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Ischemic stroke (IS) refers to local brain tissue necrosis which is caused by impaired blood supply to the carotid artery or vertebrobasilar artery system. As the second leading cause of death in the world, IS has a high incidence and brings a heavy economic burden to all countries and regions because of its high disability rate. In order to effectively treat IS, a large number of drugs have been designed and developed. However, most drugs with good therapeutic effects confirmed in preclinical experiments have not been successfully applied to clinical treatment due to the low accumulation efficiency of drugs in IS areas after systematic administration. As an emerging strategy for the treatment of IS, stimuli-responsive nanomedicines have made great progress by precisely delivering drugs to the local site of IS. By response to the specific signals, stimuli-responsive nanomedicines change their particle size, shape, surface charge or structural integrity, which enables the enhanced drug delivery and controlled drug release within the IS tissue. This breakthrough approach not only enhances therapeutic efficiency but also mitigates the side effects commonly associated with thrombolytic and neuroprotective drugs. This review aims to comprehensively summarize the recent progress of stimuli-responsive nanomedicines for the treatment of IS. Furthermore, prospect is provided to look forward for the better development of this field.
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1 INTRODUCTION
1.1 What is ischemic stroke?
Ischemic stroke (IS) refers to a medical emergency in which brain cells are damaged or killed due to reduced blood flow to the brain tissue. The reduced blood flow is caused by cerebral artery stenosis, a thrombus in the cerebral artery, or a detached thrombus from other parts of the body. The occurrence of IS involves several risk factors, including hypertension, diabetes, smoking, dyslipidemia, obesity, and hyperhomocystinemia, among others (Gu et al., 2019; Cao et al., 2021; Walter, 2022; Wang et al., 2022). At present, the Trial of Org 10172 in Acute Stroke Treatment (TOAST criteria) is extensively applied in clinical practice. It analyzes the etiology of patients with IS based on the TOAST criteria, which considers large-artery atherosclerosis (LAA), cardioembolism (CE), small-vessel disease, lacunar (Lac) stroke, cryptogenic (Cry) stroke, and other causes (Arsava et al., 2017; Zhang et al., 2019). Ischemic necrosis of brain tissue in different areas can lead to a variety of symptoms. Common clinical manifestations include sudden unilateral numbness or weakness, slurred speech, visual disturbances, and vertigo.
Statistically, the incidence of stroke has declined in developed countries. However, stroke still remains the second leading cause of death worldwide and the primary cause of acquired disability, imposing a significant economic burden on all countries (Herpich and Rincon, 2020). In recent years, the prevalence of stroke patients has significantly increased. IS accounts for approximately 70%–80% of all stroke cases. While the mortality rate of IS has generally stabilized due to advancements in medical care, it has become as a major cause of death and disability in China (GBD, 2019 Stroke Collaborators, 2019; Wu et al., 2019; Chao et al., 2021; Wang et al., 2022; Tu et al., 2023). Therefore, there is an desperate demand to exploit innovative approaches for treating IS to prolong patient survival and improve their quality of life.
1.2 Pathophysiology of ischemic stroke
In recent years, there has been increasing recognition of the “neurovascular unit (NVU)” concept in the discussion of stroke pathophysiology. The NVU is an integrated functional unit consisting of endothelial cells, perivascular neurons, and astrocytes surrounding blood vessels. It highlights their collective role in cerebral blood flow instead of acting independently as individual units (Tiedt et al., 2022). As a result, IS can lead to a complex pathophysiological response, resulting in neuronal damage. There is currently a consensus on the key mechanisms of ischemic injury. These mechanisms include excitotoxicity, mitochondrial dysfunction, oxidative stress, inflammatory response, disruption of the blood-brain barrier (BBB), and cellular death (George and Steinberg, 2015; Tuo et al., 2022b; Qin et al., 2022). The damage caused by these initial three mechanisms can initiate diverse cell signaling cascades, leading to either programmed or non-programmed cell death in brain cells. The aforementioned complex processes collectively contribute to altering the microenvironment of ischemic tissue. These alterations encompass excessive generation of reactive oxygen species (ROS), energy depletion, imbalances in acid-base levels, aggregation of immune cells, and enhanced production of coagulation factors.
ROS are chemically active oxygen-containing molecules. The primary oxidant forms in ischemic brain tissue are hydrogen peroxide (H2O2), superoxide anions (·[image: image]), and hydroxyl radicals (·OH). After the onset of IS, cerebral blood flow decreases, leading to a reduction in oxygen and glucose supply. Consequently, there is an excessive generation of ROS through various pathways. A major source of ROS in this process is nicotinamide adenine dinucleotide phosphate oxidase 2 (NOX2). Based on the experimental findings of Ye et al. (Yingze et al., 2022), there is a significant increase in the generation of NOX2 and ROS at 3 days post IS, which gradually decreases from 3 to 14 days. Additionally, the ROS resulting from mitochondrial dysfunction can contribute to reperfusion injury and cell death in ischemic conditions.
In hypoxic conditions, the inhibition of mitochondrial oxidative phosphorylation occurs. Cells respond by temporarily switching to anaerobic glycolysis to sustain adenosine triphosphate production. The imbalance between oxidative phosphorylation and anaerobic glycolysis in the ischemic penumbra leads to a decline in extracellular pH.
In ischemic micro-environments, the major contributors to BBB dysfunction are the production of matrix metalloproteinases (MMPs) and myeloperoxidase (MPO), along with cellular abnormalities within the NVU. These disruptions are marked by the degradation of junction proteins and an elevation in permeability (Spitzer et al., 2022). The disruption of BBB function results in the infiltration of prothrombin from the bloodstream into brain tissue. In a study conducted by Tuo et al., 2022a, proteomic analysis was performed on post-ischemic tissues which revealed that prothrombin (stroke/control ratio = 10.88) exhibited the highest upregulation among the proteins analyzed.
1.3 Current treatment
During the acute stage of IS, the primary treatment focuses on achieving vascular recanalization and minimizing brain cell damage. Vascular recanalization therapies include the administration of thrombolytic drugs and endovascular therapy (EVT). The main objective of these therapies is to restore blood flow in ischemic brain tissue. Timely and proactive clinical interventions play a crucial role in improving the prognosis of patients with IS. After a comprehensive evaluation of indications and contraindications, specific individuals may meet the criteria for intravenous thrombolysis and/or EVT. EVT is especially appropriate for patients with large vessel occlusion, as it has been associated with improved functional outcomes. However, it is essential to note that such interventions also have the risk of adverse events, including cerebral hemorrhage. Additionally, many medical institutions that initially admit stroke patients may not have advanced interventional treatment options (Berkhemer et al., 2015; Albers et al., 2018; Yang et al., 2020; Jovin et al., 2022; Yoshimura et al., 2022).
Common thrombolytic drugs include Alteplase (r-tPA), Tenecteplase, among others (Tsivgoulis et al., 2023; Yogendrakumar et al., 2023). r-tPA is currently the only thrombolytic drug approved by the Food and Drug Administration (FDA). Multiple large-scale trials have demonstrated that r-tPA can reduce the risk of long-term disability following IS. However, the utilization rate of intravenous thrombolysis is low, typically ranging from 3.2% to 5.2%, mainly due to strict limitations on the time window, indications, and contraindications. From 2019 to 2020, the overall rate of intravenous thrombolysis for acute IS in stroke center units in China was 5.64% (Ye et al., 2022). Additionally, r-tPA has limited targeting efficiency and reperfusion rates and is associated with a risk of cerebral hemorrhage of approximately 6% (Wang et al., 2022). Thrombolytic drugs can activate fibrinolysis in non-ischemic areas, leading to bleeding complications. As a result, achieving targeted and efficient drug delivery remains a significant challenge in thrombolytic therapy (Herpich and Rincon, 2020; Marko et al., 2022; Walter, 2022; Wang et al., 2022).
Neuroprotective drugs have been used in clinical practice to improve brain tissue tolerance to ischemia and minimize reperfusion injury (Fisher and Savitz, 2022; Parvez et al., 2022; Xiong et al., 2022). Numerous neuroprotective agents that target various mechanisms, particularly those that combat oxidative and nitrosative stress, have been discovered. Bisufenton and uric acid function as oxygen free radical scavengers, while Edaravone acts as an antioxidant. These compounds have shown considerable therapeutic potential in preclinical trials for IS. However, the lack of established strategies hampers the translation of promising neuroprotective agents from preclinical efficacy to effective stroke treatments (Chamorro et al., 2016). A multi-center randomized controlled trial demonstrated the efficacy of Nerinetide, a neuroprotective agent, in preclinical stroke models of ischemia-reperfusion. However, in clinical trials, Nerinetide did not significantly improve favorable clinical outcomes after endovascular embolectomy compared to the placebo group (Hill et al., 2020). Numerous neuroprotective agents have the potential to mitigate ischemia/reperfusion (I/R) injury. However, these drugs are frequently limited by their short half-lives, restricted BBB penetration, and ineffective targeting efficiency. Traditional antithrombotic and neuroprotective drug therapies are limited by safety concerns and inadequate targeting capabilities. Therefore, there is an urgent demand to address the clinical gaps in the treatment of IS.
1.4 Nanomedicine therapy
Nanomedicines represent a groundbreaking approach in the prevention, diagnosis, and treatment of various diseases. Due to their size-dependent characteristics and increased surface area, nanomedicines exhibit remarkable capabilities in the field of drug delivery. Nanomedicines accomplish targeted delivery to precise tissues or cells by fine-tuning their size, shape, and surface properties, which allows for the increased drug concentration at specific sites. Moreover, nanomedicines possess distinctive optical and magnetic properties, rendering them well-suited for diagnostic imaging and therapeutic interventions (Liu et al., 2022b; Parvez et al., 2022; Zhuang et al., 2022; Khizar et al., 2023).
Up to now, various nanomedicines have been applied in the treatment of IS, as shown in Table 1. According to Table 1, nanomedicines which are used for drug delivery to IS can be broadly classified into four categories: organic, inorganic, biomimetic, and composite nanomedicines. Organic nanomedicines, composed of organic molecules, offer various advantages including exceptional biocompatibility, high bioavailability, and easy fabrication. Furthermore, they usually do not generate toxic byproducts during degradation within the body. Inorganic nanomedicines exhibit greater stability, unique optical and magnetic properties, and a higher surface area to volume ratio compared to organic nanomedicines. However, their synthesis process typically requires sophisticated and precise conditions and methods. Biomimetic nanomedicines are designed and manufactured by imitating the structures, functions, and mechanisms found in biological systems. They can enhance drug stability, solubility, and absorption by modifying their physical and chemical characteristics, enabling targeted delivery and precise release of medications. Nevertheless, it is crucial to emphasize that safety remains a top priority when using biomimetic nanomedicines for drug delivery purposes. Composite nanomedicines can combine the advantages of organic materials and inorganic materials. A commonly encountered composite nanomedicine is the metal-organic frameworks (MOFs), comprising of a crystalline structure formed by metal ions and organic ligands. MOFs display a porous structure and a significant surface area-to-volume ratio, facilitating enhanced drug loading. Their porous structure and surface modifications offer a high degree of flexibility, enabling effective targeted drug delivery and controlled release (Alkaff et al., 2020; Zenych et al., 2020; Ma et al., 2021; Yu et al., 2022b; Lin et al., 2022; Cheng et al., 2023; Ruscu et al., 2023).
TABLE 1 | Endogenous and exogenous stimuli-responsive system for drug delivery.
[image: Table 1]In the treatment of IS, nanomedicines can be used to achieve controlled drug release, which is essential for maximizing therapeutic efficacy and ensuring in vivo safety. By carefully selecting appropriate nanomedicines and precisely manipulating their structures and properties, various methods can be utilized to achieve desired outcomes in drug release. In recent years, extensive research has shown that stimuli-responsive nanomedicines have the potential to greatly enhance therapeutic outcomes. These nanomedicines are designed to release payloads in response to either endogenous or exogenous stimuli. Endogenous stimuli-responsive nanomedicines achieve targeted drug release based on the pathophysiological conditions of ischemic brain tissue. These conditions include activated thrombin, excessive generation of ROS, and decreased pH levels in the ischemic tissues. By concentrating drug levels at the site of IS, this approach enhances treatment efficacy while minimizing adverse effects. Exogenous stimuli-responsive strategies use external stimuli such as magnetic fields, light, and ultrasound to precisely control the accumulation of nanomedicines in ischemic brain tissue. The targeted approach facilitates efficient drug delivery to the affected area, leading to controlled release, improved drug bioavailability, lower dosage and dosing frequency, effective therapeutic outcomes, and reduced drug-related side effects (Hassanpour et al., 2020; Li et al., 2021a). This review summarizes the recent research progress of nanomedicines in the field of IS therapy and analyzes their functional mechanisms (Scheme 1).
[image: Scheme 1]SCHEME 1 | Endogenous and exogenous stimuli-responsive nanomedicines for the treatment of ischemic stroke.
2 ENDOGENOUS STIMULI-RESPONSIVE NANOMEDICINES
2.1 ROS stimuli-responsive nanomedicines
Specific pathophysiological changes occur in the IS microenvironment, and multiple mechanisms can induce ROS production or worsen oxidative stress injury. You et al., 2023 confirmed that the cellular ROS levels of experimental group increased rapidly to 1.8 times than that of the control group in vitro experiments using an oxygen-glucose deprivation model. Furthermore, an excessive generation of ROS following reperfusion therapy has the potential to induce reperfusion injury, thereby contributing to an unfavorable prognosis. Therefore, clearing ROS effectively and limiting oxidative stress are crucial in preventing extensive cytotoxicity caused by ischemia or reperfusion injury. Considering this pathophysiological mechanism, researchers have developed ROS-responsive nanomedicines consisting of ROS-responsive moiety, which can be broadly classified into four types: boric acid, carbonyl, sulfur or selenium, and proline oligomers (Saravanakumar et al., 2017; Liu et al., 2020; Zhao et al., 2020; Wang et al., 2021).
Phenylboronic acid and its derivatives are primarily utilized as ROS-responsive groups for constructing targeted drug delivery systems in the treatment of IS. For instance, Lv et al., 2018 have developed a ROS-responsive nanomedicine containing with phenylboronic acid for IS treatment, as shown in Figure 1A. This nanomedicine utilizes the over-expressed ROS in the ischemic tissue as an intelligent “drug release switch,” which incorporates a ROS bio-reactive polymer named as glucan-conjugated phenylborate and utilizes borate-modified glucan polymer vesicles to load the neuroprotector NR2B9C. The surface of the vesicles is then encapsulated with red blood cell membranes (RBC) and modified with the stroke homing peptide (SHp). This nanomedicine could reduce the clearance by the reticuloendothelial system through the signaling molecule CD47 on the RBC, which extends its blood circulation and enables high-effective delivery to the ischemic injury area with the assistance of the SHp. Upon ROS stimulation, the phenylborate in the backbone of nanomedicines undergoes fast oxidation to form phenol and boric acid, resulting in the breakage of chemical bonds. As a result, the neuroprotector NR2B9C can be rapidly released into the IS tissue to facilitate neuronal repair (Figures 1B, C). In vivo experiments revealed that the group treated with the designed nanomedicine exhibited a significant decrease in cerebral infarction area and improved neurological deficits after ischemia-reperfusion (Figures 1D,E).
[image: Figure 1]FIGURE 1 | The fabrication of SHp-RBC-NP/NR2B9C and the results of animal experiments. (A) The fabrication of the nanomedicine. (B) The ratio of NR2B9C encapsulated in different samples transported to pass through BBB. (C) Neuroscores of rats after cerebral ischemia. (D) Representative slices of brain tissue from each experimental group. (E) Representative tissue slices demonstrating that the ROS-responsive nanomedicine greatly reduces the infarct volume. Reproduced with permission from ref (Lv et al., 2018). Copyright 2018, American Chemical Society.
Enhanced mammalian target of rapamycin (mTOR) activity occurs during IS, and the signaling pathway contributes to ischemia-reperfusion injury. Inhibiting this pathway can exert a neuroprotective effect. Therefore, Lu et al., 2019 designed a polymeric micelle system called CPLB/RAPA which is utilized phenylborate as the ROS-responsive group. A fibrin-binding peptide called CREKA was conjugated to the micelle as a targeted group. Rapamycin (RAPA), an mTOR inhibitor, was loaded within the nanoparticles (NPs). In ischemic tissues, high-level of ROS facilitated the degradation of LysB, leading to the rapid release of rapamycin in local IS tissue. Therefore, CPLB/RAPA exhibits a direct neuroprotective effect by clearing ROS and the released rapamycin significantly inhibits the mTOR signaling pathway, which induces microglia polarization, protects the BBB, improves microvascular perfusion, and reduces brain tissue damage.
In addition, Jin et al., 2023 recently fabricated ROS-responsive 18β-glycyrrhetinic acid (GA) conjugated diethylaminoethylen (DEAE)-dextran nanomedicines (DGA) by incorporating phenylborate into polymer backbones (Figure 2A). Phenylborate serves as the linkage between GA and glucan, which can be broken down by H2O2 in the oxidative stress environment of the IS. Consequently, GA can be released specifically in the focal area (Figure 2B). After stroke, high mobility group box 1 (HMGB1) exacerbates brain cell injury by participating in the neuroinflammatory cascade and promoting microglia polarization to the M1 phenotype. GA which is derived from glycyrrhizic acid significantly inhibits HMGB1 expression and phosphorylation (Figure 2C). Experiments have demonstrated that DGA effectively reduces brain tissue damage and provides protection to the ischemic penumbra (Figures 2D,E).
[image: Figure 2]FIGURE 2 | ROS-responsive DGA micelles for the treatment of IS. (A) The fabrication of DGA and its functional mechanisms. (B)The release behavior of GA in high-level of H2O2. (C) The quantitative nuclear localization percentages of HMGB1 measured in the central region of brain tissue injury. (D) Immunofluorescence staining on BV2 cells at the periphery of the injury site. CD206 was stained in red while Iba1 was stained in green. (E) Immunofluorescence staining was performed on BV2 cells at the periphery of the injury site. CD16/32 was stained in red. Reproduced with permission from ref (Jin et al., 2023).
In a recent study conducted by Luo et al., 2021, a ROS-responsive amphiphilic copolymer named HBA-OC-PEG2000 (HOP) was developed, which was synthesized by chemically polymerizing hydroxybenzaldehyde (HBA) with oxalyl chloride (OC) and polyethylene glycol 2000 (PEG 2000). Rapa, as an effective drug for I/R injury, was loaded into HOP and subsequently encapsulated with a biomimetic cell membrane. This process led to the formation of RAPA@BMHOP, which is a promising approach. In the ischemic microenvironment, the OC in the NPs undergo rapid cleavage, leading to the fast release of RAPA. Owing to the anti-inflammatory, antioxidant, and neuroprotective effects, the accumulation of RAPA in IS tissue contributes to the relieving of the damage caused by ischemia and enhanced functional recovery following stroke. Additionally, Su et al., 2022 developed a type of nanomedicine named as MSAOR@Cur, which employed carbonyl groups as the ROS-responsive group and encapsulated with macrophage membrane to enhance the delivery efficiency. Notably, MSAOR@Cur exhibited a remarkable enhancement in post-stroke neurological function scores, thus offering a novel strategy for the neuroprotective treatment of stroke. You et al., 2023 developed ROS-responsive micelles loaded with luteolin and conducted in vivo experiments using the MCAO rat model. Under the high-level of ROS generated in the ischemic microenvironment, the thioketal bond of the polymer is cleaved, leading to the disintegration of the micelles. The release of luteolin from the micelles provides neuroprotective effects, leading to the superior treatment of IS.
In general, there is now much successful research for designing and synthesizing nanomedicines that can respond to high-level of ROS in the ischemic environment. The application of ROS-responsive nanomedicines for targeted delivery and controlled release of therapeutic drugs is a promising research field in the treatment of IS. However, large-scale clinical trials are still needed to further confirm their safety and efficacy. The results of these trials will determine whether ROS-responsive nanomedicines can become a clinically applicable treatment option. Therefore, continuous investment and effort are required in the research and development of this field to ultimately provide a safe and effective treatment for IS.
2.2 pH stimuli-responsive nanomedicines
After IS, the brain tissue experiences metabolic acidosis due to anaerobic glycolysis, ion imbalances and other factors. In a study conducted by Ilya V Kelmanson et al., 2021, it was found that the pH value in the core area dropped by approximately 0.5 units after the occurrence of an IS, ranging from 7.25 to 6.7. Furthermore, this decrease in pH level persisted for an extended period of time. The decreased pH level can activate cytokine receptors and inflammatory pathways, which further exacerbate brain tissue damage (Zhang et al., 2017). Recent studies suggest that pH can serve as a metabolic marker for distinguishing the ischemic core and penumbra following an IS. Nanotechnology offers promising prospects for utilizing pH-responsive NPs in delivering drugs to ischemic brain tissue (Harston et al., 2015; Leigh et al., 2018; Cheung et al., 2021). pH-responsive properties are typically attained through the utilization of chemical bonds that are stable at physiological pH value while susceptible to breakage at low pH values.
By utilizing benzamide bonds as pH-responsive sites, Cui et al. (Cui et al., 2016) developed a type of pH-responsive nanomedicine which is composed of polyethylene glycol and urokinase (PEG-UKs). It was observed that urokinase is released from PEG-UKs in acidic ischemic tissue due to the breakage of benzamide bonds in IS local environment. It is important to note that their findings do not assess the long-term efficacy of drug administration beyond the time window studied. However, they suggest that PEG-UKs have the potential to alleviate ischemic injury, although the precise underlying mechanism requires further elucidation. In a another study, Li et al., 2019 developed an RGD peptide-modified uPA-Oxd conjugate using imide bonds as the pH-responsive groups. In the acidic environment of ischemic brain tissue, the hydrolysis of imide bonds facilitates the fast release of uPA from the nanomedicine, thereby improving efficacy in thrombolytic treatment while reducing the risk of bleeding. In a related study conducted by He et al., 2021, pH-sensitive imines are incorporated into succinylbutylbutylene (SCB) glycol polymer and is camouflaged with the 4T1 cell membrane, resulting in the formation of a biomimetic nanomedicine (MPP/SCB) (Figure 3A). 4T1 cell membrane on the surface of MPP/SCB effectively facilitates the nanomedicine to across the BBB. ROS could be eliminated by the nanomedicine as shown in fluorescence imaging (Figure 3B). Of note, imine bonds are cracked in the acidic environment of IS tissue, leading to the rapid release of SCB. In vivo experiments demonstrated that MPP/SCB exhibits potent antioxidant and anti-inflammatory properties, which significantly optimizes the therapeutic outcomes of IS (Figures 3C–F).
[image: Figure 3]FIGURE 3 | The preparation and therapeutic effect of pH-responsive MPP/SCB nanomedicine. (A) Scheme of the preparation and functional mechanism of MPP/SCB nanomedicine. (B) ROS-eliminating effects of each sample revealed by fluorescent image. (C) The increased ratio of brain infarct volume of tMCAO rats treated with different samples. (D) Neurological deficit scores of the tMCAO rats after different treatments. (E) Typical TTC staining images of the brain slices in sham-operated rats and tMCAO rats after different treatments. (F) Quantitative results of cerebral infarct volume after the treatments by different samples. Reproduced with permission from ref (He et al., 2021).
In addition to the pH-triggered bond breakage, protonation behavior was also employed to fabricate pH-responsive nanomedicines in IS treatment. For instance, Cheng et al., 2021 developed pH-sensitive amphiphilic block copolymers with PDPA fragments. In the IS acidic environment, the hydrophobic PDPA fragments undergo a transition to hydrophilicity, leading to the expansion of the nanomedicines and subsequent rapid release of the loaded drugs. Furthermore, Yang et al., 2021 have developed pH-responsive dual-targeted NPs conjugated with an integrin ligand. Subsequently, they combined the negatively charged nanocarrier with a positively charged smoothened agonist (SAG) via pH-dependent electrostatic adsorption. In vitro experiments demonstrated that the release rate of SAG from NPs increases with decreasing pH, which can be attributed to the reduction in negative charge within the acidic environment of ischemic brain tissue. In a particular study by Zhang et al., 2022b, betulinic acid (BA) was selected as an antioxidant for promoting neuroprotection following a stroke. To ensure swift drug release under acidic conditions, they modified the carboxyl group at the edge of the BA ring to an amino terminal group through chemical conversion, resulting in the formation of betulamin (BAM). The results suggest that the acid responsiveness of the BAM is facilitated by the amino protonation process, which disrupts the nanoparticle structure, leading to the rapid drug release.
2.3 Enzyme-responsive nanomedicines
Following the occurrence of IS, various enzymes play a role in the pathophysiological processes, including thrombin and MMPs. Tuo et al., 2022a utilized lipid metabolomics, proteomics, and immunohistochemistry techniques to investigate this phenomenon. Through their research, they identified thrombin and its downstream product ACSL4, which is involved in arachidonic acid metabolism, as key proteins in the ferroptosis-induced cell death pathway during I/R. Moreover, the researchers analyzed serum samples collected from IS patients and compared them to a healthy control group. Surprisingly, proteomic analysis revealed no significant increase in thrombin levels within the serum of IS patients. This suggests that the observed substantial increase in thrombin within ischemic brain tissue is primarily produced in the brain itself rather than originating from the serum.
Christa L. Pawlowski et al., 2017 develop platelet-inspired NPs (PMINs) which are designed to release thrombolytic agents in response to the clot-relevant enzyme phospholipase-A2 (sPLA2). sPLA2 is produced by activating platelets and inflammatory cells in ischemic tissue, which could cleave the sn-2 ester bonds in distearyl phosphatidyl choline (DSPC). The cleavage destabilizes the lipid bilayer of the vesicle, resulting in the release of the encapsulated streptokinase (SK) contained within PMINs. In vitro experiments demonstrated the significant membrane degradation effect of sPLA2 on PMINs. The percentage of SK released by PMINs exposed to sPLA2 within the first 2 h was approximately four times higher than that of unexposed enzymes. Furthermore, in vivo experiments demonstrated that SK-loaded PMINs could effectively achieve thrombolysis while reducing off-target side effects on systemic hemostasis. Guo et al., 2018 developed a ligand-conjugated polymeric nanomedicines for the enhanced treatment of IS (Figure 4A). The nanomedicines were fabricated with polyethylene (PEG), poly (ε-caprolactone) (PCL), enzyme-cleavable peptides and ligands AMD3100 (CXCR4 antagonists). The peptides in the micelles were cleaved by high-level of thrombin in the ischemic environment, leading to the disruption of the micelle structure and enhances drug release to brain tissue (Figure 4B). In vivo results demonstrated that enzyme-responsive micelles achieved effective anti-IS therapy by enhancing local drug concentrations in IS tissue (Figures 4C,D). Moreover (Xu et al., 2019), developed a thrombin-responsive platelet biomimetic nanomedicine (named as tP-NP-rtPA/ZL006e). This nanomedicine is composed of a thrombin-cleavable peptide which is conjugated to a core of dextran derivative polymer and is coated with platelet membranes (Figure 5A). In the presence of thrombin, glyburide is accelerated released owing to the breakage of peptide in the nanomedicine (Figure 5B). In vitro experiments shows that the nanomedicine demonstrates enhanced uptake by BCEC cells with thrombin (Figure 5C). In vivo experiments revealed that tP-NP-rtPA/ZL006e significantly improved the anti-ischemic stroke treatment effect in the model of MCAO rats (Figures 5D, E).
[image: Figure 4]FIGURE 4 | Enzyme-responsive polymeric micelles for enhanced anti-IS therapy. (A) The fabrication and functional mechanism of enzyme-responsive nanomedicines for anti-IS therapy. (B) Drug release profile with and without thrombin (100 nm). (C) The infarct area of MCAO mice after different treatment on postoperative day 3. (D) The neurological functional scores of MCAO mice after different treatment on postoperative day 3. Reproduced with permission from ref (Guo et al., 2018).
[image: Figure 5]FIGURE 5 | Enzyme-responsive biomimic nanomedicine for enhanced anti-IS therapy. (A) The fabrication and functional mechanism of enzyme-responsive biomimic nanomedicine for anti-IS therapy. (B) The release profile of rtPA from the nanomedicine in different level of thrombin. (C) The uptake behavior of the nanomedicine by BCEC cells with or without thrombin. (D) Fluorescence quantification of brain sections of different groups after systematic injection. (E) Fluorescence microscopy images of brain sections after systematic injection. Reproduced with permission from ref (Xu et al., 2019).
Except for thrombin, MMPs also represent crucial enzyme targets for IS drug delivery. For instance, Jian et al., 2018 developed a nanohybrid hydrogel using hyaluronic acid (HA) hydrogel matrices which are incorporated with stromal derived factor-1α (SDF-1α) and basic fibroblast growth factor (bFGF). The hydrogel enables controlled release of nerve growth factor in IS, due to the high-level of MMP in ischemic brain tissue, which effectively cleaves the HA. In addition, Zhang et al., 2021 made modifications to the surface of MnO2 NPs by incorporating fucoidan (Fuco), a naturally occurring water-soluble polysaccharide, which is conjugated with a thrombin-reactive peptide (GGLVPRGFGG, pep). Additionally, urokinase-type plasminogen activators (uPA) were used as the therapeutic drug to create an enzyme-responsive nanomedicine for anti-IS therapy. Both in vitro and in vivo experiments confirmed the efficacy of the fabricated nanomedicine in achieving precise thrombolysis and remodeling of the neuroinflammatory microenvironment associated with stroke. What’s more (Wang et al., 2023), developed a peptide-based template PNzyme/MnO2 nano enzyme which utilizes the T7 sequence (HAIYPRH) and stroke homing sequence (CLEVSRKNC) to facilitate crossing of the BBB and accumulation in ischemic tissue. Upon recognition and cleavage by thrombin, the nanomedicine releases a thrombolytic peptide, initiating the process of thrombolysis. Moreover (Yu et al., 2022a), utilized a polyphenolic complex called tannin (TA) to establish non-covalent interactions between uPA, thrombin-cleavable peptides, and mesoporous silica templates. This approach allowed for the construction of a thrombin responsive nanodrug delivery system (NDDS) known as MS@uPA/PEP/TA NPs. By employing TA as a connecting agent, the uPA and thrombin-cleavable peptides were efficiently linked to the mesoporous silica templates. This design enables the NDDS to respond to thrombin in a controlled manner. The resulting MS@uPA/PEP/TA NPs hold promise for precise drug delivery and targeted therapy in the context of stroke treatment (Wu et al., 2023). designed the MMP-responsive NDDS using the sequence -GPLGIAGQ-as a cleavable peptide. Mesoporous polydopamine NPs were used as carriers and conjugated with RAP-12, a brain-targeting peptide on the surface. It was found that the NDDS could successfully deliver the neuroprotective agent, 9-aminominocycline, into the ischemic brain region. Importantly, the NDDS achieved triggered drug release by responding to the excessive level of MMP-2, which leaded to the enhanced therapeutic outcome.
3 EXOGENOUS STIMULI-RESPONSIVE NANOMEDICINE
Exogenous nanomedicines usually rely on the unique properties of metal inorganic NPs, such as magnetic and optical features, to respond to externally applied stimuli, including near-infrared light (NIR), magnetic fields, ultrasound, and so on. External stimulus response has the advantages of spatiotemporal control, precision, and convenience. The exogenous stimuli could facilitate targeted drug delivery and controlled release in IS local tissue, thereby resulting in improved efficacy of anti-IS treatment (Rahoui et al., 2017; Zhao et al., 2019).
3.1 Light stimuli-responsive nanomedicine
Recently, photothermal effect has been found to exert excellent anti-thrombotic effect in anti-IS therapy. Upon NIR irradiation, heat is generated locally in IS tissue, which could effectively disrupt the non-covalent interaction of fibrin, leading to the dissolution of blood clots (Cook and Decuzzi, 2021). Numerous studies have suggested the therapeutic potential of photothermal induced thrombolysis in the treatment of thrombotic diseases. In addition to the thrombolytic properties, researchers have also proposed that NIR radiation may have a neuroprotective effect in animal models of ischemia (Gerace et al., 2021). Commonly utilized NPs in the field include a variety of metal inorganic nanomaterials like gold nanorods, as well as organic nanomaterials such as liposomes and micelles. In the realm of light triggered NDDS, several methods have been employed to control drug release. These include: 1) Inducing a temperature increase through light irradiation, which in turn triggers the cleavage of covalent bonds to facilitate drug release. 2) Exploiting light irradiation-induced structural changes in NPs.
For instance, Shao et al., 2018 developed a type of light-responsive nanomotors, which harness the conversion of NIR light energy into mechanical kinetic energy, thereby generating autonomous motion. The researchers utilized chitosan (CHI) and heparin (Hep) to construct Janus capsules via layer-by-layer self-organization techniques. These capsules were then cloaked with RBC to enhance biocompatibility and partially coated with a layer of gold (Au) to confer NIR responsiveness. The asymmetrical Au coating of nanomotor leads to the generation of a temperature gradient when exposed to NIR laser irradiation. As a result, the nanomotor exhibit movement through an autophoretic effect, wherein the “on/off” switch is controlled by NIR stimulation. In vitro experiments demonstrate that nanomotor exhibits controllable motor performance under NIR irradiation and can effectively ablate thrombi through photothermal therapy. Besides, Cai et al., 2022 devised a photothermally activated liposome encapsulating tPA (Figure 6A). The liposome is composed with DPPT-BTTPE, which is an organic molecule with a propeller structure that exhibits proper absorption within the NIR range. The DPPT-BTTPE molecule serves dual roles: amplifying the photoacoustic signal and regulating the localized temperature rise that occurs due to the photothermal effect. This control ensures that the temperature remains within an optimal range, thus preventing tPA inactivation and potential tissue damage caused by excessive heating. Under NIR irradiation, the lipid bilayer of the liposome experiences heating and expansion, leading to the release of tPA (Figures 6B,C). Consequently, this system enables the controlled delivery of thrombolytic drugs specifically within the ischemic brain tissue, promoting effective thrombolysis, and minimizing the risk of thermal-related complications (Figures 6D–F).
[image: Figure 6]FIGURE 6 | Enzyme-responsive biomimic nanomedicine for enhanced anti-IS therapy. (A) The fabrication and functional mechanism of enzyme-responsive biomimic nanomedicine for anti-IS therapy. (B) The release profile of rtPA from the nanomedicine in different level of thrombin. (C) The uptake behavior of the nanomedicine by BCEC cells with or without thrombin. (D) Fluorescence quantification of brain sections of different groups after systematic injection. (E) Fluorescence microscopy images of brain sections after systematic injection. Reproduced with permission from ref (Xu et al., 2019).
Furthermore, Ahmed Refaat et al., 2021 developed a novel NIR-responsive liposomes consisting of gold nanorods (AuNRs), thermosensitive phospholipid (DPPC) and non-ionic surfactant (Brij58). When exposed to NIR light, the local temperature increases and the presence of Brij58 enables the disruption of the liposome membrane through the formation of stable nanopores, facilitating the efficient release of the encapsulated drug. In addition, Yu et al., 2022c devised a biomimetic nanovesicle termed tPA/MNP@PM (tMP), which is consisting of melanin NPs with high photothermal conversion efficiency, tPA and platelet membrane vesicles. Due to the thrombus-targeting and adhesive properties of platelet membrane, the nanovesicles exhibit effective localization at thrombus sites. Additionally, the NIR-mediated photothermal effect of tMP facilitates nanovesicle rupture, leading to precise release of tPA within the thrombus. Both in vivo and in vitro experiments have confirmed the therapeutic efficacy for IS. The study demonstrates the potential of biomimetic nanovesicles as a promising approach for targeted thrombus treatment, leveraging the benefits of thrombus specificity and controlled drug release under NIR-mediated photothermal effect.
3.2 Magnetic stimuli-responsive nanomedicine
Magnetic NPs offer significant potential as a platform for precise nanomedicine delivery, as they can be controlled and guided under external magnetic fields. To improve the stability and biocompatibility, magnetic NPs are usually coated with biocompatible polymers or encapsulated within lipid NPs. For instance, Hu et al., 2018 incorporated tPA into porous magnetic iron oxide microrods (tPA-MRs) for targeted thrombolytic therapy in IS. The magnetic properties of the NPs can be tailored based on the direction of the applied magnetic field. In a similar vein, Alba Grayston et al., 2022 functionalized poly (D-L-lactic acid-co-glycolic acid) (PLGA) with superparamagnetic iron oxide. The obtained NPs enabled magnetically targeted delivery of drugs to the IS local tissue. It is worth noting that Li et al., 2020 developed a type of platelet membrane biomimetic nanomedicine which is loaded with L-arginine and γ-Fe2O3 magnetic NPs (PAMNs) (Figure 7A). The magnetization of PAMNs was measured using a vibrating sample magnetometer (VSM), demonstrating excellent water solubility and superparamagnetic characteristics. The platelet membrane on PAMNs facilitated the effective across over BBB, due to its thrombus targeting ability. Under the stimulation by magnetic field, PAMNs could improve the blood flow effectively by the controlled release of L-arginine which generated NO in IS tissue to realize the significant vasodilatation (Figures 7B–D). In vivo experiments validated that magnetic stimuli-responsive platelet membrane nanomedicine could effectively relieve the stroke symptom, as shown in Figure 7E.
[image: Figure 7]FIGURE 7 | Magnetic stimuli-responsive platelet membrane biomimetic nanomedicine for anti-IS therapy. (A) The targeting mechanism of the designed nanomedicine in vivo. (B) The blood flow is observed by color-coded laser speckle images after different treatments. (C) Quantitative analysis of blood flow in ischemic lesions. (D) Bright field images of the stroke vascular vessel network. (E) H&E staining and CD31 staining for normal brain (left) tissue and ischemic lesion (right) tissue. Reproduced with permission from ref (Li et al., 2020).
Han Young Kim et al., 2020 developed magnetic nanovesicles (MNV) using iron oxide nanoparticle-harbored mesenchymal stem cells (MSC-IONP). The superparamagnetic nature of IONP allows them to be guided to ischemic areas in the brain under an applied magnetic field. The in vitro and in vivo experiments revealed that the utilization of a magnetic field resulted in a substantial increase in the accumulation of MNV in the cerebral ischemic tissue of a rat stroke model. The accumulation of MNV was observed to be approximately 5.1 times higher compared to the group that did not receive the magnetic field application. MNV treatment exerted its therapeutic effects through three pathways, including stimulating angiogenesis, preventing apoptosis, and promoting the differentiation of macrophages from an M1 to an M2 phenotype. In another study, Liu et al., 2022a utilized γ-Phase ferrimagnetic vortex-domain iron oxide nanorings (γ-FVIOs) for labeling mesenchymal stem cells (MSCs) for field-mediated targeted delivery (Figures 8A,B). Under magnetic field, the nanomedicine showed enhanced intracellular uptake by MSCs (Figures 8C,D). Furthermore, the superparamagnetic properties of γ-FVIOs enabled sensitive and sustained in vivo magnetic resonance imaging (MRI) tracking (Figures 8E,F). Both in vitro and in vivo experiments demonstrated the enhanced magnetic mobility of MSCs, enabling their rapid delivery to ischemic brain tissue for enhanced anti-IS therapy (Figures 8G,H). These studies highlight the potential of superparamagnetic NPs in facilitating targeted delivery of therapeutic agents to ischemic brain tissue, offering promising strategies for stroke treatment.
[image: Figure 8]FIGURE 8 | Magnetic stimuli-responsive mesenchymal stem cells-based nanomedicine for anti-IS therapy. (A) Scheme of the designed nanomedicine for MRI-guided imaging and therapy. (B) The fabrication process of γ-FVIO. (C) Intracellular uptake and cell viability of γ-FVIOs in different conditions. (D) Intracellular Fe content of MSCs at different time. (E) MRI imaging of cerebral infarct rats before and after treatment. (F) Photograph of magnetic targeting in rat brain. (G) The infarct volume of rats at different times. (H) The brain tissues rats with different treatments. Reproduced with permission from ref (Liu et al., 2022a).
3.3 Ultrasound stimuli-responsive nanomedicine
Ultrasound possesses several advantages such as non-invasiveness, safety, ease of operation and excellent tissue penetration. Consequently, ultrasound-responsive nanomedicines have been widely used for targeted drug delivery. Ultrasound-responsive drug delivery primarily exploits the acoustic effects of ultrasound, which encompass mechanical and thermal effects. The mechanical effect involves the disruption of nanomedicine structures through acoustic radiation and cavitation effects to facilitate drug release. The thermal effect entails the conversion of ultrasound energy into heat, thereby raising the temperature within the target region, which causes structural changes in the nanomedicine to trigger drug release and increases vascular permeability to enhance drug accumulation (Zhao et al., 2013; Athanassiadis et al., 2022; Zhang et al., 2022a; Fan et al., 2022).
For example, Teng et al., 2018 synthesized uPA-loaded hollow nanogels (nUKs) comprised of glycol chitosan (GC) and benzaldehyde-capped polyethylene oxide. The experiments revealed that nUKs exhibited a responsive behavior to 2 MHz ultrasound. When exposed to ultrasonic energy, the cross-linked polymer matrix of nUKs underwent vibration, enabling the effective release of encapsulated uPA. To evaluate the therapeutic potential of nUKs in IS treatment, the researchers employed an IS rat mode, which demonstrated that nUKs, triggered by mechanical stress under ultrasound mediation, enhanced thrombolytic efficacy without increasing the risk of bleeding. Using the layer-by-layer method, Clara Correa-Paz et al., 2019 engineered nanocapsules (NCs) referred to as sub-micrometric CaCO3-templated polymer capsules with a diameter of approximately 600 nm, which were utilized to encapsulate r-tPA. In vitro experiments demonstrated that ultrasound-mediated delivery of r-tPA promotes thrombus decomposition. In vivo experiments revealed that a significant extension in the half-life of r-tPA when it is encapsulated within ultrasound-responsive NCs, suggesting enhanced thrombolytic efficacy under ultrasound stimulation. During an IS event, microglia usually exhibit two phenotypes known as M1 and M2. M1 microglia upregulate pro-inflammatory cytokines, exacerbating neuroinflammation, while M2 microglia play an anti-inflammatory role. In this context, Li et al., 2021b encapsulated interleukin-4 (IL-4) within the PPIX (sonosensitizer approved by FDA)-loaded liposomes to create an ultrasound-responsive nanomedicine. To enhance IS targeting ability, liposomes were coated with platelet membrane. Upon ultrasound irradiation, PPIX generates ROS, triggering peroxidation of the lipid bilayers, which facilitates the rapid release of IL-4. The localized accumulation of IL-4 in IS tissue induces the polarization of microglia towards the M2 phenotype, which ultimately serves a therapeutic role in neuroprotection. In vivo experiments performed on mouse with MCAO demonstrated that ultrasound-triggered liposomes showed significant protective effects on cerebral ischemic tissue after stroke.
4 SUMMARY AND PROSPECT
Nanotechnology is currently utilized in various ways in the field of IS, including nanotechnology-assisted imaging diagnostics, targeted delivery of thrombolytic drugs to blood clots, and controlled drug release. Restoring blood flow and providing neuroprotection to ischemic brain tissue are crucial therapeutic strategies for IS. Administering effective neuroprotective treatment in a timely manner following a stroke or ischemic reperfusion injury can significantly enhance patients’ subsequent recovery and quality of life. However, the BBB poses a challenge to delivering neuroprotective agents to ischemic brain tissue at effective concentrations due to the short half-life and low bioavailability of drugs. Consequently, drug delivery methods for IS are gaining increasing attention in recent years.
Compared to traditional drug delivery methods, stimuli-responsive nanomedicines demonstrate higher efficiency in targeted delivery and better control over drug release, which enables more effective treatment while reducing the occurrence of adverse reactions such as cerebral hemorrhage. Stimuli-responsive nanomedicines generally involve endogenous stimuli response (ROS, enzymes, pH), exogenous stimuli response (light, magnetic field, ultrasound), and dual stimuli response. Many researchers have successfully designed and prepared nanocarriers with stimuli-responsive characteristics, including organic nanocarriers, inorganic nanocarriers, biomimetic nanocarriers, and composite nanocarriers. Organic nanomaterials are easily obtained, exhibit high biocompatibility, and are biodegradable in vivo. However, they have drawbacks such as poor stability and low encapsulation efficiency, which pose challenges for their practical clinical application in medicine. Biomimetic nanomaterials derived from red blood cells, immune cells, mesenchymal cells, and platelets demonstrate high biocompatibility, extended circulation time in the body, and enhanced efficiency in targeted delivery. Nevertheless, challenges in biomimetic nanocarrier research include low specificity in drug release and difficulty in large-scale production. Inorganic NPs possess photonic and magnetic responsiveness, making them more suitable for constructing exogenous stimuli-responsive nanomedicines. However, their potential toxicity and limited biocompatibility hinder the development prospects of inorganic nanomaterials. Studies have suggested that inorganic NPs can accumulate in neural tissue, but the potential long-term neurodegenerative effects remain unclear. In recent years, the combining of organic and inorganic NPs to form composite NPs has received significant attention from research teams due to their high biocompatibility, strong targeting ability, and low biological toxicity. This approach enables improved targeted drug delivery and specific drug release.
In spite of the great progress, there are still noticeable disparities between preclinical research and clinical applications in this field. The preparation of stimuli-responsive nanomedicines highlights their ability to target ischemic brain tissue, minimizing the impact on healthy tissue. However, the current assessment of safety and biocompatibility for stimuli-responsive nanomedicines is insufficient. Most studies provide data related to assessing drug toxicity to cells and tissues in animal models, but there is still a lack of research on stability, tissue compatibility, and immune response. In addition to short-term safety and biocompatibility assessments, more studies are necessary to evaluate the long-term safety of stimuli-responsive nanomedicines. These studies may include long-term animal experiments and clinical trials.
Furthermore, the complex pathophysiological processes involved in IS contribute to the apparent disparity between preclinical studies and clinical applications of stimuli-responsive nanomedicine delivery for IS treatment. This disparity arises from the necessity of conducting safety and biocompatibility assessments, optimizing the selection of drugs and carriers, and considering the intricacy and cost associated with large-scale clinical trials. In summary, long-term efforts are still needed to promote better development of stimuli-responsive nanomedicines in the field of anti-IS therapy.
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