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Cardiovascular diseases (CVD), including life-threatening atherosclerosis and arterial thrombosis, account for almost 50% of all deaths in Europe and around 30% of all deaths worldwide. Despite the ongoing improvement and accessibility of invasive cardiovascular interventions and pharmacological therapies, pathological processes often progress asymptomatically, before manifesting themselves as unstable angina pectoris, myocardial infarction, sudden cardiac death or stroke. Since atherosclerosis and thrombosis represent localized disease processes, insufficient response to systemically-administered drugs is a common problem. The available pharmacological therapies are often burdened by poor tolerability, limited efficacy and/or bioavailability. Although encapsulating drugs in a nanoscale shell increases their circulation time and availability, it does not guarantee disease-specific targeting, or the proper control of the drug release. In contrast, on-demand drug delivery has the advantage of localized treatment and allows reducing off-target effects by a stimuli-controlled drug release in the affected region. Such “smart” systems are expected to have a great therapeutic potential in CVD. This mini-review article highlights recent advances in stimuli-responsive drug delivery approaches to CVD, with specific drug release triggered either internally or externally.
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INTRODUCTION
Cardiovascular diseases (CVD) comprise a number of disorders of the heart and circulatory system, including atherosclerosis and thrombosis, the underlying causes of cardiovascular mortality. In particular, about 70–80% of acute atherothrombotic events result from the rupture of vulnerable atherosclerotic plaques, leading to cerebral ischemia, cardiac ischemia, or sudden cardiac death (Falk et al., 2013). Extensive pathologic and in vivo studies on atherosclerotic plaque development and destabilization, but also on the ischemic infarct regions, contributed to a deeper understanding of the disease processes and to the development of improved pharmacologic therapies (Pala et al., 2020). However, the efficacy of these therapies is still affected by poor tolerability and/or bioavailability of the drugs. Although pleiotropic anti-inflammatory activity of statins extends well beyond cholesterol lowering, adverse reactions including myopaty, as well as increased risk of diabetes and stroke are common (Collins et al., 2016). PCSK9 monoclonal antibodies are highly effective at lowering LDL-cholesterol (Stroes et al., 2022), but require frequent (once or twice a month) subcutaneous injection, have the drawbacks of high cost and may cause influenza-like symptoms, myalgia, hypersensitivity and allergic reactions. In an indication-seeking trial, anti-inflammatory therapy targeting the interleukin (IL)-1β with humanized monoclonal antibody canakinumab significantly reduced the rate of recurrent cardiovascular events independent of lipid-lowering therapy (Ridker et al., 2017), but the canakinumab injections may be associated with serious side effects, including allergic reactions, vertigo and increased risk of infections. These drawbacks of current therapies arise from their systemic administration, so that the plaque-specific effects are often limited despite an adequate control of systemic hyperlipidemia or inflammatory status. The long-recognized non-random distribution of atherosclerotic plaques within the arterial tree, which greatly facilitates site-specific invasive interventions (angioplasty, stenting, or endarterectomy), has not been taken into account when designing the new pharmaceutics and drug delivery systems. To improve drug bioavailability, encapsulation of drugs in a nanoscale shell was introduced. This approach increases the circulation time and availability of the pharmaceutics, but does not guarantee their disease-specific targeting, or the proper control of the drug release.
The site-specificity of atherothrombosis and resulting ischemia, as well as the growing understanding of pathologic mechanisms and biochemical factors involved in these processes call for the development of disease-targeted, personalized therapies. On demand, stimuli-responsive drug delivery systems offer multiple advantages in this context, including disease site-specific treatment and a controlled drug release in the affected region, which is expected to reduce adverse off-target effects. In the recent years, multiple stimuli-responsive drug delivery approaches to CVD have been reported including pH-, redox-, hypoxia-, enzyme-, shear- and light-responsive particles, polymers or hydrogels (Figure 1 and Table 1). The stimuli that control the release or the activity of drugs are commonly classified as physical, chemical, or biological. However, for the purpose of biomedical applications, a distinction is also made between intrinsic and external stimuli. In this paper, we follow the latter classification and discuss first the intrinsic stimuli, which are most commonly related to chemical and biological environment in the diseased tissues (tissue hypoxia, pH, oxidative stress, or enzymatic reactions), but also comprise biomechanical factors. Subsequently, we address recent reports on external stimuli, such as light, ultrasound, temperature or magnetic field.
[image: Figure 1]FIGURE 1 | Schematic overview of extrinsic and intrinsic stimuli used in “smart” cardiovascular drug delivery applications (created with BioRender.com).
TABLE 1 | Overview of the highlighted stimuli-responsive drug delivery systems according to the type of stimulus.
[image: Table 1]This mini-review highlights some of the “smart” drug delivery systems that operate either at the micro- or nanoscale and have therapeutic potential in CVD.
INTRINSIC STIMULI
Cardiovascular diseases are characterized by a specific pathologic microenvironment, involving chemical and biological factors that affect cellular functions and can be harnessed both to target and to activate the release of disease-specific drugs. The advantage of drug delivery systems that respond to intrinsic factors is that they are independent of external triggers and therefore capable of “intelligent” (i.e. responding to the presence and the strength of specific stimulus) release or activation of the drug. Thanks to their high sensitivity towards pathologic processes and environments, such carriers should not be activated in the healthy tissues with normal metabolic activity, thus limiting the potential off-target effects. Selected examples of their use for drug delivery are briefly outlined below.
Hypoxia-Sensing Drug Delivery Systems
In the process of atherosclerotic plaque formation, the deposition of lipids and inflammatory cells in the vessel wall, followed by arterial wall remodeling and fibrous cap formation increases the thickness of the wall beyond the physiological tissue oxygen diffusion limit of 200 µm. Reduced availability of oxygen leads to hypoxic cell injury (Liu et al., 2020) and contributes to the formation of the necrotic core in the atherosclerotic lesions. In later stages of the disease, during the rupture of atherosclerotic plaque, large amounts of thrombogenic material are exposed to the bloodstream, leading to an immediate start of coagulation process. The resulting thrombus may block the blood flow at the site of rupture, or embolize and occlude the smaller arteries at a downstream location. The loss of blood circulation results in rapid tissue hypoxia or even anoxia, which is a driving mechanism of cell death in the ischemic tissues, including infarcted myocardium and brain regions affected by ischemic stroke (Ferdinand and Roffe, 2016). However, although hypoxia-responsive drug delivery could be a promising therapeutic approach in CVD, relatively few studies focused on this factor until recently, when hypoxia-sensing nanocarriers inspired by mitochondria were described by (Lin et al., 2020). The authors developed double-shell poly (lactic-co-glycolic acid) (PLGA) nanoparticles contained melatonin to scavenge reactive oxygen species (ROS) and prevent apoptosis by activating mitochondrial melatonin receptor I to inhibit cytochrome c release. As a biological oxygen-sensing mechanism, circular DNA was incorporated on the surface of the particles by electrical adsorption. Oxygen-responsive expression of vascular endothelial growth factor (VEGF) was realized by binding hypoxia-inducible factor-1α (HIF-1α) with erythropoietin enhancers and was shown to respond to alternating hypoxia-normoxia conditions by up- and downregulating the reporter expression. In a mouse model of MI, these particles reduced cell death due to ischemia, improving structural and functional capacity of infarcted hearts (Lin et al., 2020).
pH-Dependent Drug Delivery
Changes in pH of the tissues are commonly related to disease processes. Atherosclerotic lesions often exhibit local acidification of the extracellular fluids, resulting from hypoxia and the presence of activated macrophages, which synthesize ATP in the process of glycolysis contributing to enhanced local generation of lactate and protons. Low extracellular pH increases receptor-mediated phagocytosis and triggers the secretion of proinflammatory cytokines, but it also enhances oxidative modifications of LDL, thus contributing to atherogenesis (Oorni et al., 2015). In the ischemic myocardium lacking oxygen, oxidative phosphorylation and ATP production in the mitochondria are reduced and the preservation of heart muscle requires anaerobic glycolysis, which leads to development of acidosis (Oorni et al., 2015). In patients with MI, metabolic acidosis may occur and its severity correlates with mortality (Gandhi and Akholkar, 2015).
Consequently, tissue pH is a parameter that can be exploited for phase-transition in polymer-based drug delivery systems in specific microenvironments or tissues affected by pathological processes. This approach was developed in 2009 by (Namgung et al., 2009), who tested the possibility of pH-responsive plasmid DNA delivery to myocardium. For this, multiblock copolymer complexes (MBCP) with reversible sol-gel transition were synthesized from pluronic® and di-(ethylene glycol divinyl ether) and, upon gelation at 37°C, used as pH-sensitive carrier of pDNA. Under acidic conditions (pH 5.5) in vitro, the cleavage of acetal linkage caused degradation of the gel and a rapid release of pDNA (100% within 4 days). In mouse myocardium, the MBCP/pDNA polymeric gel showed a significant enhancement in gene transfection in comparison to that observed using naked pDNA, due to the protective effect of gel against enzymatic degradation and prolonged retention time of the matrix in the closed cavity of the pericardium.
In a more recent study, DNA-based nanotubes were utilized as a drug carrier system for the pH-dependent delivery of dexamethasone (Sellner et al., 2017). The nanotubes loaded with glucocorticoid-conjugated oligonucleotides were rapidly internalized by mouse macrophages in vitro and, thanks to the presence of pH-sensitive i-motif sequence, released dexamethasone in an acidic environment of endolysosomal compartment. Compared with free dexamethasone, DNA-dexamethasone nanotubes significantly reduced the tumor necrosis factor (TNF)-α expression in lipopolysaccharide-stimulated macrophages in vitro. In a mouse model of ischemia-reperfusion, the administration of DNA-dexamethasone nanotubes into postischemic muscle tissue led to reduced leukocyte transmigration and decreased the expression of the endothelial adhesion molecules.
ROS-Responsive Drug Delivery
Hypoxic conditions in atherosclerotic lesions, or myocardial anoxia that occurs during coronary vessel occlusion, lead to a loss of ATP production and an increase in ROS production in the mitochondria of affected cells (Zalba, 2021). Consequently, all acute cardiovascular events are associated with an excessive generation of ROS. Ischemic tissues are additionally challenged by reperfusion injury that occurs upon restoration of oxygen supply (Bugger and Pfeil, 2020). In the condition of antioxidant depletion by ischemia, secondary generation of ROS can damage cellular macromolecules leading to autophagy, apoptosis, and necrosis, but can also contribute to the local inflammatory responses, enhanced platelet aggregation, and loss of NO-mediated vasodilation (Bugger and Pfeil, 2020). Currently, no pharmacotherapy is available to attenuate ischemia-reperfusion (I/R) injury. Despite the fact that ROS have been implicated in the ischemic organ injury, the systemic administration of exogenous antioxidants has proven ineffective against oxidative stress-induced injury (Vivekananthan et al., 2003). Thus, better strategies that take into account the molecular mechanisms underlying I/R injury are urgently needed to improve patients’outcomes following MI.
In search for improved strategies of antioxidant delivery and ROS-sensitive targeting, several approaches have been reported. In a study by Li et al., ROS-responsive nanoparticles produced of poly (ethylene glycol) (PEG) and poly (propylene sulfide) (PPS) were used for encapsulation of a potent plant antioxidant, ginsenoside Rg3 (Li et al., 2020). Upon the exposure to ROS, Rg3-loaded PEG-PPS nanoparticles injected in the infarcted rat myocardium released Rg3, which improved the cardiac function by reducing oxidative stress, inflammation and fibrotic processes via FoxO3a-dependent mechanism. Similar approach was developed by Wu et al. to reduce oxidative stress in atherosclerotic lesions (Wu et al., 2018). ROS-responsive polymer micelles of PEG-PPS were loaded with andrographolide, a natural anti-atherosclerotic compound. Upon oxidation, the spherical micelles became soluble in water and formed random aggregates, releasing the drug. This reduced ROS levels in lipopolysaccharide-stimulated macrophages in vitro and inhibited the expression of IL-6 and monocyte chemoattractant protein (MCP)-1 in these cells and in atherosclerotic plaques. Further, their dual effect in alleviating inflammation and oxidative stress resulted in a very efficient prevention of atherosclerosis in ApoE−/− mice.
Another type of ROS-responsive theranostic nanoplatform was developed by Ma et al., where a fluorophore activated by two-photon aggregation-induced emission was linked to β-cyclodextrin using a ROS-responsive bond (Ma et al., 2020). The system was loaded with prednisolone via supramolecular interaction and packed into nanosized micelles based on a ROS-sensitive copolymer poly (2-methylthioethanol methacrylate)-poly (2-metha-cryloyloxyethyl phosphorylcholine). The resulting micelles, termed TPCDP@PMM have been shown to accumulate in atherosclerotic plaques of ApoE−/− mice and disrupt upon contact with ROS, leading to prednisolone release and atherosclerosis inhibition [Figure 2, (Ma et al., 2020)].
[image: Figure 2]FIGURE 2 | Anti-atherosclerotic effects of ROS-responsive lipid-scavenging micelles without drug loading (TPCD@PMM) and with prednisolone (TPCDP@PMM) in ApoE−/− mice. Shown are Oil Red O staining of (A) en face aortas (scale bars: 5 mm) and (B) sections of aortic arch (scale bars: 500 µm); (C) Sections of aortic arch stained with H&E, antibody to CD68, MMP-9, α-SMA, and Masson’s trichrome (scale bars: 500 µm). Adapted from (Ma et al., 2020) (Ma et al. Small, DOI: 10.1002/smll.202003253, Wiley 2020).
In a study by Mu et al., ROS-responsive polymeric micelles based on PEG-poly (tyrosine-ethyl oxalyl) (PEG-Ptyr-EO) that respond to the oxidative microenvironment of atherosclerotic plaques were also described (Mu et al., 2020). Hyaluronic acid (HA) coating was designed for targeting of CD44-positive inflammatory macrophages. In the presence of ROS, PEG-Ptyr-EO released simvastatin loaded into the particles to reduce the activation of plaque macrophages and additionally contributed to ROS consumption, thus diminishing the oxidative stress. Intravenous administration of ROS-responsive simvastatin-loaded micelles in a mouse model was shown to reduce the plaque cholesterol content and the burden of atherosclerosis. Similarly effective ROS-responsive system was recently introduced by Shen et al., who developed porous PLGA nanosystem loaded with ginsenoside and catalase, and coated with U937 cell membrane. Biomimetic membrane coating allowed the particles to escape phagocytosis and increased their uptake in endothelial cells. ROS-triggered release of ginsenoside resulted in a potent anti-angiogenic and anti-inflammatory response, significantly reduced plaque burden in ApoE−/−mice, and decreased the blood levels of atherogenic lipids as compared with free drug or particles without biomimetic membrane (Shen et al., 2022).
Two stimuli-responsive nanoplatforms loaded with an anti-proliferative drug rapamycin (RAP) were also reported (Dou et al., 2017), one based on acid-labile acetalated b-cyclodextrin (Ac-bCD) for degradation in mild acidic buffers, and the other composed of ROS-responsive Ox-bCD, obtained by chemical modification of b-CD with 1,1′-carbonyldiimidazole-activated 4-(hydroxymethyl) phenylboronic acid pinacol ester. Both types of nanoparticles showed anti-inflammatory potential in macrophages in vitro and significantly delayed progression of atherosclerosis in ApoE−/− mice upon intraperitoneal injection. Ox-bCD/RAP particles effectively prevented ROS generation in macrophages treated with phorbol 12-myristate 13-acetate, and the foam cell formation. Compared with PLGA/RAP particles, both stimuli-responsive nanosystems significantly decreased plaque size and lipid content in mice.
ROS are also responsible for the acute cerebral I/R injury (Carbone et al., 2015). The generation of ROS immediately after the onset of acute ischemic stroke results in a rapid depletion of antioxidants and scavenger enzymes (De Silva and Miller, 2016; Grochowski et al., 2018) thus driving cellular necrosis. Central nervous system cells are more vulnerable to ROS toxicity due to their inherently enhanced oxidative metabolism and less antioxidant enzymes, as well as a higher membrane fatty acid content (Olmez and Ozyurt, 2012). Upon restoration of blood flow, rapid tissue oxygenation leads to a second burst of ROS production, resulting in further injury. Several drugs or antioxidant therapeutics have been proposed for stroke therapy, including NOX (NADPH oxidase) inhibitors and xanthine oxidase inhibitors (Rodrigo et al., 2013), but their efficacy is limited by low specificity, low bioavailability, and side effects (De Silva and Miller, 2016).
Addressing this clinical need, ROS-sensing drug delivery systems have recently been developed for the treatment of stroke. To achieve the specific targeting of a neuroprotective agent NR2B9C to the ischemic site, and improve controllability of drug release, (Lv et al., 2018) produced a ROS-responsive nanocarrier. NR2B9C was loaded into dextran cores modified with ROS-sensitive boronic ester to enable release triggered by high intracellular ROS in ischemic neurons. Targeting of the nanosystem was realized by inserting a stroke homing peptide (CLEVSRKNC) into the shell composed of erythrocyte membrane. In vitro, the nanocarriers underwent a rapid hydrolysis in the presence of H2O2 and had strong protective effects against glutamate-induced cytotoxicity in rat adrenal pheochromocytoma cell line PC-12. In a rat model of middle cerebral artery occlusion, ROS-sensing nanoparticles improved the active targeting of NR2B9C to the ischemic area and reduced ischemic brain damage.
Enzyme-Responsive Drug Delivery
Apart from oxidative stress, the microenvironment of atherosclerotic lesions is characterized by an increased protease activity. Matrix metalloproteinases (MMPs), comprising over 20 structurally-related proteases that share a Zn2+ ion at the catalytic site, play a major role in arterial remodeling during atherogenesis and atherosclerotic plaque progression [reviewed in (Newby, 2006)]. In particular gelatinases (MMP-2 and 9) degrade nonfibrillar collagens, including type IV collagen, which is a major component of basement membranes of the vascular wall. Their upregulation in response to arterial injury thus enables migration of smooth muscle cells into the intima and subsequent fibrous cap formation. In advanced plaques, the activity of multiple proteases beyond MMPs, including mast cell chymase, elastase, as well as hyaluronidase, contributes to plaque inflammation and angiogenesis, apoptosis of SMCs and tissue proteolysis, which may cause thinning of a fibrous cap protecting atherosclerotic plaque. This characteristic feature of cardiovascular diseases can be utilized to specifically release drugs in the regions with increased enzymatic activity, if a cleavable, enzyme-responsive linker is introduced in the system. An interesting example of combining two distinct biological stimuli for control of the drug delivery to atherosclerotic lesions was reported by (Peters et al., 2019). The authors utilized peptide amphiphiles (PAs) to develop nanocarriers that sense the increased levels of MMP-2, MMP-9 and ROS. To this end, apolipoprotein A1-mimetic peptide was bound to PAs by peptide linkers cleaved by MMPs or ROS. The efficacy of the nanocarriers was tested in vitro on macrophages challenged with interferon gamma or lipopolysaccharide, showing the release of the ApoA1-Ac2–26 peptide and reduced macrophage activation.
A dual drug/siRNA delivery system responding to hyaluronidase type II (Hyal-2) was also reported (Zhao et al., 2018). The designed PLGA nanocarriers encapsulated atorvastatin to control lipid trafficking and reduce inflammation, and siRNA against lectin-like oxidized low-density lipoprotein receptor-1 (LOX-1). The particle cores were clad in three external layers: an innermost lipid bilayer, an intermediate apolipoprotein A1 layer for macrophage targeting, and an outer layer of high molecular weight HA (200 kDa). The outer layer allowed CD44-dependent targeting, and upon Hyal-2 cleavage led to exposure of the intermediate ApoA1 layer for enhanced entry into macrophages. The efficacy of this dual-therapy nanosystem was demonstrated in atherosclerotic mice upon 12-weeks biweekly administration, showing a significant decrease in plaque size, as well as reduced lipid and macrophage accumulation.
MMP-9 and MMP-2 are also important regulators of myocardial remodeling in the aftermath of the ischemia. MMP-2 levels have been shown to increase significantly during acute MI and can furthermore predict the severity of the disease (Li et al., 2021). In line with this, a siRNA delivery system that responds to local upregulation in proteolytic activity after MI was reported by (Wang et al., 2018). Cholesterol-modified siRNA against MMP-2 was sequestered in an injectable shear-thinning and self-healing hydrogel composed of HA modified with bCD and functionalized with cleavable peptide crosslinkers. The release of siRNA in the presence of proteases effectively silenced MMP-2 expression in cardiac fibroblasts in vitro. In a rat model of MI, protease-sensing siMMP-2 hydrogel led to significantly increased ejection fraction, stroke volume and cardiac output. Additionally, hydrogel erosion was gradually reduced upon silencing of MMP-2, providing mechanical support and improving myocardial thickness in the infarct at 4 weeks post-ischemic injury.
Another type of bio-responsive material, i.e. human elastin-like polypeptides fused with epidermal growth factor (EGF), were incorporated in 3D-printed alginate and chitosan scaffolds in a study by (Bandiera et al., 2021), enabling the release of EGF upon contact with elastases in vitro. The authors expect such scaffolds may in the future support tissue repair in patients with diabetes, vascular disease and inflammatory disorders, characterized by delayed healing.
Shear-Responsive Systems
The critical involvement of local hemodynamic forces in the initiation of atherosclerosis has been long recognized [3, 4], but the knowledge of precise role played by hemorheologic and hemodynamic factors in plaque destabilization and rupture has emerged more recently (Thrysoe et al., 2010; Cicha et al., 2011). In advanced stages of atherosclerosis, the presence of lesions protruding into the lumen dramatically alters the local hemodynamic conditions in affected arteries. As the lumen narrows due to increasing severity of stenosis, an increase in shear stress occurs (Sadeghi et al., 2011). Although elevated wall shear stress is unlikely to directly induce mechanical rupture of the plaque, the increasing shear stress upstream of the maximal narrowing activates inflammatory processes (Cicha et al., 2011). Furthermore, shear stress is known to activate platelets, as shown in patients with plaque erosion, in whom the prevalence of platelet-rich thrombus (84%) was the highest in the severe stenosis group (Kurihara et al., 2021). Thus, although hemodynamic forces directly affect many pathophysiological processes related to CVD, mechanosensing drug delivery systems that target local alterations in hemodynamic load associated with atherosclerosis or thrombosis have been very rarely utilized thus far (Korin, 2015). One of the conditions that should benefit from such approach is arterial thrombosis, underlying stroke or myocardial infarction (MI). The first mechanosensitive drug delivery system was described in 2012 by Korin et al., who designed micro-aggregates composed of PLGA nanoparticles coated with thrombolytic drug, tissue-plasminogen activator (tPA). Upon the exposure to abnormally high shear stress in the regions of vascular occlusion, the micro-aggregates were disrupted and released the drug locally. Shear-activated tPA-coated nanoparticles rapidly dissolved arterial clots in mouse mesenteric arteries, with complete clearance of occluding thrombi within 5 min of administration, at the effective drug dose 100 times lower than the required dose of free tPA (Korin et al., 2012).
More recently, Yao et al. developed mechanically-sensitive micelles for simvastatin release in stenotic region (Yao et al., 2020). To enable targeting of inflammatory macrophages via CD44 receptor, micelles based on high molecular weight HA hydrogel modified with glycidyl methacrylate were developed. The micelles effectively targeted activated macrophages in vitro and underwent deformation and resizing under stenotic conditions (75% stenosis) leading to a drug release enhanced by about 50% as compared to non-stenotic conditions. The precise targeting of fluorescently-labeled simvastatin micelles to macrophages was shown in ApoE−/− mice and the effective drug release in the plaque region was confirmed in atherosclerotic rabbits (Yao et al., 2020).
Such mechano-sensing strategy of drug delivery utilizing a universal hemodynamic phenomenon is expected to be applicable for all occlusive vascular conditions, including e.g. treatment of stenotic atherosclerotic plaques, pulmonary emboli, and ischemic stroke.
EXTRINSIC STIMULI
Drug delivery systems that respond to extrinsic stimuli can be activated by an externally-triggered process, which allows a good control of stimulus strength and timing. However, their efficacy depends to a large degree on a precise targeting to achieve local activation and/or drug release. Such drug delivery systems may in some cases demand more complexity, as specific targeting may be required to reduce off-target effects and their accumulation in healthy tissues.
Light-Activated Drug Delivery
The potential of photoangioplasty, light-activated therapy utilizing photosensitizers in combination with endovascular light delivery devices for selective reduction of atherosclerotic or re-stenotic lesions, has been long recognized (Rockson et al., 2000), (Waksman et al., 2006). To enhance the targeting precision, magnetofluorescent nanoparticles loaded with light-activated phototoxic moieties were subsequently developed (McCarthy et al., 2010). Upon irradiation of the plaques with 650 nm light, these agents, enabled an efficient focal ablation of inflammatory macrophages, without affecting endothelial cells or SMCs. In the recent years, many more reports described smart photoactivated nanocarriers (Karimi et al., 2017), examples of which are highlighted below.
An elegant approach to rescuing cardiomyoblasts from I/R injury has been reported by Woods et al. The authors developed cell-permeable ruthenium (II) complex releasing hydrogen sulfide (H2S) in response to red light irradiation. The resulting increase in intracellular H2S was shown to protect H9c2 cardiomyoblasts from the oxidative injury during I/R in vitro (Woods et al., 2018).
Another interesting example of light-responsive particles are mesoporous silica-coated gold nanorods functionalized with an arginine-rich peptide developed for imaging and phototermal therapy of thrombosis (Chang et al., 2021). A complex involving urokinase-type plasminogen activator (uPA), an algae-derived platelet-targeting moiety with anticoagulant function (fucoidan), and a contrast agent for near-infrared (NIR) fluorescence imaging (indocyanine green) was loaded onto the particle pores to enable precise targeting, thrombus imaging, as well as photothermal thrombolysis upon exposure to NIR irradiation (808 nm). In a mouse model of mesenteric thrombosis, NIR irradiation for 5 min (2.0 W/cm2) induced a fast release of uPA resulting in rapid thrombolysis and a slower release of fucoidan. This approach can thus contribute to extended prevention of thrombosis and improved endothelial regeneration, at the same time reducing the risk of hemorrhagic complications.
Thermo- and Sonoresponsive Nanocarriers
Catheter-directed thrombolysis for acute peripheral arterial occlusion requires percutaneous intervention and carries a considerable risk of hemorrhage, damage to blood vessel and infection. To reduce the risk associated with thrombolysis and improve its efficacy, temperature- and ultrasound-responsive carriers have been investigated. As an example of the former, thermosensitive PEGylated magnetoliposomes loaded with tPA were developed by Liu et al. and tested in a rat embolic model (Liu et al., 2019). The local temperature control at the right iliac artery was achieved by superfusion of the target site with saline at 37°C vs. 43°C, using a water bath and a peristaltic pump. After the clot lodging in the iliac artery, magnetic guidance followed by focal hyperthermia significantly restored iliac blood flow within 15 min post intraarterial administration, whereas tPA at the same dose did not elicit significant restoration. The effect observed at 43°C was significantly higher as compared to that at 37°C, demonstrating the benefits of thermoresponsive thrombolysis.
In the recent years, clinical interest has been drawn to so-called contrast-enhanced sonothrombolysis, based on adding ultrasound contrast agents, e.g. micro- or nano-bubbles with gaseous inner core, together with tPA to the standard catheter-directed thrombolysis and applying pulsed ultrasound (Nederhoed et al., 2021). The technique is considered a promising alternative to the standard catheter-directed thrombolysis, but has certain limitations, as the delivery of tPA through an end-hole microcatheter at the proximal face of an occlusive clot does not allow an effective reperfusion (Kleven et al., 2021). However, ultrasound contrast agents can also serve as carriers for thrombolytic drugs, that are released upon destruction of microbubbles or enhanced cavitation by ultrasound. For the purpose of sonothrombolysis, tPA-loaded echogenic liposomes were developed by Shakhar et al. The liposomes co-encapsulated tPA and octafluoropropane gas (OFP) to promote bubble activity in response to ultrasound exposure (Shekhar et al., 2017). In the pilot studies with human blood clots, the tPA-OFP liposomes showed improved thrombolytic activity upon application of ultrasound as compared with free tPA. While the thrombolytic efficacy of the liposomes and ultrasound was comparable to the combination of free tPA, Definity and pulsed ultrasound, the authors showed that the lipid shell effectively protected the drug against degradation by plasminogen activator inhibitor-1, which may represent an important factor in clinical application (Shekhar et al., 2019).
Ultrasound-responsive microbubbles can also serve to deliver therapeutic biologics to the cells. An example of this type of application was reported by Gill et al., who utilized ultrasound-mediated liposome/microbubble transfection do deliver miR-133 mimics to HL-1 cardiomyocytes in vitro (Gill et al., 2014). The microbubble formulations (either complexed with, or encapsulating miR-133) were shown to improve intracellular delivery and efficiently reduce cardiomyocyte hypertrophy.
Magnetic-Field Assisted Thrombolysis
An interesting approach to local thrombolysis has been developed using tPA-loaded magnetic nanoparticles in combination with external magnetic field. Of note, this type of carrier can serve to realize two distinct functionalities, namely magnetic targeting and magnetically-activable release. Hu et al. produced APTES-functionalized superparamagnetic iron oxide nanorods loaded with 6% tPA, which were guided to the thrombus site in vitro and exposed to a rotating magnetic field (20 Hz, 3 mT). In the presence of magnetic field, accelerated release of adsorbed tPA from the surface of the particles was observed due to distortion and diffusion, contributing to significantly higher thrombolysis speed as compared with samples without magnetic stimulation (Hu et al., 2016). In line with this, Moghanizadeh et al. developed iron oxide nanoparticles with silica shell, that were loaded with streptokinase. These particles were subsequently used in vitro to test the influence of magnetic field intensity on clot dissolution speed, showing that thrombolysis rate increases with the growing intensity of static magnetic field, and that deeper clot penetration is possible using these nanocarriers (Moghanizadeh et al., 2021).
LIMITATIONS AND FUTURE PERSPECTIVES
The field of drug delivery systems that respond to specific stimuli is rapidly growing and its potential in the management of CVD starts gaining attention. Improved efficacy of the drugs and reduced adverse effects, in parallel with improved control over the time and dose of released pharmacologic agents constitute considerable advantages over the current therapies. In particular, harnessing multiple stimuli may in the future provide a solution to control the complex pathophysiological processes occurring in advanced atherosclerotic plaque, or in the regions of ischemia/reperfusion injury, limiting the diseases development and improving tissue regeneration in an adequate spatiotemporal manner. Nonetheless, the clinical translation of the promising candidate carriers will certainly be challenging. The material-related and technical challenges include the choice of bio/nanomaterials to create safe, biodegradable and non-immunogenic carriers, the reproducibility, upscaling requirements and cost of the manufacturing process. Further, ensuring a long-term stimuli-sensitive release of drugs is an obstacle for carrier design and requires special solutions to prevent burst release and rapid drug depletion. Besides, multiple biological hurdles must be solved before the respective carriers enter the regulatory approval pathway. Among these, hemodynamics-related difficulties of drug delivery to atherosclerotic plaques must be considered, as the retention time of the carriers in the arteries may not be sufficient to permit the access to the lesion via luminal endothelium. In this context, advantage could be taken of specific, either molecular or magnetic, targeting to avoid scavenging of carriers by reticuloendothelial system and allow their effective accumulation in the plaque or ischemic region. Alternatively, utilizing long-circulating nanosized carriers could enable their entry into plaque via the leaky neovessels and their retention by EPR effect. Another challenge is related to the selection of the timing for drug administration. While the acute ischemic events call for immediate interventions, appropriate timing is a particularly difficult issue in case of atherosclerotic plaques, which in the majority of cases progress asymptomatically. However, in symptomatic patients at risk of plaque instability, the drug delivery systems that respond to specific (potentially multiple) stimuli would be very beneficial, as these systems could release/activate the drug exactly when needed and ideally, to a needed degree.
Taken together, on-demand drug delivery is often the key to the therapeutic success, but is very limited without the ability of nanocarriers to sense and respond to the diseased microenvironment. Although the clinical translation of complex drug-delivery nanosystems may be challenging, achieving a precise control over therapeutic agents, in terms of targeting, retention and stimuli-sensitive release over long-term periods would be of particular importance in order to regulate the biological repair process and promote tissue regeneration in CVD.
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