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KEY WORDS Abstract The blood—brain barrier (BBB) is a crucial biological interface between the central nervous
system and circulation, playing a key role in maintaining the brain’s homeostasis and function, but present-
ing a challenge for drug delivery. Although enhancing the paracellular permeability of the BBB using
graphene-based materials (GBMs) is a promising strategy, detailed biological effects and molecular mech-
anisms remain poorly understood and understudied. In this study, we prepared gold nanoparticle-modified
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Paracellular reduced graphene oxide (Au-rGO) sheets as representative GBMs to enhance BBB paracellular perme-
transportation; ability transiently. Remarkably, the induced permeability modulation exhibited both significant efficacy
Microtubules; and complete reversibility. Biological experiments and molecular dynamics simulations provided full
Polymerization and insights into the molecular mechanism of this process, confirming that Au-rGO influences the dynamic
depolymerization equilibrium of MTs by adsorbing soluble tubulins to hinder MT polymerization, and disassembling
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dynamics;
ERK—Stathmin pathway

MTs to promote depolymerization, thus mediating the unlocking of the BBB. Moreover, the subsequent
closure of the BBB is mediated by increased MT polymerization, regulated by the activation of the

ERK—stathmin pathway. Collectively, this present study comprehensively elucidates the phenomenon of
reversible BBB opening induced by Au-rGO and its intricate molecular mechanism, and supports the
safety and efficacy of Au-rGO as a paracellular penetration enhancer for enhancing BBB drug delivery

efficiency.
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1. Introduction

The blood—brain barrier (BBB) is a complex, multicellular, and
dynamic interface that regulates the movement of specific bio-
logical substances essential for brain homeostasis and neuronal
function. Additionally, it serves as a protective shield, preventing
the brain parenchyma from exposure to harmful blood-borne
agents and external compounds'. However, this tightly sealed
barrier poses a significant impediment to the entry of certain drugs
into the brain, whereby nearly 98% of small molecule drugs and
virtually all large molecule drugs cannot pass through the BBB to
penetrate the brain®. Among the few therapeutics that have suc-
ceeded in breaching the BBB, substantial challenges arise during
clinical application, including limited capacity for effective
penetration into brain tissues and BBB integrity disruption®.

Enhancing drug penetration across the BBB primarily involves
two routes: the transcellular route (transcytosis, receptor-mediated
transport, or diffusion), and the paracellular route governed by
adherens junctions (AJs) and tight junctions (TJs)>. In recent de-
cades, the concept of leveraging nanomedicines to overcome the
BBB has garnered increasing interest®’. This stems from their
ability to selectively target specific tissues and cells, as well as their
inherent multifunctionality, which is tunable based on material
composition and size®. The diverse range of nanomaterials crosses
the BBB via established transport mechanisms. Nanomaterial-
mediated transcellular delivery typically employs polymer mi-
celles™®, liposomes'"'? and biomimetic modification nano-
materials'>'*; however, its key challenge lies in enhancing drug
endocytosis and endosomal escape to improve delivery efficiency.
While generally safe, the transcellular route offers limited perme-
ability enhancement, particularly for large hydrophobic drugs
(proteins, peptides, etc.)’. In contrast, opening of the paracellular
route holds significant promise for substantially improving BBB
permeability, enabling the entry of hydrophilic drugs with higher
molecular weights into the brain'>. Numerous studies have
confirmed that nanomaterials like carbon-based nanomaterials'®
and metal-based nanomaterials'” can influence BBB permeability,
particularly by opening the paracellular route to enhance drug
delivery efficiency. However, if the paracellular route fails to reseal
promptly and restore the BBB’s complete barrier function, it poses
a serious threat to the stability and safety of the nervous system'®.
Therefore, when developing nanomaterials to function as drug
carriers or paracellular penetration enhancers for BBB drug de-
livery, two critical metrics must be ensured: delivery efficiency
(barrier opening) and safety (barrier resealing).

Graphene-based materials (GBMs) have been gaining signifi-
cant attention as potential drug carriers for the treatment of central
nervous system diseases due to their biocompatibility and
impressive cargo-carrying capacity'>?°. Present studies have

predominantly focused on the therapeutic effects of composite
nanomedicines comprising GBMs as a drug carrier”’ >, However,
few studies have systematically examined the biological effects of
GBMs when employed as potential barrier penetration en-
hancers®®?’. Key questions remain unanswered: Through which
routes do GBMs cross the highly selective BBB? Does BBB
opening mediated by GBMs result in irreversible damage to bar-
rier integrity? What molecular mechanisms govern their in-
teractions with cerebrovascular endothelial cells? These questions
remain largely unexplored and merit further investigation.

Given this, we prepared a gold nanoparticle-modified reduced
graphene oxide (Au-rGO) sheet and performed both in vivo and
in vitro investigations to examine the interactions between the
GBMs and the BBB. Based on the following considerations, we
propose that Au-rGO can serve as an ideal model material for
investigating the effects of GBMs on the BBB. Reduced graphene
oxide (rGO) was chosen due to its increased hydrophobicity and
m—m stacking interactions compared to graphene oxide (GO),
rendering it less cytotoxic and more adept at drug loading?®%.
Assessing the distribution and quantification of GBMs in vivo
remains challenging, given their carbon-based nature, which
cannot be analyzed using conventional methods like inductively
coupled plasma, and their limited imaging capabilities. To over-
come these limitations, we used gold nanoparticle modification as
an effective solution to quantify GBMs in trace amounts and for
superior biosafety. Moreover, gold nanoparticles (AuNPs) can
preserve the physical and chemical properties of rGO through
surface modification via van der Waals forces™’.

Herein, we first confirmed that Au-rGO can rapidly and
reversibly unlock the BBB, suggesting its potential as a secure and
efficacious paracellular permeation enhancer for the BBB. Subse-
quently, we uncovered and verified the mechanism underlying Au-
rGO’s interaction with microtubules (MTs), which interferes with
their depolymerization and polymerization dynamics and is
responsible for the reversible opening of the paracellular route of
the BBB. To the best of our knowledge, this study represents the
first to elucidate the intricate process by which a nanomaterial can
reversibly open a biological barrier at the molecular level, setting a
precedent for future development of nanomaterials aimed at safely
enhancing BBB permeability to improve drug delivery efficacy.

2. Materials and methods
2.1.  Synthesis and characterization of Au-rGO
The graphite powder (Merck 282863, Darmstadt, Germany) was

used to prepare graphene oxide via the Hummers’ method. In
brief, a mixture of 20 g graphite powder, 10 g sodium nitrate, and
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60 g potassium permanganate was uniformly blended and slowly
added to 460 mL sulfuric acid (98%) under stirring, maintaining
the reaction temperature at 10—15 °C for 3 h. The reaction system
was then transferred to a 35 °C water bath and stirred for an
additional 30 min. Next, 920 mL of deionized water was slowly
added to the mixture, followed by transferring the system to a
99 °C water bath for another 30 min of stirring. Afterward,
3000 mL of deionized water and 20 mL of hydrogen peroxide
(5%) were added to the reaction mixture. The product was filtered
while hot and thoroughly washed five times with dilute hydro-
chloric acid (5%) and deionized water. The resulting precipitate
was dried at 60 °C to obtain graphite oxide. A 100 mL solution of
graphite oxide with a concentration of 1 mg/mL was prepared and
ultrasonicated (100 kHz, 200 W) for 2 h to obtain the exfoliated
graphene oxide. Then, a 50 pL solution of HAuCl, (Sangon
Biotech A602523, Shanghai, China) with a concentration of
0.5 mol/L was added to the 100 mL graphene oxide dispersion.
The pH of the mixture was adjusted to 10, and 5 g of glucose was
dispersed in the solution. The system was kept in a constant
temperature water bath at 30 °C for 12 h under ultrasonication
(40 kHz, 50 W) to simultaneously reduce the graphene oxide and
gold ions, allowing AuNPs to nucleate on the surface of graphene.
The resulting product Au-rGO is centrifuged at 2800x g, washed
multiple times, dried overnight at 50 °C, and stored for future use.

The surface topography of Au-rGO was analyzed using a
scanning electron microscope (SEM) instrument (Zeiss Sigma 300,
Oberkochen, Germany) and a transmission electron microscope
(TEM) instrument (Thermo Scientific Talos F200iS, MA, USA).
Ramman spectroscopy (Renishaw, Gloucestershire, UK) was used
to measure the structural features of Au-rGO. The functional
groups of Au-GO were further detected by Fourier transform
infrared spectrum (Bruker TENSOR27, MA, USA). Element
composition was defined using X-ray diffraction (Rigaku ULTIMA
IV, Tokyo, Japan). The interplanar spacing and size distribution
were analyzed using TEM (Talos F200iS, MA, USA). The size and
morphology were visualized by atomic force microscopy (Bruker
Dimension Edge, MA, USA). The Au-rGO sheets were suspended
in phosphate-buffered saline (PBS) and endothelial culture medium
at a concentration of 1 mg/mL for hydrodynamic diameter and the
zeta potential assessment using dynamic light scattering on a
Zetasizer instrument (Malvern Nano ZS, Worcestershire, UK).
Gold weight percent was tested by inductively coupled plasma
optical emission spectrometry (ICP-OES) (Agilent 720, CA, USA).
To evaluate the stability of the AuNP modification, Au-rGO was
dispersed (1 mg/mL) and sonicated (40 kHz, 50 W, 1 h) in PBS,
freeze-dried (12 h), and then reanalyzed by ICP-OES (Agilent 720,
CA, USA) and energy dispersive spectrometer mapping (Bruker
Quantax 6/30, MA, USA).

2.2.  Animals and treatment

C57BL/6 male mice (weight: 20—22 g) were obtained from the
animal center of the authors’ affiliation. To determine the effective
Au-rGO dosage, 21 mice were divided into 7 groups (n = 3): 0,
0.5, 1, 2, 4, 6, and 8 mg/kg Au-rGO. For time-course experiments,
60 mice were divided into 12 groups (n = 5): control (PBS) and
Au-rGO exposure groups (30 min, 1, 2, 3,6,9,12h, 1,3, 5,and 7
days). Au-rGO was administered via tail intravenous injection.
Weight and general conditions were monitored post-injection, and
mice were subjected to Evans blue or horseradish peroxidase in-
jections or euthanized under anesthesia for tissue collection. All
procedures followed ethical guidelines (National Ethics Committee

on Animal Welfare of China) and were approved by the Ethics
Committee of the authors’ affiliation (Approval No. L2019162).

2.3.  BBB permeability test in vivo

Following Au-rGO exposure via intravenous injection, mice were
intravenously injected with 2% Evans blue (Macklin E6135,
Shanghai, China) at a dose of 4 mL/kg body weight through the
tail vein to circulate for 10 min. Cardiac perfusion was then
exposed under anesthesia to eliminate the tracer from the circu-
lation. Brains were extracted for macroscopic observation. Similar
to the above procedure, mice were intravenously injected with
35% horseradish peroxidase (Merck P8375, Darmstadt, Germany)
at a dose of 0.2 mg/g body weight via the tail vein and allowed to
circulate for 10 min. Subsequently, the mice were perfused with
4% paraformaldehyde. After extraction and overnight fixation,
brain tissues were sectioned into 50 pm-thick coronal sections
using a vibratome. The 3,3’-diaminobenzidine (DAB) solution
(ZSGB-Bio ZLI-9018, Beijing, China) was used to indicate the
presence of horseradish peroxidase reaction products.

2.4.  Histological analysis

Brain, kidney, liver, and lung tissues were collected, fixed, and
stained with hematoxylin-eosin (H&E). For brain immunofiuo-
rescence (IF) staining, CD31 antibody (Proteintech 11265-1-AP
(rabbit), IL, USA; Huabio M1511-8 (mouse), Hangzhou, China)
was used to mark brain vessels, glial fibrillary acidic protein
(GFAP) antibody (Cell Signaling Technology 80788, MA, USA)
was used to mark reactive astrocytes around brain vessels, and
Albumin antibody (Proteintech 16475-1-AP, IL, USA) was used to
mark Albumin extravasation around brain vessels. H&E staining
images were captured using a light microscope (Olympus BX63,
Tokyo, Japan) by an uninformed observer in a sample-blinded way
to prevent sampling bias. Fluorescent images were captured using
a laser-scanning confocal microscope (Zeiss LSM980, Oberko-
chen, Germany).

2.5.  Inductively coupled plasma mass spectrometry (ICP-MS)

Brain, liver, and kidney tissues were pre-digested in concentrated
nitric acid in an oven chamber overnight, after which 0.5 mL of
H,0, was added. The mixed solutions were heated at 160 °C in a
high-pressure reaction container until all samples were completely
digested and dried at 120 °C. The Au levels in the tissue samples
were quantified by ICP-MS (Agilent 7700, CA, USA).

2.6.  BBB in vitro model

To establish an in vitro BBB model, transwell polycarbonate in-
serts (filter pore diameter 3 pm, Corning, USA) were used.
HCMEC/D3 cells (BNCC337728, BNCC, Beijing, China) and
SVG pl2 cells (CRL-8621, ATCC, VA, USA) were separately
seeded in the upper and lower chambers, and they were separately
cultured for 24 h. Subsequently, the upper chamber was inserted
into the lower chamber, and the co-culture was maintained for
several days to assess the establishment of barrier integrity. This
was achieved by measuring transepithelial electrical resistance
(TEER) values using an epithelial volt-ohm meter (Millicell ERS-
2, MA, USA). The BBB model achieved a maximum TEER value
of 540 + 7.5 Q cm? after 4 days of culture, confirming the
viability of the model for studying BBB integrity changes when
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exposed to Au-rGO (Supporting Information Fig. S1). Thus, in the
follow-up experiments, Au-rGO was administered on the fourth
day after seeding.

2.7.  Transwell permeability test

BBB paracellular permeability was assessed using two parame-
ters: TEER values and sodium fluorescein (Na-Flu) permeability.
Once BBB integrity was established, Au-rGO was introduced into
the upper chamber at various doses and for different exposure
durations, with or without MT-regulating agents. TEER values
were measured both before and after drug exposure. Changes in
TEER data were calculated after standardization with the initial
value. Na-Flu is a commonly employed indicator to gauge barrier
disruption since it can permeate into the lower chamber through
the BBB’s paracellular route. Following exposure to Au-rGO, Na-
Flu (200 pg/mL in Earle’s balanced salt solution) was added to the
upper chamber and incubated in the dark for 2 h. Subsequently,
100 uL of Earle’s balanced salt solution from the lower chamber
was tested to quantify the concentration of Na-Flu via its fluo-
rescence intensity using a microplate reader (Molecular Device
SpectraMax 13X, CA, USA).

2.8.  Western blot (WB) analysis

For protein analysis, brain tissues and HCMEC/D3 cells were
lysed and separated by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) using protein electrophoresis
and blotting equipment (Bio-Rad, CA, USA). The primary an-
tibodies were used: a-tubulin (Proteintech 11224-1-AP/66031-1-
Ig, IL, USA), @-tubulin (Proteintech 10094-1-AP, IL, USA),
a-catenin  (HuaAn Biotechnology ET1610-46, Hangzhou,
China), B-catenin (Cell Signaling Technology 8480, MA, USA),
VE-cadherin (Santa Cruz Biotechnology sc-9989, TX, USA),
Z0-1 (Proteintech 21773-1-AP, IL, USA), claudin-5 (Abcam
AB131259, Cambridge, UK), occludin (Proteintech 27260-1-AP,
IL, USA), tau (Santa Cruz Biotechnology sc-32274, TX, USA),
MAP4 (Proteintech 11229-1-AP, IL, USA), p-GSK38 (HuaAn
Biotechnology ET1607-60, Hangzhou, China), GSK38 (HuaAn
Biotechnology ET1607-71, Hangzhou, China), crmp2 (HuaAn
Biotechnology ER1802-45, Hangzhou, China), acetylated-
tubulin (Proteintech 66200-1-1g, IL, USA), p-ERK (Proteintech
28733-1-AP, IL, USA), ERK (Proteintech 11257-1-AP, IL,
USA), p-stathmin (Cell Signaling Technology 4191, MA, USA),
stathmin (Proteintech 11157-1-AP, IL, USA), p-c-Raf (Cell
Signaling Technology 9427, MA, USA), c-Raf (Cell Signaling
Technology 9422, MA, USA), p-MEKI1/2 (Cell Signaling
Technology 9121, MA, USA), MEK1/2 (Cell Signaling Tech-
nology 9122, MA, USA) and GAPDH (Proteintech 60004-1-1g/
10494-1-AP, IL, USA). The blots were detected using an
enhanced chemiluminescence detection system (Tianon 5200,
Chengdu, China), and the optical densities of the bands were
analyzed using Image] analyzer software.

To assess soluble and polymeric tubulins, HCMEC/D3 cells
after drug administration were incubated with an MT stabilization
buffer according to a previously published formula and protocol®".
After centrifugation (21,900% g) of the MT stabilization buffer, the
supernatant was extracted and designated as soluble tubulins. The
remaining fraction containing polymeric tubulin was lysed in
RIPA buffer. Immunoblotting was then performed using a-tubulin
and (-tubulin antibodies.

2.9.  Cell IF staining

HCMEC/D3 cells were fixed, permeabilized, and incubated over-
night at 4 °C with primary antibodies, including a-tubulin (Pro-
teintech 66031-1-lg, IL, USA), a-catenin (Proteintech 12831-1-AP,
IL, USA), and ZO-1 (Proteintech 21773-1-AP, IL, USA). Nuclei
were counterstained with DAPI (Leagene BioBiotechnology
DAO0800, Huaibei, China), and microfilaments were stained with
phalloidin (Thermo Fisher Scientific R415, MA, USA). Images
were acquired using a laser scanning confocal microscope (Zeiss
LSM980, Oberkochen, Germany).

2.10.  Molecular dynamics simulation

Structure modeling: The Au-rGO structure was composed of Au and a
rGO planar structure generated from the graphene function of
gmxtools. Since Au nanoparticles and rGO sheets are bound by the van
der Waals force and do not form ionic or covalent bonds, gold atoms
are randomly added to the system and adsorbed on the rGO sheets
(Supporting Information Fig. S2). The RDKit was used to call the
MMFF9%4 force field for structural optimization. The protein model of
the tubulin dimer was downloaded from the PDB database (id: 1'TUB),
and the irrelevant inorganic salts and crystal water were removed.

Molecular dynamics: molecular dynamics simulations were
performed using the Gromacs 2019.6 program. The initial system
was designed to investigate the impact of Au-rGO on a single
tubulin dimer, which consisted of an Au-rGO sheet and a single
tubulin dimer, all surrounded by TIP3P waters, with Na™ and CI™
ions added to neutralize the system. The periodic boundary con-
dition was set with a minimum distance of 10 A between the
complex and the box’s edges. To explore the effects of Au-rGO on
MTs, two additional systems were created. One only contained
laterally paired tubulins, while the other included both laterally
paired tubulins and an Au-rGO sheet. The influence of Au-rGO on
MTs was assessed by comparing the differences between the
laterally paired tubulins in the two systems.

At the start of the molecular dynamics simulations, receptor to-
pology files were generated using the Amber14sb force field for the
tubulin dimers and the Sobtop1.0 for Au-rGO. The systems underwent
two phases of equilibration, each lasting 1000 ps, at a constant tem-
perature of 300 K and constant pressure. The equilibration phases
encompassed constant particle number, volume, and temperature
equilibration. After equilibration, molecular dynamics simulations
were run for 100 ns, with a time step of 2 fs. Covalent bond lengths
were constrained using the Linear Constraint Solver algorithm, and
long-range electrostatic interactions were computed using the Particle
Mesh Ewald method. Water molecules were treated with the SETTLE
algorithm. Trajectories were recorded at 10 ps intervals for subsequent
analysis. The non-bonding interaction cutoff was set at 10 A

Root mean square deviation (RMSD) was used to observe the
local site modification of the system during the simulation (the
cut-off point of the fluctuation was set to 0.2). The radius of gy-
ration (RG) was used to evaluate the tightness of the architecture.
The solvent-accessible surface area (SASA) was determined to
observe the size of the complex during the simulation. The
binding free energy was calculated using gmx_MMPBSA.
PyMOL 2.5.1 and LigPlot 2.1 are used for visualization.

2.11. TEM observation of cells

HCMEC/D3 cells were exposed to 20 pg/mL Au-rGO for 1 h,
followed by extensive washing to remove extracellular Au-rGO.
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The cells were collected and fixed in 2.5% glutaraldehyde. After a
dehydration process using varying ethanol concentrations, the
cells were subsequently embedded in Epon resin. Ultrathin sec-
tions measuring 500 nm were prepared on hexagonal mesh grids
and examined using a TEM (Hitachi H-7500, Tokyo, Japan).

2.12.  Modified protein pull-down assay

To determine the proteins adsorbed onto the materials, we
designed a modified protein pull-down assay using Au-rGO based
on previously published methods***. Briefly, HCMECs/D3 cells
were exposed to 20 pg/mL Au-rGO for 1 h, after which they were
directly lysed, collected, and centrifuged at 1000x g for 10 min.
The supernatant was removed, leaving the Au-rGO and proteins
attaching to them, which we referred to as “sample 1”. In parallel,
an equivalent number of HCMECs/D3 cells were first lysed, and
the resulting cell lysate was then incubated with the same quantity
of Au-rGO as in sample 1 for 1 h, labeled as “sample 2”. Addi-
tionally, the cell lysate was incubated with agarose beads alone,
labeled as “sample 3”, and agarose beads with either a-tubulin or
G-tubulin antibody, labeled as “sample 4”. They were incubated at
4 °C for 4 h, following the common protein pull-down assay
protocol. Sample 3 served as a negative control, while sample 4
served as a positive control. Subsequently, the cell lysates from the
four groups were transferred to spin columns and centrifuged at
1000x g at 4 °C for 5 min to separate the supernatant from Au-
rGO or beads and their surface-adhered proteins. Each sample
underwent five washes with washing buffer to eliminate non-
adhered proteins. Finally, the Au-rGO or beads were washed
three more times with elution lysis buffer to remove proteins that
adhered to their surfaces. The resulting protein lysates were
thermally denatured with loading buffer and separated by SDS-
PAGE. Protein presence was visualized with Coomassie blue
dye, while WB was used to determine the types of proteins
adsorbed onto the Au-rGO sheet. Protein quantification was
expressed as the integral optical density value.

2.13.  Tubulin polymerization assay

The standard assay was conducted in a half-area black 96-well
plate with a flat bottom, using a fluorimeter at 37 °C, with ob-
servations taken every 30 s for 90 min. The standard initial system
consisted of 2 mg/mL tubulin in a buffer containing 80 mmol/L
piperazine-1,4-bisethanesulfonic acid at pH 6.9, 2.0 mmol/L
MgCl,, 0.5 mmol/L ethylene glycol tetraacetic acid, 1.0 mmol/L
guanosine triphosphate, and 15% glycerol. To investigate the ef-
fects of Au-rGO on dissociated tubulin, various test compounds,
including PBS, Au-rGO (0.1 mg/mL), and Colchicine (Col,
30 pmol/L), were individually introduced into the initial system.
To study the impact of Au-rGO on assembled MTs, the initial
system was pre-incubated for 30 min to allow stable MT forma-
tion before adding the test compound. The experimental proced-
ures followed the manufacturer’s protocols (Cytoskeleton Inc
Tubulin Polymerization Assay kit, CO, USA).

2.14. TEM observation of purified MTs

MTs in this experiment were polymerized from a system
composed of tubulins at a concentration of 4 mg/mL in a buffer
with pH 6.8, containing 1.0 mmol/L MgCl,, 1.0 mmol/L EGTA,
1.0 mmol/L GTP, and 5% glycerol. This system was incubated at
37 °C for 20 min. Subsequently, PBS, Au-rGO, and Col were

separately introduced into the system and incubated for 1 h at
37 °C. After drug administration, MTs were stabilized by the
addition of paclitaxel (Ptx, 20 pmol/L) and observed at room
temperature. To facilitate the observation of MTs with TEM,
spermine (10 mmol/L) was added to the system to form MT
bundles. The samples were observed using a transmission electron
microscope (Hitachi H-7650, Tokyo, Japan).

2.15. RNA-seq assay

Total RNA was extracted from HCMEC/D3 cells exposed to either
0 or 20 pg/mL Au-rGO for 2 h using TRIzol reagent (Invitrogen,
CA, USA). The RNA samples were assessed for quality, followed
by library preparation for transcriptome sequencing using the
NEBNext® library preparation kit (NEB, USA). Clustering of the
libraries was performed on a cBot Cluster Generation System
(using the TruSeq PE Cluster Kit v3-cBot-HS). Differential
expression analysis was conducted using the DESeq2 R package
(version 1.16.1). DESeq2 was conducted based on the negative
binomial distribution to determine differential expression in digital
gene expression data, and the resulting P-values were adjusted
using Benjamini and Hochberg’s approach to control the false
discovery rate. Genes with an adjusted P < 0.05, as determined by
DESeq2, were considered differentially expressed. Gene ontology
enrichment analysis and Kyoto Encyclopedia of Genes and Ge-
nomes pathway analysis of the differentially expressed genes were
performed using the clusterProfiler R package.

2.16.  Co-immunoprecipitation (Co-IP)

HCMEC/D3 cells were exposed to 20 pg/mL Au-rGO for 2 and
6 h, after which they were lysed using a lysis buffer. Whole-cell
lysates were obtained and subsequently incubated with protein A
sepharose beads along with the capture antibody targeting stath-
min (HuaAn Biotechnology ET1609-20, Hangzhou, China). The
immunocomplexes were then precipitated and washed following
the manufacturer’s instructions (Proteintech KIP-1, IL, USA). The
Co-IP protein samples were separated by SDS-PAGE according to
the protocols outlined for WB assays.

2.17.  Statistical analyses

All results are presented as “Means £ Standard Deviation (SD)”
and analyzed using the IBM SPSS Statistics Processor (version
26.0). Normality of the data was assessed using the
Kolmogorov—Smirnov test. For data that followed a normal dis-
tribution, the statistical significance of differences among multiple
groups was evaluated using One-way ANOVA. LSD post hoc test
was applied when the data exhibited homogeneity of variance,
while Dunnett’s T3 post hoc test was used when the data showed
heterogeneity of variance. Non-normally distributed data were
analyzed using the Kruskal—Wallis H test, followed by Dunnett’s
T3 test for post hoc analysis. P < 0.05 was considered statistically
significant.

3. Results and discussions
3.1.  Characterization of Au-rGO and its effect on BBB opening

GO was synthesized using the Hummers’ method, and the Au-
rGO was prepared by a simultaneous reduction technique®*, using
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glucose as a reducing agent under alkaline conditions. Oxygen-
containing functional groups on the GO surface promote the
adsorption of free metal ions via electrostatic interactions, which
is followed by the reduction of the metal ions using a reducing
agent and the subsequent growth of AuNPs on the rGO sheets®.
SEM and TEM analysis revealed the distribution of AuNPs on the
surface of the graphene sheet (Fig. 1A and B). Raman spectral
characterization demonstrated the presence of key features in the
Au-rGO material, notably a pronounced D peak at 1345 cm ™' and
a characteristic G peak at 1604 cm™", which signify the existence
of graphitic sp” carbon regions and hybrid structural defects
arising from oxygen-containing functional groups and edges
within the Au-rGO sheets (Fig. 1C). The Fourier transform
infrared spectrum demonstrated that peaks associated with oxygen
functional groups were substantially diminished in Au-rGO
(Fig. 1D). TEM imaging revealed an interplanar spacing of
0.197 nm, which is consistent with the (200) crystal plane of gold,
indicating that the synthesized particles are crystalline gold
(Fig. 1E). The size distribution showed that most of the AuNPs

-

B oo~

were dispersed in the range of 15—25 nm (Fig. 1F). X-ray
diffraction analysis displayed distinctive peaks for gold, and the
estimated size of the AuNPs from the peak width of the (111)
(200) (220) (311) (222) Bragg reflection was approximately
21.1 nm, using the Scherrer formula (Fig. 1G), which is consistent
with the previous results. Atomic force microscopy results
depicted Au-rGO as a single-layer nanosheet with a height of
approximately 25 nm, and a size of roughly 150 nm (Fig. 1H).
However, Au-rGO nanosheets exhibited agglomeration when
suspended in PBS and culture medium (Fig. 1I). The gold content
in Au-rGO was quantified using ICP-OES, which showed a gold
weight percentage of approximately 3.8%. To evaluate the sta-
bility of the AuNP modification, Au-rGO was dispersed and
sonicated in PBS, freeze-dried, and then reanalyzed by ICP-OES.
The results indicated no significant difference in gold content
before and after PBS treatment (Fig. 1J). Furthermore, SEM
combined with energy dispersive spectrometer mapping confirmed
that the AuNPs remained uniformly distributed on the graphene
surface following PBS dispersion (Fig. 1K), demonstrating that

Absorbtance

100 nm

g
g
H
g
&

| |

1200 2000

‘Wavenumber

1800 2|400 3000 3600 1000 3000 4000
em”

& 10 15 20

5 nm

Diameter (nm)

Hight (nm)

50 100 150

200 250

G 15000
hkl 2 Theta (°) D (nm)
% (111) amy 382 227
g 10000
2 @) 445 178
2
z @20) 647 209
g 5000 @iy 7T 180
= (200) @) 817 264
[] I | J @ e Evecsgesis 2L
a3 P L)
0 20 40 60 80 100
20 (degree)
J
Solvent Value

Hydrodynamic diameter 716.2 +134.7 nm

=
PBS %‘
Zeta-potential 337+£19mV £ '2 = 1
z
Hydrodynamic diameter 874.6 +41.9nm g ;
Culture T
5 S
medium 7.4, potential 143+ 11mV & =
&

..

Characterization of gold nanoparticle-modified reduced graphene oxide (Au-rGO). (A) Scanning electron microscope (SEM) image
of Au-rGO. (B) Transmission electron microscope (TEM) image of Au-rGO. (C) Raman spectrum of Au-rGO. D peak: 1345 em ' G peak:
1604 cm™'. (D) Fourier transform infrared spectrum of Au-rGO. (E) Interplanar spacing of AuNPs. (F) Size distribution of gold nanoparticles
(AuNPs). (G) X-ray diffraction pattern of Au-rGO. (H) Atomic force microscopy image of Au-rGO showing the topography and height profile. (I)
Hydrodynamic diameter and zeta-potential of Au-rGO in PBS and culture medium. (J) Gold weight percentage of original Au-rGO and freeze-
dried Au-rGO. Data are represented as the mean £+ SD (n
trometer mapping.

Figure 1

3). (K) Elemental composition of Au-rGO detected by energy dispersive spec-
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the AuNPs did not readily detach from the rGO sheets. Together,
these results confirm the successful attachment of AuNPs to the
rGO sheets and provide a thorough characterization of the phys-
icochemical properties of Au-rGO.

Here, we first investigated the BBB opening efficacy of Au-
rGO through in vivo experiments. Before animal experimentation,
the hemolysis rates of Au-rGO and related components were
evaluated and were found to be below 1% in all cases, indicating
excellent hemocompatibility and supporting their suitability for
intravenous administration (Supporting Information Fig. S3).
Different doses of Au-rGO were intravenously administered to
C57BL/6 mice, and after a 2-h post-injection period, we evaluated
BBB permeability using the Evans blue permeability test, as
illustrated in Fig. 2A. This time point was selected based on the

A B 2h

4 Brain dissection

typical duration required for most previously studied nano-
materials to traverse the BBB following intravenous injection®®
The results revealed varying degrees of blue staining in brain
tissues, which demonstrates the effectiveness of Au-rGO in
opening the BBB (Fig. 2B). However, it is essential to recognize
that for BBB drug delivery, only opening the BBB is insufficient,
as the BBB should also rapidly reclose and regain its integrity to
ensure treatment and patient safety>’. Therefore, we monitored
changes in BBB integrity at different time intervals following
administration of Au-rGO at a dose of 4 mg/kg body weight and
found that the intensity of staining in the brain tissues increased
for the first 2 h and then gradually diminished (Fig. 2C). The
observed changes in staining patterns provide compelling evi-
dence of the BBB opening dynamics, indicating that BBB opening
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The BBB-reversible opening effects by Au-rGO in vivo. (A) Schematic representation of Au-rGO exposure and the Evans blue

permeability test in vivo. (B) Brain tissue staining with Evans blue from mice intravenously exposed to Au-rGO at different doses. (C) Brain tissue

staining with Evans blue from mice intravenously exposed to Au-rGO at a dose of 4 mg/kg body weight for various durations (n =

3). (D)

Vibratome sections of brain tissue stained with horseradish peroxidase from mice exposed to Au-rGO at a dose of 4 mg/kg body weight for
different time points ranging from 30 min to 7 days. (E) Immunoblot analysis of VE-cadherin and Claudin-5 in brain tissue from mice exposed to
Au-rGO at a dose of 4 mg/kg body weight for 1, 2, 6 h, 1 day, and 7 days. (F) Top-to-bottom continuous brain sections from mice exposed to Au-
rGO at a dose of 4 mg/kg body weight for 2 h. (G) Measurement of Au content as an indicator of Au-rGO retention in brain tissue using the
inductively coupled plasma mass spectrometry (ICP-MS). (H) Immunoblot analysis of glial fibrillary acidic protein (GFAP) in brain tissue from
mice exposed to Au-rGO at a dose of 4 mg/kg body weight for 1, 2, 6 h, 1 day, and 7 days. (I) IF staining of GFAP (green) reveals reactive
astrocytes around brain vessels, with CD31 (red) used to mark brain vessels. Scale bar: 10 pm. (J) IF staining of albumin (red) extravasation
around brain vessels, with CD31 (green) used to mark brain vessels. Scale bar: 50 pm. Data are represented as the mean &= SD (n = 5 for the rest
of the in vivo experiments). *P < 0.05, **P < 0.01, and ***P < 0.001 compared with the control group. *P < 0.05, P < 0.01 and **P < 0.001

compared between the two experiment groups.
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started as early as 30 min after the administration of Au-rGO, with
the most significant BBB opening occurring at the 2-h mark,
followed by a gradual recovery of barrier integrity. To further
validate these findings, we employed additional experimental
methods to assess the status of BBB opening and closure. We used
horseradish peroxidase as a tracer to examine BBB leakage, as it
reacts with DAB to form a brown product that is easily observable,
providing detailed morphological evidence of BBB opening’®.
The presence of dark brown staining in the vibratome sections of
brain tissues shows the same trend (Fig. 2D). Besides, we selected
brain tissue at representative time points for the detection of two
crucial intercellular junction proteins governing the paracellular
route of the BBB. WB analysis revealed a significant decrease in
these junction proteins at 1, 2, and 6 h, followed by a recovery at 1
and 7 days (Fig. 2E). Collectively, results from all three exper-
iments—from macroscopic structural observations to protein-level
analyses—indicate that Au-rGO rapidly reaches the brain
following intravenous administration, opens the BBB within 2 h,
and fully restores barrier integrity within 24 h.

After determining the effectiveness of the Au-rGO, we also
evaluated the safety of the material. Upon examination of brain
slices from top to bottom, we observed that the brown DAB re-
action products were mainly concentrated around the ventricles
and in the cerebral cortex, where Au-rGO primarily exerts its
effects (Fig. 2F). Given the presence of AuNPs, we used ICP-MS
to determine the retention time of Au-rGO in the brain, which
revealed significant material retention in the brain within the first
day after administration, but after 3 days, its content notably
decreased, with no significant difference compared to the control
group (Fig. 2G). WB results and IF images of GFAP suggest that
Au-rGO opens the BBB and transiently affects neuroglial cells in
the vicinity of the leaking vessels (Fig. 2H and I). However,
widespread and prolonged glial activation was not observed,
indicating a localized and reversible response stimulated by Au-
rGO*°. Extravasation of blood-derived albumin serves as another
key indicator of BBB disruption. IF results revealed that during
the period of Au-rGO-induced BBB opening (from 1 to 6 h post-
injection), only minimal albumin extravasation was detected
around the capillaries. By 1 day after exposure, the extravasated
albumin had been largely cleared (Fig. 2J), indicating that the
BBB opening was transient and reversible, with no irreversible
effects on brain tissue.

Furthermore, H&E staining of the cortex and hippocampus
revealed no significant pathological changes at any time point
(Supporting Information Fig. S4A). None of the mice from any
group exhibited stress or abnormal symptoms, such as lethargy,
anorexia, or weight loss, throughout the entire experimental period
(Fig. S4B). The levels of Au-rGO in key metabolic organs, the
liver and kidney, gradually decreased over time until they were
cleared, without causing long-term accumulation (Fig. S4C and
S4D). Pathological sections of the liver and kidney did not
reveal any abnormalities (Fig. S4E). No symptoms indicative of
pulmonary embolism was observed post-injection, and H&E
staining of lung tissue revealed no significant lesions (Fig. S4F).
To observe long-term effects of Au-rGO and related components,
we employed two types of animal model to provide more safety
data of AuNPs, rGO and Au-rGO: (1) After a single intravenous
injection, the animals were observed for one month, during which
the state of the animals was observed, and the tissues of important
organs were collected for H&E staining; (2) The animals were
injected intravenously once a week for four consecutive times.
The state of the animals was observed, and the vital organs were

collected for H&E staining one week after the last injection. The
results showed that none of the mice from any group exhibited
stress or abnormal symptoms, such as lethargy, anorexia, or
weight loss, throughout the entire experimental period (Supporting
Information Fig. S5A and S5B), and the pathological sections of
the brain, liver, kidney, and lung tissues did not reveal any ab-
normalities (Fig. S5C and S5D). These results collectively indi-
cate that intravenous injection of 4 mg/kg of Au-rGO is relatively
safe, and no long-term material retention or damage to the brain or
other organs was observed, which highlights the ability of Au-rGO
to safely and reversibly open the BBB.

3.2.  Au-rGO reversibly and safely opens the BBB in vitro

The reversible opening of the BBB by Au-rGO was also verified
in vitro. We opted for a non-contact co-culture system comprising
the human cerebral microvascular endothelial cell line HCMEC/
D3 and the human glial cell line SVG p12 to mimic the BBB,
and the barrier integrity was mainly measured using TEER value
and Na-Flu permeability test (Fig. 3A). In this model, Au-rGO
was directly exposed to HCMEC/D3 cells, while SVG p12 cells
provided an environment conducive to maintaining BBB stability.

Our initial objective was to determine whether the in vitro
model could replicate the in vivo findings regarding the reversible
opening of the BBB by Au-rGO. In our in vivo experiments, BBB
opening occurred within 2 h after Au-rGO application, with BBB
integrity beginning to recover at 6 h. Therefore, for the in vitro
experiments, we focused our observations within a 6-h timeframe.
Cell viability assessments using CCK-8 tests revealed that Au-
rGO did not induce significant cell death within the dose range
of 0—50 pg/mL (Fig. S6). Subsequently, we identified the
appropriate Au-rGO concentration capable of opening the BBB
in vitro by measuring TEER value, performing a Na-Flu perme-
ability test, and assessing changes in junction protein levels. Given
that Au-rGO interacts directly with endothelial cells in the in vitro
model, the optimal exposure time tends to be earlier than in vivo
experiments. Therefore, we assessed all experimental indices at
1 h after Au-rGO exposure and observed that exposure to Au-rGO
at a dose of 20 pg/mL resulted in a significant decrease in TEER
value (Fig. 3B), an increase in Na-Flu permeability (Fig. 3C), and
a decrease in the protein levels of VE-cadherin and claudin-5
(Fig. 3D). These results suggest that 20 pg/mL is the effective
dose to open the BBB in the in vitro experimental models.

Next, we examined the changes in BBB integrity over time
when exposed to 20 pg/mL Au-rGO. At 30 min, the TEER value
began to decline, but the difference was not statistically signifi-
cant. However, at 1 h, the TEER value decreased significantly and
was lower than that of the control. By 2 h, the TEER began to
recover but remained significantly lower than the initial level.
Subsequently, the TEER continued to increase, reaching a level
significantly higher than the lowest TEER observed at 1 h, and
without a significant difference compared to the control level at
6 h (Fig. 3E). The Na-Flu permeability test showed a similar
pattern (Fig. 3F). At the molecular level, both AJ proteins (a-
catenin, (-catenin, and VE-cadherin) and TJ proteins (ZO-1,
claudin-5, and occludin), which are located on the cell membrane
and regulate BBB paracellular permeability, exhibited significant
changes. Although the extent of change for each protein varied at
each time point, all proteins showed a significant decline at 1 h,
and a significant increase at 6 h compared to the lowest levels
observed (Fig. 3G and H). These findings collectively provide
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Figure 3  Au-rGO reversibly opens the BBB in vitro. (A) Schematic representation of the in vitro BBB experimental model. (B) Transepithelial
electrical resistance (TEER) value of the BBB exposed to Au-rGO at doses of 0.1, 1, 10, 20, 30, 40, and 50 pg/mL for 1 h. (C) Sodium fluorescein
(Na-Flu) permeability of the BBB exposed to Au-rGO at doses of 0.1, 1, 10, 20, 30, 40, and 50 pg/mL for 1 h. (D) Immunoblot analysis of VE-
cadherin and claudin-5 of HCMEC/D3 cells exposed to Au-rGO at doses of 0.1, 1, 10, 20, 30, 40, and 50 pg/mL for 1 h. (E) TEER values of the
BBB exposed to 20 pg/mL Au-rGO for various durations (30 min, 1, 2, 3, and 6 h). (F) Na-Flu permeability of the BBB exposed to 20 pg/mL Au-
rGO for various durations. (G) Immunoblot analysis of adherens junctions (AJs) components, including a-catenin, $-catenin, and VE-cadherin on
the cell membrane of HCMEC/D3 cells exposed to 20 pg/mL Au-rGO for various durations. (H) Immunoblot analysis of tight junctions (TJs)
components, including ZO-1, claudin-5, and occludin on the cell membrane of HCMEC/D3 cells exposed to 20 pg/mL Au-rGO for various

durations. Data are represented as the mean = SD (n =

3). *P < 0.05, **P < 0.01, and ***P < 0.001 compared with the control group.

#P < 0.05, P < 0.01 and *P < 0.001 compared between the two experiment groups.

evidence that Au-rGO induces the reversible opening of the BBB
paracellular route in vitro.

To further demonstrate that the BBB-opening effect of Au-rGO
is primarily mediated by the rGO component rather than the
AuNPs, we compared the efficacy of Au-rGO with that of rGO
alone and AuNPs (20 nm) at equivalent concentrations in both
in vivo and in vitro models. In the in vivo BBB permeability assay,
brain tissues from mice treated with rGO alone exhibited Evans
blue extravasation of varying intensity. The staining intensity
increased within the first 2 h and subsequently decreased, indi-
cating that rGO itself can induce reversible BBB opening, similar
to Au-rGO (Supporting Information Fig. S7A). Correspondingly,
in vitro experiments showed that rGO exposure led to a significant
reduction in TEER within 1 h post-exposure, followed by a return
to baseline levels (Fig. S7B). A significant increase in Na-Flu

permeability (Fig. S7C) and a decrease in the expression levels
of the junctional proteins VE-cadherin and claudin-5 were
observed in the rGO and Au-rGO groups at 1 h (Fig. S7D). In
contrast, AuNPs did not elicit significant BBB opening in either
model. These results collectively indicate that the BBB-opening
effect is mainly attributable to the rGO component, with no sub-
stantial contribution from the AuNPs.

3.3.  Au-rGO opens the BBB by modulating MT
depolymerization

While we have demonstrated the reversible opening of the BBB by
Au-rGO, the underlying mechanisms of this process remain unclear.
Most previous studies exploring the opening of the BBB induced by
nanomedicine have focused on the expression and post-translational
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modification of AJ and TJ proteins'®. Typically, these changes are
specific to individual proteins or concentrated within either the TJ
or AJ protein classes. However, in our current study, we observed
changes in both AJ and TJ proteins, which exhibited a consistent
pattern, suggesting that the cytoskeletal structure responsible for
anchoring the junction complexes to the cell membrane might be
altered. Among the cytoskeletal systems, microfilaments have been
widely studied in relation to intercellular junctions***!, particularly
as key mediators of nanomaterial-induced barrier permeability
regulation*>**. Given this, we labeled microfilaments with phal-
loidin and observed that the morphology and distribution of mi-
crofilaments remained largely unchanged at different time points
(Supporting Information Fig. S8A). Furthermore, we investigated
changes in reactive oxygen species (ROS), which are closely related
to microfilament-mediated cell permeability alterations**, and
found that cellular ROS levels remained unchanged (Fig. S8B).
Therefore, the hypothesis implicating microfilaments as an inter-
mediate mechanism can be ruled out.

In recent years, MTs, another essential component of the
cytoskeletal system, have been implicated in influencing biolog-
ical barrier permeability'®. Prior research has shown that even
minimal disruption of peripheral MTs, while the actin filament
system remains intact and no morphological changes are evident,
can disturb paracellular permeability*®. Given the lack of signifi-
cant changes in microfilaments, we explored whether alterations
in MT structure occurred. The IF results revealed a “first depo-
lymerization, then polymerization” change in MT morphology
over time following Au-rGO exposure (Fig. 4A). MT depoly-
merization status based on the ratio of soluble and polymerized
tubulin showed that both subunits, «-tubulin and (-tubulin,
exhibited a significant increase in their ratios at 30 min, reaching
their highest values at 1 h and returning to normal or even lower
levels at 6 h (Fig. 4B). WB results aligned with the observations
from the IF images, indicating that MT depolymerization was
most pronounced when BBB opening was most evident, and MTs
exhibited clear polymerization when BBB integrity was restored.
The dynamic stability of MTs, characterized by transitions be-
tween polymerization and depolymerization, plays a vital role in
regulating TJ and AJ permeability*®*’. Various NPs have been
demonstrated to influence MT dynamics in two directions, both of
which result in the opening of the paracellular barrier*®>°. Thus,
our findings strongly suggest that MTs may play a pivotal role in
mediating the reversible BBB opening induced by Au-rGO.

To establish whether MTs directly regulate the opening of the
BBB induced by Au-rGO, we determined the key 1-h time point,
which corresponds to the most significant BBB opening by Au-
rGO. Col (1 umol/L), an MT depolymerization agent, served as a
positive control, while Ptx (I nmol/L), a stabilizer of the MT
system, was used to mitigate Au-rGO-induced MT depolymer-
ization. We assessed the MT status by measuring the proportion of
soluble and polymerized tubulins and found a significant increase
in the ratio of soluble to polymerized tubulins in the Au-rGO
group, with Ptx effectively reversing the increase induced by Au-
rGO (Fig. 4C). Concurrently, we observed that Au-rGO exposure
for 1 h significantly decreased the TEER value of the BBB and
increased the passage of Na-Flu, which could be reversed by the
addition of Ptx, known to reduce Au-rGO-induced MT depoly-
merization (Fig. 4D and E). We also assessed the levels of AJ and
TJ proteins located on the cell membrane, which showed that
exposure to both Au-rGO and Col resulted in varying degrees of
decrease in junction protein levels. After stabilizing MTs with Ptx,
the restoration of junction protein levels on the membrane was

observed (Fig. 4F and G). We further examined the distribution of
two key proteins, a-catenin of AJ and ZO-1 of TJ, on the cell
membrane and their relationship with MTs. Normally, polymer-
ized tubulin bundles make contact with the cell membrane in an
approximately vertical orientation, with their ends showing point-
like colocalization with junction proteins (Fig. 4H and I: (a) white
arrows). Exposure to Au-rGO led to a significant reduction in the
fluorescence intensity of junction proteins, the disappearance of
the MT bundle, and the loss of colocalization with MTs (Fig. 4H
and I: (b)). The addition of Ptx restored the MT bundles, junction
proteins, and their colocalization (Fig. 4H and I: (d) white arrows).
These results confirmed that Au-rGO depolymerizes MT bundles,
preventing MTs from stabilizing the junction complex on the cell
membrane, ultimately resulting in BBB opening.

Notably, we also observed a slight difference in the MT
changes induced by Au-rGO and Col. Au-rGO led to uniform
blurring of tubulin staining. In contrast, Col induced partial spot-
like highlighting of MTs (Fig. 4H and I: (c) red arrows), sug-
gesting that MT depolymerization induced by Col involves the
substantial breakage of MT bundles. At the same time, Au-rGO
likely disrupts the dynamic equilibrium of MT polymerization/
depolymerization without directly destroying tubulin bundles.
Next, we verify this phenomenon and clarify how Au-rGO pre-
cisely affects the MT system.

3.4.  Molecular dynamics simulations reveal the interference of
Au-rGO on tubulin dimer and MTs

To understand how Au-rGO influences the dynamic equilibrium of
MT depolymerization, we investigated typical MT-associated
proteins, including Tau and MAP4, which play roles in MT as-
sembly and stability’', but observed no significant changes in the
groups exposed to Au-rGO (Supporting Information Fig. S9A).
We also examined classical signaling pathways that regulate MT
depolymerization, such as the GSK-38—Crmp2 pathway>2, but did
not observe significant activation in response to Au-rGO
(Fig. S9B). Additionally, MT acetylation, which has been re-
ported to interfere with MT polymerization®®, showed no signifi-
cant changes upon exposure to Au-rGO (Fig. S9C). Based on
these results, we ruled out most of the potential molecular
mechanisms that could affect the dynamic equilibrium of MT
depolymerization/polymerization, leading us to consider the pos-
sibility that Au-rGO may directly interact with MTs to disrupt
their dynamic equilibrium, as previous studies indicated that
GBMs can enter cells and directly interact with various organ-
elles®. To explore this possibility further, we intend to conduct
molecular dynamics simulations.

Real-time observations and analyses of dynamic and thermo-
dynamic properties of nanomaterials are often challenging using
conventional experimental methods. In recent years, molecular
dynamics simulations have emerged as a cost—effective and
convenient approach to investigate the interactions between
nanomaterials and biological macromolecules®. To investigate
the interaction between dissociated tubulins and Au-rGO, we
constructed a molecular dynamic system comprising a single
tubulin dimer and an Au-rGO sheet (Fig. 5A). The RMSD reached
saturation after approximately 20 ns, indicating the equilibration
and reliability of the simulation (Supporting Information
Fig. S10A). Throughout the simulation, the total energy of the
system exhibited minimal changes, indicating its stability
(Fig. S10B). Over the 100 ns equilibration period, there was a
noticeable decrease in the distance between the tubulin centroid
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###p < 0.001 compared between the two experiment groups.

and the Au-rGO sheet centroid (Fig. 5B). Binding free energy consistent with the attractive proximity observed in Fig. 5B. The
calculations revealed a total binding energy of —117.24 kcal/mol snapshots of the simulation system at various time points also
between the tubulin dimer and the Au-rGO sheet (Fig. S10C), revealed that the Au-rGO sheet exhibited a certain adsorption
confirming strong binding between the protein and the material, effect on the single tubulin dimer (Fig. 5C).
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Figure 5  Molecular dynamics simulations of Au-rGO interference on tubulin dimer and MTs. (A) The initial structure of the system consisted

of an Au-rGO sheet and a single tubulin dimer placed in a dodecahedral aqueous solution box. (B) The distance between the centroid of the single
tubulin dimer and the centroid of the Au-rGO sheet. (C) Snapshots of the single tubulin dimer and Au-rGO sheet system from the simulation
trajectory. (D) Front view of the simulation system of laterally paired tubulins without and with Au-rGO tubulins. (E) The distance between the
centroid of the laterally paired tubulins and the centroid of the Au-rGO sheet. (F) The distance between each tubulin protein of the laterally paired
tubulins and the Au-rGO sheet. (G—I) Distances between Protein 1 and Protein 2/3/4 in the two systems. (J) Radius of gyration of the laterally
paired tubulins in the two systems. (K) Solvent-accessible surface area of the laterally paired tubulins in the two systems. (L) Molecular elec-
trostatic potential distribution of the laterally paired tubulins without and with the Au-rGO sheet (regions of negative potential in red and regions
of positive potential in blue). (M) Hydrophobic surface distribution of the laterally paired tubulins without and with the Au-rGO sheet (hydrophilic
regions in green and lipophilic regions in yellow). (N) Total hydrogen bonding number of the laterally paired tubulins in the two systems. (O—Q)
Total hydrogen bonding number between Protein 1 and Protein 2/3/4 in the two systems.

To investigate the impact of Au-rGO on MTs, we constructed
two systems: one comprised laterally paired tubulins only (serving
as a simplified model of MTs), and the other included laterally
paired tubulins with an added Au-rGO sheet (Fig. 5D). Apart from
the presence or absence of the Au-rGO sheet, all initial conditions
and simulation parameters for both systems were identical. When

investigating the interaction between dissociated tubulin dimers
and Au-rGO, we considered the tubulin dimer as an independent
protein molecule. Our focus was on the adsorption effect of Au-
rGO on the tubulin dimer rather than conformational changes
within the protein itself; therefore, a single simulation system was
deemed sufficient. In contrast, when studying the effect of Au-
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rGO on MTs—which are composed of multiple protein sub-
units—the dynamics simulation inherently involves greater
complexity. Structural fluctuations may occur even in the absence
of external nanomaterials. Thus, to ensure that observed changes
were indeed attributable to Au-rGO and not to intrinsic dynamics,
we included a control system containing only tubulin dimers
without Au-rGO for comparison.

RMSD values for both systems reached saturation after
approximately 20 ns, indicating equilibration and the reliability
of the simulations (Fig. S10D and S10E). For a 100 ns equili-
bration period, the distance between the centroid of the laterally
paired tubulins and the Au-rGO sheet slightly increased
(Fig. 5E), indicating an interaction pattern distinct from that
observed between the single tubulin dimer and the Au-rGO sheet.
Thus, we examined the distances between four tubulin proteins
and the Au-rGO sheet separately. Notably, the distances between
Protein 1 and 2 and the Au-rGO sheet significantly increased,
while the distances between Protein 3 and 4 and the Au-rGO
sheet slightly decreased (Fig. 5F). These findings indicate that
the four subunits display inconsistent movements relative to the
Au-rGO sheet. Subsequently, we calculated the distances be-
tween Protein 1 and Protein 2, 3, and 4 in both systems and
compared the data, which revealed that the distance between the
four tubulin proteins in the system with Au-rGO was significantly
greater than in the natural state without Au-rGO (Fig. 5G—I).
These findings suggest that the four tubulin proteins experienced
different interaction forces exerted by the Au-rGO sheet, causing
them to separate from each other, either between the upper and
lower subunits of the same dimer or between neighboring dimers.
We also calculated two additional parameters: the RG, reflecting
the tightness of the protein structure, and the SASA, indicating
the surface area of a biomolecule accessible to a solvent. The
results showed that both RG and SASA values were greater in the
system with the Au-rGO sheet (Fig. 5J and K), indicating that the
Au-rGO sheet caused the laterally paired tubulins to stretch and
become less consolidated, further supporting the previous ob-
servations. It has been reported that a graphene nanosheet can
separate one dimer from another through a “tug-of-war” mech-
anism when placed vertically near the dimer—dimer interface®.
However, in actual scenarios, the graphene sheet might also
contact the MTs horizontally. Therefore, in this study, we
initially placed the Au-rGO sheet parallel to MTs, providing a
complementary perspective to previously reported models.
Regardless of the initial placement direction, the graphene sheet
caused MTs to loosen, and tubulin dimers moved away from each
other.

The exact reasons for the loosening of the laterally paired tu-
bulins are complex. We compared the molecular electrostatic
potential and the hydrophobic surface of the laterally paired tu-
bulins with and without the Au-rGO sheet and found that these
properties exhibited irregular changes (Fig. SL and M). Then, we
calculated the hydrogen bonding number for the entire system
(Fig. 5N) and between each protein (Fig. 50—Q). The results
indicated that Au-rGO significantly reduced the hydrogen bonding
number for the entire system and between different tubulin pro-
teins. It is well-established that the formation and number of
hydrogen bonds influence the conformation of protein molecules.
Previous reports suggested that fullerene derivatives could inhibit
MT polymerization by forming hydrogen bonds with proteins®.
However, a more detailed and comprehensive analysis of the
molecular dynamics in this tubulin—Au-rGO system is needed for
a complete understanding.

3.5.  Au-rGO can adsorb dissociated tubulin dimers and induce
assembled MTs to depolymerize

The molecular dynamics simulation results suggest that Au-rGO
can adsorb dissociated tubulin dimers and induce assembled MTs
to depolymerize, thereby interfering with the dynamic equilibrium
of MT polymerization and depolymerization. Presently, in
material—protein interaction molecular dynamics simulations, it is
common to propose in silico predictions and theoretical de-
scriptions of molecular mechanisms based on structural properties
and energy calculations. However, these theoretical possibilities
are often rarely verified in real cells or proteins°C. In this study, we
went beyond proposing a new theory of the interaction between
Au-rGO and MTs/tubulins in silico and conducted various in vitro
experiments to experimentally validate our theoretical findings,
which represent an important novelty of our research.

Firstly, using TEM, we observed Au-rGO in the cytoplasm 1 h
after exposure (Fig. 6A), which supports that Au-rGO comes into
direct contact with dissociated tubulin dimers and MTs. To eluci-
date the cellular entry mechanisms of Au-rGO, we conducted
further examination of TEM images, which revealed the presence
of both membrane-encapsulated particles and Au-rGO localized
directly in the cytoplasm without membrane enclosure (Supporting
Information Fig. S11A). To distinguish between different uptake
pathways, cells were treated with sodium azide (20 pmol/L)—an
inhibitor of energy-dependent endocytosis—along with Au-rGO
exposure®’. Intracellular gold content was quantified using ICP-
MS. The inhibitor-treated group exhibited approximately 30%
reduction in Au-rGO uptake compared to the Au-rGO-only group
(Fig. S11B). These findings confirm that Au-rGO enters endothe-
lial cells through both energy-dependent endocytosis and direct
internalization. Once internalized, Au-rGO facilitates the opening
of the BBB.

Next, drawing upon relevant studies on protein adsorption by
nanomaterials®>*?, we developed an enhanced protein pull-down
experiment to determine whether Au-rGO could interact with
dissociated tubulin dimers and MTs, as illustrated in Fig. 6B (a).
We exposed Au-rGO either to cells and then lysed the cells
(sample 1) or to post-lysed cell lysate (sample 2). As a negative
control, agarose beads were added to the cell lysate to ensure that
no nonspecific proteins were pulled down during the experimental
process (sample 3). In addition, agarose beads combined with a-
tubulin or @-tubulin antibodies were used as a positive control
(sample 4). The proteins bound to Au-rGO, if any, were “pulled
down” by centrifugation and eluted. Equal volumes of eluates
from all four samples were subjected to SDS-PAGE and subse-
quently examined using Coomassie blue staining (to identify
proteins present in the eluate) and WB (to detect tubulin in the
eluate). The results showed that both a-tubulin and (-tubulin were
pulled down by Au-rGO (Fig. 6B (b)). In sample 1, tubulins pulled
down could originate from both dissociated tubulin dimers and
MTs. In contrast, sample 2, where Au-rGO was exposed only to
dissociated tubulin dimers in the absence of assembled MTs,
showed a greater amount of tubulins pulled down compared to
sample 1 (Fig. 6C), confirming that Au-rGO predominantly ad-
sorbs dissociated tubulin dimers in the cytoplasm, with minimal
binding to assembled MTs; Otherwise, there would be no signif-
icant difference in tubulin levels between sample 1 and sample 2.

We further investigated the effects of Au-rGO on dissociated
tubulin dimers and assembled MTs using a “Tubulin Polymeri-
zation Assay Kit”, which uses highly purified tubulins to poly-
merize into MTs under controlled conditions. This kit incorporates
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Figure 6  Au-rGO adsorbs dissociated tubulin dimers and induces assembled MTs to depolymerize. (A) TEM images of HCMEC/D3 cells
exposed to 20 pg/mL Au-rGO for 1 h. The down panel shows an enlargement of the MTs in the box of the up panel. Scale bar: 2 pm in main
images; 0.5 pum in zoomed images. (B) Schematic diagram of the modified protein pull-down assay (a) and immunoblot detection of a-tubulin and
G-tubulin pulled by Au-rGO from cells and cell lysate (b). (C) Quantification and comparison of a-tubulin and -tubulin pulled down by Au-rGO
from cells and cell lysate using the strip integral optical density value, as there is no internal reference protein in this experiment. Data are
represented as the mean = SD (n = 3) *P < 0.05 compared between the two groups. (D) Tubulin polymerization curves under the exposure of
Au-rGO and Col added when the system contained only dissociated tubulins. Phase I-nucleation, Phase II-growth, and Phase IlI-steady-state
equilibrium. (E) MTs’ depolymerization curves under the exposure of Au-rGO and Col added after MT polymerization had reached dynamic
equilibrium. Phase I-nucleation, Phase II-growth, and Phase IlI-steady-state equilibrium. (F) TEM images under low-power fields of purified MTs
under the exposure of Au-rGO and Col. Scale bar: 1 pm. (G) TEM images obtained under high-power fields of purified MTs under the exposure of
Au-rGO and Col. Scale bar: 400 nm in main images; 100 nm in zoomed images.

a fluorescent reporter into the MTs during polymerization, Col (used as a positive control) were added from the outset when
allowing us to monitor MT polymerization status through changes the system contained only dissociated tubulins. Given that the
in fluorescence intensity measured by a fluorimeter. To examine kinetics of MT nucleation and elongation are highly sensitive to

the impact of Au-rGO on dissociated tubulin dimers, Au-rGO and the concentration of soluble tubulins® 8, the adsorption of soluble
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dissociated tubulins by Au-rGO in the cytoplasm should impede
MT polymerization. This hypothesis can indeed be confirmed by
observed results: the standard polymerization curve (control
group) showed three phases: nucleation (Phase I), growth (Phase
II), and a steady equilibrium (Phase III) (Fig. 6D, blue curve); Au-
rGO prolonged the nucleation phase, delayed the growth phase,
reduced the polymerization rate, and decreased the fluorescence
level during the steady phase (Fig. 6D, red curve). These results
suggest that Au-rGO interfered with the polymerization of
dissociated tubulins into MTs. In contrast, Col completely
inhibited tubulin polymerization (Fig. 6D, orange curve).

To investigate the effects of Au-rGO on assembled MTs, Au-
rGO and Col were added after MT polymerization had reached
dynamic equilibrium. The control group’s curve exhibited a slight
disturbance upon the addition and mixing of PBS, but quickly
returned to equilibrium (Fig. 6E, blue curve). Col induced a slight
reduction in fluorescence compared to the control group, with
overall equilibrium remaining largely unchanged compared to the
addition of PBS (Fig. 6E, orange curve), which aligns with the
knowledge that Col preferentially binds soluble dissociated
tubulin to hinder MT polymerization but does not disassemble
MTs into monomers™. In contrast, the fluorescence level in the
presence of Au-rGO gradually decreased over time, and the
reduction was much greater than that induced by Col (Fig. 6E, red
curve), suggesting that MTs not only struggled to maintain
polymerization but also underwent significant depolymerization.

Finally, we visually illustrated the changes in MTs exposed to
Au-rGO and Col through TEM, a first-of-its-kind observation to
our knowledge. Purified tubulin was first polymerized, and then
PBS, Au-rGO, or Col was added to the system for 30 min, and the
samples were observed through TEM after negative staining. TEM
images under low-power fields revealed distinct differences in the
appearance of MTs (Fig. 6F): MTs in the control group appeared
long and smooth, while those in the Au-rGO group were consid-
erably shorter and less abundant; comparatively, MTs in the Col
group exhibited significant fractures. TEM images obtained under
high-power fields showed that Au-rGO induced MT bundles to
separate, resulting in a distinct gap between the MTs, while MTs
in the Col group displayed bending and broken ends (Fig. 6G).
These observed changes align with the alterations in MT structure
we previously observed in cells using IF, whereby Au-rGO led to a
uniform blurring of tubulin staining, while Col induced partial
spot-like highlighting of MTs.

Collectively, our comprehensive approach, combining molec-
ular dynamics simulation with a series of cell and protein exper-
iments, confirmed the subtle molecular mechanism of the
interaction between Au-rGO and MTs: Au-rGO adsorbs dissoci-
ated tubulins, hindering MT polymerization and concurrently acts
on assembled MTs to promote depolymerization.

3.6.  MT polymerization is responsible for the recovery of the
BBB

Although the opening of the paracellular route in the BBB holds
great promise for enhanced drug delivery, this route should
effectively close promptly to prevent adverse effects, such as
inflammation and edema'®. Therefore, when investigating nano-
materials for opening the BBB, it is equally important to under-
stand the mechanism of its closure. In our previous in vitro
experiments, we observed a recovery in MT polymerization be-
tween 2 and 6 h following Au-rGO exposure. As the initial
disruption of the BBB is linked to MT depolymerization, we

hypothesized that the subsequent recovery might involve MTs
resuming polymerization. To test this, we used Col to interfere
with MT polymerization during the 2—6-h period after Au-rGO
exposure (grouping outlined in Fig. 7A) and assessed BBB sta-
tus. WB analysis confirmed MT polymerization status, revealing
that Col added 2 h after Au-rGO exposure impeded the resurgence
of MT polymerization (Fig. 7B). Then we found that the TEER
value and Na-Flu permeability changed first (compare sample 1
and sample 2) and had recovered by 6 h after Au-rGO exposure
(compare sample 1 and sample 3); however, inhibiting MT
polymerization with Col prevented this recovery (compare sample
3 and sample 4) (Fig. 7C and D). We also evaluated AJ and TJ
protein levels on the cell membrane. WB results (Fig. 7E and F)
and IF images (Fig. 7G and H) demonstrated that inhibiting MT
polymerization hindered the restoration of AJ and TJ protein
levels on the cell membrane. These findings strongly support that
MTs play a central role in regulating Au-rGO-induced paracellular
permeability in the BBB and that the closure of the BBB at the
later stage (2—6 h) can be attributed to MT polymerization.
Considering that Au-rGO direct interaction with MTs or
dissociated tubulins both induced depolymerization of MTs, we
proposed that MT polymerization is likely stimulated through the
activation of signaling pathways rather than direct Au-rGO inter-
action. To identify potentially involved signaling pathways, we
conducted RNA sequencing on cells exposed to Au-rGO for 2 h,
coinciding with the onset of MT polymerization. Kyoto Encyclo-
pedia of Genes and Genomes analysis indicated the enrichment of
certain differentially expressed genes in the MAPK signaling
pathway (Fig. 8A). Furthermore, Gene Ontology enrichment
analysis revealed enrichment in the ERK cascade among the
differentially expressed genes (Fig. 8B). Upon reviewing the
literature, we found that ERK can modulate the binding and release
of free tubulin by phosphorylating stathmin, thereby regulating MT
polymerization®®', as shown in Fig. 8C. Herein, phosphorylation
of ERK and stathmin was observed starting from 2 h, with a sig-
nificant increase at 6 h (Fig. 8D). Concurrently, we examined the
amount of tubulin bound to stathmin through Co-IP. We observed a
reduction in tubulin—stathmin binding at 2 h, with a more sub-
stantial reduction at 6 h (Fig. 8E). Additionally, when ERK was
inhibited by an ERK inhibitor during the later stage (2—6 h) of Au-
rGO exposure (grouping outlined in Supporting Information
Fig. S12A), stathmin phosphorylation decreased (Fig. S12B), and
the level of soluble tubulin significantly increased (Fig. 8F). These
results confirmed that ERK activation induced stathmin phos-
phorylation, leading to tubulin release and promoting MT poly-
merization. Moreover, the addition of the ERK inhibitor resulted in
a significant reduction in TEER and a marked increase in Na-Flu
permeability (Fig. 8G and H). Levels of AJ and TJ proteins also
decreased, as shown in Fig. S12C—S12G. These parameters
reflecting BBB paracellular permeability indicated that inhibiting
ERK during the later stage impeded BBB recovery, which collec-
tively supports the conclusion that BBB integrity recovers due to
MT polymerization regulated by the ERK—stathmin pathway.
But how does Au-rGO directly trigger ERK phosphorylation?
Our earlier research has shown that GBMs can activate the ERK
signaling pathways via the upstream Raf—MEK cascade —a
classical axis typically associated with apoptosis regulation, often
in response to oxidative stress from intracellular ROS accumula-
tion%*%3, However, in the present study, we detected no significant
activation of Raf or MEK at the time points corresponding to peak
ERK phosphorylation (Supporting Information Fig. S13A), nor
did we observe any increase in intracellular ROS (Fig. S8B).
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These results suggest that Au-rGO-induced ERK activation occurs
independently of both oxidative stress and the canonical
Raf—MEK—ERK pathway. Since ERK activation—which regu-
lates MT polymerization—occurred between 2 and 6 h and was
more pronounced at 6 h, we concluded that it is unlikely to be
caused by directly internalized Au-rGO. Instead, we propose that
internalized Au-rGO undergoes intracellular processing before

triggering ERK signaling. This hypothesis is supported by our
observation that inhibiting endocytosis nearly completely abol-
ished ERK activation (Fig. S13B). It’s known that endocytosed
GBMs traffic through endosomal and lysosomal compartments,
where it is fragmented into smaller nanosheets by enzymes and a
low pH environment before escaping into the cytoplasm®*>. We
hypothesize that these resulting fragments or intermediate
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degradation products are responsible for ERK activation. To test
this, we employed a calcein-based endosomal leakage assay®®.
Calcein, a membrane-impermeable fluorescent dye, is passively
internalized via micropinocytosis and accumulates in endolyso-
somal compartments, where its fluorescence is self-quenched
under acidic conditions. Nanomaterial-induced lysosomal mem-
brane disruption leads to calcein release into the cytosol, resulting

in bright, diffuse fluorescence (Fig. S13C (a)). Our results showed
that Au-rGO induced the release of calcein into the cytosol, pro-
ducing strong and diffuse fluorescence, confirming endolysosomal
escape (Fig. S13C (b)). Next, we employed Bafilomycin Al
(50 nmol/L) to alkalize the lysosomal acidic environment
(Fig. S13D) and found that this treatment markedly inhibited ERK
phosphorylation (Fig. S13E). Collectively, these findings support a
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mechanism where acidic lysosomal conditions and enzymatic
activity promote the hydrolysis and fragmentation of Au-rGO,
generating smaller nanosheets or bioactive intermediates that,
upon cytosolic release, facilitate ERK activation and eventually
ensure the timely closure of the paracellular route in the opened
BBB. This mechanism serves as a critical foundation for the safe
and effective use of Au-rGO as a paracellular permeability
enhancer, ultimately enhancing BBB drug delivery efficiency.

Herein, we demonstrated that Au-rGO achieves reversible
BBB opening by modulating MT dynamics, specifically through
depolymerization (barrier opening stage) and polymerization
(barrier resealing) processes. Unlike nanomaterials requiring
additional modifications (e.g., with borneol®’, adenosine®®, etc.),
Au-rGO inherently possesses BBB-opening capability. Compared
to reported metal-oxide nanoparticles that open the BBB by
directly compromising cell viability and junction protein expres-
sion®, Au-rGO exhibits lower cytotoxicity and offers a more
controlled BBB-opening time window. Relative to traditional non-
nano paracellular enhancers—such as hyperosmotic agents (e.g.,
mannitol’®), biological compounds (e.g., bradykinin’'), and
chemical permeation enhancers (e.g., sodium dodecyl sulfate’®)-
—Au-rGO can be functionally modified and drug-loaded, while
posing significantly lower risks of water/electrolyte imbalances
and allergic reactions at effective doses. This demonstrates that
Au-rGO is an ideal paracellular penetration enhancer.

Further, through in vivo and in vitro experiments demonstrating
the reversible opening of the BBB by Au-rGO, we have revealed
the tip of the iceberg regarding the mechanism of action between
GBMs and the BBB. Numerous other studies have shown that
GBMs can serve as ideal drug carriers, or even as platforms inte-
grating multiple therapeutic approaches®™’*’*. Our research
further confirms that GBMs can also function as safe BBB-opening
modulators. To use a metaphor, GBMs act like a versatile thera-
peutic agent capable of multiple roles, and we now discover they
also possess the “key” to open the BBB. Consequently, when
developing graphene-based therapeutics for neurological diseases,
there might not be a need to incorporate an additional penetration
enhancer specifically for BBB opening. Specifically for treating
brain tumors such as glioma and brain metastases’>, utilizing
GBMs as carriers allows for the focused functionalization with
chemotherapeutic agents, tumor-targeting molecules, and mole-
cules facilitating adjunctive photothermal/photodynamic ther-
apy—without the need to specifically functionalize them for BBB
opening”’zl. This approach enhances functionalization efficiency
and reduces complexity in material preparation.

4. Conclusions

In summary, we comprehensively investigated the impact of Au-
rGO, a type of GBM, on the BBB through in vivo and in vitro
experiments, as well as in silico simulations, which revealed that
Au-rGO can rapidly and reversibly open the paracellular route of
the BBB by modulating the polymerization and depolymerization
dynamics of MTs within cerebral vascular endothelial cells.
Importantly, we elucidated and validated that Au-rGO influences
MT dynamic equilibrium through two distinct mechanisms: the
adsorption of soluble dissociated tubulins within the cytoplasm to
impede MT polymerization and the application of forces on
assembled MTs to induce depolymerization. Furthermore, we
observed that the later closure of the BBB, which was mediated by
increased MT polymerization, was regulated by the activation of

the ERK—stathmin pathway. Our findings significantly contribute
to a deeper understanding of the mechanisms underlying the
reversible opening of the BBB by GBMs. Moreover, we provide
experimental evidence supporting the use of Au-rGO as a safe and
effective paracellular penetration enhancer, with the potential to
enhance the efficiency of drug delivery across the BBB.
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