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KEY WORDS Abstract  Glioma represents the most prevalent malignant tumor of the central nervous system, with

. chemotherapy serving as an essential adjunctive treatment. However, most chemotherapeutic agents
S]l;%r_na; exhibit limited ability to penetrate the blood—brain barrier (BBB). This study introduced a novel dual-
Cispl;itin; targeting strategy for glioma therapy by modulating the formation of nanobody-driven protein coronas
Lipid nanoparticles; to enhance the brain and tumor-targeting efficiency of hydrophobic cisplatin prodrug-loaded lipid nano-
Dual-targeting; particles (C8Pt-Ls). Specifically, nanobodies (Nbs) with fibrinogen-binding capabilities were conjugated
Nanobody; to the surface of C8Pt-Ls, resulting in the generation of Nb-C8Pt-Ls. Within the bloodstream, Nb-C8Pt-

Protein coronas;
Hitchhiking effect

Ls could bound more fibrinogen, forming the protein corona that specifically interacted with LRP-1, a
receptor highly expressed on the BBB. This interaction enabled a “Hitchhiking Effect” mechanism, facil-

itating efficient frans-BBB transport and promoting effective brain targeting. Additionally, the protein
corona interacted with LRP-1, which is also overexpressed in glioma cells, achieving precise tumor tar-
geting. Computational simulations and SPR detection clarified the molecular interaction mechanism of
the Nb-fibrinogen-(LRP-1) complex, confirming its binding specificity and stability. Our results
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demonstrated that this strategy significantly enhanced C8Pt accumulation in brain tissues and tumors,
induced apoptosis in glioma cells, and improved therapeutic efficacy. This study provides a novel frame-
work for glioma therapy and underscores the potential of protein corona modulation-based dual-targeting
strategies in advancing treatments for brain tumors.

© 2025 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and
Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The effectiveness of chemotherapy for gliomas depended on the
ability of drugs to cross the blood—brain barrier (BBB) and
accumulate in intracranial tumor tissue, a critical yet challenging
area in glioma therapy development'?, which is a type of primary
brain tumor, accounted for approximately 80% of malignant tu-
mors in the central nervous system (CNS), with an annual inci-
dence ranging from 30 to 80 cases per million individuals®*,
Certain chemotherapeutic agents, such as temozolomide, the
standard treatment for glioma, made incremental progress in
overcoming these barriers®. However, temozolomide required high
dosages, was costly, and was associated with significant side ef-
fects and the development of drug resistance®. Other conventional
chemotherapy drugs, including carmustine, lomustine, irinotecan,
cisplatin (CisPt), carboplatin, and cyclophosphamide, were also
used in glioma treatment. While these agents were effective
against non-intracranial solid tumors, their limited BBB penetra-
tion and low intracranial concentrations restricted their clinical
utility in glioma therapy'"’. Therefore, developing new strategies
for efficiently delivering these drugs to the brain and selectively
targeting glioma tissue could result in more effective treatments
and improved surgical outcomes.

Pt-based drugs, such as CisPt, carboplatin, and oxaliplatin,
were first-line treatments for various solid tumors, including lung,
ovarian, prostate, and testicular cancers®. Approximately 70%—
80% of patients with solid tumors received chemotherapy regi-
mens containing Pt-based agents’. However, these drugs were
primarily considered second-line treatments for gliomas due to
their limited ability to cross the BBB and achieve therapeutic
concentrations in glioma tissue, thereby reducing their anticancer
efficacy compared to other solid tumors'®!'. Current research on
Pt-based drugs and novel delivery methods focused on enhancing
tumor selectivity and reducing toxicity to normal tissues'>'®.
Nevertheless, few studies specifically addressed the development
of Pt-based drugs and delivery strategies for glioma. The chal-
lenge lay not only in improving tumor selectivity but also in
enabling these drugs to effectively cross the BBB and target
intracranial glioma tissue. Tetravalent Pt prodrugs represented a
new class of Pt-based compounds designed to enhance the phar-
macological properties of traditional divalent Pt agents. These
prodrugs formed a stable octahedral coordination structure and
exhibited lower reactivity in bodily fluids compared to divalent Pt-
based drugs'’. Once inside tumor cells, tetravalent Pt prodrugs
were reduced to divalent Pt by the higher intracellular concen-
trations of glutathione (GSH)'®. Lipid carrier help Pt drugs
decrease toxicity, improve bioavailability, realize tumor targeting,
and overcome Pt drug resistance’. It was hypothesized that hy-
drophobic modification of the axial ligand in tetravalent Pt com-
plexes®'>!'? could facilitate their encapsulation within the
hydrophobic core of lipid nanoparticles (LNPs).

The development of drug nanocarriers has opened new possi-
bilities for glioma therapy®®. However, the surface properties of
nanoparticles significantly influence their in vivo behaviors, pri-
marily due to the formation of protein coronas—layers of bio-
molecules adsorbed onto the nanoparticle surface®' .
Monoclonal antibodies conjugated with modified nanoparticles
have been widely used for targeted tissue delivery®. Despite their
potential, the high cost, time-consuming production processes,
and unstable properties of monoclonal antibodies limited their
practical clinical application®. Nb, also known as variable do-
mains of heavy chain antibody, consists of a single heavy chain
variable region (VHH) along with CH2 and CH3 domains. Unlike
conventional antibodies, Nb naturally lacks light chains, making
them the smallest naturally occurring antibody fragment capable
of binding to biomolecules®’. Nbs offer several advantages,
including ease of production and screening, low immunogenicity,
and potential as replacements for monoclonal antibodies in
various applications®®. Based on this, we hypothesized that Nb-
modified LNPs could provide an innovative strategy for
achieving BBB penetration and targeted delivery to brain tumors
by modulating the formation of protein coronas.

Some studies suggested that nanoparticles capable of adsorb-
ing apolipoprotein E (ApoE) from plasma could cross the BBB
and penetrate brain tumors®®>® via low-density lipoprotein
receptor-associated protein-1 (LRP-1)-mediated endocytosis’".
This research led us to propose that Nbs targeting other plasma
proteins, such as fibrinogen®*>*, could similarly regulate protein
coronas on LNP surfaces, thereby enhancing BBB penetration and
tumor targeting. Based on these insights, we modified hydropho-
bic CisPt-loaded prodrug liposomes with anti-fibrinogen Nbs. By
manipulating protein corona formation on the nanoparticle sur-
face, we aimed to utilize fibrinogen’s “Hitchhiking Effect” to
facilitate drug penetration across the BBB and enhance glioma
tissue targeting.

This study explored the mechanisms by which protein co-
ronas regulate a novel brain-targeted Pt prodrug delivery system
for crossing the BBB and targeting brain tumors, while also
evaluating its therapeutic efficacy against glioma. The graphical
abstract is presented in Fig. 1. Specifically, we employed a
microfluidic device to conjugate anti-fibrinogen Nbs to the sur-
face of hydrophobic CisPt prodrug (C8Pt) LNPs, creating Nb-
C8Pt-Ls. We then sequenced the protein coronas adsorbed onto
the LNP surfaces to determine whether Nb modification altered
the composition and quantity of protein coronas. Additionally,
we used computer simulations and surface plasmon resonance
(SPR) detection to study the interactions between Nbs on LNP
surfaces, fibrinogen in plasma, and the LRP-1 receptor on the
BBB and tumor cells. Subsequent in vitro experiments were
conducted to assess the BBB penetration and glioma cell affinity
of Nb-C8Pt-Ls. We also investigated the in vivo organ distribu-
tion of Nb-C8Pt-Ls. Finally, in vivo experiments compared the
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Figure 1  Graphical abstract of Nb-C8Pt-Ls protecting against brain glioma. (A) Preparation of Nb-C8Pt-Ls: C8Pt-Ls (C8Pt LNPs) were
prepared by microfluidic mixing of an aqueous phase with an organic phase containing E12-1, DOPE, DMG-PEG2K, cholesterol, and C8Pt (CisPt
modified with two 8-carbon side chains). Nb-C8Pt-Ls (anti-fibrinogen Nb-decorated C8Pt LNPs) were created through a second round of
microfluidic mixing, where anti-fibrinogen nanobodies (Nbs) were attached to the C8Pt-Ls. (B) Protein corona absorption: once in circulation, the
Nb-C8Pt-Ls absorbed protein coronas from plasma, with a particular affinity for fibrinogen, influenced by the anti-fibrinogen Nb modification. (C)
BBB penetration: the modification of the LNP surface by protein coronas, especially fibrinogen adsorption, enhanced recognition by LRP-1 on the
BBB. This facilitated the nanoparticles’ penetration through the BBB after tail vein injection. (D) Targeting glioma cells: due to the fibrinogen-
enriched protein coronas on Nb-C8Pt-Ls, these nanoparticles were better recognized by glioma cells, which express high levels of LRP-1,
allowing them to specifically target and enter glioma cells in the brain. (E) Inducing DNA damage and apoptosis: once inside glioma cells,
Nb-C8Pt-Ls underwent lysosomal escape and release C8Pt. In the intracellular environment with low chloride ion concentrations, C8Pt was
reduced by glutathione (GSH) to CisPt, which was transformed into cationic platinum (Pt) hydrates (Cis-[Pt(NH3)2(0H2)2]2+). These Pt hydrates
crosslinked adjacent DNA bases, leading to DNA damage, arresting the glioma cell cycle at the S/G2 phase, and ultimately triggering apoptosis.

therapeutic efficacy and safety of Nb-C8Pt-Ls with unmodified
C8Pt-Ls and CisPt solution in glioma models. Our findings
demonstrated that modifying lipid nanoparticles (LNPs) with
nanobodies to drive protein corona formation -effectively
enhanced both brain and tumor targeting. This strategy enabled
specific binding to low-density lipoprotein receptor-related pro-
tein 1 (LRP-1), which is highly expressed on the BBB and

glioma cells. Utilizing a “Hitchhiking Effect” mechanism, the
LNPs successfully crossed the BBB, localized to tumor sites,
induced apoptosis in glioma cells, and significantly improved
therapeutic outcomes. This study establishes a novel framework
for glioma therapy and underscores the broad potential of protein
corona modulation-based dual-targeting strategies for advancing
treatments of brain tumors.
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2. Materials and methods
2.1.  Synthesis of the CisPt prodrug

A total of 300 mg of CisPt (Sigma—Aldrich: 232120) was sus-
pended in 40 mL of 30% hydrogen peroxide (H,O,) and heated at
60 °C for 4 h. After the reaction was completed, the solvent was
removed via rotary evaporation, and the resulting precipitate was
washed with cold ether. The intermediate product, cis-
[PtCl,(NH3),(OH),], was obtained through freeze-drying. This
intermediate was then dispersed in anhydrous dimethylformamide
(DMF), and 4 equivalents of octanoic anhydride were added. The
reaction was allowed to proceed at 60 °C for 24 h. Upon
completion, the solvent was again removed by rotary evaporation,
and the target compound, Pt oleate, was purified using a silica gel
column.

2.2.  Preparation and characterization of C8Pt-Ls and Nb-C8Pt-
Ls

The anti-fibrinogen Nb sequence was derived from prior
research™:  MAQVQLVESGGGSVQAGGSLRLSCAASGYTY
NNNCMGWFRQAPGKEREGVAVINRGGGRTYYTDSVKGRF
TISQDNANNTVYLTMNSLKPEDTAIYYCAARWGWASSSNW
YDMGKYNYWGQGTQVTVSS. A GGGGSGGGGS linker and
a cysteine residue were added sequentially to the C-terminus of
the Nb. After protein synthesis, standard recombinant protein
purification techniques were used to purify the Nb. The
anti-fibrinogen Nb-targeting moiety was formed by conjugating
maleimide-PEG-cholesterol (Mal-PEG-Chol) to the
anti-fibrinogen Nb via a click reaction.

C8Pt-Ls and Nb-C8Pt-Ls were synthesized using a micro-
fluidic device (Micro&Nano Biologics). The organic phase, con-
sisting of E12-1 lipid (NMR spectra shown in Supporting
Information Fig. S1), 1,2-dioleoylphosphatidylethanolamine
(DOPE), cholesterol, DMG-PEG2k, and C8Pt, was prepared by
ultrasonic  dissolution in ethanol at a molar ratio of
35:16:46.5:2.5:15.3. Phosphate-buffered saline (PBS) served as
the aqueous phase. To generate C8Pt-Ls, the organic and aqueous
phases were mixed within a microfluidic device (INano L,
Micro&Nano) at a volume ratio of 1:3 (v/v), respectively, with a
total flow rate of 12 mL/min. Nb-C8Pt-Ls were then prepared by
mixing C8Pt-Ls with the anti-fibrinogen Nb-targeting moiety
(2.5 pg/ul) at a volume ratio of 1:2 (v/v), respectively, while
maintaining the same flow rate of 12 mL/min. Subsequently, the
C8Pt-Ls were diluted with an equal volume of PBS, then ethanol
and unbound Nbs were removed via ultrafiltration.

The particle size and zeta potential of C8Pt-Ls and Nb-C8Pt-
Ls were determined using a Zetasizer Nano ZS90 (Malvern). The
morphology of C8Pt-Ls and Nb-C8Pt-Ls was examined using a
transmission electron microscope (TEM, H-600, Hitachi).

C8Pt-Ls and Nb-C8Pt-Ls before ultrafiltration were placed in a
100 kDa ultrafiltration tube and centrifuged at 2400 x g for 15 min.
The filtrate (Wge.) wWas collected and analyzed via inductively
coupled plasma mass spectrometry (ICP-MS 7800, Agilent). Wiqa
was total Pt adding into the preparation. Encapsulation efficiency
of Pt was calculated using Eq. (1):

Encapsulation efficiency (%) = (mel— mee) / Wow X 100%
(1)

To determine the coupling efficiency of anti-fibrinogen Nb,
Nb-C8Pt-Ls (prior to ultrafiltration) were placed in a 100 kDa
ultrafiltration tube and centrifuged at 2400x g for 15 min. The
filtrate, containing unbound Nb (Wpg..), was collected and
analyzed using a BCA assay (Beyotime, Shanghai, China). W,
represented the total anti-fibrinogen Nb added during preparation.
Coupling efficiency was calculated using Eq. (2):

Coupling efficiency (%) = (Wi —Wiee) / Wiow X 100% (2)

The stability of the formulation was assessed by measuring the
Nb content in the filtrate after storage at 4 °C for 3, 6, and 9 days,
and the coupling efficiency was then determined.

To assess fibrinogen adsorption, C8Pt-Ls or Nb-C8Pt-Ls con-
taining 5 pg Pt (0.25 ng/pl) were co-incubated with mouse
plasma at a ratio of 1:10 (v/v) on a shaker. Samples were collected
at 0, 5, 10, 20, 30, 60, 120, and 180 min, and precipitation was
induced by centrifugation at 13,800xg. The precipitate was then
treated with RIPA lysis buffer, followed by another centrifugation
step. The fibrinogen content in the resulting supernatant was then
quantified using a Mouse Fibrinogen (Fbg) ELISA Kit (Jianglai
Biology, Shanghai, Cat#JL20600-96T, China), and fibrinogen
adsorption curves for the LNPs were generated.

To assess Pt release, C8Pt-Ls or Nb-C8Pt-Ls were placed in a
dialysis bag (100 kD) containing PBS (pH 5.5), and the dialysis
bag was then immersed in a beaker filled with PBS. At 0, 1, 3, 6,
9, 12, and 15 h, aliquots of the external PBS solution were
collected, and the Pt content was quantified by inductively
coupled plasma mass spectrometry (ICP-MS, Agilent 7800). A Pt
release rate curve was then plotted. The ICP-MS parameters were
as follows: pump rate, 20 rpm; nebulizer flow rate, 1 L/min;
auxiliary gas flow rate, 1 L/min; sample flush time, 40 s; and RF
power, 1550 W.

2.3.  Computer simulation of protein molecular docking and
surface plasmon resonance

The sequence for the extracellular domain (amino acids 20—4419)
of LRP-1 was retrieved from the UNIPROT database (ID:
Q07954). AlphaFold 3 (PyMOL Molecular Graphics System,
Version 3.0, Schrodinger, LLC) was used to predict the three-
dimensional structures of the anti-fibrinogen Nb and LRP-1%¢. The
predicted structures of the anti-fibrinogen Nb and LRP-1 are
shown in Supporting Information Fig. S2A and S2C, respectively.
The crystal structure of fibrinogen was acquired from the RCSB
PDB database (ID: 3GHG, Fig. S2B)*’. Preprocessing of the
fibrinogen structure, including the removal of heteroatoms such as
solvents and small molecules, was completed using PyMOL.
Molecular docking was performed using the HDOCK server. First,
the anti-fibrinogen Nb was docked with fibrinogen to generate a
set of potential conformations. The optimal conformation of this
complex was selected and then docked with LRP-1, resulting in
the docking complex of the anti-fibrinogen Nb, fibrinogen, and
LRP-1. The most favorable conformation was chosen for further
analysis®®2,

The surface plasmon resonance (SPR)-based binding assays
were conducted at 25 £ 2 °C utilizing a BIAcore 1K biosensor
platform (Cytiva) with CMS5 sensor arrays, where kinetic param-
eters were determined through multi-channel signal processing
and Langmuirian model fitting. Sensor surfaces were covalently
modified by sequential perfusion of a coupling cocktail containing
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200 pmol/L. EDC (1-ethyl-3-(3-dimethylaminopropyl) carbodii-
mide) and 50 pmol/L NHS (N-hydroxysuccinimide) at 10 pL./min
for 7 min to generate reactive thiol groups. Recombinant target
proteins (50 pL total volume in 10 mmol/L sodium acetate buffer,
pH 5.0) were immobilized via two consecutive 7-min injections
under identical flow conditions. Residual reactive sites were sys-
tematically inactivated using 1 mol/L ethanolamine hydrochloride
at 10 pL/min for 7 min. A parallel reference channel underwent
analogous surface treatment, albeit employing PBS (pH 5.0)-
based immobilization to establish baseline signal subtraction.
Analyte solutions spanning 5—500 nmol/L concentrations in PBS
were introduced at 10 pL/min for 2.5 min per injection cycle,
interspersed with 5-min sensor regeneration phases using
10 mmol/L glycine—HCl1 (pH 2.0). Double-channel subtracted
sensorgrams were globally analyzed through nonlinear regression
fitting to a 1:1 binding model, yielding association (k,,) and
dissociation (k) rate constants with 95% confidence intervals.
Final kinetic fingerprints including affinity constants (Ky) were
visualized through OriginPro 7.0552 (OriginLab) by generating
saturation isotherms and differential binding plots, with all data
processed through BIAcore Analysis Suite v2.0 (Cytiva) incor-
porating reference signal correction.

2.4.  Protein corona sequencing

Mouse plasma was centrifuged at 13,000xg at 4 °C to remove
protein aggregates before use. C8Pt-Ls and Nb-C8Pt-Ls, matched
by volume and Pt content, were incubated with an equal volume of
C57BL/6J mouse plasma to simulate in vivo protein conditions.
The samples were incubated at 37 °C for 1 h with constant
shaking™®. After incubation, the protein corona-coated LNPs were
isolated by centrifugation at 13,000x g for 30 min, followed by
three washes with cold PBS to eliminate unbound proteins. Each
sample was then treated with an appropriate volume of SDT lysis
buffer and heated in boiling water for 5 min. The samples were
centrifuged at 15,000x g for 20 min at 4 °C, and the supernatant
was collected for total protein quantification using a BCA assay
(Beyotime, Shanghai, China). The isolated protein coronas were
subsequently reduced, alkylated, and digested for mass spec-
trometry analysis, following procedures outlined in previous
studies™.

2.5.  Transwell and cellular uptake experiment

BEnd.3 cells (IMMOCELL, Xiamen, China) were seeded on
polycarbonate membranes in the upper chambers of 24-well
Transwell plates at a density of 1 x 10° cells per well. The
cells were cultured for approximately 20 days. When the trans-
cellular resistance, measured with an epithelial volt-ohmmeter,
stabilized at around 200 Q cm? without further increase, it indi-
cated the formation of a tight monolayer, confirming the suc-
cessful differentiation and establishment of an in vitro BBB. At
this point, the system was used for Transwell permeability ex-
periments. CisPt, Nb-C8Pt-Ls, and C8Pt-Ls, matched by volume
and Pt content (0.25 pg/uL), were pre-incubated with mouse
plasma at 37 °C for 1 h with continuous shaking on a shaker. The
volume ratio of preparation to plasma was 1:10. Subsequently, the
mixtures were added to the upper chamber at a final concentration
of 0.5 pg Pt/well. Culture medium from the lower chamber was
collected at 0.5, 4, 8, 12, and 24 h. The samples were digested
with nitric acid using a microwave digestion system, and Pt

content was quantified using inductively coupled plasma mass
spectrometry (ICP-MS, Agilent 7800).

Nb-C8Pt-Ls and C8Pt-Ls underwent the same procedure as
described above and were subsequently added to the upper
chamber at a final concentration of 5 pg Pt/well. Following
centrifugation at 13,800 g, the supernatant was removed, and the
precipitate was collected. After treatment with RIPA buffer, the
supernatant was recovered, and its fibrinogen content was quan-
tified using a Mouse Fibrinogen (Fbg) ELISA Kit (Jianglai
Biology, Shanghai, Cat#JL20600-96T, China). This measurement
represented the fibrinogen carried by the LNPs penetrating the
Transwell. The integrity of the fibrinogen coronas on Nb-C8Pt-Ls
after Transwell penetration was assessed by comparing it to that of
the original preparations.

In a separate experiment, Nb-C8Pt-Ls and C8Pt-Ls underwent
the same initial procedure and were subsequently added to the
upper chamber at a final concentration of 0.5 pg Pt/well. For the
inhibitor treatment group, bEnd.3 cells on the Transwell were pre-
treated with 50 pmol/L Atorvastatin (LRP-1 inhibitor) for 12 h
before the addition of Nb-C8Pt-Ls and C8Pt-Ls. In total, four
experimental groups were tested. After 24 h of treatment, the
culture medium from the lower chamber of the Transwell was
collected and analyzed by ICP-MS. This inhibitor experiment was
performed to evaluate the role of LRP-1 in Nb-C8Pt-Ls perme-
ation of bEnd.3 cells.

GL261-LUC (IMMOCELL) and bEnd.3 cells were seeded in
24-well plates at a density of 2 x 10° cells per well and cultured
for 12 h. CisPt, Nb-C8Pt-Ls, and C8Pt-Ls were added at a con-
centration of 0.5 pg Pt/well. After 6 h of incubation, the cells were
lysed with RIPA buffer for total protein quantification using a
BCA kit, and the Pt content was measured via ICP-MS (Agilent
7800).

2.6. Animal treatment

Male C57BL/6J mice, weighing 20—22 g, were purchased from
SPF Biotechnology Co., Ltd. (Beijing, China) and housed under
controlled circadian rhythm conditions with free access to food
and water. The experimental protocol was approved by the
Experimental Animal Ethics Committee of West China Hospital.
To induce intracranial tumors, GL261-LUC cells were harvested
and prepared for implantation. Mice were anesthetized with an
intraperitoneal injection of pentobarbital (50 mg/kg) and secured
in a stereotactic frame. After disinfecting the dorsal scalp with
70% ethanol, a small incision was made, and a burr hole was
drilled into the right striatum (1.9 mm lateral to the sagittal suture
and 1.2 mm anterior to the bregma). GL261-LUC cells
(1 x 10° cells/10 uL) were injected into the brain at a depth of
3 mm using a microsyringe. The needle was left in place for 5 min
before being carefully withdrawn. The burr hole was sealed with
bone wax, and the scalp was sutured*>*°. Glioma-bearing mice
were subsequently prepared for the in vivo experiments.

2.7.  Distribution of lipophilic dye-stained preparations

Lipophilic dyes, DID (AAT Bioquest) and Nile Red (Aladdin),
were dissolved in the organic phase using ultrasonic methods. The
molar ratios of E12-1 lipid, DOPE, cholesterol (Chol), DMG-
PEG2k, C8Pt, and the lipophilic dye were maintained at
35:16:46.5:2.5:15.3:1.4. Lipophilic dye-stained C8Pt-Ls and Nb-
C8Pt-Ls were then prepared using the previously described
method. Glioma-bearing mice were randomly assigned to 2
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groups, with each group receiving a tail vein injection of either
stained C8Pt-Ls or Nb-C8Pt-Ls, containing 20 ng of DID. A
control group received an equivalent volume of PBS (normal
control, NC). Four hours after injection, the mice were anes-
thetized with isoflurane to take fluorescent photos using the IVIS
Lumina III imaging system (PerkinElmer), and their brains were
harvested for fluorescent photos ex vivo. The same procedure was
applied for the Nile Red-stained samples. Tumor-bearing brain
tissues from DID-injected mice were sectioned and cryopreserved,
followed by DAPI staining of the nuclei. Tumor penetration by
DID was sliced, stained nuclei with DAPI, and visualized using
confocal laser scanning microscopy (CLSM).

2.8. Distribution of Pt in different organs of glioma-bearing
mice

Glioma-bearing mice received intravenous injections of CisPt,
C8Pt-Ls, or Nb-C8Pt-Ls, each containing a dose of 20 ug Pt. At
0.5, 4,8, 12, 24, 48 and 144 h post-injection, samples of the brain,
brain tumor, heart, liver, spleen, lungs, kidneys, and plasma were
collected. These samples were digested in nitric acid using mi-
crowave digestion, and Pt content was measured using ICP-MS
(Agilent 7800).

2.9.  Anti-brain glioma effects in vivo

The day of glioma cell inoculation was designated as Day 0.
Glioma-bearing mice were randomly divided into four groups:
Model, CisPt, C8Pt-L, and Nb-C8Pt-L. Starting on Day 6 and
continuing until Day 18, the mice in the CisPt, C8Pt-L, and Nb-
C8Pt-L groups were intravenously administered 20 pg Pt every 2
days. Body weight and GL261-LUC fluorescence signals were
monitored every two days, and survival time was recorded. For
GL261-LUC fluorescence imaging, each mouse received an
intraperitoneal injection of 150 mg/kg D-luciferin potassium salt
(Yeasen, Cat: 40902ES03, Shanghai, China), and imaging was
conducted using the IVIS Lumina III system (PerkinElmer). When
the mice in the model group reached the terminal stage, all mice
were sacrificed. Tumor size was visually inspected on Day 20
using MRI (BioSpec70/30 USR, Bruker), operating at a magnetic
field strength of 7T and a gradient field of 300 mT/m. Tissue
samples were collected for subsequent pathological and
biochemical analysis.

2.10.  Immunohistochemical and TUNEL staining

Harvested brain tissues were washed, dried, fixed in 4% para-
formaldehyde, and embedded in paraffin before being sectioned
into thin slices. Tumor-containing sections were stained with
markers for Ki67 (1:200, Abcam, Cat#1ab16667, UK) and
cleaved-caspase-3 (1:500, Servicebio, Cat#1GB11532, Wuhan,
China). The stained tissues were visualized using a digital mi-
croscope (Olympus). Apoptosis in tumor tissues was validated
using the TUNEL Apoptosis Detection Kit (Beyotime,
Cat#1C1090, Shanghai, China), following the manufacturer’s in-
structions, and images were captured with a fluorescence
microscope.

2.11.  Western blotting

Tumor tissues were carefully excised from brain samples, and
protein expression levels were analyzed by Western blotting.

Primary antibodies used in this analysis included anti-y-H2A.X
(1:1000, Bioss, Cat#152163R, Beijing, China), anti-G-Catenin
(1:1000, ZENBIO, Cat#1R23616, Chengdu, Chian), and anti-
GAPDH (1:2000, HUABIO, Cat#1EM1101, Hangzhou, China).
The Western blotting procedure followed a standard protocol as
described previously®’.

2.12.  Blood biochemical analysis, antibody titer detection,
coagulation function testing, and HE staining

The safety of the treatments was evaluated by conducting blood
biochemical analyses on serum samples collected at the end of the
experiment. Key biochemical markers, including albumin (ALB),
lactate dehydrogenase (LDH), creatinine (CRE), urea (UREA),
creatine kinase-MB (CKMB), alkaline phosphatase (ALP),
alanine transaminase (ALT), and aspartate transaminase (AST),
were measured using an automatic hematological biochemical
analyzer (Hitachi).

The binding titers of the serum samples were quantified using
an ELISA platform. Corning high-binding polystyrene microtiter
plates were sensitized with anti-Fibrinogen Nbs at a coating
concentration of 1 pg/mL. After overnight incubation at 4 °C, the
plates were rigorously washed four times with PBS-Tween 20
buffer and then blocked with 2% bovine serum albumin (BSA) in
PBS for 4 h at 25 °C. Following the blocking step, the plates were
sequentially treated with heat-inactivated (56 °C/30 min) serum
samples. Beginning with an initial 1:20 dilution, serial two-fold
dilutions were prepared and incubated overnight at 4 °C. After
incubation, the plates were washed again four times and then
incubated with horseradish peroxidase (HRP)-labeled goat anti-
mouse IgG secondary antibody (1:50,000 dilution; Cell Signaling
Technology, USA) for 2 h at room temperature. The chromogenic
signal was developed using 3,3'-5,5'-tetramethylbenzidine (TMB)
substrate (Solarbio, Beijing, China), and the reaction was
quenched after 30 min with 2 mol/L sulfuric acid. Optical density
was measured at 450 nm using a PerkinElmer microplate spec-
trophotometer. Endpoint titers were defined as the serum dilution
at which the signal exceeded control values.

Plasma was collected from mice at the conclusion of the
experiment and thoroughly mixed with two volumes of Pro-
thrombin time (PT) reagent (Shanghai Yaji Biotechnology Co.,
Ltd.). Following incubation at 37 °C, the reaction was initiated by
gently tapping the tube wall, and the time to complete coagulation
was recorded.

Additionally, organ samples from the brain, heart, liver, spleen,
lungs, and kidneys were processed for hematoxylin and eosin
(HE) staining and examined microscopically to assess histological
changes.

2.13.  Statistical analysis
Quantitative data are analyzed using one-way ANOVA, with a

significance threshold of P < 0.05. All statistical analyses were
performed using SPSS software (version 26.0).

3. Results
3.1.  Preparation and characterization of Nb-C8Pt-Ls

The C8Pt prodrug was first synthesized chemically using the
method outlined in Fig. 2A, with the corresponding NMR
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Figure 2  Preparation and characterization of Nb-C8Pt-Ls. (A, B) The chemical synthesis and nuclear magnetic resonance (NMR) spectra of
C8Pt, illustrating the synthesis process of C8Pt, a hydrophobically modified CisPt compound with 8-carbon side chains. (C) Schematic repre-
sentation of nanoparticle preparation using a two-step microfluidic method. The first step prepared C8Pt-Ls (C8Pt LNPs), while the second step
decorated these nanoparticles with anti-fibrinogen Nbs, yielding Nb-C8Pt-Ls. (D) Transmission electron microscopy (TEM) images showed the
morphology and structure of both C8Pt-Ls and Nb-C8Pt-Ls. (E) Size distribution profiles of C8Pt-Ls and Nb-C8Pt-Ls, indicated the particle size
ranges of the formulations. (F) Measurements of particle size and polydispersity index (PDI) for C8Pt-Ls and Nb-C8Pt-Ls, providing insight into
nanoparticle uniformity and dispersion. (G) Zeta potential values for C8Pt-Ls and Nb-C8Pt-Ls, indicating the surface charge and stability of the
nanoparticles in suspension. (H) Encapsulation efficiency of C8Pt in C8Pt-Ls and Nb-C8Pt-Ls, quantifying the percentage of C8Pt successfully
encapsulated in the nanoparticles. (I) Anti-fibrinogen Nb coupling efficiency in Nb-C8Pt-Ls. (J) Storage stability assessment of anti-fibrinogen Nb
coupling efficiency in a series of time. (K) Release ratio of Pt with a series of time points. (L, M) Representative images and (N) quantitative
analysis of brain-targeting effects for C8Pt-Ls and Nb-C8Pt-Ls loaded with the lipid dye DID in tumor-bearing mice, showing enhanced brain
targeting by Nb-C8Pt-Ls compared to C8Pt-Ls at 4 h post-injection. (O) Ex vivo confocal laser scanning microscopy (CLSM) images from brain
tissues collected in panel (M), demonstrating tumor penetration of DID-loaded Nb-C8Pt-Ls. The nuclei were stained with DAPI (blue), and
tumor-penetrating DID fluorescence was shown in red. Tumor and non-tumor regions were labeled as T and N, respectively. Scale bar = 20 um.
Data are presented as mean + SEM, n = 3, with statistical significance indicated by ***P < 0.001.



4924

Yupei Zhang et al.

spectrum displayed in Fig. 2B. After isolating the anti-fibrinogen
nanobodies (Nbs), a two-step microfluidic technique was
employed to produce Nb-C8Pt-Ls. Initially, C8Pt-Ls were pre-
pared through the first microfluidic process, followed by a second
step in which C8Pt-Ls were conjugated with anti-fibrinogen Nbs,
resulting in the formation of Nb-C8Pt-Ls (Fig. 2C). Transmission
electron microscopy (TEM) images showed that Nb modification
did not alter the shape of the Nb-C8Pt-Ls (Fig. 2D). The particle
sizes of C8Pt-Ls and Nb-C8Pt-Ls were measured at 105.67 nm
and 115.33 nm, respectively, with polydispersity indices (PDI) of
0.17 and 0.20, and zeta potentials of 5.13 mV and -4.62 mV,
respectively (Fig. 2E—G). Encapsulation efficiency was deter-
mined to be 83.47% for C8Pt-Ls and 82.95% for Nb-C8Pt-Ls,
indicating favorable characteristics for drug delivery (Fig. 2H).
The Nb coupling efficiency of Nb-C8Pt-Ls was determined to be
91.47% and remained nearly constant over a storage period of 9
days (Fig. 21 and J). Fig. 2K illustrates that complete release of Pt
from both C8Pt-Ls and Nb-C8Pt-Ls occurred within 15 h under
acidic conditions (pH = 5.5). To evaluate brain and tumor-
targeting capabilities, lipid dyes were incorporated into the Nb-

Figure 3

C8Pt-Ls system. Following intravenous injection, Nb-C8Pt-Ls
demonstrated more efficient delivery of the dyes DID and Nile
Red to the brain compared to C8Pt-Ls alone (Fig. 2L—N and
Supporting Information Fig. S3). Fluorescence microscopy
further revealed that Nb-C8Pt-Ls facilitated superior delivery of
DID to glioma tissue relative to C8Pt-Ls (Fig. 20). Overall, Nb-
C8Pt-Ls exhibited excellent pharmaceutical properties and
showed enhanced targeting of both the brain and glioma tissue.

3.2.  Anti-fibrinogen Nb decoration regulated protein corona
formation on C8Pt-Ls

To investigate the impact of anti-fibrinogen Nb decoration on
protein corona formation, we analyzed the protein coronas
adsorbed by both C8Pt-Ls and Nb-C8Pt-Ls. High-performance
liquid chromatography-mass spectrometry (HPLC—MS) revealed
subtle differences in the composition of the protein coronas. The
proportion of total protein corona abundance within different
protein size segments showed only minor variations, with the

Proteomic comparison of protein coronas absorbed by C8Pt-Ls and Nb-C8Pt-Ls in plasma. (A) Comparison of absorbing proteins

coronas based on molecular weight. (B—E) HPLC—MS analysis of the protein coronas absorbed abundance. (B) Absorbed abundance of
fibrinogen «, 8, and vy chains. (C) The proportion of absorbed protein coronas in distinct biological functions. (D) Absorbed protein coronas in
every biological function. (E) The fingerprint of the top 20 most abundant corona proteins absorbed by Nb-C8Pt-Ls. Data are presented as
mean = SEM, n = 3, with statistical significance indicated by ***P < 0.001.
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90—100 kD segment exhibiting the highest abundance and the
<10 kD segment exhibiting the lowest (Fig. 3A). Abundance
analysis indicated a significant, approximately tenfold increase in
fibrinogen «, B, and vy chains after anti-fibrinogen Nb decoration
(Fig. 3B). Further comparative analysis of the biological functions
associated with proteins within the C8Pt-Ls and Nb-C8Pt-Ls co-
ronas revealed shifts in the proportional representation of func-
tional categories. Specifically, the proportion of proteins
associated with coagulation increased from 6.73% to 13.50%,
immunoglobulin increased from 0.51% to 0.55%, apolipoprotein
decreased from 43.22% to 34.80%, and complement increased
from 0.77% to 1.44%. Furthermore, the specific proteins within
each category also exhibited compositional changes (Fig. 3C and
D). In addition, alterations were observed in the top 20 most
abundant corona proteins. While the top three proteins (ApoAl,
Vtn, and ApoE) remained consistent in rank, their relative abun-
dance decreased after anti-fibrinogen Nb decoration. Notably, the
content rankings of Fga, Fgb, and Fgg improved (Fig. 3E and
Supporting Information Fig. S4). In contrast, analysis of protein
corona composition based on isoelectric points revealed no sig-
nificant differences (Supporting Information Fig. S5). These
findings suggest that anti-fibrinogen Nb decoration modified the

Figure 4

protein corona composition of C8Pt-Ls, potentially influencing
their targeting efficiency.

3.3.  Anti-fibrinogen Nbs facilitated fibrinogen adsorption and
LRP-1 binding

The LRP-1 is highly expressed in both the BBB and glioma cells*.
To explore the interactions between anti-fibrinogen Nbs and
fibrinogen, as well as the potential binding of the Nb-fibrinogen
complex with LRP-1, molecular docking simulations were con-
ducted. The structures of the three components are shown in
Supporting Information Fig. S2. As depicted in Fig. 4A, the bind-
ing sites between the anti-fibrinogen Nb and fibrinogen, as well as
those between the Nb-fibrinogen complex and LRP-1, were iden-
tified. Docking scores and confidence levels indicated stable in-
teractions between the anti-fibrinogen Nbs and fibrinogen, as well
as between the Nb-fibrinogen complex and LRP-1 (Fig. 4B).
Interaction analysis revealed the formation of hydrogen bonds,
electrostatic interactions, and hydrophobic interactions between the
anti-fibrinogen Nbs and fibrinogen (Fig. 4C and Supporting
Information Table S1). Similarly, hydrogen bonds, salt bridges,
and electrostatic and hydrophobic interactions were formed

Molecular docking of anti-fibrinogen Nb, fibrinogen, and LRP-1 using computer simulation. (A) Molecular docking of anti-fibrinogen

Nb (Green), fibrinogen (cyan), and LRP-1 (magenta) complex. Red dash lines marked the binding site between anti-fibrinogen Nb and fibrinogen,
and black dash lines marked the four binding sites between Nb-fibrinogen complex and fibrinogen. (B) Molecular docking results of Docking
Scores and Confidence Scores. The docking score is calculated by HDock’s knowledge-based scoring function. A more negative Docking Score
means a higher likelihood of combining models. And confidence score is defined based on experience, which depends on the docking score, to
indicate the probability of binding between two molecules. In simple terms, when the Confidence Score is above 0.7, two molecules are likely to
combine. (C) Interaction between Anti-fibrinogen Nb and fibrinogen. (D) Interaction between fibrinogen and LRP-1. The green dashed line
represented hydrogen bonding interactions, and the red dashed line represented salt bridging interactions. (E) SPR experiments used Biacore to
determine interaction affinity of Anti-fibrinogen Nb with fibrinogen, and LRP-1 with fibrinogen. The determination was carried out by coupling
proteins with CMS5 chips. Dissociation constant (Ky) reflects the affinity of the analyte to the target, with smaller values indicating stronger
affinity. Association rate constant (k,,) represents the speed of intermolecular binding, with larger values indicating faster binding. Dissociation
rate constant (k.g) represents the speed of intermolecular dissociation, with larger values indicating faster dissociation.
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between the Nb-fibrinogen complex and LRP-1 (Fig. 4D and
Supporting Information Table S2). To further demonstrate the ef-
ficacy of the hitchhiking strategy, surface plasmon resonance (SPR)
was used to determine the binding affinity (K, value) between
fibrinogen and Nb, as well as the interaction between fibrinogen and
LRP-1. The K, values for both interactions were approximately
10~° mol/L, indicating strong binding affinities consistent with the
docking scores (Fig. 4E and Supporting Information Fig. S6). The
quantity of fibrinogen adsorbed by Nb-C8Pt-Ls increased over time,
reaching saturation after approximately 180 min. In contrast, the
maximum fibrinogen adsorption on C8Pt-Ls was approximately
one-tenth of that observed on Nb-C8Pt-Ls (Supporting Information
Fig. S7). These findings suggest that anti-fibrinogen Nbs may
promote the adsorption of fibrinogen onto C8Pt-Ls, enabling the
nanoparticles to bind to LRP-1 on the BBB. As a result, this
mechanism could allow C8Pt-Ls to “hitchhike” on fibrinogen,
facilitating their passage across the BBB and enhancing their tar-
geting of brain and glioma tissues.

3.4.  Nb-C8Pt-Ls altered the organ distribution of CisPt

After evaluating the brain-targeting efficacy of Nb-C8Pt-Ls, we
further assessed the brain tumor infiltration and organ distribution
of Pt delivered by CisPt, C8Pt-Ls, and Nb-C8Pt-Ls in both in vitro
and in vivo models. In a Transwell assay, after co-incubated the
preparations with mouse plasma, Nb-C8Pt-Ls demonstrated su-
perior penetration across bEnd.3 cells, a model of the BBB,

Figure 5

compared to both C8Pt-Ls and CisPt (Fig. 5A). The formulation
retained nearly the same level of fibrinogen protein corona on its
surface after penetrating the bEnd.3 cell layer (Supporting
Information Fig. S8). Concurrently, the role of the LRP-1 recep-
tor in Nb-C8Pt-Ls penetration across the BBB was validated.
Pre-treatment of bEnd.3 cells with Atorvastatin (an LRP-1 in-
hibitor) resulted in a significant decrease in Nb-C8Pt-Ls pene-
tration, reaching a level comparable to that of C8Pt-Ls penetrating
the BBB. This finding indicates the crucial role of the LRP-1
receptor in this "Hitchhiking Effect" (Supporting Information
Fig. S9). Additionally, Nb-C8Pt-Ls exhibited the highest uptake
into both bEnd.3 cells and GL261-LUC glioma cells among the
three formulations (Fig. 5B).

In vivo experiments further validated these findings, confirming
that Nb-C8Pt-Ls exhibited the most effective brain and tumor
targeting, achieving approximately two-fold and three-fold higher
accumulation, respectively, compared to C8Pt-Ls (Fig. 5C). We
then evaluated the organ distribution of Pt at various time points
after intravenous injection, focusing on the heart, liver, spleen,
lungs, and kidneys. In the C8Pt-L group, higher Pt accumulation
was observed in the heart, liver, spleen, and lungs, with the
exception of the kidney, when compared to the CisPt group.
Additionally, Pt remained in the bloodstream longer in the C8Pt-L
group. In contrast, the Nb-C8Pt-L. group showed increased Pt
retention in the heart and bloodstream, with reduced levels in the
liver, spleen, lungs, and kidneys (Fig. 5D). These findings indicate
that Nb-C8Pt-Ls achieved dual targeting of both the brain and

Brain and tumor targeting efficiency of Nb-C8Pt-Ls in vitro and in vivo. (A) A Transwell assay was performed to determine the Pt

concentration in the lower chamber’s culture medium at different time points using ICP-MS. (B) Pt accumulation was quantified in GL261 and
bEnd.3 cells after a 6-h treatment with the respective preparations. (C) Pt levels were measured in the brain and tumor tissues of treated mice at
various time points. (D) Pt concentrations were also analyzed in the heart, liver, spleen, lung, kidneys, and plasma of treated mice over time. Data
are reported as mean £+ SEM, with n = 3. Statistical significance is denoted as *P < 0.05, **P < 0.01, and ***P < 0.001. CisPt referred to
cisplatin, C8Pt-L to C8Pt LNP, and Nb-C8Pt-L to Anti-fibrinogen Nb-modified C8Pt LNP.
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tumors, outperforming CisPt and C8Pt-Ls in both in vitro and
in vivo studies. The enhanced targeting capabilities were coupled
with reduced Pt distribution to several major organs, suggesting
improved specificity and the potential for reduced systemic
toxicity, thus offering a promising approach for safer and more
effective glioma treatments.

3.5. Nb-C8Pt-Ls enhanced anti-glioma activity

Following confirmation of the brain and tumor-targeting capabil-
ities of Nb-C8Pt-Ls in vitro and in vivo, their anti-glioma efficacy
was evaluated using a glioma-bearing mouse model. After estab-
lishing the model and administering intravenous treatments, Nb-

Figure 6  In vivo anti-glioma efficacy of Nb-C8Pt-Ls. (A, B) Representative bioluminescence images and corresponding quantitative analysis of
GL261-LUC glioma-bearing mice were conducted across various treatment groups, with formulations administered every two days. (C, D) Body
weight and survival rates of tumor-bearing mice were monitored throughout the study period. (E) At the end of the experiment, MRI T2 images
were acquired, and histological analyses, including H&E staining (scale bar = 1 mm), Ki67 IHC staining, cleaved caspase-3 IHC staining, and
TUNEL staining (scale bar = 20 pm), were conducted on brain tissues. (F) Western blot analysis was used to assess the expression of y-H2A.X
and -catenin in tumor tissues. Data are presented as mean = SEM, with n = 6. Statistical significance was indicated as *P < 0.05, **P < 0.01,
and ***P < 0.001. CisPt refers to cisplatin, C8Pt-L to C8Pt LNP, and Nb-C8Pt-L to anti-fibrinogen Nb-modified C8Pt LNP.
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C8Pt-Ls exhibited superior inhibition of glioma growth compared
to C8Pt-Ls and CisPt, with the most pronounced tumor suppres-
sion observed in the Nb-C8Pt-Ls group (Fig. 6A and B). In
addition, Nb-C8Pt-Ls effectively prevented the body weight loss
typically associated with glioma progression, whereas C8Pt-Ls
and CisPt demonstrated progressively less effectiveness in miti-
gating this side effect (Fig. 6C). Survival probability followed a
similar trend, with the Nb-C8Pt-Ls-treated group exhibiting the
highest survival rate, reaching 100% (Fig. 6D). Magnetic reso-
nance imaging (MRI) and hematoxylin and eosin (HE) staining
confirmed that the Nb-C8Pt-Ls-treated mice had the smallest
glioma volumes at the conclusion of the experiment compared to
those treated with C8Pt-Ls or CisPt (Fig. 6E). Several biomarkers
were analyzed to further assess the therapeutic efficacy of Nb-
C8Pt-Ls (Fig. 6E and F). v-H2A.X, a marker of DNA double-
strand breaks, was significantly expressed in the Nb-C8Pt-L-
treated group. Terminal deoxynucleotidyl transferase (TdT)
dUTP nick end labeling (TUNEL) staining also revealed a higher

Figure 7

degree of DNA fragmentation in this group. Furthermore, cleaved
caspase-3, a key enzyme in the apoptosis pathway, was more
highly expressed in glioma tissues treated with Nb-C8Pt-Ls.
Conversely, (B-catenin and Ki67, which are associated with
tumor proliferation, infiltration, and metastasis, were expressed at
lower levels in the Nb-C8Pt-L group compared to the other
treatment groups. These results indicate that Nb-C8Pt-Ls more
effectively delivered CisPt to brain tumor tissues, leading to
enhanced DNA damage and increased apoptosis in glioma cells.
The findings suggest that Nb-C8Pt-Ls hold significant promise as
a potent anti-glioma therapy, offering a more effective strategy by
promoting DNA breakage and apoptosis in tumor cells.

3.6. Nb-C8Pt-Ls exhibited ideal safety
Beyond efficacy, the biosafety of Nb-C8Pt-Ls was thoroughly

evaluated, as safety is a critical consideration for the clinical
application of nanomedicine. Pathological examinations of major

In vivo safety evaluation of CisPt, C8Pt-Ls, and Nb-C8Pt-Ls. (A) H&E staining was conducted on major organs (scale bar = 20 um)

to evaluate potential toxicity. (B) Blood biochemistry analyses were performed in groups treated with CisPt, C8Pt-Ls, and Nb-C8Pt-Ls. Data are
depicted as the mean (black solid line) =+ quartiles (white dotted lines) in violin plots, with n = 4. CisPt referred to cisplatin, C8Pt-L to C8Pt LNP,

and Nb-C8Pt-L to Anti-fibrinogen Nb-modified C8Pt LNP.
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organs, including the heart, liver, spleen, lungs, and kidneys,
revealed no significant abnormalities or safety concerns across all
treatment groups (Fig. 7A). The modification with anti-fibrinogen
Nbs did not elevate anti-Nb antibody levels in the serum
(Supporting Information Fig. S10), possibly due to the low
immunogenicity of Nb’s intrinsic characteristic. Furthermore, the
modification with anti-fibrinogen Nbs did not affect coagulation
function, as the prothrombin time (PT) remained within the range
of 11—15 s (Supporting Information Fig. S11).

Additionally, blood biochemical tests were performed to assess
potential organ toxicity, focusing on key markers such as albumin
(ALB), lactate dehydrogenase (LDH), creatinine (CRE), urea
(UREA), creatine kinase-MB (CKMB), alkaline phosphatase
(ALP), alanine aminotransferase (ALT), and aspartate aminotrans-
ferase (AST). The results showed no significant differences in these
markers between groups, indicating that Nb-C8Pt-Ls did not induce
liver, kidney, or cardiac toxicity (Fig. 7B). In conclusion, Nb-C8Pt-
Ls demonstrated an excellent safety profile, with no observable
organ damage or significant biochemical changes. These findings
suggest that Nb-C8Pt-Ls are both effective and safe, supporting
their potential for clinical use in glioma treatment.

4. Discussion

The BBB remains a significant obstacle to the clinical application
of CisPt for brain tumor treatment. In this study, a hydrophobically
modified form of CisPt, C8Pt, was synthesized and encapsulated
into LNPs. These LNPs were further modified with Nbs to create
Nb-C8Pt-Ls, which demonstrated favorable characterization
properties. C8Pt-Ls stained with lipophilic dye effectively targeted
both brain and tumor tissues. The Nb modification on the lipo-
somes altered the protein corona formation in plasma, notably
increasing the adsorption of fibrinogen. Through computer simu-
lations and SRP detection, we identified the binding mode and
sites for the Nb-fibrinogen-(LRP-1) interaction. In vivo, Nb-C8Pt-
Ls exhibited reduced distribution in other organs while increasing
brain and tumor targeting via the “Hitchhiking Effect”. This de-
livery system effectively induced apoptosis in brain tumor tissues
in glioma-bearing mouse models while maintaining a favorable
safety profile. These results indicate that Nb-C8Pt-Ls hold great
potential for safe and effective glioma treatment.

Currently, despite the promising progress of various strategies
for intracranial drug delivery, clinical translation remains limited.
Approaches include intracranial injection, nasal administration,
temporary disruption of the BBB, cell-penetrating peptides, and
receptor-mediated BBB penetration®'. For instance, while intra-
cranial injection offers direct drug delivery, it is an invasive pro-
cedure associated with high risks, such as brain infection, edema,
and solution reflux, which limit its clinical feasibility'. Nasal
administration is a non-invasive alternative, bypassing systemic
circulation to deliver drugs to the brain. However, the limited sur-
face area of the olfactory region, which comprises only about 5% of
the human nasal epithelium, restricts both drug dosage and
bioavailability*®. Temporary disruption of the BBB is another
common method to enhance drug permeability in the brain, but it
can inadvertently allow toxic substances to enter the central nervous
system, compromising normal function®®. In summary, while these
methods provide different routes for overcoming the BBB, their
limitations highlight the need for safer and more efficient strategies,
such as Nb-C8Pt-Ls, which can provide targeted delivery without
invasive procedures or significant risk of systemic toxicity.

In our design, LNPs were modified with Nbs possessing low
immunogenicity*® (Supporting Information Fig. $10). These modi-
fied LNPs preferentially adsorbed fibrinogen coronas from plasma,
enabling them to penetrate the BBB via a “Hitchhiking Effect”,
providing a gentle and minimally invasive approach. We observed
that anti-Fibrinogen Nb modification on LNPs was stable (Fig. 2] and
J), and the rate of fibrinogen adsorption in plasma was also rapid and
consistent (Fig. S7). Furthermore, the modified LNPs maintained
high structural integrity after penetrating the BBB (Fig. S8), which
facilitated their subsequent targeting of glioma cells. Previous studies
have explored Pt-based drug-loaded nano-carriers or chemically
decorated Pt-based drug for brain delivery®'>*, whereas these vectors
might be criticized for their rapid renal clearance and uncontrolled
drug release. Importantly, our delivery system, which mimics the
structure of mRNA LNPs, may offer superior biocompatibility with
the human body™. Notably, C8Pt-Ls demonstrated enhanced brain
and tumor-targeting effects compared to CisPt (Fig. 5C and D), likely
due to the hydrophobic nature of the LNP nanocarrier, which might be
more superior than other polymeric nanoparticles™® and easier to
modify target head to the surface of the particle. Furthermore, at high-
glutathione (GSH) tumor sites, C8Pt-Ls take advantage of the
reduction of Pt to Pt>™, enhancing their pharmacodynamic activity.

Our research also investigated the specific mechanisms through
which the nanocarriers cross the BBB. One significant challenge for
the clinical translation of targeted drug delivery systems is protein
corona formation, which can reduce targeting efficiency and cause
undesirable biodistribution. However, corona-mediated targeting in-
troduces a novel approach by carefully controlling interactions be-
tween functional plasma proteins and the nanoparticle surface®. In
this study, we repurposed the traditionally perceived disadvantages of
protein coronas, leveraging the “Hitchhiking Effect” of these coronas
for dual targeting of the brain and tumor. Various properties of protein
coronas, such as isoelectric point, molecular weight, and biological
functions, are known to influence organ-targeting characteristics” ~°.
Consistent with the observed increase in brain targeting of LNPs
following modification with anti-fibrinogen Nbs, our results revealed
alterations in the properties of the adsorbed protein coronas, notably
an increase in fibrinogen, along with changes in other components
(Fig. 3, Figs. S4 and S5). Future research should focus on further
elucidating the functional relationship between the increased abun-
dance of these other components and brain targeting efficiency. In this
study, we repurposed the traditionally perceived disadvantages of
protein coronas, leveraging the “Hitchhiking Effect” of these coronas
for dual targeting of the brain and tumor. Additionally, we noted that
staining with different dyes resulted in slight variations in brain-
targeting efficiency (Fig. 2L—N and Fig. S3), which may be due to
the dyes altering the characteristics of the protein coronas. Further
studies are needed to explore these interactions, which could lead to
refined nanoparticle-based drug delivery systems with improved
precision.

Surprisingly, no hepatorenal toxicity was observed in vivo with
the administration of CisPt solution (Fig. 7). However, it is well-
established that increasing the dosage and frequency of Pt-based
drugs can lead to toxic effects due to their accumulation in the
liver and kidneys®. In contrast, the use of C8Pt-Ls and Nb-C8Pt-Ls
significantly alters the distribution of the drug across various or-
gans and modifies its pharmacokinetic properties, which helps
reduce the potential for toxicity. This redistribution, coupled with
the targeted delivery mechanism provided by Nb-C8Pt-Ls, con-
tributes to minimizing the systemic toxicity commonly associated
with Pt-based chemotherapy. The modification with anti-
fibrinogen Nbs did not affect plasma prothrombin time (PT)
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(Fig. S11). Consistent with our earlier observation of a slight in-
crease in coagulation within the plasma protein coronas adsorbed
by C8Pt-Ls and Nb-C8Pt-Ls (Fig. 3D), these findings suggest that
our formulation does not compromise plasma coagulation func-
tion. These improvements suggest that such formulations may
offer a safer alternative for clinical applications, enhancing
treatment efficacy while lowering the risk of adverse side effects.

5. Conclusions

This research introduced a pioneering approach by decorating the
surface of C8Pt-Ls with anti-fibrinogen Nbs to modulate protein
corona formation. By utilizing the “Hitchhiking Effect” in which
Nb-C8Pt-Ls absorbed fibrinogen from plasma, this system enabled
efficient penetration of the BBB and targeted glioma tissues spe-
cifically. This innovative strategy not only improves the delivery
efficiency of Pt-based drugs but also enhances their therapeutic
impact, leading to significantly improved anti-glioma efficacy.
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