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Excess iron deposition in the brain often causes oxidative stress-related damage and necrosis of
dopaminergic neurons in the substantia nigra and has been reported to be one of the major vulnerability factors in
Parkinson’s disease (PD). Iron chelation therapy using deferoxamine (DFO) may inhibit this nigrostriatal degeneration
and prevent the progress of PD. However, DFO shows very short half-life in vivo and hardly penetrates the blood brain
barrier (BBB). Hence, it is of great interest to develop DFO formulations for safe and efficient intracerebral drug delivery.
Herein, we report a polymeric nanoparticle system modified with brain-targeting peptide rabies virus glycoprotein (RVG)
29 that can intracerebrally deliver DFO. The nanoparticle system penetrates the BBB possibly through specific receptor-
mediated endocytosis triggered by the RVG29 peptide. Administration of these nanoparticles significantly decreased iron
content and oxidative stress levels in the substantia nigra and striatum of PD mice and effectively reduced their
dopaminergic neuron damage and as reversed their neurobehavioral deficits, without causing any overt adverse effects in
the brain or other organs. This DFO-based nanoformulation holds great promise for delivery of DFO into the brain and for
realizing iron chelation therapy in PD treatment.
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arkinson’s disease (PD) is one of the most concerning

neurodegenerative diseases that affects approximately 2% November 17, 2017

population worldwide and is characterized by degener- March 29, 2018
ation of dopaminergic neurons in the substantia nigra (SN). The
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Scheme 1. Scheme of the Construction of RNP-DFO Nanoparticles and the Proposed Mechanism of Action”
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“(A) Schematic diagram of the synthesis of RNP-DFO nanoparticle. Polymer nanoparticles were fabricated by a double emulsion method, and
RVG29-Cys was linked to the nanoparticle surface via a maleimide—thiol coupling reaction. (B) Schematic illustration of the proposed mechanism of
the penetration of RNP-DFO across the BBB. RVG29 peptide binds cell surface receptors on the brain endothelial cells that form the BBB, which
further mediates the transcytosis of nanoparticles across the cell layer. (C) Proposed action of RNP-DFO in iron-loaded neuron cells. Internalization
of RNP-DFO allows the released DFO to remove excess cellular iron and reduce iron-related oxidative stress.

loss of dopaminergic neurons results in motor dysfunctions along
with nonmotor symptoms.l_3 Previous post mortem studies often
observe iron overload in Parkinsonian SN.* Similar results have
also been reported in imaging studies such as magnetic resonance
and transcranial ultrasound.”® Excess iron deposition in SN is
therefore thought to be a common characteristic among PD
patients.” Iron overload is known to induce excess reactive
oxygen species (ROS), which leads to oxidative stress,
dysfunction of organelles, and consequently necrosis of
dopaminergic neurons.”® Animal studies confirmed that
injection of ferric iron into SN results in progressive
Parkinsonism,”'’ and that intraperitoneal infusion with iron
dextran leads to the apoptosis and necrosis of dopaminergic
neurons.'' These clues together suggest that iron overload is one
of the precipitating factors leading to the degeneration of
dopaminergic neurons and is closely associated with PD.
Removing the excess iron using chelators with high affinities
for iron may protect dopaminergic neurons against oxidative
stress and may be a promising PD treatment. Among the iron

chelators that are now used clinically, deferoxamine (DFO) has
been shown to be the most effective with the most favorable
toxicity profile.'”"” DFQ is also one of only three iron chelation
drugs approved by the U.S. Food and Drug Administration for
iron overload disease, and its application in refractory anemia,
such as f-thalassemia, has greatly improved the life quality and
duration of patients. A few animal studies have already shown
that DFO prevents dopaminergic neuronal death and inhibits
nigrostriatal degeneration in PD models induced by 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine (MPTP) or 6-hydroxydop-
amine. > Unfortunately, DFO is not suitable for oral
administration due to poor bioavailability, and it has a very
short plasma half-life (20 min in humans)."® Therapies based on
DFO often require 5—7 overnight subcutaneous infusions per
week to yield significant iron excretion, causing great
inconvenience for the patients.'”'”'® In addition, despite being
better tolerated than other iron chelators, DFO still has serious
side effects at the high doses required by such treatment,
including renal and liver complications.n’m Moreover, the
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Table 1. Characterization of Nanoparticles with Different Composition”

formulation size (nm) PDI

NP 1748 + 1.5 0.181 + 0.014
RNP 175.1 +£2.9 0.168 + 0.008
NP-DFO 1672 + 1.7 0.145 + 0.037
RNP-DFO 168.8 + 1.9 0.165 + 0.043

& (mV) EE (%) LE (%)
—27.60 + 0.38
—2523 £ 0.29
—28.70 + 0.22 457 £ 43 95+ 1.1
—27.40 + 0.71 452 +2.8 92 +09

“Size (diameter, nm) and polydispersity index (PDI) and {-potential (£) were determined by dynamic light scattering. Encapsulation and loading
efficiencies (EE and LE, respectively) of DFO in NP-DFO and RNP-DFO were measured with a spectrophotometer. Data represent mean + SD
from six independent preparations. The dispersant of nanoparticles was triple-distilled water.
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Figure 1. Characterization of DFO-loaded nanoparticles. (A) Photomicrographs of NP-DFO and RNP-DFO taken through TEM depict their
smooth spherical morphology. Scale bar = 200 nm. (B) Diameter of NP-DFO and RNP-DFO before (0 h) and after being incubated in PBS (pH
7.4) for different time periods as determined by DLS. No significant size change occurred in 72 h, suggesting that the nanoparticles are stable.
Data are presented as mean + SD from three independent experiments. (C,D) Release kinetics of DFO under mimic physiological conditions

from NP-DFO (C) and RNP-DFO (D) at pH 4.4 and 7.4.

hydrophilic nature of DFO leads to its poor ability in penetrating
the blood brain barrier (BBB),"” and delivering DFO drug to the
brain remains a major challenge for its potential application in the
treatment of PD. Therefore, developing safe and effective
delivery approaches for the intracerebral delivery of DFO
becomes an urgent need.

In recent years, brain-targeted nanocarriers, especially
polymeric nanoparticles, emerged as a promising solution for
drug delivery across the BBB. Through conjugation with specific
brain-targeting ligands, such as antitransferrin receptor-1 anti-
bodies, polymeric drug delivery systems not only enable the
intracerebral delivery of otherwise BBB-impermeable therapeutic
agents but also may improve their pharmacokinetic profiles.””*!
However, the efficacy and brain specificity of the existing systems
are still limited, and development of BBB-penetrating nano-
particles is of great interest. In particular, to our best knowledge,
no such nanosystem has yet been developed to deliver DFO into
the brain.

Rabies virus glycoprotein (RVG) is a protein that specifically
binds the nicotinic acetylcholine receptor (nAchR),*” a receptor
widely located on the extracellular surface of brain microvascular
endothelial cells as well as neurons. A 29 amino acid peptide
derived from RVG, RVG29, has also been reported to bind
nAchR and to effectively cross the BBB, possibly via nAchR-
mediated transcytosis.””~>> Another possible mediator suggested

for the BBB penetration of RVG29 is a receptor of neuro-
transmitter y-aminobutyric acid (GABA).”® It has been
demonstrated that conjugation with RVG29 enhanced the
brain-related efficacy of various agents, including nucleic acids,
proteins, and nanoparticles when administered systemi-
cally.”*~** Currently, the potential of RVG29-mediated delivery
of iron chelators for intracerebral applications remains unex-
plored.

In this study, we report an RVG29-conjugated monomethoxy-
poly(ethylene glycol) (mPEG)-poly(lactic-co-glycolic acid)
(PLGA) nanoparticle (RNP-DFO) that allows both effective
delivery into the brain and prolonged circulation time of DFO.
The nanoparticle delivers the iron chelator across the BBB,
possibly through the specific affinity between RVG29 and its
possible receptor on the brain microvascular endothelium, which
also mediates the subsequent internalization of nanoparticles
into the neurons, allowing the drug to remove the excess cellular
iron and reduce iron-related oxidative stress (Scheme 1). Impact
of the DFO-loaded nanoparticles on the brain iron content, PD-
related neurobehavioral defects, and dopaminergic neuron
damage of mice was tested in a MPTP-induced PD model.
The RNP-DFO nanoformulation significantly enhanced the
accumulation of DFO in the brains of mice and effectively
decreased their cerebral iron content and ROS level
Administration of RNP-DFO in PD mice also significantly
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Figure 2. Cellular internalization pathways and blood brain barrier permeability of nanoparticles in vivo. (A) Effect of different inhibitors on the
internalization of NP-CyS.5 and RNP-CyS5.S by bEnd.3 after 4 h incubation at 37 °C, as determined by flow cytometry. Incubation at 4 °C was
used to inhibit endocytosis; sucrose and chlorpromazine (CP), clathrin-mediated endocytosis; nystatin, caveolae/lipid raft-mediated
endocytosis; EIPA, macropinocytosis; ammonium chloride, lysosome function. Fluorescence intensities are normalized against that of cells
incubated with NP-Cy5.5 without inhibitor at 37 °C and presented as mean + SD (n = 3); *p < 0.05; **p < 0.01; **¥p < 0.001. (B) Schematic
representation of the in vitro blood brain barrier penetration test. A tight bEnd.3 monolayer (transendothelial electrical resistance >200  cm?)
was grown on the inset of a transwell dish, and nanoparticles were added to the apical media and allowed to penetrate into the basolateral
chamber. (C) Fluorescence images of the bEnd.3 monolayer and the basolateral chamber after 4 h incubation with Cy5.5, NP-CyS.5, RNP-Cys.5,
or RNP-CyS5.5 with RVG29. Blank medium and medium containing free CyS.5 (concentration identical to that used in the experiment) served as
references for 0 and 100% fluorescence, respectively. White circles indicate the inset of the transwell. Yellow circles indicate the bottom of
transwell dish. (D) Average relative fluorescence estimated from images in (C). Data are presented as the mean =+ SD; *p < 0.05; **p < 0.01. (E)
Transendothelial electrical resistance (TEER) of the bEnd.3 monolayer measured before and after incubation with CyS.S, NP-CyS.S, RNP-
CyS.S, or RNP-CyS.5 with RVG29. Data are presented as the mean + SD (n = 3).

reduced the damage of dopaminergic neuron in their brain and used in this work were prepared using amphiphilic copolymer
reversed their neurobehavioral deficits. The nanoparticles had mPEG—PLGA, a well-established biodegradable material widely
caused no observable brain cell apoptosis or other adverse effects used for drug delivery. The core nanoparticles (NP-DFO) were

in nontargeted organs in vivo. This approach for delivering DFO 4,293

prepared using a double emulsion metho with the

to the brain may be applied for safe and effective administration hydrophilic drug DFO loaded in the hydrophilic core. The
of iron chelators for PD treatment. brain-targeting peptide RVG29 was then covalently conjugated
to the nanoparticles through a reaction between the maleimide

groups on the nanoparticle surface and thiol groups from the

Characterization of DFO-Encapsulated Nanoparticles peptide. Nuclear magnetic resonance (NMR) results showed
and Their Drug Release Profile. The polymeric nanoparticles that, after conjugation, while the peak for the repeat units of PEG
D DOI: 10.1021/acsnano.7b08172
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Table 2. Characterization of Nanoparticles before and after bEnd.3 Cell Monolayer Penetration and Apparent Permeability
Coeflicient Calculation”

size (nm) PDI £ (mV)
apical basolateral apical basolateral apical basolateral P (X107° cm/s)
NP-CyS.5 165.9 + 1.4 1642 £ 1.3 0.170 + 0.021 0.198 + 0.022 —25.53 £ 0.22 —24.23 + 133 2.12 + 1.06
RNP-CyS.5 165.8 + 1.7 166.3 + 1.1 0.198 + 0.044 0.183 + 0.012 —23.21 + 0.67 —24.14 + 2.03 6.54 + 1.58%*

“Nanoparticles were incubated with bEnd.3 cell monolayer grown on a transwell insert for 4 h. PBS media were collected from both apical and
basolateral chambers, and the contained nanoparticles were subjected to size (diameter, nm), polydispersity index (PDI), and {-potential (&)

measurements. P, , apparent permeability coeflicient values of nanoparticles recovered in the basolateral side. Data are presented as the mean + SD

app:

(n =3) *p < 0.05.

(3.6 ppm) was still present, the maleimide peak in maleimide—
PEG—PLGA (6.7 ppm) disappeared (Figure S1). This verified
that RVG29 has been successfully conjugated to the nano-
particles through the maleimide groups. The conjugation
efficiency of the RVG29 peptide was estimated as 43.4 + 3.6%,
and the average density of the peptide on the nanoparticle surface
was approximately 319 peptide ligands per particle.

The DFO-loaded nanoparticles were then characterized for
their morphology, surface charge, drug loading, and release
properties. The mean hydrodynamic diameter of NP-DFO was
measured by dynamic light scattering (DLS) to be 167.2 = 1.7
nm, and their {-potential is —28.70 + 0.22 mV. The size and
surface charge remained approximately unchanged after RVG29
conjugation as the hydrodynamic diameter and {-potential of
RNP-DFO were 168.8 + 1.9 nm and —27.40 + 0.71, respectively.
The RNP-DFO nanoparticles also showed a low polydispersity
index (PDI), indicating the uniformity in size (Table 1).
Transmission electron microscopy (TEM) characterization
confirms that both NP-DFO and RNP-DFO showed uniform
spherical morphology (Figure 1A). In addition, the size of the
nanoparticles showed no significant change after incubation in
phosphate buffer saline (PBS) for 3 days at pH 7.4 (Figure 1B),
indicating their high stability.

The encapsulation and loading efficiencies of DFO in RNP-
DFO nanoparticles were 45.2 + 2.8 and 9.2 & 0.9%, respectively
(Table 1). The drug release profiles of DFO from both NP-DFO
and RNP-DFO were investigated in PBS at pH 4.4 or pH 7.4.
The two nanoparticles showed almost identical drug release
profiles, with low pH stimulation drug release (Figure 1C,D). At
pH 7.4, about 45% encapsulated DFO was released within 24 h,
whereas at pH 4.4, in 24 h, about 75% accumulative drug release
was achieved. The enhanced drug release at lower pH may cause
the nanoparticles to discharge their cargo in the acidic
environment in lysosomes after uptake by the brain cells.

Cellular Internalization of Nanoparticles. To investigate
the interactions between nanoparticles and brain cells, essential
for its proper functioning in vivo, we have first studied their
cellular internalization mechanism. Florescent dye CyS.S instead
of DFO was loaded into the nanocarriers with or without RVG29
conjugation described above, and the resulting nanoparticles
(RNP-CyS.5 and NP-CyS.5) have properties comparable to
those loaded with DFO. Flow cytometry analysis demonstrated
that the uptake by brain capillary endothelial cell line bEnd.3 of
RNP-Cy5.5 was significantly higher compared to that of NP-
CyS.5, probably due to RVG29-mediated internalization. The
fact that the uptake by bEnd.3 of both nanoparticles was
dramatically inhibited (by more than 80%) at 4 °C compared to
37 °C (Figure 2A) suggests that their internalization was
primarily mediated by the energy-dependent endocytosis rather
than energy-independent mechanisms.’"> By applying inhib-
itors specific to different endocytic pathways™” to the bEnd.3 cells

(Figure 2A), it could be observed that two inhibitors of clathrin-
coated vesicle formation, sucrose and chlorprome1zine,34’35 both
reduced the cellular uptake of the two nanoparticles over 30%,
significantly more than any other specific inhibitors. This
identified clathrin-mediated endocytosis as the preferential
pathway involved in the internalization of NP or RNP. In
contrast, little or no impact was detected on the nanoparticle
uptake for caveolae-mediated endocytosis inhibitor nystatin and
macropinocytosis inhibitor S-(N-ethyl-N-isopropyl)amiloride
(EIPA),* suggesting minimal involvement of these pathways.
These results are consistent with previous reports that clathrin-
coated vesicles mediate the internalization of particles with a size
between 100 and 200 nm,””*® which is precisely the size range of
our nanoparticles. A previous study also reported that the
clathrin-dependent pathway may participate in the internal-
ization of RVG29-conjugated nanoparticles.”® We have also
verified the participation of endosomes/lysosomes in the cellular
uptake using the lysosomotropic agent ammonium chloride.”
An uptake reduction of more than 30% was observed for both
NP-CyS.5 and RNP-CyS.S (Figure 2A). This confirmed that
these compartments also played a role in the uptake of the
nanoparticles. Moreover, the endosomal trafficking may be
involved in the transportation of intact particles across the cell
barrier, and lysosomes are expected to be responsible for particle
degradation and drug release.”®

Blood Brain Barrier Permeability Studies in Vitro. The
RVG29-mediated transcytosis of nanoparticles across a capillary
endothelial bEnd.3 cell monolayer was then studied as an in vitro
model for the BBB penetration of nanoparticles.””***’ NP-
CyS.5 and RNP-CyS.5 were incubated with a compact
monolayer of bEnd.3 cells grown on a transwell insert, and
both the insert (after wash) and the bottom chamber were
imaged for fluorescence (Figure 2B). The results showed that
after 4 h of RNP-CyS.S incubation, the fluorescence signals in the
bEND.3 cell monolayer (insert) and in the lower chamber were,
respectively, 3 and 4 times higher than those after incubation
with NP-CyS.5 (Figure 2C,D). However, this difference
disappeared when free RVG29 peptide was co-incubated with
RNP-CyS.5 (Figure 2C,D), implying that specific interactions
between the nanoparticle-conjugated RVG29 and bEnd.3 cells
were responsible for the enhanced penetration of RNP-CyS.5
across the BBB-mimicking cell monolayer. No significant
changes of transendothelial electrical resistance (TEER) were
detected for the compact monolayer after incubation with any of
these formulations (Figure 2E), indicating that such treatment
did not affect its integrity. DLS analysis of the apical and
basolateral media demonstrated that the size and surface charge
of the nanoparticles present in the basolateral chamber after 4 h
of incubation resembled those in the apical medium (Table 2),
indicating that intact nanoparticles are able to cross the cell
monolayer without being degraded inside cells. The calculated
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Figure 3. Biological effects of RVG29-modified nanoparticles on SH-SYSY human neuroblastoma cells. (A) Cellular uptake by SH-SYSY cells of
nanoparticles as determined by flow cytometry after 4 h exposure to NP-Cy5.5, RNP-CyS.5, or RNP-CyS.5 and free RVG29 peptide. RVG29
conjugation significantly enhanced the uptake of nanoparticles. Data are presented as mean + SD (n = 3); *p < 0.05. (B) Representative confocal
images of SH-SYSY cells after 6 h incubation with CyS.S. The cells were visualized using FITC-phalloidin (green) for cytoskeleton and Hoechst
33342 (blue) for the nuclei. Enlarged details are shown in the last column to better visualize the presence of nanoparticles (red; white arrows).
Scale bar =20 gm. (C) Quantitative analysis of the CyS5.5 fluorescence density from results of (B) using Image]J 1.43u software. Data are presented
as mean = SD from five independent quantifications (each includes 20 randomly selected cells); *p < 0.05. Cell viability (D), total cell number
(E) and cellular iron content (F) of SH-SYSY cells was detected by CCKS, cell count system, and ICP-MS, respectively, after treatment with free
DFO, NP-DFO, and RNP-DFO containing different DFO concentrations. Data are presented as mean + SD (n = 6); *p < 0.05; **p < 0.01; **¥p

< 0.001.

apparent permeability coefficients (P,,,) confirmed a significant
(3-fold) increase of permeation across the bEnd.3 cell monolayer
of RNP-CyS.S, compared to NP-CyS.S (Table 2). These
suggested that the conjugation of RVG29 with nanoparticles
could significantly enhance their permeability across the
endothelial cell barrier in vitro, showing its potential for effective
brain drug delivery.

RVG29 Enhances the Uptake of Nanoparticles in
Neuron Cells. In addition to mediating its penetration across
brain capillary endothelial cell barriers, the binding of RVG29 to
extracellular surface receptors such as nAchR was also reported

to stimulate its subsequent neural uptake.41 Therefore, we have
examined whether RVG29 was able to increase nanoparticle
uptake in human neuroblastoma cell line SH-SYSY. The cells
were incubated with NP-CyS.5 and RNP-CyS.5 up to 4 h, and the
internalization was analyzed by flow cytometry. The high mean
fluorescence intensity (MFI; in comparison to control cells) of
the cells exposed to RNP-CyS.S was more than 40% higher than
that of the cells treated with NP-CyS.S (Figure 3A). This
difference disappeared in the presence of free RVG29 peptide
(Figure 3A), confirming that the specific binding of RVG29 to
the neuron cells contributed to the cellular uptake of the RVG29-
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Figure 4. In vivo brain targeting of RVG29-modified nanoparticles. (A) Ex vivo fluorescence images of the brain and other major organs from mice
treated intravenously with saline, NP-CyS5.5, or RNP-CyS5.5 for 6 h. (B) Average of fluorescence intensities at the brain sites were quantified 6 h
postinjection. Data are presented as mean + SD (n = 3); **p < 0.01. (C—F) Representative confocal images of striatum (C) and substantia nigra
(E) derived from mice treated with CyS.5, NP-Cy5.5, and RNP-Cy5.5 6 h postinjection. The neurons were visualized using immunostaining
(green) for NeuN (striatum) or tyrosine hydroxylase (TH; substantia nigra), and the nuclei were stained with Hoechst 33342 (blue). Enlarged
details in the last column show the presence of nanoparticles (red) in the neuron cells. Scale bar = S0 um. Fluorescence densities in the CyS.5
channel was quantified in (D) for striatum and (F) for substantia nigra using ImageJ 1.43u. Data are presented as mean + SD (n = 3; five

randomly selected views for each animal); **p < 0.01.

coated nanocarrier. The enhanced internalization by neuron cells
of RNP-Cy5.5 was also confirmed by fluorescence microscopic
measurements (Figure 3B,C). Although substantial incorpo-
ration into the cytoplasm occurred for both NP-CyS.5 and RNP-
CyS.5 following 4 h incubation with SH-SYSY cells, the
internalized amount of RNP-CyS.S was notably higher (Figure
3B,C).

RNP-DFO Effectively Removed Intracellular Iron in
Neuron Cells with Reduced Cytotoxicity. The biological

impact of DFO-loaded nanoparticles on neuron cells after uptake
was assessed in vitro using cytotoxicity and cellular iron content
assays. Cell viability and cell number measurement both showed
that free DFO was toxic to SH-SYSY cells when the
concentration reached 200 uM or higher (Figure 3D,E).
Meanwhile, the incorporation of DFO into nanoparticles
significantly reduced its cytotoxicity, especially at higher
equivalent DFO concentrations. No observable alteration in
cytotoxicity profile resulted from the conjugation of RVG29 to
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control. Data are presented as mean + SD (n = 6). No significant difference was detected among the four groups. (D) Immunofluorescence
staining for tyrosine hydroxylase (TH) in the substantia nigra derived from mice (induced or not induced with MPTP) after DFO, NP-DFO,
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presented as the mean + SD (n = 6); *p < 0.05.

nanoparticles. This is possibly due to the gradual release of DFO
within the cell from the nanoparticles mitigating its toxic effects.

Iron chelation efficiency of the different DFO formulations
was examined by quantification of cellular iron levels. All of the
three formulations (free DFO, NP-DFO, and RNP-DFO)
removed iron from SH-SYSY cells. However, RNP-DFO showed
the highest iron removal efficiency, significantly superior to free

DFO at all the three tested concentrations, and to NP-DFO at
concentrations S0 and 200 uM (Figure 3F). These indicated that
the use of RVG29-coated nanocarrier significantly enhanced the
iron chelation efficiency of DFO in SH-SYSY cells and decreased
its toxicity.

Prolonged Circulation Time of DFO Delivered by
Nanoparticles in Comparison to Free Drug. In order to
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verify whether the in vivo circulating time of DFO was improved
by nanoparticle-based delivery, the time-dependent plasma
concentrations of DFO (free drug injected or released from
the nanoparticles) following intravenous administration of free
DFO, NPs-DFO, and RNP-DFO were studied using female
Sprague—Dawley rats (Figure S2). When intravenously injected
as free drug, DFO was rapidly cleared from the bloodstream
within 30 min. In comparison, both NP-DFO and RNP-DFO
delivered drug showed significantly delayed systemic clearance,
with detectable DFO present in plasma up to 24 h postinjection.
There was no observable difference between the plasma
concentration profiles of DFO delivered in the two nanoparticle
formulations. This implied that the nanoparticle carrier could
significantly increase the circulating time of DFO after
intravenous injection, which may be a promising advantage for
the potential in vivo application of the drug.

In Vivo Brain Targeting and Biodistribution of Cy5.5-
Loaded Nanoparticles. To demonstrate the targeting ability of
RVG29-coated nanoparticles in vivo, CS7BL/6 mice were
injected through the tail vein with either NP-Cy5.5 or RNP-
CyS.S, and after 6 h, mice were perfused and sacrificed for ex vivo
imaging. Both nanoparticles visibly accumulated in lung and liver
(Figure 4A), which is common for particles of similar size as
reported previously.”” Nonetheless, the mice administered with
targeted RNP-CyS.S showed fluorescence (3-fold difference) in
the brain much higher than that of the nontargeted NP-CyS.5,
and their lung and/or liver signals are also lower than those of the
group injected with nontargeted nanoparticles (Figure 4A,B).

To further demonstrate whether the RVG29 peptide is able to
mediate the nanoparticles to enter the brain parenchyma rather
than staying in microvessels or endothelial cells, we have
prepared two nanoparticle formulations loaded with 15 nm gold
nanoparticles (nAu) with or without RVG29 conjugation (RNP-
nAu and NP-nAu, respectively; Figure S3A). The ability of these
formulations to accumulate in the parenchyma of mice was
assessed by quantifying the gold content using inductively
coupled plasma mass spectrometry (ICP-MS) in brain samples
depleted of capillaries after tail vein injection. The results
demonstrated that nAu without further encapsulation hardly
entered the brain; in both NP-nAu- and RNP-nAu-treated mice,
the gold accumulation in parenchyma was much higher than that
in blood capillary, and RNP-nAu-treated mice also showed
significantly more gold deposition in parenchyma than NP-nAu-
treated groups (Figure S3B). These results demonstrated that
RVG29 coating could effectively mediate the brain targeting of
nanoparticles and had potential for intracerebral drug delivery.

Distribution of Cy5.5-Loaded Nanoparticles in Stria-
tum and Substantia Nigra after Intravenous Admin-
istration. To fully perform its therapeutic activity, DFO must be
delivered to the striatum and SN region, which are the main brain
regions affected by PD. Therefore, we further studied the
respective distribution of NP-CyS.5 and RNP-CyS5.5 in the
striatum and SN 6 h after intravenous injection. Fluorescence
microscopic analysis showed that both NP-CyS.5 and RNP-
CyS.S were able to penetrate into the striatum and SN (no brain
penetration after intravenous injection was observed for free
CyS.5). However, the targeted RV(G29-modified nanoparticles
showed notably stronger accumulation (Figure 4C—F). Addi-
tional immunostaining for the neurons was applied to study their
colocalization with the nanoparticles. At 6 h postinjection, in
both NP-CyS.5- and RNP-CyS.5-treated mice, CyS.S signals
could be localized near or inside the neurons, which confirmed

that the nanoparticles were able to reach these cells and possibly
implied neural uptake (Figure 4C,E).

RNP-DFO Administration Restored Functional Deficits
in MPTP-Induced PD Mice. The in vivo efficacy of RNP-DFO
was investigated using a well-established MPTP-induced PD
mouse model.”** Before treatment, the mice were subjected to
three pretraining trials (once per day), and only the behaviorally
consistent mice were selected for subsequent experiments. PD
syndrome was induced by five intraperitoneal administrations of
MPTP. DFO, NP-DFO, and RNP-DFO (equivalent dose of
DFO 35 mg/kg) were administered intravenously since the day
of the first MPTP injection once every other day for 12 days. The
animals were subjected to behavioral testing for 48 h after the
final injection (Figure SA). Impact of the DFO formulations on
the PD progress was then assessed according to the behaviors of
mice. Compared to normal mice, MPTP-treated mice stayed
significantly shorter on the rotating rod due to the PD-related
brain damage. However, after being treated with RVG29-DFO,
the PD mice could stay much longer on the rotating rod
compared to the PD group (average time 482 and 115 s on the
13th day since treatment started, respectively) (Figure SB).
Moreover, the performance of RVG29-DFO-treated mice was
approximately identical to that of normal mice (454 s on day 13),
suggesting significant improvement in their PD-affected
behavior. Free DFO and NP-DFO also increased the average
time of PD mice on the rotating rod, but with efficiency
significantly inferior to that of RVG29-DFO (Figure 5B). The
RNP vehicle cannot increase the average time of PD mice on the
rotating rod, indicating that the RVG29-conjugated nanocarrier
itself was not able to alleviate behavioral impair in PD mice
(Figure SB). None of the tested formulations showed any
discernible impact on the behavior of normal mice in the rotating
rod test (Figure SC). All of these results suggested that using
RVG29-functionalized nanoparticles for DFO delivery was able
to improve the behavioral deficits in PD mice with efficacy
significantly higher than that of free DFO or nontargeted
nanoparticles.

One of the characteristic consequences of MPTP-induced
injury is the loss of dopaminergic neurons in the SN.
Immunoassays confirmed that a significant decrease occurred
in the number of tyrosine hydroxylase (TH)-positive neurons as
well as the TH protein level in the striatum and SN after MPTP
administration (Figure SD,E and Figure S4). TH is a key enzyme
involved in the biosynthesis of dopamine, and its expression is
closely associated with dopaminergic neuron function, and the
reduction of TH level in the brain tissues is therefore thought to
be a direct indication for dopaminergic neuronal loss.””** Both
the loss of TH-positive neurons and the reduction of TH level
were effectively reversed after RNP-DFO treatment, which
showed significantly enhanced efficacy compared to the control
formulations (Figure SD,E and Figure S4). Moreover, none of
free DFO, NP-DFO, or RNP vehicle was able to inhibit the loss
of TH-positive neurons (Figure SD,E), although NP-DFO
showed limited effect on the TH protein level compared to that
of the nontreated control (Figure S4). As in the behavior test, no
observable changes in these aspects were caused by any of the
formulations in normal mice (Figure SF and Figure S4). We have
next examined the levels of another PD-related protein, a-
synuclein, whose elevated expression in SNpc and striatum was
also recognized as characteristic in Parkinsonian injury. In PD
patients, a-synuclein aggregates to form insoluble fibrils
characterized by Lewy bodies."* Aggregated a-synuclein
interacts with the cell membrane of neurons to form pore-like
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Figure 6. RNP-DFO reduced brain iron content in PD mice. (A,B) Total iron content determined by ICP-MS in the striatum (A) and substantia
nigra (B) from normal and MPTP-induced PD mice treated with RNP-DFO and control formulations. Data are presented as mean + SD (1 = 6);
*p < 0.05; ¥¥p < 0.01; #¥¥p < 0.001. (C,D) Immunohistochemistry staining for iron in the striatum (C) and substantia nigra (D) from normal and
PD mice after treatment with DFO, NP-DFO, and RNP-DFO. Representative images are shown. Scale bar = 200 gm.

structures and depolarize the membrane potential, which
disrupts the normal functions of the cell and leads to
dopaminergic neuron death and progress of PD.** Some
evidence indicates that Fe accumulation in the SN of PD may
induce the aggregation of a-synuclein and then cause apoptosis
of dopaminergic neuron.’>*® Western blotting analysis demon-
strated that the protein level of a-synuclein in both SN and
striatum was significantly increased after MPTP administration,
which was effectively reversed by RNP-DFO treatment (Figure
SS). In contrast, none of the control formulations (free DFO,
NP-DFO, or RNP) was able to reduce the a-synuclein levels in
SN or striatum (Figure SS).

To verify the impact of nanoparticle-delivered DFO on the
intracerebral deposition of iron, the iron contents in SN and
striatum were determined by ICP-MS and immunohistochem-

istry. Iron accumulated significantly in the two tissues after
MPTP treatment (Figure 6A,B). Intravenous administration of
DFO did not caused any significant iron reduction in the striatum
or SN, and treatment of NP-DFO only showed weak removal
efficacy in the SN (but not the striatum) of PD mice (Figure
6A,B). However, the iron contents in MPTP-damaged striatum
and SN significantly decreased (by 30 and 40%, respectively)
after RNP-DFO treatment, which also showed significantly
enhanced iron removal efficacy compared to NP-DFO (Figure
6A,B). In addition, the iron levels of DFO- or NP-DFO-treated
PD mice did not significantly differ from that of normal mice.
RNP-DFO also reduced brain iron in healthy mice not treated
with MPTP (Figure 6A,B). The immunohistochemistry results
confirmed that the iron content was reduced significantly by
RNP-DFO treatment in the striatum (Figure 6C) and SN
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Figure 7. Levels of ROS and Bcl-2 in the brain after intravenous injection of DFO, NP-DFO and RNP-DFO. Levels of (A) reactive oxygen species
(ROS), (B) super oxide dismutase (SOD), and (C) malondialdehyde (MDA) in substantia nigra of normal and PD mice after treatment with
different DFO formulations. Data are presented as mean + SD (n = 6); *p < 0.05; **p < 0.01. (D) Western blot analysis of Bcl-2 protein in the
striatum and substantia nigra with f-actin used as reference (representative blots, top). The results were normalized using ImageQuant software.

Data are presented as mean + SD (n = 6).

(Figure 6D) of MPTP-treated mice, compared to the other
controls. These all suggested that RNP-DFO was able to
efficiently remove the excess iron in SN and striatum of MPTP-
induced PD mice and showed promising efficacy in reducing the
dopaminergic neuron death in their brain and restoring their
behavior deficits.

RNP-DFO Administration Reduced the Oxidative
Stress in Substantia Nigra in MPTP-Induced Mouse
Model of PD. One of the probable mechanisms underlying
the neural toxicity of excess iron deposition is that excess iron
may generate ROS, which would consequently lead to neuronal
death.® Therefore, we have also detected the ROS levels in SN
after treatment with RNP-DFO or the control formulations
(Figure 7A). The results showed that ROS generation in SN
derived from PD mice indeed decreased significantly after RNP-
DFO treatment, while neither free DFO or NP-DFO has any
observable impact. None of the DFO formulations have affected
the level of ROS in normal SN (Figure 7A). Similar results were
also observed for other oxidative stress indicators, super oxide
dismutase (SOD; Figure 7B) and malondialdehyde (MDA;
Figure 7C). In normal mice, the Bcl-2 protein levels in the
striatum or SN were not significantly changed after nanoparticle
treatment, indicating that RNP-DFO itself did not cause cell
apoptosis in these tissues (Figure 7D).

Biocompatibility of RNP-DFO in Brain and Other
Organs. Effects of the penetration of nanoparticles on the

integrity of the BBB were first investigated in normal mice using
Evans blue dye extravasation. The mice were previously treated
with DFO, NP-DFO, RNP-DFO, or RNP vehicle following the
same timeline as in the therapeutic studies. As indicated by the
amounts of Evans blue that have permeated into the brain tissue,
the permeability of the BBB did not significantly change after any
of these treatments, indicating that BBB integrity is not damaged
(Figure S6). In addition, to assess whether the administration of
DFO or nanoparticles may cause undesirable inflammation in the
brain, mRNA levels of inflammation factors including TNF-a, IL-
1/, and IL-6 were analyzed in both SN and striatum derived from
normal mice treated with different DFO formulations. The
results showed that no detectable inflammatory change was
observed in these tissues following NP-DFO and RNP-DFO
administration (Figure 8A—F).

As we have previously observed that, apart from the brain, the
CyS5.5-loaded nanoparticles were also located in the liver, lung,
and kidney of animals 6 h after intravenous administration, a
further histopathological analysis was performed to investigate
the impact of DFO nanoformulation on the nontargeted organs.
H&E staining results indicated that no detectable pathological
change was observed in the major organs derived from normal
mice following NP-DFO and RNP-DFO administration (Figure
9A) or in their serum biochemical indicators of liver or kidney
function (Figure 9B—E). In contrast, free DFO treatment
resulted in observable kidney and liver injury such as fat
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Figure 8. RNP-DFO induced no overt neuroinflammation in SN and striatum. Quantitative measurement of IL-1f3, TNF-a, and IL-6 mRNA in SN
(A—C) and striatum (D—E) of normal mice was carried out after treatment with different DFO formulations. The mice were given six intravenous
injections once every 2 days and sacrificed on the third day after the last injection. Mice treated with saline were used as the control. Results are

displayed as mean + SD, n = S.

vacuolation in hepatocytes, renal tubular atrophy and interstitial
loosening in the kidney (Figure 9A), and a significant elevation in
the serum level of liver function indicator aspartate transaminase
(AST; Figure 9B), which is consistent with previous reports that
systemic administration of free DFO led to kidney and liver
damage."” This indicated that RNP-DFO could efficiently reduce
brain iron content without causing obvious side effects, which
makes it more attractive for the treatment of iron overload in PD.

CONCLUSION

In this work, we reported a biocompatible lipid—polymer hybrid
nanoparticle modified with BBB-penetrating peptide RVG29 to
deliver iron chelator DFO into the brain for treatment of PD. All
biomaterials involved in this nanoparticle were already approved
for clinical usage. This nanoparticle system showed satisfactory
efficiency in intracerebral delivery of DFO and could be readily
internalized by neuron cells. When administered intravenously to
MPTP-induced PD mice, this nanoformulation of DFO was able
to effectively remove iron from their brain and has significantly
prevented the PD-related neuron damage as well as the
neurobehavioral deficits, possibly by reducing the iron-mediated
oxidative stress. No neuron cell apoptosis or other adverse effects

in the major organs were observed after treatment with our
nanoparticles. This nanoformulation could be a promising
approach for the intracerebral delivery of iron chelators and
their potential use for treatment of PD.

EXPERIMENTAL SECTION

Materials. Monomethoxy poly(ethylene glycol) (mPEG)-poly-
(lactic-co-glycolic acid) (PLGA; molar ratio of p,L-lactic to glycolic
acid, 75:25) and maleimide—PEG—PLGA were purchased from Jinan
Daigang Biotechnology Co. Ltd. (Jinan, China). The RVG29 peptide
with an additional cysteine on its C-terminal (RVG29-Cys) was
synthesized by GL Biochem Ltd. (Shanghai, China). The peptide
sequence of RVG29-Cys is YTTIWMPENPRPGTPCDIFTNSR-
GKRASNGC. Hoechst 33342 and FITC-phalloidin were obtained
from Invitrogen (San Diego, CA, USA). All other chemicals and agents
were obtained from Sigma-Aldrich (St. Louis, MO, USA) unless
otherwise noted. TH primary antibody (ab112) was purchased from
Abcam (Cambridge, MA, USA). a-Synuclein (4179) and B cell
lymphoma 2 (Bcl-2, 3498) primary antibodies were purchased from
Cell Signaling Technology (Danvers, MA, USA). A f-actin primary
antibody (AS060) was purchased from Sigma-Aldrich (St. Louis, MO,
USA). The secondary antibody of anti-rabbit IgG conjugated to
horseradish peroxide (ab6721) was purchased from Abcam (Cam-
bridge, MA, USA). Rhodamine-conjugated goat anti-rabbit IgG
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Figure 9. RNP-DFO exerted no observable toxicity in major organs. (A) Representative photomicrographs showing histopathology of the liver,
lung, kidney, heart and spleen of control, DFO-, NP-DFO-, and RNP-DFO-infused mice (n = 5). There was no detectable pathological change in
the major organs derived from normal mice following NP-DFO and RNP-DFO administration. Free DFO treatment resulted in kidney and liver
injury such as fat vacuolation in hepatocyte or renal tubular atrophy and interstitial loosening in kidney. Black arrows indicate the injury sites.
(B—E) Serum biochemical analysis of the treated mice (mean + SD, n = §); *p < 0.05. (B) AST, aspartate transaminase; (C) ALT, alanine
transaminase; (D) CRE, creatinine; (E) BUN, blood urea nitrogen. Mice treated with saline were used as the control.

(AP132R) was purchased from Millipore Corporation (Temecula, CA,
USA).

Preparation of Nanoparticles. A double emulsion method was
used for the preparation of unmodified nanoparticles.”” Briefly, 18 mg of
mPEG—PLGA and 2 mg of maleimide—PEG—PLGA were dissolved in
1 mL of methylene chloride and mixed with 0.2 mL of water (or aqueous
solution of DFO or fluorescent dye CyS.S if necessary) following
sonication for 5 min. The product was then added to 2 mL of 5%
aqueous solution of sodium cholate and sonicated for another § min.

The new mixture was then slowly pipetted into 10 mL of 0.5% sodium
cholate and stirred at room temperature for 20 min. The methylene
chloride was removed by vacuum evaporation at 30 °C. The solution
were then centrifuged at 12 000g for 30 min at 4 °C, and the harvested
nanoparticles were rinsed twice to be resuspended in triple-distilled
water.

RVG29 peptide was conjugated to the nanoparticles prepared as
above via a maleimide—thiol reaction between maleimide—PEG—PLGA
and RVG29-Cys. The nanoparticles were mixed with an excess amount
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of RVG29-Cys and incubated in PBS for 8 h at room temperature. The
unconjugated peptide was removed from the reaction system via
centrifugation, and the resulting nanoparticles were washed twice with
distilled water. The unmodified nanoparticles were also incubated with
PBS not containing RVG29-Cys for 8 h and washed as described above
before any further characterization or other experiments.

Evaluation of RVG29 Conjugation Efficiency and RVG29
Density on Nanoparticle Surface. Aliquots of RNP or NP were
dissolved in pH 7.4 PBS, and the concentration of RVG29 peptide was
determined using a BCA assay. The conjugation efficiency (CE) of
RVG29 was calculated as

CE(%) = amount of conjugated RVG29
/total amount of peptide added X 100%

Surface density of RVG29 was determined by dividing the estimated
number of RVG29 molecules by the number () of nanoparticles using
the following equation:

n = 6 X nanoparticle weight
/(7 X number mean nanoparticle diameter® X p)

where p represents the nanoparticle weight per volume unit,
approximated to be 1.1 g/cm>.*’

Nuclear Magnetic Resonance (NMR) Analysis. Nanoparticles
with or without RVG29 conjugation were dissolved in deuterated
chloroform and analyzed by a Varian NMR (Palo Alto, CA, USA) to
confirm the linkage between RVG29-Cys and maleimide—PEG—PLGA.

Transmission Electron Microscopy (TEM). Nanoparticles stained
with 2% uranyl acetate solution for S min were deposited on a carbon-
coated copper grid and characterized using a JEM-200CX transmission
electron microscope (Jeol Ltd., Japan).

Determination of Nanoparticle Size and ¢-Potential. The
hydrodynamic diameter, size distribution, and (-potential of the
nanoparticles were measured using a ZetaSizer Nano series Nano-ZS
(Malvern Instruments Ltd., Malvern, UK). Samples were measured at
25 °C.

Determination of DFO Loading and Encapsulation Efficiency.
The NP-DFO and RNP-DFO nanoparticles were treated with
dichloromethane to break down the mPEG—PLGA shell and release
DFO. Then dichloromethane was removed by rotary evaporation, and
DFO was dissolved in triple-distilled water. To the extracted solution
was added 10 mM ferric chloride (FeCl;) solution of identical volume,
and the absorbance of the resulting DFO—Fe compound was
determined at 430 nm using a Lambda 950 UV—vis spectrophotometer.

The loading efficiency and encapsulation efficiency were calculated as

loading efficiency (LE) = weight of DFO in nanoparticles

/weight of nanoparticles X 100%

encapsulation efficiency (EE) = weight of DFO in nanoparticles
/weight of total DFO X 100%

Drug Release Profile of RNP-DFO. Release kinetics of DFO under
mimic physiological conditions from RNP-DFO were measured using a
dialysis method. In brief, 20 mg of RNP-DFO was suspended in 1 mL of
PBS (pH 4.4 or 7.4) in a dialysis bag with a molecular weight cutoff of 18
kDa. The solution was dialyzed against 10 mL of PBS (pH 7.4 or 4.4)
under 100 rpm stirring at 37 °C. At different time points, the PBS was
collected and incubated with excess FeCl;, and the absorbance of
resulting DFO—Fe compound was measured at 430 nm to determine
the concentration of DFO in solution using a standard curve of DFO—
Fe in PBS.

Cell Culture. SH-SYSY cells and bEnd.3 cells were cultured in
DMEM containing 10% FBS, 100 U/mL penicillin, and 100 pg/mL
streptomycin. Cells were placed in an incubator at 37 °C with 5% CO,
and 99% humidity.

Cellular Internalization of NPs. Uptake of NPs into neuronal cells
was investigated using CyS.5-loaded nanoparticles (NP-CyS.S or RNP-

Cy5.5). SH-SYSY cells (4 X 10° cells per well) were cultured in a six-well
culture plate. Before use, the fluorescence of the NP-CyS.5 and RNP-
CyS.5 nanoparticles was quantified by an F-4600 FL spectrophotometer
(Hitachi, Japan). Cells were incubated with NP-CyS.5, RNP-CyS.S, or
RNP-CyS.5 with free RVG29 peptide suspended in DMEM culture
medium (containing 75 ng of CyS.5) for 6 h. For flow cytometry,
unbound NPs were removed by washing the cells twice with PBS, and
the cells were harvested and resuspended in PBS. Flow cytometry
(Becton Dickinson, San Jose, CA) was performed in the FL4 channel
using an argon 630 laser.

For fluorescence microscopy analysis, after incubation with NPs, NP-
CyS.5, or RNP-CyS.5 for 6 h, the cells were fixed with 4%
paraformaldehyde at room temperature for 30 min. The fixed cells
were permeabilized with 0.1% Triton X-100 for 1 min and then
incubated with FITC-phalloidin solution (1:2000) for 40 min. Hoechst
33342 was used to stain the nuclei for S min. The cells were observed
with an LSM 710 confocal microscope (Carl Zeiss, USA).

Internalization Pathways. The pathways involved in the internal-
ization of nanoparticles by brain cells were studied by preincubating
bEnd.3 cells (2 X 10° cells per well) for 2 h with two different inhibitors:
0.45 M sucrose or 30 uM chlorpromazine for clathrin-mediated
endocytosis; 100 uM EIPA for macropinocytosis; 30 #M nystatin for
caveolae-mediated endocytosis; and 1 mg/mL ammonium chloride for
lysosome inhibition. Cells were also incubated at 4 °C to minimize all
energy-dependent pathways. Then cells were treated with CyS.5-labeled
NPs for 4 h and analyzed after being washed twice. The CyS.5
fluorescence was detected by flow cytometry. Cells incubated without
inhibitor were used as the negative control.

Blood Brain Barrier Permeability in Vitro. bEnd.3 (1 X 10° cells
per polyester transwell insert) was cultured in 6 wells (pore diameter of
0.4 yum, 4.67 cm?). After 7 days, the cells reached confluence, and the
resulting monolayer was thought to reasonably mimic the BBB
morphology and activity in vitro.”>** To monitor the tightness of the
monolayer, its TEER was detected by a Millicell-ERS volt-ohmmeter
(Millipore Co., USA). The monolayer of cells with at least 200 Q-cm?
TEER was selected for further experiments.*” To evaluate nanoparticle
penetration across this monolayer, the culture media were replaced with
PBS, and RNP-Cy5.5 or NP-CyS.5 (equivalent amounts of CyS.S dye)
was incubated on the apical side for 4 h. The fluorescence in the bEnd.3
(insert of the transwell) layer and in the bottom chamber was imaged
using a CRi fluorescent imaging system (Woburn, MA, USA). The PBS
media in both apical and basolateral chambers were collected, and the
hydrodynamic diameter and {-potential of the contained particles were
analyzed as described above. The concentration of Cy5.5 was measured
by fluorescence spectroscopy (675/695 nm), and the apparent
permeability coefficients (Papp) of nanoparticles were determined as

B,y (em/s) = (Q/6) X (1/4) x (1/C)

where Q represents the total amount of permeated CyS.5 (ug), A is the
surface area of the filter (cm®), C is the initial CyS.5 concentration (ug/
cm?®), and t is the experiment time (s).

Cell Viability Assay. SH-SYSY cells (1 X 10*) were seeded in 96-
well plates and incubated with DFO, NP-DFO, and RNP-DFO (0, 50,
100, 200, or 400 uM) for 24 h. A cell counting kit-8 assay (Dojindo
Laboratories, Kumamoto, Japan) was used for cell viability measure-
ment.

For the counting of total cell numbers, after incubation with different
DFO formations, incubation SH-SYSY cells were collected in 1 mL of
PBS and then incubated with 0.4% Trypan blue. The live cells (not
stained) were counted using a hemocytometer.

Plasma Pharmacokinetics of Free DFO, NP-DFO, and RNP-
DFO. NP-DFO, RNP-DFO (equivalent to 50 mg/kg DFO), and free
DFO (50 mg/kg) was intravenously administered to female Sprague—
Dawley rats (170 + 10 g) (n = 4). Blood samples were harvested from
the tail vein at 0.08, 0.5, 1, 2, 4, 6, 12, and 24 h post-dosing into
heparinized microcentrifuge tubes. The blood samples were centrifuged
at 1000g for 15 min at 4 °C.

For plasma DFO quantification, the plasma sample was mixed with an
equivalent volume of 10 mM FeCl; aqueous solution, vortexed for 5
min, and centrifuged at 12 000g for 20 min. The supernatant was
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precipitated by ice cold acetonitrile (sample volume/acetonitrile volume
1:4) and centrifuged at 12 000g for 20 min again. The supernatant was
then analyzed using high-performance liquid chromatography (HPLC).

High-Performance Liquid Chromatography for Quantifica-
tion of Deferoxamine-Fe. A Waters HPLC system (Waters 2478,
Milford, MA, USA) coupled with an autosampler (model 717 plus), a
binary pump (model 1525), and a UV photodiode array detector
(model 996) was employed. The column used was a symmetry C18
reverse-phase column (Nova-Pak 20 mL, 4.6 X 150 mm, Waters,
Milford, MA), and the mobile phase for elution contained 70%
acetonitrile and 30% water (v/v). Flow rate was set as 1.0 mL/min, and
the eluent was monitored at 430 nm at 25 °C.

Animal Studies. All the animal studies were approved by the Animal
Care and Use Committee of Beijing Science and Technical Bureau. Male
CS7BL/6 mice of approximately 25 g (Beijing Vital River Laboratory
Animal Technology Co., Ltd., Beijing, China) were maintained in cages
at 21 = 2 °C in a room with controlled humidity with a 12 h light/dark
cycle and provided free access to food and water. All mice were allowed
to adapt for 3 days before the experiment started.

The mice that pretrained on the rotating rod and had no difference in
time staying on the rod were selected for further studies. For therapeutic
studies, the mice were injected with MPTP intraperitoneally five times
(35 mg/kg per injection per day) to induce PD. DFO, NP-DFO, RNP-
DFO (DFO 35 mg/kg), and unloaded RNP vehicle were injected
intravenously once every other day for 12 days as the same day MPTP
induction started. DFO concentration was determined for each batch of
nanoparticles as described before to control the injected dose. The
animals were subjected to behavioral testing 48 h after final injection and
then sacrificed.

Evans Blue Extravasation for BBB Permeability Measure-
ment. Normal mice were intravenously treated with DFO, NP-DFO,
RNP-DFO (equivalent DFO 35 mg/kg), or RNP vehicle once every
other day for 12 days. On the third day after the last injection, they were
injected slowly with Evans blue (3% in PBS; 4 mL/kg) through the tail
vein and euthanized 2 h later. The mice were then perfused with PBS to
remove the free dye. Each hemisphere of the brain was weighed and cut
into 2 mm thick sections and then incubated in 1 mL of formamide at 55
°C for 24 h. After centrifugation at 12 000g for 20 min, the supernatant
was collected and the concentration of Evans blue was quantified using
its absorbance at 620 nm.

In Vivo Biodistribution Studies. Normal CS7BL/6 mice were
injected with NP-CyS.5 or RNP-CyS.S (equal amounts of dye) by tail
vein. After 4 h, the brain, heart, lung, liver, spleen, and kidneys of the
animals were harvested and imaged using a CRi fluorescent imaging
system.

Preparation of Gold-Containing Nanoparticles and Determi-
nation of Brain Delivery Efficiency. Gold nanoparticles (nAu,
approximately 15 nm in diameter) were synthesized as described
previously.”® NP-nAu and RNP-nAu were then prepared using the same
protocol described above replacing the 0.2 mL of DFO solution with
gold nanoparticles dispersed in 0.2 mL of water. The mice were
administered with nAu, NP-nAu, or RNP-nAu (nAu dose 30 mg/kg as
quantified by ICP-MS) through tail vein injection. After 4 h, their brain
tissues were harvested, and the brain blood capillaries were depleted
from the parenchyma according to a protocol reported before." Briefly,
the brain sample was homogenized in a buffer containing 10 mM
HEPES, 141 mM NaCl, 4 mM KCJ, 1.0 mM MgSO,, NaH,PO,, 2.5 mM
CaCl,, 1 mM sodium pyruvate, and 10 mM glucose, with pH at 7.4.
Dextran was then added until the mass concentration reached 13%, and
the mixture was homogenized again. The product was centrifuged at
5800g for 20 min, and the supernatant was collected as the parenchyma
fraction, and the pellet contained the capillary. Both fractions were
digested and subjected to ICP-MS analysis.

Rotarod Performance Test. PD-induced behavioral changes were
estimated as described previously.7 In brief, mice performed three 10
min pretraining trials daily for 3 consecutive days before MPTP
treatment. The test instrument (Shandong Medical Academy of
Sciences, China) used a rod with a diameter of 3 cm and set at 40
rpm rotation. Mice were placed on the rotating rod, and the time for
which each mouse maintained balance on the rod was recorded. Each

mouse was tested three times with an intertrial interval of 20 min. The
average time was considered as the final scores.

Immunofluorescence. The immunofluorescence analysis was
carried out according to previous description.” Rabbit anti-mouse TH
was used as the primary antibody. Rhodamine-conjugated goat anti-
rabbit IgG was used as the secondary antibody. The red fluorescence was
imaged using a Zeiss LSM710 microscope.

The number of TH-positive neurons in the SNpc was counted using
an effective unbiased stereological method described previously.* In
brief, 40 consequent slices of cryosection (30 ym in thickness) were
collected from AP —2.80 mm to AP —3.97 mm and were counted for
quantification of TH-positive neurons in the SNpc of each mouse.>” The
experiment was carried out six times.

Inductively Coupled Plasma Mass Spectrometry. Gold and
iron contents in nanoparticles or biological samples were determined
using ICP-MS as described elsewhere.*® For gold content analysis, NP-
nAu and RNP-nAu nanoparticles dispersed in triple-distilled water or
parenchyma and brain capillary fractions separated as mentioned before
were used. For total iron analysis, approximately 20 mg of dried brain
tissue or 1 X 10° cells (centrifuged from suspended media) was
harvested. Digestion was carried out using a total of 1 mL of ultrapure
nitric acid (69.9—70.0%, J.T. Baker, USA) and 0.15 mL of H,0,, with
the microwave digestion process setting at 100 °C for 2 h, followed by
200 °C for 4 h. The digested samples were then dissolved in 3 mL of
ultrapure water and subjected to element concentration determination
using an X Series 2 ICP-MS (Thermo Fisher, FL, USA).

Iron Histochemistry with Perl’s Staining. 3,3-Diaminobenzidine
tetrahydrochloride (DAB)-enhanced Perl’s staining was used for
determination of iron content."* Briefly, 1S um sections were treated
with 3% hydrogen peroxide for 10 min. The samples were then treated
with Perl’s solution for 6 h. After being washed with PBS (pH 7.4), the
samples were treated with DAB for 10 min to intensify the dyeing
reaction.

Measurement of Oxidative Stress Indicators. Levels of ROS,
MDA, and SOD in the brain tissues were determined using commercial
kits (E004, A003, A001-1-1, Nanjing Jiancheng Bioengineering
Institute, Nanjing, China) according to the manufacturer’s protocol.”*

RNA Isolation and Quantitative PCR (qPCR). Total RNA was
isolated from SN or striatum tissues using TRIzol reagent (Invitrogen,
San Diego, CA, USA) according to the manufacturer’s protocol. A total
of 1 ug of total RNA was then used for cDNA first strand synthesis using
an M-MLYV reverse transcriptase kit (Takara Biotechnology Co., Dalian,
China). gPCR was performed to determine the transcriptional levels of
IL-1§3, TNF-q, and IL-6 using SYBR Green PCR Master Mix (Applied
Biosystems, Waltham, MA, USA) in an Applied Biosystems 7500 real-
time PCR system. The thermoparameters were set as follows: 95 °C for
10 min, followed by 40 cycles of 95 °C for 5 s and 60 °C for 30 s. Three
biological replicates were performed with three technical replicates. f-
Actin was used as an internal reference. Primers sequences were as
follows: IL-1 forward 5'-GAAATGCCACCTTTTGACAGTG-3' and
reverse 5-CTGGATGCTCTCATCAGGACA-3’; TNF-a forward 5'-
AGGCGGTGCCTATGTCTCA-3' and reverse 5'-GAGGCCATTTG-
GGAACTTCT-3'; IL-6 forward 5'-GCTACCAAACTGGATATA-
ATCAGGA-3' and reverse 5'-CCAGGTAGCTATGGTACT-
CCAGAA-3’; f-actin forward 5'-CTCCAGAA-3' and reverse 5'-
TCTCCATGTCGTCCCAGTTG-3'. Relative gene expression levels
were determined via a 274 method.

Statistical Analysis. Statistical analysis was performed with SPSS
21.0 software (SPSS Inc., Chicago, IL). Differences were analyzed by
one-way ANOVA. Dunnett’s test or Student—Newman—Keuls test were
used as post hoc tests.
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