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Regenerative medicine is an innovative scientific field focused on repairing, replacing, or regenerating damaged tissues and organs to restore their normal functions. A central aspect of this research arena relies on the use of tissue-engineered scaffolds, which serve as structural supports that mimic the extracellular matrix, providing an environment that orchestrates cell growth and tissue formation. Remarkably, the therapeutic efficacy of these scaffolds can be improved by harnessing the properties of other molecules or compounds that have crucial roles in healing and regeneration pathways, such as phytochemicals, enzymes, transcription factors, and non-coding RNAs (ncRNAs). In particular, microRNAs (miRNAs) are a class of tiny (20–24 nt), highly conserved ncRNAs that play a critical role in the regulation of gene expression at the post-transcriptional level. Accordingly, miRNAs are involved in a myriad of biological processes, including cell differentiation, proliferation, and apoptosis, as well as tissue regeneration, angiogenesis, and osteogenesis. On this basis, over the past years, a number of research studies have demonstrated that miRNAs can be integrated into tissue-engineered scaffolds to create advanced therapeutic platforms that precisely modulate cellular behavior and offer a controlled and targeted release of miRNAs to optimize tissue repair and regeneration. Therefore, in this current review, we discuss the most recent advances in the development of miRNA-loaded tissue-engineered scaffolds and provide an overview of the future outlooks that should be aborded in this area of study in order to lay the groundwork for the clinical translation of these tissue engineering approaches.
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1 INTRODUCTION
Regenerative medicine is one of the fastest growing fields in biotechnology, as it has been shown to have the potential of revolutionizing the strategies to treat a variety of diseases and even heal or ameliorate pathologies that previously lacked a practical treatment. Tissue engineering, which may be considered an area of regenerative medicine, seeks to generate specific neo-tissues or organs through the combination of different components, usually featuring biomaterials, cells and bioactive compounds. One common approach to this field is scaffold-guided tissue engineering, where a three-dimensional (3D) structure is used as a scaffold to guide cell growth into desired tissue configurations, with or without the aid. Some of the major variables for scaffold creation include its bulk material, 3D architecture, surface chemistry, mechanical properties and degradation dynamics. All of these characteristics allow for an endless range of designs, which should be chosen carefully according to the type of tissue that is being engineered and the mode of application; they may also be fabricated to be compatible with bioactive compound delivery strategies. It is also worth noting that not all tissue engineering developments aim to generate an implant: they may be employed for disease modeling, personalized diagnostics, or even advanced bioreactors (Chandra et al., 2020; Hutmacher et al., 2023; Uquillas et al., 2023).
Scaffolds by themselves may work effectively either as implants in vivo or as an environment for 3D cell culturing; however, the addition of biomolecules may yield even better results as it introduces chemical or biological stimuli to guide cell growth and interactions along with the physical stimuli provided by the scaffold (Chandra et al., 2020). Taking into account the fact that over 60% of gene expression in mammals is regulated by microRNAs (miRNAs) (Friedman et al., 2009), the potential of introducing these particular biological molecules to scaffolds becomes easy to elucidate. MiRNAs are non-coding RNA molecules with a length of around 22 nucleotides that can inhibit gene expression by binding to the 3′UTR region of messenger RNA (mRNA). This process is not specific to a single mRNA sequence, as miRNA can usually interfere with the expression of hundreds of genes in tissue-specific manners. MiRNAs have been found to have key roles in cellular processes of major relevance for tissue engineering, such as cell differentiation and proliferation, angiogenesis, innervation, scarring, inflammation and immune response; hence, multiple studies have looked into the therapeutic implementation of miRNA integrated tissue engineering strategies (Ribeiro et al., 2014; Beavers et al., 2015; Pu et al., 2019; Saliminejad et al., 2019). Nevertheless, a major challenge of the abovementioned strategies is the development of proper administration routes that ensure that it is localized in the proper tissue, which is important to maximize therapeutic efficiency and off-target effects prevention. Interestingly, loading miRNA onto scaffolds designed as grafts addresses such issues. Despite this, due to their negative charge, miRNAs struggle to get inside cells and exert their beneficial effects by themselves, and hence, it is necessary to develop approaches that could permeate miRNAs through the cell membrane. A wide array of options addressing this concern have been explored, like using components that work as carrier vehicles, including liposomes (LIPs), exosomes, nanoparticles (NPs), transfection complexes and functionalized metals. Additionally, miRNAs might also be coupled with molecules that enhance permeability, such as cholesterol, aptamers, and N-acetylgalactosamine (GalNAc), or even have chemical modifications like phosphorothioate. Viral vectors are also widely used for miRNA delivery. The implemented mechanism strongly influences how, when and for how long the small RNA biomolecule will be released onto the system and they may also be modified to allow for smart miRNA release dynamics or to create new interactions between the carrier and the scaffold (Saliminejad et al., 2019; Diener et al., 2022).
The development of innovative tissue engineering strategies has garnered scientific and economic interest as it may offer solutions for some of healthcare’s most serious concerns. The particular global challenges in which tissue engineering might have a significant impact are diverse; so far, these technologies have provided clinical breakthroughs for the reconstruction of the skin, mucosa, bone, articulations, bladder, ureter and even cardiac tissues and the spinal cord (Hoffman et al., 2019; Chandra et al., 2020; Paternoster and Vranckx, 2022). Undoubtedly, one of the exciting prospects of tissue engineering is organ replacement (Lewis et al., 2021). Although there is still a long way to go before whole organs can be fabricated, the development of tissue engineering technologies has and will continue to generate knowledge and practical applications for addressing multiple disorders. Additionally, this technology is accompanied by a high economic interest; for instance, just in the US, it was estimated that sales of tissue engineering products brought about $9 billion in 2017 (Kim et al., 2019).
In the following sections, recent updates on research featuring the use of tissue-engineered scaffolds in combination with miRNAs or anti-miRNAs will be summarized in order to gain insights into the current status and future potential of these strategies. The selection of scaffolds, miRNAs, delivery strategies and their effects on the analyzed models will be looked into within the contexts of different tissue groups, whether they are meant to aid in regeneration and functional recovery in models or provide a differentiation matrix for pluripotent cells.
2 MIRNA-INTEGRATED SKELETAL SYSTEM TISSUE ENGINEERING STRATEGIES
The skeletal system is a vital component of the human body, providing structural support, protection for internal organs, and enabling movement. As well the skeletal system has a vital role as a framework that houses the bone marrow, where blood cells are produced (Frontera and Ochala, 2015; Watson and Adams, 2018; Mukund and Subramaniam, 2020). Despite its strength, the skeletal system is susceptible to various injuries and conditions, such as fractures, osteoporosis, and arthritis (Oryan et al., 2015; Heinlen and Humphrey, 2017; Adami and Saag, 2019). These issues can significantly impact mobility, quality of life and even lead to life-threatening complications if not properly managed (Beaudart et al., 2018). Remarkably, treating lesions of the skeletal system is challenging due to its complexity and the critical functions it performs. This necessitates a multidisciplinary approach involving healthcare professionals and advanced medical strategies such as interventional radiology (Barile et al., 2017; 2018).
Under such premise, tissue engineering scaffolds have arisen as promising alternatives for bone regeneration due to their particular characteristics, such as biocompatibility, non-toxicity, low cost, and non-carcinogenicity, coupled with outstanding osteoinductive and osteoconductive properties (Zeng et al., 2018; Alonzo et al., 2021). In addition, the use of bone tissue engineering scaffolds as gene therapy delivery systems offers promising prospects for enhancing bone healing and regeneration (Madry et al., 2020). Particularly, delivering miRNAs to the area of bone damage via scaffolds presents a promising therapeutic avenue for addressing bone defects and facilitating bone repair (Li et al., 2017; Guan et al., 2022).
In this context, Lei et al. (2019) developed a hydrogel for the directed and long-term co-delivery of miR-222 and aspirin (ASP). This hydrogel consisted of injectable thermoresponsive mesoporous silica NPs (MSN) embedded in a core-shell structured polymer composed of poly (ethylene glycol)-b-poly (lactic-co-glycolic acid)-b-poly (N-isopropylacrylamide) (PEG-PLGA-PNIPAM). The PLGA served as the core, while PEG/PNIPAM formed the shell of the hydrogel. Afterwards, researchers injected the miR-222/ASP MSNs hydrogel into a rat mandibular defect model and a synergistic effect of miR-222 and ASP was confirmed by noticing the generation of new bone tissue with neural-like structures in the area of the bone defect. Mechanistically, ASP was observed to promote bone formation, consistent with previous findings. Meanwhile, miR-222 was found to induce the differentiation of human bone mesenchymal stem cells (BMSCs) into neural-like cells via the Wnt/β-catenin/Nemo-like kinase signaling pathway. These findings suggest that this approach represents a promising avenue for engineering innervated bone tissue.
Later, an innovative method of miRNA delivery was developed using collagen-filled 3D-printed hybrid scaffolds. To attain this, hydroxypropyl cellulose-modified silver NPs were functionalized with miR-148b in order to transfect the miRNA into rat bone marrow-derived MSCs (rBMSCs). Subsequently, photoactivation at 405 nm allowed the release of miR-148b in the treated rBMSCs (Moncal et al., 2019). As a result, rBMSCs transfected with miR-148b showed early differentiation within collagen-filled 3D printed hybrid scaffolds, exhibiting notably higher levels of osteogenic markers in comparison to non-transfected rBMSCs. As well, scaffolds containing miR-148b-transfected rBMSCs significantly enhanced bone regeneration compared to scaffolds containing non-transfected rBMSCs. Furthermore, they facilitated nearly complete repair of critical-sized calvarial defects. These results offer evidence supporting the potential use of 3D-printed scaffolds containing miR-148b as a treatment option for future critical-sized bone defects.
Abazari et al. (2020) transducted human induced pluripotent stem cells (iPSCs) with miR-2861 and examined their osteogenic differentiation potential. Interestingly, this assessment was conducted while the cells were cultured on both an electrospun PLGA nanofibrous scaffold and a conventional culture plate. As a result, the miR-2861-transduced iPSCs exhibited significantly higher viability, mineralization, alkaline phosphatase (ALP) activity, calcium content, and expression of bone-related genes when compared to non-transduced iPSCs. Moreover, the outcomes of this study suggested that this enhancement is further augmented when miR-2861-transduced iPSCs are cultured on the PLGA nanofibrous scaffold, indicating a synergistic effect. Accordingly, this study highlights the significance of combined strategies using miRNAs and biomaterial scaffolds to regulate stem cell behavior and function, particularly in the context of tissue engineering.
Similarly, the outcomes of another investigation (Qi et al., 2021) indicated that incorporating miR-181a/b-1 did not exert any significant influence on the size and morphology of the nanofibers. Besides, it notably enhanced the biocompatibility of the nanofibers compared to those without miR-181a/b-1. Furthermore, the osteogenic differentiation capacity of human adipose tissue-derived MSCs (AT-MSCs) was upgraded when transduced with miR-181a/b-1 and this capacity was further synergistically increased when miR-181a/b-1 was incorporated into PLGA nanofibers. In fact, the AT-MSCs cultured on PLGA-miR nanofibers exhibited the highest expression levels of bone-related genes, i.e., runt-related transcription factor 2 (Runx2), collagen type-I (col-I), osteonectin (OSN) and osteocalcin (OSC). Overall, these results suggest that the combination of miR-181a/b-1 and PLGA nanofibrous scaffold holds promise for bone tissue engineering therapy.
Gan et al. (2021) reported that Chol-miR-26a (a cholesterol-modified miRNA) conjugated to an injectable PEG hydrogel showed selective targeting and significantly enhanced bone regeneration compared to the control groups. Particularly, the miRNA-conjugated gel was found to enhance ALP activity and promote calcium nodule deposition in vitro in MSCs. Moreover, in a rat model with critical skull defects, this therapeutic approach demonstrated the potential to repair these conditions. Therefore, injectable implantation with controlled release of osteogenic factors, such as Chol-c-miR-26a, shows promise for effectively treating large-scale bone defects.
Later, human umbilical cord-derived MSC-derived small extracellular vesicles (hUC-MSCs-sEVs) charged with miR-23a-3p were found to enhance calcium deposition and the formation of endothelial networks via the activation of the phosphate and tensin homologue (PTEN)/Protein kinase B (AKT) signaling pathway, inducing both osteogenic differentiation and angiogenesis. Furthermore, in vivo studies in skull defect model mice showed that a 3D-printed bioglass scaffold composed of gelatin methacryloyl (GelMA) and nanoclay loaded with hUC-MSCs-sEVs achieved vascularized bone regeneration through the slow release of the sEVs. In fact, the internalized sEVs promoted calcium accumulation and the development of an endothelial network, driving both osteogenic differentiation and angiogenesis by delivering miR-23a-3p. Thus, this innovative approach represents a possible therapeutic alternative for repairing critical-size bone defects (Hu et al., 2022).
Additionally, the combined administration of a miR-210 mimic and a miR-16 inhibitor using a collagen-nanohydroxyapatite scaffold system could present considerable promise for bone healing. As a matter of fact, this approach notably improved angiogenesis and osteogenesis in human MSCs, leading to increased calcium deposition within 10 days in two-dimensional (2D) culture and 14 days on scaffolds. In rats with calvarial defects, these scaffolds loaded with both miRNAs exhibited more than a twofold increase in bone volume, and the recruitment of blood vessels increased by 2.3 times compared to scaffolds without miRNA (Castaño et al., 2023).
Recently (in 2023), a 3D-printed scaffold made of tricalcium phosphate (TCP)/hydroxyapatite (HAp) in which hydroxyapatite NPs (HAp-NPs) modified with cationic functional molecules of 3-aminopropyltriethoxysilane (APTES) were utilized as carriers for miR-302a-3p, facilitated the delivery of this miRNA and promoted bone regeneration. Mechanistically, miR-302a-3p downregulated its target mRNA COUP-TFII (chicken ovalbumin upstream promoter-transcription factor II) and upregulated the expression of Runx2 mRNA, both of which are important for bone formation. In vitro tests using human mandibular-derived osteoblasts (HmOBs) showed efficient delivery of miR-302a-3p using this method. In a mouse model of calvarial defect, the modified scaffold induced significantly greater bone volume/total volume (BV/TV) and a greater number of filled spaces compared to controls. Besides, the histomorphometric analysis revealed that bone regeneration occurred more rapidly at the core of the HAp-NPs-APTES-miR scaffold compared to the control group. Consistently, this promising therapeutic approach should be further explored in order to develop a safe and efficient method to enhance the healing of critical-sized bone defects (Limlawan et al., 2023).
Although the advances in the development of scaffold-mediated miRNA approaches centered on bone healing are progressive (Figure 1), it is worth emphasizing that the models that are currently used to study their effects possess certain limitations, such as the fact that they may not fully imitate the complex in vivo environment of the human system (Ehnert et al., 2020). Likewise, these models also display limited predictability and lack standardized protocols, making it difficult to compare the results obtained across different studies. In order to address these challenges, researchers may use more clinically relevant animal models to improve the translatability of their findings to humans (Anesi et al., 2020; Pfeiffenberger et al., 2021). Furthermore, the standardization of protocols to assess scaffold performance coupled with advanced imaging techniques to track bone regeneration can enhance the effectiveness and translational value of miRNA-loaded scaffolds in bone healing. Also, physiologists can improve their investigations via evaluating not only bone formation but also the quality of the regenerated bone tissue, as previously done in other assessments focused on bone regeneration (Veronesi et al., 2019; Dellavia et al., 2021; Płończak et al., 2023).
[image: Figure 1]FIGURE 1 | Schematic representation of recent miRNA-integrated skeletal system tissue engineering strategies: (A) A PEG-PLGA-PNIPAM injectable colloidal hydrogel with miR-222-loaded MSN and ASP for innervated bone tissue regeneration (Lei et al., 2019). (B) A collagen-filled PCL/PLGA/HAp 3D-printed hydrogel with miR-148b-transfected BMSCs for bone tissue regeneration (Moncal et al., 2019). (C) A functionalized PEG 3D-printed hydrogel with cholesterol-modified miR-26 for bone regeneration (Gan et al., 2021). (D) A GelMA/Nanoclay 3D-printed hydrogel with miR-23a-3p-loaded hUC-MSCs-sEVs for bone regeneration (Hu et al., 2022). (E) TCA/HAp 3D-printed hydrogel with miR-302a-3p-loaded HAp-NPs-APTES for bone regeneration (Limlawan et al., 2023). (F) PLGA nanofibrous scaffold containing adenovirus-transduced miR2861 iPSCs for iPSC osteogenic differentiation (Abazari et al., 2020). (G) PLGA nanofibrous scaffold containing lentivirus-transduced miR-181a/b-1 AT-MSCs for MSC osteogenic differentiation (Qi et al., 2021). (H) Collagen hydrogel scaffold with miR-210 and antagomir-16-loaded HAp-NPs for bone regeneration (Castaño et al., 2023). Created with Biorender.com.
3 MIRNA-INTEGRATED NERVOUS SYSTEM TISSUE ENGINEERING STRATEGIES
Most of the recent research has focused on biomaterials-based tissue engineering strategies to promote the growth of nervous cells in the adult nervous system, which has a limited ability to heal itself (Madhusudanan et al., 2020; Cao et al., 2021; Doblado et al., 2021). Although tissue engineering might be used for a variety of complex neurological pathologies like neurodegenerative diseases (NDs), acquired brain injury (ABI) and traumatic brain injury (TBI), maximum research primarily concentrates on peripheral nerve injury (PNI) as a model for the peripheral nervous system (PNS) and, most commonly, spinal cord injury (SCI) as a model for the central nervous system (CNS). Ding et al. (2022) reported that in 2019, there were approximately 0.9 million new occurrences and 20.96 million preexisting cases of SCI. It is important to acknowledge that SCI, similar to other neurological illnesses, has enduring consequences that can greatly impact a patient’s quality of life. In the same year, SCI was responsible for a total of 6.2 million years lived with disability (YLDs).
Current traditional treatments are mainly capable of slowing down ongoing disease pathogenesis or preventing further damage (Madhusudanan et al., 2020); however, the studies discussed in this section aim to contribute to the regeneration of nervous tissue, ideally leading to functional recovery. In this endeavor, miRNAs have been valuable biomolecules as they regulate important biological processes that aid in functional recovery, such as neural stem cell proliferation and differentiation into neuron or glial lineages, neurite extension and regeneration, myelin formation and inhibition of inflammatory responses and glial scar formation (Nguyen et al., 2015; Tang and Sun, 2020; Silvestro and Mazzon, 2022). Despite its efficacy, delivery of miRNA is quite challenging for the CNS since it is isolated by the blood-brain barrier; however, embedding these molecules into scaffolds allows them to be delivered in situ. Furthermore, scaffolding provides mechanical cues for cell growth, which is important as having the proper cell architecture aids in functional recovery. Therefore, combining miRNA delivery with scaffold implantation is a promising strategy for nervous tissue engineering, even more so considering that conditions like SCI will often require surgical management regardless of the introduction of regenerative medicine approaches (Wang et al., 2021). While some of the current studies focus on the activation of endogenous cells for regeneration, cell transplantation has also been shown to yield positive effects; nevertheless, a major challenge of cell therapy approaches in nervous tissue engineering is sourcing cells, as the grafted cells should have a human, non-malignant origin and, ideally, it should be an autograft. Nervous cells with these characteristics are scarce and hard to obtain ethically, but scaffold and miRNA technologies featured in this section have been used to tackle this as they can support the differentiation of stem cells, like iPSCs and MSCs, into neuron and glia progenitors like neural stem cells (NSCs), or the selective differentiation of the latter into specific cell lineages like neurons or glial cells.
The use of fiber-hydrogel scaffolds for miRNA delivery in SCI models has been growing over the last couple of years. In such systems, aligned fibers are used to biomimic the architecture of the microenvironment in which neurons and glia naturally grow and direct axon growth, while the hydrogel component supports diffusion-mediated delivery of pharmaceutical agents, such as miRNAs complexed with a carrier. For instance, Milbreta et al. (2019) used electrospun poly (caprolactone-co-ethyl ethylene phosphate) (PCLEEP) fibers embedded in a col-I hydrogel to create a hybrid scaffold which supported neurotrophin-3 (NT-3) transport along with TransIT-TKO (TKO)-mediated miR-219 and miR-338 delivery in SCI models. Such miRNAs were selected to enhance remyelination, as they have been shown to promote the differentiation of endogenous oligodendrocyte progenitor cells (OPCs) into oligodendrocytes (OLs) by suppressing OPC proliferation-related gene targets. NT-3 was included as it is a neurotrophic factor that aids in neuron survival. In this research, primary rat OPCs purified from postnatal day 0 to day 2 neonatal rat cortices were transfected into the hybrid scaffolds, showing enhanced OPC differentiation and maturation, increased myelin sheath length and more complete-looking myelin structures in miR-219/miR-338 scaffolds in contrast to negative scrambled miRNA (Neg miRNA) scaffolds. Moreover, it was found that over the first hour following transfection, around 10% of loaded miRNAs and NT-3 were released; for the next 20 days, about 65% of miRNAs and 70% of NT-3 were steadily released and, finally, the release profiles plateaued at day 60. Adult female Sprague-Dawley rats were subject to a C5-C6 hemisection followed by scaffold implantation. Models implanted with miR-219/miR-338 scaffolds preserved the number of oligodendroglial lineage cells around the injury site, promoted OPC differentiation and enhanced myelin formation after SCI when compared to the Neg miRNA group; additionally, it was found that miR-219/miR-338 delivery did not affect neurite outgrowth or glial scarring. The results seem to point out that this is a promising scaffold for SCI and perhaps for demyelinating diseases, too (Milbreta et al., 2019).
Zhang et al. (2019) employed a fiber-hydrogel scaffold as well. Electrospun polycaprolactone (PCL) was selected as the fiber due to its favorable mechanical properties, biocompatibility and biodegradability; additionally, the fibers were coated with poly-3,4-dihydroxy-l-phenylalanine (poly-DOPA) to allow for adsorption of laminin, which enhanced neuron attachment, and the TKO-complexed miRNAs. Four different miRNAs and their combinations were tested: miR-21, which targets a gene that antagonizes fibroblast growth factor (FGF) signaling; miR-132, which targets genes related to cytoskeletal regulation; miR-222, which targets an inhibitor of central axon growth; and miR-431, which enhances neurogenesis, axon growth and motor neuron axon outgrowth. In vitro studies were performed with rat cortical neurons extracted from embryonic day 14 and day 1 pups, as well as adult Sprague-Dawley rats dorsal root ganglion (DRG) neurons; in these, neurite length was assessed for each treatment and neuron group by fluorescence microscopy. It was observed that patterns were similar regardless of the neuron group and the top four miR treatments were determined: miR-21, miR-132, miR-222/miR-431, and miR-132/miR-222/miR-431. Quantitative polymerase chain reaction (qPCR) showed that the mRNA targets for each of the miR involved in the top four treatments: Sprouty2 for miR-21, PTEN for miR-222, Kremen1 for miR-431 and p120RasGAP (Rasa1) for miR-132 were decreased in comparison to Neg miRNA-treated groups. It was also observed that treatments enhanced the formation of growth cones by immunostaining neurons of each of the top four treatments. Finally, for in vivo analyses, scaffolds were fabricated with the same principles but slight variations: the fibers were made out of electrospun PCLEEP instead of PCL, embedded in a col-I matrix and NT-3 was added along the top miRNA cocktails featuring 1, 2 and 3 different miRNAs. These scaffolds were tested on female Sprague-Dawley rats with SCI induced by T9-T10 hemisection and after 2 weeks, neurofilament growth parallel to the spinal cord was enhanced on scaffolds containing miRNAs, as opposed to scaffolds containing NT-3 only. No obvious glial scarring was observed, showing that these scaffolds are a highly valuable approach for treating SCI, with the combination of miR-132/miR-222/miR-431 showing the highest neurite density in vivo (Zhang et al., 2019).
The combination of iPSC, miRNA and scaffold technologies has been explored as a source of human neurons and glia. Nazari et al. (2020) transduced human fibroblast iPSCs with a miR-338 lentiviral vector, which is known to play a crucial role in OL differentiation by targeting transcription factors Sox6, Hes5, and ZFP238, in order to assess the effect of scaffolds as matrices for induction of OL differentiation. The scaffolds they tested were made of fibrin (FB) hydrogel, which is a polymer that naturally occurs during blood clotting and is known to promote cell adhesion and proliferation, which can be used for extrusion printing and direct injection. The differentiation on FB hydrogel was contrasted with tissue culture plates, treating miR-338 transduced iPSCs with induction media in both conditions over 18 days. 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay showed an increase in viability when using FB hydrogel, while the morphology of OLs was assessed through scanning electron microscopy (SEM). Most importantly, immunofluorescence assays and qPCR analysis showed that the expression of OL-associated markers was higher when differentiating on the scaffolds. This study shows that combining miRNA and scaffold technologies could be an effective way of sourcing nervous system-relevant cell lines and might even support differentiation in situ.
Similarly, Jedari et al. (2020) investigate the effects of using scaffolds and miRNAs as differentiation environments for applications in neuroscience. MiR-7 upregulation has been observed in brain and cortical neural progenitor cells; therefore, it was selected for lentiviral transduction of trabecular meshwork MSCs (TMMSCs) in order to differentiate them into glial and neural progenitor cells. In this case, nanofibrous scaffolds composed of electrospun poly-L-lactic acid (PLLA) and PCL were employed to grow and differentiate the TMMSCs. Immunostaining and qPCR were used to assess neural marker expression, particularly nestin, glial fibrillary acidic protein (GFAP) and microtubule-associated protein-2 (MAP-2). This study showed that miR-7 overexpression could lead to neural differentiation and the PLLA/PCL scaffold can further improve differentiation yields.
Following up on the work they published in 2019 (Zhang et al., 2019), Zhang et al. (2021) revisited the PCL fiber and col-I hydrogel scaffold with miR-132/miR-222/miR-431; however, they used glial cell-derived neurotrophic factor (GDNF) instead of NT-3 and looked into neurological and functional recovery of the rat SCI models over 12 weeks instead of two. Fluorescence microscopy revealed that this approach significantly regenerated mature axons as well as serotonergic axons at the rostral region and sensory axons at the caudal region. Furthermore, the addition of methylprednisolone (a glucocorticoid steroid previously reported to aid in neurological recovery) to the miRNA-delivering scaffold allowed for an enhanced myelination index, along with functional recovery, as shown by Basso, Beattie and Bresnahan (BBB) locomotor scale method and paw withdrawal tests. RNA sequencing showed that the treatment downregulated pro-inflammatory genes, while extracellular matrix (ECM) deposition genes were upregulated; additionally, a transcriptome profile for the rat SCI models was established. Through this research, the results from the previous studies were improved upon and more valuable data regarding the therapeutic potential of these scaffolds was obtained.
In 2022, an interesting study regarding the effect of nanofibrous scaffolds on the differentiation of NSCs into neurons was conducted (Li et al., 2022). A silk fibroin (SF) nanofibrous scaffold was created using supercritical CO2 technology. As opposed to previous studies which used lentiviral vectors to induce miRNA with the objective of aiding in cell differentiation, this study used chitosan NPs (CS NPs) loaded with miR-222, which was used by Zhang et al. (2019) and Zhang et al. (2021) too, as discussed earlier in this section. CS was chosen as a carrier due to its biocompatibility and previous reports on enhancing drug delivery in vivo. The nanofibrous SF scaffolds were also coated with poly-dopamine (PDA), as this allows to anchor of the CS NPs onto them. Mouse neuroepithelial cells NE-4C were seeded onto the SF scaffold with CS NP@miR-222 and cultured over a week with a differentiation medium. Using nestin as a marker for undifferentiated cells, GFAP as a marker for astrocytes, Tuj-1 as a marker for neurons and β-actin as a calibrator, Western blot and qPCR assays showed that the cells treated on an SF scaffold with CS NP@miR-222 showed more neural differentiation than the rest of the analyzed groups.
Liu et al. (2022) also conducted experiments on SCI models using one of the miRNAs that Zhang et al. (2019) had used: miR-21. For this purpose, Exos were engineered to be used as miR-21 carriers and they were loaded onto col-I hydrogel scaffolds. A fusion protein was designed to have an extracellular collagen-binding domain (CBD) and a transmembrane lysosome-associated membrane glycoprotein 2b (Lamp2b) domain; then it was transduced into HEK293T cells by lentiviral vectors to produce CBD-LP-Exos. In order to create CBD-LP-Exos containing miR-21, or CBD-LP-miR-21-Exos, transient overexpression of miR-21 was induced by a lentiviral vector and the Exos was extracted. Col-I hydrogel scaffolds were fabricated and then soaked in a solution containing CBD-LP-miR-21-Exos to obtain CBD-LP-miR-21-EXO-Col. Female Sprague-Dawley rats with a T10 complete transection were used as in vivo models of SCI. The scaffolds were implanted on the injury sites and were observed over 8 weeks. BBB scores showed that rats receiving CBD-LP-miR-21-EXO-Col had a significantly better functional recovery, while histological analyses revealed smaller cavities at SCI sites, lower expression or markers of glial scarring and higher neuronal markers. Additionally, the degradation dynamics of the scaffold were assessed, finding that it degraded 8 weeks post-implantation, which is desirable as it is supposed to be replaced by endogenous tissue.
The studies so far have focused on SCI models, but Wang et al. (2023) described the development of a tissue engineering strategy featuring miRNA delivery for PNI. This endeavor is often tackled by the use of a nerve guidance conduit (NGC), which acts as a scaffold and directs the growth of peripheral nerves. NGCs require a good mechanical strength, as it is directly subjected to stretching and extrusion of muscle tissue, and this research team proposes the use of a hydrogel composed of SF and gelatin-tyramine (GT), which has favorable mechanical properties and biocompatibility. MiR-29a was chosen as it has been observed to promote axonal elongation by regulating the Phosphatidyl inositol 3′-OH kinase (PI3K)/Akt/Mammalian target of rapamycin (mTOR) pathway, and it was coupled with a metal-organic framework carrier, ZIF-8, so that it can be delivered into cells. Rat Schwann cells RSC96 were seeded in the SF/GT/miR-29a@ZIF-8 NGC, showing good growth and proliferation. Likewise, rat adrenal medulla pheochromocytoma cells PC12 were seeded on these NGC to assess differentiation markers by qPCR and Western blot analyses, and it was found that, while SF/GT/ZIF-8 could enhance neural differentiation, probably due to the release of Zn2+ ions, SF/GT/miR-29a@ZIF-8 had the highest expression of neural markers and axon elongation.
Most recently, miR-29a has also been studied for its use in SCI. Wan et al. (2023) immobilized miR-29a onto gold NPs (AuNPs), which had been coated with O-(2-Mercaptoethyl)-O′-methyl PEG (PEG-SH) in order to interact with the miRNA. The PEG-SH-AuNPs@miR-29a were then loaded onto a self-assembling peptide nanofiber scaffold (SAPNS). The effect on neural differentiation was assessed in vitro with rat NSC using immunofluorescent staining, showing that NSCs differentiated into nestin (+) glial cells, Map-2 (+) neuron-like cells and β3-Tubulin (+) neuron-like cells, all with decent cell activity as indicated by Hoechst 33342 staining. Visual analysis revealed that cells seeded on PEG-SH-AuNPs-SAPNS@miR-29a had a greater length, density and number of neurites than the rest of the groups. Male Sprague Dawley rats with T10 thoracic cord injury were used as in vivo models, which also had enhanced neurite development and BBB score when treated with PEG-SH-AuNPs-SAPNS@miR-29a. This showed that this treatment led to neurite regeneration and functional recovery in the tested SCI models.
This compilation of studies showed the recent developments in strategies combining miRNA therapeutics and tissue engineering (Figure 2). While the results for most experiments are promising, it is important to take into account that regenerative medicine approaches for neurological pathologies such as SCI are still in the early stages of development since clinical trial data is scarce and reproducibility remains challenging (Zipser et al., 2022). In the case of scaffolds incorporating miRNA, there’s no information available regarding human trials and a couple of the discussed studies did not even feature animal trials. It is also important to note that while all of the experiments showed better results when using miRNA-loaded scaffolds than when leaving the injury untreated or not delivering miRNA, a complete functional recovery has not been achieved by any treatment. Nevertheless, even partial motor or sensory function restoration may be significant in improving a patient’s quality of life (Goulet et al., 2019; Huang et al., 2020); therefore, these studies are extremely valuable for the development of strategies with clinical application and might elucidate a framework for tending even more complex CNS and PNS diseases.
[image: Figure 2]FIGURE 2 | Schematic representation of recent miRNA-integrated nervous system tissue engineering strategies: (A) A PCLEEP/Col-1 fiber-hydrogel scaffold with miR-219 and miR-338 complexed to TKO and NT-3 for SCI (Milbreta et al., 2019). (B) PCL/Col-1 fiber-hydrogel scaffolds with combinations of miR-21, miR-132, miR-222 and miR-431 complexed to TKO and NT-3 for spinal cord injury (Zhang et al., 2019). (C) PCL/Col-1 fiber-hydrogel scaffold with miR-132, miR-222 and miR-431 complexed to TKO and GDNF for SCI (Zhang et al., 2021). (D) A fibrin hydrogel scaffold containing lentivirus-transduced miR-338 iPSCs for iPSC differentiation into glial and neural progenitors (Nazari et al., 2020). (E) Col-1 hydrogel scaffold with miR-21-loaded CBD-LP-Exos for SCI (Liu et al., 2022). (F) A PLLA/PCL nanofibrous scaffold containing lentivirus-transduced miR-7 TMMSCs for MSC differentiation into oligodendrocytes (OL) (Jedari et al., 2020). (G) A poly-dopamine-coated SF nanofibrous scaffold with miR-222-loaded CS NPs for NSC differentiation into neurons (Li et al., 2022). (H) A self-assembling peptide nanofibrous scaffold with miR-29a-loaded PEG-SH-AuNPs for SCI (Wan et al., 2023). (I) A SF/GT nerve guidance conduit (NGC) with miR-29a-loaded ZIF-8 for peripheral nerve injury (PNI) (Wang et al., 2023). Created with Biorender.com.
4 MIRNA-INTEGRATED CARDIOVASCULAR SYSTEM TISSUE ENGINEERING STRATEGIES
Tremendous strides have been made in the field of tissue engineering, particularly in the context of addressing cardiovascular diseases (CVD), which remains a leading cause of disease burden worldwide (Roth et al., 2020). The integration of scaffold-mediated miRNA delivery represents a promising frontier in this endeavor. Cardiac tissue engineering (CTE) scaffolds aim to mimic the fibrillar structure of the ECM in order to replicate the native 3D environment, facilitating the regeneration of damaged or diseased cardiovascular tissues (Gil et al., 2022). CVD consists of a wide range of conditions, including myocardial infarction (MI), heart failure (HF), and ischemic heart disease, all of which pose significant challenges to public health globally (Peer et al., 2021; Roger, 2021). With the prevalence of these diseases on the rise, there is a pressing need for effective therapeutic strategies that can mitigate their impact. Scaffold-mediated miRNA delivery holds immense potential in this regard, offering targeted and personalized treatment options for managing cardiovascular ailments (Sharma et al., 2021). Central to this approach are the key cellular players involved in cardiovascular regeneration, including but not limited to cardiomyocytes (CM), endothelial cells (ECs), smooth muscle cells (SMCs), and cardiac fibroblasts. These cells play vital roles in maintaining cardiac function and responding to injury or disease.
From the nucleic acid therapies, regulation by miRNAs is one of the most likely to be used for vascular regeneration since they play critical roles in tissue regeneration by regulating gene expression and modulating cellular processes (Wen et al., 2019; Muniyandi et al., 2021). Incorporating miRNAs into scaffold-based delivery systems offers several advantages, including enhanced stability, targeted delivery, and sustained release kinetics. This way, researchers can accurately control the geographical and temporal distribution of miRNAs, maximizing their therapeutic potential and limiting off-target effects (Sharma et al., 2021). However, despite its promise, CTE and drug delivery in this system present unique challenges, including achieving proper scaffold integration. For example, difficulties for small-caliber vascular grafts include the risk of thrombosis, intimal hyperplasia, restenosis, or calcification (Wen et al., 2019; 2020; Li et al., 2021) while for the miRNAs, ensuring sustained miRNA delivery to target cells, retention, stability, and degradation are some of the most featured challenges (Li et al., 2021) Overcoming these obstacles requires innovative strategies that address the specific demands of CTE and drug delivery.
One of the many uses for scaffolds in regulation by miRNA therapy for the clinical management of vascular diseases, is their application in small-diameter vascular regeneration. Wen et al. (2019) prepared a poly (ethylene glycol)-b-poly (l-lactide-co-ε-caprolactone) (PELCL) electrospun membrane with the intention of controlling the phenotype and proliferation of SMCs, which is crucial to dealing with thrombosis and restenosis. PELCL was selected for its biocompatibility and appropriate mechanical characteristics. For this study, three Val-Ala-Pro-Gly (VAPG) peptide-modified trimethyl chitosan-g-PEG (TMC-g-PEG-VAPG) polymers with different chitosan molecular weights were created in order to distribute miR-145 to SMCs in the PELCL electrospun membranes. MiR-145 was used since it can control SMCs to maintain a normal contractile phenotype and prevent intimal hyperplasia and excessive proliferation. For targeted delivery of this miRNA, TMC-g-PEG-VAPG (TPV) was developed, enhancing cellular uptake in SMCs. The TPV/miR-145 complexes showed minimal cytotoxicity, and TPV with a higher molecular weight (50 kDa) could significantly boost cellular absorption in SMCs. Furthermore, within 72 h, the electrospun PELCL membranes were able to regulate SMCs at the gene and protein levels. Additionally, the electrospun membrane’s released miR-145 demonstrated in vitro bioactivity by altering the contractile phenotype of SMCs for a minimum of 56 days.
Later, another attempt to prevent the problems related to small-caliber vascular grafts was made by Wen et al. (2020) by developing a trilayered bioactive tissue-engineered vascular grafts (TEVGs) encapsulating both miR-126, which can quicken the production of fibroblast growth factor and vascular endothelial growth factor, and miR-145, that regulates the phenotype of contractile SMC in the structural inner and middle fibrous layers, correspondingly. In order to ensure local delivery of the encapsulated miRNAs and to enhance the attachment and proliferation of ECs, the arginine-glutamic acid-aspartic acid-valine (REDV) peptide was used. To resemble the natural ECM, PELCL was used, since it is an effective TEVG due to its flexibility, biodegradability, and biocompatibility. The electrospun membrane was created with the inner and middle layers of PELCL, with the inner including REDV, while the outer layer was composed of PCL. This allowed to release of miR-126 quickly through a REDV peptide-modified TMC-g-PEG (TPR) complex in the inner layer and miR-145 slowly through TPV in the middle layer. To assess the impact of released miRNAs on cell proliferation, human umbilical vein ECs (HUVECs) were cultured in vitro for 9 days on tri-layered membranes. It had notable biological benefits in terms of vascular ECs’ increased proliferation, intracellular nitric oxide generation, SMC phenotypic modification, and calcium deposition inhibition. The trilayered electrospun grafts were implanted in rat abdominal arteries for 4 and 12 weeks in order to conduct an in vivo evaluation. The dual-miRNA-loading trilayered electrospun graft appeared to have a beneficial impact on contractile SMC regeneration, endothelization, and proper ECM production, according to histological and immunofluorescent investigations. In addition, the trilayered vascular graft’s local bioactivity of miR-126 and miR-145 may help macrophages (MCs) change into the anti-inflammatory M2 phenotype, which would control inflammation and reduce calcification.
On the note of innovative strategies to address CVD, Li et al. (2021) created a drug delivery system to mitigate the inflammatory response after MI, restore compromised heart function, and enhance angiogenesis to preserve and restore the blood flow of the surviving ischemic myocardium. The approach involves miR-21-5p, a proangiogenic treatment delivered by amino (-NH2) and trimethylamine functionalized MSNs (MSN-NH2-TMA), an anti-inflammatory nanomaterial that, when phagocytosed by MCs, blocks the proinflammatory (M1) phenotypes. These NPs are encapsulated in an injectable hydrogel matrix (Gel@MSN/miR-21-5p) that precisely releases the MSN/miR-21-5p complexes solely in the acidic infarct area. To assess the in vitro bioactivity of MSN/miR-21-5p complexes released from Gel@MSN/miR-21-5p were cultured with ECs and then cocultured with CM that had experienced ischemia or hypoxia. Primary peritoneal MCs obtained from female C57BL6J mice were also tested with Gel@MSN/miR-21-5p to assess immunomodulatory effects in vitro. According to the research, proangiogenic factors were enhanced and proinflammatory cytokines were decreased by the MSN/miR-21-5p complexes. Under ischemia and hypoxic conditions, the elevated proangiogenic factors from ECs could successfully prevent CM from apoptosis. In vivo, the released MSN complexes in a pig MI model substantially suppressed inflammation by polarizing M1 MCs within the infarcted myocardium. Moreover, additional miR-21-5p distribution to ECs by MSNs aided in the rescue of at-risk CM and encouraged local neovascularization. The potential of this method for treating MI was demonstrated by the considerable reduction in infarct size that resulted from the combined anti-inflammatory and proangiogenic effects.
Sustained delivery of miRNA for therapeutic purposes continues to be challenging. In order to overcome delivery system limitations and improve reprogramming efficiency, CTE involves deciphering cellular and molecular principles pertaining to heart regeneration and devising an effective reprogramming approach. For this purpose, Muniyandi et al. (2021) used miRNAs as reprogramming factors for transdifferentiation and the creation of functional cardiac patches (CP) from somatic cells. A functional scaffold was constructed with PLLA, a hydrophobic, biocompatible, biodegradable linear polymer with good spinnability that is approved by the United States Food and Drug Administration (FDA). This was achieved through electrospinning, which creates nanofibers with adjustable characteristics. These electrospun nanofibers present a high surface area with interconnecting pores, which helps with cell adhesion and retention, possessing superior mechanical properties with outstanding biocompatibility. To attain sustained delivery of miR-1, an essential cardiogenesis regulator that promotes differentiation in the embryoid body, and miR-133a, a cardioprotective molecule that targets epidermal growth factor receptors to aid in differentiation, polyethyleneimine (PEI) was used (PEI-miRNA complexes). Due to PEI being positively charged, it is commonly used for transfection, acting as an efficient proton pump that promotes endosomal enlargement and rupture, as well as increases RNA release from the endosomal complex inside the cells. Intriguingly, PEI-miRNA complexes were immobilized on PLLA scaffolds with smooth and porous structures, resulting in a loading efficiency of ∼96% for the transfected adult human cardiac fibroblasts (AHCF) cultured on fibronectin-coated PLLA surfaces regardless of their surface topology. These scaffolds significantly increased the reprogramming efficiency and activated early transcription factors when AHCF were reprogrammed to induced CM (iCM)-like cells. This time, compared to the smooth PLLA scaffolds, the reprogrammed cells on the porous scaffolds had a higher intensity. Moreover, PEI-miRNA polyplexes showed a biphasic release pattern from the scaffolds in the in vitro release experiment. Due to their combinatorial effect, including the topographic inputs of electrospun fibers and dual miRNAs’ ability to accurately control the fate of cardiac fibroblast cells, these dual miRNA scaffold systems turned out to be an effective formulation (Muniyandi et al., 2021).
Another effort to overcome delivery obstacles was made by Van der Ven et al. (2021) by developing a promising polymer-NP (PNP) based hydrogel, which uses PEG-block-Poly-(lactic acid) (PEG-b-PLA) as the polymer. This polymer has the ability to flow under shear strain and is capable of reforming when the external stress is released, indicating its shear-thinning and self-healing properties, which result from the polymer’s reversible non-covalent interactions with the gel’s NPs. In their study, they fused miRNA-mimics to AuNP that were functionalized with PEG to lessen degradation and increase biostability. Subsequently, these AuNP-miRNAs were loaded into a biocompatible injectable hydrogel that is based on the PNP gel platform in order to enhance the administration of the miRNA in a localized, sustained, and less invasive manner. Moreover, endosomal escape was stimulated intracellularly by adding influenza hemagglutinin 1 peptide, which destabilizes the endosomal membrane. To assess the controlled release, AuNPs were functionalized with the cel-miR-67, which has no biological effect on human cells, and loaded into the PNP hydrogel, observing a sustained linear release of the loaded AuNPs over a period of 5 days, up to 20%. Subsequently, the authors demonstrated the in vitro mRNA targeting activity by combining the AuNPs with miR-214 (known to raise the calcification of human aortic valve interstitial cells) and incubated with HEK293 cells transfected with a miR-214 target luciferase reporter, resulting in a significant 33% reduction of the Luciferase signal. Furthermore, it was observed that AuNP-miRs maintain their functionality in a more intricate tissue model by monitoring labeled AuNP-miR-67 in a 3D bioprinted human model of calcific aortic valve disease (CAVD); this showed that the cell absorbed AuNP-miR-67 through lysosomes or endocytosis. Additionally, AuNP-miR-214 increased the expression of ALP, which is associated with early calcification in CAVD. Finally, the distribution of PNP-AuNP-miR-67 throughout the body was assessed after injecting it under the skin of C57BL/6 mice. After 11 days of injection, it was observed that the liver and kidneys were mostly responsible for the clearance of AuNP-miR-67, and the fluorescence levels in these samples returned to the same level as the control group (Van Der Ven et al., 2021).
Over the past 30 years, the development of synthetic CPs has been the primary focus of CTE research, with a special focus on extrusion-based 3D printing since it is an affordable and simple technique that allows the use of multiple biomaterials. However, these 3D-bioprinted CPs have comparatively low cell viability due to the shear force induced on them when the bioink is pushed through a needle. Therefore, it was theorized by Bar et al. (2023) that the viability within the CP would be increased by the cell survival factor miR-199a-3p. Studies have shown that this human miRNA is involved in the activation of the transcriptional cofactor YAP, a well-established signaling pathway that controls the proliferation of CM and has been shown to promote cardiac regeneration in adult mice models with MI. EVs derived from activated human monocytic THP-1 cells were selected to deliver this miRNA based on the assumption that these cells would communicate with other cardiovascular cells since Monocyte-derived MCs (MΦ) use them as a signaling pathway to interact with neighboring cells and take part in cardiac repair after MI. EVs also participate in CM survival, which ceases to proliferate after heart damage, decrease inflammation, and reduce oxidative stress in vitro and in vivo. In addition, their usual cargos are mRNA and miRNA. This way, a proposed M1-like MΦ derived-EV system was designed to sustainably deliver miR-199a-3p. To validate that the MΦ-derived EVs were internalized by their target cells, engineered EVs were evaluated in neonatal rat CM (NRCM) monolayers, demonstrating their applicability. The inclusion of these EVs in bioink, consisting of alginate-RGD, gelatin, and NRCM, resulted in CPs that tripled their cell vitality with fewer apoptotic cells compared to those without EVs and showed elevated metabolic activities after 5 days. This way, a successful system was created with the ability to influence several cardiac regeneration processes, such as CM proliferation, reduction of cell death, and possessing angiogenic potential (Bar et al., 2023).
In summary, scaffold-mediated miRNA delivery has considerably advanced tissue engineering, especially in CVDs, as depicted in Figure 3. This approach offers targeted therapy for conditions like MI and HF. Proper scaffold integration is achieved by functional scaffolds like PELC and PLLA electrospun membranes, trilayered vascular grafts, injectable hydrogel matrix, and PNP hydrogels. Studies show promising results, from advances in 3D-bioprinted CPs to advances in small-diameter vascular regeneration, mitigating inflammation post-MI, intimal hyperplasia, restenosis, or calcification, with therapeutics including rapid endothelialization, CM survival and proliferation, and regulation of circumferentially organized SMCs in the contractile phenotype. Nonetheless, these studies remain with some limitations and opportunities. Further, in vivo evaluations might be needed to evaluate the bioactivity of TPV for the regulation of SMCs. The PELC inner layer of the TEVG produced visible calcification; therefore, well-rounded approaches that take into account the properties of biocompatible materials are desirable, like the use of natural polymers in conjunction with composite multilayered scaffolds. More research is crucial to determine whether the Gel@MSN/miR-21-5p strategy is effective in chronic instances and whether there is an ideal therapeutic time frame, as immediate treatment following an MI may not be applicable in practical settings. The in vivo evaluation of PEI-miR-1 and PEI-miR-133a polyplexes is still unexplored. Findings on the effect of AuNP-miR-214 provide more evidence that miR-214 has a role in the development of CAVD (via promoting ALP), encouraging further investigation. Nonetheless, concerns remain over the potential harm that innate EV cargo may cause to recipient cells outside of the 3D-bioprinted patch. However, these advancements indicate a transformative shift towards precision medicine in cardiovascular care, with the potential to revolutionize treatment strategies and improve patient outcomes.
[image: Figure 3]FIGURE 3 | Schematic representation of recent miRNA-integrated cardiovascular system tissue engineering strategies: (A) An electrospun PELCL fiber membrane with miR-145-loaded TPV for target-regulating SMCs. (Wen et al., 2019). (B) A fibronectin-coated electrospun PLLA fiber scaffold with miR-1 and miR-133a complexed to PEI for cardiac fibroblast transdifferentiation (Muniyandi et al., 2021). (C) An electrospun trilayer vascular graft with miR-126-loaded TPR and miR-145-loaded TPV for small-diameter vascular regeneration (Wen et al., 2020). (D) An α-CD/PEG injectable hydrogel with miR-21-5p-loaded MSN-NH2-TMA for myocardial infarction therapy (Li et al., 2021). (E) A PEG-b-PLA injectable hydrogel with miR-214-loaded PEG-AuNPs for CAVD (Van Der Ven et al., 2021). (F) An alginate-RGD/gelatin 3D-printed scaffold with miR-199a-3p-loaded MΦ-derived EVs for cardiac patches (Bar et al., 2023). Created with Biorender.com.
5 MIRNA-INTEGRATED SKIN TISSUE ENGINEERING STRATEGIES
In recent years, the challenge of promoting tissue regeneration in various skin defects, including large traumatic injuries, burns, bedsores, and chronic diabetic ulcers, has emerged as a significant clinical concern (Tottoli et al., 2020; Hama et al., 2023). Unfortunately, traditional methods like skin grafts have limitations, including donor site morbidity, graft complication, and limited availability (Ke et al., 2023; Šuca et al., 2024). Remarkably, tissue engineering has shown great potential in treating skin wounds. Along with sustainable materials like collagen, cellulose, and chitosan, these alternative therapies not only enhance wound healing and lower infection risk but also help reduce inflammation and stimulate new blood vessel growth (Elfawy et al., 2023; Hosseinpour et al., 2024). Moreover, the delivery of miRNAs through skin tissue engineering scaffolds presents a promising approach to enhancing skin healing. By incorporating specific miRNAs into these scaffolds, researchers can modulate gene expression at the wound site, promoting cellular processes essential for tissue repair, such as cell proliferation, migration, and angiogenesis (Dey et al., 2023; Guelfi et al., 2024).
A study conducted by Saleh et al. (2019) demonstrated the acceleration of wound healing by adhesive GelMA-based hydrogel containing miR-223 mimic since the overexpression of miR-223 was previously proved to induce the polarization of MCs towards the anti-inflammatory (M2) phenotype, perhaps facilitating the acceleration of wound healing, while the hydrogel protects the poorly stable miR-223 mimic. In this study, hyaluronic acid NPs (to regulate the polarization of tissue MCs during wound restoration), loaded with miR-223-5p mimic, were embedded in the GelMA hydrogel, which was placed above the wound. GelMA-based hydrogels were selected due to their ability to attach, infiltrate, and proliferate cells that help to mediate wound re-epithelialization and healing. In vitro studies showed that the overexpression of miR-223 mimicked J774A.1 MCs elevate the levels of the anti-inflammatory gene Arg-1 and lessen the levels of pro-inflammatory markers, including TNF-α, IL-1β, and IL-6. Likewise, in vivo experiments demonstrated that the adhesive hydrogels effectively adhered to and covered the wounds throughout the healing process in a mice model of acute excisional wounds.
Other miRNAs and gels have also been used for similar purposes. For instance, a non-cytotoxic biomaterial system of topically applicable or injectable self-healable zwitterionic cryogels with miR-146a-cerium oxide NPs (CNPs) was demonstrated to reduce inflammation and improve wound healing in diabetic patients (Sener et al., 2020). CNPs were specifically chosen due to their ability to eliminate oxidative stress and balance the oxidant-to-antioxidative enzyme ratio in diabetic wounds. Zwitterionic cryogels were created using either [2-(methacryloyloxy) ethyl]dimethyl-(3-sulfopropyl) ammonium hydroxide (SBMA) or 3-[[2-(methacryloyloxy) ethyl] dimethylammonio] propionate (CBMA) as zwitterionic monomers along with hydroxyethyl methacrylate (HEMA) as a non-zwitterionic crosslinker. Moreover, the gel was tested in vivo on old female mice with diabetic wounds and the sustained release of miR-146a CNPs from these gels was evidenced to speed up diabetic wound healing time and significantly reduce inflammation; furthermore, qPCR results showed the downregulation of pro-inflammatory cytokines, such as IL-6 and chemokine ligand 2 (CXCL2), as well as the upregulation of col-I gene.
Likewise, Yang et al. (2021) delivered a small interfering RNA 29a (siRNA-29a) through a hydrogel to downregulate miR-29a among diabetic patients since the underexpression of this miRNA has been observed to enhance angiogenesis and col-I synthesis, thereby boosting wound healing. This gel was composed of oxidized hydroxymethyl propyl cellulose (OHMPC) and adipic dihydrazide-modified HA (HA-ADH), which are known for having good biocompatibility and being easy to modify. SiRNA-29a was loaded onto a HA-PEI complex and embedded on the hydrogel along with the anti-inflammatory phytochemical oridonin (ori), which was loaded onto alginate microspheres (Alg), resulting in an OHMPC/HA-ADH/Alg@ori/HA-PEI@siRNA-29a hydrogel system. The system was tested in vitro on mouse fibroblasts L292 cell cultures to demonstrate biocompatibility and in vivo on STZ-induced type I diabetic SD rats to verify wound healing. The outcome was promising; the hydrogel system accelerated wound healing among diabetic SD rats by potentially inhibiting pro-inflammatory factors such as IL-6 and TNF-alpha, and complete epidermal coverage was achieved within 3 weeks of post-treatment.
In another study, Hu et al. (2021) used PLGA-LIP electrospun fiber to deliver miR-145 and platelet-derived growth factor composed of two B subunits (PDGF-BB) synergistically for wound healing promotion. The miR-145 and PDGF-BB were selected due to their crucial role in the differentiation of MSCs into vascular smooth muscle cells (VSMCs), therefore aiding in the process of wound healing. In this study, the miR-145 and PDGF-BB were loaded onto biodegradable LIPs formed by the cationic lipid DOTAP (N-[1-(2,3-dioleoyloxy) propyl]-N,N,N-trimethylammonium methyl-sulfate) to prevent a premature drug release and achieve a higher healing effect. MSCs were the main target in this investigation because these cells are able to promote tissue repair through their autocrine ability. An In vitro study using HUVECs confirmed the promotion of the tubular formation of ECs through the visualization of angiogenesis of different fibrous scaffolds, and interestingly, the combination of PLGA-LIP with both miR-145 and PDGF-BB resulted in a significantly greater total length of the tube and number of junctions compared to PLGA-LIP engaged with either miR-145 or PDGF-BB alone. On the other hand, in vivo testing was carried out on SD rats to estimate the protective effect of PLGA-LIP engaged with or without miR-145 or PDGF-BB on skin wound healing, and the results revealed a significant additive protective effect on angiogenesis and wound healing when PLGA-LIP was engaged with both miR-145 and PDGF-BB.
Relatedly, Mulholland et al. (2022) created a peptide/miR-31 nanomedicine within an electrospun material designed to regenerate wounds in vivo. The miR-31 was chosen since it has been shown to be underexpressed in conditions related to slow wound healing. The miRNA delivery system used a plasmid encoding miR-31 (pmiR-31) encapsulated by the linear cell-penetrating peptide (CPP), CHAT, via a wound patch composed of electrospun polyvinyl alcohol (PVA) nanofibers, with the purpose of improving cellular entry and trigger miR-31 expression in vitro in both human keratinocyte cell line (HaCaT) and human microvascular EC line HMEC-1. In vivo experiments were performed on live C57BL/6 J mice, where CHAT/pmiR-31 was administered via electrospun PVA nanofibers. The results showed a significant augmentation in the epidermal layer and the stratum corneum layer compared to the control group. In addition, in vivo therapy with CHAT/pmiR-31 resulted in enhanced angiogenesis in wounds as compared.
Recently, Li et al. (2023) developed engineered exosomes containing miR-146a and SF patch (SFP) to promote diabetic wound healing by interfering with interleukin-1 receptor-associated kinase 1(IRAK1), which has been associated with the NF-κB inflammation signaling pathway. The SF binding peptide (SFBP) was selected via phage display. Subsequently, a fusion protein called SFBP-Gluc-MS2 (SGM) and a pac-miR-146a-pac fusion protein were synthesized. The constructed exosome SGM-miR-146a-exos was obtained from placental MSCs (PMSCs) that were transduced with SGM and pac-miR-146a-pac protein. SF was chosen for its antimicrobial properties to prevent pathogen invasion, thereby reducing the risk of wound infection, while miR-146a was shown to act as an anti-inflammatory regulator. In vivo experiments with BKS-DB (db/db) mice showed that SGM-miR-146a-Exo significantly accelerated the wound healing process while it decreased the IRAK1 and IL-6 expressions, resulting anti-inflammatory effect.
In conclusion, it could be stated that skin tissue engineering technology has been advancing efficiently to eventually save or improve people’s lives, especially patients with acute burn wounds or chronic diabetic wounds, as portrayed in Figure 4. However, there are still some challenges that should be overcome, for example, low stability of the miRNAs, low transfection efficiency and the delicacy of the porous on the hydrogels that can lead to decreases in the final outcome of the scaffold applied. Taking all of these challenges into account, it is evident that miRNAs can be a valuable part of scaffold-based technologies for improving the chronic or acute skin wound healing process when induced effectively.
[image: Figure 4]FIGURE 4 | Schematic representation of recent miRNA-integrated skin tissue engineering strategies: (A) A GelMA hydrogel scaffold with miR-233-loaded HA-NPs for local immunomodulation of wounds (Saleh et al., 2019). (B) A OHMPC/HA-ADH hydrogel scaffold with siRNA-29a-loaded HA-PEI and Alg@ori for chronic diabetic wound healing (Yang et al., 2021). (C) A zwitterionic cryogel with miR-146a-loaded CNPs for wound healing (Sener et al., 2020). (D) An electrospun PLGA fiber scaffold with miR-145-loaded LIP and PDGF-BB-loaded LIP for wound healing (Hu et al., 2021). (E) An electrospun PVA fiber scaffold with miR-31-containing plasmids encapsulated in CHAT for wound healing (Mulholland et al., 2022). (F) A SF skin patch with miR-146a-loaded SGM/Exos for diabetic wound healing (Li et al., 2023). Created with Biorender.com.
6 MIRNA-INTEGRATED MUSCULAR AND CONNECTIVE TISSUE ENGINEERING STRATEGIES
Skeletal muscles and connective tissues are indispensable for health. Nevertheless, as life expectancy increases, so do musculoskeletal disorders due to a significant loss of muscle mass commonly seen with aging. Cachexia, atrophy, osteoarthritis, and osteoporosis are some of the main diseases related to muscle dysfunction that affect a person’s quality of life. Several factors are involved in the pathogenesis of muscle wasting, such as senescence, impaired muscle regeneration, inflammation, apoptosis and oxidative stress. On the other hand, molecular mechanisms such as terminal differentiation into myocytes and their fusion into myofibers, activation of quiescent satellite cells and proliferation of myoblasts (myogenic precursor cells) are needed for proper muscle regeneration. miRNAs play an important role as regulators of skeletal muscle function and it has been demonstrated that the aberrant expression of miRNAs significantly impacts the progression of muscle atrophy. For instance, the upregulation of miR-29b is usually seen in different types of muscle dysfunction. Other miRNAs participate in myogenesis by regulating proliferation, myoblast differentiation and satellite cell quiescence (Brzeszczyńska et al., 2020).
An effective tissue regeneration needs a prolonged exposure to bioactive molecules, yet approaches for their delivery like high dosage or systemic intravenous administration, generate unwanted effects in other tissues. At the same time, current treatment methods present a limited regeneration potential. Therefore, novel strategies have emerged, implementing scaffold-mediated delivery and miRNA-based therapeutics to regulate the expression of specific genes by manipulating the RNA interference pathway. The scaffold-mediated delivery of miRNAs presents significant advantages over other methods because of its prolonged activity and controlled, sustained, and bioresponsive effect (Kelly et al., 2019; Dasgupta and Chatterjee, 2021).
Feng et al. (2018) proposed a two-stage delivery system of therapeutic miRNA as a novel, sustainable, and bioresponsive method for chronic intervertebral disc degeneration (IDD) treatment. The overexpression of matrix metalloproteinases (MMPs) is responsible for the main pathological features of IDD since it leads to the degradation of the ECM and the progressive fibrosis invasion that causes the degeneration of the nucleus pulposus. In this study, miR-29a was chosen as the therapeutic miRNA for its powerful antifibrotic capability by silencing MMP-2 expression and blocking the β-catenin translocation pathway from the cytoplasm to the nucleus. The miRNA delivery mechanism implements MMP-responsive cationic block copolymers, poly (ethylene glycol)-GPLGVRG-poly{N′-[N-(2-aminoethyl)-2-aminoehtyl]aspartamide}-cholesteryl (PEG-GPLGVRG-PAsp(DET)-Chole) (PGPC), loading miR-29a for its degradable properties, high gene transfection efficiency and exceptional endosomal escape ability. To obtain a sustained release, the polyplex micelles were encapsulated into MMP-responsive PEG/CGPLGVRGC injectable hydrogels, where the peptide linkage (GPLGVRG) is specifically cleaved by MMP enzymes. In vivo experiments were conducted using animal models with chronic IDD in order to assess the therapeutic potential of the two-stage delivery system proposed. Sprague-Dawley rats were used for in vivo delivery analysis and New Zealand white rabbits were employed to evaluate in vivo fibrosis inhibition. The results in the first stage showed a successful and localized release of miR-29a polyplex micelles in diseased tissues, thanks to MMP-responsive degradation of hydrogels triggered by the elevated MMP levels present in intervertebral disc (IVD) regions. Likewise, the second stage showed an efficient endosomal escape and enhanced cellular internalization into nucleus pulposus cells due to the MMP-responsive dePEGylation of the micelles. This novel strategy allows a bioresponsive and sustained two-stage delivery of miR-29a into the target cells, achieving a significant attenuation of fibrosis progression in IVD (Feng et al., 2018).
Treatment options for damaged articular cartilage caused by osteoarthritis or trauma are deficient and limited. Addressing this issue, Lolli et al. (2019) present a novel strategy to enhance in situ cartilage regeneration by endogenous cells, using FB/HA hydrogel-based delivery of a locked nucleic acid miRNA that silences miR-221 (antimiR-221). miR-221 plays an important role in osteochondral repair due to its anti-chondrogenic effect; therefore, antimiR-221 chemically modified to contain locked nucleic acid (LNA) bases and a phosphothioate backbone (which allowed for cellular intake) was used in this study to inhibit miR-221 and induce chondrogenesis. FB/HA conjugate hydrogels were employed because of their pronounced stability and heightened viscoelastic and mechanical properties. In vitro experiments were carried out to assess the retention of antimiR-221 by FB/HA hydrogels and to evaluate the transfection of human MSCs (hMSCs) in antimiR-loaded FB/HA hydrogels. For the in vivo studies, a female NMRI nu/nu mouse (osteochondral defect model) was used to investigate the capability of antimiR-221 loaded FB/HA hydrogels for cartilage production by endogenous cells. The main findings were that FB/HA hydrogels effectively enable the transfection of antimiR-221 into hMSCs, as well as the knockdown of miR-221 in situ, leading to the stimulation of chondrogenesis. This study demonstrates that hydrogel-assisted anti-miRNA delivery successfully enhanced endogenous cartilage repair in vivo, establishing it to be a promising miRNA therapy for tissue repair.
Novel strategies for tendon repair have been developed involving tissue engineering and 3D printing technology. Wu et al. (2021) suggest a miRNA-based RNAi (RNA interference) plasmid loaded on poly-dopamine nanoparticles (PDA-NPs) embedded on a 3D tendon scaffold as a new treatment method that prevents tendon adhesion and leads to proper tendon repair. The miRNA used in this study silences the transforming growth factor β-1 (TGF-β1) gene, which decreases the incidence of tendon adhesions. A 3D tendon scaffold was implemented for its optimal biocompatibility and sustained release of the plasmid. In order to assess the effect of the TGF-β1 gene silencing plasmid-loaded tendon scaffold in vivo, a chicken tendon defect model was employed. The results showed that the 3D tendon scaffold loaded with TGF-β1 gene silencing plasmid was able to effectively regenerate the tendon and recover its biofunction by preventing the appearance of tendon adhesion.
Seeking to enhance the quality of seed cells in order to augment the effectiveness of cartilage restoration, Shen et al. (2022) implemented an injectable SF hydrogel containing articular chondrocytes (ACs) and hypoxia preconditioned exosomes (H-Exos) derived from BMSCs to enhance cartilage regeneration in vivo. The hypoxia preconditioning achieved an upregulated expression of miR-205-5p in H-Exos, significantly stimulating the migration, anabolism, proliferation and anti-inflammatory effects of ACs through the miR-205-5p/PTEN/AKT pathway. The SF hydrogel was used because of its ability to preserve and sustainably release H-Exos. In vivo experiments were executed using mice as the cartilage defect model. The results revealed the biological efficacy of the injectable SF hydrogels and efficient promotion of the functions of ACs by H-Exos, as well as the successful activation of the PTEN/AKT pathway by the upregulation of miR-205-5p.
Severe skeletal muscle injuries commonly present an inefficient regeneration process due to the formation of scar tissues, significant myofiber loss, and serious muscle function impairment. In this context, Song et al. (2022) projected a novel therapeutic strategy implementing a silk sericin patch delivering miR-29-enriched EVs-decorated myoblasts (SPEED) that promotes functional repair and regeneration in severe skeletal muscle injuries. miR-29-enriched EVs (miR-29-EVs) were used for its effectiveness in delivering miR-29 into primary myoblasts. MiR-29 plays an important role as a positive regulator of myogenesis since it increases the expression of myogenic genes while simultaneously suppressing the transdifferentiation of C2C12 myoblasts into myofibroblasts by inhibiting the expression of fibrotic genes. In this study, a silk sericin patch was selected due to its biodegradability, relatively low immunogenicity, natural cell-adhesive feature, and degradation time that allows myoblasts fusion and proper bioactivity of the scaffold. Additionally, In vivo trials were carried out employing a severe mouse tibialis anterior (TA) skeletal muscle injury model, and the results revealed that the sericin patch was capable of supporting the adhesion and proliferation of myoblasts; miR-29-EVs achieved an efficient differentiation of myoblasts into myotubes, instead of myofibroblasts; and that SPEED was able to promote the integration of primary myoblasts into host muscle. These findings demonstrate that the implantation of SPEED remarkably improved the muscular microenvironment, accomplishing a functional and structural recovery of severe skeletal muscle injuries.
In conclusion, both in vitro and in vivo experiments have demonstrated that miRNAs are the key regulators of muscle atrophy (Figure 5) and that some promising miRNAs now need to be evaluated in human muscle disorders clinical trials. Additionally, it is important to highlight the strong therapeutic potential of scaffold-mediated miRNA delivery systems for muscle-related dysfunction and atrophy. Nevertheless, in order to improve the efficacy of miRNA treatment methods, future studies should be carried out to identify new targeting ligands and to characterize disease-specific markers on tissues. Furthermore, most of the in vivo experiments are performed in quadrupedal models, not taking into consideration the differences between quadrupedal and bipedal (human) species. Also, comprehending the processes that lead to miRNA dysregulations will help to recognize prime targets in disease pathogenesis and implement therapeutic and predictive biomarkers, as well as preventive therapies. Finally, more effort needs to be placed on finding new, sustained and bioresponsive scaffold materials that enhance miRNA delivery.
[image: Figure 5]FIGURE 5 | Schematic representation of recent miRNA-integrated muscular and connective tissue engineering strategies: (A) A PEG/CGPLGVRCC injectable hydrogel with miR-29a/PGPC polyplex for IDD repair (Feng et al., 2018). (B) A SF injectable hydrogel with miR-205-5p-loaded H-Exos and ACs for cartilage repair (Shen et al., 2022). (C) A FB/HA hydrogel scaffold with an antimir-221 sequence with LNA bases and phosphothioate backbone for cartilage repair (Lolli et al., 2019). (D) A PCL 3D-printed hydrogel scaffold with RNAi plasmid-loaded PDA NPs for tendon repair (Wu et al., 2021). (E) A silk sericin muscle patch with miR-29-loaded EVs for severe skeletal muscle injury repair (Song et al., 2022). Created with Biorender.com.
7 OTHER MIRNA-INTEGRATED TISSUE ENGINEERING STRATEGIES
Zhao et al. (2018) tested a collagen-based material combined with miRNA with the objective of repairing the cornea and inhibiting scar formation. The scaffold was made from nanocomplexes of AuNPs and miR-133b. AuNP/miR-133b complexes were loaded into collagen using two different methods, such as surface loading (Col-AMS) and inside loading (Col-AMI). The evaluation of the scaffold took place in vitro and in vivo. To evaluate the cytocompatibility of AuNPs and the ability of miR-133b to inhibit myofibroblast transformation, rabbit corneal stromal cells were used. On the other hand, in vivo tests were performed in a mouse model to verify the cornea epithelialization process. It was observed that the scaffold was able to downregulate the expression of myofibroblast transformation genes (alpha-smooth muscle actin and type 1 collagen) in corneal stromal cells. In addition, the corneas transplanted with Col-AMS and Col-AMI were functioning similarly to healthy corneas. With this outcome, it was established that collagen membranes combined with AuNP/miR-133b complexes can rapidly repair corneas and effectively inhibit scar formation.
The following year, Rahmani et al. (2020) evaluated the impact of hsa-miR-9-1 overexpression in photoreceptor differentiation of conjunctiva MSCs on a 3D nanofibrous scaffold. The aim was to find a new approach to guide and differentiate conjunctiva MSCs (CJMSCs) into photoreceptor-like cells by using hsa-miR-9-1 induction without neither chemical and biological growth factor nor external stimuli on both types of delivery: 2D and 3D substrate. The scaffold was made from SF-PLLA, prepared as a 3D microenvironment (due to the important role of 3D nanofibers in the differentiation of stem cells because of their similarity to the ECM), and fabricated by the electrospinning technique. Later, CJMSCs were transduced by a lentiviral vector carrying miR-9 (pCDH + has-miR-9-1) and seeded on both 2D tissue culture grade polystyrene (TCPS) and the scaffold. Afterward, the scaffold was tested, and it was noticed that more than 80% of CJMSCs were transduced and miR-9 expression was significantly higher in miR-9-CJMSCs compared to the empty vector.
A novel approach to ureteral tissue engineering (for urinary tract restoration) was made by Zhao et al. (2019), using a natural collagen material compatible with cell survival as a graft, known as vessel ECM (VECM), and differentiated urine-derived stem cells (USCs). These cells were harvested from human urine samples and cultivated in an induction medium, resulting in cell differentiation into smooth muscle and urothelium phenotypes. For the promotion of the contractile phenotype of the differentiated USCs into mature contractile SMCs, induced cells were transfected with a miR-199a-5p plasmid using a recombinant lentivirus-mediated gene transfer system and treated with transforming growth factor b-1 (TGF-b1). The combination of TGF-b1 and miR-199a-5p triggers the differentiated cells to express the smooth muscle phenotype gene and allows them to change into the contractile phenotype, which is essential for smooth muscle function. Additionally, the results showed that miR-199a-5p regulates cytoskeleton remodeling. Moreover, in this study, the dynamic culture technique was utilized for seeding cells onto VECM and encouraged their penetration into the 3D pores of matrix fibers in vitro, demonstrating sufficient biocompatibility. During dynamic culture, the induced smooth muscle cells formed 3 to 6 cell layers, while the induced urothelium cells formed a single epithelial layer. The tubular graft underwent vascularization following 3 weeks of omental maturation, and subsequently, in an in vivo rabbit model, the matured graft was employed for ureter restoration. Intriguingly, histological examination at 2 months revealed a distinctly stratified ureter with multilayered urothelium covering the well-organized smooth muscle tissue.
Another promising possibility that tissue engineering has to offer is bladder augmentation (enterocystoplasty) avoiding donor tissue morbidity. For instance, a tri-layer hydrogel scaffold composed of bladder acellular matrix graft-alginate di-aldehyde gelatin hydrogel-silk mesh (BAMG-HS) was created by Xiao et al. (2021) for encapsulation of EVs derived from human Adipose-derived stem cells (ASCs) as drug delivery vehicles for proangiogenic effector miR-126, with the aim to aid in bladder regeneration. BAMG-HS serves as a waterproof barrier that provides strong mechanical and biodegradable qualities, encourages angiogenesis and supports bladder morphological regenerations of neural, smooth muscle, and urothelium, as well as functional restoration without severe inflammation or fibrosis. In vitro, human ASCs-EVs increased the proliferation of HUVECs within a week and improved the HUVEC tube formation in a concentration-dependent way. An assessment was conducted using a rat bladder augmentation model. After 12 weeks, with the exception of inadequate innervation, ASCs-EVs enabled bladder abnormalities to regenerate fully. Encapsulating ASCs-EVs in BAMG-HS allowed for bladder gross morphological regeneration in vivo while reducing inflammation and fibrosis. Following HUVEC internalization, MiR-126 from human ASCs-EVs stimulated bladder regeneration angiogenesis by blocking RGS16, which activates the CXCR4/SDF-1α pathway and increases VEGF secretion through activation of ERK1/2 phosphorylation.
Interstitial renal fibrosis (RIF) could also be treated with a safe and effective intervention by sustained local delivery of therapeutic miRNA. The method was developed in 2021 by Xu et al. (2021) using miR-29b, which is demonstrated to be downregulated in renal fibrosis and is significantly implicated during the development of multiple organ fibrosis. NPs made from cationic bovine serum albumin (cBSA), which has been exhibited to precisely and dose-dependently block fibroblast activation in vitro, are used to create nanocomplexes (cBSA/miR-29b) by complexing with negatively charged miR-29b. A host-guest supramolecular hydrogel is then used to inject and deliver cBSA/miR-29b to the kidney. The hydrogel is achieved through host molecule β-cyclodextrin (β-CD) and the guest molecule adamantane (Ad) chemically modified, subsequently added to triblock copolymer Pluronic F127 and HA as scaffolding materials, creating a shear-thinning F127-HA hydrogel. Using the normal rat kidney interstitial fibroblast (NRK-49 F) cell line, an in vitro model of TGF-β-induced fibrogenesis was developed. The activated NRK-49 F cells’ level of α-SMA, a crucial biomarker for activated fibroblasts, was considerably downregulated in a dose-dependent way by the cBSA/miR-29b nanocomplex, suggesting that they could successfully prevent or reverse fibroblast activation. The hydrogel has also been shown to be biocompatible and did not interfere with normal liver or kidney functions in vivo. Interestingly, A single injection of the hydrogel containing cBSA/miR-29b dramatically downregulated fibrosis-related proteins and genes in mice with unilateral ureteral obstruction for up to 21 days. A summary of the main results of the applications of miRNA-integrated tissue engineering strategies is shown in Table 1.
TABLE 1 | Summary of miRNA-integrated tissue engineering strategies.
[image: Table 1]8 CONCLUDING REMARKS
While the intersection between tissue engineering and miRNA-based therapeutics is still in development, the current review reveals that promising advances have been made over the last couple of years. The different techniques and strategies that have been studied have contributed to building a diverse and extensive toolkit for regenerative medicine and consolidating miRNAs as highly valuable biomolecules to employ in tissue engineering strategies. Nevertheless, reproducibility is still a challenge in this field and, although they are quite consistent with previous studies, the wide array of choices when it comes to scaffold fabrication and even testing models makes it hard to compare the results with one another. Additionally, clinical translatability for these combination approaches still seems far as none of the papers discussed the clinical trials and while in vitro and in vivo models are extremely valuable to learn about the safety and functionality of scaffolds and miRNA, significant differences may arise when translating. Nevertheless, the scientific studies discussed in this review display that this field is quite challenging, and several innovative strategies are being employed to overcome them and added implementations further enhance the functionality and precision of the works. Indeed, the knowledge of the intersection between miRNA-based therapeutics and tissue engineering holds its promise as it grows.
9 FUTURE INSIGHTS
The studies included in this review might provide insight into future miRNA-integrated tissue engineering strategies. Moreover, clinical trials are an intriguing frontier that has yet to be crossed in this subject, and they will hopefully be performed and analyzed in the near future. Indeed, getting to clinical trials would also require further insights into the safety and reproducibility of these strategies, potentially featuring studies looking into the long-term effects of miRNA-delivering scaffolds. Therefore, further experiments are still required in order to lay the groundwork for miRNA-integrated tissue-engineered scaffolds to enter the clinical panorama. Particularly, ensuring that the miRNAs used in miRNA-incorporated tissue-engineered scaffolds are specific to the desired pathway is crucial due to their pleiotropic nature, where a single miRNA can influence multiple targets and signaling pathways (Abbas et al., 2020; Ouyang and Wei, 2021). This specificity is vital to avoid unintended effects that could disrupt other cellular processes, potentially leading to adverse outcomes (Seyhan, 2024). Accordingly, by carefully selecting miRNAs that precisely target the intended pathways, the therapeutic efficacy of the scaffold could be enhanced, promoting the desired tissue regeneration while minimizing off-target effects.
In the future, miRNA-loaded tissue-engineered scaffolds can be further optimized by incorporating additional therapeutic agents such as phytochemicals, NPs, or approved drugs to enhance their efficacy. For instance, phytochemicals, known for their anti-inflammatory and antioxidant properties (Muscolo et al., 2024), could synergize with miRNAs to promote a more robust healing response, as it has been previously reported in other diseases like cancer (Javan et al., 2019; Ashrafizadeh et al., 2020). As a matter of fact, it has been evidenced that a scaffold of PVA nanofibers loaded with a flaxseed extract (rich in phytochemicals) can promote bone regeneration (Abdelaziz et al., 2024). Therefore, there is a large area of opportunity to evaluate the cooperative effects of miRNAs administered together with phytochemicals via scaffolds in tissue engineering. Nanoparticles, on the other hand, might be included in the design of tissue-engineered scaffolds to improve the stability and targeted delivery of miRNAs, ensuring they reach specific cellular compartments with greater precision (Leng et al., 2020; Bravo-Vázquez et al., 2023). On the whole, these combinatory strategies may provide a prospective avenue for advancing the effectiveness of miRNA-loaded scaffolds in tissue engineering and regenerative medicine.
It is worth mentioning that controlled release is vital for maintaining the stability and regulatory activity of miRNAs. In turn, an appropriate controlled release can ensure that miRNAs reach the target cells in their active form and increase their therapeutic potential (Moraes et al., 2021). In the case of miRNA-loaded tissue-engineered scaffolds, this controlled release may be optimized via advanced smart materials like temperature-sensitive hydrogels (Zhong et al., 2023), pH-responsive polymers and NPs (Leng et al., 2023), nanozymes (Wu et al., 2020), and biodegradable NPs (Anwar et al., 2021), all of which can be tailored to release miRNAs in response to specific environmental stimuli at the target site. The importance of considering the controlled release when developing miRNA-loaded tissue-engineered scaffolds was clearly evidenced by Pan et al. (2022), who observed that miRNA-activated hydrogel scaffolds generated by 3D printing and with high crosslinking degree displayed slow degradation rates and adequate release of miR-29b in the long term, thus stimulating bone regeneration. This research indicates that achieving an adaptable equilibrium between the scaffold’s degradation rate and the release pattern of miRNAs is crucial for effective tissue regeneration.
On the other hand, decellularized plant tissues might offer notable benefits as scaffolds for tissue engineering due to their 3D structure, which closely replicates the architecture of native tissues and creates an environment conducive to cell growth and tissue regeneration. While animal-derived decellularized tissues have been commonly used, they face challenges like limited supply, high costs, and ethical issues. In contrast, plant-based decellularized scaffolds provide a more accessible, cost-effective, and ethical alternative (Negrini et al., 2020; Harris et al., 2021). These scaffolds have demonstrated potential for supporting human cell growth, making them highly attractive for tissue engineering and other biomedical applications. However, more research is needed to fully understand how plant-based scaffolds impact cell behavior and response to external factors (Lacombe et al., 2020). Therefore, further exploring the applications of such plant-based tissues in conjunction with miRNAs could offer new avenues in the following years for regenerative medicine.
The standardization of protocols for miRNA-integrated tissue engineering strategies heavily depends on the type of targeted tissue. For instance, bone tissue may require different approaches compared to skin or neural tissues. Therefore, the first essential step is to standardize methods across tissues of the same nature. In this context, improving consistency among the properties and effectiveness of miRNA-loaded tissue-engineered approaches can be achieved by focusing on the common biological and mechanical characteristics within each tissue group. Besides, this tissue-specific standardization would benefit from the growing use of 3D bioprinting technology, which enables the precise fabrication of scaffolds (Beheshtizadeh et al., 2019). Also, the use of emerging 3D bioprinters might be helpful in optimizing important parameters involved in the production of engineered tissues, including bio-inks, feed rate, thickness, and air pressure (Rimann et al., 2016). Furthermore, as a starting point for standardizing the manufacture of tissue-engineered therapeutic products, the norms developed jointly by ISO and ASTM International (Additive Manufacturing Standards Development Framework) could be considered (Stanco et al., 2020).
Another fundamental step in optimizing miRNA-loaded tissue-engineered approaches must consist of assessing the reproducibility of their effects in a sufficiently large sample size to ensure reliable statistical competence (Abbas et al., 2021). Additionally, the effectiveness of these devices should be validated in other laboratories or medical centers to verify that their success is not tied to the specific conditions of the original research site. Remarkably, this is a major limitation within this field, as few studies have focused on ensuring the reproducibility of their positive effects on tissue regeneration. Likewise, the adoption of standardized outcome measurements can greatly facilitate the assessment of the efficacy of miRNA-loaded tissue-engineered devices and prompt their translation into the clinical landscape. Metrics like as the ATP/DNA ratio, scaffold cell viability, and efficacy in facilitating tissue regeneration are critical outcomes that should be evaluated during the characterization of these bioengineered products (Arora et al., 2020). Hence, homogenizing these outcomes may enhance comparability among different studies, particularly when examining the same tissue type or condition.
Unquestionably, the recent success of RNA-based therapeutics, particularly the mRNA-based vaccines against COVID-19, highlights the immense potential of RNA technology in modern medicine (Damase et al., 2021). This breakthrough paves the way for the development of other RNA-centered therapeutic approaches such as miRNA-loaded tissue-engineered scaffolds. As research continues to advance, these innovative scaffolds could revolutionize tissue healing and repair, offering precise, targeted therapies that harness the power of miRNAs to enhance the body’s natural regenerative processes. Hence, we believe that the content of this review will benefit the integration of miRNA technology into tissue engineering as a significant step forward in the evolution of next-generation medical treatments.
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