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Abstract 

Conducting polymers are versatile and robust materials that have recently become attractive 
as controlled drug delivery systems. Possessing ion exchangeable properties, they can serve as 
carriers for numerous biologically active species, showing particular applicability in neural 
tissue engineering and regional chemotherapy. In the pursuit of the design of the most 
effective controlled drug delivery system, we aimed to compare the performance of the 
conducting polymer-based matrix as a function of doping anion, using chloride, perchlorate 
and dodecyl sulfate, respectively, as the primary dopants. Due to their different ion radius and 
mobility, selected ions were found to provide substantial changes into polymer characteristics, 
having strong effects into the uptake and release of a model drug, naproxen sodium salt. 
PEDOT/ClO4 matrix, particularly, was found to possess superior properties providing highest 
mass of the formed polymer (103.45 ± 10.09 µg cm-2), charge storage capacity (44.9 mC cm-

2) and ion exchange capacity (0.122 ± 0.003 µmole cm-2), leading also to the highest amounts 
of loaded (0.024 ± 0.002 µmol cm-2) and released (from 0.71 ± 0.10 µg cm-2 to 1.61 ± 0.59 µg 
cm-2) drug.   
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1. Introduction 

Conducting polymers, due to their versatility and tunable properties, have already found 
numerous potential applications in a variety of fields. Apart from serving as materials for 
organic solar cells [1,2], light emitting diodes [3,4] or electrochromic devices [5,6], 
conducting polymers are also often considered as materials suitable for biomedical purposes, 
such as drug delivery systems (DDS) [7,8]. Possessing ion exchangeable properties, they can 
serve as carriers for numerous charged biologically active species, such as antibiotics [9,10], 
anti-inflammatory drugs [11,12] and anti-cancer agents [13,14], showing particular 
applicability in neural tissue engineering and regional chemotherapy. The ability to release 
immobilized molecules in a response to electrical stimulation is an additional benefit allowing 
conducting polymers to be used as controlled DDS [15]. 

 Apart from typical chemical synthesis, conducting polymers can be obtained in a 
course of electrochemical polymerization. Electropolymerization has been found to be a 
highly controllable technique, in which by the careful choice of process parameters it is 
possible to tailor the properties of the resulting material to specific needs. Among numerous 
technical parameters, such as the oxidation potential, current density and scan rate, also the 
choice of a doping ion can be used to adjust such properties as conductivity and surface 
morphology [16–18]. Since these properties are also supposed to influence drug loading 
capacity of conducting polymers and their reaction to stimulating potential, it is expected that 
the choice of a doping ion should have a significant impact on the performance of conducting 
polymer-based DDS.  

 Up to date, a few electrolytes have been used as primary dopants for the formation of 
conducting polymer-based DDS. The requirements for an efficient conducting matrix are 
focused on two major properties, i.e. high conductivity [19] and biocompatibility [20–25]. 
The latter can be relatively easily fulfilled when the biologically inert, small ions are used as 
primary dopants; the most popular example is Cl- [13,26]. One of the recent concepts includes 
the use of dopants possessing biological functionality, e.g. dexamethasone [11] or ibuprofen 
[15]. Although the incorporation of these molecules in the step of matrix formation can be 
beneficial from the biological point of view, it could also result in the formation of less 
conductive, thin deposits with limited stability [15]. The alternative concept is to use a three 
step drug loading process, when the matrix is first formed in the presence of doping ions 
known from providing polymers with remarkably high conductivity, and the drug loading 
occurs in the following ion exchange process. The most effective primary dopants are the 
electrolytes possessing large ions, such as sodium p-toluenesulfonate (PTS) and poly(sodium 
4-styrenesulfonate) (PSS). Polymer matrices formed in the presence of PTS and PSS have 
been found as highly biocompatible and superior in terms of high conductivity [27–29]. The 
major disadvantage is, however, the limited mobility of PTS and PSS within the polymer 
matrix, which, from the point of view of a drug delivery system, is essential since the basis of 
the drug release is the ion exchange process.  

 In the pursuit of the design of the most effective DDS, we aimed to compare the 
performance of a conducting polymer-based matrix as a function of a doping ion size. In this 
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study, we have compared the drug loading efficiency as well as release characteristics of 
poly(3,4-ethylenedioxythiophene), PEDOT, matrix formed in the presence of three 
electrolytes, namely KCl, LiClO4 and sodium dodecyl sulfate (C12H25SO4Na, DS). The ionic 
radii of Cl- and ClO4

- are 181 pm and 240 pm, respectively [30], while DS in aqueous solution 
forms micelles with average radius of 2.2 µm [31,32]. These dopants, due to their different 
molecular size and mobility within polymer matrix, are supposed to provide substantial 
changes into polymer characteristics, having its effects into the loading and release of a model 
drug, naproxen sodium salt (NPX). The three step drug loading method was applied to 
fabricate the drug-loaded matrices, consisting of the matrix fabrication in the presence of 
primary dopant, followed by the electrochemical removal of primary dopant and 
electrochemical drug loading [10]. For the release experiments, both potentiostatic and 
potentiodynamic modes were used, comprising spontaneous, chronoamperometric and cyclic 
voltammetric release protocols. In order to provide quantitative results, the electrochemical 
quartz crystal microbalance (EQCM) was employed to monitor these processes in situ. 

 

2. Materials and Methods 

 

2.1 Matrix formation  

Conducting polymer matrices were synthesized through the electrochemical oxidative 
polymerization by means of CHI 400c Electrochemical Workstation equipped with the time-
resolved electrochemical quartz crystal microbalance. Standard three-electrode setup was 
used, employing CHI 125 gold crystal (0.205 cm2) as a working electrode, Ag/AgCl (3M 
KCl) as a reference electrode (E = 0.205 V vs. SHE) and a platinum foil (1 cm2) as a counter 
electrode. The electrochemical polymerization of 3,4-ethylenedioxythiophene (EDOT, 97 %, 
Sigma Aldrich) (10 mM) was performed with the use of a cyclic voltammetry, in which the 
potential was swept between -0.5 V and 1.1 V or 1.2 V (vs. Ag/AgCl), at a scan rate of 0.1 V 
s-1, for 25 potential cycles in 0.1 M KCl (99 %, Sigma Aldrich), 0.1 M LiClO4 (99.99 %, 
Sigma Aldrich) or 0.1 M C12H25SO4Na (DS, 99 %, Sigma Aldrich) aqueous solutions, 
respectively. 

 

2.2 Drug loading  

(S)-6-Methoxy-α-methyl-2-naphthaleneacetic acid sodium salt (Naproxen, NPX, 98 %, Sigma 
Aldrich) was chosen as a model drug. NPX loading was performed by means of an ion 
exchange process, in which the previously synthesized PEDOT matrix was first dedoped to 
remove the primary dopant (KCl, LiClO4 or DS), and then reoxidized in the presence of NPX. 
Dedoping of the polymeric deposit was achieved in 0.1 M KCl, 0.1 M LiClO4 or 0.1 M DS 
solutions, respectively, at a constant working electrode potential of -0.5 V (vs. Ag/AgCl) over 
600 s. NPX loading was carried out by the potentiostatic doping of PEDOT at 0.5 V (vs. 
Ag/AgCl) in 0.1 M NPX aqueous solution for 600 s. 
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2.3 Electrochemical characterization 

The electrochemical properties of PEDOT matrices formed in the presence of three different 
primary dopants, namely Cl-, ClO4

- and C12H25SO4
-, were characterized by means of a cyclic 

voltammetry (Gamry Reference 600 potentiostat). CV curves were collected in 0.1 M KCl 
solution in the potential range between -0.5 V and 0.9 V (vs. Ag/AgCl), at a scan rate of 0.1 V 
s-1, for 3 potential cycles. Cyclic voltammograms were used to determine the charge storage 
capacity (CSC), calculated as the electric charge integrated under corresponding CV curve 
during one CV cycle [15]. The measurements were performed in triplicate, the results were 
expressed as a mean ± standard deviation. The degree of doping was determined as the 
number of counteranions per monomer unit of the conducting polymer. 

Electrochemical impedance spectra were collected by means of a PARSTAT 2273 
potentiostat in 0.1 M KCl solution within a frequency range from 100 mHz to 5 kHz, with AC 
amplitude of 40 mV (vs. Ag/AgCl) and DC potential equal to 0 V (vs. Ag/AgCl). The results 
were presented on Bode plots and compared to those of bare Pt electrode. The data fitting 
analysis was performed using EIS Spectrum Analyzer 1.0 software with the application of 
Powell algorithm. 

 

2.4 Chemical and morphological characterization 

SEM images were collected by means of Hitachi S-4700 Scanning Electron Microscope 
operating at 5 kV. Surface morphology was analyzed with the use of a Phenom Pro-X 
Scanning Electron Microscope and 3D Roughness Reconstruction software. IR spectra were 
recorded using Varian 660-IR FT-IR Spectrometer in the range between 4000 and 600 cm-1 
for 16 scans. 

 

2.5 Drug release  

The release experiments were conducted in a phosphate buffer saline 1x solution (PBS, Sigma 
Aldrich) and monitored in situ by a time-resolved EQCM (CHI 400c with CHI125 gold 
crystal electrode). Spontaneous release was carried out under open circuit conditions for 600 
s, while active release was performed by applying a negative potential of -0.5 V (vs. 
Ag/AgCl) for 600 s (CA mode) or by means of cyclic voltammetry in the potential range 
between -0.5 V and 0.5 V (vs. Ag/AgCl), at a scan rate of 0.1 V s-1 for 30 potential cycles 
within 600 s (CV mode). The measurements were performed five times and the results were 
expressed as a mean ± standard deviation. The amounts of released NPX were confirmed with 
the use of UV-Vis spectrophotometry (Hewlett Packard 8453 UV–Vis Diode Array 
Spectrophotometer), and based on the absorbance at the characteristic for NPX peak (272 nm) 
[33] (Fig.S1). The release kinetics was analyzed with the use of Avrami’s equation: 

ܺ = 1 − exp (−݇ݐ௡) 
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and its linear form: 

ln(− ln(1 − ܺ)) = ln ݇ + ݊ ln  ݐ

where: X is the fraction of drug released at time t, n is the Avrami parameter and k is the 
release rate constant [34]. 

 

2.6 Mass change calculations 

The change of mass of a quartz crystal was calculated based on the frequency change (Δf) as 
given by the Sauerbrey equation: 

∆݂ =
−2 ଴݂

ଶ

ଵ/ଶ(ߩߤ)ܣ Δ݉ 

where f0 is the resonant frequency of the fundamental mode of the crystal, A is the area of the 
gold crystal working electrode  (0.205 cm2), ρ is the density of the crystal  (2.648 g cm-3) and 
µ is the shear modulus of quartz (2.947·1011 g cm s-2). For 8 MHz crystal used in this work, a 
1 Hz change in frequency corresponded to the mass change of 1.4 ng. The measurements were 
performed in triplicate, the results were expressed as a mean ± standard deviation. 

 

 

3. Results and Discussion 

 

3.1 Electrochemical polymerization of EDOT 

The three step drug loading method supports the fabrication of conjugated polymer matrices 
with enhanced electrochemical properties, since the parameters of electrochemical 
polymerization process can be better optimized in the absence of drug molecules in the 
reaction system [15]. This method also allows to load drugs which could be unstable at the 
high positive potentials, as in case of naproxen, for which the irreversible oxidation starts at 
the potential as low as 0.8 V vs. Ag/AgCl (Fig.S2) [35]. Cyclic voltammograms collected 
during  the electropolymerization of EDOT (Figure 1A-C) present the typical constant 
increase in the current passing through the electrode, confirming the formation of a 
conductive deposit. Also the constant rate of the mass increase, corresponding with the 
increase in charge passing through the electrode (Figures 1D-F), confirms that the process of 
electropolymerization and polymer deposition proceeds with no traces of the undesirable 
overoxidation nor degradation of formed polymer film. The additional reduction signal that is 
observed at the potential of 0.5 V vs. Ag/AgCl in the CV curve of the electrochemical 
polymerization of EDOT in the presence of Cl- should be associated with the reduction of 
gold that was beforehand partially oxidized at the potentials required for the formation of 
polymer. The similar occurrence of a gold electrode oxidation and reduction processes has 
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been already described in the literature [36,37]. The expected oxidation peak of gold is not 
observed because of its overlapping with signal derived from the oxidation of EDOT.  

The major difference among performing the electropolymerization processes in the presence 
of various electrolytes is the overall mass of the polymer. For the same number of CV cycles, 
2.5 times more polymer is deposited in the presence of LiClO4 (103.45 ± 10.09 µg cm-2) than 
KCl (42.07 ± 2.53 µg cm-2), which is in agreement with the counter ion affinity described in 
[30,38] and follows the general trend suggested by the Hofmeister series [39]. In short, the 
weak hydration of ClO4

- in comparison to Cl- may be the reason why ClO4
- interacts stronger 

with PEDOT and acts easier as the counter ion during electropolymerization [40].  

The lowest amount of polymer was formed in the presence of DS as a dopant (17.49 ± 0.58 
µg cm-2). This can be only partially explained by the difference in the molecular mass of 
primary dopants, since all of them are monovalent and if the rates of polymer formation are 
the same, the highest mass is expected for the PEDOT/DS system. The opposite observation 
indicates the inhibitory effect of DS on the electropolymerization of EDOT, which can be 
explained by the adsorption of the surfactant molecules on electrode/electrolyte and 
polymer/electrolyte interface resulting in the modification of surface characteristics and 
electron transfer effectiveness [41]. These phenomena lead to the decrease in the rate of film 
formation in a similar way as it was reported in case of other surfactants, e.g. Tween 80, 
which inhibited the oxidation of aniline [42].  

 

Here Figure 1 

 

 Apart from influencing polymerization efficiency, the choice of dopant has also the 
effect on inherit electrochemical performance of formed polymer (Figure 2A-C), i.e. charge 
transfer characteristics. In general, there are two types of materials used for neural interfaces, 
namely materials experiencing faradaic reactions that mediate the flow of electrons, and 
capacitive materials experiencing charging and discharging of the electrode-electrolyte double 
layer [43]. It occurs very often that a mechanism of charge transfer is mixed, exhibiting both 
electron and ion transport within the bulk of the coating. Providing that the electrode material 
is stable during electrical stimulation, there is no preferred mechanism of charge transfer. 
Therefore, it is not necessary to distinguish between capacitive, faradaic and background 
currents. 

Undoubtedly, it is the CV of PEDOT/ClO4 that is characterized by the most developed shape 
and the highest charge storage capacity defined as the area under the CV curve (CSC = 44.9 
mC cm-2). CSC of PEDOT/ClO4 is two times higher than for PEDOT/Cl (21.2 mC cm-2) and 
almost seven times higher than for PEDOT/DS (6.6 mC cm-2), proving its efficiency in 
providing the high charge transfer area [44] and indicating its applicability as a neural 
interface [45]. The effect of the doping ion on the impedance of polymer is clearly observed 
when  EIS spectra of PEDOT/Cl, PEDOT/ClO4 and PEDOT/DS are compared (Fig.1C). To 
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determine the values of the conductivities of PEDOT, the experimental data were fitted to a 
simple Randles circuit (inset in Fig.2C), which is composed of a solution resistance (Rs), 
charge transfer resistance (R), constant phase element (CPE) and Warburg diffusion element 
(W) [46]. The simulated data show that the lowest resistance is exhibited by PEDOT/Cl (29.5 
± 4.8 Ω), and it increases for PEDOT/DS (94.9 ± 5.9 Ω) and PEDOT/ClO4 (280.1 ± 64.1 Ω). 
The significant decrease in the solution resistance (Rs) for the latter (371.0 ± 4.2 Ω), when 
compared with both PEDOT/Cl and PEDOT/DS (961 ± 13.2 Ω and 975 ± 2.7 Ω, respectively) 
indicates that the ion exchange between matrix and electrolyte solution occurs even for the 
mild potential stimulation (± 40 mV vs. Ag/AgCl). This is also supported by the values of a 
Warburg diffusion constant which reaches the highest value for PEDOT/ClO4 (Table S1). 

 The mobility of doping ions within a polymer matrix plays a crucial role in the step of 
drug loading, since this process is based on the ion exchange between conducting polymer 
matrix and solution [47]. Therefore, the total drug loading capacity of the matrix can be 
assessed by analyzing mass changes occurring within the oxidation-reduction cycles (Figure 
2A-B). Also here, the highest mobility of ClO4

- is the cause of the most pronounced mass 
change of the polymer film (deposited on electrode) (Table 1), corresponding with the 
superior ion exchange capacity of 0.122 ± 0.003 µmole cm-2, and being in good agreement 
with the previous studies [48]. Although the mass changes for both PEDOT/Cl and 
PEDOT/DS seem to be similar, due to the differences in molecular masses of both dopants 
this is PEDOT/Cl matrix that is characterized with higher ion exchange capacity than 
PEDOT/DS, and only 47 % lower than PEDOT/ClO4. It is worth to note that the estimated ion 
exchange capacity is the maximum theoretical amount of ion, either primary dopant or 
secondary one (molecules of a drug), which can be loaded during the ion exchange process. 
The actual amount of a loaded drug is dependent on the several additional factors, among 
which the mutual correlation between the size of a drug molecule and the size of a leaving 
primary dopant seems to play an important role. 

 

Here Figure 2 & Table 1 

 

3.2 Electrochemical loading of NPX 

In order to remove the primary doping ions, the as-formed PEDOT matrices were subjected to 
a potential of -0.5 V (vs. Ag/AgCl). The mass change vs. time curve, associated with this 
process (Figure 3A) shows that 600 seconds was enough to reach a plateau indicating 
complete ion removal. It is worth to note that the amounts of primary dopant removed in this 
step are lower than the ion exchange capacities determined earlier in this study. This is caused 
by the fact that the process of electropolymerization was designed to finish at a lower vertex 
potential, hence the as-formed matrix was already in a partially reduced state and the amount 
of primary dopant was also lower. According to the mass of the polymer matrix fabricated in 
the presence of different dopants, as well as the mass decrease due to the removal of dopant 
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(Table 2), the degree of doping was determined as 0.048 ± 0.007 for PEDOT/Cl, 0.023 ± 
0.004 for PEDOT/ClO4 and 0.007 ± 0.001 for PEDOT/DS. 

 In the last step of the drug loading procedure, neutral PEDOT matrices were immersed 
in 0.1 M NPX solution and subjected to the potential of +0.5 V (vs. Ag/AgCl). The highest 
rate of mass increase, equivalent to the highest rate of drug loading, was observed in the first 
20 s of doping process for both PEDOT/Cl and PEDOT/DS, and for 30 s longer in case of 
PEDOT/ClO4 (Figure 3B). After 600 s of the application of a positive potential, the mass of 
the latter was still increasing, reaching the plateau after 950 s, confirming its superior ion 
exchange capacity. The highest achieved drug loading capacity is expressed by PEDOT/ClO4 
and is equal to 0.024 ± 0.002 µmol cm-2. It is substantially higher than for both PEDOT/Cl 
(0.011 ± 0.001 µmol cm-2) and PEDOT/DS (0.005 ± 0.001 µmol cm-2). Nevertheless, in all 
cases the estimated drug loading capacities are much lower than the maximum theoretical 
loading capacities, showing that NPX can substitute the primary dopant only partially during 
the last step of proposed drug loading procedure. Surprisingly, when the amount of loaded 
NPX is calculated with respect to the total mass of polymer matrix (Table 2), the drug content 
is in the range between 5-6 wt% regardless of the primary doping ion, and the differences 
among all polymers are statistically insignificant. Consequently, the type of a dopant is 
confirmed to play the major role in the process of matrix formation, being able to enhance or 
suppress the electropolymerization process. Drug loading capacity, however, is found to be 
the intrinsic property of the polymer, and dependent on the electrostatic interactions between 
charged matrix and drug ions, with the negligible effect of the doping ion. 

 

Here Figure 3 & Table 2 

 

3.3 FTIR characterization 

The three step drug loading method is a technique in which drug is located mainly in the near 
surface layers of matrix [13]. Therefore, the presence of signals corresponding to NPX is 
expected in the FTIR spectrum of drug-loaded PEDOT. The FTIR spectrum of NPX (Figure 
4) is characterized by the bands associated with ring deformation (686 cm-1, 924 cm-1 and 
1264 cm-1), ring stretching (746 cm-1), ring bending (815 cm-1, 855 cm-1 and 888 cm-1), C-H 
ring bending (1025 cm-1, 1060 cm-1, 1161 cm-1 and 1387 cm-1), as well as C-C ring stretching 
(1604 cm-1 and 1631 cm-1) [49]. FTIR spectrum of PEDOT, on the other hand, is 
characterized by the presence of bands associated with C-C and C=C stretching in thienylene 
moiety (1472 cm-1 and 1382 cm-1), ethylenedioxy unit stretching (1079 cm-1) as well as C-S 
vibrations (925 cm-1) and C-S-C deformation (711 cm-1) [50–52].  

 The FTIR spectra of drug-loaded PEDOT exhibit high similarity to the spectra of 
pristine PEDOT, but also evidence of the presence of NPX molecules in polymer matrix is 
confirmed by the occurrence of characteristic for this drug bands. For PEDOT/Cl-NPX, these 
are the bands corresponding to the in plane C-H ring bending (1060 cm-1) and in plane ring 
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deformations (924 cm-1). In the spectrum of PEDOT/ClO4-NPX, the peaks characteristic for 
NPX are present at 1025 cm-1 (C-H bending) and 746 cm-1 (in plane ring stretching); the 
signals at 1264 cm-1 (in plane C-C ring deformations) and 686 cm-1 (out of plane ring 
deformation) confirm the presence of NPX in PEDOT/DS-NPX. The other characteristic 
peaks, especially those associated with aromatic rings, are indistinguishable with the signals 
coming from the polymer matrix backbone. 

 

Here Figure 4 

 

3.4 Surface morphology 

Numerous studies have already confirmed the major influence of the polymerization 
conditions on the surface morphology of conducting polymer layers [53,54]. Also in our 
study, the alteration in the primary dopant resulted in the formation of PEDOT with 
significantly different morphology, as shown in SEM images of pristine and NPX-loaded 
PEDOT/Cl, PEDOT/ClO4 and PEDOT/DS matrices (Figure 5A-F). The corresponding 
distribution of diameters of grain-like structures is shown in Figure 5G in a form of 
histograms. The most uniform is undoubtedly the surface of PEDOT/Cl, in case of both the 
pristine and NPX-loaded matrix, with the majority of the grain diameters distributed between 
0.1 µm and 3 µm, and the average grain diameter of 1.76 ± 0.70 µm (PEDOT/Cl) and 0.26 ± 
0.07 µm (PEDOT/Cl-NPX), which is typical for EDOT polymerized in the presence of small 
dopants [55]. Although uniform, this matrix is characterized by quite high roughness (Sa = 
936 nm), which is further reduced by the removal of Cl- (Sa = 584 nm) and almost unchanged 
when PEDOT/Cl is loaded with NPX (Sa = 565 nm) (Fig.S3). Since the surface morphology is 
related to the porosity of polymer matrix, i.e. availability of the interstitial pore, smaller grains 
indicate more compact structure which could limit the future accessibility of the polymer 
during the drug loading stage and also block the release of drug, especially if the size of a 
drug molecule is larger than the size of primary dopant.  

In contrast to PEDOT/Cl, the surface of PEDOT/ClO4 is covered with circular features with a 
characteristic doughnut shape, particularly visible for NPX-loaded matrix. The features of this 
shape has been already observed not only for PEDOT/ClO4 [56], but in general for a 
template-assisted polymerization of EDOT [57,58], and may result from the strong 
interactions between EDOT and ClO4

- explained by the position of this dopant in the 
Hofmeister series. The average diameter of these features is larger than in case of PEDOT/Cl, 
and equals to 3.46 ± 0.99 µm and 4.29 ± 2.02 µm for pristine and drug-loaded PEDOT/ClO4, 
respectively. The increase in the grain diameter, which is assisted by the increase in roughness 
(Sa of 406 nm and 684 nm for the pristine and NPX-loaded matrix, respectively), is simply 
caused by the incorporation of bulky ClO4

- (ionic radius of 240 pm [30]) instead of Cl- (ionic 
radius of 181 pm [30]), and is consistent with previous literature reports, e.g. for polyaniline 
[59] and polypyrrole [60].  
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The surface of PEDOT/DS, on the other hand, is covered with the cell-shaped features which 
are uniformly distributed over the whole area of the electrode. The average diameter of the 
polymer grains is equal to 5.05 ± 1.38 µm and 4.19 ± 1.25 µm for pristine and drug-loaded 
PEDOT/DS, respectively. The regular shape of these features is expected to result from the 
presence of DS micelles [31,32] serving as a template for the growing polymer chain to form 
ordered surfactant-templated conducting polymer matrices [61], similarly to PEDOT grown in 
the presence of other surfactants [62]. NPX loading is not shown to have a significant impact 
on the surface morphology of PEDOT/DS, with the roughness only slightly increased from Sa 
of 622 nm for PEDOT/DS to Sa of 754 for PEDOT/DS-NPX. Nevertheless, the evident 
variations in the surface morphology among PEDOT/Cl, PEDOT/ClO4 and PEDOT/DS, 
resulting from different dopant nature and size, are supposed to reflect in the alteration in drug 
release characteristics, that will be extensively discussed in the next section.  

 

Here Figure 5 

 

3.5 Spontaneous release 

Conducting polymers are well known for their ability to release drug molecules in a response 
to the electrical trigger. Nevertheless, they are still able to release drugs spontaneously, 
without the application of external stimulus [7]. Determination of the ratio of the amount of 
drug released in these two mechanisms allows to differentiate between drugs interacting 
strongly or weakly with the matrix. The amounts of NPX that were spontaneously released 
from the various PEDOT matrices, shown in Figures 6A&7 and Table 3, were found to be the 
highest for PEDOT/ClO4 (39 % of total drug content), but still substantial for both PEDOT/Cl 
(33 %) and PEDOT/DS (27 %). Interestingly, this is also close to the order of the ion 
exchange capacity of matrices, suggesting that the high mobility of the primary dopant within 
polymer matrix can be partially responsible for the increased drug availability. Even though 
the control of the release is highly desired, the initial burst release can be beneficial, e.g. in 
neural tissue engineering, where high quantities of drugs can be used to treat acute 
inflammatory states accompanying the processes of neural probe implantation [27,63]. If 
conducting polymers are going to be used in this way, however, the spontaneous release must 
be well characterized and tailored in order to possess the desired kinetics.  

Numerous mathematical models can be applied to describe the release kinetics, however this 
is Avrami’s model that is the most frequently used for conducting polymer-based drug 
delivery systems [14,33,34,64,65]. The results of spontaneous release of NPX were fitted with 
Avrami’s kinetics model in a function of time. The release kinetic parameters are presented in 
Table S2 and the fitted release curves are plotted together with the experimental curves in Fig. 
6A. The data show that the highest rate constant of a spontaneous release (0.012 s-1), as 
expected, is observed for PEDOT/ClO4, outperforming both PEDOT/Cl (0.010 s-1) and 
PEDOT/DS (0.002 s-1), as well as other conducting polymer-based systems, e.g. salicylate-
loaded polypyrrole [34] and methotrexate-loaded polypyrrole [14]. The values of the 
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Avrami’s exponent (n parameter) approaching 1 indicate that the spontaneous release of NPX 
from PEDOT matrices, especially PEDOT/Cl, represents a first-order kinetics and the 
mechanism of release occurs through a complex transport rather than a pure diffusion [14]. 

 

3.6 Electrically-triggered release 

 The most important from the point of view of controlled drug delivery is the 
possibility to design an electrically-triggered DDS. Among numerous modes of electrical 
stimulation, two are considered as the most effective, namely constant potential application 
(chronoamperometric release, CA) and cyclic potential sweep (cyclic voltammetric release, 
CV). CA approach is based on the removal of anionic drug through the application of a 
negative potential, in a similar way as it has been done for the removal of primary dopant. 
Since the electrostatic interactions between the positively-charged polymer matrix and 
negatively-charged dopant are responsible for the drug loading, the changing of the matrix 
state as well as the force vector direction from attraction into repulsion can be used to trigger 
the drug release [34]. Well-described contraction of conducting polymer upon the application 
of negative potential, that has the effect in surface morphology of matrices (Fig.S3), is the 
other factor that control the release of drug [66]. The most crucial parameter here is the 
magnitude of potential, which should be high enough to cause a drug release but not too high 
to cause degradation. It has been also observed that the matrix subjected to excessively 
negative potentials may start to uptake cations from the electrolyte solution instead of 
releasing anionic dopant [15]. Consequently, the most efficient release potential for PEDOT 
was determined to be equal to -0.5 V (vs. Ag/AgCl). Under these conditions, the highest drug 
amount is released from PEDOT/ClO4 (0.71 ± 0.10 µg cm-2), which is only 13 % of the total 
drug content (Figures 6B&7 and Table 3). The highest percentage of the total drug content 
released in CA mode is noted for PEDOT/DS (25 %), but because of the low drug loading 
capacity of PEDOT/DS, it corresponds to only 0.28 ± 0.06 µg cm-2 of NPX. Although low 
concentrations of NPX, the release of drug from PEDOT/DS is observed to be the most linear 
among all investigated matrices (R2 = 0.994 between 150 s and 600 s), with the release rate 
constant of 0.104 s-1, which is much higher than for similar conducting polymer-based drug 
delivery systems described in the literature [14,33], showing that a short electrical stimulus is 
enough to achieve therapeutically relevant drug doses. Interestingly, the amount of NPX 
loaded in an irreversible manner is the same for all types of matrices, and is equal to approx. 
48 %, suggesting that the amount of released NPX is limited by the residual charges within 
the PEDOT matrix [67], that is the intrinsic property of the polymer with the negligible effect 
of the primary dopant.   

 

Here Figure 6  
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 In recent studies [68,69], CA mode of release is often replaced by CV, which provides 
milder conditions of the ion exchange process. In contrast to CA, where the matrix is 
continuously subjected to a negative potential, CV allows the matrix to be repetitively 
reduced and oxidized enabling to work at the equilibrium state and to use electrolyte ions for 
the neutralization of a polymer charge. Also in CV mode the highest amount of drug is 
released from the PEDOT/ClO4 matrix (1.61 ± 0.59 µg cm-2), which stands for 29 % of the 
total drug content (Figures 6C&7 and Table 3). This matrix is also characterized by the 
highest release rate constant (0.069 s-1). Once again, the highest percentage of the total drug 
content released in CV mode (53 %) is typical for PEDOT/DS (0.58 ± 0.08 µg cm-2 of NPX). 
Except from PEDOT/Cl, for which the amount of NPX released in CA is slightly higher than 
for CV, cyclic voltammetric mode is confirmed as the most efficient electrical trigger 
resulting in the decrease of the wt% of NPX permanently loaded down to 20 % (PEDOT/DS) 
and 32 % (PEDOT/ClO4). The high amount of NPX permanently loaded in PEDOT/Cl is 
supposed to result from the most dense surface morphology of this matrix, as it was discussed 
in the previous section. 

 

Here Figure 7 & Table 3  

 

4. Conclusions 

In order to design the most effective DDS, we aimed to compare the performance of PEDOT 
matrix as a function of the doping ion size using Cl-, ClO4

- and C12H25SO4
- as primary 

dopants. The major difference among performing the electropolymerization in the presence of 
various electrolytes was the overall mass of the formed polymer, being the highest for LiClO4 
(103.45 ± 10.09 µg cm-2) and the lowest for DS (17.49 ± 0.58 µg cm-2).  PEDOT/ClO4 matrix 
was also characterized by the highest charge storage capacity (44.9 mC cm-2) and ion 
exchange capacity (0.122 ± 0.003 µmole cm-2), leading also to the highest amount of loaded 
drug, NPX (0.024 ± 0.002 µmol cm-2). The type of dopant was confirmed to play the major 
role in the process of matrix formation, being able to enhance or suppress the electrochemical 
polymerization. Drug loading capacity, however, was found to be the intrinsic property of the 
polymer, and dependent on the electrostatic interactions between charged matrix and drug 
ions. 

 The release experiments showed that the amount of NPX released spontaneously was 
dependent on the ion exchange capacity of matrices, suggesting that the high mobility of 
primary dopant should be considered as responsible for the increased drug availability. For 
both chronoamperometric and cyclic voltammetric release modes, it was the PEDOT/ClO4 
matrix that was found out to be able to release the highest amount of NPX, 0.71 ± 0.10 µg cm-

2 and 1.61 ± 0.59 µg cm-2, respectively. It was, however, PEDOT/DS which allowed the most 
controlled delivery of NPX, although the amounts of NPX were much lower than in case of 
the other matrices. Except from PEDOT/Cl, for which the amount of NPX released in CA was 
slightly higher than for CV, cyclic voltammetric mode was found as the most efficient 
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electrical trigger allowing the decrease of the amount of permanently loaded NPX down to 20 
wt% (PEDOT/DS) and 32 wt% (PEDOT/ClO4). 
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Figures & captions 

 

 
Figure 1. Cyclic voltammograms of the process of electrochemical polymerization of 10 mM 
EDOT in the presence of 0.1 M KCl (A), 0.1 M LiClO4 (B) and 0.1 M DS (C); the change in 
mass (black line) and charge density (blue line) as a function of time for PEDOT/Cl (D), 
PEDOT/ClO4 (E) and PEDOT/DS (F). 

 

 
Figure 2. Cyclic voltammograms (A) and the corresponding changes in mass (B) of 
PEDOT/Cl (black line), PEDOT/ClO4 (red line) and PEDOT/DS (blue line); impedance 
module vs. frequency (C) for PEDOT/Cl (black line), PEDOT/ClO4 (red line), PEDOT/DS 
(blue line) and bare platinum (green line), with the equivalent circuit presented as the inset. 
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Figure 3. Mass changes of matrices: PEDOT/Cl (black line), PEDOT/ClO4 (red line) and 
PEDOT/DS (blue line) collected during the release of a primary dopant (A) and drug loading 
(B) stages 

 

 

 
Figure 4. FTIR spectra of NPX (black line), PEDOT (red line) and NPX-loaded PEDOT 
(blue line) for the conducting polymer matrices electropolymerized in the presence of 
different primary dopants: Cl- (A), ClO4

- (B) and DS- (C). 
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Figure 5. SEM images of the pristine (A-C) and NPX-loaded (D-F) PEDOT/Cl (A,D), 
PEDOT/ClO4 (B,E) and PEDOT/DS (C,F) matrices (scale bar of 50 µm); the insets show 
higher magnification images (scale bar of 10 μm); histograms (G) show the diameter of 
features present on the pristine and drug-loaded PEDOT matrices. 
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Figure 6. Representative mass vs. time curves of the three release modes: spontaneous (A), 
chronoamperometric (B) and cyclic voltammetric (C) for PEDOT/Cl (black line), 
PEDOT/ClO4 (red line) and PEDOT/DS (blue line) matrices. Thin black lines represent the 
corresponding fitted curves calculated by means of Avrami’s equation. 

 

Figure 7. Mass of NPX loaded and released from PEDOT/Cl, PEDOT/ClO4 and PEDOT/DS 
with the use of the spontaneous, chronoamperometric and cyclic voltammetric types of 
release. The values are expressed as a mean of five measurements ± standard error. 
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Tables 

 

Table 1. Mass changes and ion exchange capacities of PEDOT/Cl, PEDOT/ClO4 and PEDOT/DS based on the 
cyclic oxidation and reduction of matrices. The values are expressed as a mean of five measurements ± standard 
error. 

 PEDOT/Cl PEDOT/ClO4 PEDOT/DS 

Mass change of matrix during a single CV, 
µg cm-2 

2.95 ± 0.02 12.09 ± 0.38 2.57 ± 0.21 

Ion exchange capacity, µmole cm-2 0.083 ± 0.001 0.122 ± 0.003 0.010 ± 0.001 

 

Table 2. Mass changes of PEDOT/Cl, PEDOT/ClO4 and PEDOT/DS in the processes of the removal of primary 
dopant (600 s) and drug loading (600 s), as well as the total drug content. The values are expressed as a mean of 
five measurements ± standard error. 

 PEDOT/Cl PEDOT/ClO4 PEDOT/DS 

Polymer mass, µg cm-2 42.07 ± 2.53 103.45 ± 10.09 17.49 ± 0.58 

Mass decrease due to the removal of 
dopant, µg cm-2 

0.50 ± 0.08 1.63 ± 0.30 0.25 ± 0.04 

Mass increase due to drug loading, µg cm-

2 
2.52 ± 0.35 5.57 ± 0.49 1.10 ± 0.22 

Drug content, wt% 5.71 ± 0.91 5.18 ± 0.71 5.99 ± 1.28 

 

Table 3. NPX release efficiency of PEDOT/Cl, PEDOT/ClO4 and PEDOT/DS with the use of spontaneous, 
chronoamperometric and cyclic voltammetric types of release. The values are expressed as a mean of five 
measurements ± standard error. The values in brackets describe the wt% of the amount of drug released through 
a specific method with respect to the total drug content. 

 PEDOT/Cl PEDOT/ClO4 PEDOT/DS 

Spontaneous release, µg cm-2 0.84 ± 0.16 (33 %) 2.19 ± 0.29 (39 %) 0.30 ± 0.04 (27 %) 

Chronoamperometric release, 
µg cm-2 

0.51 ± 0.13 (20 %) 0.71 ± 0.10 (13 %) 0.28 ± 0.06 (25 %) 

Cyclic voltammetric release, 
µg cm-2 

0.37 ± 0.04 (15 %) 1.61 ± 0.59 (29 %) 0.58 ± 0.08 (53 %) 

NPX loaded permanently, 
wt% 

47 % (CA) 

52% (CV) 

48 % (CA) 

32 % (CV) 

48% (CA) 

20 % (CV) 

 


