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Interfacing the surface of an organic semiconductor with biological ~ O

elements is a central quest when it comes to the development of efficient organic | “W

bioelectronic devices. Here, we present the first example of “clickable” organic ‘&

Aptamers
electrochemical transistors (OECTs). The synthesis and characterization of an azide- i

derivatized EDOT monomer (azidomethyl-EDOT, EDOT-Nj) are reported, as well as

its deposition on Au-interdigitated electrodes through electropolymerization to yield Nt
PEDOT-N;-OECTs. The electropolymerization protocol allows for a straightforward “Clicky

and reliable tuning of the characteristics of the OECTs, yielding transistors with lower
threshold voltages than PEDOT-based state-of-the-art devices and maximum
transconductance voltage values close to 0 V, a key feature for the development of
efficient organic bioelectronic devices. Subsequently, the azide moieties are employed
to click alkyne-bearing molecules such as redox probes and biorecognition elements.
The clicking of an alkyne-modified PEG,-biotin allows for the use of the avidin—biotin
interactions to efficiently generate bioconstructs with proteins and enzymes. In addition, a dibenzocyclooctyne-modified thrombin-
specific HD22 aptamer is clicked on the PEDOT-N;-OECTs, showing the application of the devices toward the development of
organic transistors-based biosensors. Finally, the clicked OECTSs preserve their electronic features after the different clicking
procedures, demonstrating the stability and robustness of the fabricated transistors.
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ethylenedioxythiophene) (PEDOT) and its water-stable
colloidal complex with poly(styrenesulfonate) (PEDOT:PSS)
have been extensively employed as a conducting channel
material for the fabrication of said devices.'” Nevertheless, as-

During the last two decades, the field of organic bioelectronics
has appeared as a novel and innovative area where researchers
have made the most of the particular features of organic

semiconductors at the interface with biological systems."” The prepared doped PEDOT yields devices that operate in
mixed ionic/electronic transport and the soft nature of these depletion mode, requiring high operating currents as well as
materials have proven an almost perfect match with both high Vg to keep the channel in the OFF state."" In addition,
mechanical and conduction properties of most of biological the application of these relatively elevated voltages can
systems, guaranteeing a straightforward and efficient signal generate parasitic reactions with water and oxygen from the
transduction at the biotic—abiotic interface.” Therefore, and electrolyte, triggering the deterioration of the transistors. "’

through the improvement of fabrication techniques and the Another relevant challenge involves the integration of
design and synthesis of novel materials,” various devices have PEDOT with biological entities, which is usually hampered
been developed with the aim of translating electronic signals by the lack of functional groups in pristine ﬁlms,4 In addition,
into ionic ones and vice versa, such as soft actuators,” dru PEDOT:PSS displays some extra disadvantages due to the
delivery d?Xilcles,7 recording and stimulation probes,” acidity/toxicity of PSS, which could prompt undesired
biosensors, """ and organic electrochemical transistors reactions with materials adjoining the bioelectronic device

(OECTs).'>"3

In OECTs, particularly, an organic semiconductor film
(channel) bridges source and drain electrodes, and its
conductivity is regulated by the application of a gate voltage
(V5) through an electrolyte.'® These devices operate as
organic mixed ionic—electronic conductors since ion injection
from the electrolyte into the organic film is required to
maintain charge balance.'” While this phenomenon grants
them with record-high transconductance, it also limits their
response time.">'® Since the appearance of OECTS, poly(3,4-

active layer.” Moreover, since PSS is usually in excess in the
conducting polymer—polyelectrolyte complex, the overall
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Figure 1. Scheme of the EDOT-N; monomer synthesis (A). Scheme of the electropolymerization setup employed for the fabrication of the
transistors and photograph of an OECT after fabrication (B). Electropolymerization curves for a PEDOT-N;-OECT (0.1 M HCIO,, 10 mM
EDOT-N;, 0.1 M KCl, 0.05 M SDS 0.05 M, 40 mV/s, 10 cycles) (C). Scheme of the setup employed for measurement of the electrical
characteristics of the transistors (D). Transfer characteristics curves and transconductance for a PEDOT and a PEDOT-N; OECT obtained under
the same electropolymerization conditions (Vg = —0.1 V, 1X PBS) (E). Threshold voltage and maximum transconductance for both PEDOT and
PEDOT-Nj;-based OECTs (F). Output characteristics for PEDOT-N; OECTs (G).

negative charge of the obtained films restricts their interfacing
with most proteins, nucleic acids, and cells, which are also
negatively charged at physiological conditions.””*'

Therefore, during the last years, researchers have tried to
tailor the surface of PEDOT and PEDOT:PSS films through
different approaches, such as its blending with other polymers
or biomolecules'>** or simply by postmodification of their
surface.”””® Another effective strategy involves the synthesis
(and subsequent polymerization) of EDOT derivatives
containing recognition motifs which can be used for
bioconjugation in a subsequent step. In this regard, several
EDOT derivatives have been reported during the last two
decades in the field of organic bioelectronics, such as
carboxylic acid-functionalized-EDOT (EDOT-acid),”***
EDOT derivative bearing an oxylamine moiety (EDOTOA),*®
hydroxymethyl-EDOT (EDOT-OH),”” and an amino-modi-
fied EDOT (EDOT-NH,),”® among others.”” ™'

On the other hand, click chemistry comprises a set of
reliable, efficient, and stereoselective reactions that allow for
the construction of a wide range of molecules and architectures
through the employment of harmless reaction conditions and
accessible starting materials.”>*”> Among the various “click”
reactions, the Huisgen 1,3-dipolar cycloaddition of azides and
alkynes, generating 1,2,3-triazoles, is certainly the most known
and employed one.’* In this regard, the alkyne and azide
moieties are relatively easy to synthesize and incorporate to
different molecules, they are stable in a wide range of solvents
(including water), and they are chemically inert toward most
of the moieties present in biological entities, such as lipids,
proteins, and nucleic acids (which makes them bio-orthogonal
and biocompatible).” Therefore, these moieties are consid-
ered to be almost ideal building blocks for the construction of
bioconjugation platforms through click chemistry.
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Nevertheless, the application of this reaction was limited for
more than 40 years by the necessity for high temperatures,
long reaction times, and inferior regiospecificity (since both
the 1,4- and 1,5-isomeric adducts were formed). It was not
until the introduction of copper(I) catalysis and the discovery
of the beneficial effects of water that this reaction was
considered an essential tool in chemistry, and particularly for
bioconjugation purposes.”*™*° Interestingly, the Cu(I) catalyst
not only accelerates the azide—alkyne condensation kinetics by
activating the slow-reacting alkyne moieties but also arranges
the reacting groups, thus regioselectively yielding only the 1,4-
disubstituted 1,2,3-triazole.>*** In addition, the copper-
catalyzed reaction requires no protecting groups and proceeds
with almost complete selectivity and conversion. These unique
features have caused the Cu(I)-catalyzed azide alkyne
cycloaddition (CuAAC) to be known as “The Click
Reaction”,”* and have propelled its application within the
ﬁeld354 3cgf 3(é)hemistry, biology, biochemistry, and biotechnol-

In this context, researchers have applied azide—alkyne
cycloadditions toward the development of various electro-
chemical and optical biosensing platforms.*”*’ Furthermore,
azido-bearing PEDOT derivatives have been deposited on
traditional electrodes, rendering surfaces with tunable
features.*' =% Regarding transistors, approaches based on
azide—alkyne cycloadditions have been mainly used for the
synthesis" "
electronic applications, as well as for the surface modification
of graphene and diketopyrrolopyrrole-based field-effect tran-
sistors.*®*” However, and to the best of our knowledge, there
has been no report toward the fabrication of a high-
performance PEDOT-based organic transistor whose channel
is prone to be modified by click chemistry.

45 . 46,47 . ’
and anchoring™"’ of organic semiconductors for
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Figure 2. Transfer characteristics curves with the calculated transconductance, output characteristics curves, and threshold voltage and maximum
transconductance values for PEDOT-N; OECTs obtained from (A)—(C) ACN 0.1 M TBAPF; electrolyte solutions for different anodic potential
limit values ((B): output curves for 1.4 V), (D)—(F) ACN, HCIO, and HClO,+SDS (10 cycles) ((E): output curves for HCIO,+SDS) and (G)—
(I) HCIO,+SDS solution varying the number of electropolymerization cycles from S to 20 ((H): output curves for 20 cycles) (EDOT-N; 10 mM

and Vpg = —0.1 V, 1x PBS).

In this work, we present the first example of PEDOT-based
“clickable” organic electrochemical transistors. We first report
on the synthesis of an azide-derivatized EDOT monomer
(azidomethyl-EDOT, EDOT-N;) and its deposition on Au
interdigitated electrodes to yield PEDOT-Nj-based OECTs.
The obtained transistors show lower threshold voltages than
PEDOT-based state-of-the-art devices, maximum transconduc-
tance voltages values close to 0 V, and high transconductance
values, fundamental requirements for the development of
efficient organic bioelectronic devices. Next, the clicking of
ethynyl-bearing redox probes is performed and studied by
means of cyclic voltammetry, as well as the clicking of
biorecognition elements bearing biotin moieties, which is
validated by means of Fiber-Optic Surface Plasmon Resonance
(FO-SPR) spectroscopy. The biotin-clicked PEDOT-Nj;
devices are used to anchor NeutrAvidin and streptavidin-
conjugated horseradish peroxidase for the fabrication of
relevant bioconstructs. Additionally, a strain-mediated click
reaction is used for the anchoring of a thrombin specific
dibenzocyclooctyne (DBCO)-modified HD22 aptamer, show-
ing the application of the OECTSs toward the development of
cardiac biomarkers sensing devices. Very importantly, it is
shown that the clicked OECTs maintain their electronic
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features after the different clicking procedures, demonstrating
their stability and robustness.

First, azido-bearing EDOT monomer (2-azidomethyl-3,4-
ethylenedioxythiophene, EDOT-N;) was synthesized from 2-
chloromethyl-3,4-ethylenedioxythiophene, based on a previ-
ously reported protocol (Figure 1(A); Figure S1 and S2,
Supporting Information (SI)).>*>" Next, PEDOT-Nj-based
OECTs were prepared by electrochemical polymerization of
the EDOT-N; monomer on commercial interdigitated Au
microelectrodes. To this end, both source and drain electrodes
were shorted and employed as unique WE in a three-electrode-
cell electrochemical setup (Figure 1(B)). An example of a
typical electropolymerization curve is shown in Figure 1(C).
The mechanism for the electrodeposition of conducting
polymer films on interdigitated electrodes has been previously
discussed by Musumeci et al,** showing that low electric field
strengths lead to the formation of thin films via progressive
nucleation and 2D growth. Also, this technique has been
recently exploited by Mawad and collaborators for the

https://doi.org/10.1021/jacsau.2c00515
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straightforward fabrication of OECTs, showing its potential
toward the development of bioelectronic devices.”*>"*

The electrical features of the transistors were evaluated by
means of an electrolyte-gated setup, as shown in Figure 1(D).
The obtained transfer (Figure 1(E)) and output (Figure 1(G))
characteristics curves show the typical features of depletion-
mode transistors (similarly to other PEDOT-based
OECTs'*?*°); ie, when no gate voltage is applied, the
OECTs exhibit the ON state. However, certain differences
can be observed with respect to PEDOT-based OECTs
(obtained by employing the same conditions), such as a lower
threshold voltage (Vy,) and transconductances (g, n.) values
(Figure 1(F) and Figure S12; other relevant parameters such
as D-S resistivity are also compared in the SI). It is known that
“pristine” PEDOT shows higher conductivity than the azide-
derivatized polymer, which accounts for the higher trans-
conductance values observed.*> On the other hand, the lower
threshold voltage and voltage of maximum transconductance
(VGgm max) Observed in PEDOT-N; OECTs are highly
beneficial toward the development of organic bioelectronic
platforms, yielding more energy-efficient devices as well as
diminishing the alteration of bioentities that could be
immobilized on the surface. The fabricated transistors also
showed lower V, than state-of-the-art OECTSs using
commercial PEDOT:PSS as channel material, which have
shown a Vj, of ~0.52 V.>°

Next, the OECT fabrication protocol was optimized to
obtain high performance transistors for the development of
efficient organic bioelectronic devices. To this end, the effect of
different factors such as electrolyte, potential window, and
cycles number were evaluated for the electrodeposition of the
polymer film on the interdigitated electrodes (IDEs). To
benchmark the obtained devices, different parameters such as
Vi, maximum transconductance (gumax); and Vg g max Were
calculated (details are presented in the SI, Figure S8). Devices
exhibiting low Vi, and Vi gy max close to 0 V while preserving
high g, .., are particularly desired; a reduction in the V
diminishes the power consumption and simplifies the circuit
design by allowing the use of only one power supply.’*>” More
importantly, the operation of the transistors at Vg = 0 V
prevents the alteration of anchored bioentities, such as
proteins, lipid bilayers, or cells, which could degrade at high
applied voltages.”® Similarly, the recognition processes are less
affected by the application of (very) low electrical fields.>”

Initially, the polymerization was performed in an organic
solvent. Inhomogeneous films with high Vi, and Vg e
values were obtained, as shown in Figures 2(A)—(C) and
S3. An increase of the anodic limit voltage only generated
thicker polymer channel films, yielding (even) higher Vy, and
VG gm max- Moreover, the thickness and morphology of the film
were difficult to control, probably due to the high electrolyte
resistance in the organic media. When lower anodic voltages
values were employed, very low g, ... values were obtained,
and the stability of the devices was affected (Figure 2(C) and
Figures S3-5).

Hence, by adapting a recently reported protocol,’’ polymer
films from aqueous acidic solutions were prepared. Compared
with those obtained in ACN, thinner and more homogeneous
films were obtained, as observed in Figure S6. The obtained
OECTs showed lower Vi, and Vg, maw but the g, i, values of
the devices were relatively low (Figure 2(D)—(F)). In
addition, some irregularities were still found on the films,
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probably due to the low solubility of the organic monomer in
the acidic aqueous medium.

To solve this issue, the electrosynthesis of the polymer films
on the IDEs was performed by employing an acidic
microemulsion polymerization solution. SDS and KCIl were
added to the HCIO, electrolyte to improve the solubility of the
organic monomer. It has been previously reported that the
electropolymerization of EDOTs from microemulsion sol-
utions yields ultrasmooth PEDOT films on a variety of
substrates showing very low RMS values.”’ Furthermore, it is
known that SDS is able to dope PEDOT, increasing the
conductivitgf of the polymer film and diminishing its oxidation
potential. ¥

Next, optical microscope images of the obtained OECTs
revealed homogeneous films (Figure S7). Moreover, compared
to the OECTs obtained from the HCIO, aqueous solutions
and the same number of cycles, the transistors showed higher
Smmax and lower Vy, and Vi gy max values (Figure 2(E),(F)).
These outcomes can be ascribed to the higher homogeneity of
the obtained polymer films, leading to more efficient charge
transport, as well as to the doping of PEDOT-N; by the
anionic surfactant.

Subsequently, the effect of the number of electropolymeriza-
tion cycles in the SDS solution was studied (Figure 2(G)—(1)).
It can be observed that the transistors fabricated with 10 cycles
showed relatively high g, .., while keeping low Vi and
VG ,gm max 1N comparison, the transistors obtained employing
only S electropolymerization cycles showed lower trans-
conductance and similar Vg mie and Vi On the other
hand, an increase in the number of cycles to 20 yielded devices
with barely improved transconductance while presenting too
high Vg em max and Vy, values.

A comparison chart for all the polymerization conditions
and further information regarding the electropolymerization in
different solvents is shown in the SI (Figures S9 and S10). It is
worth noting here that the use of interdigitated Au micro-
electrodes allowed for the preparation of devices with relatively
high g, ..., values compared to previously reported PEDOT-
based OECTs.”>** In addition, the developed fabrication
method showed high device-to-device reproducibility, since the
RSD of resistance values for the finished OECTs was lower
than 15% for 17 transistors (Figure S11). The measured
resistance after a complete set of experiments showed changes
lower than 5%, which accounts for the high stability of the
devices. Finally, the previously mentioned results prompted the
decision of using the transistors obtained by employing 10
electropolymerization cycles in an acidic microemulsion
solution.

To verify the presence of the azide moieties after the
electropolymerization protocol, ATR-FTIR measurements of
the OECTs were performed. The spectrum of the PEDOT-Nj
film (obtained from the SDS-HCIO, solution) showed the
typical azide band at ca. 2100 cm™' (Figure S$16).*
Furthermore, the spectrum showed the presence of PEDOT-
N; bands as well as SDS ones, confirming the incorporation of
the SDS anions into the polymer film during the electrosyn-
thesis. Further description is presented in the SIL

To gain further insight into the PEDOT-N; fabricated
OECTSs, AFM measurements of the channel area of the devices
were performed. The developed protocol yielded smooth
PEDOT-N; films with a very low RMS value of 1 nm (Figure

https://doi.org/10.1021/jacsau.2c00515
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Figure 3. Transient characteristics of a PEDOT-N; OECT (left) and example of the fitting to obtain the t,, and . values (right) (Vps = —0.1V,
1X PBS) (C). t,, and t,q values obtained from the fitting of the curves (n = 3) (D). Potentiostatic EIS spectra for a PEDOT-Nj electrode at
different applied potentials: impedance (E) and phase (F) responses (1X PBS, 10 mV amplitude). Charge-transfer resistance obtained from the

fitting of the EIS spectra and correlation with Vi, (G).

S15). In addition, an average film thickness of 130 + 11 nm
was obtained from AFM measurements. Next, the electro-
polymerization technique endowed a reproducible and
homogeneous film deposition with a very low surface
roughness, which allowed high performance OECTs.

To further characterize the response of the clickable OECTs,
the transient behavior of the devices was studied. This feature
is particularly relevant when considering the interfacing of
OECTs with biological entities, such as those required for
neural and electrophysiological recording.'”®* To this end, the
repeated cycling of the OECT's between 0 V and the ON/OFF
states was performed while recording the drain-source current
(Ipg) at a constant drain source voltage (Vpg). The obtained
source-drain current response was adjusted to an exponential
decay to obtain t,, and t for each set of transistors, as
previously described.'**>°® OFF-switching curves obtained for
an OECT and an example of the fitting are shown in Figure
3(A), whereas ON-switching curves and their corresponding
fitting are shown in the SI (Figure S13). Next, ON and OFF
times of 522 + 20 and 248 + 57 ms, respectively, were found
(Figure 3(B)). These values are in the same range as those
previously reported for PEDOT—PAH"® and PEDOT-S-based
OECTs,%’ showing that the azide-derivatized PEDOT-based
transistors can be employed for high-performance bioelec-
tronics applications.13

Another pertinent attribute of OECTs is the Ioy/Iogy ratio,
particularly relevant in applications involving logic circuits and
matrix active displays.68 An Ioy/Iopr ratio of 2352 + 54 was
obtained from the transfer characteristics curves. This value is
substantially higher than those of recently reported PEDOT-
based OECTs, such as PEDOT-phosphonate (618 + 54),”
PEDOT:PSS (541),”° and PEDOT-S (650 + 210) OECTs,”’
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which shows the potential application of the obtained devices
in the above-mentioned fields.

Furthermore, to electrochemically characterize the polymer
film obtained on the IDEs, potentiostatic electrochemical
impedance spectroscopy (EIS) measurements were performed
at different applied potentials (Figure 3(C),(D)). It is worth
mentioning here that, while numerous circuits have been
described for conducting polymer films, and particularly for
PEDOT-based OECTs, the interpretation of the EIS response
of conducting polymers is not simple.”"”* Recently, the
impedimetric behavior of PEDOT-based OECTs has been
described as a combination of an electronic circuit, related to
the charge transport in and to the channel material, and an
ionic circuit, accounting for the ionic transport from the
electrc;léyte to the polymer (more details are presented in the
S1).!*

From Figure 3(C) it can be observed that, as the applied
potential increased, the low frequency impedance of the film
decreases, in agreement with the oxidation of the polymer and
the subsequent generation of charge carriers, rendering the film
electrically conducting.69 Moreover, in Figure 3(D) it is also
observed that the phase shift at frequencies in the range of
10'=10° Hz decreases in magnitude while increasing the
applied potential, suggesting a change from a capacitive to
resistive character, in accordance with previous reports.””

The fitting of the EIS response to a previously reported
circuit is shown in the SI, together with the Nyquist plot of the
spectra. These plots showed two regimes; at high frequencies, a
semicircle with a radius proportional to the charge-transfer
resistance was observed, while at low frequencies, a line with a
slope at a 45° angle was exhibited, indicative of a mixed
capacitive-impedance response which is dominated by the
ionic exchange between the polymer film and the electrolyte.®”
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Figure 4. Scheme for the click functionalization of the PEDOT-N; OECTs with ethynyl-ferrocene (A). Cyclic voltammetry curves for a PEDOT-
Nj electrode before and after the click reaction with Et-Fc (50 mV/s, 1X PBS) (B). Transfer characteristics curves for a PEDOT-N; OECT before
and after the click reaction with Et-Fc (Vg = —0.1 V, 1X PBS) (C). Threshold voltage and maximum transconductance for a PEDOT-N; OECT
before and after the click reaction with Et-Fc (n = 3) (D). Cyclic voltammetry curves for a PEDOT-Nj electrode after the click reaction with N-But
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The two regimes were more clearly identified at —0.2 V, while
the radius of the semicircle became very small at higher
potentials (Figure S14), suggesting a diminished charge
transfer resistance as the film was oxidized. Next, when the
obtained charge-transfer resistance is plotted against the
potential applied (Figure 3(E)), a steep decrease of the value
can be seen when the electrode is biased at more positive
potentials than —0.22 V. This is in close agreement with the
threshold voltage value determined for the PEDOT-N;-based
transistors in the previous section.

Furthermore, the capacitance as a function of the frequency
was also calculated (Figure S14). It can be observed that the
capacitance increased for more positive potentials, since the
generation of polarons, and therefore, positive charges, induces
the incorporation of counteranions, required to maintain the
charge balance inside the film.”® Next, the capacitance at 0.1
Hz and 0.7 V for the polymer film was extracted, and a
volumetric capacitance of 226 + 92 F cm™ was obtained by
considering the volume of the film. This value significantly
surpasses the one informed for ethylene glycol-treated
PEDOT:PSS OECTs (C* = 39 + 3 F cm™), a widely
employed OECT material,”* as well as that of recently
reported high-performance PEDOT—PAH OECTs (74 =+ 2
F cm™)," and is similar to the values obtained for other state-
of-the-art OECTs, such as p(g2T-T) (C* = 241 + 94 F
em™3)."®”> Then, the high volumetric capacitance and
transconductance values shown by PEDOT-N;-based OECTs
make this conducting polymer a promising alternative toward
the development of efficient electronic devices.

To corroborate the availability of the azide moieties of the
PEDOT-N; conducting channel after the electropolymeriza-
tion, the transistors were functionalized with an ethynyl-
bearing redox probe, ethynyl-ferrocene (Et-Fc), via a DMSO/
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H,0-based copper(I)-catalyzed Huisgen 1,3-dipolar cyclo-
addition (“click” reaction), as depicted in Figure 4(A).

Figure 4(B) shows the cyclic voltammetry curves of a
PEDOT-N; electrode (both S and D electrodes of the OECT
were connected as a WE, as performed for the electro-
polymerization) before and after the click reaction. The redox
peaks of the ferrocene couple can be observed after the click
reaction at 0.51 V (0.55 and 0.47 V for the oxidation and the
reduction process, respectively), confirming the -effective
clicking of the redox probe (control experiments performed
employing PEDOT without azide moieties are shown in the SI,
Figure S17). Next, from these results, an estimated density of
functionalized azide moieties can be calculated by employing
the charge of the redox peaks, according to I' = Q/nFA, where
Q is the passed charge, 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 mm?). The averaged charge
for the oxidation and reduction of ferrocene correlates to a
density of (3.0 + 0.6) x 107 mol cm™

When considering the transfer characteristics of the
transistors (Figure 4(C)) it can be observed that, upon Et-
Fc clicking, the Vi gm mex and the Vi, are diminished by ~170
and ~200 mV, respectively. Moreover, the ON Ijg diminishes
by 14%, and the transconductance does so by 16%. These
outcomes could have two origins; first, the swelling produced
by DMSO’® can create a more porous structure, resulting in
additional ion conduction channels, which is known to shift
the Vi of the transistors to more negative potentials.l?”64 The
increase in the capacitive current observed in the CV
measurements upon clicking (as well as the similar Vi shift
observed when an acetylene-PEG,-biotin was clicked, see the
next section) supports this hypothesis. On the other hand, the
incorporation of the ferrocene molecule could also be a reason.
In this regard, it has been recently stated that the presence of a
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redox couple on the gate electrode can be used to easily
modulate the threshold voltage of OECTs.>®”” However, in
our case, the gate electrode employed for the measurements
was a Ag/AgCl reference electrode and no electroactive species
were bound to it.

Finally, the output characteristics of the devices after the
click reaction (Figure S18) show that the transistors keep their
performance after the click functionalization. Therefore, the
transistors are fully functional after the clicking process in the
organic solvent and the multiple cycling procedures in the PBS
solution, indicating their high stability and robustness, as well
as the possibility of modifying their surface with a desired
molecule.

Similarly, the “electro”clicking of the alkyne bearing redox
couple N-(3-butynyl)phthalimide (N-But) was also performed
on the PEDOT-N; OECTs, by adjusting a previously reported
protocol.”® The cyclic voltammetry curves after the clicking
reaction are shown in Figure 4(E) (Figure S20 shows the
curves before and after the click process). In agreement with
previously reported results,””’” the peaks of the redox couple
at about —2 V (vs Fc/Fc") can be observed after the clicking
procedure, corroborating the effectiveness of the reaction.

Moreover, the transfer characteristics of the devices showed
a slight reduction in the Vi of ~30 mV (Figure 4(F)—(G)).
This small shift suggests that PEDOT-N; does not experience
a swelling as the one observed when performing the clicking in
DMSO, and therefore, the clicking reaction would probably be
more confined to the surface of the polymer.”® Therefore, one
might be able to spatially control the reach of the click reaction
by carefully choosing the clicking protocol. Finally, the output
characteristics of the N-But-clicked OECTs are shown in
Figure S21, confirming that the devices still perform normally
after the clicking and the CV measurements.

The above-mentioned results confirm that it is possible to
click redox molecules to the OECTs without altering their
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proper operation. The high stability of the OECTs in different
electrolytes and solvents allows for the employment of different
functionalization procedures, providing the possibility of
clicking different molecules without solubility issues and
controlling their spatial distribution.

Next, to evaluate the anchoring of biorecognition entities to
the organic transistors toward the development of organic
bioelectronic platforms, the click reaction of an acetylene-
PEG,-biotin on the PEDOT-Nj transistors was evaluated by
means of a fiber-optic surface plasmon resonance (FO-SPR)
setup, and the further recognition of NeutrAvidin was assessed.
The biotin—avidin complex has been widely employed toward
the development of biosensing devices as well as in other
biotechnology applications due to the its high affinity constant,
leading to reliable and stable biomolecular constructs.*’

Next, PEDOT-N; films were electropolymerized on a Au-
coated optical fibers (FO) by employing the same conditions
as the ones used for the fabrication of the OECTs, using the
gold-coated FO as WE (Figure S(A) and SI). A typical
electropolymerization curve for the deposition of PEDOT-N;
on the FO is shown in Figure S22, exhibiting analogous
features as those observed on the IDEs and therefore validating
the FO-SPR experiments. The deposition of the polymer film
leads to a shift of the resonance wavelength (minimum of the
reflected spectrum) to higher wavelengths of 33 + 6 nm (three
measurements performed) and a decrease in coupling
intensity, as shown in Figure 5(B). These changes are
attributed to the growth of a PEDOT-Nj film with a thickness
of 68 + 5 nm (derived from the CV measurements). The
observed spectral shift was evaluated using simulations based
on the Fresnel reflectivity model (see the SI, Figure $26), and
the obtained optical properties of the film are in good
agreement with previously reported results for PEDOT films.*’
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Next, to incorporate biorecognition moieties to the surface,
the click of an alkyne-PEG,-biotin was performed. Upon biotin
clicking, the resonance wavelength shifts to higher wavelengths
by 5.6 + 0.3 nm (average for two measurements), indicating
the successful clicking of the alkyne-bearing biotin-PEG, on
the PEDOT-N, modified fiber (Figure S(B) and SI). This shift
can be correlated to a surface mass density of 339 + 26 ng/ cm?
(see the SI).

Subsequently, the recognition of NeutrAvidin was evaluated
in a kinetic experiment by tracking the resonance wavelength
over time (Figure 5(C)). Upon NeutrAvidin recognition, a
shift in the resonance wavelength to higher values is observed,
indicating that the avidin-bearing molecules are assembled on
the biotin-modified polymer. The process achieves a plateau
after 20 min, in accordance with previous reports,go’82 and a
shift of 5.6 + 1.0 nm (n = 2) is observed. This shift can be
correlated to a surface mass density of 328 + 56 ng/cm” (see
the SI). Control experiments were performed by carrying out
the same steps for the FO functionalization on a PEDOT film
(Figures S27 and S28), showing the specificity of the click
reaction and the subsequent NeutrAvidin binding (Figure
5(C)).

Later, the same functionalization process was performed on
the PEDOT-N,; OECTs (Figure 5(D)). Upon the clicking of
the acetylene-biotin, a shift of the Vi of ~110 mV toward
more negative potentials is registered, in line with the results
observed for the clicking of Et-Fc. The further recognition of
the NeutrAvidin causes a positive shift of the Viy by 30 mV,
ascribed to the binding of the negatively charged protein
(isoelectric point of 6.3),% which causes the induction of
positive charges in the organic semiconducting channel. The
output characteristics curves after the whole modification
process (Figure S27) account for the excellent stability of the
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transistors since they preserve their features as amplification
devices.

Next, as a proof of concept for the use of the clickable
OECTs for the development of enzymatic biosensing devices,
the biotin—avidin recognition was employed to assemble
streptavidin-conjugated horseradish peroxidase (HRP) to the
biotin-modified OECTs. Next, the devices were biased at the
Vigmmax (0 V, Figure $30) and H,0, was continuously added to
the electrolyte while registering the Ing. Upon the addition of
H,0, in the millimolar range, the Ijg increases, showing that
the enzyme preserves its functionality upon recognition from
the biotin-clicked surface and the devices properly function as
enzymatic biosensors for the sensing of H,0, (Figure 5(F)).
The transduction mechanism of the HRP enzymatic biosensors
has been described as a direct electron transfer from the
enzyme to the conducting polymer film.***° Next, the
recorded signal is greatly enhanced by the high g, ., of the
device, making the changes easily observable. In addition, the
VG gm max Presenting values close to 0 V allows the sensing of
H, 0O, without requiring the use of high gate voltages which can
cause parasitic reactions or noise in the signal."” In this sense,
while a thicker film could increase the g, .. of the OECTs it
would also increase the Vi, .., and might even hinder the
electronic transport throughout the PEDOT-Nj film, affecting
the response of the biosensors.

Finally, the above-mentioned results show that the PEDOT-
N; OECTs can function as stable and tunable platforms
toward the development of organic bioelectronic devices
through click chemistry, allowing the functional incorporation
of biorecognition elements and enzymes without altering their
proper functioning.
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As a proof of concept for the fabrication of aptamer-based
biosensing devices based on PEDOT-N; OECTs (Figure
6(A)), the copper-free strain-promoted clicking of a thrombin
specific DBCO-derivatized HD22 aptamer (known to interact
with the exosite II of thrombin®’) was performed. Thrombin is
a kind of serine protease which plays an essential role in clot
promotion and inhibition, and its imbalance can lead to
bleeding or thrombosis.®” Therefore, its determination in
blood is of crucial relevance for the monitoring of patients
which are exposed to invasive procedures such as dialysis or
various surgeries.88

First, the click reaction of the DBCO-aptamer and its affinity
for thrombin were investigated by means of the FO-SPR setup.
To this end, a film of PEDOT-Nj; was electropolymerized on
the fiber as described above, and the clicking process was
started by dipping the fiber in a 1 uM DBCO-HD22 PBS
solution. Later, and after a washing step with PBS, the fiber was
immersed in a 200 nM solution of thrombin to evaluate the
recognition of thrombin by the aptamer-modified surface. The
whole process was followed by measuring the reflected spectra
(Figure 6(B)) and monitoring the resonance wavelength over
time, as shown in Figure 6(C). It is observed that the aptamer
binds to the polymer-modified fiber, yielding a shift of the
resonance wavelength of 3.1 + 0.4 nm, corresponding to a
surface mass density of 154 + 27 ng/cm® (see the SI). This
result indicates a significant increase in surface mass density of
the HD22 aptamer on the PEDOT-N; film compared to
previously reported surface architectures based on PEG-thiol
self-assembled monolayers or polymer brushes.*”” This result
can be attributed tentatively to the porous structure of the
polymer film and the associated high surface area with a high
density of clickable groups. After the washing of the surface
with PBS, the immersion of the aptamer-modified fiber in a
200 nM thrombin solution in PBS results in a resonance
wavelength shift of 3.0 + 0.3 nm due to the recognition and
binding of the cardiac biomarker by the aptamer-modified fiber
tip. This shift can be correlated to a thrombin surface mass
density of 193 + 25 ng/cm? (SI). Furthermore, the experiment
was contrasted to a fiber modified with PEDOT without azide
moieties, and no aptamer nor thrombin unspecific adsorption
was detected (Figure 6(C)).

Next, the thrombin sensing assay was performed also by the
clickable transistors. To this end, the PEDOT-N; OECTs were
functionalized with the DBCO aptamer and incubated in the
respective thrombin solutions, and the transfer characteristic
curves were measured. From Figure 6(D), the clicking of the
aptamer generates a negative shift in the Viy; of 33 mV. Next, it
is observed that all of the clicking of the different molecules
(N-but, Et-Fc, acetylene-biotin-PEG, and DBCO-HD22) to
the PEDOT-N; OECTs cause a shift of the Viy to more
negative potentials. This result can be ascribed to the
conversion of the azide moieties of PEDOT-Nj into triazole
units, which can originate new ionic transport paths upon the
alteration of the packing structure of the polymer.*’

On the other hand, the thrombin recognition also results in
a negative shift of the Vi (Figure 6(E)), which is translated in
a decrease of the registered Ig. This effect has been previously
reported in organic field effect transistors, and it is ascribed to
the induction of negative charges in the semiconductor by the
positively charged thrombin molecules.”"

Later, the I values for Vg = 0 V were computed and fitted
to a Hill (n = 1) adsorption model, yielding a K, for the
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DBCO-HD22-functionalized OECTs toward thrombin of 103
+ 44 nM (R’=0.98), in good agreement with previously
reported results.**”* In addition, a LOD of 31 nM was
obtained. A comparison with others OECTs-based biosensing
devices is shown in Table S3. The output characteristics of the
devices measured after the recognition of 400 nM thrombin
show the proper stability of the devices (Figure S32).

As a control experiment, PEDOT-based OECTSs were
fabricated by employing the same preparation process (see
the SI, Figure S31), and the same protocol for the
functionalization of the PEDOT-Nj transistors was followed.
The change in the current obtained from the transfer
characteristics of the devices is shown in Figure 6(E). Almost
no change is detected in the recorded Ipg of the PEDOT
transistor upon exposition to different thrombin solutions,
confirming the effective functionalization and specificity of the
PEDOT-Nj;-based biosensing devices.

We have shown the development of PEDOT-Nj;-based organic
electrochemical transistors. The fabrication of PEDOT-Nj;
OECTs through electropolymerization of the EDOT-Nj
monomer on Au IDEs was performed, and the obtained
devices showed lower Vi, and Vi, oy values than state-of-the-
art PEDOT-based transistors. Next, the azide moieties were
employed to click acetylene-modified redox probes, such as N-
(3-butynyl)phthalimide and ethynylferrocene. More impor-
tantly, the clicking of acetylene-PEG,-biotin on the transistors
allowed for the fabrication of stable bioconstructs through
avidin—biotin recognition, showing the potential of these
devices for interfacing bioentities. In addition, a DBCO-
modified thrombin-specific HD22 aptamer was clicked via a
strain-promoted [3 + 2] azide—alkyne cycloaddition, allowing
the further recognition of thrombin by the OECTs, yielding
PEDOT-N;-OECT-based biosensing devices.

We believe that this work can pave the way toward the
straightforward and controlled design of organic bioelectronic
devices through the use of the well-known toolbox of click
chemistry.

2-Azidomethyl-2,3-dihydrothieno[3,4-b][1,4]dioxine
(EDOT-Ns). Under an inert atmosphere, 342 mg (5.24 mmol) of
sodium azide was added to a magnetically stirred solution of 500 mg
(2.62 mmol) 2-chloromethyl-2,3-dihydrothieno[3,4-b][1,4]dioxine in
25 mL of abs DMF. The reaction mixture was heated to 120 °C for 3
h. After cooling, S0 mL of water was added to the reaction mixture,
and the product was extracted three times with 50 mL of diethyl ether
each. The organic phases were combined, washed with SO mL of
water and 50 mL of brine, and dried over MgSO,. Subsequently,
diethyl ether was evaporated, and the crude product was purified over
silica gel using petrol ether/ethyl acetate 95:5 as eluent, yielding 407
mg (78%) of EDOT-N; as a colorless oil.

EIS and CV experiments were performed with an Autolab
potentiostat with both source and drain electrodes of the IDEs
connected as WE. For the aqueous measurements, an Ag/AgCl
reference electrode and a Pt wire as CE were employed. The
electrolyte solution used was 1X PBS. Potentiostatic EIS measure-
ments were performed in the frequency range from 0.1 to 10° He,
employing voltages ranging from —0.8 to 0.7 V.
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Transistor measurements were performed by means of a Keithley
4200-SCS probe station. For the transfer and the transient
characteristics, the Vg 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 Vp
was swept from 0 to 0.6 V. All of the measurements were performed
in 1X PBS.

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

The DMSO/H,0-based procedure for the clicking of Et-Fc and
Acetyele-PEG,-biotin was adapted from a previously reported
protocol.”® Next, 4.5 uL of a 1:2 CuSO,-SH,0 0.05 M and TBTA
0.05 M in 3:1 DMSO-tert-butanol were mixed with 3 yL of 1 mM
alkyne in DMSO, 4.11 uL of H,0 Milli-Q, 13.1 uL of DMSO, and
2.25 puL of NaAsc 0.1 M in Milli-Q and subsequently deposited on the
modified area of the PEDOT-N;—-OECTs. Finally, the electrodes
were thoroughly washed with DMSO, KCI 3 M, and Milli-Q water
and dried. To perform the clicking procedure on the PEDOT-Nj;-
modified FO, the final volume of the mixture was adjusted to 200 pL.

The “electro”click protocol was adapted from a previous report.”
Chronoamperometry was performed at a constant potential of —0.75
V vs Ag/Ag+ for 10 min in a DMF electrolyte solution containing 10
mM N-But and 2 mM CuSO,5H,0. Next, the electrodes were
thoroughly rinsed with DMF and ACN and dried with N,.

The recognition of neutravidin by the biotin-modified OECTs was
performed by dipping the previously modified biotin-PEDOT-N,
OECTs in a 0.3 mg/mL NeutrAvidin solution in 1X PBS for 45 min.
Next, the electrodes were rinsed with 1X PBS and dried with N,. To
perform the recognition procedure on the PEDOT-N;-modified FO,
the final volume of the solution was adjusted to 200 uL.

The assembly of HRP-Streptavidin was performed by dipping the
previously modified biotin-PEDOT-N;-OECTs in the as-supplied
commercial HRP-Streptavidin solution for 60 min. Next, the
electrodes were rinsed with 1X PBS and dried with N,.

Based on the FO-SPR results, the clicking of the DBCO-modified
thrombin HD22 aptamer was performed in aqueous solution by
immersing the azide-bearing electrodes in a 1 uM DBCO-HD22 1X
PBS solution by 60 min. The electrodes were subsequently rinsed
with 1X PBS and dried with N,. Regarding the recognition of
thrombin by the HD22-transistors, the aptamer-modified OECTs
were incubated in the respective thrombin solution for 30 min, rinsed
with 1X PBS, and dried with N,.

More details of the materials and methods can be found in the
Supporting Information.
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The data that support the findings of this study are openly
available in Zenodo (DOI: 10.5281/zenodo.6794195).

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.2c00518.

Materials and Methods section, optimization, and
comparison of the OECT obtention protocols, control
experiments for the clicking of redox probes and
aptamers, FO-SPR, ATR, FTIR, EIS, CV, and further
measurements (PDF)
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