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An efficient route for delivering specific proteins and peptides
into neurons could greatly accelerate the development of thera-
pies for various diseases, especially those involving intracellular
defects such as Parkinson disease. Here we report the novel use
of polybutylcyanoacrylate nanoparticles for delivery of intact,
functional proteins into neurons and neuronal cell lines. Uptake
of these particles is primarily dependent on endocytosis via the
low density lipoprotein receptor. The nanoparticles are rapidly
turned over and display minimal toxicity to cultured neurons.
Delivery of three different functional cargo proteins is demon-
strated. When primary neuronal cultures are treated with
recombinant Escherichia coli [3-galactosidase as nanoparticle
cargo, persistent enzyme activity is measured beyond the period
of nanoparticle degradation. Delivery of the small GTPase rhoG
induces neurite outgrowth and differentiation in PC12 cells.
Finally, a monoclonal antibody directed against synuclein is
capable of interacting with endogenous a-synuclein in cultured
neurons following delivery via nanoparticles. Polybutylcyano-
acrylate nanoparticles are thus useful for intracellular protein
delivery in vitro and have potential as carriers of therapeutic
proteins for treatment of neuronal disorders in vivo.

Many neurodegenerative diseases involve accumulation of
intracellular aggregates of misfolded protein, implying that
defects in protein processing may be linked to their develop-
ment and pathogenesis (1, 2). Molecular genetic studies have
identified a number of intracellular proteins involved in these
processes, and these may ultimately prove useful as targets for
therapeutic drug development (3). Engineered proteins them-
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selves could be useful as treatments or experimental reagents
(4, 5). A major barrier, however, is delivery of such proteins
across the membrane of neuronal cells. Traditional means of
transfection, protein transduction, and macromolecular deliv-
ery have proven difficult in neurons due to their terminally
differentiated state (6). A number of commercially available
methods rely on use of liposomes or other charged lipid formu-
lations, which have limited complex stability in serum and often
high toxicity over time (7). Electroporation-based techniques
often yield higher rates of transfection but are only effective
when performed during a specific window of development in
young, healthy, and undifferentiated cells, with eventual loss of
expression or bioactivity over time (8). Viral-based vectors and
fusions have demonstrated only limited efficacy in humans and
animals while raising a number of concerns regarding safety,
and typically require invasive procedures such as direct injec-
tion into the brain to achieve targeted delivery (9).

Here we describe an approach for protein delivery into neu-
rons using polybutylcyanoacrylate (PBCA)*> nanoparticles
(NPs) as carriers. These particles have been shown to mediate
significant transport of chemotherapeutics across the blood-
brain barrier (BBB) in live animals (10, 11). Based on the obser-
vation that they absorb multiple proteins, particularly apoli-
poprotein E, onto their surfaces following injection into the
bloodstream and that artificial coating of the particles with apo-
lipoprotein E improves their uptake across the BBB, it was sug-
gested that these NPs may be taken up via lipoprotein receptor-
mediated endocytosis through mimicry of endogenous low
density lipoproteins (LDLs) (12). Lipoprotein transport across
the BBB is crucial for the delivery of essential lipids to brain
cells, and direct evidence has been provided for the existence of
a LDL receptor in vivo on the BBB (13). LDLs have further been
shown to undergo transcytosis across the brain capillary endo-
thelium without apparent degradation by endothelial cells, and
they may therefore gain entry into other tissues following pas-

2The abbreviations used are: PBCA, polybutylcyanoacrylate; BBB, blood-
brain barrier; B-gal, B-galactosidase; DAPI, 4’-6-diamidino-2-phenylindole;
EGF, epidermal growth factor; GLB1, acid 3-galactosidase 1; LDL, low den-
sity lipoprotein; NGF, nerve growth factor; NP, nanoparticle; PVA-DABCO,
polyvinyl alcohol-1;4-diazabicyclo(2.2.2)octane; X-gal, 5-bromo-4-chloro-
3-indolyl-B-p-galactopyranoside; DIV, days in vitro; FRET, fluorescence
resonance energy transfer; CHO, Chinese hamster ovary; PBS, phos-
phate-buffered saline; GTPyS, guanosine 5'-3-O-(thio)triphosphate;
FITC, fluorescein isothiocyanate; C,,FDG, 5-dodecanoylaminofluoro-
scein di-B-D-galactopyranoside.
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sage across the BBB (14). However, whether NPs actually gain
entry into neuronal cells has not been demonstrated.

We hypothesized that neurons, which are known to express a
number of lipoprotein-binding receptors on their surface,
would be capable of NP uptake. Here, we report that PBCA NPs
are taken up by primary hippocampal cultures, and that this
uptake is dependent on the LDL receptor. The particles are
capable of delivering intact, functional proteins into neurons
and other mammalian cells. These particles may represent a
new and significantly improved approach over existing, often
invasive methods of drug transport.

EXPERIMENTAL PROCEDURES

Preparation of PBCA NPs—Nanoparticles were synthesized
as previously described by Kreuter et al. (15). Briefly, 1% (v/v)
PBCA (GluStitch, Point Roberts, WA) was slowly added to an
acidic polymerization medium consisting of 1% dextran 70,000
(Sigma-Aldrich) in 0.01 N HCl and stirred for 4 h with a mag-
netic stirrer. For production of *H-labeled and FITC-nanopar-
ticles, tritiated dextran 70,000 (250 mCi/mg, American Radio-
labeled Chemicals, St. Louis, MO) or anionic, lysine fixable
fluorescein (FITC) dextran 70,000 (excitation = 494 nm, emis-
sion = 521 nm, Invitrogen) were utilized as stabilizers instead.
Polymerization was terminated by neutralization with 0.1 N
NaOH, and the suspension was filtered through a glass fiber
filter of pore size 0.45 um (Millipore, Billerica, MA). 3% (w/v)
mannitol was added as a cryoprotectant, and the solution was
lyophilized using a Savant Novalyphe NL500 freeze-dryer
(Savant, Farmingdale, NY). For preparation of protein-loaded
NPs, 5 mg of lyophilized NPs was resuspended in phosphate-
buffered saline and incubated with 5 mg of protein and 0.08%
Polysorbate 80 (Sigma-Aldrich) for 60 min with stirring. Pro-
teins utilized were Escherichia coli B-galactosidase (B3-gal, Sig-
ma-Aldrich), purified recombinant rhoG, and the mouse anti-
a-synuclein monoclonal antibody H3C (16). The solution was
then stirred for 1 h and filtered once more through a glass fiber
filter of pore size 0.45 um. The total amount of protein
absorbed onto the particles was calculated by filtering the sus-
pension through a hydrophilic, 0.1-wm pore polyvinylidene flu-
oride membrane filter (Millipore) and measuring the amount of
free protein in the filtrate via UV spectroscopy (DU 640 spec-
trophotometer, Beckman Coulter Instruments, Fullerton, CA).
Protein loading was determined to be ~0.7-0.8 ug of protein
per ug of NPs. Mean particle size was determined to be 200 —
250 nm by dynamic light scattering using a Brookhaven Instru-
ments BI-200 SM goniometer (Holtsville, NY), and by scanning
electron microscopy using an Hitachi S-4700 SE microscope
(Schaumburg, IL).

Culture and Treatment of Cells—E18 rat hippocampi (Brain-
Bits Inc., Springfield, IL) were dissociated and seeded at a den-
sity of 1.6 X 10* cells per cm?® onto poly-b-lysine-coated lab-
ware. When grown in Neurobasal supplemented with B27,
cultures contained 95 = 2%. Cultures were maintained in Neu-
robasal/B-27 (Invitrogen) supplemented with 0.5 mm gluta-
mine and 25 uM glutamate at 37 °C, 5% CO,,. Half the volume of
medium (plus glutamine, but no glutamate) was replaced every
3—4 days. Experiments were performed on neurons at age 14
DIV. PC12 cells (ATCC) were cultured in Dulbecco’s modified
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Eagle’s medium supplemented with 10% horse serum, 5% fetal
bovine serum, 50 units/ml penicillin, 50 um streptomycin, and
200 mM L-glutamine at 37 °C, 5% CO,. For neurite outgrowth
experiments, some cells were treated with 2.5 S mouse natural
nerve growth factor (NGF, Fisher Scientific) at a concentration
of 50 ng/ml. Neurite outgrowth was quantified as the percent-
age of cells in each field exhibiting one or more projections at
least twice the length of the cell body. A minimum of 50 fields
per sample was examined and counted double-blind.

Fluorescence and Light Microscopy Studies—Nanoparticles
were added directly to the cell medium at a final concentration
of 250 pug/ml. For cells pre-treated with IgG-8H6 (generous gift
of Dr. Hiroaki Hattori and Dr. Tadao Iawaki, BML Inc.,
Saitama, Japan), a monoclonal blocking antibody against LDL
receptor (17, 18), antibody was added directly to the cell
medium at a concentration of 100 pg/ml, and the samples were
incubated for 2 h then washed three times with PBS prior to
addition of the nanoparticles plus fresh medium. Anti-EGF
receptor antibody 151-8AE4 (Developmental Studies Hybri-
doma Bank, University of lowa) was utilized at a concentration
of 250 ug/ml (19) as above. For fluorescence microscopy, cells
were fixed with 4% paraformaldehyde for 15 min and perme-
abilized for 10 min at room temperature using 0.25% Triton
X-100 (Sigma). Cells were then blocked with 10% bovine serum
albumin for 1 h at 37 °C, incubated with Anti-NeuN (Millipore)
in 2% bovine serum albumin for 1 hat 37 °C, and then incubated
with Alexa Fluor 594 anti-mouse (Invitrogen). Cells were
mounted with 2% PVA-DABCO (Sigma-Aldrich) prior to visu-
alization. Some cultures were incubated with 4',6-diamidino-
2-phenylindole (DAP], Invitrogen) following fixation, to allow
fluorescence visualization of cell nuclei.

Primary neurons treated with (3-gal-loaded NPs were washed
three times with PBS to remove surface-bound particles and
enzyme, then incubated with 33 uMm ImaGene Green C,,FDG
substrate (Invitrogen) in culture medium for 30 min at 37 °C
and 5% CO.,. Cells were then washed with PBS and incubated
for 30 min at room temperature with Live/Dead ™" Red fluores-
cent dye (Invitrogen), washed twice with PBS, and visualized as
above. For samples stained with X-gal (5-bromo-4-chloro-3-
indolyl-beta-p-galactopyranoside), cells were washed and fixed
as before, then incubated with 2 ml of B-Galactosidase Staining
Kit Complete Staining Solution (Active Motif, Carlsbad, CA)
per well for 2 h at 37 °C.

For measurements of fluorescence resonance energy transfer
(FRET), H3C or a non-synuclein antibody control (mouse anti-
Myc, Invitrogen) were delivered via nanoparticles (250 pg/ml)
and indirectly labeled with a secondary antibody (rabbit anti-
mouse, Invitrogen) conjugated to Alexa Fluor 488 (excitation =
488 -500 nm, emission = 519-550 nm). The N terminus of
synuclein was labeled with the SC-7012 antibody (Santa Cruz
Biotechnology, Santa Cruz, CA) followed by a secondary anti-
body (donkey anti-goat, Chemicon) conjugated to Cy3 (excita-
tion = 532-555 nm, emission = 570-600 nm). Endogenous
galactosidase (GLB1, EC 3.2.1.23) and heat shock protein 70
(hsp70) were detected using mouse anti-GLB1 (Abcam Inc.,
Cambridge, MA) or mouse anti-hsp70 (Affinity BioReagents,
Inc., Golden, CO), respectively, and Alexa Fluor 488-labeled
anti-mouse (Invitrogen). Goat IgG purified from normal, non-
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immunized animal serum (Jackson ImmunoResearch Labora-
tories, Inc., West Grove, PA) was detected with Alexa Fluor 488
anti-goat as an additional negative control. Fixed and stained
cells were visualized using a Leica DM IRE2 fluorescence
microscope. The fluorescence intensity of Alexa Fluor 488 (the
“donor”) was measured using OpenLab™ software (Improvi-
sion Inc., Lexington, MA) before and after photobleaching of
Cy3 (the “acceptor”). Energy transfer was calculated as the ratio
of D (donor fluorescence after photobleach) to D, (donor flu-
orescence in the presence of the acceptor, before photobleach);
a value greater than 1.0 represents a positive FRET signal. A
minimum of 20 measurements was made per sample.

Measurements of FITC- and *H-Nanoparticle Uptake and
Turnover—For measurements of temperature dependence,
cells were grown in black 96-well plates (Nunc, Rochester, NY)
and treated with FITC-labeled NPs (final concentration of 250
pg/ml) for the indicated times. Before and after washing with
PBS, fluorescence intensity (excitation = 494 nm, emission =
521 nm) was measured on a SpectraMax M2 microplate reader
(Molecular Devices, Sunnyvale, CA). Background fluorescence
was subtracted from each sample, and fluorescence incorpora-
tion was calculated as a percentage of the total dose of nanopar-
ticles. For measurements of *H-nanoparticle uptake, cells were
grown on 12- to 13-mm round coverslips with NPs (final con-
centration of 250 ug/ml) for the indicated time, the coverslips
were washed three times with PBS and transferred to scintilla-
tion vials filled with 10 ml of ScintiVerse BD mixture (Fisher
Chemicals, Fairlawn, NJ), and counted on a Beckman LS-1701
counter. Background counts were subtracted from each sam-
ple, and ®H incorporation was calculated as a percentage of the
total dose of nanoparticles.

Immunoprecipitation and Western Blot Analysis of Cell
Lysates—Cells grown in 25-cm?® flasks were incubated with
B-gal-loaded or empty nanoparticles or 3-gal plous 0.08% Poly-
sorbate 80 alone (final concentration of 250 pg/ml) for 2 h then
washed once with PBS prior to detachment with trypsin-EDTA
(Cambrex Bioproducts, East Rutherford, NJ). The cells were
pelleted and lysed with 1 ml of ice-cold non-denaturing lysis
buffer (1% Triton X-100, 50 mm Tris-Cl, pH 7.4, 300 mm NaCl,
5 mM EDTA, and 0.02% sodium azide) plus 1 ul of Sigma Pro-
tease Inhibitor Mixture P-8340, incubated on ice for 30 and at
4 °C for 15 min at 16,000 X g. 20 ul of supernatant from each
sample was then subjected to SDS-PAGE and blotted with rab-
bit anti-B-gal-horseradish peroxidase (Abcam, Cambridge,
MA), mouse anti-B-actin (Abcam), and horseradish peroxi-
dase-conjugated anti-mouse and anti-rabbit antibodies (Amer-
sham Biosciences).

For immunoprecipitation of cell lysates treated with H3C-
loaded or empty NPs, samples were treated as above except
that, prior to SDS-PAGE and Western blot analysis, 500 ul of
supernatant from each sample was incubated with 50 pl of Pro-
tein G beads (Sigma) that had been pre-washed two times with
non-denaturing lysis buffer. Samples were then incubated on
an end-over-end rotator at 4 °C for 2 h, and washed four times
with 1 ml of non-denaturing lysis buffer and one time with
ice-cold PBS. 20 ul of each immunoprecipitate and 20 ul of
each total cell lysate were then analyzed via SDS-PAGE and
Western blot analysis using goat anti-synuclein (SC7012) and
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horseradish peroxidase-conjugated rabbit and sheep antibodies
against goat and mouse Ig, respectively (as above).

Affinity purification of active (GTP-bound) rho from PC12
cells was performed using the E-Z Detect™ Rho Activation Kit
(Pierce) according to the manufacturer’s instructions. Briefly,
cells were lysed and incubated with GTP+S to activate rho. GST
fused to the binding domain of rhotekin (GST-rhotekin-RBD),
which specifically binds GTP-bound rho, was immobilized on a
glutathione resin and incubated with cell lysates for 1 hat 4 °C.
The samples were then washed, eluted in sample buffer, and
analyzed by SDS-PAGE. GTP-bound rho was subsequently
detected via Western blot using an anti-rho mouse monoclonal
antibody (Pierce). Whole lysates were also probed with mouse
anti-Myc antibody (Invitrogen) and mouse anti-B-actin
(Abcam) as a loading control.

Measurement of B-gal Activity—Cells were incubated with
250 pg/ml B-gal nanoparticles for 2 h then washed with PBS
and switched to non-particle-containing medium. The neurons
were then harvested at the time points given by scraping into 1
ml of PBS and analyzed using the Invitrogen B-Galactosidase
Assay Kit (catalogue no. K1455-01). Hydrolysis of ortho-nitro-
phenyl-p-galactopyranoside was then measured as per the
manufacturer’s protocol. The -gal activity was quantitated by
measuring absorbance at 420 nm using a SpectraMax M2
microplate reader (Molecular Devices). The enzyme activity
(after background subtraction) observed immediately after the
2-h treatment was set as 100%, and all subsequent activity
observed after this period at specific assayed time points was
divided by this amount to determine the “percent activity”
remaining over time.

Purification of Myc-Tagged rhoG—mammalian expression
vector pEF-BOS containing the coding sequence for Myc-
tagged human rhoG was kindly provided by M. Negishi (Kyoto
University, Japan). HEK-293 cells were cultured in 150-cm?
flasks containing Dulbecco’s modified Eagle’s medium supple-
mented with 5% fetal bovine serum, 50 units/ml penicillin, and
50 uMm streptomycin at 37 °C, 5% CO,. Each flask was trans-
fected with 50 pg of plasmid using Lipofectamine™ 2000
(Invitrogen) according to the manufacturer’s instructions. Cells
were harvested 48 h after transfection and lysed using M-PER
Mammalian Protein Extraction Reagent (Pierce). Myc-rhoG
was then purified from the lysates using the uMACS Anti-c-
Myc Isolation Kit (Miltenyi Biotec, Auburn, CA) and quantified
using a BCA Protein Assay Kit (Pierce).

RESULTS

Neuronal Uptake of PBCA Nanoparticles by Endocytosis—To
assess the uptake of PBCA NPs into cultured neurons, fluores-
cent PBCA NPs were synthesized utilizing dextran coupled to
FITC. Primary E18 rat hippocampal neurons were incubated
with 250 pg/ml NP for 2 h at either 15° or 37 °C, then fixed and
stained with a mouse antibody against NeuN (20), a protein
specifically expressed in neuronal cell nuclei (Fig. 14). At 37 °C,
extensive green fluorescence was observed in 74 = 6% of NeuN-
positive cells, indicating uptake of FITC-NPs. The percentage
of NeuN-positive cells in our cultures at 14 DIV was 95 = 2%.
Images depicting a larger fraction of non-neuronal cells (i.e.
NeuN-negative, DAPI-positive) are shown to demonstrate that

VOLUME 284 +NUMBER 11+MARCH 13, 2009



phase

vy
-y
N
1

—0— 37°C
:\? L —e— 15°C
p 8
)
—t
S a
(o]
o
o
o 0
£
D 4
T
-8 L1 l | | | | I

0 60 120 180 240 300 360

time (minutes)

FIGURE 1. Uptake of FITC-labeled PBCA NPs by primary neurons is
temperature-dependent. A, fluorescence and phase-contrast micro-
graphs of primary rat hippocampal neurons incubated with 250 wg/ml
FITC-NPs (green) at 37 °C versus 15 °C. Cells were fixed and counterstained
with DAPI (blue) and the neuron-specific marker NeuN (red). Only neurons
(purple nuclei), are co-labeled with FITC, while glia (blue nuclei) are unla-
beled. Scale bar = 10 um. B, fluorescence intensity was measured for each
group of cells over time. FITC incorporation was calculated as a percent-
age of the total nanoparticle dose in medium alone, and plotted as
mean *+ S.D. **, p < 0.0001; * p < 0.01, by one-way analysis of variance
with post-hoc Tukey test.

FITC-NPs localize mainly to neurons and not other cell types
(Fig. 1A). When cells were incubated with FITC-NPs for 2 h at
15°C, little to no uptake was detected, indicating that NP
uptake was likely via endocytosis rather than diffusion or non-
specific adhesion. Staining was restored when cells incubated at
15 °C were brought back to physiological temperature (data not
shown).

Fluorescence intensity was also measured over a period of 6 h
in live primary neurons incubated with 250 wg/ml nanopar-
ticles at 37 °C versus 15 °C (Fig. 1B). Maximum incorporation
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was noted in both samples at 2 h post-treatment but was sub-
stantially reduced in cells incubated at 15 °C (p < 0.0001).

Nanoparticle Uptake Is Mediated by LDL Receptor—It was
previously hypothesized that transport of PBCA NPs across
vascular endothelial cells might be mediated by the LDL recep-
tor (12). We tested whether uptake into cultured neurons might
require LDL receptor by blocking the receptor prior to treat-
ment with nanoparticles and examining the effects on FITC-NP
uptake. Pre-treatment of primary neuron cultures with a mono-
clonal blocking antibody against LDL receptor (17, 18) inhib-
ited incorporation of fluorescence, whereas treatment with a
blocking antibody against the EGF receptor, which is also
known to be specifically endocytosed (21, 22), resulted in no
change (Fig. 24).

This effect of anti-LDL receptor antibodies on NP uptake was
quantitated in cultures treated with *H-labeled NP (Fig. 2B). As
with FITC-NPs, maximum incorporation of label was achieved
at ~2 h for *H-labeled NPs, and pre-treatment of the cultures
with anti-EGF receptor antibody did not affect the time course
of incorporation. However, pretreatment with anti-LDL recep-
tor resulted in a nearly complete blockade of nanoparticle
uptake. Similar data were obtained when measuring fluores-
cence intensity in live FITC-NP-treated neurons over time (not
shown).

As further confirmation of the role of LDL receptors in NP
uptake, we analyzed CHO LDL-A7 cells, one of a limited num-
ber of viable mammalian cell lines lacking functional LDL
receptors (23). Normal CHO cells demonstrated efficient nano-
particle uptake that was blocked by anti-LDL receptor anti-
body, but CHO LDL-A7 cells exhibited impaired uptake of both
3H- and FITC-NPs as compared with normal controls (supple-
mental Fig. S1). Our data are thus consistent with the hypoth-
esis that LDL receptor-mediated endocytosis is the primary
mechanism of neuronal uptake for PBCA NPs.

Kinetics of Nanoparticle Uptake and Turnover—The time
course of nanoparticle delivery was analyzed over a range of
doses from 50 to 500 pug/ml. FITC incorporation (which reflects
both particle uptake and turnover) was strongly dose-depend-
ent at the lower particle concentrations, but began to saturate
beyond ~300 wg/ml (supplemental Fig. S2). Turnover of
3H-nanoparticles was also assessed, and the half-life of the par-
ticles was estimated to be ~27 min (supplemental Fig. S3). Neu-
ronal viability was measured for a range of nanoparticle doses;
NPs were well tolerated at concentrations up to 500 ug/ml
(supplemental Fig. S4). We selected 250 wg/ml as the standard
dose for subsequent experiments.

PBCA Nanoparticles Deliver Proteins into Primary Neuronal
Cells—W e next utilized the particles for delivery of an exoge-
nous and otherwise membrane-impermeant protein, E. coli
B-gal, into primary neuronal cultures (Fig. 3). B-Galactosidase
has well known activity that is readily detectable in mammalian
cells and is used extensively as a marker of gene and protein
expression. NP-mediated delivery of B8-gal into neurons pro-
duces readily visible enzymatic activity throughout the cell
body and neurites, detectable using the fluorescent substrate
C,,FDG n live cells, or the colorimetric substrate X-gal in fixed
samples (Fig. 3A). Positive staining was observed in 69 * 7% of
neurons. Cells incubated with only -gal plus Polysorbate 80
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FIGURE 2. LDL receptor blockade inhibits uptake of PBCA NPs. A, fluorescence and phase-contrast micros-
copy images of primary hippocampal neurons treated with FITC-NPs, following pretreatment with anti-LDL
receptor antibody (middle), anti-EGF receptor antibody (bottom), or without antibody pretreatment (top). Cells
were counterstained with anti-NeuN (red). Scale bar = 10 um. B, time course of incorporation of *H-nanopar-
ticles in the presence or absence of blocking antibodies against LDL receptor and EGF receptor is plotted as
mean = S.D. At the 45-min time point and beyond, LDL receptor blockade resulted in significantly reduced
uptake relative to EGF receptor blockade or no antibody treatment (p < 0.05, by one-way analysis of variance

with post-hoc Tukey test).

(which is used as a surfactant coating for nanoparticles) dem-
onstrated no green fluorescence after treatment with C,,FDG
and were negative for staining with X-gal (Fig. 34). The live
neurons were also counterstained with Live/Dead™ Red to
demonstrate viability of B-gal-positive cells. The percentage of
dead cells (i.e. positively stained with Live/Dead™ Red) was
determined to be 19 * 8%, which is similar to the toxicity we
measured by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide test (supplemental Fig. S4). Of the C,,FDG-pos-
itive cells, however, only 4 * 3% were also positive for Live/
Dead™ Red.

Following NP-mediated delivery into neuronal cells, 3-gal
activity persists for several hours after treatment. Enzyme activ-
ity was measured by ortho-nitrophenyl-p-galactopyranoside
assay, and the half-life was estimated to be 122 min by exponen-
tial curve fit (R* = 0.957), as compared with 27 min for the NPs
themselves, indicating that the 3-gal cargo was degraded inde-
pendently of the carrier NPs (Fig. 3B). Extracts of B-gal-treated
cells were also assessed at 2 h by immunoblot, with B-actin as a
loading control. The B-gal immunoreactivity was detected in
cells treated with B-gal nanoparticles, but not in cells pre-
treated with anti-LDL receptor blocking antibodies or with
B-gal alone (Fig. 3B, inset).

Nanoparticle-mediated Delivery of rhoG Produces Neurite
Outgrowth and Differentiation in PC12 Cells—We next inves-
tigated whether we could deliver a protein with overt functional
and morphological activity into neurons. For this purpose we
selected rhoG, a small GTPase which, when genetically
expressed in PC12 cells, causes terminal differentiation into
catecholaminergic cells with neuronal morphology (24).

Purified Myc-tagged rhoG was loaded onto the nanopar-
ticles, and cells were treated with the NPs daily for up to 10
days. Beginning at 2-5 days post-treatment, cells began
sprouting neurite-like projections (Fig. 4E), similar to cells
treated with nerve growth factor (Fig. 4D). After 10 days treat-
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ment, 43 * 14% of PC12 cells
treated with rhoG-loaded nanopar-
ticles exhibited outgrowth of neu-
rites as compared with 36 = 10% of
rhoG-transfected cells and 62 = 5%
of cells treated with NGF alone (Fig.
4@G). Significant differences were
observed among cells treated with
rhoG-NPs versus empty particles
(p < 0.0001) and rhoG protein
alone (p < 0.0001). Transfected

@ no blocking antibody
O anti-EGF receptor
A anti-LDL receptor

cells began extending processes ~4
days after treatment as opposed to
only 2 days for cells administered
NGEF or rhoG protein-loaded NPs.

To verify that the exogenously
delivered rhoG protein was capable
of interacting with a downstream
effector, GTP-bound rho was affin-
ity-purified from lysates using GST-
tagged rhotekin, a specific target of
members of the rho small GTPase
family. The results indicate
increased levels of active rho only in the cultures that were
treated with rhoG NPs or directly transfected with rhoG (Fig.
4G, top row). Purified (not shown) and whole lysates were also
probed with anti-Myc to specifically detect NP-delivered or
transfected Myc-rhoG (Fig. 4G, center row), with B-actin as a
loading control (Fig. 4G, bottom row).

Antibodies Delivered via Nanoparticles Can Interact with
Their Intracellular Targets—We examined whether a mouse
monoclonal (H3C), raised against the a-synuclein C terminus
(16), maintains its ability to bind its target antigen in neurons
following delivery via PBCA NPs. Because a-synuclein is nor-
mally found in the cytosolic compartment, successful delivery
of H3C antibody to the neuronal cytosol should result in a spe-
cific interaction between the two proteins.

To detect intracellular delivery of H3C, cells were treated
with H3C-loaded nanoparticles and subsequently stained using
a Alexa Fluor 594-labeled secondary antibody to H3C. Diffuse
staining was detected throughout the cytosol and neurites (Fig.
5A) in 71 = 9% of H3C-NP-treated cells but not in those
exposed to H3C plus Polysorbate 80 in the absence of NPs (Fig.
5B). A co-immunoprecipitation assay also supported the NP-
mediated, LDL receptor-dependent delivery of functional H3C
into these cells: the endogenous synuclein and the NP-delivered
H3C could be co-immunoprecipitated from cell lysates using
Protein G (Fig. 5C). Protein G failed to immunoprecipitate
endogenous synuclein from cells that had not been exposed to
H3C-loaded nanoparticles, or from cells in which NP uptake
had been blocked using anti-LDL receptor antibody.

To confirm that the NP-delivered H3C is closely associated
with endogenous synuclein in intact cells, we performed immu-
nocytochemistry (Fig. 5D) and measured fluorescence reso-
nance energy transfer (FRET, Table 1) using a previously estab-
lished acceptor photobleach technique (25, 26). H3C was
labeled with Alexa Fluor 488, and the N terminus of
a-synuclein was labeled indirectly using the SC7012 antibody

100 200 300 400 500
time (minutes)
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FIGURE 3. Intraneuronal delivery of functional protein. A, fluorescence
and phase-contrast microscopy images of live primary neurons treated with
B-gal loaded nanoparticles (top row) or B-gal only with Polysorbate 80 (bot-
tom row) and stained for enzymatic activity using the substrate C,,FDG; via-
bility of assessed with Live/Dead™ Red, which is excluded from live cells.
Fixed cells were stained with X-gal and visualized via light microscopy.
B, decay of B-gal activity in neurons after 2 h of treatment with 3-gal-loaded
NPs. Data are plotted as mean = S.D. B (inset), Western blot analysis of lysates
from cells treated with B-gal-loaded NPs (lane 1), B-gal alone with surfactant
(lane 2), and B-gal-loaded nanoparticles after pre-treatment with a blocking
antibody against the LDL receptor (lane 3). Only cells treated with B-gal-
loaded NPs in the absence of anti-LDL receptor contained detectable levels of
B-gal enzyme. B-Actin was also probed for as a loading control. Scale bar = 10
mm.

(27, 28) and a secondary antibody conjugated to Cy3. Because
the emission wavelengths of Alexa Fluor 488 and the excitation
wavelengths of Cy3 overlap, these two fluorophores can serve as
a “FRET pair,” with Alexa Fluor 488 serving as the fluorescent
“donor” and Cy3 acting as the “acceptor.” The fluorescence
intensity of the donor is measured before and after photo-
bleaching of the acceptor. A positive FRET signal is measured as
an increase in donor fluorescence after receptor photobleach,
which only occurs when the two fluorophores are <10 nm
apart. With the indirect immunolabeling approach used here,
the antibody epitopes themselves must be within 30 nm dis-
tance of each other (27).
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FIGURE 4. Delivery of rhoG into PC12 cells produces neurite outgrowth
and differentiation. A, phase-contrast microscopy images of untreated
PC12 cells; B, PC12 cells treated with empty nanoparticles; C, with Myc-rhoG
protein plus Polysorbate 80, with NGF (D), treated with nanoparticles loaded
with Myc-rhoG protein (E), and transfected with rhoG DNA (F). G (top), quan-
tification of neurite outgrowth in cultures treated as above. Values are
reported as mean * S.D. (¥, p < 0.01, by one-way analysis of variance with
post-hoc Tukey test). G (bottom), Western blot analyses of PC12 cell lysates
treated as above; lysates were incubated with GTPyS to activate rho, sub-
jected to pull-down with GST-rhotekin-RBD, and probed with anti-rho (first
row). Whole lysates were also probed with an anti-Myc antibody to detect
exogenous Myc-rhoG (third row) with B-actin as a loading control (second
row). All samples were assayed at 5 days. Scale bar = 50 um.

Efficient FRET was measured between NP-delivered H3C
and labeling antibody SC7012 (D/D, = 2.67 = 0.54, p < 0.001,
Table 1). These antibodies interact with the C terminus and N
terminus of a-synuclein, respectively. This result indicates that
NP-delivered H3C associates with a-synuclein in intact cells,
because NP treatment occurred prior to fixation and processing
for immunocytochemistry. SC7012 also exhibits FRET with
heat shock protein 70 (D/D, = 2.04 = 0.06, p < 0.0005, Table
1), a chaperone shown to bind a-synuclein in vitro and closely
associated with a-synuclein aggregates in animal models of
Parkinson disease (29, 30). Neither immunocytochemical co-
localization (supplemental Fig. S5) nor FRET were detected
between SC7012 and an anti-Myc antibody that was delivered
via NP treatment (Table 1). Likewise, no FRET was observed
between NP-delivered H3C and endogenous galactosidase
(GLB1), a nonspecific protein in the neuronal cytosol. H3C
does not demonstrate FRET with Cy3 anti-goat alone, nor with
nonspecific goat IgG plus Cy3 anti-goat, indicating that the
apparent association of labeled H3C and a-synuclein was not a
consequence of nonspecific interactions among the labeling
antibodies.
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FIGURE 5. Delivery of anti-synuclein antibody H3C into primary neurons.
A, fluorescence microscopy images of primary neurons treated with nanopar-
ticles loaded with a monoclonal antibody H3C against a-synuclein or (B) with
H3Cand Polysorbate 80 alone and stained with a Alexa Fluor 594-conjugated
secondary and co-stained with DAPI. C, Western blot analysis of whole-cell
lysates (W) and protein-G pulldown assays (G) from neurons treated with
H3C-NPs (lanes 3 and 4), empty nanoparticles (lane 5 and 6), or H3C-NPs after
preincubation with anti-LDL receptor antibody (lanes 7 and 8). Lane 1 = H3C
antibody (50 ng), lane 2 = recombinant human a-synuclein (50 ng). Blot was
probed with a goat antibody (SC7012) against N-terminal a-synuclein.
D, immunocytochemistry of neurons treated with H3C-NPs then fixed and
stained with SC7012, a goat antibody against the N terminus of a-synuclein.
The primary antibodies were detected using Alexa Fluor 488-conjugated
anti-mouse and Cy3-conjugated anti-goat, respectively. NP-delivered H3C
colocalizes with SC7012. Scale bar = 50 um.

TABLE 1

Quantitation of FRET between NP-delivered H3C and a-synuclein in
neurons

Primary antibodies were either delivered as nanoparticle cargo or utilized as labeling
antibodies after fixation, as indicated. Anti-mouse Alexa Fluor 488 and anti-goat
Cy3 were used as secondary antibodies. D/D, is the ratio of donor fluorescence
intensity after (D) and before (D ,) acceptor photobleach, reported as mean = S.D.
p values were determined by comparison to the null hypothesis D/D, = 1.00 by
one-way analysis of variance, with post-hoc analysis by Tukey test.

Primary antibodies D/D, p
H3C (cargo) + SC7012 2.67 = 0.54 <0.001
Anti-myc (cargo) + SC7012 0.70 £ 0.22 NS
H3C (cargo) + goat IgG 0.63 = 0.18 NS
H3C (cargo) 0.80 = 0.19 NS
Anti-hsp70 + SC7012 2.04 *+ 0.06 <0.0005
Anti-GLB1 + SC7012 0.77 = 0.14 NS

“ NS, not significant.

DISCUSSION

Neurons are relatively difficult targets for genetic manipula-
tion, presenting obstacles for both basic research and therapeu-
tic development (31). In culture, neurons are difficult to trans-
fect at high efficiency (32). Methods for direct protein delivery
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exist, but they generally require either manipulation of the pro-
tein sequence or direct injection of the protein (33). In vivo
protein delivery is even more challenging, because the BBB pre-
vents access of most large molecules to the brain parenchyma
(6).

Direct physical methods of protein expression such as micro-
injection are typically labor-intensive and require precise man-
ual control and can therefore only be performed on small num-
bers of mammalian neurons at a time (32). Electroporation and
nucleofection require membrane perturbation and can only be
performed on young, freshly isolated, undifferentiated cells
(34.-36). Viral vectors can yield infection rates of up to 95% in
cultured neurons (12) but are limited by constraints such as: 1)
the time and effort necessary for constructing recombinant
viruses, 2) size restrictions on the DNA expression cassette and,
finally, 3) the need for additional safety precautions during han-
dling and processing (6, 37—40).

PBCA NPs have potential to circumvent these barriers. Prior
studies suggest that these NPs can be transcytosed across the
brain capillary endothelium via an LDL receptor-dependent
pathway, perhaps by forming a complex with LDL in the blood-
stream (12, 14, 41). These studies did not evaluate uptake of
PBCA NPs into neurons and glia, however. Because neurons are
also known to express LDL receptor (42), we asked whether
PBCA NPs could mediate uptake of proteins into cultured neu-
rons. Such uptake could have immediate impact in studies of
protein function in vitro and also represent an important first
step in the development of vectors for protein delivery to neu-
rons in the brain following peripheral administration. We
achieved successful intracytoplasmic delivery of three func-
tionally diverse proteins: E. coli B-gal (EC 3.2.1.23), recombi-
nant human Myc-tagged rhoG (EC 3.6.5.2), and the anti-a-
synuclein mouse monoclonal antibody H3C.

E. coli B-gal does not normally cross the plasma membrane.
Its activity is readily detected with colorimetric or fluorescent
substrates, and it is commonly used as a marker of exogenous
gene delivery in vertebrate cells. When primary hippocampal
cultures were treated with 3-gal-loaded NPs, positive staining
for B-gal activity was observed, indicating that the delivered
protein was sufficiently intact to retain its enzymatic activity.
Control cultures were treated with recombinant (3-gal and
Polysorbate 80 (with no NPs), to show that the surfactant itself
was not directly permeabilizing the cell membrane. Only those
cultures treated with 3-gal-loaded NPs demonstrated signifi-
cant 3-gal activity.

We indirectly compared the NP-mediated delivery of protein
to other means of protein transduction by relying on published
reports in the research literature. The duration of detectable
enzymatic activity that we measured (8 h) was less than what
has been reported for cells genetically transfected with 8-gal (at
least 24 h (43)) but comparable to other means of direct protein
delivery. A study by Barka et al. (44) found that transduction of
a TAT-HA-B-gal fusion protein into salivary gland acinar and
ductal cells following extracellular administration resulted in
enzyme activity over the course of 10 min to 6 h, which is similar
to what we observed for primary neurons incubated with 3-gal
NPs. Smith et al. (45) reported that the half-life for histochem-
ical staining of B-gal after direct pressure injection of the pro-
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tein into sensory neurons is between 24 and 48 h. They used a
10X higher concentration of protein (2.5 mg/ml) in their exper-
iments, however, which may have altered the kinetics of turn-
over. PBCA NPs have the advantage of requiring lower dosages
of protein without the need for sequence modifications or spe-
cial equipment.

NGF-induced differentiation of PC12 cells (46) is mediated
by the activity of rhoG, and overexpression of rhoG in PC12
cells can mimic the effects of NGF administration (24). We
sought to test whether direct delivery of recombinant Myc-
tagged rhoG protein via PBCA NPs could likewise induce dif-
ferentiation. Our results demonstrate that similar morpholog-
ical changes can be induced by treatment with rhoG-loaded
NPs, with roughly equivalent numbers of cells sprouting neu-
rite-like projections over time as those genetically transfected
with rhoG through conventional lipofection-based means. A
major advantage of direct protein delivery, however, was more
rapid onset of neuritogenesis. Cells administered rhoG-loaded
nanoparticles began extending processes after only 2 days, half
the time required for those genetically transfected with rhoG.
The latter also exhibited visibly shorter neurites and a less dif-
ferentiated phenotype by 10 days post-treatment.

Antibodies are also typically impermeant to cell membranes,
yet they hold great potential for manipulation of protein folding
and turnover in vitro and in vivo. In some cases single domain
and single chain Fv antibodies have been engineered for intra-
cellular expression (47). Such “intrabodies” directed against the
protein a-synuclein have been shown to alter a-synuclein
aggregation in cultured cells (48). This approach is limited in
vivo by the availability of a robust gene delivery system for neu-
ronal cells. We found that the mouse monoclonal antibody
H3C is capable of binding a-synuclein following delivery to
cultured neurons. Given prior studies demonstrating migration
of PBCA NPs across the BBB, these particles have potential
utility for targeting of therapeutic proteins to brain neurons in
vivo. We are currently investigating ways that these nanopar-
ticles may be modified for enhanced uptake into specific neu-
ronal populations.

We show that uptake of PBCA NPs into neurons is depend-
ent on endocytosis via the LDL receptor. The particles are
internalized via energy-dependent, receptor-mediated endocy-
tosis, a process that is selectively inhibited by exposure to low
temperatures (49, 50). In the current study, incubation of pri-
mary neurons at 15 °C dramatically decreased uptake of FITC-
labeled NPs. If nanoparticles were simply bound to the plasma
membrane rather than actively endocytosed, fluorescence
staining would be similar regardless of temperature. Incorpo-
ration of the NPs is also saturable and dose-dependent, findings
consistent with a receptor-mediated endocytic pathway (51). In
all cells tested here (primary neurons, PC12 cells, and CHO
cells) uptake was specifically dependent on LDL receptor,
because pre-treatment of cells with an LDL receptor-specific
blocking antibody (17, 18) results in significantly reduced NP
uptake. Incubation with a blocking antibody against EGF recep-
tor, another endocytosed receptor (21, 22), does not affect NP
uptake. Moreover, mutant CHO cells lacking functional LDL
receptor (23) incorporate significantly fewer NPs than wild-
type, LDL receptor-expressing CHO cells.
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Several observations suggest that the NP cargo proteins are
somehow delivered to the cytosolic compartment. The pattern
of B-gal staining is diffuse, unlike the punctate pattern typical of
the endolysosomal system. Both the H3C antibody and rhoG
cargo proteins interact with cytosolic targets following NP-me-
diated delivery. There is a precedent for such behavior with
anionic nanoparticles formulated from copolymers of poly(pL-
lactide-co-glycolide) (52). Poly(pL-lactide-co-glycolide) nano-
particles are proposed to act as a “proton-sponge” within
endolysosomal organelles, leading to osmotic disruption as
these compartments become increasingly acidified, a process
termed “endolysosomal escape” (53). We speculate that the
cargo of PBCA NPs reaches the cytosol via a similar mecha-
nism, and once present in this compartment the degradation of
the released protein is separate from that of the polymer. This
could also account for our finding that the half-life of B-gal
activity was nearly five times that of the nanoparticle carriers
(i.e. 122 versus 27 min). Cytosolic proteins are normally
degraded via complex, multistep conduits such as the ubig-
uitin-proteasome pathway and chaperone-mediated autophagy
(54-56), whereas alkylcyanoacrylates are thought to be rapidly
hydrolyzed by nonspecific esterases (57).

Our data indicate that in primary cultured neurons, PBCA
NPs coated with Polysorbate 80 are well tolerated at doses at
which uptake saturation occurs; in some cases, even lower tox-
icity is observed for protein-loaded NPs than for empty NPs. At
the concentration used in our studies (250 wg/ml), cells treated
with protein-loaded nanoparticles had ~80% viability, as com-
pared with 65% for empty NPs (supplemental Fig. S4). This is
consistent with the observation that absorbed proteins can con-
siderably influence the toxicity and distribution of nanomate-
rials in vivo and in vitro (58 — 60). Although cytotoxicity of alky-
Icyanacrylate-based drug delivery systems has occasionally
been reported (60, 61), these effects are highly dependent on
polymer alkyl side-chain length, and polymers with longer alkyl
chains (like PBCA) demonstrate little toxicity toward multiple
cell types (62, 63). There is a report that PBCA NPs coated with
Polysorbate 80 gain entry to the brain due to nonspecific open-
ing of the BBB (64), although later findings suggest that no
disruption of endothelial cell tight junctions nor nonspecific
toxic effect occurs at therapeutic doses of the NPs (65). Never-
theless, several surface modifications of polyalkylcyanoacrylate
carriers continue to be explored in ongoing efforts to improve
safety and biocompatibility (61, 66).

Comparable examples of molecular delivery to neurons are
scarce in the research literature, particularly for protein deliv-
ery. In many cases, uptake efficiency is reported with only a
qualitative assessment of toxicity (67—69). Viral-derived pep-
tides such as the TAT protein transduction domain have only
been described as having “highly inefficient” uptake by neurons
and “demonstrated toxicity” (70).

Nucleofection and calcium phosphate co-precipitation have
resulted in 75 and 10% transfection in primary rat hippocampal
neurons, respectively, but the percent cell death observed after
treatment was not stated (68). In differentiated neurons derived
from mesencephalic stem cells, however, viability following
nucleofection was observed to be 40% (71). Cationic lipids such
as Lipofectamine 2000™ demonstrated only 27% efficiency in
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E18 hippocampal neurons at 4 DIV but nearly 100% viability;
transfection in cells older than 4 DIV, however, was signifi-
cantly reduced (72). Using a modified electroporation tech-
nique, Bucsher et al. (73) similarly achieved 17% transfection in
primary hippocampal neurons but observed only 37% viability
after 2 days.

Engineered viral vectors based on HIV-1 were previously
shown to infect up to 30% of rat cerebellar granule neurons in
culture with recombinant (3-gal, but no assays of toxicity were
performed (74). Only 50% transduction was observed by
Bender et al. (75) for recombinant lentiviruses in cultured
embryonic mouse motoneurons using the least toxic multiplic-
ity of infection (80% viability). It should be noted, however, that
these neurons were spinal in origin rather than from the brain.
Up to 60% transduction has been reported for specific adeno-
associated virus serotypes in primary hippocampal neurons
treated at 7 DIV, but cytotoxicity was not quantified (67).

Nearly 80% transduction of enhanced green fluorescent pro-
tein DNA was observed for carbon nanotube “spearing” in pri-
mary cortical neurons, but retraction of neurites also resulted
from this invasive technique, which involves direct and physical
penetration of neuronal cell membranes (69). Although recov-
ery was said to have occurred by 48 h post-treatment, no toxic-
ity data were given (69). PBCA NPs, however, successfully
delivered protein in ~70% of neuronal cells at the main dose
(250 wg/ml) used for our studies with 80 —-90% viability.

In summary, PBCA NPs are useful vectors for protein deliv-
ery invitro. They can efficiently deliver purified protein at phys-
iologically significant concentrations to the cytosol of neurons
and other cells in culture, without the need for modifications to
the protein sequence itself, and without the use of special
equipment. They are relatively non-toxic and compatible with a
range of protein cargoes. Ultimately they may also prove valu-
able as tools for in vivo protein delivery.
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