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A B S T R A C T

Currently, the construction of novel biomimetic reduced graphene oxide (RGO)-based nanocomposites to induce
neurite sprouting and repair the injured neurons represents a promising strategy in promoting neuronal devel-
opment or treatment of cerebral anoxia or ischemia. Here, we present an effective method for constructing
palladium-reduced graphene oxide (Pd-RGO) nanocomposites by covalently bonding Pd onto RGO surfaces to
enhance neurite sprouting of cultured neurons. As described, the Pd-RGO nanocomposites exhibit the required
physicochemical features for better biocompatibility without impacting cell viability. Primary neurons cultured
on Pd-RGO nanocomposites had significantly increased number and length of neuronal processes, including both
axons and dendrites, compared with the control. Western blotting showed that Pd-RGO nanocomposites
improved the expression levels of growth associate protein-43 (GAP-43), as well as β-III tubulin, Tau-1, micro-
tubule-associated protein-2 (MAP2), four proteins that are involved in regulating neurite sprouting and
outgrowth. Importantly, Pd-RGO significantly promoted neurite length and complexity under oxygen-glucose
deprivation/re-oxygenation (OGD/R) conditions, an in vitro cellular model of ischemic brain damage, that
closely relates to neuronal GAP-43 expression. Furthermore, using the middle cerebral artery occlusion (MCAO)
model in rats, we found Pd-RGO effectively reduced the infarct area, decreased neuronal apoptosis in the brain,
and improved the rats’ behavioral outcomes after MCAO. Together, these results indicate the great potential of
Pd-RGO nanocomposites as a novel excellent biomimetic material for neural interfacing that shed light on its
applications in brain injuries.

1. Introduction

The nervous system, which includes the brain and spinal cord, is

crucial to many biological processes, and its damage always causes
physical, cognitive, and psychological impairments, especially in
degenerative diseases [1,2]. Once the nerve tissue is damaged, it is very
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difficult to repair because of the poor regeneration abilities [3,4], that
have been long-lasting aspirations for researchers to develop potential
therapeutic strategies [5]. Neural development and neurite growth are
thought to start nervous tissue repair [6,7]. Currently, numerous at-
tempts have been made to stimulate and enhance neurite formation for
brain regeneration, utilizing a variety of assays at the cellular level, such
as fetal tissue and stem cell grafting, as well as at the molecular level,
such as drug therapy and electrical stimulations. However, none of these
therapies can fully restore seriously injured nerves. So far, the enormous
potential for rationally engineered biomaterials to elicit neural growth
has sparked widespread interest.

Biomimetic materials, such as carbon-based materials like graphite,
graphene, and carbon nanotubes (CNTs), and charge-conducting poly-
mers, play a key part in directing neuronal activity and repairing
damaged nerve tissues by bridging material differences [8]. Among
these conductive materials, graphene and its derivatives have attractive
physical and chemical properties, in terms of electrical conductivity,
high charge-carrier mobility, high effective surface area, good me-
chanical property, high flexibility, and good biocompatibility that
strongly impel its application in various biomedical fields nowadays [7],
providing a promising candidate for nerve tissue engineering. More
recently, graphene-based carbon nanomaterial as one kind of the most
widely-used 2D materials with multiple extraordinary properties, has
already been applicated in nerve tissue engendering and tissue implants,
including neural stem cell research [9], bio-imaging and drug delivery
[10,11], neural microelectrodes [12], and so forth [13]. However, a
suitable biological material should match the natural extracellular
matrix’s structure and biological capabilities in order offer mechanical
support and control cellular activity. In recent research, substrates
coated with graphene or graphene oxide (GO) have been shown to in-
crease the vitality of various cells such as A549 cells [14,15], NIH-3T3
fibroblasts [16,17] and embryonic stem cells [18–20]. Some graphene
oxide functionalized nanocomposites have high stability in physiolog-
ical solutions and can significantly reduce toxic and side effects [20,21].
However, there are only a limited number of research that have reported
the modification of RGO in order to stimulate neurite sprouting and
growth.

As known, neurons cannot regenerate naturally and are susceptible
to damage from various injuries and diseases. In vivo, neuronal pheno-
types interact directly with 3D extracellular matrix (ECM), which is
crucial to neuronal growth. Recently, converging studies described the
role of the functional topological scaffolds, including hydrogel and
collagen, to promote neuronal regeneration and repair, which had been
successfully proven to promote the attachment and growth of neurons
effectively [22]. Synthetic ECM combinations have been proposed in a
number of studies as a means of enhancing or controlling neuronal
adhesion and development on the surface of nanomaterials. Of partic-
ular interest is the idea of intentionally directing the geographic distri-
bution of neurons or of guiding axonal growth [20,22]. Indeed, the
graphene monolayer sheet structure has good biocompatibility and can
provide better cell scaffolds, thereby increasing intracellular tension and
the number of adhesion points. Thus, the surface properties of graphene
make it a platform for neuronal adhesion and even induction of neurite
outgrowth, to support neuronal survival especially in the treatment of
acute and chronic injury. Once graphene meets the biological environ-
ment, the absorption of water molecules and proteins occurs. The
wettability affects the ability of cell adhesion-mediated integrins to
attach to the graphene surface, thereby determining neuronal adhesion
[23,24]. However, pure graphene sheets factually are hard to simulate
the microenvironment of nerve growth in vivo due to its inherent bio-
logical inertness and smoothness [25,26]. For instance, long-term
exposure of keratinocytes to high concentrations of raw graphene can
cause damage to the mitochondrial membrane and plasma membrane
[27]. Thus, many researchers have modified graphene derivatives to
synthesize graphene nanocomposites, such as reduced graphene oxide
(RGO), which has good solution-processability and ease of

functionalization, to alter the degree of surface roughness and promote
neuronal adhesion and survival [28,29]. Moreover, RGO has the much
higher surface oxygen content to decrease the toxicity, compared with
raw graphene. Furthermore, the active component of graphene is usu-
ally supported on a carrier for increasing the activity and stability of the
catalyst and the utilization of precious metals. There are recent studies
based on first-principles calculations to show that palladium nano-
particles could interact with graphene more strongly, because it tends to
form a 3D structure on the graphene surface [30]. Thus, as an effective
catalyst for organic reactions, palladium nanoparticles may provide an
ideal combination of selectivity and activity [31]. Palladium–reduced
graphene oxide (Pd-RGO) nanocomposites has increased rough
morphology surface and promising catalytic activity, which achieved by
dispersing palladium nanoparticles on the surface of RGO to obtain
enhanced electrical conductivity and zero band gap similar to metal
[32]. These specific physicochemical features are vital in promoting
neuronal adhesion and signal transmission. It is worth noting that
impedance reduction and charge storage capacity increased of material
are beneficial for neuronal growth. Therefore, the application of neural
interface materials based on Pd-RGO nanocomposites will provide a
good direction for the treatment of neuronal damages. However, for the
regeneration and repair of damaged neurons, the potential of Pd-RGO
nanocomposites has not been widely investigated so far.

Ischemic/reperfusion stroke is a devastating cerebrovascular disease
with serious neuronal injuries within the brain, ranking as the most
prevalent cause of mortality and disability globally. Stroke character-
istics can be modeled using both in vitro and in vivo systems, enabling
mechanistic research. A classic in vitromodel for cerebral ischemia is the
oxygen and glucose deprivation-reperfusion (OGD/R) cell model, which
is commonly employed to mimic the conditions leading to neuronal
OGD/R injury. This model allows the study of the mechanisms under-
lying neuronal injury that results from OGD/R [33]. Furthermore, the
middle cerebral artery occlusion (MCAO) model is one of the most
commonly used in vivo cerebral ischemia model, which is widely used in
preclinical studies for the treatment of cerebral ischemia injury [34,35].
Here we explore the construction of a novel Pd-RGO nanocomposites by
covalently bonding palladium nanoparticles onto RGO surfaces to
enhance neurite sprouting and outgrowth for neural repairing. We firstly
prepared and characterized the Pd-RGO nanocomposites, and then
explore their potential effects of them on cultured primary hippocampal
neurons and ischemia/reperfusion injury rats (Fig. 1). We used CCK-8
and Calcein-AM/PI staining to detect cell viability and evaluate the
biocompatibility of Pd-RGO nanocomposites with neurons. The alter-
nations of neurite growth were subsequently detected by immunofluo-
rescence staining, as well as western blotting, after Pd-RGO
nanocomposites treatment. Furthermore, we employed the OGD/R cell
model to study the potential impacts and molecular processes of Pd-RGO
nanocomposites on neurons suffering from OGD/R-induced neuronal
damage. Finally, MCAO rat model was further used to evaluate the effect
of the Pd-RGO nanocomposites on the repair of cerebral ischemic injury
in vivo.

2. Experimental section

2.1. Animals

C57BL/6 mice (18 days pregnant) and Sprague-Dawley (SD) rats
(250–300 g) were provided by the experimental animal center of
Guangxi Medical University and operated in accordance with the
experimental animal ethics of the university (approval number:
201,804,200). Rats were acclimatized for at least 1 week before the start
of the experiments and were kept in a thermostatic room (21 ± 2 ◦C)
under a 12-h day/night cycle with free access to food and water.

P. Wang et al.
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Fig. 1. A) Schematic illustration of the synthetic process of Pd-RGO nanocomposite. B) Schematic diagram depicting the influence of palladium-reduced graphene
oxide (Pd-RGO) nanocomposite on the outgrowth and repair of neurons. The length and complexity of neuronal neurites are enhanced significantly by Pd-RGO
nanocomposites substrate that were possibly mediated by increasing of GAP-43, matrix proteins and electrons. C) Schematic diagram of Pd-RGO composites
driving neuroprotection against ischemia/reperfusion injury in vivo in rodent model.
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2.2. Preparation and characterization of GO, RGO, and Pd-RGO
nanocomposites

The modified Hummers technique was used to produce graphene
oxide (GO) from graphite powder [36]. Hydrazine reduced GO at 100 ◦C
for 24 h to produce reduced graphene oxide. Redox reactions were
responsible for the formation of palladium-reduced graphene oxide
(Pd-RGO) nanocomposites. Firstly, a dispersion (10 mL) of palladium
chloride (PdCl2) (86.4 mg) and sodium chloride (NaCl) (60 mg) was
heated at 90 ◦C under magnetic stirring for 30 min, and then cooled to
room temperature to obtain Sodium tetrachloropalladate (Na2PdCl4).
Secondly, a dispersion (100 mL) of GO (5 mg), Na2PdCl4 (1 mL), po-
tassium bromide (KBr) (70 mg), and L-ascorbic acid (18 mg) was stirred
at room temperature for 6 h. Thirdly, precipitation was collected and
purified by centrifugation and three-time deionized water washing.
Fourthly, a dispersion (100 mL) of the precipitation obtained from the
third step and sodium borohydride (NaBH4) (50 mg) were stirred at
room temperature for 1 h. The Pd-RGO nanocomposites were collected
and purified by centrifugation, and then washed three times with ddH2O
and anhydrous ethanol, respectively. Finally, the obtained Pd-RGO
nanocomposites were air-dried at room temperature in a vacuum.

All above nanomaterials were sent to Shiyanjia Lab (www.shiyanjia.
com) for measurements. The transmission electron microscope (TEM)
images and high resolution transmission electron microscope (HR-TEM)
images were obtained using a field-emission high resolution Tecnai G2F
20 TEM (FEI, USA) with a 200 kV acceleration voltage. The sample films
for TEM characterization were created by dumping a diluted Pd-RGO
suspension onto a holey carbon mesh grid and air-drying at ambient
temperature. The scanning electron microscope (SEM) images were
obtained on a Regulus 8100 SEM (Hitachi, Japan). The sample films for
SEM examination were obtained by dropping a diluted solution of Pd-
RGO suspension onto a clean silicon wafer and spraying gold with the
Quorum SC7620 sputtering coater after being air-dried at room tem-
perature. The infrared absorption spectroscopic measurements were
taken with GO and Pd-RGO powders, respectively, in KBr pieces, on an
IS20 FTIR spectrophotometer (Thermo Nicolet, USA). X-ray diffraction
(XRD) patterns of RGO and Pd-RGO samples were collected via a
Miniflex-600X (Rigaku, Japan) X-ray diffractometer. X-ray photoelec-
tron spectroscopy (XPS) spectroscopic characterization was measured
on a K-Alpha X-ray photoelectron spectrometer (Thermo Scientific,
USA) with a monochromatic Al Kα X-rays source at an operation voltage
of 12 kV. The actual amount of Pd on Pd-RGO nanocomposites was
determined by a 7700 ICP-MS (Agilent, USA). The Pd-RGO nano-
composites were treated with an acid mixture in a microwave oven setup
before ICP-MS measurements. The Malvern Zetasizer Nano-ZS particle
size analyzer (Malvern Instruments, UK) was used to detect zeta
potential.

2.3. Preparation of glass coverslips with graphene oxide composite coating

Pd-RGO nanocomposites were ultrasonically mixed with 1 mg mL− 1

of ethanol to create a solution for each nanocomposite. After that, a glass
coverslip was coated with the sample solution. The functional Pd-RGO
nanocomposites film was produced on the slide after drying at room
temperature. They received a 1-h UV treatment before usage.

2.4. Primary culture of mouse hippocampus neurons

The neurons were prepared in study as described previously [37,38].
Briefly, the hippocampus was removed from the brains of day 18.5
mouse embryos. The tissues were digested with papain (Worthington)
for 20 min at 37 ◦C. The neurons that were used to determine the
viability of the cells were planted in 96-well plates, and the cells that
were cultivated for western blot were cultured in six-well plates. The
cells that were required for immunofluorescence were plated in 24-well
plates on coverslips. To investigate the development behavior of the

primary hippocampus neurons on the biomimetic nanocomposites, at
least one day before culture, Pd-RGO nanocomposite group was coated
with a mixed solution of Pd-RGO nanocomposite at distinct concentra-
tions as indicated. Neurons were seeded in plating medium (Invitrogen),
containing 10 % horse serum (Invitrogen), gentamicin and ampicillin,
on various films with an initial density of 80,000 cm− 2 for quantifying
the survival rate of neurons cultured or detecting neurite growth in vitro
for the indicated days. 2–4 h after planting, the original planting me-
dium was replaced with serum-free NB/B27 medium including B27
supplement (Invitrogen), GlutaMax (Invitrogen) and Neurobasal-A me-
dium (Invitrogen). Finally, a humidified three-gas incubator was used to
grow neurons at 37 ◦C, using 95 % air and 5 % CO2 [39,40].

2.5. Oxygen-glucose deprivation/re-oxygenation (OGD/R)

Phosphate-buffered saline (PBS) was used to wash the neurons, they
were placed in a three-gas incubator that contained 5 % carbon dioxide,
94 % nitrogen dioxide, and 1 % oxygen for a period of one and a half
hours. After replacing glucose-free DMEM with NB/B27 medium, we
returned the cultured neurons to a 37 %, 5 % CO2 humidified incubator.
These neurons were stained and morphogenesis detected after 48 h.

2.6. Cell survival assay

Following a seven-day incubation period on nanocomposite films,
cell viability was assessed by Cell Counting Kit-8 (CCK-8, Beyotime) and
propidium iodide (PI) staining according to the protocol of the in-
structions. For CCK-8 detection, neurons were incubated for 4 h in
diluted CCK-8 (1:10) medium, and then the absorbance at 450 nm was
detected by a microplate reader. All samples were measured three rep-
licates at a time and the experiments were repeated at least 3 times. For
double-staining method of live-dead cells, Calcein-AM and PI were
diluted with buffer, Neurons were submerged in the solution and incu-
bated at 37 ◦C for 15 min. Calcein-AM and PI staining for live and dead
were finally imaged using a fluorescence microscope.

2.7. Cytotoxicity test

Lactate dehydrogenase (LDH) is a cytoplasmic enzyme that is usually
used as an indicator of cytotoxicity to assess cell damage. After cultured
for 7 days, the culture media was collected to measure cellular LDH
activity by measuring formazan product absorbance at 490 nm with a
microplate scanner. Cell-free medium absorbance was the baseline. LDH
activity in LDH release reagent-treated culture media was a high-toxicity
positive control.

2.8. Western blotting

After 7 days of incubation, neurons were lysed using RIPA lysis so-
lution containing 1 mM PMSF on ice for 1 h. Next, centrifuge the lysed
mixture at 12000×g at 4 ◦C for 10 min. The BCA protein assay (Beyo-
time, China) and spectrophotometer assessed protein concentration A
total of 50 μg of protein was separated by 10 % or 12 % SDS-PAGE at 90
V for 100 min and transferred to a PVDF membrane (Millipore USA) at
350 mA for 2.5 h at normal temperature for protein detection. After
blocking the PVDF membrane with 5 % skim milk for 1 h at room
temperature, primary antibodies were incubated at 4 ◦C for 15 h at 4 ◦C
(rabbit polyclonal anti-MAP2, 1: 1000, Sigma; mouse monoclonal anti-
β–III–tubulin, 1: 1000, Invitrogen; rabbit polyclonal anti-GAP-43, 1:
1000, Sigma; anti-GAPDH-HRP, 1 The membrane was incubated with
HRP-conjugated secondary antibody at room temperature for 2 h after
TBST washing. Membrane signals were detected with a chemilumines-
cent substrate and analyzed with ImageJ in a double-blind manner.
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2.9. Immunofluorescence staining

Primary hippocampal neurons grown on coverslips were rinsed with
sterile PBS and preserved with 4 % PFA at room temperature for 30 min.
After washing with PBS, the neurons were incubated in 5 % BSA with
0.25 % TritonX-100 at room temperature for 1 h. Post-rinsing with PBS,
neurons were incubated overnight at 4 ◦C with primary antibodies:
rabbit polyclonal anti-Tau-1, anti-MAP2, anti-β–III–tubulin, and anti-
GAP43 (Sigma, 1:500, 1:700, and 1:500, respectively). Next, Alexa
Fluor 488/568/488-conjugated donkey IgG (Invitrogen, 1:2000) was
employed as secondary antibodies at room temperature for 2 h. Cell
nuclei were stained with Hoechst33342 (1:8000, Beyotime). The neu-
rons were viewed under a Leica STED 660 confocal microscope (Leica,
Germany). Neurolucida360 (MBF bioscience), a professional software
for neuron statistics, was used to quantify the neurites from each group.

2.10. Pd-RGO preinjection

Anesthesia machine (TAIJI-IE, RWD Life Science, Shenzhen, China)
sedated rats. After being profoundly sedated with 5 % isoflurane, rats
were immobilized on a stereotaxic machine (68802, RWD Life Science,
Shenzhen, China) and kept in oxygen with 2 % isoflurane. In rats, saline
(0.9 %, 5 μL) or Pd-RGO dispersion (100 μg/mL, 5 μL) was injected into
the right cerebral lateral ventricles (AP: − 0.8 mm, ML: − 1.4 mm, DV:
− 3.6 mm) using a microsyringe. The injection rate was 1 μL/min, and
the needle was kept in place for 5 min after injection to promote diffu-
sion. The needle was then gently removed for 5 min.

2.11. MCAO rat model establishment

SD rats (250–300 g) had their middle cerebral artery (MCA) blocked
with a silicone rubber monofilament (Jialing Biotechnology Company,
China). The right common carotid artery (CCA), external carotid artery
(ECA), and internal carotid artery (ICA) were isolated and a silicone
rubber monofilament was cautiously inserted into the CCA. After
pushing the monofilament through the ICA andMCA, resistance was met
to occlude it. The monofilament was removed after 90 min of ischemia
for 24 h of reperfusion. A silicone tip obstructed the MCA. The sham
group (n = 8) had no middle cerebral artery occlusion. Both Pd-RGO-
and saline-treated animals were ischaemic for 90 min.

2.12. Behavioral evaluations of rats

In this study, the Zea-Longa score was used to assess the neurological
deficit of rats after MCAO. The specific scoring criteria are consistent
with that was described before [41,42] and the behavioral tests were
performed 24 h after MCAO surgery. After behavioral testing, rats were
sacrificed to gather samples for later histopathological analysis.

2.13. TTC staining

Following behavioral testing, the animal brains were collected,
soaked in cold saline for 10 min, and coronally cut into five 2-mm-thick
slices using Brain Matrix (RWD Life Science, Shenzhen, China). Brain
slices were incubated in 2 % TTC. After 20 min of TTC solution incu-
bation at 37 ◦C, sections were scanned using the GF-4AIII specimen
imaging equipment. Software for ImageJ analysis was used to assess the
area of infarct lesions.

2.14. H&E staining

We detected pathological alterations in rat brain tissues using he-
matoxylin and eosin. To clarify, rat brain tissues were kept in 4 %
paraformaldehyde 24 h following MACO. After that, the samples un-
derwent regular dehydration, embedding, and sectioning into 3 μm-
thick coronal sections. Then, microscopic observation was performed

using hematoxylin and eosin.

2.15. TUNEL staining

TUNEL staining was used to observe apoptosis produced by cerebral
ischemia and reperfusion After being fixed for 48 h in 4 % para-
formaldehyde, brain tissues were progressively moved to solutions
containing 15 % and 30 % sucrose until they sank to the bottom. Brain
tissues were then made into 20-μm-thick frozen sections. Antigen
retrieval was performed using proteinase K, then permeabilization for
20 min in PBS containing 0.3 % Triton X-100. Following the manufac-
turer’s instructions, coronal slices of the brain were stained using the
TUNEL staining kit (Servicebio, Wuhan, China). DAPI was used to label
cell nuclei for 20 min. Using an inverted fluorescent microscope, red-
nucleated cells were regarded as apoptotic ones.

2.16. In vivo clearance, and toxicity of Pd-RGO

To test the in vivo dynamics of Pd-RGO, Pd in the brain tissues was
detected by ICP-MS. Briefly, the brains of healthy rats that received
lateral ventricular injections of Pd-RGO (100 μg/mL, 5 μL) were frozen
at − 80 ◦C at different time points and determined by a 7700 ICP-MS
(Agilent, USA). Prior to ICP analysis, the samples were treated with a
mixture of acids in a microwave oven system. To study the in vivo
toxicity of Pd-RGO using H&E staining, healthy rats that received Pd-
RGO (100 μg/mL, 5 μL) injected into the lateral ventricle of the brain
were sacrificed 3 days later, and the brains were removed for H&E
staining.

2.17. Quantification and statistical analysis

Image analyses were done with Image-Pro Plus 6.0 or Neuro-
lucida360 (MBF bioscience). Western blotting band intensities were
measured using IMAGE J. All statistical data were examined using SPSS
20.0 software, presenting Mean ± SEM. The quantitative data was
shown as mean ± SEM. Data significance was tested using one-way
ANOVA with post hoc testing. The significance threshold was 0.05.

3. Results

3.1. Characterization of the Pd-RGO nanocomposites

Firstly, we prepared and characterized the GO, RGO and Pd-RGO
nanocomposites, using a series of assay including transmission elec-
tron microscopy (TEM), scanning electron microscopy (SEM), fourier
transform infrared spectroscopy (FTIR), X-ray diffraction (XRD) and X-
ray photoelectron spectroscopy (XPS), inductively coupled plasma mass
spectrometry (ICP-MS), Zeta potential, and so on. TEM and HR-TEM
images of Pd-RGO nanocomposites was shown in Fig. 2A and B. The
HR-TEM image revealed that the atomic lattice fringe of Pd-RGO
measured 0.22 nm, indicating an excellent match with the nominal
value of Pd [43]. TEM image confirmed the uniform distribution of Pd
nanoparticles in medium abundance on the RGO surface and the average
particle size of approximately 180 Pd nanoparticles were 24.00 ± 0.36
(Fig. 2D). The amounts of Pd in the Pd-RGO nanocomposites were
determined to be 51.20 wt% using ICP-MS characterization as shown in
Tab.S1, which seems to have higher catalytic activity. SEM was per-
formed to show that the surface of Pd-RGO nanocomposites were
well-layered structure of the reduced GO sheets with a variety of Pd
nanoparticles observed on the surface of RGO support. (Fig. 2C). As
shown in Fig. 2E, the absorption peaks in FTIR spectrum at 1072 cm− 1

and 1385 cm− 1 may be caused by C–O–H vibration located on the edge
of GO, the weaker absorption peak at 1730 cm− 1 corresponds to the
C=O stretching vibration of the carbonyl group, and the corresponding
absorption peak of the unoxidized sp2 C=C bond is at 1622 cm− 1, while
peaks intensity corresponding to the oxygen-containing group in

P. Wang et al.
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Fig. 2. Characterization of the Pd-RGO nanocomposites. A) TEM image of Pd-RGO nanocomposite, Scale bar: 100 nm; B) HR-TEM image of Pd-RGO nanocomposite,
Scale bar: 5 nm; C) SEM image of Pd-RGO nanocomposite, Scale bar: 500 nm; D) Pd particle size distribution histogram; E) The FTIR Spectroscopy of GO and Pd-RGO
nanocomposite; F) X-ray diffraction and G) X-ray Photoelectron Spectroscopy of RGO and Pd-RGO nanocomposites; H-J) Binding energies (eV) and deconvoluted
peaks (%) for C1s, O1s and Pd 3d core levels; K) The Zeta-potential versus pH curve for Pd-RGO nanocomposites.

Fig. 3. Biocompatibility analysis of Pd-RGO nanocomposite. A) Calcein-AM/PI staining of live-dead cells after culturing for 7 days containing various concentrations
of Pd-RGO nanocomposite ranging from 2.5 to 25 μg mL− 1. Living cells are green and dead cells are red. Scale bar, 50 μm. B) CCK-8 kit (n = 9) and C) LDH activity (n
= 7) analysis of hippocampal neurons cultured in the 96-well plate coated with Pd-RGO nanocomposite at various concentrations of 2.5–25 μg mL− 1 for 7 days. *p＜
0.05; One-way ANOVA with post hoc Dunnett’s test.

P. Wang et al.
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Pd-RGO nanocomposites dramatically decreased or entirely removed,
indicating most of the epoxide and hydroxyl functional groups had been
successfully removed. Additionally, characteristic peaks of palladium
are observed at 2θ 39.3◦ (111), 45.6◦ (200), 66.7◦ (220), 80.5◦ (311),
respectively (Fig. 2F). XPS measurements showed that binding energies
(eV) and deconvoluted peaks (%) for C1s, O1s and Pd 3d core levels
(Fig. 2G–J). The Pd 3d XPS spectrum exhibits a pair of doublets. The
peak pair seen at energy binding of 334.2 eV and 339.5 eV corresponds
to Pd0. Another peak couple was detected at 335.6 eV (Pd 3d5/2) and
341.1 eV (Pd 3d3/2) for Pd2+ species. The analysis of peak intensities of
species revealed that Pd0 is dominantly present in the Pd-RGO nano-
composites [44–46]. Moreover, the zeta potential diagram showed
negative charges of these Pd-RGO nanocomposites (Fig. 2K).

3.2. Biocompatibility of Pd-RGO nanocomposites on cultured neurons

To investigate whether Pd-RGO nanocomposites has potential dose-
dependent toxicity to the neurons [47], we isolated cultured neurons
from neonatal hippocampus into 96-well plates pre-coated with Pd-RGO
nanocomposites at various concentrations (Fig. 3). Calcein-AM/PI
staining of live or dead cells was here used to evaluate the survival ef-
fects of cultured neurons treated by Pd-RGO nanocomposites. Within the
Pd-RGO groups, we discovered that there was a significant reduction in
the number of dead cells (Fig. 3A). A CCK-8 kit was then used to detect
the neuronal viability in vitro that reveal the metabolic efficiency of the
cultured neurons (Fig. 3B) [48]. Results showed that Pd-RGO nano-
composite-treated neurons, at 5, 10, 25 μg mL− 1 concentrations,
respectively, had higher viabilities than the control, suggesting that the
Pd-RGO nanocomposite had a good biocompatibility. In addition, an
order to evaluate the neurotoxicity of Pd-RGO nanocomposites, an
investigation of LDH activity was carried out. LDH release was signifi-
cantly lower than 10 % in both the Pd-RGO and control groups, and
there was no discernible difference between the two (Fig. 3C). Taken
above, these results indicated that Pd-RGO nanocomposites have good
biocompatibility with neurons. As there was no dose-dependent toxicity
observed in the experimental concentration range (2–25 μg mL− 1), we
then choose Pd-RGO nanocomposite concentrations of 5, 10, 25 μg mL− 1
for the subsequent experiments.

3.3. Pd-RGO nanocomposites affected axonal and dendritic
morphogenesis in neurons

Neurons begin to grow neurites from the soma to the periphery after
inoculation and adherence. In our study, we analyzed the neuronal
morphology after 4 days of in vitro culture, including both average
length and complexity index (NCI) of the neuronal neurites. At least 100
neurons from four independent experiments were analyzed in each
group. The experimental results showed that neurons grew on the Pd-
RGO nanocomposite well for 4 days, with neurites sprouting rapidly
(Figs. S1A and B). As shown in Fig. S1C, the average neurite length in
neurons cultured on Pd-RGO nanocomposite was longer than that in the
PDL control group. Meanwhile, neurons cultured on Pd-RGO nano-
composites showed higher NCI (p < 0.05, Fig. S1D). These results
indicate that neurons cultured on Pd-RGO nanocomposite substrates
may form more complex neurites networks. Furthermore, it was inter-
esting to note that hippocampal neurons cultured on the Pd-RGO
nanocomposite substrates showed increased expression of β-III
tubulin, compared to the control group (Figs. S1E and F). Thus, these
findings suggest that Pd-RGO nanocomposite can promote the germi-
nation and growth of neurites in cultured neurons.

Graphene and its derivatives are intensively studied for drug/gene
delivery [49], cellular imaging, and nerve repair, and regeneration [50]
because of its excellent electrical characteristics and, most crucially,
neuronal biocompatibility. We then examined whether Pd-RGO nano-
composite affects axonal growth or the development of dendritic
morphology during neuronal development. Cultured neurons were

stained with an axon-specificmarker Tau-1 at DIV4 (Fig. 4A and B) and a
dendritic marker MAP2 at DIV7 (Fig. 4H and I), respectively. Compared
with the control group, treatment with Pd-RGO nanocomposites resulted
in a significant increase in the total length of axons, number of axonal
nodes, axonal complexity index and the number of axonal terminals in
cultured neurons (Fig. 4C–F). This appeared to be consistent with the
more significant increase in the expression of Tau-1 after Pd-RGO group
treatment than that of control group (Fig. 4G). In addition, Pd-RGO
nanocomposite group exhibited promoted dendrite growth, as indi-
cated by the significant increase of the average, total dendrite length,
number of dendritic nodes and dendritic complexity index (Fig. 4H–M).
Furthermore, Sholl analysis demonstrated that neurons in the Pd-RGO
groups were more complicated than control neurons (Fig. 4N). Subse-
quently, primary hippocampal neurons were cultured with Pd-RGO
nanocomposites at 5, 10 and 25 μg mL− 1 for 7 days, followed by anal-
ysis of neuronal markers MAP2. Pd-RGO nanocomposite-treated neuron
has enhanced dendritic growth, as evidenced by increased expression
MAP2 in western blot experiments (Fig. 4O). Taken together, these re-
sults indicate that the Pd-RGO substrates can effectively promote axonal
and dendritic growth in cultured neurons.

Additionally, aiming to validate that RGO in conjunction with
palladium nanoparticles can enhance its capability in promoting the
growth of neuronal axons and dendrites, we further compared the effi-
cacy of RGO with or without palladium nanoparticles in promoting
neuronal growth. Compared with the control group, neurons in the Pd-
RGO group had longer axons with more branches as revealed by Tau-1
fluorescence (Fig. 5A and B). RGO treatment resulted in a significant
increase in the total length of axons, the number of axonal nodes, axonal
complexity index and the number of axonal terminals in the cultured
neurons, while Pd-RGO treatment significantly strengthen the effect of
RGO treatment on neurons (Fig. 5C–F). Consistent with the statistical
analysis of immunofluorescent staining, western blot results showed a
similar change in the expression of Tau-1 protein of cultured neurons
(Fig. 5G). To analyze the role of RGO in dendritic expansion and
branching, we next stained neurons with the dendritic marker MAP2 at
DIV7 (Fig. 5H and I). Interestingly, RGO substrates promoted dendritic
growth of the cultured neurons above them, as evidenced by the sig-
nificant increase in the total and average length of neuronal dendrites,
the number of dendritic nodes and the dendritic complexity index
(Fig. 5J–M). Importantly, neurons pre-treated by Pd-RGO showed much
higher increase in both average and total length of dendrites than pre-
treated by only RGO, indicating great potential of Pd-RGO nano-
composites in promoting neuronal morphogenesis. Furthermore, Sholl
analysis revealed that cultured neurons in both Pd-RGO and RGO group
were more complex than the control neurons, of which the neurons
treated with Pd-RGO nanocomposites displayed most complexity among
all groups (Fig. 5N). These findings confirmed the positive and promo-
tional effect of both RGO and Pd-RGO on neurite growth of neurons.

Growth-associated protein-43 (GAP-43) is a commonly used marker
for neuron growth cones [51]. In order to further explore whether the
growth of neuronal neurites on Pd-RGO nanocomposite is related to the
upregulation of GAP-43, we performed immunofluorescence staining
and western blot experiments of neurons on the seventh day. As shown
in Fig. 6A, GAP-43 fluorescence was more enriched on the Pd-RGO
nanocomposite substrates, than the control. Consistent with the results
of immunofluorescence staining, western blot experiments further
demonstrated that the expression of GAP-43 protein in neurons grown
on Pd-RGO nanocomposite were significantly increased compared to the
control group (p< 0.01) (Fig. 6B and C). Moreover, western blot analysis
revealed that there are highest levels of MAP2 and GAP-43 expression in
neurons of the Pd-RGO group, compared with RGO-treated group,
implying the promoting role of palladium nanoparticles (Fig. 5O and P).
Together, these findings underscore the upregulation of Pd-RGO nano-
composites on GAP-43 that possibly promote neurite outgrowth.
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3.4. Pd-RGO nanocomposite facilitates neurite outgrowth after OGD/R
injury

The OGD/R cell model is widely used for modeling the condition of
neuronal damage that causes neuronal harm. Thus, we next further
investigate the potential effects of Pd-RGO nanocomposite on primary
neurons after exposure to OGD/R. Cell viability of the neurons was
examined by Live− Dead assay, CCK-8 assay, and LDH assay. As shown
in Fig. S2A, the number of dead cells detected by Live− Dead assay was
much higher after OGD/R treatment than the sham control. It is worth
noting that the number of dead cells decreased after Pd-RGO nano-
composite treatment. Furthermore, both the CCK-8 assay and LDH assay
were conducted to further evaluate cell viability. Notably, a significant
reduction in cell viability was observed following OGD/R injury (p <

0.001), thereby confirming the successful establishment of the OGD/R
cell injury model (Figs. S2B and C). After OGD/R injury, Pd-RGO
nanocomposites showed a slight tendency of a higher viability for
neurons.

In order to further explore potentially affected molecules under the
protective mechanism of Pd-RGO nanocomposites within neurons, we
next detected MAP2, Tau-1 and GAP-43 expression in neurons exposed
to OGD/R. Western blotting results showed that compared with the
control group, the expression of MAP2, Tau-1 and GAP-43 in the OGD/R
group was significantly reduced (p < 0.01), while the expression of
MAP2, Tau-1, and GAP-43 in the OGD/R + 10 μg mL− 1 Pd-RGO nano-
composite group was significantly increased (p < 0.05) (Fig. 7A–E).
However, no significant difference was found in the OGD/R+ 5 μg mL− 1
or 25 μg mL− 1 Pd-RGO nanocomposite groups (p > 0.05). To further
elucidate the direct effect of Pd-RGO nanocomposite on dendritic
outgrowth, we then calculated the average and total length of the den-
drites, the number of dendritic nodes and the dendritic complexity after
OGD/R injury. As shown in Fig. 7F–I, when compared with the control
group, most dendrites of neurons in the OGD/R group were shortened,
the average and total length of the dendrites was markedly decreased (p
< 0.01). The number of dendritic nodes and the dendritic complexity
were significantly decreased (p < 0.01) (Fig. 7J and K). While compared
with the OGD/R group, the average and total length of the dendrites
neurites was significantly increased in OGD/R + 10 μg mL− 1 Pd-RGO
nanocomposite group (p < 0.01) (Fig. 7H and I). Consistent with these
results, the number of dendritic nodes and the dendritic complexity were
also improved in OGD/R + Pd-RGO nanocomposite group (p < 0.01)
(Fig. 7J and K). Furthermore, Sholl analysis revealed that neurons were
less complex after OGD/R Injury, but markedly enhanced in OGD/R +

Pd-RGO nanocomposite group (Fig. 7L). The above results indicate that
Pd-RGO nanocomposites up-regulate the expression levels of MAP2,
Tau-1, and GAP-43 in cultured neurons, and facilitate dendritic growth
even after OGD/R injury, suggesting rescue effect of it on these injured
neurons.

3.5. Pd-RGO protect the brain from injuries in rat model of ischemic
stroke

Given the strong evidence that Pd-RGO has neuroprotective effects in

repairing injured neurons in vitro, we subsequently assessed the efficacy
of Pd-RGO in the ischemic brain in vivo using rat models of MCAO. Pd-
RGO or saline was injected into the right ventricle of rats at 48 h before
MCAO surgery-induced ischemic brain injury (Fig. 8A). Histological
analysis using H&E staining in different organs showed no morpholog-
ical changes or signs of inflammation observed after Pd-RGO injection
(Fig. 8B), indicating the biosafety of Pd-RGO in vivo. Moreover, the
clearance efficacy of Pd-RGO in the brain were also evaluated. Results
from inductively coupled plasma mass spectrometry (ICP-MS) showed a
decrease in the amount of Pd over time, indicating that Pd-RGO in vivo
could be gradually cleared (Fig. 8C). 2,3,5-triphenyltetrazolium chloride
(TTC) staining was then used to detect cerebral infarct areas, with about
37 % infarct areas in the MCAO models; in contrast, the infarcted area
was significantly reduced (approximately 21 %) in rats pre-injected with
Pd-RGO (Fig. 8D and E). At 24 h after the 90-min MCAO, the behavior of
rats with neurological deficits was assessed by the Zea-Longa scoring.
Zea-Longa scores are the most widely used indicator for evaluating
neurological deficit of the rats, as followed: 0, normal neurological
status; 1, mild deficit, impaired left forelimb extension; 2, moderate
deficit; inability to walk straight due to lateral deviation; 3, severe
deficit; inability to stand and repeated falls to the left; 4, The most severe
category; loss of spontaneous locomotion and consciousness [41,42].
Surprisingly, the neurological deficit scores of the Pd-RGO treated rats
were significantly reduced compared with those of the saline treated
ones (Fig. 8F and G). These results suggest that Pd-RGO pretreatment
reduces the infarct area after cerebral ischemia and improves motor
function under brain injury.

3.6. Pd-RGO protects neuronal loss in the MCAO models

To observe the morphological alterations associated with Pd-RGO
therapy, we subsequently stained rat brain tissue slices and discovered
that most of the cortical areas of the ischemic hemisphere were infarcted
in the saline group, whereas a significantly smaller portion was infarcted
in the Pd-RGO-treated group (Fig. 9A). Of note, even in the center
infarcted region, the cells exhibited only nuclear abnormalities, with
neither vacuolar degeneration or cytoplasmic lysis. As mentioned above,
Pd-RGO attenuated apoptosis and cell loss in the MCAO model, which
contained neurons, astrocytes, and microglia. Thus, we next stained
brain slices with TUNEL and DAPI to determine the amount of cell
apoptosis and loss in MCAO animals. As demonstrated, Pd-RGO
decreased the number of TUNEL-positive cells and preserved more
DAPI-stained cells than the saline group. (Fig. 9B).

4. Discussion

Graphene oxide nanocomposites have been widely applied in the
field of biosensors, but there are few studies on the potential of Pd-RGO
nanocomposites for neural development and regeneration. In this study,
we first explored the impact of Pd-RGO nanocomposites on neurite
growth in hippocampus neurons, which are very vulnerable to a variety
of environmental factors. We choose hippocampal neurons as the cell
models due to their classic and specific neurite morphogenesis both in

Fig. 4. Pd-RGO nanocomposite enhanced axonal and dendritic length and complexity in the neurons. A) Representative images of cultured DIV4 hippocampal
neurons immune-labeled with the dendritic marker MAP2 (green), axonal marker Tau-1 (red), with counterstaining of nuclear marker Hoechst (blue). Scale bar, 50
μm. B) Sample tracings of Tau-1-immunolabeled neurons. Scale bar, 50 μm. C) Quantification of total length of axons. D) Number of axonal nodes. E) Axonal
complexity index and F) Number of axonal terminals of neurons stained with axon-specific marker Tau-1 at DIV4. Data are expressed as mean ± SEM; n = 80–140 in
each group; the experiment was repeated for five times. G) Western blot analysis of neuronal Tau-1 expression on the control group and the Pd-RGO nanocomposite
groups at distinct concentrations on day 7. Quantification of the results are shown in the right. H) Representative images of cultured DIV7 hippocampal neurons.
Scale bar, 50 μm. I) Sample tracings of MAP2-immunelabeled neurons. Scale bar, 50 μm. J) Quantification of total length of dendrites. K) Average length of dendrites.
L) Number of dendritic nodes and M) Dendritic complexity index of neurons stained with dendritic marker MAP2 at DIV7. n = 80–140 in each group and were
collected from six independent experiments. For post hoc Bonferroni tests. N) Sholl analysis quantifies dendritic complexity (n = 80–100 neurons per group, the
experiment was repeated six times). O) Western blot analysis of neuronal MAP2 expression in the control group and the Pd-RGO nanocomposite groups at different
concentrations on day 7. All data were shown in mean ± SEM and were collected from ten independent experiments. Data were analyzed by one-way ANOVA and
compared with the control group, using post hoc Bonferroni post-tests. *p < 0.05, **p < 0.01, ***p < 0.001.
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vivo and in vitro [52,53] that is closely related to neural injury and
repairing [54,55]. Previous research results showed that graphene
nanomaterials generally have good biocompatibility [56], which have
been shown to be chemically inert, mechanically robust [57] and

low-cytotoxic [58] compared with carbon nanotubes. There was no
significant cytotoxicity observed, as Pd-RGO nanocomposite did not
affect cell viability (Fig. 3); furthermore, coating with Pd-RGO nano-
composites could provide suitable support for neuron attachment and

Fig. 5. Pd-RGO nanocomposites enhanced neuritic length and complexity of cultured neurons, compared with the RGO-treated group. A) Representative fluorescent
images of DIV4 hippocampal neurons. Neurons were stained with Tau-1 (red) and MAP2 (green). Scale bar, 50 μm. B) Neurolucida tracings of representative Tau-1-
immunolabeled neurons on day 4 after seeding. Scale bar, 50 μm. C–F) Quantification of total length of axons, axonal complexity index, number of axonal terminals
and number of axonal nodes of neurons stained with axon-specific marker Tau-1 at DIV4. G) Western blot analysis of Tau-1 of hippocampal neurons on different
groups and the relative optical densities (n = 3). H) The representative fluorescence images of neurons on various substrates on day 7 after seeding, neurons were
immune-stained with and MAP-2 (green), Scale bar represented 50 μm. I) Neurolucida tracings of representative MAP2-immunolabeled DIV7 neurons. Scale bar
represented 50 μm. J-M) Quantification of total length of dendrites, average length of dendrites, number of dendritic nodes and dendritic complexity index of neurons
on different groups. N) Quantification of dendritic complexity as measured by Sholl analysis. O) Western blot analysis of MAP2 and P) GAP-43 of hippocampal
neurons on different groups. The experiments were repeated more than five times. All Data are expressed as mean ± SEM, n = 80–140 neurons in each group. Data
were analyzed by one-way ANOVA, with post hoc Bonferroni post-tests; *p < 0.05, **p < 0.01, and ***p < 0.001.
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growth. These findings indicate that Pd-RGO nanocomposites coating
may be potentially used as surface treatments for cultured neurons,
suggesting a novel promising tool for promoting neuronal growth.

Injuries to the central nervous system frequently result in death or
lifelong disability, particularly those caused by stroke or degenerative
disorders. The response to neuronal damage is mediated by a variety of
biological processes, including axonal degeneration, excitotoxicity,
oxidative stress, demyelination, and inflammation [59]. As a result,
neuronal injury is a complicated process that involves the simultaneous
changes of the morphology, activity, and connection within the
network. While there are many variables that affect the structural and
functional healing of a damaged nervous system, findings from other
sources support the application of graphene to promote the neurite
sprouting of treated nerve cells [60]. Designing innovative therapeutics
for neurological applications requires adapting the microenvironment of
three-dimensional (3D) tissue scaffolds to modulate neural cell adhesion
or neurite development. Here, Pd-RGO nanocomposites-built 3D scaf-
folds have achieved key characteristics for implantable prostheses, such
as biocompatibility, microscale stability and homogeneity, conductivity,
and controlled mechanical properties (Figs. 2–5, S1). These character-
istics create an optimal 3D matrix for neuronal residency, guidance,
extension, and regenerative outgrowth in OGD/R cell models (Fig. 7).

In the central nervous system, it is extremely difficult to repair
injured neurons. It is worthy of noting that electrical stimulation is
beneficial for neuronal growth and regeneration [61,62]. Many of the
neural scaffolds that have been proposed are electroactive biomaterials,
which allow electric current to flow through electro-conductive scaf-
folds and encourage neuronal development, therefore repairing or
restoring damaged neurological processes. Popular possibilities for
neural scaffolds include metals that are stable and resistant to corrosion,
such as gold, platinum, iridium, platinum-iridium alloy, titanium, and
stainless steel. Additionally, carbon nanotubes, graphene, and con-
ducting polymers have all shown to be viable options [63–67]. However,
the usage of these methods is restricted due to the fact that they need
numerous stages, whilst the fabrication conditions, which include high
temperatures, vacuums, or organic solvents, are detrimental to the

hydrated polymer networks [68,69]. Here, we report on effectively
growing neurons on Pd-RGO composites and demonstrate that these
composites promote and sustain the proliferation of cultured neurons.
Pd-RGO composites is a particularly promising choice for tissue engi-
neering and prosthetics due to their high charge carrier mobility,
intrinsic low electrical noise, and lower cytotoxicity when compared to
RGO. The rugged and rippling structure of Pd-RGO nanocomposites may
promote mechanical interlocking with hippocampal neurons and thus
improved the adhesion. Moreover, the catalytic hydrogenation perfor-
mance of palladium nanoparticles could increase the electrochemical
capacitance of Pd-RGO nanocomposites which contributes to the elec-
trical excitability in neurons, and thereby promote the elongation of fine
neuronal processes of neurons.

Processes growing from the cell body of a neuron are called neurites
that can be divided into axons and dendrites based on its length and
number. In the brain, neurite germination and growth is one of the
important signs that neurons begin to develop [70]. It was worth noting
that hippocampal neurons grown on Pd-RGO nanocomposite substrate
have longer neurites including axon and dendrite more complex neural
networks, suggesting that Pd-RGO nanocomposites could effectively
promote the growth and development of neurons (Fig. S1). β-III tubulin,
Tau-1 and MAP2 are important components of neurite, respectively
[71]. Previous research results have shown that the contractility of
over-actin in neurons was related to the expression of MAP2 protein, one
backbone protein of neuronal dendrites, which is closely related to the
maturation of neurons. Therefore, maintaining the expression of MAP2
may promote neurons further maturity by stabilizing microtubule for-
mation [72,73]. Furthermore, we investigated whether the Pd-RGO
nanocomposite substrate had the ability to regulate the levels of
expression of β-III tubulin, Tau-1, and MAP2 in cultured hippocampal
neurons. The findings revealed that hippocampal neurons exhibited an
increase in the expression of β-III tubulin, Tau-1, and MAP2 protein
following the application of Pd-RGO nanocomposite treatments. Addi-
tionally, throughout the process of neural development, GAP-43, which
is a particular protein found within neuronal axons, is often generated at
high quantities [74–76]. Thus, its expression is regarded as one of the

Fig. 6. The Pd-RGO nanocomposite significantly upregulated GAP-43 expression in cultured neurons. A) Representative images of primary hippocampal neurons at
DIV7 immune-labeled with GAP-43 (red) and β-III tubulin (green), with counterstaining of nuclear marker Hoechst (blue). Scale bar, 30 μm. B, C) Western blot
analysis (B) and the statistical results (C) of neuronal GAP-43 expression after Pd-RGO nanocomposite treatments at distinct concentrations at DIV7. Data are
presented as means ± SEM. n = 3 for each group. *p < 0.05; One-way ANOVA with post hoc Dunnett’s test.
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important signs of neuronal axon growth and regeneration [77].
Meanwhile, GAP-43 is always used as a marker for early neurons after
mitosis. Indeed, GAP-43 was related to hippocampal neuron skeletal
formation and was mainly concentrated in the growth cone and pre-
synaptic membrane of neuron axons [37,77]. More interestingly, its
continuous expression is very important for maintaining the plasticity of
the nervous system [38]. Finally, studies had shown that the expression
of GAP-43 was related to nerve sprouting, especially to the ability of
neural regeneration, under the conditions of neurological diseases [78].
Therefore, Pd-RGO nanocomposites may also affect neuronal GAP-43
expression. Our results here showed that GAP-43 expression was
significantly increased in neurons after Pd-RGO nanocomposite treat-
ments (Figs. 5–7), that seems to explain why the neurons growing on the
Pd-RGO nanocomposite substrate had longer neurites.

Converging studies have reported that the surface structure of cell
growth substrates affects neurite growth and determination of neuronal
interactions. It had been shown that different substrates could provide
different states for neuronal growth in culture hippocampal neurons
[39,40]. Nowadays, the precise control of nano-roughness with
nano-resolution was achieved by wet chemistry methods. Research re-
sults have shown that neurons could accurately sense and actively
respond to surface changes of a few nanometers [39]. Similarly, Pd-RGO
nanocomposites in our study could potentially provide a beneficial
matrix for neuron growth due to its ripple-like nanomaterial surface
morphology. In addition, surface chemistry cannot be ignored in pro-
moting action between neurons and substrates [79]. Furthermore, car-
bon nanotubes could promote the growth of neurons due to their
excellent electrical conductivity [80,81]. Therefore, it could also be
speculated that one of the important factors leading to longer and more
complex neurites of hippocampal neuron may be the high conductivity
of Pd-RGO nanocomposite. Thus, Pd-RGO nanocomposites really lead to
enhanced neurite length and complexity of neurons, probably due to the
good catalytic activity and ballistic electronic conduction, but further
evidence is still needed to be explored.

Neurons, like other cell types, receive complicated stimuli from their
surrounding environments [82]. Although neuronal behaviors are
obviously influenced by surface topography, stiffness, or physical ten-
sion, external perturbations in the extracellular matrix (ECM) always
play regulatory roles in the survival, development, and functionality of
neurons, as well-exemplified by soluble growth factors or proteins
immobilized on the surfaces of extracellular scaffolds or other cells [83].
Neurons are encircled by three-dimensional nanostructured extracel-
lular matrix (ECM) components, which are essential for intracellular
molecular machinery and cell communication [82]. In fact, our research
suggests that Pd-RGO may be a useful material for creating neural
scaffolds due to its biodegradability, neuro-mimicked mechanical
strength, and naturally occurring extracellular matrix (ECM) micro-
structure, which can provide suitable stimulation for dendritic sprouting
and axonal growth. (Figs. 4 and 5). Experimental data has consistently
demonstrated that 3D scaffolds provide better conditions for cell adhe-
sion, shape, and functions than monolayer culture settings [84,85].

Current studies have revealed that neuronal neurites may shorten or
even disappear when the brain suffers from ischemic injury [86,87].
Thus, neurite growth is essential for the function of the central nervous

system as well as the regeneration of the neural network after injury. In
this study, the primary hippocampal neurons showed a lower survival
rate after OGD/R, as well as a decrease in the length and density of
neuron neurites (Fig. S2), suggesting a successful OGD/R model in vitro
[33]. As one of the important guiding clues, GAP-43 was not only one of
the factors affecting the survival of neurons, but also involved in regu-
lating the growth and branching of neuron axons [88]. Here, we care-
fully examined the expression of some key proteins like GAP-43 and
further verified the protective effect of Pd-RGO nanocomposites on
neuron after OGD/R. Thus, here we were the first to find that GAP-43
expression was up-regulated after OGD/R in cultured neurons growing
on Pd-RGO nanocomposite substrates. Based on these results, Pd-RGO
nanocomposites could promote the neurite growth of OGD/R-treated
hippocampal neurons in vitro.

Since the development of nanotechnology, researchers have become
increasingly interested in the remarkable capabilities of nanoparticles
due to their potential in several pharmacological applications in a range
of illnesses, including cerebral ischemic stroke [89]. With significant
morbidity, disability, recurrence, and mortality, ischemic stroke is one
of the leading causes of death worldwide, yet the available therapies are
far from ideal [90]. Thus, stroke treatments are the most major unmet
medical needs, and they highlight the urgent need for novel targets that
have been mechanistically validated. In our study, while the research
above showed that Pd-RGO nanocomposites protect neurons in OGD/R
models in vitro, we further thoroughly assessed the in vivo therapeutic
effectiveness of Pd-RGO nanocomposites in ischemic stroke alleviation
using a rat cerebral ischemia/reperfusion damage model produced by
MCAO (Figs. 8 and 9). Obviously, Pd-RGO was able to effectively alle-
viate ischemic stroke (Figs. 8D and 9A) with no significant damage to
brain tissues. Thus, we here provide the first evidence that injection of
Pd-RGO nanocomposites could greatly decrease infarct size and increase
neurological functional recovery by measuring improvements in
neurological impairments, locomotor coordination, asymmetry in fore-
limb usage, and sensorimotor activity (Fig. 8). Our results also demon-
strated that the apoptosis of neurons was significantly decreased
following injection of Pd-RGO nanocomposites, which may be due to the
improvement of GAP43 expression within neurons (Fig. 5). The current
work demonstrated a proof of concept for using Pd-RGO nano-
composites to regulate neurite outgrowth for brain protection. Further
research is needed to transfer this approach into human stroke therapies
[91].

Indeed, ischemia/reperfusion has complex pathogenic processes, so
further mechanisms and their interactions need to be studied next.
Because of their great biocompatibility, outstanding biosafety, and sta-
ble structure, as well as their ease of preparation, Pd-RGO nano-
composites have the potential to become a powerful drug-delivery
neuroprotective agent for stroke in the future. Pd-RGO nanocomposites
offer more alternatives for the systematic modulation of several stages in
the ischemic cascade of stroke and may be employed as a safe and
multipurpose neuroprotectant with outstanding practical prospects.
However, Pd-RGO nanocomposites’ exceptional efficacy in treating
ischemic stroke may be ascribed to a number of benefits, including as
their excellent biocompatibility, advantageous ECM dispersion, neuro-
protection, and infarct tissue healing. Our findings suggested that it held

Fig. 7. Pd-RGO nanocomposite significantly facilitates dendritic outgrowth in cultured primary hippocampal neurons exposed to OGD/R. A) Representative fluo-
rescence images of neurons exposed to OGD/R on various substrates on day 7 after seeding, neurons were immune-stained with Tau-1 (red) and MAP2 (green), Scale
bar, 50 μm. And representative fluorescence images of neurons exposed to OGD/R on day 7 after seeding, neurons were immune-stained with GAP-43 (red) and β-III
tubulin (green), Scale bar, 50 μm. B-E) Western blot analysis of MAP2, Tau-1 and GAP-43 in cultured hippocampal neurons exposed to OGD/R after Pd-RGO
nanocomposite treated. n = 3–6 for each group. F) The representative fluorescence images of neurons exposed to OGD/R on the 10 μg mL− 1 PDL-Pd-RGO nano-
composite-coated glass on day 7 after seeding, neurons were immune-stained with and MAP2 (green), Scale bar, 20 μm. G) Tracings of representative MAP2-
immunolabeled neurons exposed to OGD/R on day 7 after seeding. Scale bar represented 50 μm. H–K) Quantification of total length of dendrites, average length
of dendrites, number of dendritic nodes and dendritic complexity index of neurons exposed to OGD/R on the 10 μg mL− 1 Pd-RGO nanocomposite-coated glass, which
stained with dendritic marker MAP2 at DIV7. Data are expressed as mean ± SEM, n = 80–140 for each group, the experiment was repeated six times. L) Quanti-
fication of dendritic complexity as measured by Sholl analysis. All data are expressed as mean ± SEM, n = 80–140 for each group. Data were analyzed by one-way
ANOVA, with post hoc Bonferroni tests. *p < 0.05, **p < 0.01, and ***p < 0.001.

P. Wang et al.



Materials Today Bio 28 (2024) 101184

14

a great deal of promise as a flexible nonpharmaceutical therapy for brain
ischemia/reperfusion damage.

5. Conclusion

In conclusion, a novel Pd-RGO nanocomposite with excellent
biosafety capabilities was prepared here for hippocampal neurons in
vitro and transplantation on ischemia rats in vivo. A series of experiments

Fig. 8. Pd-RGO decrease the infarct area and improve functional results of MCAO models. A) Protocol of Pd-RGO treatment after ischemic-reperfusion injury in
MCAO rats. B) Representative photomicrographs of H&E staining of different tissues as indicated. Scale bar, 100 μm. C) The dynamic changes of Pd content in the
brain tissues of MCAO mice receiving Pd-RGO injection. D) Images of TTC staining with Pd-RGO treatment. Blue line indicates the infarct area in each slice. E)
Statistical analysis of the ratio of the infarct area to the total brain area. F) Typical postures of the rats during neurological deficit scoring. G) Statistical analysis of the
neurological deficit scoring. **p < 0.01, ***p < 0.001. n = 10 for each group.
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on neuron culture demonstrated that our Pd-RGO nanocomposites can
enhance the growth of neuronal neurites compared with pure RGO.
Comparing the two biomimetic composites, Pd-RGO was more benefi-
cial to neurite sprouting and outgrowth in vitro. Importantly, it can
effectively rescue OGD/R-induced injury on neuronal processes. More-
over, the neuroprotective function of Pd-RGO nanocomposites on OGD/
R-injured neurons possibly mediated by increased expression of GAP-43
protein. More specific molecular mechanisms need to be further inves-
tigated in the next step. The protective effect of Pd-RGO on neurons was
further verified in vivo. The results of transplantation treatment on
MCAO rats showed that Pd-RGO significantly reduced the area of cere-
bral infarction, decreased apoptosis, and considerably improved the
behavioral function of the animals. More research is required to deter-
mine the underlying mechanism of Pd-RGO’s in vivo protection against
apoptosis. However, this work offers a new method for creating bio-
mimetic materials based on RGO and enhances our knowledge of the
biological characteristics of biomimetic Pd-RGO composites, as well as
their potential uses in biomedical and biotechnological fields, such as
neural therapy. Because of interactions between these biomimetic
composites and neurons, our findings suggest that the Pd-RGO nano-
composite can be used as a promising nanostructured substrate for
promoting neuron growth and a nano-neuroprotectant for trans-
plantation therapy in ischemic rats that is helpful for neural repairing.
We think this kind of composites might be a viable technique utilized as
implanted materials for neural tissue engineering, especially in the field
of neural regenerative medicine.
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