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Abstract

Neurological diseases and injuries have profound impact on a patient’s lifespan and functional
capabilities, but often lack effective intervention strategies to address the underlying
neuropathology. The blood-brain barrier (BBB) is a major hurdle in the effective delivery of
therapeutics to the brain. Recent discoveries in BBB maintenance reveal a dynamic system where
time of day, disease progression, and even biological variables all strongly influence its
permeability and flux of molecules. Nanoparticles can be used to improve the efficacy of
therapeutics by increasing circulation time, bioavailability, selectivity, and controlling the rate of
payload release. Considering these recent findings, the next generation of pharmacological
paradigms are evolving to leverage nanotechnology to turn therapeutic intervention to meet the
needs of a specific patient (i.e. personalized medicine).
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1. Introduction

Neurological disorders afflict approximately 50 million Americans annually and cost
hundreds of billions of dollars in expenses and lost productivity [1]. Effective clinical
therapies that address the underlying pathology for many of these conditions are limited.
The main obstacle for central nervous system (CNS) pharmaceutical therapies is robust
administration to the brain/spinal cord parenchyma. Potential delivery routes to the brain
include three main approaches: delivery across the blood-brain barrier (BBB), intranasal
delivery, and intrathecal delivery (cerebral spinal fluid; CSF). Intranasal delivery bypasses
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2.

the BBB via direct absorption through the olfactory and trigeminal nerves. Uptake and
delivery are limited in this method since the drug carrier must reach but not pass the
olfactory region of the nasal cavity. Therefore, the drug carrier size and the patient’s strength
of breath significantly impact pharmacokinetics/pharmacodynamics [2]. Intrathecal injection
directly into the CSF allows for rapid and efficient bulk drug delivery with limited systemic
dispersion. While this route is an emerging form of CNS drug delivery [3], intrathecal
injection is relatively invasive, and rapid drug clearance from the CSF along with limited
penetration into the brain parenchyma are current obstacles in drug administration [4].
Arguably the most well studied route of drug delivery is directly crossing the BBB. Drug
delivery across the BBB has wide-ranging appeal because of its minimally invasive nature,
but the inherent structure and function of the BBB does an incredible job of impeding drug
delivery. Here, the objective of this opinion piece is to highlight recent advances in BBB
penetrating nanoparticle drug delivery systems, reflect on recent findings of fundamental
BBB maintenance/permeability with respect to biological variables, and examine how
disease progression may impact pharmacokinetics/pharmacodynamics.

Blood-Brain Barrier

2.1 Basic Structure

First discovered in 1885 by Paul Ehrlich, the BBB structure consists of three main
components (Figure 1A) [5]: (1) Endothelial cells intricately connected through cell-cell
receptors including tight junctions providing a selective barrier separating the brain
parenchyma and blood, (2) Pericytes envelope endothelial cells providing a second layer to
the BBB as well as vascular flow control, and (3) Astrocyte foot ends extend around the
pericytes and endothelial cells further stabilizing the BBB and providing critical factors for
construction and maintenance of the interstitial cell space and tight junctions. The BBB
structure also filters out foreign compounds, including small molecule drugs, via tight
regulatory mechanism that include minimal paracellular diffusion, receptor mediated
transcytosis (i.e., transferrin), carrier mediated transport (i.e., glucose transport protein
(GLUT-1), absorptive mediated transport (i.e., albumin), and active influx/efflux pumps (i.e.,
ATP-binding cassette transporters such as breast cancer resistance protein (BCRP),
multidrug resistance protein 1 (MRP1), and P-glycoprotein (P-gp)) (Figure 1B) [6]-[8].
Many features of the BBB structure are evolutionarily conserved across species from fruit
flies to mammals [9], [10]. Therefore, a wide range of models exist to probe key aspects of
BBB regulation, maintenance, and permeability to increase our understanding of drug
aelivery to the brain.

2.2 Dynamic BBB

Classic depictions of the BBB create visions of a stagnate, impenetrable wall; however, an
increasing number of studies are finding the BBB to be regionally dynamic in composition
and function. For example, cellular distribution expression of the drug efflux pumps P-gp
and MRP1 that contribute to drug uptake and distribution in the brain reportedly differs both
regionally and within the cellular compartments of the BBB [11], [12]. Specifically, P-gp
was predominantly expressed in endothelial cells, whereas MRP1 expression was prominent
in parenchyma astrocytes, glia limitans lining the meninges, and ependymal cells in
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choroidal structures (blood-cerebrospinal fluid interface). Regionally throughout the
cerebrovascular system, Scherrmann et al. reported limited P-gp expression along large,
penetrating arterioles, and high ion expression along capillary beds and venules [12].
Additionally, Unadkat et al. measured transporter protein levels in human subjects and
identified regional variation in transporter proteins and interindividual variability [13]. They
found the primary visual cortex (BA17) had an increased expression of transporter proteins
glucose transporter 1 (GLUTL), BCRP, P-gp, equilibrative nucleoside transporter 1 (ENT1),
and organic anion transporting polypeptide 2B1 (OATP2B1) compared to the parietal lobe
(BA39) [13]. Additionally, they found males had a significantly lower expression of P-gp in
both regions compared to females. It is important to note that regional distributions needs
confirmed with subsequent studies as uneven enrichment due to sample preparation was
cited as a limitation of this study. Another recent study identified a 2.5-fold increased
expression in canines of human peptide transporter 2 (PEPT2) in the brain stem compared to
the cerebellum, with pronounced altered expression of 18 transporter and receptors between
the brain capillaries and the choroid plexus [14]. PEPT2 is an excellent target for drug
delivery since it can work against the concentration gradient taking in molecules of a varying
size, hydrophobicity and charge [15]. Collectively, these studies demonstrate differential
expression and distribution of classic BBB transporters that may readily contribute
differential regional drug targeting and distribution within the brain.

More recent studies highlight the impact of daily homeostatic patterns such as the circadian
rhythm on the molecular transport in and out of the brain [16]. During periods of
wakefulness, molecules such as norepinephrine reportedly preferentially accumulate within
the brain parenchyma and are more readily removed while at rest [16]. Similar reports from
G. J. Kress et al. also demonstrated that toward the end of wake cycles, the BBB becomes
more penetrable to both active ATP-based transport as well as passive carrier-mediated
transport mechanisms [17]. Moreover, sleep, tangentially regulated by circadian rhythm and
master biological clock in the brain (suprachiasmatic nucleus; SCN), itself reportedly
regulates BBB permeability. In the context of neuropathology, p-amyloid, a key molecule
involved in Alzheimer’s disease (AD) and normally cleared by low density lipoprotein
receptor-related protein 1 (LRP-1),is found to peak in interstitial fluid during the deepest
stages of sleep, and disrupting sleep results in increased amyloid plaque deposition [17],
[18]. Prolonged lack of sleep is linked to increased BBB permeability via passive diffusion
through structural breakdown of tight junctions such as claudin-5 and occludin (Figure 1).
Hurtado-Avarado et al. demonstrated that Evans blue—a normally impenetrable dye—
infiltrated the brain in 10 day sleep restricted rats, likely due to inflammation disrupting tight
junctions [19]. In sum, these studies highlight dynamic nature of the BBB and how both
inherent circadian rhythm as well as sleep disturbances may influence BBB permeability
thereby contributing to neurological disease progression but may also be exploited for drug
delivery applications to optimize pharmacokinetics [20]. For further reading on the dynamic
nature of the BBB see Cambell et al [21].

3. Traumatic Brain Injury

Understanding the dynamics of the BBB is paramount to treat neurological disease/injury
conditions such as traumatic brain injury (TBI). TBI is a prominent neurological condition
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with minimal therapeutic interventions that afflicts over 1.4 million people across the U.S.
annually [22]. TBI occurs when a mechanical force is delivered to the brain, resulting in
rapid damage [23], [24]. The initial phase of the injury results in heterogenous and direct
damage to the tissue and axonal shearing of neurons. The primary injury releases a myriad
of pathophysiological and biochemical signaling cascades referred to as the secondary injury
phase. These include hypo- and hyper-perfusion, edema, BBB dysfunction and inflammation
[25], [26][Figure 2]. Throughout this process, both resident microglia, astrocytes and
systemic inflammatory cells are activated, resulting in recruitment of other peripheral
inflammatory/immune cells. Microglia respond in part to damage-associated molecular
patterns, proteins or molecules that under normal physiological conditions reside/function
intracellularly but release extracellularly after injury by stressed or damaged cells. Cellular
signaling attempts to restore homeostasis in the injured tissue but can often exacerbate the
injury [26], [27].

3.1 BBB Disruption following TBI

One prominent and potentially persistent homeostatic alteration after TBI is the disruption of
the BBB [23]. Intracranial bleeding, even microbleeds, following a TBI is associated with
poor recovery and more frequent patient death [26], [28]. Moreover, evidence of chronic
BBB dysfunction and deposition of bloodborne proteins is recognized as a hallmark
pathology in chronic traumatic encephalopathy [29]. BBB permeability in TBI pre-clinical
models occurs immediately after injury lasting up to 7 days. Biphasic BBB permeability
peaks occur <6 hours followed by the second peak ~3 days in focal pre-clinical TBI models
[30]. Ultimately the extravasation of these blood constituents (e.g. fibrinogen, platelets, and
leukocytes) result in increased exacerbation of neuroinflammation [31]-[33] further
contributing to BBB permeability [34]-[36].

3.2 Influence of biological factors BBB disruption following TBI

Pathologically divergent sex-dependent responses are well documented for TBI [[24], [37]-
[39]. Clinically, females report poorer clinical outcomes than males following TBI, though
paradoxically pre-clinical studies show a female neuroprotective response compared to
males [40]-[42]. Pre-clinical models of TBI demonstrate a sex-dependent divergent
inflammatory and hormonal response following a TBI [24], [37]. One example is that males
suppress testosterone while females promote testosterone following TBI [43]. Broadly,
testosterone increases BBB permeability while estrogen decreases BBB permeability [44].
Interestingly, our lab recently discovered a sex-dependent response in BBB permeability
following TBI (mouse focal TBI model), with males demonstrating the previously reported
biphasic permeability at 3 hours and 3 days after the injury compared to female [30], [45].
Conversely, females demonstrated a gradual decrease in BBB permeability with a nearly
2.5-fold greater level of permeability than their male counterparts at the 24 hours post-injury.
The underlying mechanisms of this sex-dependent phenomenon is not clear, but its relevance
to and potential impact on pharmacokinetics and pharmacodynamics is profound.
Understanding the molecular underpinnings of this sex-dependent response may help guide
intervention strategies as therapeutic windows and relevant pathological treatments for males
and females suffering a TBI or other similar pathologies may diverge.
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4. Nanoparticles as drug carriers for CNS injury and disease

The development of nanoparticles (NP) can be used to more effectively treat TBI and other
neuropathologies. NP are particles ranging from 1nm to 1000nm in diameter. NP exhibit a
vast array of shapes, structures and chemical makeups used for a wide variety of
applications, including drug delivery. First successfully used to cross the BBB in 2005, NP
afford numerous advantages to small molecule drugs and bioactive molecules delivery such
as increased bioavailability, increased efficacy, reduced toxicity, among other benefits [46].
Moreover, NP possess additional surface area to display targeting moieties for targeted
delivery to a region of interest (Figure 3). Here we will discuss several recent studies that
exemplify some advantages of NP for drug delivery, particularly for CNS applications.

4.1 NP increase bioavailability

Pharmacological drugs can suffer from poor shelf-life, low stability, low bioavailability, and
active clearance from the brain through efflux pumps such as P-gp [6]-[8], [47]. These
shortcomings make drugs that are otherwise good candidates for TBI and other neurological
diseases ineffective in a clinical setting. Encapsulation within a NP can increase the stability
and prolong release (Figure 3B). Ruozi et. al used a polylactic-co-glycolide (PLGA)
polymer to deliver the peptide mixture cerebrolysin. Cerebrolysin has shown promise for
TBI therapy, but suffers from short half-life, poor stability and requires high dosage for
treatment. After encapsulating in PLGA, cerebrolysin’s shelf-life and stability increased.
Cerebrolysin’s efficacy also improved in a cortical stab injury model, likely from the
increase in circulation time and prolonged release resulting in greater bioavailability to the
brain [48]. This study demonstrates that often simple encapsulations can greatly improve
pharmacokinetics/pharmacodynamics of rapidly cleared therapeutics.

4.2 Surface functionalization for NP targeting

Some drugs, particularly lipophilic drugs, can innately cross the BBB but suffer from low
selectivity and rapid clearance. NP can be used to direct molecules to accumulate at the
brain—increasing their therapeutic efficacy. Transferrin, a receptor expressed exclusively on
brain endothelial cells, has been leveraged as a brain targeting motif [49]. NPs
functionalized with transferrin receptor targeting motifs dock the NP locally to facilitate NP
transport or enhance local concentrations of BBB permeable therapeutics (Figure 3). Moor
et. al demonstrated efficacy of the latter technique by encapsulating the lipophilic drug
oxaliplatin within liposome NP functionalized to target transferrin receptors. While the NP
never crossed the BBB, drug uptake into the brain was increased with the targeted NP over
both non-targeting NP and free drug [49]. Vilaplana et al. completed fundamental
mechanistic studies with gold NPs decorated with 8D3 anti-transferrin receptor antibodies to
track the NP fate regionally as well as cellularly via transmission electron microscopy.
Importantly, and in agreement with Moor et al., they found no NPs beyond the endothelial
basal membrane within the brain parenchyma out to 24 hours post-injection. Instead,
endothelial vesicle endocytosis engulfed single resulted in one of two outcomes: (1) NPs
were temporarily transported and presented on the basal membrane before being re-engulfed
into an endothelial vesicle, or (2) the vesicles migrated and reorganized into larger vesicles
containing numerous NP. This study demonstrates the usefulness of targeting transferrin to
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localize NPs and encapsulated payload to the brain BBB. Although the NPs may not readily
distribute within the brain parenchyma via this targeting mechanism, NPs may release the
encapsulated drug when presented to basal membranes. Additionally, the next generation
transferring targeting NPs may employ endosomal escape mechanisms that allow the NP
and/or payload to dissociate from the transferrin receptor and/or endocytic re-engulfment
[50].

4.3 Biological variables impact NP and drug delivery

As highlighted in previous sections, biological variables such as sex and age impact disease
pathology and progression. Sex as a biological variable is well-recognized in clinical
pharmacology to strongly impact distribution, clearance, and activity of drugs. Recent
studies have begun to probe how and if sex and age as a biological factor may influence NP
delivery in the context of cellular uptake and NP toxicity/injury. Cellular NP uptake
assessment via in vitro cultures reveal that depending on the cell type, sex and age, directly
impact NP uptake and susceptibility to toxicity. Specifically, Foroozandeh et al.
demonstrated that PEGylated-quantum dots exposed to senescent cells (fibroblast and
epithelial) lead to lysosomal membrane permeabilization and necrosis at a higher rate than
young proliferative cells [51]. Sex-dependent variations in NP toxicity have also been
reported by Chen et. al showed organ specific sex differences in toxicity from gold NP
injections where females had obvious inflammatory responses and heightened toxicity to
larger NP while males had higher toxicity to smaller particles [52]. Additionally, Hayashi et
al. report differential serum protein adsorption to SiO, NPs from male versus female
samples that in turn directly impacted NP accumulation in lymphoid and myeloid
populations, with maximal accumulation with the female derived protein corona NPs
regardless of the cellular sex identity [53]. Therefore, biological factors must be considered
for future NP delivery and therapeutic approaches.

4.4 Implications on disease pathology for NP delivery to the brain

Alterations in BBB permeability from disease or injury pathology has major implications for
NP and drug delivery. A disrupted BBB provides opportunity to deliver otherwise blocked
molecules into the brain. Kwon et. al developed a dual membrane interactive and neural
targeting peptide-based NP to deliver neuroprotective siRNA into neuronal cells. The NPs
infiltrated only through the injured BBB and delivered the siRNA directly into neurons
downregulating the apoptosis regulator caspase 3 to induce neuroprotective effects [54]. The
disrupted BBB, while deleterious to the patient, can be exploited to deliver interventions that
mitigate further neuropathology.

Following severe TBI, patients are often put into anesthesia-induced pharmacological comas
to stabilize the brain. Anesthetics can further BBB disruption and increase the activation of
microglia caused by TBI. These side effects provide opportunity for enhanced utilization of
therapeutic intervention. When glial cells are activated by anesthetics, they can increase their
uptake of small molecules. Kannan et. al delivered functionalized poly(amidoamine)
dendrimer NP to microglia following the administration of the anesthetic pentobarbital. Glial
cell uptake of the NPs was approximately two- fold greater in the presence of pentobarbital
[55]. Deeper understanding of the cellular responses of drugs like anesthetics can provide
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opportunity to turn ostensibly negative side effects into exploitable therapeutic delivery
systems.

4.5 Active mechanisms for BBB disruption to enable NP delivery

Techniques inducing transient permeability in the BBB have been used to deliver payloads
otherwise blocked by the BBB. One common method involves focused ultrasound (FUS).
FUS sends waves that disrupt the tight junctions and general integrity of the BBB, allowing
NP to penetrate the brain parenchyma [56]. While increasing the brains uptake of drug is
advantageous, careful consideration needs to be taken when purposefully disrupting the
BBB. BBB disruption is strongly correlated with many neurological diseases, which may be
exasperated by such methodologies [57]. Potential negative side effects of using techniques
like FUS need to be studied to ensure that the technique is not inadvertently promoting
disease progression.

5. Conclusion

Efficient drug delivery to the brain remains a critical challenge for the medical and
pharmaceutical communities. Developing unique NP drug-carrier systems provides multiple
avenues of tackling the obstacles of the BBB. Site-specific targeting on the NP surface leads
to NP clustering in the region of interest increasing localized drug delivery. Designing NPs
that exploit endogenous transport mechanisms across the BBB and/or injury-induced
dysfunction of the BBB opens potential opportunities for otherwise impermeable drugs to
the brain. Even simply increasing the circulation time of a drug via NP encapsulation
provides more stable therapeutic levels within the therapeutic window. However, recognizing
and understanding patient variables such as age, sex, and disease state is paramount to
maximizing therapeutic efficacy for the right person at the right time. Improving our
knowledge of drug response with respect to disease pathology and biological variables will
enable the development of the next generation of therapeutics for a myriad of neurological
conditions.
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Highlights

. The blood-brain barrier (BBB) is dynamic anatomically and temporally

. Biological factors such as sex play a large role is disease progression and
therapeutic response

. Nanoparticles (NP) can be functionalized to target the BBB and enhance drug
delivery to the brain.

. The BBB plays a critical role in maintaining a health brain, intentionally
disrupting it for drug delivery needs to be carefully reviewed to avoid further
exacerbating neurological disorders
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Figure 1:
Overview of key elements of the BBB. A. The BBB consists of three primary layers, (1)

endothelial cells connected by tight junctions surrounded by (2) pericytes and basal lamina
with (3) astrocytic feet extending to and wrapping around the BBB. B. Molecular transport
across the BBB is mediated by paracellular diffusion (hydrophilc molecules), transcellular
diffusion (lipophilic and gas molecules), carrier mediated transport (glucose), absorptive
transcytosis (albumin), receptor mediated transport (transferrin, insulin), and efflux
transporters (P-gp). Alterations in homeostatic conditions such as trauma, neurodegenerative
disease, or prolonged sleep deprivation can lead to the loss of tight junctions and altered
active transport systems thereby increasing BBB permeability.
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Figure 2:
Immediately following a TBI, cells experience direct damage resulting in axonal shearing

and the release of cellular debris. Microglia then initiate cytokine release and a cascading
inflammatory response is triggered further disrupting the BBB and activating immune cells
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Figure 3:
BBB NP delivery strategies. Multiple mechanisms May be employed for NPs to enhance

drug delivery to the brain. A. NP surfaces May be functionalized with BBB specific
receptors such as transferrin to enable local intravascular NP docking that May either
enhance local drug concentrations of BBB permeable therapeutics or engage in active
transcytosis of the NP. Secondly, BBB disruption due to trauma/neuropathology May further
enhance NP accumulation/extravasation. B. NP encapsulation greatly benefits drug efficacy
through prolonged release stabilizing drug concentration within the effective dosing window.
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