
Neurodegenerative disorders and nanoformulated drug
development

Ari Nowacek, Lisa M Kosloski, and Howard E Gendelman†
Department of Pharmacology, & Experimental Neuroscience, Center for Neurovirology &,
Neurodegenerative Disorders, University of Nebraska, Medical Center, Omaha, NE 68198-5880,
USA

Abstract
Degenerative and inflammatory diseases of the CNS include, but are not limited to, Alzheimer’s and
Parkinson’s disease, amyotrophic lateral sclerosis, stroke, multiple sclerosis and HIV-1-associated
neurocognitive disorders. These are common, debilitating and, unfortunately, hold few therapeutic
options. In recent years, the application of nanotechnologies as commonly used or developing
medicines has served to improve pharmacokinetics and drug delivery specifically to CNS-diseased
areas. In addition, nanomedical advances are leading to therapies that target CNS pathobiology and
as such, can interrupt disordered protein aggregation, deliver functional neuroprotective proteins and
alter the oxidant state of affected neural tissues. This article focuses on the pathobiology of common
neurodegenerative disorders with a view towards how nanomedicine may be used to improve the
clinical course of neurodegenerative disorders.
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A significant challenge for 21st century medicine is to positively affect the clinical outcomes
for mind, motor and behavioral abnormalities that follow debilitating CNS conditions linked
to aging, infections and degeneration. These include, but are not limited to: Alzheimer’s and
Parkinson’s diseases (AD and PD), stroke, amyotrophic lateral sclerosis (ALS), multiple
sclerosis (MS) and HIV-1-associated neurocognitive disorders (HAND) [1–6]. A myriad of
factors affect disease onset and progression that include host genetics, lifestyle, environment,
behavior, immunity and aging [7].

Unfortunately, with the exception of anti-microbials, few therapies are currently available that
can affect disease outcomes. Generally, modern medicine used for treatment of neuro-
degenerative disorders is at best palliative and manages only the symptoms [8,9]. Adding
another level of difficulty is a paucity of early and accurate detection of biomarkers. This is
especially important as most neurodegenerative disorders are difficult to diagnose and disease
processes are operative for years before either the patient or physician is clear on a specific
diagnosis. Another impediment for diagnosis rests with the underlying pathogenic mechanisms
for neurodegenerative disorders that include modification, accumulation and aggregation of
host proteins, disruption of blood flow, altered tissue homeostasis, low level infection, and/or
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neuroimmune dysfunction [10–15]. All of these issues could be positively affected if an
intervention was made before permanent and long-lasting neural damage ensued.
Unfortunately, the translation of promising results from laboratory and animal studies to
clinical practice has met with mixed results.

We posit that nanotechnology-directed modalities that can specifically target a damaged CNS
hold considerable promise if unwanted side effects and tissue barriers can be overcome [16–
18]. Based on this idea, we discuss the basic pathobiology associated with each of the common
neurodegenerative disorders and then examine how recent studies in nanomedicine may be
used to develop potential therapies or improve disease monitoring for both newly found and
well-known targets of human disease.

Alzheimer’s disease
Alzheimer’s disease, worldwide, is the most prevalent neurodegenerative disorder. Although
each individual is uniquely affected by AD, the disease is generally characterized by
impairments of memory, cognition and behavior [7]. The earliest symptoms are often
erroneously attributed to advancing age or stress. Memory loss certainly predominates and
includes problems with recall of life events. Diagnosis is usually confirmed by assessments of
behavior and cognition. As the disease progresses, confusion, irritability, aggression, mood
swings and withdrawal become commonplace. The disease excludes individuals from
maintaining normal life events and in the latter stages of disease often requires long-term care
and institutionalization [19].

Pathologically, AD is characterized by loss of cortical, and to a lesser extent, subcortical
neurons and synapses. This results in gross atrophy, including degeneration of the temporal
and parietal lobes and parts of the frontal cortex and cingulate gyrus [20–22]. There are two
types of characteristic lesions: extracellular senile plaques and intracellular neurofibrillary
tangles [23,24]. Both are composed of abnormal aggregations of amyloid-β (Aβ). Tangles are
composed of aggregates of hyperphosphorylated tau, a microtubule-associated protein [11,
12]. These are the most common histopathologic AD features but alone may not be sufficient
to generate the significant and profound neuronal loss that occurs in the disease [25–27].

Alzheimer’s disease is highly prevalent and well characterized, with a number of potential
therapeutic options but regrettably few currently in clinical practice. These include, but are not
limited to, clearance of aggregated Aβ, attenuation of neuroinflammatory activities,
modulation of redox responses and oxidative stress, halting the formulation of reactive oxygen
species (ROS), cell-, tissue- and/or immune-based neuroregeneration, and/or protection and
modulation of known biochemical responses [28–34]. Each of these would be improved
substantively if drugs could be delivered specifically to affected brain areas. Direct applications
could also improve diagnostics if plaques, tangles and/or neuropathological activities could be
seen earlier in the disease course. Thus, in recent years there has been a significant effort
researching the use of nanoformulations for diagnosing and treating AD [35]. Most of the new
therapeutic modalities are aimed at pathogenic events that are well established and known to
directly contribute to neurodegeneration.

Aberrant homeostasis of transition metal ions within the brain has long been linked to Aβ
aggregate formation [36–40]. As such, chelating agents that selectively bind, remove and
neutralize transition metals are considered potential AD therapies. However, many traditional
chelators are neurotoxic and the blood–brain barrier (BBB) limits delivery, thus preventing
therapeutic use [41,42]. Importantly, delivery of chelating agents to the brain through
nanocarriers can reduce cytotoxicity and allow for specific delivery to the CNS. Therefore,
transport of chelators to the brain has been developed for therapeutic benefit. The copper(I)-
chelating agent D-penicillamine, covalently conjugated to nano-particles (NPs) [43] through a
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disulfide bond, is capable of solubilizing copper-Aβ aggregates in a reduced environment
[44]. Moreover, chelators 2-methyl-N-(2-aminoethyl)-3-hydroxyl-4-pyridinone (MAEHP)
and deferoxamine conjugated to NPs and coated with polysorbate-80 were able to chelate metal
ions from brain sections of AD patients [45]. In addition, these particles bind ApoE and ApoA1
and therefore, can be taken into brain microvessel endothelial cells through the low-density
lipoprotein receptor, suggesting a possible mechanism of transport across the BBB. Recent
work with carboxylic-functionalized polystyrene NPs conjugated to the iron chelator MAEHP
showed that NP delivery of chelators to neurons can effectively inhibit Aβ aggregation and
neurotoxicity [46]. Such particles, when used in AD transgenic animal models, will investigate
biodistribution and in vivo efficacy. The role of transition metal homeostasis in the process of
Aβ aggregation is of considerable therapeutic interest.

In addition to decreasing metal ion content, other studies demonstrated the potential therapeutic
benefit of copper supplements [47–49]. Such studies address cellular deficiency of copper. In
this regard, functional nanocarriers would increase delivery of copper to the brain. For these
works, the particles consist of hyperbranched polyethyleneimine as a core surrounded by
organic shells. These NPs encapsulate copper, transport it into neurons and decrease
extracellular Aβ levels in vitro [50]. While this is a novel approach to reducing Aβ aggregation,
clinical trial data released in 2008 showed that copper intake did not affect AD progression
[51]. However, considering recent experiments that promote copper uptake as a disease-
modifying approach [52–54], copper supplementation remains a therapeutic option. More
recently, zinc has been linked with Aβ aggregate formation [55,56]. The formation of zinc–
selenium nano-crystals has been used to detect and confirm the presence of zinc as another
metal component of Aβ aggregates [57].

Amyloid-β aggregation is a multistep process that involves several oligomeric intermediates.
Thus, new nanotherapies have been designed to inhibit the formation of Aβ aggregates during
intermediate steps. Polyamidoamine dendrimers inhibit aggregation of Aβ peptides [58].
Copolymeric N-isopropylacrylamide: N-tert-butylacrylamide NPs quench and temporarily
reverse fibrillization of Aβ in vitro [59]. The mechanism of reduction in both of these
experiments most likely involves depletion of available monomers and trapping of critical
nuclei, thereby preventing aggregation initiation. Fullerenes have also been shown to inhibit
Aβ fibrillization. C60 fullerenes affected Aβ aggregate assembly. Upon intracerebroventricular
injection, C60 fullerenes were able to prevent impaired cognitive performance on tasks
normally induced by the presence of Aβ [60]. Inhibition of Aβ aggregation has also been
accomplished using polyethylene glycol (PEG)-stabilized phospholipid nanomicelles [61].
Since the formation of Aβ aggregates is a multistep process with many opportunities for
inhibition, continued exploration in this field is necessary.

Another means to reduce the damage done by Aβ aggregates is to remove them. A therapeutic
option in the early stages of development is facilitated removal of Aβ aggregates with the use
of sequestering agents. A recent example demonstrating this possibility has been the complete
removal of amyloidogenic fibrils from an aqueous phase by binding amyloid fibrils to magnetic
iron-oxide (maghemite) NPs and then removing these NP–protein complexes from the solution
using a magnetic field [62]. Another potential sequestering agent is sialic acid-conjugated
polyamidoamine dendrimers, which were able to attenuate Aβ-induced neurotoxicity in vitro
[63]. This work was based on a previous study that demonstrated the relatively high binding
affinity of Aβ to sialic acid residues on cell surfaces and that removal of cell-surface sialic
acids attenuated Aβ toxicity [64]. Gold (Au) NPs can target and remove Aβ deposits with the
application of electromagnetic energy. Au NPs conjugated with fragments of Aβ peptide or
coated with a peptide known to interact with Aβ aggregates (e.g., CLPFFD-NH2) can be
incorporated into Aβ fibrils. Stable interaction between Au NP–protein complexes and their
target, Aβ aggregates, is a key goal in the application of this technology [65]. Aβ aggregates
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that incorporate Au NPs can be selectively ablated by laser exposure [66] or with the application
of microwave fields [67]. These provide new avenues for both targeting and then removing
Aβ deposits. Microwave radiation is perhaps less invasive while still allowing for selective
ablation of Aβ deposits.

The formation of ROS has been linked to neuronal death in AD [33,68–70]. However, research
on the reduction of ROS in the brain is generally not specific to AD. Research studying the use
of NPs to prevent damage caused by free radicals has focused on decreasing the production of
ROS that occurs after acute ischemic injuries and other neurodegenerative disorders. Thus,
discussion of this subject will be continued in the stroke section of this paper. Another method
to improve clinical outcomes in AD is to increase drug delivery to the brain to target
biochemical pathways linked to disease. In order to accomplish this end, tacrine (a reversible
cholinesterase inhibitor)-containing magnetic chitosan microparticles were intravenously
injected followed by placement of a magnet at the head [71]. This resulted in significantly
increased drug delivery to the brain. Another AD medication, huperzine-A (a cholinesterase
inhibitor used to improve cognitive function), may be packaged into microspheres of poly
(lactic-co-glycolytic acid) (PLGA) and can show sustained release over 12 days when
administered intramuscularly to reduce scopolamine-induced memory impairment in mice
[72,73].

Advancements in diagnosing AD are being made by nanotechnology. During the last decade,
much research has focused on developing cerebrospinal fluid biomarkers for disease. The
diagnostic focus included tau protein, the 42-amino acid form of β-amyloid, amyloid precursor
protein (APP) and amyloid-β-derived diffusible ligands (ADDL). Cerebrospinal fluid ADDL
levels are known to correlate with disease. Measurement of these proteins is facilitated by the
use of ADDL-specific monoclonal antibodies in an ultrasensitive, NP-based protein detection
strategy referred to as biobarcode amplification. Biobarcode amplification uses NPs as DNA
carriers to improve the sensitivity of detection [74]. Another recent advance has been in the
use of Au NPs. Fragments of Aβ antibody were conjugated to Au NPs, which binds to Aβ
protein. The resulting immunocomplexes could be detected in concentrations as low as 1 fg/
ml by the use of scanning tunneling microscopy [75,76]. Another use of Au NP has been in
the fabrication of Au-capped NP multispot-localized surface plasmon resonance immunochips
that can detect tau at 10 pg/ml [77]. Both of these methods would allow for more accurate
diagnosis of AD.

Parkinson’s disease
Parkinson’s disease was first detailed in 1817 in a medical essay published on the subject by
London doctor James Parkinson. Symptoms appear gradually and are unique to the affected
brain subregion [78]. These include difficulty maintaining balance, problems with ambulation,
resting tremors, bradykinesia, and stiffness of the limbs and trunk. Pathologically, PD is defined
by the loss of dopaminergic neurons within the substantia nigra pars compacta with subsequent
loss of striatal dopaminergic projections to both the caudate and putamen [79]. The exact cause
of PD is not known as many factors are involved in disease development, including misfolded
proteins, neuroinflammation, glial immune activation, ROS production, toxin exposure, host
genetics and aging [10,80–83]. However, it is clear that the disease process starts long before
any symptoms appear and autonomic abnormalities and dysfunction may be early symptoms
[84,85]. Motor, and ultimately cognitive, deterioration are linked to neuronal damage and the
breakdown of the BBB, caused by the release of neurotoxic compounds initiated by immune-
activated glia [86]. The loss of BBB integrity during disease progression allows leukocyte entry
into the brain, which serves to further enhance and perpetuate the neuroinfammatory cascade
[87].
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Treatments currently available for PD target symptoms of the disease. These are used to replace
lost dopamine, serve as dopamine receptor agonists or act as selective inhibitors of monoamine
oxidase. The latter metabolizes dopamine, thereby prolonging the positive affects of dopamine
replacements. Other drugs such as amantadine or anticholinergic medicines reduce tremors
[88]. However, the focus on using nanomedicine approaches for PD is a balance between
halting the disease process and improving delivery of more conventional drugs used in the
treatment of symptoms. We provide examples for both.

Recent works have used C60 fullerenes in the treatment of PD. C60 fullerenes have unique
physical and chemical properties and have been researched for their potential biomedical
applications [89–92]. C60 shows potent antioxidant capabilities and could offer therapeutic
benefit through the reduction of free radicals. For example, C60-ascorbic acid NPs protect
chromaffin cells against levodopa toxicity. This has led to the idea of combining levodopa with
ascorbic acid-functionalized C60 [93]. However, a number of reports have raised concern about
drug safety. For example, it was shown that pristine C60 becomes toxic when exposed to visible
light in the presence of oxygen [94]. Cyprinus carpio brain homogenates with added C60
produced significantly more lipid hydroperoxides when exposed to light, thus raising concerns
that in vivo C60 could cause damage when present in photic regions of the brain [95]. Such
approaches remain in development. Another example includes the polyhydroxylated fullerene
derivative, C60(OH)24. This fullerene is able to prevent mitochondrial oxidative damage
induced by 1-methyl-4-phenylpyridinium ions in an acute cellular PD model using human
neuroblastoma cells [96]. The suggested mechanisms of action include radical scavenging and
antioxidant activities. C60 fullerenes have unique properties and offer many potential uses for
the treatment of neurodegenerative disorders. However, before their successful application can
be realized, the issues of toxicity must be resolved.

Decreasing microglia-activated ROS production in the brain regions affected in PD by cell
delivery of NP catalase is a new technique that is gaining interest [97]. Catalase can be packaged
into a NP consisting of a block copolymer complex with polyethyleneimine– PEG. Mouse
bone marrow macrophages were exposed to particles in vitro and then adoptively transferred
into a mouse with 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine-induced PD. Cells that
contained catalase NPs were able to cross the BBB, increase delivery of catalase and remove
microglial hydrogen peroxide at greater levels when compared with ‘free’ catalase [98].

Chronic inflammation has been implicated in many neurodegenerative disorders, including
PD, and findings have suggested that modulating neuroinflammation can reduce neuronal death
[86,88,99–101]. Specific phospholipids, such as phosphatidylglycerol present on apoptotic
cells, and certain pathogens can induce anti-inflammatory responses [102,103]. VP025
(Vasogen Inc., ON, Canada) is a phosphatidylglycerol-based phospholipid NP that interacts
with antigen-presenting cells and regulates proinflammatory cytokine production, thus
controlling inflammation. The potential therapeutic benefit of VP025 in PD has been explored.
The VP025 NP protects neurons in the 6-hydroxydopamine mouse model of PD [104]. The
neuroprotective responses are linked to preventing neuronal apoptosis, reducing microglial
inflammation and/or affecting the ubiquitin–proteasome system. Failure of the latter to degrade
abnormal proteins may underlie the accumulation of α-synuclein and dopaminergic neuronal
degeneration. In this manner, a reduction of functional proteasome activity has been implicated
in the pathogenesis of PD [105]. The VP025 NP prevents the deficits in motor coordination
observed in a proteasome inhibitor rat model of PD. Thus, VP025 may have a therapeutic effect
on the impairment of dopaminergic-mediated motor activity induced by proteasome inhibition
[106]. This compound has produced promising results, and its continued development is
encouraged. The product completed a successful Phase I clinical trial in 2005 and is currently
in Phase II clinical development.
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Another means for treating PD is to deliver functional proteins to affected cells within the CNS.
One major barrier, in addition to the BBB, has been delivery of such proteins across neuronal
cell membranes. Polybutylcyanoacrylate NPs were used to transport multiple proteins, such as
mouse monoclonal antibodies to α-synuclein (H3C), to primary hippocampal cultures. This
was accomplished with maintenance of protein function. In addition, antibody uptake was
dependent on the low-density lipoprotein receptor, which had been suggested in previous
studies [107]. This recent study demonstrates that NP vehicles can be used to effectively deliver
intact proteins across neuronal membranes.

As for AD and other neurodegenerative disorders, increasing delivery of currently used drugs
to the brain would greatly improve PD clinical outcomes. In an effort to accomplish this,
bromocriptine, one of the original dopamine agonists, has been developed into solid lipid NPs.
Bromocriptine crystals were suspended with tristearin/tricaprin lipid combination and coated
with poloxamer-188. After using 6-hydroxydopamine to induce nigrostriatal degeneration,
bromocriptine NPs were administered by intraperitoneal injection. Bromocriptine NPs
improved performance in behavioral tests over the use of free drug [108]. This is but one
example of traditional PD medications that can be made into stable NPs capable of sustained
release. Obviously, future research should explore other means to deliver drug to the
nigrostriatum during the course of disease.

Amyotrophic lateral sclerosis
Amyotrophic lateral sclerosis, also known as Lou Gehrig’s disease, is a disorder of motor
neurons and is a common adult-onset neurodegenerative disease [109]. Symptoms include
muscle weakness, tripping, dropping items, abnormal fatigue of the arms and/or legs, slurred
speech, muscle cramps and twitches. Eventually, complete neuromuscular failure occurs and
death typically results due to compromised respiratory function 3–5 years after the onset of
symptoms [110]. The neuropathologic hallmark of ALS is neuronal degeneration and atrophy,
confined almost entirely to the upper and lower motor neurons. ALS affects approximately six
in every 100,000 adults throughout the world with approximately 95% of cases being of a
sporadic nature [111]. The remaining cases are caused by missense mutations on chromosome
21, encoding a copper- or zinc-binding protein called superoxide dismutase (SOD), and have
been linked to the familial form of the disease [112,113]. SOD is one of the most important
enzymes employed in the defense against oxidative stress and has been implicated in many
neurodegenerative diseases.

A number of new approaches for ALS therapy are being developed. They include adaptive
immune neuroprotection, vaccines against misfolded protein epitopes, stem cell therapy and
nanomedicine [114]. Nanomedicine approaches have focused in part on ROS. Indeed, a
significant portion of neuronal loss in ALS is potentially due to damage caused by ROS as a
result of dysfunctional SOD. Thus, some research in the field of nanomedicine on ALS has
been focused on replenishing functional levels of SOD1 to motor neurons. For example, PLGA
NPs containing SOD1 have been used to deliver SOD to neurons and provide protection against
hydrogen peroxide-induced oxida-tive stress in vitro [115]. Carboxyfullerene SOD mimetics,
molecules with SOD-like activity that have a high reactivity to superoxide radicals and are also
cell permeable, have been shown to be neuroprotective in vitro [116]. This study also
established a structure–activity relationship between carboxyfullerenes and the amount of
inherent SOD mimetic activity.

Acrolein is a highly reactive product of lipid peroxidation that has been identified within motor
neurons of patients with ALS and in the brains of patients with AD [117]. Mesoporous silica
NPs loaded with hydralazine and coated with PEG were able to ameliorate the damage caused
to both cell membranes and mitochondria, induced by exposure to a normally lethal amount
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of acrolein in vitro [118]. This is a novel therapeutic target for both ALS and AD. Nanomedicine
also offers the potential to improve diagnosis of ALS. Au NPs coated with SOD1 monomer
readily interact with SOD1 aggregates and have been used to develop a simple and sensitive
colorimetric detection system that could be used to improve the diagnosis of ALS [119].

Multiple sclerosis
Multiple sclerosis takes several forms, with symptoms occurring either in discrete relapsing
attacks or accumulating slowly in more progressive forms. Between attacks, symptoms may
completely go away and neurological function return to normal, but permanent neurological
dysfunction can and often does occur most notably in advanced disease [120,121]. Jean Martin
Charcot first described disseminated white matter lesions within the CNS in 1868 [122].
Lesions are known to contain perivascular cell-based inflammation and demyelination [123].
Plaques occur anywhere within the CNS white matter but more frequently in the optic nerves,
brainstem, cerebellum and spinal cord. These are commonly linked to clinical symptoms. The
presence of plaques in brain regions adjacent to the cortex demonstrates spared subcortical
myelinated fibers. Plaques rarely spread into the gray matter [124]. Lesions occur as a
consequence of host-generated immune responses against oligodendrocytes and myelin
components leading to frank demyelination [125]. This affects the ability of cells in the brain
and spinal cord to effectively communicate with each other and leads to a broad range of
symptoms including, but not limited to, paresthesia, paresis, bowel and bladder deficits, visual
disturbances and cognitive impairments. Treatment of MS has traditionally focused on immune
suppression, but disease-modifying agents such as glatiramer acetate and IFN-β have also been
used [126,127].

An important determinant of neurologic disability in MS is axonal degeneration. Therefore,
one therapeutic approach in the treatment of MS is promoting neuroprotection [128–130]. A
NP consisting of a water-soluble fullerene derivative (ABS 75) functionalized with an NMDA
receptor antagonist has been designed, combining antioxidant and antiexcitotoxic properties.
This particle has shown positive results in reducing MS disease progression in mice immunized
with myelin basic protein. The NP was able to decrease oxidative injury, cluster of
differentiation molecule 11b (CD11b) infiltration and chemokine (C-C motif) ligand 2 (CCL2)
expression without affecting T-cell responses [131]. This complex NP, which combined
multiple functions into a single particle, is a good demonstration of how a nanomedical tool
can simultaneously affect disease outcomes from different angles. Based on results that
identified infection with Helicobacter pylori as a protective factor against the development of
MS [132], an interesting suggestion has recently been made for a new therapeutic strategy in
MS. H. pylori components could possibly be packaged in NPs, functionalized for neuro-
specific targets and delivered by cells to the CNS [133]. This concept has yet to be explored,
but the use of nanotechnology would be a good method for packaging and delivering H. pylori
proteins.

Inhibition of immune responses remains the traditional treatment for MS [134–136]. However,
there are other ways to modulate the immune system besides general inhibition. Fullerenes
have been suggested for use in the treatment of AD, PD and ALS; they may also be of use in
MS. It was unexpectedly found that C60 fullerenes were capable of inhibiting the initiation and
propagation of an antigen-driven type I hypersensitivity reaction [137]. This finding suggested
a new biological role for fullerenes and a potential new way to modulate the immune system
in the treatment of MS.

Several advancements in the treatment of MS with the use of nanotechnology are being made
in the field of imaging. A number of particles are being developed that are able to help visualize
and detect inflammation before outright pathology is evident. These NPs are being
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functionalized so they can allow for direct detection of inflammatory markers. One is a
carbohydrate-functionalized NP that can detect the presence of E/P-selectins [138]. Another
is an antibody-conjugated microparticle carrying iron oxide that can detect VCAM-1 [139].
Iron-oxide NPs are also being used to label macrophages in order to follow their migration into
sites of active lesion formation [140]. This could help to monitor inflammatory events and aid
in the guidance of therapeutic interventions.

Stroke
In the USA, stroke is the second most common cause of neurologic disability after AD [141].
Atherosclerosis, heart disease, hypertension, diabetes and lifestyle habits are risk factors
correlated with the disease. Unlike most neurodegenerative disorders, many of the risk factors
associated with stroke are modifiable. Causes of the disease revolve around disruptions of
blood flow to the brain parenchyma which includes vascular occlusion (thrombotic and/or
embolytic stroke) or rupture (hemorrhagic stroke). The neuropathological hallmarks of stroke
are necrotic infarcts of variable size coupled with inflammatory gliosis. Treatment of stroke in
the realm of nanomedicine has focused on reducing the production of ROS and re-establishing
blood flow to the ischemic brain region.

Excessive production of ROS, as mentioned before, plays a significant role in many
neurodegenerative disorders, occurs after cerebral ischemia and has been implicated in brain
damage by a variety of cellular and molecular mechanisms. This is further aggravated by the
fact that cellular antioxidant defense systems are impaired under ischemic conditions. For
stroke, as in ALS, therapeutic strategies based on exogenous delivery of SOD and other ROS
scavengers have been an area of exploration. However, delivery of SOD to the brain is difficult
owing to its short half-life and poor permeability across the BBB. SOD encapsulated in PLGA
NPs positively affected the rat focal cerebral ischemia-reperfusion injury model of human
disease. When SOD NPs were administered through the carotid artery at the time of reperfusion,
BBB integrity was maintained, edema was prevented, the level of ROS was reduced and
neurons were protected from apoptosis [142]. This indicated that SOD NPs might benefit stroke
patients when used in conjunction with thrombolytic agents. Compounds capable of
scavenging ROS besides SOD have been explored for their ability to provide neuroprotection
and to be packaged into a NP for delivery to the brain. For example, attention has been given
to ceria NPs. First, cerium-oxide NPs administered in a vacancy-engineered mixed valence
state are potent scavengers of ROS. These particles were shown in vitro to be able to decrease
intracellular concentrations of ROS and provide neuroprotection. Therefore, they were
suggested to be a potential method to decrease neuronal death in stroke and neurodegenerative
conditions [143,144]. More work with ceria NPs followed. Free radical scavenging by auto-
catalytic ceria NPs provided protection to adult rat spinal cords from hydrogen-peroxide
produced ROS in vitro [145]. The use of nano-ceria and other antioxidants may, in the future,
prove beneficial for the in vivo mitigation of ischemic events after spinal cord injury, as well
as possibly being a new therapeutic agent for oxidation injury in neurodegenerative disorders.

Restoring blood perfusion to the ischemic brain region is a vital therapy for acute stroke. For
example, thrombolytics, such as recombinant tissue plasminogen activator, administered soon
after symptom onset can improve outcomes. However, the potential for adverse hemorrhagic
events limits their use. Specifically targeting clot-dissolving therapeutics with nanotechnology
has the potential to decrease the frequency of complications and increase treatment
effectiveness by concentrating the available drug at the desired site. One attempt to accomplish
this has been through the development of a fibrin-specific, liquid perfluorocarbon NP with
bound plasminogen activator streptokinase [43]. This new NP-based thrombolytic agent was
able to provide specific and rapid fibrinolysis in vitro. This and similar particles may have a
therapeutic role in early reperfusion during acute ischemic stroke.
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Another way to decrease the damage inflicted by a stroke is to deliver oxygen to the ischemic
site. Normally, this task would be accomplished by red blood cells (RBCs), but in the case of
ischemic stroke, the occluding thrombus prevents passage of RBCs. Thus, it is necessary to
find another mechanism of oxygen delivery to the starved site until the blockage is removed
or dissolved. One method of accomplishing this uses liposome-encapsulated hemoglobin
(LEH). LEH was originally investigated 20 years ago for its potential to carry oxygen in order
to sustain life during massive hemorrhagic events [146] but it is now finding use in the treatment
of stroke. When used in a rat model, it was shown to significantly reduce the size of cerebral
infarcts. LEH is able to prevent extravazation of hemoglobin and the small size allowed for
oxygen delivery beyond the obstruction via the flow of plasma to areas where RBCs have
difficulty reaching. This greatly reduced the diffusion distance and allowed for oxygen delivery
to needed areas [147]. More recent studies have also found that LEH can reduce infarct size
and edema associated with ischemic stroke [148,149]. A PET imaging study performed in a
rat model demonstrated that while there was nearly absent blood flow to the labeled ischemic
region, oxygen-carrying LEH were able to penetrate towards the core of the ischemic zone
[150]. The advancements in nanotechnology make it more likely that particles like these could
soon be successfully used in the treatment of stroke.

HIV-1-associated neurocognitive disorders
Globally, there are more than 30 million people living with HIV, and many now benefit from
antiretroviral therapies. HAND are a spectrum of diseases from subtle asymptomatic infection
to more overt cognitive and behavioral abnormalities, called in its severest form, HIV-1
associated dementia [151]. Histopathologically, disease can manifest with little or no
neuropathologies to a multinucleated giant cell encephalitis or HIV-1 encephalitis (HIVE).
HIVE is characterized by micro- and astrogliosis, myelin pallor, the formation of macrophage-
origin giant cells and frank neuronal drop-out [152]. Damaged brain subregions are typically
localized to the basal ganglia, brainstem and deep white matter [153,154]. The associations
between HIVE and HIV-1 associated dementia are substantive and neuropathology is strongly
associated with profound memory loss and abnormalities associated with behavior and gait.
HIV-1-infected monocytes readily cross the BBB and accumulate in perivascular macrophages
and microglia, leading to a range of neurological disorders classified as HAND [155,156]. The
use of antiretroviral therapies, including HIV protease inhibitors and nucleoside, nucleotide
and non-nucleoside reverse transcriptase inhibitors, has reduced morbidities and mortalities
associated with HIV infection but has failed to eliminate HAND due to incomplete
antiretroviral penetration of the BBB, amongst other mechanisms [157]. Moreover, compliance
and secondary toxicities of drugs have posed disease-combating limitations. Such issues have
spawned the development of nanomedicines for antiretroviral and adjunctive HIV therapies,
as addressed more completely in our companion paper [158]. The coupling of available
antiretroviral therapies with NP-based delivery systems is briefly discussed. Spherical solid
lipid NPs of approximately 167 nm can traverse the BBB and effectively deliver atazanivir to
the brain, supporting therapeutic NP benefits [159]. Trans-activating transcriptor peptide-
conjugated NPs effectively shield ritonavir from the efflux activity of p-glycoprotein [160].
Stavudine, delavirdine and saquinavir can increase their passage through the BBB by
association with polybutylcyanoacrylate, methylmethacrylate-sulfopropylmethacrylate and
solid lipid NPs by 12- to 16-fold, three- to sevenfold and four- to 11-fold, respectively [161].
This potential targeting of HAND by the joining of nanotechnology and antiretroviral
therapeutics holds beneficial therapeutic strategies.

Conclusion
The development of nanomedicine for the treatment of neurodegenerative diseases targets
improved disease outcomes. This reflects the incidence, prevalence, clinical significance, well-
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characterized pathogenic mechanisms, availability of animal models and the seriousness of
these disorders. However, many of the therapies that are being designed for a specific
neurodegenerative disorder could potentially be applied to others. If an efficient way to deliver
functional proteins across the BBB and into neurons or an effective method for decreasing the
damage caused by ROS can be found, these approaches could be applied to nearly all of the
neurodegenerative diseases. Thus, development of nanomedicines that focus on one
neurodegenerative disorder will generally benefit them all; rarely is a therapy being developed
which applies to only one disease. In the past 5 years, new potential therapies for
neurodegenerative disorders have been developed. Many of these therapies focused on treating
factors that have been well characterized and are known to directly contribute to the disease
process. For a complete list of nanotechnology referenced to specific diseases discussed in this
paper, see Table 1. These include disease-specific entities, such as Aβ for AD and α-synuclein
for PD as well as processes that are common to all neurodegenerative disorders, such as
neuroinflammation and ROS production. Some compounds have been more heavily studied
than others. C60 fullerenes, for example, have gained much attention because their unique
physical and chemical properties allow for easy manipulation and creation of new therapeutic
methods. However, there continues to be concerns about the safety of these compounds. While
continued development of fullerene-based therapies is of value, it is also necessary to gain a
better understanding of the potential dangers associated with their use. Another compound that
has attracted much attention has been gold, which has been successfully used to make a variety
of NPs with different functions, including increased sensitivity of protein detection, enhanced
imaging of the CNS and the ability to specifically remove or ablate protein deposits. Gold is
a great material for nanomedical applications for CNS disease therapy because it is versatile
and has less safety concerns. The development of improved drug delivery methods to the
nervous system combined with improved methods for early detection will certainly change
clinical outcomes.

Future perspective
Over the past 10 years, new nanomedicine tools have been developed that have improved
diagnosis and therapeutic directives for neurodegenerative disorders. As a result, there has been
a dramatic increase in knowledge of CNS disease pathobiology. A picture has been developing
that shows many features at the cellular level are common to all neurodegenerative disorders.
This has provided targets for nanomedicine interventions and helped to guide drug designs.

We propose three important avenues for disease-combating interventions will be developed
through nanomedicine approaches. First, the improvement of site-directed drug delivery in
brain regions most affected by disease will be achieved through ‘smart formulations’ and the
ability to bypass or engage the BBB, thus improving the outcomes of anti-inflammatory,
immunomodulatory and anti-apoptotic compounds. Second, regenerative nanomedicine will
provide new agents to specifically repair or modulate disease targets. However, such
interventions must not only find their way into affected disease areas of the CNS but also show
limited or no toxicities. Third, early disease diagnosis will lead to improved intervention
outcomes since treatments are likely to be more effective. Interdictive therapies that can halt
or reverse the disease course have been tried but were met with varied degrees of success.

As genomic, proteomic and metabolomic studies begin to better decipher the etiologies of
disease, new pathways responsible for initiation and propagation of disease are emerging.
Chemotherapeutic, anti-inflammatory and neuroprotective agents have the promise of being
effective if they can be delivered to the sites where they are most needed. However, they are
currently mired by in vivo limitations that prevent them from becoming viable treatments,
including poor pharmacokinetics, toxicity and, most importantly, lack of ability to cross the
BBB. Techniques such as disruption of the BBB and direct bypass by injection or implantation
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will sidestep this last limitation, but they too have undesired side effects, such as the crossing
of unwanted compounds into the brain and a high degree of invasiveness, respectively. We
propose that the development of nanoformulations that can reach the site of disease when
packaged into particles or micelles that are targeted to cells or diseased tissue areas can
overcome such obstacles and ultimately lead to effective treatments where few are currently
available.

Executive summary

Alzheimer’s disease
• Aberrant homeostasis of transition metals has long been linked with amyloid-β

(Aβ) aggregate formation. In order to address this potential cause of Alzheimer’s
disease (AD), methods for sequestering excess metal ions, such as chelator–
nanoparticle (NP) complexes, from as well as ways to supplement metal, such as
polyethyleneimine metal-transporting NPs, to the brain are being explored.

• Aβ aggregation is a multistep process involving many oligomeric intermediates.
Preventing the process of Aβ fibrilization at any point may provide benefits.
Particles such as polyamidoamine dendrimers, C60 fullerenes and polyethylene
glycol-stabilized phospholipid nanomicelles attempt to inhibit this process by
depleting either the number of available monomers or critical nuclei.

• The removal of fully formed Aβ aggregates from the blood and brain can reduce
neural damage in AD. Metal NPs that bind Aβ fibrils are being used to selectively
ablate, by the application of electromagnetic energy, or remove, by magnetization,
Aβ aggregates.

• Advancements in AD treatment are being made in drug delivery with the
development of huperzine-packaged poly(lactic-co-glycolytic acid) NPs and in
diagnosis with the development of gold NPs complexed with fragments of Aβ
antibody or protein for imaging.

Parkinson’s disease
• C60 fullerenes for treatment of Parkinson’s diease (PD) and other

neurodegenerative disorders is being explored. Particles such as C60-ascorbic acid
and polyhydroxylated C60 show potential antioxidant and radical scavenging
properties. However, concern has been raised about the toxicity of C60 fullerenes
and much more must be learned about these particles before they can be used
clinically.

• Cell-mediated delivery of catalase-containing NPs to the brain is being developed.
This method offers great promise for delivering drugs specifically to areas of the
brain that need them, not just for PD but for all neurodegenerative disorders.

• Chronic neuroinflammation has been implicated in causing dopaminergic cell
death. Studies with VP025, a phosphatidylglycerol-based phospholipid NP, have
been purposed to cause an anti-inflammatory response by interacting with antigen-
presenting cells and decreasing cytokine production. Recent studies using animal
models of PD have suggested that this particle could improve clinical outcomes
for patients with PD.

• Delivery of functional proteins to degenerating neurons is being developed.
Polybutylcyanoacrylate NPs may be successfully used to deliver multiple proteins
to hippocampal cells in culture.
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• Solid lipid NPs of bromocriptine are being developed to improve pharmacokinetics
over free drug.

Amyotrophic lateral sclerosis
• Dysfunctional superoxide dismutase (SOD) is linked to the pathogenesis of

amyotrophic lateral sclerosis. Nanomedicine approaches were used to improve
delivery of functional SOD to degenerating neurons or supplement with
carboxyfullerene SOD mimetics.

• The production of endotoxins, such as acrolein, are linked with neuronal death in
amyotrophic lateral sclerosis and AD. NPs, such as mesoporous silica NPs loaded
with hydralazine and coated with polyethylene glycol, mitigate the damage to
mitochondria and cell membranes.

Multiple sclerosis
• Axonal degeneration is linked to multiple sclerosis (MS). NPs consisting of a

fullerene derivative functionalized with an NMDA antagonist combines
antioxidant and antiexcitotoxicity properties. This multifunctional NP has shown
benefit in a mouse model of MS.

• The use of NPs to deliver Helicobacter pylori proteins to the CNS is being
developed. This suggestion was based on the finding that H. pylori infection had
been identified as a protective factor against MS.

• General inhibition of the immune system is a common way to treat MS. It has been
discovered that C60 fullerenes have the unique ability to selectively inhibit antigen-
driven type I hypersensitivity reactions.

Stroke
• Excessive production of reactive oxygen species that follows an ischemic episode

plays a significant role in neuronal death. In order to address this, SOD NPs and
ceria NPs with antioxidant properties are being developed that could reduce
oxidant injury after ischemic events.

• Restoring blood flow to the occluded region is of upmost importance in ischemic
stroke. Thrombolytics are able to effectively dissolve clots, but severe side effects
limit their clinical use. With the application of nanotechnology, NPs are being
developed that could transport thrombolytics and specifically target clots.

• Re-establishing blood flow to occluded regions is a focal point for treatment in
ischemic stroke. Liposome-encapsulated hemoglobin is capable of transporting
and delivering oxygen. These particles have shown promise in the treatment of
ischemic stroke because their small size allows them to bypass clots and reach the
oxygen-deprived tissues.

HIV-1-associated neurocognitive disorders
• HIV-1-associated neurocognitive disorders are a spectrum of diseases ranging

from subtle asymptomatic infection to more overt cognitive and behavioral
abnormalities called in its most severe form, HIV-1-associated dementia.

• The use of antiretroviral therapy has reduced morbidities and mortalities associated
with HIV infection but failed to eliminate HIV-1-associated neurocognitive
disorders due, in part, to incomplete antiretroviral penetration across the blood–
brain barrier.
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• Nanomedicine is addressing this issue by developing NPs that transport
antiretroviral drugs across the blood–brain barrier amongst other methods.
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Table 1

Summarization of neurodegenerative diseases and their developing nanomedicine therapies.

Disease Therapeutic mechanism Particle composition Finding Ref

Alzheimer’s disease

Metal chelation Polystyrene conjugated to MAEHP Inhibit Aβ
aggregation and
Aβ aggregate
neurotoxicity in
AD-fixed brain
sections. Bind to
ApoE and ApoA1
that could
facilitate brain
entrance and exit

[44]

Metal supplementation Polyethyleneimine (hyperbranched) cores with
single or multiple organic shells

Encapsulate
copper, transport
it to neurons and
decrease Aβ
aggregates in
vitro

[49]

Inhibition of Aβ aggregate
formation

N-isopropylacrylamide: N-tert-butylacrylamide Quench and
temporarily
reverse
fibrillization of
Aβ in vitro

[57]

Aβ aggregate sequestration Maghemite Removal of Aβ
fibrils from
aqueous phase
with a magnetic
field

[60]

Aβ aggregate ablation Au NPs coated with CLPFFD-NH2 peptide Selectively ablate
Aβ aggregates
that contain Au
NPs with laser
exposure

[64]

Improve drug delivery Tacrine-containing magnetic chitosan
microparticles

Increased drug
delivery to brain
with placement of
magnet

[66]

Parkinson’s disease

Antioxidation Polyhydroxylated fullerene derivative,
C60(OH)24

Prevent
mitochondrial
oxidative damage
induced by
MPTP in human
neuroblastoma
cells

[86]

Decrease ROS production Polyethyleneimine-PEG-containing catalase Cell-mediated
delivery of
catalase to brain

[87]

Reduce neuroinflammation VP025 (Vasogen Inc.), phosphatidylglycerol-
based phospholipid NP

Neuroprotective
with pretreatment
in a 6-OHDA
mouse

[90]

Delivery of functional
proteins

Poly(butyl cyanoacrylate) Delivery of
functional
proteins to
primary
hippocampal
cultures. Uptake
dependent on
LDL receptor.

[93]
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Disease Therapeutic mechanism Particle composition Finding Ref

Improve drug delivery Bromocriptine crystals suspended in tristearin/
tricaprin lipid combination and coated with
poloxamer-188

mproved
pharmacokinetics
over free drug

[94]

Amyotrophic lateral sclerosis

Replenish SOD SOD-containing PLGA Deliver SOD to
neurons and
protect against
oxidative damage
in vitro

[101]

Supplement SOD Carboxyfullerene SOD mimetics Cross cell
membranes and
high reactivity to
superoxide
radicals

[102]

Endotoxin Mesoporous silica loaded with hydralazine and
coated with PEG

Reduce damage
caused to cell
membranes and
mitochondria
induced by
acrolein

[104]

Multiple sclerosis

Neuroprotection Fullerene derivative (ABS-75) functionalized
with an NMDA receptor antagonist

Reduced disease
progression in
mouse model

[115]

Immune inhibition C60 fullerenes Inhibition of
initiation and
propagation of
antigen-driven
type I
hypersensitivity
reaction

[121]

Immune modulation NP-containing Helicobacter pylori peptides Purposed, not yet
tested

[117]

Stroke

Reduce production of ROS SOD encapsulated in PLGA BBB integrity
maintained,
edema prevented,
level of ROS
formed reduced
and decreased
neuronal
apoptosis

[126

Re-establish blood flow Perfluorocarbon NP with bound plasminogen
activator streptokinase

Specific and
rapid fibrinolysis
in vitro

[130]

Increase oxygen delivery Liposome-encapsulated hemoglobin Oxygen delivery
beyond
thrombotic
obstruction
Decrease infarct
size and edema

[132]

HIV-1-associated neurocognitive disorders

Antiretroviral therapy SLNs with atazanivir SLN of
approximately
167 nm cross
BBB

[143]

Antiretroviral therapy TAT-peptide-conjugated ritonavir Shields ritonavir
from the efflux
activity of p-
glycoprotein in
BBB

[144]
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Disease Therapeutic mechanism Particle composition Finding Ref

Antiretroviral therapy SLNs, PBCA and MMA-SPM associated with
stavudine, delavirdine and saquinivir

NP association
allows for an
increased
transport across
the BBB

[145]

6-OHDA: 6-hydroxydopamine; Aβ: Amyloid-β; AD: Alzheimer’s disease; Au: Gold; BBB: Blood-brain barrier; LDL: Low-density lipoprotein;
MAEHP: 2-methyl-N-(2-aminoethyl)-3-hydroxyl-4-pyridinone;MMP-SPM: Methylmethacrylate-sulfopropylmethacrylate; MPTP: 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyhdine; NP: Nanoparticle; PBCA: Polybutylcyanoacrylate; PEG: Polyethylene glycol; PLGA: Poly(lactic-co-
glycolyticacid); ROS: Reactive oxygen species; SLN: Solid lipid nanoparticle; SOD: Superoxide dismutase.
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