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This work reports the use of electrospun conductive gold covered polycaprolactone fibers for the quantification
of dissolved O,. The morphologies of the electrospun fibers obtained at a static and a dynamic drum collector
were investigated by scanning electron microscopy. The reduction process of O, at negative potentials is ana-
lyzed by cyclic voltammetry and electrochemical impedance spectroscopy (EIS) in sodium phosphate buffer
(NaPB) pH 7.0 and in cellular media pH 7.4. The electrochemical sensing performance of Au/PCL towards O,

quantification in NaPB and cellular media is compared by using three electrochemical techniques: cyclic and
linear sweep voltammetry and EIS. Measurements are done in a two electrode configuration, using a silver wire
as reference, to show the applicability of the method for O, quantification in cellular culture media.

1. Introduction

Electrospun nanoscale polymeric fibers have been the focus of many
research lines in the sensor development area, since their morphology
and structure can be controlled during the fabrication process which
lead to materials with large surface areas and high porosity, bringing
innumerous advantages when immobilized on top of solid electrodes
[1]. Flexible meshes of submicronic diameter polymer fibers fabricated
by electrospinning found a variety of applications [2]. More recently,
their coverage with metal [3] and metal/conducting polymer [4,5]
turned them into electroactive self-standing devices, being recently
used as flexible hydrogel embedded pH-sensors that can be integrated
in inexpensive wearable and non-invasive devices [3].

Frameworks made up of electrospun polymeric fibers have also
gained interest and applicability in the medical area, due to the slow
biodegradation and biocompatible characteristics [6] with very pro-
mising applicability in tissue engineering [7-9]. Among them, elec-
trospun polycaprolactone (PCL) fibers [9-11] have many medical ap-
plications since they are able to mimic the natural extra cellular
morphology (ECM) and thus promote optimal cell growth. However,
their structure [11] and solvent evaporation after electrospinning are
crucial for their application in medical area [12,13].

Monitoring O, levels in 3D tissue constructs is crucial for many
tissue engineering applications since the delivery of sufficient O, supply
is the key for the survival of cells within the scaffold [14]. Due to tissue
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thickness and diffusion barriers many cells are prone to apoptosis after
tissue implant [15]. We propose a fiber mesh made of electrospun PCL
fibers covered with Au as a self-standing sensing platform for O, de-
tection via electrochemical methods. The PCL scaffold will enable cells
to grow, with the Au layer ensuring its electrochemical functionality.
PCL fibers were electrospun following two procedures — static and dy-
namic — and covered with Au by magnetron sputtering, their mor-
phology and structure being first analyzed by scanning electron mi-
croscopy (SEM). Dissolved O, levels were measured in phosphate buffer
and cellular media by cyclic voltammetry (CV), linear sweep voltam-
metry (LSV) and electrochemical impedance spectroscopy (EIS). The
obtained results are very promising for in vivo O, monitoring in cell
culture.

2. Experimental section
2.1. Reagents and solutions

Polycaprolactone, chloroform, dimethylformamide (DMF), Na,SOs3,
NaH,PO,, Na,HPO, were obtained from Sigma-Aldrich. Polyethylene
terephthalate (PET) (0.038 mm) foils were from Good Fellow. Cell
culture media was DMEM - Dulbecco’s Modified Eagle Medium, from
Thermo Fisher Scientific, and contained amino acids, inorganic salts,
vitamins and glucose. Buffer electrolyte solutions of sodium phosphate
(NaH,PO4 + NapHPO,) 0.1 M pH 7.0, (NaPB) were prepared using
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analytical grade reagents and deionized water from a Millipore Milli-Q
system (conductivity <0.1 uS cm™!). Aliquots of 0.1 M Na,SO; stock
solution were added to get 0.2 mM sulfite in the cell, which corresponds
to the consumption of 1 mM dissolved O,, following the equation
NaySO3 + Y2 O, — Na,SO,4. The pH measurements were done with a
Hannah pH-meter. All experiments were carried out at room tempera-
ture (25 *= 1 °C).

2.2. Fabrication of the O, sensor

Sensor fabrication involved two steps. First, polymer fibers were
obtained by electrospinning a 16% PCL solution in 4:1 w/V
chloroform:DMF, at 1.5 mL/h under 15 kV applied potential on the
spinneret; the fibers were collected for 30 min on copper frames placed
at 15 cm away from the spinneret. In the case of the rotating collector
system, the copper frames were attached to a DC electric motor and
grounded by connecting them with a thin, flexible copper wire to a
larger plate collector situated 8 cm behind. Secondly, PCL fiber mats
were covered with Au by magnetron sputtering with a 200 nm metallic
layer (Au/PCL). The Au film thickness was determined previously by
SEM imaging of angled and broken fibers corroborated with profilo-
metry on flat Si/SiO, wafers covered with a Au layer using the same
procedure. The thickness was chosen from previous methodologies
perfected for covering other polymer based electrospun fibers, and it
was thin enough to ensure full coverage of the fiber but not too thick,
since it was also observed that thicker Au films lead to easily breakable
fibers, with the Au layer tending to exfoliate [16].

Au/PCL fibers were thermally attached onto flexible thermo-
adhesive PET substrates by heating the ensemble at 150 °C, after the
removal of the copper frame.

2.3. Methods

Structural and morphological characterization was carried out by
scanning electron microscopy (SEM) at a Zeiss Evo 50 XVP. The SEM
images were acquired at the magnifications of 5 and 50 kV, at 15 mm,
with an accelerating voltage of 20 kV and a spot size of 300.
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Fig. 1. SEM images at Au coated PCL electrospun fibers collected on A) a static and B) rotating collector.

Electrochemical measurements were performed using an Ivium
Compactstat.h. EIS parameters were: rms perturbation of 10 mV, fre-
quency range 65 kHz-1 Hz, 10 frequency values per decade. The applied
potential was —0.4 V, chosen close to the O, reduction peak from CV
experiments. Data were analyzed using a ZView software, Scribner
Associates USA.

The electrochemical cell had a two electrode configuration with the
Au/PCL as working electrode and a Ag wire as counter and reference
electrodes.

3. Results and discussion
3.1. Scanning electron microscopy

Fig. 1 displays SEM images of PCL electrospun fibers collected on A)
a static and B) a dynamic collector, for 30 min, presenting a typical
morphology for a polymer electrospun fiber. On the static collector fi-
bers had similar diameters, of =1 um and were aligned preferentially
on one direction in the same plane. The dynamic collector distributed
the fibers randomly with no preferential alignments and numerous ra-
mifications. The fibers in Fig. 1B had diameters of different sizes of
1-4 um. The fibers obtained using the static collector presented inferior
mechanical strength and broke easily when manipulated for the elec-
trochemical measurements. Therefore, fibers obtained at the dynamic
drum collector where used in subsequent experiments.

3.2. Electrochemical characterization of Au/PCL electrodes

3.2.1. Cyclic voltammetry

CVs of a conventional Au bulk and Au/PCL electrode were recorded
at 100 mV s~ ! in a O, saturated NaPB solution, with similar profiles
and with significantly higher currents recorded at Au/PCL due to its
higher surface area (Fig. 2A). The electroactive area of the Au/PCL
electrode was estimated to be at least 2.5 fold higher than the geometric
area, from the cyclic voltammetry study performed at different scan
rates in a solution containing the standard electroactive species K4[Fe
(CN)g] (data not shown). The CVs presented two oxidation peaks at 0.3
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Fig. 2. A,B: CVs recorded in O, saturated 0.1 M NaPB solutions at A) a conventional Au bulk electrode and Au/PCl (50 mV s~1) and B) Au/PCL at different scan rates
(inset is the linear dependency of j. vs. v%-%); C) CVs (100 mV s~ }; inset Jjpe vs. [O2]) and D) Complex plane impedance plots (-0.4 V) at Au/PCL fibers in O,, air and N,

saturated NaPB solutions.

Table 1
Circuit element values obtained from fitting the EIS spectra in Fig. 2.

[02]/mM w/Q /s Oy R/Q cm? CPE/pF cm ™2 s*! a

1.3 545 0.8 0.39 1131 50.5 0.92
0.3 575 1.2 0.42 1521 74.3 0.96
0.0 956 1.5 0.44 2015 79.4 1.00

and 0.7 V corresponding to Au oxidation, one reduction peak at 0.1 V
corresponding to Au and another reduction peak at —0.65 V attributed
to the reduction of dissolved O, to OH™ species. The peak intensity
value corresponding to the O, reduction is higher by a factor of 2 for the
Au/PCL compared to the Au bulk electrode.

The scan rate study (Fig. 1B) revealed a linear dependence of the
peak current with the square root of the scan rate (10-100 mV s~ %),
following the equation j,. (mA cm ™) = 0.09 + 6.27 x V>3 (Vs™1),
R? = 0.996, specific for a diffusion controlled process of O, reduction.
Considering the Randles-Sev¢ik equation, the diffusion coefficient (Dg5)
value at 25 °C calculated was 4.6 x 107> cm? s~ 1.

The electrochemical behavior of Au/PCL in cellular media was also
evaluated (results not shown). A different CV profile of Au was ob-
served with a broader oxidation peak at 0.7 V and two reduction peaks,
at 0.2 V of Au and one at —0.5 V of O,, both shifted towards more
positive values compared to that in NaPB. This is due to the complexity
of the cellular media. However, the reduction process of dissolved O, is
similar to that observed in 0.1 M NaPB pH 7.0, being controlled by

diffusion, with a linear dependency of the peak current with the square
root of the scan rate (10-100 mV s~ '), following the equation j,. (mA
cm™?) = 0.16 + 4.44 x Vv*° (Vs™1), R? = 0.990, with Do, = 2.9
107° cm? s™', lower than in NaPB. Both Do, values were slightly
higher compared with those reported in pure water [17].

Fig. 2C displays CVs recorded at Au/PCL in O, air and N, saturated
solutions, and showed a decrease of the peak with the decrease in
dissolved O, concentration. Considering the concentrations of dissolved
O, in solution to be 1.3 mM, 0.25 mM and 0.0 mM in O, air and N,
saturated solutions, respectively, Au/PCL electrode exhibited a linear
response to O, concentration with current values following the equa-
tion jpc (MA em™2) = 0.17 + 1.37 x [Oz] (mM), R* = 0.9996.

3.2.2. Electrochemical impedance spectroscopy

The EIS technique can give valuable information regarding the
electrode processes occurring at the electrode/liquid interface [18-20]
and can be used as analytical method [21]. EIS spectra were first re-
corded at Au/PCL in O, (1.3 mM), air (0.25 mM) and N, (0.0 mM)
saturated NaPB, and are shown as complex plane plots in Fig. 2D. The
spectra presented diffusional lines in the high to middle frequency
range, up to 200 Hz, ending with a semicircle for the medium and low
frequency region, which corresponds to the diffusional process and
charge transfer process of O, at the Au/PCL. Spectra were fitted using
an equivalent circuit presented as insert of Fig. 2D, and consisted in Ry
in series with a Warburg impedance W, and a RCPE combination. CPE is
a constant phase element, defined in [22], corresponding to the pseudo-
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Fig. 3. A) Cyclic and B) Linear sweep voltammograms recorded at Au/PCL in A1,B1 — NaPB and A2,B2 - cellular media upon successive additions of Na,SO3 in O,

saturated solutions (v = 100 mV s~ 1).

Table 2
Analytical parameters corresponding to the linear regressions in Fig. 3.

Media Method Concentration range/mM Intercept/mA cm ~2 SE Slope/mA cm ™2 mM ! SE RSD/% (n = 3)
NaPB (9% 0.9-1.3 -1.20 0.05 2.04 0.05 7.2
0.5-0.9 0.26 0.05 0.38 0.07 7.1
LSV 1.1-1.3 -1.25 0.17 2.24 0.14 7.6
0.3-1.1 0.54 0.03 0.61 0.04 7.4
Cellular media Ccv 0.9-1.2 0.02 0.05 1.01 0.05 6.3
0.5-0.9 0.42 0.03 0.58 0.04 6.1
Lsv 0.9-1.2 0.09 0.02 1.05 0.02 8.2
0.1-0.9 0.87 0.01 0.26 0.02 8.0

capacitance of the Au/PCL in contact with solution and the Warburg
impedance W, defined as previously described [22], which can be as-
sociated to a finite diffusional processes inside the pores of the Au/PCL,
depending especially on the fiber network porosity.

The results obtained after fitting the experimental data are shown in
Table 1. The values of both W and R increased upon O, removal form
the solution, as they are correlated with the diffusional process and
charge transfer process of O, at the Au/PCL, respectively. A similar
effect of dissolved O, on the EIS spectra over the mid and high fre-
quency range was reported for a chemisensor [23] based on the con-
ductive polymer poly(azo-Bismark Brown Y) [24].

3.3. Quantification of O, at Au/PCL electrodes

3.3.1. Cyclic and linear sweep voltammetry
CVs (Fig. 3A) and LSV (Fig. 3B) were recorded in O, saturated NaPB
(Fig. 3A1, B1) and in cellular media (Fig. 3A2, B2) upon successive

additions of Na,SO3 and the parameters for the linear regressions are
given in Table 2.

CVs at Au/PCL upon successive additions of Na,SO3 into an O sa-
turated NaPB showed a gradual decrease of the cathodic peak corre-
sponding to the O, reduction, upon consumption of O, by Na,SO3
(Fig. 3A1). However, Na,SO3; was unable to consume the dissolved O,
completely on Au/PCL, seen in the O, reduction peak stagnation, below
0.5 mM. On bulk Au electrodes, O, reduction peak disappears com-
pletely for concentrations above 2.6 mM Na,SO3. This may be due to
the PCL matrix porosity which can lead to O, entrapment within the
pores. This feature is valuable for PCL application in tissue engineering,
especially for tissue implants.

The oxidation and reduction peaks correspondent to Au were not
influenced significantly by the Na,SOs3, a slight increase in their in-
tensity values being observed after first addition, probably due to oxide
Au species being reduced by sulfite. The sensor had two linear domains,
1.3-0.9 and 0.9-0.5 mM, with sensitivity values of 2.04 and
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Fig. 4. A) Complex plane impedance plots recorded at — 0.4 V with Au/PCL fibers upon successive additions of Na;SO3 in O, NaPB saturated solution; inset shows the
equivalent circuit used to fit the spectra. B) Linear correlation between R, W and CPE values with O, concentration.

Table 3
Circuit element values obtained from fitting the EIS spectra in Fig. 4.

[05]/mM w/Q /s Qyy R/Q cm? CPE/pF em ™2 s*1 ay

1.3 572 0.9 0.43 945 62.4 0.85
1.2 853 1.7 0.42 1056 63.5 0.85
1.1 1650 1.5 0.48 1157 64.7 0.89
1.0 1650 1.5 0.48 1209 65.9 0.89
0.9 1650 1.6 0.48 1248 67.1 0.89
0.8 1992 1.5 0.5 1307 69.3 0.89
0.7 2090 1.5 0.5 1300 72.9 0.89

0.38 mA cm ™2 mM ™, respectively (inset Fig. 3A1).

Similar CV measurements were performed in cellular medium
(Fig. 3A2), the sensor presenting two linear domains also in this case.
The sensitivity value of the linear range 1.1-0.9 mM was lower, of
1.02 mA cm ™2 mM ™!, while the one for the second linear domain,
0.58 mA cm~? mM ™, higher than that obtained in NaPB. The first
addition of sulfite in cellular media had a more pronounced effect on
sensor response, with a sharper decrease of the peak current corre-
sponding to O, reduction. The effect of sulfite on the Au redox peaks
was in this case the opposite to that observed in NaPB, a decrease in
peak intensity occurring after first sulfite addition probably due to
adsorption of species from cellular media on the surface of Au/PCL.

The sensor response in LSV had two linear domains as well
(Fig. 3B1), going down to 0.3 mM O,. Sensitivity values were slightly
higher to that obtained by using CV, and were 2.24 and 0.61 mA cm ™2
mM %, respectively. In cellular media (Fig. 3B2) sensor sensitivity va-
lues were 1.05 and 0.26 mA cm ™~ 2 mM ™ 1, lower by a factor of two than
that obtained in NaPB.

RSD values, corresponding to sensor sensitivity, calculated for 3
different sensors were =7%, indicating a good reproducibility of the
sensor fabrication. RSD for three different measurements at the same
sensor in the same day was lower than 4%, with a good repeatability of
the present analytical method.

Results obtained using the Au/PCL for O, quantification in cellular
media are promising for the applicability of the Au/PCl for O, mon-
itoring in cell cultures.

3.3.2. Electrochemical impedance spectroscopy

O, levels in solution can be also monitored by employing the EIS
technique, as already shown in Section 3.2.2 (Fig. 2D). EIS spectra were
recorded upon successive additions of Na,SO3 in O, saturated solution
of cellular media and are shown as complex plane impedance plots in
Fig. 4A. Spectra were similar to those recorded in NaPB, the same

equivalent circuit being used to fit the spectra (see inset of Figs. 4A and
2D) with results shown in Table 3. Sulfite additions lead to changes in
the impedance profile only in the middle and low frequency range. As
in the case of CV measurements, the first addition of sulfite had more
impact on the sensor response, leading to a more pronounced shift in
the semicircle magnitude. Following injections had a lower and linear
effect on sensor EIS response, with both diffusional resistance (W) and
charge transfer resistance (R) values displaying a linear dependency
with the amount of O,, following the equations: 3.6-2.1 x [O,],
RSD = 7.3%, n = 3 and 1.3-0.4 x [O,], RSD = 8.9%, n = 3, re-
spectively (Fig. 4B). The values of CPE also decreased linearly by
lowering the O, concentration (CPE = 77.7-11.8 x [0O5], RSD = 4.2%,
n = 3). As in the case of CV study in Section 3.3.1, not all the O, could
be consumed by Na,SO; additions, explained by PCL matrix porosity,
and O, entrapment within the pores.

4. Conclusions

Polycaprolacotone electrospun fibers covered with Au by magne-
tron sputtering exhibited higher electroactive area compared to Au bulk
electrodes. O, reduction occurred at a negative potential of = —0.7 V
vs Ag and is a process controlled by diffusion. By using cyclic and linear
sweep voltammetry, the Au/PCL sensor exhibited two linear domains,
with higher sensitivities for O, levels above 0.9 mM. Electrochemical
impedance spectroscopy can also be successfully employed for O,
quantification using Au/PCL sensors, with diffusional resistance, charge
transfer resistance and constant phase element values showing a linear
correlation with the amount of dissolved O,. The electrochemical
measurements, both CV and EIS, revealed the possibility to use the PCL
matrix as O, reservoir for applications such as tissue implants.
Moreover, sensor response in cellular media is promising for the ap-
plicability of Au/PCL for O, monitoring in cellular culture.
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