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Abstract

A flexible free-standing electrochemical biosensor to detect carcinoembryonic antigen (CEA) is described based on a conducting
polypyrrole (PPy) nanocomposite film electrode. The conducting PPy composite was constructed by the sandwiched structure
formed by PPy doped with pentaerythritol ethoxylate (PEE) and 2-naphthalene sulfonate (2-NS-PPy) separately via
electropolymerization. Gold nanoparticles (AuNPs) were fixed on the PPy composite film by electrodeposition and then con-
nected to CEA aptamer through self-assembly to construct a free-standing electrochemical biosensor breaking away from
additional soft substrates and current collector. This PPy composite film-based electrochemical biosensor exhibits satisfying
sensing performance for CEA detection, with a linear range from 10™'° g/mL to 10~® g/mL and a detection limit of 0.033 ng/mL,
good specificity and long-term sensing stability (96.8% of the original signal after 15 days). The biosensor also presents
acceptable reproducibility with 1.7% relative standard deviation. Moreover, this electrochemical biosensor owns the deformation
stability that could bear various deformations (twisting, folding, and knotting) without affecting device’s sensing performance. It
can even maintain 99.4% of the original signal under 25% strain deformation. Due to the superior sensing performance,
high stability (mechanical deformation and long-term storage), and flexibility, this free-standing electrochemical biosensor
proves huge potential in application of flexible and wearable electronics.
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Introduction

Flexible sensors have been widely designed to monitor peo-
ple’s health in real-time, which could provide users health-
related information and strengthen the management of chronic
diseases [1]. The physical signals of the body (heartbeat,
pulse, temperature, pressure) have been captured and convert-
ed into electrical signals based on flexible sensors [2—4]. Apart
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from the physical signals, disease biomarkers and biomole-
cules in biological fluids (such as sweat, saliva, and tears)
and blood can be used as markers for certain diseases [5—7].
Until now, various methods for detecting biomarkers and bio-
molecules have been reported, such as enzyme-linked
ImmunoSorbent Assay [8], photothermal immunoassay [9],
surface-enhanced Raman spectroscopy [10, 11], fluorescence
[12, 13], chemiluminescence immunoassay [14], and electro-
chemistry [15-17]. Among them, the electrochemical method
is widely concerned by virtue of its simple operation, high
sensitivity, and fast response [18]. However, traditional elec-
trochemical sensors are modified and constructed based on
rigid electrodes such as glassy carbon electrode and gold elec-
trode, which could not satisfy the need for flexibility and
limits the development of flexible electrochemical sensors.
To obtain flexibility and wearability, flexible electrochem-
ical sensors reported now to detect molecular markers in bio-
logical fluids and blood are mainly designed by incorporating
sensor electrodes into soft substrates such as flexible polymer
and wearable materials (gloves, glasses, and clothes) [19-22].
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For example, a flexible sensor platform based on nitrile gloves
was reported to in situ detect electrolytes and small molecule
biomarkers in sweat. The sensing platform is suitable for ver-
satile health and physiological real-time monitoring applica-
tions in daily life [23]. In addition, an entirely laser-engraved
sensor based on polyimide substrate with simultaneous sweat
collecting, chemical sensing, and vital signs monitoring was
constructed [24]. The wearable sensor system can detect uric
acid (UA) and tyrosine (Tyr) in sweat which is correlated with
the concentration in blood and is expected to be used for
personalized detection. These flexible electrochemical sensors
are combined with soft substrates as well as additional current
collector. The integration and the designing processes are
complicated. Moreover, the modulus among sensor electrode
materials, soft substrates, and current collector are quite dif-
ferent, which would cause delamination of the sensor’s differ-
ent parts under repeated usage and mechanical deformation.
Thus, these flexible electrochemical sensors provide weak du-
rability and low stability. Aiming to improve the stability and
flexibility, electrochemical sensors based on flexible free-
standing electrodes breaking away from additional soft sub-
strates and current collector are quite required.

Researchers have tried to design flexible free-standing
electrodes for flexible electrochemical sensors. A flexible
free-standing aptamer sensor based on a flexible three-
dimensional carbon nano-mesh was prepared to detect carci-
nogenic biomarkers (platelet-induced growth factors) [25].
Free-standing paper electrode based on graphene/Ag nanopar-
ticles/poly(pyronin Y) was also prepared for the detection of
nitrite [26]. However, these free-standing electrochemical sen-
sors perform poor mechanical performance and low flexibility
in spite of high sensitivity.

To overcome the problems talked above, we have designed
a flexible free-standing electrochemical biosensor to detect
carcinoembryonic antigen (CEA) based on conducting poly-
pyrrole (PPy) composite film electrode. CEA, representing a
typical tumor marker, has attracted wide attention in applica-
tion of the early clinical detection of malignant tumors, and
possesses important clinical value in differential diagnosis,
disease monitoring, and efficacy evaluation [9, 27, 28]. In
our previous work, we have synthesized PPy doped with
pentaerythritol ethoxylate (PEE) (referred as PEE-PPy) mim-
icking animal dermis’ dynamic network [29]. PEE-PPy per-
forms superior mechanical performance and high conductivi-
ty, exhibiting giant potential as flexible electronic materials.
Herein, we synthesize a flexible free-standing PPy composite
film with sandwiched structure by combination of PEE-PPy
and PPy doped with 2-naphthalene sulfonate (referred as 2-
NS-PPy). 2-NS-PPy was directly polymerized on the two sur-
faces of PEE-PPy. According to our previous report, 2-NS-
PPy could improve the PPy composite film’s conductivity
stability [30]. After that, gold nanoparticles (AuNPs) were
modified on the thin composite film by electrochemical
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deposition, and the CEA aptamer is modified to the electrode
surface through the self-assembly of the interaction between
Au and sulthydryl group. 6-Mercapto-1-hexanol (MCH) was
finally used as blocking agent to block the remaining active
sites to establish a flexible film electrode. Without need for
additional soft substrate and current collector, this aptamer-
functionalized film electrode can be directly used to fabricate
a flexible free-standing electrochemical biosensor for CEA
detection. The biosensor’s specificity, sensitivity, reproduc-
ibility, stability, and flexibility were investigated.

Experimental section
Chemicals and reagents

Isopropanol (99%), HAuCly, and KNO; (99%) were provided
by Sinopharm Chemical Reagent Co., Ltd. (Beijing, China).
Tetra-armed PEG (pentaerythritol ethoxylate, referred as PEE,
Mn ~ 800), boron trifluoride diethyl etherate (BFEE, 47%), 6-
mercapto-1-hexanol (MCH), and pyrrole (99%) were pur-
chased from Sigma-Aldrich. Sodium 2-naphthalenesulfonate,
2-naphthalenesulfonic acid, and triton X-100 were provided
by Aladdin (Shanghai, China). Carcinoembryonic antigen
(CEA), myoglobin (MB), lysozyme (Lys), and bovine serum
albumin (BSA) were obtained from Beijing Boyanghongda
Biological Technology Co., Ltd. (Beijing, China). The func-
tional CEA aptamer was synthesized from Sangon Biotech
Co., Ltd. (Shanghai, China) and the sequence was as follows:
5'-SH-ATA CCA GCT TAT TCA ATT-3'. Human immuno-
globulin G (IgG) lyophilized powder was obtained from
Equitech-Bio (Kerrville, TX). The reagents used in the exper-
iment were all analytical grade. Pyrrole and BFEE were dis-
tilled under reduced pressure prior to use. Deionized water
purified by a Milli-Q water purification system was used in
this experiment.

Instrumentation

Scanning electron microscopy (SEM) was characterized with
a JEOL JSM-7500F field emission electron microscopy
(Hitachi High-Technology Co. Ltd., Japan). All electrochem-
ical characterizations were carried out at a CHI 660E electro-
chemical workstation (Shanghai Chenhua Instrument Co.
Ltd., China). The mechanical properties of PPy composite
films were tested by INSTRON 3343 universal testing instru-
ment at room temperature. The width of the sample was
0.4 cm and the length was 3 cm. The distance between the
upper and lower clamps on the INSTRON machine was
6 mm. The elongation rate was 1 mm/min.
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Preparation of the PPy composite film with
sandwiched structure

PEE-PPy was synthesized through electropolymerization refer-
ring to previous report [29]. By controlling the polymerization
time, thickness of the PEE-PPy film was fixed at 15 pm. The
PPy composite film with sandwiched structure was synthesized
according to our previous report [30]. By virtue of PEE-PPy
film’s good conductivity, 2-NS-PPy was synthesized on PEE-
PPy film’s surface with the PEE-PPy film directly acting as
working electrode. Detailed procedure was provided in the sup-
plementary information. Finally, a free-standing PPy composite
film with sandwiched structure was obtained.

Construction of the free-standing electrochemical
biosensor

The construction process of the electrochemical biosensor was
shown in Scheme 1. The preparation of the electrochemical bio-
sensor adopted a three-electrode system consisting of a platinum
wire as the counter electrode, the PPy composite film with
sandwiched structure as the working electrode and a saturated
calomel electrode (SCE) as the reference electrode. The prepa-
ration process was conducted on the CHI 660E workstation. The
PPy composite film was directly connected to the CHI 660E
workstation through an alligator clip. The area of the membrane
electrode was controlled at 4 mm X 4 mm. AuNPs were

CEA

electrodeposited onto the surface of PPy composite film with
the deposition potential of — 0.4 V in a 0.5 mM HAuCl, aqueous
solution containing 0.5 M KNOj; for 400 s. The AuNPs/PPy
composite film was then immersed in 2 uM CEA aptamer solu-
tion overnight to modify the functionalized aptamer through self-
assembly. After that, the membrane electrode was soaked in
1 mM MCH for 1 h to seal the remaining active sites. Finally,
a free-standing MCH/aptamer/AuNPs/PPy composite film-
based electrochemical biosensor was successfully fabricated.
For CEA detection, the aptamer-functionalized film electrode
was soaked in CEA solutions of various concentrations for
60 min. All operation steps were carried out at room temperature.

Electrochemical characterization of the free-standing
electrochemical biosensor

Performance of the electrochemical biosensor was evaluated
by non-faradaic electrochemical impedance spectroscopy
(EIS) test on the CHI 660E workstation in PBS (0.2 M,
pH 7.4) solution with the frequency range from 0.1 to
100,000 Hz, the amplitude of 5 mV, and the applied voltage
0f 0.0 V. The test adopted three-clectrode system in which the
aptamer-modified PPy composite film, the saturated calomel
electrode (SCE) and the platinum wire were used as the work-
ing electrode, the reference electrode and the counter elec-
trode, respectively. All EIS tests were carried out at room
temperature and the data was collected at 10 Hz.
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Scheme 1 Schematic diagram of the construction process of the free-standing electrochemical biosensor based on PPy composite film
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Results and discussion

Characterization of the electrochemical biosensor
construction process

The microscopic morphology of the PPy composite film and
AuNPs/PPy composite film electrode were characterized by
SEM. The PPy composite film presents cauliflower-like struc-
ture (Fig. S1). Taking advantage of PPy composite film’s free-
standing and conductive characteristics, AuNPs were modi-
fied on its surface via electrodeposition by directly using the
PPy composite film as working electrode. Figure 1a shows
that AuNPs were uniformly dispersed on the film surface with
an average particle size of 170—670 nm, indicating the suc-
cessful electrodeposition. Non-faradaic EIS test was adopted
to characterize the successful fabrication of the electrochemi-
cal biosensor (Fig. 1b). Compared to the PPy composite film,
the baseline impedance significantly decreased after introduc-
ing AuNPs onto the film. The AuNPs facilitate the electron
transfer speed of the sensing interface. The AuNPs/PPy com-
posite film was then subjected to CEA aptamer (containing
sulthydryl group). As shown in Fig. 1b, the impedance value
increased significantly. This can be ascribed to the self-
assembly of the functionalized CEA aptamer and AuNPs
through the interaction between Au and sulthydryl group.
Due to the poor conductivity of the aptamer, the impedance
increased accordingly. AuNPs on the PPy composite film that
were not bound to the aptamer would affect the aptamer sen-
sor. In order to prevent non-specific adsorption and maintain
the recognition ability of the biosensor, MCH was used to
block the remaining activation sites. Figure 1b shows that
the impedance increased, which results from MCH’s blocking

effect [31, 32]. After incubating with the target detection sub-
stance CEA, the baseline impedance of the biosensor further
increased due to the stereo-hindrance effect and non-
conductivity of CEA. The changes about impedance value
on each step prove that the electrochemical biosensor has been
successfully fabricated, and the signal change after being com-
bined with the target confirms the feasibility of the biosensor.

Optimization of experimental conditions for the
electrochemical biosensor

Aim to maximize the sensing performance of the free-standing
electrochemical biosensor, the polymerization time of 2-NS-
PPy on PEE-PPy and the electrodeposition conditions of
AuNPs, aptamer concentration and the CEA incubation time
were discussed and optimized, respectively. Fig. S2 presents
that the impedance signal change firstly increased and then
declined, and reached the maximum when the polymerization
time of 2-NS-PPy was 20 min. Thus, 20 min was selected as
the optimal polymerization time for the 2-NS-PPy layer. The
deposition voltage was investigated from — 0.6 Vto — 0.2 V,
and the highest impedance change was observed at — 0.4 V
(Fig. S3a). By changing the deposition time, the impedance
signal change reached the maximum when the deposition time
was 400 s (Fig. S3b). Consequently, — 0.4 V and 400 s were
employed as the most suitable conditions for the electrodepo-
sition of AuNPs. The aptamer concentration and the incuba-
tion time of CEA were then optimized. As the concentration
of aptamer increased, the impedance change continued to in-
crease and reached nearly stable at 2.0 uM (Fig. 2a). For the
sake of obtaining the optimal CEA incubation time, the
aptamer-modified thin-film biosensor was soaked in 0.2 M

— PPy

Au/PPy

—— Aptamer/Au/PPy

—— MCH/Aptamer/Au/PPy
—— CEA/MCH/Aptamer/Au/PPy

10 1 2 3 4 5
Log f/Hz

Fig. 1T Morphology characterization and feasibility of the electrochemical biosensor construction process. a SEM of the AuNPs/PPy composite film. b
The non-faradaic EIS curves of different modified electrodes in PBS solution (0.2 M, pH 7.4)
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Fig. 2 Optimization of experimental conditions and electrochemical
detection of CEA. The non-faradaic EIS tests were performed in PBS
(0.2 M, pH 7.4). a Effects of the aptamer concentration on the non-
faradaic impedance responses of the biosensor. b Effects of the CEA
incubation time on the non-faradaic impedance responses of the biosen-
sor. ¢ The non-faradaic curves of the biosensor after incubation with

PBS (pH 7.4) solution containing 10~° g/mL CEA for differ-
ent times, and the EIS values were measured separately (Fig.
2b). Figure 2b shows that the impedance signal change of the
biosensor increased as the incubation time extended and kept
almost equilibrium at 60 min. This indicates that the binding
of CEA and aptamer has attained saturation. According to the
experimental results, the aptamer concentration of 2.0 uM and
the CEA incubation time of 60 min were chosen as optimal
experimental conditions for the electrochemical biosensor.

Electrochemical detection of CEA

The sensing performance of the free-standing electro-
chemical biosensor was characterized by performing
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different concentrations of CEA. The internal inset is a partial enlarged
view with an impedance frequency of 10 Hz. d The linear calibration
curve about the non-faradaic impedance change and the logarithm of
CEA concentration. Error bars represent the standard deviations of three
repeated determinations (n = 3)

non-faradaic EIS tests in 0.2 M PBS (pH 7.4) solution
(Fig. 2c). Figure 2¢ and d shows that there was a linear
relationship between the change of impedance signal and
the logarithm of CEA concentration, with the concentra-
tion ranging from 0.1 ng/mL to 1 pg/mL. The linear equa-
tion is AR/Rqg=45.27 +4.41 logC (R2 =0.9980), and the
detection limit of this biosensor is calculated to be
0.033 ng/mL (S/N=3). Most of the electrochemical
biosensors constructed for CEA detection are not flexible
and they need to be integrated with rigid electrodes.
Compared with the traditional electrochemical biosensors
referred in Table S1, our free-standing electrochemical
biosensor based on conducting PPy composite film elec-
trode exhibits comparable sensing performance.
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Specificity, stability, reproducibility, and practical
application of the electrochemical biosensor

The specific detection of the electrochemical biosensor to tar-
get CEA was evaluated by choosing some representative pro-
teins as possible interferences, such as bovine serum albumin
(BSA), myoglobin (MB), lysozyme (Lys), and human immu-
noglobulin G (IgG). Compared with the other four interfering
proteins (BSA, MB, Lys, IgG), this electrochemical biosensor
only presents significant impedance signal change to CEA and
the mixed solution containing CEA. The result indicates that
this biosensor enables to detect CEA effectively in the pres-
ence of other interferences (Fig. 3a).
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Fig. 3 Characterization of the electrochemical biosensor’s specificity,
stability, reproducibility, and practical application. The non-faradaic
EIS tests were performed in PBS (0.2 M, pH 7.4) solution. a The non-
faradaic impedance response change of the biosensor to 10~/ g/mL of
CEA, BSA, MB, Lys, and IgG, and the mixture (Mix) containing CEA
with all the other four proteins, respectively. b The long-term sensing
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Fig. 4 Characterization of the deformability of the electrochemical P>
biosensor. The non-faradaic EIS tests were performed in PBS (0.2 M,
pH 7.4) solution. a Photographs of the aptamer-functionalized PPy com-
posite film electrode. b The stress-strain curve of the PPy composite film.
c—e The non-faradaic EIS curves of the CEA-incubated biosensor before
and after various deformation (twisting, folding, and knotting). f
Comparison of the non-faradaic impedance signal change of the CEA-
incubated biosensor before and after mechanical deformation. g The im-
pedance retention of the biosensor under different strain

In order to measure the long-term storage stability of the
biosensor, the aptamer-modified PPy film electrodes were im-
mersed in PBS solution and stored in the air for 15 days,
respectively. The impedance retention was tested through
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with 10°® g/mL CEA in PBS and FBS solution, respectively
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non-faradaic EIS test. Fig. S4 shows that the impedance kept
nearly no change no whether immersed in PBS or stored in the
air. The aptamer-functionalized biosensors were also im-
mersed in 0.2 M PBS for 15 days and were used to detect
CEA (107 g/mL) every 2 days. Figure 3b demonstrates that
the impedance signal change only dropped 3.2%. These re-
sults prove that the electrochemical biosensor designed has the
capacity to support long-term CEA sensitive detection.

Reproducibility is a key parameter to evaluate the perfor-
mance of a biosensor. In this work, five independently pre-
pared CEA electrochemical biosensors were used to detect
CEA (1076 g/mL) under the same experimental condition.
As shown in Fig. 3c, no significant difference of the imped-
ance change was observed among the five electrodes and the
relative standard deviation (RSD) was calculated to be 1.7%,
which proves the biosensor’s acceptable reproducibility.

In addition, we tested the feasibility of the electrochemical
biosensor for practical application by simulating a complex
biological environment with fetal bovine serum (FBS) in this
experiment (as shown in Fig. 3d). The FBS solution and PBS
solution both containing CEA (10™® g/mL) were detected by
the PPy composite film-based electrochemical biosensor re-
spectively. The impedance change measured in FBS solution
is basically the same as that measured in PBS, indicating the
biosensor’s potential for real application.

Flexibility and mechanical deformation stability of
the free-standing electrochemical biosensor

The PPy composite film exhibits excellent mechanical prop-
erty with the tensile strength of 86.6 MPa, the elongation-at-
break of 43.7%, and the Young’s modulus of 0.72 GPa
(Fig. 4b). Owing to the film’s superior mechanical property,
the aptamer-functionalized PPy composite film electrode also
presents the deformability, which can be made into various
shapes and models (Fig. 4a). The film electrode has a good fit
to the skin and can be bended or even folded into the spring-
like model. In order to investigate the biosensor’s flexibility,
the impedance signal was recorded before and after deforma-
tion. Fig. S5 shows that the impedance signal of the biosensor
remained more than 95% of the original signal after a series of
mechanical deformations (twisting, folding, and knotting).
The effect of mechanical deformation on the impedance signal
of the biosensor which has been incubated with CEA was
discussed (Fig. 4c—f). As shown in Fig. 4c—e, the non-
faradaic EIS curves of the CEA-incubated biosensor before
and after deformation almost coincide with each other. The
impedance change recorded at the frequency of 10 Hz was
within 5% after deformation (Fig. 4f). Therefore, the deforma-
tions perform nearly no effect on its electrochemical sensing
performance. The impedance retention of the electrochemical
biosensor under different strain was also tested accordingly.
Figure 4g shows that the stretchability has almost no effect on
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the impedance signal of the biosensor, and it can maintain
99.4% of the unstretched signal under the strain of 25%. All
these results prove that our biosensor performs certain me-
chanical deformation stability and flexibility. For the PPy
composite film, the elongation-at-break is 43.7%, which limits
the biosensor’s stretchability. However, the biosensor could
bear normal human body activities in the application of flex-
ible electrochemical biosensors and have certain development
space in flexible and wearable electronics.

Conclusions

This study describes a flexible free-standing electrochemical
biosensor to detect CEA based on conducting PPy nanocom-
posite film electrode. The introduction of AuNPs can modify
the aptamer to the electrode surface through self-assembly and
MCH was used as block reagent to maintain the biosensor’s
good recognition ability. This free-standing biosensor exhibits
satisfying sensitivity, selectivity, reproducibility, and long-
term stability. Moreover, this PPy composite film-based elec-
trochemical biosensor possesses high mechanical deformation
stability and flexibility. It could bear various deformations
without affecting the sensor’s performance. The free-
standing biosensor platform we constructed performs huge
space for development in the field of flexible and wearable
electronics. The way we constructed the flexible free-standing
film electrode based on conducting polymer provides new
ways for designing flexible electrochemical biosensors.
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