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Abstract

Acute brain injuries such as traumatic brain injury and stroke affect 85 million people a year 

worldwide, and many survivors suffer from long-term physical, cognitive, or psychosocial 

impairments. There are few FDA-approved therapies that are effective at preventing, halting, or 

ameliorating the state of disease in the brain after acute brain injury. To address this unmet need, 

one potential strategy is to leverage the unique physical and biological properties of nanomaterials. 

Decades of cancer nanomedicine research can serve as a blueprint for innovation in brain injury 

nanomedicines, both to emulate the successes, but also to avoid potential pitfalls. In this review, 

we discuss how shared disease physiology between cancer and acute brain injuries can inform the 

design of novel nanomedicines for acute brain injuries. These disease hallmarks include 

dysregulated vasculature, an altered microenvironment, and changes in the immune system. We 

discuss several nanomaterial strategies that can be engineered to exploit these disease hallmarks, 

for example passive accumulation, active targeting of disease-associated signals, bioresponsive 

designs that are ‘smart’, and immune interactions.
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Introduction

Acute brain injuries such as traumatic brain injury (TBI) and stroke are large contributors to 

declines in disability-adjusted life years (DALYs) worldwide and it is estimated that 

approximately half the world’s population will have at least one TBI in their lifetime. [1], [2] 

In the United States, TBI and stroke affect over 3 million Americans annually, at an 

estimated economic cost of 110.5 billion dollars. [3], [4] Although there are other causes of 

brain injuries such as anoxic brain injury or encephalitis, in this review we focus our 

discussion on TBI and stroke due to their prevalence. [5], [6] The predominant causes of 

TBI include blunt force trauma or a penetrating wound to the head after traffic accidents, 

*These authors contributed equally

HHS Public Access
Author manuscript
Mol Pharm. Author manuscript; available in PMC 2022 February 01.

Published in final edited form as:
Mol Pharm. 2021 February 01; 18(2): 522–538. doi:10.1021/acs.molpharmaceut.0c00287.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



falls, sporting activities, gunshot wounds, or assault. [5], [7] In stoke, blockage of an artery 

(ischemic stroke) or excessive bleeding from an artery in the brain (hemorrhagic stroke) 

causes an interruption of blood flow to the brain. [3], [5] In both TBI and stroke, initial 

causative injuries are followed by a secondary injury that can evolve over minutes to months, 

and is responsible for further deterioration of brain tissue through multiple mechanisms, 

including mitochondrial dysfunction, cell apoptosis, and inflammatory responses.

Although there are differences between TBI and stroke in disease initiation and the long-

term pathophysiology of the subsequent secondary injury, there are a number of shared 

disease hallmarks. These disease hallmarks include neuronal excitotoxicity and apoptosis, 

vasculature dysregulation, upregulation of adhesion molecules, release of inflammatory 

mediators, and increased levels of reactive oxygen species (ROS) and proteases. [8]–[10] 

Current TBI treatments are merely palliative, and include life-sustaining interventions and 

surgery to minimize tissue damage. [11], [12] Neurological assessment with the Glasgow 

Coma Scale (GCS) and imaging of high-risk patients is used to gauge injury severity. [12] 

For patients identified to have large hematomas or contusions, rapid surgical intervention is 

crucial in order to restore blood flow and minimize tissue damage. Corrective surgery within 

4 hours of clinic admittance demonstrated shorter hospital stays and a 50% lower mortality 

rate in TBI patients. [13] Similarly, in stroke there is a short time window for administration 

of reperfusion therapies in order to restore blood flow without increasing the risk of 

complications like intracerebral hemorrhagic conversion. [14] Thrombolytic therapy such as 

tissue plasminogen activator (tPA) injection must be delivered within ~4.5 hours after injury 

in order to be effective. [15] Additionally, endovascular thrombectomy of large-vessel clots 

is the standard of care for acute ischemic stroke and is typically performed 6-24 hours after 

stroke onset. [16], [17] While these interventions at acute time points are necessary to 

sustain life and mitigate tissue death in the brain, there is a need for new therapeutics that 

halt, attenuate, or ameliorate the pathophysiology of the secondary injury in the remaining 

tissue to improve the long-term disease management of acute brain injuries.

Despite the unmet clinical need, there has been a challenge to obtain approval for new 

therapeutics for the treatment of stroke and TBI by the food and drug administration (FDA). 

Although systemically administered therapeutics designed to address the secondary injury 

have improved biochemical and functional outcomes in preclinical animal models, they have 

failed to show efficacy in clinical trials. Potential factors that contribute to the failure of 

preclinical to clinical translation include the inability of a single drug to address the complex 

and heterogeneous disease sequelae that follows the primary injury, difficulty in 

recapitulating human disease using animal models, and the inadequate bioavailability of 

drug to the injured brain [18], [19]. In recent efforts, progesterone, a neuroprotective steroid 

that showed success in multiple preclinical TBI models, failed to demonstrate clinical 

endpoint improvement assessed by Glasgow Outcome Scale over placebo in both ProTECT 

III and SyNAPSe phase III clinical trials (2010-2013) for moderate-to-severe TBI patients. 

[20], [21] This latest trial is representative of the current landscape of clinical trials for brain 

injuries; 30 years of TBI clinical trials have yet to yield a single treatment that improves 

long-term brain health. [22] In stroke, a meta-analysis of therapeutics developed over a 

twenty year timespan from 1995-2015 established that only ~5% of drugs that entered the 

clinical trial pipeline reached the market in various countries when drugs in preclinical 
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testing were excluded from the analysis. [23] This success rate is considerably lower 

compared to the estimated 13.8% worldwide success rate (2000-2015) across all 

therapeutics made in another analysis [24], and is similar to the 3.4% success rate for 

oncology. Furthermore, the molecules under investigation predominantly target the clotting 

cascade (thrombolytic, anti-thrombotic or anti-platelet molecules) and therefore aim to 

prevent further damage and do not address the complex secondary injury brain 

pathophysiology. [23], [25], [26] The lack of clinical successes for both TBI and stroke 

highlights the need to innovate in therapeutic development for brain injuries.

Nanomedicines, therapeutic and/or diagnostic materials with dimensions on the nanometer 

length scale, have been actively developed for the treatment of cancer over the past two 

decades, and have yielded benefits such as decreasing off-target toxicity, improving drug 

distribution, and incorporating challenging cargoes such as hydrophobic small molecules 

and labile macromolecules. The first FDA-approved nanomedicine, Doxil®, is a 

polyethylene glycol (PEG)-modified liposome encapsulating the chemotherapeutic drug, 

doxorubicin. [27] Doxil® improves tumor accumulation due to its longer blood half-life and 

reduces off-target cardiotoxicity due to the altered organ biodistribution of nanometer-sized 

materials or ‘nanomaterials’. [28] In another example, FDA-approved Abraxane® uses 

albumin to formulate the hydrophobic molecule paclitaxel to improve solubility and 

biodistribution into target tumors. [29] The field of cancer nanomedicine has experienced 

significant research growth since its inception, supported by funding agencies like the 

National Cancer Institute’s Centers of Cancer Nanotechnology Excellence program. [30], 

[31] After the first FDA approval of Doxil® in 1995, five additional cancer nanomedicine 

technologies, including Abraxane®, have entered the clinical market in the United States 

and there are currently over thirty nanoparticle formulations are in the clinical trial pipeline 

[32]. Several of these nanomedicines innovate beyond passive tumor accumulation, 

employing technologies such as active targeting, gene delivery, and stimuli-responsive 

materials. [30], [32], [33] On the horizon, there are multiple promising nanomedicine 

technologies under development for application to cancer. For example, cancer vaccines 

require the delivery of multiple molecules to an antigen presenting cell that can educate the 

immune system; the supramolecular structure of nanomaterials provides technology to 

package cancer antigens and adjuvant into one entity and exploits the natural behavior of 

antigen presenting cells to phagocytose nanometer-sized materials. [34]

Nanomedicines are promising technologies to fulfill the desperate need for new therapeutics 

in the clinical management of acute brain injuries. Herein, we compare nanomaterial 

engineering as a discipline between cancer and acute brain injuries, and in particular 

nanomaterial design that leverages disease physiology. We also look for insight from two 

decades of largely empirical cancer nanomedicine research to inspire future innovation in 

nanomedicine design for brain injuries. Successful nanomedicine destined as a treatment for 

use in humans requires an understanding of the complex host biology and subsequent 

engineering of nanomaterials to interact with that biology. As such, in this review we 

elaborate on the perspective that cancer and acute brain injury share major disease 

pathologies that can be exploited by nanomedicine design (Figure 1, Table 1).
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Common disease pathologies include dysregulation of the vasculature, increased access to 

cells and extracellular matrix in the tissue microenvironment, changes in the biochemistry of 

the interstitial fluid (e.g., ectopic ROS and protease activity), and an activated immune 

system. In both diseases, pathology causes vascular damage that activates a host response 

such as clotting or receptor expression which can be targeted by nanomaterials. Vascular 

damage also leads to permeability in vasculature that presents an opportunity for 

nanomaterials to passively accumulate into the parenchyma. [35]–[37] As a consequence, in 

disease, nanomaterials delivered in the systemic vasculature have increased access to the 

cells and microenvironment of the tissue, which in health is typically sequestered. [38] After 

brain injury, there is a wound bed that may have an improper healing response while cancer 

has been described as a “wound that never heals”. [39] The resulting wound 

microenvironment may have an extracellular matrix (ECM) composition that differs from 

physiologically healthy tissue, and an accumulation of disease-associated oxidative species 

and proteases. Nanomaterials can be engineered to respond to these changes in the 

microenvironment as bioresponsive materials, increasing the temporal and spatial specificity 

of therapeutic delivery. [40], [41] Lastly, both diseases have a dysregulated immune response 

that could be modulated by nanomaterials to either activate or suppress the immune system 

in cancer and acute brain injury respectively, or take advantage of endogenous immune cell 

homing to deliver therapeutics to the diseased tissue. [42]–[44] Although the goals for 

therapeutic outcomes between cancer and brain injuries may diverge (i.e. tumor cell killing 

vs. neuro-regenerative response), there are commonalities in the pathophysiology between 

diseases that can be leveraged for nanomaterial design.

The goal of this review is to highlight how nanomaterials can be engineered to interact with 

physiological changes that occur during acute brain injury; our discussion adopts a design-

centered perspective and discussion of therapeutic payloads for nanoparticles is limited. For 

a detailed discussion on TBI therapeutic payloads that can be carried by nanomaterials, 

please refer to this excellent review. [45] Several routes of administration for nanomaterials 

to the brain are under investigation, such as intranasal, intrathecal, and convection-enhanced 

delivery (CED). [46]–[49] For example, intrathecal DepoCyt®, a liposomal formulation 

encapsulating the chemotherapeutic Cytarabine, was approved by the FDA in 2007 to treat 

lymphomatous meningitis caused by metastasis of non-Hodgkin lymphomas. [50] In patients 

with acute brain injuries, surgical intervention is often a necessary component of clinical 

care and creates an opportunity for direct access to the brain that circumvents many delivery 

barriers. While these routes of administration are promising, in this review we focus on 

intravenously administered nanomaterials as a minimally-invasive route of delivery 

commonly used in the clinical setting that is relevant in the treatment of both cancer and 

acute brain injury. Intravenous delivery can also be used as treatment regardless of whether 

patients receive surgical intervention.

Acute brain injury models

In order to discuss advances in acute brain injury nanomedicine, an overview of commonly 

utilized animal models is pertinent. Detailed discussions are available for TBI (Xiong [51]. 

Morales [52]. Wojnarowicz [53]) and stroke (Fluri [54]. Herson [55]. Jickling [56]). 

Common TBI animal models include controlled cortical impact (CCI), fluid percussion 
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injury (FPI), weight drop, penetrating brain injury (PBI) and blast injury. [51], [52] In CCI 

or FPI models, a craniotomy exposes the brain dura for direct focal injury via a controlled 

piston impact or fluid pressure pulse, respectively. In weight drop models, a guided weight 

falls on either an intact skull or exposed dura. CCI and FPI can be controlled and are highly 

reproducible but require craniotomy and therefore cannot reproduce disease physiology that 

includes the skull. PBI uses punctures instead of blunt trauma to simulate bullet or shrapnel 

wounds. Blast injuries simulate diffuse brain injury, such as injuries caused by the shock 

wave from military explosions, and is performed by placing the animal subject at the end of 

a shock tube that generates pressure waves. While maintaining the intact skull is more 

representative of human disease, reproducibility is difficult to control in closed skull injury 

models due to variability in how energy interacts with the skull. In these models, injury 

severity is modulated by varying injury velocity, depth, and size. [51] For ischemic stroke, 

the most widely used preclinical model is the middle cerebral artery occlusion model 

(MCAO) where a suture or filament is tied around or inserted into the middle cerebral artery. 

The occlusion can be permanent (pMCAO) or transient (tMCAO). The occlusion in tMCAO 

is typically maintained between 60-120 minutes followed by restoration of blood flow and is 

a model for ischemia/reperfusion injury in the clinic. [54], [57] Other models of stroke 

include photothrombosis and embolic stroke. In photothrombosis, light-responsive dye is 

injected into the brain and damages vascular structures when the skull is irradiated with 

light; this model is advantageous for the ability to spatially control lesion location. [58] 

Finally, the embolic stroke model, which best recapitulates human stroke etiology, initiates 

in situ clotting and ischemia by the injection of clotted blood, thrombin, or beads.

Dysregulated vasculature

Vascular dysregulation and dysfunction is pathophysiology shared between acute brain 

injury and cancer, and can be exploited by nanomaterials (Figure 2). In cancer, growing 

tumors generate new vasculature from nearby vessels networks through secretion of 

angiogenic factors, such as VEGF and angiopoietin. [59] The growth of new vessels in the 

tumor is rapid and poorly regulated, resulting in heterogeneous and dysfunctional vessels. 

Whereas normal vasculature involves the coordination of multiple cell types that have a 

well-regulated structure, tumor vasculature is disorganized, in particular the coordination of 

perivascular pericytes and smooth muscle cells around endothelial cells required to regulate 

oxygen and blood flow [35]. This disorganization leads to endothelial fenestrae, vesicles, 

transcellular holes, widened endothelial junctions, and a discontinuous basal membrane. [36] 

The defects in the vascular unit allows the passage of multiscale materials into the tumor that 

are typically excluded, including proteins, macromolecules, nanomaterials, and cells. [37]

The blood-brain barrier (BBB) describes the highly selective and regulated transport of 

multiscale materials (ions, molecules, proteins, etc.) from the blood into the brain 

parenchyma. The function of the BBB is created by the neurovascular unit, a precise spatial 

organization of multiple cell types, notably endothelial cells, pericytes, and astrocytes, 

although other cells are also observed to play a significant role. [38] In acute brain injury 

caused by ischemic stroke or TBI, BBB damage is a hallmark of disease and is imaged in 

the clinic for the purpose of diagnosis using medical imaging modalities such as MRI and 

CT. After acute brain injury, vasculature is severed by the physical force of the injury that 
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can result in endothelial cell death. In addition, weakened vascular structures can lead to the 

rupture of blood vessels and bleeding into the brain parenchyma, which present clinically as 

subdural hematomas and contusions. [60] Within the neurovascular unit, tight junction 

proteins between endothelial cells that are major barriers of paracellular transport become 

downregulated in response to injury, resulting in vascular permeability. The sized-based 

extravasation of multiscale molecules such as Evans blue dye, horseradish peroxidase, and 

dextran has been used to understand the extent of BBB permeability after the primary injury. 

[61]–[63] In addition, the morphologies and functions of pericytes and astrocytes can be 

altered after stroke and TBI. In both stroke and TBI, pericyte migration and the swelling of 

astrocytic end feet further compromise the integrity of the neurovascular unit. [64]–[66] In 

stroke, pericytes contract due to oxidative stress caused by the ischemic injury leading to 

constricted vasculature and reduced cerebral blood flow even after removal of the occlusion. 

[67] These changes in cellular morphology and function contribute to the secondary injury 

and further increase BBB dysfunction.

BBB permeability is dynamic. In TBI, expression of tight junction proteins contribute to 

BBB permeability; their expression increases within hours after the injury, peaks at 24 

hours, and decreases back to baseline levels 5 to 7 days after the injury occurs. [68] There 

have also been observations of biphasic permeability, although the evidence is conflicting. 

Some studies show that the permeability is highest immediately after injury followed by a 

second opening occurring up to 3 days later. [69] The temporal study of BBB permeability 

after stroke also remains inconclusive. Some studies observe increased BBB permeability 

for up to 30 days after ischemic injury, while others show that BBB permeability is also 

biphasic, with maximum permeability at 3-5 hours after injury and then again at 48 hours. 

[70], [71] There is also evidence that vascular dysfunction after acute brain injury extends to 

chronic time points, weeks to months after injury. [72], [73] Conflicting accounts of 

permeability may be due to differences in animal models, strains of animals, and evaluation 

methods. Ischemic stroke also causes an increase in caveolae and vesicles in the endothelial 

cells of the BBB, indicating a potential increase in transcytosis after injury that could 

contribute to BBB permeability. [74], [75] These increases in the rates of endocytosis and 

transcytosis have been shown as early as 6 hours after tMCAO in adult male mice. [76] 

Similarly in cancer, recent studies have provided evidence to support the hypothesis that 

transcytosis is the major mode of entry of nanoparticles into tumors. [77] While further 

study is required to elucidate the mechanisms, increased BBB permeability has consistently 

been observed within hours after injury in multiple animal models of injury.

The tortuous and leaky vasculature present in tumors is the basis of passive transport of 

systemically administered nanometer-sized materials across multiple cancer types. [78] 

Once nanomaterials enter the tumor through the leaky vasculature, they are retained due to 

inadequate lymphatic drainage in the tumor microenvironment. This phenomenon was first 

described by Maeda et al. in 1986 who coined the “enhanced permeation and retention” 

(EPR) effect. Although the heterogeneity of the EPR effect in human tumors have recently 

been challenged [79], studies have correlated the presence of EPR (as measured by 

accumulation of nanoparticle MRI contrast agents) with the efficacy of nanoparticle-

formulated drugs in human tumors [80], [81] These recent observations support a precision 

medicine approach to implementing EPR effect, in which patient EPR may be measured 
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prior to administration of nanoformulated therapeutic. [82] Nevertheless, the EPR effect is 

the conceptual basis of multiple FDA-approved liposome-based cancer treatments (e.g., 

Doxil®, DaunoXome®, Marqibo®, and Onivyde®) to increase the therapeutic window of 

toxic chemotherapeutics. Because passive accumulation of nanomaterials into the tumor is a 

function of time, these nanoformulated therapeutics benefit from increased blood circulation 

half-life. Accordingly, two of these formulations, Doxil® and Onivyde, are surface-modified 

with PEG to increase their blood half-life by avoiding clearance by the reticuloendothelial 

system (RES). [83]

An EPR-like effect has been observed for nanomaterials in acute brain injury; the vascular 

damage caused by the injury allows nanomaterials to passively accumulate in the injured 

tissue. In a one-hour tMCAO model, when PEG modified liposomes were delivered 

intravenously between 0 and 24 hours after reperfusion, they maximally accumulated in the 

injured tissue when administered up to 6 hours after reperfusion. [84] Similarly, in a CCI 

model of TBI, passive accumulation of liposomes after vascular delivery was highest when 

administered at 3 or 6 hours after injury compared to uninjured controls. [85] This transient 

access before 6 hours was also observed when electrostatically complexed nanoparticles 

were applied in a penetrating brain injury model. [86] Importantly, these studies demonstrate 

that the accumulation of vascular delivered nanomaterials in the context of acute brain injury 

is local to the site of injury and not widespread throughout the brain, and therefore provides 

a mode to passively target the injured tissue. Another major observation is that in brain 

injuries, the passive targeting of vascularly delivered nanomaterials into injured brain tissue 

is transient. In addition, passive accumulation of nanomaterials is size-dependent in TBI, 

with smaller nanoparticles up to 100 nm in diameter having greater distribution into the 

brain, while accumulation of nanoparticles 500 nm in diameter decreases by several orders 

of magnitude in comparison [72], mirroring the well-established observations of size-

dependent nanoparticle accumulation in cancer. [72], [87], [88]

The passive accumulation of nanomaterials into the injured tissue can be exploited to 

improve treatment efficacies in models of brain injury. Cerebrolysin, a mixture of peptide 

growth factors including brain-derived neurotrophic factor (BDNF) and nerve growth factor 

(NGF), is used to treat neurological disorders, such as dementia and Alzheimer’s disease, 

but its therapeutic utility is limited by a short in vivo half-life. Cerebrolysin was formulated 

into polylactic-co-glycolide (PLGA) nanoparticles to protect the labile peptide cargo, and 

intravenous administration between 30 minutes to 4 hours after injury to a rat model of TBI 

led to reduced brain edema and BBB breakdown compared to free drug. [89] In another 

example, conjugates of squalenoyl lipid and the neurological therapeutic adenosine yielded 

an amphiphilic prodrug that can form ~120 nm nanoparticles through nanoprecipitation. [90] 

These nanoparticles extended the circulation half-life compared to free drug and interacted 

with cells of the neurovascular unit. Administration into a pMCAO mouse model 2 hours 

after the induction of ischemia led to decreased infarct volume by an impressive 64% 

compared to vehicle control and a concomitant reduction in caspase-3 activation when 

tissues were analyzed at 24 hours.

Beyond the initial damage of the vasculature that allows the passive accumulation of 

nanomaterials from the blood, the clotting cascade is initiated for hemostatic regulation of 
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bleeding within minutes to hours after injury. A major challenge in the treatment of TBI is 

the clinical management of clotting; excessive clotting can lead to stroke whereas inadequate 

clotting can lead to brain hemorrhage. [91] A critical aspect is to manage clotting locally to 

the brain, an organ that is particularly vulnerable to changes in blood flow. The clotting 

cascade is initiated by damage to the endothelium that exposes basement membrane 

collagen and allows binding of the glycoprotein von Willebrand factor (vWF) present in the 

circulating blood. [92] The bound vWF at the damaged endothelium in turn binds and 

activates platelets that upregulate GPIIb/IIIa receptors (integrin αIIbβ3), leading to further 

platelet accumulation and the formation of a plug to halt bleeding at the site of injury. [92] 

In addition to platelet hemostasis, activation of both the intrinsic and extrinsic clotting 

cascades lead to processing of soluble blood fibrinogen monomers into an insoluble fibrin 

network surrounding the platelet thrombus. [92] Due to the rapid and robust formation of 

clots in response to vascular damage, the clot can be used as a beacon to recruit 

nanomaterials. In order to take advantage of the innate ability of platelets to incorporate into 

clots, iron oxide nanoparticles have been coated with platelet membranes and applied in a 

photothrombotic stroke model. [93] Combination of the natural platelet homing with 

application of a magnetic field led to maximal accumulation of materials at 6 hours post-

injection and this strategy was used to deliver L-arginine for in situ production of nitric 

oxide in order to increase blood reperfusion of the ischemic tissue. In another strategy to use 

clots as a way to target nanomaterials to the injury site, PLGA nanoparticles modified with 

RGD peptide was used to target glycoprotein receptors on the surface of platelets in a rodent 

blast injury model with polytrauma. [94] When rodents were treated with these nanoparticles 

encapsulating the anti-inflammatory dexamethasone, there was increased survival due to 

decreased internal lung hemorrhaging, improved BBB integrity, and reduced astrogliosis 

within the amygdala of the brain. Apart from targeting the clotting cascade to achieve 

greater accumulation, nanoparticles can also be engineered to interact with the clotting 

cascade itself to create hemostatic materials. This strategy has been pursued in peripheral 

injuries, and include strengthening the clot with synthetic polymers modified with clot-

binding peptides [95] or homeostatic nanomaterials that release drug in response thrombin 

activity. [96] In the future, hemostatic technologies can be developed in the context of the 

specific challenges presented in acute brain injuries. [97]

The neurovascular unit itself is dysregulated hours up to months after injury and can 

upregulate molecules that can be targeted by nanomaterials to deliver therapeutics to the site 

of injury. [98] Receptors for glutathione, apolipoproteins, and low-density lipoproteins 

(LDL) are upregulated on the endothelium after injury, and create a potential “vascular zip 

code” that can be targeted by materials delivered into the blood. [99] In order to interact with 

LDL receptor related protein (LRP1) on the surface of the BBB for the delivery of BDNF, 

poloxamer 188 and BDNF were adsorbed onto the surface of 200 nm PLGA nanoparticles. 

[100] When these nanomaterials were injected into the weight drop model of TBI three 

hours after injury, the addition of poloxamer 188 significantly increased the levels of BDNF 

in the brain compared with nanoparticles without poloxamer 188 and free BDNF in both 

injured and sham injured mice. Mice treated with PLGA nanoparticles modified with BDNF 

and poloxamer 188 showed significant improvements in behavioral testing seven days after 

injury (motor, reflex, balance, and cognitive function) compared to control groups treated 
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with nanoparticles and BDNF without poloxamer 188. Similarly, chitosan modified with the 

temperature-sensitive N-Isopropylacrylamide (NIPAAm) was used to encapsulate the 

hydrophobic neuroprotective molecule riluzole, followed by surface coating with the 

surfactant Tween 80 to create 50 nm nanoparticles. [101] Intraperitoneal delivery 

immediately upon reperfusion after a one-hour ligation in a rat tMCAO model led to 

decreased infarct volume, decreased lipid peroxidation, and increased antioxidant markers. 

Peptides have also been used to interact with the BBB after injury. In a dual targeting 

strategy to sequentially cross the BBB and interact with ischemic tissue, Zhao et al. used two 

peptides: T7 peptide (HAIYPRH) is a ligand of the transferrin receptor on brain endothelium 

and SHp (CLEVSRKNC) was identified by phage display to preferentially target ischemic 

tissue in stroke. [102] When administered immediately after reperfusion in a two-hour 

tMCAO model, dual targeted ~100 nm liposomes modified with both peptides and 

encapsulating the small molecule inhibitor ZL006 had an increased accumulation in the 

ischemic injury at 6 and 24 hours after administration when compared with untargeted or 

singly targeted liposomes. Increased accumulation of dual targeted liposomes was consistent 

with decreased infarct volume and decreased neurological severity scores over free drug.

Microenvironment

The cellular and non-cellular components of the microenvironment are unique to a given 

tissue and the homeostasis of the microenvironment is perturbed in disease. [103] In the 

tumor microenvironment, there is ectopic expression of receptors on stroma and tumors 

cells, changes in the ECM composition, and accumulation of metabolic molecules. Due to 

the need to penetrate deep into solid tumors for effective treatment, investigators have 

engineered nanomedicines that capitalize on the changes in the tumor microenvironment to 

increase treatment efficacy. For example, antibody-targeted liposomes or 

“immunoliposomes” that target cancer cells or tumor stromal cells have been extensively 

developed to increase anti-tumor efficacy and decrease off-target activity of 

chemotherapeutic treatments. [104] Doxorubicin liposomes modified with antibodies against 

epidermal growth factor receptor (EGFR) are currently in phase II clinical trials for 

treatment of triple negative EGFR-positive breast cancer (ClinicalTrials.gov identifier: 

NCT02833766) based on solid tumor preclinical and phase I clinical trials. [105], [106] 

There are also major changes to the ECM in cancer [103], creating a reservoir of disease-

specific substrates for therapeutic binding. For example, polylactic acid (PLA)-PEG 

nanoparticles have been modified with CLT1, a peptide discovered by phage display, to bind 

to enriched fibronectin in gliomas, leading to increased accumulation after intravenous 

delivery and improvement of survival of animals when used to deliver paclitaxel. [107] In 

recent work, Ishihara et al. created protein engineered fusions of the anti-tumor cytokine 

interleukin-2 with a collagen-binding domain to bind to the collagen-rich stroma of tumors 

and temper the well-documented toxicity of interleukin-2. [108] In this approach, they 

showed reduced interleukin-2 in the blood due to enhanced tumor accumulation, attenuated 

tumor growth in three different tumor models, and increased populations of cytotoxic T cells 

over regulatory T cells.

Similarly, nanomaterials can be tailored to the specific microenvironment created after acute 

brain injuries. We will discuss two major modes in which nanomedicines can interact with 
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the microenvironment of acute brain injury. The first mode is based on access; typically the 

brain parenchyma is sequestered from the periphery by the selective and highly regulated 

BBB. In brain injuries, the passive accumulation of nanomaterials through disrupted 

vasculature allows access to the unique microenvironment of the brain, including cells and 

ECM. The second mode is based on changes that occur in the microenvironment after acute 

brain injuries; the disease progression during the secondary injury creates changes in the 

ECM composition of the brain, leads to ectopic protease activity, and generates the 

metabolites such as reactive oxygen species. [45], [109]

Targeting nanomaterials to cells and molecules in the microenvironment

Cells and molecules of the brain are sequestered by the intact BBB in the healthy brain and 

become transiently accessible to intravenously delivered nanomaterials after acute brain 

injury, as discussed above. The goal of numerous therapeutic strategies is to protect neurons, 

identified as the major cell type responsible for functional deficits seen in patients of brain 

injury, but also neurodegenerative diseases. As such, nanoparticles have been modified with 

peptide to target neurons once they have passively accumulated into the brain. Electrostatic 

peptide-siRNA complexes incorporating RVG, a peptide sequence from a coat protein of 

rabies virus used to target neurons [110], accumulated with 80% specificity in neurons over 

other cells of the brain parenchyma in a model of penetrating brain injury. [86] These 

nanomaterials formulated with siRNA against caspase 3, an important protein in the 

apoptotic cascade, were able to downregulate caspase 3 protein by ~80% in the injured brain 

when administered immediately after injury. These same siRNA and peptide components 

were able to accumulate into the injured brain and mediate silencing when they were 

encapsulated into the pores of an inorganic porous silicon nanoparticle using a non-covalent 

calcium silicate trapping chemistry. [111]

In addition to targeting cells, the ECM also presents a potential strategy to increase the 

retention of nanoparticles in the injured tissue due to a potential large extracellular surface 

area available for binding. The ECM in the healthy brain is largely composed of the 

glycosaminoglycan hyaluronic acid and chondroitin sulphate proteoglycans, heparin sulfate 

proteoglycans, and glycoproteins, with relatively low levels of collagen, fibronectin, and 

laminin compared to other tissues. [112], [113] The relative levels and spatial localization of 

ECM constituents is thought to change in brain pathology. [109], [114] In the injury 

response, cells release cytokines and matrix metalloproteases to remodel the ECM. In the 

injured brain, ECM components including chondroitin sulfate proteoglycans (neurocan, 

aggrecan, NG2), heparin sulfate proteoglycans (syndecans, perlecan, agrin), fibronectin, 

tenascins, and laminin are deposited around the lesion site. [109], [115]

In order to take advantage of this change in the ECM after acute brain injury, the Ruoslahti 

group used in vivo phage display to identify the peptide motif CAQK to bind to the injured 

brain tissue six hours after initiation of a penetrating brain injury model. [115] They 

identified the receptors of CAQK as veriscan and tenascin-R, proteoglycans known to be 

upregulated after injury. [109], [116], [117] Modification of nanomaterials with CAQK led 

to increased accumulation into the injured brain tissue, and CAQK-modified porous silicon 

nanoparticles carrying siRNA achieved efficient gene silencing. In support of the potential 
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therapeutic translation to humans, CAQK peptide conjugated to silver nanoparticles also 

bound to cortical brain sections of a human TBI patient ex vivo. A separate group used 

CAQK in a self-assembled coiled-coil protein nanoparticle sensitive to thrombin cleavage to 

deliver a neuroprotective peptide, Tat-NR2B9c. [118] In the CCI model of TBI, CAQK-

modified protein nanomaterials had a greater than 2-fold accumulation in the injured brain 

compared to untargeted nanomaterials when administered immediately after injury, and 

treatment led to reduced lesion volumes and improvements in behavioral testing, indicating 

this peptide ligand could be applied across nanoparticle platforms and to both penetrating 

and non-penetrating TBI. Future work remains to fully delineate the unique composition of 

brain ECM in health and disease, including its spatial localization near the injury and 

vasculature in order to fully harness its potential as a target for nanomaterials.

Bioresponsive Nanomaterials

Bioresponsive or ‘smart’ nanomaterials are designed to autonomously react to stimuli 

without external triggers. Bioresponsive nanomaterials have been engineered to respond to 

stimuli in the tumor microenvironment, including acidic pH, increased reactive oxygen 

species (ROS), hypoxia, or increased proteolytic activity, as reviewed elsewhere. [119], 

[120] These stimuli can lead to physical changes in the nanomaterials such as swelling, 

disassembly, degradation, or precipitation that actuate a response, such as the release of 

therapeutic molecules or generation of a diagnostic signal. Because the presence of the 

stimuli is typically restricted spatially to the microenvironment of the diseased tissue and 

manifests temporally with disease progression, therapeutics designed as bioresponsive 

nanomaterials can have increased specificity. In a diagnostic technology, Lumicell Inc. has 

developed a nanoscale polymer-peptide fluorescent imaging agent that is cathepsin-

activated, LUM015 (clinicaltrials.gov NCT01626066), to aid resection of residual breast 

cancer during lumpectomy that has completed Phase 2 clinical trials. [121], [122] In acute 

brain injuries, there are changes in the microenvironment that could be used to activate 

bioresponsive materials; we will focus our discussion on materials that respond to ROS and 

enzymes as technologies that have been the furthest developed at this point in time.

In acute brain injuries, cell death, neurovascular inflammation, and mitochondrial 

dysfunction initiated by the primary injury cause an increase in the concentration of ROS, 

including superoxide anion, hydrogen peroxide and nitric oxide. [123] Excessive ROS levels 

quickly deplete endogenous antioxidants within the brain microenvironment, increasing the 

peroxidation of lipid membranes and the oxidation of proteins that initiate apoptotic 

pathways in surrounding cells through inhibition of the electron transport system in 

mitochondria. [124] This identifies ROS as a potential therapeutic target to mitigate further 

damage in brain injuries and also a microenvironmental stimulus for bioresponsive 

nanomaterials. Core-cross-linked nanoparticles made from polysorbate 80 created a 

thioether core that scavenges excess ROS in the injury microenvironment. [125] These 

materials accumulated in the damaged brain in a CCI model of brain injury after systemic 

administration immediately after injury, reduced neuroinflammation in the hippocampus, 

and improved behavioral outcomes. Another ROS scavenging nanomaterial was created with 

poly(propylene sulfide) nanoparticles. These materials decreased neuroinflammation in 17-

minute tMCAO mice when administered 3 hours after reperfusion, including decreased 
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microglial activation and reduced neutrophil infiltration, and led to reduced infarct volume 

compared to vehicle controls. [126] Hydrophilic ~50 nm carbon clusters have been 

developed as a ROS scavenging nanomaterial after acute brain injury. [127] The graphitic 

domains of the carbon cluster sequester ROS through covalent bonding. When carbon 

clusters were administered 80 minutes after injury, cerebral blood flow was restored to 

baseline pre-injury measurements in a rat CCI model. On a molecular level, carbon clusters 

were found to reduce vascular superoxide levels and normalize nitric oxide levels when 

measured 6 hours after treatment. These ROS-scavenging technologies have also been 

applied to cancer. [128] Lastly, nanomaterials can be engineered to release therapeutic in 

response to elevated ROS in injury. Lv et al. created a nanomaterial with a polymeric core 

modified with ROS-responsive boronic ester that encapsulated the neuroprotective peptide 

NR2B9C. [129] These cores were wrapped with a red blood cell shell modified with the 

stroke homing peptide SHp to form ~200 nm nanomaterials. In response to high 

concentration of ROS, such as found intracellularly in ischemic neurons, the boronic acid 

core hydrolyzes to release therapeutic cargo with an in vitro half-life of >4 hours. 

Application of this ROS-responsive nanomaterial immediately after reperfusion in a rat 

model of two-hour tMCAO model led to a significant decrease in infarct area and 

improvement in neurological score compared to free drug.

Proteases are important regulators of the microenvironment, and have important roles in the 

progression of cancer and during the immediate and chronic response after brain injuries. 

[130]–[132] In brain injuries, thrombin and the family of matrix metalloproteases (MMPs) 

in particular are important for regulating neuroinflammation, degradation of ECM 

components, and function of the BBB. [133], [134] The disease-specific expression of 

proteases can be used to mitigate the toxic side effects common for drugs. For example, 

glyburide is an FDA-approved diabetes medication that blocks SUR1-TRMP4, an ion 

channel that is upregulated in the neurovascular unit after stroke implicated in edema and 

hemorrhage, but is dose restricted due to the risk of hypoglycemia. [135] In order to increase 

disease-specific release in stroke, glyburide was encapsulated in micelles formed from poly-

(e-caprolactone) and PEG block copolymers; the polymer blocks were linked with either a 

thrombin- or MMP-9-cleavable peptide. [136] The design was such that cleavage by 

proteases released PEG from the outer shell of the micelle, leading to a smaller diameter 

nanoparticle that could distribute further into the brain parenchyma. Nanomaterials made 

with thrombin-sensitive polymers had a 5.5-fold higher accumulation into the infarct of a 

90-minute tMCAO mouse model compared to nonresponsive nanomaterials, and the delivery 

of glyburide using this bioresponsive shrinking nanoparticle decreased infarct size and 

improved neurological scores compared to the vehicle and free glyburide controls with 

multiple administrations of 0, 24, and 48 hours after surgery. Thrombin-reactive 

nanoparticles can also be used for site-specific dissociation of clots in order to prevent vessel 

occlusion. A sequential biomimetic approach for the dual delivery of neuroprotective and 

thrombolytic drugs was engineered by coating a polymeric core carrying the small molecule 

neuroprotective drug ZL006e with a platelet membrane that naturally accumulates at the site 

of clots. [137] The surface of the platelet was modified with the cell penetrating peptide Tat 

sterically shielded by the recombinant tissue plasminogen activator (rtPA) linked to the 

membrane with a thrombin-sensitive linker. In the presence of thrombin activity, the 
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thrombolytic rtPA was released to dissociate the clot and also revealed Tat peptide on the 

nanomaterial surface to increase transport into the brain. When intravenously administered 

in a two-hour tMCAO model, this dual delivery, protease-sensitive nanomaterial decreased 

the ischemic area an impressive ~60% compared to no treatment and ~40% compared to 

animals treated with free drug or nanomaterial with linker insensitive to thrombin cleavage. 

Protease activity can also be used in diagnostic nanomedicines for acute brain injuries. 

Similar to the fluorescent cancer diagnostic material LUM015 developed by Lumicell Inc., 

[121], [122] a diagnostic nanomaterial responsive to TBI-associated proteases was 

engineered. [138] In this work, a fluorogenic substrate sensitive to calpain-1 cleavage was 

attached to a polymeric nanomaterial carrier in order to increase its passive accumulation 

into injured tissue. When applied to a CCI model of TBI, fluorescence signal from this 

nanosensor was detected in the injured tissue compared to uninjured brains, indicating an 

increase in calpain-1 activity. Future work in bioresponsive materials for acute brain injuries 

can couple disease stimuli, such as ROS or protease activity, and bioresponsive therapeutic 

delivery for more precise treatments.

Nanomaterial penetration in the brain microenvironment

The abnormal vasculature, poorly developed lymphatics, high interstitial fluid pressure, 

dense ECM, and necrotic regions in the tumor core are obstacles to nanomaterial access 

throughout the entire tumor. [139] For example, liposomes 90 nm in diameter are observed 

to predominately accumulate in the tumor periphery near vasculature. [140] While 

nanomedicines such as Doxil® and Abraxane® have longer blood half-lives and reduced 

off-target effects, they do not exhibit significant improvements in therapeutic efficacy over 

free drug due to poor penetration into the tumor microenvironment. [140], [141] Similarly in 

acute brain injury, there is a necrotic injury core surrounded by tissue that is damaged but 

not yet dead, called the traumatic or ischemic penumbra. Attenuating, halting, or 

ameliorating the secondary injury in the penumbra is the goal of many therapeutics in order 

to mitigate widespread tissue damage after acute brain injury. Due to BBB dysfunction that 

is common in secondary injury, the vasculature in the penumbra has increased permeability 

[142], [143], presenting a possible entry point for nanomaterials into the injured tissue. 

Although there have been observations that systemically delivered nanomaterials can reach 

the core of the injury in stroke models, [144] tissue access is likely influenced by multiple 

factors, including severity of injury, size of nanomaterials, and also the time delay between 

the injury and nanomaterial administration. [72], [84]–[86] Based on the context of the 

injury and when materials are administered, the penetration of nanomaterials throughout the 

injured brain tissue is one potential obstacle to effective nanomedicines for acute brain 

injury.

One approach to increase distribution of nanomaterials throughout the tissue 

microenvironment is through engineering their physicochemical properties and surface 

chemistries. In our discussion of passive delivery above, we have already discussed how 

nanomaterial infiltration can be size-dependent. Nance et. al. reported that nanoparticles 

modified with a dense PEG surface 100 nanometers and smaller can distribute widely when 

applied ex vivo to healthy rat and human brain samples and in vivo through direct brain 

injection. Through analysis of nanoparticle diffusion ex vivo, they estimated that pore sizes 
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in the brain extracellular space are as large as 200 nm and that more than one-quarter of 

pores are at least 100 nm in size. [145] In this study, surface properties also affected 

nanoparticle diffusion within the brain; nanoparticles with a dense PEG surface exhibited 

significantly increased diffusion compared to the same nanoparticle cores with carboxyl 

surfaces. The Saltzman group observed that poly(lactic acid) nanoparticles modified with 

PEG or hyperbranched glycerol surfaces have decreased cellular uptake compared to 

nanoparticles modified with ‘bio-adhesive’ aldehyde surfaces when administered via 

convection enhanced delivery (CED) to healthy brains or glioblastoma tumors. [146] These 

papers establish groundwork for an early understanding of how nanomaterial properties may 

affect distribution and cellular interactions within the brain microenvironment, however 

more studies are warranted to establish systematic design rules.

Tumor-penetrating peptides are a biological approach to increase distribution of 

nanomaterials throughout tumors. The Ruoslahti group identified a tumor penetrating C-end-

rule (CendR) sequence, consisting of a C-terminal R/KXXR/K motif, through in vivo phage 

display, a method for screening a large diversity of peptides in a living organism. [147], 

[148] One tumor-penetrating CendR peptide, iRGD, combines the RGD integrin binding 

motif with the CendR motif. [148] After RGD binding with the primary integrin receptor, 

proteolytic cleavage exposes the CendR motif that can bind to the secondary receptor 

neuropilin-1, which mediates transcellular transport and penetration into the tissue. [148] 

Importantly, iRGD peptide could increase the penetration of nanomaterial both when 

covalently modified to the surface of nanomaterials, or when co-delivered with 

nanomaterials. In a model of prostate cancer that develops a thick tumor stroma, co-injection 

of iRGD with liposomal chemotherapeutics led to ~40% tumor shrinkage compared to co-

injection with non-penetrating RGD control. [149] These penetrating peptides have yet to be 

explored for nanomaterial delivery to acute brain injuries, although we note that one primary 

receptor for iRGD, αvβ3 integrin, is known to be expressed in wound beds and the 

secondary receptor, neuropilin-1, is known to be upregulated in hypoxic tissues. [150]

Immunomodulatory nanomaterials in brain injury

Engineered nanomaterials are attractive technologies to interface with the immune system 

and there has been rapid development of these materials for applications in cancer. 

Nanomaterials are supramolecular assemblies and therefore they can deliver antigens and 

adjuvants (e.g., CpG oligonucleotides, imidazoquinoline, monophosphoryl lipid A, or plant 

virus proteins) to the same cell for the purpose of vaccination [34]. In addition, nanometer 

scale materials carrying diagnostic or therapeutic payloads are naturally phagocytosed by 

antigen presenting cells (e.g., dendritic cells and tumor-associated macrophages (TAMs). For 

example, maleimide-modified PEG nanoparticles have been used to capture circulating 

tumor antigens released after radiotherapy and subsequently be phagocytosed by dendritic 

cells to enhance the abscopal effect of anti-tumor immunity. [151] Nanoparticles can also 

mimic immune cell behavior, such as target binding, T cell activation, and tissue infiltration. 

Polymeric PLGA nanoparticles wrapped with neutrophil membranes used the endogenous 

affinity of neutrophils to bind circulating cancer cells to deliver the proteasome inhibitor 

carfilzomib after intravenous delivery. [152] Metal-organic framework nanoparticles, 

utilized for in vivo fluorescence imaging, were coated with a fusion of dendritic and cancer 
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cell membranes to simultaneously mimic a dendritic antigen presenting cell and present 

tumor antigens to provide efficient T cell co-stimulation as a single nanomaterial. [153] In 

addition to direct stimulation of T cells, this material could also be phagocytosed by 

dendritic cells for indirect stimulation of T cells. This nanomaterial, termed a cytomembrane 

nanovaccine, homed to the lymph node in vivo after subcutaneous injection and successfully 

immunized 60% of mice against a tumor challenge. Lastly, immune cells can be used to 

increase the delivery of nanomaterials into solid tumors. Nanoparticles carrying 

chemotherapeutics have been attached ex vivo to T cells to exploit the innate infiltration of T 

cells for delivery of adjuvant (IL-15 super-agonist) and chemotherapy (topoisomerase I 

poison SN-35) in several tumor models. [154]–[156] Advantages of cell-mediated 

therapeutic delivery include improvement in the therapeutic window due to increased 

biodistribution to the tumor.

The immune system in acute brain injury after TBI and stroke plays an integral role in 

disease progression and resolution. [43], [157] Like TAMs, resident microglia and 

macrophages are aberrantly activated after injury. The therapeutic goal in the brain is 

regeneration, as opposed to cancer killing, and therefore the polarization of macrophages 

and microglia between pro- to anti-inflammatory states requires precise regulation during 

the multiple phases of injury resolution. For a detailed discussion of the immune response in 

stroke and TBI, see excellent reviews by Loane and Kumar [158], Gyoneva and Ransohoff 

[159], and Kawabori and Yenari. [157] In summary, the elevation of danger associated 

molecular patterns (DAMPs) released by apoptotic neurons bind to toll-like Receptors 

(TLRs) on microglia and tissue-resident macrophages. [158] TLR activation leads to 

transcriptional upregulation of inflammatory genes, such as interleukins and TNF-α [43], 

[157] to polarize immune cells to an inflammatory “M1” phenotype. Inflammatory immune 

cells generate arachidonic acid metabolites, nitric oxide (NO), ROS, and MMPs that 

perpetuate the inflammatory response. [157], [158] Simultaneously, astrocytes, microglia, 

and oligodendrocyte progenitor cells become reactive, leading to gliosis as a hypothesized 

mechanism to sequester tissue damage from healthy tissue. [160] Adhesion molecules, 

including selectins, IG, and integrins, upregulated on damaged endothelium leads to the 

recruitment of leukocytes from the blood. [157] The infiltrating leukocytes, mainly 

neutrophils and monocytes, release cytokines, ROS, and MMPs that perpetuate the 

inflammatory microenvironment leading to tissue damage and cell death.

Based on the destruction a sustained proinflammatory response can cause after acute injury, 

there has been significant effort to improve the delivery of anti-inflammatories, such as 

glucocorticoids, NSAIDs, TNF-α inhibitors, IL-1β inhibitors, and drugs with pleiotropic 

mechanisms such as statins. [161] Due to the endogenous phagocytic activity of microglia, a 

common goal for nanomedicines is to deliver immunomodulatory molecules to polarize 

microglia to an anti-inflammatory state. The ability for nanomaterials to accumulate in 

microglia has been demonstrated with poly(amidoamine) (PAMAM) dendrimers after 

intravenous delivery in several models of brain inflammation. [162], [163] In a pediatric 

rabbit CCI model of TBI, PAMAM dendrimer modified with a triphenylphosphonium (TPP) 

mitochondrial targeting moiety demonstrated accumulation in the mitochondria of microglia 

when delivered 6 hours post-TBI. [164]
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In a different approach, nanoparticles can be used to deliver cytotoxic agents to deplete 

infiltrating neutrophils and monocytes in order to reduce the tissue damage, since these cells 

are known to exacerbate the destructive injury response. [165] In one example, albumin 

nanoparticles linked with cytotoxic doxorubicin through an acid-labile hydrazine bond 

accumulated in activated phagocytic neutrophils in the blood to induce apoptosis and prevent 

their infiltration into inflamed tissue. [166] The hydrazine bond was designed to be stable in 

circulation but degrade in the acidic endosome of neutrophils after phagocytosis. Systemic 

administration of these nanoparticles one hour after reperfusion in a tMCAO model depleted 

blood neutrophils and reduced neuroinflammation, as measured by brain levels of TNF-α, 

IL1β and IL-6. Depletion of monocyte infiltration into brain tissue represents another 

immunomodulation strategy. Highly anionic 500nm polymeric nanoparticles injected 2, 24, 

and 48 hours post-CCI bound to blood monocytes in situ via the macrophage receptor with 

collagenous structure (MARCO), leading to a 84.5% decrease in monocyte infiltration into 

the brain 3 days post-injury compared to vehicle control. [167] This decrease was 

concomitant with decreased lesion volume and ventricular volume, and improvements in 

functional behavior up to 6 months post-treatment. A similar functional outcome was 

reproduced when these same nanoparticles were applied to a closed head injury (CHI) 

model. In another study, prophylactic delivery of clondronate liposomes in a CCI model 

showed both beneficial (reduced ventricle enlargement) and detrimental (increased BBB 

permeability) outcomes with no effect on lesion volume and edema, illustrating the 

complicated role immune cells may have in acute injury. [168], [169] Although prophylactic 

treatment of TBI is a clinically unrealistic treatment strategy, these preclinical data may 

provide clues for future research. While using nanomaterials to deplete phagocytic immune 

cells is a promising strategy, further research is needed to illuminate the role of these cells in 

brain injury pathophysiology.

Based on the natural infiltration of innate immune cells into the brain after injury, mimicry 

of these cells can increase nanomaterial accumulation into the brain, where the BBB is a 

formidable barrier to access. In one approach, ~190 nm nanovesicles were made from a 

neutrophil cell line HL-60 to mimic neutrophil infiltration into the injured brain. [170] 

Nanovesicles loaded with the therapeutic molecule resolvin D2 maintained major surface 

proteins found on neutrophils (integrin β2, PECAM-1, PSGL-1, and VLA-4) and trafficked 

to the injured brain endothelium after intravenous injection one hour post-reperfusion in a 

tMCAO mouse model. The therapeutic mechanism of resolvin D2 is to reduce leukocyte-

endothelium interactions, and treatment of the tMCAO model with resolvin D2 loaded 

neutrophil nanovesicles led to decreased neutrophil infiltration and reduced levels of 

inflammatory cytokines TNF-α, IL1β and IL-6 in the injured brain compared to no 

treatment controls.

Nanomaterials have also been used to “hitchhike” onto infiltrating immune cells, wherein 

nanomaterials can modify leukocytes in the blood and translocate into the brain based on the 

endogenous chemotaxis of these cells. For example, liposomes modified with circularized 

RGD targeting peptide targeted overexpressed αvβ3 integrin receptors on activated blood 

monocytes and neutrophils after tMCAO and become phagocytosed. [171] Liposomes 

labeled with dye accumulated in neutrophils and monocytes in the bloodstream, co-migrated 

across the BBB into the injured lesion, and transferred to neurons and microglia in the 
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microenvironment. In related studies in models of lipopolysaccharide (LPS) induced brain 

inflammation, 30 nm superparamagnetic iron oxide nanoparticles with oleic acid and 

amphiliphilic polymer coating (SHP-30, Ocean NanoTech) were attached ex vivo to bone 

marrow-derived monocytes and intravenously injected. [172] These adoptively transferred 

cells carrying nanoparticles could be detected by flow cytometry in the inflamed brain 14 

hours after injection. Additionally, macrophages modified with a layer-by-layer disc-shaped 

polymer patches 7 μm in diameter and 600 nm in height via an anti-CD11b antibody were 

able to infiltrate into brains with LPS-induced inflammation. [173] These studies 

demonstrate nanomaterials can modulate the natural activity of the immune system or 

exploit the natural trafficking of immune cells for therapeutic benefit in acute brain injuries.

Path to clinical translation

We have discussed preclinical research on nanomaterial designs that can intelligently 

interact with host biology for application to acute brain injuries. Before successful 

translation of these nanomaterials from preclinical studies into humans, there remain several 

obstacles. Many of the obstacles are attributed to the translation of therapeutics for acute 

brain injuries in general, for example inadequate understanding and control of the 

pharmacokinetics and pharmacodynamics of therapeutics (biodistribution, half-life, dose-

response curve, etc.), limitations in preclinical models to represent the heterogeneity of 

disease phenotype, understudied biological variables such as age and sex, and lack of 

specific biomarkers that can predict long-term outcomes. While nanomaterials are a 

potential solution to these hurdles, such as improvements in the pharmacokinetic and 

pharmacodynamics, they also pose their own complications. For example, there are 

challenges associated with the scale-up and manufacture of nanomaterials and their path for 

FDA-approval is complicated due to their multiple components. We will focus our 

discussion on the obstacles to translation as they relate to nanomaterials. For a 

comprehensive discussion of clinical translation of therapeutics for brain injuries please see 

the excellent reviews by Stein [22], Loane and Faden [19], and Bosetti [174]. The translation 

of nanomaterials are discussed in reviews by Hua and Storm [175] and Anselmo and 

Mitragotri [176].

One major hurdle to clinical translation of therapeutics for brain injuries is to achieve 

desirable pharmacokinetic profiles, most notably increased accumulation and retention in the 

brain and reduced accumulation in off-target organs. Formulation of drugs as nanomaterials 

offer potential solutions. For example, Doxil ® is chemotherapeutic formulated in PEG-

modified ~100 nm liposomes; the large size reduces off-target organ accumulation to 

mitigate toxicity and the PEG reduces interaction with phagocytes to increase circulation 

times [176]. Besides passive targeting, active targeting via surface modification with 

peptides (RGD, RVG, CAQK) or antibodies is one avenue to increase nanomaterial 

selectivity to cell types and retention in brain tissue, although active targeting has yet to be 

implemented in clinically-approved nanomaterials. [32], [176] In addition to regulating 

organ-level biodistribution, increasing nanoparticle penetration through biological barriers, 

such as the BBB and brain tissue, is another delivery challenge. [176] Further investigation 

is needed into the effects of nanoparticle size, charge, and other physiochemical properties 

on pharmacokinetics. [145], [146]
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Accurate quantification of therapeutic bioavailability in target organs and scaling preclinical 

dosage levels to humans is necessary for translation; ambiguity in effective progesterone 

dose and schedule has been speculated to be one reason for lack of efficacy observed in the 

ProTECT III and SyNAPSe III clinical trials. [22] The accurate quantification of 

nanomaterials which do not have intrinsic imaging properties in vivo is one difficulty 

because traditional organ collection and histology is not applicable in a clinical setting. [176] 

Bioresponsive nanomaterials that only release drug in the presence of stimuli are one 

potential solution that would alleviate the need for precise dosing, since therapeutics could 

be engineered to release only in the presence of disease and could therefore increase the 

therapeutic window. For example, self-titrating hemostatic nanoparticles are engineered to 

release heparin only in the presence of thrombin activity. [177]

Testing promising therapeutic candidates in preclinical animal models of brain injury is a 

mainstay of research and is a requirement for the FDA to support clinical trial feasibility. 

The utility of animal modeling is indisputable given the scientific precedence, availability, 

low cost, and ability to screen a multitude of therapeutic agents. [53] Using Bayesian 

analysis, Goodman et al. estimated that preclinical testing increases the likelihood of clinical 

success by several orders of magnitude. [178] Despite the value of preclinical testing for 

therapeutic translation and the availability of different types of injury models as discussed 

above, the limitation of animal models to recapitulate human biology in response to an acute 

brain injury must be considered. [51], [53], [55], [56], [174] For one, rodents have a 

different brain geometry and white-to-gray matter ratio, among other anatomical differences. 

[51], [52] Several variations in innate and adaptive immune response also exist, including 

percentage of neutrophil populations in blood and chemokine receptor expression. [179] 

These biological discrepancies can result in differences in acute brain injury sequelae 

between humans and rodents. For example, gene expression patterns can differ in mice and 

humans after ischemic stroke. [56], [180]–[185] Additional factors including the use of 

anesthesia and post-operative analgesia during induction of injury in animal models in 

compliance with animal welfare guidelines [186]. Finally, the patient population enrolled in 

clinical trials is typically heterogeneous and represent different ages, genders, pre-morbid 

conditions, injury origins and disease severity. Preclinical studies often fail to match the 

heterogeneous nature of the clinical patient population because the majority of experiments 

employ generally one optimized injury model in healthy adult rodents of the same strain and 

gender; rarely are geriatric, pediatric, or female mice represented in studies. More research 

is needed to delineate the role age plays in both TBI pathology and therapeutic response 

[187] given the risk of TBI is higher among children, young adults, and those over 75 years 

of age. [188] Variations in rodent strain, [189] age, [190], [191] and sex [192] may influence 

measured outcomes and potentially confound results. For example, the sex hormones 

estrogen and progesterone may be neuroprotective after TBI in female mice compared to 

their male counterparts. [192], [193] While biological differences between rodents and 

humans are intrinsic to preclinical testing, increasing awareness of the factors that are within 

experimental control and rigorously defining aspects of models that accurately predict 

disease phenotype in humans is important in future design of clinical trials based on 

preclinical research. [53]
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A final hurdle for clinical translation stems from the complexity of acute brain injury 

pathology in the clinic. The most commonly utilized injury assessment metrics in the clinic, 

Glasgow Coma Scale (GSC) or Glasgow Outcome Scale-Extended (GOS-E) for TBI and 

modified Ranking Scale (mRS) for stroke, involve a series of questions to qualitatively 

assess neurological deficits and quality of life in patients. [5], [15] However, analysis of 

neurological surveys like GSC often lack sensitivity in distinguishing injury severity and 

stage which make monitoring patient outcomes difficult. [194] The questionnaire format of 

GSC, described as a “blunt instrument”, can potentially miss small improvements in patient 

outcome. [22], [174] The subjective nature of GSC, GOS-E and mRS contrast with 

preclinical testing which typically uses multiple quantitative and functional endpoints to 

assess therapeutic efficacy. [22] In addition to selection of appropriate endpoints, the 

complex continuum of acute and chronic secondary injury clouds determination of 

appropriate timelines for therapeutic intervention. [19] Matching therapeutic dose schedules 

gleamed from preclinical studies to timepoints in the clinic can be difficult or unrealistic. 

[195] For example, a significant number of preclinical studies employ prophylactic or short 

timepoints post-injury for therapeutic delivery, whereas it can take up to 6 hours for patients 

to present with TBI, provide informed consent, enroll in a clinical trial, and receive therapy. 

[19] In the ProTECT III and SyNAPSe III clinical trials, treatment was administered within 

4 hours and 8 hours of injury, respectively. [22]

Whereas preclinical studies have provided the biological and mechanistic basis for past 

clinical trials, future efforts to improve the predictive accuracy of preclinical studies is a 

critical step to achieve success in clinical trials. Health experts aim to develop research 

guidelines like Stroke Therapy Academic Industry Roundtable (STAIR) recommendations to 

improve clinical translation. [174], [196] The Federal Interagency Traumatic Brain Injury 

Research (FITBIR) is an informatics system built to share TBI related research across the 

research field. For the development of nanomaterials to treat acute brain injuries, future 

efforts include accurate measurement of nanomaterial pharmacokinetics in living organisms, 

careful selection of animal models that recapitulate specific human pathology relevant to 

nanomaterial design and payload, designing experiments that consider multiple biological 

variables, and development of technology to quantitatively measure biomarkers that can 

accurately predict outcomes in humans. [174], [197] PAMAM dendrimers are one example 

of nanomaterials that were tested across species and in multiple models of brain injury. [163] 

Based on comprehensive preclinical studies, PAMAM dendrimer nanomaterial drug OP-101 

manufactured by Orpheris is currently undergoing Phase I clinical trials of safety, 

tolerability, and pharmacokinetics (clinicaltrials.gov NCT03500627).

Conclusion

There is an urgent need for new therapeutics to treat acute brain injuries, and engineering 

novel nanomedicine is one potential avenue for innovation. We drew from two decades of 

cancer nanomedicine in order to gain insight and inspiration to apply to the burgeoning field 

of nanomedicine for acute brain injuries. In particular, we focused on nanomaterials that are 

engineered based on disease-specific changes that occur in the vasculature, 

microenvironment, and the immune system. Within the current field of nanomaterials for 

acute brain injuries, there remain significant opportunities to innovate within the topics 
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discussed, as well as opportunities in directions that have been largely unexplored as of yet. 

For example, the secondary injury after an acute brain injury is multi-factorial and the failure 

of single drug therapies have initiated investigations into combination therapies. While there 

are promising ongoing studies of combination therapies [198], maintaining multiple drug 

molecules with disparate pharmacokinetics in their therapeutic windows may be a challenge. 

As supramolecular structures, nanomaterials can package multiple drugs for simultaneous 

delivery to the same tissue region or cell. In addition, nanomaterials can deliver challenging 

cargoes such as nucleic acids and proteins; the first FDA-approved siRNA therapy, 

ONPATTRO®, is a lipid nanoparticle that gained approval in 2018. Nanomaterial-mediated 

delivery of proteins and nucleic acids has the potential to directly translate basic biological 

findings from research labs into the clinic without the time-consuming development of small 

molecules. Lastly, many drugs, especially those designed for the brain, have poorly tolerated 

side effects. Future nanomaterials can be implemented as a precision medicine approach; for 

example, a system composed of a nanomaterial sensor that measures disease-causative 

protease activity paired with a homeostatic nanomaterial therapeutic that releases protease 

inhibitors only in response to that protease’s activity.

Acknowledgements

This work was supported by National Institutes of Health Director’s New Innovator Award number 
1DP2NS111507. R.M.K. gratefully acknowledges the NHLBI training program Integrative Bioengineering of Heart 
Vessels Blood (T32 HL105373).

References

[1]. Maas AIR et al., “The Lancet Neurology Commission Traumatic brain injury: integrated 
approaches to improve prevention , clinical care , and research,” Lancet Neurol. Comm, vol. 16, 
2017.

[2]. Gorelick P, “The global burden of stroke : persistent and disabling,” Lancet Neurol, vol. 18, no. 5, 
pp. 417–418, 2019. [PubMed: 30871943] 

[3]. Benjamin EJ et al., Heart Disease and Stroke Statistics—2017 Update, vol. 135, no. 10 2017.

[4]. Peterson A, Xu L, Daugherty J, and Breiding MJ, “Surveillance Report of Traumatic Brain Injury-
related Emergency Department Visits, Hospitalizations, and Deaths-United States, 2014,” p. 24, 
2019.

[5]. Giustini A, Pistarini C, and Pisoni C, Traumatic and nontraumatic brain injury, 1st ed., vol. 110 
Elsevier B.V, 2013.

[6]. Havakuk O et al., “Heart Failure-Induced Brain Injury,” J. Am. Coll. Cardiol, vol. 69, no. 12, pp. 
1609–1616, 2017. [PubMed: 28335844] 

[7]. Majdan M et al., “Severity and outcome of traumatic brain injuries (TBI) with different causes of 
injury,” Brain inj., vol. 25, no. 9, pp. 797–805, 2011. [PubMed: 21631184] 

[8]. Werner C, Engelhard K, and Gutenberg-universita DJ, “Pathophysiology of traumatic brain 
injury,” vol. 99, no. 1, pp. 4–9, 2007.

[9]. Woodruff TM, Thundyil J, Tang S, Sobey CG, Taylor SM, and Arumugam TV, “Pathophysiology , 
treatment , and animal and cellular models of human ischemic stroke,” pp. 1–19, 2011.

[10]. Aronowski J and Zhao X, “Molecular pathophysiology of cerebral hemorrhage: secondary brain 
injury,” Stroke, vol. 42, no. 6, pp. 1781–1786, 2011. [PubMed: 21527759] 

[11]. Roozenbeek B, Maas AIR, and Menon DK, “Changing patterns in the epidemiology of traumatic 
brain injury,” Nat. Rev. Neurol, vol. 9, no. 4, pp. 231–236, 2013. [PubMed: 23443846] 

[12]. Fong R, Konakondla S, Schirmer CM, and Lacroix M, “Surgical interventions for severe 
traumatic brain injury,” J. Emerg. Crit. Care Med, vol. 1, no. 10, pp. 28–28, 2017.

Kandell et al. Page 20

Mol Pharm. Author manuscript; available in PMC 2022 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[13]. Kim YJ, “The Impact of Time from ED Arrival to Surgery on Mortality and Hospital Length of 
Stay in Patients With Traumatic Brain Injury,” J. Emerg. Nurs, vol. 37, no. 4, pp. 328–333, 2011. 
[PubMed: 21741566] 

[14]. Gravanis I, “tPA as a therapeutic target in stroke,” Expert Opinon Ther. Targets, vol. 12, no. 2, 
2013.

[15]. Catanese L, Tarsia J, and Fisher M, “Acute Ischemic Stroke Therapy Overview,” Circ. Res, vol. 
120, no. 3, pp. 541–558, 2017. [PubMed: 28154103] 

[16]. Furlan AJ, “Endovascular Therapy for Stroke — It’s about Time,” N. Engl. J. Med, no. 372, pp. 
2347–2349, 2015.

[17]. Nogueira RG et al., “Thrombectomy 6 to 24 hours after stroke with a mismatch between deficit 
and infarct,” N. Engl. J. Med, vol. 378, no. 1, pp. 11–21, 2018. [PubMed: 29129157] 

[18]. Stocchetti N et al., “Neuroprotection in acute brain injury: an up-to-date review,” pp. 1–11, 2015.

[19]. Loane DJ and Faden AI, “Neuroprotection for traumatic brain injury: translational challenges and 
emerging therapeutic strategies,” Trends Pharmacol Sci, vol. 31, no. 12, pp. 596–604, 2010. 
[PubMed: 21035878] 

[20]. Skolnick BE et al., “A Clinical Trial of Progesterone for Severe Traumatic Brain Injury,” pp. 
2467–2476, 2014.

[21]. Wright D et al., “Very Early Administration of Progesterone for Acute Traumatic Brain Injury,” 
N. Engl. J. Med, pp. 2457–2466, 2014.

[22]. Stein DG, “Embracing failure: What the Phase III progesterone studies can teach about TBI 
clinical trials,” vol. 9052, no. 11, pp. 1259–1272, 2015.

[23]. Chen X and Wang K, “The fate of medications evaluated for ischemic stroke pharmacotherapy 
over the period 1995 – 2015,” Acta Pharm. Sin. B, vol. 6, no. 6, pp. 522–530, 2016. [PubMed: 
27818918] 

[24]. Wong CH, Siah KW, and Lo AW, “Estimation of clinical trial success rates and related 
parameters,” Biostatistics, vol. 20, no. 2, pp. 273–286, 2019. [PubMed: 29394327] 

[25]. Meyers PM, Schumacher HC, Connolly ES, Heyer EJ, Gray WA, and Higashida RT, “Current 
status of endovascular stroke treatment,” Circulation, vol. 123, no. 22, pp. 2591–2601, 2011. 
[PubMed: 21646506] 

[26]. Brott T and Bogousslavsky J, “Treatment of Acute Ischemic Stroke,” N. Engl. J. Med, vol. 343, 
pp. 710–722, 2000. [PubMed: 10974136] 

[27]. Tran S, Degiovanni PJ, Piel B, and Rai P, “Cancer nanomedicine : a review of recent success in 
drug delivery,” Clin. Transl. Med, 2017.

[28]. Xing M, Yan F, Yu S, and Shen P, “Efficacy and Cardiotoxicity of Liposomal Doxorubicin-Based 
Chemotherapy in Advanced Breast Cancer : A Meta-Analysis of Ten Randomized Controlled 
Trials,” pp. 1–9, 2015.

[29]. Miele E, Spinelli GP, Miele E, Tomao F, and Tomao S, “Albumin-bound formulation of paclitaxel 
(Abraxane® ABI-007) in the treatment of breast cancer,” Int. J. Nanomedicine, vol. 4, no. 1, pp. 
99–105, 2009. [PubMed: 19516888] 

[30]. Shi J, Kantoff P, Wooster R, and Farokhzad OC, “Cancer nanomedicine: progress, challenges and 
opportunities,” Nat. Rev. Cancer, vol. 17, no. 1, pp. 20–37, 2017. [PubMed: 27834398] 

[31]. Martins JP et al., “The solid progress of nanomedicine,” Drug Deliv. Transl. Res, pp. 9–12, 2020.

[32]. Anselmo AC and Mitragotri S, “Nanoparticles in the clinic: An update,” no. 8, pp. 1–16, 2019.

[33]. He H, Liu L, Morin EE, Liu M, and Schwendeman A, “Survey of Clinical Translation of Cancer 
Nanomedicines - Lessons Learned from Successes and Failures,” Acc. Chem. Res, vol. 52, no. 9, 
pp. 2673–2683, 2019. [PubMed: 31479242] 

[34]. Kroll AV, Jiang Y, Zhou J, Holay M, and Fang RH, “Biomimetic Nanoparticle Vaccines for 
Cancer Therapy,” Adv. Biosyst, vol. 1800219, pp. 1–17, 2019.

[35]. Skinner SA, Tutton PJM, and O’Brien PE, “Microvascular Architecture of Experimental Colon 
Tumors in the Rat,” Cancer Res., vol. 50, no. 8, pp. 2411–2417, 1990. [PubMed: 2317825] 

[36]. Hashizume H et al., “Openings between defective endothelial cells explain tumor vessel 
leakiness,” Am. J. Pathol, vol. 156, no. 4, pp. 1363–1380, 2000. [PubMed: 10751361] 

Kandell et al. Page 21

Mol Pharm. Author manuscript; available in PMC 2022 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[37]. Maeda H, Wu J, Sawa T, Matsumura Y, and Hori K, “Tumor vascular permeability and the EPR 
effect in macromolecular therapeutics: a review,” vol. 65, pp. 271–284, 2000.

[38]. Ballabh P, Braun A, and Nedergaard M, “The blood-brain barrier: An overview: Structure, 
regulation, and clinical implications,” Neurobiol. Dis, vol. 16, no. 1, pp. 1–13, 2004. [PubMed: 
15207256] 

[39]. Dvorak HF, “Tumors : Wounds that do not heal--Redux,” Cancer Immunol Res., vol. 3, no. 1, pp. 
1–11, 2015. [PubMed: 25568067] 

[40]. Lombardo D, Kiselev MA, and Caccamo MT, “Smart Nanoparticles for Drug Delivery 
Application: Development of Versatile Nanocarrier Platforms in Biotechnology and 
Nanomedicine,” J. Nanomater, vol. 2019, 2019.

[41]. van der Meel R, Sulheim E, Shi Y, Kiessling F, Mulder WJM, and Lammers T, “Smart cancer 
nanomedicine,” Nat. Nanotechnol, vol. 14, no. 11, pp. 1007–1017, 2019. [PubMed: 31695150] 

[42]. Jiao Q, Li L, Mu Q, and Zhang Q, “Immunomodulation of nanoparticles in nanomedicine 
applications,” Biomed Res. Int, vol. 2014, 2014.

[43]. Jassam YN, Izzy S, Whalen M, McGavern DB, and El Khoury J, “Neuroimmunology of 
Traumatic Brain Injury: Time for a Paradigm Shift,” Neuron, vol. 95, no. 6, pp. 1246–1265, 
2017. [PubMed: 28910616] 

[44]. Malone K, Amu S, Moore AC, and Waeber C, “Immunomodulatory therapeutic strategies in 
stroke,” Front. Pharmacol, vol. 10, no. JUN, pp. 1–21, 2019. [PubMed: 30728774] 

[45]. Bharadwaj V, Nguyen D, Kodibagkar V, and Stabenfeldt S, “Nanoparticle-based therapeutics for 
brain injury,” Adv Heal. Mater, vol. 7, no. 1,2018.

[46]. Seo Y-E, Bu T, and Saltzman WM, “Nanomaterials for convection-enhanced delivery of agents to 
treat brain tumors,” Curr Opin Biomed Eng., vol. December, no. 4, pp. 1–12, 2017.

[47]. Alshweiat A, Ambrus R, and Csóka li, “Intranasal Nanoparticulate Systems as Alternative Route 
of Drug Delivery,” Curr. Med. Chem, vol. 26, no. 35, pp. 6459–6492, 2019. [PubMed: 31453778] 

[48]. Alavian F and Shams N, “Oral and intranasal administration of nanoparticles in the cerebral 
ischemia treatment; Considering the advantages and disadvantages,” Curr. Clin. Pharmacol, vol. 
14, pp. 20–29, 2019.

[49]. Calias P, Banks WA, Begley D, Scarpa M, and Dickson P, “Intrathecal delivery of protein 
therapeutics to the brain: A critical reassessment,” Pharmacol. Ther, vol. 144, no. 2, pp. 114–122, 
2014. [PubMed: 24854599] 

[50]. Pillai G, “Nanomedicines for Cancer Therapy: An Update of FDA Approved and Those under 
Various Stages of Development,” SOJ Pharm. Pharm. Sci, 2014.

[51]. Xiong Y, Mahmood A, and Choop M, “Animal models of traumatic brain injury,” Nat Rev 
Neurosci, vol. 14, no. 2, pp. 128–142, 2013. [PubMed: 23329160] 

[52]. Morales DM et al., “Experimental models of traumatic brain injury: Do we really need to build a 
better mousetrap?,” Neuroscience, vol. 136, no. 4, pp. 971–989, 2005. [PubMed: 16242846] 

[53]. Wojnarowicz MW, Fisher AM, Minaeva O, and Goldstein LE, “Considerations for experimental 
animal models of concussion, traumatic brain injury, and chronic traumatic encephalopathy-these 
matters matter,” Front. Neurol, vol. 8, no. JUN, pp. 1–14, 2017. [PubMed: 28138322] 

[54]. Fluri F, Schuhmann MK, and Kleinschnitz C, “Animal models of ischemic stroke and their 
application in clinical research,” Drug Des. Devel. Ther, vol. 9, pp. 3445–3454, 2015.

[55]. Herson R, Traystman Paco, “Animal models of stroke: translational potential at present and in 
2050,” Futur. Neurol, vol. 9, no. 5, pp. 541–551, 2014.

[56]. Jickling GC and Sharp FR, “Improving the translation of animal ischemic stroke studies to 
humans,” Metab. Brain Dis, vol. 30, no. 2, pp. 461–467, 2015. [PubMed: 24526567] 

[57]. Xu WW et al., “Ischemia Reperfusion Injury after Gradual versus Rapid Flow Restoration for 
Middle Cerebral Artery Occlusion Rats,” Sci. Rep, vol. 8, no. 1, pp. 1–9, 2018. [PubMed: 
29311619] 

[58]. Uzdensky AB, “Photothrombotic Stroke as a Model of Ischemic Stroke,” Transl. Stroke Res, vol. 
9, no. 5, pp. 437–451, 2018. [PubMed: 29188434] 

Kandell et al. Page 22

Mol Pharm. Author manuscript; available in PMC 2022 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[59]. Saharinen P, Eklund L, Pulkki K, Bono P, and Alitalo K, “VEGF and angiopoietin signaling in 
tumor angiogenesis and metastasis,” Cell Press Trends Mol. Med, vol. 17, no. 7, pp. 347–362, 
2011.

[60]. Chodobski A, Zink BJ, and Szmydynger-Chodobska J, “Blood-brain barrier pathophysiology in 
traumatic brain injury.,” Transl. Stroke Res, vol. 2, no. 4, pp. 492–516, Dec. 2011. [PubMed: 
22299022] 

[61]. Uyama O, Okamura N, Yanase M, Narita M, Kawabata K, and Sugita M, “Guantitative 
evaluation of vascular permeability in the gerbil brain after transient ischemia using Evans blue 
fluorescence,” J. Cereb. Blood Flow Metab, vol. 8, no. 2, pp. 282–284, 1988. [PubMed: 3343300] 

[62]. Chen Y, Constantini S, Trembovler V, Weinstock M, and Shohami E, “An experimental model of 
closed head injury in mice: Pathophysiology, histopathology, and cognitive deficits,” J. 
Neurotrauma, vol. 13, no. 10, pp. 557–568, 1996. [PubMed: 8915907] 

[63]. Mayhan WG and Heistad DD, “Permeability of blood-brain barrier to various sized molecules,” 
Am. J. Physiol. - Hear. Circ. Physiol, vol. 17, no. 5, 1985.

[64]. Gonul E, Duz B, Kahraman S, Kayali H, Kubar A, and Timurkaynak E, “Early pericyte response 
to brain hypoxia in cats: An ultrastructural study,” Microvasc. Res, vol. 64, no. 1, pp. 116–119, 
2002. [PubMed: 12074637] 

[65]. Dore-Duffy P, Owen C, Balabanov R, Murphy S, Beaumont T, and Rafols JA, “Pericyte 
migration from the vascular wall in response to traumatic brain injury,” Microvasc. Res, vol. 60, 
no. 1, pp. 55–69, 2000. [PubMed: 10873515] 

[66]. Del Zoppo GJ and Hallenbeck JM, “Advances in the vascular pathophysiology of ischemic 
stroke,” Thromb. Res, vol. 98, no. 3, pp. 73–81, 2000.

[67]. Yemisci M, Gursoy-ozdemir Y, Vural A, Can A, Topalkara K, and Dalkara T, “Pericyte 
contraction induced by oxidative-nitrative stress impairs capillary reflow despite successful 
opening of an occluded cerebral artery,” Nat. Med, vol. 1, no. August, pp. 1031–1038, 2009.

[68]. Cunningham TL et al., “Correlations between blood-brain barrier disruption and 
neuroinflammation in an experimental model of penetrating ballistic-like brain injury,” J. 
Neurotrauma, vol. 31, no. 5, pp. 505–514, 2014. [PubMed: 24138024] 

[69]. Başkaya MK, Rao AM, Doǧan A, Donaldson D, and Dempsey RJ, “The biphasic opening of the 
blood-brain barrier in the cortex and hippocampus after traumatic brain injury in rats,” Neurosci. 
Lett, vol. 226, no. 1, pp. 33–36, 1997. [PubMed: 9153635] 

[70]. Belayev L, Busto R, Zhao W, and Ginsberg MD, “Guantitative evaluation of blood-brain barrier 
permeability following middle cerebral artery occlusion in rats,” Brain Res, vol. 739, no. 1–2, pp. 
88–96, 1996. [PubMed: 8955928] 

[71]. Strbian D et al., “The blood-brain barrier is continuously open for several weeks following 
transient focal cerebral ischemia,” Neuroscience, vol. 153, no. 1, pp. 175–181, 2008. [PubMed: 
18367342] 

[72]. Bharadwaj VN, Lifshitz J, Adelson PD, and Kodibagkar VD, “Temporal assessment of 
nanoparticle accumulation after experimental brain injury: Effect of particle size,” Nat. Publ. Gr, 
no. 6, pp. 1–12, 2016.

[73]. Sashindranath M, et al. “The tissue-type plasminogen activator-plasminogen activator inhibitor 1 
complex promotes neurovascular injury in brain trauma: Evidence from mice and humans,” 
Brain, vol. 135, no. 11, pp. 3251–3264, 2012. [PubMed: 22822039] 

[74]. Haley MJ and Lawrence CB, “The blood-brain barrier after stroke: Structural studies and the role 
of transcytotic vesicles,” J. Cereb. Blood Flow Metab, vol. 37, no. 2, pp. 456–470, 2017. 
[PubMed: 26823471] 

[75]. Huang O, Zhong W, Hu Z, and Tang X, “A review of the role of cav-1 in neuropathology and 
neural recovery after ischemic stroke,” J. Neuroinflammation, vol. 15, no. 1, pp. 1–16, 2018. 
[PubMed: 29301548] 

[76]. Knowland D et al., “Stepwise Recruitment of Transcellular and Paracellular Pathways Underlies 
Blood-Brain Barrier Breakdown in Stroke,” Neuron, vol. 82, no. 3, pp. 603–617, 2014. [PubMed: 
24746419] 

[77]. Sindhwani S et al., “The entry of nanoparticles into solid tumours,” Nat. Mater, 2020.

Kandell et al. Page 23

Mol Pharm. Author manuscript; available in PMC 2022 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[78]. Mitragotri S, Burke P, and Langer R, “Overcoming the challenges in administering 
biopharmaceutics: formulation and deliveyr strategies,” Nat Rev Drug Discov, vol. 13, no. 9, pp. 
655–672, 2014. [PubMed: 25103255] 

[79]. Wilhelm S et al., “Analysis of nanoparticle delivery to tumours,” Nat. Rev. Mater, vol. 1, 2016.

[80]. Danhier F, “To exploit the tumor microenvironment: Since the EPR effect fails in the clinic, what 
is the future of nanomedicine?,” J. Control. Release, vol. 244, pp. 108–121, 2016. [PubMed: 
27871992] 

[81]. Fang J, Nakamura H, and Maeda H, “The EPR effect: Unique features of tumor blood vessels for 
drug delivery, factors involved, and limitations and augmentation of the effect,” Adv. Drug Deliv. 
Rev, vol. 63, no. 3, pp. 136–151, 2011. [PubMed: 20441782] 

[82]. Golombek SK, et al. “Tumor targeting via EPR: Strategies to enhance patient responses,” Adv. 
Drug Deliv. Rev, vol. 130, pp. 17–38, 2018. [PubMed: 30009886] 

[83]. Shi J, Kantoff PW, Wooster R, and Farokhzad OC, “Cancer nanomedicine: Progress, challenges 
and opportunities,” Nat. Rev. Cancer, vol. 17, no. 1, pp. 20–37, 2017. [PubMed: 27834398] 

[84]. Ishii T et al., “Amelioration of cerebral ischemia-reperfusion injury based on liposomal drug 
delivery system with asialo-erythropoietin,” J. Control. Release, vol. 160, no. 1, pp. 81–87, 2012. 
[PubMed: 22342472] 

[85]. Boyd BJ, Galle A, Daglas M, Rosenfeld JV, and Medcalf R, “Traumatic brain injury opens blood-
brain barrier to stealth liposomes via an enhanced permeability and retention (EPR)-like effect,” 
J. Drug Target, vol. 23, no. 9, pp. 847–853, 2015. [PubMed: 26079716] 

[86]. Kwon EJ, Skalak M, Lo Bu R, and Bhatia SN, “Neuron-Targeted Nanoparticle for siRNA 
Delivery to Traumatic Brain Injuries,” ACS Nano, vol. 10, pp. 7926–7933, 2016. [PubMed: 
27429164] 

[87]. Rosenblum D, Joshi N, Tao W, Karp JM, and Peer D, “Progress and challenges towards targeted 
delivery of cancer therapeutics,” Nat. Commun, vol. 9, no. 1,2018.

[88]. Tang L et al., “Investigating the optimal size of anticancer nanomedicine,” Proc. Natl. Acad. Sci. 
U. S. A, vol. 111, no. 43, pp. 15344–15349, 2014. [PubMed: 25316794] 

[89]. Ruozi B et al., “PLGA Nanoparticles Loaded Cerebrolysin: Studies on Their Preparation and 
Investigation of the Effect of Storage and Serum Stability with Reference to Traumatic Brain 
Injury,” Mol. Neurobiol, vol. 52, no. 2, pp. 899–912, 2015. [PubMed: 26108180] 

[90]. Gaudin A and Couvreur P, “Squalenoyl adenosine nanoparticles provide neuroprotection after 
stroke and spinal cord injury,” Nat. Nanotechnol, 2014.

[91]. Laroche M, Kutcher ME, Huang MC, Cohen MJ, and Manley GT, “Coagulopathy after traumatic 
brain injury,” Neurosurgery, vol. 70, no. 6, pp. 1334–1345, 2012. [PubMed: 22307074] 

[92]. Versteeg HH, Heemskerk JWM, Levi M, and Reitsma PH, “New Fundamentals In Hemostasis,” 
Physiol Rev, vol. 93, pp. 327–358, 2013. [PubMed: 23303912] 

[93]. Li M et al., “[ASAP] Platelet Membrane Biomimetic Magnetic Nanocarriers for Targeted 
Delivery and in Situ Generation of Nitric Oxide in Early Ischemic Stroke,” ACS Nano, 2020.

[94]. Hubbard WB et al., “Hemostatic nanoparticles increase survival, mitigate neuropathology and 
alleviate anxiety in a rodent blast trauma model,” Sci. Rep, vol. 8, no. November 2017, pp. 1–12, 
2018.

[95]. Chan LW-G, Wang X, Wei H, and Pun SH, “A synthetic fibrin-crosslinking polymer for 
modulating clot proprties and inducing hemostasis,” Sci. Transl. Med, vol. 7, no. 277, 2015.

[96]. Lin KY, Lo JH, Consul N, Kwong GA, and Bhatia SN, “Self-titrating anticoagulant 
nanocomplexes that restore homeostatic regulation of the coagulation cascade,” ACS Nano, vol. 
8, no. 9, pp. 8776–8785, 2014. [PubMed: 25119520] 

[97]. Brown AC, Lavik E, and Stabenfeldt SE, “Biomimetic Strategies to Treat Traumatic Brain Injury 
by Leveraging Fibrinogen,” Bioconjug. Chem, vol. 30, no. 7, pp. 1951–1956, 2019. [PubMed: 
31246419] 

[98]. Munji RN et al., “Profiling the mouse brain endothelial transcriptome in health and disease 
models reveals a core blood–brain barrier dysfunction module,” Nat. Neurosci, vol. 22, no. 11, 
pp. 1892–1902, 2019. [PubMed: 31611708] 

[99]. Ruoslahti E, “Vascular zip codes in angiogenesis and metastasis,” Biochem. Soc. Trans, vol. 32, 
no. 3, pp. 397–402, 2004. [PubMed: 15157146] 

Kandell et al. Page 24

Mol Pharm. Author manuscript; available in PMC 2022 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[100]. Khalin I, Alyautdin R, Wong TW, Gnanou J, Kocherga G, and Kreuter J, “Brain-derived 
neurotrophic factor delivered to the brain using poly (lactide-co-glycolide) nanoparticles 
improves neurological and cognitive outcome in mice with traumatic brain injury,” Drug Deliv., 
vol. 23, no. 9, pp. 3520–3528, 2016. [PubMed: 27278330] 

[101]. Verma SK, Arora I, Javed K, Akhtar M, and Samim M, “Enhancement in the Neuroprotective 
Power of Riluzole Against Cerebral Ischemia Using a Brain Targeted Drug Delivery Vehicle,” 
ACS Appl. Mater. Interfaces, vol. 8, no. 30, pp. 19716–19723, 2016. [PubMed: 27378322] 

[102]. Zhao Y et al., “Dual targeted nanocarrier for brain ischemic stroke treatment,” J. Control. 
Release, vol. 233, pp. 64–71, 2016. [PubMed: 27142584] 

[103]. Quail DF and Joyce JA, “The Microenvironmental Landscape of Brain Tumors,” Cancer Cell, 
vol. 31, no. 3, pp. 326–341, 2017. [PubMed: 28292436] 

[104]. Merino M, Zalba S, and Garrido MJ, “Immunoliposomes in clinical oncology: State of the art 
and future perspectives,” J. Control. Release, vol. 275, no. December 2017, pp. 162–176, 2018.

[105]. Mamot C et al., “Tolerability, safety, pharmacokinetics, and efficacy of doxorubicin-loaded anti-
EGFR immunoliposomes in advanced solid tumours: A phase 1 dose-escalation study,” Lancet 
Oncol., vol. 13, no. 12, pp. 1234–1241, 2012. [PubMed: 23153506] 

[106]. Mamot C et al., “Epidermal growth factor receptor-targeted immunoliposomes significantly 
enhance the efficacy of multiple anticancer drugs in vivo,” Cancer Res., vol. 65, no. 24, pp. 
11631–11638, 2005. [PubMed: 16357174] 

[107]. Zhang B et al., “Targeting fibronectins of glioma extracellular matrix by CLT1 peptide-
conjugated nanoparticles,” Biomaterials, vol. 35, no. 13, pp. 4088–4098, 2014. [PubMed: 
24513320] 

[108]. Ishihara J, Ishihara A, Sasaki K, and Hubbell JA, “Targeted antibody and cytokine cancer 
immunotherapies through collagen binding,” Sci Transl Med., vol. 11, no. 487, 2019.

[109]. George N and Geller H, “Extracellular Matrix and Traumatic Brain Injury,” J. Neurosci, vol. 96, 
no. 4, pp. 573–588, 2018.

[110]. Kumar P et al., “Transvascular delivery of small interfering RNA to the central nervous system,” 
Nature, vol. 448, no. 7149, pp. 39–43, 2007. [PubMed: 17572664] 

[111]. Kang J et al., “Self-Sealing Porous Silicon-Calcium Silicate Core-Shell Nanoparticles for 
Targeted siRNA Delivery to the Injured Brain,” Adv Mater., vol. 28, no. 36, pp. 7962–7969, 
2016. [PubMed: 27383373] 

[112]. Bikbaev A, Frischknecht R, and Heine M, “Brain extracellular matrix retains connectivity in 
neuronal networks,” Sci. Rep, vol. 5, pp. 1–12, 2015.

[113]. Lam D et al., “Tissue-specific extracellular matrix accelerates the formation of neural networks 
and communities in a neuron-glia co-culture on a multi-electrode array,” Sci. Rep, vol. 9, no. 1, 
pp. 1–15, 2019. [PubMed: 30626917] 

[114]. Bonneh-Barkay D and Wiley CA, “Brain extracellular matrix in neurodegeneration,” Brain 
Pathol., vol. 19, no. 4, pp. 573–585, 2009. [PubMed: 18662234] 

[115]. Mann AP et al., “A peptide for targeted, systemic delivery of imaging and therapeutic 
compounds into acute brain injuries,” Nat. Commun, vol. 7, no. May, 2016.

[116]. Asher RA, Morgenstern DA, Shearer MC, Adcock KH, Pesheva P, and Fawcett JW, “Versican is 
upregulated in CNS injury and is a product of oligodendrocyte lineage cells,” J. Neurosci, vol. 
22, no. 6, pp. 2225–2236, 2002. [PubMed: 11896162] 

[117]. Brodkey JA et al., “Focal brain injury and upregulation of a developmental^ regulated 
extracellular matrix protein,” J. Neurosurg, vol. 82, no. 1, pp. 106–112, 1995. [PubMed: 
7529300] 

[118]. Wu P et al., “Targeted delivery of polypeptide nanoparticle for treatment of traumatic brain 
injury,” Int. J. Nanomedicine, vol. 14, pp. 4059–4069, 2019. [PubMed: 31213815] 

[119]. Lu Y, Aimetti AA, Langer R, and Gu Z, “Bioresponsive materials,” Nat. Rev. Mater, vol. 2, no. 
1, 2016.

[120]. Kwon EJ, Lo JH, and Bhatia SN, “Smart nanosystems: Bio-inspired technologies that interact 
with the host environment,” Proc. Natl. Acad. Sci. U. S. A, vol. 112, no. 47, pp. 14460–14466, 
2015. [PubMed: 26598694] 

Kandell et al. Page 25

Mol Pharm. Author manuscript; available in PMC 2022 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[121]. Smith BL et al., “Real-time, intraoperative detection of residual breast cancer in lumpectomy 
cavity walls using a novel cathepsin-activate fluorescent imaging system,” Breast Cancer Res 
Treat, vol. 171, no. 2, pp. 413–420, 2018. [PubMed: 29948401] 

[122]. Whitley MJ et al., “A mouse-human phase 1 co-clinical trial of a protease-activated fluorescent 
probe for imaging cancer,” Sci Transl Med., vol. 8, no. 320, pp. 1–24, 2016.

[123]. Bains M and Hall ED, “Antioxidant therapies in traumatic brain and spinal cord injury,” 
Biochim Biophys Acta., vol. 1822, no. 5, pp. 675–684, 2012. [PubMed: 22080976] 

[124]. Lewén A and Hillered L, “Involvement of reactive oxygen species in membrane phospholipid 
breakdown and energy perturbation after traumatic brain injury in the rat,” J. Neurotrauma, vol. 
15, no. 7, pp. 521–530, 1998. [PubMed: 9674555] 

[125]. Yoo D, Magsam AW, Kelly AM, Stayton PS, Kievit FM, and Convertine AJ, “Core-Cross-
Linked Nanoparticles Reduce Neuroinflammation and Improve Outcome in a Mouse Model of 
Traumatic Brain Injury,” ACS Nano, vol. 11, no. 9, pp. 8600–8611, 2017. [PubMed: 28783305] 

[126]. Rajkovic O et al., “Reactive Oxygen Species-Responsive Nanoparticles for the Treatment of 
Ischemic Stroke,” Adv. Ther, vol. 1900038, p. 1900038, 2019.

[127]. Bitner BR et al., “Antioxidant carbon particles improve cerebrovascular dysfunction following 
traumatic brain injury,” ACS Nano, vol. 6, no. 9, pp. 8007–8014, 2012. [PubMed: 22866916] 

[128]. Samuel ELG et al., “Highly efficient conversion of superoxide to oxygen using hydrophilic 
carbon clusters,” Proc. Natl. Acad. Sci. U. S. A, vol. 112, no. 8, pp. 2343–2348, 2015. [PubMed: 
25675492] 

[129]. Lv W, Xu J, Wang X, Li X, Xu Q, and Xin H, “Bioengineered Boronic Ester Modified Dextran 
Polymer Nanoparticles as Reactive Oxygen Species Responsive Nanocarrier for Ischemic Stroke 
Treatment,” ACS Nano, vol. 12, no. 6, pp. 5417–5426, 2018. [PubMed: 29869497] 

[130]. Dudani JS, Warren AD, and Bhatia SN, “Harnessing Protease Activity to Improve Cancer 
Care,” Annu. Rev. Cancer Biol, vol. 2, no. 1, pp. 353–376, 2018.

[131]. Chen B, Cheng Q, Yang K, and Lyden PD, “Thrombin mediates severe neurovascular injury 
during ischemia,” Stroke, vol. 41, no. 10, pp. 2348–2352, 2010. [PubMed: 20705928] 

[132]. Zhang S et al., “Distinct roles for metalloproteinases during traumatic brain injury,” Neurochem. 
Int, vol. 96, pp. 46–55, 2016. [PubMed: 26939762] 

[133]. Krenzlin H, Lorenz V, Danckwardt S, Kempski O, and Alessandri B, “The importance of 
thrombin in cerebral injury and disease,” Int. J. Mol. Sci, vol. 17, no. 1,2016.

[134]. Rosenberg GA, “Metalloproteinases Injury,” vol. 12, no. 5, pp. 833–842, 1995.

[135]. Applegate RL, Chen G, Feng H, Zhang JH, Brain Edema XVI. .

[136]. Guo X et al., “Thrombin-responsive, brain-targeting nanoparticles for improved stroke therapy,” 
ACS Nano, vol. 12, no. 8, pp. 8723–8732, 2018. [PubMed: 30107729] 

[137]. Xu J et al., “Sequentially Site-Specific Delivery of Thrombolytics and Neuroprotectant for 
Enhanced Treatment of Ischemic Stroke,” ACS Nano, vol. 13, no. 8, pp. 8577–8588, 2019. 
[PubMed: 31339295] 

[138]. Kudryashev JA, Waggoner LE, Leng HT, Mininni NH, and Kwon EJ, “An Activity-Based 
Nanosensor for Traumatic Brain Injury,” 2020.

[139]. Zhang Y-R, Lin R, Li HJ, ling He W, Du JZ, and Wang J, “Strategies to improve tumor 
penetration of nanomedicines through nanoparticle design,” Wiley Interdiscip. Rev. 
Nanomedicine Nanobiotechnology, vol. 11, no. 1, pp. 1–12, 2019.

[140]. Yuan F, Leunig M, Huang SK, Berk DA, Papahadjopoulos D, and Jain RK, “Microvascular 
Permeability and Interstitial Penetration of Sterically Stabilized (Stealth) Liposomes in a Human 
Tumor Xenograft,” Cancer Res., vol. 54, no. 13, pp. 3352–3356, 1994. [PubMed: 8012948] 

[141]. Winer EP et al., “Failure of higher-dose paclitaxel to improve outcome in patients with 
metastatic breast cancer: Cancer and leukemia group B trial 9342,” J. Clin. Oncol, vol. 22, no. 
11, pp. 2061–2068, 2004. [PubMed: 15169793] 

[142]. Wang K, Liu BY, and Ma J, “Research progress in traumatic brain penumbra,” Chin. Med. J. 
(Engl), vol. 127, no. 10, pp. 1964–1968, 2014. [PubMed: 24824264] 

[143]. Lo EH, “A new penumbra: Transitioning from injury into repair after stroke,” Nat. Med, vol. 14, 
no. 5, pp. 497–500, 2008. [PubMed: 18463660] 

Kandell et al. Page 26

Mol Pharm. Author manuscript; available in PMC 2022 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[144]. Ishii T. et al., “Nanoparticles accumulate in ischemic core and penumbra region even when 
cerebral perfusion is reduced,” Biochem. Biophys. Res. Commun, vol. 430, no. 4, pp. 1201–
1205, 2013. [PubMed: 23268342] 

[145]. Nance EA et al., “A dense poly(ethylene glycol) coating improves penetration of large 
polymeric nanoparticles within brain tissue,” Sci. Transl. Med, vol. 4, no. 149, 2012.

[146]. Song E et al., “Surface chemistry governs cellular tropism of nanoparticles in the brain,” Nat. 
Commun, vol. 8, no. May, pp. 1–14, 2017. [PubMed: 28232747] 

[147]. Teesalu T, Sugahara KN, Kotamraju VR, and Ruoslahti E, “C-end rule peptides mediate 
neuropilin-1-dependent cell, vascular, and tissue penetration,” Proc. Natl. Acad. Sci. U. S. A, vol. 
106, no. 38, pp. 16157–16162, 2009. [PubMed: 19805273] 

[148]. Sugahara KN et al., “Tissue-Penetrating Delivery of Compounds and Nanoparticles into 
Tumors,” Cancer Cell, vol. 16, no. 6, pp. 510–520, 2009. [PubMed: 19962669] 

[149]. Sugahara KN et al., “Coadministration of a Tumor-Penetrating Peptide Enhances the Efficacy of 
Cancer Drugs,” Science (80-. )., vol. 328, pp. 1031–1035, 2010.

[150]. Lange C, Storkebaum E, De Almodóvar CR, Dewerchin M, and Carmeliet P, “Vascular 
endothelial growth factor: A neurovascular target in neurological diseases,” Nat. Rev. Neurol, 
vol. 12, no. 8, pp. 439–454, 2016. [PubMed: 27364743] 

[151]. Min Y et al., “Antigen-capturing nanoparticles improve the abscopal effect and cancer 
immunotherapy,” Nat. Nanotechnol, vol. 12, no. 9, pp. 877–882, 2017. [PubMed: 28650437] 

[152]. Kang T et al., “Nanoparticles Coated with Neutrophil Membranes Can Effectively Treat Cancer 
Metastasis,” ACS Nano, vol. 11, no. 2, pp. 1397–1411, 2017. [PubMed: 28075552] 

[153]. Liu WL. et al., “Cytomembrane nanovaccines show therapeutic effects by mimicking tumor 
cells and antigen presenting cells,” Nat. Commun, vol. 10, no. 1, pp. 1–12, 2019. [PubMed: 
30602773] 

[154]. Huang B, Abraham WD, Zheng Y, López SCB, Luo SS, and Irvine DJ, “Active targeting of 
chemotherapy to disseminated tumors using nanoparticle-carrying T cells,” Sci. Transl. Med, vol. 
7, no. 291, 2015.

[155]. Stephan MT, Moon JJ, Um SH, Bershteyn A, and Irvine DJ, “Therapeutic cell engineering using 
surface-conjugated synthetic nanoparticles,” Nat. Med, vol. 16, no. 9, pp. 1035–1041, 2011.

[156]. Tang L, Zheng Y, Vandiera de Melo M, Maus MV, and Irvine DJ, “Enhancing T cell therapy 
through TCR signaling-responsive nanoparticle drug delivery,” Nat. Biotechnol, vol. 36, no. 8, 
pp. 707–716, 2019.

[157]. Kawabori M and Yenari MA, “Inflammatory Responses in Brain Ischemia,” CurrMed Chem, 
vol. 22, no. 10, pp. 1258–1277, 2015.

[158]. Loane DJ and Kumar A, “Microglia in the TBI Brain: The Good, The Bad, and The 
Dysregulated,” Exp Neurol., vol. 275, no. 0 3, pp. 316–327, 2016. [PubMed: 26342753] 

[159]. Gyoneva S, and Ransohoff RM, “Inflammatory reaction after traumatic brain injury: therapeutic 
potential of targeting cell-cell communication by chemokines,” Trends Pharmacol Sci., vol. 176, 
no. 1, pp. 471–480, 2015.

[160]. Burda J and Sofroniew M, “Reactive gliosis and the multicellular response to CNS damage and 
disease,” Neuron, vol. 81, no. 2, pp. 229–248, 2014. [PubMed: 24462092] 

[161]. Bergold PJ, “Treatment of traumatic brain injury with anti-inflammatory drugs,” Exp Neurol., 
vol. 275, no. 3, pp. 367–380, 2016. [PubMed: 26112314] 

[162]. Zhang F, Nance E, Alnasser Y, Kannan R, and Kannan S, “Microglial migration and interactions 
with dendrimer nanoparticles are altered in the presence of neuroinflammation,” J. 
Neuroinflammation, vol. 13, no. 1, pp. 1–11,2016. [PubMed: 26728181] 

[163]. Sharma A. et al., “Dense hydroxyl polyethylene glycol dendrimer targets activated glia in 
multiple CNS disorders,” Sci. Adv, vol. 6, pp. 1–15, 2020.

[164]. Sharma A, Liaw K, Sharma R, Zhang Z, Kannan S, and Kannan RM, “Targeting mitochondrial 
dysfunction and oxidative stress in activated microglia using dendrimer-based therapeutics,” 
Theranostics, vol. 8, no. 20, pp. 5529–5547, 2018. [PubMed: 30555562] 

[165]. Liu Y, Li S, and Dai S, “Neutrophils in traumatic brain injury (TBI): friend or foe?,” J. 
Neuroinflammation, vol. 15, no. 146, pp. 1–18, 2018. [PubMed: 29301548] 

Kandell et al. Page 27

Mol Pharm. Author manuscript; available in PMC 2022 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[166]. Zhang CY, Dong X, Gao J, Lin W, Liu Z, and Wang Z, “Nanoparticle-induced neutrophil 
apoptosis increases survival in sepsis and alleviates neurological damage in stroke,” Sci. Adv, 
vol. 5, no. 11, pp. 1–13, 2019.

[167]. Sharma S, et al. “Intravenous Immunomodulatory Nanoparticle Treatment for Traumatic Brain 
Injury,” Ann. Neurol, vol. 87, no. 3, pp. 442–455, 3 2020. [PubMed: 31925846] 

[168]. Makinde HM, Just TB, Cuda CM, Bertolino N, Procissi D, and Schwulst SJ, “Monocyte 
depletion attenuates the development of posttraumatic hydrocephalus and preserves white matter 
integrity after traumatic brain injury,” PLoS One, vol. 13, no. 11, pp. 1–15, 2018.

[169]. Aertker BM et al., “Pre-injury monocyte/macrophage depletion results in increased blood–brain 
barrier permeability after traumatic brain injury,” J. Neurosci. Res, vol. 97, no. 6, pp. 698–707, 
2019. [PubMed: 30746753] 

[170]. Dong X, Gao J, Zhang CY, Hayworth C, Frank M, and Wang Z, “Neutrophil Membrane-
Derived Nanovesicles Alleviate Inflammation to Protect Mouse Brain Injury from Ischemic 
Stroke,” ACS Nano, vol. 13, no. 2, pp. 1272–1283, 2019. [PubMed: 30673266] 

[171]. Hou J et al., “Accessing neuroinflammation sites: Monocyte/neutrophil-mediated drug delivery 
for cerebral ischemia,” Sci. Adv, vol. 5, no. 7, pp. 1–13, 2019.

[172]. Tong H, Kang W, Davy PMC, Shi Y, Sun S, and Allsopp RC, “Monocyte Trafficking , 
Engraftment, and Delivery of Nanoparticles and an Exogenous Gene into the Acutely Inflamed 
Brain Tissue – Evaluations on Monocyte-Based Delivery System for the Central Nervous 
System,” pp. 1–21, 2016.

[173]. Klyachko NL et al., “Macrophages with cellular backpacks for targeted drug delivery to the 
brain,” Biomaterials, vol. 140, pp. 79–87, 2018.

[174]. Bosetti F et al., “Translational Stroke Research Vision and Opportunities,” Stroke AHA 
Journals, vol. 48, pp. 2632–2637, 2017.

[175]. Hua S, de Matos MBC, Metselaar JM, and Storm G, “Current trends and challenges in the 
clinical translation of nanoparticulate nanomedicines: Pathways for translational development 
and commercialization,” Front. Pharmacol, vol. 9, no. JUL, pp. 1–14, 2018. [PubMed: 29387012] 

[176]. Anselmo AC and Mitragotri S, “Nanoparticles in the clinic,” Bioeng. Transl. Med, vol. 1, no. 1, 
pp. 10–29, 2016. [PubMed: 29313004] 

[177]. Lin KY, Kwong GA, Warren AD, Wood DK, and Bhatia S, “Nanoparticles that Sense Thrombin 
Activity As Synthetic Urinary Biomarkers of Thrombosis,” ACS Nano, vol. 7, no. 10, pp. 9001–
9009, 2013. [PubMed: 24015809] 

[178]. Goodman SN and Gerson J, “Mechanistic Evidence in Evidence-Based Medicine: A Conceptual 
Framework,” pp. 1–121, 2013.

[179]. Mestas J and Hughes CCW, “Of Mice and Not Men: Differences between Mouse and Human 
Immunology,” J. Immunol, vol. 172, no. 5, pp. 2731–2738, 2004. [PubMed: 14978070] 

[180]. Tang Y, Lu A, Aronow BJ, and Sharp FR, “Blood genomic responses differ after stroke, 
seizures, hypoglycemia, and hypoxia: Blood genomic fingerprints of disease,” Ann. Neurol, vol. 
50, no. 6, pp. 699–707, 2001. [PubMed: 11761467] 

[181]. Tang Y et al., “Gene expression in blood changes rapidly in neutrophils and monocytes after 
ischemic stroke in humans: A microarray study,” J. Cereb. Blood Flow Metab, vol. 26, no. 8, pp. 
1089–1102, 2006. [PubMed: 16395289] 

[182]. Stamova B and Sharp FR, “Gene Expression Profiling of Blood for the Prediction of Ischemic 
Stroke,” Stroke, vol. 41, no. 10, pp. 2171–2177, 2010. [PubMed: 20798371] 

[183]. Tseveleki V et al., “Comparative gene expression analysis in mouse models for multiple 
sclerosis, Alzheimer’s disease and stroke for identifying commonly regulated and disease-
specific gene changes,” Genomics, vol. 96, no. 2, pp. 82–91, 2010. [PubMed: 20435134] 

[184]. Wang Y and Cai Y, Obtaining Human Ischemic Stroke Gene Expression Biomarkers from 
Animal Models: A Cross-species Validation Study,” Sci. Rep, vol. 6, no. June, pp. 1–11, 2016. 
[PubMed: 28442746] 

[185]. Du Y et al., “Differential subnetwork of chemokines/ cytokines in human, mouse, and rat brain 
cells after oxygen-glucose deprivation,” J. Cereb. Blood Flow Metab, vol. 37, no. 4, pp. 1425–
1434, 2017. [PubMed: 27328691] 

Kandell et al. Page 28

Mol Pharm. Author manuscript; available in PMC 2022 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[186]. Statler KD et al., “Comparison of seven anesthetic agents on outcome after experimental 
traumatic brain injury in adult, male rats,” J. Neurotrauma, vol. 23, no. 1, pp. 97–108, 2006. 
[PubMed: 16430376] 

[187]. Giza CC, Mink RB, and Madikians A, “Pediatric traumatic brain injury: Not just little adults,” 
Curr. Opin. Crit. Care, vol. 13, no. 2, pp. 143–152, 2007. [PubMed: 17327734] 

[188]. CDC, “CDC.gov,” 2019.

[189]. Fox GB, Le Vasseur RA, and Faden A, “Behavioral Responses of C57BL/6, FVB/N, and 129/
SvEMS Mouse Strains to Traumatic Brain Injury: Implications for Gene Targeting Approaches to 
Neurotrauma,” Neurotrauma, vol. 16, no. 5, 1999.

[190]. Sieber MW, Claus RA, Witte OW, and Frahm C, “Attenuated inflammatory response in aged 
mice brains following stroke,” PLoS One, vol. 6, no. 10, pp. 1–11, 2011.

[191]. Kumar A, Stoica BA, Sabirzhanov B, Burns MP, Faden AI, and Loane DJ, “Traumatic brain 
injury in aged animals increases lesion size and chronically alters microglial/macrophage 
classical and alternative activation states,” Neurobiol. Aging, vol. 34, no. 5, pp. 1397–1411, 
2013. [PubMed: 23273602] 

[192]. Roof RL and Hall ED, “Estrogen-Related Gender Difference in Survival Rate and Cortical 
Blood Flow After Impact-Acceleratiaon Head Injury in Rats,” J. Neurotrauma, vol. 17, no. 12, 
pp. 1155–1169, 2000. [PubMed: 11186229] 

[193]. Brotfain E, Gruenbaum SE, Boyko M, Kutz R, Zlotnik A, and Klein M, “Neuroprotection by 
Estrogen and Progesterone in Traumatic Brain Injury and Spinal Cord Injury,” Curr. 
Neuropharmacoi, vol. 14, no. 6, pp. 641–653, 2016.

[194]. Green SM, “Cheerio, laddie! bidding farewell to the glasgow coma scale,” Ann. Emerg. Med, 
vol. 58, no. 5, pp. 427–430, 2011. [PubMed: 21803447] 

[195]. Mohamadpour M, Whitney K, Bergold PJ, and Oliviero A, “The Importance of Therapeutic 
Time Window in the Treatment of Traumatic Brain Injury,” vol. 13, no. January, pp. 1–10, 2019.

[196]. Fisher M et al., “Update of the Stroke Therapy Academic Industry Roundtable Preclinical 
Recommendations,” Stroke, vol. 40, no. 6, pp. 2244–2250, 2009. [PubMed: 19246690] 

[197]. Hajiaghamemar M, Seidi M, Oeur RA, and Margulies SS, “Toward development of clinically 
translatable diagnostic and prognostic metrics of traumatic brain injury using animal models: A 
review and a look forward,” Exp. Neurol, vol. 318, no. December 2018, pp. 101–123, 2019.

[198]. Margulies S and Hicks R, “Combination therapies for traumatic brain injury: Prospective 
considerations,” J. Neurotrauma, vol. 26, no. 6, pp. 925–939, 2009. [PubMed: 19331514] 

Kandell et al. Page 29

Mol Pharm. Author manuscript; available in PMC 2022 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://CDC.gov


Figure 1. Nanomaterial paradigms in acute brain injury.
Nanomaterials can be engineered to respond to disease physiology in acute brain injuries, 

including dysregulated vasculature (pink), an altered microenvironment (gray and blue), and 

changes in the immune system (yellow). Specific examples for each nanomaterial design can 

be found in Table 1, color-coded by quadrant.

Kandell et al. Page 30

Mol Pharm. Author manuscript; available in PMC 2022 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. Nanomaterials that interact with vasculature in cancer and acute brain injury.
a, b. In cancer and acute brain injury, nanomaterials can (1) passively accumulate into 

adjacent tissue, (2) actively target cells in the tissue, (3) target upregulated receptors on 

endothelium, and (4) target clots. c, d. Dysregulated vasculature in cancer and acute brain 

injury allow for passive accumulation of nanomaterials in the diseased tissue.
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Table 1.

Specific examples of nanomaterial design based on pathology found in cancer and acute brain injury.

Cancer Acute brain injury References

Vasculature

Permeable vasculature

Pathology

Heterogeneous, tortuous, and leaky 
vasculature with disorganized and 
reduced pericyte and smooth muscle 
coverage; Poorly developed lymphatic 
structures

Transient disruption of BBB due to 
injury; Increased para-and transcellular 
transport, pericyte migration, swelling 
of astrocytic endfeet. [84], [85], [89], [90]

Design
EPR effect enables passive 
accumulation of nanomaterials into 
tumors

“EPR-like” effect enables passive 
accumulation of nanomaterials across 
transiently compromised BBB

Coagulation

Pathology Fibrin deposition in tumor stromal Clotting cascade activation leads to 
fibrin deposition and clot formation

[93], [94]

Design Fibrin targeting nanomaterials Platelet mimicking and targeting 
nanomaterials

Ectopic receptor expression

Pathology

Upregulation of cell adhesion 
molecules, such as integrins and 
vascular cellular adhesion molecule 1 
(VCAM1)

Upregulation of receptors on the BBB 
such as glutathione receptor, 
apolipoprotein receptor, and LDLR [100], [101], [102]

Design Active targeting of nanomaterials to 
upregulated cell adhesion molecules

Active targeting of nanomaterials to 
upregulated receptors

Microenvironment

Active targeting: Cell targeting

Pathology Cancer cells and stromal cells are new 
targets not available in healthy state

Neurons sequestered from blood-borne 
agents in health are transiently 
accessible through injured BBB [86], [111]

Design Active targeting of nanomaterials to 
cancer cells and TAMs

Active targeting of nanomaterials to 
neurons

Active Targeting: ECM targeting

Pathology Upregulation of ECM (collagen, 
proteoglycans, and glycoproteins)

Deposition of ECM in glial scar 
(proteoglycans, HA, fibronectin, 
tenascins, and laminin) around injury 
site

[115], [118]

Design

Active targeting of nanomaterials to 
tumor ECM via ligands and 
antibodies, such as collagen binding 
domains

Active targeting of nanomaterials to 
brain ECM, such as CAQK peptide

Bioresponsive materials: Reactive oxygen species

Pathology Increased metabolic activity and 
mitochondrial dysregulation

Mitochondrial dysregulation, cell 
death, and neurovascular inflammation [125], [126], [129], 

[127]
Design ROS-responsive and ROS-scavenging 

nanomaterials
ROS-responsive and ROS-scavenging 
nanomaterials

Bioresponsive materials: Protease activity

Pathology
Protease dysregulation (matrix 
metalloproteinases, peptidases, 
cathepsins)

Protease upregulation (matrix 
metalloproteinases, thrombin)

[136], [137], [138]

Design Protease-responsive therapeutic and 
diagnostic nanomaterials

Protease-responsive therapeutic and 
diagnostic nanomaterials

Immune System Inflammatory state
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Cancer Acute brain injury References

Pathology

Generally an immunosuppressive 
environment (TAM polarization to 
“M2-like” state, myeloid-derived 
suppressor cells)

Generally pro-inflammatory 
environment (upregulated inflammatory 
genes, reactive astrocytes, infiltration of 
bloodborne leukocytes) [164], [166], [168], 

[169], [167], [170], 
[171], [172], [173]

Design
Nanomaterial accumulation in TAMs, 
TAM repolarization, nanovaccines, 
and T cell backpacking

Nanomaterial accumulation in 
phagocytic microglia, depletion of 
infiltrating leukocytes, and biomimicry 
of immune cells for trafficking
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