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Introduction: Intracerebral hemorrhage (ICH) has high mortality and morbidity due to a complex secondary injury phase driven by 
oxidative stress and excessive inflammation. Given the limited efficacy of singularly-targeted therapies, there is a pressing need for 
novel therapeutic strategies capable of simultaneously modulating multiple aspects of this pathophysiological network.
Methods: We developed a self-assembled nanomodulator, namely TNF@Gin: Targeted Nano Flower loaded with Ginkgetin 
(TNF@Gin), by fabricating Ginkgetin-loaded Nano Flowers via Rolling Circle Amplification (RCA). The therapeutic efficacy and 
mechanisms were systematically evaluated in microglial cells, hippocampal neuronal cells, and an ICH mouse model.
Results: TNF@Gin demonstrated a synergistic regulatory effect by scavenging toxic reactive oxygen species, stimulating the 
polarization of microglia to the anti-inflammatory M2 phenotype, and inhibiting ferroptosis in hippocampal cells via the Nrf2/ 
GPX4 pathway. In a mouse model of ICH, intravenous administration of TNF@Gin effectively alleviated brain hemorrhage and 
mitigated ICH-induced behavioral deficits.
Conclusion: The nanomodulator TNF@Gin we developed is a safe and highly effective therapeutic agent for ICH synergistic therapy. 
To the best of our knowledge, this study represents the first RCA-based drug delivery system for ICH synergistic treatment, offering 
a novel and promising therapeutic strategy that synergistically targets inflammation and ferroptosis.
Keywords: nanomedicine, DNA nanotechnology, biomaterials, ICH synergistic therapy

Introduction
Intracerebral hemorrhage (ICH), as the spontaneous, non-traumatic rupture of a blood vessel within the brain parench
yma, is a devastating neurological condition accounting for approximately 10–15% of all strokes.1–3 Despite advances in 
medical management, ICH continues to be associated with the highest mortality and morbidity rates among all stroke 
subtypes, leaving a majority of survivors with long-term neurological disabilities. The pathophysiological cascade of ICH 
is biphasic, encompassing an initial primary injury followed by a more prolonged and complex secondary injury phase. 
Following the initial hemorrhage, the breakdown of red blood cells leads to the substantial release of hemoglobin and its 
degradation products, liberating a massive amount of iron into the extracellular space.2,4–6 This iron overload is a potent 
catalyst for oxidative stress through the Fenton reaction, generating highly reactive hydroxyl radicals that induce lipid 
peroxidation and trigger ferroptosis, a newly defined and iron-dependent form of regulated cell death.7–9 Ferroptosis has 
been implicated in the death of neurons, oligodendrocytes, and endothelial cells, contributing significantly to blood-brain 
barrier (BBB) disruption, cerebral edema, and long-term neurological deficits.10–12 The secondary injury phase, evolving 
over hours to days following the initial bleed, is now recognized as the primary determinant of clinical outcome and 
a key target for therapeutic intervention. This phase is driven by a complex interplay of pathological processes, including 
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inflammation, oxidative stress, and programmed cell death. Concurrently, the hematoma and its degradation products act 
as potent danger-associated molecular patterns, initiating a robust and sustained inflammatory response.3,13,14 Central to 
this response is the rapid activation and infiltration of immune cells, particularly microglia and peripherally derived 
macrophages. These cells exhibit profound phenotypic plasticity, polarizing into distinct functional states. The classically 
activated M1 phenotype releases pro-inflammatory cytokines (eg., TNF-α, IL-1β), exacerbating neuroinflammation and 
secondary injury.2,3,14 In contrast, the alternatively activated M2 phenotype secretes anti-inflammatory cytokines (eg., IL- 
10, TGF-β), promoting tissue repair, debris clearance, and angiogenesis.15,16 The balance between these macrophage 
phenotypes is a critical determinant of ICH prognosis; a persistent M1-dominant state is associated with poor outcomes, 
while a timely transition to an M2 phenotype is neuroprotective.17–19 The convergence of ferroptosis and excessive 
inflammation creates a vicious cycle that amplifies secondary brain damage. Given the limited efficacy of singularly- 
targeted therapies,11,12,18,19 there is a pressing and unmet need for novel therapeutic strategies capable of simultaneously 
modulating multiple aspects of this complex pathophysiological network. Interventions designed to attenuate inflamma
tion, scavenge iron, protect the BBB, and inhibit cell death pathways hold immense promise for improving functional 
recovery and reducing the global burden of this devastating disease.

The advent of nanomedicine has revolutionized therapeutic strategies by enabling the precise delivery of bioactive 
agents to disease sites, thereby enhancing efficacy while minimizing systemic toxicity.20,21 Traditional nanodelivery 
systems, such as liposomes and polymeric nanoparticles, have made significant strides in improving the pharmacokinetic 
profiles of encapsulated drugs. However, the growing complexity of modern therapeutics, which often require the 
synergistic action of multiple components as targeting ligand, therapeutic payload, and functional modulator, has exposed 
the limitations of conventional delivery platforms.21–23 These systems frequently suffer from low loading capacity, 
uncontrolled stoichiometry, and cumbersome, multi-step conjugation chemistries that can compromise batch-to-batch 
consistency and biological activity. To overcome these challenges, the field has shifted towards the development of next- 
generation, programmable nanomaterials that can integrate multiple functional components in a defined and efficient 
manner. Among these, nanostructures constructed through Rolling Circle Amplification (RCA) have emerged as 
a particularly promising platform. RCA is an isothermal, enzymatic method for producing long, single-stranded DNA 
composed of tandem repeats, which can then self-assemble into highly ordered, flower-like nanostructures.22,24,25 The 
inherent properties of this biosynthetic process confer unparalleled advantages for multi-component integration. Firstly, 
the RCA template itself can be rationally designed to incorporate functional nucleic acid sequences, such as aptamers for 
targeted delivery, siRNA or antisense oligonucleotides for gene silencing, or DNAzyme for catalytic therapy.26–28 This 
allows the DNA or RNA-based therapeutic or targeting function to be encoded directly into the scaffold’s backbone, 
ensuring precise stoichiometric control. Secondly, the dense, highly porous, three-dimensional architecture of the nano- 
flower provides an exceptionally high surface area and an abundance of interstitial binding sites. This enables the 
efficient physical adsorption or intercalation of a wide range of therapeutic cargos, including small-molecule drugs, 
proteins, and photosensitizers, leading to markedly higher loading capacities compared to conventional carriers. 
Consequently, RCA Nano-flowers represent a paradigm shift from simply “carrying” drugs to “integrating” complex 
therapeutic regimens, offering a powerful and versatile tool for developing sophisticated, multi-modal treatments for 
complex diseases like cancer, neurodegenerative disorders, and infections.29,30 To the best of our knowledge, there have 
been no reports on the use of RCA nano-flowers for the treatment of ICH, suggesting that this multifunctional nano- 
flower-based delivery system holds great potential.

Standardized extracts from Ginkgo biloba have been extensively used for their neuroprotective and cardioprotective 
benefits. Ginkgetin was chosen for this investigation owing to its potent reactive oxygen species (ROS)-scavenging 
activity, which plays a pivotal role in alleviating oxidative stress associated with chronic diseases.31 Herein, we 
developed a self-assembled nanomodulator TNF@Gin (Targeted Nano Flower loaded with Ginkgetin) for the treatment 
of ICH by targeted delivery of Ginkgetin (Figure 1). Based on RCA technology, we fabricated Nano Flowers containing 
a hybridization site for modifying DNA nanostructure (T structure) containing 3 copies of transferrin receptor-targeted 
aptamer, endowing the delivery system with the capability to cross the BBB and accumulate at the site of injury. The 
Ginkgetin were loaded through non-covalent interactions, enabling high loading efficiency under mild and simple 
operational conditions. This nanomodulator was found to exert a synergistic regulatory effect, combining hippocampal 
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cells protection with microglial cells polarization. By efficiently inhibiting oxidative stress, the treatment of TNF@Gin 
promotes the polarization of microglia to the anti-inflammatory M2 phenotype, thereby reducing the levels of pro- 
inflammatory factors. Concurrently, TNF@Gin inhibits hippocampal cell ferroptosis through combining potent ROS 
scavenging with the modulation of the Nrf2/GPX4 signaling pathway. In a mouse model of ICH, intravenous adminis
tration of the nanomodulator effectively alleviated brain hemorrhage. Through the synergistic regulation, TNF@Gin 
mitigated the behavioral deficits induced by ICH, demonstrating a highly effective and safe therapeutic outcome. The 
development of the multifunctional nanomodulator offers a novel strategy for the construction of ICH therapeutic agents.

Materials and Methods
Materials
All mentioned oligonucleotides and triphenylphosphine-modified DNA were purchased from Hu zhou Hippo 
Biotechnology Co., Ltd. DCFH-DA and dithiothreitol (DTT) were purchased from Aladdin (Shanghai). Ginkgetin 
(566.52 Da, purity >98%) and oxyhemoglobin (OxyHb) was purchased from Merck & Co, Inc. DMEM/F12, trypsin, 
and fetal bovine serum (FBS) were purchased from GibcoTM. Antibodies and fluorescent probe-labeled secondary 
antibody were purchased from (Abcam; Cambridge, MA). Cell culture dishes/plates, round coverslips, and 20-mm glass- 
bottom dishes were obtained from NEST Biotechnology Co. Ltd. (Wuxi, China). YeaRed Nucleic Acid Gel Stain 
(cat#10202ES76), phi29 DNA polymerase (cat#14404ES72), and Hifair® One Step RT-qPCR SYBR Green Kit 

Figure 1 Schematic presentation of the Ginkgetin-loaded self-assembly nanoplatform TNF@Gin for intracerebral hemorrhage (ICH) treatment. Red downward arrows 
indicate downregulation, while yellow upward arrows indicate upregulation. 
Abbreviations: TNF@Gin, Targeted Nano Flower loaded with Ginkgetin; φ29, phi29 DNA polymerase as cornerstone enzyme for isothermal nucleic acid amplification 
techniques in rolling circle amplification; TNF-α, tumor necrosis factor-α; IL-1β, interleukin-1β; IL-10, interleukin-10; TGF-β, transforming growth factor-β; ROS, reactive 
oxygen species; GPX4, glutathione peroxidase 4; Nrf2, nuclear factor erythroid 2-related factor 2.
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(cat#11143ES70) were purchased from Yeasen, Shanghai, China. Hochst33258 (C0020) and cell counting kit 8 (CCK-8) 
were purchased from Beijing Solarbio Science & Technology Co.,Ltd. ABclonal ELISA Kit (RK08016, RK09250, 
RK09263, and RK09283) were purchased from ABclonal Technology (WuHan, China).

Cells
All cell lines mentioned were purchased from the American Type Culture Collection (ATCC). To establish the in vitro 
ICH model, HT22 and BV2 cells with OxyHb were stimulated with 20 μM OxyHb and 5% CO2 at 37 °C following the 
reported procedures.17

Design of the DNA Template and T Structure
The linear DNA template containing the hybridization site (GTGCTACTCCAGTTC) was synthesized by solid-phase 
synthesis with phosphate at the 5′ site (Figure S1A). To construct the T structure, the DNA self-assembly Y shape was 
designed with 3 extended DNA strands containing the aptamer sequence 
(GAATTCCGCGTGTGCACACGGTCACAGTTAGTATCGCTACGTTCTTTGGTAGTCCGTTCGGGAT) as shown in 
Figure S1B, and the detailed DNA sequence was included in the supporting Table S1.

Preparation of the DNA Nanomodulator TNF@Gin
The preparation of the nano flower was based on the RCA reaction as described.28,29 Typically, 2 μM 5′ phosphorylated 
DNA templates and equivalent primer were mixed and annealed in 1 × T4 DNA ligation buffer (50 mM Tris-HCl, 10 
mM MgCl2, 10 mM DTT, and 1 mM adenosine triphosphate (ATP), pH = 7.5), followed by the addition of T4 DNA 
ligase (10 U/μL) and incubation at 16 °C for 12 h. Subsequently, the ligated circular DNA templates (0.3 μM) were 
incubated with dNTPs (1 mM) and phi29 DNA polymerases (1 U/μL) in the corresponding reaction buffer (50 mM Tris- 
HCl, 10 mM MgCl2, 66 mM KCl, 0.04% (v/v) Tween 20, 4 mM DTT, pH = 7.5) at 30 °C for 18 h.

To synthesize the T structure, the purified DNA strands (L, S1-1, S1-2, S1-3, S1, S2, S3, 1–4, 1–5, and 1–6) were 
mixed at the same molar ratio in a 1×TAE/Mg2+ buffer (40 mM Tris, 20 mM acetic acid, 2 mM EDTA, and 12.5 mM 
magnesium acetate, pH = 8.3) with a concentration of 1 μM. The aforementioned assembly solutions were kept at 95 °C 
for 3–5 min and then cooled down from 95 to 25 °C over 24 h. Then, 10 nM of T structure was mixed with Nano Flower 
at 25 °C for 9 h for hybridization.

After hybridization, the drug loading procedure for preparing TNF@Gin was conducted by directly adding the 
component Ginkgetin. To optimize the loading of the therapeutic drug, Ginkgetin ranging from 0.1 to 1.5 mg/mL was 
added with different culture times (1.0 to 6.0 h). After the incubation, the mixture was washed with PBS by centrifuga
tion at 8500 rpm for 5 min and stored at 4 °C. The drug loading efficiency (DLE) was measured by UV absorption and 
calculated (DLE %=(Ginkgetin added-free Ginkgetin)/(Ginkgetin added)×100%).

Prepared TNF@Gin (1µg/mL in ddH2O) was deposited onto a copper grid. After deposition for 0.5 h, the excess sample 
solution was then removed. The grid was dried overnight and sputter-coated with gold before observation. The images were 
collected and processed using a Hitachi SU8220 Scanning Electron Microscope. For Atomic force microscopy (AFM) imaging, 
the freshly prepared TNF@Gin (1µg/mL) was deposited onto mica and deposited for 3 min. After deposition, the surface of the 
mica was rinsed with 1 mL ddH2O and air-dried. The prepared samples were imaged with a MultiMode 8 AFM (Bruker) under 
ScanAsyst-Air mode. Dynamic light scattering (DLS) analysis of Nano flower and TNF@Gin was performed on a Malvern 
Zetasizer Nano-ZS (Malvern Instruments, U.K.) at 25 °C.

Stability Analysis
TNF@Gin (10 µg/mL) was incubated in DMEM with 10% FBS for 0 to 24 h at 37 °C. Then, the samples were 
characterized by DLS to measure the particle size and distribution at 25 °C and 0.8% agarose gel electrophoresis to verify 
the aggregation and degradation.
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Drug Release Analysis
Freshly prepared TNF@Gin was re-suspended in 1 mL of PBS and sealed within a pre-soaked dialysis bag (MWCO: 5 
kDa). The dialysis bag was then fully immersed in 5 mL of PBS with different pH value and further incubated at 37 °C 
under constant gentle agitation. The concentration of the released drug in the collected samples was quantified using UV- 
Vis spectrophotometry (λ=352 nm, without interfering with the absorption peak of DNA at 260 nm).

Cell Viability Assay
ICH cells (HT22 cells or BV2 cells stimulated with OxyHb) incubated with different drugs were tested using the CCK 8 
kit. The OD value was measured at the wavelength of 450 nm.

Determination of Intracellular ROS
In this study, intracellular ROS generation was measured using a DCFH-DA assay. Cells were seeded in confocal plates 
(1 × 105 cells) and, after adhesion, treated with various drugs for 12 h. Following treatment, cells were incubated with 
DCFH-DA according to the manufacturer’s instructions, washed three times with cold PBS, and imaged using 
a fluorescence microscope (Ex/Em = 488/525 nm).

ELISA Assay
Levels of the inflammatory factors Tumor Necrosis Factor-α (TNF-α), Interleukin-1β (IL-1β), Interleukin-10 (IL-10), and 
Transforming Growth Factor-β (TGF-β) were quantified using an Enzyme-Linked Immunosorbent Assay (ELISA). To 
prevent protein degradation, supernatants from the culture medium and peri-hematomal brain tissues were collected and 
stored at −80 °C. All measurements were performed with an ELISA Array Kit in strict accordance with the manufac
turer’s instructions.

Animal Experiment Ethics
C57 mice (6–8 weeks old) were purchased from Vital River Laboratory Animal Technology Co., Ltd. All animals received care 
in compliance with the guidelines outlined in the Guide for the Care and Use of Laboratory Animals. The procedures were 
approved by the Institutional Animal Care and Use Committee of Hainan Medical University with ethics approval (HYLL-2024- 
253). Mice were anesthetized with isoflurane (4–5% for induction, 1.5–2% for maintenance) in oxygen (1 L/min) using standard 
inhalation equipment. Euthanasia was performed by CO2 inhalation using a gradual displacement method (20–30% chamber 
volume per minute) until 100% CO2 concentration was achieved. All anesthesia was performed following AVMA guidelines.

In vivo Therapeutic Effect Assay
The ICH mouse model was induced in 6-week-old C57BL/6 mice via stereotactic injection of 0.08 units of collagenase 
VII (0.08 U in 1.0 μL saline) into the striatum as reported.17,32 Seven days post-injury, mice were randomly assigned to 
four groups (PBS, Nano Flower, Ginkgetin, and TNF@Gin) and administered intravenous injections of the respective 
formulations (50 μL) on days 0, 2, and 4. The dosage was calculated as 2 mg Ginkgetin/kg body weight. Body weight 
and behavioral deficits were monitored throughout the treatment. Upon completion of the regimen, mice were euthanized 
for brain tissue collection and subsequent analysis.

Staining of Tissue Sections
Mouse organs were fixed in 4% paraformaldehyde at room temperature, paraffin-embedded, and sectioned at 5 μm. The 
sections were then stained with Hematoxylin and Eosin (H&E) for morphological examination. For immunofluorescence, 
harvested brain tissues were similarly sectioned at 5 μm and mounted onto slides. Immunostaining was performed 
according to the manufacturer’s standard protocol.
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Statistical Analysis
All data are expressed as mean ± s.d., and for comparisons between two groups, means were compared using the one- 
way analysis of variance (ANOVA) with the Tukey post hoc test.

Results and Discussion
Preparation and Characterization of the Nanomodulator TNF@Gin
For neuroprotective and cardioprotective properties, standardized extracts derived from the leaves of Ginkgo biloba have 
been extensively used in both traditional and modern medicine. The therapeutic potential of the biflavone components 
(Ginkgetin, Isoginkgetin, and Bilobetin) stems from their multifaceted mechanisms of action. They are widely recognized 
for their potent antioxidant properties, effectively scavenging ROS and upregulating endogenous antioxidant defense 
systems like the Nrf2 pathway as reported.31 This activity is crucial in mitigating oxidative stress, a key pathological 
driver in numerous chronic diseases. Furthermore, Ginkgetin exhibits significant anti-inflammatory effects by modulating 
key signaling pathways, thereby reducing the production of pro-inflammatory cytokines.33 Therefore, in this study, we 
utilized Ginkgetin to fabricate a nanomodulator aimed at addressing the therapeutic challenges of ICH as shown in 
Figure 1. To achieve blood-brain barrier penetration, we designed a template containing a hybridization site for 
modification of the T-structure, which incorporates a TfR-targeted aptamer for BBB crossing (Figure S1). This template 
was then subjected to RCA to form a nanoscale assembly (Nano Flower), which was subsequently modified with the 
T-structure and loaded with Ginkgetin. Multiple copies of aptamers on the T-structure enable surface modification of the 
nano-platform with targeting ligands and facilitate ligand-receptor binding. To characterize the drug-loading capabilities 
of the nanomodulator TNF@Gin, comprehensive analyses were conducted. First, to determine the optimal drug-loading 
capacity, we investigated the effect of varying the initial concentration of Ginkgetin during the synthesis process. As 
shown in Figure 2A, the loading amount of Ginkgetin increased proportionally with the initial feeding concentration up 
to 1.0 mg/mL. Furthermore, prolonged incubation time was beneficial for drug loading. Based on this, the optimal DLE 
was determined to be 47.83% using UV absorption spectroscopy (Figure 2B). Similar to our previous study, Ginkgetin, as 
a biflavone, is loaded onto Nano Flowers via non-covalent binding, primarily through intercalation.34,35 The morphology 
and topography of the synthesized TNF@Gin were then visualized using electron and atomic force microscopy. SEM 
(Scanning electron microscopy) revealed that the TNF@Gin possessed a well-defined, uniform flower-like nanostructure 
(Figure 2C). Atomic force microscopy (AFM) and Transmission electron microscope (TEM) further confirmed the 
monodispersity, corroborating the SEM observations (Figures 2D, S2–S4). Next, the hydrodynamic properties and 
surface charge of the nanoplatform were evaluated in a physiological environment. DLS analysis in PBS showed that 
the TNF@Gin exhibited a narrow hydrodynamic size distribution with an average diameter of approximately 135.8 ± 
14.6 nm, which is favorable for potential in vivo applications (Figure 2E). Furthermore, zeta-potential measurements 
exhibited a zeta-potential shift following the successful loading of Ginkgetin, confirming the successful drug-loading 
(Figure 2F). Finally, the drug release profile of TNF@Gin was measured under different pH conditions to simulate 
various physiological environments. As shown in Figure 2G, the nanomodulator exhibited a time-dependent sustained- 
release behavior, indicating that the therapeutic agents can be released continuously to maintain an effective drug 
concentration, thereby ensuring sustained pharmacological activity. Moreover, the TNF@Gin maintained its particle 
size and dispersibility under both static and shaking conditions, indicating the excellent stability under a physiological 
environment (Figures S5 and S6).

M1/M2 Microglial Polarization Effect of the Nanomodulator
To evaluate the therapeutic potential of TNF@Gin in mitigating oxidative stress and modulating microglial polarization, 
we established an in vitro ICH model using BV2 cells stimulated with OxyHb. After confirming the effective cellular 
internalization, we assessed the intracellular ROS levels regulated by TNF@Gin in ICH cells (Figures S7 and S8). As 
visualized by DCFH-DA fluorescence, cells induced by OxyHb exhibited a significant increase in ROS production 
compared to the untreated control (Figures 3A and S9). While the Nano Flower and free Ginkgetin offered moderate 
reduction in ROS levels, the TNF@Gin group demonstrated the most potent antioxidant effect, with fluorescence 
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intensity nearly returning to the baseline level of the control group as quantitatively confirmed by statistical analysis 
(Figure 3B). Consistent with the ROS scavenging, the cell viability assay revealed that OxyHb induction caused notable 
cytotoxicity in BV2 cells. As expected, the TNF@Gin treatment provided the most significant protection against this 
damage, substantially improving cell survival compared to all other treatment groups (Figure 3C). Given the critical role 
of microglial polarization in the inflammatory response, we next investigated the effect of TNF@Gin on the M1/M2 
phenotype balance. Immunofluorescence calculation was used to identify M1 macrophages (Iba1+CD16/32+) and M2 
macrophages (Iba1+CD206+). The results showed that the treatment with TNF@Gin effectively reversed the trend in 
ICH, markedly decreasing the proportion of M1 cells and increasing the proportion of M2 cells (Figure 3D and E). 
Consequently, the M2/M1 ratio, a crucial indicator of the inflammatory state, was dramatically increased following 

Figure 2 (A) Upload of Ginkgetin in TNF@Gin. The addition of Ginkgetin ranged from 0.1 to 1.5 mg/mL. (B) Drug loading efficiency (DLE) of TNF@Gin in Nano Flower 
measured by UV absorption. (C) Scanning electron microscopy (SEM) imaging of the TNF@Gin. Scale bar: 100 nm. (D) Atomic force microscope (AFM) imaging of the 
TNF@Gin under ScanAsyst-Air mode. Scale bar: 500 nm. (E) Hydrodynamic size analysis conducted by dynamic light scattering in PBS. (F) Zeta-potential of Nano Flower 
and TNF@Gin. (G) Time-dependent Ginkgetin release at different pH levels. TNF@Gin was separated in PBS with pH of 6.0, 7.4, or 8.3. The data are presented as mean ± 
SEM (n=3).
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TNF@Gin intervention (Figure 3F). Taken together, these findings demonstrate that TNF@Gin effectively mitigates 
oxidative stress and cytotoxicity while concurrently reprogramming microglia from a pro-inflammatory M1 to an anti- 
inflammatory M2 phenotype. This dual-action mechanism highlights its considerable promise as a therapeutic strategy 
for managing the inflammatory pathologies associated with ICH.

Figure 3 (A) Representative images of intracellular ROS levels measured using DCFH-DA in BV2 cells. Cells were treated with different components (PBS, Nano Flower, 
Ginkgetin, or TNF@Gin) after 24 h of induction of OxyHb. Scale bar: 100 µm. (B) Statistical analysis of the intracellular ROS. (C) Cell viability of BV2 cells treated with 
different components 24 h after OxyHb intervention. (D and E) Level of M1 (Iba1+CD16/32) cell and M2 (Iba1+CD206) cell in various groups. (F) Ratio of M2/M1 in various 
groups. The drug concentration was based on 1 μg mL−1 Ginkgetin. The concentration of the Nano Flower was calculated based on the nucleic acid concentration in 
TNF@Gin. The data are presented as mean ± SEM (n=3). Statistical significance was calculated by one-way analysis of variance (ANOVA) with the Tukey post hoc test, NS 
indicates not significant, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.
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To further elucidate the molecular mechanisms underlying the TNF@Gin-mediated regulation of microglial phenotypes, 
we quantified the key inflammatory cytokines in the supernatant of BV2 cells following OxyHb induction (Figure 4A). As 
shown in Figure 4B and C, OxyHb stimulation triggered a robust inflammatory response, leading to a significant increase in 
the secretion of both TNF-α and IL-1β compared to the control group. While treatment with the Nano Flower or free 
Ginkgetin resulted in a moderate reduction of these cytokines, the TNF@Gin group exhibited the most potent anti- 
inflammatory effect with the reductions being statistically significant. Next, we assessed the secretion of anti-inflammatory 
cytokines. As shown in Figure 4D and E, notably, TNF@Gin treatment effectively reversed the immunosuppressive effect, 
significantly elevating the concentrations of both IL-10 and TGF-β levels compared to Nano Flower and free drug treatment.

Figure 4 (A) Schematic illustration of the TNF@Gin regulating microglial phenotypes in BV2 cells. (B and C) Pro-inflammatory factors TNF-α and IL-1β in the BV2 cellular 
supernatant at 24 h detected via ELISA. (D and E) Anti-inflammatory factors IL-10 and TGF-β in the BV2 cellular supernatant at 24 h detected via ELISA. The drug 
concentration was based on 1 μg mL−1 Ginkgetin. The concentration of the Nano Flower was calculated based on the nucleic acid concentration in TNF@Gin. The data are 
presented as mean ± SEM (n=3). Statistical significance was calculated by one-way analysis of variance (ANOVA) with the Tukey post hoc test, NS indicates not significant, * 
p < 0.05, ** p < 0.01, *** p < 0.001.
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Evaluation of Nanomodulator-Mediated Attenuation of Ferroptosis
To investigate the potential of TNF@Gin to mitigate ferroptosis in neuronal cells, we employed OxyHb-induced HT22 
cells as an ICH cell model. We first evaluated the intracellular ROS levels, as visualized by DCFH-DA fluorescence, 
treatment with TNF@Gin led to a significant reduction in intracellular ROS compared to the control group, demonstrat
ing its potent antioxidant activity at the cellular level (Figure 5A). According to the cell viability assay, the nanomodu
lator TNF@Gin could also alleviate the cell toxicity induced by OxyHb (Figure S10). We then delved into the underlying 
molecular mechanisms by examining the key regulators of the antioxidant defense system. Quantitative PCR analysis 

Figure 5 (A) Representative images and statistical analysis of intracellular ROS levels measured using DCFH-DA in HT22 cells. Scale bar = 100 μm. (B and C) The level of 
GPX4 and Nrf2 mRNA in HT22 cells assessed by quantitative-PCR. (D) Protein expression level of GPX4 and Nrf2 assessed by ELISA. (E) Schematic illustration of the 
mechanism in attenuating ferroptosis in HT22 cells. Red downward arrows indicate downregulation, while upward arrows indicate upregulation. (F) MDA levels in HT22 
cells after various treatments. The drug concentration was based on 1 μg mL−1 Ginkgetin. The concentration of the Nano Flower was calculated based on the nucleic acid 
concentration in TNF@Gin. The data are presented as mean ± SEM (n=3). Statistical significance was calculated by one-way analysis of variance (ANOVA) with the Tukey 
post hoc test, NS indicates not significant, * p < 0.05, ** p < 0.01, *** p < 0.001.
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revealed that TNF@Gin treatment significantly upregulated the mRNA expression of both glutathione peroxidase 4 
(GPX4) and nuclear factor erythroid 2-related factor 2 (Nrf2) (Figure 5B and C). Consistent with these transcriptional 
changes, ELISA analysis confirmed a corresponding increase in the protein level of GPX4 and Nrf2 (Figure 5D). The 
upregulation of the key factor Nrf2, a master regulator of antioxidant responses, and its downstream effector GPX4, 
a central enzyme that inhibits lipid peroxidation, strongly suggests that TNF@Gin activates a protective cellular pathway 
against ferroptosis. This proposed mechanism is schematically illustrated in Figure 5E. Functionally, the activation of this 
anti-ferroptotic pathway was further validated by measuring malondialdehyde (MDA), a primary byproduct of lipid 
peroxidation and a well-established biomarker for ferroptosis. The results showed that TNF@Gin treatment significantly 
decreased the MDA levels in OxyHb-induced HT22 cells, indicating effective suppression of lipid peroxidation 
(Figure 5F). Collectively, these findings demonstrate that TNF@Gin effectively attenuates ferroptosis in HT22 cells 
through activating the Nrf2/GPX4 signaling axis.

Therapeutic Efficacy and Mechanistic Insights in ICH
To evaluate the therapeutic efficacy of TNF@Gin in vivo, we employed an ICH mouse model and conducted 
a comprehensive assessment encompassing behavioral tests, biochemical analysis, and histological examination over 
a 28-day treatment period. First, in the foot fault test, which measures fine motor coordination and placement deficits, 
mice treated with TNF@Gin (2 mg Ginkgetin/kg body weight through i.v.) showed a statistically significant reduction in 
the number of foot faults compared to the ICH group, indicating a marked improvement in motor function (Figure 6A). 
This functional recovery was further corroborated by the rotarod test. As shown in Figure 6B, TNF@Gin-treated mice 
demonstrated a significantly longer latency to fall, reflecting enhanced motor balance and coordination. As shown in 
Figure 6, significant differences for Ginkgetin and TNF@Gin were primarily observed at Day 28. This time-dependent 
trend can be attributed to a cumulative therapeutic effect. During the initial stages of treatment (Days 7–21), the 
therapeutic effects were accumulating. As the treatment progressed, sustained pharmacological action yielded a robust 
outcome by Day 28. To investigate the pathological and molecular basis for this improvement, we analyzed brain tissues 
from the treated mice. As shown in Figure 6C, treatment with the TNF@Gin significantly reduced MDA levels in the 

Figure 6 (A) Statistical analysis of the foot fault test during the 28 day of the treatment. (n=10). (B) Statistical analysis of the rotarod test during the 28 day of the treatment. 
(n=10). (C) MDA levels in brain extract from the ICH mouse. (n=3). Healthy mice were used as the control group. The drug concentration was based on 2 mg Ginkgetin/kg 
body weight. Statistical significance was calculated by one-way analysis of variance (ANOVA) with the Tukey post hoc test, NS indicates not significant, * p < 0.05, ** p < 0.01, 
*** p < 0.001.
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brain tissues of mice. Histological examination via H&E staining revealed that the ICH group suffered severe neuronal 
damage and tissue disorganization. In contrast, TNF@Gin treatment provided substantial neuroprotection, preserving the 
normal cellular architecture and reducing the extent of tissue injury (Figure 7A). Consistent with this, immunofluores
cence staining for ROS showed that TNF@Gin administration led to a dramatic decrease in ROS accumulation in the 
brain sections, confirming its potent anti-oxidative stress effect in vivo (Figure 7B). We then quantified the M1/M2 
polarization ratio in brain tissue (Figures S11 and S12). The level of M1 cells was notably elevated in the ICH group but 
was effectively reversed by TNF@Gin treatment, which lowered the ratio towards a more anti-inflammatory profile 
(Figure 7C). At the molecular level, quantitative-PCR analysis confirmed that TNF@Gin treatment significantly 
upregulated the mRNA expression of the key anti-ferroptotic proteins Nrf2 and GPX4 in brain tissues (Figure 7D and 
E). Collectively, these in vivo findings demonstrate that TNF@Gin treatment not only promotes significant long-term 
functional recovery but also exerts potent neuroprotective effects by mitigating oxidative stress, reducing lipid peroxida
tion, and modulating the inflammatory response in the brain following ICH. The superior efficacy of TNF@Gin over free 
Ginkgetin stems from the nano-delivery system’s ability to overcome the inherent limitations of the free compound. 
While free Ginkgetin suffers from poor solubility and rapid clearance, TNF@Gin enhances solubility and protects the 

Figure 7 (A) Representative images of H&E staining of brain sections from ICH mice after different treatments. Scale bar = 50 μm. (B) Immunofluorescence images of ROS 
in brain sections. Scale bar = 50 μm. (C) Ratio of M2/M1 in brain tissues measured by ELISA. (D and E) The level of GPX4 and Nrf2 mRNA in brain tissues assessed by 
quantitative-PCR. The data are presented as mean ± SEM (n=5). Statistical significance was calculated by one-way analysis of variance (ANOVA) with the Tukey post hoc test, 
* p < 0.05, ** p < 0.01.
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flavonoid from oxidative inactivation, thereby maintaining pharmacological activity during circulation. Moreover, unlike 
the inefficient passive diffusion of free Ginkgetin, the nano-formulation facilitates cellular internalization via endocy
tosis, significantly increasing intracellular drug accumulation and therapeutic potency.

To assess the biocompatibility, blood samples were collected during the treatment, and blood index values were 
measured (alanine aminotransferase (ALT), alkaline phos-phatase (ALP), albumin (ALB), UREA, Creatinine (CREA), 
and uric acid (UA)). All the tested function markers remained within the normal ranges during the treatment (Figure 8A). 
Then, a histopathological examination was performed on major organs, including the heart, liver, spleen, lung, and 
kidney. H&E staining revealed that the cellular architecture and morphology of these organs in all treatment groups were 
well-preserved, with no signs of inflammation, cellular necrosis, edema, or other pathological lesions (Figure 8B). 
Moreover, no significant loss of body weight was observed, suggesting that the treatments did not induce acute adverse 
physiological effects or cause significant distress to the animals (Figure S13). The results prove that TNF@Gin is 
a promising nanoplatform for effective treatment of ICH. Distinct from existing literature that often reports transient 
therapeutic effects, our formulation demonstrated a sustained pharmacological action resulting in significant long-term 
benefits. This time-dependent cumulative effect, as evidenced by the histological and functional recovery data, suggests 
that the TNF@Gin nanomodulator offers a pharmacokinetic advantage over formulations reported in earlier works, 
providing a more durable protection against secondary brain injury.

Conclusion
In this study, we successfully developed a Ginkgetin-loaded nanoflower, TNF@Gin, and systematically evaluated its 
therapeutic potential and underlying mechanisms in treating ICH. The nanomodulator exhibited favorable physicochem
ical properties, including a uniform morphology, high loading capacity, and excellent stability. In both in vitro and in vivo 
ICH models, TNF@Gin provided potent neuroprotection by targeting the core pathological cascades of secondary brain 
injury. Mechanistically, TNF@Gin effectively scavenged reactive oxygen species, reprogrammed microglia from a pro- 
inflammatory M1 phenotype to an anti-inflammatory M2 phenotype, and mitigated neuronal ferroptosis by activating the 

Figure 8 (A) Blood biochemical analysis after the treatment of PBS, Nano Flower, Ginkgetin, or TNF@Gin. (B) H&E staining of the liver, lung, kidney, heart, and spleen after 
the treatment. Scale bar: 100 μm. The data are presented as mean ± SEM (n=3).
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Nrf2/GPX4 signaling axis. These multifaceted actions culminated in significant long-term functional recovery in treated 
ICH mice. Critically, the nanomodulator demonstrated excellent biocompatibility with no observable systemic toxicity. 
Taken together, our findings present TNF@Gin as a safe and highly effective nanotherapeutic strategy that holds 
immense promise for the clinical management of ICH.
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