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A new procedure to enhance the performance of polymer-based electrochemical sensors is proposed in this work.
Polycaprolactone (PCL) electrospun fiber mats with tunable fiber morphology are functionalized with a
conductive polymer (PEDOT:PSS) by a facile dip-coting process, providing them the necessary electrical con-
ductivity to work as sensors. The modification of the fiber morphology is achieved by an enhanced gas disso-
lution foaming procedure, an environmentally friendly procedure that employs CO, as blowing agent and takes
advantage of recent advances that allowed extending such procedure to polymeric microfibers. Thus, the
enhanced gas dissolution foaming approach was employed both before and after the coating of the fiber mats
with PEDOT:PSS, producing in both cases hollow fibers with enhanced surface porosity and area, as well as
increased diameter regarding the initial solid PCL fibers. The addition of PEDOT:PSS, both in solid and foamed
PCL fibers, allows their use as sensors, as proved by cyclic voltammetry in a KCI solution, as well as calibrated
with catechol solutions. Remarkable influence of the foaming procedure on the performance of the sensors have
been found, proving by a detailed characterization that the foaming procedure applied after the PEDOT:PSS
coating provides an enhanced sensoring response (i.e., increased signal, optimal linearity, decreased LOD) due to
their superior surface area and optimal PEDOT:PSS distribution along the fiber mats, not only covering the
external surface of the fibers but infusing into the inner regions.

1. Introduction

Polycaprolactone (PCL, (CcH1002)n), a well-known thermoplastic
polyester-based polymer, is widely used in several applications by its
unique properties. It can be highlighted the use of PCL in the biomedical
field, in which this polymer is employed in scaffolds, surgical sutures,
drug delivery, and wound dressing [1-4]. In addition to being nontoxic
and biocompatible, PCL presents good mechanical properties, biode-
gradability, good solubility, blend compatibility, and low melting point.
These interesting features made PCL also suitable for several other ap-
plications, such as in the textile industry [5], water treatment [6,7], or in
the development of electronic [8,9] and electrochemical devices
[10-12].
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For most of these applications, PCL must be employed in a form
exhibiting high porosity and the largest possible surface area. Such
features can be easily achieved by the use of electrospun fibers mats
[13]. Electrospinning is the most straightforward technique for pro-
ducing polymeric fibers in a wide range of sizes from micro to nano
scale, being useful in several applications [6,14]. In brief, this efficient
and inexpensive technique is based on electrostatic forces, employing an
electrical field to control the fibers formation from a polymeric solution
[2]. By adjusting their fabrication parameters, electrospun fibers can be
obtained with proper features for each target application [15]. More-
over, fine tuning of those properties can be archived by blending or by
surface modification prior or after the electrospinning process,
respectively.
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For instance, PCL fibers with enhanced properties have been suc-
cessfully developed for water remediation. In this field [16,17]the fibers
should work in an aqueous environment, generally under agitation,
being important to consider the enhancement of the mechanical prop-
erties, aiming to avoid the disaggregation of the fiber mats and
extending their durability [6]. [6,18]. Moreover, targeting biomedical
applications it is possible to load or coat electrospun PCL fibers with
active compounds, including conductive polymers such as polypyrrole
(PPy), capable of increasing the biocompatibility of the fibers and
helping in healing in a quicker time; in all the cases without giving up
the good mechanical properties of the fibers [2,19,20].

The combination of PCL with conductive polymers is also essential to
produce PCL-based fibers for electrochemical devices. In this field, PCL
fiber mats can provide significant advantages such as mechanical
strength, uniformity, tunable porosity, larger surface area, etc.[13].
However, an essential property for this type of application, electrical
conductivity, is elusive for pristine PCL fiber mats [19]. Therefore, for
sensing applications PCL needs to be blended or functionalized with
other polymers to improve their conductivity or used as a host due to its
ability to coordinate cations through its carbonyl group and Lewis base
ester oxygen [4,20]. Several conductive polymers have proved to be
suitable for the development of sensing applications, such as polyaniline
(PAND), polypyrrole (PPy), polythiophene (PTh), poly(3,4-
ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS)
[4,20-23]. Among them, it can be highlighted the PEDOT:PSS, which is
nontoxic and biocompatible, and presents optimal chemical properties
and thermal stability, as well as high electrical conductivity [24,25].

In particular, PEDOT:PSS-based fibers are commonly used in sensor
development due to their high stability, taking advantage of the high
surface area provided by the fiber mats porous structure [4,13,24,25].
PEDOT:PSS-based sensors can reach sensing properties similar to
indium-tin oxide (ITO) electrodes, but being less expensive [26]. Aiming
to achieve better electrochemical properties, PEDOT:PSS composite fi-
bers have been obtained by incorporating different nanoparticles (NPs)
such as Copper, graphene oxide (GO), carbon nanotubes (CNT), or ti-
tanium dioxide (TiO3) is necessary to employ complex production routes
to obtain PEDOT:PSS fibers (e.g., hydrothermal confinement reaction)
[27,28], while their obtention through electrospinning is hindered by a
poor solution processability and low viscosity [26]. To this aim, it is
required to blend the PEDOT:PSS solutions with other polymers, such as
polyvinyl alcohol (PVA or PVOH), or Poly-vinylpyrrolidone (PVP)
[25,26,29]. Nevertheless, the current preparation process of these ma-
terials is relatively complex, and their complete potential has not been
fully exploited [30], whereas some works also suggest coating proced-
ures using PEDOT:PSS to functionalize polymeric fiber mats his polymer
as coating layer is usually hindered by its tendency to present delami-
nation induced by the swelling of PSS in presence of water [31].

As far as we know, no previous works have explored the combination
of electrospun PCL fibers with PEDOT:PSS aiming to produce electro-
chemical devices, although previous evidence suggest that PCL and
PEDOT:PSS may present adequate compatibility. In fact, PCL nanofibers
have been used as a binder to adhere a PEDOT:PSS/CNT coating to a
thermoplastic Polyurethane (PU) through a complex process capable of
producing strain sensors [32]. Also, Ferlauto et al.[30] reported the
fabrication of transient neural probes that can monitor brain activity in
mice for a few months, created from the encapsulation of PEDOT:PSS
doped with ethylene glycol between different layers of PCL. It is possible
also to obtain multifunctional micro/nanofibrous scaffolds with bio-
mimetic architectures, electrical conductivity, and even biosensing
properties for the cardiac regeneration form melt-based -electro-
hydrodynamic printing techniques, combining 3D printed PCL fibers
and PEDOT:PSS-PEO sub-microfibers [33]. Moreover, the functionali-
zation of PCL scaffolds with PEDOT has also been studied demonstrating
that the combination of both polymers can produce electroactive scaf-
folds for regenerative medicine [28,34].

The last two approaches are based on the successful functionalization
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of porous PCL substrates (e.g., 3D printed fibers and scaffolds) with
PEDOT:PSS. Therefore, extending the functionalization approach with
PEDOT:PSS to electrospun PCL fibers could take advantage of the
tunable porous morphology that this fabrication technique can provide.
Moreover, recent advances proved that it is possible to increase the
electrospun PCL fibers surface area and tune their morphology by an
easy and environmentally friendly enhanced gas dissolution foaming
approach [2].

In brief, the gas dissolution foaming technique consists of dissolving
pressurized CO» (principally, it is also possible to use N») into a polymer
matrix, and by controlling the saturation pressure, time, and tempera-
ture it is possible to induce and control the formation of pores once the
pressure is released [2,26]. The fine tuning of the electrospun PCL fibers
surface area and porosity provided by this technique has shown a
remarkable influence on their performance on drug delivery [2], while
their potential in other applications such as sensoring is still unknown. It
should be noted that the gas dissolution foaming approach is a simple
and environmentally friendly procedure to obtain porous polymers,
which has been recently adapted to produce hollow polymeric fibers,
becoming a straightforward and simple approach with the potential to
outperform other techniques such as co-extrusion/co-axial spinning/
electrospinning, template method, 3D printing, or self-crimping [35].

In this study, the potential for sensoring applications of the enhanced
surface area and tunable porous morphology provided by the foaming of
electrospun PCL fibers is evaluated. With this aim, electrospun PCL fi-
bers with a precise and independent control of their morphology, pro-
vided by the enhanced gas dissolution foaming route, have been
functionalized with PEDOT:PSS for the first time. In particular, four
different sensors were developed, by tuning the morphology of the fibers
as well as incorporating the PEDOT:PSS coating at different stages of the
production routes, aiming to identify the optimal production route and
fiber morphology to improve their electrochemical response. Electro-
chemical impedance spectroscopy (EIS) was used to characterize the
voltammetric sensors. The electrochemical response of the sensors has
been evaluated in a reference KCI solution. Also, the sensors proved to be
efficient in the detection of catechol, a polyphenol, which is a typical
polymer in wine quality control. While the sensitivity and detection
limit of this sensors was evaluated by cyclic voltammetry. Finally, the
detailed characterization and analysis of the performance of the sensors
proved that the sensors with enhance surface area and porosity provided
by the gas dissolution foaming approach achieved a remarkable sen-
soring performance in comparison with the initial solid fibers.

2. Experimental section
2.1. Materials

Polycaprolactone (PCL, My: 80 000, p = 1.15 g/cm?®, melting point
(Tm) = 60 °QC), poly(3,4-ethylenedioxythiophene)-poly
(styrenesulfonate) (PEDOT:PSS, 3.0-4.0 v.t% in Hy0O, high-
conductivity grade), potassium chloride (KCl), and pyrocatechol, were
purchased from Sigma-Aldrich (Madrid, Spain). Poly (vinyl alcohol)
(PVOH) (Mowiflex C17, p = 1.25 g/crng, glass transition temperature
(Tg) = 60 °C, Ty, = 170 °C) was gently provided by Kuraray (Frankfurt,
Germany). Chloroform was purchased from Scharlab (Barcelona, Spain).
Deionized water was employed in all the tests using Milli Q water (re-
sistivity 18.2 MQecm), and a medical-grade carbon dioxide (CO5) pre-
senting 99.9 % purity was employed in the foaming processes.

Indium tin oxide (ITO) glass substrates purchased from Sigma-
Aldrich (Darmstadt, Germany) were used as support to provide a rigid
structure to the samples.

2.2. Preparation of PCL-PEDOT:PSS sensors

Fig. 1 summarizes the steps followed to fabricate the four different
sensors which were designed and tested in this work. The common step
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Fig. 1. Schematic representation of the fabrication of PCL-PEDOT:PSS sensors (common scale bar for the four SEM micrographs of the sensors surface can be found

below the micrographs).

in the manufacture of these sensors is the initial fabrication step of the
polymeric-base fibers mats. The PCL solid fiber mats were fabricated by
a conventional horizontal electrospinning process. 1 mL of 0.166 mg/L
PCL solution in Chloroform was transferred into a syringe which was
placed in a syringe pump (NE-1000, New Era Pump Systems, Inc.)
providing a flow rate of 0.7 mL/h. The solid fibers were collected in a
copper target covered with aluminium foil placed at 20 cm from the
needle (21G) using a fixed voltage at 15 kV, at room temperature (RT)
and ambient humidity about 30 %. The obtained fiber mats present
thicknesses of about 200 pm.

The electrospun solid fibers without further modification were
employed as the first sensor, and from now on, this sensor will be
referred as PCLSolid sensor.

The second sensor were obtained by coating the fiber mats with a
thin layer of conductive polymer PEDOT:PSS using a drop casting
method. A drop of the PEDOT:PSS solution was deposited on the fibers
(1 mL of solution by each mg of fibers to ensure to have an homogeneous
layer). This sensor will be referred as PCLSolid_PEDOT:PSS.

A more complex manufacturing process was carried out to obtain
sensors 3 and 4, where in addition to the deposition of a thin layer of
PEDOT:PSS, the samples were foamed. Foaming experiments were
performed according to the gas dissolution foaming process using car-
bon dioxide (CO-) as a blowing agent, [36,37] following the method-
ology described in a previous work [2]. In brief, before the foaming
process, the samples were coated by immersing them in a PVOH solution
in water (5 wt.%) and then dried overnight at RT, obtaining a 200 pm of
solid PVOH film in which the solid fiber mats were completed imbibed.
It is important to point out that PVOH is employed as a gas diffusion
barrier, without which the foaming in micrometric fibers cannot be
accomplished. Then, the samples were introduced into a pressure vessel
(PARR 4760 model, Moline, IL, USA), and kept for 20 h in a CO, at-
mosphere at 30 MPa and 45 °C using a gas pump (STF-10 model pro-
vided by Supercritical Fluid Technologies Inc., Newark, DE, USA) and a
temperature controlled (CAL 3300). Then the pressure was quickly
released, and the samples were extracted from the vessel. In the case of
the third sensor, the samples were first foamed and then coated with
PEDOT:PSS, following the same procedure described for the solid PCL

fiber mats, and from now on they will be referred as PCLFoamed_PE-
DOT:PSS. On the contrary, the last sensor was obtained by performing
the foaming procedure after being coated with PEDOT:PSS. This sensor
will be described as PCLSolid_PEDOT:PSS_Foamed. In all the cases, after
the foaming procedure the samples were introduced in an ultrasonic hot
water bath at 25 °C for 3 cycles of 20 min each to ensure the complete
removal of the PVOH layer. Finally, all the samples (approximately 1x2
cm?) were attached with double-sided tape with the same dimensions of
the sample on slightly larger Indium tin oxide (ITO) sheets to provide
mechanical support prior to their characterization as sensors.

2.3. Characterization

The microstructure and morphology of the fibers were studied
through Scanning Electron Microscopy (SEM) (HITACHI FlexSEM 1000)
after being coated with gold nanoparticles. The diameter distribution of
the fiber mats was obtained by measuring at least 100 individual fibers
by image analysis software FIJI/ImageJ [38]. In addition, the distribu-
tion of the layer of PEDOT:PSS deposited on the fibers were studied
using SEM coupled to energy dispersive spectroscopy (SEM-EDS)
without any coating (ESEM FEI - Quanta 200FEG).

Raman spectroscopy, in microscopy mode, was performed on the
surface of the different sensors, using a portable BWTEK Raman spec-
trometer equipped with a microscopy head BAC151C-785, BWTEK
Exemplar-PRO (CCD BTC675N) detector, and using an excitation
wavelength of 785 nm.

The amount of PEDOT:PSS deposited in the different sensors were
determined by two methods and quantified by the corresponding mass
increase percentage (Awt.%) of the sensors. First, it was determined by
weighing the samples before and after the coating process, determining
the mass increase of the entire sensor with respect to the initial mass.
Second, the amount of PEDOT:PSS transferred to the sensors was esti-
mated from the weight loss related to the PEDOT:PSS measured by
Thermogravimetric Analysis (TGA) (SDTA851, Mettler Toledo). In this
analysis the samples were heated from 50 to 800 °C (10 °C/min) in a
nitrogen atmosphere. Typically, PEDOT:PSS thermograms show three
decomposition stages: the first stage is the water and moisture
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evaporation (50-180 °C temperature range); the second stage is the
decomposition of PSS (by the rupture of the sulfonate group from sty-
rene at 180-400 °C); and the last stage is found at a temperature range of
400-790 °C is due to the decomposition of PEDOT (main chain)
[39-41]. While PCL decomposes in a unique stage around 400 °C [42].
Therefore, it is possible to estimate the amount of PEDOT:PSS from the
decomposition of PSS between 180 and 400 °C.

The surface area of the sensors was measured by BET using a Surface
Area and Porosity Analyzer ASAP 2420 (Micromeritics Instrument
Corp., Norcross, GA, USA).

Electrochemical impedance spectroscopy (EIS) can provide infor-
mation about the conductivity changes resulting from the incorporation
of PEDOT:PSS into PCL fibers. EIS was performed using a potentiostat/
galvanostat (PARSTAT 273A, Princeton Applied Research, Princeton,
NJ, USA) and an impedance analyzer (Solartron SI 1260, Solartron
Analytical, Farnborough, UK). The measurements were carried out in a
0.1 M KCl solution, 10 mV amplitude, 0.1 V working potential, and
frequency range from 0 to 100 kHz. The impedance response was fitted
with Zview2 software obtaining the Nyquist and Bode diagrams.

The resistance to the solution (Ry), the constant phase element (CPE),
and the electrical resistance in parallel (R.), which is the resistance to
electron transfer, were studied. The impedance (Z) of the constant phase
element CPE is defined by the Equation (1)
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where C is the capacitance, o is the angular frequency, and « is the co-
efficient indicating the deviation from an ideal capacitor.

Finally, cyclic voltammetry was performed in a PGSTAT128 poten-
tiostat/galvanostat (AutolabMetrohm, Utrecht, The Netherlands)
controlled by the CView software at RT. The three-electrode cell of 40
mL is composed of a platinum plate as a counter electrode (CE) (2 cm? of
active surface, which was flamed before to use), an Ag/AgCl as reference
electrode (RE) and the developed polymeric sensors as working elec-
trode (WE). The electrochemical response of the conductive polymer-
based sensors was studied from —1.0 to + 1.2 V (vs Ag/AgCl (1 M
KCl)) at a scan rate 100 mV/s. 10 cycles for each sample deposited in ITO
were carried out for this study in 0.1 M of KCI. Also, calibration curves
were obtained from catechol solutions with concentrations ranging from
1-107° to 1.107> M. The limits of detection (LODs) were calculate
following the 36/m criterion, where ¢ is the standard deviation of 3
different blanks and m is the slope of the calibration plot.

Fig. 2. SEM micrographs of the surface (including the diameter histogram as inset) (a) and cross-section (b) of the PCLSolid sensor, as well as of the surface
(including the diameter histogram as inset) (c¢) and cross-section (d) of the PCLSolid_ PEDOT:PSS sensors.
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3. Results and discussion
3.1. Sensors characterization

PCL solid fiber mats obtained by electrospinning were studied by
SEM (Fig. 2). The fiber mats present a relatively homogeneous diameter
distribution, showing an average value of 4.14 + 0.51 pym (Fig. 2a). Ina
close-up micrograph (Fig. 2b), it can be observed that these fibers pre-
sent a quite smooth surface. Also, the cross-section of the individual fi-
bers shows that they are solid (Fig. 2b) [43]. Moreover, the solid PCL
fiber mats presented a BET surface area of 4.35 m?/g.

It should be noted that PCL is not a conductive polymer, so it cannot
be successfully used for sensor development by itself [9]. After the
PEDOT:PSS coating on the solid fibers (PCLSolid) the morphology of the
fibers or their porosity is not significantly modified (Fig. 2c and 2d). The
average diameter of the coated fibers, PCLSolid PEDOT:PSS, slightly
increases to 4.68 & 0.61 um, indicating that a thin PEDOT:PSS coating of
only hundreds of nanometers has been achieved, whereas their surface
area increases by 20 % (5.21 m2/g) probably related to the presence of
bridges between the fibers (see Supporting Information, Fig. S1). Again,
the cross-section of individual fibers shows that they are still solid
(Fig. 2d) [43].Therefore, the addition of PEDOT:PSS following the
proposed procedure proved not to significantly modify the morphology
of the PCL fiber mats. This is a desired feature (i.e., the objective is
taking advantage of the fibers morphology), but also it is required to
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prove a proper presence and homogeneous distribution of the PEDOT:
PSS on the fibers mats. The presence of PEDOT:PSS on the surface of the
PCLSolid_PEDOT:PSS fibers was proved by the detection of Sulfur (S) at
the surface of the fibers by SEM-EDS, an element not related neither
detected in pristine PCL fibers (see Supporting Information, Fig. §2)
[44,45]. Thus, the obtained results confirmed a proper distribution of
the PEDOT:PSS coating the PCL fibers without modifying or hindering
their morphology, a feature that allows taking advantage of both the
conductivity of PEDOT:PSS and the morphology of the PCL fibers.

On the contrary, the morphology of the fibers noticeable changed
after the foaming process. Fig. 3 shown a clearly increased surface
porosity for PCLFoamed PEDOT:PSS sensors and PCLSolid PEDOT:
PSS _Foamed sensors (Fig. 3a and 3.c), regarding both the PCLSolid and
PCLSolid_PEDOT:PSS sensors. Moreover, the most characteristic feature
of the foamed samples is the apparition of inner porosity leading to
hollow structures (Fig. 3b and 3d). Accordingly, the expanded fibers
present increased diameters (see insets in Fig. 3a and 3c¢) of about 5.27
+ 0.72 ym and 5.14 + 0.63 um, respectively for fiber mats foamed
before and after the coating with PEDOT:PSS. It should be noticed that
the application of the PEDOT:PSS layer before the foaming procedure
does not affects the expansion of the fibers due to the foaming
procedure.

Moreover, the increased porosity of the foamed fibers was further
confirmed by BET measurements. The PCLFoamed_PEDOT:PSS samples
presented a BET surface area of 11.86 m2/g, whereas the

Fig. 3. SEM micrographs of the surface (including the diameter histogram as inset) (a) and cross-section (b) of the PCLFoamed_PEDOT:PSS sensors, as well as of the
surface (including the diameter histogram as inset) (¢) and cross-section (d) of the PCLSolid PEDOT:PSS_Foamed sensors.
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PCLSolid_ PEDOT:PSS_Foamed samples presented a BET surface area of
26.96 m?/g. Therefore, the foaming process is capable of increasing the
BET surface area of the fibers more than 5 times. Although it should be
noted that by applying the coating once the fibers have been foamed, the
surface area only increases 2 times. This behavior can be justified by the
fact that by covering the fibers once foamed, part of the surface porosity
achieved in the foaming process is lost below the coating layer.

Also, it has been possible to identify the presence of PEDOT:PSS on
the surface of the foamed sensors by identifying the presence of sulfur
atoms on its surface by SEM-EDS (see Supporting information, section
S2), verifying that the homogeneity of the coating is maintained even
when the PEDOT:PSS coated PCL fibers are subjected to the foaming
process. Moreover, to check if during the foaming process it was possible
to transfer part of the PEDOT:PSS to the interior of the fibers, SEM-EDS
of cross-sections of the hollow fibers of the foamed sensors was per-
formed. As it is shown in Fig. 4, the presence of sulfur atoms on the inner
porosity of the hollow fibers is only verified in the PCLSolid_PEDOT:
PSS_Foamed sensors. During the foaming process, the PCL is expected to
reach its effective melting temperature (i.e., the depleted melting tem-
perature due to the CO, plasticization [46]); therefore, the externally
deposited PEDOT:PSS layer on the PCLSolid PEDOT:PSS_Foamed sen-
sors can be partially infused into the inner regions of the resulting hol-
low fibers. On the contrary, the coating of already foamed PCL fibers in
the PCLfoamed PEDOT:PSS sensors does not provide any mechanism for
the PEDOT:PSS to reach the inner porosity of the hollow fibers.

The homogeneity of the PEDOT:PSS coating of the fibers on the
different sensors was further studied by means of Raman spectroscopy in
microscopic mode (Fig. 5a). It was found that the characteristic Raman
peaks of the PCL could only be observed in the PCLSolid sensor, while in
the rest of the sensors it was only possible to observe the characteristic
Raman peaks of the PEDOT:PSS, regardless of the fiber or area under
study in each sensor. The principal PCL Raman peaks or bands appears
in the PCLSolid sensor located at 1720 1/cm (related to C = O stretching
mode); groups of bands at 1465, 1440, and 1416 1/cm (CHy groups
scissor vibration); bands at 1300 and 1280 1/cm (CHj groups wagging
vibration); bands at 1040, 1110, and 1065 1/cm, (belonged to sym-
metric stretching of the C-O-C bond in the ester group of PCL), and at
912 1/cm (C-COO scissoring) in agreement to the literature [47,48]. In
the rest of the sensors, the presence of PEDOT:PSS is evidenced by a
strong band around 1400 1/cm (Cy = Cp symmetric stretching vibra-
tion), other bands at 1240 and 1360 1/cm, (C,-Cy inter-ring stretching
vibrations and the Cg-Cg stretching, respectively), while the vibrational
modes located at 1100 and 980 1/cm correspond to the vibrational
modes of PSS, and the bands at 984, 850 and 570 1/cm to the oxy-
ethylene ring deformation-vibrations. Finally, another significant band
appeared at 430 1/cm, corresponding to PEDOT doping by the SO 5 ion
from PSS units [49,50]. A detailed comparison of the main Raman band
around 1400 1/cm of the PEDOT:PSS coatings with those of a self-
standing PEDOT:PSS film evidenced a shift of the maximum from
around 1420 1/cm in neat PEDOT:PSS to 1416 1/cm in both kinds of
foamed fibers and 1406 1/cm in the solid fibers (Fig. 5b). This behavior
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suggests the existence of interaction between the PEDOT:PSS coating
and the PCL fibers, as shifts on this PEDOT:PSS band have been previ-
ously related to interactions of the aromatic rings with other substrates
or fillers [51].

Once the morphology of the fibers and the presence of PEDOT:PSS
were addressed, the different sensors were characterized in terms of the
amount of PEDOT:PSS incorporated. Table 1 summarizes the data ob-
tained by two different methods, weight increase and TGA (see Exper-
imental section). A reasonable agreement was found between the two
techniques, confirming that there is a remarkable transfer of PEDOT:PSS
to the sensors studied in this project. As expected, PCLSolid_PEDOT:PSS
and PCLSolid_PEDOT:PSS_Foamed sensors presented the same amount
of PEDOT:PSS transferred, about 20-25 wt.%. On the contrary, the
PCLFoamed_PEDOT:PSS sensor reached a significantly higher amount of
PEDOT:PSS, up to about 35-40 wt.%, by covering the larger surface area
presented by the foamed PCL fibers.

3.2. Electrochemical properties

Once the features of the developed fibers mats were studied in detail,
they were incorporated into an ITO substrate for their electrochemical
characterization.

3.2.1. Electrochemical impedance spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) has been used suc-
cessfully to investigate the changes in conductivity caused by the
introduction of PEDOT:PSS in voltammetric electrodes [52]. In this
work, it has been applied to solid and hollow PCL fibers modified with
PEDOT:PSS.

Fig. 6 shows the Nyquist and Bode diagrams for three types of
electrodes: solid fibers coated with PEDOT:PSS:PCLSolid_PEDOT:PSS,
PCLFoamed_PEDOT:PSS, and PCLSolid_PEDOT:PSS_Foamed.

In the Nyquist diagram (Fig. 6a), it can be observed an incomplete
semicircle for all sensors, whose diameters, equivalent to the resistance
to electron transfer, are clearly different in the three samples. The
PCLFoamed_PEDOT:PSS is the one that presents clearly lower electronic
resistance and, on the contrary, the PCLSolid_PEDOT:PSS is the one that
presents the highest resistance. In the Bode diagram (Fig. 6b) it is clearly
observed two-time constants: (i) the high-frequency region corre-
sponding to the resistance of the solution that is similar in the three
samples and (ii) followed by a linear behaviour indicating a combination
of capacitance and resistance at the interface between the electrode and
the solution. The impedance module in the low-frequency region is
clearly higher for PCLSolid PEDOT:PSS; on the contrary, PCLFoa-
med_PEDOT:PSS is the one that presents an impedance modulus several
orders of magnitude lower. However, PCLSolid PEDOT:PSS_Foamed
presents an intermediate impedance module, which coincides with an
intermediate resistance to electronic transfer.

Table 2 summarizes the quantitative values from a fit of the EIS
spectra to equivalent circuits using Randel’s electrical circuit, Fig. 6c.
The resistance to the solution (Rs), a constant phase element (CPE), and

s

b)

Fig. 4. SEM micrographs and EDS spectrums (Carbon (C), Oxygen (O), Sulfur (S)) of the cross-section of PCLSolid PEDOT:PSS_Foamed (a) and PCLFoamed_PEDOT:

PSS sensors (b).
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Fig. 5. Representative Raman spectra of the surface of the fibers of each of the sensors developed, showing the spectra of the PCL (PCLSolid), the PEDOT:PSS
(PCLSolid_PEDOT:PSS, PCLFoamed_PEDOT:PSS and PCLSolid PEDOT:PSS_Foamed) (a), as well as a self-standing PEDOT:PSS film for comparison purposes. Detail of

the 1300-1500 1/cm range (b).

Table 1

Percentage by mass of PEDOT:PSS deposited in the different sensors determined
by weighing the sensors before and after the coating procedure (mass increase)

and TGA.
Sensors Mass increase (Awt.%) TGA (Awt.%)
PCLSolid 0 0
PCLSolid_PEDOT:PSS 20.50 + 3.58 20.81 +£1.01
PCLFoamed_PEDOT:PSS 35.39 £ 6.15 41.57 £ 0.95
PCLSolid_PEDOT:PSS_Foamed 25.92 + 3.34 22.29 +£1.23

an electrical resistance in parallel (R.), which is the resistance to elec-
tron transfer, was observed. The fit to the circuit is quite good in all

cases, obtaining 2 values less than 10”3 in all

cases.
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The results indicate that the foaming processes clearly modifies the
effect of PEDOT:PSS on the electrical behaviour of the sensors. The
PEDOT:PSS deposited on the surface of the foamed fiber adheres much
better than on the solid fiber and is capable of diffusing through the
pores when the foaming process is performed after the PEDOT:PSS

Table 2
Results obtained from the impedance spectroscopy measurements.
Samples Rs (@/cm®)  Ccpg (WF)  acpe Rer (Q/cm?)
PCLSolid_PEDOT:PSS 89.7 2.59 0.87 1.6 E14
PCLFoamed_PEDOT:PSS 71.5 31.9 0.72 1.7 E4
PCLSolid_PEDOT:PSS_Foamed 64.5 6.93 0.82 2.6 E6
-80
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Fig. 6. Nyquist (a) and Bode (b) diagrams of the different sensors coated with PEDOT: PSS, PCLSolid_PEDOT:PSS, PCLFoamed_PEDOT:PSS, and PCLSolid_PEDOT:

PSS_Foamed. Equivalent circuit (c).
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coating, as previously demonstrated, which makes the electronic resis-
tance and the impedance modulus clearly lower than that observed in
the PCLSolid_ PEDOT:PSS. Further the differences between PCLSo-
lid PEDOT:PSS and PCLSolid PEDOT:PSS _foamed intelligibly indicate
that the foaming process clearly modifies the electrical behaviour of the
fiber, achieving a significant decrease in the resistance to electronic
transfer making it the best candidate for voltammetric sensors [53].

3.2.1.1. Cyclic voltammetry. The developed sensors were characterized
by cyclic voltammetry (CV). Fig. 7 shows the cyclic voltammograms of
the different sensors in 0.1 mol/L KCl solution after 10 cycles (the results
of the ten consecutive measurements showed a coefficient of variation
lower than 3 % in all cases between the first and the tenth cycle, see
Supporting Information, Fig. S8d). The response of ITO glass is not
shown in the Fig. 7 due to its low intensity. Under these conditions
(ranging from —1.00 to + 1.20 V (vs Ag/AgCl) at scan rate 100 m/Vs),
the uncoated fibers of PCL show an ohmic or linear behavior, just as
expected (Fig. 7a). However, the rest of the sensors, which all have a
PEDOT:PSS coating, showed the typical PEDOT:PSS response in both
anodic and cathodic scans [54-56], in which the peak positions are not
significantly modified after 10 cycles. In the case of the PCLSolid_PE-
DOT:PSS sensors (Fig. 7b), an oxidation peak appears around 0.30 V,
whereas in the reduction region the peak is placed around —0.15 V
which corresponds to the PEDOT:PSS response [54-56].

As abovementioned, the foaming process of the sensors leads to a
greater surface area and porosity compared to the PCLSolid PEDOT:PSS
sensor. The enhanced surface area and porosity allow a higher active
area of the PEDOT:PSS, which is directly reflected in a better electro-
chemical response of theses sensors, whose conductive polymeric
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coating facilitates the electron transference to the electrode surface,
increasing the current intensity. Also, as the deposited PEDOT:PSS
amount on the sensor increases for the PCLFoamed_PEDOT:PSS sensor
(Awt.%, see Table 1), the voltammetric behavior changes in both cur-
rent and potential peak position as well as its shape. In this case, the
increment in the peak current appreciated in Fig. 7c response indicates
the larger PEDOT:PSS amount deposited onto the electrode surface with
an enhanced surface area, increasing by this way the number of elec-
troactive sites. On the contrary, the PCLSolid PEDOT:PSS_Foamed
sensor benefits from a higher enhancement of the surface area, but also
for an improved distribution of the conductive PEDOT:PSS, not limited
to the external surfaces but also to the inner porosity, providing also an
improved response (Fig. 7d). In any case, the bundling created by the
capillary forces during the immersion of the sensors in the solution leads
to an enhancement mechanism, creating a better fiber-to-fiber contact.
So, it is found that the greater surface area and porosity achieved in the
foamed fibers, which allows the incorporation and good distribution of
PEDOT:PSS, is directly reflected in a better electrochemical response of
the sensors. In particular, it should be highlighted that, for the same
amount of PEDOT:PSS transferred, the PCLSolid_PEDOT:PSS_Foamed
sensors present a significantly enhance response regarding the PCLSo-
lid PEDOT:PSS sensor, proving the efficiency of the proposed foaming
approach to develop electrochemical devices.

Additionally, the catalytic and sensing properties were studied by
making controlled additions of catechol (10™* M catechol solution in 0.1
M KCl, from 200 to 7500 uM), the resulting linear adjustment of each
sensor can be observed in Fig. 8. The experiments were performed in the
same range used to perform the CV (-1 to 1.2 V) at a rate of 100 mV/s (vs
Ag/AgCl).
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Fig. 7. Representative cyclic voltammograms of the PCLSolid sensor (a), PCLSolid_Pedot:PSS sensor (b), PCLFoamed_PEDOT:PSS sensor (c), and PCLSolid_PEDOT:

PSS_Foamed sensor (d) immersed in in 0.1 mol-L~! KCl at scan rate 100 mV/s.
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Fig. 8. Calibration curve when increasing the catechol concentration in KCI of the different sensors coated with PEDOT: PSS, PCLSolid_PEDOT:PSS (a), PCLFoa-
med_PEDOT:PSS sensor (b), PCLSolid_PEDOT:PSS_Foamed (c) and cyclic voltammograms of the PCLSolid_PEDOT:PSS_Foamed sensor with different concentration of

catechol (d).

The addition of catechol produces the expected well-formed redox
pair generated by the oxidation/reduction of two electrons of ortho-
dihydroquinone to benzoquinone [54], (see Fig. 8d). However, a shift of
the peaks is observed, as well as an increase in the intensity of the
response in the coated samples, directly related to the concentration of
catechol employed (Fig. 8d). First, it is worth noting the linearity of the
response of the three sensors coated with PEDOT:PSS to the catechol
additions. In all cases, the linear fit presents R2 values close to or greater
than 0.96 (see Table 3), showing the developed sensors potentiality for
being used as electrocatalytic sensors. Specifically, the PCLFoa-
med_PEDOT:PSS sensor provides an electrocatalytic reaction towards
catechol with good reversibility and a direct response with the con-
centration. Then, the stability of the PEDOT:PSS coating after the elec-
trochemical study was checked. The diameter and surface morphology
of the fibers before and after remained rather constant, indicating the
stability of the fibers (see Supporting Information, section S3). More-
over, Raman studies confirmed the stability of the PEDOT:PSS coating
(see Supporting Information, section S3).

3.2.1.2. Sensitivity, reproducibility, repeatability, and stability. Table 3
summarizes the results achieved for the four sensors developed, showing

Table 3

Response of the sensing capacity of the different sensors.
Muestra R? Sensitivity (uA/uM) LOD (M)
PCLSolid - 0 0
PCLSolid PEDOT:PSS 0.958 0.24 1.48010°°
PCLFoamed_PEDOT:PSS 0.978 7.31 3.93¢10%*
PCLSolid PEDOT:PSS_Foamed 0.993 0.47 1.2710°%

their response’s linearity, sensitivity, and the theoretical limit of
detection (LOD). Based on these results, it can be concluded that the
fiber foaming process improves the sensitivity of the sensors in all cases,
with PCLFoamed_PEDOT:PSS being particularly noteworthy (fibers first
foamed and then coated with PEDOT: PSS), which has an increase of
sensitivity of 30 times regarding those of PCLSolid_ PEDOT:PSS (PEDOT:
PSS coated solid fibers). Additionally, compared with other previously
reported sensors for catechol detection, the PCLFoamed PEDOT:PSS
sensors also exhibited excellent electrocatalytic performance with a
wide linear range up to 7500 uM, while previous works only reached up
to 500 pM at the most [53,54,57].

The performance of the PCLFoamed PEDOT:PSS sensor, as previ-
ously explained, is related to the higher surface area provided by the
foamed PCL fibers employed as a substrate, as well as to the higher
amount of PEDOT:PSS transferred to the fibers (about 35-40 wt.%). On
the contrary, the PCLSolid_PEDOT:PSS_Foamed sensor, which presents
the same amount of PEDOT:PSS than the PCLSolid_PEDOT:PSS (about
20-25 wt.%), increases its sensitivity by a factor 2 regarding the
PCLSolid_ PEDOT:PSS sensor, and presents the lowest LOD of all the
sensors, as well as the higher linearity. Once again, the foaming pro-
cedure provides a remarkable performance enhancement for the
development of the sensors.

Additionally, the reproducibility of the sensors was examined by the
cycling of at least five electrodes prepared using each procedure, being
the variation coefficient in both cathodic and anodic peaks less than 1 %
for the PCLSolid_PEDOT:PSS_Foamed sensor, while the other sensors
coated by PEDOT:PSS showed a higher variability (see Supporting In-
formation, section S4). Therefore, it was found that the production route
carrying out the foaming procedure after the coating with PEDOT:PSS is
highly reproducible, probably due to the recombination between the
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PCL and PEDOT:PSS during the foaming procedure. In addition, the
PCLSolid_PEDOT:PSS_Foamed sensors were selected due to its homo-
geneity to analyze the stability of their response, by performing repeti-
tive measurements over the 10 cycles previously reached. It was found
that it is possible to use the PCLSolid_PEDOT:PSS_Foamed sensors at
least up to 50 cycles, obtaining only a decrease in intensity of less than
10 % (see Supporting Information, Fig. S8d). It can be highlighted that
interfacial delamination of PEDOT:PSS coating layers due to the
swelling of the PSS segments in presence of water is a common drawback
of this kind of devices [31], particularly in absence of interactions be-
tween the coating and the substrate [58]. However, the developed
sensors successfully overcome this limitation, as evidence both by
Raman measurements and repetitive voltammetric measurements up to
50 cycles. This remarkable result can be related to the existence of
interaction between the PEDOT:PSS coating and the PCL fibers that
anchor the thin conductive coating layer to the substrate.

4. Conclusions

This work successfully proposes a new approach, based on an
enhanced gas dissolution foaming route, to produce PCL-PEDOT:PSS
fiber mats-based electrochemical sensors from solid electrospun PCL
fiber mats. The insulation behaviour of the PCL was successfully over-
come by the functionalization of the PCL fiber mats with PEDOT:PSS, a
conductive polymer applied by a simple dip-coating procedure capable
of transferring between 20 and 35 wt.% of PEDOT:PSS to the fiber mats,
depending on the morphology of the initial fibers. Remarkably, the
PEDOT:PSS is homogeneously distributed along the fibers mats as a thin
coating layer of hundreds of nanometers around each individual fiber. In
addition, PCL fibers already coated with PEDOT:PSS were successfully
foamed, reaching equivalent expanded diameter and hollow structure
that those foamed without the coating. Also, the PEDOT:PSS was found
not only on the external surfaces of these fibers, but also on the inner
porosity, evidencing that during the foaming procedure the PEDOT:PSS
coating infused into the fibers, achieving an enhanced distribution both
within the fiber mats and the individual fibers.

Then, the characterization of the four potential sensors developed,
PCL solid fiber mats (PCLSolid), PCL solid fiber mats coated with
PEDOT:PSS (PCLSolid_PEDOT:PSS), PCL foamed fiber mats coated with
PEDOT:PSS (PCLFoamed_PEDOT:PSS), and PCL fiber mats foamed after
being coated with PEDOT:PSS (PCLSolid PEDOT:PSS_Foamed) by cyclic
voltammetry evidenced the superior performance of the foamed fibers.
It can be highlighted the enhanced response of the PCLSolid PEDOT:
PSS_Foamed sensor, which provided the higher linearity and lowest LOD
for the detection of catechol, as well as two times higher sensitivity than
the PCLSolid_PEDOT:PSS sensor. Moreover, the measurements per-
formed with this sensor proved to be repeatable up to 50 cycles with a
decrease of intensity less than 10 %. Finally, the study of the sensors by
EIS confirmed the superior features achieved by foaming the sensors by
enhancing the adhesion of PEDOT:PSS to the PCL surfaces. In addition,
the PCLSolid PEDOT:PPS Foamed sensor achieved a significant
decrease in the resistance to electronic transfer, presenting enhanced
features for their use in sensoring applications that can be related to both
its higher surface area and the presence of PEDOT:PSS within the fibers,
instead of only in their surfaces.
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