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Traumatic brain injury (TBI) represents a significant global public health issue, with effective management posing numerous challenges. The pathophysiology of TBI is typically categorized into two phases: primary and secondary injuries. Secondary injury involves pathophysiological mechanisms such as blood-brain barrier (BBB) disruption, mitochondrial dysfunction, oxidative stress, and inflammatory responses. Current pharmacological strategies often encounter obstacles in treating TBI effectively, primarily due to challenges in BBB penetration, inadequate target site accumulation, and off-target toxicity. Versatile hydrogels and nanoparticles offer potential solutions to these limitations. This review discusses recent progress in utilizing hydrogels and nanoparticles for TBI treatment over the past 5 years, highlighting their relevance to the underlying injury pathophysiology. Hydrogels and nanoparticles demonstrate substantial promise in addressing secondary brain injury, providing a broad spectrum of future therapeutic opportunities.
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1 INTRODUCTION
Traumatic brain injury (TBI) is highly prevalent worldwide, resulting in a substantial public health burden. TBI is commonly caused by vehicular collisions or falls (Maas et al., 2022). While the etiology of TBI is diverse, the pathophysiological process is generally divided into two phases: primary injury and secondary injury. Primary injury typically results from the immediate impact of mechanical forces, whereas secondary injury develops from hours to years post-injury, encompassing blood-brain barrier (BBB) disruption, mitochondrial dysfunction, oxidative stress, and inflammatory responses (Thapa et al., 2021). Numerous studies have developed strategies to mitigate secondary injury, with some emerging materials being especially notable.
Multiple interventions exist for TBI, including pharmacotherapy, cognitive rehabilitation, and surgical procedures (Aqel et al., 2023). Nevertheless, there are currently just a few pharmacological therapies available for TBI due to the following challenges (Tani et al., 2022). First, medications may be obstructed by the BBB when targeting the brain, and nearly all macromolecular pharmaceuticals are unable to traverse the BBB (Yu et al., 2019; Wu et al., 2023a). Additionally, the distinctive pathophysiological characteristics of the brain present hurdles to the diffusion, distribution, and retention of medicines, hindering their accumulation to attain therapeutic concentrations (Nance et al., 2022; Wolak and Thorne, 2013). Furthermore, conventional pharmaceuticals are susceptible to accumulation in several organs, resulting in off-target adverse effects (Nance et al., 2022). The aforementioned problems restrict the utilization of conventional medication delivery techniques in TBI, hence highlighting the necessity to investigate novel materials for the treatment of secondary brain injury.
Hydrogels and nanoparticles are prominent emerging materials. Hydrogels are a category of water-absorbent three-dimensional polymer networks, typically classified into natural hydrogels and synthetic hydrogels (Cao et al., 2021; Xie and Xie, 2024). Nanoparticles are characterized as particles with dimensions between 1 and 1,000 nm (Bharadwaj et al., 2018). Hydrogels and nanoparticles provide substantial benefits in the management of brain diseases. First, they successfully traversed the BBB and accessed the cerebral lesions. The hydrogel can be administered by intranasal and intravenous methods, bypassing the BBB and directly accessing the brain (Xie and Xie, 2024). Based on their size or surface alterations, nanoparticles can improve targeted drug delivery by breaking tight junctions between endothelial cells or crossing the BBB through endocytosis (Zhou et al., 2018). Moreover, hydrogels and nanoparticles exhibit significant customization potential, allowing for adjustments to their properties—such as the mechanical and rheological characteristics of hydrogels, and the stability and particle size of nanoparticles—to enhance drug distribution and retention within the brain microenvironment (Saraiva et al., 2016; Öztürk et al., 2024). Furthermore, the stimulus-responsive characteristics of hydrogels and nanoparticles allow them to react to changes in the local microenvironment of brain lesions for precise medication administration and release (Xie and Xie, 2024).
Owing to the aforementioned benefits, hydrogels and nanoparticles have been employed in clinical trials for several neurological disorders. Magnetic resonance imaging with iron oxide nanoparticles has been shown to identify macrophage infiltration in the brain for disease detection and diagnosis (Dousset et al., 2006; Khan et al., 2019). A phase II clinical trial has shown that gadolinium-based nanoparticles can concentrate in brain malignancies and contribute to targeted and localized radiation (Bennett et al., 2024). Numerous nano-delivery technologies for Alzheimer’s disease treatment were being examined at different phases of clinical studies (Bahadur et al., 2020). Hydrogels and nanoparticles exhibit significant potential in the treatment of neurological disorders. These innovative materials also exhibit potential in TBI (Table 1). A phase IV trial established the effectiveness of transdermal testosterone gel in the recuperation from hypogonadism following TBI (Ripley et al., 2020). Other hydrogels are mostly used for dural repair in TBI surgery and are in different clinical stages (Green et al., 2015; Strong et al., 2017; Osbun et al., 2012). Nonetheless, the utilization of nanoparticles in TBI remains in the preliminary research phase and has yet to be extensively implemented in clinical settings. The utilization of hydrogel is similarly restricted in the clinical stage. Consequently, it is essential to examine the latest research on the utilization of these advanced materials in TBI, which will facilitate the advancement of fundamental research and future clinical applications.
TABLE 1 | Clinical evidence for the application of hydrogel in traumatic brain injury.
[image: Table 1]This review examines recent advancements over the past 5 years of in vivo research on the application of hydrogels and nanoparticles post-TBI, discussing their composition and efficacy. Their relationship with the pathophysiology of TBI is also highlighted.
2 METHOD
A comprehensive search of the prior research was conducted using the Web of Science database. For previous research related to hydrogel, our search term was as follows: {[(TS = “Traumatic brain injury”) AND (TS = “Hydrogel”)] AND (PY = 2020–2024)}. Up to 31 August 2024, a total of 142 publications were retrieved, and after selecting research articles and reviews, only 107 publications. For previous research related to nanoparticles, our search term was as follows: {[(TS = “Traumatic brain injury”) AND (TS = “Nanoparticle”)] AND (PY = 2020–2024)}. Up to 31 August 2024, a total of 168 publications were retrieved, and after selecting research articles and reviews, only 120 publications. Particularly, the most local cited publications, most global cited publications, and most global cited references were read with emphasis. This review was based on the work described above.
3 MECHANISMS OF TBI AND CHALLENGES IN PHARMACOLOGICAL TREATMENT
3.1 Mechanism and potential targets of TBI
Primary and secondary injury represent two phases in the pathophysiological progression of TBI. Primary injury includes mechanical brain injury, vascular damage, and hematoma development (Ng and Lee, 2019). It refers to the damage caused by the direct impact of external forces on the brain, typically resulting in immediate effects on the patient, which are often refractory or even fatal (Ng and Lee, 2019; Orr et al., 2024). Secondary brain injury occurs following the primary injury and involves acute inflammatory responses, vasospasm, brain tissue swelling, and worsening edema (Jullienne et al., 2016). During this phase, the BBB is disrupted, cerebrospinal fluid (CSF) circulation is impaired, and the intracranial microenvironment is altered, leading to persistent neurological dysfunction in TBI patients (Cash and Theus, 2020). Currently, clinical approaches to treating TBI remain relatively limited (Lucke-Wold et al., 2018). Besides conservative management, the focus for critically injured patients remains largely on early surgical intervention, with a lack of targeted treatments for secondary brain injury. Therefore, pharmacological treatment aimed at secondary brain injury is currently a focal point and challenge in the clinical management of TBI.
External forces exerted directly on brain tissue can result in mechanical damage or neuronal displacement, specifically axonal damage and synaptic impairment. These physical injuries primarily occur during the initial injury phase and can significantly impact brain function (Jamjoom et al., 2021). Secondary injury mechanisms following TBI, including oxidative stress and inflammatory responses, exacerbate neuronal damage. Free radicals and excitatory neurotransmitters like glutamate can induce lipid peroxidation and DNA damage in cell membranes, thereby accelerating neuronal death (Ng and Lee, 2019; Rauchman et al., 2023). Neuronal degeneration continues beyond the acute phase, with certain impaired neurons potentially undergoing apoptosis or necrosis, thus impacting the restoration of cerebral function (Akamatsu and Hanafy, 2020). Concurrently, healing mechanisms, including nerve regeneration and synaptic remodeling, are beneficial; however, they are often inadequate, resulting in prolonged neurological impairment (Coyne et al., 2006).
Oxidative stress is a major contributor to secondary injury following TBI (Ng and Lee, 2019). The brain is highly demanding in terms of oxygen and energy (Watts et al., 2018). After TBI, the self-repair processes of neurons require substantial amounts of oxygen and energy (Thapa et al., 2021), which disrupts the balance between energy supply and demand. As a result, large quantities of reactive oxygen species (ROS) are generated and accumulate within the post-injury microenvironment. Following TBI, endogenous ROS and free radicals persistently accumulate from multiple sources (Ng and Lee, 2019). Calcium influx results in mitochondrial dysfunction, ROS production, and suppression of free radical scavengers (Ng and Lee, 2019; Singh et al., 2006). The hypoxic condition of the brain and impaired mitochondria following vascular injury force cells to depend on glycolysis, leading to lactic acid buildup and resulting in aberrant energy metabolism (Patet et al., 2016; Zhou and Kalanuria, 2018). Simultaneously, increased ROS causes lipid peroxidation, leading to additional damage to the mitochondrial and cellular membranes (Thapa et al., 2021).
In the complex cascade of secondary injury, neuroinflammation is crucial in determining the prognosis of TBI (Visser et al., 2022). Previously, neuroinflammation following TBI was thought to result solely from peripheral immune mediators entering the central nervous system (CNS) through a compromised BBB. However, the prevailing view now recognizes that neuroinflammation after TBI involves a complex interaction between central and peripheral cells, as well as soluble factors (Simon et al., 2017). TBI can trigger early activation of resident microglia in the CNS, accompanied by the recruitment of peripheral neutrophils, followed by the infiltration of lymphocytes and monocyte-derived macrophages (Corps et al., 2015). Simultaneously, the sequential expression and secretion of pro-inflammatory and anti-inflammatory mediators can either promote or mitigate the neuroinflammatory response after TBI (Rodney et al., 2018). Chemokine-related signaling pathways play a key role, as they activate and recruit immune cells to the site of injury (Shi et al., 2019). Neuroinflammation after TBI is a double-edged sword: it has beneficial aspects, such as facilitating debris clearance and regeneration, but also mediates neuronal death and progressive neurodegeneration. However, excessive cytokine and chemokine secretion can disrupt the BBB, prolong the inflammatory process, and further exacerbate chronic neurodegeneration (Javalgekar et al., 2024). The various pathophysiological mechanisms of brain injury are interconnected, creating a vicious cycle that continuously exacerbates the damage (Ng and Lee, 2019). Therefore, developing targeted pharmacological interventions for different stages of TBI is of considerable clinical importance.
3.2 Challenges in pharmacological treatment of TBI
The prevailing approach to treating TBI involves oxygenation interventions, fluid management, hypothermia, and surgical procedures (Davis et al., 2024; Lewis et al., 2017). Many therapeutic approaches are limited by the complex pathophysiology associated with brain injury (Banderwal et al., 2024). Pharmacotherapy following TBI remains under investigation, and small molecule, peptide, or cell-based therapies are widely studied, although it faces numerous challenges. Figure 1 illustrates the challenges associated with pharmacological treatment following TBI, and the current biomaterial-based delivery routes.
[image: Figure 1]FIGURE 1 | Challenges in pharmacological treatment of TBI. BBB, blood brain barrier; BCSFB, blood cerebrospinal fluid barrier; CSF, cerebrospinal fluid.
Many medications have limited therapeutic efficacy in the brain due to insufficient drug delivery. The primary mechanism for controlling drug access to the brain is the selective permeability of the BBB. Brain microvascular endothelial cells are a crucial element of the BBB that block the passage of hydrophilic substances, charged molecules, proteins, and peptides, thereby limiting most medications from entering the brain (Xiong et al., 2021; Pulgar, 2018). Although TBI affects BBB integrity, BBB recovery after TBI does not resolve the challenges of drug delivery (Lee et al., 2019a). Moreover, drug transport to the brain is influenced by the blood-CSF barrier (BCSFB) (Nance et al., 2022). In contrast to the BBB, the BCSFB exhibits leakage, allowing certain molecules to traverse the choroid plexus and then passively diffuse from the CSF into brain tissue (Pardridge, 2011). However, further penetration of molecules into the brain parenchyma is restricted by limited CSF flow in the brain parenchyma (Nance et al., 2022).
Drug penetration into brain parenchyma remains a major challenge. The diffusion and distribution of drugs within the brain’s extracellular space are influenced by the brain microenvironment as well as the physical and chemical properties of the drug, such as size, surface charge, and shape (Nance et al., 2022; Wolak and Thorne, 2013). Heterogeneous extracellular space in various brain regions results in anisotropic diffusion, thereby complicating drug distribution (Nance et al., 2022).
Additionally, drugs have insufficient retention within the brain. Fluid shear stress produced by CSF circulation in the brain can affect the transplantation, viability, and differentiation of transplanted stem cells (Jing et al., 2021). Furthermore, the significant accumulation of systemically administered drugs in non-target organs leads to off-target toxicities and side effects (Lamade et al., 2019). Therefore, targeted approaches for drug administration are needed to minimize systemic side effects.
Current biomaterial applications offer potential solutions to these challenges. Hydrogels can be administered via intracranial or intranasal routes, bypassing the BBB and BCSFB for direct brain interaction (Marcello and Chiono, 2023). Intranasal delivery is limited by mucociliary clearance and enzymatic degradation (Formica et al., 2022). Nanoparticles promote rapid accumulation at the site of BBB damage (Saraiva et al., 2016). Additionally, the tunable physical and chemical properties of hydrogels and nanoparticles can be adjusted to improve drug targeting, endosomal release, and retention within brain tissue.
4 APPLICATION OF HYDROGELS POST-TBI
4.1 Properties and types of hydrogels and their implications for applications in TBI
4.1.1 Mechanical and rheological properties of hydrogels used in TBI treatment
In the management of TBI, hydrogels must possess sufficient strength to sustain the local tissue architecture, while ideally conforming to the rheological properties of brain tissue to minimize stimulation of the injured cerebral tissue. Consequently, suitable mechanical and rheological qualities significantly influence the effectiveness of hydrogels in TBI.
The elastic modulus is a crucial mechanical parameter of hydrogels, indicating their capacity to withstand elastic deformation under stress (Lee et al., 2019b; Subramanian, 2020). The tensile elastic modulus (Young’s modulus) of cerebral tissue is around 1 kPa (Gefen and Margulies, 2004). Creating hydrogels that match the stiffness of brain tissue is essential for determining cell fate (Cao et al., 2021).
Rheological qualities refer to the flow and deformation characteristics of hydrogels subjected to varying shear forces. The storage modulus (G′) indicates the elastic properties of hydrogels, whereas the loss modulus (G″) denotes their viscous properties (Baby et al., 2020). The G′ of human brain tissue varies between 140 and 620 Pa (Rowland et al., 2018). If the hydrogel modulus is comparable, the hydrogel can maintain a secure adhesion to the brain tissue.
4.1.2 Types and scaffolds of hydrogels
Hydrogels can be categorized into natural and synthetic types based on their polymeric foundations.
Bio-based scaffolds such as collagen, gelatin, hyaluronic acid (HA), alginate, and chitosan are commonly employed as the foundational components of natural hydrogels (Cao et al., 2021). Biopolymers generally demonstrate exceptional biocompatibility, effectively replicating the tissue’s milieu and provoking suitable biological reactions. For instance, HA in the brain can impede neural scar formation and activate endothelial cell receptors to promote angiogenesis (Lainé et al., 2022). Meanwhile, most biopolymers are biodegradable and can be decomposed by enzymes like collagenase and matrix metalloproteinases (MMPs) (Cao et al., 2021). Furthermore, chitosan, alginate, and HA exhibit antibacterial and anti-inflammatory properties (Catoira et al., 2019). Nonetheless, inferior mechanical qualities represent a considerable limitation in the utilization of biopolymer hydrogels. Researchers frequently integrate nanoparticles or microparticles into hydrogels or utilize cross-linking to improve the mechanical properties of biopolymer hydrogels (Zhang et al., 2018a).
Synthetic polymers, such as polyethylene glycol and polypropylene, are commonly utilized as scaffolds in synthetic hydrogels. These scaffolds possess significant mechanical strength; yet, they lack biocompatibility and biological activity (Cao et al., 2021). Researchers typically attach MMP to synthetic polymers via modification, rendering synthetic hydrogels biodegradable (Della Sala et al., 2020).
Different scaffolds are linked to distinct property traits. Table 2 outlines the physical characteristics and affecting elements of various hydrogel substrates. The mechanical and rheological properties of the final hydrogel products can be tailored to brain tissue by the relevant contributing elements.
TABLE 2 | Properties of different scaffolds.
[image: Table 2]4.2 Promote neural regeneration and facilitate stem cell therapy
Stem cell therapy can stimulate neuronal regeneration and has paracrine effects, making it a viable treatment option for TBI (Dekmak et al., 2018). However, the survival rate of transplanted cells is low, and neural differentiation is limited at the site of TBI (Coyne et al., 2006). Hydrogels are a viable means of delivering stem cells, which can improve the survival and targeted implantation of stem cells (Kim et al., 2023). Here we reviewed previous studies that utilized hydrogel technology with stem cell therapy to enhance engraftment and efficacy.
Neural stem cells (NSCs) are commonly used in TBI treatment (Kim et al., 2023). Kim et al. (2023) proposed a novel delivery method for mouse NSC spheroids using hydrogels, demonstrating effective engraftment and cell survival. Chen et al. (2023) identified CSF flow after TBI as an important factor affecting cell loss after NSC transplantation and integrated gelatin methacrylate/sodium alginate hydrogel scaffolds with pre-differentiated NSCs to mitigate CSF flow-related cell loss. Tanikawa et al. (2023) found that an equal ratio of anionic and cationic porous hydrogel can serve as a scaffold for effective NSC attachment, promoting the differentiation of NSC into glial and neuronal cells (Figure 2A).
[image: Figure 2]FIGURE 2 | Graphic abstracts of the current hydrogel applications in promoting neural regeneration and facilitating stem cell therapy. (A) Amphoteric charged hydrogel, (reprinted with permission from Tanikawa et al., 2023, ©2023 by the authors); (B) A gelatin hydrogel to load BMSCs, (reprinted with permission from Li et al., 2021, ©2021 Elsevier B.V.); (C) A hyaluronan hydrogel to load BMEs, (reprinted with permission from Liu et al. , 2023a, ©2023 Elsevier Ltd); (D) An alginate/collagen/SDF-1 hydrogel to load BMSCs, (reprinted with permission from Ma et al., 2021, ©2021 Acta Materialia Inc); (E) Evaluating the nerve regeneration ability of the prepared hydrogel, (reprinted with permission from Mishchenko et al., 2022, ©2022 by the authors); (F) Partial steps in the synthesis of HA/Gel, (reprinted with permission from Zhou et al., 2024, ©2024 by the authors); (G) Immune-regulated hydrogels to load MSCs, (reprinted with permission from Alvarado-Velez et al., 2021, ©2020 Elsevier Ltd); (H) ECM-based cryogels to load nerve growth factors and heparin sulfate, (reprinted with permission from Kim et al., 2024, ©2024 Elsevier B.V.); (I) Timeline of the mice hydrogel implantation and sacrifice, (reprinted with permission from Lainé et al., 2022, ©2022 by the authors); (J) Hyaluronan-chitosan hydrogels, (reprinted with permission from Liu et al., 2020, ©2020, American Chemical Society).
Aside from NSCs, mesenchymal stem cells (MSCs), derived from various sources, can differentiate into neural cells in lesions to substitute impaired or missing neurons, making them a promising candidate for stem cell therapy (Kariminekoo et al., 2016). Wang et al. (2022a) incorporated bone marrow mesenchymal stem cells (BMSCs) and nerve growth factors into tyramine-modified HA (HT) hydrogels to promote the regeneration of impaired brain tissue. Li et al. (2021) created a gelatin-hydroxyphenyl hydrogel cross-linked with horseradish peroxidase and choline oxidase to load BMSCs. The results showed that the hydrogel could significantly promote cell viability, neural differentiation, and secretion of neurotrophic factors by loaded BMSCs, thereby enhancing the therapeutic effect of BMSCs in mice (Figure 2B) (Li et al., 2021). An innovative approach for integrating BMSC-derived exosomes (BME) into HA-collagen hydrogel was proposed by Liu et al. (2023a). This approach demonstrated the induction of angiogenesis and neurogenesis, recruitment of endogenous NSCs for neuronal differentiation, and facilitation of vascularization (Figure 2C) (Liu et al., 2023a).
It is worth noting that in the above experiments we mentioned, the hydrogel developed by Tanikawa et al. (2023) and the hydrogel invented by Liu et al. (2023a), differ substantially in terms of Young’s modulus, ranging from 1.6 to 133.8 kPa for the former and from 0.6 to 0.8 kPa for the latter. More interestingly, the former enhanced NSC differentiation into neurons and glial cells (Tanikawa et al., 2023), while the latter promoted NSC differentiation into neurons (Liu et al. 2023a). This totally reveals that Young’s modulus has a considerable influence on the cell fate of NSC. Indeed, the aforementioned discrepancies are in keeping with earlier findings, where NSC is prone to neuronal differentiation in stiffness ≈0.1–1 kPa and glial differentiation in stiffer materials (Tseng et al., 2015). This further highlights the power of hydrogels to impact the result of TBI cell therapy through the change of their mechanical characteristics.
Hydrogels can also be used to transport certain factors that affect repair after TBI, thereby enhancing their biological activity and enabling controlled release. Stromal cell-derived factor-1 (SDF-1) and its receptor CXCR4 play crucial roles in regulating stem cell survival, recruitment, and differentiation (Shichinohe et al., 2007). An alginate/collagen/SDF-1 gel loaded with BMSCs was investigated by Ma et al. (2021) This gel was shown to enhance the survival, migration, and neuronal differentiation of BMSCs in lesions by activating the SDF-1/CXCR4-mediated FAK/PI3K/AKT pathway (Figure 2D) (Ma et al., 2021). By integrating recombinant SDF-1 protein into self-assembled peptide hydrogels, Wang et al. (2022b) created an environment supportive of transplanted cell survival. Other factors can also be delivered to the TBI site via hydrogels to promote regeneration and repair. Mishchenko et al. (2022) produced HA scaffolds impregnated with neurotrophic factors that demonstrated regenerative potential in in vivo experiments (Figure 2E). Developed by Ma et al. (2020), the self-assembling peptide-based hydrogel incorporating a mimic of vascular endothelial growth factor (VEGF-165) demonstrated significant repair capabilities. Zhou et al. (2024) formulated an injectable hydrogel consisting of HA and gelatin, combined with salvianolic acid B and vascular endothelial growth factor (Figure 2F).
Several challenges persist in stem cell therapies. One challenge is the premature death of exogenous stem cells due to immune rejection at the injury site. By transporting proteins that regulate the immune response at the transplantation site, hydrogels can enhance stem cell treatment. The protein FasL is a pro-apoptotic mediator that interacts with the Fas receptor found on the outer membrane of different immune cells to eliminate excess immune cells (Siegel et al., 2000). Alvarado-Velez et al. (2021) investigated the simultaneous administration of FasL and MSC using a hydrogel to establish an immunosuppressive milieu and decrease the local cytotoxic CD8 T cell population, thus enhancing the survival of transplanted MSCs (Figure 2G).
Another challenge for stem cell therapy is the formation of nerve scars after brain injury, which impedes the growth of normal neuronal cells (Kim et al., 2024; Liu and Hsu, 2020). Hydrogels provide mechanical benefits by occupying the lesion cavity and preventing nerve scar formation, thereby facilitating cell proliferation and differentiation (Liu and Hsu, 2020). Hydrogels associated with the extracellular matrix (ECM) can replicate the natural brain environment. Kim et al. (2024) developed decellularized ECM incorporated with nerve growth factors and heparin sulfate-based cryogels, which significantly promoted brain tissue regeneration (Figure 2H). Natural ECM-derived HA inhibits glial scar formation (Khaing and Seidlits, 2015; Lin et al., 2009). Lainé et al. (2022) demonstrated that implanted HA hydrogels provide a supportive environment for the survival and maturation of newly generated neurons (Figure 2I). Liu et al. (2020) integrated HA into chitosan-based self-healing hydrogels to create an adaptive environment that supports the spreading, migration, proliferation, and differentiation of NSCs (Figure 2J).
4.3 Hydrogel can facilitate ROS scavenging post-TBI
After TBI, ROS accumulates in the traumatic microenvironment, leading to numerous secondary brain injuries, compromising the integrity of the BBB, and aggravating brain edema (Fesharaki-Zadeh, 2022). Many studies have explored the role of hydrogels in eliminating ROS, and their therapeutic efficacy for TBI has been demonstrated in vivo. Hydrogels have been utilized as carriers for ROS quenchers. In the presence of ROS, hydrophobic poly (propylene sulphide) (PPS) can undergo oxidation to become hydrophilic, thus facilitating the controlled release of drugs in an oxidative environment (Gupta et al., 2014). Huang et al. (2022) employed gelatin methacrylate and PPS60 loaded with proanthocyanidins, potent antioxidants, to efficiently reduce ROS levels, decrease brain edema, preserve BBB integrity, alleviate neuroinflammation, and facilitate functional recovery in subjects with secondary injury (Figure 3A). Qian et al. (2021) formulated hydrogels containing triglycerol monostearate, PPS120, and curcumin (an antioxidant) and verified their ability to reduce ROS, mitigate neuroinflammation, and promote neuronal regeneration and functional recovery following secondary injury (Figure 3B).
[image: Figure 3]FIGURE 3 | Graphic abstracts of the current hydrogel applications in scavenging reactive oxygen species post traumatic brain injury. (A) The GelMA-PPS/PC hydrogel, (reprinted with permission from Huang et al., 2022, ©2022, American Chemical Society); (B) The TM/PC hydrogel, (reprinted with permission from Qian et al., 2021, ©2021 Elsevier Ltd); (C) The HA-PBA/PVA/DFO hydrogel, (reprinted with permission from Qiu et al., 2024, ©2024 IOP Publishing Ltd); (D) The P-RT/2DG hydrogel, (reprinted with permission from Han et al., 2024a, ©2024 The Authors).
Prolonged iron buildup in the brain following TBI causes lipid peroxidation and the production of ROS (Tang et al., 2020). Therefore, a potential strategy is to prevent excessive iron accumulation and consequent oxidative stress. When administered orally or intravenously, deferoxamine mesylate (DFO) is a well-known iron chelator (Holden and Nair, 2019). However, it has limited ability to cross the BBB and exhibits non-specific toxicity at high dosages (Qiu et al., 2024). Hydrogels represent an efficient platform for the targeted delivery of DFO. To reduce iron overload at TBI lesions and eliminate ROS, Qiu et al. (2024) developed a hydrogel by grafting HA and polyvinyl alcohol with phenylboric acid to release DFO (Figure 3C).
Following TBI, a significant buildup of ROS causes mitochondrial dysfunction, resulting in an elevation of glycolytic lactate levels (Zhou and Kalanuria, 2018; Khatri et al., 2018). These metabolic abnormalities exacerbate oxidative stress (Han et al., 2024a). Thus, interrupting the harmful cycle of oxidative stress and glycolysis could effectively reduce ROS levels and mitigate subsequent damage caused by TBI. A glucose analog, 2-deoxyglucose (2DG), can suppress glycolysis (Pajak et al., 2019), but the practical use of 2DG in clinical settings is restricted due to its extensive harmful impact on non-target cells and its requirement for high concentrations (Figure 3D) (Han et al., 2024a). These challenges can be overcome by the implementation of targeted administration and ROS-responsive hydrogel systems. Han et al. (2024a) employed poly (ethylene glycol) dimethacrylate and a ROS-responsive thiothiol linker to develop hydrogels that demonstrate targeted 2DG release, as well as inhibition of ROS and lactate production.
Much of the aforementioned research concentrated solely on the removal of ROS; however, the mechanism of oxidative stress following TBI includes not only ROS production but also the generation of reactive nitrogen species (RNS). Calcium ion buildup during TBI enhances nitric oxide synthesis via nitric oxide synthase, subsequently leading to oxidative damage (Kaur and Sharma, 2018). Future research may explore the utilization of RNS as a novel target to mitigate oxidative stress in cerebral tissue following TBI.
4.4 Hydrogel can promote anti-inflammation post-TBI
Following TBI, astrocytes and microglia in the lesions become stimulated, leading to the secretion of several inflammatory cytokines and chemokines (Mira et al., 2021). Although these inflammatory reactions help the regeneration of certain tissues, too intense inflammatory responses can result in neuronal cell injury, disruption of the BBB, swelling, and further cell death (Schimmel et al., 2017). Hence, it is crucial to regulate the inflammatory reaction in patients with TBI in order to minimize residual damage.
Some anti-inflammatory medications have restricted effectiveness in managing inflammation following TBI because of their poor bioavailability or inability to penetrate the BBB (Javed et al., 2022; Jones et al., 2023). The development of hydrogels compensates for this constraint. Daphnetin possesses anti-inflammatory properties, enhances the integrity of the BBB, and decreases brain edema, but has poor bioavailability (Javed et al., 2022). In order to significantly enhance the therapeutic efficacy of daphnetin, Ma et al. (2024) employed tripolycerol monstearate as an encapsulant, which effectively reduced the neuroinflammatory effect (Figure 4A). Dexamethasone, a type of steroidal anti-inflammatory medication, alleviates neuroinflammation by targeting activated microglia and invading macrophages (Jones et al., 2023). Jones et al. (2023) and Macks et al. (2022) introduced a hydrolyzable hydrogel composed of poly (ethylene) diol-bis-(acryloxyacetate) and coupled with dexamethasone HA. Experimental evidence showed that the hydrogel containing dexamethasone effectively decreased neuroinflammation, apoptosis, and lesion size, while enhancing the survival of neuronal cells and the restoration of motor function (Jones et al., 2023; Macks et al., 2022). Decellularized ECM-derived biomaterials possess significant potential to mitigate inflammatory reactions (Wassenaar et al., 2016). Diaz et al. (2023) formulated a decellularized-ECM hydrogel to attenuate the proinflammatory response through intravenous administration into brain lesions.
[image: Figure 4]FIGURE 4 | Graphic abstracts of the current hydrogel applications in anti-inflammation therapy post traumatic brain injury. (A) The TM/Dap hydrogel, (reprinted with permission from Ma et al., 2024, ©2024 The authors); (B) The GM/PB hydrogel, (reprinted with permission from Han et al., 2024b, ©2024 Wiley-VCH GmbH); (C) The HT/HGA hydrogel, (reprinted with permission from Zhang et al., 2022, ©2022 The Authors).
Pyroptosis, a regulated cell death, that significantly activates intense neuroinflammation and amplifies the inflammatory response by releasing inflammatory contents, is greatly associated with inflammation activated by TBI (Simon et al., 2017). Hydrogen sulfide was shown to reduce cell death after TBI (Zhang et al., 2014). However, the development of nonvolatile, locally delivered, and low-dose exogenous H2S donors remains a challenge (Chen et al., 2022). A surface-filled H2S-releasing silk fibroin hydrogel was developed by Chen et al. (2022) with the aim of inhibiting neuronal pyroptosis, mitigating neurodegeneration and brain oedema, facilitating neurological functional recovery, and minimizing tissue loss and persistent neuroinflammation.
The previously described oxidative stress and the inflammatory response form a self-perpetuating loop, where the buildup of ROS generates a harmful milieu for brain tissue, leading to the release of numerous inflammatory signals (Abdul-Muneer et al., 2015). Hence, the aforementioned antioxidant hydrogel measures can also serve as anti-inflammatory agents, and additionally, the anti-inflammatory hydrogel can partially mitigate ROS. Berberine exhibits strong anti-inflammatory properties (Zhang et al., 2021). Han et al. (2024b) created an injectable gelatin methacrylate hydrogel to administer PPS60 and berberine for long-lasting and efficient therapy in juvenile TBI rats by decreasing ROS and neurotoxic inflammation (Figure 4B). Gallic acid acts by scavenging ROS and decreasing the release of inflammatory stimuli (Bai et al., 2021). Zhang D and colleagues grafted HA with gallic acid and integrated them into HT hydrogels, and ultimately the antioxidant hydrogel showed a distinct beneficial impact on suppressing oxidative stress and pro-inflammatory reactions, thus facilitating the restoration of motor, learning, and memory capabilities in mice with TBI (Figure 4C) (Zhang et al., 2022). The collaboration between antioxidants and anti-inflammatory drugs presents a promising opportunity to amplify therapeutic effects, and this dual mechanism is crucial for disrupting the detrimental loop of oxidative stress and inflammation.
4.5 Other applications of hydrogel post-TBI
In addition to the studies mentioned above, hydrogels have numerous additional applications in TBI treatment. Han et al. (2024c) combined hydrogel with hypothermia therapy, and the hydrogel they developed maintained hypothermia in the brains of TBI mice for 12 h without affecting systemic body temperature. The BBB remained intact at this reduced temperature, thereby reducing inflammation and brain edema (Han et al., 2024c).
Hydrogels can also provide strong adhesive and mechanical properties to fill the lesion cavity and stop bleeding. Dong et al. (2024) developed a robust adhesive and hemostatic hydrogel by crosslinking oxidized sodium alginate and carboxymethyl chitosan with calcium ions. Hu et al. (2023) developed a hydrogel utilizing phenylboronic acid-grafted HA and dopamine-grafted gelatin, demonstrating tissue adhesion, self-healing, and hemostatic capabilities upon injection into brain lesion cavities.
4.6 Special properties for injectable hydrogels
Table 3 encapsulates the aforementioned hydrogels, the majority of which exert their effects directly on the lesion via cerebral injection. For injectable hydrogels, characteristics such as self-healing and shear-thinning are crucial.
TABLE 3 | Application of hydrogel post-TBI.
[image: Table 3]Self-healing denotes the capacity of hydrogels to autonomously regain structural integrity and functionality following damage (Karvinen and Kellomäki, 2022; Wu et al., 2023b). The self-healing characteristics of hydrogels guarantee their efficacy post-injection and enhance their stability inside tissues, as hydrogels might experience mechanical injury during injection and subsequent interactions with adjacent tissues. Self-healing of the hydrogels developed by Qiu et al. (2024) is accomplished via dynamic boron-ester linkage. The hydrogels developed by Liu et al. (2020) are cross-linked by dynamic imine linkages and exhibit self-healing capabilities.
Besides self-healing, a significant characteristic of injectable hydrogels is shear-thinning, which refers to the reduction in viscosity of a hydrogel as the shear rate escalates (Chen et al., 2017). The shear-thinning feature enables the hydrogel to function as a less viscous substance for effortless injection, while maintaining its gel structure post-injection (Chen et al., 2017; Loebel et al., 2017). The shear thinning property is typically attributed to a reversible cross-linked structure inside the internal network of hydrogels, wherein viscosity diminishes as shear force disrupts weak links and recovers with the removal of shear force (Rizzo and Kehr, 2021). In the aforementioned hydrogels for TBI treatment, the engineered hydrogel developed by Ma X et al. can liquefy at a rate of 15 rad/s under high-frequency shear and can recover over 95% of the storage modulus within seconds following a shift from high to low stress. This pronounced shear-thinning characteristics are ascribed to its physical cross-linking via hydrophobic contacts and hydrogen bonds, facilitating facile dissociation and recombination (Ma et al., 2020; Kumar et al., 2015). The hydrogel created by Qiu et al. (2024) can regenerate from fractures reversibly in response to changes in stress by dynamically reversible boron-ester bond cross-linking. In addition, the hydrogels developed by Wang et al. (2022a), Kim et al. (2024), and Diaz et al. (2023), described above also exhibit shear-thinning properties.
5 APPLICATION OF NANOPARTICLE POST-TBI
5.1 Properties of nanoparticles and the implications for applications in TBI
To ensure nanoparticles effectively contribute to the therapy of TBI, their stability, stimulatory reactivity, and particle size must be considered.
The zeta potential indicates the stability of the nanoparticles. The zeta potential signifies the surface charge of the nanoparticle; a larger absolute value denotes more electrostatic repulsion among the particles and reduced aggregation, hence indicating greater nanoparticle stability (Wang et al., 2023). Nanoparticles exhibiting zeta potentials exceeding +30 mV or falling below −30 mV in the aqueous phase were deemed generally stable (Honary and Zahir, 2013). It is important to note that significantly positive NP (+45 mV) resulted in rapid toxicity due to BBB breakdown (Lockman et al., 2004).
The dimension of nanoparticles also affected their efficacy on TBI. The nanoparticle size influences its pharmacokinetics and biodistribution in humans (Bharadwaj et al., 2018). Nanoparticles measuring between 20 and 100 nm are optimal for cerebral distribution, as they effectively traverse the BBB while exhibiting reduced renal clearance (Bharadwaj et al., 2016; Zhang et al., 2020).
The responsiveness of nanoparticles to stimuli is crucial for targeted medication release in reaction to local environmental alterations in brain tissue following TBI. Post-TBI, the locus of cerebral damage typically exhibits a diminished pH (Timofeev et al., 2013), so nanoparticles can release drugs in response to the local acidic environment. Takahashi et al. (2020) utilized pH-responsive nanoparticles to facilitate tailored drug release, as previously discussed. The amino groups within the nanoparticles can undergo protonation in an acidic pH environment, resulting in the collapse of the nanocage and the subsequent release of the internal medication (Takahashi et al., 2020). Moreover, photo-responsive nanoparticles can make alterations following irradiation with certain light wavelengths, thereby influencing medication release (Martín Giménez et al., 2021). The nanoparticles examined by Black et al. (2020) exhibited photo-responsiveness, and the caged nanoparticles will be disintegrated by a photo-redox process to liberate the active medication utilizing near-infrared light capable of penetrating bone and tissue (Black et al., 2020).
5.2 Nanoparticles can promote neural regeneration and facilitate stem cell therapy
Nanotechnology has been employed to deliver stem cell-derived exosomes. Zhuang et al. (2022) developed BMSC-derived exosomes that were internalized by astrocytes and exhibited neuroprotective effects in TBI models (Figure 5A). Brain-derived neurotrophic factor (BDNF) enhances neuronal survival, neuroplasticity, and neurogenesis; however, its efficient distribution is hindered by a short half-life and instability during blood transport (Géral et al., 2013). Waggoner et al. (2022) encapsulated BDNF into biodegradable porous silicon nanoparticles to deliver bioactive BDNF to damaged brain tissue. The systemic infusion of porous silicon nanoparticles enables efficient delivery of protein cargo to the damaged brain area. This delivery system for BDNF reduced lesion volume compared to free BDNF when administered post-injury (Figure 5B) (Waggoner et al., 2022).
[image: Figure 5]FIGURE 5 | Graphic abstracts of the current nanoparticles applications in neural regeneration and stem cell therapy post traumatic brain injury. (A) The research design, (reprinted with permission from Zhuang et al., 2022, ©2022 Published by Elsevier Inc); (B) The pSiNP to load BDNF, (reprinted with permission from Waggoner et al., 2022, ©2022 American Chemical Society); (C) The research design, (reprinted with permission from Narouiepour et al., 2022, ©2022, The Authors); (D) A nanodendriplex, (reprinted with permission from Mayilsamy et al., 2020, ©2020 Elsevier Inc).
Nanoparticles have also been employed to deliver targeted immunomodulatory proteins to enhance stem cell therapy. Curcumin possesses anti-inflammatory and neuroprotective properties (Eghbaliferiz et al., 2020). Narouiepour et al. (2022) utilized curcumin-loaded niosome nanoparticles in combination with NSCs to promote functional recovery and reduce neuroinflammation in a TBI model by inhibiting the TLR4/NF-κB pathway (Figure 5C). CCL20 is an important chemokine that plays a role in neuroinflammation (Das et al., 2011). Mayilsamy et al. (2020) devised a novel nanocell therapy utilizing a dendrimer compound combined with a plasmid targeting CCL20 and its receptor CCR6, followed by hMSC transplantation to reduce inflammation. Notably, BDNF expression was significantly elevated, indicating potential for neurogenesis (Figure 5D) (Mayilsamy et al., 2020).
5.3 Nanoparticles can promote ROS scavenging post-TBI
Nanoparticles with highly adjustable characteristics can be employed for drug delivery to improve accumulation in the brain (Tarudji et al., 2023). Superoxide dismutase and catalase are potent endogenous antioxidant enzymes that are rapidly cleared from the bloodstream by the kidneys and liver (Tarudji et al., 2023). However, when superoxide dismutase 1 and catalase were encapsulated in poly (lactic-co-glycolic acid)-based nanoparticles, the product showed a gradual release of the enzymes over 1 week while preserving their activity and stability (Figure 6A) (Tarudji et al., 2023). 2,2,6,6-tetramethylpiperidine-1-hydroxyl (TEMPO) can reduce ROS, but its half-life in vivo is very short due to rapid renal clearance (Takahashi et al., 2020). Takahashi T et al. synthesized nanoparticles containing nitrogen oxide free radicals, which extended the half-life of TEMPO and exhibited high antioxidant activity (Takahashi et al., 2020). Moreover, nanoparticles can serve as carriers for functional groups. The thioether functional group can react with hydrogen peroxide and superoxide, and Tarudji et al. (2021) utilized the antioxidant thioether core to cross-link nanoparticles, thereby mitigating reactive oxygen species in the acute phase of traumatic brain damage (Figure 6B). Cyclosporine A can mitigate lipid peroxidation (Mbye et al., 2008), but its systemic administration is associated with significant side effects (Black et al., 2020). Black et al. (2020) employed nanocages to deliver cyclosporine A, thereby minimizing systemic exposure while enhancing its pharmacological efficacy at the targeted TBI location (Figure 6C). A significant percentage of protein-based therapeutics have reduced efficacy due to their inability to traverse the BBB (Wagner et al., 2018). Motivated by the dynamic characteristics of active proteins and their natural surroundings, Huang et al. (2024) developed a biomimetic nanocavity incorporating Protein-HA-protamine-ApoE3-reconstituted high-density lipoprotein to effectively assemble various proteins for cerebral administration (Figure 6D).
[image: Figure 6]FIGURE 6 | Graphic abstracts of the current nanoparticles applications in scavenging reactive oxygen species post traumatic brain injury. (A) The antioxidant enzyme nanoparticle, (reprinted with permission from Tarudji et al., 2023, ©2023 Elsevier B.V.); (B) The thioether core nanoparticle, (reprinted with permission from Tarudji et al., 2021, ©2021 Elsevier Ltd); (C) The cyanine nanocage to load cyclosporine A, (reprinted with permission from Black et al., 2020, ©2020 American Chemical Society); (D) The protein-HA-PRTM-rHDL, (reprinted with permission from Huang et al., 2024, ©2024 Wiley-VCH GmbH); (E) Possible mechanism of CeONPs, (reprinted with permission from Bailey et al., 2020, ©2020, Mary Ann Liebert, Inc).
Numerous inorganic materials exhibit oxidation resistance, and associated nanomaterials enhance their redox activity by increasing surface area and modifying quantum lattice structures (Celardo et al., 2011). Cerium exhibits multiple valence states and demonstrates redox activity (Celardo et al., 2011). Bailey et al. (2020) engineered cerium oxide nanoparticles (CeONP) and demonstrated their capacity to mitigate biochemical and functional consequences of mTBI (Figure 6E). In contrast, Youn et al. (2021) discovered that cerium nanorods exhibited enhanced antioxidant activity and reduced cytotoxicity compared to cerium nanospheres.
From our summary above, it can be seen that nanoparticle-based delivery systems can encapsulate a variety of therapeutic agents, and further exploration of combination therapy may provide new therapeutic possibilities.
5.4 Nanoparticles can facilitate anti-inflammation post-TBI
Nanoparticles hold significant potential in modulating inflammatory responses after TBI. TBI leads to the release of cellular debris and damaged biomolecules, referred to as damage-associated molecular patterns (Corps et al., 2015), which can be detected by pattern recognition receptors (PRRs), such as Toll-like receptors (TLRs), thereby initiating inflammatory responses (Kigerl et al., 2014). Negatively charged cell-free DNAs (cfDNAs) are prevalent damage-associated molecular patterns that can be detected by TLRs, leading to inflammation and exacerbating neurodegeneration (Gögenur et al., 2017). Studies suggest that some cationic polymers and their assembled nanomaterials can neutralize negatively charged cfDNA and suppress inflammatory reactions. Consequently, Wei et al. (2023) developed poly (amino acid)-based cationic nanoparticles incorporating polysarcoline blocks as protective barriers to reduce non-specific interactions within the biological environment. These nanoparticles were administered intravenously into TBI mice to eliminate endogenous cfDNA fragments in their brains and mitigate inflammatory reactions, thereby enhancing neurological recovery (Figure 7A) (Wei et al., 2023).
[image: Figure 7]FIGURE 7 | Graphic abstracts of the current nanoparticles applications in anti-inflammation therapy following traumatic brain injury. (A) The poly(amino acid)-based nanoparticle, (reprinted with permission from Wei et al., 2023, ©2023, American Chemical Society); (B) The transferrin conjugated albumin nanoparticle, (reprinted with permission from Perumal et al., 2023, ©2023 by the authors); (C) Effects of PgP/siRhoA nanoplex, (reprinted with permission from Macks et al., 2021, ©2020 Published by Elsevier Inc); (D) The dual-ligand lipid nanoparticle, (reprinted with permission from Xiao et al., 2024, ©2024, American Chemical Society).
The post-TBI efficacy of numerous anti-inflammatory medicines or proteins is constrained by their inability to effectively target brain lesions. Rh-erythropoietin (Rh-EPO) can diminish neuroinflammation by downregulating adhesion molecules, pro-inflammatory cytokines, microglial activation, and the NF-κB inflammatory pathway (Zhou et al., 2017). Its use is limited by its inability to directly cross the BBB; however, nanotechnology can augment drug delivery and boost drug distribution in damaged cerebral regions via the conventional BBB pathway (Xue et al., 2020). Xue et al. (2020) formulated rh-EPO encapsulated Tween 80-modified albumin nanoparticles, which enhanced the delivery of rh-EPO to the brain, significantly mitigating TBI symptoms. Minocycline is a traditional anti-inflammatory agent (Asadi et al., 2020), and nanoparticle drug delivery can address its short circulation half-life and poor bioavailability (Perumal et al., 2023). Perumal et al. (2023) developed transferrin-conjugated bovine serum albumin nanoparticles to encapsulate minocycline (Figure 7B). Transferrin can attach to receptors that are abundantly expressed in the cerebral endothelium, facilitating targeted delivery (Ulbrich et al., 2009). Albumin is readily modifiable and possesses an extended half-life (Spada et al., 2021). The findings indicated that the nanoparticles effectively transported significant amounts of minocycline to the brain and enhanced its biodistribution (Perumal et al., 2023).
Pyroptosis is a significant contributor to inflammation caused by TBI (Simon et al., 2017), and nanoparticles have been employed to suppress pyroptosis and reduce neuroinflammation. Zhang et al. (2024) developed β-lactoglobulin nanoparticles modified with cysteine-alanine-glutamine-lysine peptides for the delivery of disulfiram, which reduced brain edema and inflammation following TBI in rats, decreased secondary brain injury, and improved learning and memory recovery.
SiRNA interference can selectively regulate mRNA expression to influence inflammatory responses; however, its substantial molecular weight and negative charge necessitate a reliable delivery mechanism, making nanoparticles suitable carriers (Gherardini et al., 2014). TLR4, a component of the pattern recognition receptors, can be activated by numerous endogenous ligands following TBI and subsequently upregulate inflammatory mediators (Xiao et al., 2023). Xiao et al. (2023) developed Ad4 LNP containing siRNA directed against TLR4, administered it to a TBI mouse model, and noted a substantial reduction of TLR4 at both mRNA and protein levels in the brain, resulting in a significant decrease in key pro-inflammatory cytokines and an increase in key anti-inflammatory cytokines in serum. The upregulation of RhoA plays a crucial role in the progression of secondary injury following TBI (Macks et al., 2021). Macks et al. (2021) synthesized a novel cationic, amphiphilic copolymer, poly (lactide-glycolide copolymer)-graft-polyethylenimine (PgP), for the delivery of siRNA targeting RhoA, resulting in RhoA downregulation, thereby reducing astrogliosis and inflammation (Figure 7C). Xiao et al. (2024) revealed that dual-ligand-functionalized lipid nanoparticles (AM31 LNP) encapsulating siRNA targeting p65 resulted in significant downregulation of key pro-inflammatory cytokines, upregulation of essential anti-inflammatory cytokines, and enhanced BBB integrity (Figure 7D).
Nanoparticles can engage in anti-inflammatory processes following TBI via many methods, and nanoparticle-mediated siRNA delivery offers a precise and efficient approach to modulate specific inflammatory pathways in TBI. The inflammatory response is exceedingly intricate, involving numerous potential targets such as chemokines, endothelial cells, and leukocyte adhesion factors; thus, it fully demonstrates the promise of nano-delivery systems for anti-inflammation after TBI.
The studies mentioned above are narrated in Table 4.
TABLE 4 | Application of nanoparticles post-TBI.
[image: Table 4]6 DISCUSSION
In this review, we discuss the application of hydrogels and nanoparticles for the treatment of TBI, specifically targeting the pathophysiological processes involved (Figure 8).
[image: Figure 8]FIGURE 8 | The application of hydrogels and nanoparticles targeting the pathophysiology of traumatic brain injury. NSC, neural stem cell; MSC, mesenchymal stem cell; siRNA, small interfering RNA.
This review illustrates the potential application of hydrogels and nanoparticles in the treatment of TBI. Hydrogels and nanoparticles can mitigate the existing issues of inadequate drug transport, insufficient accumulation, and off-target toxicity in the brain, utilizing their distinctive features to improve therapeutic efficacy (Xie and Xie, 2024; Saraiva et al., 2016). Furthermore, as an optimal delivery mechanism, they can be seamlessly integrated with various therapies to facilitate nerve regeneration, mitigate oxidative stress, reduce inflammation, and produce other benefits post-TBI, with the objective of addressing secondary injury following TBI. Among the existing investigations, novel materials integrated with cell treatments constitute a significant proportion and exhibit considerable potential. Cell therapy demonstrates considerable potential for treating TBI, with its effectiveness corroborated in clinical trials (Kawabori et al., 2021). Hydrogels and nanoparticles are expected to enhance the therapeutic effectiveness of cell therapy by improving cell outcomes. However, secondary injury following TBI encompasses additional factors, including excitotoxicity, mitochondrial dysfunction, and axonal degeneration, among others (Kaur and Sharma, 2018). Novel therapeutic strategies for these secondary injuries require urgent investigation.
Furthermore, our analysis underscores the significance of fundamental features for hydrogel and nanoparticle applications. Biocompatibility is crucial for hydrogels. The predominant hydrogels being utilized in TBI are derived from biological sources. This can be ascribed to the enhanced biocompatibility and biodegradability of bio-based scaffolds. Numerous hydrogels employing synthetic substrates are also integrated with MMP to enhance biodegradability. Moreover, as previously proven, the mechanical and rheological features of hydrogels, which might affect their performance in the brain, also impact cell destiny (Tseng et al., 2015). Furthermore, most nanoparticle diameters for TBI treatment corresponded to or resembled the optimal particle size of 20–100 nm, which is appropriate for cerebral drug transport and exhibits commendable stability. This signifies that altering the properties of these novel materials will be crucial for their efficacy in the brain.
Although basic research on these new materials is being carried out extensively, their clinical application is still limited. This may be because the utilization of biomaterials encounters obstacles. Specifically, the precise design and fabrication of hydrogels and nanoparticles to ensure stable delivery and targeted treatment remain substantial challenges (Aqel et al., 2023). Additionally, hydrogels and nanoparticles possess inherent limitations. Hydrogel swelling can exacerbate intracranial pressure, and hydrogels often require postoperative injection, which is impractical for TBI patients not undergoing brain surgery (Nih et al., 2016). The heterogeneity of natural hydrogel materials from different batches can compromise material uniformity (Aqel et al., 2023). Additionally, hydrogel materials of natural origin may introduce natural pathogens and cause unexpected inflammatory responses (Shapiro and Oyen, 2013). Nanodrugs are typically delivered via intravenous administration; however, due to the limitations imposed by the BBB, their accumulation in traumatic regions is less pronounced compared to hydrogels. Additionally, intravenously administered nanoparticles can be absorbed by tissues such as the lungs, liver, and kidneys, potentially leading to inflammation (Bartucci et al., 2020). The potential for long-term retention of non-degradable solid nanomaterials in the brain remains a concern (Alam Bony and Kievit, 2019), and the safety and toxicity of many nanomaterials have not been fully characterized (Adepu and Ramakrishna, 2021).
7 CONCLUSION
In summary, the complex pathophysiological changes following TBI, coupled with the challenges of drug delivery to the brain, render the pharmacological treatment of TBI particularly challenging. Highly tunable hydrogels and nanoparticles can be adjusted to match the properties of the brain environment, solve multiple pathophysiological problems, and achieve targeted delivery and effective drug retention, thus showing great potential in the treatment of TBI.
8 FUTURE DIRECTIONS
Hydrogels and nanoparticles have emerged as promising drug delivery systems for TBI treatment owing to their unique physicochemical properties. Recent research indicates that the combination of hydrogels and nanoparticles facilitates flexible property adjustments, thereby broadening their range of applications (Lavrador et al., 2021). This combination incorporates the characteristics of both hydrogels and nanoparticles, resulting in complementary and enhanced performance (Suhail et al., 2019). Pure hydrogels exhibit limitations due to their polymer network structure and high water content, which result in suboptimal mechanical properties. Incorporating nanoparticles enhances mechanical strength (Esmaeely Neisiany et al., 2020). Moreover, hydrophilic hydrogels may face challenges in achieving sustained drug release (Jiang et al., 2020), while the introduction of nanoparticles can endow hydrogels with stimulus-responsive properties, enabling more complex and adjustable drug release (Lavrador et al., 2021). In contrast to pure nanoparticles, the incorporation of hydrogels improves material biocompatibility and facilitates localized delivery (Zhang et al., 2018b). Additionally, encapsulating nanoparticles within hydrogels offers protection (Jiang et al., 2020).
Overall, the combination of hydrogels and nanoparticles offers substantial advantages for medical applications. Currently, this combination has been utilized in multiple neurological disorders, such as glioblastoma (Yang et al., 2017) and spinal cord injury (Liu et al., 2023b). The properties of this combination, such as high biocompatibility, stimulus-responsive release, and enhanced mechanical support capabilities, make them highly promising for TBI treatment. Nevertheless, only a limited number of studies have investigated the application of this material for TBI treatment to date (Zheng et al., 2021; Garg et al., 2024). In the future, more studies using nanoparticles and hydrogels synergistically to promote TBI outcomes are expected.
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TBI, traumatic brain injury; FDA, food and drug administration.
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nanoparticles
Tween 80 modified albumin nanoparticles, ~ Male SD rats  Intraperitoneally 438£45 | 254208 — Xue et al. (2020)
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BMSC, bone marrow mesenchymal stem cells; CAQK, cysteine-alanine-glutamine-lysine; SD, Sprague-Dawley; siRNA, small interfering RNA.
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Neural protection and regeneration

mNSC, collagen, fibrin - Male C57BL/6 mice Intracerebrally Kim et al. (2023)
NSC, gelatin-methacrylate hydrogel, sodium alginate Physical Male SD rats Intracerebrally Chen et al. (2023)
NSC, C1A1 hydrogel Chemical C57BL/6]Jcl or NOD/Shi | Intracerebrally Tanikawa et al. (2023)
Jic-scid mice
BMSC, NGF, tyramine-modified HA Chemical Male CS7BL/6 mice Intracerebrally * Wang et al. (2022a)
BMSC, gelatin-hydroxyphenyl hydrogel Chemical Male CS7BL/6 mice Intracerebrally Liet al. (2021)
BME, DHC Chemical and Male SD rats Intracerebrally Liu et al. (20232)
physical
BMSC, sodium alginate/collagen type I/SDE-1 Physical Male SD rats Intracerebrally Ma et al. (2021)
SDF-1, self-assembly peptide - Swiss mice Intracerebrally Wang et al. (2022b)
HA, neurotrophic factors (BDNE, GDNE) Chemical Male C57BL/6 mice Intracerebrally Mishchenko et al. (2022)
Angiogenic self-assembling peptide-based hydrogel Physical Male SD rats Intracerebrally * Ma et al. (2020)
HA, gelatin, VEGE, salvianolic acid B Chemical Male C57BL/6 mice Intracerebrally Zhou et al. (2024)
FasL-agarose hydrogels, MSC Physical Male SD rats Intracerebrally Alvarado-Velez et al. (2021)
Decellularized extracellular matrix, NGF, heparin sulfate- | Chemical Mice Intracerebrally * Kim et al. (2024)
based cryogels
HA, other ECM components Chemical C57BL/6 mice Intracerebrally Lainé et al. (2022)

Chitosan-HA hydrogels Chemical Zebrafish, male SD rats | Intracerebrally ® Liu et al. (2020)

ROS scavenging

Gelatin methacrylate, poly (propylene sulfide)eor Chemical Male ICR mice Intracerebrally Huang et al. (2022)
Procyanidins
TM, poly (propylene sulfide); o, Curcumin = Male ICR mice Intracerebrally Qian et al. (2021)
Deferrioxamine mesylate, phenylboronic acid grafted HA, = Chemical Male SD rats Intracerebrally ** Qiu et al. (2024)
polyvinyl alcohol
2-Deoxyglucose, poly (ethylene glycol) dimethacrylate, Chemical Male ICR mice Intracerebrally Han et al. (2024a)
ROS-responsive thioketal linker
Anti-inflammation "
Daphnetin, tripolycerol monstearate Physical Male ICR mice Intracerebrally Ma et al. (2024)
Dexamethasone-conjugated HA, poly (ethylene) glycol-bis- | Chemical Male SD rats Intracerebrally Jones et al. (2023) and Macks
(acryloyloxy acetate) etal. (2022)
Cardiac-derived infusible extracellular matrix-derived | — CS7BLIG mice Intravenously * Diaz et al. (2023)
biomaterial
HsS, silk fbroin hydrogel Physical Male ICR mice Intracerebrally Chen et al. (2022)
Berberine, poly (propylene sulfide)60, gelatin methacrylate | Chemical Rats Intracerebrally Han et al. (2024b)
hydrogel
HA grafted with gallic acid, HT Chemical Male C57BL/6 mice Intracerebrally Zhang et al. (2022)

NSC, nerve stem cell; BME, bone marrow mesenchymal stem cell (BMSC)-derived exosomes; NGF, nerve growth factor; HA, hyaluronic acid; DHC, hyaluronic acid modified by aldehyde
groups and methacrylate (DHA) collagen; SD, Sprague-Dawley; SDF-1, Stromal cell-derived factor-1; VEGF, vascular endothelial growth factor.

*hydrogel with shear-thinning property.

Mokl with self-hesling sengocty.





OPS/images/fbioe-12-1515164-t002.jpg
Composition

Mechanical property

Rheological property

Bio-based
Alginate B-D-mannuronate (M) and a- | - Weak - Related to MW, the cation Petersen et al. (2023) and Cuomo
L-hepturonate (G) - Related to number and distribution | concentration of cross-linking agent etal. (2019)
of G blocks (which form ion Bridges), | (Ca™, etc.)
crosslink
Chitosan D-glucosamine and N-acetyl- = - Weak - Related to MW, pH, electrolyte, the  Subramanian (2020, Richa and
D-glycosamine groups - Related to MW, degree of degree of deacetylation, the addition of | Choudhury (2020), and Budai et al.
deacetylation, crosslink alcohol solvent (2023)
Collagen ‘The primary structure is Gly- | - Weak - Related to temperature, MW, pH Lian et al. (2016) and Sarrigiannidis
X-Y - Related to temperature, pH, and et al. (2021)
crosslink
Gelatin Triple helix structure of (Gly- = - Weak - Related to MW, pH, electrolyte, and | Ahmed et al. (2023)
X-Pro) n - Related to MW, the number of helical | enzyme treatment
structure, crosslink
Hyaluronic | Glucuronic acid and - Weak - Related to MW, the crosslink Chernos et al. (2017), Rebenda et al.
acid N-acetylglucosamine - Related to crosslink, modification | concentration, derivatization types (2020), Zerbinati et al. (2021), and
Luo et al. (2023)
Synthetic
- - Strong - Related to MW, modification Killion et al. (2012)
Polypropylene - Related to MW, modification,

MW, molecular
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