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Monitoring DNA Hybridization with Organic
Electrochemical Transistors Functionalized with

Polydopamine

Matteo Sensi,* Giulio Migatti, Valerio Beni, Tommaso Marchesi D’Alvise, Tanja Weil,
Marcello Berto, Pierpaolo Greco, Carol Imbriano, Fabio Biscarini,

and Carlo Augusto Bortolotti

Organic electrochemical transistors (OECTs) are finding widespread
application in biosensing, thanks to their high sensitivity, broad dynamic
range, and low limit of detection. An OECT biosensor requires the
immobilization of a biorecognition probe on the gate, or else on the channel,
through several, often lengthy, chemical steps. In this work, a fast and
straightforward way to functionalize the carbon gate of a fully screen-printed
OECT by means of a polydopamine (PDA) film is presented. By chemical
immobilization of an amine-terminated single-stranded oligonucleotide,
containing the HSP70 promoter CCAAT sequence, on the PDA film, the
detection of the complementary DNA strand is demonstrated. Furthermore,
the specificity of the developed genosensor is assessed by comparing its
response to the fully complementary strand with the one to partially
complementary and noncomplementary oligonucleotides. The developed
sensor shows a theoretical limit of detection (LOD) of 100 x 10~'° M and a

1. Introduction

Label-free biosensors based on electrolyte-
gated organic transistors (EGOTs) are
emerging technologies!!! for the detec-
tion of a wide range of targets, includ-
ing neurotransmitters,>3]  proteins, 7]
antibodies,®l  oligonucleotides,['*?!  and
even viruses.'l  EGOTs encompass
electrolyte-gated organic field-effect tran-
sistors (EGOFETs) and organic electro-
chemical transistors (OECTs). The latter
can be operated either in faradic or non-
faradic regimes, depending on whether the
modulation of the channel conductance is
achieved by faradic processes at the gate,
caused by the presence of redox-active

dynamic range over four orders of magnitude.
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molecules on the gate/channel or in the

electrolyte solution,[!> or rather by ca-

pacitive charging of the ionic double layer

at the gate electrode, which causes ions
to penetrate in the channel.['] In OECTs, source and drain elec-
trodes are connected by a p- or n-type organic semiconductor, in
contact with a third electrode, called gate, through an electrolyte.
The current in the channel, generated by applying a drain-source
voltage (Vp), is modulated by a second voltage applied between
the source and gate electrodes (V). The modulation of the chan-
nel strongly depends on the gate and channel materials, but also
on the gate or channel functionalization with the sensing probe
and the electrolyte composition.

In recent years, the potentiality of additive manufacturing,
and more specifically screen-printing, for the large-scale man-
ufacturing of OECTs for sensing!'*!®17l and digital circuits
applications!'®1°] has been demonstrated. In literature, exam-
ples of oligonucleotides detection by means of OECTs2*2!91 and
EGOFETs!?223] can be found; the key to the sensor performance is
the reliable immobilization of a specific oligonucleotide probe on
the gate electrode. Several approaches have been reported to per-
form the immobilization of the probe including the use of thiol-
based self-assembled monolayers,!?*l hydrogels,['72225] carbon-
based matrices,?®! and proteins.[?’”] Most of the cited methods
require a “blocking step” in which anti-fouling molecular mono-
layers or proteins are added to avoid/minimize the non-specific

© 2022 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH
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adsorption of biomolecules (i.e., specific and/or unspecific DNA
strands) onto the gate.

An alternative immobilization strategy, which has been pre-
viously reported for electrochemical sensing!?®! but never for
EGOTs, takes advantage of the peculiar properties of poly-
dopamine (PDA). PDA is a bioinspired, highly cross-linked poly-
mer that is formed by the polymerization of the naturally occur-
ring neurotransmitter dopamine.!?”! Polymerization and film for-
mation proceeds in a fast and straightforward fashion by simple
air-induced oxidation on various surfaces.[?! Although the ex-
act structure of PDA has not yet been completely clarified,?%3!]
various functionalities are known to be formed during the poly-
merization process such as catechols, quinoines, and indoles,
which allow straightforward functionalization.®?! In particular,
the catechol and quinone groups on the film surface can in-
teract in a covalent as well as noncovalent fashion with the
molecules and proteins of interest through hydrogen bonds,
Michael’s addition, and Schiff’s base chemistry and pi-stacking.
For example, Michael additions or Schiff base reactions between
the quinone surface groups of PDA and amino groups!?®**! or
thiol groups,3*3¢l introduced at the 5’ or 3’ end of oligonucleotide
probes, have been reported demonstrating an outstanding func-
tionalization density.*”] Therefore, the use of PDA can be consid-
ered a promising gate functionalization strategy for electrolyte-
gated organic transistors.

In this work, we exploit the properties of PDA to easily func-
tionalize, via Michael’s addition or Schiff base chemistry, the car-
bon gate of fully printed OECTs with an oligonucleotide probe,
for the development of a genosensor for the detention of the re-
verse strand of an oligonucleotide containing the HSP70 pro-
moter CCAAT sequence. The CCAAT box represents the bind-
ing site specifically recognized by the transcription factor NF-
Y, whose overexpression has been associated with cancer pro-
gression and aggressiveness.’®%*] Assessment of the developed
genosensor was performed by evaluating its ability to hybridize
and selectively detect its reverse complementary sequence and to
form double-stranded DNA (dsDNA). By exposing the biosensor
to fully complementary DNA, and by performing control exper-
iments with mismatch-bearing and noncomplementary strands,
we demonstrate the potential use of the device not only for the
detection of oligonucleotides at low concentrations (theoretical
LOD =100 x 107> M) but also for investigating the specificity
of biorecognition and fundamental aspects of the hybridization
processes.

2. Results and Discussion

The device described in this work is a flexible planar organic elec-
trochemical transistor genosensor printed on PET, consisting of a
PEDOT:PSS channel and a coplanar carbon gate electrode.!'31¢]
To facilitate the immobilization of an amino-modified oligonu-
cleotide probe (see Figure 1, panels a and b), the gate elec-
trode was modified with a PDA film.[*0] More specifically, we ex-
ploited the ability of dopamine (DA) to spontaneously polymer-
ize on various surfaces, i.e., metals or polymers, from buffered
solutions.[?] In the work reported herein, we modified the gate
electrode by drop-casting 10 uL of 1 mg mL~' DA solution in
1x phosphate-buffered saline (PBS) buffer at pH 7.4 for 24 h at
RT. As shown in Figure 1c, the formation of the PDA film was
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monitored by cyclic voltammetry (CV), connecting the gate as
the working electrode. The formation of the PDA film was de-
tected by the appearance of two redox peaks/shoulders usually
associated with catechol oxidation and quinones reduction,*!42]
at 140 mV and 50 mV versus Ag/AgCl, respectively. PDA
film formation was also monitored by faradaic electrochemical
impedance spectroscopy (EIS), where we observed an increase
in the charge transfer resistance (R,) between the K;[Fe(CN),]
redox probe and the gate electrode upon film formation (Figure
S1, Supporting Information).

We then immobilized a single-stranded oligonucleotide probe
on the PDA-modified gate. A 25-base long oligonucleotide was se-
lected featuring an amino group at the 5’ end of a C6-spacer; its
full sequence is reported in the materials and methods section.
We will refer to this oligonucleotide and its complementary ss-
DNA strand (lacking the C6-spacer as well as the terminal amino
group) as the “probe” and the “fc-target” (full-complementary tar-
get), respectively.

Grafting of the DNA probe onto the PDA film has been ac-
complished by the formation of a new covalent bond between
its 5" amino-terminal group on DNA and the PDA exposing
quinone groups, that could proceed either through Michael ad-
dition and/or through Schiff base reaction.?®2* As a result of
the reaction, the PDA film presents catechol groups, and a bond
is formed with the amino-terminal group of the oligonucleotide.
More specifically, we covered the gate electrode with 10 uL of
a 10 X 107% M probe solution in 1x PBS buffer, at pH 8 for 4
h at RT. To monitor DNA binding, we measured the transfer
characteristics of the device by applying Vps = —0.2 V and Vg
from —0.2 V to 0.4 V, and cyclic voltammetry, connecting the
gate as a working electrode, in 1x PBS buffer at pH 7.4. In Fig-
ure 2a we compare the transfer characteristics for OECTs with
bare carbon gate (black line), carbon gate—PDA (red line), and car-
bon gate-PDA-DNA modified gate (blue line). The carbon gate
does not modulate the transfer curve, since it is necessary to ex-
tend the Vg range to 2 V to obtain a significant modulation due
to redox reactions taking place at the electrode surface, as pre-
viously reported.['3] Upon gate functionalization, we observe a
slight modulation (see Figure S5, Supporting Information). It is
however apparent that the deposition of PDA and then the bind-
ing of the probe both induce a decrease in the I, current. The ab-
sence (or modest) of V;g modulation suggests that we are mostly
observing the response due to the change of channel conductiv-
ity because of the change of the electrochemical potential of the
electrolyte, due to the gate functionalization.[*]

To gain a better inside into the results of the transfer experi-
ment, the gate currents (I5) were also plotted and analyzed. The
absence of any redox peak in a wide range of voltages makes the
carbon gate suitable to study the reactivity of redox enzymes!*¢!
and polymers, like PDA. Whereas no redox reactions take place at
the bare carbon gate, in the used Vs window, in the case of the
PDA modified gate two broad peaks/shoulders around 0.2 and
0.1 V were recorded, indicating the presence of redox processes.
These redox signals disappeared when DNA was immobilized on
the carbon/PDA gate (Figure 2b, blue line). Since DNA is likely
to bind to the quinones on the PDA film, these observations con-
firm the attribution of the redox signal in the I to the catechol
group’s oxidation in the PDA film, and they also support the suc-
cessful covalent immobilization of the DNA strand. In addition,

© 2022 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH

95U8017 SUOWWOD SAIIER.D 3[dedl|dde 8y Aq peusenob e Sspie YO ‘8sn Jo sejni Joj AkeiqT8uIIUQ A1/ UO (SUONIPUOD-PUR-SLIBYWO A8 | IM Afe.q 1 jBulUO//SANY) SUONIPUOD pue SWIe 1 8y} 88S *[£202/0T/2T] Uo ARIqiTauliuo A8]iMm ‘elfelieueiyood Ag 08800TZ0Z SWeW/Z00T 0T/I0p/uod" A3 1M Alelq puljuo//sdiy wolj pepeojumod ‘S ‘2202 ‘vS0Z6ErT



ADVANCED
SCIENCE NEWS

M

Materials ana Engineering

www.advancedsciencenews.com

www.mame-journal.de

a)
/ Dopamine (DA)

Polydopamine (PDA)

\

1mg/m| DA O, o HO OH HO OH
HOD/\/NHZ in PBS 1X, pH 7.4
_—
He ON‘ RT NH 7 NH _~ NH, V%
CoDNA
NH,-C6-DNA, HO N HO OH
in PBS 1X, pH 8
PDA _— NH—Cg-DNA
4h, RT
\ Schiff’s base Michael addition
b) .
PDA formation Probe W Target —\
HO NH ;
) O ‘ L,
HO 5\ :
DA PDA ““PDA
c) .
| (—— Carbon
0.10 Carbon/PDA
——— Carbon/PDA/Probe
0.05}
< o0.00}

I

E vs Ag/AgCI (V)

0?4 0j3 0i2 0i1 0?0 -0.1

Figure 1. Polydopamine film deposition. a) PDA film formation and probe immobilization reaction scheme. PDA is a highly crosslinked structurally
complex material and only some of the possible structural components are shown; for a more in-depth discussion about PDA structure see for example
refs. #0028,31, and #0041. b) Schematic representation of the OECT and the steps of carbon gate functionalization by PDA, probe, and detection of
fc-target (the DNA 3D structure was taken from the PDB file 4WAL). c) Cyclic voltammetry of the carbon gate before (black) and after (red) deposition
of PDA by drop-casting and after immobilization of the probe sequence (blue). The CVs were recorded in PBS 1x, at pH 7.4 and 50 mV s~'. RT, room

temperature; ON, overnight.

also the CVs reported in Figure 2b support these experimental
findings. The presence of the PDA redox processes has a direct ef-
fect on the drain-source current, which can be observed by exam-
ining the first derivative of the transfer curves, viz. the transcon-
ductance (Figure 2c). The transconductance increases after depo-
sition of PDA on the carbon gate (red line), exhibiting a marked
shoulder at +140 mV, viz. the potential corresponding to the peak
in Figures 1c and 2b. The shoulder then disappears after immo-
bilization of the DNA probe on the PDA film, consistently with
what was observed in the CVs (Figure 1c) and in the I¢ versus
Vs curves (Figure 2b). The functionalized device shows good sta-
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bility over time, exhibiting a change of 1.5% of I, current at V¢
= 0.4 V after 15 days at room temperature in a petri dish (Figure
S7, Supporting Information).

To assess the hybridization between the probe and the comple-
mentary strand, we exposed the functionalized device to 1x PBS
solutions containing increasing concentrations, ranging from
1x 10712 M to 100 x 10~ M of the fc-target oligonucleotide, fol-
lowed by recording, in situ, of the transfer curves. After each
change of solution, the transfer curves were recorded continu-
ously for 15 min until stabilization of the I, current was ob-
served. A V¢ window between —0.2 V to 0.4 V and a fixed V4 of
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Figure 2. Probe DNA immobilization on the gate. a) Ipg and b) /g versus
Vs curves of the OECT recorded after each step of functionalization of the
gate at Vpg = —0.2 V. ¢) Transconductance (g,,,) extracted from the data in
panel a by calculating the first derivative of the curves. All measurements
have been performed in PBS 1x, at pH 7.4.
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—0.2 V were applied. The gate-source voltage window was chosen
to avoid further redox processes within the PDA film[?® (see Fig-
ure S2, Supporting Information); moreover, the sweeping of the
Vs during the hybridization was adopted since it was suggested
that DNA hybridization could be facilitated by sweeping the po-
tential applied to an electrode modified with the DNA probe.[*?!
As shown in Figure 3a, upon exposure to 1 X 10712 m of fc-target,
the I current increases, and the transfer curve is shifted to
higher potentials. This trend was observed before in OECT op-
erated as DNA biosensors.?!l PEDOT:PSS based OECTs operate
in depletion mode, i.e., a positive voltage is required to induce
the penetration of cations in the polymer film (channel), which
leads to a decrease in the current in the channel. We might as-
cribe the current increase upon target hybridization to the neg-
ative charge of the oligonucleotides, mostly contributed by the
phosphate groups, which cause a larger voltage drop at the gate—
electrolyte interface; as a consequence, the device responds as a
less positive gate potential was applied.

As shown in Figure 3a, the current increases monotonically
up to 100 X 10~° M, although the smaller increase at the higher
concentration values suggests a saturation of the probes on the
gate. To quantitatively monitor the hybridization process, we ex-
tracted from the current data a response signal (S), calculated as
S = AI/I,, where I, is the I of the same device measured in the
PBS buffer ([fc-target] = 0 M in Figure 3a) at a specific Vg, while
Al is equal to the difference between the I, at a specific analyte
concentration and I, both at the same V.

In Figure 3b the signal S obtained at Vg = +0.4 V, which is the
potential of maximum transconductance, is shown as the aver-
age of n = 4 independent devices, whose error bars represent the
standard deviation. The obtained signal was below 10%, which is
lower than what we observed with EGOT biosensors for proteinl®!
and viruses,!] where values up to 60% were recorded. This is
probably to be ascribed to the fact that the current modulation
in the investigated range is limited, as further confirmed by the
very small differences observed for the signal dependence on the
Vs at which the values are extracted (see Figure S3, Supporting
Information). Nevertheless, the device response can be unam-
biguously ascribed to the DNA hybridization, as confirmed by
control experiments (vide infra and Figure S6, Supporting Infor-
mation). The signal S increases linearly with the logarithm of the
target concentration and tends to a plateau for [fc-target] equal
to or higher than 1 x 107 m. We calculated a theoretical limit
of detection (LOD) of #100 X 10~ m, by adding to the current
when [fc-target] = 0 M the standard deviation multiplied by 3. As
recently proposed by our group,/*! we fit the Frumkin isotherm
to the dose curve to gain insight into the thermodynamics of fc-
target/probe hybridization. To this end, we first calculated the
surface coverage 6 = S/S, ., by assuming S, .. to be 5% higher
than the highest observed S value. We then plotted (Figure 3c)
In[fc-target] versus 6 and fit our data using the following equa-
tion by recasting the Frumkin isotherm:

In [fe-Target] =InK, +In6 —In(1-6) — g'6 (1)

where K, is the equilibrium probe/target association constant,
and the Frumkin factor g’ considers attractive (if positive) or
repulsive (if negative) lateral interactions between probe/target
pairs. The fit of Equation 1 to the dose curve, shown as the red
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Figure 3. Target detection. a) Typical response of the OECT gated by a PDA-modified carbon gate upon exposure to increasing concentrations of fc-target
DNA, recorded in PBS 1x, pH 7.4, at Vg = —0.2 V. b) Semilog plot of the device response S as a function of [fc-target]. The error bars are the SD resulting
from the measurement of four independent devices (3 for 10 x 1073 and 100 x 1073 wm). c) In[fc-target] versus @ plot. The red line has been obtained by
fitting Equation 1 to the data. The error bars are the result of error propagation. d) Response of the device to fc-target (blue bars), pc-target (red bars)
and nc-target (grey bar) at 1x 107'2, 1 x 1072, and 100 x 10~° m, respectively.

curve in Figure 3c, yields K, = 2.6 x 10" + 7.8 x 10", and g’ =
—9.6 + 0.4, the latter value indicating repulsions between nega-
tively charged dsDNA that forms on the gate surface. From the
K, values, we readily obtain the standard free energy change AG®°
= —71k] mol! for the hybridization between the surface-bound
probe and the freely diffusing target.

We also performed a set of control experiments to verify the
specificity of the biosensor toward the complementary strand. To
assess the ability of the device to specifically detect the comple-
mentary strand, we exposed the device functionalized with the
probe to a non-complementary oligonucleotide (nc-target here-
after), for which DINAMelt'“’] predicted annealing of a maxi-
mum of five bases out of 25 (the annealed sequences are shown
in Figure S4, Supporting Information). We tested the response
to the nc-target at the highest concentration investigated for the
fc-target (namely 100 X 10~° m). As shown by the histograms in
Figure 3d, the response to nc-target at 100 X 10~ M concentra-
tion yields a signal that is approximately tenfold lower than the
signal generated by the same concentration of fc-target.

As a further control, we measured the biosensor upon expo-
sure to an oligonucleotide which is only partially complementary
to the surface-bound probe (pc-target hereafter), as it bears five
mismatches. For pc-target, we recorded the response at 1 x 10712,
1 x 107, and 100 x 10~° M. The signal S for pc-target is com-
parable to that for fc-target at 1 x 107!> M concentration, while
the signal at 1 X 10~ and 100 x 10~ M is about twofold lower
for pc-target than for fc-target. These results suggest that, as ex-

Macromol. Mater. Eng. 2022, 307,2100880 2100880 (5 of 7)

pected, the pc-target DNA can bind to the probe despite the mis-
matches, as it still bears large regions of complementary residues
that might ensure hybridization. Noticeably, the device cannot
discriminate between the two strands at the lowest concentration,
while the significant difference for Sat 1 x 10~ and 100 x 10~ m
indicates that pc-target binds with lower affinity, hence a smaller
association constant, allowing discrimination between fc-target
and pc-target.

This confirms that, despite the OECT response inferior to that
of state-of-the-art reported OECT devices, the signal variation is
significant and can be safely used to discriminate between fully
complementary sequences and partially mismatched sequences
with differences of only a few bases.

Furthermore, the performances of the genosensor, in terms of
specificity, limit of detection (~100 x 10~%> m), time required for
the measurement (15 min), and dynamic range (4 orders of mag-
nitude) are comparable with genosensors in literature based on
surface plasmon resonancel*] and electrochemical methods.[*!
Compared to most of the devices based on SPR and Electrochem-
ical methods, our genosensor has properties that make it more
prompt to point of care applications; substrate flexibility, ease of
use, cost-effectiveness, and fast response.

3. Conclusion

In this work, we demonstrated the first example of an OECT
biosensor where the probe is immobilized on the gate by means
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of a bio-based and bioinspired PDA film deposited by drop-
casting. We showed that thanks to the PDA film, the gate can be
easily functionalized with amine-modified single-stranded DNA
by simple incubation. In principle, this strategy can be readily
adapted to any protein or molecule of interest presenting the re-
spective amine or thiol groups. The presented OECT genosensor
was able to detect a fully complementary oligonucleotide, show-
ing a theoretical LOD of 100 X 10~ M and a dynamic range
from 1 x 1072 to 10 x 10~ M. Furthermore, the different re-
sponses of the device toward partially complementary and non-
complementary strands compared to the fully complementary
one showed that the response of the device is clearly correlated
with the hybridization process between the strands.

From a perspective, the functional immobilization of a DNA
probe on an OECT biosensor may represent a new tool to quan-
tify the levels of a DNA-binding factor, such as NF-Y, which
has been proposed as a biomarker predicting risk assessment of
patients.38]

4. Experimental Section

Reagents:  All chemical reagents were purchased from Sigma—Aldrich.
The PBS 1x solution contained Na,HPO, (10 x 1073 m), KH,PO, (1.8 x
1073 m), KCl (2.7 x 1073 m), and NaCl (137 x 1073 wm).

OECT Fabrication: The OECTs were manufactured by screen-printing
techniques on PET (Polyfoil Bias; thickness = 125 um) as previously
described.l'’] A commercial Ag ink (Ag5000, DuPont, U.K.) was used
to print the conductive tracks; the carbon gate and the carbon contact
pads were printed using a commercial carbon ink (C2130307D1, Gwent,
U.K.), while the channel of the device was obtained by printing a PE-
DOT:PSS commercial ink (Clevios SV3, Heraeus Group, Germany). Finally,
an Ag/AgCl electrode was deposited using a commercial ink (C61003P7,
Gwent/Sun Chemical).

By coating with a dielectric layer (5018, DuPont, UK), only the gate, the
channel, and the final contacts of the conductive tracks were left exposed.
All of the devices used in this work had the geometry described in the
following paragraph. The area of the gate was 2 mm?, while the channel
had a dimension of 2 x 3 mm?. The channel thickness, as determined by
atomic force microscopy, was 280 + 20 nm. Gate and channel were placed
at a distance of 2 mm; this was introduced to ensure the easy and selective
modification of the gate by means of drop-casting. The OECT was printed
by using a semi-automatic screen printer (DEK Horizon 03i printer, ASM
Assembly Systems GmbH, Germany).

The gate was functionalized as described previously in the text.

Electrical Characterization: The transfer curves were measured at
room temperature by means of an Agilent B2902A Source Measure Unit
(SMU), by fixing the Vg at —0.2 V and sweeping the gate-source voltage
between —0.2 V and 0.4 V. The electrolyte consisted in a 40 pL drop of PBS
(1%, pH 7.4) that covered both the gate and channel surfaces.

Electrochemical Characterization: The electrochemical measurements,
in a three electrodes configuration, were performed with a CH Instruments
potentiostat 760c by connecting the gate as the working electrode. An
Ag/AgCl electrode (reference electrode), also printed on the device, and a
platinum wire (counter electrode) were used to complete the electrochem-
ical cell. Measurements were performed by immersing the electrodes in a
drop of the electrolyte solution. The CVs were recorded by sweeping the
potential between —0.1V and 0.4V, at 50 mV s~', in PBS (1x, at pH 7.4).
The EIS measurements were performed with the same setup but with a
drop of K;Fe(CN)g (5 x 1073 m) and KCI (0.1 m). The potential was set
to 0.2 V, with an amplitude of 10 mV and in the range of frequencies from
0.1 Hz to 100 kHz.

Oligonucleotides: The oligonucleotides were purchased from IDT.
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Oligonucleotides sequences:

probe: 5’-/AmMC6/TTC TGA GCC AAT CAC CGA GCT CGAT-3’
fc-target: 5’-ATC GAG CTC GGT GAT TGG CTC AGA A-3’

pc-target: 5-ATC GAG CTC GGT GGC CAACTCAGAA-3’

nc-target: 5-GGT TGG GAA TTG CAA CAT GGT TCG ATT GCG AGC
CCA-3
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Supporting Information is available from the Wiley Online Library or from
the author.
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