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ABSTRACT: “Clickable” organic electrochemical transistors (OECTs) allow the reliable
and straightforward functionalization of electronic devices through the well-known click
chemistry toolbox. In this work, we study various aspects of the click chemistry-based
interface engineering of “clickable” OECTs. First, different channel architectures are
investigated, showing that PEDOT-N3 films can properly work as a channel of the
transistors. Furthermore, the Cu(I)-catalyzed click reaction of ethynyl-ferrocene is studied
under different reaction conditions, endowing the spatial control of the functionalization.
The strain-promoted and catalyst-free cycloaddition of a dibenzocyclooctyne-derivatized
poly-L-lysine (PLL-DBCO) is also performed on the OECTs and validated by a fiber optic (FO)-SPR setup. The further
immobilization of an azido-modified HD22 aptamer yields OECT-based biosensors that are employed for the recognition of
thrombin. Finally, their performance is evaluated against previously reported architectures, showing higher density of the
immobilized HD22 aptamer, and originating similar KD values and higher maximum signal change upon analyte recognition.
KEYWORDS: organic electrochemical transistors, click chemistry, biosensors, thrombin, poly-L-lysine

■ INTRODUCTION
Organic electrochemical transistors (OECTs) are a type of
electronic device in which an organic semiconductor film
bridges two electrodes (source and drain) and whose
conductivity is modulated by the application of a gate voltage
through an electrolyte.1 These devices have been widely
employed in the field of organic bioelectronics since they
display many advantages over other transistor technologies
such as metal oxide semiconductor field-effect transistors,
including improved biocompatibility, long-term stability in
aqueous environments, and higher transconductance (gm).2 In
addition, compared to traditional neural recording electrodes,
they offer higher signal-to-noise ratio and the possibility of
fabricating compact arrays.3,4 Therefore, multiple OECT-based
bioelectronic devices have been developed in the last years
such as biosensors, artificial synapses, and recording probes.5−7

Regarding the channel material of OECTs, poly(3,4-
ethylenedioxythiophene) (PEDOT) and its water-stable
colloidal complex with poly(styrenesulfonate) (PEDOT:PSS)
have been the most employed polymers due to the high
electronic conductivity of PEDOT and the excellent
processability of PEDOT:PSS.8,9 However, there are chal-
lenges that still need to be overcome; PEDOT’s intrinsic
doping yields devices with high threshold voltages (VTH),
meaning the necessity of high gate voltages to maintain the
channel in the OFF state, therefore causing parasitic reactions
with the electrolyte and prompting the deterioration of the
devices.10,11 Another major issue yet to surpass implies the
interfacing of these materials with biological systems. In this

regard, the functionalization of PEDOT is usually hindered by
the lack of functional moieties in as-prepared films.8,12

Likewise, the polyanion excess in PEDOT:PSS films limits
their interactions with most biological elements (such as
proteins, nucleic acids, and cells) since they present negative
charges at physiological conditions.13,14

A particularly interesting approach to improve the
biocompatibility and/or facilitate the functionalization of
PEDOT (and PEDOT:PSS)-based films involves the deriva-
tization of the EDOT monomer with a desired molecule/
biorecognition element and its subsequent polymerization.15,16

This method guarantees a high motif density in the film when
homopolymers are desired, while the pristine EDOT monomer
can also be blended to preserve a proper conductivity in the
obtained film (since it is known that the incorporation of
moieties to EDOT can diminish the conductivity of the
resulting films17).18 Therefore, numerous EDOT derivatives
have been developed in the last years to facilitate the surface
(bio)modification of these films, such as azido-EDOT (EDOT-
N3),

19 iminodiacetic acid-EDOT,20 a cationic ammonium-
modified EDOT,16 and maleimide-EDOT,21 among many
others.8,22 In this regard, we have recently reported the
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fabrication of PEDOT-N3-based OECTs, endowing the
incorporation of recognition units such as biotin and aptamers
to the surface.23

On the other hand, click chemistry involves a group of
orthogonal, selective, and high-yield reactions which can be
performed at room temperature and in aqueous solvents, and
whose relevance was recognized by the 2022 Chemistry Nobel
Prize.24,25 These reactions endow the efficient and straightfor-
ward fabrication of bio-constructs, being particularly relevant
for bioconjugation and labeling purposes.26,27 Among the
different click reactions, the Cu(I)-catalyzed azide−alkyne
cycloaddition (CuAAC) is certainly the most popular one.28

The incorporation of the Cu(I) catalyst activates the alkyne
moieties, facilitating the kinetics of the alkyne−azide
condensation and also organizing the reacting groups,
exclusively providing the 1,4-disubstituted 1,2,3-triazole.29

These features have driven the application of CuAAC in a
wide range of fields, and particularly toward the fabrication of
interfacial architectures for the design of biosensing devi-
ces.30,31 In addition, the strain-promoted alkyne−azide cyclo-
addition (SPAAC) reaction between ring-strained cycloalkynes
and azides has also been widely applied for the catalyst-free
modification of surfaces.32,33 This reaction does not require the
use of the copper, which is known to be cytotoxic, and can fully
proceed under physiological conditions, increasing the
possibilities for the engineering of surfaces though click
chemistry.34 In this context, researchers have employed
CuAAC and SPAAC in order to develop several interfacial
architectures that function as electrochemical and optical
biosensing platforms.31,35,36

Similarly, the use of polyelectrolytes is a well-known
approach for the functionalization of surfaces toward the
development of organic bioelectronic devices.11,37−39 Among
them, poly-L-lysine (PLL) exhibits very interesting features,
such as biocompatibility and hydrophilicity, making it
particularly attractive for surface modification.40 Furthermore,
the addition of functional moieties to PLL has been recently
explored, including different recognition elements such as
biotin, maleimide, and RGD peptide.40,41 In addition, oligo-
and poly-ethylene glycol (OEG and PEG, respectively) chains
have also been grafted to PLL, yielding a hydrogel-like brush
structure while incorporating antifouling properties.42 Very
recently, the incorporation of both OEG and “clickable”
dibenzocyclooctyne (DBCO) units to PLL was reported,
allowing the SPAAC between these groups and probes that
bear the complementary azide functionality and therefore
endowing the controlled immobilization of DNA molecules to
produce biosensing interfaces with antifouling features.32,43

In this work, we report the interface engineering of
“clickable” OECTs in order to develop transistor-based
biosensing devices. We first investigate different channel
structures for PEDOT-N3-based transistors. Furthermore, the
CuAAC clicking of redox probes is studied under different
conditions, providing insight into the spatial control of the
functionalization process. Later, the Cu(I)-free click reaction of
a DBCO-functionalized PLL is performed and studied by a
fiber-optic surface plasmon resonance (FO-SPR) setup. The
polyelectrolyte functionalization allows the further clicking of a
thrombin-specific azide-derivatized HD22 aptamer, yielding
thrombin sensing devices. Finally, the biosensing features of
these transistors such as aptamer density, dissociation constant,
and maximum response obtained are compared with previous
reports.

■ EXPERIMENTAL SECTION
Reagents and Materials. Pyridine (99%), KCl, sodium dodecyl

sulfate (SDS), acetonitrile (ACN), tetrabutylammonium hexafluor-
ophosphate (TBAPF6), 3,4-ethylenedioxythiophene (EDOT, 97%),
dimethyl sulfoxide (DMSO), n-butanol (99.4%), acetone, tris[(1-
benzyl-1H-1,2,3-triazol-4-yl)methyl]amine (TBTA, 97%), CuSO4·
x5H2O, tert-butanol (t-butanol), sodium ascorbate (NaAsc), and N-
(3-butynyl)phthalimide (N-But, 97%) were obtained from Sigma-
Aldrich. Clevios C-B 54 V2 was obtained from Heraeus. Ethanol
absolute (EtOH) was obtained from Merck. HClO4 (20%) was
obtained from Fluka. Phosphate-buffered saline (PBS) tablets were
obtained from VWR. Ethynylferrocene (E-Fc, 97%) was obtained
from abcr. Azido-ferrocene (N3-Fc) was obtained from Baseclick
GmbH. The azide (N3)-modified thrombin-specific HD22 aptamer
(N3-HD22) (sequence 5′-/5AzideN-TTT-TTT-TTT-TAG-TCC-
GTG-GTA-GGG-CAG-GTT-GGG-GTG-ACT-3′, Mw = 12.5 kDa)
was custom-synthesized by Integrated DNA Technologies. Thrombin
purified from human plasma (Mw = 37 kDa) was purchased from
Enzo Life Sciences. All solutions were prepared with Milli-Q water.
Au-interdigitated microelectrodes (IDE-3, 5/5 μm gap/electrode), a
Ag/AgCl reference electrode (RE), a Pt counter electrode (CE), and
a batch cell accessory were obtained from Micrux.
Electrochemistry Measurements. EIS and cyclic voltammetry

(CV) experiments were performed with an Autolab potentiostat with
both source and drain electrodes of the IDEs being connected as WE.
For the aqueous measurements, an Ag/AgCl RE and a Pt wire as a CE
were employed. Potentiostatic electrochemical impedance spectros-
copy (EIS) measurements were performed in the frequency range
from 0.1 to 105 Hz. For the organic solvent measurements, a Ag/Ag+

electrode was used as a RE and a Pt wire as a CE. The electrolyte
solution was 0.1 M TBAF6 in ACN. The electrolyte was thoroughly
bubbled with N2 prior to the measurements.
Transistor Measurements. Transistor measurements were

performed by means of a Keithley 4200-SCS probe station. For the
transfer characteristics, the drain−source potential (VDS) was kept
fixed at −0.1 V. For the output characteristics, different gate voltages
were employed in order to cover both ON and OFF states of the
transistors, and they are reported in every plot (for instance, from
−0.6 to 0.8 V, every 0.2 V). The VDS was swept from 0 to 0.6 V. All
the measurements were performed in 1× PBS.
Optical Microscope Measurements. Optical microscope

images were obtained using an Olympus BX51M Microscope.
FO-SPR Measurements. Fiber optic probes (FO) were

manufactured according to a previously reported procedure.44 Briefly,
TECS-clad step-index multimode fibers (Thorlabs Inc.), with a
numerical aperture of 0.39 and a core diameter of 1000 μm, were cut
to a length of 6.5 cm. At one end, a surface plasmon resonance (SPR)-
sensitive zone (1 cm long) was fabricated by removing the jacket layer
with a stripping tool and the cladding layer by dissolution in acetone.
The SPR zone of the tip was subsequently cleaned with Milli-Q water
and isopropanol and blow-dried under N2. As-prepared tips were
sputter-coated with 50 nm of gold and stored under argon until
further use.

FO-SPR measurements were performed by optically connecting the
tips to a Y-optical splitter via a commercially available bare fiber
terminator (Thorlabs Inc.). Polychromatic light from a halogen light
source (12 V, HL-2000-LL, Ocean Insight) was coupled into the
input arm of the Y-optical splitter, guided to the fiber tip, back-
reflected at the gold-coated cross section of the tip, and guided
through the output arm of the splitter to a spectrometer (HR4000,
Ocean Insight). The reflected light spectrum was normalized by the
spectrum of the fiber in air before surface modification and processed
by dedicated LabView software.

For the electropolymerization on the FO, the upper gold-coated
part of the fiber was connected using a conductive copper tape
(Reichelt Elektronik GmbH & Co. KG). To ensure electrical
connection across the transition from the SPR zone to the upper
gold-coated part of the fiber as well as a constant electrode area, a
layer of conductive silver paint (RS Components Ltd) was applied
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and subsequently coated with a layer of liquid heat shrink tubing
(Performix Liquid Tape, Plastidip, Plasti Dip Europe GmbH).
AFM Measurements. AFM measurements were performed in the

tapping mode with a PicoPlus AFM microscope (Molecular Imaging,
Agilent Technologies, Germany). PPP-NCHR-50 tips were employed
(Nanosensors, Switzerland). The obtained images were processed
with Gwyddion software (gwyddion.net).
Click Chemistry and Bioconjugation Protocols. The DMSO:-

H2O-based procedure for the clicking of N-But, E-Fc, and N3-Fc
molecules was performed as previously reported.23 To this end, 4.5 μL
of 1:2 CuSO4·5H2O 0.05 M and TBTA 0.05 M in 3:1 DMSO−t-
butanol were mixed with 3 μL of 1 mM target molecule in DMSO,
4.11 μL of H2O Milli-Q, 13.1 μL of DMSO, and finally 2.25 μL of
NaAsc 0.1 M in Milli-Q and subsequently deposited on the modified
area of the PEDOT-N3 OECTs. Finally, the electrodes were
thoroughly washed with DMSO, 3 M KCl, and Milli-Q water and
blow-dried with N2.

The clicking of the redox probe in EtOH was performed by
adapting a previously reported protocol.45 For the modification, the
OECTs were immersed in a 1:1 EtOH/H2O solution containing 3
mM E-Fc, 0.3 mM CuSO4, and 1.5 mM NaAsc (CuSO4 and NaAsc
solutions were prepared in H2O, while E-Fc was prepared in EtOH)
for 4 h and rinsed with EtOH and Milli-Q.

The protocol for the modification with the dibenzocyclooctyl
(DBCO)-functionalized poly-L-lysine (PLL) (PLL-DBCO) to
PEDOT-N3-FO was adapted from a previously reported protocol.43

To this end, the polymer-modified FO was immersed in a 0.2 mg/mL
PLL-DBCO solution in 1× PBS. For the PEDOT-N3 OECTs
modification, and based on the FO-SPR results, the transistors were
immersed in the same solution for 60 min and rinsed with 1× PBS for
5 min.

For the clicking of the N3-HD22 aptamer on the FO, a 2 μM N3-
HD22 1× PBS solution was employed. Next, and based on the FO-
SPR results, the clicking of the N3-HD22 aptamer on the PLL-
modified OECTs was performed in an aqueous solution by immersing

the electrodes in a 2 μM N3-HD22 1× PBS solution by 60 min. The
electrodes were subsequently rinsed with 1× PBS for 10 min.

For the recognition of thrombin by the HD22-modified FO, the
thrombin solution was prepared in 1× PBS. Regarding the recognition
of thrombin by the HD22-clicked transistors, the aptamer-modified
transistors were incubated in the respective thrombin solution for 15
min (based on the FO-SPR results) rinsed with 1× PBS and dried
with N2.
Synthesis of EDOT-N3. 2-Azidomethyl-2,3-dihydro-thieno[3,4-

b][1,4]dioxine (EDOT-N3) was synthesized according to a recently
reported protocol.19,23 Briefly, sodium azide was added to a solution
of 2-chloromethyl-2,3-dihydro-thieno[3,4-b][1,4]dioxine (EDOT-Cl)
in absolute DMF. The reaction mixture was heated to 120 °C for 3 h.
After cooling, water was added to the reaction mixture, and the
product was extracted with diethyl ether. The organic phases were
combined, washed with water, brine, and dried over MgSO4.
Subsequently, diethyl ether was evaporated, and the crude product
was purified over silica gel using petrol ether/ethyl acetate 95:5 as an
eluent, yielding EDOT-N3 as a colorless oil. The analytical data was in
accordance with the literature data.19

Synthesis of PLL-DBCO. The PLL-DBCO polymer was
synthesized according to a previously reported protocol.43 Briefly,
PLL (Mw 15−30 kDa) was functionalized in a one-step reaction, by
mixing different molar ratios of NHS-(OEG)4-methyl (without a
functional group) and/or NHS-(OEG)4-DBCO (Figure S1).

■ RESULTS AND DISCUSSION
Optimization of the Channel Architecture. We first

investigated different channel architectures for the “clickable”
OECTs. We essayed the fabrication of a transistor made of two
layers, in which the lower layer is made of the conducting
polymer PEDOT with tosylate as a dopant (PEDOT:TOS),
while the top one is composed of PEDOT-N3, thus providing
the channel with “clickable” azide moieties. To this end,

Figure 1. Scheme for the fabrication of the PEDOT:TOS-PEDOT-N3 OECTs (A). Electropolymerization curves for the deposition of PEDOT-N3
on PEDOT:TOS OECTs (0.1 M HClO4, 10 mM EDOT-N3, 0.1 M KCl, 0.05 M SDS, 40 mV/s, 10 cycles) (B). CV curves for a PEDOT-N3
OECT (shorted D and S electrodes, 50 mV/s, 1× PBS) (C). Scheme of the structure and the measurement setup for the PEDOT-PEDOT-N3
OECTs (D). Transfer characteristic curves (solid lines) and transconductance (dotted lines) for a PEDOT:TOS OECT before and after PEDOT-
N3 electropolymerization (VDS = −0.1 V, 1× PBS) (E). EIS spectra for a PEDOT:TOS electrode before and after PEDOT-N3
electropolymerization (1× PBS, 10 mV amplitude) (F).
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PEDOT:TOS OECTs were fabricated according to a
previously reported protocol by in situ chemical polymer-
ization on commercial interdigitated electrodes (IDEs) by spin
coating (Figure 1A).11 The elevated conductivity of
PEDOT:TOS provides the transistors with very high trans-
conductance values, while the fabrication method remains
simple and reproducible (a box plot for the resistance values
obtained for a set of transistors is shown in Figure S2).11 Next,
a layer of PEDOT-N3 was electropolymerized from an aqueous
solution on top of the PEDOT:TOS OECTs, as shown in
Figure 1A (to this end, both S and D electrodes of the OECT
were connected as WE, as well as for all the further CV
measurements). The electropolymerization curves show that
the deposition of the film takes place successfully, showing
similar features as those previously reported for the deposition
of PEDOT-N3 on different substrates (Figure 1B).23,35 In
addition, CV measurements show that the deposition of the
PEDOT-N3 layer originates a significant change in the
response of the conducting polymer electrodes (Figures 1C
and S3), shifting from the typical capacitive-like behavior of
PEDOT-based electrodes to a more resistive character.11,46

This result can be ascribed to the lower conductivity of the
azido-bearing polymer compared to that of PEDOT:TOS, in
agreement with previously reported results.18

Next, by making use of an electrolyte-gated configuration
(Figure 1D), the transfer characteristics of the PEDOT:TOS
OECTs before and after PEDOT-N3 modification were
evaluated. From Figure 1E, it can be noticed that
PEDOT:TOS transistors exhibit the typical depletion mode,
i.e., in the absence of a gate voltage, they display the ON state.
More interestingly, the deposition of the PEDOT-N3 layer

causes a strong diminution of the current modulation features
of the transistor, which is observed as a clear reduction in the
transconductance values. This behavior can be ascribed to the
lower conductivity of the PEDOT-N3 film as well as to some
extent of the transport blocking effect, in line with the results
observed by CV.18,23 In order to corroborate that the
outcomes observed were due to the deposition of the
PEDOT-N3 layer and not to some degradation caused by
the cycling of the PEDOT:TOS electrode in the acidic
electropolymerization medium, a control experiment was
performed by cycling the PEDOT:TOS OECT in the
electropolymerization solution without the EDOT-N3 mono-
mer (Figure S4). No significant changes appear after the
cycling, meaning that the observed effects are due to the
deposition of the PEDOT-N3 layer.

Next, with the aim of gaining further insights into the
processes taking place in the conducting polymer films,
electrochemical impedance spectroscopy (EIS) measurements
were performed for the PEDOT:TOS electrodes before and
after the deposition of the PEDOT-N3 layer (Figures 1F and
S5). It is observed that the modification of the PEDOT:TOS
film with PEDOT-N3 causes a high increase in the impedance
of the electrodes, in agreement with the results derived from
CV and FETs measurements. In addition, the phase angle at
intermediate frequencies (∼102 to 103 Hz) increases compared
to that of PEDOT:TOS, indicating the presence of a second
capacitive element. Further discussion and details of the EIS
response are presented in the Supporting Information.

In addition, the clicking of an acetylene-modified N(3-
butynyl)phthalimide was performed on the two-layer tran-
sistors in order to evaluate their performance after the click

Figure 2. Scheme for the PEDOT-N3 OECTs (A). Electropolymerization curves for a PEDOT-N3 OECT (0.1 M HClO4, 10 mM EDOT-N3, 0.1
M KCl, 0.05 M SDS 0.05 M, 40 mV/s, and 10 cycles) (B). Transfer characteristic curves and transconductance for a PEDOT-N3 OECT (VDS =
−0.1 V, 1× PBS) (C). VG,g dm,max

(D) and gm,max (E) obtained values for both OECT fabrication strategies. CV curves for a PEDOT-N3 OECT
(shorted D and S electrodes, 50 mV/s, 1× PBS). The inset shows an optical micrograph of a PEDOT-N3 OECT (F). EIS spectrum and fitting for a
PEDOT-N3 electrode (1× PBS, 10 mV amplitude) (G). Volumetric capacitance obtained from CV curves for both fabrication approaches (H).
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reaction. The devices showed an abrupt diminution of the
current values after the modification process, meaning that the
performance of the transistor was negatively affected (Figure
S6).

Therefore, and as an alternative to obtain “clickable” OECTs
with proper functioning before and after the clicking process,
we performed the direct electropolymerization of PEDOT-N3
on the Au IDEs (Figure 2A). It has been reported that
relatively weak electrical fields lead to the formation of thin
films that can properly work as a channel of OECTs.23,47,48

The curves for the electropolymerization are shown in Figure
2B, exhibiting similar values for the current density as those
previously reported.23 Moreover, optical microscope pictures
as well as AFM measurements of the PEDOT-N3 OECTs
confirm the deposition of homogeneous and smooth films
(inset of Figures 2F and S8).

The evaluation of the transfer characteristics of the
transistors (Figure 2C) yielded devices with lower maximum
transconductance and threshold voltages than the PEDOT:-
TOS ones (Figures 2D and S7). Similarly, compared to the
transistors fabricated with the two layers (Figure 2E), these
devices showed significantly lower maximum transconductance
voltages (VG,gdm,max

) and higher gm. Obtaining transistors with
VG,gdm,max

values close to 0 V allows the development of highly
energy-efficient devices while diminishing parasitic reactions
and the alteration of biomolecules when they are biased at this
VG.9,11,49 In addition, high gm values endow the development of
sensitive OECT-based biosensing devices.11,49

CV and EIS measurements were performed in order to
electrochemically characterize these transistors/electrodes
(Figure 2F,G). The impedance response shows significantly

higher impedance than PEDOT:TOS electrodes, ascribed to
the high electronic/charge-transfer resistance of the PEDOT-
N3 along the conducting polymer domains, as expected from
the lower conductivity of the azido-derivatized obtained film.18

Further description of the EIS response can be found in the
Supporting Information.

The CV curves of the PEDOT-N3 electrodes show very
similar features as those seen for the PEDOT:TOS-PEDOT-
N3 ones, meaning that the response is dominated by the
PEDOT-N3 in both cases. Figure 2H shows the comparison of
the volumetric capacitance obtained from the CV curves for
the different architectures. It is observed that the devices
fabricated only with PEDOT:TOS as channel show signifi-
cantly higher volumetric capacitance than after the modifica-
tion with the PEDOT-N3 film and also than those composed
of only the PEDOT-N3 polymer as channel, as expected due to
the higher conductivity of the PEDOT:TOS polymer.18,19

Summarizing, it is observed that the different architectures
have a strong impact on the electrochemical and electrical
response of the transistors. When a PEDOT-N3 layer is
electropolymerized on top of a highly conducting PEDOT:-
TOS layer, it acts as a blocking membrane. However, it allows
the mixed ionic electronic transport to happen when working
as a single channel film between the IDEs. Next, this
fabrication method is chosen to perform the clicking of
different molecules to the transistors.
Clicking of Redox Probes and PLL-DBCO. In order to

corroborate the presence and accessibility of the azide moieties
of the “clickable” OECTs, the copper(I)-catalyzed click
reaction of an ethynyl-derivatized ferrocene (E-Fc) was
performed (Figure 3A). Two different protocols were

Figure 3. Scheme for the click functionalization of the PEDOT-N3 OECTs with ethynyl-ferrocene employing two different approaches (A). CV
curves (B) and transfer characteristics (C) for a PEDOT-N3 electrode before and after the click reaction with E-Fc in EtOH (CV: 50 mV/s,
OECTs: VDS = −0.1 V, 1× PBS). Transfer characteristics for a PEDOT-N3 electrode before and after the click reaction with E-Fc in DMSO (VDS =
−0.1 V, 1× PBS) (D). Output characteristic curves for a PEDOT-N3 OECT after the click reaction with E-Fc in DMSO (1× PBS) (E). Shift in the
threshold voltage (F) and density of clicked molecules (G) upon the clicking of E-Fc for both EtOH and DMSO-based approaches.
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investigated for the click process: (i) a DMSO/H2O-based and
(ii) an EtOH/H2O-based protocol. It has been previously
reported that solvent composition can direct the click
functionalization of PEDOT-N3 films.50 In this regard,
DMSO promotes the swelling of PEDOT-N3, thus allowing
the bulk functionalization of the polymeric films. On the other
hand, other solvents such as water limit the spatial extent of the
click reaction, and therefore different densities of function-
alized groups are expected when employing different solvents.

Due to the low solubility of E-Fc in water, the redox probe
was dissolved in EtOH and, therefore, the clicking process was
performed in an EtOH/H2O mixture, adapting a previously
reported protocol.45 Figure 3B shows the CV curves of a
PEDOT-N3 OECT connected as a single electrode before and
after the clicking of E-Fc in EtOH (a blank experiment for the
clicking of E-Fc employing PEDOT electrodes with no azide
moieties obtained under the same conditions is shown in
Figure S11, confirming the necessity of the azide moieties for
the reaction to occur). The redox peaks of the ferrocene/
ferricenium (Fc/Fc+) couple are observed at ∼0.61 V (0.63 for
the anodic sweep and 0.58 for the cathodic one), confirming
the successful clicking of the redox probe. The observed redox
potential is higher than that obtained for the clicking of E-Fc
while employing DMSO as a solvent (0.51 V).23 This effect
could be attributed to a hindered charge transport from the
redox probes throughout the film and to the contact electrodes
since they are supposed to be located closer to the surface of
the OECTs when the clicking process is performed in EtOH/
H2O.51,52 In this sense, the DMSO-induced swelling allows the
clicking of the Fc molecules also inside the film and, therefore,
closer to the Au electrodes, facilitating the electron hopping

mechanism through a shorter distance and diminishing the
effective potential at which the redox couple is observed.

The analysis of the transfer characteristics also gives further
information in this regard (Figure 3C,D). When the click
reaction is performed in DMSO/H2O, the shift of the
threshold voltage caused by the functionalization with the
redox probe is higher than that observed for the EtOH-based
reaction (Figure 3F). A shift of −100 mV is observed for the
DMSO-based clicking reaction, while the EtOH-based
protocol yields a shift of only −35 mV (the absolute values
are shown in Figure S9). This result supports the hypothesis of
the DMSO-induced swelling, which causes a more porous
structure, and, therefore, additional ion transport channels that
facilitate the redox process throughout the film, as previously
reported.11,50 A blank experiment for the OECT functionaliza-
tion with E-Fc using PEDOT OECTs without azide moieties is
reported in Figure S11, showing no shift in VTH.

The density of clicked E-Fc molecules was estimated from
the CV measurements, according to Γ = Q/nFA, where Q is
the integrated charge of the redox peaks, n is the number of
electrons transferred (n = 1), F is the Faraday constant, and A
is the electroactive surface area of the electrode (9.62 mm2).
Next, a significantly higher density of clicked redox molecules
is observed when the clicking process is performed in DMSO
than when using EtOH as a solvent ((Γ = 3.0 ± 0.6) × 10−10

mol cm−2 vs (Γ = 9.8 ± 0.6) × 10−11 mol cm−2), Figure 3G.
These results also support the hypothesis of the DMSO-
induced swelling, which increases the amount of reachable
azide moieties compared to the EtOH-based click reaction, and
thus allows a “bulk” clicking of the E-Fc. A scheme is shown in
Figure 3A.

Figure 4. Scheme of the FO-SPR setup and the steps involved for the “click”-based functionalization of the fibers (A). Kinetic experiment for the
clicking of PLL-DBCO to a PEDOT-N3-FO (raw and smoothed data) (B). CV curves for a PEDOT-N3 electrode before and after the clicking of
PLL-DBCO and N3-Fc (50 mV/s, 1× PBS) (C). Transfer characteristic curves (D) and threshold voltage (E) for a PEDOT-N3 OECT before and
after the clicking of PLL-DBCO and N3-Fc (VDS = −0.1 V, 1× PBS, n = 3). Output characteristic curves for a PEDOT-N3 OECT after the click
reaction with PLL-DBCO and N3-Fc (1× PBS) (F).
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Finally, the output curves show that the transistors are fully
operational after the clicking procedure and the different
electrochemical cycling procedures in PBS in both solvents,
probing their robustness and stability (Figures 3E and S10).
Interestingly, the possibility of employing different clicking
protocols provides the opportunity of directing and tuning the
density of clicked molecules very easily by properly choosing
the reaction conditions.

Next, the clicking of a dibenzocyclooctyl (DBCO)-function-
alized poly-L-lysine (PLL) (PLL-DBCO) to the PEDOT-N3
OECTs was performed. To this end, PLL was firstly grafted
with oligo(ethylene glycol) (OEG) units and DBCO func-
tional moieties according to a previously reported protocol
(Figures 4A and S1).43 The DBCO residues allow for the fast,
catalyst-free, and bio-orthogonal clicking of azido-derivatized
counterparts, while OEG moieties are known to decrease
unspecific binding. In this regard, the surface immobilization of
PLL-DBCO has been reported to endow a rapid and specific
anchoring of DNA molecules using click chemistry, providing a
precise control of the probe density.43

Next, the clicking of PLL-DBCO to PEDOT-N3 was
investigated by employing a FO-SPR setup. To this end,
films of PEDOT-N3 were electropolymerized on Au-coated
optical fibers (FO) by using the same protocol employed for
the fabrication of the OECTs (while connecting the gold-
coated FO as a WE, Figure 4A). The electropolymerization of
the PEDOT-N3 film on the FO shows very similar character-
istics to those observed for the procedure on the IDEs (Figure
S12), validating the approach. A further discussion is presented
in the Supporting Information. Next, the functionalization with
PLL-DBCO in PBS was studied by tracking the resonance
wavelength over time. From Figure 4B, it can be observed that

the incorporation of PLL-DBCO causes a shift in the
resonance wavelength toward higher values, implying the
effective reaction of the functionalized polyelectrolyte and the
azido-bearing surface. The reaction achieves a plateau in less
than 20 min, in close agreement with previously reported
results.43 Furthermore, a shift of 6.5 ± 0.2 nm is observed,
which can be associated with a surface mass density of 349 ±
19 ng/cm2 (see the Supporting Information).42 In this sense,
the obtained surface mass density of grafted PLL-DBCO is
considerably higher than that reported for the adsorption of
the same material on Au surfaces (without employing the click
reaction, yielding very thin films).43 We believe that this result
can have two origins. On the one hand, it has been reported
that the adsorption of modified PLL polyelectrolytes on Au/Si
negatively charged surfaces can be hindered when replacing the
amino moieties with other functional ones such as OEG or
DBCO, thus diminishing the electrostatic interactions between
the surface and the polymer and yielding thinner and weakly
bound layers.42,53,54 Moreover, the PEDOT-N3 film shows a
higher rugosity compared to bare Si or Au surfaces, thus
providing more binding sites for the stable and efficient
clicking of a thicker layer of PLL-DBCO. Therefore, the
developed “grafting-to” approach of PLL-DBCO to the
PEDOT-N3 film yields a much thicker PLL layer, and thus
many DBCO moieties remain accessible for the further click
reaction.

The control experiments, performed by executing the same
steps for the FO modification with a PEDOT film without
azide moieties (Figure S13), confirmed the specificity of the
modification reaction and the absence of nonspecific binding
(Figure 4B).

Figure 5. Scheme of the fabrication of the thrombin biosensors based on “clickable” OECTs (A). FO-SPR kinetic experiment for the clicking of the
N3-HD22 aptamer to a PLL-DBCO-functionalized PEDOT-N3-FO (raw and smoothed data) (B). FO-SPR kinetic experiment by the recognition
of thrombin by the aptamer-modified FO (C). Transfer characteristic curves of a PEDOT-N3 OECT before and after PLL-DBCO and N3-HD22
functionalization and further thrombin recognition (VDS = −0.1 V, 1× PBS) (D). Change in the drain−source current obtained from the transfer
characteristics for a PEDOT-N3-HD22 OECT and control experiment with a PEDOT OECT (three measurements) (E). Output characteristic
curves for a HD22-PLL-PEDOT-N3 OECT after the recognition of 400 nM thrombin (1× PBS) (F).
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Next, the same functionalization process was performed on
the PEDOT-N3 OECTs and studied by CV measurements, as
shown in Figure 4C. From the CV curves, it can be observed
that the capacitance of the electrode upon the modified-PLL
clicking increases by 16%. This result is ascribed to the
incorporation of the charged polyelectrolyte on the conducting
polymer electrode and is in line with previous reports since the
deposition of polyelectrolytes is known to increase the double-
layer capacitance of conducting polymer electrodes.46,55,56

In addition, the clicking of an azido-derivatized ferrocene
(N3-Fc) to the PLL-DBCO modified electrode was performed,
and the process was studied via CV measurements. Figure 4C
shows that the peaks of the redox couple can be observed after
the clicking procedure, confirming that some DBCO moieties
remain accessible after the PLL-DBCO clicking to the
PEDOT-N3 electrode. Next, the density of the clicked N3-Fc
molecules was estimated from the CV curves, yielding a value
of (Γ = 1.1 ± 0.4) × 10−10 mol cm−2. Compared to the
previously reported clicking of N3-modified DNA probes to
PLL-DBCO adsorbed on Au surfaces,43 this value is
considerably higher, reinforcing the hypothesis of the
obtention of a thicker PLL-DBCO film via click chemistry to
PEDOT-N3 that bears more accessible DBCO moieties for
further functionalization.

The next step involved the study of the clicking of the PLL-
DBCO to PEDOT-N3 OECTs, as displayed in Figure 4D.
Upon the functionalization process, a small shift of the
threshold voltage of ≈20 mV toward more negative potentials
is observed, which is in line with the results observed for the
clicking of E-Fc in EtOH. The further clicking of N3-Fc
(performed in DMSO) causes a higher negative shift of a
threshold voltage of ∼180 mV, also supporting the previously
indicated hypothesis. In addition, the output characteristics of
the OECTs after both modification processes (Figure 4F)
shows that the transistors preserve their features as
amplification devices, thus demonstrating their excellent
stability after the modification procedures.
Thrombin Biosensor Fabrication and Benchmarking.

Next, the PLL-DBCO-functionalized PEDOT-N3 OECTs
were employed to construct thrombin aptamer-based bio-
sensors. To this end, an azide-derivatized HD22 aptamer
(sequence 5′-/5AzideN-TTT-TTT-TTT-TAG-TCC-GTG-
GTA-GGG-CAG-GTT-GGG-GTG-ACT-3′), known to inter-
act with the exosite II of thrombin,57 was immobilized to the
OECTs via the Cu(I)-free strain-promoted click reaction. The
importance of detecting thrombin roots in its crucial role in
hemostasis, being responsible for the conversion of fibrinogen
into fibrin for the development of blood clots.58 Since
imbalances in coagulation can lead to various pathologies
such as heart attack, stroke and thrombosis, and pulmonary
embolism, among many others,59,60 the quantitative detection
of this protein is of high clinical relevance.

We first evaluated the strain-promoted Cu(I)-free clicking of
the N3-HD22 aptamer to PLL-DBCO-modified PEDOT-N3
via the FO-SPR setup. To this end, PEDOT-N3 was
electropolymerized on FO, the functionalization with PLL-
DBCO was performed, and the clicking of the N3-HD22
aptamer was studied in a kinetic experiment (Figure 5B). It can
be seen that the binding of the aptamer to the PLL-modified
polymer yields a shift of the resonance wavelength of 3.9 ± 0.3
nm, equivalent to a surface mass density of 199 ± 16 ng/cm2.
Compared to previously reported surface architectures for
HD22 immobilization such as poly(HPMA-co-CBMAA)

brushes,61 or NeutrAvidin OEG-biotin self-assembled mono-
layers,44 this method yields a substantial increase in the surface
mass density of anchored HD22.

In addition, and similar to what was reported for the click of
N3-Fc, the obtained density of clicked N3-HD22 is higher
compared with the amount of clicked N3-modified DNA
probes to PLL-DBCO adsorbed on Au surfaces.43 Therefore,
the “grafting-to” approach for the clicking of PLL-DBCO to
PEDOT-N3 films yields a thicker and “clickable” polymeric
interface with accessible DBCO moieties for further clicking.

As a control experiment, PEDOT (without azide moieties)
was electropolymerized on a FO and subjected to the same
treatment than PEDOT-N3, i.e., the functionalization with
PLL-DBCO. Later, no unspecific adsorption of the aptamer to
the PEDOT film was observed (Figure 5B).

Subsequently, the recognition of thrombin by the aptamer-
modified fiber optic was essayed. From Figure 5C, it can be
observed that the immersion of the HD22-PLL-PEDOT-N3-
fiber in a 200 nM thrombin solution in PBS, and its further
washing step yields a shift in the resonant wavelength of 2.7 ±
0.4 nm ascribed to the recognition of the cardiac biomarker by
the HD22-modified fiber optic. This shift can be associated
with a surface mass density of thrombin of 151 ± 22 ng/cm2.
In this regard, the specificity of HD22 toward thrombin is well-
documented, binding to the exosite II of thrombin,57 and SPR
measurements have shown that HD22 does not bind to human
serum albumin, human immunoglobulin G, nor prothrom-
bin.61 In contrast, HD1, another well-known thrombin-specific
aptamer, binds to thrombin via exosite I and II, and it also
binds to prothrombin with a KD value of 37 nM.61

Moreover, the blank experiment employing a PEDOT-
modified FO previously treated with the same conditions for
the aptamer binding showed no thrombin unspecific
adsorption, corroborating the specificity of the engineered
surface.

Next, the detection of thrombin was also assessed by the
PEDOT-N3 transistors. To this end, PEDOT-N3 OECTs were
first functionalized with the PLL-DBCO polymer. Subse-
quently, the N3-HD22 aptamer was clicked to the surface, and
finally, the sensors were incubated for 15 min in the respective
thrombin solutions. The transfer characteristic curves were
measured after each functionalization and incubation step, and
they are shown in Figure 5D. It can be observed that the
clicking of the HD-22 aptamer to the PLL-DBCO OECTs
causes a shift in the VTH to more negative potentials of 34 mV,
in line with previous reports.23

Furthermore, it is noticed that the recognition of thrombin
by the HD22-modified surface also yields a negative shift of the
threshold voltage, which can be seen as a reduction of the
registered drain−source current when processing the values at
a fixed VG. This effect has been previously reported for organic
transistors, and it has been ascribed to the generation of
negative charges in the semiconductor channel by the
positively charged thrombin.62 Later, the IDS values displayed
at VG = 0 V were obtained and fitted to a Hill (n = 1)
adsorption model in order to obtain an apparent KD for the
interfacial architecture assembled. The KD value for the HD22-
PLL-DBCO-functionalized OECTs is 88 ± 20 nM (R2 = 0.98),
in line with previous reports.57,63 In addition, a LOD of 22 nM
was obtained as 3 times the standard deviation of the blank
measurement.

In order to evaluate the specificity of the developed OECT-
based thrombin sensors, PEDOT-based transistors were
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fabricated by using the same production protocol (see Figure
S14), and an identical functionalization process as that
performed for the PEDOT-N3 transistors was followed (i.e.,
functionalization with PLL-DBCO, N3-HD22, and finally
thrombin). The acquired IDS values from the transfer
characteristics of the transistors (Figure 5E) for the different
thrombin concentrations yielded almost no change, verifying
the specificity of the PEDOT-N3-based biosensing devices and
the absence of signal ascribed to nonspecific binding. In this
regard, some nonspecific adsorption of thrombin could be
expected and might trigger a sensing response on the control
OECTs (which can be actually observed as a small change in
the registered IDS, Figure 5E). However, the thrombin is
positively charged at the working pH, and since the PEDOT
backbone is known to bear positive charges in the doped
state,11,17 this would minimize the nonspecific thrombin
adsorption on the control PEDOT OECTs. Next, the specific
interaction between the HD22 aptamer and thrombin is
stronger and results in an easily measurable difference on the
transfer characteristics when detecting the binding. Finally, the
output characteristics of the functionalized PEDOT-N3
OECTs were obtained after the detection of 400 nM
thrombin, accounting for the excellent stability of the
biosensing devices (Figure 5F).

Finally, we compared the performance of the developed
interfacial sensing architecture with that formerly reported also
based on “clickable” OECTs (Figure 6A).23 Very recently,
PEDOT-N3 OECT-based biosensing devices were fabricated
by clicking a DBCO-bearing HD22 aptamer (DBCO-HD22)

via SPAAC to azido-bearing organic transistors. To the best of
our knowledge, this is the only previous report on OECT-
based biosensors for thrombin detection (while other FET-
based biosensing devices have also been developed during the
last years for the monitoring of thrombin, and a comparison is
presented in Table S4 of the Supporting Information).

First, the mass density of immobilized aptamers obtained
from FO-SPR measurements was compared for both interfacial
architectures. From Figure 6B, it can be noticed that the
architecture incorporating of PLL-DBCO increases the amount
of the immobilized HD22 aptamer (obtained from FO-SPR
measurements) compared to the direct clicking of DBCO-
HD22 by 29%.

In addition, the KD values obtained from the Hill (n = 1)
fitting of the response of both OECTs toward thrombin were
compared. From Figure 6C, it can be observed that the
obtained KD for the PLL-DBCO-functionalized OECTs is
comparable to that obtained for DBCO-HD22-functionalized
PEDOT-N3 OECTs, showing that the binding of thrombin to
the HD22 aptamer exosite is not affected by the substitution of
the DBCO-terminal group by a N3 terminal group.

Next, the maximum change in the registered IDS (obtained
for the thrombin solution of 400 nM) was also analyzed for
both interfacial architectures (Figure 6D). It is observed that
the transistors modified with PLL-DBCO and subsequently
with the N3-aptamer showed a higher maximum IDS change by
19%. The higher density of the immobilized HD22 aptamer
determined by FO-SPR can be ascribed as one of the reasons

Figure 6. Scheme of the interfacial architecture of both PEDOT-N3 OECTs-based thrombin biosensing devices (A). Mass density of anchored
aptamers for both approaches obtained from FO-SPR measurements (B). Dissociation constant value comparison for both sensing architectures
(C). Maximum change in IDS registered for the recognition of thrombin for both OECT-based biosensors (D). Data for PEDOT-N3-HD22 was
taken from ref 23.
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for the better performance of the PLL-based biosensing
platforms.

On the other hand, the grafted OEG moieties to PLL could
prevent nonspecific binding, which (also) greatly influences the
response of the biosensing devices.42 The use of PEG-PLL has
been reported as the most employed and cost-effective
approach to functionalize surfaces and provide them with
uniform antifouling features.40 Previous works have shown the
inhibition of unspecific binding of proteins such as myoglobin,
albumin, and fibrinogen as well as serum fouling.64,65

Therefore, the incorporation of antifouling properties to the
sensing interface prevents the arising of signals ascribed to
nonspecific adsorption, therefore improving the specificity of
the developed biosensors and yielding a higher change in the
recorded signal.

In this regard, while the DBCO-HD22-based architecture
showed a higher surface density of recognized thrombin (193
± 25 ng/cm2 vs 151 ± 22 ng/cm2),23 the maximum IDS change
registered by the OECTs functionalized with PLL-DBCO and
N3-HD22 is higher, supporting this hypothesis.

In conclusion, the results presented above show that the
developed PLL-DBCO-based approach involves a novel and
effective way to immobilize aptamers to PEDOT-N3 OECTs
and construct sensitive thrombin detecting devices. The
incorporation of the antifouling OEG moieties in the PLL
polymer combined with the specific recognition features of the
HD22 aptamer and the accurate signal transduction by the
organic transistor operating at low voltages make up for an
elegant and effective biosensing interface.

■ CONCLUSIONS
We have explored different aspects of the interface
functionalization of “clickable” OECTs. First, upon studying
different channel architectures, it was shown that a PEDOT-N3
layer is sufficiently conducting to obtain proper functioning
OECTs. Next, the clicking of redox probes under different
conditions allowed the spatial control of the functionalization,
and the Cu(I)-free clicking of PLL-DBCO was also
demonstrated. The functionalization with PLL-DBCO allowed
further immobilization of a HD22 aptamer, which endowed
the fabrication of thrombin recognition devices with
antifouling features. Compared to previously reported
architectures, the developed sensors showed higher density
of immobilized aptamer, which was translated in the
biosensor’s response as a higher maximum obtained signal
change upon analyte recognition.

We believe that this work can pave the way toward the
development of efficient OECT-based biosensing devices
based on click chemistry functionalization. Further experi-
ments will be directed toward the evaluation of the sensing
features of the functionalized OECTs in minimally processed
real samples, such as diluted blood or serum, with the aim of
developing a label-free point-of-care biosensing device that
does not require pre-separation steps.
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