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Sustainable keratoplasty models using agri-food waste: a hypothesis for transforming biowaste into biomaterials for tissue engineering research
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With a growing global population, ways to counterbalance the demand for meat products with effective food security and waste management demand innovative and scalable solutions. Concurrently, the alarming incidence of end-stage organ failure, limited availability of transplantable organs, and directives to reduce reliance on animal testing underscore the need for clinically viable and sustainable alternatives. Our approach introduces a hypothesis-driven, renewable tissue engineering strategy that creates low-cost keratoplasty models derived entirely from agri-food waste. Specifically, we hypothesize that abundant meat by-products, such as eyes and bladders, provide practically unlimited and readily available supplies of corneal tissues and urine-derived stem cells (USCs) that can be repurposed into cost-effective, clinically relevant solutions. Traditional approaches often rely on cadaveric tissues, invasive cell sourcing, or expensive commercial stem cell lines, which require complex and resource-intensive processes, including high-end bioreactor systems and manufacturing environments. These requirements often limit the widespread adoption and technological progress needed to increase the global supply of keratografts. Our proposed strategy leverages a combination of post-mortem corneal and bladder harvesting, which in turn facilitates tissue decellularization, non-invasive USC sourcing, stem cell differentiation, and compartment-specific recellularization approaches to help overcome barriers associated with traditional cell seeding and generate keratoplasty models derived entirely from this type of waste. Overall, our perspective suggests a way to devise a transformative and resource-efficient approach to tissue engineering, specifically geared toward improving keratoplasty outcomes while offering broader applications for the regeneration of other bodily tissues/organs and biotechnological innovation.
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Introduction

Agri-food systems rely on various extraction, storage, and distribution processes to support human consumption and waste management. With the growing emphasis on sustainability, these practices are being revised to ensure food security through better-integrated supply chains focused on biovalorization and circular bioeconomy principles. Recent studies highlight the potential of sustainable integrated food chains to transform organic waste and biomass into valuable products, including biomaterials (Ashokkumar et al., 2022; Khan et al., 2023; Tarafdar et al., 2021; Limeneh et al., 2022; Shibru et al., 2024).

The use of natural components for tissue and organ engineering is a growing focus in regenerative medicine. One critical application is addressing the global need for keratoplasty. An estimated 12.7 million people worldwide require corneal transplants, yet only one donor cornea is available for every 70 patients (Romano et al., 2024). The cornea, a thin, transparent tissue, plays essential roles in light propagation, protection, immunological defense, and sensory perception. While treatments like eye drops, implants, and medications can address mild corneal damage, severe cases often necessitate transplantation.

Advances in regenerative medicine have enabled the development of corneal substitutes using bovine, porcine, ovine, and cadaveric tissues through techniques such as additive manufacturing (Jia et al., 2023), decellularization/recellularization (Nara et al., 2016; Polisetti et al., 2021), stem cell-based techniques (El Zarif et al., 2020), and xenografting (Ali et al., 2024a). However, these methods often rely on invasive cell sourcing, expensive stem cell lines, and complex manufacturing processes, limiting scalability and accessibility.

Urine-derived stem cells (USCs) have emerged as a promising, non-invasive, and multipotent alternative for regenerative applications. These adult stem cells exhibit high proliferative capacity and can be directly differentiated into multiple cell types, including epithelial, fibroblast, and endothelial cells (Liu et al., 2018; Yin et al., 2024; Sun et al., 2024; Sridhar, 2018). Unlike mesenchymal stem cells (MSCs) or fibroblasts, USCs are easier to reprogram into induced pluripotent stem cells (iPSCs), i.e., urine-derived iPScs (u-iPSCs), maintaining their genetic characteristics and offering a versatile platform for tissue engineering (Yin et al., 2024; Yu et al., 2024; Jing et al., 2019; Bento et al., 2020). Building on our prior efforts to develop scalable platforms for decellularized corneal scaffolds using slaughterhouse waste (Ali et al., 2024b; Pantic et al., 2023; Wang et al., 2023b), our hypothesis centers on devising clinically relevant pathways that can be used to establish bioengineered keratografts exclusively using agri-food waste from major meat sources. As shown in Figures 1–3, our approach combines simplified decellularization, bespoke recellularization, and advanced stem cell technologies, offering cost-effective solutions. These results provide a scalable and ethical framework for developing corneal model tissues for tissue engineering research. While this approach can inform future clinical strategies, the primary goal is to generate model tissues that can support biomaterial validation, structural and functional studies, and ophthalmic drug testing rather than direct transplantation. Future studies would be required to evaluate immunogenicity and clinical feasibility.
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FIGURE 1
 The figure depicts our proposed strategy to establish bioengineered keratografts exclusively using agri-food waste from major meat sources, including organ extraction, USC isolation, expansion, and corneal decellularization.
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FIGURE 2
 An illustration of the proposed bespoke approach designed to overcome conventional cell seeding challenges, including suboptimal cell adhesion, migration, penetration, retention, and uniformity. The proposed method combines topical and injection-based seeding techniques with region-specific scaffold modifiers to enhance critical epithelial, stromal, and endothelial recellularization parameters.
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FIGURE 3
 Corneal xenografts generated from discarded slaughterhouse ocular tissues. (A) An image of a freshly slaughtered ovine carcass, (B) A whole ovine eye extracted from the slaughtered animal, (C) Dissection of the corneal tissue from the whole eye to collect the intact cornea, (D) Histological section of a native cornea showing intact cellular structure, and (E) Histological section of a decellularized corneal scaffold demonstrating the removal of cellular components while retaining the extracellular matrix structure.




Hypothesis

We hypothesize that a sustainable keratoplasty model can be developed by repurposing agri-food waste, such as bovine, porcine, or ovine corneas, into decellularized extracellular matrix (dECM) scaffolds and reseeding them with urine-derived stem cells (USCs). This approach leverages the regenerative potential of USCs to differentiate into corneal-specific lineages (epithelial, stromal, and endothelial cells) and the structural integrity of dECM to support functional grafts. By addressing the critical shortage of donor tissues, this model also aligns with circular bioeconomic practices, reducing environmental waste and promoting medical innovation.


Proposed methodology
 
Primary clinical outcome measures

• To examine how non-invasively sourced, multipotent USCs can be used to generate the three major cellular lineages within the cornea (endothelial, keratocytes, and endothelial cells) via direct differentiation or pluripotent iPSC-based reprogramming;

• To devise a unique corneal recellularization approach tailored to each major cellular compartment; and

• To qualitatively and quantitatively evaluate the keratograft morphology and functionality post-recellularization.



Establish agreements with local slaughterhouses for viable organ extraction

It is essential first to establish agreements with local abattoirs to ensure target organs, in this case, intact bladders and eyes, are collected effectively and ethically. This process will support quality control for downstream applications, such as stem cell isolation and tissue engineering. Specifically, researchers are required to obtain the relevant approvals from their institutional animal care and use committee (IACUC), internal review board (IRB), and animal ethics committee to collect and utilize animal byproducts to ensure compliance with municipal regulatory bodies, their home institutions, and international scientific guidelines (e.g., OECD and ARRIVE guidelines). After such agreements have been established, coordination and slaughterhouse employee training sessions are required to collect freshly harvested organs properly. It is also important to define areas designated for collection and initial processing to minimize contamination and uphold food safety standards. This systematic process is depicted in Figure 1.



Post-mortem urine and corneal tissue collection

Stem cell collection and viability can be assessed through a series of processes outlined as follows:

• Pre-sterilized equipment. The following surgical tools, containers, and solutions should be allocated: forceps, scalpels, scissors, syringes, needles, gloves, and storage bags containing phosphate-buffered saline enriched with antibiotics.

• Personal protective equipment (PPE) and sanitization. Research personnel should also be equipped with protective eye wear and disposable surgical caps, gowns, and shoe covers, and the designated area should be thoroughly sanitized using 70% ethanol.

• Animal selection, bowel evisceration, and enucleation. With the aid of abattoir staff, viable animals will be identified during the initial phase of meat processing. During this phase, animals are generally slaughtered via swift, deep incisions that sever jugular veins, carotid arteries, and windpipe for rapid death and blood drainage. After which, their hides will be removed, midline incisions performed, and abdominal cavities opened for bladder isolation and dissection by first gently separating this organ from its surrounding tissues, ligating the ureters proximal to bladder entry points to prevent urine leakage, and severing the urethra at its base. Likewise, intraocular muscles surrounding the eyeballs will be sectioned, and the eyeball can be gently advanced from its socket to limit compression. Finally, the optic nerve can then be severed at the base of the eye, and the organ carefully removed from the orbit.

• Post-harvesting preservation and transportation. Connective tissues will be dissected, and the organs will be thoroughly rinsed with the antibiotic-supplemented buffer to remove residual blood and other bodily fluids. The organs will be then inspected for physical damage and contamination and discarded if either event occurs. Properly extracted eyes and bladders are sealed in the containers with the sterile buffer and placed on ice in coolers for transportation.

• Urine extraction. Upon arrival at the sterile research facility, the bladders and eyes can again be rinsed with antibiotic-enriched saline. 16-20 Fr Foley catheter connected to urine collection bags can be inserted through the bladder wall to aspirate the urine slowly. The extracted urine can then be transferred to sterile chambers containing the antibiotic-supplemented buffer.

• Corneal extraction. The cornea can be extracted from the eyeballs by making an initial incision in the sclera, advancing this cut circumferential along the limbus, and placing this tissue in culture dishes containing the antibiotic-supplemented buffer.



USC isolation, expansion, multi-/pluripotency verification, and differentiation

USC collection and viability, as well as u-iPSCs reprogramming, can be assessed through the following series of processes:

• USC isolation (Zhou et al., 2022). The urine samples can be transferred to 50 ml sterile canonical tubes where they will be subjected to repeated centrifugation (400 × g for 10 min at room temperature, supernatant aspiration, and pellet resuspension in the antibiotic-supplemented buffer to ensure removal of debris and contaminants. Under normal conditions, the following cell types can be found in the urine: squamous, transitional, and renal tubular epithelial cells; white blood cells; macrophages; red blood cells; urine-derived stem cells; urothelial and renal progenitor cells; caudate cells; fungi; and male/female reproductive cells (Sullivan et al., 2010). Generally, USCs are adherent in culture, and only a few progenitor cells adhere and proliferate, and the remaining non-adherent cell types can be removed during media passages. Moreover, sorting for USCs is achieved by selecting adherent, spindle-shaped colonies and confirming their identity using stem cell-specific markers outlined below.

• USC expansion (Kim et al., 2020). Further centrifugation can be performed to produce a new pellet that will be resuspended in a primary medium containing Dulbecco's Modified Eagle's Medium (DMEM)/Ham's Nutrient Mixture F12 consisting of 10% FBS, 1% penicillin/streptomycin and 0.5 ml urine renal epithelial growth medium supplemented with or without Y-27632 on gelatin-coated culture plates. Thereafter, expansion can be supported using USCs, a proliferation medium consisting of 50% DMEM (high glucose consisting of 10% FBS, 1% penicillin/streptomycin), and 50% renal epithelial growth medium (REGM) under standard culture conditions (37°C, 5% CO2) for 7–10 days with medium changes every 2–3 days to maintain nutrient supply and remove non-adherent, non-target cells.

• USC multipotency verification (Sun et al., 2024; Bento et al., 2020; Pavathuparambil Abdul Manaph et al., 2018; Sato et al., 2019). Established methods to evaluate cellular potency rely on common microscopic analyses and immunoassays. Brightfield, phase contrast, and or fluorescent microscopy can be used to evaluate the presence of adherent clones with phenotypical structures, while clusters of differentiation (CD) techniques can be used to evaluate surface marker phenotypes via the expression of CD73, CD90, CD105, and CD133, as well as the absence of CD45, CD31, and CD34, which are common MSC markers within expanded USCs. USCs often also express pluripotent stem cell makers, including POU5FI, Oct 3/4, c-Myc, SSEA 1/4, and Klf 4.

• USC reprogramming to u-iPSCs (Yin et al., 2024; Baghbaderani et al., 2016). USC reprogramming can be efficiently and cost-effectively achieved within a period of 14 days via the viral and non-viral introduction of Yamanaka transcription factors (Oct 4, Sox 2, Klf 4, and c-Myc). After which, pluripotency can be verified via the presence of surface antigens such as SSEA3/-4, Tra-1-60, and Tra-1-81.

• Formation of epithelial, keratocytes, and endothelial lineages (Zhou et al., 2022). Table 1 summarizes a series of approaches that can be used to differentiate USCs into corneal epithelial, keratocyte, and endothelial lineages that vary in complexity and benefit.


TABLE 1 An overview of techniques required to generate corneal cell lineages using non-evasively collected USCs.
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Production of dECM scaffolds and hydrogels

Previously established protocols rely on immersion-based techniques using chemical (ionic or non-ionic detergents, enzymes, acids/bases, alcohols) and/or physical (free-thaw cycles, agitation, electroporation, osmotic shock, and sonication). For this high-throughout process, we can utilize protocols that define optimized mechanical agitation of the multiple corneal sections in low concentration (1–4%) environmentally friendly, plant-based detergents on laboratory shakers set at 300–800 rpm over a period of 1 week to generate dECM scaffolds for research applications (Pantic et al., 2023; Wang et al., 2023b), supplemented with dextran treatment (5%−20%) to regulate swelling (Polisetti et al., 2021). Following this, the dECM can be processed into hydrogels within an additional week through solubilization, neutralization, gelation, and cross-linking processes (Shibru et al., 2024; Zeng et al., 2022; Zhang et al., 2023). Subsequent characterizations will include (Polisetti et al., 2021; Ali et al., 2024b; Pantic et al., 2023; Wang et al., 2023b; Dong et al., 2019; Hamedi et al., 2024):

• Biochemical assessments. DNA quantifications to confirm effective decellularization;

• Biomechanical measurements. Rheological analyses to evaluate the mechanical properties of the gel;

• Biocompatibility tests. Cell viability, adhesion, proliferation, and differentiation studies to examine scaffold suitability; and

• Structural analyses. Hematoxylin-eosin (H&E), toluidine blue, and Masson's trichrome assess the structural integrity of the dECM; and

• Optical transparency. Light transmittance will be evaluated within the visible range (380–700 nm).



Compartment-specific dECM recellularization

Topical cell seeding remains the most widely adopted method for corneal recellularization. Despite its simplicity, it has several drawbacks, like suboptimal cell adhesion, migration, penetration, retention, and uniformity. We propose a bespoke recellularization approach to address these challenges and introduce the concept of hydrodynamic injections of suspensions containing cells and adhesion factors. This process provides rapid delivery (0.5 ml) within 5 s (Corridon, 2023; Corridon et al., 2013) to support uniform distribution throughout thicker tissue sections (Suda et al., 2023). The primary goal of this model is to develop corneal scaffolds for tissue engineering research rather than for direct transplantation. It leverages the benefits of topical- and injection-based seeding with region-specific scaffold modifiers to enhance these critical parameters. This systematic strategy, illustrated in Figure 2, is outlined as follows:

• Sterilization. Gamma irradiation and ethylene oxide are preferred choices, but their substantial costs limit their applications. Alternatively, we propose an established, low-cost, albeit less effective combination of immersion in 70% ethanol or 0.1–0.3% peracetic acid for 30 min and UV irradiation for 30 min.

• Epithelial, stromal, and endothelial adhesion proteins. Reseeding the scaffold with suspensions of various cell lineages along with their region-specific molecules to support cellular adhesion, uniformity, penetration, retention, and migration can be an effective strategy to enhance recellularization and facilitate integration, retention and uniform distribution (apart from the stroma, in which keratocyte density is relatively low and varies significantly across anterior and posterior layers, as well as central and peripheral regions), as presented below.

• Epithelial reseeding

° Scaffold pre-treatment (Hosseinikhah et al., 2024). Coat the dECM scaffold with a solution containing laminin and fibronectin to promote cellular adhesion. Incorporate RGD peptides into the coating solution to support integrin-mediated adhesion;

° Scaffold injection and cell seeding (Guindolet et al., 2021; Sotozono et al., 1995). Hydrodynamically inject a cocktail of USC-derived epithelial cells (>2,000 cells/mm2), keratinocyte and epidermal growth factors, along with retinoic acid, into the scaffold to support migration, uniformity, and proliferation; and

° Incubation. Create an air-liquid interface to mimic physiological conditions by exposing the injected side to air and keeping the stromal/endothelial region in contact with the culture medium.

• Stromal reseeding

° Scaffold pre-treatment. Coat the dECM scaffold with hyaluronic acid and fibronectin to enhance cellular adhesion and retention. Incorporate RGD peptides into the scaffold to facilitate cell attachment and penetration;

° Scaffold injection and cell seeding (Zheng et al., 2016; Patricelli et al., 2023). Inject a solution under hydrodynamic conditions containing pre-differentiated keratocytes (> 1,000 cells/mm2), TGF-β (5 ng/ml), and ascorbic acid (100 μg/ml) into the scaffold to promote ECM synthesis and keratocyte migration; and

° Incubation. Maintain the air-liquid interface conditions.

• Endothelial reseeding

° Scaffold pre-treatment. Coat the posterior surface of the dECM scaffold with collagen IV and fibronectin to mimic the native Descemet's membrane and enhance cellular adhesion;

° Scaffold Injection (Zheng et al., 2016; Eyre et al., 2021; Wimmer et al., 2012; Lv et al., 2023). Again, under hydrodynamic conditions, inject a cocktail containing VEGF (40–50 ng/ml), FGF2 (40–50 ng/ml), and the rho kinase inhibitor, Y-27632 (10–20 μM), and USC-derived endothelial cells (<500 cells/mm2); and

° Incubation. With the established air-liquid interface, rotate the culture chamber (low rotation speeds: 1–10 rpm) to improve even cellular distribution and attachment.

Thereafter, processes geared toward validation and verification outlined in Table 1, as well as biochemical, biomechanical, biocompatibility, morphological, and optical assessments, can be employed to evaluate the recellularization strategy.





Evaluation of the hypothesis

In order to assess the validity of the hypothesis, it is necessary to evaluate the stages of the tissue engineering strategy. The first involves post-mortem urine and corneal tissue collection, during which standard colorimetric (pale yellow), pH (5.0–8.0), creatinine (0.4–1.2 g/dl), and microbial urinalyses (Ct >35 or no Ct value (NA) are considered as negative and indicate the absence of a given pathogen), can confirm the quality of the urine samples. Common agri-food pathogens can include bacterial (salmonella), parasitic (toxoplasma), fungal (candida), viral (hepatitis), and prion proteins.

Likewise, previously outlined biochemical (residual DNA < 50 ng/mg), biomechanical (G″ < G′), and structural analyses (nuclei absent and ECM component retention rate >70–80%) with their respective thresholds can be applied to the examine native corneal tissues along with optical transparency measurements (transmittance levels >85% within the visible range), biocompatibility (cell viability, proliferation, and differentiation rates >70–80%), and microbial testing. This information can be supplemented with animal demographics, health, welfare, and microbial data supplied by the abattoir to support experimental reproducibility and keratograft development.

The second stage involves isolating and transforming USCs into u-iPSCs, as well as epithelial, fibroblast, and endothelial cells. Each target cell type's identification, quantification, and function can be confirmed using additional assays that evaluate cell viability and homogeneity via their endocytic (high rate of low-weight molecular vesicular internalization), colony-forming/proliferative (≥10 CFUs), adhesive (>75% adhesion efficiency), and migratory (appreciable displacement within a 24-h period) capacities.

The remaining two stages of keratoplasty development rely on the production of dECM scaffolds and hydrogels and compartment-specific dECM recellularization. These structures provide natural microenvironments for corneal cells and the retention of essential epithelial and endothelial (collagen type IV, laminin, and fibronectin) and stromal (collagen type I, GAGs, and proteoglycans) ECM components (Espana and Birk, 2020; Wang et al., 2023a), which facilitate the major barrier and transmission functions of the cornea. Other simpler and more cost-effective means can be employed to evaluate optical clarity, using laser pointer beam scattering and smartphone light intensity mobile applications.



Discussion

In this article, we propose an approach that combines decellularization, stem cells, and bespoke recellularization technologies to economically generate vast quantities of keratoplasty models solely from discarded animal eyes and bladders. Such progress may ultimately lead to innovations that can increase the global supply of keratografts. Simultaneously, this approach offers a scalable solution to counterbalance the demand for meat products with new waste management strategies.

Corneal diseases and injuries are one of the leading causes of blindness worldwide, and several barriers limit keratoprosthesis development, including adequate access to corneal tissues, high economic costs, limited technological scalability, and ethical and regulatory issues. Recent advances in ophthalmic tissue engineering have highlighted the dECM as a highly suitable substrate for keratoprostheses with various advantages over conventional allografts. Compared to synthetic or other biofabricated scaffolds, the dCEM best mimics the endogenous tissue environment, preserving essential extracellular components such as collagen types I and IV, laminins, fibronectin, and GAGs, which are essential for scaffold function and long-term cellular integration (Taylor et al., 2018). The interaction between these elements of the ECM matrix with the surrounding cells plays a significant role in tissue differentiation, migration, adhesion, and proliferation (Yue, 2014; Corridon et al., 2006).

Previous studies have demonstrated that ECM retention is crucial for maintaining the bioactivity of acellular scaffolds and ensuring their effectiveness as biomaterials for ophthalmic applications (Brown et al., 2010; Naba et al., 2017; Spang and Christman, 2018; Ott et al., 2008). For instance, results from Dai et al., have shown that this environment supports cellular viability for periods exceeding 3 months (Dai et al., 2024), and can be an ideal dynamic environment for directly differentiated USCs or those reprogrammed into u-iPSCs to regenerate functional and structurally intact corneal epithelial, stromal, and endothelial compartments for keratografts that can provide superior optical properties post-transplantation while serving as test beds for enhancements. Nevertheless, one of the challenges in dECM-based tissue engineering is the loss of soluble matrix proteins, including glycoproteins and proteoglycans, which play key roles in cell adhesion and bioactivity (Harris et al., 2018). To mitigate this, studies by Lynch et al. have outlined incorporating dextran treatment (5%−20%) into the decellularization process to reduce the risk of excessive swelling and preserve ECM hydration and integrity (Lynch et al., 2016).

In so doing, we have established a framework to develop keratoplasty models derived entirely from agri-food waste. As this research outlines, bioartificial keratoprostheses can offer enhanced customizability for broader clinically relevant applications. The applications we propose will also help reduce the reliance on donor tissues, as well as the number of live animal studies needed to advance these processes. According to Bron et al. (Brown et al., 2010), acellular bladder matrices, which have been widely studied as ECM-based scaffolds, offer insights into the importance of matrix composition in cell adhesion and tissue remodeling. Similarly, the proteomic characterization of ECM-derived scaffolds, as highlighted in previous work by Naba et al. (2017), reinforces the importance of biochemical analysis in ensuring scaffold integrity. While full proteomic profiling was not conducted in this study, our results confirm the retention of key ECM proteins post-decellularization, supporting scaffold biocompatibility and mechanical stability.

Although a full life-cycle analysis (LCA) is beyond the scope of this study, our recent work on integrated environmental and health economic assessments of xeno-keratoplasty provides evidence of the environmental and economic impact of tissue-engineered alternatives (Ali and Corridon, 2024). This study compares native corneal use and biofabricated scaffolds, providing a structured framework for assessing the sustainability of xeno-keratoplasty models. Additionally, Table 2 provides a technoeconomic analysis (TEA), which evaluates material sourcing, energy use, and scalability constraints in biomaterial preparation. Future studies will further explore LCA metrics to quantify resource efficiency across different biomanufacturing processes. This approach can undoubtedly lower production costs and support research in wider regions. This work seeks to develop a novel sustainable tissue engineering strategy built on the use of USC-based differentiation, which is significantly more cost-effective than commercial stem cell lines, as outlined in our estimated comparison with conventional approaches that use commercially available stem cell lines. This affordability makes it an attractive alternative for large-scale or resource-limited research applications, particularly when leveraging agri-food waste for sustainable tissue engineering and further highlighting the benefits of a direct differentiation approach.


TABLE 2 Comparison of associated costs and production timelines for the various stages of the tissue engineering strategy for the hypothesized and conventional approaches.

[image: Table 2]

Needless to say, this approach has its limitations. First, intra- and inter-species variations should be controlled to limit their effect on scientific reproducibility by standardizing protocols, processing samples in batches, and incorporating sample randomizations and cross-species validations. Second, Even though the dECM corneal scaffold mimics the natural eye, its integrity, and thus functionality, can be compromised during decellularization and recellularization. Non-uniform cellular adhesion, proliferation, differentiation, and reduced intrinsic interactions in the post-transplantation environment remain challenges. Studies on ECM degradation kinetics in other tissue models, including vascular and bladder scaffolds, indicate that biochemical optimization of decellularization techniques can help mitigate these issues (Ott et al., 2008). Third, urine is a sterile body fluid, but there is still a risk of contamination during the collection process. This risk is particularly relevant when translating our experimental models to non-invasive collection from patients, regardless of age and gender, as contamination can arise from intrinsic animal/patient infections or environmental antigen invasion (Yu et al., 2023). Furthermore, direct collection can also be compromised in the case of anuria. Fourth, there is also the potential for immunogenic and tumorigenic risks. While USCs display telomerase activity and are generally non-tumorigenic (Zhang et al., 2014), this property may be lost after reprogramming into u-iPSCs, making direct differentiation preferable. Finally, beyond existing microscopy and genetic analyses, which can help understand and overcome these limitations, machine learning assessments are also being explored to advance technological development at a faster and more reliable rate. These computational approaches can provide high-throughput evaluations to refine scaffold production, optimize decellularization/recellularization efficiencies, and improve biomaterial standardization in tissue engineering research (Pantic et al., 2023; Jeznach et al., 2024).

If validated, this hypothesis can have broader applications for other organ systems, demonstrating its scalability and contribution to circular bioeconomy practices. Key regulatory considerations, particularly concerning the use of agri-food waste for medical applications, must be addressed to ensure compliance and safety. Additional collaborations with biobanks and stakeholders within the agri-food supply chain will be essential for scalable tissue sourcing and potential clinical translation.



Conclusion

Our sustainable tissue engineering strategy repurposes slaughterhouse waste tissues, such as bladders and whole eyes, to generate dECM scaffolds and USCs, providing ethical and resource-efficient foundations for innovation. This hypothesis paper proposes direct USC differentiation and USC reprogramming into u-iPSC and compartment-specific recellularization techniques to reseed the acellular corneal epithelium, stroma, and endothelium, which are crucial steps for keratograft development. This hypothesis is supported by previously devised high-throughput scaffolding methods that repurposed bovine, ovine, and porcine ocular tissues. Evidence is also from established protocols and adapted techniques to support stem cell allocation, expansion, differentiation, and hydrodynamic-based recellularization. Rigorous preclinical testing via long-term in vitro and in vivo studies is required to evaluate the hypothesis. As outlined, the main objective of this model is to create corneal scaffolds for tissue engineering research rather than for direct transplantation. These studies will assess procedural consistency and effectiveness, and can be used to gauge the feasibility of our approach and devise a pathway to address critical shortages in the global supply of viable keratoprostheses. Integrating advanced tissue engineering with waste-derived materials offers a transformative pathway for the treatment of end-stage ophthalmic disorders using corneal dECMs and non-invasively sourced stem cells. If validated, this model can potentially transform the keratoplasty landscape by providing affordable, scalable, and sustainable solutions. By redefining the use of agri-food waste in tissue engineering, our strategy offers a pathway to meet the rising global demand for keratoprostheses. It can also set a precedent for future regenerative medicine and bioengineering applications that can be applied to other tissues and organs.
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Animal-derived direct USC

differentiation

Human pluripotent

u-iPSC-based reprogramming

Commercial stem cell lines

Stem cell source

Urine from agri-food waste, collected
without cost from abattoir; non-invasive
collection of urine

Derived from humans; non-invasive
collection of urine

$5,000-10,000 (per vial from
well-established suppliers:
Sigma-Aldrich stemcell technologies, or
thermo fisher

Cost of cell sourcing

$0 (collected from abattoir waste)

$1,500-2,000

$5,000-10,000

Culture medium cost

$500-700 for differentiation

$1,500-2,200 (reprogramming and
differentiation)

$700-1,000 for differentiation

Validation costs

$200-500 (e.g., IF staining, TEER assays, biochemical analysis)

Laboratory consumables

$100-200 (pipette tips, plates, media additi

ves, hydrogels)

Generation time

2-3 weeks for differentiation

4-6 weeks (including reprogramming and
differentiation)

2-3 weeks (after thawing commercial
stem cells)

Cell viability

Flexibility in application

High viability with optimized protocols

Moderate (direct differentiation into
specific lineages)

High viability with potential for genetic
stability

High (reprogrammed iPSCs allow broader
differentiation capabilities)

High viability; consistent product, but
depends on storage and handling

Moderate to high (depending on line
and differentiation kits available)

Decellularization costs

$ Detergents ($100-200), dextrans ($100-200), shakers ($200-500)

Recellularization costs

Culture media (previously defined), pipettes/syringes ($200-600), self-assembled bioreactor ($200-500)

standard cell culture)

additional energy)

Overall cost per process $1,900-3,400 $4,600-7,100 $7,400-14,200

Scalability High (large-scale waste availability) Moderate (reprogramming required) Low (supplier-dependent)

Sustainability High (utilizes agri-food waste, minimal Moderate (still uses waste but requires more Low (high dependency on expensive
environmental impact) resources for reprogramming) proprietary systems and suppliers)

Energy consumption Low (minimal processing beyond Moderate (reprogramming requires High (commercial expansion and

‘maintenance require extensive energy
use)

Reagent sustainability

High (minimal reliance on proprietary
animal-derived reagents)

Moderate (some reagents for reprogramming

require additional steps)

Low (high dependency on
animal-derived reagents and
commercial suppliers)

Waste reduction

High (upcycles slaughterhouse waste,
reducing landfill burden)

Moderate (reduces waste but requires
additional processing)

Low (generates biomedical waste and
relies on single-use proprietary
reagents)

Scalability constraints

Minimal (large supply of waste material,
scalable bioprocess)

Moderate (requires additional
reprogramming steps, increased cost)

High (dependent on commercial supply,
limited availability)

‘This table compiles data from registered prices of well-established scientific suppliers like Sigma-Aldrich (Missouri, USA), Stemeell Technologies (Vancouver, Canada), and Thermo Fisher
Scientific (Massachusetts, USA). The comparison includes costs related to cell sourcing, differentiation, reprogramming, long-term culture maintenance, and decellularization/recellularization
reagents. Referenced products include adenoviral, baculoviral, Sendai viral, lentiviral, plasmid kits, and CRISPR reprogramming systems. Costs for decellularization/recellularization reagents,

immunostaining kits, TEER apparatus, and other laboratory tools were estimated from catalog prices and published protocols (Bento ct al., 20205 Zhang et al., 2023; Dai et al., 2024; Yu
ctal, 2023; Zhang et al, 20143 Yin et al,, 2022). Estimates for self-assembled bioreactors were based on components sourced from platforms such as Aliexpress and Amazon. Sustainability
considerations account for biowaste utilization and energy-intensive processes associated with reprogramming and long-term culture. This analysis integrates technoeconomic analysis (TEA)

and sustainability metrics, considering energy use, reagent sustainability, waste reduction, and scalability alongside cost. It also assesses resource efficiency and alternatives to animal-derived
‘materials, reinforcing the feasibility of repurposing agri-food waste within circular bioeconomy principles.
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Direct USC differentiation

Epithelial cells

Culture medium: Keratinocyte serum-free
medium supplemented with EGF (10 ng/ml),
KGF (10 ng/ml), and retinoic acid (1 wM)

Protocol: maintain at an air-liquid interface to
mimic epithelial environments

St

mal (Keratocyte)

Culture medium: DMEM supplemented
with TGE-B (5 ng/ml), and ascorbic acid
(50 pLg/ml)

Protocol: seed USCs in 3D hydrogels
made from dECM or collagen type I to
mimic stromal architecture

Endothelial cells

Culture medium: Endothelial-specific
medium supplemented with VEGF
(20 ng/ml), FGE2 (10 ng/ml), and
ROCK inhibitor Y-27632 (10 p.M)

Protocol: plate USCs on
fibronectin-coated plates and monitor
monolayer formation

High seeding density: 104-10° cells/ml

Low seeding density: 102-10° cells/ml

High seeding density: 10%-10° cells/ml

Pluripotent u-iPSC-based

Common reprogramming approach: transduce USCs with Yamanaka factors (Oct 4, Sox2, KIf4, and c-Myc) using

native cells

reprogramming lentiviral or episomal vectors
Protocol: culture iPSCs in keratinocyte Protocol: culture in stromal Protocol: plate iPSCs on
differentiation medium with BMP4 differentiation medium with BMP4 fibronectin-coated plates in medium
(10 ng/ml), Wnt3a (10 ng/ml), and EGF (5 ng/ml), Wnt3a (10 ng/ml), and enriched with VEGF (20 ng/ml), FGF2
(10 ng/ml) ascorbic acid (50 pg/ml) (10 ng/ml), and ROCK inhibitor
Y-27632 (10 uM)
Advantages Simpler and faster process Cost-effective and avoids multi-step High fidelity to native corneal
reprogramming endothelial cells
Avoids genetic modifications Scalable for stromal ECM research Supports advanced functional tissue
models
Cost-effective
Disadvantages Lower purity and functionality compared to Limited ECM production and Complex and expensive process

functional mimicry

Limited plasticity

Requires complex 3D scaffolds for
optimal differentiation

Risk of teratoma formation if
reprogramming is incomplete/inhiibited

Markers for validation

CK3, CK12

Keratocan, lumican, ALDH3A1,
collagen I, and proteoglycans

Z0-1, N-cadherin, Na/K-ATPase, and
nitroc oxide synthase

EER assays: Measure epithelial barrier
integrity

ECM production assay to examine
collagen and glycosaminoglycans

Hydration and barrier function assays

Verification methods

Immunofluorescence: Detect CK3/CK12

Immunofluorescence: detect keratocan
and lumican

Immunofluorescence: detect ZO-1,
N-cadherin, and Na/K-ATPase

TEER assays: confirm epithelial barrier
integrity

Polarized light microscopy: assess ECM
alignment

Hydration assays: assess ionic pump
function and hydration, and TEER
assays

Histological analysis: confirm stratified layers

Biochemical assays: measure collagen
and glycosaminoglycans

Live/dead staining assays: confirm
monolayer viability

Ease of generation

Easiest: straightforward differentiation with
simple markers and minimal structural
dependence

Moderate: requires 3D ECM
environments and stromal-specific
markers for validation

Most difficult: requires precise signaling,
functional assays, and monolayer
integrity

Generation time

2-3 weeks for differentiation

The table summarizes materials, experimental conditions and protocols, advantages and disadvantages, and validation and verification techniques to generate epithelial, stromal, and endothelial
cells via direct USC differentiation and USC reprogramming through u-iPSCs. Acronyms in this table are defined as follows: EGE, epidermal growth factor; KGE, keratinocyte growth factor; TGE,

transforming growth factor; VEGE, vascular endothelial growth factor; FGE, fibroblast growth factor; ROCK, rho kinase; BMP, bone morphogenic protein; Wnt, wingless-related integration
site; ZO, zonula occluden; CK, cytokerating and TEER, trans-epithelial/endothelial electrical resistance.
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