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Approaches to regenerate vocal fold in glottic insufficiency remains to be a focus for exploration. This is attributed to the applications of cells or biological molecules alone result in fast degradation and inadequate for regeneration. Development of an injectable hydrogel for glottic insufficiency is challenging, as it needs to be non-cytotoxic, elastic yet possess good strength and easy to fabricate. This gap prompts us to study the feasibility of our genipin(gn)-crosslinked gelatin (G) hydrogel in encapsulating Wharton’s Jelly Mesenchymal Stem Cells (WJMSCs) and basic fibroblast growth factor (bFGF) WJMSCs with the aim to provide regeneration in glottic insufficiency. WJMSCs was encapsulated into two optimised formulations with the density of 2,000,000 cells/mL. The encapsulated cells were tested for its morphology, cell viability, proliferation and migration. Then, the incorporation of basic fibroblast growth factor (bFGF) was done into a final formulation and was tested for the cellular response and in vitro inflammation. 6G 0.4gn demonstrated better cell viability after in vitro culturing for 7 day. After incorporation of bFGF into cell-laden 6G 0.4gn, encapsulated WJMSCs showed to have improved viability and migration. The inflammatory profile of the hydrogel was imperceptible and was regarded as minimal or no pro- and anti-inflammation. Altogether, we have first formulated 6G 0.4gn which is suitable to encapsulate WJMSCs and incorporation of bFGF. Current study fulfils the market need in vocal fold regeneration, by suggesting its rejuvenating potential in glottic insufficiency, yet this combined formulation should be studied further to justify its translation to clinical setting.
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1 INTRODUCTION
The negative consequences that arise from glottic insufficiency include difficulty of speaking, breathing or airway functionality. Researchers are continuously innovating new approach to mitigate the condition. A new treatment modality is recently revealed by (Hsieh et al., 2022) in clinical trial, namely APrevent® Vocal-Implant-System (VOIS) provides a long-term augmentation and it is flexible for different size of glottic insufficiency closure. After implantation of the VOIS via medialization thyroplasty, saline is injected into the designated balloon through injection laryngoplasty to obtain the desired bulking volume. Despite the advantage being the adjustable bulking volume, this approach requires invasive approach and continuous monitoring for bulking volume as it does not help to rejuvenate the native tissue. Having said that, regenerative medicine is a potential approach to stimulate the regeneration of the native tissue in vocal fold. The current focus of research for vocal fold regeneration involves direct injection of autologous bone marrow mesenchymal stem cells (Clinical Trials.gov Number: NCT04290182), adipose derived mesenchymal stem cells (Clinical Trials.gov Number: NCT02904824), basic fibroblast growth factor (bFGF) (Abbaszadeh et al., 2020; Aboul-Soud et al., 2021; Huang et al., 2020; Rao et al., 2018), hepatocyte growth factor (HGF) (Kaboodkhani et al., 2021), platelet-rich plasma (PRP) (Clinical Trials.gov Number: NCT04839276, NCT03749863) and autologous fibroblast (Clinical Trials.gov Number: NCT02120781). However, these approaches have several limitations, including short augmentation and retention time, which result in minimal improvement. To address these limitations, some studies are focusing on developing biomaterials to augment the glottic gap, such as the use of “click chemistry”-based polyethylene glycol (PEG) for vocal fold injection, which was shown to augment the glottic gap of rabbits and maintain stability for up to 4 months (Kwon et al., 2021).
While biomaterials, cells, or biochemical factors can be applied alone, a combination of these approaches can improve regenerative efficiency (Bakhshandeh et al., 2017). Biomaterials can serve as a customised space for encapsulated cells to proliferate or secrete growth factors, as well as create a microenvironment for vascularisation, provide a localised effect and control biomolecules release for an extended period (Akter, 2016; Koh et al., 2020; Sabaghi et al., 2022). For vocal fold injection, hydrogel is practically applied due to its utmost properties to provide cell friendly environment, protect cell fate and can be injected via non-invasive procedure (Espona-Noguera et al., 2019). Along with that, drug delivery is also another superiority of hydrogel as it is capable in encapsulating and releasing protein molecules in a slow manner (Dreiss, 2020). Despite with its exceptional properties, the formulation of the hydrogel is needed to be fine-tuned based on the specific condition. The properties of the tuneable hydrogel are greatly affected by the type of biomaterials used, crosslinking method and crosslinking degree. One of the crosslinking methods include chemical crosslinking as it is efficient, durable and has adjustable mechanical properties (Echalier et al., 2019). However, chemically-crosslinked hydrogel potentially causes cytotoxic if the crosslinkers exceed the threshold. With that being said, our previous work had justified several formulations using genipin crosslinking in gelatin hydrogel with satisfied physical, chemical characteristics and cellular responses (Ng et al., 2023). Gelatin and genipin were chosen as they depicted low cytotoxicity and tuneable degradation by adjusting the crosslinking degree. These biomaterials were regarded to be superior compared to existing biomaterials for vocal fold injection such as calcium hydroxyapatite (CaHA), carboxymethylcellulose (CMC), and hyaluronic acid. These biomaterials were reported to have fast resorption and potential foreign body reaction (DeFatta et al., 2012; Wang et al., 2020; Wang and Carroll, 2021). In our previous study, these formulations were observed to have physical properties that might be suitable for vocal fold augmentation. These properties included gelation time within 20 min, low swelling ratio (less than 10%) and elastic modulus (between 2 and 10 kPa). Tissue engineering is defined by applying both biomaterials and cells together for therapeutic purpose (Raghav et al., 2022). Specifically, we tested WJMSCs in our previous study, with the final aim of encapsulating WJMSCs in the hydrogels. Hydrogels are known with high water content and elastic, making them to be a good candidate for cells encapsulation (Nicodemus and Bryant, 2008). Our hydrogels serve as potential materials to encapsulate cells as they showed microporous structures, hydrophilicity, presence of functional groups for cell-cell interactions and ability to maintain WJMSCs viability up to 7 days. Additionally, we further characterised WJMSCs to justify its functionality in encapsulating cells and biomolecules.
Mesenchymal Stem Cells (MSCs) from umbilical cord, or also named Wharton’s Jelly Mesenchymal Stem Cells (WJMSCs) is known to have better proliferation and plasticity than other MSCs from other sources, with additional advantages of easily obtained and minimal ethical issue (Corotchi et al., 2013). WJMSCs depict higher plasticity, angiogenesis and stemness among the stem cells (Christodoulou et al., 2013), providing better tissue regeneration and remodelling outcome via paracrine effect (Wu et al., 2022). The multipotency of WJMSCs might be beneficial for regeneration of vocal fold with complex microstructures. Currently, regeneration of WJMSCs was proven for cardiomyocytes (Cheng et al., 2022) and nerve in rat model (Gärtner et al., 2012). These components are abundant in vocal fold and their impairments might lead to glottic insufficiency. However, the evidence of WJMSCs in vocal fold regeneration is rarely reported, prompting us to investigate. On the other hand, bFGF applications in vocal fold regeneration have been applied commonly in clinical setting and demonstrated positive outcomes (Abbaszadeh et al., 2020; Aboul-Soud et al., 2021; Huang et al., 2020; Rao et al., 2018). This might due to the abundant fibroblasts in vocal fold, which then improve the extracellular matrix (ECM) production and native regeneration (Kishimoto et al., 2016). Integration of bFGF showed a positive impact on the cellular response of WJMSCs, by increasing the exosome secretion (Park et al., 2023). Moreover, the sustained release of bFGF in hydrogel via diffusion can be controlled by altering the pore size (Sheth et al., 2019). Sustained release of growth factors were shown to regenerate recurrent laryngeal nerve (RLN) in a rabbit model (Lasso et al., 2018). Therefore, we expect that the integration of WJMSCs and bFGF into the hydrogel provides a better outcome, as the native tissue might also appear as unfavourable microenvironment for the cells and growth factors to sustain longer. A biodegradable and non-cytotoxic hydrogel is very vital to act as a carrier, and slowly releases the cells and growth factors to the targeted area, while prolonging the regeneration effect (Guan et al., 2020). Meanwhile, the by-products release during degradation of hydrogel may result inflammation, which can worsen the situation. Acute inflammation in vocal fold needs to be managed carefully, as it can cause over swelling that will obstruct the airway causing life-threating event (Gupta & Mahajan, 2024). Therefore, we need to further investigate the feasibility of the proposed hydrogel for encapsulation as well as the inflammatory profile, as the crosslinking mechanism of genipin in the gelatin matrix may result cytotoxicity toward the encapsulated cells.
With the previous genipin-crosslinked gelatin hydrogel, we aim to propose a WJMSCs and bFGF encapsulation formulation that can provide a temporary bulking volume to the incomplete glottic, while gradually release the growth factor for a prolonged regenerative effect. Herein, current study serves as preliminary evidence to prove the encapsulation of WJMSCs and bFGF into our hydrogels, which is potential to apply in vocal fold regeneration.
2 METHOD
2.1 Fabrication of encapsulated WJMSCs in genipin-crosslinked gelatin hydrogel
Two hydrogels formulation (6G 0.4gn, 8G 0.4gn) were fabricated according to the previously established protocol (Ng et al., 2023). Both hydrogel formulations exhibited gelation within 20 min, biodegradable and biocompatible with WJMSCs after 7 days of in vitro culture suggesting their potential in encapsulation. Upon mixing of genipin granules (0.4% w/v) into the gelatin solution (6% or 8% w/v) at 50°C for 3 minutes, the liquid hydrogel was allowed to cool down in room temperature for 1 min. Then, cell density of 2,000,000 cells/mL was mixed with the liquid hydrogel and was fabricated in desired well plate.
2.2 Biocompatibility of WJMSCs in hydrogel
The cell viability assay of encapsulated WJMSCs was done using a LIVE/DEAD™ Viability/Cytotoxicity kit (Invitrogen, Waltham, MA, United States). The hydrogel with the encapsulated cell was rinsed with Dulbecco’s phosphate-buffered saline (DPBS). The staining solution included calcein-AM and ethidium homodimer-1 (ratio of 1:4), was applied to the hydrogel and stained for 30 min at 37°C. Greenly stained cells indicated viable cells while redly stained indicated dead cells. The image was obtained using a Nikon Eclipse Ti fluorescence microscope (Nikon, Tokyo, Japan) under a magnification of ×10. The viability of the cell was calculated via ImageJ software (NIH, Bethesda, MD, United States). The assessment was done on day one and seven after WJMSCs were encapsulated in the hydrogels.
2.3 Cell viability of WJMSCs in hydrogel
WJMSCs were encapsulated with an amount of 2,000,000 cells/mL in the hydrogel in a 96-well plate. After 24 h of culture, the viability of cells was examined by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay (Sigma-Aldrich, St. Louis, MO, United States). In general, the culture medium was removed and rinsed with DPBS. 90 ul of pure medium with 10 ul of 5 mg/mL MTT solution was put into each well, which yielded a diluted concentration of MTT assay (0.5 mg/mL). After incubation for 4 h at 37°C, 87.5 ul of the solution was removed and 100 ul of DMSO was added (Sigma-Aldrich, St. Louis, MO, United States) to solubilise the formazan. The final solution was read by spectrophotometer to examine its absorbance at 570 nm (BioTek, PowerWave XS, Highland Park, IL, United States). The cell viability determination using MTT assay was done on day one and seven of culturing respectively.
2.4 Morphology of WJMSCs in hydrogel (SEM)
A total of 2,000,000 cells/mL of WJMSCs was encapsulated into the hydrogel. Upon cell culturing for 2 days, the hydrogel was washed with DPBS gently. The hydrogel was fixed using 3% glutaraldehyde and then was serially dehydrated by ethanol. The hydrogel was lyophilized for 24 h and coated with a nanogold to analyse the cell structure through FESEM (Supra 55VP, Zeiss, Obenkochen, Germany). The image was viewed under ×400 magnification.
2.5 Immunocytochemistry (ICC) - Ki67 of WJMSCs in hydrogel
A total of 2,000,000 cells/mL of WJMSCs was encapsulated into the hydrogel in a 48-well plate. After 24 h, the hydrogel with WJMSCs encapsulation was rinsed with 500 μL of phosphate-buffered saline (PBS) thrice. Then, the hydrogel with WJMSCs encapsulation was fixed with 200 μL of 4% paraformaldehyde in a chill condition for 15 min. The washing of hydrogel with WJMSCs encapsulation was done with 500 μL PBS thrice at 5 minutes each in an incubator shaker. After washing, the hydrogel with WJMSCs encapsulation was treated with 200 μL of 0.5% triton-X (Sigma-Aldrich, St. Louis, MO, United States) for 20 min. The washing of hydrogel with WJMSCs encapsulation was done by 500 μL PBS three times at 5 minutes each in an incubator shaker before blocking steps with 10% of goat serum (Sigma-Aldrich, St. Louis, MO, United States) at 1 hour and 37°C. Primary antibody was prepared in 1% of goat serum. 200 μL of Ki67 recombinant rabbit monoclonal antibody (SP6) (1:1,000) (Invitrogen, Waltham, MA, United States) was added to the hydrogel with WJMSCs encapsulation for overnight incubation. Upon 20–22 h of incubation, the primary antibody was removed and cleaned with 500 μL PBS thrice at 5 minutes each. The goat anti-mouse IgG, Alexa Fluor® 488 in 1% goat serum, dilution of (1:1,000) (Abcam, Waltham, MA, United States), was the secondary antibody and 200 μL of it was added into the hydrogel with WJMSCs encapsulation for incubation at 2 hours and 37°C. The secondary antibody was removed and cleaned with 500 μL PBS thrice at 5 minutes each. 1 μM of 4′,6-diamidino-2-phenylindole (DAPI) staining was prepared in PBS and 200 μL of the solution was added for incubation up to 20 min at room temperature. The final step included a washing procedure with 500 μL PBS three times at 5 minutes each. The hydrogel with WJMSCs encapsulation was immersed in PBS until the fluorescent image was obtained via a Nikon Eclipse Ti fluorescence microscope (Nikon, Tokyo, Japan) under the magnification of ×20.
2.6 Migration of WJMSCs in hydrogel
WJMSCs upon 70%–80% confluency were washed with 5 mL DPBS and then stained with 0.5 μg/mL of CellTracker™ Green CMFDA dye (Invitrogen, Waltham, MA, United States) in pure α-MEM up to 30 min staining at 37°C. After staining, the cells were cleaned with 5 mL DPBS. The cells were cultured in 10% human platelet lysate (HPL) α-MEM for at least 24 h before trypsinisation. Then, the stained cells were applied for cell encapsulation with a cell density of 2,000,000/mL in a 48-well plate. Another flask of WJMSCs was seeded on a 24-well plate with cell density of 8,000/cm2. After 24 h, the cells were cleaned with DPBS and their nuclei were stained with 2 μg/mL Hoescht dye (Invitrogen, Waltham, MA, United States), diluted in pure α-MEM up to 30 min at 37°C. The cells were cleaned and used for the subsequent procedure. On day one, the hydrogel with encapsulated WJMSCs was flipped onto the blue cells in a 24-well plate and viewed using a Nikon Eclipse Ti fluorescence microscope (Nikon, Tokyo, Japan) under a magnification of ×10. The same set of hydrogel was viewed under day three, and seven.
2.7 Cellular response of encapsulated WJMSCs and bFGF in hydrogel
Prior to this stage, only one final formulation was included, which was 6G 0.4gn as it supported cell growth over 7 days. In this stage of the study, two different sets were fabricated, which were hydrogel with WJMSCs encapsulation (2,000,000 cells/mL) only and encapsulation of WJMSCs with bFGF (0.1 μg/mL) in the hydrogel. This stage was to compare the effect of bFGF incorporation toward encapsulated WJMSCs in the hydrogel.
2.8 Cell viability of encapsulated WJMSCs in hydrogel with bFGF incorporation
Two different sets were fabricated, which were WJMSCs encapsulation (2,000,000 cells/mL) and WJMSCs with bFGF (0.1 μg/mL) encapsulation into the hydrogel in a 96-well plate. After 24 h of culture, the viability of cells was examined by MTT assay (Sigma-Aldrich, St. Louis, MO, United States). In general, the culture medium was removed and rinsed with DPBS. 90 ul of pure medium with 10 ul of 5 mg/mL MTT solution was put into each well, which yielded a diluted concentration of MTT assay (0.5 mg/mL). After incubation for 4 h at 37°C, 87.5 ul of the solution was removed and 100 ul of DMSO was added (Sigma-Aldrich, St. Louis, MO, United States) to solubilise the formazan. The final solution was read by spectrophotometer to examine its absorbance at 570 nm (BioTek, PowerWave XS, Highland Park, IL, United States). The cell viability determination using MTT assay was done on day one and seven of culturing respectively.
2.9 Immunocytochemistry (ICC) - Ki67 of encapsulated WJMSCs in hydrogel with bFGF incorporation
A total of 2,000,000 cells/mL of WJMSCs was encapsulated into the hydrogel in a 48-well plate. After 24 h, the hydrogel with WJMSCs encapsulation was rinsed with 500 μL of PBS thrice. Then, the hydrogel with WJMSCs encapsulation was fixed with 200 μL of 4% paraformaldehyde in a chill condition for 15 min. The washing of hydrogel with WJMSCs encapsulation was done with 500 μL PBS thrice at 5 minutes each in an incubator shaker. After washing, the hydrogel with WJMSCs encapsulation was treated with 200 μL of 0.5% triton-X (Sigma-Aldrich, St. Louis, MO, United States) for 20 min. The washing of hydrogel with WJMSCs encapsulation was done by 500 μL PBS three times at 5 minutes each in an incubator shaker before blocking steps with 10% of goat serum (Sigma-Aldrich, St. Louis, MO, United States) at 1 hour and 37°C. Primary antibody was prepared in 1% of goat serum. 200 μL of Ki67 recombinant rabbit monoclonal antibody (SP6) (1:1,000) (Invitrogen, Waltham, MA, United States) was added to the hydrogel with WJMSCs encapsulation for overnight incubation. Upon 20–22 h of incubation, the primary antibody was removed and cleaned with 500 μL PBS thrice at 5 minutes each. The goat anti-mouse IgG, Alexa Fluor® 488 in 1% goat serum, dilution of (1:1,000) (Abcam, Waltham, MA, United States), was the secondary antibody and 200 μL of it was added into the hydrogel with WJMSCs encapsulation for incubation at 2 hours and 37 °C. The secondary antibody was removed and cleaned with 500 μL PBS thrice at 5 minutes each. 1 μM of 4′,6-diamidino-2-phenylindole (DAPI) staining was prepared in PBS and 200 μL of the solution was added for incubation up to 20 min at room temperature. The final step included a washing procedure with 500 μL PBS three times at 5 minutes each. The hydrogel with WJMSCs encapsulation was immersed in PBS until the fluorescent image was obtained via a Nikon Eclipse Ti fluorescence microscope (Nikon, Tokyo, Japan) under the magnification of ×20.
2.10 Migration of encapsulated WJMSCs in hydrogel with bFGF incorporation
WJMSCs upon 70%–80% confluency were washed with 5 mL DPBS and then stained with 0.5 μg/mL of CellTrackerTM Green CMFDA dye (Invitrogen, Waltham, MA, United States) in pure α-MEM up to 30 min staining at 37°C. After staining, the cells were cleaned with 5 mL DPBS. The cells were cultured in 10% HPL α-MEM for at least 24 h before trypsinisation. Then, the stained cells were applied for cell encapsulation with a cell density of 2,000,000/mL in a 48-well plate. Another flask of WJMSCs was seeded on a 24-well plate with cell density of 8,000/cm2. After 24 h, the cells were cleaned with DPBS and their nuclei were stained with 2 μg/mL Hoescht dye (Invitrogen, Waltham, MA, United States), diluted in pure α-MEM up to 30 min at 37°C. The cells were cleaned and used for the subsequent procedure. On day one, the hydrogel with encapsulated WJMSCs was flipped onto the blue cells in a 24-well plate and viewed using a Nikon Eclipse Ti fluorescence microscope (Nikon, Tokyo, Japan) under a magnification of ×10. The same set of hydrogel was viewed under day three, and seven.
2.11 Inflammatory properties of hydrogel
The cell line of THP-1 (ATCC, Manassas, Virginia, US) was revived from cryopreservation and was cultured with Roswell Park Memorial Institute (RPMI)-1,640 (Gibco, CA, United States) supplemented with 5% in-house HPL. After 3 days of culturing, total of 3,000,000 THP-1 cells were seeded into each 6-well plate for macrophage differentiation purpose. The differentiation medium was prepared with final concentration of 10 ng/mL of phorbol-12-myristate-13-acetate (PMA). After 24 h of differentiation, macrophage was observed to attach on the well plate and was co-cultured with hydrogel. Inflammatory properties of hydrogel were compared between five sets co-cultured with macrophages, which were i) hydrogel alone, ii) hydrogel with WJMSCs encapsulation only, iii) hydrogel with WJMSCs and bFGF encapsulation, iv) WJMSCs only and v) macrophage only (control). After co-cultured for 72 h, the subsequent tests were conducted. The experimental design was shown in Figure 1.
[image: Figure 1]FIGURE 1 | Schematic diagram in studying inflammation response of macrophage with co-culture of hydrogel. The figure was created using Biorender.com, the date of access 08 January 2023.
2.12 Biocompatibility of macrophage when co-cultured with hydrogel
After co-culture of the macrophage with hydrogel for 72 h, the macrophage was washed with 1 mL DPBS. Then, staining solution included calcein-AM and ethidium homodimer-1 (ratio of 1:4) in LIVE/DEAD™ Viability/Cytotoxicity kit (Invitrogen, Waltham, MA, United States) was prepared. 750 μL of the staining solution was put to the macrophage and stained for 30 min. The greenly-stained cells exhibited live cells while redly-stained cells exhibited dead cells. The image was obtained via a Nikon Eclipse Ti fluorescence microscope (Nikon, Tokyo, Japan) under a magnification of ×20.
2.13 Surface marker expression of macrophage when co-cultured with hydrogel
After co-culture of macrophage with hydrogel for 72 h, the macrophage was washed with DPBS and trypsinised. Each group was counted to have approximately 1 million cells and were stained with FITC anti-mouse CD36 antibody, PerCp/Cyanine 5.5 anti-mouse CD80 antibody, PE anti-mouse CD206 antibody, and APC anti-mouse CD209 (Biolegend, San Diego, CA, US). The stained macrophage was then read through flow cytometry (BD Sciences, Franklin Lakes, NJ, US).
2.14 Cytokine release of macrophage when co-cultured with hydrogel
After co-culture of macrophage with hydrogel for 72 h, the medium was collected. The cytokine release, namely tumor necrosis factor-alpha (TNF-α), interleukin (IL)-8, and IL-10 were quantified by ELISA test kit (Elabscience, Wuhan, China). The undiluted sample was used in the determination of TNF-α and IL-10 while a dilution factor of 1:50 was prepared for the determination of IL8. 100 μL of the sample was put into the well and incubated for 90 min at 37 °C. The sample solution was replaced by 100 μL of biotinylated detection antibody and underwent 1 h incubation at 37 °C. Then, three times washing were done by using 350 μL of wash buffer and then 100 μL of horseradish peroxidase (HRP) conjugate working solution was put for 30 min incubation at 37 °C. Five times washing were done by using 350 μL and then 90 μL substrate reagent was put for 15 min incubation at 37 °C. The last step included addition of 50 μL stop solution and the wells were viewed under 450 nm absorbance through a spectrophotometer (BioTek, PowerWave XS, Highland Park, IL, United States). A standard graph was plotted to determine the concentration of the tumor necrosis factor-alpha (TNF-α), interleukin (IL)-8, and IL-10.
2.15 Statistical analysis
Each hydrogel group was tested in triplicate and was repeated with thrice to ensure the duplicability. The data was interpreted as mean ± standard deviation and the data analysis was done by using GraphPad Prism version 8.0 (GraphPad Software, Inc., San Diego, CA, United States). Statistical analysis between the control group and treatment groups was conducted by one-way, two-way analysis of variance (ANOVA), and paired t-test. In certain tests, 0.1% genipin was used as a control group because previous studies proved that 0.1% was not cytotoxic (Zawani et al., 2022).
3 RESULT
3.1 Cellular response of encapsulated WJMSCs in hydrogel
3.1.1 Morphology of encapsulated WJMSCs in hydrogel
After 2 days of culturing, WJMSCs that were encapsulated in genipin-crosslinked gelatin hydrogels were observed to remain in spherical shaped (Figure 2). The cells appeared to be staying in the pores of the hydrogels. However, WJMSCs in 6G 0.1gn showed pseudopodia, which were not observed in 6G 0.4gn and 8G 0.4gn.
[image: Figure 2]FIGURE 2 | Morphology of WJMSCs after encapsulated in genipin-crosslinked gelatin hydrogels. The cells were viewed under ×400 magnification and each scale bar represents 10 μm.
3.1.2 Cell viability of encapsulated WJMSCs in hydrogel
The viability of WJMSCs after encapsulation for one and 7 days were determined using MTT assay, which reflects the mitochondrial activity of viable cells. The absorbance readings showed that only the 6G 0.4gn group exhibited a significant increase in cell viability from day one to day seven (Figure 3). The other hydrogel groups had only marginal increases in viability, including 6G 0.1gn and 8G 0.4gn.
[image: Figure 3]FIGURE 3 | Viability of encapsulated WJMSCs from day one to seven of culturing in genipin-crosslinked gelatin hydrogels. ** indicates p < 0.01.
3.1.3 Biocompatibility of encapsulated WJMSCs in hydrogel
The viability of WJMSCs encapsulated within the hydrogels was found to be lower compared to the seeding method as reported previously. Specifically, the viability of encapsulated WJMSCs in 6G 0.4gn and 8G 0.4gn on day one was comparable to that of 6G 0.1gn (Figure 4B). However, on day seven, degradation of 6G 0.1gn resulted in an inability to conduct the test. Nonetheless, the viability of cells in 6G 0.4gn and 8G 0.4gn was maintained at minimum of 70% (Figure 4).
[image: Figure 4]FIGURE 4 | Cellular response via LIVE/DEAD™ Viability/Cytotoxicity assay. (A) Encapsulated WJMSCs and (B) the cell viability of encapsulated WJMSCs in genipin-crosslinked gelatin hydrogel. The cells were viewed under ×10 magnification and each scale bar represents 100 μm.
3.1.4 Immunocytochemistry (ICC) – Ki67 of encapsulated WJMSCs in genipin-crosslinked gelatin hydrogel
Ki67 is commonly used to detect proliferating cells. All of the encapsulated WJMSCs in hydrogel sets showed to express the ki67 marker via ICC assay. The proliferation marker was maintained until day seven as according to our test (Figure 5).
[image: Figure 5]FIGURE 5 | Proliferation markers of encapsulation WJMSCs in genipin-crosslinked gelatin hydrogel. The cells were viewed under ×20 magnification and each scale bar represents 100 μm.
3.1.5 Migration of encapsulated WJMSCs in hydrogel
The genipin-crosslinked gelatin hydrogels were able to create a suitable homing environment that facilitated the migration of WJMSCs (as shown in Figure 6). The migration distance of WJMSCs was measured using the ImageJ software. The encapsulated WJMSCs in both 6G 0.4gn and 8G 0.4gn hydrogels were observed to migrate over time, with no significant difference between the two groups.
[image: Figure 6]FIGURE 6 | Migration of WJMSCs in genipin-crosslinked gelatin hydrogels up to 7 days. The cells were viewed under ×10 magnification and each scale bar represents 100 μm. The 6G 0.1gn group was not included because the hydrogel completely disintegrated starting from day 2. Therefore, the migration of the cells were not able to be observed and quantified. (A) 2D view of encapsulated WJMSCs in hydrogel and (B) calculated migration distance of encapsulated WJMSCs as compared to previous distance (D1-D3, D3-D7).
The results of the encapsulation study showed that both hydrogels, 6G 0.4gn and 8G 0.4gn, supported the viability, proliferation, and migration of WJMSCs. However, only 6G 0.4gn was able to significantly increase cell viability after 7 days of culturing in vitro. Therefore, 6G 0.4gn was selected as the final hydrogel formulation for the incorporation of bFGF in the subsequent experiments.
3.1.6 Cell viability of encapsulated WJMSCs in hydrogel bFGF incorporation
The MTT assay results revealed an increase in absorbance readings for both cell viability with or without bFGF incorporation at day seven, indicating an increase in metabolic activity of the cells (Figure 7), while cell and bFGF encapsulation showed an even more significant increase. Interestingly, WJMSCs in hydrogel incorporated with bFGF exhibited higher cell viability compared to those without bFGF incorporation at day seven (p < 0.05), indicating that bFGF incorporation may assist in the survival of WJMSCs in genipin-crosslinked gelatin hydrogel.
[image: Figure 7]FIGURE 7 | Cell viability of WJMSCs after encapsulated in genipin-crosslinked gelatin with or without the bFGF incorporation up to 7 days. * indicates p < 0.05, **** indicates p < 0.0001.
3.1.7 Immunocytochemistry (ICC) – Ki67 of encapsulated WJMSCs in genipin-crosslinked gelatin hydrogel bFGF incorporation
The ki67 staining showed a more prominent signal in WJMSCs encapsulated in bFGF-incorporated hydrogel (Figure 8). This qualitative result is consistent with the previous finding of increased cell viability through MTT assay, suggesting that bFGF promotes cell proliferation.
[image: Figure 8]FIGURE 8 | Proliferation markers of encapsulation WJMSCs in genipin-crosslinked gelatin hydrogel with or without bFGF incorporation. The cells were viewed under ×20 magnification and each scale bar represents 100 μm. A zoomed version of the cells were showed at the upper left of the image.
3.1.8 Migration of encapsulated WJMSCs in genipin-crosslinked gelatin hydrogel with bFGF incorporation
Regarding cell migration in genipin-crosslinked gelatin hydrogel, the incorporation of bFGF significantly (p < 0.001) enhanced WJMSCs migration on day three compared to only WJMSCs encapsulation (Figure 9). However, there was no significant difference in migration distance on day seven between WJMSCs encapsulated with or without bFGF incorporation (Figure 9).
[image: Figure 9]FIGURE 9 | Migration of WJMSCs in genipin-crosslinked gelatin hydrogel with or without bFGF incorporation. The cells were viewed under ×10 magnification and each scale bar represents 100 μm *** indicates p < 0.001. (A) 2D view of encapsulated WJMSCs in hydrogel and (B) calculated migration distance of encapsulated WJMSCs as compared to previous distance (D1-D3, D3-D7).
3.1.9 Biocompatibility of macrophage
After 3 days of co-culture with hydrogel, all sets of macrophages appeared viable, with more greenly-stained cells than redly-stained cells as illustrated in Figure 10. The viability of the macrophages was not affected by encapsulation of WJMSCs, and bFGF incorporation.
[image: Figure 10]FIGURE 10 | Cellular response via LIVE/DEAD™ Viability/Cytotoxicity assay. Cells were viewed under ×20 magnification and each scale bar represents 100 μm.
3.1.10 Surface marker expression of macrophage
The surface marker CD209 expression increased in all groups co-cultured with hydrogel whereas CD36 expression decreased. CD80 and CD206 expression were similar to the control, as depicted in (Figure 11).
[image: Figure 11]FIGURE 11 | Flow cytometry analysis of macrophage marker expression after 3 days co-culture with WJMSCs in hydrogel. The included markers were (A) CD80, (B) CD206, (C) CD209 and (D) CD36 respectively.
3.1.11 Cytokine release of macrophage
Co-culture with hydrogel increased TNFα production by macrophages, while incorporation of WJMSCs and bFGF reduced TNFα production, however the differences were insignificant (Figure 12). However, hydrogel co-culture significantly reduced IL-10 production from 1.12 pg/mL (control) to 0.51 pg/mL, 0.44 pg/mL, and 0.45 pg/mL for hydrogel only, hydrogel + WJMSCs, and hydrogel + WJMSCs + bFGF respectively (Figure 12B). Furthermore, hydrogel co-culture with WJMSCs significantly increased IL-8 production from 12,082.7 pg/mL (control) to 35,839.6 pg/mL (hydrogel only), 35,719.9 pg/mL (hydrogel + WJMSCs), 33,281.4 pg/mL (hydrogel + WJMSCs + bFGF) and 38,869.5 pg/mL (WJMSCs only) (Figure 12C).
[image: Figure 12]FIGURE 12 | Cytokine release of macrophage. (A) TNFα, (B) IL-10 and (C) IL-8. * indicates p < 0.05, *** indicates p < 0.001.
4 DISCUSSION
The initiative of current study is to innovate an in-office hydrogel with regenerative ability in glottic insufficiency. In-office laryngoplasty injection offers several advantages, by preventing invasive procedures and involving only local anesthesia (Bartlett et al., 2012). In current study, the optimised hydrogel offers flexibility, as it can be delivered when it is in liquid form, allows it to accommodate the complex structure of vocal fold. Meanwhile, the crosslinking will be formed in situ, allowing it to be adhered to the tissue structure. The crosslinking process is proved to be cell-friendly and growth factor (bFGF) is encapsulated.
Although our previous study proved that the hydrogel formulation (6G 0.4gn and 8G 0.4gn) had favourable physical, chemical and mechanical properties, which demonstrated the potential for cell encapsulation (Ng et al., 2023). Ensuring good cell viability after encapsulation is crucial because the crosslinking process during gelation may have cytotoxic effects, particularly when forming bonds between functional groups (Etter et al., 2018). Genipin’s crosslinking mechanism involves covalent crosslinking, which improves the mechanical strength of the hydrogel while retaining its biodegradable property. This chemical crosslinker does not require additional components to initiate crosslinking, thus reducing the risk of cytotoxic due to by-product during degradation. The current outcome elucidated that 6G 0.4gn and 8G 0.4gn were able to encapsulate and support cell viability, proliferation and cell migration. This might due to the acceptable pore structures of the hydrogel and the ability to transmit nutrients to the encapsulated cells. Pore size is exceptionally important for cell signalling (Qazi et al., 2019). However, 6G 0.4gn exhibited superior cell viability when tested with MTT assay than 8G 0.4gn, possibly due to the dense structure of higher gelatin concentration, leading to less cell viability after 7 days of culturing.
It is worth noting that WJMSCs remained spherical after encapsulation. Cell morphology is closely associated with stiffness, where lower stiffness hydrogels (around 3 kPa) tend to promote cell spreading and elongation, while stiffer hydrogels (around 9 kPa) tend to maintain cell morphology due to pore size variation (Contessi Negrini et al., 2021). Hydrogel’s robustness also influences its degradation kinetics, which will affect cell fate and signalling. Human MSCs have a spherical morphology when encapsulated in a slower degraded matrix (as observed in this study), but exhibit cell communication when degradation occurs (Nicodemus and Bryant, 2008). We observed the hydrogels (6G 0.4gn and 8G 0.4gn) were not fully degraded even after being cultured for 7 days. One of our aims was to develop a hydrogel with slower resorption when injected into the vocal fold. Nevertheless, the inability of hydrogel degradation in the current in vitro study may not mimic the exact degradation kinetics in the biological microenvironment. Gelatin is susceptible to proteolytic degradation by collagenase rather than hydrolysis degradation. Vocal fold is mainly built up of collagen, indicating the existence of collagenase, which can help to degrade the hydrogel thus promoting the cell attachment and migration (Tang et al., 2017). This is due to the stiffness of the hydrogel can influence its hydrophobicity and cell recognition receptors (Cui et al., 2021). Therefore, cell viability and cell communication is the main concern of encapsulating cells in a slow degraded and stiffer hydrogel (Luo et al., 2022).
Despite their spherical shape after encapsulation, WJMSCs were observed to be able to migrate through the hydrogel, indicating the presence of attachment ligands that are important for cell adhesion. Gelatin, which is widely used in different applications and is generally regarded as safe by the United States Food and Drug Administration (FDA), contains vital cell communication ligands, such as RGD (Su and Wang, 2015). The cells can only attach on the surface of the hydrogel through RGD-integrin conjugation (Li et al., 2018), which is consistent with the observation in Figure 2. The current formulation, with includes genipin, was able to retain the original structure of gelatin and is compatible with WJMSCs. However, synthetic hydrogels require integration of RGD and N-cadherin to improve cell viability and adhesion of encapsulated BMMSCs (Rong et al., 2020). Despite this, 6G 0.4gn showed better accommodation for WJMSCs encapsulation, as it had a significant improvement in cell viability at day seven. This could be attributed to the concentration of gelatin, which influences the porosity of the hydrogel. Higher gelatin concentration leads to reduced porosity and pore size (Yang et al., 2017). The current study stipulates that the higher concentration of gelatin may result in a denser gelatin structure, causing less porosity and pore size. Additionally, our previous study showed that 8G 0.4gn had a lower pore size distribution than 6G 0.4gn (Ng et al., 2023). It is hypothesised that a higher concentration of gelatin leads to higher viscosity and denser gelatin structure due to higher intermolecular cross bonding of the molecules (Sancakli et al., 2021). More viscous hydrogels require higher injection force (Fan et al., 2021), which might damage the cells’ robustness in long-term culture. This suggests a limitation of this study, as injection force was not measured. Nevertheless, the proliferation of the WJMSCs was supported by the specific staining of ki67, indicating that the cells’ proliferation was maintained up to day seven.
In this study, 6G 0.4gn exhibited better encapsulation efficiency, led to its selection for bFGF incorporation. The addition of bFGF improved the activity of WJMSCs after 7 days and increased their migration rate in the hydrogel. WJMSCs produce a variety of growth factors, including bFGF. In vitro 2D culturing showed that bFGF supplementation enhances the proliferation and differentiation potential of WJMSCs (Panta et al., 2019). bFGF interacts with the upstream genes in the MEK/ERK pathway and regulates the expression of other proteins such as cyclin B1, which promotes proliferation (Chang et al., 2020). The enhanced proliferation of WJMSCs can increase the production of bFGF by the cells, while maintaining their differentiation and immunomodulation ability (Fujimoto et al., 2020). The regenerative ability of WJMSCs is affected by the hypoxia and nutrient conditions of the microenvironment. Previous research suggested that the encapsulated WJMSCs co-culture with injured cells produced less bFGF compared to normal in vitro setting (Lech et al., 2020). Thus, the incorporation of bFGF in the current study was deemed advantageous for maintaining the stemness and proliferation of WJMSCs in 3D conditions. bFGF is also vital to modulate the functions of fibroblasts in vocal fold (Yamauchi et al., 2022). The fibroblasts presence in vocal fold is significantly discussed by researchers, which is important in extracellular matrix (ECM) production to retain the viscoelasticity of vocal fold for voice production (Kishimoto et al., 2016). Our genipin-crosslinked gelatin hydrogel is aimed to provide a sustained release of bFGF toward the native tissue to support a long-term regenerative effect, via gradual degradation of the hydrogel matrix (Figure 13). Moreover, the incorporation of bFGF into our hydrogel is relatively direct and easy, with require no additional step.
[image: Figure 13]FIGURE 13 | Schematic diagram regarding to the interaction of WJMSCs and bFGF within hydrogel. The figure was created using Biorender.com, the date of access was 08 January 2023.
To prevent adverse events during in vivo studies, the immunogenicity of the hydrogel must be studied in vitro. In the current study, macrophages co-culture with hydrogel for up to 3 days demonstrated that the hydrogel was non-cytotoxic to macrophages. The expression of CD209, a pattern recognition receptor that affects macrophages phagocytosis ability (Jiang and Sun, 2017), increased after co-cultured with the hydrogel, with or without WJMSCs and bFGF encapsulation. CD209 also initiates innate and adaptive immunity by recognising mannosyl glycans in microorganisms. However, CD209 is found to express in M2-polarised macrophages as well (Buchacher et al., 2015). In contrast, the expression of CD36, a scavenger receptor, expressed by M1-polarised macrophages (Forrester et al., 2018), decreased after co-culture with the hydrogel, with or without WJMSCs and bFGF encapsulation. CD36 recognises foreign material or receptors and promotes phagocytosis by macrophages (Woo et al., 2016). In our study, the expression of CD209 induced by the encapsulation of WJMSCs and bFGF was higher than the control, suggesting a potential anti-inflammatory outcome. This finding aligns with the result by Erndt-Marino et al. (2018), showing that bFGF was able to enhance the anti-inflammatory effects of vocal fold fibroblasts. However, CD80 and CD206 are the most common markers for confirming macrophages polarization into M1 or M2. According to previous research, the polarization of M0 into M1 should express positive CD80 and low CD206, while M2 should express negative CD80 and high CD206 (Bertani et al., 2017), which was not observed in the current study. The insignificant result of CD80 and CD206 in the current study suggests that the macrophages may have remained in M0. However, the M0 state might suggest positive outcome, as it is acknowledged that macrophages play important role in vocal fold regeneration, and over expression of macrophages with myofibroblasts might cause fibrosis and then scarring (Nakamura et al., 2022; Xu and Fan, 2021). It is further justified in our cytokine release test, that with or without encapsulation of WJMSCs and bFGF induced no pro-inflammatory response. Specifically, no insignificant increase in TNFα was observed after co-culture with the hydrogel, with or without WJMSCs and bFGF encapsulation. Although, the hydrogel with WJMSCs and bFGF encapsulation did not demonstrate any anti-inflammatory properties as evidenced by the absence of significant IL10 induction, the significant increase in IL8 secretion after co-culture with the hydrogel, with or without WJMSCs and bFGF, did not justify the pro-inflammation properties of the hydrogel. Previous studies have suggested that IL8 secretion can be induced by both M1 or M2 macrophage, which can lead to pro- and anti-inflammatory effects during innate immunity, respectively (Orekhov et al., 2019; Zheng et al., 2018). Additionally, IL8 can also can be detected in M0 and M2 macrophages (Parisi et al., 2023). Aligned with outcome by (X. Li et al., 2024), the interaction between cells and hydrogel resulted in high secretion of IL8. These findings suggest our hydrogel supports biocompatibility of macrophages that also allows the immunomodulation outcome by the macrophages. Altogether, the outcome may propose the low immunogenicity properties and biocompatibility of the hydrogel, however, the main indicators such as CD80, CD206, TNFα, and IL10 were insignificant. This could be due to the absence of vocal fold fibroblast in the in vitro setting, as vocal fold fibroblast plays a vital role in stimulating macrophage polarization (Nakamura et al., 2022).
Based on our previous study, both 6G 0.4gn and 8G 0.4gn showed satisfactory characteristics for vocal fold injection. Both hydrogels exhibited fast gelation time (<20 min), elastic modulus between 2 and 10 kPa, which is more comparable to viscoelasticity of human vocal fold (superior medial: 5.0 kPa; inferior medial: 7.0 kPa) (Chhetri and Rafizadeh, 2014). Following to that, current preliminary study proposed that 6G 0.4gn might be more superior, due to its ability to maintain cellular activities of encapsulated WJMSCs with incorporation of bFGF, while exhibiting low inflammation outcome in vitro. In view of these advantages, it is expected to overcome the limitations of existing biomaterials which have no regenerative effect, fast resorption and migration issue (DeFatta et al., 2012; Wang et al., 2020; Wang and Carroll, 2021). However, this outcome needs to be validated in future studies as it has certain limitations that commonly encountered in in vitro studies. For example, the current study only focused on developing a suitable hydrogel for WJMSCs and bFGF encapsulation, and the regenerative ability of the encapsulated WJMSCs and bFGF was not elucidated in this study. In addition, vocal fold fibroblast was not included in this study due to the limited availability of the sample, and this issue will need to be addressed in future studies. The co-culture of the hydrogel with vocal fold fibroblasts is vital to elucidate its regenerative ability by protein expression of vocal fold fibroblasts. Even though, the incorporation of bFGF was proposed to improve the cellular response of WJMSCs, the release sustained of bFGF in the hydrogel remains unknown. The future work should study the release profile of bFGF to demonstrate the hydrogel’s ability to sustain bFGF release both in vitro and in vivo, considering both short- and long-term effects. Moreover, the gelation time, biodegradation profile and injectability should be re-investigated in an in vivo setting due to the physiological and microenvironment difference from in vitro work. The positive outcome of the study was emphasised to be a preliminary study, as the in vitro study did not represent the real microenvironment such as the culture medium used was not comprised of enzymes and other cells or extracellular matrix in the human vocal fold. Altogether, these factors might influence the degradation kinetics and cellular behaviour of the biomaterials and encapsulated cells (Mazzeo et al., 2019). By referring to Kwon et al. (2021)’s protocol, these can be tested in in vivo, by scoping the vocal fold’s condition, and investigate the intactness of the biomaterial with vocal fold during harvesting.
In ensuring the translational ability of this hydrogel, several aspects should be taken in consideration during the development, such as regulatory approval, supply chain mechanism, quality control of raw materials and feasibility of large-scale manufacturing. The future work needs to further prove the safety and tumorigenesis of current formulation, with incorporation of bFGF and WJMSCs in 6G 0.4gn hydrogel, via several stability tests and in vivo model. Moreover, we should also explore the practicality of the fabricated hydrogel. Injectability of the hydrogels were demonstrated in our previous study, showing that the hydrogels were able to be injected after 10 min (approximately time needed by clinician to inject the hydrogel into vocal fold) of polymerisation in room temperature (Ng et al., 2023). It is acknowledged that the injection force was not quantified due to resource limitations; however, the gelation and injection times of the hydrogel are of greater importance due to its time-sensitive nature. Genipin crosslinking should be initiated only when required by the clinician to prevent over-gelation. Therefore, we recommend a customised two-chamber needle to simplify the preparation of gelatin with genipin in a clinical setting. The quality control of WJMSCs should be established by listing out standard protocol starting from the sourcing of umbilical cord, method to extract WJMSCs, culture protocol, characterisation of WJMSCs, cryo-banking, thawing of the cells to the final encapsulation of WJMSCs into the hydrogel. Since the polymerisation of genipin-gelatin is critical to the injection process, large-scale production must be carefully considered when defining the end-product, to ensure long term feasibility and profitability. This poses a potential challenge compared to current biomaterials for vocal fold injection, such as hyaluronic acid and CaHA, which are relatively easy to handle in clinical settings. These limitations and considerations are critical to be contemplated and need to be addressed in future studies.
5 CONCLUSION
The current research proposed a final formulation, 6G 0.4gn that was suitable for WJMSCs encapsulation in vitro setting. This formulation supported viability, proliferation and migration of WJMSCs up to 7 days during encapsulation. Moreover, with the incorporation of bFGF into the cell-laden hydrogel, the encapsulated WJMSCs had improved viability and migration. Moreover, 6G 0.4gn also supported biocompatibility of macrophages, which then provided the low immunogenicity effect in in vitro setting. Therefore, this work serves as a proof-of-concept for the firstly introduced genipin-crosslinked gelatin hydrogel which has viscoelasticity, low inflammatory profile and slow biodegradation. These characteristics are deemed to be suitable for vocal fold injection. In addition, WJMSCs and bFGF encapsulation has potential to provide regenerative effect. As the work is done in vitro setting, future work should include vocal fold fibroblast to elucidate the regenerative properties, and prove via ex or in vivo setting for translational work.
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