
Contents lists available at ScienceDirect

Journal of Controlled Release

journal homepage: www.elsevier.com/locate/jconrel

Strategies to enhance the distribution of nanotherapeutics in the brain

Clark Zhanga,b, Panagiotis Mastorakosa,c,1, Miguel Sobralb, Sneha Berryd,2, Eric Songd,3,
Elizabeth Nancea,e,4, Charles G. Eberhartf, Justin Hanesa,b,c,g,h, Jung Soo Suka,c,⁎

a Center for Nanomedicine at the Wilmer Eye Institute, Johns Hopkins University School of Medicine, Baltimore, MD 21231, United States
b Department of Biomedical Engineering, Johns Hopkins University School of Medicine, Baltimore, MD 21205, United States
c Department of Ophthalmology, The Wilmer Eye Institute, Johns Hopkins University School of Medicine, Baltimore, MD 21231, United States
d Zanvyl Krieger School of Arts and Sciences, Johns Hopkins University, Baltimore, MD 21218, United States
e Department of Anesthesiology and Critical Care Medicine, Johns Hopkins University, Baltimore, MD 21218, United States
f Department of Pathology, Johns Hopkins University School of Medicine, Baltimore, MD 21287, United States
g Department of Oncology, Johns Hopkins University School of Medicine, Baltimore, MD 21287, United States
h Department of Pharmacology & Molecular Sciences, Johns Hopkins University School of Medicine, Baltimore, MD 21287, United States

A R T I C L E I N F O

Keywords:
Brain extracellular matrix
Perivascular space
Nanoparticle
Drug delivery
Convection enhanced delivery

A B S T R A C T

Convection enhanced delivery (CED) provides a powerful means to bypass the blood-brain barrier and drive
widespread distribution of therapeutics in brain parenchyma away from the point of local administration.
However, recent studies have detailed that the overall distribution of therapeutic nanoparticles (NP) following
CED remains poor due to tissue inhomogeneity and anatomical barriers present in the brain, which has limited
its translational applicability. Using probe NP, we first demonstrate that a significantly improved brain dis-
tribution is achieved by infusing small, non-adhesive NP via CED in a hyperosmolar infusate solution. This
multimodal delivery strategy minimizes the hindrance of NP diffusion imposed by the brain extracellular matrix
and reduces NP confinement within the perivascular spaces. We further recapitulate the distributions achieved
by CED of this probe NP using a most widely explored biodegradable polymer-based drug delivery NP. These
findings provide a strategy to overcome several key limitations of CED that have been previously observed in
clinical trials.

1. Introduction

Most brain diseases are characterized by highly disseminated dis-
ease areas throughout the brain tissue. Accordingly, achieving wide-
spread distribution in the brain parenchyma is essential when it comes
to the design of therapeutic nanoparticles (NP) for treating brain dis-
eases [1,2]. Convection enhanced delivery (CED) is an effective de-
livery strategy to circumvent the blood-brain barrier (BBB) and can
theoretically provide widespread NP distribution in the brain by har-
nessing a pressure-driven bulk flow [1,3,4]. However, image-based
post-treatment evaluations have revealed that delivery of NP using CED
does not readily ensure a therapeutically favorable NP distribution [5].
Intracranially administered NP travel through the brain interstitium,
which comprises two distinct spaces, including the intercellular space
(ICS) and perivascular space (PVS). NP distribution in the ICS is limited

by hindrances imposed by the brain extracellular matrix (ECM) that fills
the space [6]. Moreover, preferable flow of NP through, and subsequent
confinement within, the low-resistance, fluid-filled PVS hampers
widespread distribution of NP, thereby limiting their abilities to reach
target cells within the brain [5,7]. These revelations have shed light on
previously terminated CED-based clinical trials that failed to meet their
primary and secondary outcomes [8,9] and have spurred the develop-
ment of the next generation of NP systems optimized for CED [10,11].
An improved understanding of the mechanisms that contribute to poor
NP distribution following CED will enable the development of strategies
to overcome the aforementioned barriers and maximize therapeutic NP
distribution within the brain parenchyma.

Conventionally designed NP, even when delivered via the con-
tinuous bulk flow of CED, are often found near the point of adminis-
tration only and cannot travel away through the ICS [12–15]. The brain

http://dx.doi.org/10.1016/j.jconrel.2017.07.028
Received 19 May 2017; Received in revised form 3 July 2017; Accepted 20 July 2017

⁎ Corresponding author.

1 Current address: Department of Neurosurgery, University of Virginia, Charlottesville, VA 22908, United States.
2 Current address: Department of Cellular and Molecular Medicine, Johns Hopkins University of Medicine, Baltimore, MD 21231, United States.
3 Current address: Department of Biomedical Engineering, Yale University, New Haven, CT 06511, United States.
4 Current address: Department of Chemical Engineering, University of Washington, Seattle, WA 98195, United States.

E-mail address: jsuk@jhmi.edu (J.S. Suk).

Journal of Controlled Release 267 (2017) 232–239

Available online 21 July 2017
0168-3659/ © 2017 Elsevier B.V. All rights reserved.

T

http://www.sciencedirect.com/science/journal/01683659
http://www.elsevier.com/locate/jconrel
http://dx.doi.org/10.1016/j.jconrel.2017.07.028
http://dx.doi.org/10.1016/j.jconrel.2017.07.028
mailto:jsuk@jhmi.edu
https://doi.org/10.1016/j.jconrel.2017.07.028
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jconrel.2017.07.028&domain=pdf


ECM in the ICS consists of a highly dense, nanoporous network of ne-
gatively charged macromolecules and hydrophobic fibrous proteins
[16], which serves as a highly impermeable barrier that traps locally
administered NP via steric obstruction and/or adhesive interactions,
including electrostatic and hydrophobic interactions [6,17]. We have
previously demonstrated that NP up to 114 nm in diameter, if shielded
with a dense layer of hydrophilic and neutrally charged polyethylene
glycol (PEG; ≥9 PEG polymer chains per 100 nm2 particle surface [6]),
resist adhesive interactions with the brain ECM and rapidly diffuse
within the healthy brain ICS [6,18]. We have also shown that the ECM
mesh spacings could be smaller depending on the type of tumor
[19,20]. More recently, we demonstrated that a marriage of CED and
densely PEGylated NP enabled synergistically enhanced distribution of
various therapeutic NP formulations following intracranial adminis-
tration, while non-PEGylated or conventionally PEGylated NP were
unable to do so [13–15,20].

The PVS are cerebrospinal fluid (CSF)-filled canals surrounding
large brain vessels, and are responsible for the clearance of metabolites
to maintain and regulate the homeostatic balance in the brain [21].
When administered into the brain, NP encounter a relatively higher
resistance traveling through the ECM-filled ICS than through the PVS
[22]; thus, significant quantities of NP have been microscopically
confirmed to traffic through PVS following CED [5,23,24]. Once flowed
into the PVS, NP remains sequestered therein due to the glia limitans,
an anatomical barrier that separates the PVS and ICS [25]. Importantly,
NP accumulation within the PVS has been universally observed re-
gardless of delivery modes, including administration via intranasal,
intracisternal and intrathecal routes [7,24,26]. Given that NP confine-
ment within PVS has been suggested responsible for sub-optimal ther-
apeutic efficacy in clinical trials [23,27], an effective strategy to ad-
dress this issue is sorely needed.

Here, we propose a delivery strategy that combines the delivery of
non-adhesive NP in conjunction with an osmotic modulation of the
brain tissue that renders the brain ECM in the ICS less resistant to NP
penetration as well as minimizes undesired NP accumulation in PVS.
More specifically, we evaluated the effects of composition and osmol-
ality of infusate solutions on the distribution of densely PEGylated NP
[6] in ICS and PVS compartments following CED. Based on this me-
chanistic study, we then extended the delivery strategy to a similarly
engineered, therapeutically relevant drug delivery nanocarrier. The
results gleaned from this study may provide a highly translatable
strategy that improves the clinical relevance of CED.

2. Results and discussion

2.1. Enhancing nanoparticle distribution in the brain by reducing adhesive
interactions

Fluorescently labeled 40 nm carboxylated polystyrene (PS-COOH)
NP probes were modified with exceptionally dense surface PEG coat-
ings according to our previously reported protocol [6]. The average
hydrodynamic diameters of PS-COOH and the densely PEGylated NP,
PS-PEG, were 51 ± 1.0 and 58 ± 0.2 nm, respectively (Fig. 1A).
While the surface charge of unmodified PS-COOH, as measured by ζ-
potential, was highly negative (−43 ± 2 mV), PS-PEG possessed near
neutral surface charge (−3.5 ± 0.8 mV) (Fig. 1B), suggesting that the
particle surface was densely passivated with a dense PEG layer.

We next assessed in vivo distribution of PS-COOH and PS-PEG in
mouse (CF-1; Fig. S1A) and rat (Sprague Dawley; Fig. S1B) brain tissues
following co-infusion at the particle concentration of 1 mg/mL. In the
brains of both species, non-adhesive PS-PEG NP consistently exhibited
significantly greater (~6–7 fold) volume of distribution (Vd) compared
to unmodified PS-COOH that were found confined near to the infusion
sites (Fig. S1). We conclude that even the continuous pressure-driven
flow provided by CED cannot adequately overcome the multivalent
adhesive interactions that occur between conventional NP (i.e. PS-

COOH) and the brain ECM components. Thus, a well-coated, non-ad-
hesive NP surface is likely essential to achieving significant distribution
of NP away from the point of administration following CED.

In an attempt to address the limited NP distribution, several groups
have administered high concentrations of small, conventional NP that
saturate the available binding domains throughout the ECM, thereby
enabling residual NP to distribute away from the point of infusion
[28–30]. We thus sought to determine the correlation between the
concentration of infused NP and the Vd of NP achieved following CED
at those NP concentrations. The Vd of PS-PEG administered at 0.1, 1,
and 25 mg/mL were 10.7-fold, 3.6-fold, and 1.3-fold greater than those
of PS-COOH at respective concentrations (Fig. 1C). Importantly, PS-PEG
achieved uniformly high Vd in a concentration-independent manner,
whereas a high NP concentration was required for PS-COOH to be
benefitted by the pressure-driven flow provided by CED (Fig. 1C, D).
The ability to achieve widespread therapeutic distribution at low NP
concentrations, observed with CED of non-adhesive NP, may circum-
vent potential toxicity issues around the use of high NP concentrations
for therapeutic delivery to the brain.

2.2. Enhancing nanoparticle distribution in the brain by osmotic modulation

The steric obstruction imposed by the ECM structure remains a
challenging limitation to non-adhesive NP for achieving widespread
distribution in the brain [6,16], particularly when relatively large NP
formulations are required. To overcome this hurdle, we employed a

Fig. 1. Effect of particle concentration on volume of distribution (Vd) following CED.
Physicochemical properties, including (A) hydrodynamic diameters and (B) ζ-potentials,
of model PS NP. (C) Quantitative Vd of PS-PEG and PS-COOH NP following CED at
varying concentrations. *p < 0.05 denotes a statistically significant difference. (D) 3D
reconstruction of PS-PEG (red) and PS-COOH (green) NP infused at different concentra-
tions in the mouse striatum following CED. Yellow represents overlay of PS-PEG and PS-
COOH. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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previously explored approach of enhancing therapeutic distribution
where brain tissues were modulated in a way that enlarges the mesh
spacings of brain ECM [31–34]. Nicholson and coworkers have de-
monstrated that exposure of brain tissues to modestly hyperosmolar
solutions (500 mOsmol/kg) increases the volume of ICS [35], which
may minimize the tissue's resistance to NP diffusion. Here, we sought to
alter the pore sizes of the mouse brain ECM by using infusate solutions
of varying composition and osmolality. We selected hyperosmolar
saline and mannitol solutions given that they both have been ad-
ministered in clinical settings for reducing elevated intracranial pres-
sure [36]. Further, mannitol has been extensively investigated as a
hyperosmolar infusate solution for CED of therapeutics in preclinical
studies [31,34,37]. All infusate solutions evaluated in this study were
deemed safe following histological analysis of H&E-stained mouse brain
tissues by a board-certified neuropathologist (Fig. S2).

To determine the changes in ECM pore sizes following exposure of
the brain microenvironment to solutions of different osmolality, we
probed the pore sizes of rodent brain tissue by using a previously es-
tablished ex vivo technique [6,38]. Of note, we ensured that the PS-PEG
physicochemical characteristics were unaffected in infusate solutions
with varying osmolality (Table 1) to accurately assess the effect of os-
molality on the ECM pore size. In contrast, hydrodynamic diameters of
PS-COOH markedly increased in a hyperosmolar infusate solution most
likely due to the salt-induced surface charge neutralization followed by
particle aggregation [39,40]. We pre-incubated brain slices in water
(i.e. hypo-osmolar infusate solution), normal (iso-osmolar; 0.9%) saline
or hyperosmolar (3%) saline and then quantified the diffusion rates of
subsequently injected non-adhesive PS-PEG probes [6], using multiple
particle tracking (MPT) [41]. At a timescale of 1 s, brain slices treated
with hyperosmolar 3% saline yielded 1.7-fold greater NP median mean
squared displacements (MSD) compared to brain slices incubated in
normal saline (p < 0.05; Fig. 2A). The MSD represents a square of
distance traveled by a probe at a given time interval [41], and thus, the
greater the MSD of non-adhesive NP, the larger the mesh pore. Prior
studies have demonstrated that administration of hyperosmolar saline
in brain tissue results in enlargement of the ECM mesh spacings as
water is drawn out of cells into ICS via an osmotic gradient established
by the hyperosmolar saline [32,35]. Thus, the greater MSD observed
with PS-PEG administered in 3% saline is likely attributed to the re-
duced steric hindrances experienced by these NP traveling within the
brain ICS. On the contrary, treatment of brain slices with hypo-osmolar
solution (i.e. water) reduced the median MSD value of PS-PEG by 3-fold
(p < 0.05; Fig. 2A). This reduced PS-PEG diffusivity is most likely due
to an increase in steric hindrances resulting from the engorging of
cellular structures driven by water intake and subsequent reduction of
ICS [32].

To verify that the osmotic modulation of ICS observed ex vivo
translates in vivo, we administered NP via CED in saline-based infusate
solutions with varying osmolality and determined their effects on the
Vd of NP. We discovered that the Vd of non-adhesive PS-PEG was po-
sitively correlated with the osmolality of the infusate solution, whereas
Vd of PS-COOH were virtually identical regardless of infusate osmol-
ality (Fig. 2B, C). This indicates that even when steric hindrances were
minimized, adhesive interactions remained a dominating limitation for
the distribution of conventional NP. The Vd of PS-PEG administered in

iso- and hyperosmolar infusate solutions were 5.8-fold and 6.8-fold
greater than those of co-administrated PS-COOH, respectively
(p < 0.05). In contrast, the Vd of PS-PEG and PS-COOH were com-
parable when hypo-osmolar water was used as an infusate solution,
suggesting that the elevated steric hindrances stemming from a reduc-
tion in ECM pore sizes serve as the dominant limitation to NP dis-
tribution. These observations underscore the importance of addressing
both types of barrier properties of the brain ECM, namely adhesive
interactions and steric obstruction, for enhancing NP distribution in the
brain interstitium following CED.

It is critical that the physicochemical properties and colloidal sta-
bility of non-adhesive NP in a hyperosmolar infusate solution of interest
is retained. We found that increasing the osmolality of mannitol in-
fusate solutions (from 10% to 25%) significantly reduced the PS-PEG
diffusivity in brain tissues ex vivo (Fig. S3A) and distribution in vivo
(Fig. S3B). Of note, osmolality is a colligative property independent of
solute type, and thus the contrary findings are unlikely due to an os-
motic effect unique to mannitol-based hyperosmolar solutions. Rather,
this finding is likely attributed to the marked increase in the hydro-
dynamic diameters of PS-PEG in 25% mannitol infusate solution (Table
S1), more than offsetting the effect of osmotically-driven ECM pore
enlargement.

2.3. Minimizing nanoparticle flow into perivascular spaces

PVS, also known as Virchow Robin spaces in the brain, serve as a
conduit for rapid flow of CSF into the brain from the subarachnoid
space [42] and are responsible for the clearance of small metabolic
molecules and waste products [21]. Numerous studies have

Table 1
Hydrodynamic diameters of PS-PEG and PS-COOH NP in water or saline solutions with
varying osmolality.

Infusate solution Water 0.9% Saline 3% Saline

Osmolality (mOsm/kg) 0 ~300 ~1000
Viscosity (cP) 0.89 0.90 0.94
Hydrodynamic diameter ± SEM (nm)
PS-PEG 58 ± 0.2 61 ± 2 62 ± 0.5
PS-COOH 51 ± 1 45 ± 2 1330 ± 370

Fig. 2. Effect of infusate osmolality on ex vivo diffusion and in vivo distribution of NP in
the mouse brain. (A) Median mean squared displacement (< MSD >) of PS-PEG NP in
mouse brain slices that were incubated in infusate solutions with varying osmolality. Over
100 NP were tracked per sample (N = 3–4 mouse brain tissues). *p < 0.05 denotes a
statistically significant difference. (B) Representative slices depicting the coronal plane
within the mouse striatum where PS-PEG (red) and PS-COOH (green) NP were infused via
CED. Yellow represents overlay of NP. Scale bar = 1 mm. (C) Vd of PS-PEG and PS-COOH
determined using image-based MATLAB quantification methods. *p < 0.05 denotes a
statistically significant difference. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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demonstrated that the distribution of therapeutics at large distances
away from the injection site takes place predominantly through the PVS
[5,23]. However, preferential trafficking and subsequent sequestration
of intracranially administered NP in PVS [43] significantly reduce the
available NP that reach the target cells to exert their therapeutic effect.
Excessive therapeutic buildup within PVS has also resulted in toxic side
effects to neighboring macrophages [28], undesired immune responses
[23] and an overall reduction in therapeutic efficacy [5,23].

We hypothesized that the fraction of NP that distributed through the
ICS, as opposed to the PVS, would be increased by reducing the re-
sistance of the brain ECM to NP diffusion. We thus investigated the
extent of NP trafficking into the PVS when infused in water, 0.9%, and
3% saline. The PS-PEG administered in hypo-osmolar infusate solution
(i.e. water) largely accumulated within the PVS, regardless of the dis-
tances away from the coronal plane of infusion (Fig. 3A–D, Table S2).
However, when administered in normal saline, PS-PEG were found in
the ICS up to 1.0 mm away from the infusion plane (Fig. 3E–H, Table
S2), while primarily localized within the PVS at 1.5 mm (Fig. 3H, Table
S2). Further, PS-PEG infused in hyperosmolar 3% saline were found in
both the ICS and PVS up to 1.5 mm away (Fig. 3I–L, Table S2), sug-
gesting that NP distribution in ICS may be enhanced by reducing the
ECM resistance (i.e. increase in ECM mesh spacings). This simple
method of osmotically restoring the balance between NP distribution in
ICS and PVS may enhance the translatability of CED.

It should be noted that PS-COOH were found solely associated with
blood vessels regardless of the infusate osmolality (Fig. 3, Table S2). We
found that increasing saline concentration reduced the overall distance
that PS-COOH trafficked through PVS. Specifically, PS-COOH ad-
ministered in water and 0.9% saline were found in PVS up to 1.5 mm
away from the infusion plane, whereas PS-COOH infused in 3% saline
were found in PVS only up to 0.5 mm away. The reduced distance is
likely attributed to the poor colloidal stability of PS-COOH in hyper-
osmolar saline (Table 1); particle aggregation to sizes larger than 1 μm
would significantly increase the steric obstruction experienced by NP
while traversing through the PVS of arterioles which are sub-1 μm in
width [44].

2.4. Enabling nanoparticle escape from perivascular spaces

Due to the intrinsically lower physical resistance of the PVS com-
pared to that of ICS [24], NP trafficking in the PVS is inevitable re-
gardless of administration parameters or NP characteristics. Further, NP
that flow into the PVS are largely sequestered therein due to an inability
to pass through the glia limitans [45], a physical barrier formed by
astrocytic foot processes that strictly delineates the PVS from the ICS
with only ~20 nm intercellular openings [21,25,46]. We hypothesized
that by modulating the barrier properties of glia limitans using a hy-
perosmotic infusate solution, non-adhesive NP would be driven to es-
cape PVS and distribute into the ICS. In particular, we monitored the NP
distribution near the lateral striate artery (Fig. 4A), a large blood vessel
in the brain where significant NP sequestration has previously been
observed [5], to determine the extent of NP escape from this major
artery. When administered in water, both PS-PEG and PS-COOH were
confined to PVS (Fig. 4B);< 10% of PS-PEG or PS-COOH fluorescence
was detected at a distance of 20 μm from the blood vessel (Fig. 4E).
Similarly, when administered in 0.9% saline, only 20% of PS-PEG as
well as PS-COOH fluorescence was observed at the same distance
(Fig. 4C, F). The limited penetration of PS-PEG through the gila limitans
was expected given their significantly larger diameters (~60 nm;
Fig. 1A) compared to the previously determined mesh spacings of this
barrier (~20 nm; [21]). However, when infused in hyperosmolar 3%
saline, while PS-COOH were similarly sequestered within PVS, PS-PEG
exhibited markedly improved escape from PVS (Fig. 4D, G, Video S1).
Quantitatively, 65% of PS-PEG fluorescence was observed at a distance
of 20 μm with 20% of the fluorescence detectable even at 100 μm. We
further analyzed the percent coverage of fluorescent NP outside the PVS
but within the brain ICS. Fluorescence of PS-PEG administered in 3%
saline was detected across 30% of the ICS found in all captured images,
which was significantly greater (p < 0.05) than the coverages
achieved by other infusate solutions, including 0.9% saline (8% cov-
erage) and water (3% coverage) (Fig. 4H).

The migration of non-adhesive NP, but not conventional NP, away
from the PVS when administered in hyperosmolar solution is likely
attributed to the enlargement of mesh spacings of glia limitans, similar
to our observation with the brain ECM (Fig. 2). Regardless of the
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Fig. 3. Effect of infusate osmolality on NP distribution in
ICS and PVS. Spatial distribution of PS-PEG (red) and PS-
COOH (green) NP in ICS and PVS of the mouse brain fol-
lowing CED at varying osmolality of infusate solutions. NP
were infused in (A–D) water, (E–H) 0.9% saline or (I–L) 3%
saline. White and blue stains represent blood vessels (col-
lagen IV) and cell nuclei (DAPI), respectively. Red and
green arrows indicate distribution of PS-PEG and PS-COOH
NP, respectively, in PVS. Representative images depict NP
distribution in coronal plans of (A,E,I) infusion site and
(B,F,J) 0.5, (C,G,K) 1.0 and (D,H,L) 1.5 mm away. Scale
bar = 50 μm. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web
version of this article.)
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infusate solution, conventional NP are unable to reenter the brain ICS
due to their adhesive nature that limits their penetration through the
glia limitans that is rich in adhesive macromolecules, such as collagen,
fibronectin and laminin [47]. To date, only small molecules (e.g.
fluorescent dyes, low molecular weight dextrans, etc.) and adeno-as-
sociated viruses (20–25 nm) have been shown to partition from the PVS
into the ICS [7,21] but here, we demonstrate a strategy that enables the
delivery of NP therapeutics as large as 60 nm in diameters out of PVS,
through the glia limitans, and into the ICS.

The PVS has been shown to play an important role in progression of
numerous neurological diseases. In Alzheimer's disease, dysregulation
of the PVS glymphatic system leads to widespread development of
amyloid-β plaques [21,48]. Similarly, PVS, as paths of least resistance,
have been implicated in facilitating the migration of malignant gliomas
throughout the brain [22,49], thereby often leading to tumor recur-
rence. Thus, the strategy to facilitate escape of NP readily traffic to PVS
through the glia limitans into the ICS may be exploited to chase the
propagation of neurological diseases.

2.5. Applying the strategies to biodegradable drug delivery systems

We sought to determine if our findings based on model NP probes
(i.e. PS-COOH and PS-PEG) can be translated to therapeutic NP derived
from poly(lactic-co-glycolic acid) (PLGA), a FDA-approved polymer
widely used to formulate drug delivery NP [50]. Freshly formulated
uncoated PLGA NP and densely PEGylated PLGA (PLGA-PEG) NP ex-
hibited similar hydrodynamic diameters, 80 ± 1 and 71 ± 1 nm, re-
spectively (Table 2). While PLGA-PEG NP retained their colloidal sta-
bility (i.e. particle diameter) in 3% saline, uncoated PLGA NP rapidly
aggregated up to over 1 μm in the same condition (Table 2), similar to
our observation with model uncoated NP (i.e. PS-COOH; Table 1).

Fluorescence-based quantification of NP distribution yielded a sta-
tistically significant improvement in the distribution of PLGA-PEG NP

as compared to that of PLGA NP, following administration in both 0.9%
(Fig. 5A) and 3% (Fig. 5B) saline via CED (p < 0.05). The Vd of PLGA-
PEG NP administered in 3% saline was 2.7-fold greater than that of
PLGA-PEG NP administered in 0.9% saline (Fig. 5C), suggesting that the
osmotic modulation resulted in enhanced brain penetration of this non-
adhesive drug delivery NP. Further, the hyperosmolar infusate solution
facilitated escape of PLGA-PEG NP from PVS (Fig. 5D, E), in good
agreement with our observation with PS-PEG (Fig. 4D). At a distance of
20 μm from the blood vessel, 52% and 12% of PLGA-PEG NP fluores-
cence was detected when administered in 3% and 0.9% saline, re-
spectively (Fig. 5F). In addition, the percent coverage of PLGA-PEG NP
within the brain ICS following administration in 3% saline was sig-
nificantly greater than that of PLGA-PEG NP administered in 0.9%
saline (Fig. 5G, p < 0.05). These results validate our findings with
model NP probes that the combined use of non-adhesive surface coat-
ings and hyperosmolar infusate solution synergistically improve dis-
tribution of NP in ICS and PVS following CED.

3. Conclusion

In this study, we developed a simply and safe method to maximize
the distribution of therapeutic NP in the brain. Specifically, we in-
troduced a combined approach of administering non-adhesive NP via

Table 2
Hydrodynamic diameters of PLGA-PEG and PLGA NP in saline solutions with varying
osmolality.

Particle type Hydrodynamic diameter ± SEM (nm)

10 mM NaCl 0.9% Saline 3% Saline

PLGA 80 ± 1 97 ± 13 1377 ± 224
PLGA-PEG 71 ± 1 75 ± 1 75 ± 3
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CED in a hyperosmolar infusate solution that could address major
drawbacks currently associated with CED applications, including lim-
ited ICS distribution and PVS sequestration of NP. Given the highly
ubiquitous nature of many neurological disorders, the strategy may be
widely employed to promote widespread delivery of therapeutics
throughout the brain.

4. Materials and methods

4.1. Nanoparticle preparation and characterization

Densely PEGylated NP (i.e. PS-PEG) were engineered by covalently
conjugating 5 kDa methoxy-PEG-amine (Creative PEGworks, Winston
Salem, NC) onto the surface of dark red fluorescent carboxylated
polystyrene beads (PS-COOH; 40 nm in diameters) (Life Technologies,
Grand Island, NY), based on our previously published protocol [6].
PLGA-based NP were formulated with PLGA (5 kDa; lactide:glycolide
ratio of 75:25; Jinan Daigang Biomaterials Co. Ltd., Jinan, China) and
PLGA-PEG (25 wt% PEG; Jinan Daigang Biomaterials Co. Ltd.) using
the single emulsion method, as we have previously reported [51].
Briefly, PLGA-PEG and PLGA polymers were fluorescently labeled with
Alexa Fluor (AF) 647 and AF 555 cadaverine dye (Molecular Probes,
Eugene, OR) respectively, as previously described [51]. Polymers were
dissolved in dichloromethane and emulsified using a probe sonicator in
0.5 wt% cholic acid (Sigma Aldrich, St. Louis, MO). NP were then
subjected to filtration through a 1 μm filter (Whatman, GE Healthcare,
Pittsburgh, PA). PLGA-PEG NP were collected and washed using cen-
trifugal filter units (100 kDa MWCO, Millipore, Billerica, MA) at a speed
of 3600 ×g for 12 min. Likewise, PLGA NP were collected by high
speed centrifuge at 22,170 ×g for 30 min, washed, and resuspended for
further use. A small aliquot was lyophilized and weighed to determine
the concentration of collected NP. Hydrodynamic diameters and ζ-po-
tentials were measured in 10 mM NaCl solution (pH 7) via dynamic
light scattering (DLS) and laser Doppler anemometry techniques, re-
spectively, using a Zetasizer NanoZS (Malvern Instruments, South-
borough, MA). For the assessment of colloidal stability, NP were diluted
by 200-fold in the following infusate solutions: water, saline (0.9%, 3%)
and mannitol (10%, 25%), incubated for 15 min at room temperature
and hydrodynamic diameters were measured via DLS. For CED

experiments, stock PS-PEG and PS-COOH were each diluted by 25-fold
in varying infused solutions and mixed at a 1:1 ratio in order to achieve
the final NP concentration of 1 mg/mL. Additionally, NP at the final
concentrations ranging 0.1–25 mg/mL in normal (i.e. 0.9%) saline were
prepared for evaluating the effect of particle concentration on in vivo
distribution following CED.

4.2. Ex vivo characterization of mesh spacing in mouse brain

The whole brains of female CF-1 mice were harvested and 1.5 mm
thick brain slices were prepared, as previously described [6]. Briefly,
the harvested brain was rinsed in chilled artificial cerebrospinal fluid
and sliced at 1.5 mm intervals using a Zivic mouse brain mold (Zivic
Instruments, Pittsburgh, PA). Subsequently, individual brain slices were
immersed in varying infusate solutions for 5 min. Brain slices were then
removed and mounted on a custom-made well and 0.5 μL of fluores-
cently labeled PS-PEG NP were injected into the cortex. A coverslip was
glued on top of the specimen to prevent bulk flow in the tissue, followed
by MPT experiment [6]. The particle trajectories were recorded as 20 s
movies at a time interval of 66 ms (i.e. 15 frames/s) using an EMCCD
camera (Evolve 512; Photometrics, Tuscon, AZ) mounted on an in-
verted epifluorescence microscope (Axio Observer D1; Zeiss, Thorn-
wood, NY) equipped with a 100× oil-immersion objective (NA 1.3).
The median MSD values were calculated using a custom-made MATLAB
high-throughput NP tracking code.

4.3. Convection enhanced delivery

Female CF-1 mice (20–30 g) or male Sprague Dawley rats
(300–400 g) were anesthetized with a mixture of ketamine (75 mg/kg)
and xylazine (7.5 mg/kg). For mice, a 2 cm saggital incision was made
on the head and a burr hole was made 2 mm lateral to the bregma. All
NP solutions or infusate solutions were loaded into a 50 μL Hamilton
Neurosyringe with a 33 gauge syringe and set with a 1 mm step
(Hamilton, Reno, NV). The syringe was vertically mounted on a
Chemyx Nanojet Injector Module (Chemyx, Stafford, TX) which was
held on a small animal stereotactic frame (Stoelting, Wood Dale, Il).
The loaded syringe was lowered to a depth of 2.5 mm below the mouse
dura and a total of 2 μL of the solution was administered over 10 min at

Fig. 5. In vivo distribution of PLGA-based NP in mouse striatum following administration via CED. Representative coronal images of PLGA-PEG (red) and PLGA (green) NP infused in (A)
0.9% saline and (B) 3% saline. Data represent the average of N ≥ 3 mouse brain specimen for each condition. (C) Quantified Vd of PLGA-PEG and PLGA NP in mouse striatum. Inset
depicts the enlarged view of PLGA Vd. *p < 0.05 denotes a statistically significant difference. High magnification images of PLGA-PEG NP near lateral striate arteries following infusion
in (D) 0.9% saline and (E) 3% saline. Blue indicates cell nuclei (DAPI). (F) Relative distribution of NP in PVS away from the striate arteries. (G) Percent coverage of PLGA-PEG NP
fluorescence within the brain ICS calculated using image-based MATLAB quantification. *p < 0.05 denotes a statistically significant difference. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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a rate of 0.2 μL/min. For rats, a burr hole was made 3 mm lateral to the
bregma and a total solution of 20 μL of solution was administered at a
depth of 3.5 mm at a rate of 0.33 μL/min. In both species, the cannula
was allowed to sit for 5 min following the completion of infusion and
was then withdrawn at a rate of 1 mm/min. Subsequently, the treated
animals were sutured (Covidien, Mundelein, Il) and placed on a heating
pad for recovery.

4.4. In vivo safety of infusate solutions

Following intracranial administration of the various infusate solu-
tions without NP, CF-1 mice were monitored for adverse signs of toxi-
city. Mice were sacrificed either 1 h or 72 h post-administration. Brain
tissues were harvested and fixed in formalin for 24 h, followed by H&E
staining conducted by the Johns Hopkins Reference Histology
Laboratory. The point of infusion was identified by the tissue cavity
imparted by the needle and the region immediately adjacent was im-
aged and evaluated for evidence of toxicity or hemorrhage by a board-
certified neuropathologist (C.G.E.).

4.5. Quantification of in vivo nanoparticle distribution

Animals were sacrificed 1 h post-administration of NP, and the brain
tissues were fixed in formalin for 24 h and subsequently exposed to a
10%, 20%, and 30% sucrose gradient. Subsequently, the brain tissues
were mounted and cryosectioned at a thickness of 50 μm (Leica
Biosystems, Buffalo Grove, Il). The brain slices covering± 1.5 mm
from the infusion site were carefully obtained, fixed with Dako fluor-
escence mounting medium (Dako, Carpinteria, CA) and imaged using a
Zeiss confocal 710 laser scanning microscope (Zeiss) through the GFP
and Cy5 channels at 5× magnification. The presence of background
fluorescence was determined by comparing to the striatum of the
contralateral hemisphere without NP infusion. The images of brain
slices were quantified for the fluorescent distribution of NP using a
custom-made MATLAB script [13–15,52], thresholding the images at
10% of the maximum intensity (Fig. S4). Fluorescent distribution of NP
in the ventricles or white matter tracts were avoided and not included
in the quantification. The area of distribution calculated from each slice
was multiplied by the slice thickness of 50 μm and summated across all
images to estimate the total Vd. If a slice was lost during cryosection
procedure, the area of distribution was taken as the average of the
previous and following slices. Rarely was more than one slice lost from
each brain specimen. Further, to ensure that the observed Vd differ-
ences between the PS-COOH and PS-PEG nanoparticles was not due to
the use of different channels (i.e. GFP and Cy5 channels, respectively),
we switched the fluorescent markers and confirmed that PS-PEG NP
(Yellow-green, GFP) exhibited significantly enhanced distribution as
compared to PS-COOH NP (Dark-red, Cy5).

For investigating the effect of NP concentration on the Vd following
CED, a different quantification method was employed to ensure that the
Vd at the lowest NP concentration was fully captured. Briefly, images of
brain slices were stacked using Metamorph (Metamorph, Sunnyvale,
CA) and then aligned using the StackReg plugin (ImageJ, NIH,
Bethesda, MD). A 3D-rendered Vd was generated using Imaris
(Bitplane, South Windsor, CT) software employing a threshold of 10%
of the maximum fluorescent intensity.

4.6. Staining and imaging of blood vessels

The brain tissues that received NP via CED were harvested, fixed
and cryosectioned to obtain slices with a 10 μm thickness at designated
intervals from the coronal plane of injection (0, 0.5, 1.0 and 1.5 mm).
Tissues were mounted on glass slides and immersed in pepsin solution
(Dako) at 37 °C for 10 min. Slides were washed 3 times with PBS and
treated with a blocking buffer composed of 5% normal goat serum
(Sigma Aldrich) and 1% bovine serum albumin (Sigma Aldrich) in PBS

for 1 h at room temperature. Tissue slices were incubated with primary
rabbit anti-mouse collagen IV antibody (Abcam ab6586, Cambridge,
MA) diluted at 1:250 in the blocking buffer for 16 h at 4 °C. Tissues
were washed 3 times with PBS and incubated with a AF 488-labeled
goat anti-rabbit secondary antibody (Life Technologies, Grand Island,
NY) diluted at 1:500 in the blocking buffer for 1 h at room temperature.
Tissues were washed 3 times with PBS, and then incubated with DAPI
(Life Technologies, Grand Island, NY) at a 1:1000 dilution in PBS for
15 min at room temperature. Slides were washed 3 times with PBS and
allowed to dry prior to mounting with Dako fluorescence mounting
medium (Dako).

Using a Zeiss confocal 710 laser scanning microscope, high resolu-
tion images (40×magnification) were taken at the designated intervals
away from the main NP bulk and imaged for DAPI, collagen IV and
different NP. Images were derived from N = 3 mice specimen with at
least N = 3 images per animal. Presence of fluorescent NP in PVS and
ICS were qualitatively determined in all images collected. For semi-
quantitative analysis, presence of NP in ICS and PVS was categorized
into the following groups: presence in 90–100%, 80–89%, 20–80%
and< 20% of all images (Table S2).

4.7. Distribution of NP around lateral striate artery

The lateral striate arteries in the mouse striatum were micro-
scopically visualized by a DAPI stain showing elongated and flattened
endothelial cells in the images of brain slices. Co-staining these en-
dothelial cells with blood vessel basement membrane, Collagen IV,
confirmed their lining of the striate artery (Fig. S5). Images of fluor-
escently labeled NP in the striate arteries were capture by Zeiss confocal
710 laser scanning microscope at a high resolution (40× magnifica-
tion). To determine the extent of NP escape from PVS, images were
processed through a custom-made MATLAB script. Lines were drawn
parallel along the DAPI-stained endothelial cells that delineated the
striate arteries. The intensity of NP fluorescence was averaged along the
parallel lines at every 10 μm interval up to 100 μm away from the de-
signated striate arteries. At least N = 3 striate artery vessels were
quantified in each condition. The percent NP coverage within the
parenchymal ICS on each high resolution image (40× magnification)
was calculated by using the custom-made MATLAB quantification script
which thresholded the images at 10% of the maximum intensity.
Flattened, DAPI-stained endothelial cells that line the striate artery
were used to delineate the PVS and the ICS and only detectable fluor-
escence throughout the ICS was quantified. At least N = 3 striate artery
images were quantified for each condition.

4.8. Statistical analysis

Statistical analysis between two groups was conducted using a two-
tailed Student's t-test assuming unequal variances. If multiple compar-
isons were involved, one-way analysis of variance (ANOVA), followed
by post hoc test, was employed, using SPSS 18.0 software (SPSS Inc.,
Chicago, IL). Differences were determined to be statistically significant
at p < 0.05.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.jconrel.2017.07.028.
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