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T
he use of nanoparticles for site-
specific delivery of therapeutic pay-
loads is a goal that has attracted

considerable attention in biomedical
research.1,2 The potential ability to load a
single nanoparticle preparation with a vari-
ety of drugs and facilitate delivery to
specific intracellular or extracellular sites
would be a significant advance, because
the nanoparticle delivery strategy is gener-
alizable and can be used to release low
molecular mass compounds, proteins, and
recombinant DNAs at focal areas of disease,
maximizing clinical benefits while limiting
side effects.2,3 Recent reports also suggest
that nanoparticles can influence cellular
signaling by interacting with membrane
microdomains that house different signal-
ing components such as receptors, signal
activators, and transducers.2,4�6 Because
the response to this activation includes
changes to cellular transport and target-
ing, a precise understanding of the entire
intracellular nanoparticle itinerary, beyond
the point of initial entry, is important to
fully realize the potential of these nano-
materials as drug carriers and transfection
agents.
Intracellular and extracellular barriers

preventing successful drug delivery have
been overcome in numerous studies using
nanosized complexes of cationic lipids
(lipoplexes) or synthetic polycations (poly-
plexes).7�9 Of the latter, polyethylenimine
(PEI), the most widely used nonviral vector,
is considered the gold standard. This is
because PEI can act as a “proton sponge”
and promote endosomal escape, resulting

in very high transfection efficacy of its
polyplexes.10,11 After endocytosis, the nat-
ural acidification within the endosome pro-
tonates PEI, inducing chloride ion influx,
osmotic swelling, and destabilization of
the vesicle, leading to release of polyplexes
into the cytoplasm.12,13 The major shortfall
of PEI as a nonviral vector, however, is that
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ABSTRACT

Polymer nanoparticles are widely used as a highly generalizable tool to entrap a range of different

drugs for controlled or site-specific release. However, despite numerous studies examining the kinetics

of controlled release, the biological behavior of such nanoparticles remains poorly understood,

particularly with respect to endocytosis and intracellular trafficking. We synthesized polyethylenimine-

decorated polymer nanospheres (ca. 100�250 nm) of the type commonly used for drug release and

used correlated electron microscopy, fluorescence spectroscopy and microscopy, and relaxometry to

track endocytosis in neural cells. These capabilities provide insight into howpolyethyleniminemediates

the entry of nanoparticles into neural cells and show that polymer nanosphere uptake involves three

distinct steps, namely, plasma membrane attachment, fluid-phase as well as clathrin- and caveolin-

independent endocytosis, and progressive accumulation in membrane-bound intracellular vesicles.

These findings provide detailed insight into how the intracellular delivery of nanoparticles is mediated

by polyethylenimine, which is presently the most commonly used nonviral gene transfer agent. This

fundamental knowledge may also assist in the preparation of next-generation nonviral vectors.

KEYWORDS: nanosphere . endocytosis . neuron . polyethylenimine .
multimodal imaging
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toxicity scales with transfection efficacy.11,14 There is
very little mechanistic understanding of PEI-mediated
intracellular delivery,15 which is important not only
because PEI is commonly used for nonviral gene
transfer but also because this knowledge may direct
the design and synthesis of next-generation nonviral
vectors with low toxicity. Most current methods to
study intracellular trafficking of nanoparticles are re-
stricted to co-localization of nanomaterials with specific
endocytic markers or the exclusion of specific mechan-
isms by chemical inhibition or cell mutation.16�21

RESULTS AND DISCUSSION

In this work, an approach was developed to directly
image endocytosis and intracellular trafficking using
fluorescent andmagnetic polymer nanospheres. Polymer
nanospheres were prepared from poly(glycidyl metha-
crylate) (PGMA) modified with rhodamine B (RhB) dye,
which was used to encapsulate magnetite (Fe3O4) nano-
particles. The epoxide groups on PGMA enabled an-
choring of PEI chains by means of a simple ring-open-
ing reaction (Figure 1a), as previously demonstrated.22

These nanospheres enabled amultimodal approach to
directly assess how PEI mediates the cellular trafficking
of nanoparticles, using correlated relaxometry, fluores-
cence spectroscopy and microscopy, and transmission
electron microscopy. The polymer nanoparticles were
synthesized using a nonspontaneous emulsification
method, in which a binary solvent mixture containing
both immiscible and soluble components was employed

as the dispersed phase. This organic solution of the dye-
modified polymer, also containing iron oxide nanoparti-
cles (Figure 1b), was emulsified in water in the presence
of a surfactant. The polymer nanoparticles were char-
acterized using transmission electron microscopy
(Figure 1c, d), dynamic light scattering (Figure 1e),
fluorescence spectrophotometry (Figure S1), andmag-
netometry (Figure S2). Analysis of nanospheres before
and after PEI attachment revealed a small increase in
average size and a large positive shift in the zeta
potential distribution (Figure 1e). The average particle
diameter following PEI attachment was 160 nm
(distribution 90�260 nm), and particles comprised
approximately 3% PEI by weight (see Supporting In-
formation for elemental analysis). Nanospheres were
magnetically separated from excess, unbound PEI.

Toxicity of Nanospheres. The toxicity and transfection
efficacy of PEI depend on both its molecular weight
and structure (i.e., linear or branched).15 Two possible
explanations for cellular perturbation and toxicity have
been suggested. First, the presence of free PEImay play
a role in inducing cell dysfunction because both
branched and linear configurations can bind to plasma
membrane proteoglycans, compromise membrane in-
tegrity, and induce early necrotic-like changes within
30 min.14 Second, PEI-induced cytotoxicity has been
related to the activation of a mitochondrially mediated
apoptotic program involving channel formation in the
outer mitochondrial membrane within 24 h.14,23 In the
present study, covalent grafting of PEI chains to the

Figure 1. Fluorescent, superparamagnetic nanospheres were prepared by an emulsion route and made use of the reactive
epoxide groups of PGMA to anchor PEI. (a) Schematic representation of the attachment of PEI to fluorescent PGMA�RhB
nanospheres containing iron oxide nanoparticles. (b) Iron oxide (magnetite, Fe3O4) nanoparticles prepared by high-
temperature decomposition (scale bar = 100 nm). (c) Low-magnification image of polymeric nanospheres (scale
bar = 500 nm). (d) Individual polymer nanosphere showing distribution of iron oxide nanoparticles within the polymer shell
(scale bar = 20 nm). (e) Particle size (left panel) and zeta potential (right panel) distributions before (open) and after (solid)
modification with PEI.
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magnetic PGMA core allowed the removal of free PEI
using magnetic separation, facilitating a clear determi-
nation of whether PEI-modified nanospheres were
toxic or not.

The toxicity of the modified nanospheres was ex-
amined in rat pheochromocytoma neural progenitor
(PC12) and retinal Müller glial cell lines (rMC-1), as well
as primary rat hippocampal and cortical neuron cul-
tures after 24 and/or 72 h incubation (Figure S3). For
the immortalized cultures, there was no decrease in
viable cell numbers (p > 0.05) for any of the tested
concentrations (up to 250 μg mL�1). Similar results
were observed in the primary neuron cultures, where a
toxic effect (p e 0.05) was observed only at very high
nanosphere concentrations (1000 μgmL�1) that would
be inappropriate therapeutically. The assay was ver-
ified by assessing trypan blue dye exclusion in PC12
cells. In line with previously proposed mechanisms of
PEI toxicity, we suggest two reasons for our observed
lack of toxicity in the tested cell lines and primary
cultures. First, our PEI chain length was shorter
(1.2 kDa) than used in previous studies (25 and
750 kDa),14,24 and second, PEI was bound to the nano-
spheres and, as a result,mayhavebeenunable to interact
with mitochondrial membranes. This investigation cov-
ered the time course of known cytotoxic changes.14

Nanosphere Uptake Monitored by Fluorescence. Nano-
sphere uptake was examined in more depth, to further
analyze intracellular trafficking and investigate why
PEI-modified nanospheres were not toxic. When nano-
spheres were incubated with PC12 cells, nanospheres

with PEI modification were taken up rapidly, within
minutes, while those without PEI modification were
not associated with cells even after 3 days (Figure S4).
Nanospheres that were internalized presented a punc-
tate distribution and were excluded from the nucleus
(Figure 2a�d). To examine the dynamics of endocyto-
sis, we used live cell confocal imaging to monitor
fluorescence of nanospheres in PC12 cells for periods
of 24 and 72 h (Figure 2e, Videos S1 and S2). In time-
lapse experiments, using a single confocal slice
through the cells, we observed a linear increase in
fluorescence per cell with time (Figure 2f). Similar
results were obtained with primary cortical and hippo-
campal neuronal cultures, with a greater intensity of
fluorescence per cell in cortical cells (Figure S5). There
was no apparent correlation between the intensity of
fluorescence indicating nanosphere uptake and the
viability of the various cell cultures following treat-
ment. The result in PC12 cells was also confirmed using
a spectrofluorometric plate reader to measure inten-
sity over large samples of cells. A constant rate of
uptake has been previously reported for zwitterionic
quantum dots in HeLa cells.25

Endocytosis of Nanospheres Determined by Drug Inhibition
and Electron Microscopy. There are many distinct endocy-
tic pathways that coexist in mammalian cells that
regulate the entry of a wide range of different sized
moieties from ions tomacromolecules, pathogens, and
drugs. It follows that polymeric nanoparticle drug
delivery systems are also subject to the same
selectivity.2,6,26 Uptake of nanoparticles by endocytosis

Figure 2. PEI-modified polymeric nanospheres (10 μg mL�1) are rapidly internalized. (a) Confocal maximum intensity
projection of nanospheres in PC12 cells after 72 h (red = RhB, nanospheres; blue = Hoechst, nuclei; DIC overlay; 40�/1.25,
scale bar = 20 μm). (b) Epifluorescence image of nanosphere uptake in rMC-1 cells after 24 h (red = RhB, nanospheres; blue =
Hoechst, nuclei; 20�/0.50, scale bar = 100 μm). (c) Hippocampal neuron as viewed by confocal microscopy after 24 h
incubation with nanospheres (red = RhB, nanospheres; green = β-III-tubulin/Alexa 488, neurons; blue = Hoechst, nuclei; 60�/
1.49, scale bar = 5 μm). (d) Confocal image of a cortical neuron after 24 h incubation with nanospheres (red = RhB,
nanospheres; green = β-III-tubulin/Alexa 488, neurons; blue = Hoechst, nuclei; 60�/1.49, scale bar = 5 μm). (e) Frames from a
region of confocal time-lapse experiment (0, 0.5, 1, 2, 3, 6, 9, 12, 18, 24 h) showing internalization of nanospheres by PC12 cells
(red = RhB, nanospheres; DIC overlay; 20�/0.75, scale bar = 10 μm). (f) Nanosphere uptake in PC12 cells over time quantified
by RhB fluorescence.
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can occur via a number of different routes depending
on the cell type and the nature of the cargo
(nanoparticle size and surface charge). Pinocytosis, or
fluid-phase uptake, has often been reported as a
common route for uptake of positively chargedmacro-
molecules, comprising macropinocytosis (for particles
>1 μm), clathrin-mediated endocytosis (e120 nm), and
caveolin-mediated endocytosis (e90 nm).5,7,27�29 In
the case of PEI/DNA polyplexes, endocytosis is initiated
when polyplexes bind to syndecans, which are nega-
tively charged heparan sulfate proteoglycans (HSPGs)
in cell membranes.30�32 Syndecan clustering around
the particle triggers cytoplasmic binding of these
transmembrane proteins to actin filaments through
linker proteins, which subsequently supports polyplex
uptake through endocytic vesicles. More recently, a
distinct fluid-phase pathway, independent of clathrin
and caveolin, has been identified to contribute to the
uptake of PEI-25/DNA polyplexes of sizeg150 nm, and
importantly, macropinosomes have been reported to
have a higher propensity to deliver PEI-25/DNA cargo
than endosomes.27 Consequently, multiple pathways
of intracellular trafficking, including macropinocytosis,
should be considered in the analysis of PEI-mediated
endocytosis of our nanospheres.

The internalization of nanospheres was investi-
gated in PC12 cells following treatment with well-
known inhibitors of clathrin-mediated endocytosis
(chlorpromazine), lipid raft- and caveolin-mediated
endocytosis (nystatin/progesterone), and macropino-
cytosis (N,N-dimethylamiloride).33�37 We observed no
statistically significant reductions in uptake (p > 0.05)
for any of these drugs either individually or in combi-
nation (Figure S6). As the uptake of PEI-modified nano-
spheres was not significantly inhibited by treatment
with selected drugs, macropinocytic and clathrin- and
caveolin-mediated endocytic routes are probably not
required for uptake of polymer nanospheres. Further-
more, the result implies that there is at least one other
possible mode of entry for these nanoparticles. It is
important to note that the use of inhibitors to identify
uptake pathways is not conclusive, however, because
such treatment may up-regulate a pathway that is
usually silent.6,19 Up-regulation of nascent pathways
has cell-wide consequences in terms of signaling, lipid
and protein distributions, membrane tension, and
stress responses.6 Therefore, electron microscopy was
used as an additional means of assessing endocytosis
as well as the intracellular itinerary of the internalized
PEI-modified nanospheres.

Transmission electron microscopy was used to im-
age cellular processes involved in endocytosis and
cellular trafficking after 3, 6, 12, 24, and 72 h expo-
sure to nanospheres (Figure 3). In these images, the
polymer nanospheres appear as light circles, while the
encapsulated iron oxide nanoparticles are much smal-
ler and electron dense, as in Figure 1d. PEI-mediated

endocytosis involved adsorption of nanospheres to the
cell surface, perhaps suggesting that endocytosis is
triggered by interaction with syndecans on the cell
membrane as for cationic polyplexes.30 The number of
nanospheres associated with the cell surface increased
with time. Nanosphere uptake was accompanied by
protrusions and invaginations of the plasma mem-
brane (Figure 3a), characteristic of macropinocytosis,
and also tubular invaginations characteristic of clathrin-
and caveolin-independent endocytosis26 extending
0.5�2 μm into PC12 cells (Figure 3b). These observa-
tions accord with the results of the chemical inhibition
experiment, as nanosphere uptakewas not suppressed
when macropinocytosis and clathrin- and caveolin-
dependent endocytosis were inhibited.

Individual nanospheres were observed throughout
the cytoplasm of PC12 cells within 3 h (Figure 3c). After
6 h, nanospheres appeared to have a greater proximity
to one another, forming loose clusters that were
occasionally membrane-bound. After 12 h, loose clus-
ters were frequently observed near vesicles enclosed
by multiple membranes, and by 24 h, these clusters
appeared to be mostly membrane-bound. The mem-
brane-bound nanosphere clusters themselves were
often grouped together, and in some instances mem-
branes were apparently in the process of fusion
(Figure 3d). By 72 h, the clusters were larger
(200�500 nm) and comprised several smaller mem-
brane-bound packages that were grouped together
andenclosedby oneormoremembranes (Figure 3d, e).
These observations suggested that nanospheres
were being captured within endosomes, and the
presence of multivesicular bodies indicated endo-
some maturation.38,39

Immunohistochemistry Shows That Nanospheres Are Not in
Lysosomes. Lysosomes constitute the final degradative
stage in the endocytic journey, vary in size and appear-
ance, and are usually associated with membrane
whorls similar to those we observed ultrastructurally.38

Using the same time points as the TEM experiment,
PC12 cells were incubated with nanospheres and
analyzed immunohistochemically for lysosomal-asso-
ciatedmembrane protein 1 (LAMP-1), a marker of both
late endosomes and lysosomes.Wedid not observe co-
localization of nanospheres with LAMP-1 immunopo-
sitive intracellular compartments (Figure S7).

It appears that our lack of observed toxicity of the
nanospheres is consistent with observations of nano-
sphere compartmentalization (and increase in the size
of these aggregates), rather than osmotic swelling. In
the case of polyplexes, buffering of endosomal com-
partments by polyamines results in increased entry
of Hþ, with concomitant Cl� uptake, which in turn
promotes osmotic swelling and endosomal leakage or
lysis.13 This destructive process is the mechanism
whereby the DNA polyplex escapes lysosomal capture
and so accesses the nucleus with gene delivery and
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resultant expression. The process is rapid, with release
via osmotic swelling occurring within 4 h and DNA
expression peaking at 24 h.40 That we did not observe
osmotic swelling or signs of endosomal escape is in
accordance with our finding of a lack of toxicity within
24 h. Taken together, our observations suggest a

sequence in which smaller nanosphere clusters fused
to form larger aggregates, but were not contained in
lysosomes within 72 h.

Relaxometry Can Be Used to Follow Nanosphere Endocytosis.
The observation of compartmentalization of nano-
spheres in individual PC12 cells by TEM was confirmed

Figure 3. PEI-modified polymer nanospheres (10 μg mL�1 in all preparations) are visualized by TEM at various time points
displaying stages in internalization and compartmentalization. (a) Endocytosis of nanospheres by a macropinocytotic-like
route (nanospheres indicated by arrows; scale bars = 100 nm). (b) Endocytosis that is apparently clathrin- and caveolin-
independent (nanospheres indicated by arrows, and internalized particles by arrowheads; scale bar = 200 nm). (c) Time series
showing stages in intracellular trafficking. From left to right, at 3 h, nanospheres have been internalized; at 6 h, they form
loose clusters; at 12 h, become associatedwith othermembrane-bound vesicles; and at 24 h, are located in clusters bound by
multiple membranes (nanospheres are outlined as a visual aid; arrows indicate multiple membranes surrounding nano-
spheres; scale bars = 100, 100, 200, 100 nm). (d) After 72 h, nanospheres are arranged in discrete clusters, many of which are
surrounded by multiple membranes (arrows indicate multiple membranes surrounding nanosphere clusters; arrowheads
indicate membranes apparently in the process of fusion, expanded in the inset; scale bars = 200 nm). (e) Whole cell section
constructed from three images after 72 h incubation with nanospheres. Nanospheres are visible at the cell surface
(arrowhead) and in clusters (arrows) throughout the section (false-colored image; scale bar = 1 μm).
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in a larger population of cells using relaxometry. This
analysis was made possible by the superparamagnetic
iron oxide nanoparticles contained within the nano-
spheres. Superparamagnetic nanoparticles are effec-
tive contrast agents for magnetic resonance (MR)
imaging, as they possess a large magnetic moment
and are free to align with an applied magnetic field.
The resultant microscopic field gradients dephase
nearby protons, shortening both the longitudinal re-
laxation time T1 and the transverse relaxation time T2.
T1 is also reduced via other relaxation mechanisms.
The corresponding relaxation rates, R1 and R2, are
influenced by the local concentration of nanoparticles,
the applied field strength, and the environment in
which the nanoparticles interact with surrounding
protons.41�44 In particular, the relaxation induced by
iron oxide nanoparticles is known to depend on their
compartmentalization in macrophages, lymphocytes,
oligodendrocytes, human neural stem cells, and me-
senchymal stem cells.41�46

We analyzed relaxation rates in PC12 cells after 72 h
exposure, by which time PEI-modified nanospheres
were bound within intracellular compartments. We
compared relaxation rates of nanospheres that had
been endocytosed by PC12 cells with those of free
nanospheres, both of which were held in agarose gels.
The transverse relaxivity of free nanospheres at 1.4 T
was r2free = 322 ( 26 mM�1 s�1 with a 19-fold
reduction in PC12 cells (r2cell = 16.7 ( 1.2 mM�1 s�1;

Figure 4a). There was a 2-fold decrease in the longi-
tudinal relaxivity r1 (r1free = 4.70 ( 0.05 mM�1 s�1,
r1cell = 2.70( 0.26 mM�1 s�1; Figure 4b). The decrease
in r2 on compartmentalization of nanospheres is at-
tributed to the behavior of the aggregates as a micro-
metric nanosphere. The larger effective diameter shifts
the compartmentalized nanoparticles into the echo-
limited proton relaxation regime.47 In this echo-limited
environment, the perturbations in the magnetic field
experienced by the water protons become effectively
static. Hence, the refocusing pulses become efficient,
reducing r2 compared to the dispersed nanoparticles
and introducing a significant dependency on the echo
spacing (Figure 4c). Furthermore, the dramatic depen-
dence of r1 on magnetic field strength (Figure 4d) is
also consistent with clustering of the nanoparticles and
similar to theoretical predictions and observations.48

We attribute the reduction in r1 to the less rapid inner-
sphere exchange of water molecules inside the cell as
well as a reduced molecular exchange with bulk water
through a “membrane-shielding” effect.45

Using fluorescence intensity as a measure of iron
content, we would expect that the state of clustering
within cells could be measured over time using relaxo-
metry. This advantage of the multimodal nanospheres
will be helpful in following endolysosomal sorting not
only in vitro but also on a larger scale in vivo using live
fluorescence imaging in conjunction with MRI. A stan-
dard curve of fluorescence versus iron content was

Figure 4. Relaxometry shows effects of compartmentalization of PEI-modified polymeric nanospheres in PC12 cells. In all
panels, solid points represent free nanospheres and open points cell-bound nanospheres. (a) Decrease in r2 for cell-bound
nanospheres compared with free nanospheres. (b) Decrease in r1 following internalization of nanospheres. (c) Effect of echo
spacing (TE) on R2 relaxation rate. Top panel: Similar values of r2 for free nanospheres using short (triangles) and long (stars)
TE. Bottom panel: Nanospheres compartmentalized within cells display a doubling in r2 between short (triangles) and long
(stars) echo time measurements. (d) Reduced dependence of r1 on field for compartmentalized (open) compared with free
(solid) particles.
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constructed with strong correlation (r = 0.9970), from
which we were able to determine the iron content of a
cellular sample to within 10% error (Figure S8).

CONCLUSION

The nanospheres used in the present study repre-
sent a novel combination of features including direct
visualization by electron and fluorescence microscopy,
as well as the ability to examine compartmentalization
after endocytosis by relaxometry. The magnetic prop-
erties also enabled removal of excess PEI, enabling
examination of PEI-mediated endocytosis without the

confounder of toxicity of free PEI. Endocytosis involved
a clear sequence of events: interaction of nanoparticles
with the cell membrane induced membrane ruffling
and tubular invagination, characteristic respectively of
unregulated/unselective macropinocytosis and cla-
thrin- and caveolin-independent endocytosis, followed
by time-dependent intracellular clusteringwithin lamel-
lar envelopes. The nanosphere architecture thus offers a
broad scope for delivery of a wide range of agents to
intracellular compartments. The findings we have pre-
sented will assist in the design and synthesis of next-
generation nanoparticles for site-specific drug delivery.

MATERIALS AND METHODS
Materials. All chemicals were purchased from Sigma-Aldrich

unless otherwise stated: benzyl ether (99%), chlorpromazine
hydrochloride (98%), 5-(N,N-dimethyl)amiloride hydrochloride,
iron(III) acetylacetonate (97%), nystatin, oleic acid (BDH, 92%),
oleyl amine (70%), Pluronic F-108, polyethylenimine (50% solu-
tion, Mn 1200, Mw 1300), progesterone (99%), rhodamine B
(Kodak, 95%), and 1,2-tetradecanediol (90%) were used as
received. All tissue culture reagents were purchased from
Invitrogen unless otherwise stated: B27, bovine serum albumin
(Aldrich), DMEM, fetal bovine serum, L-glutamine 200 mM,
GlutaMAX 100�, horse serum, MEM, Neurobasal, nonessential
amino acids (NEAA) 100�, penicillin/streptomycin, poly(L-
lysine) (Aldrich), RPMI1640, sodium pyruvate 100�, and tryp-
sin/EDTA. Samples were mounted for light microscopy using
Fluoromount-G (Southern Biotech).

Preparation of Iron Oxide Nanoparticles. Fe3O4 was synthesized
by the organic decomposition of Fe(acac)3 in benzyl ether at
300 �C, in the presence of oleic acid, oleyl amine, and 1,2-
tetradecanediol, as previously described.49,50

Synthesis of RhB-Modified PGMA. PGMA was synthesized by
radical polymerization according to a published procedure.22

In brief, glycidyl methacrylate was polymerized in methyl ethyl
ketone (MEK) to give PGMA (Mw = 250 000 g mol�1), using
azobisisobutyronitrile as initiator. The polymer was purified by
multiple precipitations from MEK solution using diethyl ether.
To attach the dye to the polymer, a solution of rhodamine B
(RhB, 20 mg) and PGMA (100 mg) in MEK (20 mL) was heated to
reflux under N2 for 18 h. The solution was reduced in vacuo
before the modified polymer was precipitated with diethyl
ether (20 mL). The polymer was redissolved in MEK and
precipitated with ether twice to remove ungrafted RhB.

Polymer Nanosphere Preparation. Nanoparticles were prepared
using a nonspontaneous emulsification route. The organic
phase was prepared by dispersing iron oxide nanoparticles
(20 mg) and dissolving PGMA�RhB (75 mg) in a 1:3 mixture
of CHCl3 and MEK (6 mL). The organic phase was added
dropwise, with rapid stirring, to an aqueous solution of Pluronic
F-108 (1.25% w/v, 30 mL), and the emulsion was homogenized
with a probe-type ultrasonicator at low power for 1 min. The
organic solvents were allowed to evaporate overnight under a
slow flow of N2. Centrifugation at 3000g for 45 min removed
large aggregates of iron oxide and excess polymer. The super-
natant was removed to a 50 mL flask containing PEI (50 wt %
solution, 100 mg) and heated to 80 �C for 18 h. The magnetic
polymeric nanospheres were collected on a magnetic separa-
tion column (LS, Miltenyi Biotec), washed with water (2 �
1.5 mL), and then flushed with water until the filtrate ran clear.
The resulting concentrated particle suspension was aliquoted
(ca. 10 � 500 μL) and stored at 4 �C for quantification by
lyophilization, analysis, and subsequent use. Nanospheres were
sterilized by UV irradiation.

Cell Culture. Rat pheochromocytoma cells (PC12) wereobtained
from the Mississippi Medical Center (Jackson, MS), cultured in poly-
(L-lysine)-coated polystyrene flasks in a humidified atmosphere

containing 5% CO2 at 37 �C, and maintained in RPMI1640
medium containing horse serum (10% v/v), fetal bovine serum
(5% v/v), penicillin/streptomycin (100 U mL�1, 100 μg mL�1),
L-glutamine (2 mM), nonessential amino acids (100 μM), and
sodium pyruvate (1 mM). For experiments, cells were seeded in
24- or 96-well plates or on glass coverslips coated with poly-
(L-lysine) at a cell density of (0.5�2)� 105mL�1 and incubated for
24 h prior to experiments. Cells were not differentiated. Retinal
Müller cells (rMC-1)were cultured in uncoatedpolystyrene dishes
in DMEM high-glucose medium containing fetal bovine serum
(10%), penicillin/streptomycin (50 U mL�1, 50 μg mL�1), and
L-glutamine (2 mM). Cells were seeded at 1 � 105 mL�1 and
incubated for 24 hprior to experiments.Hippocampal andcortical
neuronal cultures were prepared as follows and maintained for
7�14 days prior to experiments. All experiments were carried out
in accordance with approved protocols from the Institutional
Animal Care and Use Committee of the University of California,
San Diego; procedures also conformed to “Principles of Labora-
tory Animal Care” (NIH publication No. 86-23, revised 1985) and
were approved by The University of Western Australia's Animal
Ethics Committee. Rat pups (Sprague�Dawley, P1; or PVG,
P1�P3) were placed in a CO2 atmosphere and rapidly de-
capitated or anesthetized with xylazine/ketamine (Ilium xylazil
and Ketamil, Troy Laboratories, 10 and 50 mg kg�1, respectively,
ip) and euthanized with Euthal (pentobarbitone sodium 850 mg
kg�1, phenytoin sodium125mgkg�1; ip). Brainswere removed to
a dish containing dissociationmedia [DM: in H2O; MgCl2, 5.8 mM;
CaCl2, 2.5 mM; HEPES, 1.6 mM; phenol red, 8 mg L�1; Na2SO4,
90 mM; K2SO4, 18.75 mM] on ice, from which hippocampal and
cortical tissue was isolated and removed to DM on ice. DM was
removed, and prewarmed enzyme solution [ES: DM, 10 mL;
papain, 200 U; L-cysteine, 1.6 mg] was added to the tissue, which
was incubated at 37 �C for 25 min with gentle shaking every
5min. The supernatant was replacedwith heavy inhibitor [HI: DM,
12 mL; trypsin inhibitor, 120 mg; bovine serum albumin, 120 mg]
for 2min, then light inhibitor [LI: DM, 9mL; HI, 1mL] for 2min, and
then with platingmedia [PM: inMinimumEssential Medium; fetal
bovine serum, 10% v/v; glucose, 20 mM; pen/strep, 20 U mL�1,
20 μg mL�1; GlutaMAX, 2 mM; sodium pyruvate, 1 mM] to a
suitable dilution for cell counting. The tissue was triturated until a
homogeneous cell suspension was obtained, and cells were
further diluted and plated on glass coverslips coated with poly-
(L-lysine) (10μgmL�1) overnight at 37 �C. Four hours later, PMwas
replaced with feedingmedia [FM: in Neurobasal; glucose, 12mM;
pen/strep, 20 UmL�1, 20 μgmL�1; GlutaMAX, 0.5mM; B27, 2% v/
v; 2-mercaptoethanol, 25 μM]. Half of the culture media was
replaced twice weekly. Morphological assessment of primary
cultures indicated that approximately 95% of cells were neuronal
due to the initial serum-free conditions (n = 1000 cells assessed).

Cell Viability Measurements. Viability was measured using a
Live/Dead cell kit (Invitrogen). Cells were incubated for 24 h
before the cell media was replaced with nanoparticle suspen-
sions of different concentrations in media. After a further 24 or
72 h, the nanoparticle suspension was removed, the cells were
washed once with PBS, and 100 μL of Live/Dead reagents was
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added (calcein AM, 1 μM; ethidium homodimer-1, 3 μM). After
30 min, images were recorded using an inverted fluorescence
microscope at 20� magnification (Olympus IX-71, Olympus IX-
81). Four images were recorded from each well at consistent
locations for all wells and all experiments, and live and dead
cells were counted. The trypan blue dye exclusion assay was
used as an additional measure of cell viability, following similar
treatment procedures. Cells were detached using tryp-
sin�EDTA, resuspended in 100�200 μL of cellmedia, combined
with trypan blue, and counted using a hemocytometer or an
automated cell counter (Invitrogen Countess).

Endocytic Inhibition Study. PC12 cells were plated in 96-well
plates as above. Solutions of chlorpromazine (10 μg mL�1),
nystatin, and progesterone (25 and 10 μgmL�1, respectively), or
5-(N,N-dimethyl)amiloride (50 μM) were prepared in complete
media; progesterone was diluted from a 2 mg mL�1 stock in
EtOH. Cells were incubated for 1 h with inhibitors, and then the
drugs were placed together with nanospheres (10 μg mL�1).
After 3 h, wells were washed with PBS and fluorescence was
quantified (BMG FluoStar Optima).

Immunohistochemical Analysis. PC12 cells were grown as above,
incubated with nanospheres (1�10 μg mL�1) for 3, 6, 12, 24, or
72 h, and fixed in paraformaldehyde (4%). Fixed cells were
incubated in PBS containing Triton X-100 (0.2%) and blocked
(7.5%) for 10 min, then incubated in the same solution con-
taining anti-LAMP1 (Abcam, 1:1000), anti-β-III-tubulin (Tuj-1,
Chemicon, 1:500), and/or anti-GFAP (Dako, 1:1000) overnight.
Antibodies and nuclei were visualized by incubation with Alexa
488 and/or Alexa 647 (Molecular Probes, 1:400) and Hoechst
33342 (Sigma, 1 μg mL�1) for 1�2 h. Images were captured by
confocal microscopy (Leica TCS SP2, Nikon A1Si).

Preparation of TEM Samples. PC12 cells were grown on 8 mm2

or 1.2 mm diameter 50.8 μm Aclar film for chemical fixation or
cryopreservation, respectively. The films were attached to the
surface of 12-well culture plates by spot-welding and then UV-
sterilized prior to the addition of cells. PC12 cells were plated
as above and treated with nanospheres (10 μg mL�1) for 3, 6,
12, 24, or 72 h prior to fixation or cryopreservation. Following
chemical fixation (2.5% glutaraldehyde in PBS, pH 7.4), sam-
ples were rinsed with PBS and postfixed (1% OsO4) prior to
dehydration in a graded series of ethanol. Alternatively, cryo-
preservation was achieved by high-pressure freezing (Leica
EM PACT2) after dipping sample discs in cryoprotectant
(2 mg mL�1 low-gel agarose in cell media at 37 �C). Frozen
samples were placed in freeze-substitutionmedia (1% osmium
tetroxide, 0.2% uranyl acetate, and 3% water in acetone) and
gradually brought to room temperature in a freeze-substitu-
tion unit (Leica EM AFS2). All specimens were embedded in
Procure-Araldite before sections (80�120 nm) were cut and
collected on uncoated 200-mesh copper grids. Grids of con-
ventionally processed specimens were stained with uranyl
acetate and lead citrate prior to observation, while grids of
high-pressure frozen specimens were unstained. Iron oxide
and nanosphere samples were prepared for TEM by deposition
on carbon-coated copper grids. All TEM images were obtained
at 120 kV (JEOL JEM-2100).

Relaxometry. Relaxivity data were measured using four Min-
ispec mq series instruments (Bruker) operating at 0.23, 0.46,
0.92, and 1.41 T. A Carl-Purcell-Meiboom-Gill (CPMG) spin echo
sequence was used to measure T2. The echo spacing was 2 ms
for the short TE measurements (1000 echoes) and 10 ms for the
long TE measurements (200 echoes), with a repetition time of
10 s for both. An inversion recovery (IR) sequence was used to
measure T1 using 10 inversion times (TI) logarithmically spaced
between 50 and 5000 ms. One 75 cm2 flask of PC12 cells was
incubated with polymer nanospheres for 72 h at a concentra-
tion of 50 μg mL�1. Cells were detached from the substrate,
fixed in 4% paraformaldehyde, and counted before dilutions
were prepared for relaxometry measurements. The samples
were suspended in 0.5% agarose gel, and data were recorded at
37.5 �C. The iron content of the samples was determined by ICP-
AES after acid digestion (5 mL).
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