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Weaving New Smart Objects: Actuation and Sensing at a
Single Electroactive Interface
Federica Mariani,* Thomas Quast, Wolfgang Schuhmann, Isacco Gualandi, and
Erika Scavetta

The peculiar properties of electroactive polymers mark them as
protagonists in the bioelectronic research field, with application
in point-of-care devices, wearable electronics, neuroscience, cell
biology, and more. They have been successfully employed for
the design of both sensing and actuating interfaces, which exert
complementary functions but benefit from common electrochem-
ical mechanisms unique to these materials. The question is: to
what extent sensing and actuating capabilities can be integrated
within a single electrochemical transducer? The simultaneous pH
detection and pH-controlled release of a model dye are investi-
gated using screen-printed textiles for wearable applications.
The transducer is based on poly(3,4-ethylenedioxythiophene):

polystyrene sulfonate (PEDOT:PSS) and is specifically function-
alized to create a two-terminal pH sensor and subsequently
loaded with the anionic dye. Simultaneous pH sensing and con-
trolled dye release into the electrolytic solution are demon-
strated via electrical and spectrophotometric techniques,
while the local release of the dye is confirmed through scan-
ning electrochemical microscopy. The findings confirm that
the acquisition of a quantitative analytical signal and the
release of the dye do not interfere with each other and can take
place simultaneously at the same electrochemical interface.
This opens new perspectives for the development of hybrid
sensing and drug delivery systems.

1. Introduction

The definitions of “sensor” and “actuator” (or effector)[1,2] identify
two complementary electronic components, enabling smart
objects to interact with the surroundings.[3] Their physical separa-
tion is canonical and responds to our current technological capa-
bilities in terms of miniaturization, integration, and control of their
functions. Nevertheless, materials like conducting polymers (CPs)
in bioelectronics are popular for both electrochemical sensing[4–11]

and soft actuation.[12–15] Poly(3,4-ethylenedioxythiophene):polysty-
rene sulfonate (PEDOT:PSS) is the most widely used CP in these
fields, due to its easy processability, biocompatibility, chemical
and electrochemical stability, high conductivity, and specific capac-
ity. Moreover, the versatile and facile deposition and polymeriza-
tion routes allow obtaining soft thin films exhibiting easily tunable

properties that are particularly appealing for organic electronics
applications, including mixed conduction enabling ionic–
electronic coupling.[16] Permselective cation transport is known
to dictate the reversible doping of PEDOT:PSS[17]:

PEDOTþ : PSS� þ e� þMþ ⇌ PEDOTþ PSS�Mþ (1)

where Mþ is a generic cation in the electrolyte solution.
Nevertheless, the interaction of PEDOT with anions and its anion
exchange capabilities have attracted considerable attention in
diverse research fields, from engineering to sensors, due to
the possibility to tailor the conductivity of thin films, design
new transducers, and control ion transport and release.

For instance, the mixing of commercial aqueous dispersions
of PEDOT:PSS or the treatment of the resulting films with salt-con-
taining solutions is a fairly common secondary doping strategy,
with similar effects compared to the treatment with high boiling
point polar organic solvents. Ions’ size and salt’s acid–base prop-
erties[18,19] play a role in the charge screening effect induced by
their incorporation within the polyelectrolyte complex. Therefore,
PEDOT chains are presumed to undergo a conformational change
to the extended-coil structure (quinoid) with the concurrent loss
of some insulating PSS excess.[20–22] In other words, an increase in
film conductivity is obtained due to an increase in the PEDOT/PSS
ratio,[23] e.g., leading to a modulation of the doping level. Films
produced from commercial dispersions are, in fact, characterized
by excess PSS to improve processability and a typical molar
sulfonate:thiophene ratio is 1.9 (corresponding to 1:2.5 w/w).[24]

More variegated is the case of electrochemically polymerized
PEDOT films. During electropolymerization, the oxidized PEDOT
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chains incorporate the minimum amount of counterions to
neutralize the doping charge. However, the density of sulfonate
groups in a polyanion like PSS is higher than the density of charges
along the PEDOT chains and not all sulfonate groups are involved
in the doping process. Electropolymerized PEDOT:PSS films are
therefore characterized by a molar sulfonate:thiophene ratio of
about 0.2, i.e., a higher PEDOT content than PSS.[17,25] Thanks to
the versatility of the electropolymerization method, nonpolymeric
counterions are also available for use as doping agents: in such
a case, all counterion molecules within the film may be involved
in the doping process. The nature of the dopant has pro-
found consequences on the ion exchange properties of
PEDOT films. Potentiometric studies[26,27] have shown cation- and
anion-exchanging behaviors, respectively, in PSS-doped and
hexacyanoferrate(II) (HCF)-doped films. In particular, the latter
undergoes gradual, spontaneous anion exchange with small
anions in solution, demonstrated by the complete disappearance
of the redox HCF peaks from the voltammograms recorded
after 1 h open-circuit conditioning in KCl. Differently, the effec-
tive immobilization of the polyanionic PSS only allows partial
surface replacement during the conditioning process in KCl.
Nevertheless, nonpolymeric anions such as bromothymol blue
(BTB)[28–30] and methyl orange[29] have been used as doping agents
during PEDOT electrosynthesis to produce stable films with pH
transducing properties: the presence of sulfonate groups in the
counterions helped to avoid massive anion replacement in solu-
tion and therefore maintain the sensing robustness.

As a volumetric change (swelling/shrinking) accompanies elec-
trochemical doping/dedoping phenomena and ion exchange in
CPs, they can be considered as soft actuators.[12] PEDOT-based
actuators have been reported where the application of a potential
specifically controls the electrochemomechanical deformation of
artificial muscles,[31,32] the electrophoretic migration of ions and neu-
rotransmitters from ion pumps,[33,34] or the release of anionic drugs
from neural probes.[13–15] In the latter example, bioactive dopants
are chosen with the scope of integrating local drug delivery directly
into the electrode material employed for neural recording or stim-
ulation. This approach has been mainly explored using anionic anti-
inflammatory drugs, such as Dexamethasone phosphate, as doping
agents during PEDOT electrosynthesis[13,14,35] or, after electrochemi-
cal removal of the original mobile doping agent, as “second stage”
dopants during PEDOT reoxidation.[15] The controlled release of the
bioactive dopant is triggered by the application of a suitable elec-
trical input (potentiodynamic, potentiostatic, current pulses, etc.)
and it is supported by the abovementioned mechanical actuation.
With this interesting approach, neural communication and local
drug release occur at the same electrochemical interface for opti-
mized treatment of neurological diseases.

Looking at the sensors field, on-skin devices for diagnostics and
therapeutics are undoubtedly an emerging field in the wide topic of
personalized healthcare and medicine. Innovative sensing architec-
tures include two-terminal textile configurations,[30,36,37] in which a
charge transport layer made of PEDOT:PSS is in direct electrical con-
tact with a potentiometric transducer. The latter, either in the form
of a film[30] or (nano)particles incorporated within the PEDOT:PSS
layer,[36,37] exerts spontaneous and reversible electrochemical gating

that modulates the conductivity of the charge transport layer in an
analyte-dependent fashion. Moreover, several wearable platforms
have been recently reported, incorporating sensors and drug deliv-
ery components, either externally triggered or self-responding.[38–41]

However, the fascinating idea of combining sensing and actuating
functions within the same electrochemical interface, thus unifying
two typically separated smart components in a single circuital ele-
ment, has never been investigated. Not only would it advance tra-
ditional concepts toward the design of a new class of smart
interfaces, but such a dual-function device would be particularly
impacting for wearable systems where miniaturization, energy effi-
ciency, and low-cost are major drivers. In this work, we verify the
possibility of integrating pH sensing and pH-controlled release of
model molecules within a textile device. Screen-printed textiles
in the form of two-terminal devices and based on PEDOT:PSS were
characterized as pH transducers after loading of BTB, which was
chosen due to its affinity with the semiconductor and its acid–base
properties. The loaded BTB under the selected experimental condi-
tions can be controllably released from the two-terminal device
according to pH changes in the electrolyte solution, as confirmed
through spectrophotometric analyses. Simultaneously, quantitative
pH detection is carried out using the two-terminal device as an elec-
trochemically gated sensor.[30,37] The release is triggered at basic pH
values and increases with pH due to the electrostatic repulsion
between the deprotonated BTB and the loaded PEDOT-based trans-
ducer, which undergoes reduction and ejects the dianionic dye.
Electrochemical measurements demonstrate that the release phe-
nomena do not interfere with the sensing capabilities. Moreover,
scanning electrochemical microscopy (SECM) was employed for
the local electrochemical detection of BTB using a carbon fiber
microelectrode positioned in close proximity to the textile surface.
It is worth noting that application of SECM to textiles characteriza-
tion is barely explored, and the only examples were reported by the
F. Cases group concerning the electroactivity study of polyester
fabrics modified with polypyrrole,[42] polyaniline,[43] and gra-
phene.[44] All in all, this contribution paves the way to the design
of electrochemical devices integrating sensing capabilities and
potential drug delivery functions.

2. Results and Discussion

Three PEDOT-based textile electrodes were studied, namely,
1) a screen-printed PEDOT:PSS electrode, 2) a screen-printed
PEDOT:PSS electrode with electrodeposited PEDOT:BTB, and
3) a screen-printed PEDOT:PSS electrode with electrodeposited
Iridium oxide particles (IrOx Ps). Scanning electron microscopy
(SEM) characterization of the textile samples revealed the
expected nonwoven structure with arrangements of cellulose
fibers forming yarns (Figure S1, Supporting Information).
Screen-printing produces a homogeneous coating on the textile
substrate and the fibers appear smooth. At higher resolution, no
relevant differences in the samples’ topography were observed,
except in the case of PEDOT:PSS functionalized with IrOx Ps
(Figure S2, Supporting Information). A rougher fiber surface is char-
acterized by the random emergence of discrete particles with sizes

ChemElectroChem 2025, 12, e202500263 (2 of 9) © 2025 The Author(s). ChemElectroChem published by Wiley-VCH GmbH

ChemElectroChem
Research Article
doi.org/10.1002/celc.202500263

 21960216, 2025, 23, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/celc.202500263 by A
rea Sistem

i D
ipart &

 D
oc, W

iley O
nline L

ibrary on [19/12/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://doi.org/10.1002/celc.202500263


in the 300—500 nm range, as previously observed for the same
material on nontextile substrates.[37] The electrochemical behavior
of the textile electrodes during potentiodynamic cycling in a solu-
tion containing 1mM dye is shown in Figure 1. The three voltam-
mograms share the presence of the redox system A–A’/’’, which
raises cycle after cycle. This system is not ascribable to BTB[45]

or poly(BTB),[46] but it is consistent with the formation of pH-depen-
dent electronic states in the conjugated polymer interacting with
BTB.[29,30] Differently from the simple PEDOT:PSS (Figure 1a) and
PEDOT:PSS with electropolymerized PEDOT:BTB (Figure 1b), the
PEDOT:PSS electrode functionalized with IrOx Ps (Figure 1c)
presents the additional B–B’ redox system, which remains fairly
constant upon cycling and is associated with the activity of
IrIV/IrIII redox couple.[37] The solution pH dictates the potential of
the redox peaks of both systems. All in all, the voltammograms
suggest the intercalation of BTB within all three PEDOT-based
electrodes, which can be described at the working pH by
Reaction 2 for PEDOT:PSS and PEDOT:PSS/IrOx Ps and by
Reaction 3 for PEDOT:PSS/PEDOT:BTB:

PEDOTþ : PSS� þ BTB�
sol ⇄ PEDOTþ : PSS�½ �BTB�

film (2)

PEDOTþ : BTB� þ BTB�
sol ⇄ PEDOTþ : BTB�½ �BTB�

film (3)

The use of the equilibrium arrows implies that the electrochemi-
cal incorporation of BTB within the films is reversible. To verify this

hypothesis, we combined electrochemical and spectrophotometric
information while changing the pH value of the electrolyte solution
in contact with the BTB-loaded textile electrodes. Figure 2 shows
the electrochemical potential (E) of the three textile electrodes
recorded while changing the pH of the universal buffer (U. B.) solu-
tion and the UV–vis spectra acquired from aliquots of the U. B. solu-
tion sampled after signal stabilization. As expected, the pH variation
in the electrolyte solution caused the open-circuit potential of all
three electrodes to decrease, with no significant effect caused by
the previous BTB loading step (Figure 2a,b). For PEDOT:PSS, a
decrease in electrical conductivity upon pH increase originates
from the progressive destabilization of bipolaronic states, deterio-
ration of the crystalline structure, and carrier transport proper-
ties.[47] In contrast, PEDOT:BTB and PEDOT:PSS/IrOx Ps are
potentiometric pH transducers. In the former, the acid–base equi-
libria modulate the dopant control and its impact on the carrier
concentration in the semiconductor[29,30]; while in the latter, the
pH susceptible IrVI/IrIII redox couple exerts a gating effect on the
semiconductor.[37] The same pH variation in the electrolyte solution
had an important effect on the UV–vis spectra (Figure 2c).
Specifically, upon pH increase from values below to values above
the pKa of BTB (7.1), the spectral features of the dye appear at 435
and 616 nm,[29] indicating BTB release from the previously loaded
textile electrodes to the electrolyte solution.

These results lead to three important considerations: 1) BTB
release is pH dependent; 2) the loss of BTB from the textiles does
not hinder the acquisition of a meaningful electrochemical signal,

Figure 1. Loading of bromothymol blue in PEDOT-based textile electrodes: a) screen-printed PEDOT:PSS electrode, b) screen-printed PEDOT:PSS electrode
functionalized with PEDOT:BTB, and c) screen-printed PEDOT:PSS electrode functionalized with IrOx particles. Electrolyte solution: 0.1 M acetate buffer con-
taining 1mM BTB. Scan rate 10 mV s�1.
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and 3) the most intense BTB release occurs from the most effi-
cient pH transducer, e.g., the material showing the highest E var-
iation with pH. With the aim of drafting this experimental
evidence into a possible mechanism regulating the dye release
from the BTB-loaded PEDOT:PSS/IrOx Ps film upon pH change,
a scheme is presented in Figure 3. At acidic pH, reduction of
IrIV species within the IrOx Ps decorating the semiconductor is
favored, thus promoting PEDOT oxidation: the previously loaded
BTB� is likely to remain inside the film thanks to electrostatic and/
or π–π interaction, thus contributing to the stabilization of holes.
As the pH turns basic, the opposite phenomena are favored: IrOx
Ps tend to undergo oxidation, thus extracting holes from the
semiconductor. At the same time, above its pKa, BTB2� is not eas-
ily accommodated inside the film anymore: PEDOT is de-doped
and repulsive coulombic forces may dominate, likely pushing the
mobile dianion away. It is worth underlining that no other stim-
ulus than a variation in the solution pH is needed to trigger and
regulate the release of BTB, as all the electrochemical phenomena
involved are spontaneous and reversible.

To summarize, BTB release occurs in response to a pH varia-
tion and the most efficient pH transducer seems to provide the
highest release. This leads to the question if the pH transducer is
retaining its sensing capabilities during the concomitant release
of the dye. To answer this question, we implicitly move from
material to device characterization, where a two-terminal sensing

Figure 2. pH-controlled release of BTB from the screen-printed electrodes. a) Potentiometric responses upon pH variations in U. B. and b) corresponding E
versus pH curves. c) UV–vis spectra recorded from U. B. aliquots sampled from the electrochemical cell during the potentiometric measurements reported
in (a).

Figure 3. Proposed mechanism of the pH-controlled BTB release from a
BTB-loaded PEDOT:PSS/IrOx Ps film. a) Electrochemical gating of PEDOT by
IrOx Ps at acidic pH: PEDOT doping is favored and the dye tends to stay
inside the film in the form of BTB�. b) Electrochemical gating of PEDOT by
IrOx Ps at basic pH: PEDOT de-doping is favored and, above the dye pKa,
BTB is further deprotonated to BTB2�, which tends to leave the film. Mþ is
a generic cation from the electrolyte solution.
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configuration was specifically chosen because of its suitability for
wearable applications. In particular, the potentiometric nature of
the transduction, which originates from the electrochemical gating
of the two-terminal sensor, allows us to eliminate the reference
electrode without sacrificing the sensor’s robustness.[30,36,37,48,49]

Textile two-terminal pH sensors made of PEDOT:PSS/IrOx Ps were
prepared and tested for pH sensing in U. B. with the concomitant
monitoring of BTB release. Figure 4 shows the comparison
between a BTB-loaded sensor (1 L) and a not loaded sensor
(0 NL) upon application of �200mV. The current recorded
during pH variations for the BTB-loaded sample is reported in
Figure 4a and shows a stepwise decrease (in absolute value) with
the increase of the solution pH, which is in agreement with the
above discussedmechanism andwith previous literature results.[37]

The PEDOT:PSS/IrOx Ps sensor exhibits a polynomial response
across the full pH range under investigation, which originates from
the nonlinear variation of charge carrier mobility in the semicon-
ductor within the electrochemical potential window of the IrIV/IrIII

redox couple. Still, it is possible to describe the sensor behavior
though a linear relationship as far as limited pH ranges are consid-
ered, thus leading to practical advantages in the expression of the
analytical performances, such as pH sensitivity. In particular, the
highest sensitivity is obtained above pH 6.40 in the basic range
of linear response. The normalized calibration curves of the
loaded/not loaded sensors (Figure 4b) in this pH range display
statistically equivalent sensitivities, e.g., (0.036� 0.003) pH�1 and

(0.034� 0.008) pH�1, respectively. The sensor resolution, e.g.,
the smallest pH variation that is detectable in a statistically relevant
manner, results equal to 0.3 pH units and it is not affected by BTB
loading. The analysis of the spectra in Figure 4c,d confirms the
release of BTB from the loaded sensor, demonstrating not only that
the simultaneous occurrence of release and quantitative sensing is
possible at the same electrochemical interface but also that neither
the loading procedure nor the release of the dye during sensing
affects the sensor performance.

The possibility of realizing simultaneous pH sensing and dye
release was further investigated by evaluating the effect of the
applied voltage between the two terminals of the sensor.
Figure 5 includes the comparison between BTB-loaded sensors
biased with �200 mV (1 L) orþ 200mV (2 L). When the negative
voltage is applied, the superior performance obtained in terms of
sensitivity ((0.036� 0.003) pH�1 vs (0.024� 0.006) pH�1,
(Figure 5a)) is accompanied by a stronger release of the dye
(Figure 5b,c). Such observation may be interpreted in light of
the gating efficiency of IrOx particles. Considering the potentio-
metric analysis in Figure 2a and the I/E curve of PEDOT,[37] we can
hypothesize that the negative voltage places the Fermi level of
PEDOT closer to the potential of the IrIV/IrIII redox couple, thus
facilitating the charge transfer and leading to a higher modula-
tion of the conductivity with pH. This result confirms the validity
of our method and confirms the electrostatic nature of the
interaction between BTB and the semiconductor. Moreover, we

Figure 4. Simultaneous pH sensing and release of BTB using a two-terminal PEDOT:PSS/IrOx Ps textile device. a) Current response of a BTB-loaded sensor
during pH variations in U. B. (V=�200mV). b) Normalized calibration curves of not loaded sensor (0 NL, R2= 0.944) and the BTB-loaded sensor (1 L,
R2= 0.992) sensors. UV–vis spectra recorded from U. B. aliquots sampled from the electrochemical cell during pH sensing for the c) BTB-loaded and the
d) not loaded sensor.
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provide the release profile of the dye from the two sensors, where
the dye concentration was calculated considering its absorbance
at 616 nm. For completeness, normalized calibration curves
recorded for loaded and not loaded sensors at both applied vol-
tages, as well as all spectra recorded during pH sensing using
loaded/not loaded sensors at V=þ200mV are provided in the
Supporting Information.

The robustness of the optimized textile device was assessed
across multiple sensing-release cycles. In particular, calibration
curves and UV–vis spectra were consecutively acquired 3 times
using the same device (Figure S5, Supporting Information): the
capability to simultaneously perform pH sensing and release
BTB in a pH-controlled fashion was monitored through the eval-
uation of the normalized sensitivity and the absorbance at
616 nm, respectively. The sensing behavior was only partially
affected, with an 18% decrease in the normalized sensitivity from
the first to the second cycle, and an additional 12% decrease in
the third cycle of pH sensing. Different was the situation for the
BTB release ability, with a dramatic drop after the first cycle. Even
if these results suggest a single-time use of the device as far as
the release capability is concerned, we consider them particularly
relevant for two reasons. First, the textile device was subjected to
washing–drying steps between each sensing-release cycle, thus
making these measurements indicative not only of the device
repeatability but also of its washability. The latter is considered
a key property in smart textiles development and very

challenging to achieve,[50] and it has been rarely reported for tex-
tile, functionalized electrochemical sensors.[51] Second, we pro-
vide evidence that the device is regenerable (fourth cycle). In
particular, the BTB loading procedure was repeated after com-
pleting the third sensing-release cycle, and the reloaded textile
showed about 80% recovery of the pH-controlled release capa-
bility, associated with a statistically equivalent sensitivity to the
previous cycle.

In order to corroborate the spectrophotometric data, the pos-
sibility to detect the controlled BTB release from our textile device
using electrochemical techniques was also explored. The detec-
tion of BTB in the micromolar range can be carried out at a glassy
carbon electrode (GCE, Figure S6a, Supporting Information) and
its irreversible electrochemical behavior is in agreement with the
previous literature reports using carbon paste electrodes.[45]

However, when the loaded textile device is exploited as the only
source of BTB in the electrochemical cell, no significant electro-
chemical response is recorded at the GCE (Figure S6b, Supporting
Information). The failure of such a bulk electrochemical approach
highlights the need to move in the direction of local measure-
ments. SECM was chosen due to its versatility in locally probing
electrochemical interfaces, including the scarcely investigated
textile devices. Using a carbon fiber microelectrode (CFME, elec-
trochemical characterization provided in Figure S7, Supporting
Information) as the SECM probe, accurate positioning was
achieved with good reproducibility, exploiting the negative

Figure 5. Effect of the applied voltage in the two-terminal PEDOT:PSS/IrOx Ps textile device. a) Normalized calibration curves of BTB-loaded sensors biased
with V=�200mV (sensor 1 L, R2= 0.992) and þ 200mV (sensor 2 L, R2= 0.948). UV–vis spectra recorded from U. B. aliquots sampled from the electro-
chemical cell during pH sensing at pH b) 6.44 and c) 9.01. d) Release profile of the dye from sensors 1 L and 2 L during pH sensing.
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feedback generated by the unbiased textile device. Nevertheless,
a manual approach of the CFME toward the surface with 1 μm
steps was required due to the very small RG value of the
CFME compared to other typically used Pt- or Au-based ultrami-
croelectrodes in SECM measurements. The irregular, swollen
surface of the textile substrate and its variation during the mea-
surement made it necessary to perform the local measurements
at a distance of about 5 μm above the approach point (Figure S8,
Supporting Information). The measurements acquired at the sur-
face of the loaded textile device are shown in Figure 6. pH-con-
trolled release of BTB was confirmed at basic pH (Figure 6a). In
order to enhance the local detection, we verified the possibility
to preconcentrate the released BTB upon cathodic polarization of
the CFME and subsequent anodic stripping of the dye, following a
strategy developed by Munteanu et al. to characterize the leak-
age of redox mediators immobilized on carbon paste electrodes
at different pH conditions using CFMEs.[52] Once this approach
was assessed at the CFME with bulk experiments in the presence
of BTB (Figure S9, Supporting Information), we applied the
method for the local detection of the dye released at basic
pH. The results in Figure 6b confirm that effective enhancement
of the electrochemical signal can be obtained if the dye released
by the biased textile device is preliminarily accumulated at the
probe surface.

3. Conclusion

Setting boundaries and establishing rules often facilitate the
interpretation of phenomena. However, the continuous discovery
of new materials, introduction of novel techniques, and design of
innovative technologies sometimes require these rules to adjust
and remodulate according to a more advanced knowledge. It is,
for instance, the case of pseudocapacitors or mixed ionic–
electronic conductors. The fact that a sensor is, by definition,
acknowledged as a spectator that converts physicochemical
changes into readable signals, while an actuator is designed to
affect the surroundings in response to physicochemical stimuli,
apparently makes them diametrically opposite. Yet, they both
are intrinsically transducers. This work aims at inspiring a novel

class of materials and devices exhibiting both sensing and actu-
ating functionalities, thus bridging the complementary domains
of two typically distinct electronic components toward the
achievement of highly integrated smart wearable objects. We
have demonstrated that stable sensing architectures like electro-
chemically gated sensors can sustain the incorporation and
expulsion of small molecules without compromising the sensing
capabilities. Nevertheless, the choice of molecules whose physi-
cochemical properties are controllably affected by external stim-
uli to study the release mechanisms is convenient to the further
engineering of drug carriers and drug delivery systems. In partic-
ular, the results obtained with the model molecule BTB suggest
that the presence of aromatic rings coupled with a sulfonate
group, together with appropriate pKa values, are crucial in guid-
ing the selection of other molecules and eventually tune their
chemistry to extend our study in view of healthcare applications.
Specifically to the here optimized system based on PEDOT:PSS/
IrOx Ps, the seamless on-body monitoring of a rising pH value and
transdermal administration of a specific drug could be realized in
a closed-loop fashion. Future studies will aim at the local delivery
of anti-inflammatory drugs in response to the disruption of the
skin’s acidic mantle, which will require the assessment of the
device biocompatibility and safety aspects, as well as the in-depth
characterization of release profiles, stability, and bioavailability of
the drug in the target environment.

4. Experimental Section

Chemicals and Buffers

Clevios PH1000 suspension (PEDOT:PSS) was purchased from
Heraeus. 3,4-ethylenedioxythiophene (EDOT), bromothymol blue
(BTB), (3-glycidyloxypropyl)-trimethoxysilane (GOPS), sodium dode-
cylbenzenesulfonate, potassium nitrate, potassium hydroxide, acetic
acid, 85% phosphoric acid, and boric acid were purchased from
Sigma–Aldrich. Ethylene glycol (EG) was obtained from Carlo Erba.
IrCl4 was purchased from Alfa Aesar. Silicone elastomer and curing
agent for the preparation of PDMS were obtained from Sylgard.
The conductive silver paste was from RS Components. All chemicals
were of reagent grade or higher. The U.B. solution was made from

Figure 6. Local detection of BTB released from the loaded PEDOT:PSS/IrOx Ps textile device using a carbon fiber microelectrode. a) Response of the SECM
probe upon pH change of the 0.1 M PBS solution contained in the electrochemical cell (substrate unbiased). b) Response in the 0.1 M PBS at pH 9.84
before and after probe polarization at –600mV for 600 s (substrate biased at –200mV). Scan rate 10 mV s�1.
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0.01 M H3PO4, 0.01 M H3BO3, and 0.01 M CH3COOH in 0.1 M KNO3.
Royal 100 (made of polyester and Rayon) was obtained from
Tenowo Italia S.R.L.

Apparatus

All potential-controlled and open-circuit potential measurements
were carried out in a single compartment three-electrode cell using
a potentiostat (CH Instrument 660 C). Electrode potentials were mea-
sured with respect to an aqueous saturated calomel electrode (SCE),
and a Pt gauze was used as the counter electrode (CE). pH sensing
measurements with the two terminal sensor were carried out with a
source-measure unit (Keysight B2902B). A combined glass electrode
(Amel 411/CGG/12) connected to a pH meter (Amel instruments 338)
was employed for pH measurements. UV–vis measurements were
performed using a Hewlett–Packard 8453 diode array spectropho-
tometer. Field emission gun–SEM coupled with energy-dispersion
spectroscopy (EDS) analyses were performed with a Tescan Mira 3
microscope equipped with Bruker Xflash 630 M EDS microprobe.

Preparation of the Screen-Printed Textiles

The fabrication of the textile electrodes and their functionalization fol-
low our previously optimized procedures.[12–15] Briefly, conducting ink
was made with 79% v/v PH1000, 20% v/v EG, and 1% v/v GOPS. To
obtain a suitable viscosity, the ink was warmed in an oven at 70 °C
to lose about 40% of its initial weight. A handmade mask was then
employed to screen-print the desired pattern (2� 0.5 cm2 strips) onto
the textile, which was then allowed to dry for 10min at 40 °C. Afterward,
commercial conducting threads were sewn at the edges of the printed
pattern and the knots were coated with Ag paste and insulated with
PDMS, obtained by mixing silicone elastomer and curing agent in a
10:1 w/w ratio. The textile devices were then cured by placing them
on a hot plate at 140 °C for 10min. For the functionalization with
PEDOT:BTB,[12,13] PEDOT:BTB was electrodeposited on PEDOT:PSS by
cyclic voltammetry from a solution containing 10mM EDOT, 1mM
BTB, and 1mMPBS (pH 7.00) in 0.1 M KNO3 upon application of a poten-
tial ramp ranging from 0 to 1000mV versus SCE at a scan rate of
0.1 V s�1 for ten cycles. For the functionalization with IrOx Ps,[14] IrOx
Ps were chemically synthesized starting from an aqueous 2mM IrCl4
solution to which NaOH (10wt%) was added dropwise until the pH
turned basic indicated by a light yellow color. The solution was then
heated at 90 °C for 1 h under stirring, and after rapidly cooling down
3M HNO3 was added dropwise until the solution pH turned acidic (dark
blue color). Finally, the solution was kept under stirring for 80min at
room temperature and stored at 4 °C. Electrodeposition of the IrOx
Ps was carried out from this suspension of the particles upon potentio-
dynamic cycling between 0<E< 1000mV versus SCE for 100 cycles at
100mV s�1. The textiles were then cycled in 0.1M acetate buffer solu-
tion containing 1mM BTB between �200 andþ600mV versus SCE at
10mV s�1 for ten cycles. To wash off the excess dye adsorbed on the
textile, all samples were carefully rinsed in clean buffer. A picture of the
final device is reported in Figure S10, Supporting Information. All textile
devices were stored at room temperature inside a Petri dish.

Characterization of the Sensing and Release Properties

The two-terminal sensors were connected to the source-measure unit.
One terminal was connected to the ground and a fixed potential of
�200mV was applied to the other, while the flowing current was mea-
sured versus time. The normalized current response was calculated as
1–(i/i0), where i0 was the baseline current. All tests were performed in
U.B. under stirring, and the solution pH was changed by dropwise

addition of 1M KOH. The pH value of the solution was measured in
blank experiments using a glass pH electrode. After signal stabilization,
3mL aliquots of the electrolyte solution were sampled from the elec-
trochemical cell and analyzed with the spectrophotometer using a
quartz cuvette. During the multiple sensing-release cycles, after each
set of measurements the textile device was thoroughly rinsed in distilled
water, squeezed using absorbent paper, left immersed in distilled water
for 10min, and then placed in an oven at 70 °C to dry.

SECM Measurements

Disk-shaped CFMEs were fabricated following a procedure described
elsewhere.[53,54] Briefly, a single CF was connected to a Cu wire using
carbon paste and inserted into a borosilicate glass capillary, positioning
the conductive junction approximately in the middle. The Cu wire was
fixed in this position using a droplet of silicone elastomer, which was
subsequently cured at 150 °C for 20min. The assembly was then placed
in a micropipette puller and the CF sealed in the borosilicate glass cap-
illary. The borosilicate glass pipet with the protruding CF was then sub-
jected to the deposition of a paint (ClearClad HSR 401), which was
subsequently cured in an oven at 180 °C for 20min. The insulated
CF was then transected with a scalpel blade under a dissecting micro-
scope to expose a disk-shaped electroactive surface area. The SECM
probe was characterized by cyclic voltammetry in an electrolyte contain-
ing 5� 10�3 M [Ru(NH3)6]Cl3 and 0.1M KCl. To carry out the microelec-
trochemical measurements, the two-terminal textile sensor was placed
in a custom-made SECM cell sealed with correspondingly 3D-printed
thermoplastic polyurethane (TPU) gaskets exposing an area of about
1.69 cm2. 0.1 M phosphate buffer solution was used as electrolyte.
The SECM setup consisted of three step-motor-driven micrometer
screws (Owis) for positioning of the SECM tip in x, y, and z-directions,
a bipotentiostat (PGU-BI 100, Jaissle) and an in-house programmed con-
trol software. The SECM tip used as probe (working electrode) was posi-
tioned in close proximity to the analyzed sample by using the negative
feedback approach in air-equilibrated solutions. For this, the tip was
polarized at �800mV versus Ag/AgCl/3M KCl to obtain a steady-state
current of the oxygen reduction reaction. The CE was a Pt mesh. The tip
was then approached to the unbiased textile sensor surface while
recording the tip current. Once the surface position was detected,
the SECM probe was retracted by 5 μm to carry out BTB detection.
Eventually, one terminal of the textile sensor was connected to the ref-
erence and CE terminals of the bipotentiostat, while the other was con-
nected to the working electrode to allow the application of the
predefined voltage.
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