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Abstract

:

In this work, we report the design and fabrication of a dual-function integrated system to monitor, in real time, the release of previously loaded 2-methyl-1,4-naphthoquinone (MeNQ), also named vitamin K3. The newly developed system consists of poly(3,4-ethylenedioxythiophene) (PEDOT) nanoparticles, which were embedded into a poly-γ-glutamic acid (γ-PGA) biohydrogel during the gelling reaction between the biopolymer chains and the cross-linker, cystamine. After this, agglomerates of PEDOT nanoparticles homogeneously dispersed inside the biohydrogel were used as polymerization nuclei for the in situ anodic synthesis of poly(hydroxymethyl-3,4-ethylenedioxythiophene) in aqueous solution. After characterization of the resulting flexible electrode composites, their ability to load and release MeNQ was proven and monitored. Specifically, loaded MeNQ molecules, which organized in shells around PEDOT nanoparticles agglomerates when the drug was simply added to the initial gelling solution, were progressively released to a physiological medium. The latter process was successfully monitored using an electrode composite through differential pulse voltammetry. The fabrication of electroactive flexible biohydrogels for real-time release monitoring opens new opportunities for theranostic therapeutic approaches.
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1. Introduction


Over the last decade, hydrophilic polymers organized in self-assembled and/or cross-linked hydrogels were widely studied considering a great variety of physical formats, including microparticles [1,2], nanoparticles [3,4], and films [5,6,7]. In contrast to self-assembled hydrogels, which are typically made of low-molecular-weight compounds interacting through non-covalent interactions (i.e., hydrogen bonding, van der Waals, charge transfer, dipole–dipole, π–π stacking, and coordination interactions), cross-linked hydrogels are based on covalent bonds. More specifically, in the latter structures, non-covalent interactions play a less important role, mainly related to the packing of non-cross-linked segments. Thus, physical interactions usually provide reversible gel-to-phase transitions in self-assembled hydrogels, which are sometimes undesired for biomedical applications, while cross-linked hydrogels remain stable despite environmental changes. On the other hand, as a result of the progress in chemical design and synthesis, hydrogels were used in many biomedical applications, for example, tissue engineering [8,9], regenerative medicine [6,9,10], cellular immobilization [11], biosensors [1,12,13], and drug release [3,4,7,14,15].



In recent years, hydrogels based on hydrophilic poly-γ-glutamic acid (γ-PGA) attracted our attention due to their particular properties. γ-PGA is an anionic poly(γ-peptide) linked by the peptide bond between the α-amino and the γ-carboxyl groups of d- and l-glutamic acid. This homopeptide, which is naturally synthetized as a slime layer by a variety of members of the genus Bacillus [16,17,18], is water-soluble, biodegradable, edible, and non-toxic toward humans and the environment. Moreover, in its free acid form, γ-PGA can be chemically cross-linked, resulting in a biohydrogel with an internal architecture that can be manipulated to retain drugs, peptides, or proteins within the cross-linked network [19,20,21].



On the other hand, conducting polymers (CPs) are also employed in a variety of biomedical applications, such as scaffolds for tissue regeneration [22,23], artificial muscles [24,25,26], drug delivery systems [27,28,29], and biosensors [30,31,32,33], among others. Among CPs, polythiophene (PTh) and its derivatives are particularly important due to their high stability, excellent electrical and electrochemical properties, and easy functionalization [34]. Recently, our research group studied the application of poly(3,4-ethylenedioxythiohene) and poly(hydroxymethyl-3,4-ethylenedioxythiophene), abbreviated PEDOT and PHMeEDOT (Scheme 1), respectively, as electroactive platforms for the detection of neurotransmitters like dopamine (DA) [31,32] and serotonin (SRT) [32], both related with different neuronal pathologies.



Another important biomolecule in the human body is 2-methyl-1,4-naphthoquinone (MeNQ), also called vitamin K3 or menadione (Scheme 2). This synthetic blood coagulation vitamin with fat solubility is mainly used as a component of multivitamin drugs with anti-hemorrhagic activity [35,36]. However, it is also involved in photosynthetic mechanisms [37], cellular respiration [38], oxidative phosphorylation [39], and anticancer processes [40], due to its ability to transport electrons and protons.



In this work, we propose a flexible bioplatform for the simultaneous detection and release of MeNQ. This dual-functionalization strategy offers a very promising design principle since the integration of real-time MeNQ monitoring and release opens a new door for the development of bioplatforms for theranostic therapeutics. More specifically, the γ-PGA biohydrogel matrix was used as a flexible solid support and to load both the hydrophobic drug and PEDOT nanoparticles (PEDOT NPs), the latter being used as nuclei for the in situ anodic polymerization of PHMeEDOT. In the resulting multicomponent bioplatform, the CPs, PEDOT, and PHMeEDOT electrochemically detect the MeNQ, while, at the same time, it is released from the γ-PGA matrix to the physiologic medium.




2. Results and Discussion


2.1. Loading of PEDOT NPs into γ-PGA Hydrogels


Firstly, PEDOT NPs and MeNQ were loaded into a biocompatible γ-PGA hydrogel. For this purpose, PEDOT NPs were prepared using an aqueous micellar dispersion of 4-dodecylbenzenesulfonic acid (DBSA), 3,4-ethylenedioxythiophene (EDOT) monomer, and ammonium persulfate (APS). The complete experimental procedure, which was adapted from that of Puiggalí-Jou et al. [27], is described in Section 4. PEDOT NPs were loaded into the γ-PGA hydrogel by incorporating them (20% w/w with respect to the weight of γ-PGA) into the 0.5 M NaHCO3 solution used to dissolve the biopolymer and the 1-[3(dimethylamino)propyl]-3-ethylcarbodiimide methiodide (EDC), which was used to activate the carboxylic acid groups. After this, cystamine dihydrochloride was added to the solution to form the cross-links. Hereafter, the resulting PEDOT NP-loaded hydrogel is denoted as γ-PGA/PEDOT.



The Fourier-transform infrared (FTIR) spectra of PEDOT NPs, unloaded γ-PGA, and γ-PGA/PEDOT are compared in Figure 1a. The spectrum recorded for the nanoparticles shows the characteristic bands of PEDOT: thiophene ring fundamental vibrations present at 1643 and 1553 cm−1; C–S stretching at 681 cm−1; and vibrational bands associated to the C–O–C stretching from the ethylenedioxy group at 1233 and 1053 cm−1. The PEDOT NP spectrum also allows identifying the dodecylbenzene sulfonic acid (DBSA) dopant. Thus, the peaks located between 2863 and 2917 cm−1 were associated with the CH3, CH2, and CH stretch, while the absorption in the range of 1000–1400 cm−1 corresponds to the SO3− groups of DBSA, overlapping the C–O–C stretching bands of PEDOT. Furthermore, the peak at 1711 cm−1 indicates the existence of carbonyl groups, which were attributed to the overoxidation of the polymer [27,41,42,43].



The spectrum recorded for the biopolymer shows a broad band located between 3100 and 3500 cm−1, which was attributed to N–H and O–H stretching vibrations, and two intense but narrow peaks at 1640 and 1539 cm−1, which correspond to the stretching vibration of the amide carbonyl group (amide I) and the CO–NH bond vibration (amide II) at 1539 cm−1. The small band associated with the free carboxylic acid at 1718 cm−1 and the lack of asymmetric COO− bands at 1595 cm−1 reflect the successful formation of CO–NH bonds due to the reaction between the biopolymer and the cross-linker [19,44]. As expected, the spectrum of the γ-PGA/PEDOT composite contains the principal bands associated with γ-PGA, as well as those related to the DBSA dopant and PEDOT NPs.



On the other hand, the loading of MeNQ was performed by adding the drug (10 mM) to the solution used for the preparation of γ-PGA and γ-PGA/PEDOT hydrogels, with the resulting composites being denoted as γ-PGA/MeNQ and γ-PGA/PEDOT/MeNQ, respectively. Figure 1b compares the FTIR spectra of MeNQ, γ-PGA/MeNQ, and γ-PGA/PEDOT/MeNQ. The MeNQ powder reflects principal bands at 1732, 1586, and 1653 cm−1, which were attributed to the C=O stretching vibration, the quinone C=C stretching vibration, and C=C stretching of the aromatic ring, respectively [45]. Unfortunately, these peaks are barely appreciated in the γ-PGA/MeNQ and γ-PGA/PEDOT/MeNQ spectra due of the overlap with the biopolymer bands.



The appearances of γ-PGA, γ-PGA/PEDOT, γ-PGA/MeNQ, and γ-PGA/PEDOT/MeNQ are displayed in Figure 2a. The incorporation of PEDOT NPs and MeNQ resulted in a homogeneous color change. Thus, γ-PGA adopts a yellow coloration upon the incorporation of MeNQ, while the hydrogel matrix turns into dark blue when the PEDOT NPs are incorporated. Representative micrographs of the different samples studied in this work are displayed in Figure 2b. As can be seen, PEDOT NPs show a coral-like morphology with an effective diameter of 49 ± 7 nm. On the other hand, loaded hydrogels retain the typical porous structure of unloaded γ-PGA, which shows pore sizes of between ~23 and 200 μm. Although similar structures were observed for γ-PGA/PEDOT and γ-PGA/PEDOT/MeNQ, higher-magnification micrographs show that the PEDOT NPs form agglomerates homogeneously dispersed into the hydrogel matrix. Moreover, the presence of MeNQ creating a shell around PEDOT NPs agglomerates was detected in γ-PGA/PEDOT/MeNQ. The contact between the CP and the drug through such a shell is expected to facilitate the release of MeNQ upon electrostimulation. Thus, the applied potential should modulate the strength of the PEDOT···MeNQ interactions by altering the electronic structure of the CP. It is worth noting that the good distribution of PEDOT NPs, as reflected by the effective diameter histograms derived from SEM measurements (Figure 2b), presumably provides an initial point of polymerization for the chronoamperometric synthesis of PHMeEDOT in aqueous solution.




2.2. Characterization of Electroactive and Flexible Electrodes Prepared through PHMeEDOT Polymerization


To improve the electrochemical behavior of the flexible electrodes, hydroxymethyl-3,4-ethylenedioxythiophene (HMeEDOT) monomers in aqueous solution were anodically polymerized inside the γ-PGA/PEDOT and γ-PGA/PEDOT/MeNQ hydrogels, with the resulting composites being denoted as [γ-PGA/PEDOT]PHMeEDOT and [γ-PGA/PEDOT/MeNQ]PHMeEDOT, respectively. It should be emphasized that (i) before the polymerization, the hydrogels were kept in the polymerization medium overnight to guarantee the diffusion of the HMeEDOT monomers into the hydrogel; and (ii) HMeEDOT monomer was chosen because of its high solubility in water, which was attributed to the exocyclic hydroxymethyl group [31,44].



The FTIR spectra of PHMeEDOT, [γ-PGA/PEDOT]PHMeEDOT, and [γ-PGA/PEDOT/MeNQ]PHMeEDOT are displayed in Figure 3. In addition to the bands observed for PEDOT NPs, PHMeEDOT presents a broad band at 3428 cm−1, which was associated to the exocyclic OH group. On the other hand, all electrodes display the γ-PGA hydrogel bands (Figure 1). Unfortunately, the OH band from PHMeEDOT is not clearly identified in the [γ-PGA/PEDOT]PHMeEDOT and [γ-PGA/PEDOT/MeNQ]PHMeEDOT spectra since it overlaps with the backbone NH and the side carboxylic OH bands from γ-PGA.



Figure 4a shows the physical appearance of flexible [γ-PGA/PEDOT/MeNQ]PHMeEDOT electrodes, which were attached to indium tin oxide (ITO)-coated polyethylene terephthalate (PET; sheet resistance: 75 Ω) for the polymerization of HMeEDOT. Although, the incorporation of PHMeEDOT into the hydrogels did not cause any apparent visual change, the weight increased by ~9% and ~15% for [γ-PGA/PEDOT]PHMeEDOT and [γ-PGA/PEDOT/MeNQ]PHMeEDOT, respectively. This increment is consistent with the growth of PHMeEDOT chains inside the hydrogels. Furthermore, high-magnification SEM micrographs indicate that the morphology of the electroactive hydrogels was also affected by the electropolymerization (Figure 4b,c). In both cases, the NP agglomerates acted as polymerization nuclei, which were covered by PHMeEDOT chains forming a thin layer inside the biocompatible matrix. Moreover, the swelling ratio (SR) of the different studied systems, which is shown in Table 1, changed upon the incorporation of PHMeEDOT. More specifically, the ability to absorb water, which was already affected by the incorporation of PEDOT NPs, increased noticeably after the anodic polymerization process. These effects were attributed to the hydrophilicity of PEDOT and, specially, of PHMeEDOT. Additionally, this effect was smaller in MeNQ-loaded systems due to the hydrophobicity of this drug.



The electroactivity and electrochemical stability of the prepared electrodes were determined by cyclic voltammetry (CV) in 0.1 M phosphate-buffered saline (PBS) solution (pH = 7.4). The voltammogram recorded for the γ-PGA hydrogel (not shown) was similar in both shape and area to the one obtained for γ-PGA/PEDOT (Figure 5a), indicating that the incorporation of PEDOT NPs into the dielectric hydrogel matrix did not cause an increment in the electrochemical activity. The γ-PGA/PEDOT/MeNQ behavior was also similar.



On the other hand, the control voltammogram of [γ-PGA/PEDOT]PHMeEDOT resembles that already reported for neat PHMeEDOT [31]. The anodic peak at around +0.7 V and a cathodic peak at −0.02 V were interpreted as the reversible formation of polarons in the CP polymer chains. Furthermore, the [γ-PGA/PEDOT/MeNQ]PHMeEDOT voltammogram displays an anodic peak at +0.35 V associated with the oxidation of the immobilized MeNQ.



It is worth noting that the anodic polymerization of HMeEDOT into the hydrogel matrix causes a remarkable improvement of the electrochemical properties in the hydrogel composites. Thus, the cathodic and anodic areas of the voltammograms recorded for [γ-PGA/PEDOT]PHMeEDOT and [γ-PGA/PEDOT/MeNQ]PHMeEDOT are significantly greater than those for γ-PGA/PEDOT and γ-PGA/PEDOT/MeNQ. Moreover, the charge stored in the two PHMeEDOT-containing systems are very similar (Figure 5b), indicating that the electrochemical improvement is not due to the presence of MeNQ, but to the CP. After 10 consecutive oxidation–reduction cycles, the losses of electroactivity for [γ-PGA/PEDOT]PHMeEDOT and [γ-PGA/PEDOT/MeNQ]PHMeEDOT were 20% and 17%, respectively.




2.3. Release and Detection of MeNQ


The electroactivity of [γ-PGA/PEDOT/MeNQ]PHMeEDOT is suitable for determining the evolution of the loaded MeNQ when the hydrogel is immersed in a 0.1 M PBS solution at pH = 7.4. Voltammograms recorded by differential pulse voltammetry (DPV) before and after 1 and 3 days of immersion are displayed in Figure 6a. Although the peak associated with the oxidation of MeNQ was observed at +0.35 V in all cases, the peak current density decreased considerably with time. The reduction in the amount of drug inside the hydrogel demonstrates not only the release capacity of the [γ-PGA/PEDOT/MeNQ]PHMeEDOT electrode, but also its ability to detect such a release.



On the other hand, the release of MeNQ from γ-PGA/MeNQ and [γ-PGA/PEDOT/ MeNQ]PHMeEDOT was evaluated by ultraviolet–visible light (UV–Vis) spectroscopy at a wavelength of 330 nm. It is worth nothing that such a wavelength corresponds to the π–π* transition of MeNQ [46,47], as reflected in the UV–Vis spectrum displayed in Figure 6b. For these assays, MeNQ-loaded hydrogels were immersed in 0.1 M PBS (pH = 7.4) solutions, and aliquots from such solutions were measured at different times. Figure 6c compares the behavior of γ-PGA, γ-PGA/MeNQ, and [γ-PGA/PEDOT/MeNQ]PHMeEDOT along 14 days of immersion in physiological medium. As expected, measurements for γ-PGA resulted in a constant absorbance, indicating no compound being released from the biopolymer that could interfere with the experiment. In contrast, γ-PGA/MeNQ and [γ-PGA/PEDOT/MeNQ]PHMeEDOT exhibited an enlargement in the absorbance lectures after one day (i.e., from 0 to ~1.1 and ~1.9, respectively), reflecting the increase in concentration of MeNQ in the medium. After that, the absorbance decreased slowly with time. Two different explanations can be considered for this behavior: (i) the release of MeNQ from the hydrogel toward the solution competes with the opposite process, which consists of the re-loading of the drug from the solution into the hydrogel; or (ii) the MeNQ oxidizes with time, and the absorption peak associated with π–π* transition shifts a little bit with respect to the wavelength of 330 nm used for measurements. The standard calibration (STC) curve displayed in Figure 6d allowed us to determine that the concentration of MeNQ released was 0.4 mM for γ-PGA/MeNQ and 0.9 mM for [γ-PGA/PEDOT/MeNQ]PHMeEDOT after 24 h.



Overall, the results displayed in Figure 6 corroborate that the combination of CPs and biopolymers is very useful for the development of advanced biomedical devices, for example, systems able to release drugs to the medium under real-time monitoring by electrochemical detection. In this work, we combined the properties of γ-PGA hydrogels with the electroactivity of both PEDOT and PHMeEDOT to synthesize a flexible electrode capable of following the release of previously loaded MeNQ.





3. Conclusions


An MeNQ release system able to monitor the concentration of the delivered drug was developed by incorporating CPs into a γ-PGA biohydrogel. The characterization of this integrated system proves not only the MeNQ-loading capability of the γ-PGA biohydrogel, but also the detection capacity of the integrated CPs, which consists of PEDOT NPs coated with anodically polymerized PHMeEDOT chains. This integrated system is very promising for the development of theranostic therapeutic systems for a wide variety of diseases in which MeNQ is used as the active principle. Although much work is still required to use this integrated system as a tool to strictly control the MeNQ release, the reported strategy offers an excellent opportunity for the development of more advanced and sophisticated devices.




4. Materials and Methods


4.1. Materials


DBSA, APS, EDOT, HMeEDOT, cystamine dihydrochloride (≥98.0%), 1-[3(dimethylamino)propyl]-3-ethylcarbodiimide methiodide (EDC), 2-methyl-1,4-naphthoquinone (MeNQ), and anhydrous lithium perchlorate (LiClO4) were purchased from Sigma-Aldrich Chemical Company. LiClO4 was dried in an oven at 70 °C before use in electrochemical experiments. Sodium bicarbonate (NaHCO3) was purchased from Panreac Quimica S.A.U. (Barcelona, Spain). Free-acid γ-PGA (from Bacillus subtilis), with an average molecular weight of Mw = 350,000, was purchased from Wako Chemicals GmbH (Neuss, Germany).




4.2. Synthesis of PEDOT NPs


PEDOT NPs were prepared by adapting the procedure reported by Puiggalí-Jou et al. [27]. Aqueous micellar dispersion was prepared by stirring (750 rpm) 0.07 g of DBSA in 20 mL of milli-Q water for 1 h. Then, 11.8 mg of EDOT monomer was added to the DBSA micellar solution and solubilized with stirring. After 1 h, 0.45 g of the oxidizer APS was dissolved in 5 mL of milli-Q water and, then, added to the solution. The reaction temperature was kept at 30 °C and stirred for 24 h. Along this time, the reaction mixture turned from a light gray color to dark blue.



After polymerization, no sedimentation was observed, indicating good colloidal stability. The resulting solution was centrifuged at 11,000 rpm for 40 min at 4 °C. Then, the supernatant solution was decanted, and the sediment was re-dispersed in milli-Q water using an ultrasonic bath for 15 min at 30 °C. In order to ensure the removal of unreacted chemicals and to purify the dispersion medium, the centrifugation and re-dispersion processes were performed two more times each. Finally, the pellet obtained was left under vacuum for two days.




4.3. Synthesis of the γ-PGA Hydrogel


γ-PGA biohydrogels were synthesized adapting procedures previously reported [19,20]. γ-PGA and EDC were dissolved in 1 mL of 0.5 M NaHCO3 at 4 °C and 500 rpm for 12 min. Then, cystamine dihydrochloride was added to the solution and mixed in the same conditions for 2 min. The γ-PGA/EDC/cystamine molar ratio was 5/4/2. The final solution was removed with a magnetic stirrer and relocated into glass molds of 4 × 1 × 0.1 cm3, and was left to gel at room temperature for 30 min. To remove any compound in excess, the resulting hydrogel was washed three times with a 0.1 M PBS solution (pH = 7.4).




4.4. Preparation of γ-PGA/PEDOT


PEDOT-containing γ-PGA hydrogels were prepared following the procedure described for γ-PGA hydrogels, but after introducing the following changes: (i) 20% w/w PEDOT NPs with respect to the weight of γ-PGA was incorporated into the 0.5 M NaHCO3 solution; and (ii) the biopolymer was dissolved by stirring the PEDOT NP-containing solution for 12 h at 1000 rpm.




4.5. Preparation of [γ-PGA/PEDOT]PHMeEDOT Composites


A sheet of ITO-coated PET (4 × 3 cm2) was coated with the γ-PGA/PEDOT hydrogel previously prepared. The flexible working electrode was kept for 12 h in an aqueous solution of 10 mM HMeEDOT and 0.1 M LiClO4. After this, an anodic polymerization was carried out in a three-electrode cell at a constant potential of +1.10 V and adjusting the polymerization charge to 20 mC. It is worth noting that, although DBSA was utilized as a dopant agent for the chemical polymerization of PEDOT, LiClO4 is a more appropriate dopant agent for the electrochemical polymerization of PHMeDOT because of its greater mobility. The polymerization was conducted on a potentiostat-galvanostat Autolab PGSTAT302N using Ag|AgCl 3 M KCl as a reference electrode and a steel AISI 316 sheet (1 cm2) as a counter electrode.




4.6. Preparation of MeNQ-Containing Hydrogels


MeNQ was incorporated into γ-PGA, γ-PGA/PEDOT, and [γ-PGA/PEDOT]PHMeEDOT hydrogels. For this purpose, MeNQ was added to a 0.5 M NaHCO3 solution (10 mM) and mixed at 1000 rpm for 24 h. This solution was used for the preparation of the different hydrogels using the procedure previously described.




4.7. Characterization


FTIR spectra were recorded on a FTIR Jasco 4100 spectrophotometer. The samples were deposited on an attenuated total reflection accessory (top-plate) with a diamond crystal (Specac model MKII Golden Gate Heated Single Reflection Diamond ATR). Samples were evaluated using the spectra manager software and, for each sample, 32 scans were performed between 4000 and 600 cm−1 with a resolution of 4 cm−1.



Scanning electron microscopy (SEM) was used to study the surface morphology. Micrographs were obtained using a focused ion beam Zeiss Neon 40 scanning electron microscope operating at 5 kV, equipped with an energy dispersive X-ray (EDX) spectroscopy system.



The swelling ratio (SR, in %) of the hydrogels was determined according to


  S R =    W w  −  W d     W d      ×   100 ,  



(1)




where Ww is the weight of the hydrogels after 30 min in milli-Q water, and Wd is the weight of the lyophilized hydrogel. All experiments were conducted at room temperature.



Cyclic voltammetry (CV) assays for electrochemical characterization were performed using the Autolab PGSTAT302N. Experiments were conducted in a 0.1 M PBS solution (pH = 7.4) at room temperature. The initial and final potentials were −0.5 V, while the reversal potential was +1.1 V. A scan rate of 100 mV·s−1 was applied in all cases. Ag|AgCl 3 M KCl and steel AISI 316 sheets of 1 cm2 were used as reference and counter electrodes, respectively. The different working electrodes were obtained as follows: (1) the hydrogels under study were prepared as described above in a glass mold with dimensions of 4 (length) × 3 (width) × 0.1 (height) cm3; (2) the hydrogels were removed from the mold and washed three times (20 min each time) in 0.1 M PBS (pH 7.4); and (3) the washed hydrogels were directly attached to flexible ITO-coated PET sheets (4 × 3 cm2).



The ability to exchange charge reversibly (i.e., electroactivity) and the electrochemical stability (i.e., electrostability) were determined through direct measurement of the anodic and cathodic areas in the control voltammograms using NOVA software (Metrohm Autolab B.V., Utrech, The Netherlands). The loss of electroactivity (LEA, in %) was expressed as


  L E A =   Δ Q    Q  I I       ×   100 ,  



(2)




where ΔQ is the difference in voltammetric charges (in C) between the second and the last cycle, and QII is the voltammetric charge corresponding to the second cycle.




4.8. Release and Electrochemical Detection of MeNQ


DPV was applied for the electrochemical detection of MeNQ. Assays were carried out in a three-electrode cell, as that described for CV assays, with fresh PBS solution, a potential range between +0.2 V and +0.4 V, 80 mV as modulation amplitude, and a scan increment of 2 mV. The modulation and interval time were 0.05 s and 40 s, respectively. The DPV signals corresponding to electrochemical oxidation of MeNQ in the hydrogels were obtained after 0, 1, and 3 days in PBS solution (pH 7.4) at 37 °C and 80 rpm.



Spectroscopic studies regarding the MeNQ release were performed considering three different samples (0.5 × 2 × 0.1 cm3) of the following hydrogels: γ-PGA, γ-PGA/MeNQ and [γ-PGA/PEDOT/MeNQ] PHMeEDOT. Samples were immersed in a 0.1 M PBS solution (pH = 7.4) for 14 days at 37 °C and 80 rpm. Periodically, UV–Vis spectra were recorded in a UV–Vis Cary 100 Bio spectrophotometer (Agilent, Santa Clara, CA, USA).
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Scheme 1. Chemical structure of poly(3,4-ethylenedioxythiohene) (PEDOT; left) and poly(hydroxymethyl-3,4-ethylenedioxythiophene) (PHMeEDOT; right). 
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Scheme 2. Chemical structure of 2-methyl-1,4-naphthoquinone (MeNQ). 
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Figure 1. Fourier-transform infrared (FTIR) spectra of (a) poly(3,4-ethylenedioxythiophene) nanoparticles (PEDOT NPs), poly-γ-glutamic acid (γ-PGA), and γ-PGA/PEDOT; and of (b) 2-methyl-1,4-naphthoquinone (MeNQ), γ-PGA/MeNQ, and γ-PGA/PEDOT/MeNQ. Grey dotted lines indicate the position of the most relevant bands (see main text). 
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Figure 2. (a,b) SEM micrographs of PEDOT NPs, γ-PGA (right, cross-section), γ-PGA/PEDOT, and γ-PGA/PEDOT/MeNQ. The size distribution histogram of PEDOT NPs as determined from SEM measurements is also displayed (i.e., around 200 measures from different representative SEM micrographs were performed). 
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Figure 3. FTIR spectra of PHMeEDOT, [γ-PGA/PEDOT]PHMeEDOT, and [γ-PGA/PEDOT/MeNQ]PHMeEDOT. PHMeEDOT—poly(hydroxymethyl-3,4-ethylenedioxythiophene); γ-PGA—poly-γ-glutamic acid; PEDOT—poly(3,4-ethylenedioxythiohene); MeNQ—2-methyl-1,4-naphthoquinone. 
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Figure 4. (a) Photograph of the flexible [γ-PGA/PEDOT/MeNQ]PHMeEDOT electrode. SEM micrographs of (b) [γ-PGA/PEDOT]PHMeEDOT, and (c) [γ-PGA/PEDOT/MeNQ]PHMeEDOT. γ-PGA—poly-γ-glutamic acid; PEDOT—poly(3,4-ethylenedioxythiohene); PHMeEDOT—poly(hydroxymethyl-3,4-ethylenedioxythiophene); MeNQ—2-methyl-1,4-naphthoquinone. 






Figure 4. (a) Photograph of the flexible [γ-PGA/PEDOT/MeNQ]PHMeEDOT electrode. SEM micrographs of (b) [γ-PGA/PEDOT]PHMeEDOT, and (c) [γ-PGA/PEDOT/MeNQ]PHMeEDOT. γ-PGA—poly-γ-glutamic acid; PEDOT—poly(3,4-ethylenedioxythiohene); PHMeEDOT—poly(hydroxymethyl-3,4-ethylenedioxythiophene); MeNQ—2-methyl-1,4-naphthoquinone.
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Figure 5. (a) First control voltammogram (solid lines) and voltammogram after 10 consecutive oxidation–reduction cycles (dashed lines) in 0.1 M phosphate-buffered saline (PBS) for γ-PGA/PEDOT, γ-PGA/PEDOT/MeNQ, [γ-PGA/PEDOT]PHMeEDOT, and [γ-PGA/PEDOT/MeNQ]PHMeEDOT. (b) Loss of electrochemical activity (LEA) against 10 consecutive redox cycles for [γ-PGA/PEDOT]PHMeEDOT and [γ-PGA/PEDOT/MeNQ]PHMeEDOT. γ-PGA—poly-γ-glutamic acid; PEDOT—poly(3,4-ethylenedioxythiohene); PHMeEDOT—poly(hydroxymethyl-3,4-ethylenedioxythiophene); MeNQ—2-methyl-1,4-naphthoquinone. 
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Figure 6. (a) Differential pulse voltammograms recorded for [γ-PGA/PEDOT/MeNQ]PHMeEDOT after immersion for 0, 1, and 3 days in a 0.1 M PBS solution. (b) Ultraviolet–visible light (UV–Vis) spectrum and chemical structure (inset) of 2-methyl-1,4-naphthoquinone (MeNQ). (c) Kinetics of the MeNQ release from γ-PGA, γ-PGA/MeNQ, and [γ-PGA/PEDOT/MeNQ] PHMeEDOT, as determined by UV–Vis spectroscopy. (d) Calibration curve for MeNQ in a concentration range of 0 to 1 mM. γ-PGA—poly-γ-glutamic acid; PEDOT—poly(3,4-ethylenedioxythiohene); PHMeEDOT—poly(hydroxymethyl-3,4-ethylenedioxythiophene). 
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Table 1. Swelling ratio (SR; %) of the different hydrogels determined using Equation (1). γ-PGA—poly-γ-glutamic acid; PEDOT—poly(3,4-ethylenedioxythiohene); PHMeEDOT—poly(hydroxymethyl-3,4-ethylenedioxythiophene); MeNQ—2-methyl-1,4-naphthoquinone.
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	Sample
	SR (%)





	γ-PGA
	408 ± 170



	γ-PGA/PEDOT
	488 ± 254



	[γ-PGA/PEDOT]PHMeEDOT
	922 ± 92



	γ-PGA/MeNQ
	624 ± 81



	γ-PGA/PEDOT/MeNQ
	932 ± 375



	[γ-PGA/PEDOTMeNQ]PHMeEDOT
	1711 ± 82
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