
O R I G I N A L  R E S E A R C H

Polymeric Nanoparticles-Based Brain Delivery with 
Improved Therapeutic Efficacy of Ginkgolide B in 
Parkinson’s Disease

This article was published in the following Dove Press journal: 
International Journal of Nanomedicine

Yuying Zhao1 

Sha Xiong1 

Piaoxue Liu1 

Wei Liu1 

Qun Wang1 

Yao Liu1 

Hanxu Tan2 

Xiaojia Chen 3 

Xuguang Shi4 

Qi Wang1 

Tongkai Chen 1

1Science and Technology Innovation 
Center, Guangzhou University of Chinese 
Medicine, Guangzhou 510405, People’s 
Republic of China; 2Dongzhimen 
Hospital, Beijing University of Chinese 
Medicine, Beijing 100700, People’s 
Republic of China; 3State Key Laboratory 
of Quality Research in Chinese Medicine, 
Institute of Chinese Medical Sciences, 
University of Macau, Macau 999078, 
People’s Republic of China; 4School of 
Pharmaceutical Sciences, Guangzhou 
University of Chinese Medicine, 
Guangzhou 510006, People’s Republic of 
China 

Purpose: Ginkgolide B (GB) is a terpene lactone derivative of Ginkgo biloba that is 
believed to function in a neuroprotective manner ideal for treating Parkinson’s disease 
(PD). Despite its promising therapeutic properties, GB has poor bioavailability following 
oral administration and cannot readily achieve sufficient exposure in treated patients, limiting 
its clinical application for the treatment of PD. In an effort to improve its efficacy, we utilized 
poly(ethylene glycol)-co-poly(ε-caprolactone) (PEG-PCL) nanoparticles as a means of 
encapsulating GB (GB-NPs). These NPs facilitated the sustained release of GB into the 
blood, thereby improving its ability to accumulate in the brain and to treat PD.
Methods and Results: Using Madin-Darby canine kidney (MDCK) cells, we were able to 
confirm that these NPs could be taken into cells via multiple nonspecific mechanisms 
including micropinocytosis, clathrin-dependent endocytosis, and lipid raft/caveolae- 
mediated endocytosis. Once internalized, these NPs tended to accumulate in the endoplasmic 
reticulum and lysosomes. In zebrafish, we determined that these NPs were readily able to 
undergo transport across the chorion, gastrointestinal, blood–brain, and blood-retinal barriers. 
In a 1-methyl-4-phenylpyridinium ion (MPP+)-induced neuronal damage model system, we 
confirmed the neuroprotective potential of these NPs. Following oral administration to rats, 
GB-NPs exhibited more desirable pharmacokinetics than did free GB, achieving higher GB 
concentrations in both the brain and the blood. Using a murine PD model, we demonstrated 
that these GB-NPs achieved superior therapeutic efficacy and reduced toxicity relative to free 
GB.
Conclusion: In conclusion, these results indicate that NPs encapsulation of GB can sig
nificantly improve its oral bioavailability, cerebral accumulation, and bioactivity via mediat
ing its sustained release in vivo.
Keywords: drug delivery system, blood–brain barrier, endocytosis, zebrafish, PD treatment

Introduction
Parkinson’s disease (PD) is a very common neurodegenerative disease that impacts 
roughly 2% of adults over the age of 65.1 At a molecular level, PD is associated 
with progressive dopaminergic (DA) neuron degeneration, Lewy body development 
in these neurons, and accumulation of α-synuclein within the substantia nigra pars 
compacta.2 At the clinical level, PD patients suffer from significant motor abnorm
alities postural instability, tremors, altered gait, bradykinesia, and rigidity. Many 
pharmacological approaches have sought to treat PD in recent years, but most 
compounds used for such approaches have poor oral bioavailability and brain 
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penetration and as such are of limited therapeutic value. 
Owing to these limitations, increasing numbers of studies 
have sought to utilize compounds derived from herbal 
sources in order to treat PD.3,4

Ginkgolide B (GB) is a diterpene derivative of Ginkgo 
biloba leaves, and it has frequently been explored as 
a neuroprotective agent for PD treatment.5 GB is known to 
disrupt the degradation of the rate-limiting enzyme responsi
ble for dopamine synthesis, tyrosine hydroxylase (TH), 
thereby protecting against DA neuron damage or loss induced 
by agents such as 6-hydroxydopamine6 or 1-methyl-4-phe
nyl-1,2,3,6-tetrahydropyridine (MPTP).7 Despite this pro
mising efficacy, however, GB exhibits very poor water 
solubility. As a result, oral administration of GB achieves 
very poor brain and blood exposure, restricting its clinical 
utility. A number of approaches have been examined as 
a means of improving GB bioavailability including soybean 
phospholipid-stabilized nanosuspension,8 nanoemulsion,9 

and polymeric nanocapsules.10 These approaches have been 
hampered by their poor drug-loading capacity and by a lack 
of data pertaining to their pharmacokinetic profiles in the 
blood and the brain of treated animals. Therefore, in the 
present study, we sought to develop a new formulation cap
able of enhancing oral bioavailability, plasma pharmacoki
netics and brain accumulation of GB.

Polymeric nanoparticles (NPs) are optimal candidates for 
drug delivery strategies owing to their limited toxicity, high 
biocompatibility, desirable biodegradability, and long circu
lation time.11,12 Poly(ethylene glycol) (PEG) and poly(ε- 
caprolactone) (PCL) polymers have been approved by the 
FDA for pharmaceutical use.13 Amphiphilic copolymers 
composed of PEG and PCL can adopt a number of different 
structures based upon the molecular weights of the hydro
philic (PEG) and hydrophobic (PCL) components thereof.14 

For the treatment of PD, NPs <100 nm in size are ideal as 
they have been shown to be well suited to delivering cargos 
through the brain capillary endothelial cell layer.15 

Therapeutically viable NPs also need to be capable of achiev
ing sustained drug release in vivo in order to effectively treat 
chronic conditions such as PD. Therefore, in this study, we 
endeavored to develop small NPs capable of releasing GB in 
a sustained fashion in order to achieve anti-Parkinsonian 
efficacy. To that end, we encapsulated GB in PEG-PCL via 
an antisolvent precipitation approach, yielding GB-NPs. In 
addition, NPs coated with Poloxamer 188 have been shown 
to be effective for transporting drugs across the blood–brain 
barrier (BBB).16 We have successfully developed six-armed 
star-shaped NPs to deliver drugs across the BBB.15 However, 

the endocytic mechanisms responsible for the uptake and 
transport of such NPs remain uncertain. To that end, we 
explored the endocytic mechanisms of NPs in Madin– 
Darby canine kidney (MDCK) cells, as these cells represent 
an ideal in vitro epithelial model owing to their polarity, tight 
junction formation, and relatively thin mucus layer.17 

Moreover, the neuroprotective effects of NPs were evaluated 
using human neuroblastoma SH-SY5Y cells, a neuron-like 
cell model that has been widely used to evaluate intracellular 
events linked to neurotoxic insults. To extend this work, we 
then employed a zebrafish model system in order to explore 
the ability of coumarin 6 (C6)-labeled NPs (C6-NPs) to cross 
specific biological barriers in vivo.

The overall goal of this study was to determine whether 
GB-NPs were capable of releasing GB in a sustained manner 
in vivo, thereby improving the bioavailability of this com
pound and enhancing its therapeutic efficacy for the treat
ment of PD. As such, after conducting the studies discussed 
above, we used a rat model system to analyze the pharmaco
kinetics of these NPs, and we used an MPTP-induced mouse 
model of PD to explore their anti-Parkinsonian activity. 
Together, our results indicated that GB-NPs were success
fully able to enhance the oral bioavailability, cerebral deliv
ery, and therapeutic utility of GB.

Materials and Methods
Materials
PEG-PCL (PEG, MW, 2000 Da; PCL, MW 6000Da, mol/ 
mol of lactide/glycotide, 75/25) were purchased from the 
Glaco Ltd. (Beijing, China). GB, Poloxamer 188 (F68), 
3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bro
mide (MTT), rabbit polyclonal anti-TH antibody, MPTP, 
1-methyl-4-phenylpyridinium ion (MPP+), and Selegiline 
were all obtained from Sigma-Aldrich (St. Louis, MO, 
USA). MDCK and SH-SY5Y cells were provided by 
Guangzhou Jenniobio Biotechnology Co., Ltd. 
(Guangzhou, China). Methyl-β-cyclodextrin (MβCD), 
Chlorpromazine (CPZ), hypertonic sucrose and 5-(N-ethyl- 
N-isopropyl)-amiloride (EIPA) were purchased from Sigma 
Aldrich (St. Louis, MO, USA). Coumarin-6 (C6), 
LysoTracker, ER Tracker and Mito Tracker were purchased 
from Molecular Probes Inc. (OR, USA).

Cell Culture and Animal Care
MDCK and SH-SY5Y cells were cultured in high glucose 
DMEM containing 10% FBS and antibiotics (1% 
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penicillin and streptomycin mixture) at 37 °C in 
a humidified 5% CO2 incubator.

Wild-type zebrafish (Danio rerio) were obtained from the 
China Zebrafish Resource Center (Wuhan, China), and were 
housed and bred under standard conditions.18 Briefly, these 
zebrafish were exposed to a 14 h/10 h light/dark cycle. When 
zebrafish were mature, males and females were separated 
from one another at a 1:2 ratio in a 1 L tank overnight. 
Following the light cycle, the screen was separated, and 
embryos that had been fertilized were collected. Pigment 
formation was blocked using 1-phenyl-2- thiourea (PTU).

Male Sprague-Dawley (SD) rats (6–8 weeks old) and 
C57BL/6 mice (8 weeks old) were provided by the 
Experimental Animal Center of Guangzhou University of 
Chinese Medicine (Guangzhou, China), and were housed 
with free food and water access in a 25 ± 2 °C facility with 
55 ± 5% relative humidity and a 12 h light/dark cycle. The 
Animal Ethics Committee of Guangzhou University of 
Chinese Medicine approved all studies described herein, 
which were consistent with regulations for the care and use 
of experimental animals defined by the Chinese government.

GB-NPs Preparation and Characterization
1H-nuclear magnetic resonance1H-NMR and Fourier- 
transform infrared (FTIR) spectroscopy were used to eval
uate the properties of the PEG-PCL used for NPs 
preparation. Detailed methods are available in Supporting 
Information (Section S1). Next, GB-NPs were prepared 
via an antisolvent precipitation and stabilizer-based 
approach.15 Briefly, we injected 0.2 mL volumes of GB 
and PEG-PCL (20 mg/mL in acetone) into a 10 mL 
volume of dH2O containing the stabilizer F68 (0.5 mg/ 
mL). This solution was constantly stirred at 1000 rpm at 
room temperature. The resultant GB-NPs were then col
lected and subjected to dynamic light scattering (DLS) in 
order to quantify their size distribution, polydispersity 
index (PDI), and zeta potential. The morphology of these 
NPs was then further evaluated via transmission electron 
microscopy (TEM), while high-performance liquid chro
matography (HPLC) was used to quantify drug loading 
(DL) and encapsulation efficiency (EE), and differential 
scanning calorimetry (DSC) was used to assess the thermal 
properties of these NPs. Lastly, we used dialysis to assess 
drug release of GB-NPs. Detailed methods are available in 
Supporting Information (Section S1). C6-NPs were pre
pared in the same manner as GB-NPs, substituting GB for 
C6 and conducting the procedure in the dark.

GB-NPs Cellular Uptake and Permeation 
Measurements
In order to assess the impact of GB-NPs or free GB on the 
viability of MDCK cells, an MTT assay was conducted. 
Briefly, MDCK cells were added to 96-well plates over
night (5000 cells/cm2), after which media was exchanged 
for 100 μL of fresh media containing GB-NPs or GB. 
After an additional 24 h, 20 μL of MTT solution (5 mg/ 
mL in PBS) was added to each well for 4 h. Media was 
then removed, and replaced with 150 μL DMSO. 
A microplate reader (Thermo Multiskan FC, USA) was 
then used to quantify absorbance at 570 nm.

Cellular GB-NPs and GB uptake were measured by 
replacing MDCK cell culture media with fresh media sup
plemented with 20 μM of GB-NPs or free GB (GB concen
tration of 20 μM). Cells were then incubated for 2 h, after 
which they were washed thrice using cold PBS (4°C) prior to 
lysis. Methanol was then used to facilitate protein precipita
tion, and samples were spun for 20 minutes at 15,000 rpm at 
room temperature. GB levels were then measured via HPLC 
using an Agilent 1100 instrument (CA, USA) with a DAD 
detector, an auto-sampler, and an Ecosil C18 analytical col
umn (4.6 mm × 150 mm, 5μm). For this analysis, a 20 
µL volume of each sample was injected into the system, 
with a mobile phase composed of methanol/water (50:50), 
a 1.0 mL/min flow rate, and a 220 nm detection wavelength.

We additionally analyzed the ability of free GB, GB- 
NPs, and a mixture of GB, PEG-PCL, and F68 (GB-PM) 
to permeate across MDCK cell monolayers. For such 
permeability analyses, transepithelial electrical resistance 
(TEER) values were measured prior to experimentation in 
order to confirm the integrity of these MDCK cell mono
layers. Apical-to-basolateral transepithelial transport was 
tested via the apical addition of 20 μM GB (or equivalent 
GB-NPs or GB-PM doses) in 500 μL HBSS (pH 7.4). 
1500 μL HBSS was added to the basolateral side of the 
monolayer. After 15, 30, 60, 90, and 120 minutes, 200 μL 
samples of this basolateral solution were collected. GB 
concentrations in these samples were quantified via 
HPLC, with the apparent permeability coefficient, Papp 

(cm/s), being calculated.19

MDCK Endocytic Uptake of C6-NPs
We utilized C6-labeled NPs (C6-NPs) to monitor cell- 
mediated endocytosis of these NPs. For this analysis, 
MDCK cells were plated at 1 × 105 cells/well in 12-well 
plates overnight, after which they were washed thrice with 
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PBS prior to incubation with serum-free media supple
mented with C6-NPs at final C6 concentrations of 0.5 
μg/mL, 1 μg/mL or 2 μg/mL. After appropriate periods 
of incubation at 37 °C, cells were collected, washed using 
cold PBS, and fixed using 4% paraformaldehyde (PFA). 
A confocal laser scanning microscope (CLSM; TCS SPE 
Ⅱ, Leica, Germany) was then used to image cells.

Endocytic Inhibitor Treatments
In order to better understand the role of specific endocytic 
pathways in the uptake of these NPs, we treated MDCK 
cells with the endocytic inhibitors shown in Table S2.20,21 

Briefly, MDCK cells were plated at 1 × 105 cells/well in 
12-well plates for 24 h, after which cells were washed and 
fresh media supplemented with methyl-β-cyclodextrin 
(MβCD, 10 mM), chlorpromazine (CPZ, 30 μM), hyper
tonic sucrose (HS, 0.4 M), or 5-(N-ethyl-N-isopropyl)- 
amiloride (EIPA, 40 μM) was added, followed by 
a 30-minute incubation at 37 °C. Fresh media containing 
C6-NPs at a final C6 concentration of 1 μg/mL was then 
added, and cells were incubated for 30 min at 37 °C. Cells 
were then rinsed with cold PBS, fixed in 4% PFA, stained 
with DAPI, and imaged via CLSM.

Intracellular C6-NPs Trafficking in MDCK 
Cells
C6-NPs trafficking to the lysosomal (Lyso), mitochondrial 
(Mito), and endoplasmic reticulum (ER) compartments 
was assessed in MDCK cells cultured as above. Cells 
were initially plated overnight, and were then washed 
with PBS and incubated with Lyso Tracker (10,000:1 
dilution), ER Tracker (1000:1 dilution), and Mito Tracker 
(3000:1 dilution) for 120 min, 30 min, and 30 min, respec
tively. Cells were then washed three more times in PBS 
prior to the addition of C6-NPs at a final C6 concentration 
of 1 μg/mL for 1 h. Cells were then rinsed using cold PBS 
prior to fixation in 4% PFA and imaged via CLSM.

Analysis of GB-NPs-Mediated 
Cytoprotection
SH-SY5Y cells were plated at 5000 cells/cm2 in 96-well 
plates overnight, after which they were treated for 2 h with 
GB or GB-NPs (1, 5, 10, or 20 μM). Next, 2 mM MPP+ 

was added and cells were incubated for a further 36 h. An 
MTT assay was then used to assess the ability of GB or 
GB-NPs to modulate the survival of these SH-SY5Y cells.

Embryos and Larval Zebrafish Exposure 
to C6-NPs and Imaging
We exposed either embryonic (3 hours post-fertilization; hpf) 
or larval (7 days post-fertilization; dpf) zebrafish to C6 or C6- 
NPs (50, 100, or 200 ng/mL). After 10, 30, or 60 minutes, we 
then washed these zebrafish and collected them for micro
scopic imaging (Model DMi8, Leica, Germany).

Analysis of C6-NPs Endocytosis in Larval 
Zebrafish
We treated larval zebrafish (7 dpf) with MβCD, CPZ, HS, 
or EIPA for 30 minutes in order to inhibit endocytosis, 
after which fresh media supplemented with C6 or C6-NPs 
(100 ng/mL) was added followed by an additional 30- 
minute incubation. Zebrafish were then collected, washed, 
anesthetized using 0.04% MS-222 (tricaine methane sulfo
nate), oriented laterally in 1% low-melting agarose, and 
imaged via fluorescence microscopy.

In vivo GB-NPs Toxicity Evaluation
Zebrafish embryos (5 hpf) were hatched in the presence 
of a range of GB-NPs concentrations selected based 
upon the OECD Guidelines for the Testing of 
Chemicals (0–150 μg/mL; n=20 zebrafish/concentra
tion). Media was refreshed once per day. Embryonic 
morphology was analyzed via microscopy, with survival 
rates being measured based upon movement, heart-beat, 
and circulation. At 96 hpf, we recorded the hatching 
rates, body length, and heart rates for all embryos.

Histological Analysis
Following the completion of the in vivo PD murine model 
experiments, mice were euthanized and their hearts, livers, 
spleens, lungs, and kidneys were collected and fixed using 
4% PFA. Samples were them paraffin-embedded, cut into 
4 μm sections, and stained using hematoxylin and eosin 
(H&E) to assess organ morphology.

GB-NPs Pharmacokinetic Analysis
SD rats were separated at random into two treatment groups 
that were orally administered either GB-NPs (4 mg/kg GB) 
or an equivalent GB dose. Over the 48 h following adminis
tration, serum samples were obtained via collecting 300 μL 
of blood from individual rats in each treatment group (n=6/ 
time point). Blood samples were spun for 5 minutes at 
5000 rpm, after which supernatants were used for down
stream analyses. In addition, at 0, 0.25, 0.5, 1, 2, 4, 6, 8, 12, 
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24, and 48 h following dosing, 4 rats per treatment group 
were euthanized and their brains were perfused with physio
logical saline as in prior studies.19 The brains of these ani
mals were then excised, weighed, and homogenized in cold 
saline. LC-MS/MS was then used to measure GB concentra
tions in these samples.22

The Drug and Statistics (DAS, v2.0) software was used to 
calculate pharmacokinetic parameters including elimination 
half-life (T1/2), time to maximal plasma or brain concentra
tions (Tmax), peak plasma or brain concentrations (Cmax), area 
under the concentration-time curve in the plasma or brain 
from time zero to time t (AUC0-t), and mean residence time 
(MRT0-t). A non-compartmental model was used to estimate 
these parameters. In addition, relative GB-NPs bioavailabil
ity (F) was calculated as follows:

F ¼
AUCGB � NPs

AUCcontrol group
� 100%

Evaluation of the in vivo Neuroprotective 
Activity of GB-NPs
Mice were randomized into the following treatment 
groups: (1) control group (disease free); (2) MPTP; (3) 
Selegiline; (4) GB; (5) GB-NPs. PD model mice were 
generated via intraperitoneal injection of MPTP (18 mg/ 
kg in 0.9% saline) four times with 2 h between 
injections.23,24 Mice in the GB and GB-NP treatment 
groups were gavaged with either GB (5 mg/kg) together 
with blank NPs or GB-NPs (5 mg/kg) for 14 days (once 
daily for 7 days prior to MPTP administration and twice 
daily for 7 days after MPTP administration).25 Control 
mice were administered only 0.9% saline, while animals 
in the Selegiline group were administered Selegiline 
(10 mg/kg). GB-NPs-mediated neuroprotection was quan
tified based on behavioral testing, TH+ neuron immuno
histochemistry, and by measuring levels of DA and 
metabolites.26

Statistical Analysis
One- and two-way ANOVAs were used to compare data 
between groups. Data are given as means ± SD. The 
significance threshold was p < 0.05.

Results and Discussion
GB-NPs Characterization
We began by characterizing the PEG-PCL polymer used 
for this study based upon its 1H-NMR spectrum, 

revealing that peaks at 3.34 ppm and 3.61 ppm were 
attributable to the protons of methylene and methyl in 
PEG (Figure S1). In addition, peaks at 1.65 ppm, 2.30 
ppm and 3.99 ppm were assigned to the proton signals 
in PCL (Figure S1). We further employed FTIR spectro
scopy to assess the structural conformation of the PEG- 
PCL polymer (Figure S2). This analysis revealed peaks 
at 2869 cm−1 and 2947 cm−1 consistent with 
C-H stretching, peaks at 957 cm−1 and 1245 cm−1 con
sistent with C-O stretching, peaks at 1728 cm−1 and 
3443 cm−1 consistent with C=O and O-H, respectively, 
and peaks at 1090–1300 cm−1 consistent with C-C and 
C-O. We further detected peaks at 1085–1150 cm−1 that 
were attributable to the ether band of PEG. In addition, 
we measured the solubility of GB in different buffers 
(Table S1). We then characterized the optimized GB- 
NPs, which were found to have a particle size of 91.26 
± 1.34 nm, a PDI of 0.17 ± 0.01 (Figure 1A), a zeta 
potential of −12.09 ± 0.97 mV (Figure 1B), a DL capa
city of 26.93%, and an EE of 87.52%. These GB-NPs 
were spherical in shape (Figure 1A, TEM image), and 
following a 4-week storage at room temperature, the 
size distribution of these NPs did not change (Figure 
S3). A single endothermic peak was detected at 130 °C 
when these NPs were analyzed via DSC, consistent with 
findings made upon the analysis of GB and GB-PM 
(Figure 1C). This suggested that the properties of GB 
within GB-NPs are not impacted by the antisolvent 
precipitation process. We also monitored in vitro GB 
release from GB-NPs over 48 h in PBS (pH 7.4), 
revealing a biphasic release pattern wherein ~30% of 
the total GB was released during the first 2 h, followed 
by more gradual sustained 94% release over the remain
der of the 48 h period (Figure 1D). The rapid initial 
release of GB may be attributable to the release of free 
GB or surface GB into the PBS solution, with the 
following sustained release instead being attributable to 
more gradual diffusion and dissolution of these GB- 
NPs.27 Similar observations (rapid initial release and 
subsequent sustained release) are also found in the pre
vious report.28

Assessment of GB-NPs Cellular Uptake 
and Permeability with MDCK Cells
We examined the cytotoxic impact of GB and GB-NPs 
treatment on MDCK cells, revealing no significant 
cytotoxicity across a wide range of concentrations 
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(1–100 μM) (Figure S4). However, GB-NPs were asso
ciated with significantly enhanced cellular GB uptake 
(3.18 ± 0.30 μg/mg protein) relative to the free GB 
(0.98 ± 0.07 μg/mg protein) and GB-PM (1.01 ± 0.11 
μg/mg protein) groups, with no significant difference in 
uptake between the latter two groups. In addition, GB- 
NPs were associated with a higher Papp value (3.76 ± 
0.39×10−5 cm/s) relative to free GB (1.08 ± 0.13×10−5 

cm/s) and GB-PM (1.15 ± 0.16×10−5 cm/s), consistent 
with these GB-NPs being better-suited to transporting 
GB across MDCK cell monolayers. Importantly, TEER 
values were unchanged following treatment with these 
different GB formulations (Figure S5), suggesting that 
these NPs did not adversely impact MDCK monolayer 
integrity.

Endocytic Uptake of C6-NPs
We next sought to explore the mechanisms whereby NPs 
were taken into cells using C6-labeled NPs. C6-NPs 
were found to have a particle size of 90.40 ± 1.27 nm, 
a PDI of 0.17 ± 0.01 (Figure S6), a zeta potential of 
−11.85 ± 0.91 mV (Figure S7), which were similar with 
those of GB-NPs. In pilot experiments, we found that 
<4.5% of C6 was released from these C6-NPs over 

a 6-h period, suggesting that they are stably loaded 
with C6 even in acidic intracellular settings. When we 
treated MDCK cells with C6-NPs, we observed the 
time- and dose-dependent uptake of these NPs into 
cells (Figure S8).

Assessment of the Endocytic Mechanisms 
Governing C6-NPs Uptake into MDCK 
Cells
In order to explore the mechanisms whereby C6-NPs 
were taken up into MDCK cells, we treated these cells 
with a range of different inhibitors of endocytosis. We 
found that all tested inhibitors suppressed C6-NPs inter
nalization to at least some degree (Figure 2A). Of the 
tested inhibitors, CPZ most significantly inhibited C6- 
NPs endocytosis (70.48%), followed by MβCD 
(68.86%), HS (38.94%) and EIPA (20.92%) (Figure 
2B). Previous studies have found clathrin-mediated 
endocytosis to be one of the main mechanisms of NPs 
internalization,29 and consistent with these found that 
CPZ, which inhibits this process, interfered with C6- 
NPs uptake.30 As another mechanism of uptake, cells 
can internalize compounds via lipid raft-associated 
caveolae formation. MβCD inhibits this caveolar uptake 

Figure 1 GB-NPs characterization. (A) Size distribution. Insert: TEM image. Scale bar: 100 nm. (B) Zeta potential. (C) DSC profiles. (D) In vitro release profiles.
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pathway and was found to inhibit C6-NPs uptake in the 
present study, thus highlighting this as another mechan
ism of their endocytosis in MDCK cells.31 

Macropinocytosis is another mechanism whereby extra
cellular macromolecules are internalized into cells, and 
we found that the micropinocytosis inhibitor EIPA inter
fered with C6-NPs uptake.32 As such, our results sug
gest that these NPs can be non-specifically internalized 
through multiple different endocytic mechanisms 
(Figure S9).

C6-NPs Intracellular Localization in 
MDCK Cells
We analyzed the intracellular localization of C6-NPs 
within MDCK cells via confocal microscopy, revealing 
these NPs to co-localize with both the ER and with lyso
somes (Figure 2C). Both of these organelles can play 
important roles in regulating the bioavailability and activ
ity of drugs such as GB.33,34 In contrast, mitochondrial 
NPs accumulation is thought to induce high rates of cel
lular cytotoxicity.35 However, we observed negligible NPs 
co-localization with mitochondria in treated MDCK cells, 
suggesting that this is not a major cytotoxic mechanism 
associated with these NPs.

GB-NPs Protected Against in vitro 
MPP+-Induced Cell Death
We next assessed the impact of GB-NPs on SH-SY5Y 
cells in vitro in an MTT assay (Figure 3A). These NPs 
failed to induce any significant toxicity in these cells 
across the tested concentration range. We then utilized 
MPP+-treated SH-SY5Y cells as an in vitro model of 
PD in order to assess the cytoprotective properties of 
these NPs. We found that a 2 mM treatment with MPP+ 

was sufficient to induce 47.6% cell death, while 1, 5, 
10, and 20 μM GB-NPs significantly increased the 
viability of these cells to 67%, 76%, 85%, and 91%, 
respectively, whereas free GB increased the survival of 
these cells to a lesser extent (60, 65, 71, 78%, respec
tively) (Figure 3B). As such, these GB-NPs signifi
cantly enhanced the cytoprotective activity of GB 
in vitro.

Analysis of C6-NPs Uptake in Embryonic 
and Larval Zebrafish
We next utilized zebrafish as an in vivo model to 
explore the ability of NPs to cross biological barriers. 
In zebrafish, the functional gastrointestinal (GI) barrier 
slowly matures until 120 hpf,36 with tight junction 

Figure 2 Analysis of C6-NPs uptake and intracellular trafficking in MDCK cells. (A) C6-NPs were visualized within cells following treatment with endocytosis inhibitors 
(MβCD: methyl-β-cyclodextrin, CPZ: chlorpromazine, HS: hypertonic sucrose, EIPA: 5-(N-ethyl-N-isopropyl)-amiloride). Scale bar: 25 μm. (B) C6-NPs cellular uptake was 
quantified (n=3). *p<0.05, ***p<0.001 vs the Control group. (C) The co-localization of C6-NPs with lysosomes (Lyso), endoplasmic reticulum (ER), and mitochondria (Mito) 
was visualized using appropriate tracking dyes. Scale bar: 25 μm.

International Journal of Nanomedicine 2020:15                                                                          submit your manuscript | www.dovepress.com                                                                                                                                                                                                                       

DovePress                                                                                                                      
10459

Dovepress                                                                                                                                                            Zhao et al

https://www.dovepress.com/get_supplementary_file.php?f=272831.docx
http://www.dovepress.com
http://www.dovepress.com


proteins such as claudins being expressed at 56 hpf. 
Multidrug resistance protein expression can also be 
detected in both embryonic and adult zebrafish 
tissues.37 Zebrafish embryos also possess an additional 
barrier known as the chorion that protects against 
external threats.38 By 3 dpf, zebrafish exhibit 
a developed BBB with permeability restrictions similar 
to those observed in humans.39 Tight junction and 
efflux transport proteins are also evident in cerebral 
microvessels in these zebrafish. In addition, zebrafish 
embryos and larvae are transparent and can be used to 
easily track NPs distribution in vivo in a non-invasive 
manner.40 GB-NPs uptake was monitored by treating 
embryonic zebrafish with C6-NPs beginning at 3 hpf 
and then monitoring fluorescence within these embryos 
over time. We observed dose- and time-dependent 
increases in fluorescence within these embryos from 
10 to 60 minutes post-NPs addition (Figure S10), con
sistent with the ability of these NPs to cross 
the chorion into the yolk sac. Fluorescence in 
control embryos was minimal. As such, these results 
confirmed the ability of GB-NPs to enhance GB 
permeability.

We next exposed 7 dpf zebrafish larvae to C6-NPs 
in order to explore the ability of these NPs to enter the 
GI tract and to cross the BBB in vivo. We observed 
significant fluorescence in both the GI tract and brain 
of treated larvae, consistent with the successful oral 
uptake and cerebral delivery of these NPs (Figure 4). 
We also observed C6-NPs distribution to the eyes of 
treated zebrafish (Figure 4), indicating that these NPs 
can also cross the blood-retinal barrier. As the BBB is 
mature in zebrafish at this study time point, this model 
system can effectively be used to gauge the BBB 

permeability of particular compounds. As free C6 is 
unable to cross the BBB, all C6-related fluorescence in 
the brain of these zebrafish is attributable to NPs- 
mediated transport across this barrier. We also 
found that the fluorescence in the eyes and GI 
tract of these zebrafish larvae increased in a dose- 
and time-dependent manner, confirming the ability of 
these particles to be readily internalized and to 
cross the GI, blood-retinal, and blood–brain barriers 
in vivo.

Analysis of C6-NPs Endocytosis in 
Zebrafish Larvae
We next sought to understand the in vivo mechanisms 
underlying NPs internalization by treating zebrafish 
larvae (7 dpf) with MβCD, HS, EIPA, or CPZ. This 
analysis revealed findings similar with the results of 
our in vitro analysis. We found that CPZ and MβCD 
had the most profound inhibitory effect on this activity 
(Figure S11 and S12), suggesting that clathrin- and 
caveolae-mediated NPs uptake are the primary 
mechanisms whereby these NPs are internalized 
in vivo.

Vivo GB-NPs Toxicity Evaluation
We next sought to explore the in vivo toxicity of GB- 
NPs by using them to treat zebrafish embryos at 6 hpf 
across a range of concentrations (25, 50, and 100 μg/ 
mL). We then monitored these embryos for any 
abnormalities in development, blood flow, or other 
changes at 24, 48, 72, and 96 hpf. No changes in larval 
morphology were observed upon treatment with GB- 
NPs (Figure S13A), nor were the survival, hatching, or 
heart rates of the body length of these zebrafish altered 

Figure 3 (A) MTT assays in response to the indicated treatments (n=3). (B) GB-NPs protected against MPP+-mediated cytotoxicity (n=3). ***p<0.001 vs the MPTP group. 
##p<0.01 vs the GB group.
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significantly at 96 hpf (Figure S13B-E). Therefore, 
these findings suggested that GB-NPs do not cause 
significant toxicity in vivo or in vitro across the tested 
concentration range.

Histological Analysis
Lastly, we examined the potential impact of GB-NPs 
on organs following treatment. To that end, 
treated animals were euthanized and key organs were 

collected and H&E stained for histological analysis 
(Figure S14). No clear histological abnormalities were 
observed in these stained samples, suggesting that GB- 
NPs do not induce significant toxicity within healthy 
organs.

Analysis of GB-NPs Pharmacokinetics
We next sought to examine the pharmacokinetics of GB- 
NPs following their oral administration, with plasma 

Figure 4 C6-NPs were used to treat 7 dpf zebrafish larvae. Blue, yellow and red arrows are used to mark the eyes, brain and digestive system, respectively. Scale bar: 500 μm.

Figure 5 Plasma and brain pharmacokinetic profiles of GB and GB-NPs in rats. (A) Plasma concentration-time profile (n=6). (B) Brain concentration-time profile (n=4).
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concentration-time profile and pharmacokinetic para
meters shown in Figure 5A and Table 1, respectively. 
We found that GB-NPs had a Cmax of 3.86 ± 0.33 μg/ 
mL, which was 11.03-fold higher than associated with 
free GB (0.35 ± 0.04 μg/mL). This suggested that NPs 
loading of GB was able to significantly increase its 
systemic circulation owing to the advantageous particle 
sizes and surface properties of these NPs. In addition, 
we found these GB-NPs to have a T1/2 of 8.13 ± 0.84 h, 
which was 3.40-fold longer than that of free GB (2.39 ± 
0.32 h), indicating that GB-NPs can reduce the rate of 
GB plasma elimination. Consistent with this, we found 
that the MRT0-t value for GB-NPs was increased by 
1.58-fold relative to free GB. These increases in T1/2 

and MRT0-t values were also in line with our in vitro 
findings, suggesting that these GB-NPs can prolong 
in vivo GB activity. It has been demonstrated that PEG- 
containing NPs could prolong drug residence in sys
temic circulation.41,42 We also determined that these 
GB-NPs had an AUC0-t of 47.81 ± 4.68 μg·h/mL, 
which was 13.94-fold higher than that of free GB 
(3.43 ± 0.37 μg·h/mL). This significant increase in oral 
GB bioavailability was attributable to the prolonged 
gradual release of GB from these NPs, shielding the 
drug from rapid excretion. Notably, following oral 
administration, GB-NPs has longer Tmax and MRT0-t 

and higher AUC0-t compared with the GB 
nanocrystals.25

We also quantified the cerebral GB concentration- 
time profile and associated pharmacokinetic parameters 
(Figure 5B and Table 1, respectively) after GB-NPs 
oral administration. We found that GB-NPs required 
a longer time (6.84 ± 0.63h) to reach Tmax relative to 
free GB (4.73 ± 0.51 h), but that GB-NPs were asso
ciated with a significantly higher Cmax than was free 
GB (0.17 ± 0.01 μg/g vs 0.09 ± 0.01 μg/g). In addition, 
the brain Tmax was significantly increased relative to 
the plasma value (6.84 ± 0.63 h vs 4.50 ± 0.55 h), 
consistent with the more gradual elimination of GB 
from the brain. In addition, the AUC0-t for GB-NPs in 
the brain was 4.86-fold higher than that for free GB 
(1.05 ± 0.11 μg·h/g vs 5.10 ± 0.49 μg·h/g). Together, 
these findings revealed that GB-NPs were able to reli
ably and rapidly transport GB into the brain. This is 
likely at least partially attributable to the higher plasma 
concentrations of GB in GB-NPs-treated animals 
(Figure 6), but the small size of these GB-NPs suggests 
that they can also effectively be transported across the 
BBB to combat PD.43,44

Neuroprotective Effects of GB-NPs in 
a PD Mouse Model
In order to explore the therapeutic utility of GB-NPs, 
we utilized MPTP-treated mice as an acute model of 
PD (Figure S15), as these animals exhibit symptoms 
consistent with clinical PD including impaired motor 
functionality, TH+ neuron depletion, and low levels of 
dopamine within the brain.45 We utilized a pole test in 
order to assess how GB-NPs impacted bradykinesia in 
MPTP-lesioned mice, revealing that treatment with 
these NPs significantly reduced both turnaround time 
(t-turn) and total time to reach the bottom (t-total) after 
MPTP injection (Figure 7A and B). We also utilized 
a rotarod test to examine how these GB-NPs impacted 
the coordination and balance of these PD model mice 
(Figure 7C and D), revealing that they significantly 
increased the fall latency while simultaneously redu
cing the number of falls in treated animals. In an open 
field test aimed at examining spontaneous motor activ
ity and exploratory behavior, we found that GB-NPs 
treatment was sufficient to reverse MPTP-induced 
reductions in animal movement, increasing both total 
distance traveled and average speed of travel (Figure 
7E-G). As such, GB-NPs were able to improve the 

Table 1 GB-NPs Pharmacokinetic Parameters Following Oral 
Administration of GB-NPs

Parameters GB (n=6) GB-NPs (n=4)

Plasma

T1/2 (h) 2.39 ± 0.32 8.13 ± 0.84**

Tmax (h) 3.67 ± 0.82 4.50 ± 0.55*
Cmax (μg/mL) 0.35 ± 0.04 3.86 ± 0.33**

AUC0-t (μg·h/mL) 3.43 ± 0.37 47.81 ± 4.68**

MRT0-t (h) 9.01 ± 1.12 14.23 ± 1.53**
F 100% 1394%

Brain

T1/2 (h) 3.25 ± 0.37 18.06 ± 2.01**

Tmax (h) 4.73 ± 0.51 6.84 ± 0.63*
Cmax (μg/g) 0.09 ± 0.01 0.17 ± 0.01*

AUC0-t (μg.h/g) 1.05 ± 0.11 5.10 ± 0.49**

MRT0-t (h) 8.95 ± 0.82 19.91 ± 2.11**

Note: *p<0.05, **p<0.01 between the GB group and the GB-NPs group.
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coordination, balance, and motor activity of MPTP PD 
model mice.

The number of TH+ neurons in the substantia nigra 
pars compacta can serve as a gauge for DA neuron 
damage in this MPTP-induced PD model system. We 
were able to clearly detect evidence of GB-NPs- 
associated neuroprotection in vivo (Figure 8A), with 
treatment being associated with significant increases 
in numbers of TH+ neurons relative to free GB treat
ment (Figure 8B). MPTP treatment reduced levels of 
striatal dopamine, 3,4-dihydroxyphenylacetic acid 
(DOPAC), and homovanillic acid (HVA). However, 
treatment with GB-NPs was sufficient to reverse these 
MPTP-induced effects in these PD model mice (Figure 
8C-E).

Conclusions
In this study, we developed NPs that were able to 
efficiently encapsulate substantial quantities of GB 

when formulated via an antisolvent precipitation 
method. We found that these GB-NPs were able to 
significantly enhance GB uptake when used to treat 
MDCK cells, with their internalization being 
mediated by nonspecific clathrin-mediated, lipid raft/ 
caveolar, and micropinocytic uptake. Using zebrafish, 
we further demonstrated the ability of these NPs to 
transport across barriers including the chorion, the GI 
barrier, the BRB, and the BBB. In a pharmacokinetic 
study in rats, we were able to clearly demonstrate that 
these GB-NPs were associated with both enhanced 
brain uptakes of GB and higher levels of sustained 
GB in the plasma of treated animals. In a murine 
model of PD, we also found that administration of GB- 
NPs was sufficient to reduce behavioral deficits, attenu
ate DA depletion, and enhance DA, DOPAC, and HVA 
levels in treated animals. Our results thus offer evi
dence suggesting that GB-NPs can be utilized as 
a means of orally delivering GB in order to treat PD 

Figure 6 Schematic overview of the mechanisms governing the absorption and accumulation of GB-NPs following oral uptake.
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Figure 7 The impact of GB-NPs on behavioral impairment in PD model mice. A pole test on days 3 and 5 post-MPTP injection (A, B) and a rotarod test on days 4 and 6 
post-MPTP injection (C, D) were conducted (n=8). (E) Representative activity traces (green) derived from video tracking. Total distance traveled (F) and average speed (G) 
of treated mice (n=8). *p<0.05, **p<0.01, ***p<0.001 vs the Control group. #p<0.05, ##p<0.01, ###p<0.001 vs the GB group.
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via improving its oral bioavailability and brain 
delivery.
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