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Electrical stimulus-responsive drug delivery from conducting polymers such as polypyrrole (PPy) has been limited by lack of versatile polymerization techniques and limitations in drug-loading strategies. In the present study, we report an in-situ chemical polymerization technique for incorporation of biotin, as the doping agent, to establish electrosensitive drug release from PPy-coated substrates. Aligned electrospun polyvinylidene fluoride (PVDF) fibers were used as a substrate for the PPy-coating and basic fibroblast growth factor and nerve growth factor were the model growth factors demonstrated for potential applications in musculoskeletal tissue regeneration. It was observed that 18-h of continuous polymerization produced an optimal coating of PPy on the surface of the PVDF electrospun fibers with significantly increased hydrophilicity and no substantial changes observed in fiber orientation or individual fiber thickness. This PPy-PVDF system was used as the platform for loading the aforementioned growth factors, using streptavidin as the drug-complex carrier. The release profile of incorporated biotinylated growth factors exhibited electrosensitive release behavior while the PPy-PVDF complex proved stable for a period of 14 days and suitable as a stimulus responsive drug delivery depot. Critically, the growth factors retained bioactivity after release. In conclusion, the present study established a systematic methodology to prepare PPy coated systems with electrosensitive drug release capabilities which can potentially be used to encourage targeted tissue regeneration and other biomedical applications.
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INTRODUCTION
Bioelectrical stimuli have been extensively harnessed to stimulate cellular activity and promote tissue regenerative response within several tissue types including bone (Porter et al., 2009), nerve (Ghasemi-Mobarakeh et al., 2011), skeletal muscle (Donnelly et al., 2010) and cardiac muscle (Radisic et al., 2004). Poly-pyrrole (PPy), a bio-compatible polymer is an ideal candidate to elicit such responses because of its inherent electrical conductivity and ability to be used as a biomaterial scaffold substrate. These attributes of PPy have been widely demonstrated to stimulate regeneration of multiple tissues including bone (Sajesh et al., 2013; Song et al., 2016), nerve (Stewart et al., 2015; Thunberg et al., 2015), skeletal muscle (Gilmore et al., 2009; Browe and Freeman, 2019), and cardiac muscle (Kai et al., 2011; Spearman et al., 2015). While the electro-activity of PPy has been the primary feature leveraged for stimulating cell and tissue function, an ancillary advantage that PPy offers is the potential for simultaneous drug/growth factor delivery induced by electrical stimulation. Electrical conductivity is introduced within PPy materials by including negatively charged dopants, which enable the conduction of charge along the polymer backbone under stimulation. Dopants thus offer a most suitable site for tethering drugs intended for delivery under electrical stimulation. Stimulus-responsive drug delivery from PPy; however, has been limited (Geetha et al., 2006) by the availability of suitable dopants (Green et al., 2008) within the system, as well as by drug molecular weight and charge (Miller, 1988). In order to circumvent these limitations, biotin has been previously investigated as a dopant to be conjugated to form a drug complex for further drug release in electro-deposited PPy (George et al., 2006).
Electrodeposition is an efficient method to synthesize PPy (Asavapiriyanont et al., 1984). However, the product of electrochemical polymerization synthesized on the working electrode is a thin film with poor mechanical properties and handleability (Diaz and Hall, 1983; Guimard et al., 2007). These limitations constrain the use of electrochemical polymerization in the preparation of tissue engineering scaffolds and hamper further translational application due to the difficulty in removal of coatings from the electrodes. Chemical oxidation, another widely used technique enables the production of PPy in the form of thin polymeric films (Lu et al., 1998), incorporation in composite scaffolds (Lee et al., 2009; Pelto et al., 2013) and as microparticles (Ramanaviciene et al., 2007). Despite the potential for drug delivery via the incorporation of growth factors or other drugs as doping agents during synthesis of PPy by chemical oxidation, applications in controlled drug delivery remain relatively unexplored. Past efforts associated with chemical oxidation synthesis of PPy have established incorporation but not controlled release of heparin (Meng et al., 2008) or the uncontrolled release of incorporated drugs by diffusive passive leakage (Bay et al., 2002; Fonner et al., 2008; Balint et al., 2014). PPy coatings deposited on polymeric substrates by chemical oxidation methods have been previously investigated for neural tissue engineering, but growth factors have yet to be incorporated (Jin et al., 2012; Shrestha et al., 2018) and parameters for successful electrical-stimulation-based delivery have yet to be identified (Cho and Borgens, 2011).
In the present study, we hypothesize that a low temperature in situ polymerization method (Merlini et al., 2014b), which involves sodium p-toluenesulfonate (SPTS) as a permanent doping agent along with biotin as a co-dopant (George et al., 2006), will allow for in situ polymerization of PPy coatings capable of growth factor incorporation for stimulus responsive delivery on a variety of substrates. This in situ polymerization method is developed to demonstrate the capability to coat Polyvinylidene fluoride (PVDF) microfibers with growth factor conjugated PPy and further, to generate a stimulus-responsive, growth factor release capable, electroactive substrate for tissue engineering applications.
PVDF is an electroactive polymer with excellent piezoelectric properties compared to other biocompatible polymers (Ribeiro et al., 2015); however, limitations with regards to both drug incorporation as well as diffusion-based or stimulus-responsive release of drugs, restrict its applications for direct use as an substrate for electrically stimulated tissue engineering applications (Ribeiro et al., 2015). Chemical oxidation using FeCl3 as the initiator has been used previously to coat randomly oriented PVDF fibers with PPy (Rao et al., 2013); and the composite fibers have been evaluated for applications in energy harvesting (Merlini et al., 2014b). The conductivity of PPy-coated PVDF fibers synthesized through in situ polymerization has also been previously investigated (Merlini et al., 2014a). However, no studies to date have assessed piezoelectric PVDF fibers, coated in situ with PPy to develop composite materials for stimulus responsive drug release for biomedical applications. The development of such an approach facilitates the enhancement of the surface properties of PVDF and potentially improving bioactivity; while the piezoelectric (PVDF) – electroconductive (PPy) material combination allows for drug delivery that is exquisitely sensitive to applied electrical stimuli.
In the present study, we use an electric field as the stimulus to investigate the sensitivity of controlled, conjugated growth-factor release from the PPy coating (using in situ polymerization) on PVDF fibers. Basic Fibroblast Growth Factor (bFGF) and Nerve Growth Factor (NGF) are used as model drugs to illustrate electrical stimulation responsive controlled growth factor release, and post-release bioactivity. bFGF influences satellite cells proliferation and differentiation into mature myotubes (Guthridge et al., 1992) while NGF improves innervation in skeletal muscle (Slack et al., 1983) in addition to promoting the survival and differentiation of neurons (Kurata et al., 2013). Both growth factors can also be biotinylated without significantly affecting its bioactivity (Rosenberg et al., 1986; Pieri and Barritault, 1991), which is essential for the proposed modality of controlled drug delivery.
MATERIAL AND METHODS
Synthesis of PPy-Coated PVDF-Electrospun Fibers
Polyvinylidene fluoride (PVDF) electrospun fibers were used as a model substrate for deposition of polypyrrole (PPy) coating in which biotin was incorporated via chemical polymerization. Electrospun PVDF fibers were collected on a rotating drum following a technique adapted from the literature (Yee et al., 2007; Cozza et al., 2013). Briefly, a 20% PVDF solution was prepared by dissolving PVDF pellets (molecular weight: 275,000) in dimethylformamide (DMF) and acetone (5:4 v/v ratio). The polymer-containing solution in a syringe (needle gauge: 18) was placed in the syringe pump (Pump 11 Elite, Harvard Apparatus, Holliston, MA) of the electrospinning set-up. In order to obtain aligned fibers, the rotating drum of the electrospinning set-up was placed 30 cm away from the polymer-containing syringe; and the liquid was delivered at the flow rate 0.6 ml/h. Electrospinning was accomplished at an applied voltage of 20 kV and a rotating drum speed of 400 rpm. The PVDF fibers thus obtained were then maintained under vacuum for 24 h (to accelerate solvent evaporation).
Distilled pyrrole (15 mM) was mixed with an aqueous solution (1 mM) of sodium p-toluenesulfate (SPTS; 95%) and biotin (50 mM) in pure ethanol under nitrogen. In order to optimize the coating process, the PVDF fibers were soaked in this solution for 30 min at room temperature followed by ultrasonication for 5 min (to remove trapped air bubbles), prior to addition of ferric chloride solution (4 mM), and continuous shaking at 4 °C for preselected time intervals of 1, 6, 12, 18 and 24 h to produce various PPy coatings. The polymerization process was terminated at the prescribed time points by rinsing the coated PVDF fibers with copious amount of a water: ethanol (30:70 v/v) solution to remove unreacted chemicals and PPy debris. All chemicals and reagents used in the aforementioned processes were purchased from Sigma- Aldrich (MO, United States).
Morphology of PPy-Coated PVDF-Electrospun Fibers
Scanning Tunneling Electron Microscopy (STEM) model S5500 (Hitachi High-Tech, Schaumburg, IL) was used to examine the morphology of the pure PVDF electrospun fibers and the five groups of PPy-coated PVDF fibers after polymerization for the various preselected time intervals. All specimens were coated with silver-palladium and imaged under 30 kV applied voltage at 3,000x and 15,000x magnifications. The collected micrographs were then analyzed to quantify orientation distribution of electrospun PVDF fibers, before and after PPy coating, using ImageJ (v1.8.0, NIH Image, Bethesda, MD) to evaluate the impact of PPy polymerization on the alignment of the PVDF fibers.
Wettability of PPy-Coated PVDF-Electrospun Fibers
The hydrophilicity of electrospun fiber mats (both PVDF and the five groups of PPy coated PVDF fibers) was determined using the contact angle sessile drop method at room temperature. A water droplet (2 µL in volume) was introduced on the flat surface of mats and the contact angle was recorded using the VCA Optima System (AST Products Inc., Billerica, MA). In addition, the impact of PPy debris, produced during the polymerization, on wettability of the PPy coated PVDF fibers was studied by sonication (15 min at room temperature) of the samples to remove the debris, followed by comparison of the contact angle between the pre-sonication and post-sonication PVDF and PPy coated PVDF fiber samples. This analysis was conducted for four samples per group to quantify the wettability properties of the samples.
Composition Characterization of PPy-Coated, PVDF Electrospun Fibers
Uncoated PVDF fibers, PPy-coated PVDF fibers doped with biotin, and PPy-coated PVDF fibers without biotin were examined using Attenuated Total Reflection Fourier Transform IR (ATR-FTIR; Tensor 27; Bruker Optics, Billerica, MA) in order to evaluate the relative fraction of the polar β phase (β ratio) of the PVDF and to confirm incorporation of biotin, a co-doping agent, in the polymerized PPy. The β ratio of PVDF electrospun fibers was calculated using the equation: [image: image], where Aα is the absorbance for the infrared absorption band at 530 cm−1 (representing CF2 bending of the α-phase) and Aβ is the absorbance for the infrared absorption band at 840 cm−1 (representing CH2 bending of the β -phase) (Yee et al., 2007). The absorbance values Aα and Aβ were calculated from the FTIR spectra (acquired at a resolution of 4 cm−1 and a scan number of 16) for the respective samples.
Tensile Elastic Properties
Samples were dried in a lyophilizer overnight and cut into 10 mm × 5 mm sizes (n = 6 samples per group). Uniaxial elastic modulus was measured in the direction aligned with fiber orientation using a UStretch testing system (CellScale Biomaterials Testing, Ontario, Canada) at room temperature. The length between the clamps was set to 5 mm, and the thickness of each sample was measured using a micrometer prior to testing. Samples were stretched uniaxially to failure and the slope of the load-displacement graph was used to calculate the elastic modulus.
Microindentation
The local elastic modulus of the fibers was measured with a microindenter (Piuma Chiaro, Optics11, Amsterdam, The Netherlands). A probe with a tip radius of 21 µm and cantilever spring constant of 3.88 N/m was used to measure the elastic modulus of the electrospun fibers. Dry samples (n = 6 specimen per group) were indented using mapping mode at room temperature; the scan size was 10 spots spaced 25 μm apart along a straight line per sample. The loading and unloading force-displacement curves were acquired during each indentation process and the Oliver-Pharr (Oliver and Pharr, 1992) model was used to calculate tip-substratum area of contact and determine the elastic modulus from the initial linear region of the unloading curve by then assuming Hertzian contact between the indenter and substrate (Casey et al., 2017).
Characterization of Electrical Conductivity
Dry samples (n = 3 per group) for each duration of PPy coating were compressed into films to remove the air between the fibers. The voltage and current of the films were then measured three times using a four probe machine (Silicon Valley Science Labs, Oak Ridge, TN) at room temperature. Conductivity (σ measured in Ω−1. cm−1) was calculated using the equation [image: image] where R is the surface resistance (Ω/sq) and T is the thickness (cm) as previously reported (Harjo et al., 2020).
Biotin Incorporation and Stability in the PPy Coating on PVDF Fibers
In order to determine incorporation biotin into, and subsequent stability of biotin within the PPy coating; the PPy-coated PVDF fibers were maintained in phosphate-buffered saline (PBS) at 37 °C for two weeks. Samples were extracted from PBS after 0, 7 and 14 days of incubation and treated with Alexa Fluor™ 350 conjugated streptavidin (Thermofisher, Waltham, MA,USA) for 15 min, rinsed three times with PBS, and imaged using a Lionheart FX Automated microscope (BioTek Instruments Inc., Winooski, VT). Biotin incorporated in the PPy coating binds covalently to Streptavidin and the fluorescent intensity of the conjugated Alexa Fluor™ 350 in PPy coating was then used as an indicator of residual biotin in the PPy coating. The fluorescent intensity from the microscopy images was quantified using CTAn software (v1.17, Bruker BioSpin, Billerica, MA) to analyze biotin stability in the PPy coating over 14 days. This analysis was performed for six samples per group (time point).
Voltage-Sensitive Release of Drug Carrier From PPy-Coated PVDF-Electrospun Fibers
The electrosensitivity of drug delivery from the PPy-coated PVDF fibers, was determined at various voltage regimes (120, 200, 280 mV/mm, applied at 1 Hz). For this purpose, C-Dish™ (IonOptix, Amsterdam, The Netherlands) carbon electrode-equipped culture plates were used to apply electrical stimulation as programmed by C-Pace EM (IonOptix, Amsterdam, The Netherlands). The PPy coated PVDF fibers were first maintained in streptavidin horseradish peroxide (HRP) (0.2 mg/ml; Thermofisher, MA, United States) solution at room temperature for 15 min and rinsed three times with PBS before being placed in the C-Dish™ plates containing fresh PBS (1 ml) and then exposed to electric pulses of 120, 200, 280 mV/mm (at 1 Hz frequency) applied to each sample for 30 min. The supernatant from these samples was collected every 10 min; and replaced with fresh PBS. The absorbance of the released streptavidin HRP in the aliquot was later measured using a Multi-Mode plate reader (Synergy 2, Biomek Instruments Inc., Winooski, VT). This analysis was performed for six samples per electrical stimulation level and time point.
The sustainability of the PPy-coated PVDF fibers as a drug delivery platform over time was determined by maintaining the PPy-coated PVDF fibers in streptavidin Alexa Fluor™ 350 conjugate for 15 min and then rinsing with PBS three times. The intensity of fluorescence of the residual streptavidin Alexa Fluor™ 350 conjugate in the PPy-coating was examined before and after exposure to electrical stimulation (200mV/mm; 1 Hz) using the C-Dish™ electrodes. The PPy-coated PVDF fibers were imaged using the Lionheart FX Automated microscope and the fluorescent intensity of the collected images were quantified using CTan software as detailed in Tensile Elastic Properties.
Voltage-Induced Growth Factor Release From PPy-Coated PVDF-Electrospun Fibers
PPy-coated PVDF fibers were immersed in Streptavidin HRP solution (0.2 mg/ml) at room temperature for 15 min, then rinsed three times with PBS (to remove unconjugated streptavidin), and successively treated with biotinylated basic Fibroblast Growth Factor (bFGF; ACROBiosystems Inc., Newark, DE, USA) solution at 40 ng/ml in deionized water for 30 min, and again rinsed three times with PBS. A similar procedure was used for loading a solution of biotinylated Nerve Growth Factor (NGF, Alomone Labs, Jerusalem, Israel) at a concentration of 120 ng/ml in deionized water into a different group of PPy-coated PVDF fibers. Figure 1 illustrates the final schematic of the chemical structure of drug carrier platform containing streptavidin conjugated to biotinylated growth factor and anchored to the biotin incorporated within the PPy coating on the PVDF fibers.
[image: Figure 1]FIGURE 1 | Schematic representation of electrosensitive drug delivery coating. Illustration of the chemical structure of the PPy coating containing sodium p-toluenesulfate (SPTS) and biotin as the primary and secondary doping agents. Streptavidin, with four potential binding sites, covalently binds to the biotin incorporated in the PPy-coating at one site and up to three biotinylated growth factors at the other sites, to function as the drug-complex carrier.
The release profiles of 1) bFGF and 2) NGF were investigated under the applied electrical stimulation (200 mV/mm; 1 Hz) in the C-Dish™ plates in 1 ml of PBS. The PBS containing the released growth factors (either bFGF or NGF) was collected after 5 min of exposure to electrical stimulation and samples were equilibrated in fresh PBS for 5 min prior to the next electrical stimulation at the same settings. This sequence was repeated three times to estimate reproducibility and efficacy of the drug delivery platform, this was performed for four technical replicates per growth factor. The released growth factors were quantified using Enzyme Linked Immunosorbent Assays (ELISAs). Since the drug complex contains streptavidin, which can interfere with conjugation of the biotinylated antibodies to the growth factors, a modified ELISA technique was used to determine the released growth factors (Lakshmipriya et al., 2016). The reagents used for conducting the ELISAs in the present study were purchased from Thermofisher (Waltham, MA, United States).
Bioactivity of Released Growth Factors From PPy-Coated PVDF-Electrospun Fibers
The biological activity of the released bFGF was determined using in vitro cell viability and proliferation assays. For this purpose, BALB/3T3 cells (ATCC #CCL163, Manassas, VA, USA), were cultured in Dulbecco's Modified Eagle's Medium, containing 10% of Fetal Bovine Serum (FBS), and 1% antibiotics (Ryu et al., 2007). Cells were initially cultured in tissue culture flasks, and were passaged using trypsin once they reached 80% confluence (Ryu et al., 2007). For the viability and proliferation assay, 5,000 cells were seeded in individual wells of a 96-well tissue culture treated wellplate. The proliferation of the BALB/3T3 cells was determined after exposure to recombinant human bFGF (positive control), biotinylated bFGF, and the bFGF released via electrical stimulation from the PPy-coated PVDF fibers using the CellTiter 96® AQueous Non-Radioactive Cell Proliferation Assay, for six biological replicates per group. The recombinant human bFGF and biotinylated bFGF were matched in concentration to the measured level of bFGF released by electrical stimulation.
The bioactivity of the released NGF was determined via an in vitro assay using PC12 (ATCC #CRL-1721, Manassas, VA, United States) cells. These cells were cultured using established protocols (Robinson and Stammers, 1994) in RPMI-1640 Medium, containing 10% heat-inactivated horse serum, 5% of FBS, and 1% antibiotics were cultured in tissue-culture flasks coated with Poly-l-lysine solution (0.1% (w/v)). Cells were initially cultured in tissue culture flasks, and were passaged using trypsin once they reached 80% confluence (Robinson and Stammers, 1994). 3.6 × 104 PC12 cells were seeded onto individual wells of a poly-l-lysine-coated 96-well plate. The cells were then exposed to NGF (positive control), biotinylated NGF, and NGF released from PPy coated PVDF fibers by electrical stimulation for 20 h before their proliferation was determined using the CellTiter 96® Aqueous Non-Radioactive Cell Proliferation Assay (Zhu et al., 2015), for six biological replicates per group. The NGF and biotinylated NGF were matched in concentration to the measured level of bFGF released by electrical stimulation.
The proliferation behavior of the BALB/3T3 exposed to the bFGF and PC12 cells exposed to the NGF were reported as a measure of the bioactivity of released growth factors. Cell culture related supplies were purchased from Thermofisher (MA, USA) otherwise mentioned.
Statistical Analyses
All numerical data are reported as the average ± the standard error of the mean. Material characterization data was acquired for four technical replicate samples per group (PVDF and the five durations of PPy polymerization); for six technical replicates per voltage in terms of drug complex release and biotin stability; for four technical replicate samples per growth factor (bFGF and NGF) in terms of voltage stimulated release and for six biological replicates per cell type for the bioactivity assays. The orientation of the fibers was determined using z-scores as the statistical metric in MedCalc (v19.4.1, MedCalc Software Limited, Oostende, Belgium). Significant differences in the numerical data for the material characterization analyses as well as for the drug release and bioactivity assays were identified using one-way Analysis of Variance (ANOVA), followed by Tukey’s test for post-hoc determination. Statistical analysis was conducted using SigmaPlot (v13, Systat Software Inc., San Jose, CA) and Prism (v9, GraphPad Software, San Diego, CA). A value of p < 0.05 was considered statistically significant.
RESULTS
Morphology of PPy-Coated PVDF-Electrospun Fibers
Scanning Tunneling Electron Microscopy (STEM) demonstrated that PPy polymerization resulted in PPy fibers and debris deposited haphazardly around the PVDF fibers in the initial hours (after 1, 6, and 12 h in Figure 2) of polymerization until it formed a uniform coating around the PVDF fibers with minimal randomly oriented debris after 18 h of polymerization (Figure 2). However, random clusters and debris were again observed after 24 h of polymerization. While some PPy particles agglomerate during the polymerization, with increased polymerization time, a uniform coating is formed around the electrospun PVDF fibers. The diameter of the electrospun PVDF fibers was measured at 3.52 ± 0.15 µm and the diameter of PPy coated PVDF fibers was 4.08 ± 0.76 µm after 18 h of polymerization. High resolution cross-sectional images of the group coated with PPy for 18 h are shown in Figure 2 (B-D). The cross-sectional images did not permit discrimination of core and shell materials of the fibers; however, the images of coated fibers showed distinct regions of base fibers (core) and distinguishable coating thickness (shell).
[image: Figure 2]FIGURE 2 | Scanning electron micrography of PPy coating morphology on aligned PVDF fibers (A) Morphology of uncoated, aligned PVDF fibers and PPy-coated PVDF fibers by PPy polymerization for 1, 6, 12, 18, 24 h. Scanning electron micrographs at two different magnifications (3,000x and 15,000x) show coating stabilization and some PPy debris accumulation around PVDF fibers over time (B,C and D) Micrographs of PVDF electrospun fibers after PPy coating for 18 h (B and D) Cross sections of fibers with PVDF fibers not distinguishable from the PPy coating, while (C) imaging along the length of fibers shows formation of the core-shell structure after coating.
The PPy polymerization process did not impact the alignment of the PVDF fiber system, with the median orientation of the PVDF fibers found to be 4.5o (z-score 3.19) and PPy coated PVDF fibers had a median orientation of −1.5o (z-score 3.58), as measured by OrientationJ (Figure 3). The alignment of the PPy-coated PVDF fibers was undisturbed during the PPy polymerization process, with the debris and other PPy clusters observed in the microscopy images resulting in a minor increase in perpendicularly oriented fibers (at −90o and 90o respectively).
[image: Figure 3]FIGURE 3 | Alignment and orientation of fiber composites. The alignment of PVDF fibers (A) before, and (B) after 18 h of PPy polymerization coating was assessed by orientation distribution of fibers, measured using the OrientationJ plugin of ImageJ.
Material Characterization of PPy-Coated PVDF-Electrospun Fibers
Hydrophilicity of PVDF fibers, and PPy coated PVDF fibers (after 1, 6, 12, 18 and 24 h of PPy polymerization) was characterized before and after sonication via sessile drop contact angle measurement. All PPy coated groups demonstrated significantly higher contact angle before sonication, compared to the contact angle on samples after sonication (p < 0.001, Figure 4). The highest contact angle before the sonication was observed for the sample with 1 h PPy coating (140° ± 4°) which decreased to 91° ± 4° after sonication (p < 0.001). All other PPy-coated groups demonstrated increased hydrophilicity after sonication and the lowest contact angle (81° ± 4°) was observed in samples coated by 18 h of PPy polymerization. The group coated by 18 h PPy polymerization had a significantly lower contact angle before sonication compared to the 1 h and 6 h PPy polymerization coatings (p < 0.005) and after sonication compared to the 6 h PPy polymerization coating (p = 0.014, Figure 4). There was no change in contact angle measured on the PVDF fibers before and after sonication (120° ± 3°, p = 0.811). After sonication, all PPy coated groups had significantly more hydrophilic surfaces compared to the uncoated PVDF (p < 0.015). These results are in line with the PPy debris observed on the PVDF fiber surfaces during the PPy polymerization process (Figure 2). The uniform coating produced after 18 h of PPy polymerization led to a reduction in contact angle, and sonication which removed PPy debris from the surface also led to a net reduction in contact angle. Since the most uniform coating, with the lowest contact angle (most hydrophilic and hence conducive for biomedical applications) was observed after 18 h of PPy polymerization on the PVDF surface, all further electrosensitive drug delivery studies were conducted using this optimized synthesis parameter. X-ray Photoelectron Spectroscopy analysis confirmed the change in chemical composition from the PVDF substrate to the PPy coated samples (Supplementary Table). The impact of polymerization time on PPy coating characteristics was best represented by the changing ratio between the percentage of F1s and N1s atoms observed from the survey spectra (Supplementary Table).
[image: Figure 4]FIGURE 4 | Quantified hydrophilicity of PPy coated PVDF fibers. Contact angle of PVDF fibers and PPy coated PVDF fibers were measured before and after sonication. All groups with PPy coating showed significantly lower contact angle after sonication (*, p < 0.001), with the PVDF fibers demonstrating no difference in contact angle before and after sonication (NS, not significant). The contact angle on the 18 h coating of PPy was significantly lower compared to the contact angle on the 1 and 6 h coatings of PPy (@, p < 0.005).
Attenuated Total Reflection Fourier Transform IR (ATR-FTIR) was used to characterize the piezoelectric characteristics of the electrospun PVDF, demonstrated the coating of PPy on the PVDF and established that biotin was incorporated within the PPy coating (Figure 5). Characteristic peaks observed at 531 cm−1 and 874 cm−1 correspond to the C–F bond stretching vibration of PVDF (Yee et al., 2007) while the peak at 1,403 cm−1 is characteristic of the CH2 wagging vibration (Bormashenko et al., 2004). The ratio of the β phase (more polar and hence representative of the extent of piezoelectricity) compared to the α phase was measured to be 75% using the magnitudes of the absorbance at 530 and 840 cm−1. The peaks at 1,535 cm−1 and 1700 cm−1 represents characteristic bonds of pyrrole which were observed in samples with PPy coating (Dams et al., 2013). Out-of-plane bending absorption was observed near 800 cm−1 due to the N-H bonds of PPy. Also, the characteristic wide stretch of the C=C bond was observed at 1,535 cm−1 and characteristics of the N-C=O bond were observed at 1700 cm−1, all of which confirmed the presence of the PPy coating. In addition, absorbance spectra of PPy coated samples with and without biotin added as a co-dopant clearly confirmed incorporation of biotin into the polymerized PPy coating (Figure 5). The peak observed at 1708 cm−1 was likely due to an overlap of the C=O bond (Bunaciu et al., 2009; Balan et al., 2012) of the carboxylic acid peak and the carbamide groups characteristic of biotin.
[image: Figure 5]FIGURE 5 | Fourier Transform Infrared Spectroscopy (FTIR) characterization of PPy coating on PVDF with biotin incorporated as a co-dopant. Spectra of PVDF electrospun fibers (top line, blue), had a high ß ratio of 75% indicative of piezoelectric properties, while PPy coating was demonstrated on the PVDF fibers (middle and bottom lines, red and gray) by characteristic peaks at 1,535 and 1700 cm−1. Evidence of biotin incorporation (red vs. gray) is seen by an overlap of peaks resulting in a shift at 1708 cm−1.
Mechanical characterization of the fibers indicated that the tensile stiffness increased in direct proportion to the duration of PPy coating, increasing significantly from 0.8 ± 0.09 MPa for PVDF to 6.6 ± 0.65 MPa for the PVDF after 24 h of PPy coating (p < 0.0001, Figure 6A). This is intuitively explained by the tensile stiffness of fibers being directly proportional to their diameter and the diameter increasing with coating duration. In the case of local micromechanical properties, coating the PVDF with PPy caused a significant reduction in indentation modulus (p < 0.0001 after 1, 6 and 12 h of coating), as seen in Figure 6B. An increase in indentation modulus was observed with increased duration of PPy coating, such that no significant difference in stiffness was observed between the bare PVDF (5.3 ± 0.14 kPa) and after 24 h of PPy coating (4.3 ± 0.76 kPa).
[image: Figure 6]FIGURE 6 | Tensile and indentation based mechanical properties (A) Elastic modulus based on tensile testing conducted on PVDF electrospun fibers and PVDF fibers coated with PPy for 1, 6, 12, 18, 24 h in which fibers were stretched aligned with the fiber’s orientation (B) Local elastic modulus of PVDF fibers and coated PVDF fibers with PPy (n = 6 samples per group, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).
Biotin Incorporation and Stability in the PPy Coating
Incorporation of biotin in the PPy coating as a dopant in the polymerization process, is essential for loading conjugated streptavidin carriers and further controlled drug delivery applications. The successful incorporation of biotin and its continued presence over 14 days as an available site for streptavidin conjugation is shown in Figure 7 by conjugation of fluorescently tagged streptavidin. Samples were stained with fluorescent-tagged streptavidin immediately upon synthesis and then after 7 days and 14 days of incubation in PBS and quantitative measurements of relative fluorescently stained area fraction of the samples indicated that there was no significant difference between the samples at different times (p = 0.428). Lack of significant difference between groups indicates that substantial passive release of biotin did not occur over the first 14 days.
[image: Figure 7]FIGURE 7 | Qualitative and quantitative assessment of biotin in the PPy coating over 14 days. Fluorescent images show Alexa Fluor™ 350 conjugated streptavidin bonded to available biotin in the PPy coating after (A) 0 (B) 7, and (C) 14 days of incubation in phosphate buffered saline at 37 °C (D) The fraction of fiber area that was fluorescent was quantified over the 14 days observation period and indicated no significant change over time (p = 0.428).
Conductivity and Voltage-Sensitive Release
To evaluate the impact of coating duration on the conductivity of the sample, surface resistivity was measured using the four point probe technique and subsequently used to calculate surface conductivity (Figure 8A). The conductivity of the group coated with PPy for only 1h was relatively higher (0.19 ± 0.13Ω−1 cm−1)than groups coated with PPy for 6, 12, and 18h (0.01 ± 0.00Ω−1cm−1). No significant differences were observed in conductivity between the 6, 12 and 18h coating duration. On the other hand, the highest conductivity (0.24 ± 0.016Ω−1 cm−1) was measured in group coated with PPy for 24 h which was significantly higher that the groups coated with PPy for 6, 12, and 18 h. This result revealed the possibility of bare PVDF being present in coated groups even after 18 h of PPy coating while the coating for 24 h caused the highest conductivity potentially due to more congruent coatings, despite a significant amount of PPy debris observed in the system.
[image: Figure 8]FIGURE 8 | Conductivity and Electrosensitive drug release from the PPy coated PVDF (A) Conductivity measurements of PPy coated PVDF fibers (n = 3 samples per group, **p < 0.01, ***p < 0.001, ****p < 0.0001) (B) Cumulative release of Streptavidin HRP from PPy coated PVDF stimulated at 120, 200, and 280 mV/mm (at 1 Hz) electrical stimulation continuously for 60 min indicated that the streptavidin HRP released with 280 and 200 mV/mm stimulation was significantly greater than the release at 120 mV/mm (p < 0.05).
Streptavidin conjugated drug release from PPy coated PVDF fibers in response to electrical stimulation was measured by quantifying streptavidin HRP release under different stimulatory electrical regimes (120, 200, and 280 mV/mm) over 60 min (measured every 6 min), as seen in Figure 8B. The least drug quantity released was at 120 mV/mm while the drug released under both 200 and 280 mV/mm stimulation (not significantly different from each other, p = 0.136), each demonstrated significantly greater cumulative release (p < 0.001, main effect between groups). Over the first 12 min, no significant difference was observed in the total drug released between the three stimulation levels (p > 0.068), but from 18 min to 60 min of stimulation, significantly greater drug was released at 200 and 280 mV/mm applied electrical stimulation compared to 120 mV/mm stimulation (p < 0.005). The cumulative release indicated electrosensitive behavior underlying the drug release observed from the PPy coatings, with 14.3 ± 2.1, 96.1 ± 5.0, and 118.2 ± 11.7 ng of streptavidin HRP was released after 60 min of electrical stimulation at 120, 200, and 280 mV/mm respectively (Figure 8B). At 120 mV/mm there was no statistically significant difference between cumulative release after any time point (p > 0.08), indicating that the 200 mV/mm was the minimum stimulatory level to achieve substantial stimulus responsive release.
The sustainability of the PPy-coated PVDF fibers as a drug depot (Figure 9) was demonstrated by measurement of the streptavidin Alexa Fluor™ 350 conjugate remaining in the PPy coating during 15 min of electrical stimulation (at 200 mV/mm and 1 Hz). The fluorescent intensity did not decrease during the first 5 min (p = 0.998) or 10 min (p = 0.993) of electrical stimulation and a subtle decrease was observed by 15 min of electrical stimulation (p = 0.09). The streptavidin remaining in the PPy coated PVDF fibers decreased slightly after 15 min of stimulation, however, the reduction in the streptavidin conjugated fluorescence in the PPy-coated PVDF fibers after 15 min of electrical stimulation was not significantly different from time as synthesized (p = 0.09) or 5 min of stimulation (p = 0.064, Figure 9). This is in accordance with the observations after continuous stimulation at 200 mV/mm and 1 Hz, no significant difference was found in cumulative drug release until after 18 min of continuous stimulation (Figure 8B).
[image: Figure 9]FIGURE 9 | Electrical stimulus based drug delivery from PPy coated PVDF fibers. Fluorescent images show Alexa Fluor™ 350 conjugated streptavidin bound to the biotin available in the PPy coating (A) before and after (B) 5 min (C) 10 min or (D) 15 min of electrical stimulation at 200 mV/mm and 1 Hz (E) Quantification of fluorescence intensity demonstrates a decrease after 15 min of stimulation (not significant, p = 0.064).
Growth Factor Release and Bioactivity
PPy coated PVDF fibers were loaded with streptavidin conjugated with biotinylated growth factors which were then electrically stimulated at 200 mV/mm (and 1 Hz frequency). Biotinylated NGF and bFGF were separately conjugated to streptavidin, released over three intervals and the released growth factor complex was tested to ensure maintenance of bioactivity. As seen in Figure 10, the instantaneous concentration of NGF increased after each stimulation period and returned to the baseline level during incubation periods between electrical stimulation. Figure 10C shows the cumulative release of NGF, which indicates that nearly 45% of the original NGF loaded into the samples was released after electrical stimulation (for a total of 15 min). PC12 cells exposed to recombinant human NGF, biotinylated NGF, and NGF-streptavidin complex released from PPy-coated PVDF fibers at equivalent concentrations of growth factor showed that cell proliferation was significantly higher when exposed to the recombinant human NGF compared to all other treatments (p < 0.01), while exposure to the biotinylated NGF and released NGF resulted in significantly greater cell count than the control group with no exposure (p < 0.003). There was no significant difference in cell number when exposed to the biotinylated NGF compared to the released NGF (p = 0.891), indicating that electrical stimulation and conjugation to streptavidin did not affect activity of the NGF (Figure 10). Figure 10D illustrates the schematic picture of NGF receptor interaction with the streptavidin-biotinylated NGF complex.
[image: Figure 10]FIGURE 10 | Electrical stimulation based NGF release and bioactivity assay (A) Streptavidin tethered biotinylated NGF release from PPy coated PVDF fibers during sequential electrical stimulation at 200 mV/mm, for 5 min and 5 min of incubation without stimulation (B) Bioactivity of released NGF compared to recombinant human NGF, biotinylated NGF, and control groups based on PC12 cell proliferation (*, p < 0.003) (C) Cumulative NGF released from PPy coated PVDF fibers during incubation and stimulation periods (D) Schematic picture of NGF receptors (TrKA and p75) in the cell membrane and the potential interaction of the drug carrier released from PPy coated PVDF fibers with the receptors. Any one of three biotinylated NGFs bound to the streptavidin can interact with the receptors.
Figure 11 quantifies bFGF release from the PPy coated PVDF fibers after electrical stimulation and incubation periods identical to the profile observed for NGF. bFGF release (6 ng/ml under electrical stimulation) was observed consistently during every sequence of electrical stimulation. 49% of the bFGF loaded in the PPy coating was released during the three alternating sets of 5 min stimulation followed by 5 min incubation period sequences. Bioactivity of the released bFGF based on BALB cell proliferation showed that there was no significant difference in the activity of the released bFGF and biotinylated bFGF on cell proliferation (p = 0.934) while both these treatments resulted in significantly higher cell proliferation compared to the control group with no growth factor exposure (p < 0.001). The recombinant human bFGF treatment resulted in significantly higher cell proliferation compared to all other treatments (p < 0.001). Figure 11D shows the schematic of the drug carrier released from PPy coated PVDF fibers and its interaction with the cell surface fibroblast growth factor receptor. As previously mentioned, the receptor interaction with (one of up to three) available growth factors bound to streptavidin.
[image: Figure 11]FIGURE 11 | Electrical stimulation based bFGF release and bioactivity assay (A) bFGF release profile during sequential electrical stimulation (200 mV/mm, 1Hz, 5 min) and incubation (5 min) periods (B) Bioactivity of released bFGF complexes compared to recombinant human bFGF, biotinylated bFGF, and control groups with no growth factor based on BALB/c cell proliferation (*p < 0.001) (C) Cumulative percentage of bFGF release during sequential electrical stimulation (15 min total) and incubation periods (D) Schematic picture of potential FGF receptor interaction with the drug carrier released from PPy coated PVDF fibers.
DISCUSSION
Electro-conductive polymeric coatings are essential to leverage the application of electrical potential or current in biomedical applications. Poly-pyrrole (PPy) has been one of the most extensively used polymers for such applications, and the synthesis method used has mostly been electrochemical polymerization (Huang et al., 2014; Liang and Goh, 2020). While this process has been used to great effect in creating materials suitable for nerve and muscle tissue engineering in vitro, it is limited to creating coatings on electrodes (Liang and Goh, 2020), inherently incompatible with implantable systems and in vivo studies. On the other hand, in situ polymerization is another technique for generating PPy coatings (Tada et al., 2002; Ferenets and Harlin, 2007; Vo et al., 2012; Hammad et al., 2018; Xie et al., 2019); which can be more broadly applied in terms of substrate materials and thus has the potential for more far-reaching applications in tissue engineering and drug delivery.
PPy chain growth is virtually unlimited in electrochemical polymerization due to inherent conductivity (Ateh et al., 2006) and offers advantages in controlling the deposition of thin polymeric films, while polymer chain growth terminates and PPy particles are formed and subsequently deposited during in situ polymerization (Ansari, 2006; Bahraeian et al., 2013). Particulate deposition might seem like a disadvantage to controlling film thickness, but particles formed during in situ polymerization can then be deposited as a coating regardless of the nature of the substrate (Zhang and Manohar, 2004). In the present study, we observed that the deposition of PPy on PVDF fibers began within the first hours of polymerization. While both particulate PPy on the surface as well as increasingly cohesive coating were observed with increased PPy polymerization time (Figure 2), the observation suggests the site-selective interaction of PPy with PVDF in terms of initial nucleation site. Microfibers are known to have relatively higher surface area compared to films (Huang et al., 2008), which has a crucial impact on the quality of in situ polymerized PPy coating from a more efficient diffusion and migration of the monomer into the fibrous matrix (Liang et al., 2014). In addition, the PVDF fibers being prepared by electrospinning results in a higher β phase in the PVDF. The β phase, one of four phases in PVDF, has the highest spontaneous polarization, and results in the most piezoelectric properties since due to highly electronegative C-F bonds (Li et al., 2019; Mishra et al., 2019) and dipoles aligned in the same direction. The polarized surface of PVDF fibers is another potential reason for improved coating of PPy on PVDF due to the interaction of the electronegative C-F bonds in PVDF fibers with the electropositive C-N bonds (Hemant et al., 2011) in PPy. Results from the present study indicated that the nucleated PPy nanoparticles formed an increasingly cohesive coating on the individual strands of PVDF electrospun fibers over time without significant changes to the alignment of the PVDF fibers during the in situ polymerization process. The uniformity and cohesiveness of the coating (based on SEM micrographics) indicated that the most stable coating was formed after 18 h of polymerization, which was supported both by qualitative observation as well as quantification of surface contact angle (Figures 2 and 4).
In situ polymerization offers further unique advantages with regards to the choice of dopant/s included and further downstream applications leveraging the dopant/s. In the present study, the in situ polymerization system comprised of two dopants: sodium p-toluenesulfate (SPTS) and biotin (Schematic shown in Supplementary Figure). Ferric chloride was included in the in situ polymerization as an oxidizing agent to initiate chemical polymerization via the chlorine anions in FeCl3 interacting with the pyrrole rings (Brezoi, 2010; Hemant et al., 2011). SPTS is a dopant of choice for improved electrical conductivity, having been reported to result in increased stability compared to the use of hydrochloric acid (HCl) and ferric chloride (FeCl3) (Collier et al., 2000) as dopants resulting from a improved spatial order in PPy(Chen et al., 2003). Further, modification of the in situ polymerization process with biotin as an additional doping agent, enabled the loading and release of growth factors from the PPy coating for biomedical applications. PPy is a binding site for the negatively charged biotin molecules which then serve as a tunable platform for site-directed conjugate formation (Torres-Rodriguez et al., 1999; Della Pia et al., 2014; Jeon et al., 2014) and specific protein-binding for drug delivery purposes (George et al., 2006; Della Pia et al., 2014) based on widely used biotin-avidin chemistry. PPy polymerization using in situ polymerization has been previously developed with a variety of catalysts to prepare both coatings (including thin films) and microparticles (Liu et al., 2008; Lu et al., 2009). However, such studies have primarily focused on polymerization quality, conductivity, and the potential applications as electrical sensors/electrodes or electroactive tissue engineering scaffolds in biomedical science (Liang et al., 2014; Liang and Goh, 2020). The potential for drug loading and the use for stimulus-responsive drug release is yet to be fully investigated. In the present study, we focus on developing and characterizing the in situ polymerization of PPy based on a combination of dopants/catalysts which offers wide flexibility in terms of substrates. While in situ coating of PPy has been developed on electrospun fibers (including poly (lactic-co-glycolic acid) (Lee et al., 2009) and PVDF (Dias et al., 2014)), in the past these studies demonstrated promising results with the culture of cells and their electrical stimulation, but have not explored drug loading and delivery from such a system. In the present study, incorporating biotin as a secondary doping agent allows the functionalization of this system to allow functionalized drug/growth factor loading using biotin-avidin chemistry independent of drug chemistry, size, or electric charge. Electrical conductivity measurements in the present study are comparable or higher than previous studies of PPy coatings (Lee et al., 2009; Harjo et al., 2020). Results also demonstrated the successful incorporation of biotin, its stability and retention in the system and further, its use as a site for tethering growth factor complexes for stimulus responsive release (Figures 5, 7, and 8).
Currently, drug release systems based on PPy have two main limitations. First, the range of potential drugs is restricted due to limitations on the charge and size requirements of doping agent (Luo and Cui, 2009). In general, the rate of a dopant’s leaching from the PPy matrix decreases in dopants with higher molecular weight (Le et al., 2017), which directly affects capability for controlled drug release. In addition, the anion charge and capacity of doping agents affects the stability of the positively charged PPy (Varesano et al., 2016). In our design, by incorporation of biotin as a doping agent, we were able to test at least two separate biotinylated growth factors (bFGF and NGF), which demonstrates the potential of loading multiple, and various biotinylated growth factors within the PPy coating. The second limitation with drug delivery systems based on PPy is low drug loading efficiency, since the drug is generally incorporated in the bulk phase of PPy (Xie et al., 2017). Since in situ polymerization leads to shorter PPy chains and nanoparticle formation (Bahraeian et al., 2013), it is believed that the diffusion paths for the released drug are more accessible compared to the designs based on electrochemical polymerization. This phenomenon likely accounted for the ∼50% release of the loaded bFGF and NGF observed in this study over the course of 15 min of electrical stimulation (Figures 10C and 11C).
Growth factors and their delivery has been a principal tool in the tissue engineering arsenal along with the design of biomaterial architecture, and application of biophysical stimuli to induce the attachment, proliferation and tissue-specific differentiation/commitment of responsive cells. bFGF (Peng et al., 1991) and NGF (English, 2003) have been previously demonstrated to promote muscle tissue regeneration (Sakuma and Yamaguchi, 2011) as well as retain and restore poly-neuronal innervation at neuromuscular synapses (English, 2003; Sakuma and Yamaguchi, 2011). Biomaterials design is an essential aspect of neuromuscular junction (NMJ) formation since the morphology (Luo et al., 2018) surface chemistry (Das et al., 2010; Nickels and Schmidt, 2013), and conductivity (Dong et al., 2020) of biomaterials have shown to affect formation of acetylcholine receptor (AChR) clusters which are characteristic of the NMJ. Electrospun fibers such as Poly (l-lactic acid) (Zeng et al., 2013) and Poly (lactic-co-glycolic acid) (Lee et al., 2009) coated with conductive polymers (Ismail et al., 2008) such as PPy (Lee et al., 2009; Zeng et al., 2013) have been previously developed to study NMJ formation; however, the designs have mostly been limited to evidence of stable PPy coating and/or optimizing additional surface modification with immobilized growth factors (Nickels and Schmidt, 2013) [such as NGF (Gomez and Schmidt, 2007)] rather than functional release of such factors.
Nerve impulses induce depolarization of muscle fibers through released acetylcholine which inhibits AChR localization, stability, and positive signals are responsible for the accumulation of AChR (Wu et al., 2010; Lepore et al., 2019). This has been mimicked by application of external electrical stimulation in various voltage regimes and for different durations of exposure both in vitro and in vivo. As an example, exposing PC12 cells to electrical stimulation at 200 mV/mm induced neurite outgrowth and signaling (Chang et al., 2013). Additionally, applied electrical stimulation, ranging from 20 to 200 mV/mm (Hronik-Tupaj et al., 2013; Du et al., 2018; Shi et al., 2018; Hu et al., 2019), is also a crucial factor in the proliferation and successive fusion of myogenic precursor cells to form mature myofibers (Lepore et al., 2019). Neuromuscular electrical stimulation has been also widely studied in vitro (Di Filippo et al., 2017; Khodabukus et al., 2018) and in clinical studies (Sheffler and Chae, 2007; Wu et al., 2010; Di Filippo et al., 2017) to repair synapses, maintain motor end plates and promote functional innervation of muscle fibers (Khodabukus et al., 2018). In the present study, we used an electrical stimulation regime of 200 mV/mm which is relevant to these physiological tissue functions in addition to stimulating growth factor release from the PPy coated PVDF. Neuromuscular electrical stimulation systems allow for application of electrical stimulation of similar voltage regimes, however their combination with growth factor delivery platforms has yet to be fully explored toward successful neuromuscular junction formation. In the present study, we successfully demonstrate relevant growth factor release and continued bioactivity under the electrical regime suitable for skeletal muscle and neural cell stimulation, as well as within a range that can be potentially delivered using electrical stimulation systems. The PPy coated PVDF fiber platform also has the potential to work as a stable drug depot to release growth factors only upon applied electrical stimulation.
Skeletal muscle satellite cells and motor neurons are the central cellular constituents of neuromuscular junctions, the biological transducer of electrochemical-mechanical signals in the musculoskeletal system. In the present study, the function of the released NGF was tested on PC12 cells known to demonstrate neurite outgrowth in response and the released bFGF was tested on BALB 3T3 cells, and bFGF is known to promote survival, calcium influx and proliferation in this cell line. In addition, to form neuromuscular junctions, electrical and chemical growth factors are simultaneously required to form a synapse between motor neurons and skeletal fibers (Hultman et al., 1983; Paillard, 2008). Since the PPy-PVDF system developed in this study comprises of a piezoelectric substrate (PVDF) combined with a conducting polymer (PPy) capable of drug delivery, it offers multiple advantages in both the transduction of electrical and mechanical signals as well as coupled growth factor delivery, thus replicating roles similar to those of the neuromuscular junction. Electrical stimulation has shown to play a critical role in the production of signaling and survival factors such as acetylcholine (Mitchell, 1963; Lozano et al., 2016) and glial cell line-derived neurotrophic factor (Vianney et al., 2014). The functionality of the neuromuscular junction is correlated with the release of these growth factors in a timely manner; therefore, the scaffolds designed for muscle regeneration and NMJ studies require smart and stimulus-responsive systems to deliver essential growth factors.
CONCLUSION
In this study, a novel methodology is developed to generate polypyrrole (PPy, a conductive polymer) coatings on polyvinylidene fluoride (PVDF, a piezoelectric polymer) electrospun fibers. The composite material can then be used as a facile, electrosensitive drug delivery platform for the controlled delivery of various growth factors. A stable PPy coating is achieved around PVDF electrospun fibers using an optimized in situ polymerization process and incorporating biotin as a co-dopant within the polymerization step, which also serves as the locus for drug-complex loading. Voltage controlled electrosensitive drug delivery of different growth factors (NGF and bFGF) was achieved, and the bioactivity of these growth factors after release was demonstrated, paving the way for potential biomedical applications ranging from soft polymeric electrodes to neuromuscular junction tissue engineering.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author.
AUTHOR CONTRIBUTIONS
SM contributed to the design and writing of the present study, and conducted all experiments and data analyses. RB and JO were advisors for the design of the study and experiments as well as contributors in the writing and editing of the manuscript. TG led the design endeavor and provided oversight of all experiments, analyses and reporting of the data; and contributed to the writing and editing of the manuscript.
FUNDING
This research was supported in part by the National Science Foundation CAREER Award (CBET#1847103) and Jacobson Distinguished Professorship to Teja Guda, funds from the Lutcher Brown Endowment to Rena Bizios, funds from the USAA Foundation Endowment to Joo Ong and funding from the San Antonio Life Science Institute, the UTSA Brain Health Consortium, and the UTSA Graduate School to Solaleh Miar.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fchem.2021.599631/full#supplementary-material.
REFERENCES
 Ansari, R. (2006). Polypyrrole conducting electroactive polymers: synthesis and stability studies. E-J. Chem. 3, 186–201. doi:10.1155/2006/860413
 Asavapiriyanont, S., Chandler, G. K., Gunawardena, G. A., and Pletcher, D. (1984). The electrodeposition of polypyrrole films from aqueous solutions. J. Electroanal. Chem. Interfacial Electrochem. 177, 229–244. doi:10.1016/0022-0728(84)80225-9
 Ateh, D., Navsaria, H., and Vadgama, P. (2006). Polypyrrole-based conducting polymers and interactions with biological tissues. J. R. Soc. Interface 3, 741–752. doi:10.1098/rsif.2006.0141
 Bahraeian, S., Abron, K., Pourjafarian, F., and Majid, R. A. (2013). Study on synthesis of polypyrrole via chemical polymerization method. Adv. Mater. Res. 795, 707–710. 10.4028/www.scientific.net/AMR.795.707
 Balan, V., Petrache, I. A., Popa, M. I., Butnaru, M., Barbu, E., Tsibouklis, J., et al. (2012). Biotinylated chitosan-based SPIONs with potential in blood-contacting applications. J. Nanoparticle Res. 14, 730. doi:10.1007/s11051-012-0730-y
 Balint, R., Cassidy, N. J., and Cartmell, S. H. (2014). Conductive polymers: towards a smart biomaterial for tissue engineering. Acta Biomater. 10, 2341–2353. doi:10.1016/j.actbio.2014.02.015
 Bay, L., Mogensen, N., Skaarup, S., Sommer-Larsen, P., Jørgensen, M., and West, K. (2002). Polypyrrole doped with alkyl benzenesulfonates. Macromolecules 35, 9345–9351. doi:10.1021/ma0207327
 Bormashenko, Y., Pogreb, R., Stanevsky, O., and Bormashenko, E. (2004). Vibrational spectrum of PVDF and its interpretation. Polym. Test. 23, 791–796. doi:10.1016/j.polymertesting.2004.04.001
 Brezoi, D.-V. (2010). Polypyrrole films prepared by chemical oxidation of pyrrole in aqueous FeCl3 solution. J. Sci. Arts 10, 53.
 Browe, D., and Freeman, J. (2019). Optimizing C2C12 myoblast differentiation using polycaprolactone-polypyrrole copolymer scaffolds. J. Biomed. Mater. Res. 107, 220–231. doi:10.1002/jbm.a.36556
 Bunaciu, A. A., Bacalum, E., Aboul-Enein, H. Y., Elena Udristioiu, G., and Fleschin, Ş. (2009). FT-IR spectrophotometric analysis of ascorbic acid and Biotin and their pharmaceutical formulations. Anal. Lett. 42, 1321–1327. doi:10.1080/00032710902954490
 Casey, J., Yue, X., Nguyen, T. D., Acun, A., Zellmer, V. R., Zhang, S., et al. (2017). 3D hydrogel-based microwell arrays as a tumor microenvironment model to study breast cancer growth. Biomed. Mater. 12, 025009. doi:10.1088/1748-605X/aa5d5c
 Chang, Y. J., Hsu, C. M., Lin, C. H., Lu, M. S., and Chen, L. (2013). Electrical stimulation promotes nerve growth factor-induced neurite outgrowth and signaling. Biochim. Biophys. Acta 1830, 4130–4136. doi:10.1016/j.bbagen.2013.04.007
 Chen, W., Wan, X., Xu, N., and Xue, G. (2003). Ordered conducting polypyrrole doped with sulfopropyl ether of β-cyclodextrin. Macromolecules 36, 276–278. doi:10.1021/ma025521g
 Cho, Y., and Borgens, R. B. (2011). Biotin-doped porous polypyrrole films for electrically controlled nanoparticle release. Langmuir 27, 6316–6322. doi:10.1021/la200160q
 Collier, J. H., Camp, J. P., Hudson, T. W., and Schmidt, C. E. (2000). Synthesis and characterization of polypyrrole-hyaluronic acid composite biomaterials for tissue engineering applications. J. Biomed. Mater. Res. 50, 574–584. doi:10.1002/(sici)1097-4636(20000615)50:4<574::aid-jbm13>3.0.co;2-i
 Cozza, E. S., Monticelli, O., Marsano, E., and Cebe, P. (2013). On the electrospinning of PVDF: influence of the experimental conditions on the nanofiber properties. Polym. Int. 62, 41–48. doi:10.1002/pi.4314
 Dams, R., Vangeneugden, D., and Vanderzande, D. (2013). Atmospheric pressure plasma polymerization of in situ doped polypyrrole. Open Plasma Phys. J. 6, 7–13. 10.2174/1876534301306010007
 Das, M., Rumsey, J. W., Bhargava, N., Stancescu, M., and Hickman, J. J. (2010). A defined long-term in vitro tissue engineered model of neuromuscular junctions. Biomaterials 31, 4880–4888. doi:10.1016/j.biomaterials.2010.02.055
 Della Pia, E. A., Holm, J. V., Lloret, N., Le Bon, C., Popot, J. L., Zoonens, M., et al. (2014). A step closer to membrane protein multiplexed nanoarrays using biotin-doped polypyrrole. ACS Nano 8, 1844–1853. doi:10.1021/nn406252h
 Di Filippo, E. S., Mancinelli, R., Marrone, M., Doria, C., Verratti, V., Toniolo, L., et al. (2017). Neuromuscular electrical stimulation improves skeletal muscle regeneration through satellite cell fusion with myofibers in healthy elderly subjects. J. Appl. Physiol. 123, 501–512. doi:10.1152/japplphysiol.00855.2016
 Dias, J. C., Correia, D. M., Botelho, G., Lanceros-Méndez, S., and Sencadas, V. (2014). Electrical properties of intrinsically conductive core-shell polypyrrole/poly(vinylidene fluoride) electrospun fibers. Synth. Met. 197, 198–203. doi:10.1016/j.synthmet.2014.09.013
 Diaz, A. F., and Hall, B. (1983). Mechanical properties of electrochemically prepared polypyrrole films. IBM J. Res. Dev. 27, 342–347. doi:10.1147/rd.274.0342
 Dong, R., Ma, P. X., and Guo, B. (2020). Conductive biomaterials for muscle tissue engineering. Biomaterials 229, 119584. doi:10.1016/j.biomaterials.2019.119584
 Donnelly, K., Khodabukus, A., Philp, A., Deldicque, L., Dennis, R. G., and Baar, K. (2010). A novel bioreactor for stimulating skeletal muscle in vitro. Tissue Eng. C Methods 16, 711–718. doi:10.1089/ten.TEC.2009.0125
 Du, J., Zhen, G., Chen, H., Zhang, S., Qing, L., Yang, X., et al. (2018). Optimal electrical stimulation boosts stem cell therapy in nerve regeneration. Biomaterials 181, 347–359. doi:10.1016/j.biomaterials.2018.07.015
 English, A. W. (2003). Cytokines, growth factors and sprouting at the neuromuscular junction. J. Neurocytol. 32, 943–960. doi:10.1023/B:NEUR.0000020634.59639.cf
 Ferenets, M., and Harlin, A. (2007). Chemical in situ polymerization of polypyrrole on poly(methyl methacrylate) substrate. Thin Solid Films 515, 5324–5328. doi:10.1016/j.tsf.2007.01.008
 Fonner, J. M., Forciniti, L., Nguyen, H., Byrne, J. D., Kou, Y. F., Syeda-Nawaz, J., et al. (2008). Biocompatibility implications of polypyrrole synthesis techniques. Biomed. Mater. 3, 034124. doi:10.1088/1748-6041/3/3/034124
 Geetha, S., Rao, C. R., Vijayan, M., and Trivedi, D. (2006). Biosensing and drug delivery by polypyrrole. Anal. Chim. Acta 568, 119–125. doi:10.1016/j.aca.2005.10.011
 George, P. M., Lavan, D. A., Burdick, J. A., Chen, C.-Y., Liang, E., and Langer, R. (2006). Electrically controlled drug delivery from biotin-doped conductive polypyrrole. Adv. Mater. 18, 577–581. doi:10.1002/adma.200501242
 Ghasemi‐Mobarakeh, L., Prabhakaran, M. P., Morshed, M., Nasr‐Esfahani, M. H., Baharvand, H., Kiani, S., et al. (2011). Application of conductive polymers, scaffolds and electrical stimulation for nerve tissue engineering. J. Tissue Eng. Regen. Med. 5, e17–e35. doi:10.1002/term.383
 Gilmore, K. J., Kita, M., Han, Y., Gelmi, A., Higgins, M. J., Moulton, S. E., et al. (2009). Skeletal muscle cell proliferation and differentiation on polypyrrole substrates doped with extracellular matrix components. Biomaterials 30, 5292–5304. doi:10.1016/j.biomaterials.2009.06.059
 Gomez, N., and Schmidt, C. E. (2007). Nerve growth factor-immobilized polypyrrole: bioactive electrically conducting polymer for enhanced neurite extension. J. Biomed. Mater. Res. 81, 135–149. doi:10.1002/jbm.a.31047
 Green, R. A., Lovell, N. H., Wallace, G. G., and Poole-Warren, L. A. (2008). Conducting polymers for neural interfaces: challenges in developing an effective long-term implant. Biomaterials 29, 3393–3399. doi:10.1016/j.biomaterials.2008.04.047
 Guimard, N. K., Gomez, N., and Schmidt, C. E. (2007). Conducting polymers in biomedical engineering. Prog. Polym. Sci. 32, 876–921. doi:10.1016/j.progpolymsci.2007.05.012
 Guthridge, M., Wilson, M., Cowling, J., Bertolini, J., and Hearn, M. T. (1992). The role of basic fibroblast growth factor in skeletal muscle regeneration. Growth Factors 6, 53–63. doi:10.3109/08977199209008871
 Hammad, A., Noby, H., Elkady, M., and El-Shazly, A. (2018). “In-situ polymerization of polyaniline/polypyrrole copolymer using different techniques,” in IOP conference series: materials Science and engineering) , 012001.
 Harjo, M., Zondaka, Z., Leemets, K., Järvekülg, M., Tamm, T., and Kiefer, R. (2020). Polypyrrole‐coated fiber‐scaffolds: concurrent linear actuation and sensing. J. Appl. Polym. Sci. 137, 48533. doi:10.1002/app.48533
 Hemant, C., Ganesh, S., Narendra, B., and Vasant, W. (2011). Synthesis of polypyrrole using ferric chloride (FeCl3) as oxidant together with some dopants for use in gas sensors. J. Sens. Technol. 1, 47–56. 10.4236/jst.2011.12007
 Hronik‐Tupaj, M., Raja, W. K., Tang‐Schomer, M., Omenetto, F. G., and Kaplan, D. L. (2013). Neural responses to electrical stimulation on patterned silk films. J. Biomed. Mater. Res. 101, 2559–2572. doi:10.1002/jbm.a.34565
 Hu, M., Hong, L., Liu, C., Hong, S., He, S., Zhou, M., et al. (2019). Electrical stimulation enhances neuronal cell activity mediated by schwann cell derived exosomes. Sci. Rep. 9, 1–12. doi:10.1038/s41598-019-41007-5
 Huang, F., Wei, Q., Cai, Y., and Wu, N. (2008). Surface structures and contact angles of electrospun poly(vinylidene fluoride) nanofiber membranes. Int. J. Polym. Anal. Char. 13, 292–301. doi:10.1080/10236660802190963
 Huang, Z.-B., Yin, G.-F., Liao, X.-M., and Gu, J.-W. (2014). Conducting polypyrrole in tissue engineering applications. Front. Mater. Sci. 8, 39–45. doi:10.1007/s11706-014-0238-8
 Hultman, E., Sjöholm, H., Jäderholm-Ek, I., and Krynicki, J. (1983). Evaluation of methods for electrical stimulation of human skeletal muscle in situ. Pflügers Archiv 398, 139–141. doi:10.1007/BF00581062
 Ismail, Y. A., Shin, S. R., Shin, K. M., Yoon, S. G., Shon, K., Kim, S. I., et al. (2008). Electrochemical actuation in chitosan/polyaniline microfibers for artificial muscles fabricated using an in situ polymerization. Sensor. Actuator. B Chem. 129, 834–840. doi:10.1016/j.snb.2007.09.083
 Jeon, S., Moon, J. M., Lee, E. S., Kim, Y. H., and Cho, Y. (2014). An electroactive biotin-doped polypyrrole substrate that immobilizes and releases EpCAM-positive cancer cells. Angew Chem. Int. Ed. Engl. 53, 4597–4602. doi:10.1002/anie.201309998
 Jin, L., Feng, Z. Q., Zhu, M. L., Wang, T., Leach, M. K., and Jiang, Q. (2012). A novel fluffy conductive polypyrrole nano-layer coated PLLA fibrous scaffold for nerve tissue engineering. J. Biomed. Nanotechnol. 8, 779–785. doi:10.1166/jbn.2012.1443
 Kai, D., Prabhakaran, M. P., Jin, G., and Ramakrishna, S. (2011). Polypyrrole-contained electrospun conductive nanofibrous membranes for cardiac tissue engineering. J. Biomed. Mater. Res. 99, 376–385. doi:10.1002/jbm.a.33200
 Khodabukus, A., Prabhu, N., Wang, J., and Bursac, N. (2018). In Vitro tissue-engineered skeletal muscle models for studying muscle physiology and disease. Adv Healthc Mater 7, e1701498. doi:10.1002/adhm.201701498
 Kurata, S., Goto, T., Gunjigake, K., Kataoka, S., N Kuroishi, K., Ono, K., et al. (2013). Nerve growth factor involves mutual interaction between neurons and satellite glial cells in the rat trigeminal ganglion. Acta Histochem. Cytoc. , 46, 65. doi:10.1267/ahc.13003
 Lakshmipriya, T., Gopinath, S. C., and Tang, T. H. (2016). Biotin-streptavidin competition mediates sensitive detection of biomolecules in enzyme linked immunosorbent assay. PloS One 11, e0151153. doi:10.1371/journal.pone.0151153
 Le, T.-H., Kim, Y., and Yoon, H. (2017). Electrical and electrochemical properties of conducting polymers. Polymers 9, 150. doi:10.3390/polym9040150
 Lee, J. Y., Bashur, C. A., Goldstein, A. S., and Schmidt, C. E. (2009). Polypyrrole-coated electrospun PLGA nanofibers for neural tissue applications. Biomaterials 30, 4325–4335. doi:10.1016/j.biomaterials.2009.04.042
 Lepore, E., Casola, I., Dobrowolny, G., and Musarò, A. (2019). Neuromuscular junction as an entity of nerve-muscle communication. Cells 8, 906. doi:10.3390/cells8080906
 Li, Y., Liao, C., and Tjong, S. C. (2019). Electrospun polyvinylidene fluoride-based fibrous scaffolds with piezoelectric characteristics for bone and neural tissue engineering. Nanomaterials 9, 952. doi:10.3390/nano9070952
 Liang, Y., and Goh, J. C.-H. (2020). Polypyrrole-incorporated conducting constructs for tissue engineering applications: a review. Bioelectricity 2, 101–119. 10.1089/bioe.2020.0010
 Liang, B., Qin, Z., Zhao, J., Zhang, Y., Zhou, Z., and Lu, Y. (2014). Controlled synthesis, core-shell structures and electrochemical properties of polyaniline/polypyrrole composite nanofibers. J. Mater. Chem. 2, 2129–2135.doi:10.1039/c3ta14460g
 Liu, X., Wu, H., Ren, F., Qiu, G., and Tang, M. (2008). Controllable fabrication of SiO2/polypyrrole core-shell particles and polypyrrole hollow spheres. Mater. Chem. Phys. 109, 5–9. doi:10.1016/j.matchemphys.2007.10.014
 Lozano, R., Gilmore, K. J., Thompson, B. C., Stewart, E. M., Waters, A. M., Romero-Ortega, M., et al. (2016). Electrical stimulation enhances the acetylcholine receptors available for neuromuscular junction formation. Acta Biomater. 45, 328–339. doi:10.1016/j.actbio.2016.08.006
 Lu, X., Mao, H., and Zhang, W. (2009). Fabrication of core-shell Fe3O4/polypyrrole and hollow polypyrrole microspheres. Polym. Compos. 30, 847–854. doi:10.1002/pc.20666
 Lu, Y., Shi, G., Li, C., and Liang, Y. (1998). Thin polypyrrole films prepared by chemical oxidative polymerization. J. Appl. Polym. Sci. 70, 2169–2172. doi:10.1002/(sici)1097-4628(19981212)70:11<2169::aid-app10>3.0.co;2-i
 Luo, X., and Cui, X. T. (2009). Sponge-like nanostructured conducting polymers for electrically controlled drug release. Electrochem. Commun. 11, 1956–1959. doi:10.1016/j.elecom.2009.08.027
 Luo, B., Tian, L., Chen, N., Ramakrishna, S., Thakor, N., and Yang, I. H. (2018). Electrospun nanofibers facilitate better alignment, differentiation, and long-term culture in an in vitro model of the neuromuscular junction (NMJ). Biomater Sci 6, 3262–3272. doi:10.1039/c8bm00720a
 Meng, S., Rouabhia, M., Shi, G., and Zhang, Z. (2008). Heparin dopant increases the electrical stability, cell adhesion, and growth of conducting polypyrrole/poly(L,L-lactide) composites. J. Biomed. Mater. Res. 87, 332–344. doi:10.1002/jbm.a.31735
 Merlini, C., Almeida, R. d. S., D'Ávila, M. A., Schreiner, W. H., and Barra, G. M. d. O. (2014b). Development of a novel pressure sensing material based on polypyrrole-coated electrospun poly(vinylidene fluoride) fibers. Mater. Sci. Eng. B 179, 52–59. doi:10.1016/j.mseb.2013.10.003
 Merlini, C., Barra, G. M. d. O., Araujo, T. M., and Pegoretti, A. (2014a). The effect of compressive stress on the electrically resistivity of poly(vinylidene fluoride)/polypyrrole blends. Synth. Met. 196, 186–192. doi:10.1016/j.synthmet.2014.08.002
 Miller, L. L. (1988). Electrochemically controlled release of drug ions from conducting polymers. Mol. Cryst. Liq. Cryst. Inc. Nonlinear Opt. 160, 297–301.doi:10.1080/15421408808083024
 Mishra, S., Unnikrishnan, L., Nayak, S. K., and Mohanty, S. (2019). Advances in piezoelectric polymer composites for energy harvesting applications: a systematic review. Macromol. Mater. Eng. 304, 1800463. doi:10.1002/mame.201800463
 Mitchell, J. (1963). The spontaneous and evoked release of acetylcholine from the cerebral cortex. J. Physiol. (Lond.) 165, 98. doi:10.1113/jphysiol.1963.sp007045
 Nickels, J. D., and Schmidt, C. E. (2013). Surface modification of the conducting polymer, polypyrrole, via affinity peptide. J. Biomed. Mater. Res. 101, 1464–1471. doi:10.1002/jbm.a.34435
 Oliver, W. C., and Pharr, G. M. (1992). An improved technique for determining hardness and elastic modulus using load and displacement sensing indentation experiments. J. Mater. Res. 7, 1564–1583. doi:10.1557/jmr.1992.1564
 Paillard, T. (2008). Combined application of neuromuscular electrical stimulation and voluntary muscular contractions. Sports Med. 38, 161–177. doi:10.2165/00007256-200838020-00005
 Pelto, J., Björninen, M., Pälli, A., Talvitie, E., Hyttinen, J., Mannerström, B., et al. (2013). Novel polypyrrole-coated polylactide scaffolds enhance adipose stem cell proliferation and early osteogenic differentiation. Tissue Eng. 19, 882–892. doi:10.1089/ten.TEA.2012.0111
 Peng, H. B., Baker, L. P., and Chen, Q. (1991). Induction of synaptic development in cultured muscle cells by basic fibroblast growth factor. Neuron 6, 237–246. doi:10.1016/0896-6273(91)90359-8
 Pieri, I., and Barritault, D. (1991). Biotinylated basic fibroblast growth factor is biologically active. Anal. Biochem. 195, 214–219. doi:10.1016/0003-2697(91)90319-o
 Porter, J. R., Ruckh, T. T., and Popat, K. C. (2009). Bone tissue engineering: a review in bone biomimetics and drug delivery strategies. Biotechnol. Prog. 25, 1539–1560. doi:10.1002/btpr.246
 Radisic, M., Park, H., Shing, H., Consi, T., Schoen, F. J., Langer, R., et al. (2004). Functional assembly of engineered myocardium by electrical stimulation of cardiac myocytes cultured on scaffolds. Proc. Natl. Acad. Sci. U.S.A. 101, 18129–18134. doi:10.1073/pnas.0407817101
 Ramanaviciene, A., Kausaite, A., Tautkus, S., and Ramanavicius, A. (2007). Biocompatibility of polypyrrole particles: an in-vivo study in mice. J. Pharm. Pharmacol. 59, 311–315. doi:10.1211/jpp.59.2.0017
 Rao, C. R., Muthukannan, R., Jebin, J. A., Raj, T. A., and Vijayan, M. (2013). Synthesis and properties of polypyrrole obtained from a new Fe (III) complex as oxidizing agentIndian J. Chem. 52, 744–748.
 Ribeiro, C., Correia, D. M., Ribeiro, S., Sencadas, V., Botelho, G., and Lanceros‐Méndez, S. (2015). Piezoelectric poly(vinylidene fluoride) microstructure and poling state in active tissue engineering. Eng. Life Sci. 15, 351–356. doi:10.1002/elsc.201400144
 Robinson, C. J., and Stammers, R. (1994). An in vitro bioassay for nerve growth factor based on 24-hour survival of PC-12 cells. Growth Factors 10, 193–196. doi:10.3109/08977199409000237
 Rosenberg, M. B., Hawrot, E., and Breakefield, X. O. (1986). Receptor binding activities of biotinylated derivatives of beta-nerve growth factor. J. Neurochem. 46, 641–648. doi:10.1111/j.1471-4159.1986.tb13015.x
 Ryu, W., Huang, Z., Prinz, F. B., Goodman, S. B., and Fasching, R. (2007). Biodegradable micro-osmotic pump for long-term and controlled release of basic fibroblast growth factor. J. Contr. Release 124, 98–105. doi:10.1016/j.jconrel.2007.08.024
 Sajesh, K., Jayakumar, R., Nair, S. V., and Chennazhi, K. P. (2013). Biocompatible conducting chitosan/polypyrrole-alginate composite scaffold for bone tissue engineering. Int. J. Biol. Macromol. 62, 465–471. doi:10.1016/j.ijbiomac.2013.09.028
 Sakuma, K., and Yamaguchi, A. (2011). The recent understanding of the neurotrophic's role in skeletal muscle adaptation. J. Biomed. Biotechnol. , 2011, 201696. doi:10.1155/2011/201696
 Sheffler, L. R., and Chae, J. (2007). Neuromuscular electrical stimulation in neurorehabilitation. Muscle Nerve 35, 562–590. doi:10.1002/mus.20758
 Shi, Z., Mao, L., Ullah, M. W., Li, S., Wang, L., Hu, S., et al. (2018). Electroconductive bioscaffolds for 2D and 3D cell culture. Bioinspired Mater. Sci. Eng. 12, 133.
 Shrestha, S., Shrestha, B. K., Kim, J. I., Won Ko, S., Park, C. H., and Kim, C. S. (2018). Electrodeless coating polypyrrole on chitosan grafted polyurethane with functionalized multiwall carbon nanotubes electrospun scaffold for nerve tissue engineering. Carbon 136, 430–443. doi:10.1016/j.carbon.2018.04.064
 Slack, J., Hopkins, W., and Pockett, S. (1983). Evidence for a motor nerve growth factor. Muscle Nerve 6, 243–252. doi:10.1002/mus.880060402
 Song, F., Jie, W., Zhang, T., Li, W., Jiang, Y., Wan, L., et al. (2016). Room-temperature fabrication of a three-dimensional reduced-graphene oxide/polypyrrole/hydroxyapatite composite scaffold for bone tissue engineering. RSC Adv. 6, 92804–92812. doi:10.1039/c6ra15267h
 Spearman, B. S., Hodge, A. J., Porter, J. L., Hardy, J. G., Davis, Z. D., Xu, T., et al. (2015). Conductive interpenetrating networks of polypyrrole and polycaprolactone encourage electrophysiological development of cardiac cells. Acta Biomater. 28, 109–120. doi:10.1016/j.actbio.2015.09.025
 Stewart, E., Kobayashi, N. R., Higgins, M. J., Quigley, A. F., Jamali, S., Moulton, S. E., et al. (2015). Electrical stimulation using conductive polymer polypyrrole promotes differentiation of human neural stem cells: a biocompatible platform for translational neural tissue engineering. Tissue Eng. C Methods 21, 385–393. doi:10.1089/ten.TEC.2014.0338
 Tada, K., Satake, K., and Onoda, M. (2002). In SituPolymerization of polypyrrole in alcohols: controlling deposition rate and electrical conductivity. Jpn. J. Appl. Phys. 41, 6586. doi:10.1143/jjap.41.6586
 Thunberg, J., Kalogeropoulos, T., Kuzmenko, V., Hägg, D., Johannesson, S., Westman, G., et al. (2015). In situ synthesis of conductive polypyrrole on electrospun cellulose nanofibers: scaffold for neural tissue engineering. Cellulose 22, 1459–1467. doi:10.1007/s10570-015-0591-5
 Torres-Rodríguez, L. M., Billon, M., Roget, A., and Bidan, G. (1999). A polypyrrole-biotin based biosensor: elaboration and characterization. Synth. Met. 102, 1328–1329. doi:10.1016/s0379-6779(98)01053-4
 Varesano, A., Belluati, A., Sanchez Ramirez, D. O., Carletto, R. A., Vineis, C., Tonetti, C., et al. (2016). A systematic study on the effects of doping agents on polypyrrole coating of fabrics. J. Appl. Polym. Sci. 133. doi:10.1002/app.42831
 Vianney, J. M., Miller, D. A., and Spitsbergen, J. M. (2014). Effects of acetylcholine and electrical stimulation on glial cell line-derived neurotrophic factor production in skeletal muscle cells. Brain Res. 1588, 47–54. doi:10.1016/j.brainres.2014.09.024
 Vo, T. N., Kasper, F. K., and Mikos, A. G. (2012). Strategies for controlled delivery of growth factors and cells for bone regeneration. Adv. Drug Deliv. Rev. 64, 1292–1309. doi:10.1016/j.addr.2012.01.016
 Wu, H., Xiong, W. C., and Mei, L. (2010). To build a synapse: signaling pathways in neuromuscular junction assembly. Development 137, 1017–1033. doi:10.1242/dev.038711
 Xie, C., Li, P., Han, L., Wang, Z., Zhou, T., Deng, W., et al. (2017). Electroresponsive and cell-affinitive polydopamine/polypyrrole composite microcapsules with a dual-function of on-demand drug delivery and cell stimulation for electrical therapy. NPG Asia Mater. 9, e358. doi:10.1038/am.2017.16
 Xie, J., Pan, W., Guo, Z., Jiao, S. S., and Ping Yang, L. (2019). In situ polymerization of polypyrrole on cotton fabrics as flexible electrothermal materials. J. Eng. Fibers Fabr. 14, 1558925019827447. doi:10.1177/1558925019827447
 Yee, W. A., Kotaki, M., Liu, Y., and Lu, X. (2007). Morphology, polymorphism behavior and molecular orientation of electrospun poly(vinylidene fluoride) fibers. Polymer 48, 512–521. doi:10.1016/j.polymer.2006.11.036
 Zeng, J., Huang, Z., Yin, G., Qin, J., Chen, X., and Gu, J. (2013). Fabrication of conductive NGF-conjugated polypyrrole-poly(l-lactic acid) fibers and their effect on neurite outgrowth. Colloids Surf. B Biointerfaces 110, 450–457. doi:10.1016/j.colsurfb.2013.05.012
 Zhang, X., and Manohar, S. K. (2004). Bulk synthesis of polypyrrole nanofibers by a seeding approach. J. Am. Chem. Soc. 126, 12714–12715. doi:10.1021/ja046359v
 Zhu, W., and Masood, F., O'Brien O'Brien,, J., and Zhang, L. G. (2015). Highly aligned nanocomposite scaffolds by electrospinning and electrospraying for neural tissue engineering. Nanomedicine 11, 693–704. doi:10.1016/j.nano.2014.12.001
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2021 Miar, Ong, Bizios and Guda. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/inline_2.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Electrically Stimulated Tunable Drug Delivery From Polypyrrole-Coated Polyvinylidene Fluoride		Introduction

		Material and Methods		Synthesis of PPy-Coated PVDF-Electrospun Fibers

		Morphology of PPy-Coated PVDF-Electrospun Fibers

		Wettability of PPy-Coated PVDF-Electrospun Fibers

		Composition Characterization of PPy-Coated, PVDF Electrospun Fibers

		Tensile Elastic Properties

		Microindentation

		Characterization of Electrical Conductivity

		Biotin Incorporation and Stability in the PPy Coating on PVDF Fibers

		Voltage-Sensitive Release of Drug Carrier From PPy-Coated PVDF-Electrospun Fibers

		Voltage-Induced Growth Factor Release From PPy-Coated PVDF-Electrospun Fibers

		Bioactivity of Released Growth Factors From PPy-Coated PVDF-Electrospun Fibers

		Statistical Analyses





		Results		Morphology of PPy-Coated PVDF-Electrospun Fibers

		Material Characterization of PPy-Coated PVDF-Electrospun Fibers

		Biotin Incorporation and Stability in the PPy Coating

		Conductivity and Voltage-Sensitive Release

		Growth Factor Release and Bioactivity





		Discussion

		Conclusion

		Data Availability Statement

		Author Contributions

		Funding

		Supplementary Material

		References









OPS/images/inline_1.gif
fB) = i





OPS/images/fchem-09-599631-g011.gif
ST






OPS/images/fchem-09-599631-g010.gif









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Materials





OPS/images/fchem-09-599631-g005.gif





OPS/images/fchem-09-599631-g006.gif





OPS/images/fchem-09-599631-g003.gif
Oviontation Depeee)

%0 % % 0 o0 W

s g e ©
o () woaaes hannois

0

Onertaton (Degrees)

90 %0 % 0 1 &

PR
2 TR ket ey





OPS/images/fchem-09-599631-g004.gif





OPS/images/fchem-09-599631-g009.gif
®

e
5
!
-

70

5 10
‘Stimulation Period (minute)

15






OPS/images/fchem-09-599631-g007.gif
Fluorescence Area/Fiber

Area (%)
Y

Day0  Day7  Day14
Duration of Stability Test (Days)






OPS/images/fchem-09-599631-g008.gif





OPS/images/cover.jpg
* frontiers
in Chemistry

Electrically Stimulated Tunable
Drug Delivery From Polypyrrole-
Coated Polyvinylidene Fluoride





OPS/images/fchem-09-599631-g001.gif





OPS/images/fchem-09-599631-g002.gif





