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Abstract

Prevailing opinion suggests that only substances up to 64 nm in diameter can move at appreciable

rates through the brain extracellular space (ECS). This size range is large enough to allow

diffusion of signaling molecules, nutrients, and metabolic waste products, but too small to allow

efficient penetration of most particulate drug delivery systems and viruses carrying therapeutic

genes, thereby limiting effectiveness of many potential therapies. We analyzed the movements of

nanoparticles of various diameters and surface coatings within fresh human and rat brain tissue ex

vivo and mouse brain in vivo. Nanoparticles as large as 114-nm in diameter diffused within the

human and rat brain, but only if they were densely coated with poly(ethylene glycol) (PEG). Using

these minimally adhesive PEG-coated particles, we estimated that human brain tissue ECS has

some pores larger than 200 nm, and that more than one-quarter of all pores are ≥100 nm. These

findings were confirmed in vivo in mice, where 40- and 100-nm, but not 200-nm, nanoparticles,
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spread rapidly within brain tissue, only if densely coated with PEG. Similar results were observed

in rat brain tissue with paclitaxel-loaded biodegradable nanoparticles of similar size (85 nm) and

surface properties. The ability to achieve brain penetration with larger nanoparticles is expected to

allow more uniform, longer-lasting, and effective delivery of drugs within the brain, and may find

use in the treatment of brain tumors, stroke, neuroinflammation, and other brain diseases where

the blood-brain barrier is compromised or where local delivery strategies are feasible.

Introduction

The blood-brain barrier (BBB) has long been considered an impediment for effective

treatment and imaging of a broad range of central nervous system (CNS) diseases (1). As a

result, localized strategies for delivering substances within the brain have become important

(2). For example, Gliadel, a biodegradable polymer wafer loaded with carmustine that is

implanted in the brain after tumor resection, was approved by the FDA in 1996 for treatment

of patients with recurrent glioblastomas (GBM). This therapy improves survival of patients

with GBM and HGG, and demonstrates the importance of locally administered, controlled-

release polymer systems in treating brain tumors.

The BBB is also known to be disrupted by the presence of brain tumors and in other clinical

situations, including during neuroinflammation, abnormal development, infection, and

cerebrovascular disease (stroke, hypertension, and ischemia) (1, 3). BBB breakdown in these

cases allows drugs and drug-loaded nanoparticles (NPs) up to a few hundred nanometers in

diameter to bypass the endothelium that comprises the BBB and enter the brain; for example

by the enhanced permeation and retention (EPR) effect (4) in tumors and at sites of

inflammation. Systemic drug delivery to the CNS by NPs in these cases has been shown to

have positive therapeutic effects in various animal disease models, including brain tumors

(5), neuroinflammation (6), and ischemia (7). In addition, it has been shown that NPs coated

with poly(ethylene glycol) (PEG) accumulate more efficiently in the brain with a

compromised BBB compared to similar uncoated NPs (8, 9), at least partly as a result of the

greatly improved blood circulation time and the “stealth” nature of PEG-coated particles

(10).

Methods that improve drug penetration within the brain parenchyma (11) have also been

shown to enhance therapeutic efficacy in animal models. For example, localized convection-

enhanced delivery (CED) has been used to widely distribute drugs (12), macromolecules

(13), and nanocarriers (14) in the brain, leading to enhanced efficacy compared to systemic

therapy. In addition, Jain and coworkers have shown that the EPR effect is heterogeneous in

tumors, and that increased interstitial pressure in tumors can limit drug penetration (15),

thereby motivating the need for NPs that can penetrate parenchyma once within the brain.

However, it has been suggested that NPs must be very small (<64 nm) in order to penetrate

within the brain parenchyma through the extracellular space (ECS) (16). Openings below

this size are large enough to allow diffusion of proteins and small molecules, while being

small enough to limit the movement of many nanoparticulate drug delivery or imaging

systems. Thus, despite the need to deliver drugs directly to brain tissue, the human brain

ECS is thought to pose a formidable barrier to NP penetration.

We therefore sought to determine whether dense coatings with low molecular weight PEG

might allow larger NPs (up to 200 nm) to penetrate the brain parenchyma. The ability to

achieve brain penetration with larger NPs will enable higher drug-loading efficiency and

payload, greater dispersion of drugs, and longer drug release—factors that enhance

translational potential of any nanotherapeutic approach because of the known correlation

with efficacy (17). We used rodent brain tissue in vivo and ex vivo, and fresh human tissue
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ex vivo, to study brain ECS pore size and NP diffusion within the brain. Real-time multiple

particle tracking (MPT) indicated that NPs at least 114 nm in diameter were capable of

penetrating human and rat brain tissue. In support of these findings, the movements of the

same NPs in the living mouse brain were directly visualized and compared using in vivo

particle tracking through a cranial window. A paclitaxel-loaded NP system with similar size

and surface characteristics as the conventional PEG-coated particles showed that therapeutic

delivery for CNS disorders is possible.

Results

Particle tracking in human brain tissue ex vivo

Having previously shown that transport of unexpectedly large NPs through mucus gels

depends on their surface coatings (18, 19), we hypothesized here that similar modifications

of particle physicochemical properties could provide a more accurate estimate of the pore

size range within the human brain ECS. Fluorescent polystyrene (PS) particles with dense

PEG or carboxyl (COOH) coatings (Table 1) were added to freshly dissected human brain

cortex tissue and the particle Brownian motions were quantified using ex vivo high-

resolution MPT (Supplementary Methods). The PEG-coated particles used were 10–20 nm

larger than the COOH-coated particles and had a near-neutral net surface charge (Table 1).

PEG-coated PS particles have surfaces dominated by PEG, which prevents aggregation in

artificial cerebrospinal fluid (ACSF), as indicated by the low polydispersity index (PDI)

values provided in Table 1. The 40- and 100-nm PEG-coated particles rapidly penetrated

human brain tissue, as exhibited by ensemble geometric mean square displacements (MSD)

that were 2300- and 1500-fold higher than similarly sized COOH-coated particles (Fig. 1A;

Table 1). PEG-coated 40-and 100-nm particles diffused only 37 and 36 times slower,

respectively, in the human brain tissue ex vivo than in ACSF, whereas standard COOH-

coated PS particles of similar sizes moved 54,000–86,000 times slower in brain than in

ACSF (Table 1). Therefore, dense PEG coatings allowed 40-nm and 100-nm particles to

experience the brain ECS as a permeable viscoelastic liquid rather than an impermeable

viscoelastic solid, as seen previously with PEGylated NPs with diameters smaller than the

average mesh size in human mucus samples (18). The similar, rapid transport rates of 40-

and 100-nm PEG-coated particles in the human brain tissue is expected only if the ECS pore

size cut-off is greater than 100 nm.

In contrast, 200-nm PEG-coated particles diffused 1600-times slower in the human brain

tissue ex vivo than in ACSF, or approximately 45-fold slower than the 100-nm PEG-coated

particles in the brain (Fig. 1A). The expected difference for diffusion rates of 100- and 200-

nm particles—defined by a ratio of the theoretical diffusion coefficient D2/D1 (where D is

defined by the Stokes-Einstein equation)—would be only 2-fold for non-adhesive NPs,

unless there was a ECS pore-size cut-off between 100 and 200 nm. The density and

viscosity of ACSF are the same as water at physiological pH; therefore, ACSF and water are

assumed to be equal for this study. Representative particle trajectories for both PEG-coated

and COOH-coated particles at all sizes studied in human brain tissue are provided in Figure

1B. COOH-coated particles exhibited highly constrained motion regardless of size,

presumably owing to adhesive interactions, whereas the same particles densely coated with

PEG exhibited diffusive motion for 40- and 100-nm particles, but hindered motion for 200

nm. For all NP sizes studied, 100% of COOH-coated particles were immobilized (MSDs

below the resolution of the microscope) or strongly hindered (MSDs smaller than the

particle diameter) within the ECS. These observations suggest that, regardless of PS particle

size, electrostatic (negatively charged carboxylate surface) and/or hydrophobic (exposed PS

surfaces) interactions limit uncoated NP diffusion within the brain.
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To estimate the effective pore size range in the human brain ECS, the Amsden obstruction

scaling model (20) for entangled and cross-linked gels was fit to the MSD data in Figure 1A,

as shown previously for estimating the pore size in human mucus (18, 21). Human brain

tissue ECS was found to have pores as large as 225 nm, with approximately 28% of the

pores larger than 100 nm (Fig. 1C). The smallest pores experienced by the probe particles

were less than 40 nm, which is similar to previous reports based on Fick’s Law-derived

diffusion analysis of NPs with lower-density PEG coatings (16, 22, 23).

Ex vivo tissue maintains integrity during particle tracking

The ex vivo brain slice model has been used extensively to study the diffusion of various

substances (24), neural electrophysiology (25), and cell migration (26, 27). Histological

analysis has consistently confirmed intact cytoarchitecture and functioning tissue physiology

(28, 29). Representative hematoxylin and eosin (H&E)-stained sections (n = 4 sections for

each of 5 patients at both t = 0 hours and t = 3 hours) of the initial and post-acquisition

human brain tissue were examined by a pathologist (C.E.). In particular, the presence of

cellular swelling, pyknotic nuclei, and ischemia were examined. No differences were

observed in the brain tissue between immediate tissue removal (30 minutes) and 3 hours

after tissue removal (Fig. 1D), suggesting minimal damage was introduced by tissue

removal, collection, and processing. All particle-tracking experiments were conducted

within this time frame.

Particle tracking in live mouse brain

The ex vivo model is limited in that it is not subject to the dynamic environment of the

living brain, including the bulk flow of cerebrospinal fluid and ECS volume fraction

changes that can occur. Therefore, using live-animal imaging, we directly observed NP

penetration in vivo in mouse brains to confirm findings obtained using ex vivo tissue slices.

Red-fluorescent, COOH-coated NPs and green-fluorescent, PEG-coated NPs with similar

diameters were co-injected into the mouse cerebral cortex at a depth of 100–200 µm below

the pial surface. Real-time video microscopy showed that COOH-coated particles of all sizes

were uniformly stuck in the tissue, whereas 40- and 100-nm particles with dense PEG

coatings penetrated up to 200 µm into the tissue within the 60-min imaging interval (Fig.

2A). PEG-coated 200-nm particles did not penetrate the brain tissue, presumably because of

steric hindrance.

To further confirm these differences between size and particle coating, we performed co-

injections 100–200 µm below the pial surface of PEG-coated red and green fluorescent NPs

of different sizes. Similar to results observed in the human brain tissue ex vivo, the 40- and

100-nm PEG-coated particles penetrated farther into the mouse brain in vivo than the 200-

nm PEG-coated particles (Fig. 2B), confirming relatively few ECS pores greater than 200

nm. Representative single-particle trajectories from separate regions within the brain showed

much farther movement for the 100-nm PEG-coated particles compared to either the PEG-

coated 200-nm particles or COOH-coated 100- and 200-nm particles (Fig. 2C). We were

unable to consistently resolve the individual movements of 40 nm PEG-coated particles in

vivo owing to their exceptionally fast movement in and out of the focal plane.

Drug-loaded biodegradable nanoparticles penetrate brain tissue

Biodegradable NP systems composed of block copolymers of poly(lactic-co-glycolic acid)

(PLGA) and PEG and loaded with paclitaxel could rapidly diffuse in normal rat brain tissue

ex vivo, whereas PLGA NPs without PEG coatings could not (movies S1 and S2).

Representative particle trajectories of paclitaxel-loaded PEG-PLGA NPs (mean ± SEM: 85

± 4 nm; −2.7 ± 0.8 mV; 2.5 wt% paclitaxel), PEG-PLGA NPs that did not contain drug
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(mean ± SEM: 78 ± 3 nm; −3.5 ± 1 mV), and uncoated PLGA particles (mean ± SEM: 81 ±

3 nm; −30.1 ± 1 mV) are provided in Figure 3A.

By examining the distribution of individual particle diffusivities, we established that

biodegradable PEG-PLGA NP systems exhibit a more substantial rapidly diffusing fraction

(24%) compared to PLGA NP systems (Fig. 3B). The biodegradable systems tested

possessed similar size characteristics compared to the 100-nm PS particles used in our

studies here in human brain tissue ex vivo and in living mouse brains.

High PEG surface density required for NP diffusion in brain ECS

We found that a dense PEG coating on PS NPs, quantum dots (QDs), and PLGA NPs, which

results in a near-neutral NP surface charge, correlated with a greater percent diffusive

fraction in rat brain tissue ex vivo (Fig. 4 and Table 2). NP formulations with zeta (ξ)-
potentials less negative than −4 mV were consistently capable of diffusing in the rat brain (5

out of 5 NP formulations). Conversely, only 1 out of 2 NP formulations with ξ-potentials

between −4 and −6 mV possessed NPs that diffused, and 0 out of 6 NP formulations with ξ-
potentials more negative than −6 mV were capable of diffusion (Fig. 4). Using a nuclear

magnetic resonance (NMR)-based method to quantify the PEG coating density required for

NPs to diffuse in the brain, we estimate that 100-nm PS NPs must possess roughly 9 PEG

molecules (MW = 5 kDa) per 100 nm2 of particle surface in order to diffuse in the rat brain

tissue slice model. NPs that diffused within the brain had PEG layers in the brush regime,

with Γ/SA ≥ 2, where Γ is the total surface area (SA) coverage that would be provided by

the PEG molecules assuming PEG conformation on the particle surface was unconstrained

(Supplementary methods). NP formulations with Γ/SA ≤ 1.7 did not diffuse in the rat brain

slice model.

Discussion

In this study, MPT was used to analyze the diffusion rates of densely PEG-coated versus

standard COOHcoated NPs of various sizes in human and rat brain tissue ex vivo, as well as

in the living mouse brain in vivo. The results from three model systems aligned closely,

producing surprising results: (1) the human, rat, and mouse brain ECS have 28% of pores

≥100 nm; (2) particles larger than the previously reported ECS mesh size range (upper limit

of 64 nm) (16) rapidly penetrate within the brain, but only if densely coated with PEG (Γ/SA

≥ 2), which minimizes adhesive interactions; and (3) all uncoated NPs—even the 40-nm

particles—were essentially immobile in human, rat, and mouse brains. Large brain-

penetrating NPs that contain bioactive drugs and are composed of biocompatible molecules,

such as PLGA and PEG, with a long history of safe use in humans, should facilitate

translation and testing of therapeutic strategies in human clinical trials.

These findings were guided by our previous work defining the particle size and surface

chemistry required for NP penetration through another biologic interface. Specifically, by

using minimally adhesive NPs with dense PEG coatings, we showed previously that human

mucus barriers possess pores much larger than expected (18, 19, 21). Accurately defining

key particle characteristics required to achieve penetration of this barrier has proven critical

to the design of efficacious drug-loaded particle systems (30, 31). The ability to achieve

brain penetration with larger particles (>100 nm) will enable higher drug-loading efficiency

and payload, greater dispersion of drugs, and drug release over longer periods of time (17,

32). These factors are known to correlate with the efficacy of many therapeutics (11, 17) and

will likely have a substantial impact on the utility of nano-sized carriers for diagnostic and

therapeutic delivery to the brain. A recent study reported the construction of 100-nm gelatin

particles that degraded into 10-nm particles when exposed to proteases within sarcoma

tumors, with the goal of achieving better distribution with the smaller particle (33).
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Although an important goal for imaging agents, the very small particle size necessary to

achieve penetration makes translation of a therapeutically effective controlled drug delivery

system to humans less likely. Our results suggest that this system could be redesigned to

degrade into particles as large as 114 nm, which may enhance drug and imaging agent

options and improve the prospects for translation to the clinic. The demonstration here of the

penetration within the brain by 85-nm PLGA-PEG NPs loaded with a chemotherapeutic

(paclitaxel) bodes well for testing of this strategy in human clinical trials, either as a particle

administered systemically that might reach brain tumors by the EPR effect or as a particle

administered directly into the brain by CED.

NPs have been shown to accumulate in the brain parenchyma following systemic

administration in various disease models that have a disrupted BBB (6, 7, 34). Studies have

further shown that PEG-coated polymer NPs accumulate much more efficiently in the

parenchyma than do uncoated, but otherwise similar, NPs (8, 9). In these papers, the PEG-

coated particles were 135–165 nm in diameter, and possessed a surface charge between −20

and −40 mV, suggesting that they may be too large and/or coated with an insufficiently

dense layer of PEG to spread within the brain parenchyma following their uptake by the

EPR effect. NPs coated with special surfactants, such as Polysorbate 80 (P80) (5, 34) or

Poloxomer 188 (also referred to as Pluronic F68) (5, 35), or with chitosan (36) have also

been shown to target the brain following systemic injection, even with an intact BBB, by

adhering to and entering endothelial cells of the BBB. The NPs coated with P80 or F68

possessed surface charges in the −20 to −40 mV range, and the chitosan-coated particles

were 260 nm in diameter, thereby making it unlikely that these specific particles are capable

of spreading into the brain beyond the BBB endothelium. These previous papers, combined

with our current findings, suggest that densely PEG-coated NPs with sizes ≤ 114 nm and a

near neutral surface charge may allow both accumulation within the brain following

systemic administration and efficient spread by diffusion within the brain parenchyma in

diseases with an impaired BBB.

Early measurements of the ECS pore size using electron microscopy suggested the upper

pore size limit was approximately 20 nm (37). In 2006, Thorne and Nicholson analyzed the

diffusion limitations of macromolecules (dextrans) and 35-nm PEG-coated NPs in the rat

brain using in vivo epifluorescence microscopy (16). From these data, the apparent diffusion

coefficients were calculated and, employing a fluid-filled pore model, they suggested that

the rat cortical ECS has pores as large as 38–64 nm (16). We characterized a batch of these

commercially available PEG-coated QDs (35 nm, −5.1 mV) and found that they did not

diffuse rapidly within the rat brain tissue ex vivo. We then further coated these same

particles with PEG (34 nm, −3.1 mV) and found that these could penetrate more rapidly.

Thus, the precise batch of the commercially available QDs used by Thorne and Nicholson

may have possessed a PEG coating that was too sparse to allow for rapid penetration in the

brain parenchyma and any adhesive interactions between the QDs and the ECS would result

in an underestimation of brain ECS pore size.

A net negative surface charge should reduce NP electrostatic interactions within the brain

owing to repulsion from negatively charged cell surfaces and extracellular matrix

components (14, 38). In this study, we show that negatively charged (COOH-coated)

particles with exposed hydrophobic PS regions exhibit hindered diffusion regardless of

particle size. Often underappreciated, the hydrophobic interactions between particle surfaces

and ECS components can be a source of adhesion (39). Adequate surface shielding (via

PEG, for example) from these interactions is apparently crucial for diffusion of large

particles in the brain. The formation of PEG coatings well into the brush regime likely limits

exposure of hydrophobic NP surfaces that facilitate adhesion to the brain ECS. We report

diffusive NP behavior for PEG conformations on 100-nm PS particles, with Γ/SA ≥ 2.0,
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whereas Γ/SA ≤ 1.7 was insufficient. The impact of PEG on biodegradable polymeric NPs

and liposome size and surface charge has been shown to be dependent on PEG molecular

weight, particle core, and PEG weight percent (30, 40, 41). The precise PEG coating

densities required should be further confirmed using additional methods, such as MALDI-

TOF and atomic force microscopy, and will likely depend on the material being coated.

In this study, we established that NPs at least as large as 114 nm, but smaller than 200 nm,

can penetrate brain ECS if coated with a high density of 5 kDa PEG. Large brain-penetrating

NPs offer a greater degree of flexibility in designing delivery systems to produce a desired

effect within the human brain. Dense PEG coatings are also known to be important for

enhanced NP circulation within the blood stream and entering the brain through a disrupted

BBB, and are also expected to lead to greater drug distribution when used with local

strategies such as CED. Although we did not test in a disease model to confirm,

demonstration of an 85-nm drug-loaded biodegradable NP that penetrates within the brain

parenchyma suggests that the development of drug delivery systems with the characteristics

established in this paper offer promising new directions for particle-mediated delivery of

therapeutic molecules in the brain. We envision that our findings may be first translated into

the clinic in the treatment of malignant brain tumors owing to the poor prognosis with this

disease, where NPs may access the brain via the EPR effect and then spread locally to

provide a more uniform delivery of encapsulated therapeutic agents. Alternatively, the NPs

may be administered locally by CED to maximize their penetration to treat invasive tumor

cells. Once safety has been established, this approach may find use in treating other CNS

diseases or conditions associated with a disrupted BBB. In the future, we expect new

methods that enhance the delivery of NPs into the brain through an intact BBB will be

developed and shown to be safe, such as high-intensity focused ultrasound (42), thus leading

to widespread clinical use of PEG-coated NPs.

Materials and Methods

Nanoparticle preparation and characterization

Forty- to 200-nm red fluorescent COOH-modified polystyrene (PS) particles (Molecular

Probes) were covalently modified with methoxy (MeO)-PEG-amine (NH2) (5 kDa MW;

Creative PEG Works) by carboxyl amine reaction, following a modified protocol described

previously (18, 43). These two protocols were combined and optimized here to obtain dense

PEG coatings, a near-neutral ξ-potential, and low PDI, for 40–200 nm PS particles. Briefly,

100 µL of PS particle suspension was washed and resuspended to 4-fold dilution in ultrapure

water. An excess of MeO-PEG-NH2 was added to the particle suspension and mixed to

dissolve the PEG. N-Hydroxysulfosuccinimide (Sigma) was added to a final concentration

of 7 mM, and 200 mM borate buffer, pH 8.2, was added to a 4-fold dilution of the starting

volume. 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC, Invitrogen) was added to a

concentration of 10 mM. Particle suspensions were placed on a rotary incubator for 4 hours

at 25°C and then centifuged (Amicon Ultra 0.5 mL 100k MWCO; Millipore). Particles were

resuspended in ultrapure water to the initial particle volume (100 µL) and stored at 4°C until

use.

The net surface charge (ξ-potential), polydispersity index (PDI), and hydrodynamic

diameter were measured for COOH- and PEG-coated fluorescent NPs of all sizes. Particle

characterization is described in detail in Supplementary Methods.

Human and rat neocortical slice preparation

Human tissue collection was approved by the Institutional Review Board (IRB) at Johns

Hopkins University. Fresh human brain cortex was removed from 5 patients undergoing
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surgery for mesial temporal lobe epilepsy. Following removal, the tissue was rapidly divided

into the components needed for pathological analysis; the remaining tissue was dissected to

avoid the sclerotic tissue that often accompanies the disease then placed in normal saline on

ice and transported immediately to the laboratory for slice preparation. Tissue was immersed

in chilled ACSF (Harvard Apparatus) supplemented with 10 mM glucose. Coronal slices (n

= 6 per patient) were prepared using a rodent brain slice matrix kit (Zivic Instruments). The

matrix and razor blades were washed with 0.9% normal saline and placed on ice prior to

inserting the excised human brain sample. Sectioning of the brain was carried out based on

instrument instructions such that 1-mm–thick slices were obtained. Slices were placed in a

Petri dish containing ACSF. Individual slices were then placed in an 8-well glass chamber

(Lab-Tek) and 200 µL of ACSF was added to each well, with no liquid at the tissue-well

interface to minimize interference with movie capture. A 0.5-µL PS bead suspension was

added to the gray matter region. The 8-well chamber was then incubated at 37°C in humidity

chamber for 30 minutes prior to imaging to allow tissue recovery and convection dissipation

(44).

For rat brain tissue slices, all experiments were carried out at Johns Hopkins University

School of Medicine in accordance with National Institutes of Health guidelines and local

Institutional Animal Care and Use Committee regulations. Brain tissue slices were prepared

from 130–160 g female Sprague-Dawley rats. Animals were anesthetized with ketamine-

xylazine and then administered an intracardiac injection of Euthanosol. After euthanasia, the

brain was rapidly removed and immersed in chilled ACSF supplemented with 10% glucose.

Slices were processed and biodegradable particles were added in the same way as the human

cortical slice preparation and PS particle addition above. MPT analysis is described in

Supplementary methods.

Histopathological analysis of human brain slices

The human brain tissue slices were studied using standard hematoxylin and eosin (H&E)

staining to identify any changes in histological architecture and cell morphology introduced

by the preparation and incubation process. Representative tissue slices (n = 4) were

preserved in formalin immediately following sectioning in the laboratory and after

completing data acquisition, approximately 3 hours following removal, preparation,

incubation, and particle imaging. The tissue was removed from the formalin after 24 hours

and placed in 70% ethanol solution until paraffin embedding, sectioning, and H&E staining.

The tissue sections were examined by a board-certified neuropathologist (C.E.) for evidence

of tissue changes or damage.

In vivo mouse brain imaging

All experiments were approved by the Institutional Animal Care and Use Committee. The in

vivo mouse model used was optimized to minimize tissue injury and brain movement with

respect to imaging, and experiments were designed with knowledge of the potential

contributions to particle movement by regional micro-pulsations from the dense network of

surrounding blood vessels, as well as bulk flow phenomenon known to contribute to

interstitial fluid circulation within the brain (45, 46). The cranial window technique was

based on a modification from previously published studies (47, 48). To create a stable,

immobile cranial window, a warm agarose solution (20% w/v) was placed over the exposed

brain region and a 5-mm glass coverslip was quickly placed prior to agarose cooling and

gelatinization. A custom circular metal bar was secured to the adjacent bone just lateral to

the sagittal suture using a small drop of fast-drying adhesive. Cement (HyBond, Inc.) was

then applied to secure the agarose, glass, and metal bar construct rigidly to the calvarium. A

channel representing approximately 90 degrees of the cover glass circle was not cemented

and left exposed for the glass pipette to insert into the brain.
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The cranial bar was secured to a custom microscope stage allowing stable imaging of the

anesthetized mouse. An upright confocal microscope (Zeiss, Inc.) with a two-photon laser

source (Coherent Inc.) tuned to 910 nm was used for imaging through a 20× microscope

objective [Zeiss Inc., Plan-Apochromat (NA, 1.0; working distance, 1.9 mm)]. Images were

collected using a non-descanned detector. The micro-injection apparatus attached to a

stereotactic manipulator (Drummond Scientific Inc.) was fixed with a glass micropipette (tip

diameter ~30 µm), loaded with NP solution, and positioned for injection through the agarose

channel into the brain. A blood vessel–free region of cortex was identified, and the micro-

pipette was inserted to a depth of 100–200 µm below the pial surface under direct

visualization, and withdrawn slightly to create a small pocket to receive the injection. The

nano-injection device was set to inject 9.2 nL of particle solution at a rate of 23 nL/s.

Particle combinations were mixed and injected at equivalent concentrations to each other

and data was captured every 5 minutes for 60 minutes.

Statistical analysis

Statistical analysis of data was performed by one-way analysis of variance (ANOVA) follow

by Tukey Honestly Significant Difference (HSD) or Games-Howell tests using SPSS 18.0

software (IBM Inc). Differences were considered statistically significant at P<0.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Nanoparticle penetration of human brain tissue ex vivo
(A) Ensemble-averaged geometric mean square displacements (<MSD>) as a function of

time scale for 40 nm, 100 nm, and 200 nm PEG- and COOH-coated PS nanoparticles. Data

represent the ensemble average of at least four independent experiments, with n ≥ 100

particles for each experiment. For each experiment, the transport rates of all three particle

sizes, with and without PEG coatings, were measured in the same brain tissue. Grey dotted

lines indicate theoretical diffusivity values based on Stokes Einstein equation for the same

size particles in ACSF. (B) Representative particle trajectories for COOH- and PEG-coated

NPs of various sizes in human brain tissue. Trajectories shown are of particles that
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possessed a <MSD> equal to the ensemble average at a time scale of 1 s. (C) The percent of

pores that fall in a dedicated size range in the ECS of fresh human brain tissue. Pore size

distribution approximation was based on diffusion rates of PEG-coated 100-nm NPs

combined with an obstruction scaling model (14). Data represent the ensemble average of

four independent experiments with n > 100 particles tracked for each experiment. (D) H&E-

stained human cortical brain slices 30 min after removal and following MPT for 3 hours ex

vivo in culture at 37°C. Scale bar, 40 µm.
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Figure 2. Nanoparticle penetration of brain tissue in vivo in living mice

Actual sizes of each particle type are listed in Table 1. (A) Direct comparison of the

distribution of fluorescent NPs of similar sizes with different surface coatings following

intracranial co-injection into mice. Images were acquired 60 min after injection. Scale bars,

50 µm. (B) Direct comparison of the distribution of PEG-coated NPs of various sizes

following intracranial co-injection into mice. Images were acquired 60 min after injection.

Scale bars, 50 µm. (C) Representative particle trajectories for COOH- and PEG-coated NPs

in live mouse brain. Trajectories shown are of particles that possessed an <MSD> equal to

the ensemble average at a time scale of 1 s, as determined by at least three independent

experiments, with n ≥ 100 particles tracked for each experiment.
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Figure 3. Transport of paclitaxel-loaded PEG-PLGA nanoparticles through rat brain tissue ex
vivo
(A) Sample trajectories of PLGA, PEG-PLGA, and paclitaxel-loaded PEG-PLGA NPs in

brain tissue. Trajectories reflect particles with effective diffusivities within one SEM of the

ensemble average. (B) Distributions of the logarithms of individual particle effective

diffusivities (Deff) for PLGA and PEG-PLGA nanoparticles at a time scale of 1 s. Data

represent means of at least three experiments, with n ≥ 100 particles per experiment.
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Figure 4. Phase diagram correlating ζ-potential and size to transport behavior

Data were obtained from rodent brain tissue ex vivo for various uncoated and PEG-coated

nanoparticles (n = 3). Black-filled symbols indicate diffusive brain penetrating particles and

open symbols indicate particles that are immobilized. The lower box is an expanded view of

the indicated region in dotted box. Each data point represents one nanoparticle formulation.
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