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ABSTRACT

Stimuli-responsive biomaterials have attracted significant attention for the
construction of on-demand drug release systems. The possibility of using external
stimulation to trigger drug release is particularly enticing for hydrophobic compounds,
which are not easily released by simple diffusion. In this work, an electrochemically
active hydrogel, which has been prepared by gelling a mixture of poly(3,4-
ethylenedioxythiophene): polystyrene sulfonate (PEDOT:PSS) and alginate (Alg), has
been loaded with curcumin (CUR), a hydrophobic drug with a wide spectrum of clinical
applications. The PEDOT/AIlg hydrogel is electrochemically active and organizes as
segregated PEDOT- and Alg-rich domains, explaining its behaviour as an
electroresponsive drug delivery system. When loaded with CUR, the hydrogel
demonstrates a controlled drug release upon application of a negative electrical voltage.
Comparison with the release profiles obtained applying a positive voltage and in absence
of electrical stimuli, indicates that the release mechanism dominating this system is
complex due not only to the intermolecular interactions between the drug and the
polymeric network but also to the loading of a hydrophobic drug in a water-containing

delivery system.



INTRODUCTION

Intrinsically conducting polymers (CPs) have gained much attention as materials
capable of stimuli-responsive drug delivery.® Among CPs, poly(3,4-
ethylenedioxythiophene) (PEDOT) has evolved as a highly promising platform for
delivering therapeutic agents, as it has excellent electroactive properties, stability,
biocompatibility and is relatively simple to prepare.”*?> Tunable drug release from
PEDOT is based on electrically driven alterations in redox state, causing subsequent
changes in polymer properties (e.g. changes in volume and hydrophilic/hydrophobic
balance).™® Moreover, PEDOT has been used for drug delivery from carriers in different
formats, for example, PEDOT nanoparticles,'**® fibers,'618 films,%-? and hydrogels.?*-?

Hydrogels-based delivery systems can leverage therapeutic beneficial outcomes and
have found clinical use. This is because hydrogels not only can provide spatial and
temporal control over the release of small molecules and macromolecular drugs,5-2 but
also, exhibit tunable physical properties, controllable degradability, the capability to
protect labile drugs from degradation and responsiveness to external stimuli. Therefore,
hydrogels can serve as potential drug delivery platforms in which the release of loaded
drugs is controlled by physicochemical interactions that can be easily modified by
physical parameters (e.g. voltage, light, and temperature). Despite such interesting
properties, the amount of drug release studies involving PEDOT-based hydrogels is very
scarce.?%3 Kleber et al.? studied the release of fluorescein and dexamethasone from
iridium oxide electrodes coated by a conducting hydrogel that was obtained by photo-
crosslinking  poly(dimethylacrylamide-co-4-methacryloyloxy  benzophenone-co-4-
styrenesulfonate) and, subsequently, electropolymerizing PEDOT through the hydrogel
network. Molina et al.?* regulated the release of vitamin K3 from a semi-interpenetrated

hydrogel prepared by electropolymerizing a hydrophilic PEDOT derivative within a poly-



y-glutamic acid biohydrogel containing PEDOT nanoparticles. Zhang and co-workers®
formed hydrogels by mixing a B-cyclodextrin polymer solution with a dispersion of
PEDOT, which was obtained by oxidative polymerization in the presence of adamantyl-
modified sulfate alginate. This matrix was used to encapsulate and to proliferate myoblast
cells, which were released by adding the f-cyclodextrin monomer. On the other hand,
Chikar et al.*® formed a dual coating system by depositing an RGD-functionalized
alginate hydrogel on an electrode previously coated with PEDOT. Interestingly, a trophic
factor loaded inside the hydrogel was released by electrostimulating the coated electrode.

In this study, a new PEDOT-based electroactive hydrogel is explored as a carrier
platform for electrically triggered drug delivery. The hydrogel is easily prepared by
mixing polystyrenesulfonate-doped PEDOT (PEDOT:PSS), a biocompatible CP widely
used for bioelectronics and tissue engineering,®3" and alginic acid (AA) aqueous
solution. Although alginate-based hydrogels are extensively used in biomedicine, - the
incorporation of CP confers electric-field responsive properties to the resulting material,
hereafter named PEDOT/AIlg-h. Drug delivery assays have been conducted using
curcumin (CUR), a hydrophobic compound with a wide spectrum of biological and
pharmacological activity, such as antioxidant, anti-inflammatory, antimicrobial,
anticarcinogenic, hepatic- and nephroprotective, and hypoglycemic effects, among
others.** The release of in situ loaded CUR is controlled by applying a potential of —
1.0 V to the hydrogel. Due to the advantages associated with the simplicity of the
synthetic and loading processes, the outstanding properties of the hydrogel, and its
response to the electric field for the dosage-controlled release of a drug, PEDOT/AIlg-h
should be considered as a promising carrier for on-demand release of bioactive

substances.



RESULTS AND DISCUSSION

Preparation of unloaded and drug-loaded hydrogels

The process used to prepare PEDOT/AIlg-h is sketched in Figure 1a. More specifically,
equal volumes (20 mL) of a 1.3 wt.% PEDOT:PSS aqueous dispersion and an 8 wt.%
alginic acid (AA) water:ethanol (4:1 v/v) solution were mixed at room temperature with
vigorous stirring for 20 min. To prepare hydrogel films with a controlled, reproducible
and homogeneous thickness, an indium tin oxide (ITO) coated polyethylene terephthalate
(PET) sheet (4 cm x 2 cm x 0.01 cm) was sandwiched between two cover glasses
separated 1 mm by plastic strips, which allowed creating a cavity with a defined volume.
Then, a fixed volume of the PEDOT:PSS + AA mixture (0.7 mL) was introduced in the
cavity to get films with reproducible thicknesses (see Figure 1). Finally, the previous
assembly was immersed in a petri dish containing a 10 wt.% CaCl aqueous solution to
gel the mixture and obtain the hydrogel. The assembly was kept in the CaCl. solution for
at least 24 h to assure complete gelation. The excess of AA and the leaving PSS chains
(i.e. those replaced by Alg) were removed from the hydrogel by thoroughly washing it
with abundant water. After disassembling, the hydrogels remained onto the ITO-coated
PET sheet for the electrochemical studies.

CUR-loaded PEDOT/AIlg-h samples, hereafter named PEDOT/AIg(CUR)-h, were
obtained by applying the previous procedure but using a CUR ethanol solution (5 mg/mL)
for preparing the 8 wt.% AA water:ethanol (4:1 v/v) solution. Besides, CUR-loaded and
unloaded alginate hydrogels, hereafter abbreviated Alg(CUR)-h and Alg-h, respectively,
were used as controls. Alg(CUR)-h was obtained by gelling with CaCl, (10 wt.%; 24 h)
a 4 wt.% AA water:ethanol (9:1 v/v) solution, which was prepared again using the CUR

ethanol solution. Alg-h was attained using the same procedure detailed above but without



including CUR in the ethanol used to prepare the AA solution. After the crosslinking, the
concentration of CUR loaded in both PEDOT/AIg(CUR)-h and Alg(CUR)-h was 0.492 +
0.005 and 0.474 + 0.006 mg/mL, respectively. A complete description of the procedures
used to prepare PEDOT/AIlg-h, PEDOT/AIg(CUR)-h, Alg-h, and Alg(CUR)-h, which are
shown in Figure 1b, is provided in the Supporting Information. The dark blue color of
PEDOT/AIg-h and PEDOT/AIg(CUR)-h corresponds to the color of PEDOT:PSS, which
dominates over those of Alg and CUR. Instead, translucent Alg-h samples become opaque
and orange when CUR loads.

All hydrogels were initially characterized by FTIR spectroscopy. Structural
fingerprints of all the components in the hydrogel were identified in the spectra (Figure
1c). Thus, all spectra show the following absorption bands characteristic of alginate
hydrogels: (1) asymmetric and symmetric C=0 stretching (1597 and 1413 cm™,
respectively), C-O—C stretching (1028 cm™) and O—H stretching (broad band at ~3300
cm™).% In contrast, PEDOT-containing hydrogels show additional bands at 1289 and
1127 cmt (vibrations of the fused dioxane ring) and 761 cm™ (stretch of the C—S bond).
Moreover, the band at 1162 cm™ has been associated with the SO vibrations of residual
PSS chains (i.e. those that were not substituted by the Alg chains). Finally, even though
some of the characteristic bands of CUR overlap with those of PEDOT and specially
those of alginate, CUR presence is also detected in the FTIR spectra of
PEDOT/AIg(CUR)-h and Alg(CUR)-h. The peaks at 1522 and 756 cm‘can be attributed
to the C=0 stretching and cis-CH vibration of CUR, which proves the incorporation of
the drug in PEDOT/Alg(CUR)-h and Alg(CUR)-h.

The swelling ratio (SR), which expresses the ability to absorb water, was very high for
all evaluated hydrogels (Figure 1d). The SR for Alg-h and PEDOT/Alg-h were similar

(i.e. 1207% + 21% and 1240% + 35%, respectively) suggesting that the crosslinking



density is comparable for both systems. According to the classical “egg-box” model,
chain-chain associations in Alg-h occur by the ionic binding of each divalent Ca?* ion
with two alginate chains through the corresponding guluronate blocks.*” Apparently, this
binding model does not undergo major alterations by oxidized PEDOT chains, which are
positively charged, and can compete with Ca?* ions for interacting with Alg chains. On
the other hand, the SR is higher for Alg(CUR)-h and PEDOT/AIg(CUR)-h than for
unloaded hydrogels (i.e. SR increases 9% and 7% in comparison to Alg-h and
PEDOT/AIg-h, respectively). This observation suggests that the drug has some adverse
effect on the crosslinked structures of the hydrogels, slightly reducing the density of
crosslinks and, therefore, increasing the free volume. Thus, the CUR would preferentially
interact with Ca?* ions and PEDOT chains, reducing their ability to bind Alg chains and,

consequently, the crosslinking density concerning unloaded hydrogels.

Cytotoxicity

Since the final application of the developed material is its therapeutic utilization as a
drug carrier, it is essential to study the biocompatibility of the employed material itself
(i.e. without the drug). For this purpose, in vitro cell adhesion and cell proliferation
studies were performed by MTT assays on Alg-h and PEDOT/AIg-h, which served as
substrates for fibroblasts derived from normal skin (Hff) and osteosarcoma (MG-63)
cells.

Figure 2 displays cell viabilities after 24 h (cell adhesion) and 7 days (cell
proliferation) for the hydrogels and the tissue culture polystyrene (TCPS) used as a
control substrate. These results reveal a clear dependence of the proliferation rate on cell
type. It is well-known that cell tissues present different mechanical properties and this

may affect cell behavior.*3* As expected, cells had a similar adhesion to both systems



without exhibiting a reduction in cell viability (Figure 2a). After 7 days (Figure 2b), Hff
cells exhibited a higher affinity towards both Alg-h and PEDOT/AIlg-h than MG-63 cells.
This has been attributed to the stiffness of the material. Alg-based hydrogels without
additional either covalent crosslinking or inorganic fillers are too low in stiffness to
promote proliferation and spreading of hard tissue cells like bone. This hypothesis is
strongly supported by previous microindentation results, which showed that the elastic
modulus of the dermis is ~35 kPa>? while that for bone is in the 10.4-20.7 GPa range.>®
Therefore, PEDOT/AIg-h would be more suitable to be used in soft tissues like skin,

nervous system, adipose, and cardiac tissues.

Morphology of unloaded and drug-loaded hydrogels

High and low magnification SEM micrographs of the cross-section and surface of the
loaded and unloaded hydrogels are displayed in Figure 3a. As can be observed, the cross-
sections of all hydrogels are qualitatively the same and they are characterized by showing
an open and interconnected porous structure. The cross-section porosity is higher for
PEDOT/AIlg-h, PEDOT/AIg(CUR)-h, and AIlg(CUR)-h than for Alg-h, which is
consistent with the higher electrochemical activity of the formers (see below). However,
different pore sizes and pore areas are measured for the different hydrogels as shown in
the histograms in Figures 3b-c. The average diameters of the cross-sectional pores
increase as follows: Alg-h (0.9 + 0.3 um) < Alg(CUR)-h (1.9 £0.6 um) < PEDOT/Alg-h
(2.0 £ 1.0 um) < PEDOT/AIg(CUR)-h (2.6 £ 0.8 um). Obviously, the area of the pores
follows the same trend Alg-h (0.9 + 0.6 um?) < Alg(CUR)-h (2.8 + 1.6 um?) <
PEDOT/Alg-h (3.2 + 1.5 pm?) < PEDOT/AIg(CUR)-h (4.6 + 2.5 um?). These results
suggest that the presence of either CUR or PEDOT in the hydrogel could increase the

distance between alginate chains, explaining the presence of bigger pores compared to



the bare alginate hydrogel. No significant differences are observed between Alg(CUR)-h
and PEDOT/AIlg-h. However, the simultaneous presence of CUR and PEDOT within the
hydrogel results in a new increase in pore size and pore area meaning that a new reduction
in the cross-linking takes place. On the other hand, the surface morphology presents no
pores and a smooth appearance. Besides, the superficial and cross-sectional morphology
of the CUR-loaded hydrogels is very similar to that of the unloaded ones, suggesting that
the drug is homogeneously distributed.

TEM images of the stained PEDOT/AIlg-h are shown in Figure 4a. Dark regions
correspond to the anionic sites of Alg that were selectively stained with 1% uranyl acetate
(UAc), while bright grey regions correspond to PEDOT. Although contrast regions
associated with Alg-rich domains present a continuous structure, which explains the
mechanical integrity of the hydrogel, bright regions can be distinguished. In some cases,
the latter PEDOT-rich domains appear as interconnected nanometric grey spots
embedded inside Alg-rich domains, while in other cases PEDOT-rich domains appear as
micrometric (~1 um) corpuscles interrupting the Alg-rich regions. The identification Alg-
rich domains, in which PEDOT chains coexist with the predominant Alg chains, as well
as of PEDOT-rich domains with the opposite organization, fully support the influence of
the CP on the cross-linking between Alg chains. This partially segregated structure is also
clearly reflected in TEM micrographs of unstained samples (Figure 4b), in which dark
regions correspond to PEDOT-rich domains due to the remarkable electron scattering
properties of the CP. The microstructure showed by both stained and unstained samples
of PEDOT/Alg-h with both components coexisting in many regions has an impact on

electroactivity, as shown below.

Electrochemical characterization



Unloaded and CUR-loaded PEDOT/AIlg-h and Alg-h were characterized by cyclic
voltammetry (CV) and galvanostatic charge-discharge (GCD) using a CaCl> 5 wt.%
aqueous solution as supporting electrolyte. Figure 5a shows the control cyclic
voltammograms recorded for the different hydrogels. As can be observed, all the
voltammograms are qualitatively the same: quasi-rectangular and symmetric in shape
without redox peaks which are attributed to the reversibility of the non-faradaic
adsorption/desorption process of Ca2* ions onto the hydrogel surface during the potential
scan. Thus, both the Alg-rich phases of PEDOT/AIlg-h and Alg-h are considered ionically
conductive since Alg chains are negatively charged and the formed hydrogels contain an
aqueous electrolyte inside (i.e. CaCl. dissolved in water). Comparison of the unloaded
hydrogels indicates that the electrochemical activity is slightly higher for PEDOT/AIlg-h
than for Alg-h which can be attributed to the electronic contribution of PEDOT but also
the higher SR both making the Ca?* adsorption/desorption process more efficient.

CUR-loaded hydrogels display an increment in the area of the voltammograms
compared to the unloaded ones, which is very significant for Alg(CUR)-h. The higher
electrochemical activity of Alg(CUR)-h indicates that the diffusion and migration of ions
during the potential scan experienced a drastic increase, which is fully consistent with the
high SR value obtained for the Alg(CUR)-h. Thus, the increment in the voltammetric area
of Alg(CUR)-h with respect to Alg-h suggests that CUR preferentially interacts with Ca?*,
reducing the crosslinking density and facilitating the ion diffusion with respect to the
unloaded hydrogel in the potential range from —0.20 V to 0.60 V. Instead, the moderate
variation of the electrochemical activity of PEDOT/AIg(CUR)-h compared to
PEDOT/AIg-h is consistent with the preferential interaction between the drug and
PEDOT chains. The preferred CUR---PEDOT interaction over CUR---Ca?* one has a

clear implication: CUR limits access to the electrically conductive polymer. On the other
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hand, the voltammograms recorded for PEDOT/Alg(CUR)-h and Alg(CUR)-h exhibit an
increase in current density at around + 0.4 V which corresponds to CUR oxidation. No
reduction peak is observed in the scanned potential range because the oxidation of CUR
Is an irreversible or quasi-irreversible process (depending on the experimental
conditions), which agrees with the literature.'>*

The electrochemical stability, represented as the loss of electrochemical activity (LEA;
Eq S1) with the number of consecutive oxidation-reduction cycles, is shown in Figure 5b.
In all cases the area of the voltammograms and, therefore, the voltammetric charge
decreased with the number of cycles, reflecting a loss electrochemical stability. The two
PEDOT-containing hydrogels, especially the CUR-loaded one, display the lowest
stability. This feature suggests that the interface between the PEDOT and Alg domains
becomes seriously affected by the consecutive potential scan cycles. Moreover, this effect
is enhanced in PEDOT/AIg(CUR)-h since, apparently, redox processes also affect the
PEDOT:--CUR interactions, which is expected to be beneficial for the controlled delivery
of the drug. It should be noted that the stabilization of the LEA around 20% after 15 redox
cycles limits the utilization of PEDOT/AIg-h for applications related with energy storage
(e.g. fabrication of electrodes for devices), which require preserving the electrochemical
activity for thousands of redox cycles. However, such LEA value does not represent a
drawback for the release of drugs in medical applications since in those cases the number
of redox cycles needed is relatively low, even for multiple stimulation processes. On the
other hand, the structure of Alg-h and Alg(CUR)-h undergoes much fewer changes during

the consecutive redox processes, the value of LEA keeping below 10% after 15 cycles.

Non-stimulated release of CUR
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A main disadvantage of Ca2*-crosslinked Alg is the low mechanical stability in
absence of Ca2*-rich environments, which may affects the drug release rate in biorelevant
media by increasing it. Although this drawback can be easily overcome using a number
of well-known methods (e.g. coating with chitosan, adding selected of anions and using
an ion diffusion approach during the crosslinking step),3°°" application of such
procedures is out of the scope of this work, which is focused on the preparation,
characterization, properties and electrochemical response of PEDOT/Alg-h for drug
delivery. Accordingly, in order to avoid distortions in the release results due to the loss
of mechanical integrity, a CaCl, 5% wt. aqueous solution was used as release medium.
However, we are aware that stabilization of the hydrogel will be required in a future for
ex vivo and/or in vivo studies

Due to its hydrophobic nature, CUR is poorly soluble in water, even though it is readily
soluble in some organic solvents such as ethanol.>® PEDOT/AIg(CUR)-h and Alg(CUR)-
h square pieces of 1x1 cm? were cut and immersed in the aqueous release medium using
Eppendorfs. At predefined time intervals (i.e. 15 min, 30 min, 1 h, 1 day, 2 days, and 9
days), the release medium (1 mL) was withdrawn from the tube and analyzed by UV-Vis
spectroscopy. The amount of released CUR was quantified by UV-vis spectroscopy,
using the absorption band centered at 400 nm, and the calibration curve displayed in
Figure S2a. More details of the experimental procedure are provided in the Supporting
Information.

As shown in Figure 6a, the drug was slowly but progressively released to the medium
during the first 1 h. More specifically, 3.6% + 1.0% and 7.1% + 1.0% of CUR from
PEDOT/AIg(CUR)-h and Alg(CUR)-h, respectively, was released after this time period.
This low release has been attributed to the weak affinity of CUR for water molecules,

preferring the interactions with the components of the hydrogels and despite the high SR
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observed for the loaded hydrogels. This trend was confirmed after 9 days when the
accumulated released drug was kept at practically the same values (i.e. 3.3% + 1.0% and
6.9% + 1.0%, respectively). In order to accelerate the release, the aqueous medium was
substituted by ethanol (99%) at day 9, the corresponding calibration curve is displayed in
Figure S2b. After two days, the released CUR increased to 12.9% + 1.7% and 9.1% =+
1.4% for PEDOT/AIg(CUR)-h and Alg(CUR)-h, respectively (see a pale yellow rectangle
in Figure 6a). However, no additional release was observed after another two days in
ethanol. The higher released observed for the PEDOT/Alg(CUR)-h can be explained by
the higher SR measured for this hydrogel compared to the Alg(CUR)-h one.

These results indicate that the CUR, a highly hydrophobic drug is not released from
the tested hydrogels by a simple diffusion mechanism. In general, the drug release rate
depends on (1) drug affinity towards the release medium; (2) desorption of the adsorbed
drug from the polymeric molecules, (3) drug diffusion out of the polymeric matrix once
desorbed; and (4) the synergy between matrix stimulation and drug diffusion processes.
Results displayed in Figure 6a shows that both PEDOT/Alg(CUR)-h and Alg(CUR)-h
exhibit small burst and sustained release effects. Considering that the pores of the studied
hydrogels are large enough to facilitate the drug diffusion (Figure 3), such effects have
been associated not only to the hydrophobicity of CUR but also to the strength of the
interactions between the drug and the component of the polymer matrixes, as the results
obtained in ethanol demonstrate. In the case of Alg(CUR)-h, the interactions between the
drug and Ca?* ions apparently form relatively large hydrophobic complexes, probably
with several CUR molecules surrounding each Ca®* ion, causing lower burst effect and
slower release than in PEDOT/AIg(CUR)-h. This could explain that the release in ethanol
is lower for AlIg(CUR)-h than for PEDOT/AIg(CUR)-h, in which CUR molecules

presumably interact individually with PEDOT repeat units. This assumption has been
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taken as an advantage to explore the CUR release when the PEDOT-containing hydrogel
is electrostimulated. Overall, the release profile displayed in Figure 6a reflects that
stimuli-assisted drug release devices are necessary to achieve efficient delivery of

hydrophobic drugs.

Electrostimulated release of CUR

The electrochemically controlled release of the drug from the hydrogels was carried
out in an electrochemical cell filled with 2.5 mL of aqueous solution, as described in the
ESI. Electrostimulation was conducted applying an external voltage of either +1.0 V or —
1.0 V. The voltage was applied for 2 h interrupted at regular time intervals (every 15 min)
for a few minutes to extract the liberation medium for afterward quantification of the
released drug, to supplement with fresh liberation medium to keep the volume constant
and to record a cyclic voltammogram. The release profiles obtained for
PEDOT/AIg(CUR)-h and Alg(CUR)-h using voltages of +1.0 V and —1.0 V are shown in
Figures 6b and 6c, respectively; while Figure 7 displays the cyclic voltammograms
recorded every 15 min. Figure 8 shows SEM micrographs of the hydrogels after the 2 h
electrostimulation and the histograms variation of the pore diameter upon
electrostimulation, while the variation of pore area is shown in Figure S3.

The application of a voltage of +1.0 V does not significantly affect the release of CUR
from PEDOT/AIg(CUR)-h (Figure 6b). Although the amount of drug released after 15
min of electrostimulation (7.3% + 2.6%) is higher than that achieved by simple diffusion
after 1 h (3.6% = 1.0%) (Figure 6a), beyond 15 min the amount of released CUR does not
increase with the electrostimulation time, suggesting that PEDOT - --CUR interactions are
not affected by the application of oxidative potentials. The small difference between the

profiles obtained for unstimulated and stimulated with +1.0 V at very short times has been
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attributed to the changes induced by the voltage in the structure of the hydrogel, which
are discussed below. However, these structural changes are not enough to affect the CUR
release at higher times. This interpretation is supported by the cyclic voltammograms
recorded at periodic time intervals (Figure 7a), which are all practically identical,
reflecting that the hydrogel is not altered by the electrostimulation process. Indeed, the
only difference among all of them is a slight decrease in the anodic current, which can be
explained by the lesser amount of CUR in the hydrogel because of its release. Also, the
CUR oxidation reaction may occur, even though no change in the color of the hydrogel
or the release medium was observed. Figure S4 shows the UV spectra of
PEDOT/AIg(CUR)-h after the electrical stimuli, the peak is maintained at 400 nm in
washed hydrogel even after stimulation at +1.0 V during 2 h, whereas the flat spectrum
recorded for unloaded PEDOT/AIg-h (blank) is shown in Figure S5. Although there is an
increase in the cross-section pore diameter from 2.6 + 0.8 pum (for unstimulated hydrogel,
Figure 3b) to 6.7 £ 2.0 um (for +1.0 V stimulated hydrogel (Figure 8c), it seems no
affecting significantly the CUR release at +1.0 V. No pores are observed on the surface
of the hydrogel. On the other hand, Figure S4 also shows that when CUR is surrounded
by an organic environment, the absorbance peak appears at 425 nm

Exposure of Alg(CUR)-h to a potential of +1.0 V for 2 h resulted in a CUR release of
1.9% + 1.4% only (Figure 6b). The latter value, which is reached after only 15 min, is
lower than that achieved in absence of stimulus by a factor of 3.6, suggesting that
electrostimulation affects the structure of the Alg matrix. The evolution of the cathodic
and anodic areas of the voltammograms recorded at periodic time intervals allows us to
confirm this hypothesis (Figure 7b). Thus, the electrochemical activity of the hydrogel
decreases substantially with increasing time of exposition to the potential until t= 105

min. The reduction of the electroactivity is due to the greater difficulties that dopant ions
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have in entering into and escaping from the polymer matrix during oxidation and
reduction scans, respectively. Thus, the application of the voltage affects the structure of
the Alg-h, which becomes more compact, and makes difficult not only the transport of
dopant ions but also the delivery of drug molecules. As expected, the average pore
diameter of the cross-sectional decreased from 1.9 = 0.6 to 0.9 £ 0.2 um after +1.0 V
stimulation (Figure 8b). A comparison between the voltammograms displayed in Figure
7a-b indicates that the response of PEDOT/AIg(CUR)-h to chronoamperometric
electrostimulation is dominated by the CP domains, even though the Alg domains are
expected to be damaged by the applied voltage, like in Alg(CUR)-h.

The release of drug from Alg(CUR)-h increased by ~2% when electrostimulation was
performed applying a voltage of —1.0 V (Figure 6c) instead of +1.0 V. Moreover, the
release profile obtained for —1.0 V recalls the shape of that achieved in absence of
electrostimulation, suggesting that the negative voltage has a lower effect on the porosity
of Alg hydrogel than the positive one, even though the diameter of the pores decreased to
1.0 £ 0.3 um (Figure 8b). This is supported by the cyclic voltammograms displayed in
Figure 7d, which show that the reduction of electrochemical activity at increasing
electrostimulation time is much less noticeable than in Figure 7b. Also, denoting that Alg
hydrogels, in which the electrochemical response is only associated with the diffusion of
ions, cannot be employed as electroresponsive drug delivery systems.

Instead, the electrical stimulation of PEDOT/Alg(CUR)-h, with a sustained application
of a voltage of —1.0 V, results in a significant and progressive CUR release (Figure 6c¢).
After only 15 min, the amount of drug found in the release medium is approximately
twice and fifteen times higher than those delivered by applying a voltage of +1.0 V
(Figure 6b) and simple diffusion (Figure 6a), respectively. Moreover, the release profile

reflects a slow but continued release when the negative voltage is applied, reaching a
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value of ~25% after 2 h. This represents an increment of ~22% with respect to the non-
stimulated delivery achieved after 9 days immersed in an aqueous release medium and of
~19% with respect the stimulated delivery applying a voltage of +1.0 V. The progressive
release of CUR is fully consistent with the lower intensity observed in the cyclic
voltammograms recorded at intervals of 15 min (Figure 7c). Indeed, the current density
in the CV linearly correlates (R?= 0.972) with the amount of CUR released from the
hydrogel, as shown in the inset of Figure 6¢c. On the other hand, the angling of the
voltammograms decreases with increasing electrostimulation time, suggesting the
electrical contact between PEDOT rich domains increases. This effect can be attributed
to released CUR molecules that facilitate the approach of PEDOT chains and/or to the
voltage-induced degradation of Alg-rich domains that, despite being lower than for the
positive voltage (as discussed above), may be enough to enhance the contact among
PEDOT-rich domains. Interestingly, after 2 h electrostimulation, the average pore
diameter did not present significant changes (from 2.6 £ 0.8 um to 2.4 + 0.7 um), while
the surface changed from a smooth to a rugose with pores morphology, which is not
observed in any of the other cases and has been attributed to the release of CUR. These
suggest that the damage that occurred on the surface of the hydrogel also contributes to
CUR release.

The fact that the total amount of released CUR reached only ~25% of the initial dose
after 2 h of electrostimulation may be explained by the formation of potential specific
interactions between CUR and PEDOT chains (e.g. n- stacking and/or hydrogen bonds).
The reduction of the CP by applying a negative electrical voltage probably affects the
strength of intermolecular CUR---PEDOT interactions, which become weaker or even

cease. This facilitates the release of the drug, even though it is restricted by its
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hydrophobic characteristics, which hampers the diffusion of CUR (as observed in Figure
6a).

In addition to the effect of the voltage on the specific interactions and the structure of
the hydrogel, the CUR release profiles displayed in Figure 6b-c could be also influenced
by other factors, as the change of pH in the hydrogel environment.>*-> More specifically,
the production of oxygen and protons due to the oxidation of water molecules when a
voltage of + 1.0 V is applied (Eq 1), may cause a pH reduction inside the hydrogel:

2 Ho0 — Oy(g) + 4-H*(aq) + 4-¢ 1)
Obara et al.* reported that, in acidic conditions, the carboxylate groups from Alg chains
and the protons bond together, promoting the contraction of the hydrogel due to the
neutralization of electrostatic repulsion between the carboxylate groups (Figure 9a).
Therefore, the hydrogel becomes more compact, hindering the CUR diffusion.
Instead, water molecules reduce at —1.0 V voltage:

4-H20 + de™ — 2-Hz + 4-OH" @)

The basic environment caused by the hydroxyl ions favors the deprotonation of
carboxylic acid groups from the Alg chain, increasing the amount of negatively charged
carboxylate groups and, therefore, the electrostatic repulsion among them (Figure 9a).
This favors the swelling of the hydrogel and facilitates the diffusion (Figure 9b).
However, it should be emphasized that the poor release profile obtained for Alg(CUR)-h
upon the application of-1.0 V (Figure 6¢) suggests that, the influence of the pH on the
release of the drug from PEDOT/AIg(CUR)-h is very small or even practically null. This
feature supports that the influence of the voltage in the structure of the hydrogel and the
specific interactions between the drug and polymeric matrix are probably the main driving

forces for the release mechanism from such system.
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More work needs to be performed to better identify the nature and strength of specific
interactions in PEDOT/AIg(CUR)-h, as well as to optimize the release profile. Both the
sustained response of the PEDOT/AIlg polymeric matrix to the negative voltage and the
progressive delivery of CUR support the necessity of future investigations on
PEDOT/AIg-h as a promising system for on-demand release. Details about the specific
interactions involved in PEDOT/AIg(CUR)-h are expected to be obtained in the near
future using computer simulations at the molecular level. Besides, to improve the
efficiency of PEDOT/AIlg-h as a drug delivery system, future work will focus on
optimizing the value of the applied negative voltage and the application of short potential
pulse protocols (i.e. on/off application of the electrical voltage). Also, investigations
using drugs with a less pronounced hydrophobic profile than that of CUR are necessary
to alter the balance of the intermolecular interaction. The relative strength between the
interactions involving the loaded drug and the molecular species contained in the
polymeric matrix and the release medium is a crucial point to regulate the on-demand
release. Accordingly, identification of the optimum drug chemical profile for a given

polymeric system is necessary to diagnose its effectivity as a drug delivery system.

CONCLUSIONS

PEDOT/AIlg hydrogel capable of drug delivery were fabricated. Hydrogels are
prepared using a very simple and effective method, which consists of gelling a
PEDOT:PSS + AA mixture by adding a CaCl» solution. CUR is loaded in situ during the
gelling process by dissolving the drug with the AA in ethanol before mixing with
PEDOT:PSS. Despite PEDOT- and Alg-rich domains are partially segregated, TEM
micrographs reveal the presence of conduction paths in the hydrogels, explaining the

electroresponsive behavior. Because of both its hydrophobicity and the formation of
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intermolecular specific interactions, CUR is slowly released from PEDOT/AIg(CUR) and
Alg(CUR) hydrogels by simple diffusion (i.e. around 3% only), even when the aqueous
release medium is replaced by ethanol. However, the release of drug from
PEDOT/AIg(CUR)-h is enhanced in response to electrical stimulation by applying a
negative voltage (i.e. around 25% in 2 h), which affects intermolecular interactions. Such
a stimuli-responsive drug delivery system may find use as drug delivery implants, where
the release of the drug can be regulated, according to the patient’s requirements through

the application of an electrical stimulus.
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CAPTIONS TO FIGURES

Figure 1. (a) Sketch illustrating the procedure used to prepare PEDOT/Alg(CUR)-h:
(1) equal volumes of PEDOT:PSS aqueous dispersion and AA solution in water:ethanol
were mixed; (2) 0.7 mL of the PEDOT:PSS + AA mixture were deposited on a ITO sheet,
which was subsequently sandwiched between two cover glasses separated by plastic
strips; (3) the sandwiched ITO sheet was placed in a petri dish that was subsequently
filled with a CaCl. solution; and (4) the formed hydrogels were extracted and washed
after 24 h. (b) Photographs of the prepared hydrogels just after the gelling step. (c) FTIR
spectra and (d) swelling ratio of the prepared hydrogels.

Figure 2. (a) Cell adhesion (24 h) and (b) cell proliferation (7 days) of Hff and MG-
63 cells on Alg-h and PEDOT/AIg-h. The relative viabilities were established in relation
to tissue culture polystyrene (TCPS), which was considered as a control substrate.
Asterisk mark represents a significant difference among the other samples at p < 0.05 (*)
and p <0.001 (***).

Figure 3. (a) Cross-sectional (low and high magnification at top and bottom,
respectively) and surface (low and high magnification at top and bottom, respectively)
SEM micrographs of: Alg-h; PEDOT/Alg-h; Alg(CUR)-h and PEDOT/AIg(CUR)-h.
Bars in high and low-resolution micrographs: 500 nm and 5 um, respectively. Histograms
displaying (b) the diameter and (c) area of the pores observed in the cross-sections

Figure 4. (a) TEM micrographs with different magnifications (from low at the left to
high at the right and bottom) of the same region of stained PEDOT/Alg-h. (b) TEM
micrographs of unstained PEDOT/Alg-h.

Figure 5. For PEDOT/AIg(CUR)-h, PEDOT/AIg-h, Alg(CUR)-h and Alg-h: (a)

Cyclic voltammograms recorded from —0.20 to 0.60 V at a scan rate of 100 mV/s; and (b)
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Variation of the loss of electrochemical activity (LEA) against the number of consecutive
redox cycles.

Figure 6. CUR release from PEDOT/AIlg(CUR)-h and Alg(CUR)-h samples by (a)
diffusion (passive release) after immersion in an aqueous solution for 9 days and ethanol
(pale yellow rectangle) for four days, and by applying a constant potential of (b) +1.0 V
or (c) —1.0 V for 2 h in aqueous solution. The inset in (c) shows the correlation between
the current density (from cyclic voltammograms) and the amount of CUR released from
the hydrogel.

Figure 7. Cyclic voltammograms recorded at 15 min intervals for (a, c¢)
PEDOT/AIg(CUR)-h and (b, d) Alg(CUR)-h electrostimulated by applying a constant
voltage of (a, b) +1.0 V or (c, d) —1.0 V. All voltammograms were obtained in the
potential window comprised between —0.20 and 0.60 V at a scan rate of 100 mV/s.

Figure 8. (a) Cross-sectional (low and high magnification at top and bottom,
respectively) and surface (low and high magnification at top and bottom, respectively)
SEM micrographs of Alg(CUR)-h and PEDOT/AIg(CUR)-h after undergoing —1.0 or +1
V electrostimulation (left and right, respectively). Bars in high and low-resolution
micrographs: 500 nm and 5 um, respectively. Histogram representing the diameter of the
pores found on the cross-sectional profiles in (b) Alg(CUR)-h and (¢) PEDOT/Alg(CUR)-
h before (Ctrl) and after applying the electrical stimuli.

Figure 9. (a) Effect of pH and electrical stimuli on the Alg chain. (b) Scheme of

PEDOT/AIg(CUR)-h hydrogel changes after undergoing — 1.0 V electrostimulation.
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