eATRP-based strategy enables the highly selective aptasensing of CEA at a concentration as low as
0.34 pg-mL ", with a linear range of 1.0—1000 pg-mL . Besides, this aptasensor has been successfully applied to the
quantitative analysis of CEA in human serum. The BA-eATRP-based electrochemical aptasensor is cost-effective and
simple in operation, holding broad application prospect in the ultrasensitive and highly selective detection of CEA.

Keywords: Boronate affinity; Atom transfer radical polymerization; Electrochemical aptasensor; Carcinoembryonic
antigen; Tumor marker; Signal amplification

1. Introduction

Carcinoembryonic antigen (CEA) is a cell
adhesion-related acidic glycoprotein [1]. As a
oncofetal antigen, CEA is normally secreted by the
gastrointestinal tissue during fetal development
and occurs at very low levels in the serum of
healthy adults [1]. However, the level of CEA is
often elevated in the serum of individuals
suffering from various neoplastic conditions (e.g.,
colorectal cancer, gastric cancer, pancreatic can-
cer, lung cancer, breast cancer, and medullary
thyroid cancer) [2] and some non-neoplastic

conditions (e.g., cirrhosis, pancreatitis, ulcerative
colitis, hypothyroidism, and Crohn's disease) [3].
Due to the poor sensitivity and specificity, CEA is
unable to act as a tumor marker for the diagnosis
and screening of a specific cancer. However, it is
of great value as a broad-spectrum tumor marker
in the differential diagnosis and surveillance of
malignant tumors [1,4]. As the cutoff value of CEA
for clinical application is 5 rlg-mlf1 [5], sensitive
and selective detection of CEA is highly desired.
In recent decades, a diversity of methods have
already been established for CEA detection, such
as fluorescent [6,7], photoelectrochemical (PEC)
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[8—10], surface-enhanced Raman scattering (SERS)
[11,12], colorimetric [13,14], electrochemilumine-
scent [15—18], and electrochemical biosensors
[19—21], using such as antibodies [22,23], imprinted
polymers [24,25], and aptamers [26—28] as the
capture elements. Among them, electrochemical
aptasensing of CEA has attracted much attention
by virtue of the advantages of low detection cost,
minimal matrix/background interference, simple
instrument, and high sensitivity and selectivity
[29,30]. Nevertheless, most of the previously
developed electrochemical CEA aptasensors
necessitated the use of sophisticated enzymatic
reactions (e.g., DNAzymes) [31,32] or nano-
composites (e.g., nanoclusters) [33,34] for signal
amplification, which is not practical for clinical
applications.

By virtue of the simplicity, high efficiency, and
cost-effectiveness, the grafting of polymer chains
through reversible deactivation radical polymeri-
zation, such as atom transfer radical polymeriza-
tion (ATRP) [35,36] and reversible addition-
fragmentation chain-transfer (RAFT) polymeriza-
tion [37,38], has attracted growing attention as an
amplification strategy in the sensitive detection of
biotargets [39,40]. Among them, ATRP involves the
use of the alkyl halide initiators (R-X) and the
lower oxidation state transition-metal activators
(typically the Cu(I) complexes) [41,42]. Specifically,
reduction of the initiators by the activators gener-
ates the radical species, which then react with
monomers to form long-chain polymers [42]. In the
electrochemically controlled ATRP (eATRP), the
Cu(I) activators are generated from the electro-
chemical reduction of the Cu(Il) deactivators [43],
holding the merits of the improved control over
polymer growth, better biocompatibility, and
higher O, tolerance [40,44].

On the basis of the dual amplification by the
boronate affinity (BA)-assisted eATRP (BA-
eATRP), we report herein a cost-effective and easy-
to-operate electrochemical aptasensor for the ul-
trasensitive and highly selective detection of CEA.
As the capture elements, the DNA aptamers were
attached to a gold electrode via the gold-sulfur
self-assembly chemistry. After the capture of CEA
antigens, the oligosaccharide chains of CEA were
leveraged for the covalent crosslinking of ATRP
initiators via the selective interactions between the
phenylboronic acid (PBA) group and the cis-diol
group of the monosaccharide residues [45,46].
Further, potentiostatic reduction of the Cu(Il) de-
activators resulted in the generation of the Cu(I)
activators [40,44], triggering the eATRP of ferro-
cenylmethyl methacrylate (FCMMA) and thus the
surface-initiated growth of long-chain ferrocenyl

polymers. As each CEA is decorated with hun-
dreds of cis-diol groups for the BA-based cross-
linking of ATRP initiators while each ATRP
initiator-conjugated site can be tethered with
hundreds to thousands of Fc reporters, the BA-
eATRP can result in the labeling of each CEA with
a plenty of Fc reporters. As a result, the BA-
eATRP-based electrochemical CEA aptasensor is
highly sensitive and selective. Moreover, it is cost-
effective and east-to-operate, thus holding great
promise in clinical applications.

2. Experimental

2.1. BA-eATRP-based electrochemical aptasensing
of CEA

Prior to use, gold electrode (Au) was cleaned as
described elsewhere [47,48]. After incubating the
Au with 10 puL of 0.5 pmol-L7! aptamer (Apt,
10 mmol-L~! NaH,PO,/Na,HPO, (PBS, pH7.4)) at
37 °C for 30 min, the Apt/Au was rinsed with ul-
trapure H,O, incubated with 6-mercapto-1-hex-
anol (MH, 1.0 mmol-L™" in 60% ethanol) at 37 °C
for 15 min, and rinsed with ethanol and ultrapure
H,O. After incubating the MH/Apt/Au with 10 pL
of CEA (10 mmol-L™! PBS, pH7.4) at 37 °C for
45 min, the CEA/MH/Apt/Au was rinsed with ul-
trapure H,O, incubated with (4-(2-bromo-2-phe-
nylacetylamino)phenyl)boronic  acid  (PBABr,
0.5 mmol-L™" in 10 mmol-L~' PBS containing 10%
DMF (pH9.5)) at 37 °C for 15 min, and rinsed with
ethanol and ultrapure H,O. The PBABr/CEA/MH/
Apt/Au was soaked into the polymerization solu-
tion (obtained by adding 0.1 mL of FcMMA
(10 mmol-L~! in DMF), 0.1 mL of Cu""Br/Me,TREN
(10 mmol-L™' in H,0), 75 mL of KPF
(0.1 mol-L™Y), and 1.0 mL of KBr (1.0 mol-L ™) into
1.3 mL of DMF), followed by the eATRP of FcEMMA
at room temperature (ca. 25 °C) for 40 min using i-
curve. After removal of the possible Cu(0) residues
via the anodic oxidation at 0.19 V (vs. saturated
calomel electrode (SCE)) for 30 s, the Fc/PBABr/
CEA/MH/Apt/Au was tested by square wave vol-
tammetry (SWV; potential increase, 4.0 mV; po-
tential amplitude, 25 mV; frequency, 15 Hz) in
0.5 mol-L ! LiClO, [47,48].

3. Results and discussion

3.1. Principle of the BA-eATRP-based electrochemical
CEA aptasensor

The principle of the electrochemical CEA apta-
sensor is shown in Scheme 1. The aptamer was
used as the recognition element and it was tethered
via the Au-S chemistry. As CEA is a glycoprotein
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[49], the ATRP initiators for the later polymerization
were covalently crosslinked to the aptamer-
captured antigens via the facile, selective in-
teractions between the cis-diol groups of the
monosaccharide residues and the PBA group
[50—52]. Afterward, the eATRP of FEMMA resulted
in the surface-initiated growth of the Fc-conjugated
polymer chains and consequently the collection of
Fc reporters [48]. As each CEA is decorated with
hundreds of cis-diol groups for the BA-based
crosslinking of ATRP initiators while each long-
chain polymer can be composed of a plenty of Fc
reporters, the BA-eATRP enabled the dual-ampli-
fication detection. Thus, the BA-eATRP-based
electrochemical CEA aptasensor is ultrasensitive
and highly selective.

3.2. Effect of eATRP potential

The surface-initiated growth of the Fc-conju-
gated polymer chains via the eATRP of FcMMA
was initiated and sustained through the electro-
chemical reduction of the Cu(II) deactivators. With
this in mind, the redox properties of the Cu(Il)

 —
+4\+4 ATRP 4 \4 4

Scheme 1. Principle of the BA-eATRP-based electrochemical CEA aptasensor.

deactivator were investigated. As displayed in
Fig. 1A, the cyclic voltammetric (CV) curve of the
Cu(Il) deactivator at the PBABr/CEA/MH/Apt/Au
presented a reduction peak at —0.58 V, corre-
sponding to the reduction of the Cu(Il) deactivators
into the Cu(l) activators [43,44]. For the [Cu"Br/L]/
[Cu'/L] redox couple (L = MesTREN), the Nernst
equation can be expressed as E,p, = E”+(RT/nF)x*
In{[Cu"Br/L]/[[Cu'/L]*[Br 11}. It is obvious that the
concentration of the Cu(l) activator is highly
dependent on the eATRP potential (E,,p) [43,44].
Specifically, a higher E,,, would result in a lower
concentration of the Cu(I) activator, while a more
negative E,,, would result in the generation of
more Cu(l) activators [43]. As the initiating radicals
(R*) were generated from the reduction of the
ATRP initiators by the Cu(l) activators [43], the rate
of the surface-initiated growth of polymer chains
was dependent on the E.,, [43,44]. With this in
mind, the effect of eATRP potential on the detec-
tion signal was investigated. The peak current
corresponding to the anodic oxidation of the Fc
reporters, as displayed in Fig. 1B, exhibited the
highest value at the eATRP potential of —0.54 V,
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Fig. 1. (A) CV curve of the PBABr/CEA/MH/Apt/Au in the FEMMA-free polymerization solution (the dashed vertical line indicates the reduction
peak). (B) Effect of eATRP potential on the detection signal. CEA, 1.0 ng-mL ™",
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Fig. 2. (A) SWV curves of various electrodes. (B) CV curves of the Fc/PBABr/CEA/MH/Apt/Au at various scan rates. CEA, 1.0 ng-mL™".

which was hence adopted in the subsequent
experiments.

3.3. Characterizations of the electrochemical CEA
aptasensor

The feasibility of the BA-eATRP-based electro-
chemical CEA aptasensor was investigated based
on the SWV curves derived from various elec-
trodes. As seen in Fig. 2A, the perfectly modified
electrode (i.e., the Fc/PBABr/CEA/MH/Apt/Au)
can be featured by a high oxidation peak at ca.
0.29 V, while no oxidation peak could be observed
for the PBABr/CEA/MH/Apt/Au (i.e, without
eATRP). This observation validated that the
oxidation current observed at ca. 0.29 V was
derived from the electrochemical oxidation of the
Fc reporters. Likewise, almost no oxidation peak
could be observed for the electrodes modified in
the absences of aptamers, CEA antigens, or the
PBABr agents. The high reliability of the detection
signal validated the feasibility of the BA-eATRP-
based electrochemical CEA aptasensor. CV of the
Fc/PBABr/CEA/MH/Apt/Au was further applied

X 55,000

15.0kV SEI

Fig. 3. SEM image of the Fc/PBABr/CEA/MH/Apt/Au. CEA,
1.0 ngmL™%,

to investigate the redox behavior of the Fc re-
porters (Fig. 2B). As the Fc reporters were surface-
tethered, the peak currents showed well-defined
linear correlation with the scan rate (Figure S1),
confirming the surface-confined charge-transfer
process [47,48]. Fig. 3 clearly shows that there is a
high density of polymer chains on the Fc/PBABr/
CEA/MH/Apt/Au. Apart from the P elements
observed for the DNA aptamer in the energy
dispersive X-ray spectrum (EDS) mapping as
shown in Fig. 4A, the EDS mappings of the B
(Fig. 4B) and Br elements (Fig. 4C) proved the
presence of PBABr, while that of the Fe element
(Fig. 4D) unequivocally demonstrated the presence
of the Fc reporters.

The preparation of the Fc/PBABr/CEA/MH/Apt/
Au was monitored by electrochemical impedance
spectroscopy (EIS, Fig. 5A) and CV (Fig. 5B). For
the Au, the charge-transfer resistance (R.) was the
smallest (Fig. 5A,a), while the redox currents were
the highest (Fig. 5B,a). Owing to the steric hin-
drance of the aptamer layer, and the electrostatic
repulsion between the phosphate groups and the
[Fe(CN)4> 4~ [44], the modification of aptamers
(i.e., the Apt/Au) resulted in the increase of the R
(Fig. 5A and b) and the decrease of the redox
currents (Fig. 5B,b). As the blocking of the residual
sites would cause an increase in the steric hin-
drance [43,47], the MH/Apt/Au showed a higher
Rt (Fig. 5A,c) and the lower redox currents (Fig. 5B
and c) relative to the Apt/Au. As displayed, the
capture of CEA antigens by aptamers (i.e., the
CEA/MH/Apt/Au) resulted in a slightly increased
Rt (Fig. 5A,d) and slightly decreased redox cur-
rents (Fig. 5B,d) [45,46]. As the affinity crosslinking
between the cis-diol groups and the PBA groups
resulted in the formation of the negatively-charged
phenylborates [53,54], the PBABr/CEA/MH/Apt/
Au featured a significantly increased R, (Fig. 5A,e)
and significantly decreased redox currents
(Fig. 5B,e) relative to the CEA/MH/Apt/Au [45,46].
As the densely packed Fc reporters could
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Fig. 4. EDS mappings of (A) P, (B) B, (C) Br, and (D) Fe elements. CEA, 1.0 ng-mL™".

significantly facilitate the charge transfer between
the electrode and the [Fe(CN)]> /4™ [38,44,47], the
Fc/PBABr/CEA/MH/Apt/Au showed a signifi-
cantly decreased R, (Fig. 5A,f) and the significantly
increased redox currents (Fig. 5B,f) when
compared with the PBABr/CEA/MH/Apt/Au. As
the increase of the R, was accompanied by the
decrease of the redox currents, while the decrease
of the R was accompanied by the increase of the
redox currents [48], the EIS results agreed well
with the CV results [45,46], which validated the
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successful preparation of the Fc/PBABr/CEA/MH/
Apt/Au.

3.4. Analytical performance of the electrochemical
CEA aptasensor

Under the optimal conditions, the analytical
performance of the BA-eATRP-based electro-
chemical CEA aptasensor was investigated. From
Fig. 6, it can be seen that the peak current increased
with the increase of CEA concentration, indicating

100
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Fig. 5. (A) Nyquist plots and (B) CV curves of the Au (a), Apt/Au (b), MH/Apt/Au (c), CEA/MH/Apt/Au (d), PBABr/CEA/MH/Apt/Au (e), and

Fc/PBABr/CEA/MH/Apt/Au (f). CEA, 1.0 ng-mL™".
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Fig. 7. Peak currents toward 1.0 ng-mL™" CEA or 10 ng-mL™" inter-
ferents (n = 5).

the signal-on detection. The inset shows that there
was a good linearity between the peak current and
the logarithm of CEA concentration over the range
from 1.0 to 1000 pg-mL " (R* = 0.995). The regres-
sion equation of the calibration plot can be
expressed as y = 1.395 + 2.688lgx, in which y rep-
resents the peak current in uA and x represents the
concentration of CEA in pg-mL™". The detection
limit was calculated to be 0.34 pg-mL ", which was
satisfactory when compared with some of the pre-
vious methods (Table S1). The high detection
sensitivity was a result of the dual amplification by
the BA-eATRP-based strategy. The relative stan-
dard deviation (RSD) of the peak current toward the
intraassay of 1.0 ng-mL_1 CEA was 5.3% (n = 5)
while for the interassay it was 5.7% (n = 5), clearly
showing that the reproducibility of the electro-
chemical CEA aptasensor was acceptable. As a
proof of concept, the storage of the Fc/PBABr/CEA/
MH/Apt/Au at 4 °C for two weeks resulted in the

Table 1. Analysis of spiked CEA in human serum.

Sample Added Found Recovery RSD
(pg-mL’l) (pg-mL’l) (n =5)

1 1000 943.0 94.3% 5.2%

2 100 103.5 103.5% 5.4%

3 10 10.55 105.5% 5.8%

loss of the peak current by about 5.4%, showing the
high storage stability of the perfectly modified
electrode.

3.5. Selectivity of the electrochemical CEA
aptasensor

The selectivity of the BA-eATRP-based electro-
chemical CEA aptasensor was investigated based
on the detection of 10 r1g~mL_1 CA15-3, CA199,
prostate-specific antigen (PSA), alpha-fetoprotein
(AFP), glycated albumin (GA), and human serum
albumin (HSA), and 1.0 ng-mL ™" CEA. From Fig. 7,
it can be seen that the presence of 1.0 ng-mL '
CEA could result in the generation of a high peak
current, while the presence of 10 ng-mL ' other
component resulted in no significant difference in
the intensity of the peak current relative to the
blank sample. The results indicated that the BA-
eATRP-based electrochemical CEA aptasensor is
highly selective. The high selectivity was a result of
the aptamer-based recognition [45,46,55—57].

3.6. Analysis of CEA in human serum

The analysis of CEA in human serum was
applied to investigate the potential practicability of
the BA-eATRP-based electrochemical aptasensor.
Due to the lack of clinical specimens, the proof-of-
concept experiments were conducted using the
commercially supplied NHS. The NHS was filtered
using a Millipore Amicon® Ultra-4 centrifugal fil-
ter unit (cutoff, 100 kDa) to remove the endoge-
nous CEA antigens, and then diluted by 20 times
using 10 mmol-L " PBS (pH 7.4). As seen in Table
1, the recoveries were within the range from 94.3%
to 105.5%, while the RSDs were within the range
from 5.2% to 5.8%. The results of the standard
addition experiments indicated that the BA-
eATRP-based electrochemical aptasensor is appli-
cable to the quantitative analysis of CEA in serum
samples.

4. Conclusions

In summary, a cost-effective and easy-to-operate
electrochemical aptasensor has been reported for
the ultrasensitive and highly selective detection of
CEA, taking advantage of the dual amplification by
the BA-eATRP. The covalent crosslinking between
the PBA group and the cis-diol groups of the
monosaccharide residues allows for the site-spe-
cific labeling of each CEA antigen with hundreds
of ATRP initiators, while the surface-initiated
growth of long-chain polymers through eATRP
results in the tethering of each ATRP initiator-
conjugated site with hundreds to thousands of Fc
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reporters. Thus, the BA-eATRP enables the label-
ing of each CEA antigen with a plenty of Fc re-
porters, leading to the dual-amplification
detection. The BA-eATRP-based amplification
strategy is free from the use of the sophisticated
enzymatic reactions or nanocomposites, offering
the benefits of cost-effectiveness and simple
operation to the electrochemical aptasensing of
CEA. Taking together, the BA-eATRP-based elec-
trochemical CEA aptasensor holds great promise
in clinical applications.
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E TR RN BEAFEE ATRP NEETURER S B
BAEERAR

OB, R, R, OXE, BI6W, EEE, 4 A
IMRFUR U TER, T REXEERMH SR TREZAMRHRC, THHEEMESHRAE
RERE, TINAKESFRFZZARHARHRL, % T 510006

wE
FERUR (CEA) 2—MRRMEER, BEEN—M IEBERSYEB BN L3285 I
NEDHEFERNE. £I, G THREFNHNEACZEERTEBEHERS (BA-eATRD)
MWEESHAER, FNRET —MEAZERERSE, BT CEANBRE. SEFERN. &
F BA-eATRP (R k% CEA BIAERMNERREN: FEBREERAR CEAPURRE, EEITHMER
(PBA) EHSERMERE ERIRK "B R H B A ER MR MAEEERE ATRP 5| &7 A mEtm i
HMEBECEI CEAFUR L ffe, TS RERKBERFRR (FOMMA) fER8A, 58T eATRP
R (Fo) JEFsIABREKRE. BT CEA L2EHEDNNKZEEH, ETHREFMNZER
NA{ESAESE CEA JUR EFREHE D ATRP 51%550F. s, BN eATRP RN, AIATERR
REFRKH _XRERGYE, EESMFCHE ATRP S| FIMMRIIEEER ERE T Fo iR
tf. Bk, BA-eATRP AIf5E1 CEA HUR EFRIC EAEM Fe #REt. EREFRMHT, EF BA-
eATRP Y FE (L 2B AL RRESREDS SCIURE KA 0.34 pgmL §9 CEA FIEIE MR, HEMSEE
73 1.0-1000 pgmLs T H, ZiE A EREA A F AMBEF CEA EEDHT. EF BA-eATRP fJH
FERERBEBMAMRE. REEESFNRSME, £ CEA NBRY. SEFHRNTEER
PRI BT

REH: WREFMN, RTERERERS; AAFERERS; BRI, WERSY; F5HK
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