
Journal of Controlled Release 220 (2015) 89–97

Contents lists available at ScienceDirect

Journal of Controlled Release

j ourna l homepage: www.e lsev ie r .com/ locate / jconre l
A critical evaluation of drug delivery from ligandmodified nanoparticles:
Confounding small molecule distribution and efficacy in the central
nervous system
Rebecca L. Cook a,b, Kyle T. Householder a,b, Eugene P. Chung a,c, Alesia V. Prakapenka a,d,
Danielle M. DiPerna a, Rachael W. Sirianni a,b,d,⁎
a Barrow Brain Tumor Research Center, Barrow Neurological Institute, 350 West Thomas Road, Phoenix, AZ 85013, USA
b School of Biological and Health Systems Engineering, Ira A. Fulton Schools of Engineering, Arizona State University, P.O. Box 879709, Tempe, AZ 85287, USA
c School of Life Sciences, Arizona State University, P.O. Box 874701, Tempe, AZ 85287, USA
d Interdisciplinary Graduate Program in Neuroscience, School of Life Sciences, Arizona State University, P.O. Box 874701, Tempe, AZ 85287, USA
⁎ Corresponding author at: Neuroscience Research C
Hospital and Medical Center, 350 W Thomas Road, Phoen

E-mail addresses: rebeccalmccall@gmail.com (R.L. Coo
(K.T. Householder), epchung@asu.edu (E.P. Chung), aprak
(A.V. Prakapenka), dannidiperna@gmail.com (D.M. DiPern
rachael.sirianni@dignityhealth.org (R.W. Sirianni).

http://dx.doi.org/10.1016/j.jconrel.2015.10.013
0168-3659/© 2015 Elsevier B.V. All rights reserved.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 25 July 2015
Received in revised form 2 October 2015
Accepted 9 October 2015
Available online xxxx

Keywords:
Brain
Chemotherapy
Drug delivery
Nanoparticle
Peptide
Spinal cord
In this work, we sought to test how surface modification of poly(lactic-co-glycolic acid) (PLGA) nanoparticles
with peptide ligand alters the brain specific delivery of encapsulated molecules. For biodistribution studies,
nanoparticlesmodifiedwith rabies virus glycoprotein (RVG29)were loadedwith smallmolecule drug surrogates
and administered to healthy mice by lateral tail vein injection. Mice were perfused 2 h after injection and major
anatomical regions of the CNS were dissected (striatum, midbrain, cerebellum, hippocampus, cortex, olfactory
bulb, brainstem, and cervical, thoracic, lumbar and sacral spinal cord). For functional studies, surface modified
nanoparticles were loaded with the chemotherapeutic camptothecin (CPT) and administered to mice bearing
intracranial GL261-Luc2 gliomas. Outcome measures included tumor growth, as measured by bioluminescent
imaging, and median survival time. We observed that small molecule delivery from PLGA nanoparticles varied
by as much as 150% for different tissue regions within the CNS. These differences were directly correlated to
regional differences in cerebral blood volume. Although the presence of RVG29 enhanced apparent brain delivery
for multiple small molecule payloads, we observed minimal evidence for targeting to muscle or spinal cord,
which are the known sites for rabies virus entry into the CNS, and enhancements in brain delivery
were not prolonged due to an apparent aqueous instability of the RVG29 ligand. Furthermore, we have
identified concerning differences in apparent delivery kinetics as measured by different payloads: nanoparticle
encapsulated DiR was observed to accumulate in the brain, whereas encapsulated Nile red was rapidly cleared.
Although systemically administered CPT loaded nanoparticles slowed the growth of orthotopic brain tumors to
prolong survival, the presence of RVG29 did not enhance therapeutic efficacy compared to control nanoparticles.
These data are consistent with amodel of delivery of hydrophobic small molecules to the brain that does not rely
on internalization of polymer nanoparticles in target tissue. We discuss an important risk for discordance
between biodistribution, as typically measured by drug surrogate, and therapeutic outcome, as determined by
clinically relevant measurement of drug function in a disease model. These results pose critical considerations
for the methods used to design and evaluate targeted drug delivery systems in vivo.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Drug delivery remains a critical barrier to the treatment of central
nervous system (CNS) tumors such as glioblastoma (GBM). The access
of systemically administered drugs to cells residing beyond the primary
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tumor mass remains poor, and peripheral toxicity often limits total
dose. A multitude of reports suggest that encapsulation of small
molecules in nanoparticles can improve their delivery or function in
the CNS [1–6], however, whether these improvements are due to actual
movement of the nanoparticle across an intact blood–brain barrier
(BBB) into the parenchyma remains unclear.

In the context of cancer, non-specific tumor targeting can sometimes
be achieved by the enhanced permeability and retention (EPR) effect,
whereby nanoparticles circulating in peripheral vasculature are
believed to exit leaky, angiogenic tumor vasculature to selectively
accumulate in tumor core [7–9]. Surface modification of nanoparticles
with targeting ligands has been proposed as a method for enhancing
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delivery of nanoparticle encapsulated payloads to specific tissue sites,
including tumor or brain. Recently, a peptide derived from rabies virus
glycoprotein emerged as a promising candidate for brain-targeted
drug delivery. RVG29 is the 29 amino acid fragment of the rabies virus
coat protein whose presence is both necessary and sufficient for the
interaction of virus with cell surface receptors to promote retrograde
transport of virus along motor neurons into the brain. RVG29 has been
reported to govern the interaction of viral particles with at least three
known receptors, including neural cell adhesion molecule (NCAM),
the p75 neurotrophin receptor (P75NTR), and nicotinic acetylcholine
receptors (NAChRs) [10,11]. NAChRs were suggested to be responsible
for the transvascular delivery of nucleic acids tethered to an RVG29-
9R conjugate [12], although a recent report studying the uptake
of RVG29-tethered dendrimers provided evidence for the involvement
of gamma-aminobutyric acid B receptors (GABABRs) instead [13].
The RVG29 peptide has been demonstrated to enhance the brain-
specific function of a range of systemically delivered agents, particularly
nucleic acids [12,14–17] and has also been used to facilitate the CNS
efficacy of nanoscale drug and gene carriers, including proteins and
biologically derived or synthetic nanoparticles [13,18–24]. Notably,
RVG29-mediated delivery of small molecule therapeutics remains
relatively unexplored [24].

In prior work, we demonstrated that systemically administered
nanoparticles composed of PLGA and loadedwith the chemotherapeutic
camptothecin (CPT) slowed the growth of orthotopic, murine GBM to
prolong survival [8]. Improved therapy of nanoparticle encapsulated
CPTwas primarily mediated by EPR and increased dose due to enhanced
tolerability of encapsulated drug. Here, we were interested to test how
modification of PLGA nanoparticles with RVG29would alter the delivery
and efficacy of small molecule payloads in the brain.

2. Methods

2.1. Materials

RVG29-biotin peptide (sequence: N term-YTIWMPENPRPGTPCD
IFTNSRGKRASNG-C2-Biotin) was synthesized by American Peptide
Company (Sunnyvale, CA, USA). 50:50 Poly(DL-lactide-co-glycolide)
(PLGA, ester terminated, 0.55–0.75 IV) was obtained from Durect
Corporation (Cupertino, CA, USA). Reagents for nanoparticle prepara-
tion were purchased from Sigma-Aldrich (St. Louis, MO, USA). Cell
culture reagents (DMEM, FBS, Geneticin) and DiR were purchased
from Life Technologies (Carlsbad, CA, USA).

2.2. Nanoparticle preparation

PLGA nanoparticles were prepared by the single emulsion method
as described previously [8,25]. Avidin-palmitate conjugation was
performed as described elsewhere [26]. Briefly, 25 mg of avidin was
reacted with 1 mg palmitic acid-NHS overnight while stirring at 37 °C
in 2% w/v sodium deoxycholate in PBS. The conjugate was purified by
48 h of dialysis against 0.15%w/v sodiumdeoxycholate in PBS (MWcut-
off of 14 kDa). For dye loaded nanoparticles (biodistribution studies),
200 mg of PLGA was dissolved in 2 mL dichloromethane (DCM) with
either 50 μL of DiR in ethanol (25 mg/mL) or 100 μL Nile red (NR) in
DCM (25 mg/mL). This solution was added drop-wise to a vortexing
aqueous phase containing 1 mL 5 mg/mL avidin–palmitate, 1 mL H2O,
and 2 mL 5% w/v polyvinyl alcohol (PVA) to form an emulsion.
The emulsion was sonicated in three, ten-second bursts (Fisher
Scientific Model 705 Sonic Dismembrator, 40% amplitude) and hardened
for 3 h by stirring in 84 mL 0.3% PVA. Particles were washed twice in
diH2O by centrifuging for 15 min at 17,400 ×g (Beckman L8-80M
Ultracentrifuge, 50.2TI rotor). CPT nanoparticles were prepared using
the same technique with the following parameters: 12 mg of CPT was
added to 200 mg of PLGA in 2 mL DCM and emulsified with an aqueous
phase containing 1 mL 5 mg/mL avidin–palmitate, 3 mL H2O, and 4 mL
5% PVA.

2.3. Nanoparticle peptide conjugation

For surface modification, nanoparticles were incubated with a
10× molar excess of RVG29-biotin (RVG-PLGA) or biotin (Biotin-PLGA)
for 1 h. Nanoparticles were washed by centrifugation to remove excess
ligand. A small sample was removed for scanning electron microscopy
(SEM) characterization and trehalose (25 mg per 100 mg PLGA)
was added to the remaining nanoparticle solution as a cryoprotectant.
The nanoparticle solution was either aliquotted for immediate use for
in vivo studies or frozen, lyophilized, and stored at −80 °C.

2.4. Nanoparticle characterization

Nanoparticles were characterized for size and morphology with
scanning electron microscopy (SEM, FEI XL30) and for hydrodynamic
diameter with dynamic light scattering (DLS, NanoBrook 90Plus Zeta
particle analyzer, Brookhaven Instruments, Hotsville, NY). Samples
were prepared for SEM by sputter coating for 2 min with gold-
palladium and imaged at a working distance of 5–15 mm, 2–10 kV,
spot size of 1–5, and 10,000–40,000× magnification. Average nanopar-
ticle size for each batchwas calculated from SEM images using themea-
sure function in ImageJ (National Institutes of Health) with a minimum
of 150 measurements from two or more images. Polydispersity (PD)
was calculated by taking the standard deviation of thesemeasurements,
or the mean standard deviation if more than one batch was prepared.
For DLS measurements, average and PD were calculated by Particle
Solutions Software (Brookhaven Instruments, Hotsville, NY). Loading
of DiR, NR or CPT was determined by comparing nanoparticle samples
dissolved in DMSO at a concentration of 5 mg/mL to a control curve
prepared from blank nanoparticles spiked with known concentrations
of dye or drug in DMSO. Loading was calculated by determining the
weight of encapsulated molecule per nanoparticle batch, and dividing
this value by the weight of PLGA (non-encapsulated molecule,
non-trehalose weight) per batch.

To obtain a profile of CPT release from nanoparticles, RVG-PLGA-CPT
nanoparticles with an equivalent mass of 6.5 μg CPT were added
to a total volume of 2 mL release medium (PBS + 2% Tween-80) for
each time point to be measured. This concentration assured sink condi-
tions (reported solubility of CPT in PBS + 2% Tween-80 is 79 μg/mL).
[27,28] Samples were incubated while rotating at 37 °C. At each
time point, corresponding samples were removed and centrifuged for
10 min at 20,000 ×g. 30 μL of supernatant was removed and mixed
with 970 μL release medium. CPT fluorescence was measured at an
excitation/emission of 370 nm/428 nm and compared to a standard of
free CPT in release medium to determine concentration.

2.5. Cell culture

GL261-Luc2 cells were maintained in DMEM supplemented with
10% FBS and 100 μg/mL Geneticin in a humidified chamber at 37 °C
with 5% CO2. For tumor inductions, cells were washed, detached with
trypsin, and centrifuged to obtain a pellet. Cells were resuspended in
plain DMEM at a concentration of 3.75e7 cells/mL for injection.

2.6. Animal studies

Allmicewere housed in a 12:12 light dark cycle with food andwater
provided ad libitum. Nanoparticles were administered via injection into
the lateral tail vein either as freshly prepared (treatment studies) or
immediately following resuspension via sonication in sterile saline
(biodistribution studies). All experimental procedures were performed
in compliance with Barrow Neurological Institute's Institutional Animal
Care and Use Committee (IACUC) regulations.
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2.7. Biodistribution

Nanoparticles were administered at a dose of 200–250 mg/kg to
6–8week old female BalbCmice (Charles River Laboratories, USA). Sub-
jects were sacrificed 2 h post injection (n = 6 per group), and a blood
sample was obtained by cardiac puncture. Mice were perfused with
heparinized saline (10 U/mL) until the livers cleared. Peripheral organs
were removed, as well as whole brain, which was immediately dissect-
ed into major anatomical regions (olfactory bulb, cortex, striatum,
midbrain, hippocampus, cerebellum, and brain stem) with fine
pointed forceps under a dissecting microscope. Surgical scissors
were also used to make a cut at the lower lumbar portion of the
spine and a 1 mL syringe filled with saline attached to a 22 G needle
was inserted into the spinal canal opening. Spinal cords were rapidly
ejected following applied pressure to the syringe plunger [29]. Spinal
cords were dissected into its major anatomical parts (cervical, thoracic,
lumbar, and sacral) using the spinal cord intumescences as guides.
All samples were frozen at −80 °C until further processing. Values for
cerebral blood volume in the mouse brain were obtained from
published data for the mouse [30]. The cerebral blood volume value
for brainstem was estimated by averaging the pons and medulla.

Peripheral organ tissue was thawed on ice and finely minced into a
pulp. 10% w/v diH2O was added to each sample. Tissue was physically
disrupted in a bead homogenizer for 10 min at the highest speed and
lysed by probe sonication (40% amplitude for 10 s, 2×) on ice. CNS tissue
was processed by the same method, except samples were not bead
homogenized. CNS homogenates (40 μL) and peripheral organ homog-
enates (50 μL) were added to a 96-well plate with 10 μL of DMSO.
Fluorescence intensity was read on a plate spectrophotometer (Tecan
Infinite 2000, 750/780 nm or 552/636 nm excitation/emission for DiR
or NR, respectively). To convert AU values to concentration, control
curves were constructed for each organ by spiking control tissue
homogenates with known quantities of DiR-loaded nanoparticles. All
samples were read in triplicate. In multiple experiments, we confirmed
that therewere nodifferences in control curve fluorescence for different
CNS regions for tissue spiked either with free or nanoparticle
encapsulated DiR (data not shown).

2.8. Treatment study

The syngeneic GL261-Luc2 tumor model used in this study is an
infiltrative model of GBM [31] that has been stably transfected with
luciferase to enable noninvasive monitoring of tumor growth by
bioluminescent imaging. Tumors were induced in the dorsal striatum
of C57Bl/6 albino mice as previously described [8]. Briefly, mice were
anesthetized using a cocktail of ketamine (100 mg/kg) and xylazine
(10 mg/kg) provided by intraperitoneal (IP) injection. An incision was
made down the midline of the scalp to expose the skull and a hole
was drilled 2mm lateral, 0.1mmposterior from bregma using a Dremel
(Mount Prospect, IL). A Hamilton syringe filled with 2 μL of the cell
suspension (75,000 cells) was lowered to a depth of 3 mm and the tis-
sue allowed to equilibrate for 1 min. The syringe was then withdrawn
to a depth of 2.6 mm and the cells injected over 2 min. After the
injection, the syringewas left for 1min before it was removed to reduce
back flow. The incision was closed using staples and triple antibiotic
ointment was applied to the scalp before placing the animal in a clean
cage over a heating pad to recover. All animals received a subcutaneous
injection of buprenorphine SR (Reckitt Benckiser, Hull, England)
(0.2 mg/kg) after surgery to control pain.

Weekly treatments were administered by lateral tail vein injection
beginning on day 8 after tumor induction. Animals were randomized
to four treatment groups: saline (n = 6), RVG-PLGA (n = 5),
Biotin-PLGA-CPT (n = 6), or RVG-PLGA-CPT (n = 6). Drug treated
mice received an average of 12 mg/kg CPT (RVG-PLGA-CPT or
Biotin-PLGA-CPT) per injection. The RVG-PLGA group was dosed based
on the average equivalent PLGA dose administered to Biotin-PLGA-CPT
and RVG-PLGA-CPT groups. Mice were observed daily and euthanized
following greater than 20% weight loss or development of neurological
symptoms.

Tumor growthwasmonitored throughout the study using an InVivo
Imaging System (IVIS) bioluminescent imager (Perkin Elmer, Waltham,
MA), a method which has been well-validated for the GL261-Luc2
model and allows for tumor detection by day four following tumor
induction. [32] Mice were anesthetized in an induction chamber
under 2% isoflurane in oxygen. Once anesthetized, mice were injected
subcutaneously with 150 mg luciferin/kg body weight and imaged
25 min later. Tumor size was measured by total flux (photons/s) as de-
termined by the Living Image software for each region of interest (ROI)
drawn around the tumor signal.

2.9. Statistics

Statistical analyses were conducted in GraphPad Prism 5.0 (GraphPad
Software, Inc., La Jolla CA). Analysis of targeting to whole organs was
conducted using a one-tailed Student's t-test. Regional analysis of
biodistribution was conducted with a two-way, repeated measures
(mixedmodel) ANOVA followed by a Student's t-test with a Bonferroni
posthoc correction for multiple comparisons. Tumor growth profiles
were fit by an exponential growth equation with ordinary least squares
to estimate doubling time. Kaplan–Meier curves were constructed for
treatment studies, using the Mantel–Cox test to probe for differences
in survival. Significance is reported for an alpha level of 0.05.

3. Results

3.1. Nanoparticle characterization and biodistribution

SEM imaging confirmed that PLGA nanoparticles were spherical
with smooth surface morphology (Fig. 1). DiR, NR and CPT loaded
nanoparticles were characterized by a similar average diameter
(129–141 nm, 111–132 nm, and 134–142 nm± 10 nm, respectively,
Table 1). Loading, calculated as the average weight percent of encap-
sulated molecule in the final yield of PLGA, was 0.26% for DiR, 0.87%
for NR, and 6.87% for CPT, with encapsulation efficiencies of 38.1%,
54.6%, and 80.3%, respectively. Surface charge was close to neutral.
The rate of CPT release was determined by incubating RVG-PLGA-CPT
nanoparticles in PBS and centrifuging at regular time intervals to
sample supernatant. A burst release was observed at early time points,
with almost all remaining camptothecin released by 3 h (Fig. 2), where-
as less than 5% of NR or DiR was released in 24 h (data not shown).

To measure biodistribution of nanoparticle payload, we first ana-
lyzed the delivery of DiR from nanoparticles administered by injection
into the lateral tail vein of healthymice. DiR was detected 2 h following
intravenous administration in the kidneys, liver, lungs, heart, femur
muscle, and uterine horns (Fig. 3). The greatest amount of DiR was
detected in the liver (13.9 μg/g and 13.1 μg/g for biotin-PLGA-DiR and
RVG-PLGA-DiR, respectively), followed by the lungs (4.52 μg/g and
4.35 μg/g, for biotin-PLGA-DiR and RVG-PLGA-DiR respectively). No
significant differences in delivery were observed for RVG29- versus
biotin-modified nanoparticles in any peripheral organs or blood plasma.
DiRwas detected readily in the brain at a concentration of 79.5 ng/g and
101 ng/g for biotin- versus RVG29-modified formulations, respectively.
RVG29-modification of nanoparticles thus produced a 27% increase in
delivery to the brain at 2 h, which was significant (p= 0.041, Student's
1-tailed t-test). In whole spinal cord, DiR was detected at 51.4 ng/g for
both RVG29- and biotin-modified formulations. Thus, delivery to the
spinal cord was lower than delivery to the brain, and no enhancement
due to RVG29 was observed. To determine whether the brain targeting
effects reflected some unique feature of the DiR payload, we also evalu-
ated the brain-specific delivery of other encapsulated small molecules,
including coumarin 6 and NR. These data demonstrated that the
targeting effects were consistent, if not higher, for different payloads;



Fig. 1.Nanoparticles were spherical and exhibited a smooth morphology. (A) RVG-PLGA-CPT and (B) Biotin-PLGA-CPT had an average diameter of 138 ± 10 nm (n= 3 batches).
(C) RVG-PLGA nanoparticles had an average diameter of 156 ± 36 nm (n = 3 batches). Standard deviation represents variation between batches. Scale bar = 500 nm.
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significantly increased delivery (40–60%) was observed in the brain 2 h
after injection for these agents in multiple experimental repeats
(Supplementary Fig. 1).

We were interested to determine whether there would be differ-
ences in the quantity of payload delivered to major anatomical regions
within the brain and spinal cord (Fig. 4 and Table 2). A two-way analysis
of variance (ANOVA) identified significant effects of CNS region
(F(10,90 = 21.19, p b 0.001) and significant interaction between CNS
region and targeting (F(10,90) = 2.39, p = 0.0145) on delivered
payload concentration. The highest delivery was detected in the
cortex for both RVG29- and biotin-modified formulations (123 versus
89.6 ng/g, respectively), followed by the cerebellum (98.8 versus
79.9 ng/g, respectively). We hypothesized that variations in payload
delivery to different regions within the brain would be due to regional
differences in blood volume; consistent with this hypothesis, the rela-
tionship between cerebral blood volume [31] and DiR delivered from
nanoparticles was linear for both targeted and non-targeted formula-
tions (Fig. 5), with calculated Pearson correlation coefficients of 0.979
and 0.854 for biotin- and RVG29-modified nanoparticles (p b 0.01
for both). For the spinal cord, payload delivery tended to increase
slightly in the caudal direction (48.7, 49.9, 53.2, and 55.1 ng/g in
cervical, thoracic, lumbar, and sacral segments). Some evidence for
apparent targeting (i.e., increased delivery for RVG29- versus biotin-
modified formulations)was observed in the cervical region of the spinal
cord (15% increase for RVG29- versus biotin-modified nanoparticles),
although mild decreases in delivery were observed for targeted
formulations in thoracic, lumbar, and sacral regions. In contrast to
the spinal cord, enhancements were observed consistently across
all major brain regions for RVG29 modified nanoparticles, with
each region displaying a higher concentration of DiR delivered
from RVG29-modified nanoparticles than DiR from biotin-modified
nanoparticles. The highest targeted delivery was observed in the
Table 1
Characteristics of nanoparticles used in biodistribution and treatment studies.

Name Payload Loading EE
1

SEM

Size2 (nm

RVG-PLGA-DiR DiR 0.26% 38.1% 129
Biotin-PLGA-DiR 141

RVG-PLGA-NR NR 0.87% 54.6% 132
Biotin-PLGA-NR 111

RVG-PLGA-CPT CPT 6.87 ± 0.9% 80.3 ± 7% 142 ± 10
Biotin-PLGA-CPT 134 ± 10

RVG-PLGA None N/A N/A 156 ± 36

1 Encapsulation efficiency.
2 Error expressed as standard deviation of three batches.
3 Polydispersity (PD) expressed as standard deviation of the size distribution, averaged acro
cortex (36.8% increase) and cerebellum (23.6% increase), followed
closely by the midbrain (22.4% increase) and striatum (21.4%
increase). There was no relationship between targeting ratio by
brain region and cerebral blood volume, which had a Pearson corre-
lation coefficient of 0.246 (data not shown). For the RVG29-modified
group, delivery was significantly lower to the striatum than
many other brain regions, including cortex, midbrain, cerebellum,
and brainstem (Fig. 4A, pb0.001, 0.01, 0.001, 0.05, respectively,
Bonferroni posttest).

3.2. Treatment of intracranial tumors with targeted nanoparticles

The next series of experiments were designed to test whether
enhanced delivery via RVG29 targeting would enhance the efficacy of
the encapsulated chemotherapeutic camptothecin (CPT). Syngeneic
GL261-Luc2 tumors were induced in the striatum of immune compe-
tent mice. Saline, RVG-PLGA (drug empty nanoparticles), Biotin-PLGA-
CPT, or RVG-PLGA-CPT were administered on a weekly basis to match
a 12 mg/kg CPT dose by injection into the lateral tail vein beginning
8 days after tumor induction. Consistent with prior work [8], encapsu-
lated CPT was effective at slowing tumor growth compared to saline
injected controls (Fig. 6A and C). No differences in tumor growth
were detected between RVG29 and biotin nanoparticle modifications.
Median survival for saline, RVG-PLGA, Biotin-PLGA-CPT, and RVG-
PLGA-CPT was 16.5, 19, 27, and 23 days, respectively (Fig. 6B).
Survival was significantly prolonged for Biotin-PLGA-CPT and RVG-
PLGA-CPT treated subjects relative to either saline or RVG-PLGA
controls (p b 0.05 for each comparison), although RVG-PLGA-CPT
did not prolong survival in comparison to Biotin-PLGA-CPT. Taken
as a whole, these data demonstrate that encapsulated CPT slowed
tumor growth, resulting in prolonged survival, but targeting did
not enhance treatment efficacy.
DLS

Zeta potential (mV)) PD3 (nm) Size (nm) PD3 (nm)

36 188 44 0.36 ± 1.76
31 238 56 1.69 ± 0.95

33 162 64 −0.88 ± 2.98
37 182 40 −3.35 ± 1.89

47 204 45 −2.50 ± 1.19
43 252 31 −2.18 ± 1.19

64 253 69 −2.71 ± 1.33

ss experimental repeats.



Fig. 2. Camptothecin is released from RVG-PLGA-CPT nanoparticles within 3 h. Error
bars for individual time points represent standard deviation of three independent
measurements.
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3.3. Evaluation of apparent brain targeting kinetics

The biodistribution experiments suggested a consistent en-
hancement in delivery of small molecules from RVG29-modified
nanoparticles 2 h after injection. However, when we examined the
biodistribution of DiR or NR loaded nanoparticles 6 h after administra-
tion (Fig. 7), the presence of the targeting ligand did not affect or even
tended to reduce whole brain delivery of encapsulated payloads
(targeting ratio, RVG29 average divided by biotin average, of 0.98
and 0.93 for NR and DiR experiments, respectively). The apparent
targeting measurements were therefore reproducible at 2 h and
generalizable to at least three encapsulated small molecules, but
targeting was not prolonged (i.e., no enhancements in delivery
were observed after 6 h). To test the aqueous stability of RVG29,
mice were injected with nanoparticles that had been pre-incubated
in saline at 37 °C for 4 h (Fig. 7). No apparent targeting was observed
2 h after injection of these pre-incubated nanoparticles (targeting
ratio, RVG29 average divided by biotin average, of 0.96). To test
whether aggregation accounted for this loss of targeting, a sample
of nanoparticles was maintained at 37 °C for 6 h; DLS measurement
confirmed that the average hydrodynamic diameter did not increase
over time (Supplementary Fig. 2). We expect that additional loss in
targeting may occur in vivo via formation of a protein corona on
the outer surface of the nanoparticle [33], although this was not
investigated since incubation in saline was sufficient to remove the
targeting ability of RVG29-modified nanoparticles.
Fig. 3. Biodistribution of Biotin-PLGA-DiR and RVG-PLGA-DiR nanoparticles in peripheral
organs 2 h post-injection. Error bars represent standard deviation with n = 6 mice
per group. (f) = femur.
In the process of debugging the lost targeting, we conducted kinetic
experiments that measured the delivery of different payloads over
multiple time points. These experiments demonstrated that NR and
DiR produce opposite interpretations of apparent nanoparticle delivery.
For NR-loaded nanoparticles, we observed rapid clearance of NR from
thebrain,whereas, for DiR-loadednanoparticles, we observed anappar-
ent accumulation of DiR in the brain over time (Fig. 8a). When free DiR
was administered by tail vein injection, the brain signal also increased
over time (Fig. 8b), with free DiR accounting for up to 38% and 40% of
the signal at 30 min and 6 h, respectively. To our knowledge, brain
measurements following an injection of freeDiR have not been reported
in literature. Brain accumulation of DiR following administration as a
bolus intravenous injection was not expected and is not typical kinetic
behavior for a small molecule. These data demonstrate that an increase
in DiR signal over time does not necessarily reflect accumulation of the
nanocarrier itself, and instead could be accounted for by the behavior of
free (non-encapsulated) DiR.

4. Discussion

These studies are some of the first to measure quantitative differ-
ences in small molecule delivery to different tissue sites within the
CNS for intravenously administered nanoparticles. Calvo and colleagues
tracked the distribution of 14C-labeled, PEGylated polycyanoacrylated
nanoparticles and identified significant within-CNS regional differences
in delivery that would be expected to influence drug function [34].
In our experiments, nanoparticle-mediated delivery of encapsulated
DiR from nanoparticles was also not uniform. For both targeted and
non-targeted formulations, brain delivery was directly correlated to re-
gional cerebral blood volume. Delivery magnitude to different regions
varied by as much as 60–80% within the brain, and by as much as
150% across the entire CNS (e.g., cortex versus thoracic spinal cord).
These differences suggest that the targeting ability of a nanoparticle
would need to be high to overcome differences in small molecule expo-
sure to specific brain regions as governed by blood flow. In prior work,
we observed a 13-fold increase in DiR delivery from nanoparticles to
the core of late-stage intracranial GL261 versus contralateral (healthy)
brain. [8] Although EPR gains are expected to depend on tumor type,
stage, and carrier system [9] enhanced delivery to tumor core could
easily dominate the relatively smaller gains that are typically achieved
for targeted delivery to healthy parenchyma. To treat invading cells in
GBM, delivery improvements across an intact BBB would need to be
high. In this work, we observed that delivery to the striatum, where
tumors were induced, was significantly lower than other brain regions,
including other common sites for brain tumors, such as cortex,
cerebellum, and brainstem. Further, we observed that apparent
targeting to the cortex (which represented 44% of the total brain
mass) was twice as high as the brain averages with cortex removed.
High cortex values drive whole brain homogenate values, thus
potentially misrepresenting the delivery of brain available agents
that would occur for any disease not occurring in the cortex. Although
the delivery of DiR would not be expected to represent the spatial
pattern of delivery for all encapsulated molecules, these studies high-
light the importance of considering CNS region in the development of
new small molecule delivery strategies. It will be an interesting subject
of future work to determine whether engineering strategies that
enhance nanoparticle or drug interaction with defined regions of
brain or brain vasculature [35] would improve exposure of circulating
agents to specific CNS regions.

Nanoparticles have been studied extensively for their ability to
deliver encapsulated agents selectively to the injured or diseased spinal
cord, such as in neurodegeneration or inflammation [36–39]. By com-
parison, relatively little is known about the features that govern delivery
of encapsulated agents from nanoparticles to intact spinal cord. The
blood spinal cord barrier (BSCB) is often thought of as a physiological
extension of theBBB, possessingnon-fenestrated capillary endothelium,



Fig. 4. Thedistribution of targeted andnon-targetedDiR nanoparticles varies by brain region (thesedata are a heatmapdepiction of thedata provided in Table 2). (A) Average total payload
delivered to each brain and spinal cord region (ngDiR/g tissue) (n=6per group). (B) Targeting effect by region, asmeasured by the ratio of RVG-PLGA-DiR to Biotin-PLGA-DiR. (C)Map of
brain and spinal cord regions, sagittal view. SC = Spinal Cord; C = Cervical, T = Thoracic, L = Lumbar, S = Sacral.

94 R.L. Cook et al. / Journal of Controlled Release 220 (2015) 89–97
tight junctions, and efflux pumps. However, morphological and func-
tional characteristics of barrier endothelial cells vary by location and
are distinct in the spine relative to the brain [40]. Given that the rabies
virus itself possesses tropism for motor neurons, we expected to ob-
serve targeting in the spinal cord. Nanoparticles delivered payload to
spinal cord, however, no apparent enhancement in delivery from
RVG29 was observed in the spinal cord. GABAB receptors, a class of pro-
teins that were recently described as a potential binding partner for
RVG29 [13], are present both on neurons and on the brain capillary en-
dothelial cells that compose the BBB. Interestingly, relative to other
brain regions, GABABR is reported to be highly enriched in the cortex
and present in much lower quantities in hippocampus, bulk striatum,
and spinal cord [41], which mirrors the patterns of apparent delivery
enhancements observed for RVG29-modified nanoparticles. Our data
support a model of “targeting” whereby RVG29 modification of PLGA
nanoparticles transiently enhances their affinity for the surface of
brain endothelial cells via interaction with GABABRs. The fact that the
enhancement in delivery observed for RVG29-modified nanoparticles
is not maintained at later time points due to aqueous instability of the
ligand further supports a non-internalization model of this apparent
targeting. The association of RVG29-modified nanoparticles with the
cell surface appears to be temporary.
Table 2
Delivery of DiR from RVG29- and biotin-modified nanoparticles, measuredwithin specific
regions of the CNS.

Region Biotin1 (ng/g) RVG1 (ng/g) Targeting2

Whole brain 79.5 ± 10.8 101 ± 25.1 27.0%
Striatum 55.9 ± 10.7 67.9 ± 27.0 21.4%
Midbrain 73.9 ± 22.3 90.4 ± 25.8 22.4%
Olfactory bulb 76.4 ± 13.0 83.2 ± 23.2 8.94%
Brainstem 76.9 ± 17.3 85.6 ± 14.5 11.3%
Cortex 89.6 ± 16.7 123 ± 36.4 36.8%
Hippocampus 62.9 ± 5.74 71.1 ± 16.2 13.0%
Cerebellum 79.9 ± 15.3 98.8 ± 13.1 23.6%

Whole spinal cord3 49.6 ± 4.18 51.4 ± 2.81 0.04%
SC-C 48.7 ± 8.69 55.8 ± 6.34 14.5%
SC-T 49.9 ± 3.89 48.5 ± 2.86 −2.74%
SC-L 53.2 ± 8.24 49.5 ± 5.89 −6.86%
SC-S 55.1 ± 2.07 52.4 ± 6.20 −4.93%

1 Average ± SD, n = 6 mice per group.
2 Targeting is defined as the percent increase or decrease in RVG average relative to

biotin.
3 SC = Spinal Cord; C = Cervical, T = Thoracic, L = Lumbar, S = Sacral.
Prior studies demonstrated the ability of RVG29 to improve the
CNS efficacy of encapsulated or tethered nucleic acids and proteins
[12–23]. In contrast, evidence for functional enhancement of small mol-
ecules via RVG29 remains minimal. Enhanced in vitro and brain uptake
of the small molecule antifungal agent itraconazole was observed for
RVG29-modified albumin nanoparticles [24], although this study did
not evaluate therapeutic potency of the targeted formulation in vivo.
Thus, the initial motivation for the studies described here was to deter-
mine whether RVG29 modification of nanoparticles would improve
therapeutic efficacy of the chemotherapeutic agent CPT. CPT is a
Fig. 5. Regional blood volume correlates with payload distribution in the brain delivered
by (A) RVG-PLGA-DiR and (B) Biotin-PLGA-DIR. Cerebral blood volume represents
percent volume of blood per volume of brain tissue, obtained from published data for
the mouse [30]. STR = Striatum, HIP = Hippocampus, MB= Midbrain, BS = Brainstem,
CER = Cerebellum, OLF = Olfactory Bulb, and COR = Cortex.



Fig. 6. PLGA nanoparticles encapsulating camptothecin slow tumor growth and prolong survival in vivo. (A) Normalized growth of GL261-Luc2 brain tumorsmonitored by IVIS, represented in
photons/s. (B) Kaplan–Meier survival curve with n = 5–6 per group. (C) Summary of treatment study results. The 95% confidence intervals for tumor doubling time are shown in brackets.

95R.L. Cook et al. / Journal of Controlled Release 220 (2015) 89–97
topoisomerase I inhibitor that is effective at killing cancer cells but is
also hydrophobic, poorly bioavailable, and highly toxic [42]. The oppor-
tunity for improved therapeutic efficacy of CPT rests either on improv-
ing its tolerability, which would enable a higher dose, or improving its
delivery, which would increase potency in target tissue. To deliver
drug to tumor cells that do not reside in the leaky tumor core, nanopar-
ticles would need to engage in prolonged interaction (either by uptake
or surface residence) with cells to be effective. In accordance with prior
work, we achieved a high loading of CPT in PLGA, which was sufficient
to slow the growth of intracranial GL261 tumors when nanoparticles
were administered systemically [8]. However, we did not observe any
evidence that RVG29 enhanced CPT efficacy. There were no differences
in either median survival or tumor growth between the targeted and
non-targeted group. Although it is possible that small differences in
tumor growth are masked by variability inherent in bioluminescent
measurement, any such differences did not ultimately affect overall sur-
vival. Further analysis leads us to two important points of discussion:
first, a critical examination of common methods used for evaluating
new nanoparticle designs, and, second, insight into the mechanisms
by which brain-specific delivery of encapsulated small molecules ap-
pears to be achieved.
Fig. 7. Loss of apparent targeting is observed after 2 h in solution or in circulation. RVG-
PLGA-DiR or Biotin-PLGA-DiR was injected via tail vein immediately after resuspension
and measured in the brain after 2 or 4 h in circulation (solid bars). In a separate group
of mice, RVG-PLGA-DiR or Biotin-PLGA-DiR was resuspended in saline and incubated at
37 °C for 4 h, then injected into the tail vein and measured 2 h later, for a total of 6 h in
solution (striped bars). Ratios are group averages normalized to biotin control for each
condition measured, with *p b 0.05. The 2 h biotin/RVG pair is also displayed in Fig. 3.
The most direct method for measuring the delivery of drugs from
nanocarriers would be pharmacokinetic analysis of actual drug levels
in tissue. Alternatively, fluorescent or radioactive labeling strategies
Fig. 8.Different nanoparticle payloads yield different apparent brain delivery kinetics.
(A)NR or DiR loaded nanoparticles were administered to healthy mice and fluorescent
signal was measured in brain homogenate. (B) When free DiR is administered to healthy
mice, accumulation is observed in the brain, which accounts for ~40% of the signal
detected for mice provided with an equivalent dose of DiR loaded nanoparticles. The
same data are represented in each panel for the Biotin-PLGA-DiR group. Plots shown
mean with standard error with 6 mice/group for Biotin-PLGA-DiR and 3 mice/group for
all other conditions.
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can permit direct tracking of the nanoparticle itself [43,44]. Evaluation
of new nanoparticle designs would ideally incorporate both measure-
ments, since the techniques provide complementary information.
However, these methods are not widely applied in tandem due to sev-
eral important drawbacks. Both strategies require careful optimization
of experimental approaches that are specific to drug or carrier. In the
case of the direct labeling strategy, it is extremely important to validate
that the label itself is stably attached to the carrier in amanner that does
not alter the biophysical properties of the carrier. As an alternative to
these expensive and difficult to implement strategies, nanocarrier
vehicles are commonly loaded with small, fluorescent drug surrogates.
Measurement of biodistribution is a comparatively simple technique
that proceeds with one of two expectations: either, that the freely
loaded small molecule is well-retained within the carrier, or, if it exits
the nanoparticle, that its movement in tissuemight be considered suffi-
ciently typical of the drug of interest, possessing similar molecular
weight or charge. Our data suggest that, in fact, these small molecule
surrogates are not retained within polymer nanoparticles in vivo, and
that their rate of delivery to tissue largely reflects their own ability
move through biological environments. DiR, for example, experiences
a highly deceptive accumulation in the brain, even in its free form. DiR
and other carbocyanine dyes are commonly used to track delivery of
nanoparticle formulations. Yet, their retention within or release from a
nanocarrier would be expected to be highly specific to both the carrier
and the lipid composition of its biological environment; the specific ex-
perimental approach of using carbocyanine dyes for biodistribution
may need to be revisited.We suggest that certain biodistribution exper-
iments may be useful to provide an indication of relative differences in
nanoparticle residence time within single tissues of interest. However,
it is clear that the distribution of a drug surrogate should only ever be
interpreted in context with other measures of delivery.

We propose that different kinetics measured by different payloads
can be explained by differences in the ability of molecules to transfer
to and from biological membranes. NR is known to experience rapid
cell to cell membrane transfer [45] whereas, as a carbocyanine family
member, DiR is expected to bewell-retainedwithin lipid compartments
[46]. Thus, NR delivered to cells would rapidly track the washout of
nanoparticles from blood, whereas DiRwould be relatively immobilized
in cellular membranes, egressing slowly into the lipid rich environment
of the brain. It has been proposed that small molecule delivery from
nanocarriers is primarily mediated by direct transfer of payload from
nanoparticle to cell in vitro, where the majority of small molecule
delivery does not rely on active uptake of the nanoparticle [45,47].
Our in vivo data support this model, and suggest that apparent brain
delivery may in fact reflect peripheral circulation of nanoparticles,
either via direct transfer of encapsulated agent from nanoparticle to
BBB cells or by enhancing drug source in the periphery.

Release of the active agent is an additional confounder that should
be considered when using biodistribution measurements to interpret
drug delivery [48]. For example, some molecules could release very
quickly, before targeting effects become apparent, whereas others
may be better retained, which could over-represent targeting as it
would be expected for the actual drug. Ultimately, the release of an
encapsulated molecule from its nanocarrier will depend on properties
that are specific to the molecule, carrier, and its particular in vivo
environment. Since in vivomeasurement of drug release is not straight-
forward and cannot be directly predicted from in vitro data, this further
complicates the use of drug surrogates in making decisions about
nanocarrier design. As our data demonstrates, unexpected peculiarities
of certainmolecules could easilymislead (e.g., as evident in the brain ac-
cumulation of DiR). It is important to note that encapsulation of payload
within a nanoparticle still provides drug delivery benefits that should be
considered in the design of the nanoparticle (e.g., reduced toxicity, and
prolonged circulation time). This highlights the need for improved
drug/drug surrogate retention in designing targeted formulations:
slower release from long-circulating nanoparticle formulations will
reduce drug clearance to enhance delivery in target tissue, whether
this occurs by extracellular transfer or actual uptake of the carrier.

Targeted drug delivery to the brain has not yet achievedwidespread
success. Our results support a model of nanoparticle-mediated brain
delivery whereby molecules are transferred non-specifically from
nanocarriers to the brain in absence of significant internalization of
the nanoparticle [45,47]. We suggest that RVG29 enhances delivery of
small molecules from PLGA nanoparticles by producing a transient
increase in affinity of the nanoparticle for the surface of the BBB. It is
possible that further engineering of the nanoparticle (e.g., different
modification density, alterations to the peptide structure) could alter
ligand functionality. By bringing nanoparticles in closer proximity to
endothelial cells, payload gains a better ability to transfer directly
into cells. Delivery is thus fundamentally driven by the particle to cell
transfer and clearance processes that are unique to each small molecule
payload of interest. These observations emphasize the challenge
and importance of achieving substantial internalization of PLGA
nanoparticles in target cells in vivo and also highlightmajor experimen-
tal considerations for evaluation of targeted drug carriers in tissue. We
focused here on confounders in the analysis of PLGA nanoparticle
biodistribution. However, these concerns may also apply to carriers
(liposomes, micelles, etc.) where the drug surrogate being tracked is
not covalently linked to the carrier and retention of the surrogate in
the carrier has not been demonstrated in target tissue. We argue that
functional evaluation of drug efficacy in the appropriate disease model
would be best initiated at early stages of nanoparticle engineering.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.jconrel.2015.10.013.
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