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ABSTRACT: Biofouling arising from nonspecific adsorption is a substantial outstanding
challenge in diagnostics and disease monitoring, and antifouling sensing interfaces capable of
reducing the nonspecific adsorption of proteins from biological complex samples are highly
desirable. We present herein, the preparation of novel composite nanofibers through the grafting
of polyethylene glycol (PEG) polymer onto polyaniline (PANI) nanofibers, and their application
in the development of antifouling electrochemical biosensors. The PEGylated PANI
(PANI/PEG) nanofibers possessed large surface area and remained conductive, and at the same
time demonstrated excellent antifouling performances in single protein solutions as well as
complex human serum samples. Sensitive and low fouling electrochemical biosensors for breast
cancer susceptibility gene (BRCA1) can be easily fabricated through the attachment of DNA
probes to the PANI/PEG nanofibers. The biosensor showed a very high sensitivity to target
BRCA1 with a linear range from 0.01 pM to 1 nM, and it was also efficient enough to detect
DNA mismatches with satisfactory selectivity. Moreover, the DNA biosensor based on the
PEGylated PANI nanofibers supported the quantification of BRCA1 in complex human serum,
indicating great potential of this novel biomaterial for application in biosensors and

bioelectronics.
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1. INTRODUCTION

Biofouling from nonspecific protein adsorption is a persistent challenge for any interfaces
that exposed to complex biological media. Such nonspecific protein adsorption can lead to
decreased target diffusion to the sensing interface, which eventually leads to decreased sensor
performances. Therefore, it is crucial to develop antifouling surfaces for sensors in many
bioanalytical application fields, such as human disease biomarkers detection,'” hormone
determination,* and monitoring of drug serum levels™™.

Certain polymers such as polyurethane, polyvinyl chloride, poly(methacrylate) and
poly(dimethylsiloxane), have been utilized to achieve selective transportation of targets to the
sensing interface while they prevent biofouling materials from reaching the surfaces.”” These
reported polymers are suitable for clinical monitoring, but their stability and functions are greatly
impaired when they are in contact with biological samples.m'11 Polyethylene glycol (PEG),
which is a nontoxic and highly hydrophilic biocompatible polymer, has been widely used to
reduce nonspecific protein adsorption,'? and it has been considered as “gold standard” of anti-

13-14

biofouling polymers. The protein resistance of long-chain PEG modified interfaces is

ascribed to the “steric repulsion”, and it is an entropic effect associated with the unfavorable
change of free energy that associated with confinement and the dehydration of soft polymer

chains."”"” Additionally, the antifouling effectiveness of PEG generally depends on the grafting

18-19

technique as well as the polymer structure. For instance, “grafting from” method requires

relatively complicated chemical synthesis and tends to produce brushes without sufficiently high

20-22

density. However, another alternative, “grafting to”, has proved to be an extraordinarily
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effective method to create inert surface toward bimolecular adsorption.”> PEG can be simply
attached to surfaces through the formation of covalent bonds using “grafting to” methods to form
well ordered polymer brushes. For example, PEG chains have been bound to a polylysine
backbone with a high density, which was assembled on various oxide surfaces through
electrostatic interactions, and the PEG branches were forced to be extended into the solution.**?’

Grafting of antifouling polymers with the long chains directly onto electrode surfaces, such
as PEG that is not conductive, however, can lead to the formation of layers with high-impedance
and cause decreases in electrode sensitivities. It is expected that the incorporation of PEG with
certain conductive soft materials, such as conducting polymers, may be helpful to address this
problem. Conducting polymers have promising applications in various fields including
biosensors, electronic devices, integrated circuits, batteries etc., due to their excellent physical

and chemical properties.”*>

In particular, one-dimensional nanostructured conducting polymers,
promising candidates as structural elements of nanoscale devices, have attracted enormous
interest because of their large surface area, low power consumption, and great potential for the

L . 30-34
development of miniaturized devices.

For instance, polyaniline (PANI) nanofibers have been
fabricated and utilized for the construction of a sensitive and selective electrochemical biosensor
for hepatitis B virus gene.” Biosensors based on single PANI nanowire have been constructed to
detect proteins such as myoglobin and immunoglobulin G.*® However, these biosensors, though
highly sensitive, are also highly susceptible to biofouling in complex biological media. If
antifouling polymers like PEG were introduced into these systems, low fouling but highly
sensitive assays may be developed. Unfortunately, the grafting of PEG derivatives onto

conducting polymers has rarely been explored and ultrasensitive and antifouling sensing in

natural biological samples is still challenging.
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In this work, we aim to fabricate novel PANI/PEG nanofibers using “grafting to” approach

to form a thin layer of PEG onto PANI nanofiber backbones. The resulting PEGylated PANI

©CoO~NOUTA,WNPE

nanofibers, combining strong antifouling ability of PEG with the excellent electrochemical
activity of PANI, provide an ideal substrate for the construction of low fouling electrochemical
13 biosensors (Scheme 1). Herein, breast cancer susceptibility gene (BRCA1), a biomarker for
15 human breast cancer,’”’ has been detected as a model target. The marriage of conducting
18 PANI/PEG nanofibers and sequence-specific DNA probes was envisaged to present both anti-

20 biofouling ability and unique selectivity for the constructed electrochemical BRCA1 sensor.
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46 Scheme 1. Illustration of the construction of PANI/PEG nanofibers antifouling interface and its application in

48 ultrasensitive and low fouling DNA sensors. (a) PANI nanofibers deposited on the electrode, (b) PEG
50 modification onto PANI nanofibers, (c) monoethanolamine (MEA) modification, (d) immobilization of
capture DNA (C;) onto GCE/PANI/PEG, (e) methylene blue (MB) interaction with capture DNA (C;), and

55 (f) hybridization with target DNA (T5).
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2. EXPERIMENTAL

2.1 Reagents

4-armed PEG terminated with carboxylic acid groups (2000 Da) was purchased from
Suzhou Nord Derivatives Pharm-Tech Co., Ltd. Bovine serum albumin (BSA), human serum
albumin (HSA), immunoglobulin G (IgG) and hemoglobin (Hb), were obtained from Beijing
Xinkezhongjing Biological Technology Co. Ltd (Beijing, China). Aniline was bought from
Sinopharm Chemical Reagent Co., Ltd. (Beijing, China). N-hydroxysuccinimde (NHS), 1-ethyl-
3-(3-dimethylaminopropyl) carbodiimide (EDC), methylene blue (MB) and monoethanolamine
(MEA) were obtained from Aladdin Reagents (Shanghai, China). Human serum samples from
healthy woman and woman with breast cancer were provided by the Eighth People's Hospital of
Qingdao (Shangdong, China). 19-mer synthetic oligonucleotides, which were purified by liquid
chromatography, were purchased from Sangon Biotech Co., Ltd. (Shanghai, China). The related

sequences of DNA were as follows:

Capture DNA probe (C;): 5 NH,-GAT TTT CTT CCT TTT GTT C 3°; Target DNA
(Complementary) (T;): 5> GAA CAA AAG GAA GAA AAT C 3’; One-base mismatched DNA
(M)): 5 GAA CAA AAC GAA GAA AAT C 3’; Three-base mismatched DNA (M,): 5> CAA
CAA AAG CAA CAA AAT C 3’; Non-complementary DNA (M3;): 5 CCT TGT TGG ACT

CCCTTCT3.

Other reagents were of analytical grade. All solutions used for experiments were prepared

with pure water produced from a water purifying system (Milli-Q water system).

ACS Paragon Plus Environment

Page 6 of 33



Page 7 of 33

©CoO~NOUTA,WNPE

ACS Applied Materials & Interfaces

2.2 Methods

Scanning electron microscope (SEM) with the model of JEOL JSM-7500F (Hitachi High-
Technology Co., Ltd., Japan) was used to characterize nanostructures and morphologies of
prepared PANI and PEGylated PANI nanofibers. XPS analysis was performed using a Thermo-
VG Scientific ESCALAB 250 spectrometer with a Al monochromatic source operated at a
voltage of 15 kV. Static water contact angle measurements (CA) were carried out using a JC2000
goniometer (Shanghai Zhongchen Instrument Co., China). Fourier transform infrared
spectroscopy (FTIR) was carried out using a BRUKER TENSOR 70 spectrometer made by
Bruker Optics (Germany). Electrochemical experiments were carried out using a CHI660E
Electrochemical Workstation (Shanghai CH Instrument Co., China). The modified glassy carbon
electrode (GCE, diameter 3.0 mm) was used as the working electrode, and the used reference and
auxiliary electrodes were Ag/AgCl electrode and platinum wire, respectively. EIS and CVs of
the bare electrode and the modified electrodes were recorded in phosphate buffered saline (PBS,
0.2 M, pH 7.4 if not otherwise stated) containing 5.0 mM redox probe [Fe(CN)s]*”* and 0.1 M
KCI. EIS conditions: frequency range from 1 to 100,000 Hz; the amplitude of the applied sine
was set at 5 mV; and the current potential was set at 0.20 V; CV conditions: scanning range from

- 1.2 to 1.2 V with scan rate of 0.10 V/s.

2.3 Synthesis of PANI/PEG nanofibers

4-armed PEG was immobilized covalently onto the PANI nanofibers using EDC and NHS
(Scheme S1). GCE was firstly polished and washed, and then eletrochemically pretreated in PBS

(0.2 M, pH 7.4).*® For the synthesis of PANI/PEG nanofibers, firstly, PANI nanofibers were
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electrodeposited onto the pretreated electrode through the galvanostatic technique in 1.0 M
HCIOy, solution containing 0.5 M aniline, and the current density was controlled at 0.6, 0.3 and
0.15 mA cm™ for the period of 0.5 h, 3 h and 3 h, respectively. The prepared PANI nanofibers
were washed with water. Subsequently, in order to graft 4-armed PEG onto the PANI nanofiber
surfaces, PANI nanofibers modified electrode was immersed into 2.0 mL PBS containing 0.4 M
EDC, 0.1 M NHS, and 2.0 mg mL™" 4-armed PEG (terminated with carboxyl groups) for 3 h. The
electrode was then washed with PBS, and stored in PBS when not in use. The incubation of 4-
armed PEG solution on PANI nanofibers modified electrode resulted in the formation of
covalent bonds between amino groups of PANI and carboxyl groups of PEG. As a result,

PANI/PEG nanofibers on the GCE surface were obtained.

2.4 Characterization of antifouling ability

As some of the carboxyl groups activated by EDC/NHS were not reacted with amino
groups, the PEG/PANI modified GCEs were immersed into 1.0 M MEA for 10 minutes, and
allowed the activated carboxyl groups to react with excess MEA, leaving a largely neutral

341 To assess the antifouling

charged, hydroxyl group terminated PEGylated interface.
performance of PEGylated PANI nanofibers, different protein samples including four single
protein solutions (1.0 mg mL™") and complex media (human serum) were tested. Differential
pulse voltammetry (DPV) technique was employed to measure or monitor the nonspecific
adsorption on PANI nanofibers, and the DPV performing parameters were as follows: potential

increment of 4.0 mV; amplitude of 50 mV; and pulse period of 0.5 s. The DPV responses of

modified electrodes before and after incubation (incubated with single protein solution or

ACS Paragon Plus Environment
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complex media for 30 min, and followed by washing with PBS and water) were recorded in PBS

(0.2 M, with the pH 5.7), and the changes of the peak current and potential were compared.

2.5 Attachment of capture DNA

As shown in Scheme SI1, electrodes modified with PEGylated PANI nanofibers
(GCE/PANI/PEG) were incubated in 1.0 puM amino-functionalized oligonucleotides (Cj)
solution (prepared with 0.2 M PBS, pH 7.4) containing 0.4 M EDC, 0.1 M NHS for 1 h. During
this process the covalent attachment of oligonucleotides (C,) was allowed to the carboxyl-PEG
by the amide formation. The obtained DNA sensor was denoted as GCE/PANI/PEG/C,. The

obtained sensors were washed with PBS, and stored in PBS when not in use.

2.6 Sensing with the DNA sensor

For the hybridization and electrochemical detection, the DNA sensor was dipped into 1 mL
of MB (20 uM) for 10 min to incorporate MB into the DNA sequence, followed by rinse with
PBS and water. The hybridization reaction was completed by dipping the MB incorporated DNA
sensor into PBS containing different concentration of target analyte (T,) for 30 minutes at
ambient room temperature. The MB reduction signals of the DNA sensor before and after
hybridization were measured by DPV in blank PBS (0.2 M, pH 7.4) in the range of -0.6 to 0.1 V.
To test the specificity of the assay, one-base mismatched DNA (M,), three-base mismatched
DNA (M) and totally non-complementary DNA (M3) sequences were used as controls.

a

3. RESULTS AND DISCUSSION
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3.1. Synthesis and characterization of PANI/PEG nanofibers

The synthetic process of PANI nanofibers was carried out in 1.0 M HCIO4 solution
containing 0.5 M aniline using galvanostatic technique. These PANI nanofibers were surface
modified with carboxyl group terminated 4-armed PEG (see Scheme S1 for details), and the
covalent attachment through the formation of amide was verified using FTIR (Figure S1). The
FTIR spectrum of PANI (Figure S1A) shows clear benzenoid and quinoid ring stretching bands
(C=C) at 1493 and 1560 cm™, respectively. Those bands at 1305 and 1143 cm™ are ascribed to
the C-N stretching of the secondary aromatic amine, and bands at 822 and 743 cm™ are ascribed
to the out-of-plane bending of C-H. These characteristic bands are in good agreement with those
previously reported for PANI, indicating that PANI nanofibers were successfully formed.****
For the FTIR spectrum of PEG modified PANI (Figure S1B), new bands appear at 1644 and

4546

1247 cm’™, which are ascribed to amide bands. These results clearly revealed the covalent

attachment of PEG onto PANI through the formation of amide bonds.

Typical SEM images of the PANI and PANI/PEG nanofibers are shown in Figure 1.
Clearly, the prepared PANI nanofibers, with diameters of about 150-200 nm, formed a porous
network on the electrode surface, and they presented a very rough microstructure with many
particles protruding from the surface (Figure 1A and B). Interestingly, after the modification
with PEG, it was found that the PANI nanofibers were all uniformly covered by PEG, and their
network-like structure almost remained unchanged (Figure 1C and D). Compared with PANI
nanofibers, the obtained PANI/PEG nanofibers exhibited much smoother surfaces and wider
diameters (increased to about 300 nm), indicating successful covering of PANI nanofibers with

PEG and the formation of PEGylated PANI nanofibers.

10
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30 Figure 1. SEM images of the PANI nanofibers (A, B) and PEGylated PANI nanofibers (C, D). Figures A and

32 C are in lower magnification, and figures B and D are in higher magnification.

50
51 -
52

Figure 2. Contact angle images of (A) ITO, (B) PANI and (C) PANI/PEG coated ITO surfaces.
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The water contact angle is commonly used to characterize the surface relative wetting
property and hydrophilicity. As shown clearly in Figure 2 and Table S1 (see Supporting
Information), after coating with PANI nanofibers, the contact angle of the surface decreased
from 76.6° to 55°, indicating moderate hydrophilicity of the PANI nanofibers modified surface.
As expected, after further modification of PANI nanofibers with PEG, the contact angle
significantly decreased to 22.4°, suggesting excellent hydrophilicity of the PEGylated PANI
nanofibers. The contact angle of PEGylated PANI nanofibers is close to that of other materials
with antifouling ability reported in previous literature, such as the zwitterionic peptide SAM
(e.g., CRERERE, 19.6°),*” and poly(B-peptoid) (17°).** Previous reports have proved that,
surface modification or functionalization with hydrophilic materials was an effective strategy to
improve the antifouling ability of synthesized polymer materialss.*’ Therefore, the hydrophilicity
of PEGylated PANI nanofibers may be beneficial for the formation of a hydration layer to

prevent nonspecific protein adsorption.

ACS Paragon Plus Environment 12
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Figure 3. X-ray photoelectron spectra of (A) PANIL (B) PANI/PEG, and (C) PANI/PEG/C, Coated Indium tin

oxide (ITO) surface.
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To further verify the successful modification of PANI nanofibers with PEG and the
immobilization of DNA capture probe, X-Ray photoelectron spectroscopy (XPS) analysis was
performed after each modification steps. As shown in Figure 3, for the PANI nanofibers
modified surface, C 1s and N 1s peaks corresponding to PANI were observed. After the covalent
binding of PEG onto PANI nanofibers, C 1s peak increased apparently corresponding to PEG
(Figure 3B). Subsequently, after DNA capture probes (C;) were attached to the PEGylated PANI
nanofibers, the N Is peak significantly increased, together with the appearance of a new P 2p
peak, indicating the successful immobilization of DNA capture probes. The quantitative analysis
of the surface chemical composition was shown in Table S2. The sequential decrease of the O 1s
and In 3d peaks, and increase of the C 1s and P 2p peaks indicated the successful decoration of

PEG and capture probe (C;) onto the PANI surface.

3.2. Nonspecific protein adsorption on PANI and PANI/PEG surfaces

As a typical conducting polymer, PANI can undergo electrochemical redox reaction easily
and show a sharp cathodic peak at about 0.2 V corresponding to the transition of
leucoemeraldine/emeraldine.” To assess the antifouling ability of electrode surfaces modified
with PANI and PANI/PEG nanofibers, DPV responses of PANI and PANI/PEG modified
electrodes were compared before and after soaking in various protein solutions, such as HSA,
BSA, Hb, and IgG. In a typical experiment, the modified electrodes were immersed in PBS (0.2
M, pH 5.7) to establish stable DPV base responses, and then their DPV responses were recorded
in the same PBS again after incubation in aqueous solutions with 1.0 mg mL" of different
proteins for 30 min, respectively. As shown in Figure 4A, the DPV signals (peak current and

potential) of the PANI nanofibers modified electrodes significantly changed, with the peak

14
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currents decreased and peak potentials shifted greatly after the incubation in protein solutions. As
shown in Figure S2, the current response of the PANI modified electrodes retained 30.18% of
the original value after incubation in IgG; and the peak potential changed into 228.93% due to
adsorption of HSA. This is ascribed to the fact that after incubation in protein solutions, proteins
will adsorb onto the surface of electrode and block the electrochemical reaction, leading to
changes in the DPV responses. These results indicated that a large amount of single proteins
(BSA, HSA, Hb, IgG) were adsorbed onto the PANI nanofibers without protein-resistence
coating. In contrast, Figure 4B showed that electrodes modified with PEGylated PANI
nanofibers can significantly reduce the protein adsorption, and very tiny changes in both peak
currents and potentials were observed after incubation in protein solutions. As can be seen in
Figure S2, the largest current response change to IgG was 92.56% and the largest potential
change to HSA was 103.71%. Therefore, PANI/PEG nanofibers were proved to be able to resist
various protein adsorptions, indicating excellent antifouling ability of these PEGylated

nanofibers.

15
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Figure 4. DPV responses of PANI (A) and PANI/PEG (B) before (black line) and after (red line) incubation in

different protein solutions (1: HSA; 2: BSA; 3: Hb; 4: IgG; 1.0 mg mL™ each).
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Figure 5. DPV responses of PANI/PEG before and after incubation in different concentration
human serum solutions (The curves for blank, 1% serum and 5% serum are overlapped. The

inset table shows the value of ip/ip).

Besides single protein solutions, the antifouling property of PEGylated PANI nanofibers
was further investigated in complex biological media, human serum. As shown in Figure 5, after
incubation in 1% human serum, the current responses of the PANI/PEG modified electrodes only
changed slightly by 0.95%. The curves for blank, 1% serum and 5% serum are overlapped. After
incubation in 20% human serum, the current responses retained 93.91% of their initial values,
and more interestingly, even after incubation in the whole serum, the current responses retained
92.17% of their initial currents. These results demonstrated that PANI nanofibers coated with
PEG can form an excellent antifouling layer to resist protein adsorption in these natural complex
media, because PEG with strong hydrophilicity can effectively reduce protein adsorption onto

surfaces through the hydrophobic interaction.?
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3.3. Performance of the DNA biosensor based on PEGylated PANI nanofibers

3.3.1. Electrochemical characterization of the DNA biosensor
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Figure 6. (A) EIS and (B) CVs recorded in PBS containing 5.0 mM redox probe [Fe(CN)y]* "+ and 0.1 M KCL
EIS conditions: frequency range from 1 to 100,000 Hz; the amplitude of the applied sine was set at 5 mV; and
the current potential was set at 0.20 V; CV conditions: scanning range from - 1.2 to 1.2 V with scan rate of
0.10 V/s. (a: the bare electrode; b: GCE/PANI; c: GCE/PANI/PEG; d: GCE/PANI/PEG/Cy; e :

GCE/PANI/PEG/C,/T»).

Electrochemical impedance spectroscopy (EIS) is a valuable and facile technique for
characterizing the stepwise fabrication of a modified electrode.’ In the Nyquist impedance plot,
the semicircle portion (at higher frequency range) reflects the resistance of electron transfer (Re),
which controls the kinetics of redox probes at the modified electrode interface. Characteristic
EIS plots of various electrodes were illustrated in Figure 6A. It was observed that PANI
nanofibers modified GCE (curve b) showed an almost straight line, while the R, of bare GCE
was 180 Q (curve a), which distinctly demonstrated the good electron transfer property of PANI
nanofibers modified electrode. The R increased after the grafting of PEG onto PANI nanofibers

(~2.0 kQ, curves c), as non-conductive PEG will block the electron transfer to some degree.

ACS Paragon Plus Environment 18
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However, this value is much smaller than that of pure PEG coated electrode (~120 kQ),>*
indicating that PEGylated PANI nanofibers are still conductive. Predictably, there was a sharp
increase in R as DNA capture probes were further immobilized onto the electrode surface,
because the negatively charged phosphoric acid backbones of DNA probes repelled the negative
[Fe(CN)e]>"™* probe and inhibited the electron transfer (curve d).>? Interestingly, a further
significant increase in Re (~6.5 kQ, curve e) could be observed when probe hybridized with its
complementary target DNA, due to the formation of double-strand DNA. The result
demonstrated that selective DNA hybridization was favorably occurred on the capture probe
modified electrode.

Cyclic voltammetry (CV) technique was further used to characterize the modification
process of the modified electrode. An obvious increase in peak current was observed after PANI
nanofibers were modified on the electrode (Figure 6B curve b). As expected, the peak currents
decreased slightly after modification with PEG, C; and T,. These results were in accordance with
the EIS characterization. To further verify that PEGylated PANI nanofibers remained
electroactive, CV measurements in PBS were also used to study the -electrochemical
performances of GCEs modified with different PANI nanofibers, as shown in Figure S3. Clearly,
a sharp oxidation peak at about 0.2 V and a reduction peak at about - 0.4 V were observed for the
PANI nanofibers modified GCE due to the oxidation and reduction of PANL>* After the covalent
bonding of PEG onto PANI nanofibers, although the magnitude of the oxidation peak current
decreased, the oxidation peak of PEGylated PANI was still observed (curve b). This result

indicated that PEG coated PANI nanofibers remained conductive.

19
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3.3.2. DNA sensing with an indicator

The detection of BRCA1 was carried out by DPV transduction of the hybridization reaction
between the immobilized capture DNA probe and the target BRCA1 (T;), using MB as an
electrochemical indicator to enhance the sensing signal. Figure 7 shows typical DPV curves of
the GCE/PANI/PEG/C, before (curve a) and after (curve b) hybridization with BRCA1. Well-
defined DPV peaks at about - 0.31 V, related to the electrochemical reduction of the indicator
MB, were clearly observed,” and the reduction current i, of MB significantly decreased after
BRCATI hybridization. Two possible mechanism of MB interaction with DNA sequence have
been reported: through electrostatic interaction with the negatively charged DNA backbone (with
many phosphate groups), or by interaction with DNA guanine bases. It has also been reported
that MB showed a much higher affinity to single-strand DNA rather than double-strand DNA.>*
>7 For instance, Yang and coworkers have reported the evidence of the direct interaction of MB
with DNA guanine bases.”® Erdem et al have reported that MB specifically interacted with
guanine bases, and the DNA hybridization reaction limited the interaction between MB and
guanine, because guanines were wrapped in duplex structure.”” Therefore, along with the specific
binding of target DNA to the immobilized DNA capture probe, a decrease in MB reduction
current was expected, as shown in Figure 7, and this current change, in turn, can be used for the

assay of target DNA.
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Figure 7. DPV curves of the DNA sensor before (curve a, black line) and after (curve b, red line) target
BRCAI (T,) hybridization. The MB concentration was 20 uM, and the adsorption time for MB was 10 min;

the added concentration of T, was 1 nM and the hybridization time was 30 min.

3.3.3. Optimization of conditions for the DNA detection

In order to select optimal conditions for BRCA1 detection with the prepared DNA sensor,
the effects of MB concentration and MB interaction time with DNA, reaction time for DNA
probe immobilization, and DNA hybridization time on the sensor response were selectively
investigated in detail. The concentration of MB showed significant effect on the current change
Ai, before and after BRCA1 hybridization, and the Ai, reached maximum value at 20 pM MB
(Figure S4A). At a fixed interaction time, the increase in concentration of MB can accelerate the
dynamic interaction between MB and the DNA sequence, resulting in an enhancement of the

electrochemical response. When the concentration of MB was higher than 20 uM, the adsorption
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of MB reached saturation, and therefore 20 puM MB was selected as the optimum concentration
for MB. At a fixed concentration of MB (20 uM), the interaction of MB and DNA reached
saturation at the time period of 10 min (Figure S4B). The immobilization time for capture probe

immobilization and the target DNA hybridization time were also optimized, and the selected
immobilization time for capture DNA probe was 1 h (Figure S4C), while the optimum DNA

hybridization time was 30 min (Figure S4D).

3.3.4. Analytical performances of the DNA sensor

The performance of the developed biosensor for the sensing of target BRCA1 was initially
studied in PBS using DPV. The current response of the biosensor decreased along with the
increase of BRCAI1 concentration (Figure S5), owing to the selective hybridization of target
DNA and the formation of dsDNA. As shown in Figure 8A, the calibration curve exhibited a
linear relationship between the measured DPV peak currents and logarithm values of the target
concentrations within the range from 0.01 pM to 1 nM, and the corresponding regression
equation was Ai, = 14.81 + 0.6583 log C, with the correlation coefficient (R?) 0f 0.993. The limit
of detection (LOD) was calculated to be 0.0038 pM (S/N = 3). According to the summarized
performances of various biosensors (Table S3), the LOD of this developed biosensor is

60-63 It was clear that the target

significantly lower than that of many previously reported assays.
binding efficacy and the interfacial sensitivity resolved in this work was sufficient for the

PEGylated PANI nanofibers based sensing interface to be detectably responsive to its target

BRCALI at very low levels.
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Figure 8. (A) Peak current change of the DNA sensor after incubation with controlled concentrations of
BRCA1 in PBS (0.2 M, pH 7.4). Inset showed the corresponding calibration curve (R = 0.993). (B) Responses
of the DNA sensor to 0.1 uM BSA, 0.1 uM HSA, 0.1 uM IgG, 0.1 uM Hb, 0.1 pM M,, 0.1 uM M,, 0.1 pM

Mj, and 10.0 pM T,. Error bars here represented the standard deviations across three repeated measurements.

To evaluate the specificity of the developed biosensor toward its target DNA, the response
A1/A1y (%) of the DNA sensor was tested in different solutions containing BSA, HSA, IgG, Hb,
M, M; or M3 separately. As shown in Figure 8B, the biosensor exhibited good selectivity toward
the target probe T,, with the BSA, HSA, IgG and Hb showed almost no response, and the M;, M,
and M3 showed relatively large responses. Since the tested concentration of BSA (and HSA, IgG,
Hb, M, M; and M3) is ten thousand times of the target probe (T,), the selectivity of this sensor is
acceptable (in a previous work, the Yao group has reported that single base-mismatched target
RNA generated 60% signal as the target).”> The specificity may be ascribed to the strong
bioaffinity of the capture DNA probe to its target, and the good antifouling ability of PEGylated
PANI nanofibers that effectively reduces the nonspecific adsorption. Five DNA sensors prepared
independently were used to test 100 pM target DNA, and the measured result revealed a small

relative standard deviation (RSD) of about 5.8%, indicating excellent reproducibility.
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In this work, the stability of GCE/PANI/PEG and GCE/PANI/PEG/C; electrodes has been
investigated by performing 50 cycles CV measurements in PBS (0.2 M, pH 5.7) with the
potential range from -0.2 V to 0.8 V. As shown in Figure S6, the anodic and cathodic peaks of
PANI are almost unchanged, indicating that both GCE/PANI/PEG and GCE/PANI/PEG/C,; have
a sufficient stability. The effect of scan rate on the electrochemical response of GCE/PANI/PEG
and GCE/PANI/PEG/C; electrodes has also been investigated, as shown in Figure S7 and Figure
S8. The cathodic peak currents of the GCE/PANI/PEG and GCE/PANI/PEG/C; electrodes
showed linear relationship with the scan rate, demonstrating that the redox processes of the
GCE/PANI/PEG and GCE/PANI/PEG/C; electrodes were surface confined processes with quick
electron transfer kinetics. Additionally, the long-term stability of the GCE/PANI/PEG/C,
biosensor was also evaluated by measuring its peak current of MB within ten days (Figure S9),
and it retained approximately 92.14% of its original signal after ten days, showing very good

stability.

The potential practical application of the developed DNA biosensor was estimated by
detecting BRCAL1 in human serum samples from healthy people and people with breast cancer,
which were carefully prepared by adding accurate concentrations of BRCAT1 into these samples.
The analytical results were summarized in Table S4, with recoveries distribution between 95.4%
to 105.6% and the RSD ranging from 3.58% to 8.14%. The assaying performance of the DNA
sensor in human serum is generally acceptable, demonstrating that the PEGylated PANI

nanofiber-based biosensor has great potential for DNA detection in complex real samples.

4. CONCLUSION
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In summary, novel PEGylated PANI nanofibers were prepared by covalent grafting of PEG
onto PANI nanofibers. The PEGylated PANI nanofibers remained conductive, and at the same

time showed excellent antifouling ability to prevent the nonspecific adsorption from simple

©CoO~NOUTA,WNPE

protein solutions and complex biological media. These nanofibers also possessed high
13 immobilization capacity for capture probes, ensuring them to be used as promising matrices for
15 the fabrication of antifouling biosensors. A novel ultrasensitive and low fouling electrochemical
18 DNA hybridization biosensor has been developed to detect a breast cancer marker, BRCAL1
20 related DNA sequence, based on the PEGylated PANI nanofibers. The DNA sensor was capable
of assaying targets in human serum without suffering from nonspecific adsorption in complex
25 biological media, owing to the excellent antifouling property of PEGylated PANI nanofibers. It
27 is expected that highly sensitive and low fouling biosensors made on this basis will potentially

find broad applications in the practical assay of human disease markers.

34 Supporting Information

37 The Supporting Information is available free of charge on the ACS Publications website at DOI:
39 Materials including scheme for covalent immobilization of 4-armed PEG and capture DNA onto
41 PANI nanofibers, FTIR of PANI and PANI/PEG, optimization conditions of DNA sensor

a4 fabrication and sensing, and analytical results for BRCA1 in real samples.
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11 PEGylated PANI nanofibers were fabricated using “grafting to” approach to form a thin layer
13 of PEG onto PANI nanofiber surfaces. The resulting PEGylated PANI nanofibers, combining
15 strong antifouling ability of PEG with the excellent electrochemical activity of PANI, provide an
ideal substrate for the construction of a low fouling electrochemical biosensor for breast cancer

18 susceptibility gene (BRCAL1).
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