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for ischemic stroke.
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1 | INTRODUCTION

Ischemic stroke is one of the leading causes of long-term disability and
mortality worldwide and is in urgent need of new therapeutic strate-
gies. Current therapeutic interventions for ischemic stroke are limited
to intravenous administration of tissue plasminogen activator and en-
dovascular treatment, which aim to recanalize blood flow before major
brain damage occurs (Goyal et al, 2015; Muchada et al, 2014).
However, these therapies have strict time window requirements, thus
only a small number of people can benefit from them. Mesenchymal
stem cell (MSC) infusion is a potential treatment for ischemic stroke for
patients with no other options. Both bench experiments and clinical
trials have shown that MSCs are safe, feasible, and potentially effica-
cious in the treatment of stroke (Moniche et al., 2012; Prasad et al.,
2012; Savitz et al., 2011). MSC transplantation could also promote the
improvement of neurological function and reduce infarct volume after
cerebral ischemia in a stroke model (Bao et al., 2011; Lee et al., 2016).
However, a large number of transplanted MSCs undergo cell death,
which affects the therapeutic effect of transplanted MSCs due to the
adverse microenvironment induced by hypoxia-ischemia (N. Liu et al.,
2011; Zhu et al., 2006). The low survival rate of transplanted MSCs
may be related to many factors, such as intense inflammation and
oxidative stress (OS), a large number of proapoptotic factors and
chemokines, and the lethal effect of ischemia-reperfusion injury on
transplanted cells. Therefore, it is urgent to explore innovative meth-
ods to promote the survival of transplanted stem cells under hypoxic-
ischemic conditions to enhance the efficacy of stem cells in the
treatment of ischemic stroke.

With the development of nanomedicine, a wide range of nano-
particles with antioxidation effects have been formulated for the
treatment of ischemic stroke. Among these, natural and artificial
melanin nanoparticles (MNPs), including polydopamine nanoparticles
(PDA NPs), have the potential to be translated to the clinic due to
their potent antioxidation and good biocompatibility. PDA NPs re-
markably reduced intracellular reactive oxygen species (ROS) levels in
murine macrophages challenged with either H,O, or lipopoly-
saccharide. In murine models of both acute peritonitis and acute lung
injury (ALI), PDA NPs diminished ROS generation, reduced proin-
flammatory cytokines, attenuated neutrophil infiltration, and
alleviated lung tissue damage (Zhao et al, 2018). Ultrasmall
Mn2+ -chelated melanin (MMP) nanoparticles incorporated with
(MMPP) multiple ROS
and suppress ROS-induced OS in vitro (Sun et al., 2019). Recently,

polyethylene glycol could scavenge

researchers revealed that melanin-like nanoparticles derived

from the self-polymerization of 1,8-dihydroxynaphthalene (PDH

evidence for the potential application of combined MNPs and MSCs in the therapy

antioxidant, apoptosis, ischemic stroke, melanin nanoparticles, mesenchymal stem cells

nanoparticles) could not only act as radical scavengers to alleviate OS
but could also chelate calcium overload to suppress the endoplasmic
reticulum stress response and showed a significant anti-inflammation
therapeutic effect on ALl mice (Lou et al.,, 2021). To date, the po-
tential of MNPs in antioxidative therapy for ischemic stroke remains
poorly explored. A study demonstrated that MNPs reduced cell death
by reducing ROS levels, preventing Bax upregulation and Bcl-2
downregulation in Neuro2A cells treated with CoCl, and significantly
decreasing the infarct area in an ischemic stroke model (Liu et al.,
2017). Since MNPs have potential anti-inflammatory and antioxidant
effects, MNPs may enhance the survival of transplanted stem cells in
an ischemic and hypoxic environment, thereby enhancing the neu-
roprotective effects of stem cells. Moreover, MNPs can be directly
internalized by MSCs without any noticeable influence on cell via-
bility (Cai et al., 2020). However, whether MNPs internalized by
MSCs can enhance the neuroprotective effect of MSCs remains un-
clear. In this study, we aimed to establish the potential effects of
MNPs on the neuroprotection of MSCs and investigate the under-

lying mechanism.

2 | MATERIALS AND METHODS

2.1 | Synthesis of MNPs

MNPs were synthesized according to the reported method (Ju et al.,
2011), with only minor modifications. In brief, an aqueous solution
containing dopamine (DA) hydrochloride was prepared by dissolving
119.7 mg of DA hydrochloride (Aladdin Biochemical Technology Co.,
Ltd.) in 90 ml of deionized water and stirring vigorously. The solution
was heated from room temperature to 70°C, and then 760 ul of 1N
NaOH (Chemical Co., Ltd.) was added and heated at 70°C for 5 h.
After the addition of NaOH, the solution first turned light brown and
then gradually turned dark brown. To obtain MNPs, the resulting
product was cooled to room temperature at the end of the reaction,
washed three times with deionized water, and centrifuged at
16,000 rpm. Then, MNPs were stored in a refrigerator at 4°C for

subsequent use.

2.2 | Characterizations of MNPs

The morphology and size of MNPs were observed by scanning
electron microscopy (SEM; Hitachi S-4800) at an accelerating voltage
of 5kV. The hydrated particle size and zeta potential of the MNPs
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were determined by a Malvern Zetasizer particle analyzer (ZEN3600;
Malvern). Fourier transform infrared (FTIR) spectra were recorded on
a Fourier infrared spectrometer (Nexus 470 Thermo Nicolet). The
ultraviolet-visible (UV-vis) absorption of DA and MNPs was obtained
from an UV spectrophotometer (UV 3600; Shimazu Corporation).

2.3 | Animals

SD rats were purchased from the Experimental Animal Center of
Guangxi Medical University. The experimental protocols were per-
formed according to the Guidelines of the Care and Use of Labora-
tory Animals of the National Institutes of Health and approved by the

Ethics and Animal Subject Committee of Guangxi Medical University.

2.4 | Culture and identification of MSCs

Bone marrow MSCs were isolated as described previously with some
modification (Kong et al., 2017). Briefly, bone marrow was harvested
by flushing isolated from the tibia and femur of newborn
Sprague-Dawley rats. The obtained cell suspension was centrifuged,
and then the mononuclear cells were suspended in minimum essential
medium-a (Gibco, Invitrogen) with 15% fetal bovine serum (Gibco),
counted at 1 x 10%/ml and placed in a culture flask. The cells were
cultured in a 5% CO, incubator at 37°C, and the medium was re-
freshed every 2 days. The primary cultures were subcultured 1:2 when
they reached 80%-90% confluence. MSCs were acquired for the fol-
lowing experiments at passages 3-5. The surface antigens of the
fourth passage MSCs were identified by flow cytometry. The
MSCs were detached with 0.25% trypsin (1.5ml) containing
ethylene diamine tetraacetic acid, centrifuged, resuspended with ap-
propriate phosphate-buffered saline (PBS), and centrifuged at
1200 rpm. The MSCs were then resuspended in 100 ul PBS to make a
single-cell suspension. PE-conjugated CD90 and APC-conjugated
CD29
isothiocyanate-conjugated CD44 (2 pl; Miltenyi Biotec), PE/cyanine7-

antibodies (5ul each; Miltenyi Biotec), fluorescein
conjugated CD45 (5 ul; Biolegend) or the corresponding isotype con-
trol were incubated with the cell suspension for 20 min at room
temperature in the dark. Then, the stained cells were resuspended and

detected by a flow cytometer (CytoFLEX S; Beckman Coulter).

2.5 | Assay for antioxidant activity of MNPs

The free radical-scavenging capacity of MNPs was detected by the
2,2-diphenyl-1-picrylhydrazyl (DPPH) scavenging method (Brand-
Williams et al., 1995). The experiment was carried out according to the
instructions of the DPPH free radical scavenging capacity test
kit (Solarbio). Briefly, the test was carried out in a 96-well plate
using a total volume of 190 ul working fluid containing DPPH and
ethanol and a series of samples with 10 ul MNP concentrations of
5-200 pg/ml. A working fluid of 190 pl with 10 ul distilled water was
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used as a blank control. A total of 190 ul ethanol containing a series of
samples with 10ul MNP concentrations of 5-200pug/ml was
used as a control. The scavenging activity was evaluated by monitoring
the absorbance decrease at 515 nm after it remained in the dark
for 30 min. Absorbance was measured at 515 nm using the enzyme
Labeler (HBS-1096C; DeTie). The measurements were performed
in triplicate. DPPH radical scavenging activity was calculated
as  ([A515pack + A515control = A515samplel/A515p1ac) X 100%,
A515,,.. is the absorbance of DPPH solution without MNPs samples,
A5154,mpie is the absorbance of the samples of MNPs mixed with

where

DPPH solution, and A515.ontro is the absorbance of the samples of
MNPs themselves without DPPH solution. The measurements were

performed in triplicate.

2.6 | Cytotoxicity assay for MNPs

MSCs were cultured in 96-well plates at a concentration of 10* cells/
well, and 10 different concentrations of MNPs (ranging from O to
200 pg/ml) were added for 24 h or incubated with MNPs (10, 20, 40, 60,
and 80 pg/ml) for 24, 48, and 72 h. Then, a Cell Counting Kit-8 (CCK-8)
assay kit (Sigma-Aldrich) was used to measure the cell viability of MSCs.
Normal culture media were used for the control group. Then, 10 pl CCK-
8 solution was added to each well for 1h at 37°C. Absorbance was
measured at 450 nm using the enzyme labeler (HBS-1096C; DeTie).
Solutions containing alpha minimum essential medium and CCK-8
without cells were used as blanks. Cell viability (%)=(A450sampic ~
A450p13nk)/ (A450c0ntrol = A450piank) X 100%. The best concentration of
MNPs (20 pg/ml) and the best incubation time (24 h) were selected for

further experiments. The test was repeated three times.

2.7 | Transmission electron microscopy

Transmission electron microscopy (TEM) was used to observe the
uptake and distribution of MNPs in MSCs. MSCs without MNP
treatment were used as the untreated control. After incubation with
MNPs (20, 40, and 60 pg/ml) or without MNPs for 24 h, the cells
were washed twice with PBS, fixed for 24 h with 2.5% (vol/vol)
glutaraldehyde and postfixed for 2 h with 1% (vol/vol) osmium tetr-
oxide. The cells were dehydrated in a graded series of ethanol
(30, 50, 75, 90, 99, and 100 vol%). The samples were then embedded
in resin after washing with PBS. Sections with a thickness of ap-
proximately 60 nm were cut and stained with 2% aqueous uranyl
acetate for 1 h in the dark. The pictures were captured with a TEM
(Hitachi H-7650).

2.8 | Establishment of in vitro ischemic models of
cortical neuron and MSC-neuron coculture systems

The coculture system was established in Transwell® 6-well or 12-well
plates with 0.4 um polycarbonate membranes (Corning Life Sciences).
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The primary neurons were isolated and cultured as described pre-
viously (Kong et al., 2017) and identified as at least 95% MAP2-
positive cells with immunofluorescence. Primary cortical neurons
were cultured in the lower chamber of transwell plates at a density of
2 x 10° cells per well (six-well plates) or 1 x 10° cells per well (12-well
plates). Oxygen-glucose deprivation (OGD) was carried out in cul-
tures after 7 days. The primary cortical neurons were washed with
deoxygenated, glucose-free PBS buffer, and then the cultures were
transferred to an anaerobic incubator containing 5% CO, and 95% N,
at 37°C for 120 min. The non-OGD control neurons were cultured
with PBS containing glucose and incubated in normal culture condi-
tions for 120 min. Immediately after OGD, both OGD and non-OGD
control neurons were washed with PBS, replaced with fresh
neurobasal/B-27 medium, and then placed in normal culture condi-
tions (37°C, 5% CO,). Immediately after OGD, the upper insert
chambers seeded with 5x 10® MSCs or the same concentration of
MSCs pretreated with 20 ug/ml MNPs (MNPs-MSCs) were placed in
the transwell system above the lower chamber neurons and then
cocultured for 48 h. Neurobasal/B-27 containing 20 pg/ml MNPs
was placed in the upper insert chambers of OGD-injured neurons as
the treatment control group. Cortical neurons cocultured with plain
neurobasal/B-27 medium in the upper insert chambers without is-
chemic modeling or MSC coculturing served as a negative control.

2.9 | Assessment of neuronal cell death

Neuronal cell death was quantified by a propidium iodide (PI; In-
vitrogen) uptake assay. A Pl/Hoechst staining assay was performed
after each experimental treatment for 48 h. The neurons were cost-
ained with PI (2.5 pug/ml; Invitrogen) and Hoechst 33342 (1.5 pug/ml;
Invitrogen) for 5 min and observed by fluorescence microscopy as
described previously (Kong et al., 2017). Pl-positive cells (red) were
counted as dead cells, and Hoechst 33342-positive cells (blue) were
counted as live cells. The percentage of cell death was determined as
the ratio of Pl-positive cells to Hoechst 33342-positive cells. All ex-

periments were repeated six times, and the average was calculated.

2.10 | Intracellular ROS/superoxide radical assay

Total levels of ROS and superoxide were detected by using the in-
tracellular ROS/superoxide detection assay kit (ab139476; Abcam).
Neurons cultivated in coverslips at a density of 1 x 10° cells per well
(12-well plates) after the corresponding treatment for 24 h were
washed with fresh medium and loaded with the OS detection reagent
(1:500) and superoxide detection reagent (1:500) for 30 min at 37°C.
For the negative control, an ROS inhibitor (N-acetyl-L-cysteine) at a
final concentration of 10 mM was added to the cells of the OGD
group for 30 min before the detection reagent was loaded. After the
cells were washed three times with wash buffer, ROS- and
superoxide-positive cells were observed by fluorescence microscopy
(OLYMPUS BX53) with the recommended filter set for ROS

detection compatible with fluorescein (Ex/Em =490/525nm) and
superoxide detection filter set compatible with rhodamine (Ex/Em =
550/620 nm). Increased levels of OS result in uniform green cyto-
plasmic staining in the presence of the OS detection reagent (green)
and a bright orange nuclear staining pattern in the presence of the
superoxide detection reagent (red). The mean fluorescence intensity
was analyzed with Image) software (Media Cybernetics, Inc.). All

samples were repeated six times.

2.11 | Immunofluorescence staining

After the corresponding treatment, neurons grown on coverslips
(1x10° cells per well) were fixed with 4% paraformaldehyde for
30 min, washed with PBS, and then permeabilized with 0.1% Triton
X-100 (Sigma-Aldrich). After blocking with 5% bovine serum albu-
min, the coverslips were incubated at 4°C overnight with anti-rabbit
cleaved caspase-3 antibody (1:150; Cell Signaling Technology). The
coverslips were then rinsed and incubated with Alexa Fluor 594-
conjugated donkey anti-rabbit 1gG (1:200; Cell Signaling Technology)
for 2h. After thorough rinsing, the nuclei were stained with 4/,
6-diamidino-2-phenylindole dihydrochloride (DAPI; 1 u/ml) and then
observed by fluorescence microscopy (OLYMPUS BX53). The num-
ber of immunoreactive cells was quantified with ImageJ software
(Media Cybernetics, Inc.). Negative controls were performed by
omitting the application of the primary antibody. Five different fields
for each sample were counted. We calculated the percentage of
positive cells with cleaved caspase-3 expression (red) with respect to
the total number of DAPI (blue). All counts were conducted by a

blinded investigator. Each experiment was replicated six times.

2.12 | Western blot analysis

Total protein samples were extracted from neurons (2 x 10° cells per
well, six-well plates) with the corresponding treatment using cell lysis
buffer for western blot analysis (Solarbio). The concentration of the
proteins was measured using a bicinchoninic acid assay. After boiling
for 10 min, the samples were separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (12% polyacrylamide gels), trans-
ferred to polyvinylidene fluoride membranes (Solarbio), and blocked
with 5% nonfat milk for 2 h at room temperature. The polyvinylidene
fluoride membranes were then incubated with the following primary
antibodies: Bcl-2 (1:1000; Abcam), cleaved caspase-3, Bax, and
B-actin (1:1000; all purchased from Cell Signaling Technology) at 4°C
for 12 h. The membranes were washed three times with Tris-buffered
saline containing Tween 20 (TBST; Solarbio) and then incubated with
a secondary antibody anti-rabbit immunoglobulin G (IgG) (H+L)
(1:2000; Cell Signaling Technology) for 1h at room temperature.
After washing with TBST three times, the signals were visualized
using a chemiluminescent imaging system (GelView6000M; BLT). The
relative expression of each target protein was determined by
Quantity One software 4.6.2 (Bio-Rad) and normalized to that of
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B-actin. Experiments were repeated six times, and the average was
calculated.

2.13 | Statistical analysis

Data are presented as the mean + SEM. One-way analysis of variance
was applied for multiple comparisons followed by Tukey's post-hoc
test. Statistical analysis was conducted using SPSS software version
23.0 (SPSS Inc.). Statistical significance was defined as p <.05.

3 | RESULTS

3.1 | Characterizations of MNPs
The dimensions of the MNPs were characterized by SEM (Hitachi
S-4800) at an accelerating voltage of 5kV. A small amount of dried
powder was dipped on the conductive adhesive, and then the un-
stuck powder was blown off by using an airbag. After being sprayed
with gold, the sample was fixed on the sample holder for SEM ob-
servation. As shown by SEM in Figure 1a, the MNPs were uniform
nanospheres, with an average diameter of 115.13 +8.02 nm.

The size of hydrated particles is the size of nanoparticles in the

solution state, also known as the hydrodynamic diameter, including

(b)

116.13£8.02 nm|
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the core of the nanoparticle and the micelle and adsorbed water on
the surface. After the nanoparticles were diluted to an appropriate
concentration, ultrasonic dispersion was conducted for approxi-
mately 1 min, and then the hydration particle size was measured di-
rectly. The pH of the diluted sample was adjusted to 7 and then
tested for zeta potential. As shown in Figure 1b, the average hy-
drated particle size of MNPs is 106.5 nm (polymer dispersity index:
0.340+0.010). Zeta potential analysis revealed that the surface of
the MNPs was negatively charged (-21.3 mV; Figure 1c).

The FTIR spectra of DA and MNPs are shown in Figure 1d,
confirming the successful polymerization of DA. The broad peak in
the range of 3700-2800 cm™! was attributed to the tensile vibration
of indole and phenol, while the peak at 1621 cm™ was assigned to
the stretching vibration of aromatic rings and bending vibration of
N-H. The peak at 1141 cm™! can be attributed to the C-O vibration
(Fu et al., 2015). The peak at 1401 cm™! corresponds to the bending
vibration of phenolic C-O-H (Fu et al., 2016; Tarangini & Mishra,
2014). These results indicate that DA had been successfully
polymerized.

The UV-vis absorption of DA and MNPs is represented in
Figure 1e, and the obtained broad-band absorption spectra and the
primary absorption are in the UV range. Compared with DA
monomers, the synthesized MNPs exhibited a wide range of ab-
sorption from UV to near-infrared (NIR) wavelengths. The reason

for the absorption phenomenon in the UV region of the spectrum
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FIGURE 1 Characterization of MNPs. (a) SEM images and size distributions of MNPs. The MNPs were uniform nanospheres, with an average
diameter of 115.13 + 8.02 nm. (b) The hydrodynamic diameter of MNPs was 106.5 nm. (c) Zeta potential of MNPs was -21.3mV. (d) FTIR
spectra of DA and MNPs. There was a broad peak in the range of 3700-2800 cm™2, and the peaks at 1621, 1401, and 1141 cm™ L. (e) UV-vis
absorption spectra of DA and MNPs. The obtained broad-band absorption spectra and the primary absorption are in the UV range. Compared
with DA monomers, the synthesized MNPs exhibited a wide range of absorption from UV to NIR wavelengths. (f) Raman spectra of DA and
MNP. There were characteristic peaks of MNPs at 1594 and 1360 cm™. DA, dopamine; FTIR, Fourier transform infrared spectroscopy;
MNP, melanin nanoparticle; NIR, near-infrared; SEM, scanning electron microscopy; UV-vis, ultraviolet-visible
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is that DA was oxidized into dopachrome and dopaindole, and the
subsequent self-polymerization process led to an obvious ab-
sorption from visible light to NIR wavelengths (Liu et al., 2013).
The Raman spectra of DA and MNPs are presented in Figure 1f.
Characteristic peaks at 1594 and 1360 cm™! can be attributed to
the stretching and deformation of the aromatic ring on MNPs (Li
et al., 2013).

3.2 | Effect of MNPs on MSC viability and cellular
localization of uptaken nanoparticles

The following surface markers of BMSCs were identified using flow

cytometry at the fourth generation: positive markers, CD29 (99.8%),
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CD44 (98.5%), and CD90 (97.7%); and negative markers, CD45
(2.4%) (Figure 2a-d).

Under our experimental conditions, the free radical scavenging
rate of MNPs increased from 2.04% to 38.58% as the concentration
of MNPs increased (Figure 3a). The free radical scavenging activity of
MNPs increased in a dose-dependent manner.

The influence of MNPs on the viability of MSCs was eval-
uated by a CCK-8 assay. First, cell viability was tested with ten
different concentrations of MNPs. In detail, 24 h after MSC
seeding, MNPs at concentrations ranging from 5 to 200 ug/ml
were added to the culture medium and incubated with MSCs for
24 h. The results showed that MNPs at concentrations of 20 and
40 ug/ml displayed significantly higher cell viability than the
control group (MSCs grown without MNPs in culture; n=3,
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Identification of the MSCs. The surface markers of the MSCs were analyzed by flow cytometry (a-d). The results of CD

phenotypic antigen identification were CD29+ (a), CD44+ (b), CD90+ (c), and CD45- (d). MSC, mesenchymal stem cell
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FIGURE 3 Antioxidant activity of MNPs, cell viability, and TEM images of ultrathin sections of MSCs. (a) DPPH radical scavenging
activity of MNPs. Various concentrations of 10 ul MNPs (5-200 pg/ml) and 190 pl working fluid containing DPPH and ethanol were
placed in a 96-well plate. A working fluid of 190 ul with 10 pl distilled water was used as a blank control. A total of 190 pl ethanol
containing a series of samples with 10 ul MNPs concentrations of 5-200 pg/ml was used as a control. The scavenging activity was
evaluated by monitoring the absorbance decrease at 515 nm after it remained in the dark for 30 min. The free radical scavenging activity
of MNPs increased in a dose-dependent manner. (b-c) MSCs were seeded in 96-well plates at a density of 1 x 10* cells per well for 24 h
and then treated with different concentrations of MNPs for 24, 48, or 72 h. Cell viability was tested by CCK-8 assay.

(b) Viability of MSCs incubated with increasing concentrations of MNPs (ranging from 0 to 200 pg/ml) for 24 h. MNPs at concentrations
of 20 and 40 pg/ml displayed significantly higher cell viability than the control group, and a significant decrease in cell viability

was first observed at a concentration of 200 ug/ml. (c) MSCs were treated with various concentrations of MNPs (10, 20, 40, 60, and
80 pg/ml) for 24, 48, and 72 h. MSCs that were not incubated with MNPs served as the control group. After 48 and 72 h, the cell viability
started decreasing significantly for the concentrations of 10 and 20 pug/ml, with a far lower viability than after 24 h. (c-h) TEM images of
ultrathin sections of MSCs, (d) Untreated control, (e) MSCs were treated with 20 ug/ml MNPs for 24 h, (f) MSCs were treated with
40 ug/ml MNPs for 24 h, (g) MSCs were treated with 60 pg/ml MNPs for 24 h, (h) Magnification of the selected area in (g), (i)
magnification of the selected area in (h). Clusters (black arrow) or free (white arrow) MNPs in the cytoplasm were observed. In addition,
autophagic vacuoles (AVs) with MNPs were also observed (yellow arrow). All data are described as the mean + SEM, *p <.05, **p < .01
compared with the control group, #p <.05 compared with the 24 h group. Scale bar =2 um (d-g), 500 nm (h), 100 nm (I). CCK-8, Cell
Counting Kit-8; DPPH, 2,2-diphenyl-1-picrylhydrazyl; MNP, melanin nanoparticle; MSC, mesenchymal stem cell; TEM, transmission
electron microscopy
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p <.05; Figure 3b). A significant decrease in cell viability was first
observed at a concentration of 200ug/ml (n=3, p<.05;
Figure 3b). Cells were incubated with MNPs at five different
concentrations (10, 20, 40, 60, 80 ug/ml) for 24, 48, and 72 h,
respectively. Figure 3c depicts the time-dependent toxicity of
MNPs in MSCs. After 48 and 72 h, the cell viability started de-
creasing significantly for the concentrations of 10 and 20 pg/ml,
with a far lower viability than after 24 h (n = 3, p <.05; Figure 3c).
Thus, MNPs at 20 pug/ml incubated with MSCs for 24 h were
chosen for further investigation.

TEM was used to detect the uptake and distribution of
MNPs in MSCs treated with MNPs (20, 40, and 60 ug/ml)
for 24 h. Figure 3e-i shows that MNPs were internalized by
phagocytosis and endocytic vacuole formation. Figure 3e-g
shows that there was an increasing amount of uptaken particles
with increasing concentrations of MNPs. The particles were ei-

ther dispersed in the cytoplasm or distributed in vesicles,

(a) Pl
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OGD-vehicle

OGD-MSCs

OGD-MNPs

OGD-MNPs-MSCs

Pl/hoechst

probably lysosomes or late endosomes, and they were either
single or aggregated in the MSCs (Figure 3h). There were no
negative changes in the cellular ultrastructure of MSCs treated
with MNPs (Figure 3e-h).

3.3 | MNPs enhance the protection of MSCs
against OGD-injured neurons

To verify whether MNPs enhance the protection of MSCs against
OGD-injured neurons, PI/Hoechst double staining was performed.
After 120min of OGD exposure, immediate coculture with
MNPs-MSCs (MSCs pretreated with MNPs) for 48 h significantly
reduced neuronal cell death (Figure 4ab, 7.04+0.533% vs.
80.41+2.831%; p <.01, n=6). Treatment with MSCs or MNPs also
decreased neuronal cell death by 79.32% (16.63+0.811% vs.
80.41+2.831%; p<.01, n=6) and 59.97% (32.19 +1.209% vs.
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FIGURE 4 MNPs-MSCs reduced OGD-induced neuronal death, and neuroprotection was superior to that of MSCs or MNPs. Primary
cortical neurons were cultured on coverslips in 12-well culture plates at a density of 1 x 10° cells per well for 7 days. Immediately after OGD, the
upper insert chambers seeded with 5 x 10® MSCs (OGD-MSCs group) or the same concentration of MSCs pretreated with 20 pg/ml MNPs
(OGD-MNPs-MSCs group) were placed in the transwell system above the lower chamber neurons and then cocultured for 48 h. Neurobasal/
B-27 containing 20 pug/ml MNPs was placed in the upper insert chambers of OGD-injured neurons for 48 h as the OGD-MNPs group. Cortical
neurons cocultured with plain neurobasal/B-27 medium in the upper insert chambers without ischemic modeling or MSCs coculturing served as
a negative control. A Pl/Hoechst staining assay was performed after each experimental treatment. Ratio of Pl-positive (labeled dead cells red)
cells to Hoechst 33342-positive (labeled all cells blue) cells as the percentage of cell death. (a, b) OGD injury resulted in dramatic cell death as
presented by nuclear PI staining, while treatment with MNPs-MSCs or MSCs attenuated neuronal death relative to the OGD vehicle control.
Moreover, the neuroprotection of MNPs-MSCs was superior to that of MSCs or MNPs. Scale bar = 100 um. All data are described as the
mean + SEM, #p < .01 compared with the normal control; *p <.01 compared with the OGD-vehicle group or OGD-MNPs-MSCs

group. MNP, melanin nanoparticle; MSC, mesenchymal stem cell; OGD, oxygen-glucose deprivation; PI, propidium iodide
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80.41 +2.831%; p < .01, n = é), respectively (Figure 4a,b). Treatment 3.4 | MNPs-MSCs suppressed OGD-induced free
with MNPs-MSCs reduced cell death by 91.24%, which was superior radicals in neurons

to the effect of the OGD-MSCs or OGD-MNPs groups (Figure 4a,b,

7.04+0.533% vs. 16.63+0.811%, p<.01, n=6; 7.04+0.533% vs. To determine the antioxidative effect of MNPs-MSCs, an ROS/su-
32.19 +1.209%, p < .01, n=6). peroxide detection assay was used to detect the intracellular ROS and
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superoxide generation in neurons after OGD exposure and the cor-
responding treatment. As shown in Figure 5a,c, intracellular ROS levels
were significantly increased in the OGD-vehicle group compared with
the normal control group (55.37 £ 1.49 vs. 17.72+0.60; p < .01, n = 6),
while compared with the OGD-vehicle group, treatment with
MNPs-MSCs, MSCs, or MNPs decreased OGD-induced ROS pro-
duction in neurons by 61.80% (21.15+1.71 vs. 55.37 + 1.49; p <.01,
n=6), 45.13% (30.38+1.23 vs. 55.37+1.49; p<.01, n=6), and
24.72% (41.68+2.47 vs. 55.37+£1.49; p<.01, n=6), respectively.
Meanwhile, treatment with MNPs-MSCs, MSCs, or MNPs also re-
duced the superoxide levels in OGD-damaged neurons by 52.26%
(33.87+£1.44 vs. 70.94 £ 1.44; p<.01, n=6), 46.63% (37.86 +0.41 vs.
70.94+1.44;p<.01,n=6)and 32.37% (47.98 + 1.38 vs. 70.94 + 1.44;
p<.01, n=6), respectively (Figure 5b,d; p<.01, n=6). Moreover,
treatment with MNPs-MSCs remarkably reduced ROS and superoxide
production, which was superior to the effect of MSCs or MNPs (-
Figure 5a,d; p <.05, n=6), while treatment with MNPs-MSCs de-
creased superoxide generation compared to the effect of ROS
inhibitors (33.87 + 1.44 vs. 34.54 +2.29, p > .05, n = 6; Figure 5d).

3.5 | MNPs enhanced the inhibitory effect of
MSCs on neuronal apoptosis after OGD injury

We performed immunofluorescence staining and western blot analysis
to determine whether pretreatment with MNPs enhances the protec-
tive effect of MSCs against OGD-induced apoptotic cell death. Im-
munofluorescence staining showed that OGD injury significantly
induced the cleavage of caspase-3 in neurons compared with the nor-
mal control group (Figure 6ab; 13.17+0.897% vs. 0.86+0.061%,
p <.01, n=6), while treatment with MNPs-MSCs, MSCs, or MNPs
significantly reduced cleaved caspase-3 expression by 84.66%, 71.53%,
and 56.49% (Figure 6ab; 2.02+0.117% vs. 13.17 +0.897%, p < .01,
n=6; 3.75+0.153% vs. 13.17 £0.897%, p<.01, n=6; 573 +0.269%
vs. 13.17 £0.897%, p <.01, n = 6) relative to the OGD vehicle groups.
Moreover, the cleaved caspase-3 expression in the OGD-MNPs-MSCs
group was significantly lower than that in the OGD-MSCs group or
OGD-MNPs group (2.02+0.117% vs. 3.75+0.153%, p<.01, n=6;

2.02+0.117% vs. 5.73+0.269%, p <.01, n=6; Figure 6a,b). Further-
more, these results were confirmed by western blot analysis (-
Figure 6c,d). Western blot analysis showed that the levels of cleaved
caspase-3 protein were significantly decreased with the treatment of
MNPs-MSCs, MSCs, or MNPs relative to the OGD vehicle group
(0.317+0.015 vs. 0.782+0.019, p<.01, n=6; 0.508+0.021 vs.
0.782+0.019, p<.01, n=6; 0.603+0.016 vs. 0.782+0.019, p<.01,
n = 6; Figure 6c,d). Moreover, the levels of cleaved caspase-3 protein in
the OGD-MNPs-MSCs group were significantly lower than those in the
OGD-MSCs group or OGD-MNPs group (0.317+0.015 vs.
0.508 +0.021, p<.01, n=6; 0.317+0.015 vs. 0.603+0.016, p<.01,
n = 6; Figure 6c,d). Furthermore, our results demonstrated that the up-
regulation of proapoptotic Bax and downregulation of antiapoptotic Bcl-
2 were involved in OGD-induced cell death in neurons (Bax,
1.372+0.031 vs. 0.805+0.029, p<.01, n=6; Figure 6cf; Bcl-2,
0.592+0.033 vs. 0.812+0.029, p <.01, n=6; Figure 6c,e), while the
treatment with MNPs-MSCs, MSCs, or MNPs prevented Bax upregu-
lation and Bcl-2 downregulation as relative to the OGD vehicle
(Bax, 0.943+£0.042 vs. 1.372+0.031, p<.01, n=6; 1.065+0.043 vs.
1.372+0.031, p<.01, n=6; 1.168 £0.036 vs., 1.372+0.031; p<.01,
n = 6; Figure 6c,f; Bcl-2, 1.023+0.051 vs. 0.592+0.033, p<.01, n=6;
0.893+0.032 vs. 0.592+0.033, p<.01, n=6; 0.808+0.049 vs.
0.592 +0.033, p < .01, n = 6; Figure 6c,e). Moreover, the Bcl-2/Bax ratio
in the OGD-MNPs-MSCs group was significantly higher than that in
the OGD-MSCs group or OGD-MNPs group (1.093+0.065 vs.
0.849 +£0.055, p<.01, n=6; 1.093+0.065 vs. 0.697 +0.054, p < .01,
n =6, Figure 6g). These data demonstrated that the protective effect of
MNPs-MSCs against OGD-induced neuronal apoptosis was superior to
the effect of MSCs or MNPs.

4 | DISCUSSION

In this study, we found that MNPs enhance the neuroprotective ef-
fect of MSCs against hypoxic-ischemic injury by inhibiting apoptosis
and upregulating antioxidant defense.

In this study, the observed size and shape of the prepared MNPs

(Figures 1a and 3i) were very similar to those reported (Ju et al., 2011;

FIGURE 5 Treatment with MNPs-MSCs significantly attenuated ROS and superoxide production in neurons after OGD toxicity. Primary
cortical neurons were cultured on coverslips in 12-well culture plates at a density of 1 x 10° cells per well for 7 days, and the groups were
treated as described previously. Neurons cultivated in coverslips after corresponding treatment for 24 h were washed with fresh medium and
loaded with the oxidative stress detection reagent (green fluorescence) and superoxide detection reagent (red fluorescence) for 30 min at 37°C.
Representative micrographs of ROS (a) and superoxide (b) in normal control neurons and neurons after OGD toxicity treated with vehicle, ROS
inhibitor, MSCs, MNPs, or MNPs-MSCs. Fluorescence intensity quantification of ROS (c) and superoxide (d) using ImageJ software. Compared
with the OGD-vehicle group, treatment with MNPs-MSCs, MSCs, or MNPs significantly decreased OGD-induced ROS and superoxide
production in neurons. Moreover, treatment with MNPs-MSCs remarkably reduced ROS and superoxide production, which was superior to the
effect of MSCs or MNPs. Treatment with MNPs-MSCs decreased superoxide generation in OGD-damaged neurons, which was comparable to
the effect of ROS inhibitors. Scale bar = 50 um. The data are presented as the mean + SEM from six separate experiments. #p <.01 compared
with the normal control; **p < .01 compared with the OGD-vehicle group or OGD-MNPs-MSCs group; *p < .05 compared with the
OGD-MNPs-MSCs group; "p > .05 compared with the OGD-MNPs-MSCs group. MNP, melanin nanoparticle; MSC, mesenchymal stem cell;
OGD, oxygen-glucose deprivation; ROS, reactive oxygen species
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FIGURE 6 Treatment with MNPs-MSCs provides better protection against OGD-induced neuronal apoptosis than treatment with MNPs or
MSCs only. Primary cortical neurons were cultured on cover slides at a density of 1 x 10° cells per well in a 12-well culture plate or a density of
2 x 10° cells per well in a six-well culture plate for 7 days. The treatment methods for each group were as described above. (a) Representative
images of cleaved caspase-3 immunostaining in our experimental settings. Scale bar = 50 um. (b) Treatment with MNPs-MSCs, MSCs, or MNPs
significantly decreased the number of cleaved caspase-3-positive cells compared with OGD vehicle, and the cleaved caspase-3 expression in the
OGD-MNPs-MSCs group was significantly lower than that in the OGD-MSCs group or OGD-MNPs group. (c-f) The protein levels of cleaved
caspase-3, Bcl-2, and Bax were detected by western blot analysis and quantified using ImageJ software. Western blot analysis showed that the
levels of cleaved caspase-3 protein were significantly decreased with treatment with MNPs-MSCs, MSCs, or MNPs relative to the OGD
vehicle group, and the levels of cleaved caspase-3 protein in the OGD-MNPs-MSCs group were significantly lower than those in the
OGD-MSCs group or OGD-MNPs group. Treatment with MNPs-MSCs or MSCs prevented Bax upregulation and Bcl-2 downregulation relative
to the OGD vehicle. (g) The ratio of Bcl-2/Bax. The Bcl-2/Bax ratio in the OGD-MNPs-MSCs group was significantly higher than that in the
OGD-MSCs group or OGD-MNPs group. The data are presented as the mean = SEM from six separate experiments. #p < .01 relative to the
normal control; **p <.01 compared with the OGD-vehicle group or OGD-MNPs-MSCs group, *p < .05 compared with the OGD-MNPs-MSCs
group. MNP, melanin nanoparticle; MSC, mesenchymal stem cell; OGD, oxygen-glucose deprivation

Liu et al., 2017). Although the synthesized MNPs exhibit a relatively previous reports (S. J. Liu et al., 2018; Ozlu et al., 2019), the current

small size and narrow size distribution compared to squid eumelanin, study demonstrated that MNPs exerted no cytotoxic effects on MSCs
which ranges from 100 to 300 nm, the chemical functions of synthe- below a concentration of 100 pug/ml, and there were no negative
sized melanin and squid eumelanin (Figure 1b-f) are identical and changes in cellular ultrastructure after MNPs were internalized

characterized by various spectral methods (Ju et al., 2011). In line with into MSCs.
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It has been well documented that OS, including ROS and reactive
nitrogen species, followed by reperfusion is responsible for most
ischemia-reperfusion injuries and thus leads to brain tissue damage
(Orellana-Urzua et al., 2020). The brain is highly sensitive to ROS-
induced injury because the brain exhibits a high concentration of lipid
peroxide, a low level of protective antioxidants, high oxygen con-
sumption, and a high level of iron, which makes OS have a profound
effect on the pathogenesis of stroke(Saeed et al., 2007). Therefore,
modulating OS by scavenging ROS might be an effective measure to
attenuate hypoxic-ischemic and reperfusion injury. According to
previous reports (Rageh & El-Gebaly, 2018; Zhong et al., 2019), our
data showed that MNPs exhibited the capacity to scavenge ROS and
superoxide, which is beneficial for protecting against hypoxic-
ischemic injury. Previous studies have shown that antioxidation is one
of the protective mechanisms of MSCs against ischemic brain injury
(Calié et al., 2014). We, therefore, wondered whether combined
treatment with MSCs and MNPs exhibits a synergistic protective
effect against hypoxic-ischemic injury. To our surprise, our study
demonstrated that combined treatment with MSCs and MNPs pro-
vided better neuroprotection against ischemia than treatment with
either MSCs or MNPs alone, and the underlying mechanism was
related to their synergistic effect on antioxidants. These data provide
favorable evidence for the clinical use of combined treatment with
MSCs and MNPs as a therapy for ischemic stroke.

Previous studies have revealed that apoptosis may contribute to
a significant proportion of neuronal death, especially in the ischemic
penumbra, following acute brain ischemia (Uzdensky, 2019). There-
fore, the identification of an efficient neuroprotector capable of
rescuing neurons in the ischemic penumbra is the main goal for
stroke therapy. Inhibitors of caspases, which play an important role in
both the signal conduction and execution stage of the cascade re-
action of apoptosis, can block the process of cell death in animal
models of ischemic stroke, reduce the volume of cerebral infarction
and significantly improve neurological function deficits after ischemic
stroke (Shabanzadeh et al., 2015). Previous literature has shown that
the expression of proapoptotic genes in the Bcl family, including Bax
and Bcl-XS, was significantly increased, while the expression of an-
tiapoptotic genes, including Bcl-2 and Bcl-XL, was significantly de-
creased after global cerebral ischemia in rats (Gillardon et al., 1996). A
recent study revealed that the neuroprotection of MNPs was cor-
related with the prevention of Bax upregulation and Bcl-2 down-
regulation in Neuro2A cells treated with CoCl, (Liu et al., 2017). In
line with a previous report (Liu et al., 2017), the current study de-
monstrated that MNPs inhibited caspase-3 cleavage, reduced the
expression of Bax, and upregulated the expression of Bcl-2, which
might therefore inhibit apoptosis after ischemia. Moreover, previous
investigations have demonstrated that MSC transplantation can up-
regulate the expression of the antiapoptotic gene Bcl-2 in sponta-
neous stroke model rats, thereby inhibiting neuronal apoptosis (Calié
et al., 2014). Our study indicated that combined treatment with
MSCs and MNPs significantly inhibited the cleavage of Caspase-3,
attenuated the expression of Bax, and upregulated the expression of

Bcl-2 in OGD-injured neurons, and the protection against apoptosis

was superior to that of MSCs or MNPs. This result provides novel
evidence that combined treatment with MSCs and MNPs might be a

potential treatment for ischemic stroke.

5 | CONCLUSION

Our data suggested that combined treatment with MSCs and MNPs
provides better protection for neurons against ischemic injury. Our
study also demonstrated that MNPs enhanced the neuroprotection
of MSCs against ischemic injury by suppressing neuronal apoptosis
and antioxidant defense. Our data provide evidence that combined
treatment with MSCs and MNPs might be a potential treatment for
ischemic stroke. However, the interaction between MNPs and MSCs
in vivo, such as the potential influence of MNPs on the survival,
migration, and differentiation of MSCs in the host after combined
treatment with MSCs and MNPs, remains unclear. Therefore, further
work is needed to elucidate the underlying mechanisms of the sy-

nergistic effect.
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