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Injectable Biomaterial Scaffolds for Post–Prostate Cancer Tissue Regeneration: Current Strategies and Future Directions

Abstract
Prostate cancer treatments, particularly radical prostatectomy and radiotherapy, frequently result in extensive tissue loss, fibrosis, vascular injury, and functional complications such as urinary incontinence and erectile dysfunction. Current therapeutic options rarely achieve meaningful structural or functional regeneration, highlighting the need for advanced regenerative strategies. Injectable scaffolds have emerged as minimally invasive biomaterials capable of reconstructing extracellular matrix architecture, guiding stromal and epithelial repair, promoting angiogenesis, and attenuating fibrotic responses. Their regenerative mechanisms include providing a three-dimensional framework for cell adhesion and proliferation, enabling localized delivery of bioactive molecules, modulating inflammatory reactions, and supporting tissue remodeling processes. The incorporation of growth factors such as vascular endothelial growth factor (VEGF), fibroblast growth factor (FGF), platelet-derived growth factor (PDGF), and transforming growth factor-beta (TGF-β) further enhances vascularization, epithelial repair, and stromal integration. This review outlines recent progress in injectable scaffold systems for post–prostate cancer tissue regeneration, encompassing natural biomaterials including chitosan, collagen, hyaluronic acid, alginate, and gelatin, alongside synthetic platforms such as PEG, PLGA, PCL, self-assembling peptides, and thermo-responsive hydrogels. Emerging bioactive approaches, including nanocomposites, cell-laden constructs, exosome-enriched hydrogels, and smart materials responsive to biochemical or mechanical cues, are also discussed. In addition, fabrication strategies, delivery routes, preclinical evaluation methods, and key translational challenges are examined. Injectable scaffold platforms demonstrate significant potential to restore prostate stromal architecture, regenerate neurovascular bundles, and re-establish glandular function. However, optimization of biocompatibility, biodegradation, safety, regulatory considerations, and cancer recurrence risk remains essential to facilitate successful clinical translation in post–prostate cancer regenerative therapy.
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Picture 1. Graphical Abstract 
1. Introduction
Prostate cancer is among the most commonly diagnosed cancers in men globally, with rising incidence in aging populations and high mortality rates at advanced stages (Swami et al., 2020). While clinical interventions such as radical prostatectomy, external beam radiotherapy, brachytherapy, and hormone deprivation therapy are effective in controlling disease progression, they frequently result in significant structural damage to prostate tissues. These treatments are often associated with loss of stromal organization, injury to neurovascular bundles, degeneration of glandular epithelium, and excessive fibrotic tissue formation (Michaelson et al., 2008; Wirth et al., 2007). Consequently, patients may experience persistent complications including urinary incontinence, erectile dysfunction, chronic pelvic discomfort, and impaired glandular secretory activity (Patel et al., 2025). Despite improvements in surgical techniques, robotic platforms, and radiation delivery, treatment-related tissue injury continues to pose a major clinical challenge (Litwin & Tan, 2017).
Efforts to regenerate prostate tissue following cancer therapy are further hindered by the complex biological composition of the prostate microenvironment. The prostate consists of an intricate arrangement of epithelial cells, smooth muscle fibers, fibroblasts, extracellular matrix components, autonomic nerves, and specialized glandular units that function in close coordination (Litwin & Tan, 2017). Surgical resection and radiation exposure simultaneously damage multiple cellular and structural elements, resulting in a regenerative deficit that cannot be adequately corrected through pharmacological or surgical interventions alone (Denmeade & Isaacs, 2004). In this context, tissue engineering approaches provide a promising avenue to restore structural and functional integrity by employing biomaterials that recreate a supportive extracellular matrix niche (Guo et al., 2025).
Injectable scaffolds have therefore gained attention as a versatile class of biomaterials engineered to occupy tissue voids, regulate the local microenvironment, and promote cellular repopulation using minimally invasive delivery methods (Spector & Lim, 2016). In contrast to preformed scaffolds, injectable systems can adapt to irregular defect geometries, minimize procedural trauma, and readily incorporate therapeutic agents such as stem cells, exosomes, and growth factors (Raucci et al., 2020). Their capacity to undergo in situ solidification further supports their suitability for prostate applications, where anatomical sensitivity and deep tissue localization are critical considerations (Kretlow et al., 2009).
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Figure 1: Initial diagnosis pathways 
This manuscript presents a comprehensive review of injectable biomaterial scaffolds for post-prostate cancer tissue regeneration. The aim is to elucidate traditional repair approaches, describe natural and synthetic injectable biomaterials, evaluate emerging advanced scaffold technologies, and examine translational challenges that must be addressed prior to clinical application (Baharlouei & Rahman, 2022; Béduer et al., 2022). Particular attention is given to materials that support stromal regeneration, angiogenesis, and antifibrotic activity, as these processes are critical for restoring prostate structure and function after oncologic intervention (Feng et al., 2025; Ahangar et al., 2018).
2. Anatomy and Functional Damage After Prostate Cancer Treatment
2.1 Radical Prostatectomy
Radical prostatectomy, performed through open, laparoscopic, or robot-assisted approaches, entails complete removal of the prostate gland together with adjacent connective tissue and neurovascular structures. This procedure commonly leads to extensive disruption of the urethral sphincter complex, pelvic floor muscles, and periurethral support tissues. During the early postoperative healing phase, fibrotic responses, scar formation, and excessive collagen deposition frequently develop around the sphincteric region, ultimately impairing urinary continence mechanisms (Michaelson et al., 2008). Damage to neural structures, particularly the posterolaterally positioned cavernous nerves, further contributes to erectile dysfunction as a result of compromised neuromuscular signaling and endothelial injury (Patel et al., 2025).
Beyond these structural effects, the microvascular networks supplying the prostate and adjacent tissues are also substantially compromised. Evidence indicates that postoperative ischemia, diminished blood perfusion, and ongoing fibrotic remodeling significantly limit the regenerative capacity of tissues following prostatectomy (Guo et al., 2025). Collectively, these pathological alterations generate a mechanically rigid and poorly vascularized tissue environment, thereby hindering effective functional recovery in the absence of advanced regenerative interventions (Feng et al., 2025).
2.2 Radiotherapy
Radiotherapy for prostate cancer, delivered through external beam radiation therapy (EBRT) or brachytherapy, produces cumulative injury to surrounding soft tissues as ionizing radiation interferes with DNA stability, cellular metabolism, and microvascular integrity. Common late-stage complications such as radiation-induced proctitis, urethral strictures, and bladder neck contractures arise from persistent inflammation and tissue necrosis driven by oxidative stress mechanisms (Michaelson et al., 2008). In addition, apoptosis of endothelial cells within irradiated tissues leads to reduced perfusion, sustained hypoxia, and a diminished capacity for tissue repair (Guo et al., 2025).
Radiation exposure also promotes gradual collagen cross-linking and thickening of the extracellular matrix, characteristic features of radiation fibrosis syndrome. These fibrotic changes increase tissue stiffness, reduce elasticity, and contribute to long-term dysfunction of the urethral and pelvic floor structures (Feng et al., 2025). Consequently, radiotherapy markedly alters the regenerative microenvironment, rendering tissue recovery following pelvic irradiation particularly challenging (Patel et al., 2025).
2.3 Hormonal Therapy
Androgen deprivation therapy (ADT) limits prostate cancer progression but adversely affects stromal and epithelial tissue homeostasis. Prolonged testosterone suppression induces smooth muscle atrophy, ECM disruption, and fibroblast dysfunction, reducing regenerative capacity. ADT also causes microvascular rarefaction and endothelial impairment, compromising tissue perfusion and further exacerbating degeneration when combined with surgery or radiotherapy.
[image: ]
Figure 2: Guidelines for standardized prostate cancer treatment based on staging. Information adapted from guidelines as published by the Cancer Association of South Africa (CANSA) 2017, Prostate Cancer Foundation of South Africa 2013 guidelines, National Comprehensive Cancer Network, American Cancer Society.
2.4 Why Regeneration Is Difficult
Tissue regeneration following prostate cancer treatment is limited by structural, biochemical, and physiological constraints, including poor pelvic vascularity exacerbated by surgery or radiation-induced endothelial damage. Insufficient oxygen and nutrient supply restrict scaffold integration and stem cell activity. In addition, fibrosis, scar formation, and disrupted extracellular matrix architecture impair cellular infiltration, mechanotransduction, and coordinated tissue remodeling, thereby necessitating advanced injectable scaffold–based regenerative strategies.


Table 1: Barriers to prostate tissue regeneration after cancer treatment.
	Barrier Category
	Specific Challenge
	Cause
	Effect on Tissue Regeneration
	Reference

	Vascular / Physiological
	Low pelvic vascularity
	Surgical devascularization and radiation-induced endothelial damage
	Reduced oxygen and nutrient supply to scaffolds and stem cells, leading to poor cell survival and delayed tissue repair
	Mironov et al., 2017

	Structural / Mechanical
	Fibrosis and scar tissue formation
	Healing response after surgery and radiation therapy
	Creates a stiff mechanical environment that restricts cell infiltration and matrix remodeling
	Mironov et al., 2017

	Biochemical / ECM-related
	Loss of basement membrane and ECM organization
	Radiation and surgical disruption of native ECM structure
	Impairs cell adhesion, differentiation, and proper tissue reconstruction
	Guo et al., 2025

	Microenvironmental
	Absence of supportive regeneration niche
	Combined vascular, structural, and ECM damage
	Prevents effective repopulation of damaged tissue, necessitating the use of injectable scaffolds and advanced biomaterials
	Mironov et al., 2017; Guo et al., 2025



Table 1 illustrates that prostate tissue regeneration following cancer therapy is primarily constrained by inadequate vascular supply, extensive fibrosis, and disruption of the extracellular matrix. These factors create a hostile microenvironment that limits oxygen and nutrient availability, restricts cell infiltration, and impairs cell adhesion and differentiation (Guo et al., 2025; Feng et al., 2025; Patel et al., 2025). Consequently, endogenous repair processes are insufficient, underscoring the need for advanced biomaterials and injectable scaffolds to re-establish a supportive regenerative niche (Baharlouei & Rahman, 2022; Béduer et al., 2022; Spector & Lim, 2016).
3. Traditional Methods for Post-Prostate Cancer Tissue Repair
3.1 Autologous Tissue Grafting
Autologous tissue grafting has traditionally been employed to repair tissue defects following prostate cancer surgery, most commonly through fat grafting or muscle flap reconstruction using tissue harvested from the abdomen or thigh. Fat grafting restores volume and structural support, whereas muscle flaps such as the gracilis or rectus abdominis are used to reinforce pelvic floor musculature and support the urethral sphincter (Patrick et al., 1999; Kim et al., 2011).
However, autologous grafting is limited by low graft survival due to ischemia and poor integration, often resulting in fat resorption or muscle flap necrosis (McNeeley et al., 2014; Patel et al., 2025). In addition, donor site morbidity, including pain, scarring, and functional impairment, restricts its broader clinical application (Guo et al., 2025). These limitations underscore the need for less invasive approaches that more effectively promote functional tissue regeneration (Baharlouei & Rahman, 2022; Béduer et al., 2022).
3.2 Collagen Injections
Collagen injections have been applied as temporary bulking agents to improve urinary continence and provide periurethral support following prostate surgery. Sourced from bovine or porcine collagen, these materials are injected around the urethra to enhance mechanical support and promote urethral closure (Patrick et al., 1999; Kim et al., 2011).
Despite their initial benefits, collagen injections are rapidly degraded in vivo, resulting in short-lived effects that necessitate repeated treatments. Moreover, they do not promote true tissue regeneration, as they fail to restore extracellular matrix organization, vascularization, or smooth muscle function (Baharlouei & Rahman, 2022; Béduer et al., 2022). Consequently, their ability to achieve sustained functional recovery remains limited (Spector & Lim, 2016; Raucci et al., 2020).
3.3 Synthetic Urethral Bulking Agents
Synthetic bulking agents, such as silicone, polytetrafluoroethylene (PTFE), and hydrogel beads, have been developed to provide more durable tissue support and improve continence in post-prostatectomy patients. These materials are injected into the periurethral tissue to mechanically augment the urethral closure mechanism (Patrick et al., 1999; Kim et al., 2011).
Despite improved durability compared to collagen, synthetic bulking agents carry risks of migration, granuloma formation, and local inflammation. Migration of particles can lead to embolization or uneven tissue bulking, while granulomas may cause chronic discomfort or require surgical removal (Baharlouei & Rahman, 2022; Béduer et al., 2022). Consequently, while these agents offer temporary functional improvement, they do not restore the native stromal architecture or vascular network necessary for true tissue regeneration (Spector & Lim, 2016; Raucci et al., 2020).
3.4 Pharmacologic Agents
Pharmacologic strategies, including phosphodiesterase type 5 (PDE5) inhibitors and anti-fibrotic agents, have been investigated to enhance tissue recovery following prostate cancer treatment. PDE5 inhibitors such as sildenafil and tadalafil improve local blood flow, support endothelial function, and alleviate erectile dysfunction after surgery or radiotherapy (Patel et al., 2025; Michaelson et al., 2008). Experimental anti-fibrotic therapies, including pentoxifylline and angiotensin receptor blockers, aim to limit fibrosis and preserve tissue elasticity (Baharlouei & Rahman, 2022; Béduer et al., 2022).
However, these pharmacologic approaches provide limited regenerative benefit, as they primarily enhance perfusion or reduce scarring without offering structural support for cell adhesion, migration, or matrix formation. Consequently, restoration of tissue architecture and long-term functional recovery remains insufficient (Spector & Lim, 2016; Raucci et al., 2020).
3.5 Limitations of Traditional Methods



Overall, conventional approaches such as autologous grafting, collagen injections, synthetic bulking agents, and pharmacologic therapies (Table 2) are insufficient for restoring functional prostate or stromal tissue. These methods fail to re-establish the complex extracellular matrix, neurovascular structures, and glandular organization required for effective regeneration (Baharlouei & Rahman, 2022; Béduer et al., 2022; Guo et al., 2025). Consequently, there is a clear need for minimally invasive, biomaterial-based injectable scaffolds capable of providing structural support, facilitating cellular repopulation, and directing controlled tissue regeneration (Spector & Lim, 2016; Raucci et al., 2020; Ahangar et al., 2018).
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Table 2: Summary table of traditional methods for post-prostate cancer tissue repair. 
	Method
	Material / Approach
	Main Function
	Advantages
	Major Limitations
	Reference

	Autologous tissue grafting
	Fat grafts; muscle flaps (gracilis, rectus abdominis) harvested from patient
	Restores pelvic tissue volume and supports urethral sphincter
	Biocompatible; no immune rejection
	Low graft survival due to ischemia, fat resorption, muscle necrosis; donor site pain, scarring, functional loss
	Mironov et al., 2017

	Collagen injections
	Bovine or porcine collagen injected periurethrally
	Temporary bulking to enhance urethral closure and continence
	Minimally invasive; immediate mechanical support
	Rapid degradation; requires repeat injections; does not restore ECM, vasculature, or smooth muscle
	Beilharz et al., 2024

	Synthetic bulking agents
	Silicone, PTFE, hydrogel beads
	Mechanical augmentation of urethral closure
	More durable than collagen; improves continence
	Particle migration, granuloma formation, chronic inflammation; no true tissue regeneration
	Beilharz et al., 2024

	Pharmacologic agents
	PDE5 inhibitors (sildenafil, tadalafil); anti-fibrotics (pentoxifylline, ARBs)
	Improve blood flow, reduce fibrosis, support tissue recovery
	Non-invasive; improves vascular perfusion and erectile function
	No structural support; limited regenerative capacity; poor restoration of stromal architecture
	Patel et al., 2025




4. Injectable Scaffolds: Concept and Mechanism
4.1 Definition
Injectable scaffolds are flowable or hydrogel-based biomaterials that can be delivered minimally invasively into damaged tissues, where they solidify in situ to form a three-dimensional (3D) structure resembling the native extracellular matrix (ECM) (Spector & Lim, 2016; Raucci et al., 2020). Unlike pre-formed scaffolds, injectable systems adapt to irregular defects and reduce surgical trauma (Drabczyk et al., 2024; Kretlow et al., 2009). Gelation occurs through physical, chemical, or enzymatic mechanisms, producing a scaffold that provides mechanical support and a biomimetic environment for cell adhesion, proliferation, and differentiation (Kim et al., 2011; Beilharz et al., 2024).
Design strategies focus on mimicking essential features of the tissue microenvironment by optimizing porosity, stiffness, degradation rate, and biochemical functionalization to promote regeneration while limiting inflammation (Li et al., 2020; Motealleh et al., 2020). Advanced injectable scaffolds may also incorporate bioactive molecules, stem cells, or exosomes to enhance regenerative outcomes, making them well suited for complex tissue repair, including post–prostate cancer regeneration (Feng et al., 2025; Ahangar et al., 2018).
4.2 Mechanisms of Action
The regenerative effectiveness of injectable scaffolds is mediated by several interconnected mechanisms. These materials mimic native extracellular matrix (ECM) features by presenting structural components that regulate cell adhesion, migration, and proliferation, thereby supporting stromal–epithelial interactions and restoration of glandular architecture. Injectable scaffolds also promote angiogenesis by providing a three-dimensional microenvironment that facilitates endothelial infiltration and capillary formation, improving oxygen and nutrient delivery in post-surgical or irradiated prostate tissue. In addition, they enhance stem cell recruitment and retention by creating bioactive niches that support progenitor cell proliferation and lineage-specific differentiation. Injectable systems further enable localized and sustained release of regenerative factors such as VEGF, bFGF, and BMPs, prolonging bioactivity while reducing systemic exposure. Finally, by providing mechanical support and modulating inflammatory signaling and ECM deposition, these scaffolds limit fibrosis and promote long-term functional tissue regeneration.
Table 3: Representative Injectable Scaffold Materials and Mechanisms of Action.
	Material Type
	Source
	Mechanism of Action
	Reference

	Chitosan Hydrogel
	Crab shell / microbial
	ECM mimicry, stem cell adhesion, anti-fibrotic effect
	Baharlouei & Rahman, 2022; Li et al., 2020

	Collagen Gel
	Bovine / Porcine
	ECM mimicry, angiogenesis stimulation, epithelial proliferation
	Fitzgerald et al., 2015

	Hyaluronic Acid (HA) Hydrogel
	Microbial
	ECM mimicry, water retention, controlled release of growth factors
	Beilharz et al., 2024

	PEG-based Synthetic Hydrogel
	Synthetic
	Mechanical support, controlled degradation, bioactive molecule incorporation
	Beilharz et al., 2024

	Gelatin Methacryloyl (GelMA)
	Animal
	Stem cell homing, enzymatic degradation, biofunctionalization
	Mironov et al., 2017

	Self-Assembling Peptides
	Synthetic
	Nanofiber network formation, ECM mimicry, angiogenesis
	Mironov et al., 2017



5. Biomaterials Used for Injectable Prostate Tissue Scaffolds
5.1 Natural Biomaterials
Chitosan, a polysaccharide derived from chitin, is widely investigated for prostate tissue engineering due to its biodegradability, biocompatibility, antimicrobial activity, and structural similarity to glycosaminoglycans in the native prostate extracellular matrix (ECM). Chitosan-based hydrogels support stromal and epithelial cell proliferation, promote angiogenesis, and can be readily combined with growth factors or stem cells to enhance regeneration. Hyaluronic acid (HA), a naturally occurring ECM component, contributes to tissue hydration and viscoelasticity while providing excellent injectability and conformity to irregular defects, facilitating stem cell homing and vascularization. Collagen types I and III offer strong cell adhesion and epithelial differentiation cues but are limited by rapid enzymatic degradation, which may compromise long-term support. Alginate hydrogels, formed via ionic crosslinking, enable tunable stiffness and porosity for controlled microenvironment design. Gelatin and gelatin methacryloyl (GelMA) combine collagen-derived bioactivity with adjustable mechanical properties, cytocompatibility, and efficient incorporation of bioactive agents, making them versatile injectable scaffold platforms.
5.2 Synthetic Biomaterials
Poly(lactic-co-glycolic acid) (PLGA), poly(ethylene glycol) (PEG), and polycaprolactone (PCL) are commonly used synthetic polymers in injectable scaffold design. These materials provide controllable degradation profiles, adjustable mechanical properties, and effective delivery platforms for drugs, growth factors, or cells (Gentile et al., 2014; Sun et al., 2022; Martins et al., 2018). While PLGA and PCL offer prolonged mechanical stability, PEG-based hydrogels enable precise biochemical functionalization and customizable network architectures (Mironov et al., 2017; Kretlow et al., 2007).
Self-assembling peptides (SAPs) are short peptide sequences that form nanofibrous matrices resembling extracellular matrix architecture (Kirillova et al., 2021). These injectable systems support angiogenesis, neurovascular regeneration, and stromal cell adhesion, making them suitable for minimally invasive applications requiring fine spatial control (Raucci et al., 2020; Li et al., 2020).
Thermo-responsive hydrogels, such as poly(N-isopropylacrylamide) (PNIPAM) and Pluronic F127, undergo sol-to-gel transition at physiological temperature, enabling easy injection and in situ gelation (Beilharz et al., 2024; Motealleh et al., 2020). Their tunable gelation behavior supports controlled delivery of cells, growth factors, or therapeutics while maintaining suitable mechanical strength and degradation rates (Ratheesh et al., 2017).
Table 4: Natural and Synthetic Injectable Scaffolds for Prostate Tissue Regeneration.
	Material
	Type
	Key Features
	Applications
	Reference

	Chitosan
	Natural
	Biodegradable, antimicrobial, ECM mimic, growth factor carrier
	Stromal regeneration, angiogenesis
	Baharlouei & Rahman, 2022; Li et al., 2020

	Hyaluronic Acid (HA)
	Natural
	Hydration, viscoelasticity, angiogenesis support
	Prostate ECM mimic, stem cell delivery
	Beilharz et al., 2024; Mironov et al., 2017

	Collagen Types I/III
	Natural
	ECM protein, supports epithelial differentiation
	Tissue remodeling
	Fitzgerald et al., 2015

	Alginate
	Natural
	Ionic crosslinking, tunable stiffness
	Prostate microenvironment, 3D cell culture
	Beilharz et al., 2024

	Gelatin / GelMA
	Natural
	Enzymatic degradation, tunable stiffness
	Cell encapsulation, growth factor delivery
	Mironov et al., 2017

	PLGA / PEG / PCL Hydrogels
	Synthetic
	Controlled degradation, tunable mechanical strength
	Drug/cell delivery, tissue support
	Gaharwar et al., 2020

	Self-assembling Peptides (SAPs)
	Synthetic
	ECM mimic, nanofiber network, injectable
	Neurovascular regeneration, ECM mimicry
	Mironov et al., 2017

	Thermo-responsive Hydrogels
	Synthetic
	Liquid at room temp, gels at body temp
	Injectable cell/growth factor carriers
	Drury & Mooney, 2003


6. Advanced and Next-Generation Injectable Scaffolds
6.1 Nanocomposite Scaffolds
Nanocomposite injectable scaffolds integrate natural or synthetic polymers with nanoparticles to improve mechanical performance, bioactivity, and controlled drug delivery. For example, chitosan–PLGA nanoparticle hydrogels enhance scaffold strength while enabling sustained release of growth factors or chemotherapeutic agents, thereby supporting stromal regeneration and vascularization in prostate tissue (Li et al., 2020; Sun et al., 2022). Likewise, hyaluronic acid–gold nanoparticle systems exhibit antioxidant activity and promote angiogenesis while maintaining biocompatibility (Zhao et al., 2021; Chen et al., 2020).
By exploiting nanoscale interactions, these scaffolds influence cellular responses, enhance extracellular matrix mimicry, and protect encapsulated bioactive molecules from rapid degradation. The inclusion of nanoparticles further enables multifunctional capabilities such as imaging, monitoring scaffold integration, and localized therapeutic interventions, including hyperthermia, when required (Gaharwar et al., 2020; Martins et al., 2018).
6.2 4D Bioprinted Injectable Hydrogels
Next-generation 4D bioprinted hydrogels exhibit shape-transforming behavior in response to environmental cues such as pH, temperature, or enzymatic activity (Zhang et al., 2024; Kirillova et al., 2021). After injection, these materials can expand, fold, or self-organize to accurately conform to tissue defects, providing tailored structural support.
This adaptive behavior improves integration with surrounding tissue and enables controlled, spatiotemporal release of bioactive agents. Such properties make 4D bioprinted hydrogels particularly suitable for post–prostate cancer regeneration, where complex anatomy and irregular defects demand flexible and responsive scaffold systems (Zhang et al., 2024; Li et al., 2020).
6.3 Cell-laden Injectable Scaffolds
Cell-laden scaffolds incorporate stem or progenitor cells directly within hydrogel matrices, providing an immediate cellular source for tissue regeneration. Cell types such as mesenchymal stem cells (MSCs), adipose-derived stem cells (ADSCs), and induced pluripotent stem cell (iPSC)-derived stromal cells have demonstrated the ability to differentiate into epithelial, stromal, and vascular lineages in prostate tissue models (Mironov et al., 2017; Chen et al., 2020; Prestwich, 2011).
When combined with ECM-mimicking hydrogels, these scaffolds improve tissue integration, promote angiogenesis, and limit fibrotic remodeling. Injectable cell-laden systems also protect cells during delivery and create a three-dimensional microenvironment that enhances paracrine signaling critical for effective regeneration (Zhao et al., 2021; Huang et al., 2021).
6.4 Exosome-Loaded Injectable Scaffolds
Exosome-loaded scaffolds provide a cell-free regenerative approach by delivering bioactive extracellular vesicles that support tissue repair without the risks linked to stem cell transplantation. Exosomes derived from mesenchymal stem cells or prostate stromal cells contain growth factors, miRNAs, and cytokines that promote angiogenesis, regulate inflammation, and suppress fibrosis (Zhang et al., 2022; Li et al., 2020).
Encapsulation of exosomes within injectable hydrogels enables sustained release, helping to maintain a pro-regenerative microenvironment. This strategy is particularly relevant for post-prostatectomy repair, where effective regeneration is required while minimizing tumorigenic potential (Gaharwar et al., 2020; Chen et al., 2020).
6.5 Growth-Factor Loaded Scaffolds
Growth factor–loaded scaffolds are engineered to enable controlled, spatiotemporal delivery of bioactive molecules essential for tissue regeneration. Factors such as vascular endothelial growth factor (VEGF) and basic fibroblast growth factor (bFGF) promote angiogenesis and endothelial cell proliferation, while bone morphogenetic proteins (BMPs) support tissue remodeling and stromal organization (Li et al., 2020; Beilharz et al., 2024). In parallel, incorporation of TGF-β inhibitors helps limit fibrosis and scar formation, contributing to improved long-term functional recovery. Injectable scaffold systems facilitate localized and sustained release of these factors, thereby enhancing regenerative efficacy while reducing systemic exposure (Li et al., 2020; Beilharz et al., 2024).
6.6 Injectable Smart Hydrogels
Smart hydrogels incorporate functional features such as electrical conductivity or magnetic responsiveness to enhance tissue regeneration. Conductive hydrogels support neuromuscular repair by facilitating electrophysiological signaling, whereas magnetically responsive systems enable remote cellular stimulation or controlled growth factor release (Beilharz et al., 2024; Li et al., 2020). These materials can be engineered to respond dynamically to local microenvironmental cues, providing multimodal signals that promote cell proliferation, angiogenesis, and extracellular matrix remodeling. As such, smart hydrogels represent an advanced strategy for complex tissue reconstruction, including post–prostate cancer regeneration (Beilharz et al., 2024).
Table 5: Advanced Injectable Scaffolds for Prostate Tissue Regeneration.
	Scaffold Type
	Components
	Function / Mechanism
	Reference

	Nanocomposite Scaffolds
	Chitosan-PLGA, HA-Gold NPs
	Mechanical reinforcement, controlled drug delivery, angiogenesis
	Baharlouei & Rahman, 2022; Li et al., 2020

	4D Bioprinted Hydrogels
	Shape-memory polymers
	Environment-responsive morphing, defect filling
	Zhang et al., 2024

	Cell-laden Scaffolds
	MSCs, ADSCs, iPSC-derived cells
	Stem cell delivery, stromal/epithelial regeneration, angiogenesis
	Mironov et al., 2017; Chen et al., 2020

	Exosome-Loaded Scaffolds
	MSC/prostate stromal exosomes
	Paracrine signaling, angiogenesis, anti-fibrotic remodeling
	Chen et al., 2020

	Growth-Factor Loaded Scaffolds
	VEGF, bFGF, BMP-2, TGF-β inhibitors
	Angiogenesis, tissue remodeling, anti-fibrotic effect
	Drury & Mooney, 2003

	Smart Hydrogels
	Conductive polymers, magnetic NPs
	Neuromuscular regeneration, controlled release, dynamic cues
	Gaharwar et al., 2020



7. Methods of Injectable Scaffold Fabrication
7.1 Sol–Gel Methods
Sol–gel techniques (Fig. 3) involve the conversion of a liquid precursor into a gel, producing a three-dimensional network that supports cell growth and tissue regeneration. In this process, polymer precursors such as chitosan or organic–inorganic hybrids undergo hydrolysis and condensation to form crosslinked hydrogels (Baharlouei & Rahman, 2022; Li et al., 2020). This method enables precise control of porosity, surface area, and mechanical properties, allowing efficient incorporation of bioactive molecules, nanoparticles, or growth factors. Importantly, the mild processing conditions help preserve the bioactivity of encapsulated cells and biomolecules, making sol–gel systems suitable for prostate tissue regeneration applications (Zhao et al., 2021).
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Figure 3: Sol–Gel Method for Injectable Scaffold Fabrication

7.2 Ionic Crosslinking (Alginate–Ca²⁺)
Alginate hydrogels are commonly produced using ionic crosslinking, a process in which divalent ions such as calcium (Ca²⁺) bind to alginate polymer chains to generate a physically stabilized gel structure (Fig. 4) (Li et al., 2020). This fabrication approach is rapid, straightforward, and operates under physiological conditions, making it well suited for cell encapsulation. By varying alginate concentration or calcium ion content, scaffold stiffness and porosity can be precisely adjusted. The resulting hydrogels create a three-dimensional environment that supports stem cell or prostate stromal cell viability, while enabling effective nutrient transport, angiogenic activity, and tissue remodeling (Patel et al., 2025; Li et al., 2020).
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Figure 4: Schematic of Ionic Crosslinking (Alginate–Ca²⁺)
7.3 Photo-Crosslinking (GelMA + UV)
Photo-crosslinkable polymers such as gelatin methacryloyl (GelMA) can undergo in situ polymerization when exposed to UV or visible light in the presence of a photoinitiator. This approach enables rapid gel formation, spatial control, and adjustable mechanical properties (Feng et al., 2025). Photo-crosslinking is well suited for injectable scaffolds, as gelation occurs after delivery, allowing the material to conform to irregular tissue defects. Modulating light intensity and GelMA concentration permits control over scaffold stiffness, degradation behavior, and cell encapsulation efficiency, thereby supporting functional prostate tissue regeneration (Patel et al., 2025).
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Figure 5: Mechanism of UV-Induced Photo-Crosslinking of Gelatin Methacryloyl (GelMA) Hydrogels
7.4 Thermo-Gelling Methods
Thermo-responsive polymers such as PNIPAM and Pluronic F127 undergo a temperature-induced sol–gel transition at physiological conditions. These materials can be injected in liquid form at room temperature and subsequently solidify in situ to create a supportive hydrogel matrix (Beilharz et al., 2024). Thermo-gelling scaffolds offer a minimally invasive and highly adaptable approach, enabling co-delivery of cells or growth factors. Their gelation behavior and mechanical properties can be adjusted through changes in polymer concentration, molecular weight, or copolymer composition, making them well suited for repairing complex tissue defects following prostatectomy.
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Figure 6: Mechanism of Body-Temperature Triggered Gelation of Injectable Hydrogels
7.5 Microfluidic Particle Fabrication
Microfluidic approaches allow the fabrication of highly uniform microgels or microspheres for injectable scaffold applications. Precise regulation of flow conditions and droplet formation enables control over particle size, morphology, and encapsulated payloads (Motealleh et al., 2020). These microgels can deliver stem cells, growth factors, or nanoparticles and be assembled modularly into larger tissue constructs. Their uniformity ensures consistent mechanical behavior and predictable degradation profiles, supporting controlled and reproducible tissue regeneration (Motealleh et al., 2020).
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Figure 7: Three-Step Process of Microfluidic Particle Fabrication
7.6 3D Bioprinting of Injectable Microgels
Three-dimensional (3D) bioprinting enables precise placement of bioinks containing cells, polymers, or growth factors into predefined microgel structures. Injectable microgels printed directly in situ can adapt to irregular tissue defects while preserving cell viability and function (Yourdkhani et al., 2024). This technique combines spatial control with minimal invasiveness, allowing fabrication of patient-specific scaffolds for prostate tissue reconstruction. Following deposition, microgels may be crosslinked using photo-, thermal-, or ionic mechanisms to tailor mechanical strength and biological performance (Yourdkhani et al., 2024).
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Figure 8: Workflow of 3D Bioprinting Using Injectable Microgel-Based Bioinks
7.7 In Situ Polymerization During Injection
In situ polymerization refers to chemical or enzymatic reactions that occur during scaffold injection, resulting in gel formation directly within the tissue defect. This method ensures close conformability and effective integration with surrounding host tissue (Drury & Mooney, 2003; Beilharz et al., 2024). Polymer systems such as acrylate-modified materials, self-assembling peptides, and thiol–ene chemistries can undergo gelation under mild conditions, maintaining the bioactivity of encapsulated cells or growth factors. In situ polymerization is particularly advantageous for minimally invasive post–prostate cancer regeneration, where irregular defect geometry and disrupted extracellular matrix demand adaptable scaffold systems (Beilharz et al., 2024).
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Figure 9: In Situ Polymerization via Chemical Initiation during Injection
Table 6: Injectable Scaffold Fabrication Methods.
	Method
	Materials
	Key Features
	Applications
	Reference

	Sol–Gel
	Chitosan, silica, hybrid polymers
	Tunable porosity, bioactive molecule incorporation
	Prostate tissue regeneration
	Baharlouei & Rahman, 2022; Feng et al., 2025

	Ionic Crosslinking
	Alginate + Ca²⁺
	Mild conditions, tunable stiffness
	Cell-laden injectable scaffolds
	Lee & Mooney, 2012; Mironov et al., 2017

	Photo-Crosslinking
	GelMA + UV
	Rapid solidification, spatial control
	Precision injectable scaffolds
	Huang et al., 2021; Mironov et al., 2017

	Thermo-Gelling
	PNIPAM, Pluronic F127
	Sol-to-gel at body temp, minimally invasive
	Cell/growth factor delivery
	Hoffman, 2012

	Microfluidic Particle Fabrication
	Chitosan, HA, GelMA
	Uniform microspheres, modular assembly
	Modular tissue scaffolds
	Motealleh et al., 2020

	3D Bioprinting
	Cell-laden bioinks
	Spatial patterning, patient-specific scaffolds
	Injectable microgel constructs
	Zhang et al., 2024

	In Situ Polymerization
	Acrylates, self-assembling peptides
	Conforms to defect, preserves bioactivity
	Minimally invasive tissue repair
	Drury & Mooney, 2003



8. Methods of Administration (Clinical/Experimental)
8.1 Transperineal Injection
Transperineal injection is a minimally invasive technique in which injectable scaffolds or therapeutic agents are introduced into prostate tissue via the perineum under imaging guidance (Patel et al., 2025). This route enables accurate scaffold placement within targeted regions while minimizing the risk of injury to the rectum or urethra. Guidance using ultrasound or MRI ensures precise delivery to areas requiring regeneration, including stromal compartments or post-surgical defects.
Owing to its precision and low complication rates, transperineal administration is widely applied in both preclinical and clinical settings. It is particularly well suited for the delivery of stem cell–laden hydrogels or growth factor–enriched scaffolds, where accurate localization is essential for promoting angiogenesis and effective tissue repair (Patel et al., 2025; Li et al., 2020).
8.2 Transrectal Injection
Transrectal injection is mainly used for the placement of prostate spacers or targeted delivery of biomaterials near the rectal wall. In this approach, scaffold materials are administered through the rectum under imaging guidance, enabling deposition around the prostate or within periprostatic tissues (Patel et al., 2025).
Although effective for select applications, the transrectal route is associated with a slightly increased risk of infection and local irritation compared with transperineal delivery. To minimize these risks, strict sterilization protocols, accurate imaging guidance, and the use of injectable materials with antimicrobial or anti-inflammatory properties are required (Baharlouei & Rahman, 2022).
8.3 Injection Around Neurovascular Bundles
To support functional recovery, injectable scaffolds may be delivered around the prostate neurovascular bundles (NVBs) to facilitate regeneration of erectile tissue and maintain urinary continence. The NVBs play essential roles in neural and vascular signaling, and their injury during prostate surgery is a major cause of erectile dysfunction and incontinence (Patel et al., 2025).
Placement of injectable hydrogels or cell-laden scaffolds in the NVB region enables localized delivery of growth factors, stem cells, or exosomes, promoting angiogenesis and reducing fibrotic remodeling in adjacent tissues. This minimally invasive strategy has demonstrated efficacy in restoring functional integrity in both small and large animal preclinical models (Patel et al., 2025; Chen et al., 2020).
Table 7: Injectable Scaffold Administration Routes for Prostate Tissue Regeneration.
	Route
	Procedure
	Advantages
	Limitations / Considerations
	Reference

	Transperineal Injection
	Ultrasound-guided percutaneous injection
	Minimally invasive, high precision
	Requires imaging guidance
	Kuo et al., 2020; Hou, De Bank, & Shakesheff, 2004

	Transrectal Injection
	Needle through rectal wall under imaging
	Direct access for periprostatic placement
	Risk of infection, tissue irritation
	Gao et al., 2019; Kuo et al., 2020

	Injection around Neurovascular Bundles
	Perineal or transrectal guided near NVBs
	Supports functional tissue regeneration
	Requires anatomical expertise, precise targeting
	Ahlering et al., 2003; Chen et al., 2020




9. Biological Responses to Injectable Scaffolds in Post-Prostate Cancer Tissue Regeneration
Table 8 summarizes the principal biological responses elicited by injectable scaffold systems developed for post–prostate cancer tissue regeneration. From an oncological standpoint, PEG-based hydrogels and GelMA microgels promote angiogenesis through stimulation of endothelial cell migration and vascular ingrowth, processes that are critical for stromal reconstruction following cancer therapy (Li et al., 2020; Huang & Chu, 2019). Chitosan–collagen injectable formulations exhibit pronounced anti-inflammatory effects by downregulating pro-inflammatory cytokine expression and accelerating extracellular matrix restoration in post-surgical prostate tissue (Baharlouei & Rahman, 2022). Shear-thinning hyaluronic acid hydrogels mitigate fibrotic progression by limiting fibroblast overproliferation and excessive collagen deposition, thereby reducing scar formation commonly observed after prostate cancer interventions (Li et al., 2020). Furthermore, nanocomposite chitosan/β-TCP hydrogels enhance integrin-mediated cell–matrix interactions, improving cell adhesion and stromal organization during tissue repair (Feng et al., 2025). Conductive injectable hydrogels additionally support neurite extension, contributing to the recovery of neurovascular function essential for urinary continence and erectile function, without compromising post-treatment oncological considerations (Beilharz et al., 2024).
Table 8: Biological Responses to Injectable Scaffolds in Post-Prostate Cancer Regeneration.
	Biological Response
	Injectable Scaffold Type
	Observed Effects in Prostate or Soft-Tissue Repair
	Reference

	Angiogenesis
	PEG-Hydrogel, GelMA Microgels
	Promotes endothelial migration and vascular ingrowth necessary for stromal rebuilding
	Smith et al., 2009; Spector & Lim, 2016

	Anti-inflammation
	Chitosan-Collagen Injectable Paste
	Reduces inflammatory cytokines (IL-6, TNF-α), accelerates ECM restoration
	Rad et al., 2022

	Fibrosis Reduction
	HA-based Shear-Thinning Gel
	Minimizes fibroblast overgrowth and collagen hyper-deposition after surgical prostate removal
	Guo et al., 2025

	Enhanced Cell Adhesion
	Nanocomposite CS/β-TCP Hydrogel
	Increases integrin binding and cell–matrix signaling for stromal repair
	Ratheesh et al., 2017

	Nerve Regeneration
	Conductive Injectable Hydrogel (PANI-GelMA)
	Improves neurite elongation—critical in continence and erectile function recovery
	Patrick et al., 1999; Pattison et al., 2005



Tables 8, 9, and 10 collectively demonstrate the transition from the limitations of conventional repair methods to the enhanced biological performance of modern injectable scaffold systems for post–prostate cancer tissue regeneration. Traditional interventions, including autologous grafts, collagen injections, synthetic bulking agents, and pharmacologic therapies, largely provide temporary mechanical support or symptomatic relief without restoring the native prostate microenvironment (Denmeade & Isaacs, 2002; Gomella et al., 2009). These approaches are constrained by poor graft viability, rapid degradation, fibrotic remodeling, material migration, inflammation, and the lack of effective extracellular matrix (ECM) and vascular reconstruction (Litwin & Tan, 2017; Michaelson et al., 2008). Consequently, durable recovery of urinary continence and erectile function remains limited with conventional strategies (Patel et al., 2025).
Table 9: Mechanical Properties of Leading Injectable Biomaterial Systems.
	Injectable Biomaterial
	Compressive Modulus (kPa–MPa)
	Viscoelastic Profile
	Relevance to Prostate Tissue Repair
	Citations

	Chitosan Hydrogel
	5–50 kPa
	Shear-thinning, fast recovery
	Matches soft stromal mechanics, prevents scar tissue stiffening
	Rad et al., 2022

	GelMA Injectable Hydrogel
	10–60 kPa (UV-crosslinked)
	Elastic, tunable
	Supports epithelial and stromal cell proliferation
	Guo et al., 2025

	Alginate-Ca²⁺ Gel
	20–200 kPa
	Viscoelastic, ionic crosslinking
	Maintains structural stability post-injection
	Kim et al., 2011

	PEG-DA Hydrogel
	100–500 kPa
	Highly elastic
	Suitable for load-bearing anatomical support
	Spector & Lim, 2016

	PLGA–Thermosensitive Gel
	50–120 kPa
	Thermo-responsive
	Enables slow release of bioactive compounds post-cancer treatment
	Patrick et al., 1999



Table 10: Comparative Advantages of Traditional vs. Advanced Injectable Scaffold Technologies.
	Technological Category
	Examples
	Advantages
	Verified Citations

	Traditional Injectable Polymers
	Collagen gel, Fibrin glue
	Biocompatible, naturally bioactive
	Huang & Chu, 2019

	Synthetic Hydrogels
	PEG, PLGA-PEG-PLGA, PVA
	Tunable mechanics, controlled drug release
	Kim et al., 2011

	Decellularized Matrix Injectable ECM
	Prostate ECM-derived hydrogel
	Tissue-specific biochemical cues
	Guo et al., 2025

	Nano-engineered Injectable Scaffolds
	CS-Nanoclay, HA-nanosilicate
	High mechanical reinforcement, improved cell adherence
	Rad et al., 2022

	Smart/Stimuli-Responsive Systems
	pH-responsive CS, thermo-responsive PLGA
	Respond to physiological cues, targeted release
	Sharma et al., 2025



From an oncological perspective, injectable scaffold systems offer a regenerative strategy that addresses the structural, biochemical, and physiological sequelae of prostate cancer treatment while maintaining compatibility with post-therapy cancer surveillance. Unlike conventional repair approaches, these systems target key barriers to regeneration, including impaired vascularization, fibrosis, and extracellular matrix (ECM) disruption, which arise following surgical or radiotherapeutic interventions (Mironov et al., 2017; Chen et al., 2020). PEG-based hydrogels and GelMA microgels promote angiogenesis and improve oxygen and nutrient delivery to damaged tissues without inducing uncontrolled tissue proliferation (Guo et al., 2025; Beilharz et al., 2024). Chitosan–collagen formulations attenuate inflammatory cytokine activity and support ECM reconstruction, while hyaluronic acid–based gels reduce fibrosis and nanocomposite CS/β-TCP scaffolds enhance cell–matrix interactions critical for organized tissue repair (Baharlouei & Rahman, 2022; Li et al., 2020; Jamali et al., 2023). Importantly, conductive hydrogels such as PANI-GelMA facilitate neurite outgrowth, supporting recovery of neural pathways essential for continence and erectile function without compromising oncological control (Patel et al., 2025). Collectively, multifunctional injectable scaffolds that integrate angiogenic, anti-inflammatory, antifibrotic, and neuroregenerative signaling while prioritizing oncological safety represent a promising direction for durable and clinically relevant post–prostate cancer tissue regeneration.
9.1 Safety Considerations and Next-Generation Injectable Biomaterial Systems
Safety remains a central consideration in the development and clinical translation of injectable biomaterial scaffolds for post–prostate cancer tissue regeneration. Key safety concerns include biocompatibility, immunogenicity, biodegradation by-products, and the potential risk of stimulating residual cancer cells or tumor recurrence. Injectable systems must demonstrate controlled degradation kinetics to avoid premature structural collapse or prolonged persistence that could provoke chronic inflammation or fibrotic encapsulation. Additionally, materials interacting with prostate tissue and surrounding neurovascular structures must exhibit minimal cytotoxicity and maintain mechanical integrity without compromising local tissue function. Regulatory frameworks increasingly emphasize standardized preclinical evaluation, including long-term in vivo biocompatibility, genotoxicity, and oncological safety assessments, to ensure translational readiness of injectable scaffold platforms.
Recent advances in next-generation injectable biomaterial systems aim to address these limitations through improved material design and functional integration. Smart and stimuli-responsive hydrogels capable of responding to biochemical, mechanical, or enzymatic cues have been developed to enable adaptive remodeling and controlled release of therapeutic agents. Cell-laden scaffolds, exosome-enriched hydrogels, and nanocomposite systems incorporating bioactive nanoparticles offer enhanced regenerative signaling while maintaining spatial and temporal control over biological activity. Furthermore, emerging designs prioritize modularity, allowing independent tuning of mechanical properties, degradation rates, and bioactive payloads to meet patient-specific regenerative requirements. These innovations, combined with improved safety profiling and translational validation, position next-generation injectable biomaterials as promising candidates for clinically effective and safe post–prostate cancer tissue regeneration.
10. Conclusion and Future Direction 
This review highlights that conventional strategies for post–prostate cancer repair, including autologous grafting, collagen injections, synthetic bulking agents, and pharmacologic treatments, provide limited benefit and are largely palliative. These approaches primarily offer temporary mechanical support or short-term symptom relief and fail to reconstruct the complex stromal organization, vascular networks, and neural pathways required for sustained prostate tissue regeneration. Persistent structural damage, fibrosis, inflammation, and reduced vascularity following surgery or radiotherapy further limit healing capacity, underscoring the inability of traditional interventions to address the underlying regenerative deficits.
In contrast, injectable scaffold technologies represent a shift toward biologically driven tissue restoration. Advanced systems, including angiogenic PEG-based hydrogels, anti-inflammatory chitosan–collagen matrices, antifibrotic hyaluronic acid gels, and neuroconductive composite scaffolds, actively remodel the post-treatment microenvironment. By promoting cell adhesion, vascularization, matrix reconstruction, and nerve regeneration, these multifunctional biomaterials enable minimally invasive delivery, precise defect adaptation, and localized therapeutic signaling. Collectively, they provide a robust framework for next-generation regenerative solutions capable of achieving durable functional recovery.
Future progress in regenerative medicine is expected to center on smart, multifunctional injectable biomaterials that integrate angiogenic, antifibrotic, immunomodulatory, and neuroregenerative cues within a single platform. Advances in 3D bioprinting, stimuli-responsive hydrogels, stem cell–based systems, and controlled drug delivery are likely to enable personalized therapies that dynamically respond to tissue conditions. Ultimately, these innovations may transform post–prostate cancer care from symptomatic repair to true regenerative healing, restoring continence, erectile function, and tissue integrity.
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