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Abstract

Gold nanoparticles (AuNPs) have gained prominence in several targeting applications involving systemic cancers. Their enhanced
permeation and retention within permissive tumor microvasculature provides a selective advantage for targeting. Malignant brain tumors also
exhibit transport-permissive microvasculature secondary to blood-brain barrier disruption. Hence AuNPs may have potential relevance for
brain tumor targeting. However, there are currently no studies that systematically examine brain microvasculature permeation of
polyethylene glycol (PEG)-functionalized AuNPs. Such studies could pave the way for rationale AuNP design for passive targeting of
malignant tumors. In this report we designed and characterized AuNPs with varying core particle sizes (4–24 nm) and PEG chain lengths
[molecular weight 1000–10,000]. Using an in-vitro model designed to mimic the transport-permissive brain microvasculature, we
demonstrate size-dependent permeation properties with respect to core particle size and PEG chain length. In general short PEG chain length
(molecular weight 1000–2000) in combination with smallest core size led to optimum permeation in our model system.

From the Clinical Editor: In this report the authors designed and characterized PEGylated gold NPs with varying core particle sizes and
PEG chain lengths and demonstrate that short PEG chain length in combination with smallest core size led to optimum permeation of a
blood-brain barrier model system. These findings may pave the way to optimized therapy of malignant brain tumors.
© 2011 Elsevier Inc. All rights reserved.
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Advances in nanotechnology have significant implications
in oncology with respect to diagnostic and therapeutic delivery
applications. In particular, nanotechnology-based delivery
systems provide a novel avenue for targeting malignant brain
tumors where the current prognosis is dismal, by circumventing
some of the challenges associated with conventional therapy.
Within the context of tumor targeting, nanoparticles (NPs) must
traverse the porous tumor vasculature so as to deliver their
payload onto tumor cells. The unique ability of NPs and other
macromolecules to permeate and accumulate within tumors has
been defined as enhanced permeability and retention (EPR).1,2

EPR serves as a selective modality for passive targeting of
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tumors whereby the porous tumor microvasculature allows for
permeation and retention of NPs.1,2 Similar to their systemic
counterparts, malignant brain tumors demonstrate alterations of
blood-brain barrier integrity resulting in a transport-permissive
microvasculature.3-7 Hence NP-mediated strategies in systemic
cancers may have potential relevance in malignant brain tumor
targeting. Ultimately, the design features as well as core
composition of the NP will hypothetically have a significant
bearing on the NP permeation and effectively targeting within
compromised brain tumor microvasculature.

Inert and nonimmunogenic NPs such as gold nanoparticles
(AuNPs)8,9 have gained prominence in nano-mediated cancer
targeting. Several tumor-targeting10-13 as well as photothermal
cancer therapy14-19 applications have been demonstrated for
AuNPs as well. Moreover, there are several polyethylene glycol
(PEG)-formulated anticancer AuNP targeting agents currently in
clinical trial with promising phase I data.20 The successful
extrapolation and application of AuNP anticancer therapy to the
malignant brain tumors will ultimately require an improved
understanding of AuNP permeation through the brain
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Figure 1. Experimental scheme with Transwell double chamber co-culture system of rat brain endothelial cells (RBECs) and rat astrocytes (RAs) designed
for assessing microvasculature transport of PEG-AuNPs. The co-culture system, which is designed to mimic the transport-permissive brain microvasculature,
consists of an upper and lower chamber separated by a 400-nm microporous membrane. RBECs are seeded on the upper surface of the membrane, and RAs
are seeded on the bottom surface of the membrane. When cells are completely confluent for a couple of days, PEG-AuNPs are introduced into the upper
endothelial chamber. At fixed time points, the medium of both chambers is quantitatively analyzed for gold content by inductively coupled plasma-atomic
emission spectrometry.
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microvasculature. Yet there are currently no studies that have
systematically assessed the permeation of PEG-AuNPs through
permissive-transport brain microvasculature. Such information
could lead to optimization of permeation design parameters
necessary for effective delivery of therapeutics to malignant
brain tumors with permissive microvasculature. Given that
AuNPs are readily amenable to size-dependent synthesis
and surface polymeric modifications, they serve as an ideal
nanocarrier system for studying physical design influences
on permeation.

Consequently, given that AuNPs have generated a lot of
interest because of their tumor-targeting potential for systemic
cancers, it was deemed important to ascertain the permeation
profile of AuNPs within the brain microvasculature for
subsequent malignant brain tumor applications. Therefore, the
present study focused on the design of AuNPs with various PEG
chain sizes, and subsequent assessment of their size-dependent
permeation through an in vitro model of a transport-permissive
rat brain microvasculature. Moreover, surface polymeric formu-
lations such as PEG confer several advantages, including
stability, biocompatibility, and multifunctionality.21-26

Hence this study was undertaken to characterize perme-
ation of AuNPs through an in vitro platform designed to
mimic the brain microvasculature. Prior observations in a
flank model of a breast tumor by one of the co-authors
suggested a size-dependent permeation profile of PEG-
functionalized AuNPs (PEG-AuNPs).27 In that study an
inverse correlation was noted between permeation and
retention. The smaller particles had the fastest permeation
kinetics and were less likely to be retained within the tumor
as compared to larger particles. Based on those observations,
we hypothesized that a similar size-dependent phenomenon
would be observed if brain microvasculature endothelial cells
were permissive to PEG-AuNP permeation. More importantly,
we sought to evaluate the permeation effects of PEG-chain
polymeric design.

To test this hypothesis in vitro, we employed a co-culture
system of fully confluent rat brain endothelial cells (RBECs)
and rat astrocytes (RAs) designed to mimic the blood-brain
interface. Given that the assessment of permissive transport
was the goal of our study, we employed a range of AuNPs
that encompassed various sizes that have previously been
reported to traverse the blood-brain interface following in vivo
biodistribution.28,29 We demonstrate size-dependent permea-
tion of PEG-AuNPs with the smallest NPs exhibiting the
greatest permeation. Furthermore, we demonstrate that PEG
surface polymeric chain was a critical permeation determi-
nant for the smaller NPs when compared to larger NPs within
our range.
Methods

Materials and methods, cell culture

RBECs (Cell Applications, San Diego, California) were
maintained in RBEC growth medium (Cell Applications)
supplemented with 1% (vol/vol) penicillin/streptomycin
(Wisent Inc., St. Bruno, Quebec, Canada) and grown in
dishes coated with a type IV collagen attachment factor (Cell
Applications). RAs (ScienCell, Carlsbad, California) were
maintained in supplemented RA growth medium (ScienCell).
Cultures were incubated at 37°C in an atmosphere with
5% CO2.

AuNP synthesis

AuNPs of various sizes were synthesized as described by
Frens.30 For particles N10 nm, sodium citrate (Sigma-Aldrich,
St Louis, Missouri) was employed, whereas sodium borohy-
dride (Sigma-Aldrich) was used to generate particles of b10 nm.
Briefly, 1 mL of 1% chloroauric acid (Sigma-Aldrich) was added
to 90 mL ultrapurified water and quickly brought to a boil.
Immediately upon rapid boiling, 0.4 to 1 mL of a 1% (wt/vol)
sodium citrate solution was added to synthesize the various
AuNP core sizes N10 nm. Similarly, 0.5 mL of 0.01 M chlo-
roauric acid was added to 18 mL ultrapurified water, followed



Figure 2. Characterization of AuNPs. (A)Ultraviolet-visible spectra of citrate-stabilized AuNPs of various core sizes with λmax between 508 and 530 nm. (B-E)
Transmission electron micrographs demonstrating spherical AuNPs with core sizes 4 nm, 16 nm, 21 nm, and 24 nm, respectively. The scale bar in B represents
20 nm; scale bars in C-E represent 100 nm.

994 A.B. Etame et al / Nanomedicine: Nanotechnology, Biology, and Medicine 7 (2011) 992–1000
by 0.5 mL of 0.01 M sodium citrate at room temperature
while stirring for 5 minutes. To generate particles b10 nm, 0.4 to
1 mL of 0.1 M sodium borohydride was rapidly added to the
above reaction mixture.
AuNP characterization

A UV-1601PC spectrophotometer (Shimadzu UV-1601PC;
Shimadzu, Kyoto, Japan) was used to confirm the ultraviolet-
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Table 1
TEM core sizes and corresponding hydrodynamic diameters

TEM core size (nm) Hydrodynamic diameter (nm)

4 7
16 18
21 29
24 34

Figure 3. The effects of PEG surface chemistry on zeta potential and
hydrodynamic diameter (HD). (A) PEG surface chemistry decreases the
overall negative surface charge of citrate-stabilized AuNPs. Zeta potential
values close to zero are demonstrated by double strikes through the x-axis.
(B) Representative graph showing a linear relationship between PEG size
and HD. Each line represents the effects of PEG size on the HD of a specific
non-PEGylated AuNP.
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visible (UV-vis) absorption spectra of our particles. Hydrody-
namic diameter (HD) and zeta potential of particles were then
determined by dynamic light scattering using a Nano-ZS
Zetasizer (Malvern Zetasizer Nano-ZS; Malvern Instruments,
Worcestershire, United Kingdom). PEG-AuNPs were sus-
pended in water, and zeta potential was measured at neutral
pH. Transmission electron microscopy (TEM) was used for
assessment of particle size. Briefly, samples were loaded onto
carbon-coated copper grids, and images were obtained using
Hitachi HD2000 STEM (Hitachi USA, Pleasanton, California).
Particle sizes were measured from TEM using Image J
software version 1.39 (National Institutes of Health, Bethesda,
Maryland). Images were initially converted to 8-bit gray scale,
and the scale was set appropriately. The imaging thresholds
were then adjusted such that only particles were visualized
on the image. The particle surface areas were then measured,
and their respective diameters were computed from surface
area measurements.

AuNP PEGylation

For PEGylation, a 1:5 molar ratio of thiolated PEG
[molecular weight (MW) 1000, 2000, 5000, 10,000] to particle
surface area was added to each AuNP synthesis while stirring
at room temperature (25°C), and incubated 12 hours to generate
PEG-AuNPs. PEG-AuNPs were collected by centrifugation
at 18,000 g in an Avanti Series centrifuge (Beckman-
Coulter, Brea, California). The pellet was washed with
ultrapurified water, resuspended in 1 mL of medium, and
filtered using a 0.22-μm syringe filter. Particles were stored
at 4°C.

Particle stability

PEG-AuNPs and AuNPs were incubated in 1% (vol/vol)
saline (room temperature) as well as in serum-free medium
(37°C) overnight to assess stability. The particles were
subsequently reanalyzed by UV-vis absorption spectroscopy to
ascertain for any significant changes in absorption spectra.
Particles were also evaluated for the presence of aggregates by
light microscopy.

Construction of an in vitro brain microvasculature
permeation model

To assess permeation of particles across endothelial cells, a
well-described Transwell system (Corning Incorporated, Lowell,
Massachusetts) was employed.31-34 The system is made of an
upper and lower chamber separated by a membrane with pore size
0.4 μm. Briefly, 1 × 105 RBECs were seeded on the upper
membrane, and 5 × 104 RAs were seeded at the bottom portion of
the membrane. Cells were grown until they were fully confluent, at
which point the system was ready for transport testing (Figure 1).
Assessment of PEG-AuNP permeation

For transport assessment, PEG-AuNPs at various concentra-
tions (700–5100 parts per billion) were introduced into the upper
chamber with medium for 24 hours. Serum-supplemented media
from both chambers were subsequently analyzed for gold content
by inductively coupled plasma-atomic emission spectroscopy
(Perkin Elmer Optima 3000 ICP AES; Perkin Elmer, Waltham,
Massachusetts). Transport was ascertained from the relative
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Figure 4. PEG surface chemistry confers stability and prevents aggregation of AuNPs in physiological solutions. (A) Absorption spectra data demonstrating a
shift in absorbance when non-PEGylated AuNPs (4 nm) are incubated with 1% (vol/vol) saline (light graph) versus water (dark graph). Photomicrographs at
100× magnification demonstrate visible aggregates (black) of non-PEGylated AuNPs (4 nm) when incubated overnight at 37°C in serum-free medium within an
endothelial cellular background. (B)Absorption spectra data demonstrating the absence of shift with PEG surface chemistry (4 nm coated with PEG 1000) when
incubated in 1% (vol/vol) saline (light graph) versus water (dark graph) overnight at room temperature. Photomicrographs at 100× magnification demonstrate the
absence of visible aggregates when AuNPs with PEG surface chemistry (4 nm coated with PEG 1000) are incubated in serum-free medium against endothelial
cellular background.
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content of gold in both chambers. Kinetic experiments were
similarly performed using the smallest and largest particles
with concentration ranges of 1900 to 8000 ppb. Chambers
were sampled at 3 hours, 10 hours, and 20 hours, and analyzed
for gold content as described above.
Statistics

Data were collected in at least triplicates. Analysis of
variance was initially employed to identify differences between
groups. Where differences were observed, Tukey's test was
performed as a follow-up analysis for determination of statistical
significance. Standard error of mean (SEM) values were
employed in generating error bars. Statistical significance was
based on P b 0.05.
Results

Synthesis and characterization of AuNPs

We synthesized AuNPs with HDs ranging from 6 to 34 nm
based on the dynamic light scattering measurements. AuNPs
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Figure 5. Permissive transport and kinetics of PEG-AuNPs across in vitro rat
brain microvasculature model. (A) Bar graphs demonstrating a size-
dependent transport profile of AuNPs of different PEG sizes as well as
core sizes (n = 3, P b 0.05). (B) Line graph showing a faster and linear
kinetic profile for the smallest core particle size 4 nm when compared to the
largest core size 24 nm (n = 3, P b 0.05). Error bars represent SEM.

Table 2
Permeation data for PEG-coated gold nanoparticles (AuNPs)

AuNP core size (nm) PEG size (MW) Permeation percent (± SEM)

4 1000 23.05 ± 0.47
4 2000 20.07 ± 1.47
4 5000 15.96 ± 0.35
4 10000 13.56 ± 1.01
16 1000 10.76 ± 1.03
16 2000 10.87 ± 0.57
16 5000 10.01 ± 1.10
16 10,000 6.59 ± 0.32
21 1000 6.30 ± 0.95
21 2000 8.52 ± 0.51
21 5000 4.92 ± 0.39
21 10,000 7.03 ± 1.20
24 1000 5.57 ± 0.31
24 2000 6.21 ± 1.09
24 5000 5.46 ± 0.98
24 10,000 3.86 ± 0.24
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were synthesized by chemically reducing gold chloride30 with
sodium borohydride and citrate as previously described, to
produce particles b10 nm, and N10 nm, respectively. When
particles were further characterized by UV-vis spectrophotom-
etry, we observed an absorption λmax range from 508 to 530 nm.
There was an increase in λmax with increasing particle size
(Figure 2, A). Particle core size was imaged by TEM analysis,
which demonstrated spherical and well-dispersed NP popula-
tions (Figure 2, B-E). Based on TEM results, we selected the
following AuNP sizes to conduct our studies: 4 nm, 16 nm,
21 nm, and 24 nm (Table 1)–all of which were within sizes
previously reported to permeate brain endothelial cells following
systemic administration.28,29

Design and characterization of PEG-AuNPs

Nonfunctionalized AuNPs have very limited clinical utility in
vivo, because they tend to aggregate and demonstrate rapid
clearance by the liver and spleen.35-37 However, the coating of
AuNPs with PEG surface chemistry circumvents several of these
limitations. We therefore employed thiolated-PEG formulations
of varying molecular weights (MW 1000, 2000, 5000, 10,000)
based on optimization protocols from an earlier study.27 UV-vis
spectroscopy characterization of PEG-AuNPs demonstrated an
increase in λmax, which is characteristic of PEG functionality
(Supplementary Figure S1, A-D, which can be found in the
online version of this article). A linear correlation was noted
between PEG size and HD for particles b20 nm (Figure 3, B).
Incorporation of PEG functionality resulted in significant
changes in the zeta potential from negative values to values
closer to zero (Figure 3, A). Finally, PEG functionality was also
noted to prevent aggregation and hence promote stability in
saline as well as in serum-free culture medium (Figure 4, A
and B). Aggregates of AuNPs were observed in medium when
PEG functionality was absent. There were also changes in
absorption spectra in the absence of PEG functionality. When
incubated in 1% (vol/vol) saline, shifts in λmax were noted.

In vitro brain microvasculature permeation of PEG-AuNPs

Brain microvasculature permeation of PEG-AuNPs was
assessed using a previously characterized model.31-34 Our data
(Figure 5, A) confirm a size-dependent transport of AuNPs with
respect to both PEG-AuNP core size and PEG chain length. The
mean percent permeation values and associated SEM data are
listed (Table 2). Similarly, the statistical significance of
permeation profiles between various PEG-AuNPs in terms of
P values from the analysis of variance and Tukey analysis are
listed in Table 3. Although all PEG-AuNPs sizes were noted to
have brain microvasculature permeation, the most favorable
transport profile was seen for the 4-nmPEG-AuNP size, whichwas
statistically different in comparison to the other larger particles (Pb
0.01). Moreover, a slightly favorable permeation profile was
observed when low-MW PEG (1000, 2000) formulations of the
16-nm PEG-AuNPs were compared to PEG formulations of the
21-nm and 24-nm PEG-AuNPs (P b 0.05). There was no
significant difference in permeation profiles between PEG
formulations of the 21-nm and 24-nm PEG-AuNPs. The effect
of PEG size on permeation was also appreciated. In general,
whereas PEG formulation size appeared to be a more critical
permeation determinant for the 4-nm AuNPs (P b 0.01), there was

image of Figure 5


Table 3
Statistical significance between PEG-AuNP permeation profiles from ANOVA and Tukey's test

PEG-AuNPs 4P1000 4P2000 4P5000 4P10,000 16P1000 16P2000 16P5000 16P10,000

4P1000 N.A.
4P2000 N.S. N.A.
4P5000 P b 0.01 N.S. N.A.
4P10,000 P b 0.01 P b 0.01 N.S. N.A.
16P1000 P b 0.01 P b 0.01 P b 0.01 N.S. N.A.
16P2000 P b 0.01 P b 0.01 P b 0.05 N.S. N.S. N.A.
16P5000 P b 0.01 P b 0.01 P b 0.01 N.S. N.S. N.S. N.A.
16P10,000 P b 0.01 P b 0.01 P b 0.01 P b 0.01 N.S. N.S. N.S. N.A.
21P1000 P b 0.01 P b 0.01 P b 0.01 P b 0.01 P b 0.05 P b 0.05 N.S. N.S.
21P2000 P b 0.01 P b 0.01 P b 0.01 P b 0.05 N.S. N.S. N.S. N.S.
21P5000 P b 0.01 P b 0.01 P b 0.01 P b 0.01 P b 0.01 P b 0.01 P b 0.05 N.S.
21P10,000 P b 0.01 P b 0.01 P b 0.01 P b 0.01 N.S. N.S. N.S. N.S.
24P1000 P b 0.01 P b 0.01 P b 0.01 P b 0.01 P b 0.01 P b 0.01 P b 0.05 N.S.
24P2000 P b 0.01 P b 0.01 P b 0.01 P b 0.01 P b 0.05 P b 0.05 N.S. N.S.
24P5000 P b 0.01 P b 0.01 P b 0.01 P b 0.01 P b 0.01 P b 0.01 P b 0.05 N.S.
24P10,000 P b 0.01 P b 0.01 P b 0.01 P b 0.01 P b 0.01 P b 0.01 P b 0.01 N.S.

PEG-AuNPs 21P10,000 21P20,000 21P5000 21P10,000 24P1000 24P2000 24P5000 24P10,000

21P1000 N.A.
21P2000 N.S. N.A.
21P5000 N.S. N.S. N.A.
21P10,000 N.S. N.S. N.S. N.A.
24P1000 N.S. N.S. N.S. N.S. N.A.
24P2000 N.S. N.S. N.S. N.S. N.S. N.A.
24P5000 N.S. N.S. N.S. N.S. N.S. N.S. N.A.
24P10,000 N.S. P b 0.05 N.S. N.S. N.S. N.S. N.S. N.A.

ANOVA, analysis of variance; N.A., not applicable; N.S., not significant.
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no significant effect on permeation of the other larger AuNPs. For
AuNPswith core size of 4 nm, therewere no significant permeation
differences between PEG 1000 and PEG 2000 formulations.
However, both the PEG 1000 and PEG 2000 formulations had
superior permeation profiles in comparison to PEG 5000 and PEG
10,000 formulations for that particle size.

Finally, because we observed a size-dependent permeation of
PEG-AuNPs, we were also interested in their respective kinetic
profiles. Given that the most significant difference in transport
was noted between the smallest particle (4 nm) and the other
three particle sizes tested (16 nm, 21 nm, and 24 nm) as a group,
we selected the 4-nm and 24-nm particles as surrogates for
transport kinetics. Kinetics was assessed at 3 hours, 10 hours,
and 20 hours using relative gold contents of the lower and upper
Transwell chambers as indices of transport. The resulting kinetic
profile was almost linear for the smaller particle in comparison to
the larger particle (Figure 5, B). Moreover, the smaller particle
(4 nm) had a steeper slope than larger particles, suggesting faster
kinetics. This is in concordance with the permeation data. The
linear kinetic profile appears to be consistent with a predomi-
nantly passive permeation process, although other associated
active mechanisms cannot be entirely excluded.

Discussion

The current prognosis for patients with malignant brain
tumors is very dismal. Similar to solid tumors, malignant brain
tumors exhibit disorganized neovascularization with concomi-
tant disruption of brain microvasculature integrity. The presence
of a porous brain microvasculature around the tumor provides an
avenue for selective permeation and passive accumulation of
NPs through a phenomenon termed EPR.1,2 Given substantial
tumor-targeting potential of AuNPs for systemic cancers, as well
the dire need for novel approaches to brain tumor targeting, the
work presented here provides new insight into the contribution of
the AuNP core and PEG surface functionality to brain
microvasculature permeation.

AuNPs with various PEG sizes were employed in this study
in light of the favorable biocompatibility attributes of PEG.21-26

Furthermore, the selection of AuNP core sizes was based upon
data from previous biodistribution studies, where particles of the
specified core sizes had been shown to permeate the blood-brain
interface.28,29 In general, PEGylation of AuNPs resulted in slight
increases in maximum absorption and overall particle stability
when compared to non-PEG AuNPs. A linear correlation was
noted between increases in NP HD with increases in PEG chain
length. Given that we employed a linear PEG polymer, we
hypothesize that the linear expansion of HD is most likely a
function of PEG orientation on the surface of the NP. Based on
this hypothesis, we would accordingly expect a linear orientation
of PEG molecules on the surface of AuNPs, which would allow
for a linear correlation between increases in PEG length and
increases in particle size.

Another noteworthy consequence of PEG functionality was
the significant change in the zeta potential from negative values
to values closer to zero. This phenomenon was more pronounced
for small NPs compared to large NPs, suggesting differential
PEG surface coverage. Hence it would appear that smaller NPs



Figure 6. Brain microvasculature permeation model–the influence of PEG
size design on AuNP permeation. Model of brain microvasculature cells
whereby short PEG chain length (MW 1000–2000) in combination with
small core size exhibit optimum permeation.
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would be clinically advantageous and desirable in light of their
efficient PEG coverage. Although it is unclear why this was the
case, the observed reductions in surface negative charge were
probably indicative of the replacement of citrate surface
chemistry by PEG, because neutral PEG formulations were
employed in our studies. In addition, because neutral PEG
formulations were employed, our permeation data were most
likely governed by AuNP size as opposed to charge. Finally,
PEG functionality was also noted to prevent aggregation and
hence promote stability in saline as well as in serum-free culture
medium. In the absence of PEG functionality, AuNPs exhibited
an absorbance shift in 1% (vol/vol) saline and a tendency to
aggregate in medium, both of which would be undesirable
properties for in vivo application. The actual permeation
experiments were performed in serum-supplemented medium,
which would have been more reflective of the in vivo scenario.
Our study did not account for the potential effects of serum
proteins on AuNP HD. However, we would anticipate a smaller
effect given the presence of PEG coating.

The permeation of PEG-AuNPs within transport-permissive
brain microvasculature is of paramount significance for brain
tumor-targeting applications. Based on ourmodel, therewas a size-
dependent permeation with respect to both NP core size as well as
PEG chain length. Of all the core AuNP sizes tested, the 4-nm
AuNPs had the most favorable transport and kinetic profile,
suggesting that particles of such dimensions may be valuable for
brain tumor-targeting applications. Although the remaining three
AuNP core sizes (16 nm, 21 nm, and 24 nm) also demonstrated
permeation through brain microvasculature cells, their respective
permeation profiles were not substantially different from each
other. These data suggest that when rat brainmicrovasculature cells
are permissive to AuNP permeation, particle core size is a critical
determinant. This is consistent with a prior in vivo study by a co-
author, whereby size-dependent permeation of PEG-AuNPs was
demonstrated in a breast tumor flank model.27 Size-dependent
transport appears to be a very consistent feature of NPs behavior
within biological systems, especially with respect to cellular38-40

and organ uptake.28,29,41,42 Smaller NPs traditionally have higher
permeations, which appear to be consistent with our findings here.

Furthermore, our study uncovers a novel findingwith respect to
PEG chain functionality. Our data suggest that the size contribution
from PEG chain functionality is more of a critical permeation
determinant for AuNPs with core sizes of ∼4 nm. PEG chain size
did not appear to significantly influence transport for AuNPs with
core sizes N16 nm. A hypothesis for this observation may relate to
the ratio of PEG length to particle core diameter. With increases in
PEG length, one should expect this ratio to be significantly
increased in smaller NPs compared to larger NPs. Therefore,
within a size-dependent transport paradigm, increases in PEG
length should preferentially influence transport in smaller particles
as was observed here. Furthermore, the smaller MW PEG
formulations (PEG 1000, PEG 2000) were more readily
transported than their higher MW counterparts (PEG 5000, PEG
10,000). Thus, it would appear that particles within the 4-nm range
would be most amenable to PEG chain size modifications for
optimized permeation into the brain microvasculature.

Our data clearly do not address the issue of NP retention,
which is an equally important aspect of targeted delivery. Such
data can only be established in an in vivo setting. As previously
demonstrated, permeation and retention appear to have an inverse
correlation with respect to NP size.27 Hence, whereas smaller NPs
have higher permeations, their in vivo retention is not surprisingly
low. Finally, our findings with respect to PEG polymeric chain
size design could also have implications in the design of PEG-
AuNPs suitable for targeting within the brain in other scenarios
where themicrovasculature is permissive to permeation such as in
brain infections. In general, short PEG chain length (MW 1000-
2000) in combination with smallest core size of 4 nm led to
optimum permeation in our model system (Figure 6).

In summary, our study provides insights on the effects of PEG
chain size design on PEG-AuNP permeation in the brain
microvasculature using an in vitro platform. Although our
assessment was done in vitro, we hypothesize that the relative
permeations observed would be similar in an in vivo system that
is permissive to PEG-AuNP permeation. Furthermore, our data
are consistent with the previous in vivo tumor permeation study
outside the central nervous system27 using a similar NP platform.
Future studies will entail assessment of PEG-AuNP permeation
in murine orthotopic human brain tumor xenografts following
intravenous as well as intra-arterial deliveries.

Appendix A. Supplementary data

Supplementary materials related to this article can be
foundonline at doi:10.1016/j.nano.2011.04.004.
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