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Abstract

:

Stroke is among the leading causes of mortality and morbidity worldwide. Stroke incidences and associated mortality are expected to rise to 23 million and 7.8 million, respectively, by 2030. Further, the aging population, imbalanced lifestyles, and environmental factors continue to shift the rate of stroke incidence, particularly in developing countries. There is an urgent need to develop new therapeutic approaches for treating stroke. Nanotechnology is a growing field, offering an encouraging future prospect for medical research in the management of strokes. The world market for nanotechnology derived products is expected to rise manyfold in the coming decades. Different types of nanomaterials such as perfluorocarbon nanoparticles, iron oxide nanoparticles, gold nanoparticles, polymeric nanoparticles, quantum dots, nanospheres, etc. have been developed for the diagnosis as well as therapy of strokes. Today, nanotechnology has also been integrated with stem cell therapy for treating stroke. However several obstacles remain to be overcome when using such nanomaterials for treating stroke and other neurological diseases.
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1. Introduction


As a leading cause of mortality worldwide, the burden of stroke threatens to amass drastically in the coming years. Extrapolating from the neuroepidemiology of 2005, cases of stroke are predicted to rise to 23 million and 7.8 million related deaths in 2030 [1]. However, these statistics remain tentative as the task of orchestrating a major global survey of stroke incidence is exhaustive and even more expensive. Still, an attempt was made by the 2013 Global Burden of Disease (GBD) study, revealing stroke to be the second leading cause of death behind only cardiovascular diseases [2].



The aging population, lifestyle, and environmental factors continue to shift the rate of stroke incidence further, particularly in developing countries. The elderly population is expected to outnumber the younger population by 2050 [3]. This raises concern as studies have already shown the drastic rise in stroke risk beyond the age of 60; changes in the brain after 60 years of age are nearly double that between 20 and 60 years of age [4,5]. However, what once was considered mainly a disease of the elderly has now been evidenced to occur in two-thirds of the population below 70 years of age [6].



Risk factors such as hypertension, dyslipidemia, diabetes, smoking, poor diet, and lack of physical activity constitute up to 80% of stroke cases [7]. Despite stroke being a non-communicable and preventable disease, it has become highly prevalent throughout the world [8]. Thromboembolism remains the major contributor to the underlying pathophysiology. The occlusion in the cerebrovasculature hinders the blood flow supplying the brain. This renders an ischemic condition, which starves the cerebral neuronal environment of adenosine triphosphate (ATP) and disrupts energy-requiring cellular processes that are essential for cell survival. This further culminates in infarcts in different brain regions and neuronal degeneration that elicits cognitive and motor deficits [9,10]. Other etiologies causing ischemic stroke are systemic inflammatory processes such as vasculitis, rheumatoid arthritis, and cerebral vasospasms [11].



Haemorrhagic strokes are more common in arteriosclerosed vasculature, accelerated by lipohyalinosis [12]. Aneurysms and the rupturing of intracranial blood vessels present a dangerous situation as intraparenchymal blood triggers pathological factors such as blood cytotoxicity, oxidative stress, and inflammation, ultimately damaging the blood-brain barrier (BBB) and potentially causing brain edema in which massive neuronal degradation ensues. In such situations, timely removal of the damaged neuronal tissue dictates patient survival [13,14,15,16].



The complexity of the molecular mechanisms as well as their physiological ramifications requires therapy that will focus on controlling and mitigating the cascade of apoptotic events that contribute to neuronal cell death. Despite the progress in stroke diagnosis and treatment [17], a quest for superior alternatives that help detect early changes in the cerebrovasculature and also form the foundation of not only salvaging but protecting the neuronal environment from ischemic insult have now directed stroke research toward the promising field of nanomedicine [18].




2. Advent of Nanotechnology


Nanotechnology in the field of medical research is offering an encouraging perspective in the therapy of various central nervous system disorders [19]. Nanotechnology is considered to be the generation and application materials or devices at the nanoscale level. Nanomaterials are considered to entail those materials that have single units with at least one dimension between 1 and 100 nm [20]. The concept and the origin of nanotechnology are attributed to Richard P. Feynman. The term ‘nano’ is derived from the Greek word meaning ‘dwarf’. A nanometer may be defined as one-billionth of a meter or the length of 10 hydrogen atoms placed side by side or 1/80,000th of the thickness of human hair. In medicine, nanoparticles (NPs) range in size from 5 to 250 nm [19]. Advocators promise to maneuver nanotechnology in such a manner as to spark a wave of novel and revolutionary products from machines to medicine [21]. NPs are a result of numerous physical or chemical processes, and these possess specific properties [22].



The world market for nanotechnology derived products is expected to increase by a large amount in the coming decades. The Indian government is also investigating and committing to nanotechnology applications in medicine, engineering, biotechnology, space research, etc. The Indian and Australian governments together contributed nearly 20 million dollars to start an Australia-India Science Research Funding Programme (AISRF). The global market value of the nanomedicine industry was estimated to be $63.8 billion in 2010 and increased to $72.8 billion in 2011, as published in a report by BCC Research [19,23].



Strokes have a greater disability impact than other disorders, according to the reports published by The American Stroke Association (ASA) and The Stroke Association UK. As reported by Saver, nearly 1.2 billion neurons, 8.3 trillion synapses, and 4470 miles or 7140 km of myelinated fibers are lost during a stroke episode. Following an ischemic attack, where there is delay in receiving treatment, it is estimated that the number of neurons lost is equivalent to the number of neurons lost in 36 years of normal ageing [18,24]. This fact has inspired numerous researchers to look out for alternative therapies, as the currently employed methods are limited in terms of earlier detection and treatments. For this reason, cerebrovascular and cardiovascular nanotechnology shows promise in managing the current difficulties [18,19].




3. Nanotechnology for the Diagnosis of Stroke


Recent research has exhibited the promising application of NPs to stroke therapy [25]. Magnetic resonance imaging (MRI), computed tomography (CT), positron emission tomography (PET), and ultrasound are employed for the diagnosis of stroke. Although highly beneficial, some restrictions of these techniques exist. Hence this has led many research groups to unfold more advanced imaging techniques with the help of nanotechnology (Figure 1) [26].



NPs are used as an efficient drug delivery system, the characteristics of which include having a diameter less than 100 nm, being non-toxic and biocompatible, having a biodegradable nature, being stable in blood, being capable of BBB-targeting, being non-inflammatory, and having a prolonged circulation time [18]. Biomarkers are regularly being used for improving stroke diagnosis. S100 calcium binding protein B (S100B), glial fibrillary acidic protein (GFAP), and vascular cell adhesion molecule (VCAM) are some of the biomarkers that have been well studied in strokes. These biomarkers can be incorporated with NPs for quick detection by integrating other techniques such as CT and MRI [27].



Different types of NPs, which have been utilized for diagnosis, are perfluorocarbon NPs, iron oxide NPs, gold NPs, polymeric NPs, quantum dots, nanospheres, etc. (Figure 2) [28].



3.1. Perfluorocarbon Nanoparticles (PFC-NPs)


Perfluorocarbon NPs (PFC-NPs) are non-metabolizable, non-toxic, and inert. PFC-NPs can target epitopes and at the same time, be integrated on the NP surface and can carry a high paramagnetic payload of 60,000 to 90,000 gadolinium ions per particle. Therefore, it is a very sensitive detector to target epitopes with MRI [29]. αvβ3-integrin-targeted PFC-NPs were used to detect the early manifestations, along with MRI [30]. The neurovascular density is proportional to the magnitude of the MRI signal, and PFC-NPs can enhance this magnitude. Ligand-directed PFC-NPs show promising results for the early and accurate detection of therapeutic responses in patients with stroke [31].




3.2. Iron Oxide NPs


Superparamagnetic iron oxide NPs (SPIOs) have been successfully utilized as MRI contrast agents. There are some SPIOs available in the market such as ferumoxide coated with dextran (SPIO), ferumoxytol coated with poly-glucose sorbitol carboxymethyl ether (USPIO), and VSOP-C184 coated with citrate (VSPIO) [32]. They have the advantage of being non-toxic, having long circulating blood half-life, the ability to penetrate the BBB, a low side effect profile, possible pathological identification, anatomical targeting, and clearance by phagocytic cells [33]. However, a limitation of not being able to differentiate the resident iron signals of the brain from the USPIO signals exists [26].




3.3. Gold NPs (GNPs)


Intravascular photoacoustic (IVPA) imaging is an invasive, catheter-based imaging technique, which images the optical absorption of atherosclerotic tissue using ultrasound. GNPs are used as contrast agents for IVPA to detect macrophages in atherosclerotic plaques [34]. However, delivering large-sized GNPs may become a risk factor. For instance, for delivering 50 nm gold NPs coated with thiolated polyethyleneglycol (PEG), a MRI-guided focused ultrasound technique can be utilized [13]. PEG-coated GNPs can cross the BBB, have improved solubility and stability, and show better uptake kinetic profile [35].




3.4. Polymeric NPs


Polymeric NPs are made up of biodegradable polymers [poly-d, l-Lactide-co-glycolide (PLGA)], which can entrap agents that are hydrophilic. They can deliver drugs by getting internalized into the cells via endocytosis. These are also used to coat metallic stents. PLGA NPs have been encapsulated with fluorescein isothiocyanate (FITC), which is a hydrophilic dye, into balloon-expandable stents. Efficient delivery of the FITC-encapsulated NPs was observed when a coronary smooth muscle was incubated with it [35]. Lu et al., have recently designed cationic polymeric micelles, which were loaded with different dyes to label neural stem cells (NSCs). Their study showed that such micelles showed high efficacy, safety, and reliability in in vivo tracking of stem cells in stroke therapy using MRI [36]. Similarly two other research groups developed polymersomes, which constitute a type of polymeric NP, for the imaging of therapeutic stem cells using MRI in case of stroke [37,38].



Another important component of NPs is nanospheres. A drug can be uniformly dispersed into a nanosphere matrix [39]. Nanospheres, due to their large surface area, exhibit target-specific drug delivery. They also demonstrated neuroprotective properties [40]. Caspase-3 inhibition improves cell survival after ischemia. Nanospheres loaded with Z-DEVD-FMK showed a considerable decrease in the neuro-deficits and activity of caspase-3, reduced the infarct volume, and may help in the prevention of stroke [41].




3.5. Quantum Dots


Quantum dots are optical contrast agents, employed as drug delivery and bioimaging agents for labeling molecules, cells, and tissues [42]. They consist of a semiconductor core and encompass elements from groups II to VI of the periodic table, of which cadmium selenide (CdSe) is the most commonly used. Quantum dots offer stable fluorescent tags, enhanced optical properties, and a composition that can be adjusted [43]. However, toxicity is associated when these are directly injected into the vasculature, and systemic toxicity is shown when CdSe quantum dots are illuminated with ultraviolet light. Quantum dots also show toxicity towards cultured cells [44].





4. Stroke Therapy Using Nanotechnology


The need of the hour is to develop new therapeutic approaches for the treatment of stroke, and the field of nanotechnology is proving to be a promising approach for stroke treatment. Adenosine has shown to be beneficial in various neurological conditions. When converted to nano-assemblies by conjugating adenosine with liquid squalene, improvement in neuro deficits has been shown in an animal model of ischemia [45]. Lee et al. pretreated rats with amine-modified single walled nanotubes and found that such rats have decreased levels of neuronal apoptosis markers. Also reduced glial and inflammatory responses post-stroke indicate that such nanotubes limit cell death and inflammation [46]. The group also noted that N-cadherin levels, an essential protein for cell adhesion and survival, remained high in animals treated with nanotubes. It has been reported that neurons showed a 200% increase in neurite length when they were grown on multi-walled carbon nanotubes (MWCNT), while there was up to a 300% increase on coated MWCNT compared to uncoated nanotubes [47]. MWCNTs are biocompatible and effective transporters for small interfering RNA (siRNA) that can silence apoptotic genes, which provides a potential therapeutic use of CNT in stroke [18].



Nanotechnology has been integrated with cell therapy, which has been extensively employed for the treatment of stroke. Iron-labeled neural progenitor cells (NPCs) showed migration towards the ischemic region and promoted angiogenesis when transplanted into the cisterna magna of rats with middle cerebral artery occlusion (MCAO), similarly such cells also showed migration towards the ischemic boundary, where they enhanced angiogenesis [48,49]. This migration of transplanted cells has been visualised by MRI [23]. Nanofibres produced by the electrospinning technique have been shown to support stem cell proliferation and growth, neurite outgrowth, and glial migration [50,51,52,53]. Tysseling et al. [54] reported that self-assembling nanofibres significantly stimulated behavioral improvement in animal stroke models.



The antioxidant properties of cerium oxide (CeO) NPs promoted the survival of cells and significantly reduced free radical production [18]. In an animal model of stroke, CeO NPs reduced cell death significantly [55]. They were also found to reduce the levels of ischemia-generated 3-nitrotyrosine, induced by a peroxynitrite radical [55]. Recently, platinum (Pt) NPs have been employed as free radicals and reactive oxygen species scavengers in vitro and in vivo in mice, thereby ameliorating the oxidative stress generated in ischemic conditions [56]. In the mouse model of MCAo, Pt NPs improved motor functioning and decreased the volume of infarct in the cortex [57]. These NPs have also been shown to successfully inhibit MMP-9 activation, thereby promoting neurological improvements [57,58]. Tissue plasminogen activator (tPA) is known to induce pathological and clinical damage, which was reduced by the use of Pt NPs, owing to the virtue of their catalase and superoxide dismutase-mimicking activity [59].



Xenon-encapsulated liposomes have been therapeutically delivered to the brain for stroke therapy using ultrasound guidance as xenon has been demonstrated to have neuroprotective properties [60]. Nanospheres and polymeric NPs are also increasingly being used as agents for ischemic stroke therapy [35,61].




5. Challenges


Nanotechnology research has exponentially grown within the last few decades, and the focus on brain disorders and stroke has increased in parallel. Theranostic development has led to a significant amount of understanding of some of the complex etiologies involved as well as increasing the chances of early diagnosis and therapeutic potential with the help of nanomedicine [62]. Several obstacles do, however, remain when it comes to treating stroke and other neurological diseases. The greatest hurdle by far is the BBB, a restrictive and essential component of protecting the brain from any harmful substances circulating in the blood and of blocking the entry of small molecules and mostly all macromolecules (Figure 3) [63]. Although well documented and studied, the entire composition and physiology of the BBB are still not completely elucidated. Part of this may be due to the complexity of enzyme transporters and the tight and adherent junctions spaced throughout the brain’s endothelial lining [64,65].



The other hurdle is tied to the leaky vasculature and BBB observed in stroke. As the BBB is unable to function optimally, there is greater chance that nanomaterials aimed to reach the brain end up reverting to systemic circulation. Although a leaky BBB initially facilitates an easier NP delivery to the brain, it may also cause a regurgitation of the administered dose back into the systemic circulation to precipitate side effects. This raises a challenge on how to exploit the leaky BBB while simultaneously mitigating the backflow. Furthermore, some NPs may even exacerbate BBB leakage [66]. A recent study by Sharma et al. displayed the breakdown of BBB membrane integrity and induced brain edema when the BBB was treated with different nanomaterials [67]. The leaking of NPs back into systemic circulation also implicates further complications; nanomaterials have shown a tendency to cause haemolysis, which can spell disaster by causing anaemia or reticulocytosis, both of which can be life-threatening [68]. To perpetuate this problem further, the lysed haemoglobin and cell debris may attach to circulating nanomaterials and trigger an immune cascade, which has been previously shown to be a cause of non-cerebrovascular occlusive stroke [69].



Another issue when designing nanomedicine to treat stroke is that the circulation time must be prolonged to increase the fraction of nanomaterial reaching the brain. In doing so, there is greater exposure to circulating coagulation factors, which can increase platelet aggregation and thrombus formation. This would further exacerbate the condition by creating more blood vessel occlusions [41], and, in severe conditions, dissemination due to intravascular coagulation may occur [70]. Increased circulation time can also reduce the bioavailability of nanomedicine due to an acquired antigenic property after opsonization by plasma proteins and thus enhanced clearance by phagocytes and the reticuloendothelial system (Figure 4).



A final major concern is the lack of protocols to assess the cytotoxicity of nanomaterials [71]. Various studies have cited inflammation and free oxygen radical generation in response to different nanomaterials [72]. Therefore, specific factors like cell type, the dosage administered, the effect of the biological environment on nanomaterial physicochemical properties, and the most relevant cytotoxic assay must be appropriately chosen and taken into consideration in order to study nanomaterial cytotoxicity. A failure to accurately assess the toxic profile of nanomaterials on a greater level continues to pose toxicity concerns when moving from bench to bedside [73].




6. Conclusions


The increasing threat of global stroke morbidity and mortality, the shortcomings and risks displayed by the incumbent therapies, and the desire for more efficient and safer alternative therapies for treating stroke have steered research towards nanotechnology. The complex nature of stroke and the difficulties in early detection and poor prognosis have stirred an urgency to develop better theranostic alternatives. Various nanomaterials offer greater options for early diagnosis and more lucid clarification of the pathophysiology. A deeper comprehension of early stress signals in the cerebrovasculature may help to prevent the impending cerebral ischemia as well as reduce the degree of damage a patient may suffer. With greater drug delivery efficacy, more efficient drug delivery may be accompanied by safer dosing and, subsequently, fewer side effects known to hinder the current drug therapies used for stroke. Of course, nanotechnology does not come without its caveats. Thus, nanomedicine targeting stroke treatment must be meticulously designed to achieve the safest and most efficacious therapeutic regimen. It is with this vision that nanotechnology pushes forward to develop more promising stroke therapies, and researchers may be able to use it as a tool to deliver different neuroprotectants to the brain by combating the BBB (Figure 5).







Acknowledgments


We would like to thank the Department of Science and Technology (DST) for their financial support through grant (SB/YS/LS-196/2014), the International Society for Neurochemistry (ISN) Return Home grant, the Department of Pharmaceuticals, the Ministry of Chemical and Fertilizers, the Government of India, and the National Institute of Pharmaceutical Education and Research (NIPER) Ahmedabad, Gandhinagar, Gujarat, India. The authors also want to express their thanks to the Boston Children’s Hospital, Harvard Medical School, Boston, MA, USA and the Director, NIPER Ahmedabad, for providing the necessary support.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Strong, K.; Mathers, C.; Bonita, R. Preventing stroke: Saving lives around the world. Lancet Neurol. 2007, 6, 182–187. [Google Scholar] [CrossRef]

	



Feigin, V.L.; Roth, G.A.; Naghavi, M.; Parmar, P.; Krishnamurthi, R.; Chugh, S.; Mensah, G.A.; Norrving, B.; Shiue, I.; Ng, M. Global burden of stroke and risk factors in 188 countries, during 1990–2013: A systematic analysis for the global burden of disease study 2013. Lancet Neurol. 2016, 15, 913–924. [Google Scholar] [CrossRef]

	



Powell, J.L.; Cook, I.G. Global ageing in comparative perspective: A critical discussion. Int. J. Sociol. Soc. Policy 2009, 29, 388–400. [Google Scholar] [CrossRef]

	



Esiri, M. Ageing and the brain. J. Pathol. 2007, 211, 181–187. [Google Scholar] [CrossRef] [PubMed]

	



Anderson, J.; Hubbard, B.; Coghill, G.; Slidders, W. The effect of advanced old age on the neurone content of the cerebral cortex: Observations with an automatic image analyser point counting method. J. Neurol. Sci. 1983, 58, 235–246. [Google Scholar] [CrossRef]

	



Feigin, V.L.; Norrving, B.; Mensah, G.A. Global burden of stroke. Circ. Res. 2017, 120, 439–448. [Google Scholar] [CrossRef] [PubMed]

	



O’Donnell, M.J.; Xavier, D.; Liu, L.; Zhang, H.; Chin, S.L.; Rao-Melacini, P.; Rangarajan, S.; Islam, S.; Pais, P.; McQueen, M.J. Risk factors for ischaemic and intracerebral haemorrhagic stroke in 22 countries (the interstroke study): A case-control study. Lancet 2010, 376, 112–123. [Google Scholar] [CrossRef]

	



Hankey, G. Preventable stroke and stroke prevention. J. Thromb. Haemost. 2005, 3, 1638–1645. [Google Scholar] [CrossRef]

	



Candelario-Jalil, E. Injury and repair mechanisms in ischemic stroke: Considerations for the development of novel neurotherapeutics. Curr. Opin. Investig. Drugs 2009, 10, 644–654. [Google Scholar] [PubMed]

	



Dirnagl, U.; Iadecola, C.; Moskowitz, M.A. Pathobiology of ischaemic stroke: An integrated view. Trends Neurosci. 1999, 22, 391–397. [Google Scholar] [CrossRef]

	



Macrez, R.; Ali, C.; Toutirais, O.; Le Mauff, B.; Defer, G.; Dirnagl, U.; Vivien, D. Stroke and the immune system: From pathophysiology to new therapeutic strategies. Lancet Neurol. 2011, 10, 471–480. [Google Scholar] [CrossRef]

	



Fisher, C.M. Pathological observations in hypertensive cerebral hemorrhage. J. Neuropathol. Exp. Neurol. 1971, 30, 536–550. [Google Scholar] [CrossRef] [PubMed]

	



Xi, G.; Keep, R.F.; Hoff, J.T. Mechanisms of brain injury after intracerebral haemorrhage. Lancet Neurol. 2006, 5, 53–63. [Google Scholar] [CrossRef]

	



Huang, F.-P.; Xi, G.; Keep, R.F.; Hua, Y.; Nemoianu, A.; Hoff, J.T. Brain edema after experimental intracerebral hemorrhage: Role of hemoglobin degradation products. J. Neurosurg. 2002, 96, 287–293. [Google Scholar] [CrossRef] [PubMed]

	



Felberg, R.A.; Grotta, J.C.; Shirzadi, A.L.; Strong, R.; Narayana, P.; Hill-Felberg, S.J.; Aronowski, J. Cell death in experimental intracerebral hemorrhage: The “black hole” model of hemorrhagic damage. Ann. Neurol. 2002, 51, 517–524. [Google Scholar] [CrossRef] [PubMed]

	



Aronowski, J.; Zhao, X. Molecular pathophysiology of cerebral hemorrhage. Stroke 2011, 42, 1781–1786. [Google Scholar] [CrossRef] [PubMed]

	



Goldstein, L.B. Modern medical management of acute ischemic stroke. Methodist DeBakey Cardiovasc. J. 2014, 10, 99–104. [Google Scholar] [CrossRef] [PubMed]

	



Kyle, S.; Saha, S. Nanotechnology for the detection and therapy of stroke. Adv. Healthc. Mater. 2014, 3, 1703–1720. [Google Scholar] [CrossRef] [PubMed]

	



Sahu, A.N. Nanotechnology in herbal medicines and cosmetics. Int. J. Res. Ayurveda Pharm. 2013, 4, 472–474. [Google Scholar] [CrossRef]

	



Oberdörster, G.; Stone, V.; Donaldson, K. Toxicology of nanoparticles: A historical perspective. Nanotoxicology 2007, 1, 2–25. [Google Scholar] [CrossRef]

	



Poole, C.P., Jr.; Owens, F.J. Introduction to Nanotechnology; John Wiley & Sons: Hoboken, NJ, USA, 2003. [Google Scholar]

	



Moghimi, S.M.; Hunter, A.C.; Murray, J.C. Nanomedicine: Current status and future prospects. FASEB J. 2005, 19, 311–330. [Google Scholar] [CrossRef]

	



Kubinová, Š.; Syková, E. Nanotechnology for treatment of stroke and spinal cord injury. Nanomedicine 2010, 5, 99–108. [Google Scholar] [CrossRef] [PubMed]

	



Saver, J.L. Time is brain—Quantified. Stroke 2006, 37, 263–266. [Google Scholar] [CrossRef]

	



Mc Carthy, D.J.; Malhotra, M.; O’mahony, A.M.; Cryan, J.F.; O’driscoll, C.M. Nanoparticles and the blood-brain barrier: Advancing from in vitro models towards therapeutic significance. Pharm. Res. 2015, 32, 1161–1185. [Google Scholar] [CrossRef] [PubMed]

	



Wang, B.; Yantsen, E.; Larson, T.; Karpiouk, A.B.; Sethuraman, S.; Su, J.L.; Sokolov, K.; Emelianov, S.Y. Plasmonic intravascular photoacoustic imaging for detection of macrophages in atherosclerotic plaques. Nano Lett. 2008, 9, 2212–2217. [Google Scholar] [CrossRef] [PubMed]

	



Jickling, G.C.; Sharp, F.R. Blood biomarkers of ischemic stroke. Neurotherapeutics 2011, 8, 349–360. [Google Scholar] [CrossRef]

	



Gilmore, J.L.; Yi, X.; Quan, L.; Kabanov, A.V. Novel nanomaterials for clinical neuroscience. J. Neuroimmune Pharmacol. 2008, 3, 83–94. [Google Scholar] [CrossRef] [PubMed]

	



Morawski, A.M.; Winter, P.M.; Crowder, K.C.; Caruthers, S.D.; Fuhrhop, R.W.; Scott, M.J.; Robertson, J.D.; Abendschein, D.R.; Lanza, G.M.; Wickline, S.A. Targeted nanoparticles for quantitative imaging of sparse molecular epitopes with MRI. Magn. Reson. Med. 2004, 51, 480–486. [Google Scholar] [CrossRef] [PubMed]

	



Winter, P.M.; Caruthers, S.D.; Allen, J.S.; Cai, K.; Williams, T.A.; Lanza, G.M.; Wickline, S.A. Molecular imaging of angiogenic therapy in peripheral vascular disease with αvβ3-integrin-targeted nanoparticles. Magn. Reson. Med. 2010, 64, 369–376. [Google Scholar] [PubMed]

	



Caruthers, S.D.; Cyrus, T.; Winter, P.M.; Wickline, S.A.; Lanza, G.M. Anti-angiogenic perfluorocarbon nanoparticles for diagnosis and treatment of atherosclerosis. Wiley Interdiscip. Rev. Nanomed. Nanobiotechnol. 2009, 1, 311–323. [Google Scholar] [CrossRef] [PubMed]

	



Weinstein, J.S.; Varallyay, C.G.; Dosa, E.; Gahramanov, S.; Hamilton, B.; Rooney, W.D.; Muldoon, L.L.; Neuwelt, E.A. Superparamagnetic iron oxide nanoparticles: Diagnostic magnetic resonance imaging and potential therapeutic applications in neurooncology and central nervous system inflammatory pathologies, a review. J. Cereb. Blood Flow Metab. 2010, 30, 15–35. [Google Scholar] [CrossRef] [PubMed]

	



Winer, J.L.; Kim, P.E.; Law, M.; Liu, C.Y.; Apuzzo, M.L. Visualizing the future: Enhancing neuroimaging with nanotechnology. World Neurosurg. 2011, 75, 626–637. [Google Scholar] [CrossRef] [PubMed]

	



Etame, A.B.; Diaz, R.J.; O’Reilly, M.A.; Smith, C.A.; Mainprize, T.G.; Hynynen, K.; Rutka, J.T. Enhanced delivery of gold nanoparticles with therapeutic potential into the brain using mri-guided focused ultrasound. Nanomed. Nanotechnol. Biol. Med. 2012, 8, 1133–1142. [Google Scholar] [CrossRef] [PubMed]

	



Nakano, K.; Egashira, K.; Masuda, S.; Funakoshi, K.; Zhao, G.; Kimura, S.; Matoba, T.; Sueishi, K.; Endo, Y.; Kawashima, Y. Formulation of nanoparticle-eluting stents by a cationic electrodeposition coating technology. JACC Cardiovasc. Interv. 2009, 2, 277–283. [Google Scholar] [CrossRef] [PubMed]

	



Lu, L.; Wang, Y.; Cao, M.; Chen, M.; Lin, B.; Duan, X.; Zhang, F.; Mao, J.; Shuai, X.; Shen, J. A novel polymeric micelle used for in vivo mr imaging tracking of neural stem cells in acute ischemic stroke. RSC Adv. 2017, 7, 15041–15052. [Google Scholar] [CrossRef]

	



Duan, X.; Wang, Y.; Zhang, F.; Lu, L.; Cao, M.; Lin, B.; Zhang, X.; Mao, J.; Shuai, X.; Shen, J. Superparamagnetic iron oxide-loaded cationic polymersomes for cellular MR imaging of therapeutic stem cells in stroke. J. Biomed. Nanotechnol. 2016, 12, 2112–2124. [Google Scholar] [CrossRef]

	



Wen, X.; Wang, Y.; Zhang, F.; Zhang, X.; Lu, L.; Shuai, X.; Shen, J. In vivo monitoring of neural stem cells after transplantation in acute cerebral infarction with dual-modal MR imaging and optical imaging. Biomaterials 2014, 35, 4627–4635. [Google Scholar] [CrossRef] [PubMed]

	



Soppimath, K.S.; Aminabhavi, T.M.; Kulkarni, A.R.; Rudzinski, W.E. Biodegradable polymeric nanoparticles as drug delivery devices. J. Controll. Release 2001, 70, 1–20. [Google Scholar] [CrossRef]

	



Hara, H.; Friedlander, R.M.; Gagliardini, V.; Ayata, C.; Fink, K.; Huang, Z.; Shimizu-Sasamata, M.; Yuan, J.; Moskowitz, M.A. Inhibition of interleukin 1β converting enzyme family proteases reduces ischemic and excitotoxic neuronal damage. Proc. Natl. Acad. Sci. USA 1997, 94, 2007–2012. [Google Scholar] [CrossRef] [PubMed]

	



Psarros, C.; Lee, R.; Margaritis, M.; Antoniades, C. Nanomedicine for the prevention, treatment and imaging of atherosclerosis. Maturitas 2012, 73, 52–60. [Google Scholar] [CrossRef] [PubMed]

	



Resch-Genger, U.; Grabolle, M.; Cavaliere-Jaricot, S.; Nitschke, R.; Nann, T. Quantum dots versus organic dyes as fluorescent labels. Nat. Methods 2008, 5, 763–775. [Google Scholar] [CrossRef] [PubMed]

	



Azzazy, H.M.; Mansour, M.M.; Kazmierczak, S.C. From diagnostics to therapy: Prospects of quantum dots. Clin. Biochem. 2007, 40, 917–927. [Google Scholar] [CrossRef] [PubMed]

	



Derfus, A.M.; Chan, W.C.; Bhatia, S.N. Intracellular delivery of quantum dots for live cell labeling and organelle tracking. Adv. Mater. 2004, 16, 961–966. [Google Scholar] [CrossRef]

	



Gaudin, A.; Yemisci, M.; Eroglu, H.; Lepetre-Mouelhi, S.; Turkoglu, O.F.; Dönmez-Demir, B.; Caban, S.; Sargon, M.F.; Garcia-Argote, S.; Pieters, G. Squalenoyl adenosine nanoparticles provide neuroprotection after stroke and spinal cord injury. Nat. Nanotechnol. 2014, 9, 1054–1062. [Google Scholar] [CrossRef] [PubMed]

	



Lee, H.J.; Park, J.; Yoon, O.J.; Kim, H.W.; Kim, D.H.; Lee, W.B.; Lee, N.-E.; Bonventre, J.V.; Kim, S.S. Amine-modified single-walled carbon nanotubes protect neurons from injury in a rat stroke model. Nat. Nanotechnol. 2011, 6, 121–125. [Google Scholar] [CrossRef] [PubMed]

	



Mattson, M.P.; Haddon, R.C.; Rao, A.M. Molecular functionalization of carbon nanotubes and use as substrates for neuronal growth. J. Mol. Neurosci. 2000, 14, 175–182. [Google Scholar] [CrossRef]

	



Zhang, Z.G.; Jiang, Q.; Zhang, R.; Zhang, L.; Wang, L.; Zhang, L.; Arniego, P.; Ho, K.L.; Chopp, M. Magnetic resonance imaging and neurosphere therapy of stroke in rat. Ann. Neurol. 2003, 53, 259–263. [Google Scholar] [CrossRef] [PubMed]

	



Jiang, Q.; Zhang, Z.G.; Ding, G.L.; Zhang, L.; Ewing, J.R.; Wang, L.; Zhang, R.; Li, L.; Lu, M.; Meng, H. Investigation of neural progenitor cell induced angiogenesis after embolic stroke in rat using mri. Neuroimage 2005, 28, 698–707. [Google Scholar] [CrossRef] [PubMed]

	



McKenzie, J.L.; Waid, M.C.; Shi, R.; Webster, T.J. Decreased functions of astrocytes on carbon nanofiber materials. Biomaterials 2004, 25, 1309–1317. [Google Scholar] [CrossRef] [PubMed]

	



Yang, F.; Murugan, R.; Wang, S.; Ramakrishna, S. Electrospinning of nano/micro scale poly (l-lactic acid) aligned fibers and their potential in neural tissue engineering. Biomaterials 2005, 26, 2603–2610. [Google Scholar] [CrossRef] [PubMed]

	



Schnell, E.; Klinkhammer, K.; Balzer, S.; Brook, G.; Klee, D.; Dalton, P.; Mey, J. Guidance of glial cell migration and axonal growth on electrospun nanofibers of poly-ε-caprolactone and a collagen/poly-ε-caprolactone blend. Biomaterials 2007, 28, 3012–3025. [Google Scholar] [CrossRef] [PubMed]

	



Corey, J.M.; Lin, D.Y.; Mycek, K.B.; Chen, Q.; Samuel, S.; Feldman, E.L.; Martin, D.C. Aligned electrospun nanofibers specify the direction of dorsal root ganglia neurite growth. J. Biomed. Mater. Res. Part A 2007, 83, 636–645. [Google Scholar] [CrossRef] [PubMed]

	



Tysseling-Mattiace, V.M.; Sahni, V.; Niece, K.L.; Birch, D.; Czeisler, C.; Fehlings, M.G.; Stupp, S.I.; Kessler, J.A. Self-assembling nanofibers inhibit glial scar formation and promote axon elongation after spinal cord injury. J. Neurosci. 2008, 28, 3814–3823. [Google Scholar] [CrossRef] [PubMed]

	



Schubert, D.; Dargusch, R.; Raitano, J.; Chan, S.-W. Cerium and yttrium oxide nanoparticles are neuroprotective. Biochem. Biophys. Res. Commun. 2006, 342, 86–91. [Google Scholar] [CrossRef] [PubMed]

	



Onizawa, S.; Aoshiba, K.; Kajita, M.; Miyamoto, Y.; Nagai, A. Platinum nanoparticle antioxidants inhibit pulmonary inflammation in mice exposed to cigarette smoke. Pulm. Pharmacol. Ther. 2009, 22, 340–349. [Google Scholar] [CrossRef] [PubMed]

	



Klohs, J.; Steinbrink, J.; Bourayou, R.; Mueller, S.; Cordell, R.; Licha, K.; Schirner, M.; Dirnagl, U.; Lindauer, U.; Wunder, A. Near-infrared fluorescence imaging with fluorescently labeled albumin: A novel method for non-invasive optical imaging of blood-brain barrier impairment after focal cerebral ischemia in mice. J. Neurosci. Methods 2009, 180, 126–132. [Google Scholar] [CrossRef] [PubMed]

	



Yagi, K.; Kitazato, K.T.; Uno, M.; Tada, Y.; Kinouchi, T.; Shimada, K.; Nagahiro, S. Edaravone, a free radical scavenger, inhibits mmp-9-related brain hemorrhage in rats treated with tissue plasminogen activator. Stroke 2009, 40, 626–631. [Google Scholar] [CrossRef] [PubMed]

	



Takamiya, M.; Miyamoto, Y.; Yamashita, T.; Deguchi, K.; Ohta, Y.; Abe, K. Strong neuroprotection with a novel platinum nanoparticle against ischemic stroke-and tissue plasminogen activator-related brain damages in mice. Neuroscience 2012, 221, 47–55. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Peng, T.; Britton, G.L.; Kim, H.; Cattano, D.; Aronowski, J.; Grotta, J.; McPherson, D.D.; Huang, S.L. Therapeutic time window and dose dependence of xenon delivered via echogenic liposomes for neuroprotection in stroke. CNS Neurosci. Ther. 2013, 19, 773–784. [Google Scholar] [CrossRef]

	



Karatas, H.; Aktas, Y.; Gursoy-Ozdemir, Y.; Bodur, E.; Yemisci, M.; Caban, S.; Vural, A.; Pinarbasli, O.; Capan, Y.; Fernandez-Megia, E. A nanomedicine transports a peptide caspase-3 inhibitor across the blood-brain barrier and provides neuroprotection. J. Neurosci. 2009, 29, 13761–13769. [Google Scholar] [CrossRef]

	



Gaudin, A.; Andrieux, K.; Couvreur, P. Nanomedicines and stroke: Toward translational research. J. Drug Deliv. Sci. Technol. 2015, 30, 278–299. [Google Scholar] [CrossRef]

	



De Boer, A.; Gaillard, P. Drug targeting to the brain. Annu. Rev. Pharmacol. Toxicol. 2007, 47, 323–355. [Google Scholar] [CrossRef] [PubMed]

	



Daneman, R. The blood-brain barrier in health and disease. Ann. Neurol. 2012, 72, 648–672. [Google Scholar] [CrossRef]

	



Bhaskar, S.; Tian, F.; Stoeger, T.; Kreyling, W.; de la Fuente, J.M.; Grazú, V.; Borm, P.; Estrada, G.; Ntziachristos, V.; Razansky, D. Multifunctional nanocarriers for diagnostics, drug delivery and targeted treatment across blood-brain barrier: Perspectives on tracking and neuroimaging. Part. Fibre Toxicol. 2010, 7, 3. [Google Scholar] [CrossRef]

	



Shcharbina, N.; Shcharbin, D.; Bryszewska, M. Nanomaterials in stroke treatment. Stroke 2013, 44, 2351–2355. [Google Scholar] [CrossRef] [PubMed]

	



Sharma, H.S.; Hussain, S.; Schlager, J.; Ali, S.F.; Sharma, A. Influence of nanoparticles on blood-brain barrier permeability and brain edema formation in rats. In Brain Edema XIV; Springer: Vienna, Austria, 2010; pp. 359–364. [Google Scholar]

	



Bosi, S.; Feruglio, L.; Da Ros, T.; Spalluto, G.; Gregoretti, B.; Terdoslavich, M.; Decorti, G.; Passamonti, S.; Moro, S.; Prato, M. Hemolytic effects of water-soluble fullerene derivatives. J. Med. Chem. 2004, 47, 6711–6715. [Google Scholar] [CrossRef] [PubMed]

	



Dobrovolskaia, M.A.; Aggarwal, P.; Hall, J.B.; McNeil, S.E. Preclinical studies to understand nanoparticle interaction with the immune system and its potential effects on nanoparticle biodistribution. Mol. Pharm. 2008, 5, 487–495. [Google Scholar] [CrossRef] [PubMed]

	



Desai, N. Challenges in development of nanoparticle-based therapeutics. AAPS J. 2012, 14, 282–295. [Google Scholar] [CrossRef] [PubMed]

	



Dhawan, A.; Sharma, V. Toxicity assessment of nanomaterials: Methods and challenges. Anal. Bioanal. Chem. 2010, 398, 589–605. [Google Scholar] [CrossRef] [PubMed]

	



Wong, H.L.; Wu, X.Y.; Bendayan, R. Nanotechnological advances for the delivery of cns therapeutics. Adv. Drug Deliv. Rev. 2012, 64, 686–700. [Google Scholar] [CrossRef] [PubMed]

	



Lewinski, N.; Colvin, V.; Drezek, R. Cytotoxicity of nanoparticles. Small 2008, 4, 26–49. [Google Scholar] [CrossRef] [PubMed]








[image: Micromachines 08 00262 g001 550] 





Figure 1. Nanoparticles (NPs) used for diagnosis. Some NPs such as quantum dots can be employed for bio-imaging due to their inherent fluorescent nature and their use as contrasting agents. This helps to track them in vivo and to understand their pharmacokinetics. Although the kidneys serve as a primary route of clearance, the liver and spleen also serve to clear NPs from the body. 
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Figure 2. Nanoparticles in the management of stroke. 
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Figure 3. NPs are able to cross the restrictive blood brain barrier to be taken up by neurons and prevent further neurodegeneration. 
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Figure 4. Challenges with NPs: prolonged circulation exposes NPs to opsonisation by albumin, phagocytosis by monocytes, and clearance from the body, thereby reducing their bioavailability and overall therapeutic effect. 
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Figure 5. The vision for our future research. 
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