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Abstract

:

Tympanic membrane (TM) perforations, primarily induced by middle ear infections, the introduction of foreign objects into the ear, and acoustic trauma, lead to hearing abnormalities and ear infections. We describe the design and fabrication of a novel composite patch containing photocrosslinkable gelatin methacryloyl (GelMA) and keratin methacryloyl (KerMA) hydrogels. GelMA-KerMA patches containing conical microneedles in their design were developed using the digital light processing (DLP) 3D printing approach. Following this, the patches were biofunctionalized by applying a coaxial coating with PVA nanoparticles loaded with gentamicin (GEN) and fibroblast growth factor (FGF-2) with the Electrohydrodynamic Atomization (EHDA) method. The developed nanoparticle-coated 3D-printed patches were evaluated in terms of their chemical, morphological, mechanical, swelling, and degradation behavior. In addition, the GEN and FGF-2 release profiles, antimicrobial properties, and biocompatibility of the patches were examined in vitro. The morphological assessment verified the successful fabrication and nanoparticle coating of the 3D-printed GelMA-KerMA patches. The outcomes of antibacterial tests demonstrated that GEN@PVA/GelMA-KerMA patches exhibited substantial antibacterial efficacy against Staphylococcus aureus, Pseudomonas aeruginosa, and Escherichia coli. Furthermore, cell culture studies revealed that GelMA-KerMA patches were biocompatible with human adipose-derived mesenchymal stem cells (hADMSC) and supported cell attachment and proliferation without any cytotoxicity. These findings indicated that biofunctional 3D-printed GelMA-KerMA patches have the potential to be a promising therapeutic approach for addressing TM perforations.
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1. Introduction


The tympanic membrane (TM), also referred to as the eardrum, is a tissue that is concave, thin (~0.1 mm thick), and positioned at the end of the ear canal, which separates the middle ear compartment from the outer ear [1]. The essential role of the TM is to convey sound waves as vibrations to the inner ear through ossicular chains, as well as to protect the middle ear [2]. The leading causes of TM perforations are middle ear infections, acoustic trauma, and foreign body insertion into the ear, resulting in hearing loss and infection in the human ear due to the loss of the vibrating surface and the loss of the protective barrier’s functionality, respectively [1,3]. Most acute perforations have the potential to heal spontaneously without an external stimulus, and can heal within a week to a month [4]. When perforations do not heal naturally and persist for more than three months, they are classified as chronic. Surgical intervention (myringoplasty or tympanoplasty) is necessary to repair chronic perforations [2,5]. Typically, absorbable scaffold materials like rice paper, fat, or Gelfoam are used in performing a myringoplasty, which is a surgical procedure for small central perforations [6]. In the case of an unsuccessful myringoplasty or large chronic perforations, tympanoplasty using autologous grafts (fascia or perichondrium) is usually carried out in an operating room [7]. Despite surgical procedures being the best treatment for the current condition, they have drawbacks, such as the necessity for general anesthesia, the requirement for the surgeon to have special microsurgical skills, and the high cost of the surgery [6,8]. In addition, re-perforations or failures may necessitate multiple surgeries, leading to donor site morbidity and limited access to autologous graft materials [6,9]. To address the shortcomings of surgical treatment and accelerate the recovery process for chronic TM perforations, it is necessary to develop novel therapies that utilize TM scaffolds that exhibit functional material properties and 3D geometries.



Tissue engineering is an emerging interdisciplinary area that has the potential to overcome the drawbacks and constraints associated with existing surgical methods in TM perforations. It encompasses the use of cells, biomaterial scaffolds, signaling molecules, and growth factors to reinstate the structure and functionality of the TM [4,10]. Three-dimensional printing technology is considered an attractive method for producing 3D tissues and organs, making it a promising technique for tissue engineering applications [11]. It provides key advantages, such as precisely controllable geometry and porosity, the fabrication of complex structures, low cost, and high reproducibility [12,13]. Extrusion-based and laser-based techniques are extensively utilized among the various 3D printing methods; however, extrusion-based printing has drawbacks such as restricted printing speeds, imperfect structure, and limited printing resolution which are associated with the small nozzle diameter [14,15]. To overcome these challenges, digital light processing (DLP)-based 3D printing employs ultraviolet (UV) light through a projector to cure the photopolymer layer by layer in accordance with computer-aided design (CAD). Using a projector allows each full layer to be cured in one go, resulting in faster print times [16]. Thus, DLP allows complex structures to be produced with a higher printing speed, resolution, and cell viability than other 3D printing approaches [17].



Criteria such as printability, biocompatibility, and mechanical properties should be considered when selecting the appropriate biomaterial ink for DLP printing [18]. At present, the large number of inks utilized in light-based 3D bioprinting includes photoreactive biomaterials that undergo crosslinking and transform into hydrogels through free-radical polymerization, which is triggered by light initiation [17]. Photoreactive biomaterials including silk fibroin methacrylate (SilMA) [18], hyaluronic acid methacrylate (HAMA) [19], and poly (ethylene glycol) diacrylate (PEGDA) [20] are extensively employed; gelatin methacryloyl (GelMA) is the most prevalent ink choice used for light-based 3D bioprinting [21]. GelMA formed by the grafting of methacrylic anhydride onto the amine-containing side groups of gelatin exhibits excellent photocurability and can be crosslinked by exposure to UV in the presence of photoinitiators [22]. This material exhibits an outstanding biocompatibility, good biodegradability, low antigenicity, and tunable physical properties [23]. Also, the potential of incorporating cell-supporting moieties such as Arg-Gly-Asp (RGD) makes GelMA an ideal platform for cell growth [24]. Nevertheless, the limited mechanical properties of GelMA hydrogel significantly restrict its potential applications in microscale construction [25]. The 3D scaffold of GelMA with enhanced mechanical properties and extra properties for tissue engineering (e.g., better formability, biocompatibility) can be formed by crosslinking the functional groups of GelMA with other polymers, small organic molecules, and inorganic particles [26].



Keratin is a structural protein with a fibrous morphology that is found in hair, nails, feathers, horns, hooves, wool, and epithelial coverings [27]. It exhibits a high amount of sulfur-containing groups because of the presence of cysteine-rich proteins, which form a characteristic fibrous structure through disulfide bonds; this material is associated with good mechanical properties and stability [28]. It also comprises cell-binding motifs, including glutamic acid-aspartic acid-serine (EDS), leucine-aspartic acid-valine (LVD), and arginine-glycine-aspartic acid (RGD), which encourage cell attachment and cell proliferation [29]. Due to its good biocompatibility and biodegradability, there is increasing interest in the use of keratin hydrogels in tissue engineering scaffolds [30,31]. Scaffolds with high mechanical properties and biocompatibility for TM perforations can be obtained by crosslinking GelMA and methacrylated keratin (KerMA).



Growth factors are naturally existing biomolecules that play a role in stimulating cellular growth and accelerating wound healing. Recent studies have indicated that growth factors possess the ability to promote the recovery of the perforated TM. FGF-2 (fibroblast growth factor-2) is one of the most commonly used growth factors in the repair of TM perforation [2,4]. The closure of traumatic TM perforation using FGF-2 has demonstrated a notable success rate among patients [32]. Moreover, various studies in humans have indicated that combining FGF-2 with different scaffold materials results in a more rapid and improved recovery rate [33,34]. Hence, incorporating growth factors into the scaffold can enhance the ability of TM perforations to heal.



Polymeric micro/nanoparticles have been extensively investigated as biodegradable vehicles for the controlled administration and sustained release of several types of therapeutic agents, such as drugs, genes, and proteins [35]. Specifically, poly (vinyl alcohol) (PVA) is an FDA-approved, water-soluble, and non-toxic biodegradable polymer; several drugs have been encapsulated in PVA particles [36]. The use of antibiotic nanoparticle compositions provides several benefits, including targeted drug delivery, simplified dosage regimes for prolonged antibiotic release, and masking of the encapsulated drug by reducing the risk of systemic toxicity [37,38]. Gentamicin (GEN), an aminoglycoside antibiotic agent that is recognized for its wide range of antibacterial activities, prevents the synthesis of bacterial proteins by attaching to the 30S subunit sections of the bacterial ribosome [39]. It is the favored antibiotic for addressing bacterial infections that are associated with microorganisms, including Pseudomonas aeruginosa, Escherichia coli, and Staphylococcus aureus [40]. Utilizing nanoparticles to deliver GEN can be an efficient strategy for a drug delivery system which can reduce the side effects of the drug and potentially extend its activity [41].



Electrohydrodynamic atomization (EHDA), also known as the electrospray process, has emerged as a promising technology for preparing polymeric micro/nanoparticles for drug delivery [42]. In an electrospray process, an electric field that is applied to a charged liquid droplet exiting the capillary can serve to deform the interface, which generates a Taylor cone. The electrostatic force produced by the application of a high voltage helps to overcome the surface tension of the droplet by sputtering the particles. Eventually, the solvent evaporates and the solid micro/nanoparticles can be collected [43]. The desired particle shape and particle size can be obtained by regulating the flow velocity, voltage, solution concentration, and electrical conductivity [44]. Moreover, this method offers benefits such as one-step processing, high reproducibility, and high efficiency [45]. In addition, coaxial electrospray, an advanced technology to create core-shell particles, sprays outer and inner solutions simultaneously from two separate feed channels into a coaxial nozzle [46].



Here, we report the design and production of an innovative composite patch using photocrosslinkable GelMA and KerMA hydrogels to present a new tissue engineering approach for TM perforations. The edges of the GelMA-KerMA patches, designed in a circle, are equipped with conical microneedles for better attachment to the perforation area. First, 3D-printed GelMA-KerMA patches equipped with microneedles were obtained using the DLP 3D printing method. Later, the patches gained biofunctionality by coaxially coating with GEN and FGF-2-loaded PVA nanoparticles using the EHDA method (Figure 1). As far as we know, this study is the first instance in the literature to use the combination of both GelMA and KerMA. In addition, coating the surface of GelMA-KerMA patches with coaxial nanoparticles is another novelty of this study. The physicochemical and mechanical properties of the nanoparticle-coated GelMA-KerMA patches were characterized, including their morphology, a mechanical analysis, and their swelling and degradation capabilities, as well as their drug release profiles. After that, the antimicrobial properties and biocompatibility of the patches were evaluated in vitro. These custom-designed innovative 3D-printed patches can present a hopeful strategy for tissue engineering of TM perforations.




2. Materials and Methods


2.1. Materials


Gelatin (Type A, gel strength ~300 g Bloom), methacrylic anhydride (MAA), lithium phenyl-2,4,6-trimethyl-benzoyl phosphinate (LAP), polyvinyl alcohol (PVA, Mw = 130.000 g/mol), gentamicin sulfate, FGF-2 human, glutaraldehyde solution (GA, 50 wt%. Mw = 100.12 g/mol), and dialysis membrane (average flat width 43 mm, cut-off value 14 kDa) were acquired from Sigma–Aldrich (Sigma–Aldrich, Darmstadt, Germany). An FGF-2 ELISA kit was purchased from BT LAB (BT LAB, Jiaxing, China). Sodium hydroxide, sodium carbonate, and fuming hydrochloric acid 37% were acquired from Merck KGaA (Merck KGaA, Darmstadt, Germany). Sodium hydrogen carbonate (>99.7%) was acquired from ISOLAB (ISOLAB, Eschau, Germany). Phosphate-buffered saline (PBS, pH 7.4) and tris buffer (pH 7.6) were obtained from ChemBio (ChemBio, Istanbul, Turkey). Sheep wool was obtained from Kazlıcesme R&D Centre and Test Laboratory (Kazlıcesme R&D Centre and Test Laboratory, Istanbul, Turkey). Urea (extrapure) was purchased from Tekkim Kimya (Tekkim Kimya, Bursa, Turkey). l-cysteine was obtained from Biosynth (Biosynth Ltd., Compton, UK).




2.2. Synthesis and Characterization of Gelatin Methacryloyl (GelMA)


The GelMA synthesis method has been discussed in detail previously [24]. In short, 10% (w/v) gelatin solution of type A porcine skin was dissolved in 0.1 M carbonate bicarbonate buffer system (5.86 g sodium bicarbonate and 3.18 g sodium carbonate in 1 L of distilled water, pH 9) at 60 °C under vigorous stirring. Then, 0.1 mL of methacrylic anhydride (MAA) per gram of gelatin was split into six equal volumes and added in a dropwise manner to the solution under vigorous stirring every 30 min for 3 h at 50 °C and pH was readjusted to a value of 9–9.5 following each addition. Next, the reaction was terminated via adjustment of the pH value to 7.4. Following this, the solution was dialyzed against distilled water at 40 °C for 5 days using a 14 kDa molecular-weight-cutoff (MWCO) membrane in order to remove unreacted MAA and methacrylic acid byproducts. Finally, the resulting solution was lyophilized in a freeze-dryer for 3 days and stored at 4 °C for further use.



1H NMR spectroscopy (Bruker Avance III 600 MHz, Bremen, Germany) was conducted to investigate the functionalizing gelatin with methacryloyl groups. Gelatin and GelMA samples were separately dissolved in D2O at 10 mg/L. 1H NMR spectra were acquired at room temperature at a frequency of 600 MHz.




2.3. Extraction of Keratin from Wool


The process of extracting keratin from sheep wool was conducted with modifications based on the studies of Wang et al. [47] and He et al. [48]. Firstly, any large impurities in the wool were removed manually; next, it was washed with detergent and rinsed with deionized water. After overnight drying, 100 g of the rinsed wool was immersed in a 1:1 mixture of acetone/ethanol (1 L) for 24 h. Subsequently, it was thoroughly rinsed with deionized water and then dried in an oven at 60 °C for one night. Prior to extraction, the pieces of wool were cut into several millimeters in length, and 10 g of wool was weighed and slowly added to a solution prepared with 8 M urea and 0.165 M l-cysteine in 5 M NaOH at pH 10.5, previously heated to 60 C. After the last piece of wool was added, the temperature was raised to 75 °C, and the extraction was allowed to proceed under stirring for at least 5 h. After the reaction, the mixture was first filtered through a muslin cloth using vacuum filtration. Then, it was passed through a general-purpose filter paper and finally through a fast qualitative filter paper (MN 617, Macherey-Nagel, Allentown, PA, USA). The filtered extract was transferred to a dialysis membrane and dialyzed against deionized water, changing the water four times a day for a minimum of three days. After dialysis, the keratin solution was frozen at −20 °C for 24 h and subsequently at −80 °C for another 24 h before being lyophilized (−58 °C, <0.1 mbar) to obtain keratin powder.




2.4. Synthesis and Characterization of Keratin Methacryloyl (KerMA)


Methacrylic anhydride was used for the modification of keratin by introducing methacryloyl functional groups. First, keratin 5% (w/v) was dissolved in a slightly warmed 0.25 M bicarbonate buffer (pH 9.0 at 50 °C). After reaching a temperature of 50 °C, methacrylic anhydride was added in a dropwise manner to the solution; the reaction was allowed to continue for 3 h. The pH value of the solution was monitored at the beginning, middle, and end of the reaction. After adjusting the pH of the solution to 7.0 to stop the reaction, the resulting solution was dialyzed against deionized water, changing the water four times a day for at least 5 days using dialysis membranes (with MWCO 12–14 kDa). Following dialysis, the functionalized keratin solution was frozen at −20 °C for one day and at −80 °C for another day, then lyophilized (at −58 °C, <0.1 mbar) for 3 days to obtain a dry powder. The lyophilized keratin with methacrylate was stored at −20 °C until use.



The functionalization of keratin with methacryloyl groups was confirmed using 1H NMR spectroscopy (Bruker Avance III 600 MHz, Bremen, Germany). Keratin and KerMA samples were separately dissolved in D2O at 10 mg/mL. 1H NMR spectra were acquired at a frequency of 600 MHz at room temperature.




2.5. Preparation of GelMA-KerMA Composite Ink


To prepare GelMA-KerMA composite ink, GelMA and KerMA solutions with mass fractions of 32/8% (w/v) were prepared by dissolving in PBS (pH 7.4) under constant stirring at 40 °C. The photoinitiator LAP was added to the composite ink at a concentration of 0.25% (w/v) for 10 min. Later, the obtained ink was cooled to room temperature and subsequently transferred to the vat of the DLP printer for 3D printing.




2.6. Design and Fabrication of 3D-Printed GelMA-KerMA Patches


The patches of GelMA-KerMA composite ink were processed using a 3D printer (Phrozen Sonic Mini 8K, Phrozen Tech Co., Ltd., Hsinchu, Taiwan). First, the patch model was constructed using computer-aided design (CAD) software in the form of the SolidWorks 2020 SP05 (Dassault Systèmes SE, Vélizy-Villacoublay, France) program. GelMA-KerMA composite patches were designed with a diameter of 10 mm and a height of 100 µm; the edges of the patches contained conical microneedles with a height of 200 µm. Next, CAD files of the patches were converted to the .stl file format and then sliced using the software of the 3D printer, Chitubox (Shenzhen Chuangbide Technology Co., Ltd., Shenzhen, China). The slices were solidified using the 3D printer in order to create the designed patches. Patches were printed with a 20 μm layer thickness and 90 s exposure time by controlling the following other printing parameters: light intensity of 12 mW/cm2 and light wavelength of 405 nm. After printing, 3D printed patches were dried in the dark for 24 h at room temperature and stored in a dehumidified container for further use.




2.7. Nanoparticle Coating of GelMA-KerMA Patches by Coaxial Electrospray Method


In this study, core–shell nanoparticles were produced by the coaxial electrospray method. A laboratory-scale electrospraying device (Inovenso, Istanbul, Turkey) was used to perform coaxial electrospraying. The electrospray system consists of two syringe pumps, a stainless-steel nozzle containing a coaxial needle, a high-voltage DC power supply, and a collector. The coaxial needle included a 22-gauge inner needle and an 18-gauge outer needle.



GEN-loaded PVA was prepared as the shell solution, and FGF-2-loaded PVA was prepared as the core solution for the coaxial electrospraying process. Briefly, 1% (w/v) PVA was prepared in distilled water/ethanol mixture with a ratio of 9:1 (v/v) for 1 h at 95 °C and 0.2% (w/v) GEN was added to the PVA solution under constant stirring. To prepare the core solution, 100 ng/mL of FGF-2 was added to the 1% (w/v) PVA solution and vortexed. Next, FGF-2@PVA (core) and GEN@PVA (shell) solutions were fed into two 10 mL plastic syringes that were attached to the coaxial needle. Two pumps were applied to deliver the GEN@PVA and FGF-2@PVA solutions through a coaxial system. FGF-2@PVA solution was sprayed at a flow rate of 0.1–0.2 mL/h and GEN@PVA at a flow rate of 0.2–0.3 mL/h. The applied voltage was set to 21–25 kV; the distance between the collector and the needle tip was 15 cm. Later, 3D-printed GelMA-KerMA patches were placed on the collector and coated with GEN@PVA and FGF-2@PVA nanoparticles as single axial and coaxial for 3 h. All electrospraying processes were carried out under ambient conditions. Finally, the nanoparticle-coated patches were placed in a desiccator with glutaraldehyde solution and crosslinked with glutaraldehyde vapor in an oven at 40 °C for 1 h before characterizations were performed. Details of the electrosprayed samples are listed in Table 1.




2.8. Fourier Transform Infrared Spectroscopy (FTIR)


A Fourier-transform infrared spectroscopy instrument (FTIR, FT/IR-ATR 4700, Jasco, Easton, MD, USA) was utilized to analyze the chemical structure of GelMA, KerMA, blank GelMA-KerMA, and nanoparticle-coated GelMA-KerMA patches. FTIR spectra were obtained in the scanning range of 4000–400 cm−1; the spectra were acquired with a resolution of 4 cm−1.




2.9. Morphological Properties of GelMA-KerMA Patches


The shape, dimensions, and morphology of blank GelMA-KerMA and nanoparticle-coated GelMA-KerMA patches were examined with a scanning electron microscope (SEM) (EVA MA 10, Zeiss, Jena, Germany). Before imaging, gold coating was performed on all patches with a sputter coating machine (Quorum SC7620, ABD). The average particle diameter of the nanoparticles on the patches was calculated with Image J 1.53v software (National Institutes of Health, Bethesda, MD, USA). At least 100 particles from SEM images were used to measure diameters.




2.10. Mechanical Characteristics of GelMA-KerMA Hydrogels


The mechanical properties of the fresh hydrogels of blank GelMA-KerMA and nanoparticle-coated GelMA-KerMA were assessed using a compression testing machine equipped with a 5 kN load cell (EZ-LX, Shimadzu, Kyoto, Japan). For compression analyses, cylindrical hydrogels with dimensions of 6 mm in height and 8 mm in diameter were fabricated. Compression tests were executed to a maximum strain of 60% at a rate of 1 mm/min. The compressive modulus was determined as the slope of the linear region (0–20%) of the stress–strain curve.




2.11. Swelling and Degradation Analysis for GelMA-KerMA Patches


To characterize the swelling and degradation properties of blank GelMA-KerMA and nanoparticle-coated GelMA-KerMA patches, the patches were studied in PBS (pH 7.4) at 37 °C at certain time intervals. For the swelling analysis, the dried samples were immersed in PBS for 5.5 h at specific time intervals (5, 10, 20, 40, 60, 90, 150, 210, and 330 min). The swelling ratio of the patches was calculated with the following Equation (1):


  S =   W w −  W d     W d    × 100  



(1)







In this equation,  S  is the swelling ratio, Wd is the weight of the patches before immersion in PBS, and Ww is the weight of the patches after water uptake for specific time intervals. All experiments were performed in triplicate.



It is crucial to model the swelling kinetics of hydrogels in order to comprehend the nature and rate of water diffusion into the hydrogel as well as the forces that influence the swelling of the hydrogel. Fick’s laws are the most frequently utilized relationships for representing the swelling kinetics of hydrogels. Equation (2) is an application of Fick’s law specifically for reticulated, swellable polymers [49,50].


     W w     W e    = k  t n   



(2)







In this equation,    W e    is the weight of hydrogels at equilibrium, k is a specific rate constant, and n is the exponent characteristic associated with the mode of transport of the solute. For a value of n = 0.5, the solute diffuses through the polymer and is released using a quasi-Fickian diffusion mechanism, even if the polymer undergoes dynamic swelling and the associated macromolecular relaxations. Non-Fickian solute diffusion is observed at values of n > 0.5. The unique scenario where n = 1 has garnered interest due to the possible applications of this solute transport phenomenon in zeroth-order release and swelling-controlled systems of bioactive substances. This method of solute transportation can be referred to as pseudo-case-II solute transportation. To model the swelling behavior of the hydrogels, the extension of the above Fick’s law (see Equation (3) [49,51] is integrated to yield the simplified Equation (4).


    d S  ( t )    d t   =  k s ′       (   S e  − S  ( t )   )   n   



(3)






  S  ( t )  =  S e  −  k s     t  − m    



(4)







In this equation,    S e    is swelling at equilibrium,    k s ′    and    k s    are rate constants, and  n  and  m  are exponents. In this study, MATLAB R2023a is utilized to obtain the model coefficients    S e   ,    k s   , and  m , which are also meaningful as they contain direct information about the kinetics.    S e    is related to the maximum swelling of the hydrogels, while    k s    and  m  directly inform us about the kinetics. Lower    k s    and higher  m  values indicate a faster attainment of equilibrium.



To validate the obtained models, correlation coefficient (R2) and root mean square error (RMSE) values are utilized, as given in Equations (5) and (6) [52,53]. The R2 value shows how well the model is correlated with the data, and the root mean square error (RMSE) value quantifies the average discrepancy between the predictions generated by a model and the actual values, providing an assessment of the ability of the model to accurately estimate the target value.


   R 2  = 1 −  [      ∑   i = 1  m     (   y i  −   y ^  i   )   2      ∑   i = 1  m     (   y i  −   y ¯  i   )   2     ]   



(5)






  R M S E =       ∑   i = 1  m     (   y i  −   y ^  i   )   2   m     



(6)







The degradation performance of the patches was determined for 5 days by weighing the samples at specific time points (3, 6, 9, 15, 24, 48, 72, and 120 h). The samples were immersed in PBS, taken out at a certain time, dried, and weighed. The degradation rate of the patches was calculated according to Equation (7):


  D R =    W d  −  W t     W d    × 100  



(7)







In this equation,   D R   is the degradation rate, Wd is the weight of the patches before immersion in PBS, and Wt is the dry weight of the patches after a specific incubation time. All measurements were performed in triplicate.




2.12. In Vitro GEN Release Study


In vitro release profiles of GEN from GEN@PVA/GelMA-KerMA patches were performed in PBS (pH 7.4). The linear calibration curve of GEN at different concentrations (0.2, 0.4, 0.6, 0.8, and 1 µg/mL) was determined over the wavelength range of 190–400 nm. GEN@PVA/GelMA-KerMA patches were incubated in 1 mL of PBS (pH 7.4) in a thermal shaker (BIOSAN TS-100, Riga, Latvia) at 37 °C. UV–Vis spectroscopy (Jenway 7315, Bibby Scientific, Staffordshire, UK) was utilized to detect the released amounts of GEN by measuring the absorbance value at 195 nm. After each measurement at predetermined time points (0.25, 0.5, 1, 2, 3, 4, 6, 8, 12, 24, 48, 72, and 96 h), 1 mL of PBS was swapped for a fresh one.




2.13. In Vitro FGF-2 Release Study


To evaluate the in vitro release profile of FGF-2, FGF-2@PVA/GelMA-KerMA patches were incubated in PBS (pH 7.4) on an orbital shaker at 37 °C. At predetermined time points (15, 30 min; 1, 3, 6, 12 h; 1, 2, and 4 days), 500 µL of the release solution from each sample was collected; 500 µL of fresh PBS was then added. The collected solutions were stored at −20 °C until they were used. The FGF-2 levels in the collected solutions were quantified by the FGF-2 ELISA kit according to the manufacturer’s instructions.




2.14. GEN Release Kinetics


The mechanism of drug release kinetics from the GEN@PVA/GelMA-KerMA patches was investigated using the five most commonly utilized mathematical kinetic models: the Korsmeyer–Peppas model, the zero-order model, the first-order model, the Higuchi model, and the Hixson–Crowell model. The equations of the Korsmeyer–Peppas model, zero-order model, first-order model, Higuchi model, and Hixson–Crowell model were presented as follows, respectively.


Q = Ktn



(8)






Q = K0t



(9)






In (1 − Q) = −K1t



(10)






Q = Kht1/2



(11)






Q1/3 = Khct



(12)







In these mathematical equations, the kinetic constants are K0, K1, K, Kh, and Khc; Q is the fractional amount of drug release at time t. In addition, n is the diffusion exponent that is indicative of the drug release mechanism.




2.15. In Vitro Antimicrobial Activity


The antibacterial efficacy of GelMA-KerMA and GEN@PVA/GelMA-KerMA patches was assessed against S. aureus ATCC 25923 and P. aeruginosa 27853 and E. coli ATCC 25922 strains using the disc diffusion method recommended by the Clinical Laboratory Standards Institute (CLSI). Overnight cultures of S. aureus ATCC 25923, P. aeruginosa 27853, and E. coli ATCC 25922 were spread onto Mueller–Hinton Agar plates. Subsequently, the prepared 8 mm discs were positioned on the agar plates; the discs were incubated at 37 °C for 24 h. The inhibition zones surrounding the discs were then measured using a ruler to determine the extent of antibacterial activity.




2.16. Cell Culture Studies


2.16.1. Cell Viability


The growth of human adipose-derived mesenchymal stem cells (hADMSC) was tested on the produced GelMA-KerMA patches for 1, 3, and 7 days. GelMA-KerMA, GEN@PVA/GelMA-KerMA, FGF-2@PVA/GelMA-KerMA, and FGF-2@GEN@PVA/GelMA-KerMA patches were placed into a 96 well-plate and then subjected to 20 min of UV radiation for sterilization. The cells (hADMSCs) were seeded on 96 well plates at a seeding density of 1 × 104 cells/mL in DMEM containing 10% fetal bovine serum and 0.1 mg/mL penicillin/streptomycin; the cells were then placed in a humidified incubator at 37 °C with 5% CO2. To establish a baseline for assessing cell culture functionality, a standard tissue culture polystyrene (TCPS) plate was employed as the control. The MTT (3-(4, 5-dimethylthiazolyl-2)-2, 5-diphenyltetrazolium bromide) cell proliferation assay was utilized to investigate cytotoxicity at a given time point. The test was performed according to the protocol that was provided by the manufacturer; the absorbance values were measured at 570 nm wavelength (690 nm as reference value) using an ELISA plate reader (Enspire, Perkin Elmer, Waltham, MA, USA). The samples for the assay were studied in triplicate.




2.16.2. Fluorescence Microscopy Analyses


To evaluate the attachment of hDMSCs on GelMA-KerMA patches, DAPI staining was undertaken on day 7 of culture. First, the growth medium was discarded, and patches were rinsed three times with 100 μL of pre-warmed PBS. After that, the cells were fixed with 4% formaldehyde (Sigma–Aldrich, Darmstadt, Germany) at room temperature (RT) for 30 min, rinsed with PBS, and permeabilized in 0.1% Triton X-100 (Merck KGaA, Darmstadt, Germany) at RT for 10 min. Next, the samples were incubated in 1 μg/mL DAPI (Invitrogen, Waltham, MA, USA) for 20 min at RT to stain the nuclei of the cells. Finally, the DAPI solution was removed, and patches were observed under an inverted fluorescence microscope (Leica Microsystems Inc., Deerfield, IL, USA).




2.16.3. SEM Characterization


Morphological analyses of hADMSCs on patches were characterized using SEM. After 7 days of incubation, the samples were fixed using 2.5% glutaraldehyde (Sigma, St. Louis, MO, USA) for 1 h; the samples were subsequently dehydrated via serial dilutions of ethanol (30%, 50%, 70%, 90%, and 99%). Dried samples were sputter-coated with gold for 90 s and analyzed by SEM using an accelerating voltage of 10 kV.





2.17. Statistical Analysis


The experiments were conducted at least in triplicate; the data are expressed as mean ± standard deviation (SD). Post hoc one-way ANOVA using a Tukey–Kramer pair-wise comparison was utilized for statistical analysis. A value of p ≤ 0.05 is considered to be statistically significant; additional significance is indicated by ** for p < 0.01 and *** for p < 0.001.





3. Results and Discussion


3.1. H NMR Analysis of GelMA and KerMA


The successful functionalization of amine groups in the gelatin structure with methacrylate groups was confirmed by 1H-NMR analysis. According to Figure 2a, when compared to the spectrum of gelatin, the GelMA revealed additional signals that can be attributed to the presence of methacryloyl groups. New signals from about 5.4 to 5.7 ppm in the GelMA spectrum are assigned to acrylic protons (2H) of the methacryloyl group grafted to the lysine and hydroxylysine residues associated with the gelatin backbone. This proved the presence of a C=C bond associated with vinyl groups of methacrylate anhydride in the structure of the anhydride [54]. Further confirming this finding, the GelMA spectrum shows a reduction in the peak corresponding to the lysine methylene (2H) at around 3.0 ppm [55]. Additionally, the peak intensity in the range of 1.9 ppm is related to methyl protons (3H) of the methacryloyl groups [56].



1H-NMR analysis was conducted to confirm the modification of keratin protein with methacrylate agents (Figure 2b). Upon analyzing the 1H-NMR spectra of keratin and KerMA, it was found that the peaks at around 5.5 and 5.8 ppm correspond to the acrylic protons of the methacrylamide groups that were formed during methacrylation, with the presence of methyl protons at approximately 1.9 ppm. The peak between 3.0 and 3.3 ppm may signify a reduction in the number of lysine groups. Some studies have reported the presence of an additional peak at 6.1 ppm, which suggests that methacrylation may occur through the hydroxyl groups, possibly due to the excessive use of methacrylation agents [24,57,58]. However, in our study, the absence of any peak at this value suggests that methacrylation predominantly occurs via amine groups. In a study by Hoch et al. [58], protein functionalization was performed with a ratio of 1:2 of gelatin amino groups to methacrylation agents; their study showed that methacrylation primarily occurred via amine groups. However, when they performed methacrylation with a ratio of 1:10, they observed a sharp peak at 6.1 ppm, suggesting that methacrylation might also occur through other functional groups, such as hydroxyl groups. Furthermore, at a 1:2 ratio, the degree of methacrylation was calculated to be around 80% using the TNBS method and approximately 85% using the 1H-NMR method. Excessive use of methacrylation agents (such as 1:10) resulted in an almost 100% conversion of free amino groups.




3.2. Fourier Transform Infrared Spectroscopy (FTIR)


Figure 2c displays the FTIR spectra of the GelMA, KerMA, GelMA-KerMA, GEN@PVA/GelMA-KerMA, FGF-2@PVA/GelMA-KerMA and FGF-2@GEN@PVA/GelMA-KerMA patches. The FTIR spectrum of GelMA demonstrates peaks at 1629 cm−1 for the C=O stretching groups in the Amide I band, at 1535 cm−1 for the N–H bending groups in the Amide II band, and at 1241 cm−1 for the C–N stretching and N–H bending in the Amide III band [54,59]. The peak noted in the range of 3200–3400 cm−1 corresponds to peptide bonds (N–H stretching) as well as -OH functional groups [59,60]. For the KerMA spectrum, the absorption band at 1625 cm−1 is assigned to the C=O stretch (Amide I), the peak at 1527 cm−1 to N–H bending (Amide II), and the peak at 1240 cm−1 to C–N stretching and N–H bending (Amide III) [59]. The peak detected at 3272 cm−1 is attributed to stretching vibrations of O–H and N–H (Amide A); the peak at 2925 cm−1 is associated with the symmetrical CH3 stretching vibration [61]. Amide I–III bands offer crucial insights into the protein conformation and changes in the backbone structure of proteins. According to the information in the literature, peaks at around 3270 cm−1 (Amide A) are associated with a α-helix structure, peaks between 1539 and 1515 cm−1 (Amide II) to a β-sheet structure, and peaks at about 1625 cm−1 (Amid I) to a α-helix and β-sheet combination [62,63]. Also, the peak around 1240 cm−1 (Amide III) can be attributed to the β-sheet structure [63]. For the GelMA-KerMA spectrum, the presence of the characteristic FTIR bands of GelMA and KerMA confirms the successful incorporation of KerMA into GelMA [64]. When the spectra of GEN@PVA/GelMA-KerMA, FGF-2@PVA/GelMA-KerMA, and FGF-2@GEN@PVA/GelMA-KerMA were examined, the coating of GelMA-KerMA surface with GEN@PVA and FGF-2@PVA nanoparticles caused slight shifts in the peaks. However, characteristic peaks of GEN and FGF-2 could not be detected. This result can be attributed to the low presence of GEN@PVA and FGF-2@PVA nanoparticles on the surface of the GelMA-KerMA patches.




3.3. Morphological Analysis of GelMA-KerMA Patches


GelMA-KerMA composite patches equipped with microneedles were produced using a DLP-based 3D printing method following exposure to 90 s of UV light. The obtained 3D-printed GelMA-KerMA patches were coated with GEN@PVA and FGF-2@PVA nanoparticles singly and coaxially for 3 h. Figure 3 presents the SEM images of the GelMA-KerMA, GEN@PVA/GelMA-KerMA, FGF-2@PVA/GelMA-KerMA, and FGF-2@GEN@PVA/GelMA-KerMA patches, respectively. All GelMA-KerMA patches were 10 mm in diameter and 100 µm in height; they contained microneedles in a conical form of approximately 200 µm in height. SEM analysis confirmed that the microneedle-equipped patches have a uniform and regular morphology and do not contain air bubbles or agglomerations. Although there is widespread agreement that the distribution of thickness values in different locations of the TM is not homogeneous, a value varying from 30 to 150 µm for the thickness of the human TM is generally adopted [65,66,67]. The GelMA-KerMA patches possess an appropriate thickness; the microneedles possess an appropriate height for the patch to enter the human TM. The patches depicted in Figure 3b–d showed a more textured surface morphology than the blank GelMA-KerMA patch (Figure 3a), suggesting the existence of nanoparticles. SEM images of Figure 3b–d at high magnifications suggest that the nanoparticles are homogeneously distributed over the patches and have a spherical morphology without fiber formation. The average particle diameter of the nanoparticles on the patches was measured as 218 ± 0.94 nm for GEN@PVA (Figure 3b), 233 ± 0.86 nm for FGF-2@PVA (Figure 3c), and 242 ± 0.11 nm for GEN@FGF-2@PVA (Figure 3d). The possible reason why GEN@PVA nanoparticles are smaller in average particle diameter than FGF-2@PVA may be because the electrostatic interaction between PVA and GEN is stronger than that with FGF-2 [68]. Measurements obtained as a result of coaxial electrospraying exhibited a higher average particle size, confirming the core–shell structure compared to single axial spraying. As a result, these findings are acceptable and widely regarded for the utilization of nanoparticles in drug delivery systems [69,70].




3.4. Mechanical Characteristics of GelMA-KerMA Hydrogels


The mechanical characteristics of scaffolds significantly affect the morphology, motility, and differentiation of cells [71]. Biomaterials that closely mimic the mechanical properties of the extracellular matrix are highly beneficial in the field of tissue engineering [72]. The mechanical properties of the obtained blank and nanoparticle-coated GelMA-KerMA hydrogels are shown in Figure 4. As noted in Figure 4a, the compressive strengths of the FGF-2@GEN@PVA/GelMA-KerMA (0.33 ± 0.04 MPa), FGF-2@PVA/GelMA-KerMA (0.27 ± 0.004 MPa), and GEN@PVA/GelMA-KerMA (0.26 ± 0.01 MPa) hydrogels were higher than that of blank GelMA-KerMA (0.14 ± 0.03 MPa). Also, similar trends were detected for strain (%) values of GelMA-KerMA hydrogels (from 32.3 ± 0.27 to 54.07 ± 2.7%, Figure 4b). Figure 4a,b demonstrates that the compressive strength and strain (%) values were noticeably high for nanoparticle-coated GelMA-KerMA hydrogels in comparison to blank GelMA-KerMA. The compressive moduli of the blank GelMA-KerMA, GEN@PVA/GelMA-KerMA, FGF-2@PVA/GelMA-KerMA, and FGF-2@GEN@PVA/GelMA-KerMA hydrogels were calculated as 0.09 ± 0.01 MPa, 0.16 ± 0.03 MPa, 0.17 ± 0.04 Mpa, and 0.2 ± 0.04 MPa, respectively. This result confirms that nanoparticles can enhance the mechanical strength of hydrogels through physical interactions [73,74]. Based on these findings, it can be suggested that the nanoparticle coating can improve the mechanical properties and physiological stability of GelMA-KerMA hydrogels in order to adapt to the repair of TM perforations.




3.5. Swelling and Degradation Analysis for GelMA-KerMA Patches


The swelling ability is a critical factor as it affects the physical and mechanical characteristics of crosslinked composite hydrogels (e.g., diffusion of solutes, surface properties, and surface mobility) [75]. Blank GelMA-KerMA, GEN@PVA/GelMA-KerMA, FGF-2@PVA/GelMA-KerMA, and FGF-2@GEN@PVA/GelMA-KerMA patches were immersed in PBS and placed within an incubator to simulate the in vivo physiological condition. Figure 5a depicts the swelling ability of GelMA-KerMA composite patches. All patches rapidly sucked in PBS and reached an equilibrium phase after 40 min. It was detected that the GelMA-KerMA patches (537.7 ± 4.4%) exhibited a higher swelling ratio compared with GEN@PVA/GelMA-KerMA (507.1 ± 8.8%), FGF-2@PVA/GelMA-KerMA (497 ± 32.5%) and FGF-2@GEN@PVA/GelMA-KerMA (470.4 ± 30.6%). The results indicated that the swelling ratio of blank GelMA-KerMA patches is suppressed by coating their surface with nanoparticles. A possible explanation for this result is that more hydrogen bonds are formed in the nanoparticle-coated patches, which restricts the swelling of the hydrogels [76]. Accordingly, coating the surface of GelMA-KerMA patches with nanoparticles improved the mechanical properties and reduced the water uptake capacity of the resultant hybrid matrices. Furthermore, the kinetics of the swelling were also investigated. The constructed model parameters and model performance data are reported in Table 2. The parameters indicate a Fickian diffusion into the hydrogels as m is greater than 0.5. The Se values are slightly higher than the experimental equilibrium values since they are the horizontal asymptotes that the model approaches at t = ∞. The obtained Se values also confirm that the water uptake capacity is reduced by the coatings. The performance metrics of all of the constructed models show that all the models are valid within the experimental range of this study. The constructed models are also illustrated in Figure 5a in comparison with the experimental data.



Hydrogels must exhibit suitable degradation behavior to provide sufficient space to allow cell growth and tissue formation for tissue engineering applications [77]. This parameter should be considered for drug delivery applications involving hydrogels, as it can affect their release profiles [78]. The degradation tests were performed in PBS at 37 °C; the degradation profiles of composite patches are displayed in Figure 5b. It was found that swelling reached equilibrium in about 2 h, while the degradation data were collected after 3 h and up to 120 h. As can be seen, blank GelMA-KerMA patches showed stronger degradation behavior compared to the other groups. Blank GelMA-KerMA, GEN@PVA/GelMA-KerMA, and FGF-2@PVA/GelMA-KerMA patches were 100% degraded after 120 h of immersion, whereas FGF-2@GEN@PVA/GelMA-KerMA patches exhibited a slower degradation behavior, and the weight loss reached 85.5 ± 10%. It can be determined from this result that the degradation of GelMA-KerMA patches is controlled by the nanoparticle coating on their surfaces. The results from the swelling and degradation experiments indicated that the extensively swellable matrix interacts with a greater number of water molecules, leading to faster degradation of the system. The hydrolytic cleavage of ester linkages in the hydrogel leads to decreased crosslink density; this phenomenon can be monitored with corresponding increases in the swelling ratio [79]. Conversely, the matrix with slower degradation demonstrated a reduced rate of swelling [74].




3.6. In Vitro GEN Release Study


In vitro drug release studies were undertaken to evaluate the release characteristics of GEN from GEN@PVA/GelMA-KerMA patches. The release profiles of GEN@PVA/GelMA-KerMA patches were evaluated under simulated physiological conditions in PBS (pH 7.4) and at 37 °C. UV spectra were recorded within the GEN concentration range of 0.2 to 1 µg/mL; the presence of released GEN was detected at a UV absorbance of 195 nm. A linear standard calibration curve (R2 = 0.9871) was created from the GEN absorption values (Figure 6a). The cumulative release of GEN from GEN@PVA/GelMA-KerMA patches is presented in Figure 6b. GEN@PVA/GelMA-KerMA patches demonstrated a 60.4 ± 1.3% burst release of GEN from the patches within the first 12 h of incubation. Due to the hydrophilicity of the PVA polymer [80] and the highly water-soluble nature of GEN [81], patches that became more sensitive to environmental factors caused a rapid release of the antibiotic. Following the initial burst release, the drug exhibited a slow and controlled release. At the end of 96 h of incubation, 100% of the GEN was released from the patches.



The rate of drug release is significantly influenced by the physical properties of the drug, including factors such as drug solubility and drug–polymer interactions [82]. PVA is a polymer that is ideal for drug release since the hydroxyl groups in its structure can interact with the functional groups of the drug through secondary interactions such as hydrogen bridges [83]. One of the other factors affecting drug release is the concentration of the polymer. The increase in the concentration of the PVA solution may contribute to the prolongation of drug release as well as the structuring of the polymer [84]. At this point, the drug is expected to have a slower release rate in carriers with a higher concentration of PVA. The duration of drug release can be regulated by varying the nanoparticle coating time as well [85]. For this study, GelMA-KerMA patches were coated with GEN-loaded PVA NPs for 3 h; therefore, the GEN release time from the patches can be increased by increasing the coating time. Another factor affecting drug release is the use of various polymers to improve the mechanical properties of GelMA to meet the needs of a controlled drug release [86]. It was observed that the drug released from GelMA-based composite hydrogels provided a more sustained drug release compared to GelMA hydrogel [87]. The KerMA compound in the patch is predicted to increase the drug release duration in GEN@PVA/GelMA-KerMA patches.



Dizaj et al. [88] found that pure GEN was completely released in 45 min; the release of the drug from CaCO3 nanoparticles was prolonged for up to 12 h. In another study, Abd-Elhakeem et al. [89] loaded chitosan nanoparticles with GEN and ascorbic acid and reported that the drugs were rapidly released in the first 10 h and exhibited a slow release until they reached the highest amount after about 60 h. PVP is a hydrophilic polymer that is associated with the rapid dissolution and release of the drug (similar to PVA) [90]. Ali et al. [91] coated microneedles with PVP and PCL particles using the EHDA method. The in vitro drug release studies indicated 100% drug release within 120 min for PVP particles, while 100% drug release occurred after 7 days for PCL particles.




3.7. In Vitro FGF-2 Release Study


The in vitro release profile of FGF-2 from FGF-2@PVA/GelMA-KerMA patches was determined using an ELISA kit. A linear standard calibration curve (R2 = 0.9981) obtained from the FGF-2 absorbance values is shown in Figure 6c. As presented in Figure 6d, a 64.2 ± 0.5% burst release of FGF-2 from the patches was seen within the first 12 h. These results clearly indicate that FGF-2 is susceptible to the ionic strength associated with the environment, leading to rapid release [92]. After 96 h of incubation, the patches completely released (100%) the FGF-2.



Similar to our findings, Mabilleau et al. [93] incorporated FGF-2 into p(HEMA-co-VP) cylinders to enhance bone growth and found that all FGF-2 was released from the hydrogel after 5 days. In another study, Fathi and colleagues [94] used a PVA–dextran blend hydrogel for the controlled delivery of FGF-2. They reported a rapid release of FGF-2 in the initial burst phase, followed by a steady and leisurely release over longer periods (up to 400 h). The initial burst effect was attributed to the closer localization of FGF-2 to the hydrogel surface during the loading process [94]. In a recent study, Luo et al. [95] loaded FGF-2 into GelMA hydrogels at different concentrations and observed a burst release of FGF-2 from the hydrogels within the first 5 days. GelMA hydrogels were capable of forming polyionic complexes with growth factors, resulting in sustained growth factor release. As the GelMA macromer concentration increased in the hydrogels, the release rate of FGF-2 decreased [95].




3.8. GEN Release Kinetics


The release kinetics of GEN from GEN@PVA/GelMA-KerMA patches were analyzed using Korsmeyer–Peppas, zero-order, first-order, Higuchi, and Hixson–Crowell release models. Table 3 displays the kinetic constants and regression coefficients (R2) that were obtained from the graphs for the GEN@PVA/GelMA-KerMA patches. The Korsmeyer–Peppas model demonstrates the best compliance with a higher R2 value (R2 = 0.9758) for the GEN@PVA/GelMA-KerMA patches. Furthermore, “n” values associated with various transport mechanisms were correlated in accordance with the Korsmeyer–Peppas model. The ranges of “n” values describing the mechanism of drug release from polymeric materials are shown in Table 4 [96]. Considering Table 3, the “n” value for the GEN@PVA/GelMA-KerMA patches is greater than 1; this result indicates that the GEN is released from the patch via the Super Case II transport mechanism, possibly because of swelling and chain disentanglement of the hydrophilic polymer [97].




3.9. In Vitro Antimicrobial Activity


The antibacterial functionality of GelMA-KerMA and GEN@PVA/GelMA-KerMA patches was assessed by a disc diffusion test. The disc diffusion test revealed that GEN@PVA/GelMA-KerMA patches displayed antibacterial properties against S. aureus, P. aeruginosa, and E. coli. In contrast, as expected, the blank GelMA-KerMA patch showed no antibacterial activity (Figure 7). The inhibition zone diameters detected from GEN@PVA/GelMA-KerMA patches are detailed in Table 5.




3.10. Cell Culture Studies


GelMA hydrogels and their combined derivatives are widely preferred in tissue engineering due to their attractive properties, such as good biocompatibility, strong cell adhesion, and tunable physicochemical properties [98]. In this study, the biocompatibility of GelMA-KerMA, GEN@PVA/GelMA-KerMA, FGF-2@PVA/GelMA-KerMA, and FGF-2@GEN@PVA/GelMA-KerMA patches were evaluated by MTT assay using hADMSCs after 1, 3 and 7 days of incubation (Figure 8). The percentages of cell viability on blank GelMA-KerMA patches were 84.2 ± 2.01%, 101.1 ± 4.09%, and 98.5 ± 3.53% for 1, 3 and 7 days, respectively. In the GEN@PVA/GelMA-KerMA patch group, cell viability increased on the third day of culture (78.8 ± 1.65%) and decreased slightly on the seventh day (60 ± 3.22%). This reduction in the rate of cell proliferation from day 1 to day 7 could be due to the negative effect of GEN on cell growth and differentiation [99]. The negative effect of the drugs on cell viability and adhesion is linked to the effect of the antibiotic agents on the mitochondrial activities of cells [100]. The FGF-2 was noted to regulate cellular functions such as cell migration, cell proliferation, and cell differentiation. The FGF-2@PVA/GelMA-KerMA patch group had a positive effect on cell viability, with values of 125.8 ± 6.83% at day 3 and 102.51 ± 3.67% at day 7. Compared to the control group, this group significantly promoted cell growth because of the proliferative properties of FGF-2 [101]. The cell viability in the FGF-2@GEN@PVA/GelMA-KerMA patches was measured as 78.2 ± 2.75%, 87.92 ± 1.44% and 72.12 ± 2.37% on days 1, 3 and 7, respectively. This slight decrease in cell viability could also be due to the negative effect of GEN, as mentioned before.



Fluorescence images of DAPI-stained hADMSCs on GelMA-KerMA patches after 7 days of incubation are provided in Figure 9A. As observed in the figure, the cells were able to attach and proliferate on each patch for the one-week culture period. The images revealed no notable differences in cell density between patches.



The morphology of hADMSCs on the patches was examined with SEM after 7 days of incubation. As shown in Figure 9B, the cells exhibited robust adhesion and migration on the surfaces of all GelMA-KerMA patches. Additionally, both round and spindle-like shapes were observed in the cells of all groups, suggesting the cells were actively growing on the patches. Specifically, the cells on the FGF-2@GEN@PVA/GelMA-KerMA patch displayed a well-spread morphology with numerous filopodia, and cell–cell interactions were more evident compared to other groups. This could be attributed to the enhanced cell adhesion and growth favored by the uneven surface created by the particle coating [102]. Based on SEM observations, it is clear that all patches provided favorable environments for the growth, proliferation, and migration of cells. Consequently, in vitro cell culture studies showed that all GelMA-KerMA patches were biocompatible with hADMSCs, and they promoted cell attachment and proliferation without any cytotoxic effect over the 7-day incubation period.





4. Conclusions


This study presents the design and fabrication of GelMA-KerMA composite patches for the potential treatment of TM perforations using tissue engineering principles. The GelMA-KerMA patches, developed by the DLP 3D printing method, were biofunctionalized by coating them with nanoparticles containing GEN and FGF-2. 1H NMR analysis verified the presence of methacryloyl groups for both GelMA and KerMA. SEM analysis proved that the 3D-printed GelMA-KerMA patches with microneedles were effectively fabricated in the appropriate size and geometry and that the nanoparticles with spherical morphology were homogeneously dispersed on the patches. Furthermore, mechanical tests have shown that the mechanical properties of the patches were enhanced as a result of the nanoparticle coating. Additionally, it was observed that the water uptake capacity of GelMA-KerMA patches decreased, and their degradation slowed down with nanoparticle coating. According to in vitro release studies, both GEN@PVA/GelMA-GelMA-KerMA and FGF-2@PVA/GelMA-KerMA patches showed burst release within the first 12 h (GEN: 60.4 ± 1.3%, FGF-2: 64.2 ± 0.5%). The in vitro antimicrobial tests confirmed that GEN@PVA/GelMA-KerMA patches exhibited significant antibacterial activity against P. aeruginosa, S. aureus, and E. coli. As proven by the cell proliferation analysis, none of the patches had cytotoxic effects on hADMSCs, which was confirmed by fluorescence microscopy and SEM analysis, showing the patches supported cellular attachment and proliferation over 7 days of incubation. Overall, the findings of our study suggest that nanoparticle-coated 3D-printed GelMA-KerMA patches could serve as an effective approach for the treatment of TM perforations.







Author Contributions


T.B.: Methodology, Investigation, Writing. D.B.: Methodology, Investigation, Writing. R.Y.: Methodology, Investigation, Writing. A.C.C.K.: Methodology, Writing—review and editing. A.S.: Methodology, Visualisation. E.K.: Methodology. G.B.T.: Methodology, Writing. M.A.I.: Investigation, Writing. M.T.: Methodology. O.G.: Conceptualization, Writing—review and editing. C.B.U.: Supervision, Writing—review and editing. R.N.: Writing—review and editing. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by Turkish Scientific and Technical Research Council (TUBITAK) 1001 Project—Tympatch (Grant Number: 121M670) and the Marmara University Scientific Research Committee (Grant Number: FDK-2023-10913).




Data Availability Statement


The datasets generated during and/or analyzed during the current study are available from the corresponding author on reasonable request.




Acknowledgments


This work was performed in the frame of the Turkish Scientific and Technical Research Council (TUBITAK) 1001 Project—Tympatch (Project Number: 121M670) and the Marmara University Scientific Research Committee (Project Number: FDK-2023-10913). Tuba Bedir is a YÖK 100/2000 doctoral fellow in this research.




Conflicts of Interest


The authors declare no competing interests.




References


	



Anand, S.; Danti, S.; Moroni, L.; Mota, C. Regenerative Therapies for Tympanic Membrane. Prog. Mater. Sci. 2022, 127, 100942. [Google Scholar] [CrossRef]

	



Sainsbury, E.; do Amaral, R.; Blayney, A.W.; Walsh, R.M.C.; O’Brien, F.J.; O’Leary, C. Tissue Engineering and Regenerative Medicine Strategies for the Repair of Tympanic Membrane Perforations. Biomater. Biosyst. 2022, 6, 100046. [Google Scholar] [CrossRef] [PubMed]

	



Rathnakara, S.H.; Raju, S.R.; Kumar, R.; Hegde, G. Silk Fibroin Nanofiber Scaffold (SFNS) as a Graft Material for Myringoplasty—In Vitro and In Vivo. Materialia 2022, 26, 101562. [Google Scholar] [CrossRef]

	



Maharajan, N.; Cho, G.W.; Jang, C.H. Application of Mesenchymal Stem Cell for Tympanic Membrane Regeneration by Tissue Engineering Approach. Int. J. Pediatr. Otorhinolaryngol. 2020, 133, 109969. [Google Scholar] [CrossRef] [PubMed]

	



O’Reilly, R.C.; Goldman, S.A.; Widner, S.A.; Cass, S.P. Creating a Stable Tympanic Membrane Perforation Using Mitomycin C. Otolaryngol.-Head Neck Surg. 2001, 124, 40–45. [Google Scholar] [CrossRef]

	



Hong, P.; Bance, M.; Gratzer, P.F. Repair of Tympanic Membrane Perforation Using Novel Adjuvant Therapies: A Contemporary Review of Experimental and Tissue Engineering Studies. Int. J. Pediatr. Otorhinolaryngol. 2013, 77, 3–12. [Google Scholar] [CrossRef] [PubMed]

	



Merchant, S.N.; McKenna, M.J.; Rosowski, J.J. Current Status and Future Challenges of Tympanoplasty. Eur. Arch. Oto-Rhino-Laryngol. 1998, 255, 221–228. [Google Scholar] [CrossRef] [PubMed]

	



Laidlaw, D.W.; Costantino, P.D.; Govindaraj, S.; Hiltzik, D.H.; Catalano, P.J. Tympanic Membrane Repair with a Dermal Allograft. Laryngoscope 2001, 111, 702–707. [Google Scholar] [CrossRef]

	



Benecke, J.E.J. Tympanic Membrane Grafting with Alloderm. Laryngoscope 2001, 111, 1525–1527. [Google Scholar] [CrossRef]

	



Villar-Fernandez, M.A.; Lopez-Escamez, J.A. Outlook for Tissue Engineering of the Tympanic Membrane. Audiol. Res. 2015, 5, 117. [Google Scholar] [CrossRef]

	



Bedir, T.; Ulag, S.; Ustundag, C.B.; Gunduz, O. 3D Bioprinting Applications in Neural Tissue Engineering for Spinal Cord Injury Repair. Mater. Sci. Eng. C 2020, 110, 110741. [Google Scholar] [CrossRef]

	



Ligon, S.C.; Liska, R.; Stampfl, J.; Gurr, M.; Mülhaupt, R. Polymers for 3D Printing and Customized Additive Manufacturing. Chem. Rev. 2017, 117, 10212–10290. [Google Scholar] [CrossRef]

	



Wu, G.-H.; Hsu, S.-H. Review: Polymeric-Based 3D Printing for Tissue Engineering. J. Med. Biol. Eng. 2015, 35, 285–292. [Google Scholar] [CrossRef]

	



Id, P.Z.; Long, W.; Id, N.; An, J.; Chua, C.K.; Poh, L.; Id, T. Layer-by-Layer Ultraviolet Assisted Extrusion-Based (UAE) Bioprinting of Hydrogel Constructs with High Aspect Ratio for Soft Tissue Engineering Applications. PLoS ONE 2019, 14, e0216776. [Google Scholar]

	



Ye, W.; Li, H.; Yu, K.; Xie, C.; Wang, P.; Zheng, Y.; Zhang, P.; Xiu, J.; Yang, Y.; Zhang, F.; et al. 3D Printing of Gelatin Methacrylate-Based Nerve Guidance Conduits with Multiple Channels. Mater. Des. 2020, 192, 108757. [Google Scholar] [CrossRef]

	



Mathew, E.; Pitzanti, G.; Larrañeta, E.; Lamprou, D.A. 3D Printing of Pharmaceuticals and Drug Delivery Devices. Pharmaceutics 2020, 12, 266. [Google Scholar] [CrossRef] [PubMed]

	



Ma, Y.; Wei, W.; Gong, L.; Li, C.; Hong, Y.; Wang, X.; Liang, R.; Shao, Q.; Liang, Q.; Huang, W.; et al. Biomacromolecule-Based Agent for High-Precision Light-Based 3D Hydrogel Bioprinting. Cell Rep. Phys. Sci. 2022, 3, 100985. [Google Scholar] [CrossRef]

	



Kim, S.H.; Yeon, Y.K.; Lee, J.M.; Chao, J.R.; Lee, Y.J.; Seo, Y.B.; Sultan, M.T.; Lee, O.J.; Lee, J.S.; Yoon, S., II; et al. Precisely Printable and Biocompatible Silk Fibroin Bioink for Digital Light Processing 3D Printing. Nat. Commun. 2018, 9, 1620. [Google Scholar] [CrossRef]

	



Highley, C.B.; Rodell, C.B.; Burdick, J.A. Direct 3D Printing of Shear-Thinning Hydrogels into Self-Healing Hydrogels. Adv. Mater. 2015, 27, 5075–5079. [Google Scholar] [CrossRef] [PubMed]

	



Chimene, D.; Kaunas, R.; Gaharwar, A.K. Hydrogel Bioink Reinforcement for Additive Manufacturing: A Focused Review of Emerging Strategies. Adv. Mater. 2020, 32, 1902026. [Google Scholar] [CrossRef] [PubMed]

	



Loessner, D.; Meinert, C.; Kaemmerer, E.; Martine, L.C.; Yue, K.; Levett, P.A.; Klein, T.J.; Melchels, F.P.W.; Khademhosseini, A.; Hutmacher, D.W. Functionalization, Preparation and Use of Cell-Laden Gelatin Methacryloyl-Based Hydrogels as Modular Tissue Culture Platforms. Nat. Protoc. 2016, 11, 727–746. [Google Scholar] [CrossRef] [PubMed]

	



Zeng, Z.; Jiang, G.; Liu, T.; Song, G.; Sun, Y.; Zhang, X.; Jing, Y.; Feng, M.; Shi, Y. Fabrication of Gelatin Methacryloyl Hydrogel Microneedles for Transdermal Delivery of Metformin in Diabetic Rats. Bio-Design Manuf. 2021, 4, 902–911. [Google Scholar] [CrossRef]

	



Song, P.; Li, M.; Zhang, B.; Gui, X.; Han, Y.; Wang, L.; Zhou, W.; Guo, L.; Zhang, Z.; Li, Z.; et al. DLP Fabricating of Precision GelMA/HAp Porous Composite Scaffold for Bone Tissue Engineering Application. Compos. Part B Eng. 2022, 244, 110163. [Google Scholar] [CrossRef]

	



Shirahama, H.; Lee, B.H.; Tan, L.P.; Cho, N.J. Precise Tuning of Facile One-Pot Gelatin Methacryloyl (GelMA) Synthesis. Sci. Rep. 2016, 6, 31036. [Google Scholar] [CrossRef]

	



Elomaa, L.; Keshi, E.; Sauer, I.M.; Weinhart, M. Development of GelMA/PCL and DECM/PCL Resins for 3D Printing of Acellular In Vitro Tissue Scaffolds by Stereolithography. Mater. Sci. Eng. C Mater. Biol. Appl. 2020, 112, 110958. [Google Scholar] [CrossRef]

	



Ramesh, S.; Ramalingam, M. Aqueous-Mediated Synthesis and Characterization of Gelatin Methacryloyl for Biomedical Applications. Biointerface Res. Appl. Chem. 2022, 12, 6269–6279. [Google Scholar] [CrossRef]

	



Su, S.; Bedir, T.; Kalkandelen, C.; Turkoglu, H.; Ahmet, S.; Basar, O.; Chen, J. A Drug-Eluting Nanofibrous Hyaluronic Acid-Keratin Mat for Diabetic Wound Dressing. Emergent Mater. 2022, 5, 1617–1627. [Google Scholar] [CrossRef]

	



Salama, A.; Guarino, V. Ionic Liquids to Process Silk Fibroin and Wool Keratin for Bio-Sustainable and Biomedical Applications. J. Polym. Environ. 2022, 30, 4961–4977. [Google Scholar] [CrossRef]

	



Sanchez Ramirez, D.O.; Vineis, C.; Cruz-Maya, I.; Tonetti, C.; Guarino, V.; Varesano, A. Wool Keratin Nanofibers for Bioinspired and Sustainable Use in Biomedical Field. J. Funct. Biomater. 2023, 14, 5. [Google Scholar] [CrossRef]

	



Wang, X.; Shi, Z.; Tian, Z.; Tang, H.; Li, Q.; Shen, X. Molecular Mechanism of Rabbit Hair Keratin Hydrogel Fabricated via Cryoablation. Macromol. Chem. Phys. 2021, 222, 2100240. [Google Scholar] [CrossRef]

	



Su, S.; Bedir, T.; Kalkandelen, C.; Bas, A.O.; Gunduz, O. Coaxial and Emulsion Electrospinning of Extracted Hyaluronic Acid and Keratin Based Nanofibers for Wound Healing Applications. Eur. Polym. J. 2021, 142, 110158. [Google Scholar] [CrossRef]

	



Lou, Z.-C.; Lou, Z.-H.; Xiao, J. Regeneration of the Tympanic Membrane Using Fibroblast Growth Factor-2. J. Laryngol. Otol. 2018, 132, 470–478. [Google Scholar] [CrossRef]

	



Lou, Z.; Xu, L.; Yang, J.; Wu, X. Outcome of Children with Edge-Everted Traumatic Tympanic Membrane Perforations Following Spontaneous Healing versus Fibroblast Growth Factor-Containing Gelfoam Patching with or without Edge Repair. Int. J. Pediatr. Otorhinolaryngol. 2011, 75, 1285–1288. [Google Scholar] [CrossRef] [PubMed]

	



Kanemaru, S.-I.; Umeda, H.; Kitani, Y.; Nakamura, T.; Hirano, S.; Ito, J. Regenerative Treatment for Tympanic Membrane Perforation. Otol. Neurotol. 2011, 32, 1218–1223. [Google Scholar] [CrossRef]

	



Zhang, L.; Huang, J.; Si, T.; Xu, R.X. Coaxial Electrospray of Microparticles and Nanoparticles for Biomedical Applications. Expert Rev. Med. Devices 2012, 9, 595–612. [Google Scholar] [CrossRef] [PubMed]

	



Felice, B.; Prabhakaran, M.P.; Zamani, M.; Rodríguez, A.P.; Ramakrishna, S. Electrosprayed Poly(Vinyl Alcohol) Particles: Preparation and Evaluation of Their Drug Release Profile. Polym. Int. 2015, 64, 1722–1732. [Google Scholar] [CrossRef]

	



Gao, P.; Nie, X.; Zou, M.; Shi, Y.; Cheng, G. Recent Advances in Materials for Extended-Release Antibiotic Delivery System. J. Antibiot. 2011, 64, 625–634. [Google Scholar] [CrossRef]

	



Qi, X.; Qin, X.; Yang, R.; Qin, J.; Li, W.; Luan, K.; Wu, Z.; Song, L. Intra-Articular Administration of Chitosan Thermosensitive In Situ Hydrogels Combined with Diclofenac Sodium–Loaded Alginate Microspheres. J. Pharm. Sci. 2016, 105, 122–130. [Google Scholar] [CrossRef]

	



Imbuluzqueta, E.; Elizondo, E.; Gamazo, C.; Moreno-Calvo, E.; Veciana, J.; Ventosa, N.; Blanco-Prieto, M.J. Novel Bioactive Hydrophobic Gentamicin Carriers for the Treatment of Intracellular Bacterial Infections. Acta Biomater. 2011, 7, 1599–1608. [Google Scholar] [CrossRef]

	



Dorati, R.; DeTrizio, A.; Spalla, M.; Migliavacca, R.; Pagani, L.; Pisani, S.; Chiesa, E.; Conti, B.; Modena, T.; Genta, I. Gentamicin Sulfate PEG-PLGA/PLGA-H Nanoparticles: Screening Design and Antimicrobial Effect Evaluation toward Clinic Bacterial Isolates. Nanomaterials 2018, 8, 37. [Google Scholar] [CrossRef] [PubMed]

	



Tao, G.; Wang, Y.; Cai, R.; Chang, H.; Song, K.; Zuo, H.; Zhao, P.; Xia, Q.; He, H. Design and Performance of Sericin/Poly(Vinyl Alcohol) Hydrogel as a Drug Delivery Carrier for Potential Wound Dressing Application. Mater. Sci. Eng. C 2019, 101, 341–351. [Google Scholar] [CrossRef]

	



Zhao, S.; Huang, C.; Yue, X.; Li, X.; Zhou, P.; Wu, A.; Chen, C.; Qu, Y.; Zhang, C. Application Advance of Electrosprayed Micro/Nanoparticles Based on Natural or Synthetic Polymers for Drug Delivery System. Mater. Des. 2022, 220, 110850. [Google Scholar] [CrossRef]

	



Mandegari, M.; Ghasemi-Mobarakeh, L.; Zamani, M. Manipulating the Degradation Rate of PVA Nanoparticles by a Novel Chemical-Free Method. Polym. Adv. Technol. 2019, 30, 2381–2391. [Google Scholar] [CrossRef]

	



Asadi, M.; Salami, M.; Hajikhani, M.; Emam-Djomeh, Z.; Aghakhani, A.; Ghasemi, A. Electrospray Production of Curcumin-Walnut Protein Nanoparticles. Food Biophys. 2021, 16, 15–26. [Google Scholar] [CrossRef]

	



Luo, C.J.; Okubo, T.; Nangrejo, M.; Edirisinghe, M. Preparation of Polymeric Nanoparticles by Novel Electrospray Nanoprecipitation. Polym. Int. 2015, 64, 183–187. [Google Scholar] [CrossRef]

	



Hao, S.; Wang, B.; Wang, Y.; Xu, Y. Enteric-Coated Sustained-Release Nanoparticles by Coaxial Electrospray: Preparation, Characterization, and In Vitro Evaluation. J. Nanoparticle Res. 2014, 16, 2204. [Google Scholar] [CrossRef]

	



Wang, K.; Li, R.; Ma, J.; Jian, Y.; Che, J. Extracting Keratin from Wool by Using L-Cysteine. Green Chem. 2015, 18, 476–481. [Google Scholar] [CrossRef]

	



He, J.; Xu, D.; Li, J.; Li, L.; Li, W.; Cui, W.; Liu, K. Highly Efficient Extraction of Large Molecular-Weight Keratin from Wool in a Water/Ethanol Co-Solvent. Text. Res. J. 2019, 90, 1084–1093. [Google Scholar] [CrossRef]

	



Erşen Dudu, T.; Alpaslan, D. Eco-Friendly and Biodegradable Dimethylacrylamide/Starch Hydrogels for Controlled Release of Urea and Its Water Retention. MANAS J. Eng. 2022, 10, 116–128. [Google Scholar] [CrossRef]

	



Peppas, N.A.; Franson, N.M. The Swelling Interface Number as a Criterion for Prediction of Diffusional Solute Release Mechanisms in Swellable Polymers. J. Polym. Sci. Polym. Phys. Ed. 1983, 21, 983–997. [Google Scholar] [CrossRef]

	



Adnadjevic, B.; Jovanovic, J. Novel Approach in Investigation of the Poly(Acrylic Acid) Hydrogel Swelling Kinetics in Water. J. Appl. Polym. Sci. 2008, 107, 3579–3587. [Google Scholar] [CrossRef]

	



Insel, M.A.; Karakuş, S.; Temelcan, G.; Kocken, H.G.; Albayrak, I. Handling Uncertainty in Rheological Properties of Green Eggshell Nanocomposites by a Fuzzy-Hybrid Modeling Approach: A Comparative Study. Phys. Scr. 2023, 98, 35001. [Google Scholar] [CrossRef]

	



Akoglu, H. User’s Guide to Correlation Coefficients. Turkish J. Emerg. Med. 2018, 18, 91–93. [Google Scholar] [CrossRef]

	



Baykara, D.; Bedir, T.; Ilhan, E.; Mutlu, M.E.; Gunduz, O.; Narayan, R.; Ustundag, C.B. Fabrication and Optimization of 3D Printed Gelatin Methacryloyl Microneedle Arrays Based on Vat Photopolymerization. Front. Bioeng. Biotechnol. 2023, 11, 1157541. [Google Scholar] [CrossRef]

	



Lai, T.C.; Yu, J.; Tsai, W.B. Gelatin Methacrylate/Carboxybetaine Methacrylate Hydrogels with Tunable Crosslinking for Controlled Drug Release. J. Mater. Chem. B 2016, 4, 2304–2313. [Google Scholar] [CrossRef]

	



Raveendran, N.; Meinert, C.; Ipe, D.; Ivanovski, S. Optimization of 3D Bioprinting of Periodontal Ligament Cells. Dent. Mater. 2019, 35, 1683–1694. [Google Scholar] [CrossRef]

	



Zheng, J.; Zhu, M.; Ferracci, G.; Cho, N.-J.; Lee, B.H. Hydrolytic Stability of Methacrylamide and Methacrylate in Gelatin Methacryloyl and Decoupling of Gelatin Methacrylamide from Gelatin Methacryloyl through Hydrolysis. Macromol. Chem. Phys. 2018, 219, 1800266. [Google Scholar] [CrossRef]

	



Hoch, E.; Schuh, C.; Hirth, T.; Tovar, G.E.M.; Borchers, K. Stiff Gelatin Hydrogels Can Be Photo-Chemically Synthesized from Low Viscous Gelatin Solutions Using Molecularly Functionalized Gelatin with a High Degree of Methacrylation. J. Mater. Sci. Mater. Med. 2012, 23, 2607–2617. [Google Scholar] [CrossRef]

	



Erkus, H.; Bedir, T.; Kaya, E.; Tinaz, G.B.; Gunduz, O.; Chifiriuc, M.-C.; Ustundag, C.B. Innovative Transdermal Drug Delivery System Based on Amoxicillin-Loaded Gelatin Methacryloyl Microneedles Obtained by 3D Printing. Materialia 2023, 27, 101700. [Google Scholar] [CrossRef]

	



Aldana, A.A.; Malatto, L.; Rehman, M.A.; Boccaccini, A.R.; Abraham, G.A. Fabrication of Gelatin Methacrylate (GelMA) Scaffolds with Nano- and Micro-Topographical and Morphological Features. Nanomaterials 2019, 9, 120. [Google Scholar] [CrossRef]

	



Edwards, H.G.M.; Hunt, D.E.; Sibley, M.G. FT-Raman Spectroscopic Study of Keratotic Materials: Horn, Hoof and Tortoiseshell. Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 1998, 54, 745–757. [Google Scholar] [CrossRef]

	



Ma, B.; Qiao, X.; Hou, X.; Yang, Y. Pure Keratin Membrane and Fibers from Chicken Feather. Int. J. Biol. Macromol. 2016, 89, 614–621. [Google Scholar] [CrossRef]

	



Sharma, S.; Gupta, A.; Nadda, A.; Chua, G.K.; Kamyab, H.; Saufi, S. An Efficient Conversion of Waste Feather Keratin into Ecofriendly Bioplastic Film. Clean Technol. Environ. Policy 2018, 20, 2157–2167. [Google Scholar] [CrossRef]

	



Arica, T.A.; Guzelgulgen, M.; Yildiz, A.A.; Demir, M.M. Electrospun GelMA Fibers and p(HEMA) Matrix Composite for Corneal Tissue Engineering. Mater. Sci. Eng. C 2021, 120, 111720. [Google Scholar] [CrossRef]

	



Van der Jeught, S.; Dirckx, J.J.J.; Aerts, J.R.M.; Bradu, A.; Podoleanu, A.G.H.; Buytaert, J.A.N. Full-Field Thickness Distribution of Human Tympanic Membrane Obtained with Optical Coherence Tomography. J. Assoc. Res. Otolaryngol. 2013, 14, 483–494. [Google Scholar] [CrossRef]

	



Volandri, G.; Di Puccio, F.; Forte, P.; Carmignani, C. Biomechanics of the Tympanic Membrane. J. Biomech. 2011, 44, 1219–1236. [Google Scholar] [CrossRef]

	



von Witzleben, M.; Stoppe, T.; Ahlfeld, T.; Bernhardt, A.; Polk, M.-L.; Bornitz, M.; Neudert, M.; Gelinsky, M. Biomimetic Tympanic Membrane Replacement Made by Melt Electrowriting. Adv. Healthc. Mater. 2021, 10, 2002089. [Google Scholar] [CrossRef]

	



Tsai, S.; Ting, Y. Synthesize of Alginate/Chitosan Bilayer Nanocarrier by CCD-RSM Guided Co-Axial Electrospray: A Novel and Versatile Approach. Food Res. Int. 2019, 116, 1163–1172. [Google Scholar] [CrossRef]

	



Cui, X.; Li, X.; Xu, Z.; Guan, X.; Ma, J.; Ding, D.; Zhang, W. Fabrication and Characterization of Chitosan/Poly(Lactic-Co-Glycolic Acid) Core-Shell Nanoparticles by Coaxial Electrospray Technology for Dual Delivery of Natamycin and Clotrimazole. Front. Bioeng. Biotechnol. 2021, 9, 635485. [Google Scholar] [CrossRef]

	



Dwivedi, P.; Yuan, S.; Han, S.; Mangrio, F.A.; Zhu, Z.; Lei, F.; Ming, Z.; Cheng, L.; Liu, Z.; Si, T.; et al. Core–Shell Microencapsulation of Curcumin in PLGA Microparticles: Programmed for Application in Ovarian Cancer Therapy. Artif. Cells Nanomed. Biotechnol. 2018, 46, 481–491. [Google Scholar] [CrossRef]

	



Choi, E.; Kim, D.; Kang, D.; Yang, G.H.; Jung, B.; Yeo, M.; Park, M.-J.; An, S.; Lee, K.; Kim, J.S.; et al. 3D-Printed Gelatin Methacrylate (GelMA)/Silanated Silica Scaffold Assisted by Two-Stage Cooling System for Hard Tissue Regeneration. Regen. Biomater. 2021, 8, rbab001. [Google Scholar] [CrossRef]

	



Nazir, F.; Ashraf, I.; Iqbal, M.; Ahmad, T.; Anjum, S. 6-Deoxy-Aminocellulose Derivatives Embedded Soft Gelatin Methacryloyl (GelMA) Hydrogels for Improved Wound Healing Applications: In Vitro and in Vivo Studies. Int. J. Biol. Macromol. 2021, 185, 419–433. [Google Scholar] [CrossRef]

	



Su, J.; Lin, C.-H.; Chen, H.; Lee, S.-Y.; Lin, Y.-M. Biofabrication of Cell-Laden Gelatin Methacryloyl Hydrogels with Incorporation of Silanized Hydroxyapatite by Visible Light Projection. Polymers 2021, 13, 2354. [Google Scholar] [CrossRef]

	



Maharjan, B.; Kumar, D.; Awasthi, G.P.; Bhattarai, D.P.; Kim, J.Y.; Park, C.H.; Kim, C.S. Synthesis and Characterization of Gold/Silica Hybrid Nanoparticles Incorporated Gelatin Methacrylate Conductive Hydrogels for H9C2 Cardiac Cell Compatibility Study. Compos. Part B Eng. 2019, 177, 107415. [Google Scholar] [CrossRef]

	



Elkhoury, K.; Sanchez-Gonzalez, L.; Lavrador, P.; Almeida, R.; Gaspar, V.; Kahn, C.; Cleymand, F.; Arab-Tehrany, E.; Mano, J.F. Gelatin Methacryloyl (Gelma) Nanocomposite Hydrogels Embedding Bioactive Naringin Liposomes. Polymers 2020, 12, 2944. [Google Scholar] [CrossRef]

	



Gu, L.; Li, T.; Song, X.; Yang, X.; Li, S.; Chen, L.; Liu, P.; Gong, X.; Chen, C.; Sun, L. Preparation and Characterization of Methacrylated Gelatin/Bacterial Cellulose Composite Hydrogels for Cartilage Tissue Engineering. Regen. Biomater. 2021, 7, 195–202. [Google Scholar] [CrossRef]

	



Yoon, H.J.; Shin, S.R.; Cha, J.M.; Lee, S.-H.; Kim, J.-H.; Do, J.T.; Song, H.; Bae, H. Cold Water Fish Gelatin Methacryloyl Hydrogel for Tissue Engineering Application. PLoS ONE 2016, 11, e0163902. [Google Scholar] [CrossRef]

	



He, J.; Sun, Y.; Gao, Q.; He, C.; Yao, K.; Wang, T.; Xie, M.; Yu, K.; Nie, J.; Chen, Y.; et al. Gelatin Methacryloyl Hydrogel, from Standardization, Performance, to Biomedical Application. Adv. Healthc. Mater. 2023, 12, 2300395. [Google Scholar] [CrossRef]

	



Browning, M.B.; Cosgriff-Hernandez, E. Development of a Biostable Replacement for PEGDA Hydrogels. Biomacromolecules 2012, 13, 779–786. [Google Scholar] [CrossRef]

	



Rivera-Hernández, G.; Antunes-Ricardo, M.; Martínez-Morales, P.; Sánchez, M.L. Polyvinyl Alcohol Based-Drug Delivery Systems for Cancer Treatment. Int. J. Pharm. 2021, 600, 120478. [Google Scholar] [CrossRef]

	



Arshad, M.S.; Zafar, S.; Rana, S.J.; Nazari, K.; Chang, M.-W.; Ahmad, Z. Fabrication of Gentamicin Sulphate Laden Stimulus Responsive Polymeric Microarray Patches for the Treatment of Bacterial Biofilms. J. Drug Deliv. Sci. Technol. 2023, 84, 104504. [Google Scholar] [CrossRef]

	



Hamdan, N.; Susanti, D.; Wan Abdul Khodir, W. In Vitro Evaluation of Crosslinked Polyvinyl Alcohol/Chitosan-Gentamicin Sulfate Electrospun Nanofibers. Malays. J. Chem. 2021, 23, 1–10. [Google Scholar]

	



Flores-Arriaga, J.C.; Chavarría-Bolaños, D.; Pozos-Guillén, A.D.J.; Escobar-Barrios, V.A.; Cerda-Cristerna, B.I. Synthesis of a PVA Drug Delivery System for Controlled Release of a Tramadol–Dexketoprofen Combination. J. Mater. Sci. Mater. Med. 2021, 32, 56. [Google Scholar] [CrossRef] [PubMed]

	



Shurshina, A.S.; Lazdin, R.Y.; Zakharova, E.M.; Titlova, A.S.; Kulish, E.I. Prolonging Effects of Polyvinyl Alcohol on Drug Release. Chim. Techno Acta 2022, 9, 20229206. [Google Scholar] [CrossRef]

	



Singh, R.; Lillard, J.W.J. Nanoparticle-Based Targeted Drug Delivery. Exp. Mol. Pathol. 2009, 86, 215–223. [Google Scholar] [CrossRef] [PubMed]

	



Xiang, L.; Cui, W. Biomedical Application of Photo-Crosslinked Gelatin Hydrogels. J. Leather Sci. Eng. 2021, 3, 3. [Google Scholar] [CrossRef]

	



Zhang, K.; Yang, J.; Sun, Y.; Wang, Y.; Liang, J.; Luo, J.; Cui, W.; Deng, L.; Xu, X.; Wang, B.; et al. Gelatin-Based Composite Hydrogels with Biomimetic Lubrication and Sustained Drug Release. Friction 2022, 10, 232–246. [Google Scholar] [CrossRef]

	



Maleki Dizaj, S.; Lotfipour, F.; Barzegar-Jalali, M.; Zarrintan, M.-H.; Adibkia, K. Physicochemical Characterization and Antimicrobial Evaluation of Gentamicin-Loaded CaCO3 Nanoparticles Prepared via Microemulsion Method. J. Drug Deliv. Sci. Technol. 2016, 35, 16–23. [Google Scholar] [CrossRef]

	



Abdel-Hakeem, M.A.; Abdel Maksoud, A.I.; Aladhadh, M.A.; Almuryif, K.A.; Elsanhoty, R.M.; Elebeedy, D. Gentamicin–Ascorbic Acid Encapsulated in Chitosan Nanoparticles Improved In Vitro Antimicrobial Activity and Minimized Cytotoxicity. Antibiotics 2022, 11, 1530. [Google Scholar] [CrossRef] [PubMed]

	



Li, S.; Li, W.; Prausnitz, M. Individually Coated Microneedles for Co-Delivery of Multiple Compounds with Different Properties. Drug Deliv. Transl. Res. 2018, 8, 1043–1052. [Google Scholar] [CrossRef]

	



Ali, R.; Mehta, P.; Kyriaki Monou, P.; Arshad, M.S.; Panteris, E.; Rasekh, M.; Singh, N.; Qutachi, O.; Wilson, P.; Tzetzis, D.; et al. Electrospinning/Electrospraying Coatings for Metal Microneedles: A Design of Experiments (DOE) and Quality by Design (QbD) Approach. Eur. J. Pharm. Biopharm. 2020, 156, 20–39. [Google Scholar] [CrossRef]

	



Lee, Y.-H.; Lin, S.-J. Chitosan/PVA Hetero-Composite Hydrogel Containing Antimicrobials, Perfluorocarbon Nanoemulsions, and Growth Factor-Loaded Nanoparticles as a Multifunctional Dressing for Diabetic Wound Healing: Synthesis, Characterization, and In Vitro/In Vivo Evaluation. Pharmaceutics 2022, 14, 537. [Google Scholar] [CrossRef]

	



Mabilleau, G.; Aguado, E.; Stancu, I.C.; Cincu, C.; Baslé, M.F.; Chappard, D. Effects of FGF-2 Release from a Hydrogel Polymer on Bone Mass and Microarchitecture. Biomaterials 2008, 29, 1593–1600. [Google Scholar] [CrossRef]

	



Fathi, E.; Nassiri, S.M.; Atyabi, N.; Ahmadi, S.H.; Imani, M.; Farahzadi, R.; Rabbani, S.; Akhlaghpour, S.; Sahebjam, M.; Taheri, M. Induction of Angiogenesis via Topical Delivery of Basic-Fibroblast Growth Factor from Polyvinyl Alcohol–Dextran Blend Hydrogel in an Ovine Model of Acute Myocardial Infarction. J. Tissue Eng. Regen. Med. 2013, 7, 697–707. [Google Scholar] [CrossRef]

	



Luo, L.; He, Y.; Jin, L.; Zhang, Y.; Guastaldi, F.P.; Albashari, A.A.; Hu, F.; Wang, X.; Wang, L.; Xiao, J.; et al. Application of Bioactive Hydrogels Combined with Dental Pulp Stem Cells for the Repair of Large Gap Peripheral Nerve Injuries. Bioact. Mater. 2021, 6, 638–654. [Google Scholar] [CrossRef] [PubMed]

	



Tut, T.A.; Cesur, S.; Ilhan, E.; Sahin, A.; Yildirim, O.S.; Gunduz, O. Gentamicin-Loaded Polyvinyl Alcohol/Whey Protein Isolate/Hydroxyapatite 3D Composite Scaffolds with Drug Delivery Capability for Bone Tissue Engineering Applications. Eur. Polym. J. 2022, 179, 111580. [Google Scholar] [CrossRef]

	



Shabbir, M.; Ali, S.; Hamid, I.; Sharif, A.; Akhtar, M.F.; Raza, M.; Ahmed, S.; Peerzada, S.; Amin, M.U. Influence of Different Formulation Variables on the Performance of Transdermal Drug Delivery System Containing Tizanidine Hydrochloride: In Vitro and Ex Vivo Evaluations. Braz. J. Pharm. Sci. 2018, 54, e00130. [Google Scholar] [CrossRef]

	



Guo, J.; Zhu, Y.; Miao, P. Nano-Impact Electrochemical Biosensing Based on a CRISPR-Responsive DNA Hydrogel. Nano Lett. 2023, 23, 11099–11104. [Google Scholar] [CrossRef]

	



Nazemi, N.; Rajabi, N.; Aslani, Z.; Kharaziha, M.; Kasiri-Asgarani, M.; Bakhsheshi-Rad, H.R.; Najafinezhad, A.; Ismail, A.F.; Sharif, S.; Berto, F. Synthesis and Characterization of Gentamicin Loaded ZSM-5 Scaffold: Cytocompatibility and Antibacterial Activity. J. Biomater. Appl. 2023, 37, 979–991. [Google Scholar] [CrossRef] [PubMed]

	



Bakhsheshi-Rad, H.R.; Hamzah, E.; Ismail, A.F.; Aziz, M.; Hadisi, Z.; Kashefian, M.; Najafinezhad, A. Novel Nanostructured Baghdadite-Vancomycin Scaffolds: In-Vitro Drug Release, Antibacterial Activity and Biocompatibility. Mater. Lett. 2017, 209, 369–372. [Google Scholar] [CrossRef]

	



Xiao, Z.; Zheng, X.; An, Y.; Wang, K.; Zhang, J.; He, H.; Wu, J. Zwitterionic Hydrogel for Sustained Release of Growth Factors to Enhance Wound Healing. Biomater. Sci. 2021, 9, 882–891. [Google Scholar] [CrossRef] [PubMed]

	



Gentile, F.; Tirinato, L.; Battista, E.; Causa, F.; Liberale, C.; di Fabrizio, E.M.; Decuzzi, P. Cells Preferentially Grow on Rough Substrates. Biomaterials 2010, 31, 7205–7212. [Google Scholar] [CrossRef] [PubMed]








[image: Nanomaterials 14 00563 g001] 





Figure 1. Schematic diagram of nanoparticle coated-GelMA-KerMA patches development process: (A) Preparation of GelMA-KerMA composite ink; (B) CAD file preparation and slicing for the 3D printing process; (C) 3D printing of GelMA-KerMA patches containing microneedles; (D) the process of coating GelMA-KerMA patches with coaxial nanoparticles by EHDA method; (E) final version of the coaxial nanoparticle coated 3D-printed GelMA-KerMA patch. 
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Figure 2. (a) 1H-NMR spectra of gelatin and GelMA. Peaks observed at 5.7 ppm, 5.4 ppm, and 1.9 ppm indicate the presence of methacrylation in the protein. The peak at 3.0 ppm signifies a reduction in lysine groups. (b) 1H-NMR spectra of keratin and KerMA. Peaks observed at 5.8 ppm, 5.5 ppm, and 1.9 ppm indicate the presence of methacrylation in the protein. The peak between 3.0 and 3.3 ppm may signify a reduction in lysine groups. (c) FTIR spectra of GelMA-KerMA patches. 
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Figure 3. SEM images of 3D-printed GelMA-KerMA patches: (a) blank GelMA-KerMA patch, (b) GEN@PVA/GelMA-KerMA patch, (c) FGF-2@PVA/GelMA-KerMA, (d) FGF-2@GEN@PVA/GelMA-KerMA patch. 
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Figure 4. Mechanical properties of blank and nanoparticle-coated 3D-printed GelMA-KerMA hydrogels: (a) compressive strength, (b) strain (%). Data are expressed as mean ± standard deviation (SD, n = 3). 
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Figure 5. (a) Swelling ability of GelMA-KerMA patches incubated in PBS for different time intervals in comparison with the constructed models. (b) Degradation profiles of GelMA-KerMA patches. Data are expressed as mean ± standard deviation (SD, n = 3). 
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Figure 6. (a) Linear calibration curve of GEN. (b) The in vitro release profile of GEN from GEN@PVA/GelMA-KerMA patches. The first 12 h GEN release is detailed on the graph. (c) Linear calibration curve of FGF-2. (d) The in vitro release profile of FGF-2 from FGF-2@PVA/GelMA-KerMA patches. The first 12 h FGF-2 release is detailed on the graph. All the measurements were repeated three times; the errors were less than 5%. 
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Figure 7. Antibacterial activities of GelMA-KerMA and GEN@PVA/GelMA-KerMA patches against (a) S. aureus, (b) P. aeruginosa and (c) E. coli. (1) Blank GelMA-KerMA, (2) GEN@PVA/GelMA-KerMA, and (3) GEN (positive control). 
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Figure 8. Cell viability results of 1-day, 3-day, and 7-day treated GelMA-KerMA patches. The TCPS was accepted as the control. (* p ≤ 0.05, ** p < 0.01, *** p < 0.001; data presented are mean ± SD, n = 3). 
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Figure 9. (A) Fluorescence images of the GelMA-KerMA patches on the 7th day of cell growth: (a) blank GelMA-KerMA patch, (b) GEN@PVA/GelMA-KerMA patch, (c) FGF-2@PVA/GelMA-KerMA, (d) FGF-2@GEN@PVA/GelMA-KerMA patch. (B) SEM images of the cultured GelMA-KerMA patches on the 7th day of cell growth: (a) blank GelMA-KerMA patch, (b) GEN@PVA/GelMA-KerMA patch, (c) FGF-2@PVA/GelMA-KerMA, (d) FGF-2@GEN@PVA/GelMA-KerMA patch. Blue circles indicate round-shaped cells in all groups. 
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Table 1. Details of the samples used for the electrospray process.
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	Samples
	Process
	Shell
	Core





	GelMA-KerMA
	-
	-
	-



	GEN@PVA/GelMA-KerMA
	Single
	1% (w/v) PVA

0.2% (w/v) GEN
	-



	FGF-2@PVA/GelMA-KerMA
	Single
	1% (w/v) PVA

FGF-2 (100 ng/mL)
	-



	FGF-2@GEN@PVA/GelMA-KerMA
	Coaxial
	1% (w/v) PVA

0.2% (w/v) GEN
	1% (w/v) PVA

FGF-2 (100 ng/mL)










 





Table 2. Model parameters and performance metrics of the obtained swelling models.
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Hydrogels

	
Model Parameters

	
Performance Metrics




	
Se (%)

	
ks (minm)

	
m

	
R2

	
RMSE






	
GelMA-KerMA

	
579.79

	
872.65

	
0.6167

	
0.9668

	
21.39




	
GEN@PVA/GelMA-KerMA

	
541.46

	
843.30

	
0.6625

	
0.9780

	
26.76




	
FGF-2@PVA/GelMA-KerMA

	
519.20

	
1117.2

	
0.8453

	
0.9673

	
19.69




	
FGF-2@GEN@PVA/GelMA-KerMA

	
493.31

	
1486.6

	
1.0061

	
0.9665

	
20.71











 





Table 3. Results of mathematical drug release models of GEN@PVA/GelMA-KerMA patches.






Table 3. Results of mathematical drug release models of GEN@PVA/GelMA-KerMA patches.





	

	
Korsmeyer-Peppas

	
Zero-Order

	
First-Order

	
Higuchi

	
Hixson-Crowell




	
R2

	
n

	
R2

	
K0

	
R2

	
K1

	
R2

	
Kh

	
R2

	
Khc






	
GEN@PVA/GelMA-KerMA

	
0.9758

	
39.054

	
0.71

	
0.5061

	
0.9531

	
−0.01

	
0.943

	
13.7

	
0.9351

	
0.0228











 





Table 4. Transport mechanism types according to the range of the n value.
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	The Ranges of n Values
	Transport Mechanisms





	0.45 ≤ n
	Fickian diffusion mechanism



	0.45 < n < 0.89
	Non-Fickian transport



	n = 0.89
	Case II (relaxational) transport



	n > 0.89
	Super Case II transport










 





Table 5. Inhibition zone diameters of GelMA-KerMA and GEN@PVA/GelMA-KerMA patches against S. aureus, P. aeruginosa, and E. coli.






Table 5. Inhibition zone diameters of GelMA-KerMA and GEN@PVA/GelMA-KerMA patches against S. aureus, P. aeruginosa, and E. coli.











	
	Blank GelMA-KerMA
	GEN@PVA/GelMA-KerMA (15 µg)
	GEN (10 µg Disc)





	S. aureus 25923
	-
	25
	25



	P. aeruginosa 27853
	-
	20
	21



	E. coli 25922
	-
	25
	26
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