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ABSTRACT: Mucin-1 (MUC1) is a glycoprotein found in epithelial tissues; its function Y
is to protect the body by blocking pathogens from reaching the cells. Overexpression and o TN
elevated serum levels of this protein are observed in breast cancer, lung cancer, stomach o ¢ b

cancer, ovarian cancer, and many other types of malignancies. Current methods used to
detect cancer are expensive and therefore not readily accessible; some methods are also
invasive. The ability to detect MUCI could allow for early detection of cancer, leading to
more successful outcomes. This research focuses on the development of a robust
biosensor platform based on aptamer-functionalized electroactive polymers (EAPs) that
can be used for the detection of cancer. To achieve this, indium tin oxide slide surfaces
were modified to enable the electrochemical growth of an electroactive copolymer of 3,4-
ethylenedioxythiophene (EDOT) and 2,2-(3,4-dihydro-2H-thieno[3,4-b][ 1,4]dioxepine-
3,3-diyl)diacetic acid (ProDOT(COOH),), with the carboxylic acid functionalities added
to introduce bonding sites for a MUC1-specific aptamer. Three copolymer ratios were
investigated to maximize the performance. The aptamer was then attached to the EAPs to create aptasensors that could be used for
the electrochemical detection of a MUCI polypeptide. The limits of detection of the biosensors and their stabilities were evaluated.
The MUCI aptasensor showed stability for at least 6 days, depending on the ratio of the copolymer, when stored in 0.1 M
phosphate-buffered saline. The 1:2 EDOT/ProDOT(COOH), copolymer was found to be the most stable over time and to offer
one of the smallest limits of detection, making it the most favorable ratio for aptasensor optimization. Specifically, the 1:2 EDOT/
ProDOT(COOH), biosensor provided a limit of detection of 369 fg/mL (418 fM) and a linear range of 625 fg/mL to 6.25 ng/mL
(709 fM to 7.09 nM) with the MUC1 peptide APDTRPAPG. The sensor also showed selectivity when tested with competing agents
including IgG and cell media. The performance of the aptasensor demonstrated its potential as a highly sensitive and selective
biosensor for MUC1 detection.
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1. INTRODUCTION The overexpression of MUCI1 has been found to be linked
. . . . . to breast, lung, bladder, ovarian, pancreatic, and stomach
Mucins are ‘a family of high molecular weight and heavily cancers.l’z’é’g_1§ In cancer cells, the glycosylation of MUCI is

glycosylated proteins that are produced by epithelial tissues. trancated, affecting signaling pathways involved in malig-

nancy.””'* Soluble MUC], also known as cancer antigen 15-3
(CA 15-3), can typically be found in low-concentration levels

They are generally classified into two families known as
membrane-bound mucins and secreted (gel forming) mu-

cins."”” Mucins are an important component in most gel-like (<31 U/mL) in healthy human serum.'® Low levels of the
secretions, thereby functioning as lubricants, cell signaling MUCI! epitopes’ cancer antigens 27-29 (CA 27-29 MUC1)
molecules, and chemical barrier components.z’3 Mucin-1 and CA 15-3 in serum under 40 U/mL'® and 35 U/mL,"’
(MUC1) is the most studied mucin. It consists of a respectively, are considered normal. Levels higher than these
hydrophobic membrane-spanning domain, an extracellular are indicative of malignancy.'® A higher order of magnitude
domain at its N-terminus, and a cytoplasmic domain at its increase (up to 100-fold) in the amount of MUC1 is present in
C-terminus, all of which are associated with each other through

hydrogen bonding.l’4 MUCI lines the surface of epithelial Received: October 3, 2022 T s
tissues in the stomach, eyes, lungs, and other organs.” MUC1 Accepted: January 1, 2023

protects the body from pathogens by stopping them from Published: January 20, 2023

reaching the surface of the cells.” This occurs by binding these
pathogens to the oligosaccharides on the side chains of the
MUCI structure.”
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cancer cells when compared to normal cells.'” Budiu et al.
discussed that MUCI1 overexpression in treatment-resistant
tumors largely mirrored elevated serum MUCI levels (>35 U/
mL, CA 15-3 test); soluble MUCI levels average 1556 U/mL
in the case of ovarian cancer.'” Persistently increased soluble
MUCI1 levels were also found to correlate with poor survival
prognosis.17

The correlation between MUCI-derived “cancer antigen
epitopes” and patient prognosis is therefore a critical element
of cancer screening. Indeed, serial CA 15-3 measurements are
commonly used to detect early recurrence and monitor
metastatic breast cancer patients during follow-up.”’~**
Traditional methods such as enzyme-linked immunosorbent
assay, dot blotting, western blotting, immunofluorescence, and
immunohistochemistry have been utilized for the detection of
MUC1,” but they are time-consuming, labor-intensive, and
require a high level of expertise and dedicated instrumentation,
therefore limiting their use in real-time, point-of-care clinical
diagnostics.”**” For widespread adoption of MUC1-based
screening of cancer, it is important to develop novel sensors for
the rapid, sensitive, and selective detection of MUCI.
Electrochemical detection methods have been researched in
recent years as a good alternative to more traditional methods
of biological detection due to their ease of use, rapid response,
and high selectivity and sensitivity.”* ™’

Electroactive polymers (EAPs) undergo reversible changes
in the oxidation state that are accompanied by changes in
properties such as color, conductivity, size, and reactivity,
enabling their use in a wide variety of sensor applications.
These polymers are composed of an extensive network of
conjugated double bonds that allow for electron delocalization,
reducing oxidation potentials. Electrons are removed from
neutral EAPs during oxidation (p-doping) to introduce
multiple cations (holes) along the backbone; electrons are
returned to the polymers during reduction, returning the
polymers to their neutral state (Figure 1).*' The redox
behavior of EAPs has been thoroughly discussed else-
where.*””** Because the oxidation and reduction behavior of
EAPs are very sensitive to changes in the environment, EAPs
can be used as electrochemical sensors.

In combination with biorecognition molecules such as
aptamers (APT), EAPs can be used as biosensing devices
(Figure 2).”> Aptamers are oligonucleotides (single-stranded
DNA or RNA) that bind to a target molecule with high affinity
and specificity.”® Based on their affinity to the target molecule,
they are selected from a library of random oligonucleotides by
the SELEX (systematic evolution of ligands by exponential
enrichment) method. The SELEX method for the selection of
aptamers was first discussed by Gold®”” and by Ellington and
Szoztak.*®

The research presented herein builds on our prior
demonstration of an aptasensor for the detection of
adenosine.”” We have developed a biosensor that can be
used to detect cancer by detecting the overexpression of
MUCI1 using EAPs. We electrochemically deposited a
conductive copolymer made up of different ratios of 3,4-
ethylenedioxythiophene (EDOT) and 2,2-(3,4-dihydro-2H-
thieno[3,4-b][1,4]dioxepine-3,3-diyl)diacetic acid (ProDOT-
(COOH),) repeat units. To ensure robust performance, the
copolymers were covalently bonded to the electrodes. The
MUCI1 aptamer was then attached to the carboxylic acid
moieties of ProDOT(COOH), to provide the aptasensors
specificity toward MUCI. Utilizing cyclic voltammetry, we
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Figure 1. Alternating double and single bonds in EAPs such as
PEDOT allow it to undergo reversible oxidation and reduction
processes, forming resonance-delocalized electrons and cations
(holes) along the backbone.>’ Addition and removal of electrons
causes interconversion between neutral polymers (top), radical
cations known as polarons (middle), and dications known as
bipolarons (bottom). Adapted with permission from Runsewe, D.;
Betancourt, T.; Irvin, J.A. Biomedical Application of EAPs in
Electrochemical Sensors: A Review. Materials (Basel)2019, 12,
2629. Copyright 2019 MDPL

investigated the response of the aptasensors to the presence of
a MUCI1 peptide. The limits of detection, linear ranges, and
stabilities of the aptasensors were determined.

2. EXPERIMENTAL METHODS

2.1 Reagents and Materials. Platinum (Pt) button working
electrodes (MF-2013; 1.6 mm diameter) were purchased from
Bioanalytical Systems, Inc. (West Lafayette, IN, USA). Indium tin
oxide (ITO)-coated glass slides (CG-SOIN-CUV: 8—12 Q) were
purchased from Delta Technologies (Loveland, CO, USA).
Tetrabutylammonium perchlorate (TBAP) was purchased from TCI
Chemicals (Portland, OR, USA). TBAP was recrystallized from ethyl
acetate or ethanol and dried under vacuum prior to use. ITO-coated
slides were soaked in 1.0 M HCI for approximately 10 s, then soaked
with purified water twice, and dried with lint-free wipes. The slides
were then washed with acetone and dried with lint-free wipes.
Anhydrous acetonitrile was purchased from Acros Organics (New
Jersey, USA). N-Hydroxysuccinimide (NHS), 3-thiophenecarboxylic
acid (3-Th-COOH), and ethanol (95%) were purchased from
Thermo Fisher Scientific (Waltham, MA, USA) and used as received.
3-(Aminopropyl)triethoxysilane (APTES) (98%) and 1-ethyl-3-(3-
dimethylaminopropyl)-carbodiimide (EDC) were purchased from
Alfa Aesar (Haverhill, MA, USA) and used as received. PProDOT-
(COOH), was synthesized and purified as per a literature
procedure.”® EDOT was purchased from Acros Organics (Waltham,
MA, USA) and purified as per a literature procedure.*’ Phosphate-
buffered saline (PBS) (10x) was purchased from SeraCare (Milford,
MA, USA). This buffer was diluted to 1X with autoclaved water to
obtain a 0.1 M PBS buffer (150 mM NaCl, 10 mM sodium phosphate,
pH 7.4). Ultrapure deionized water was obtained from a Millipore
Direct Q system (18.2 MQ2). Immunoglobulin G 2B (purified mouse
IgG2B, catalog number MAB004) was purchased from R&D Systems
(Minneapolis, MA, USA) and resuspended in 0.1 M PBS. Dulbecco’s
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Figure 2. Biomolecule detection scheme.

modified Eagle’s medium cell culture medium was purchased from
Corning Inc. (Corning, NY, USA). All reagents were used as received
unless specifically stated otherwise.

A MUCI aptamer was purchased from Integrated DNA
Technologies (Coralville, IA, USA). This aptamer binds to a common
9 amino-acid-long peptide sequence (APDTRPAPG) of the variable
tandem repeat domain epitope within the highly immunogenic region
of MUC1.* The sequence of the aptamer is

§’-/S6FAM/GCA GTT GAT CCT TTG GAT ACC CTG GTIT
TTT/3AmMO/-3’.

Here, AmMMO represents an amino linker, and FAM represents
fluorescein amidite. The aptamer was dissolved in autoclaved
ultrapure water to a stock concentration of 1000 uM, aliquoted into
autoclaved centrifuge tubes, and stored in a —25 °C freezer. PBS was
also autoclaved prior to use with the oligonucleotide.

The MUCI1 peptide APDTRPAPG (MW. 880.96 g/mol) was
procured from Anaspec (Freemont, CA, USA).

2.2. Instrumentation. All electrochemical measurements were
performed using cyclic voltammetry on a Pine WaveNow potentiostat.
The setup consisted of a three-electrode system. The working
electrode was a Pt button electrode or an ITO-coated glass slide. A Pt
flag was used as the counter electrode. The reference electrode for
aqueous electrochemical characterization and detection was a Ag/
AgCl electrode (CH Instruments, Inc., Bee Cave, TX, USA), while a
Ag/Ag" reference electrode was used for the electrochemical growth
of the polymers in acetonitrile (CH;CN). The Ag/Ag" reference
electrode was prepared as follows: a non-aqueous reference electrode
body was fitted with a CoralPor tip (Bioanalytical Systems Inc., West
Lafayette, IN, USA) and filled with a 0.01 M AgNO;, 0.1 M TBAP
solution in acetonitrile. A silver wire was then immersed in the
solution, and the electrode was stored with the tip immersed in 0.1 M
TBAP in acetonitrile. All cyclic voltammograms (CVs) were acquired
at a scan rate of 100 mV/s. A fluorescence microscope (Invitrogen
EVOS FL digital fluorescence microscope) was utilized to obtain
fluorescence images of the immobilized aptamer by using the GFP
setting on the fluorescent microscope (Agx = 470/22 nm, Agy = 525/
S0 nm). The images were captured at a light intensity of 50%, a
shutter speed of 1 ns, and at a magnification of 20X.

Absorbance and fluorescence spectroscopy measurements were
carried out with a BioTek Synergy H4 hybrid microplate reader using
a Take3 accessory to position the samples. Attenuated total
reflectance—infrared (ATR-IR) spectroscopic analyses were accom-
plished using a Bruker Tensor II Fourier transform—infrared (FTIR)
spectrometer fitted with a Harrick SplitPea attenuated total
reflectance accessory.

2.3. Electrochemical Copolymerization on Platinum Button
Electrodes. Mixed monomer solutions composed of different ratios
of EDOT and ProDOT(COOH), in 0.1 M TBAP in acetonitrile were
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prepared using the following EDOT/ProDOT(COOH), co-mono-
mer molar ratios: 2:1 (33% ProDOT(COOH),), 1:1 (50% ProDOT-
(COOH),), and 1:2 (67% ProDOT(COOH),); each solution was
made with a total combined monomer concentration of 0.01 M. The
EAP films were then electrochemically deposited onto a Pt button
using CV with a Ag/Ag" reference electrode and a Pt flag counter
electrode at a scan rate of 100 mV/s for three cycles. Potential
windows used varied with co-monomer ratios as can be seen in the
Supporting Information (Figure S1).

2.4. ITO Slide Modification, Copolymer Growth, and
Copolymer Stability. A 3-Th-COOH-modified ITO-coated slide
was used as a working electrode to grow the poly(3,4-ethyl-
enedioxythiophene) (PEDOT )-co-PProDOT-(COOH), copolymers.
The ITO-coated slides were modified with APTES and 3-Th-COOH
to ensure covalent attachment of the polymer to the substrate (Figure
3) as we previously described® and according to a procedure
developed by Thermo Scientific.*

Mixed monomer solutions composed of different ratios of EDOT
and ProDOT(COOH), in 0.1 M TBAP in acetonitrile were prepared
using three co-monomer molar ratios: 1:1, 1:2, and 2:1 EDOT/
ProDOT(COOH), with a total combined monomer concentration of
0.01 M (Figure 3). In order to test the effect of monomer
concentration on film stability, an additional experiment was
conducted using 0.0025 M EDOT and 0.0025 M ProDOT(COOH),.
The EAP films were then electrochemically deposited onto the
modified slides using CV with a Ag/Ag" reference electrode and a Pt
flag counter electrode at a scan rate of 100 mV/s from —1.2 to 1.7 V
for three cycles.

The cycling stability of the 1:2 EDOT/ProDOT(COOH),
copolymer film was investigated over 100 cycles by cycling in 0.1
M PBS from —1.2 to 0.6 V at a scan rate of 100 mV/s. The current
response of the copolymer film over these cycles was compared.

2.5. Aptamer Attachment. For this research, the MUCI1
aptamer was attached to the carboxylic acid functionalized EAP by
pipetting PBS containing 25 mg/mL EDC, 30 mg/mL NHS, and 30
UM of the aptamer onto the top of the slide and incubating for 2.5 h
at room temperature. The resulting aptasensor was washed extensively
with PBS to remove excess aptamer from the electrode surface. Figure
3 illustrates the process of attaching the aptamer to the polymer.
Aptamer attachment to the copolymer on the ITO slide was
confirmed using CV, fluorescence microscopy, and infrared spectros-
copy. CVs of the copolymer were acquired before and after aptamer
attachment using a potential sweep at 100 mV s~ from —1.2 to 0.6 V
in 0.1 M PBS and a Ag/AgCl reference electrode.

Fluorescence microscopy was used to examine the PBS-wetted
slides by imaging the FAM label of the aptamer. Fluorescence images
of the aptamer’s FAM label (45, = 495 nm and Ag,, = 520 nm) were
captured using an Invitrogen EVOS FL microscope at a light intensity
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Figure 3. ITO-coated glass slide modification, electrochemical copolymerization, and aptamer attachment.

of 50%, a shutter speed of 1 ns, and at a magnification of 20X using a
GFP filter cube (470/22 nm excitation and 525/50 nm emission).
Two controls were used on substrates with a ratio of 1:2 EDOT/
ProDOT(COOH), to demonstrate the sensing specificity provided
by the presence of the aptamer. The negative control lacked the
aptamer. Instead, the EAP substrate was exposed to only PBS (pH
7.4). The second control consisted of an adsorption control where the
EAP was exposed to the aptamer without the use of EDC and NHS.

Attenuated total reflectance infrared spectra were acquired using a
thiophene carboxylate-modified ITO slide, a 1:2 EDOT/ProDOT-
(COOH), copolymer film electrochemically deposited on the
modified ITO, and an aptamer-functionalized copolymer film on
the modified ITO to confirm the functionalization of the biosensor.
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2.6. Electrochemical Detection of the MUC1 Antigen. The
performance of the MUC1 aptasensor was investigated by incubating
it in increasing concentrations of MUCI peptide in 0.1 M PBS (pH
7.4) in the concentration range shown in Table 1 for 30 min per
concentration.

After incubation, the MUCI solution was wicked away with a lint-
free wipe, and the MUC1-bound aptasensor was characterized using
cyclic voltammetry in 0.1 M PBS with a potential window of —1.2 to
0.6 V with a Ag/AgCl reference electrode and a Pt flag counter
electrode at a scan rate of 100 mV/s. The current at the polymer
oxidation peak potential for each concentration was used to determine
the limit of detection (LOD) and linear range of the aptasensor.
Three CVs were obtained for each concentration to calculate the

https://doi.org/10.1021/acsapm.2c01739
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Table 1. Concentration of MUC1 Peptide Solutions Used
for Evaluating Sensor Performance

solution no. peptide concentration

0 fg/mL

625 fg/mL(709 fM)
6.25 pg/mL(7.09 pM)
62.5 pg/mL(70.9 pM)
625 pg/mL(709 M)
6.25 ng/mL(7.09 nM)
62.5 ng/mL(70.9 nM)
625 ng/mL(709 nM)
6.25 pug/mL(7.09 uM)
12.5 pg/mL(14.2 uM)
25 pg/mL(28.4 uM)
S0 pg/mL(56.8 uM)
100 pg/mL(113.5 uM)

O ®© N1 N L W N = O

—_
=

—
%)

standard deviation. The LOD was calculated as the concentration at
which the sensor’s signal was three standard deviations from that of
the blank, per eq 1

SignalLOD = signalblank — 3 Oplank (1)

where oy, represents the standard deviation between replicates of
the blank.

The negative control EAP biosensor lacking the MUCI aptamer
was exposed to the same range of concentrations of MUCI peptide
for comparison.

2.7. Determination of Sensor Specificity and Stability. The
interference of the various non-specific targets was tested by
incubating the MUCI aptasensor along with a mixture of the non-
complimentary targets: IgG and cell culture media. The detection was
characterized using CV. A two-tailed, paired Student’s t-test was
utilized to determine the statistical significance of differences between
samples with interfering agents and the control. p < 0.0S was set as the
significance level.

The storage electrochemical stability of the aptasensor was
investigated over a period of 10 days. The aptasensor was stored in
0.1 M PBS, and CVs were obtained every 2 days. In addition, the
stability for the 1:2 EDOT/ProDOT(COOH), copolymer ratio was
also tested on day 7 and day 14 while keeping the biosensor stored in
PBS.

3. RESULTS

3.1. Polymer Growth and Cycling Stability. Direct
covalent attachment of aptamers to an EAP substrate is
facilitated using the ProDOT-(COOH), monomer; the
carboxylic acid groups can be further decorated with aptamers
via amide linkages as shown in Figure 3. As reported
previously,” the water solubility of the ProDOT-(COOH),
homopolymer makes it unsuitable for aptasensor use. Instead,
electrochemical polymerization of a 1:2 ratio of EDOT/
ProDOT(COOH), yields a stable, insoluble copolymer that
could be bonded to an aptamer for analyte detection.

In this work, other monomer ratios have been explored to
identify the best combination of insolubility and functionaliz-
ability for optimal MUCI aptasensor performance. Many
instances of electrochemical copolymerization can be found in
the literature, but best results are generally found when
oxidation potentials of the two monomers are within ca. 0.2 V
of each other.** In the case of the copolymers explored here,
EDOT oxidizes at 0.92 V versus Ag/Ag" on a Pt button
working electrode, while ProDOT(COOH), oxidizes at 1.15 V
versus Ag/Ag®, a difference of 0.23 V. The electrochemical
copolymerization of the two monomers was explored at 0, 33,
50, 67, and 100% ProDOT(COOH),. In all cases other than
100% ProDOT(COOH),, polymerization onset was apparent
beginning at 0.92 V versus Ag/Ag" (Figure S1) on a platinum
button electrode, consistent with EDOT oxidation. Interest-
ingly, the current response for PProDOT(COOH), deposition
is much lower than that for PEDOT deposition, possibly
indicating that either less polymerization occurs with ProDOT-
(COOH), or that PProDOT(COOH), is less electroactive
than PEDOT. In the copolymers, the current response
decreased as the ProDOT(COOH), content increased (Figure
S1).

For aptasensor fabrication and testing, the Pt button
working electrodes were replaced with ITO-coated glass slides;
the much larger surface area of the ITO slides increases the
oxidation potential somewhat to 1.28 V versus Ag/Ag" for all
the three ratios used (1:2, 1:1, and 2:1 EDOT/ProDOT-
(COOH),). The CV for the 1:2 ratio of EDOT/ProDOT-
(COOH), can be seen in Figure 4a; CVs for the other ratios
are similar and can be found in the Supporting Information
(Figure S2). Electrochemical copolymerization for all ratios
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Figure 4. (a) CV of copolymer growth for the 1:2 ratio of EDOT/ProDOT(COOH), (total monomer concentration 0.01 M in 0.1 M TBAP in
acetonitrile) on an ITO-coated glass slide at 100 mV/s from —1.2 to +1.7 V vs Ag/Ag". Inset: Image of copolymer growth on a modified ITO-
coated glass slide stored in the oxidized state in acetonitrile. (b) Polymer cycling stability: the 1:2 EDOT:ProDOT(COOH), copolymer film was
cycled from —1.2 to 0.6 V 100 times in 0.1 M PBS at a scan rate of 100 mV/s.
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resulted in the formation of deep blue films (Figure 4a inset)
that were insoluble in acetonitrile.

The cycling stability of the 1:2 EDOT/ProDOT(COOH),
copolymer film was tested by cycling it from —1.2 to 0.6 V for
100 cycles. As can be seen in Figure 4b, the shapes of the CVs
shift, with each subsequent oxidation sharpening and the
oxidation peak shifting to a slightly higher potential; the most
pronounced change occurs in the first 25 cycles. From this
plot, it is evident that the film did not delaminate or lose
electroactivity, even after 100 cycles. The change in oxidation
behavior may be due to the switch from the organic TBAP
electrolyte solution to the aqueous PBS electrolyte solution;
changing electrolyte has been observed to change the
electrochemical behavior.**®

3.2. Aptamer Attachment to the EAP Biosensor.
Figure Sa shows the CV of the copolymer film before and after
MUCI1 aptamer covalent attachment with EDC and NHS on a
biosensor with the 1:2 PEDOT/PProDOT(COOH), copoly-
mer ratio, while Figure S3 (Supporting Information) shows the
CVs for the 1:1 and 2:1 ratios. For all the three copolymer
ratios, there was a slight positive shift in the peak oxidation
potential and a slight negative shift in the peak reduction
potential after aptamer attachment. The data suggest that
addition of the non-conductive aptamer to the surface results
in increased driving voltage requirements to enable polymer
oxidation or reduction.

The adsorption control (Figure Sb) consisted of a 1:2
EDOT/ProDOT(COOH), copolymer film exposed to the
MUCI aptamer without EDC and NHS. The negative control
(Figure Sc) consisted of a 1:2 EDOT/ProDOT(COOH),
copolymer film exposed to PBS but no aptamer. Both controls
show only minor changes in the oxidation and reduction peaks
before and after the copolymer films were exposed to the
aptamer without EDC and NHS (Figure Sb) or PBS (Figure
Sc). The changes observed in these controls were smaller than
those observed when the aptamer was attached (Figure 4a)
and could at least in part be attributed to the shifts observed
with running CV on the sample, as observed in Figure 3b.

Fluorescence microscopy was also used to confirm aptamer
attachment to the biosensor surfaces. Figure 6a shows
fluorescence microscopy images of the biosensor with the
1:2 PEDOT/PProDOT(COOH), copolymer ratio after
attachment of the aptamer. Green fluorescence associated
with the fluorescein tag on the 5 end of the aptamer
confirmed the presence of the aptamer. Images of the negative
control do not show any fluorescence, as expected, since no
aptamer was attached to the copolymer (Figure 6b). Images of
the adsorption control showed the presence of some
fluorescence due to nonspecific adsorption of the aptamer
(Figure 6¢). The small band gap of 1:2 PEDOT/PProDOT-
(COOH), (1.85 eV; Figure S4) leads to rapid electron—hole
recombination, rendering these polymers natively non-
fluorescent.”’Figure S5 shows the lack of fluorescence of the
copolymer in the excitation wavelength range of 300—550 nm,
confirming the lack of overlap with fluorescein. Thus, the only
source of fluorescence in these films is the fluorescein
fluorescent label of the aptamer.

Infrared spectroscopy was also used to provide evidence of
aptamer attachment. The FTIR spectra of the modified ITO,
the 1:2 EDOT/ProDOT(COOH), copolymer grown on the
modified ITO, and the aptamer-functionalized copolymer on
the modified ITO can be seen in Figure S6. The copolymer
spectrum is similar to that of PEDOT,"® with the addition of
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Figure S. (a) CVs before and after MUCI aptamer attachment for the
biosensor with the 1:2 EDOT/ProDOT(COOH), copolymer in the
reduced state. Sensors show a slight shift to a higher potential for the
oxidation peak and a slight decrease in the reduction peak after
attachment. (b) Adsorption control: CVs from before and after the
copolymer were exposed to the MUCI1 aptamer without using EDC
and NHS. (c) Negative control: CVs from before and after the
copolymer was exposed to PBS only.

C=0 absorption (centered around 1650 cm™). The notable
differences going from the copolymer to the aptamer-
functionalized copolymer are increased water content in the
more hydrophilic aptamer-functionalized copolymer (broad
absorption centered at 3204 cm™'), an increase in the primary
amide content due to C=N and additional amide groups in
the aptamer (1627 cm™'), increased absorption due to
additional ether groups in the aptamer (1135 cm™), and
increased absorption due to incorporation of P—O—C groups
in the aptamer (ca. 1010 cm™).

3.3. Electrochemical Detection of the MUC1 Antigen.
The aptasensors were incubated with the MUCI1 peptide at
varying concentrations for 30 min prior to wicking of the fluid
and collection of CVs in PBS. Figure 7a—d shows the MUCI1
detection conducted with the MUC1 polypeptide. As shown in
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)

c)

Figure 6. Fluorescence microscopy images (470/22 nm excitation and $25/50 nm emission) of (a) EAP + APT + EDC/NHS; (b) EAP + APT in
the absence of EDC/NHS; and (c) EAP in the absence of APT, EDC, or NHS. EAP = EAP with 1:2 EDOT/ProDOT(COOH), molar ratio; APT
= aptamer. Green fluorescence observed in “a” is associated with the fluorescein amidite label of the aptamer, confirming its attachment to the EAP
via carbodiimide chemistry. The low level of fluorescence in “b” indicates a mild level of aptamer adsorption to the EAP in the absence of EDC and
NHS which prevent covalent attachment to the substrate. Scalebar = 200 ym.
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Figure 7. (a—c) Plot of response of biosensors with (a) 1:2 EDOT/ProDOT(COOH),, (b) 1:1 EDOT/ProDOT(COOH),, and (c) 2:1 EDOT/
ProDOT(COOH), ratios as a function of MUC1 peptide concentration (from 1 to 12: 625 fg/mL, 6.25 pg/mL, 62.5 pg/mL, 625 pg/mL, 6.25 ng/
mL, 62.5 ng/mL, 625 ng/mL, 625 pug/mL, 12.5 ug/mL, 25 ug/mL, SO ug/mL, and 100 pg/mL) in 0.1 M PBS (pH 7.4). Inset: Plot of peak
current vs log of MUC1 peptide concentration in the linear range. (d) Plot of response of control biosensor lacking aptamer to MUCI solutions at

varying concentrations.

Figure 7a, the peak anodic current decreased with increasing
concentrations of the MUC1 peptide. This may be caused by
the addition of the negatively charged aptamer interacting with
the non-conducting macromolecule (MUCI1 peptide), thereby
reducing the conductivity of the aptasensor and requiring more
voltage to drive the ions through it. The reduction in
electrochemical response of the aptasensor may be due to
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the formation of the more aptamer—target complex, which
increases the charge-transfer resistance of the aptasensor. Of
note, interaction with the target MUCI peptide results in a
decrease in the oxidation peak current, that is, an opposite
trend to that observed in Figure 4b upon cycling the polymer.

MUCI1 detection using the biosensor prepared from the 1:2
EDOT/ProDOT(COOH), copolymer ratio was linear from
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Table 2. Comparison of Aptasensor Performance Obtained and Other MUC1 Aptasensors in the Literature

detection methods analyte linear range LOD reference

electrochemical impedance MUCI peptide 10 pg/mL to 1.0 ug/mL 0.90 pg/mL 49

spectroscopy (APDTRPAPG)
fluorescence MUCI peptide 5.31 ng/mL to 200 ng/mL 37.62 ng/mL S0

(APDTRPAPG)

fluorescence MUCI protein 0.2 ng/mL to 100 ng/mL 0.13 ng/mL S1
electrochemical impedance MUCIL protein 3.6 ng/mL EIS and 0.95 ng/mL DPV 3.6 ng/mL EIS and 0.95 ng/mL DPV 52

spectroscopy (EIS) and

differential pulse voltammetry

(DPV)
CV, EIS, and DPV MUCI protein 1 fM to 100 nM 0.79 ftM 53
fluorescence MUCI protein 50 pg/mL to 100 ng/mL 10 pg/mL 54
Ccv MUCI peptide 625 fg/mL to 6.25 ng/mL (709 fM to 7.09 nM) 369 fg/mL (418 fM) this .

‘WOr|

625 fg/mL to 6.25 ng/mL (709 fM to 7.09 nM) with a LOD of a) 800
369 fg/mL (418 fM) (Figure 7a). MUCI1 detection for the 600
biosensor prepared from the 1:1 EDOT/ProDOT(COOH),
copolymer ratio was similar, with a linear relationship from 625 400
fg/mL to 6.25 ng/mL (709 fM to 7.09 nM) and a LOD of 364 § 200
fg/mL (413 fM) (Figure 7b). Detection using the biosensor =
prepared from the 2:1 EDOT/ProDOT(COOH), copolymer g 0
ratio was less effective, with a narrow linear relationship only ©
from 625 fg/mL to 6.25 pg/mL (7.09 fM to 7.09 pM) and a 200
LOD of 1.81 pg/mL (2.06 pM) (Figure 7¢). Overall, the 2:1 -400
EDOT/ProDOT(COOH), copolymer ratio resulted in the
largest LOD and the smallest linear range. Biosensors prepared '600_1 5 o w05 o0 os 10
from both the 1:1 EDOT/ProDOT(COOH), and 1:2EDOT/ ' " Potential (V vs A/AGC]) '
ProDOT(COOH), copolymer ratios were more favorable.

To demonstrate that the behavior observed was a direct b) 2500 —day 0
result of capture of the target MUCI by the aptasensor, we 2000 day 2 )
conducted a control study in which a CP-coated electrode 1500 day 4 SN
lacking the aptamer was exposed to the same MUCI solutions. 1000 day 6 :
Figure 7d shows that in the absence of an aptamer, no 3 500
significant response is observed, as expected. This indicates £
that nonspecific adsorption of MUCI on the CP surface does e O 7 ' \_J

o , o {

not significantly affect the sensor’s performance. -500 \

The performance of the aptasensor reported in this work -1000 -
was compared to what was previously reported in the 1500 =~
literature. Table 2 shows the performance of other aptasensors wo b
for the detection of MUC]1, and the results of the aptasensor in 15 10 05 0.0 05 10
this work are comparable in terms of low detection limit. The Potential (V vs Ag/AgCl)
EAP-based aptasensor in this work provides a low LOD and c) s
broad linear range and has the benefit of a less-expensive 1—day 0
immobilization matrix material (conducting polymer) that can 600 7 Zayi
be synthesized commercially for potential large-scale manu- 400 dgs
facturing of the aptasensor once all relevant parameters are = 1—days
optimized. 2 200 ]

3.4. Aptasensor Stability. The stability of the biosensors 5 0 ]
prepared with each of the three copolymer ratios was tested by 3
storing the biosensors in 0.1 M PBS at room temperature and -200 1 = /
subjecting them to CV measurements either every 2 days 400 \_/_,_d/
(Figure 8) or only on days 0, 7, and 14 (Figure 9). In all cases, 1
the current response increased slightly between day 0 and the -600 1

-1.5 -1.0 -0.5 0.0 0.5 1.0

next measurement; this is likely a result of the copolymer films
equilibrating to the new electrolyte. As can be seen in Figure 8,
biosensors prepared from all the three ratios appeared to
maintain the electrochemical stability for at least 6 days.
Specifically, the sensor’s current output was maintained within
20% of the original response after storage in PBS during this
time period. Nonetheless, the oxidation peak potentials for all
the three ratios did increase over time, indicative of loss of
electroactivity which may be due to irreversible oxidation. This
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Potential (V vs Ag/AgCl)

Figure 8. CVs reveal the stability of copolymer aptasensors every 2
days after incubation in 0.1 M PBS (pH 7.4). (a) 1:2 EDOT/
ProDOT(COOH),, (b) 1:1 EDOT/ProDOT(COOH),, and (c) 2:1
EDOT/ProDOT(COOH),.

effect could potentially be mitigated by storing the biosensors
under inert conditions prior to use, as we showed in our
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Figure 9. Storage stability studies examining the electrochemical
response of the biosensor prepared using the 1:2 EDOT/ProDOT-
(COOH), copolymer ratio on (a) day 0 and day 7 and (b) day 0 and
day 14.

previous work.” The 1:2 EDOT/ProDOT(COOH), sensor
maintained electroactivity for up to 10 days, while the 1:1
EDOT/ProDOT(COOH), and the 2:1 EDOT/ProDOT-
(COOH), biosensors delaminated after 6 and 8 days,
respectively. Taken in combination with the superior LOD
and linear range seen in Figure 7, the biosensor prepared using
1:2 EDOT/ProDOT(COOH), is clearly the best choice
among the three biosensor ratios used in this study. As can be
seen in Figure 9, the 1:2 biosensor was still stable after 7 days,
and after 14 days; the replicates of these experiments (Figure
S7) are consistent with the results seen in Figure 9.

3.5. Selectivity of the Aptasensor. A comparative study
was conducted to investigate the selectivity of the aptasensor.
This was achieved by incubating the aptasensor in 12.5 pg/mL
IgG and 1:20 dilution of cell culture media as the interfering
molecules, both individually and combined. Cell culture media,
an interfering matrix for this study, typically contains amino
acids, vitamins, and carbohydrates that could potentially
interfere with the MUCI1 peptide. A 1:20 dilution of cell
media was selected in accordance with the procedures
previously reported in the literature.’”*'Figure 10 shows the
response of the aptasensor represented as a normalized percent
change in peak current response. The formation of the target—
aptamer complex causes a decrease in the charge transfer of the
ions to the aptasensor surface. This leads to a significant
change in the peak current response when compared to zero
concentration, as can be seen with both MUCI -current
responses in the figure. The interaction of the aptasensor with
the cell culture media leads to a higher than background
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Figure 10. Selectivity of the aptasensor toward 12.5 ug/mL MUCI
and interfering species IgG (12.5 ug/mL) and cell culture media
(1:20 dilution). * Statistically significant from the aptasensor change
in current response at 0 concentration.

change in current response but significantly smaller than the
samples that have MUC1 present.

The aptasensor showed very good selectivity against the IgG
interfering molecule as very little change in current response
was observed. The aptasensor was then incubated in a mixture
of 1:20 dilution of cell culture media, 12.5 ug/mL IgG, and
12.5 pug/mL MUCI (performed for each of the MUCI
peptides). The MUCI1 mixtures containing interfering
molecules showed good change in current response, which
suggests that the aptasensor was able to successfully bind to
the MUCI target in the presence of the interfering molecules.

4. CONCLUSIONS

EAP-based electrochemical aptasensors were prepared as low-
cost, rapid screening tests for MUCI. ProDOT(COOH), was
used as an electroactive monomer that provided sites for
aptamer attachment in combination with EDOT wused to
impart the insolubility, and thus the stability, of the resultant
aptasensors. Three different electroactive monomer ratios were
used to prepare EAP copolymer aptasensors for MUC1, with a
goal of maximizing sensitivity and stability. While both the 1:2
and 1:1 EDOT/ProDOT(COOH), ratios produced similar
low limits of detection (ca., 369 fg/mL or 418 fM) and broad
linear ranges (625 fg/mL to 6.25 ng/mL) with the MUC1
peptide APDTRPAPG, the 1:2 ratio was found to be more
stable. This 1:2 aptasensor was found to retain its electro-
activity for at least 14 days when stored in a 0.1 M PBS
solution.

The 1:2 aptasensor’s selectivity was investigated with
relevant interfering species such as IgG and cell culture
media. The aptasensor was successfully able to selectively bind
and show a significant change in the peak current response in
the presence of the MUCI target.
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