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Abstract

A novel biosensing interface for tumor markers was designed based on the atom transfer radical polymerization (ATRP)
of poly(isopropenylphenol) (PPPL) in situ initiated by the fixing of p-chloromethyl benzoic acid on the surface of amino-
modified electrodes. It was found that the electrochemical activity of PPPL itself can provide sufficient signals for these
biosensors, which can avoid signal leakage and streamline the interface modification process. Cu(Il) ions absorbed on the
carbon spheres and then were released via acid stimulation to act as a catalyst to participate in the interface polymerization
with ATRP. As the concentration of targets increased, more Cu(Il) ions were released, and the electrochemical signal of
polymers was enhanced. Therefore, the sensitive detection of carbohydrate antigen 19-9 (CA19-9) as a model target was
achieved, with an ultralow limit of detection of 39 uU mL~"! and wide detection range from 100 uU mL~! to 100 U mL~! under
optimal conditions. Furthermore, this method achieved satisfying performance in human blood serum with good inter-assay
precision (RSD < 6%) and satisfactory recovery of ~99-105%. According to the results, this work is of great significance for
constructing biosensor interfaces via in situ polymerization.

Keywords Electrochemical biosensor - Square wave voltammetry - Interface modification - In situ ATRP reaction -
Electroactive polymers - Poly(isopropenylphenol) - Tumor marker

Introduction

Realizing the sensitive detection of tumor markers is very
urgent and momentous considering the subtle changes at
different stages of cancer [1-4]. Currently, the widely recog-
nized analytical methods for tumor marker detection include
radioimmunoassay [5, 6], enzyme-linked immunosorbent
assay (ELISA) [7, 8], electrochemiluminescence immu-
noassay (ECL) [9, 10], fluorescent immunoassay [11, 12],
and other assays [13, 14]. Comparatively, electrochemical
biosensors have gained precedence over the latter methods
as they offer miniaturized instrumentation, rapid response,
excellent sensitivity, and low cost [15-17]. However, the
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further development of electrochemical biosensors is limited
by weak signals, signal leakage, and impaired activity of
biomolecules.

To design a highly sensitive electrochemical biosensor,
the signals generated from biorecognition events need to be
enriched and amplified to detect trace disease biomarkers in
bodily fluids [18]. At present, three common signal genera-
tion modes are carried out in electrochemical biosensors,
but these still suffer from some limitations. (1) Signal sub-
stances can be attached to probes to selectively amplify the
signal after recognizing targets, but the number of signal
substances is limited [19-21]. (2) Signal substances can be
loaded on the substrate to provide strong signals; however,
they are prone to signal leakage, resulting in instability and
poor repeatability [22, 23]. (3) Signal substances of high
concentrations can be added into solutions to achieve strong
signals, yet the biological activity of biomolecules, such as
antigen, antibody, and enzymes, will be impaired [24-26].
To circumvent the above issues, it is necessary to design a
high-efficiency and stable signal generation mode through
constructing electrochemical biosensing interfaces.
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Herein, the biosensing interface was first developed based
on in situ growth electrochemical signal polymers via atom
transfer radical polymerization (ATRP) [27]. The target was
captured by magnetic beads (MBs) modified with antibodies
in tubes then labelled selectively with immunoprobes loaded
with Cu(II) ions. Cu(II) ions on carbon spheres (CS) support-
ing immunoprobes were used as the catalyst of ATRP to facil-
itate polymerization. Preliminary interface modification was
accomplished by fixing the initiator p-chloromethyl benzoic
acid (CBA) on the amino-modifying electrode surfaces. Then,
with ATRP reaction solutions (including supernatant from
tubes and monomers), the poly(isopropenylphenol) (PPPL)
polymer [28] with electrochemical signal in situ was gener-
ated on the electrode surfaces. Using the exceptional electro-
activity of phenolic hydroxyl groups in polymers, a dramatic
square wave voltammetry (SWV) signal was achieved, with
a satisfyingly ultralow limit and wide detection range under
optimal conditions. Moreover, the method also had a splendid
detection effect on serum samples and signified outstanding
potential application prospects in clinical diagnosis.

Experimental
Materials and reagents

D-(+)-glucose (99%, AR), poly(ethyleneimine) solution
(PEI) Mw =600, GPC), sodium borohydride (NaBH,) (98%,
AR), and N-Hydroxysuccinimide (NHS) (98%, AR) were
purchased from Sigma-Aldrich (Beijing, China, https:/www.
sigmaaldrich.com). Graphene oxide (GO) (99%, AR) was
obtained from Nanjing JCNANO Tech Co. Ltd. (Nanjing,
China, https://www.jcno.com). 1-(3-Dimethylaminopropyl)-
3-ethylcarbodiimide hydrochloride (EDC) (98%, AR),
sodium citrate (99%, AR), hydrogen tetrachloroaurate (III)
trihydrate (HAuCl,-3H,0) (99%, AR), dopamine hydro-
chloride (DA) (99%, AR), uric acid (UA) (99%, AR), and
ascorbic acid (AA) (99%, AR) were provided from Alfa
Aesar (Tianjin, China, http://www.alfa.com). 4-(Chlorome-
thyl) benzoic acid (98%, AR) and 4-(Prop-1-en-2-yl) phenol
(97%, AR) were purchased from Macklin (Shanghai, China,
http://www.macklin.cn). Carboxyl-modified magnetic beads
(MBs) (size=0.4~0.5 um, AR) were obtained from Tian-
jin Baselline Chrom Tech Research Centre (Tianjin, China,
http://www.qiuhuan.com). Copper(II) chloride dihydrate
(CuCl,-2H,0) (98%, AR) was provided from Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China, https://shrea
gent.lookchem.com). Carcinoma antigen 19-9 (CA19-9),
CA19-9 antibody (Ab), Carcinoma antigen 12-5 (CA12-5),
Carcinoma antigen 15-3 (CA15-3), Carcinoembryonic anti-
gen (CEA), and Squamous cell carcinoma antigen (SCCA),
were all provided by Shanghai Linc-Bio Science Co., Ltd.
(Shanghai, China, http://www.linc-bio.com). Bovine serum
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albumin (BSA, standard grade) and human immunoglobu-
lin G (IgG) were come from Beijing Xinjingke Biotech-
nologies Co., Ltd. (Beijing, China, http://www.bjxjk.com).
Potassium ferrocyanide (K,Fe(CN)¢) (97%, AR), potassium
ferricyanide (K;Fe(CN)y) (98%, AR), potassium chloride
(KC1) (99%, AR), and hydrochloric acid (HC1) (97%, AR)
were purchased from Beijing Chemical Reagents Company
(Beijing, China, www.crc-bj.com). 2,2'-Dipyridyl (BPY)
(98%, AR) was provided by Aladdin Chemistry Co., Ltd.
(Shanghai, China, https://www.aladdin-e.com). Human
serum was supplied by Beijing GENIA Biotechnology Co.
Ltd. (Beijing, China, http://e.biodee.net).

Apparatus

Transmission electron microscope (TEM) images were
taken on HITACHI H7650 TEM (HITACHI, Japan, http://
www.hitachi.com.cn). Scanning electron microscope (SEM)
images were taken on HITACHI SU8010 SEM (HITACHI,
Japan). Energy dispersive X-ray spectroscopy (EDS) was
determined on HITACHI SU8010 SEM (HITACHLI, Japan,
http://www.hitachi.com.cn). Zeta potential measurements
were performed on Zetasizer Nano ZS (Malvern Instruments
Co., UK) (https://malvernchem.lookchem.com). All elec-
trochemical measurements were carried out on CHIE660E
electrochemical workstation (Chenhua Instruments Co.,
Shanghai, China, http://www.chinstr.com). A three electro-
chemical system used for all electrochemical tests was com-
posed of a glassy carbon electrode (GCE) (4 mm in diam-
eter) as the working electrode, a platinum wire as counter
electrode, and an Ag/AgCl electrode as reference electrode.

Synthesis of poly(ethyleneimine)-graphene oxide

The poly(ethyleneimine)-graphene oxide (PEI-GO) compos-
ite was synthesized based on the previous literature [29]. GO
was dispersed into deionized water at 0.1 mg mL~! under
continuous ultrasonic conditions. PEI solutions (10 mL,
1 mg mL™") were slowly dropped into 20 mL solution con-
taining 0.1 mg mL~! GO followed by stirring overnight to
form a homogeneous system of PEI-GO. Finally, the result-
ing product was obtained by centrifugation and washed sev-
eral times with deionized water.

Synthesis of anti-CA19-9 functionalized magnetic
beads

The process of antibody modification on surfaces of magnetic
beads was based on the literature [30]. Firstly, 3.0 mg carboxyl
functionalized MBs were mixed with 1 mL solutions contain-
ing EDC (0.4 M) and NHS (0.1 M) and treated at 37 °C for
30 min. The MBs were collected and rinsed via magnetic sepa-
ration 3 times. Then, MBs shook with 1.0 mL 200 pg mI~' Ab
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at 37 °C for 1 h to immobilize Ab. Finally, 1.0 mL, 1 wt% BSA
was added to the mixture and stirred at 600 rpm for 30 min to
seal redundant active sites. The obtained product was magneti-
cally separated and washed 3 times by deionized water. The
anti-CA19-9 functionalized magnetic beads (Ab-MBs) were
dispersed in 2.0 mL deionized water and stored at 4 °C.

Synthesis of immunoprobe, anti-CA19-9
functionalized Au/Cu®*/CS composites

First, the synthesis of CS as carrier according to relevant
report [31]. Briefly, 4 mL 1 wt% glucose and 200 pL 10
wt% sodium citrate were mixed evenly and then reacted
in microwave reaction instrument (250 W) at 160 °C for
10 min. Then, resulting mixture was centrifuged, rinsed
several times, and dispersed in 2 mL deionized water. For
loading of Au NPs, 10 pL of 4 wt% HAuCl, was added
to the prepared CS solution and stirred for at 800 rpm for
10 min. Subsequently, 40 puL of 0.025 wt% NaBH, solution
was dropped into above mixture for further 1 h. The product
was collected by centrifugation at 8000 rpm for 10 min, and
then redispersed in 2 mL deionized water. Finally, 1 mL 5
wt% CuCl, was added to the above suspension and stirred at
800 rpm for 1 h to adsorb Cu(II) ions. The product, Au/Cu**/
CS, was collected by centrifugation at 8000 rpm for 10 min,
and then redispersed in 1 mL deionized water.

Finally, for immobilization of antibodies, 100 pL,
1 mg mL~! Ab was added to 1 mL solution of the above
product and reacted overnight at 4 °C. To block any non-
specific binding sites, 1 mL of 1 wt% BSA was added and
treated at room temperature for 1 h. The product was cen-
trifuged at 8000 rpm for 10 min and washed by deionized
water several times. The obtained Ab-Au/Cu**/CS was dis-
persed in 1 mL deionized water and stored at 4 °C.

Preparation of CBA-PEI-GO compound based
electrochemical sensing interface

The GCE was polished with 0.05 pm alumina slurry and
dried in nitrogen flow after ultrasonic washing. Fifteen-
microliter PEI-GO solution was dripped onto electrode sur-
faces and dried. On the other hand, 1 mL mixed solution
containing EDC (0.4 M) and NHS (0.1 M) was added to
1 mL CBA (3 mg mL~!, DMF as solvent) and stirred at
600 rpm for 30 min to activate carboxy groups. Finally, 20
pL CBA with activated carboxyl group was dripped onto
PEI-GO/GCE and incubated at 37 °C for 1 h.

Immunoreaction in tubes
First, 30 pL. Ab-MBs was added to tubes. Then, 30 pL anti-

gen samples with different concentrations (same treatment
for human serum samples) were incubated with Ab-MBs

at 37 °C for 50 min. Next, 30 pL. immunoprobe was added
and incubated at 37 °C for 40 min. After each step of immu-
noresponse, the immunocomplex was gathered by magnetic
separation and rinsed with deionized water. To release Cu(II)
ions, 10 pL HCI (1.0 % 107 M) was added in tubes and
reacted for 10 min. Finally, 20 uL AA (3.0 mg mL™!) and
10 pL BPY (0.045 mg mL™") were added to get the catalytic
solution of ATRP.

Electrochemical measurement

The 10 pL monomer 4-isopropenylphenol (20 mg mL ™!, the
volume ratio of H,O to DMF was 1:1 as solvent) and 10 pL
catalytic solution was dripped onto CBA-PEI-GO/GCE and
treated at 37 °C for 1 h. Finally, square wave voltammetry
(SWV) was conducted from 0 to 0.9 V in 10 mM phosphate
buffer containing 0.1 M KCI (pH=7.4) to read out the elec-
trochemical signal after rinsing with deionized water.

Results and discussion
Principle of designed biosensing interface

The main steps and principles of the biosensing interface
are shown in Scheme 1, including the immune recognition
in tubes and the construction of electrochemical biosens-
ing interfaces (as shown in part A). On the one hand, the
immune recognition adopted the sandwich structure in
tubes, whereby magnetic separation enabled the separation
and enrichment of targets. The anti-CA19-9 functionalized
Au/Cu®*/CS composites (Ab-Au/Cu**/CS NPs) immuno-
probes were designed using Cu(Il) ions as the catalyst, CS
as the carrier connected antibodies to Au NPs, and adsorbed
Cu(I) ions via electrostatic interaction. On the other hand,
the biosensing interface was constructed based on ATRP
in situ growth signal polymers, PPPL, with electrochemical
activities. The initiator CBA was first fixed by PEI-GO with
rich amino groups to accomplish the preliminary modifi-
cation of electrode surfaces via carbodiimide/succinimide
chemistry (Fig. S3). Subsequently, the catalyst Cu(II) ions
released from immunoprobes through acid stimulation were
converted into Cu(I) ions by AA, then PPPL in situ ATRP
polymerized generated with the complexing agent BPY and
the monomer 4-isopropylphenol on modified electrode inter-
faces (as shown in part B) (Fig. S4) [32, 33]. With the incre-
ment of Cu(I) ions as the catalyst, the phenolic hydroxyl
groups attached to the polymerized long-chain increased.
As a result, the sensitive detection of CA19-9 was achieved
successfully, taking advantage of the inherent amplification
in the chain-growth process, based on increasing the number
of electroactive signal tags.
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Scheme 1 Schematic illustrations of in situ grown electroactive polymers via ATRP to construct biosensing interface

Characterization of immune-recognition part: Au/
Cu?*/CS probes

To explore the changes in surface charges of the immune
probe formation process, the zeta potential was monitored
by an electrophoretic light scattering technique (Fig. 1).
The zeta potentials of CS and Au/CS were measured to
be —23.5 (Fig. 1A) and —29.3 mV (Fig. 1B), respectively,
and increased to—4.1 mV (Fig. 1C) after introducing Cu(II)
ions, indicating that a large amount of Cu(Il) ions were suc-
cessfully adsorbed onto the immunoprobe by electrostatic
force. Moreover, the pH of HCI changed from 4.0 to 4.6 after
treatment of immunocomplex, revealing H* ions absorbed
to the CS and Cu(II) ions unlocked into acid solution via ion
exchange between H* and Cu* [34], demonstrating the suc-
cessful release of Cu(Il) ions. As shown in Fig. 2A, the mor-
phology of CS as the basic carrier was identified by TEM.
The TEM images reveal that CS exhibits a uniform nano-
sphere structure with an average diameter of about 200 nm
and a slightly uneven surface with a large specific surface
area. Following the in situ growth of Au NPs, a large num-
ber of small black spots (with an average diameter of about
10 nm) could be observed on the surface of CS (Fig. S1A).

In addition, it was confirmed as Au NPs by EDS, C, O, and
Au, proving Au NPs were loaded on CS (Fig. S1B). Finally,
Cu(Il) ions were loaded onto Au/CS via electrostatic attrac-
tion. As shown in Fig. 2B, there was no obvious change on
the surface of probes, because Cu(Il) ions were too small to
be observed. The presence of Cu(Il) ions was further deter-
mined by EDS (Fig. 2D), which also revealed the presence
C, O, Cu, and Au elements, as expected.

Characterization of biosensing interface part:
PEI-GO, CBA-PEI-GO, and the PPPL

The biosensing interface was constructed into three layers,
which were constructed by a drip coating method. The first
layer was the aminated electrode surface using amino-rich
polymer-modified GO (PEI-GO) nanosheets which could be
observed by SEM (Fig. 3A). The characteristic elements of
PEI-GO were confirmed by EDS (Fig. 3C), where C and
O came from GO, and N from -NH, groups of PEI, prov-
ing the successful modification of the first layer (the Au
element was produced via EDS testing). Then, the second
layer was initiator CBA, which connected carboxyl groups
with the modified amino groups on the electrode surfaces

Fig.1 Zeta value changes

during formation of immuno- A s
probes: CS (A), CS/Au (B), and

2
CS/Au/Cu + (C) 23.5mV

B CS/Au| |C CS/Au/Cu**

-29.3 mV -4.1 mV

-150 -100 -50 0 SO
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Fig.2 TEM images of CS (A),
and Au/Cu>*/CS (B). EDS
spectra of CS (C), and Au/Cu>*/
CS (D)

A ol

080{l o

0.00

0.50 1.00 1.50 2.00 2.50 3.00

Energy / KeV

by EDC/NHS. Results reveal the smoother surface of the
electrode (Fig. 3B), whereby characteristic element C1 was
attributed to CBA (Fig. 3D). The third layer contained the
long polymer PPPL in situ chains with the electrochemical
signal. Figure 3E and F indicate the widespread distribution
of linear polymer chains that formed in situ on the initiator
functionalized PEI-GO nanosheets.

Electrochemical characterization of biosensor
construction

To verify the feasibility of biosensing interfaces, the electri-
cal signals of each process to construct biosensing interface
were detected by SWV (Fig. 4A). As expected, no obvi-
ous electric signal was generated at an early stage then
expanded rapidly after electroactive polymer was formed.
This provides strong support for the detection of relevant
biomolecules.

The layer-by-layer modification process of the elec-
trode surface was monitored by electrochemical impedance
spectroscopy (EIS) in 10 mM phosphate buffer containing
0.1 M KCl and 5 mM [Fe(CN)¢]*7*~. As shown in Nen-
quist plots, the modification of different materials directly
affected interfacial properties, including the magnitude of
charge transfer resistance (R,) and change in the semicircle
diameter. According to the results shown in Fig. 4B, the
semicircle diameter goes from small to large as PEI-GO,

0o Cu
0.30 Au

0.50 1.00 1.50 2.00 2.50 3.00
Energy / KeV

CBA-PEI-GO, bare GCE, PPPL-PEI-GO. Specifically,
PEI-GO with excellent conductivity obtained the smallest
semicircle. After connecting CBA, interfacial resistance
increased as predicted, and the semicircle increased to a size
similar to that of a bare electrode. Finally, the growth of long
polymer chains further increased the interfacial resistance
and achieved the largest semicircle. Each modification pro-
cedure is consistent with the results of EIS, confirming the
successful construction of biosensing interfaces. However,
it was exactly due to the poor conductivity of PPPL that the
output current was small, which limited the further develop-
ment of this sensor.

Optimization

To obtain the best detection effect of the electrochemi-
cal biosensing interfaces, three influencing factors were
investigated, including pH of Cu(II) ions release, the
concentration of CBA, and incubation time of immuno-
probes. It could be concluded from Fig. S2A the optimal
concentration of CBA was 3 mg mL~!. At lower concen-
trations, as the number of initiators increased, the number
of polymerized long chains increased, and the electrical
signal became stronger. However, a high initiator density
may lead to an increase in chain transfer or chain termina-
tion, which can delay the polymer growth and decrease
the electrical signal. In addition, pH showed to affect the
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Fig.3 SEM images of PEI-GO
(A) and CBA-PEI-GO (B). EDS
spectra of PEI-GO (C), and
CBA-PEI-GO (D). SEM images
of PPPL (E, F)
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release of Cu(Il) ions and the acidic environment in which
polymerization took place. Although more Cu(Il) ions
were released at a lower pH, an over-acidic environment
would reduce the activity of the polymerization reaction;
there a pH of 4.0 was determined as the optimal value for
the best electrical signal (Fig. S2C). As shown in Fig. S2B,
the electrical signal did not increase significantly after
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40 min; thus, the optimal incubation time as the third fac-
tor was determined to be 40 min.

Analytical performance of the biosensor

After defining the optimal detection conditions of the
biosensor, the quantitative relationship between target
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Fig.5 A SWYV responses of electrochemical detection for CA19-9
in 0.0l M phosphate buffered solution containing 5.0 mM
[Fe(CN)(,]“"B_ and 0.1 M KCI (pH 7.4) at the concentrations from
0.0001 to 100 U mL~" (line a was 0 U mL™" and line b to h meant

Table 1 Comparison of the recently reported immunoassay for detec-
tion of CA19-9

Method Linear range Detection limit  Ref
(UmL™ (UmL™
Fluorescent 0.1-1000 0.09 [37]
Fluorescent 1.0-10 0.36 [38]
Chemiluminescence 0.5-20 0.20 [39]
Electrochemical 1.0x1073-200 1.63x107* [40]
Electrochemical 2.1x10713-200 2.10x1071 [41]
Electrochemical 1.0x107*-100 3.90%x107° This work

CA19-9 concentrations and detection signal values (current
responses about SWV measurements) was studied (Fig. 5A,
B). It could be observed that from 0.0001 to 100 U mL~!,
current signals increased with increasing concentration,
which was expected. A clear linear relationship was further

< 12

3.

S 10

=

L s

R

= . y=1.109x+9.662
(‘3 R?=0.9972

4 -3 2 -1 0 1 2
l()g10 [C/UmL]]

0.0001 to 100 U mL™!). B The calibration plot between the SWV
peak current (0.22 V vs. Ag/AgCl) and the logarithm values of
CA19-9 concentrations (the error bars are standard deviations for
n=3)

established: — I'=1.10910g,,,Cca 0.9 +9.662, R*=0.9972,
which is exhibited in the calibration plot of the current
response differences and CA19-9 concentration. Moreo-
ver, the detection limit of the sensor was 0.039 mU mL™!
at a signal-to-noise ratio of 306 (S/N=3) (o is the standard
deviation of signal in a black solution) [35, 36]. Compared
with the previously reported biosensor, our proposed sensor
broadens the detection range and greatly reduces the detec-
tion limit (Table 1).

Specificity, precision, and stability of the biosensing
interface

To maintain excellent detection performance in complex
environments, specificity of the proposed biosensor was
investigated by adding interference substances (Fig. 6A),
such as ascorbic acid (AA), dopamine hydrochloride (DA),
uric acid (UA), immunoglobulin G (IgG), squamous cell

A, B 12 C 14
< I <10 <12
3 - =4
N =8 Z
e N
s 2 6 %
= = e 6
6
H I (I I [ 1 5 4 S 4
L|) 4 ‘ - I L|) 2 L,) 2
T4l 4 5000 0 0
'7“7 7 9% 00@7 ,7/,7;9{}( 1 2 3 4 5 '
77 H'Y% %, Number of electrode Time / Week

Fig.6 The specificity of the biosensor for AA (100 ng mL™"), DA
(100 ng mL™"), UA (100 ng mL™"), IgG (100 ng mL™"), SCCA
(100 ng mL™"), CEA (100 ng mL™"), CA15-3 (100 U mL™!), CA19-9
(10 U mL™Y), and mixture (A). Precision of 5 different electrodes for

detection of 10 U mL™" of CA19-9 (B). SWV current responses about
stability of the biosensing interface for 4 weeks (C). The error bars
are standard deviations (n=3)
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carcinoma antigen (SCCA), carcinoembryonic antigen
(CEA), and carcinoma antigen 15-3 (CA15-3). Results show
that the effect of distractions was negligible and the high
response currents of CA19-9 and signal were retained, thus
confirming high specificity. To guarantee repeatability of
detection performance, five different biosensing interfaces
were constructed to detect CA19-9 (Fig. 6B). The relative
standard deviation (RSD) was found to be less than 5%, indi-
cating excellent precision. Subsequently, the stability of the
biosensor was tested at 4 °C for 4 weeks. Results show that
the relative standard deviation was less than 10%, therefore
confirming good stability of the analysis interface (Fig. 6C).

Practical application of the biosensing interface

To ensure accuracy and reliability of the designed biosensor
in actual sample detection, human serum samples were ana-
lyzed, and results were compared with the standard electro-
chemiluminescence method. Detection results showed that
this biosensor had achieved satisfying performance in human
blood serum with good inter-assay precision (RSD < 6%) and
satisfactory recovery of ~99-105%, suggesting the practica-
bility of this method in actual serum detection (Table S1).

Conclusion

In this work, a simple biosensing interface was developed
based on ATRP in situ growth signal polymers to achieve the
sensitive detection of CA19-9. PPPL polymer was directly
used as the signal substance considering its inherent electro-
chemical activity, which can provide sufficient signals for the
biosensor, avoid signal leakage and streamline the interface
modification. Overall, this work provides a novel method to
construct high-effective biosensing interfaces, improving the
practical application ability of polymerization-based biosen-
sors for relevant biomolecular detection.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00604-021-05048-w.
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