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Purpose: Osimertinib, established as the frontline treatment for advanced non-small cell lung cancer (NSCLC), can effectively
prolong progression-free survival. However, it faces the problem of reduced treatment persistence due to acquired drug resistance.
Meanwhile, tumor hypoxia is also a key driver of drug resistance. This study proposes a hybrid protein oxygen nanocarrier combined
with osimertinib and ginsenoside Rg3 to address the drug resistance issue of NSCLC through multiple mechanisms.

Methods: A hybrid protein-oxygen multifunctional nanoplatform (OG@HPO) was engineered by co-encapsulating OSI and GRg3
within oxygen-rich protein matrices. Initial confirmed the synthesis of OG@HPO and characterized its drug/oxygen release.
Subsequent in vitro assays verified OG@HPO’s tumoricidal activity and elucidated its mechanistic. Finally, in vivo evaluations
validated the nanoplatform’s tumor targeting and anticancer efficacy.

Results: Preliminary experiments confirmed successful OG@HPO preparation and validated its drug/oxygen release capacities. In
vitro assays demonstrated the potent cytotoxic effects of OG@HPO against H1975 OR cells. In vivo biodistribution studies revealed
excellent tumor-targeting of OG@HPO in H1975 OR xenograft mice. Subsequent 18 days therapeutic monitoring showed superior
antitumor efficacy accompanied and favorable biosafety profile of OG@HPO. More importantly, in vitro and in vivo studies
demonstrated that OG@HPO effectively oxygenate tumor microenvironment, thereby inhibiting hypoxia-driven HIF-1a expression
and simultaneously inhibiting the vascular endothelial growth factor (VEGF)/EGFR pathway.

Conclusion: OG@HPO represents an innovative multifunctional nanoplatform integrating tumor-targeting, multi-drug delivery, and
hypoxia modulation capabilities. By effectively alleviating tumor hypoxia, it achieves multiple inhibition of HIF-1a and EGFR/VEGF
pathways. Ultimately, enhances NSCLC sensitivity to osimertinib, thereby reversing acquired resistance. Overall, OG@HPO 1is
regarded as a promising strategy to overcome osimertinib resistance providing a clinically translatable solution.

Keywords: non—small cell lung cancer, osimertinib resistance, hypoxia-inducible factor, vascular endothelial growth factor, epidermal
growth factor receptor

Introduction

Lung cancer remains the leading cause of cancer-related mortality globally, with non-small cell lung cancer (NSCLC)
constituting approximately 85% of all diagnosed cases.'* A critical molecular feature of NSCLC involves activating
mutations within the epidermal growth factor receptor (EGFR) gene, most notably exon 19 deletions (19del) and exon 21
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L858R substitutions.® ® These genetic aberrations transduce signals that drive carcinogenesis through the tyrosine kinase
structural domain. Consequently, EGFR-tyrosine kinase inhibitors (TKIs) have emerged as the first choice for NSCLC
treatment.” Among these agents, osimertinib, the irreversible third-generation EGFR-TKI, has replaced earlier genera-
tions (such as erlotinib and afatinib) as the preferred treatment for EGFR-mutated patients. It is attributed to osimertinib
has superior therapeutic prognosis and T790M mutation targeting.* ' However, 70-80% of patients inevitably develop
acquired resistance within 24 months.'*'? Therefore, overcoming the resistance of osimertinib remains a critical
challenge that needs to be solved.

In order to overcome osimertinib resistance, multiple therapeutic paradigms have been investigated, including
chemotherapy, immunotherapy and targeted therapies.'* '® However, conventional chemotherapy often provides only
transient disease control and is associated with substantial toxic burdens.'”"'® Immunotherapy can potentially produce
durable efficacy in some patients, especially those with high PD-L1 expression, but tumors with EGFR mutations are less
sensitive to immune checkpoint inhibitors.'” ' Similarly, targeted therapies usually targets a specific target for treatment,
whereas osimertinib resistance typically acquired by up-regulation or transformation of multiple alternative factors
promoting value-added signalling pathways. This single-target therapy can limit the clinical benefit to the patient.>>*
Emerging evidence implicates that tumor hypoxia may be an important driver in osimertinib resistance pathogenesis.?®
Activation of EGFR upregulates hypoxia-inducible factor-1o. (HIF-1a), which transcriptionally regulates downstream
targets, including promoting vascular endothelial growth factor (VEGF) expression, establishing a self-reinforcing cycle
that drives tumor progression.”” To address this multifactorial resistance, there is an urgent need to develop new drugs
that improve the hypoxic state of the tumor microenvironment and disrupt hypoxic signaling. Meanwhile, they can
synergistically target the resistance mechanisms to combat tumors. This integrated approach is expected to restore
sensitivity to EGFR-targeted therapy and improve patient outcomes.

Here, an innovative nanotherapeutical strategy was developed that simultaneously disrupts the hypoxic tumor
microenvironment and inhibits EGFR/VEGF pathways, ultimately overcoming NSCLC resistance to osimertinib for
highly effective anti-tumor therapy (Scheme 1). Specifically, a hybrid protein oxygenate nanodrug (OG@HPO) was
developed by co-coat osimertinib (OSI) and ginsenoside Rg3 (GRg3) with structural basis of human serum albumin
(HSA) and hemoglobin (Hb). This nanosystem co-delivers OSI and GRg3 while achieving tumor-specific oxygen
delivery through HSA-mediated targeting and intrinsic oxygen-carrying capacity of Hb.?**° When hypoxia in the
tumor microenvironment is improved, HIF-la expression is suppressed, and GRg3 down-regulates VEGF which
ultimately blocking the HIF-10/VEGF/EGFR pathway.?'*? This dual-pronged approach not only enhances the antitumor
efficacy of osimertinib in resistant NSCLC models but also delays the emergence of acquired resistance. Notably, the
nanotherapeutic formulation demonstrates superior biosafety and a scalable synthesis process, underscoring its transla-
tional potential. Collectively, these findings establish OG@HPO as a promising paradigm for overcoming osimertinib
resistance by integrating hypoxia modulation with targeted pathway inhibition, bridging a critical gap between preclinical
innovation and clinical application.

Materials and Methods

Reagents

Human serum albumin (HSA) was procured from Sigma-Aldrich (USA). Glutathione (GSH) was purchased from
Shanghai Macklin Biochemical Technology Co. Ltd (China). Bovine hemoglobin (Hb) was obtained from Hefei
Bomei Biotechnology Co. Ltd (China). Osimertinib (OSI) was sourced from MEDCHEMEXPRESS LLC (USA), and
Ginsenoside Rg3 (GRg3) was acquired from Shanghai Jinsui Biotechnology Co. Ltd (China). Anhydrous ethanol was
supplied by Tianjin Chemical Reagent Co. Ltd (China). The Hypoxyprobe-1 Plus kit was purchased from Hypoxyprobe
Inc (USA), the cell hypoxia detection kit was purchased from Shanghai Bestbio Biotechnology Co. Ltd (China), and
Hoechst 33342 was obtained from Thermo Fisher Scientific (USA). Phosphate buffer solution (PBS), penicillin-
streptomycin, and 0.25% (w/v) trypsin solution were sourced from Beijing Solarbio Science & Technology Co. Ltd
(China). RPMI-1640 medium and DMEM high glucose medium were procured from Wuhan Servicebio Technology Co.
Ltd (China). Annexin V-FITC/PI Cell Apoptosis Kit was procured from Jiangsu KeyGEN BioTECH Co. Ltd (China).
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Scheme | Preparation of nanomedicine OG@HPO and their application in osimertinib resistant NSCLC targeted therapy.

Human VEGF ELISA kits were purchased from Jiangsu Meimian Industrial Co. Ltd (China). All other chemicals utilized
in this study were of analytical reagent grade and were not subjected to further purification. Ultrapure water (18.25
MQcm, 25°C) was employed for the preparation of all solutions. All chemicals were obtained from commercial sources
without further purification.

Cell Lines and Animals

The osimertinib-resistant human lung adenocarcinoma cell line, NCI-H1975/Osimertinib (H1975 OR), was acquired
from Zhejiang Meisen Cell Technology Co. Ltd (China). The cells were maintained in a complete medium comprising
10 uM osimertinib, 10% fetal bovine serum (FBS), RPMI 1640 medium, and 1% penicillin/streptomycin (100 U/mL).
Human normal lung epithelial cells (BEAS-2B) were obtained from Wuhan Servicebio Technology Co. Ltd (China), and
the cells were preserved in a complete medium containing 10% fetal bovine serum (FBS), DMEM high glucose medium
and 1% penicillin/streptomycin (100 U/mL). Female BALB/c nude mice were procured from Zhuhai Best Biotechnology
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Co. Ltd (China), and were housed in a SPF grade barrier environment, maintained at a temperature range of 20-28°C,
with a relative humidity of 55% and a 12-hour light/dark cycle. All experimental procedures adhered to the ethical
guidelines sanctioned by the Laboratory Animal Center of Guangdong Medical University (GDMU-2024-000035) and
complied with the current guidelines and ethical standards approved by the Experimental Animal Centre of Guangdong
Medical University.

Synthesis of OG@HPO
Referring to the previously reported method for synthesizing OG@HPO.**** Initially, the preparation of reduced HSA

was conducted as follows: 10 mg of HSA was subjected to reduction using GSH (4 mg, 1 mL) for a duration of 1h at
room temperature. Subsequently, the resulting solution underwent dialysis (molecular weight cut-off: 3500 Da) for 12h to
eliminate excess GSH. Then, 0.05 mg OSI, 0.15 mg GRg3, and 2 mg Hb were incorporated into the reduced HSA
solution, ensuring thorough mixing at pH 8.0. To facilitate the precipitation of OG@HPO, 1.5 mL of ethanol solution
was introduced into the mixture, which was then subjected to vigorous stirring for 30 min at room temperature to re-
establish disulfide bonds. The resulting suspension was purified by performing three cycles of ultrafiltration using an
Amicon Ultra-4 centrifugal filter (MW:100 kDa, 4000 rpm) with ultrapure water, effectively removing ethanol, unbound
OSI, GRg3, HSA, and Hb, thereby yielding OG@HP nanoparticles. The free OSI and GRg3 in the supernatant were
quantified by a UV-Vis spectrophotometer, and the encapsulated efficiency (EE) was calculated using the following
formula: EE(%) = (initial dosage weight - free drug weight)/(initial dosage weight) x100. These OG@HP were
subsequently sealed and stored at 4°C. Prior to their utilization in experimental procedures, the OG@HP were exposed
to a pure oxygen stream at a flow rate of 2 L/min for 10 min to generate OG@HPO particles, which were then employed
in the experiments.

Characterization of OG@HPO

The morphological characteristics of OG@HP were determined using transmission electron microscope (Model
H-60091V, Japan), revealing a typical spherical shape and high monodispersity. The hydrodynamic particle size was
assessed with a particle sizer (Nano-ZS90, UK). Ultraviolet-visible spectroscopy was conducted using a ultraviolet
spectrophotometer (Shimadzu UV-2450, Japan), identifying characteristic absorption peaks for each component. Fourier
transform infrared spectroscopy was used to characterize the absorption peaks and identify the special chemical bonds
contained in OG@HPO. Additionally, the oxygen release profiles of OG@HPO were evaluated with a dissolved oxygen
analyzer (Mettler Toledo, Switzerland).*

In vitro Drug Release Experiments

To evaluate the release of OG@HP, a solution containing OG@HP with 0.2 mg of OSI and 0.2 mg of GRg3 was
introduced into GSH solution (10 mM). The system without GSH was identified as control group. This mixture was then
placed inside a dialysis membrane with a molecular weight cut-off (MWCO) of 3500 and placed on a constant
temperature shaker at 37°C (100 rpm). At various time intervals (0, 1, 2, 4, 6, 8, 10, 24, and 48 h), 1 mL of the
dialysate was collected and replaced with 1 mL of PBS. The release rate was determined by analyzing the resulting
concentrations using the UV-Vis spectrophotometer.

Cellular Uptake

Cyanine 5.5 (Cy5.5) is used for fluorescent labeling of OG@HP, mix Cy5.5 with OG@HP at room temperature and stir
overnight. Confocal laser scanning microscope (CLSM) and flow cytometry were used to assess the ability of the cells to
take up OG@HP. Specifically, 3D tumor spheres were formed by inoculating H1975 OR cells at 300 cells per well in
U-shaped ultra-low adsorption 96-well plates for 3 days, and then introducing OG@HP at 1, 2, and 4-hour intervals.
Subsequently, the cells were washed three times with PBS and incubated with Calcein-AM for 15 minutes to facilitate
cell localization. H1975 OR cells were seeded into confocal dishes at a density of 3x10* cells per well and incubated
overnight. OG@HP was subsequently introduced at time intervals of 1, 2, and 4 h. Following this, the cells were washed
3 times with PBS and incubated with Hoechst 33342 for 10 min to facilitate nuclear localization. Cellular uptake was
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then assessed using CLSM, and images were captured. Similarly, H1975 OR cells were seeded at a density of 8x10* cells
per well in 24-well plates and incubated overnight. OG@HP was added at the same time intervals of 1, 2, and 4 h. Cells
were then harvested through digestion and centrifugation, washed 3 times with PBS, and resuspended in PBS. The
samples were subsequently analyzed using a flow cytometer (BD FACSAria III, USA).

Cytotoxicity Assays

The cytotoxic effects of OG@HPO on the H1975 OR cell line were evaluated utilizing the CCK-8 assay. H1975 OR cells
were seeded into 96-well plates at a density of 8x10° cells per well. Following an overnight incubation period, the
medium was replaced with a complete medium containing varying concentrations of the test samples. The cells were then
incubated for an additional 24 h. Subsequently, the medium was exchanged for one containing CCK-8. Absorbance
readings at 450 nm were obtained using a microplate reader (ELISA of PerkinElmer, USA) after the designated
incubation period. This procedure was conducted in triplicate for all experimental groups to calculate the mean values.
Cell viability and the combination index (CI) were determined using the following equations.

OD;an
Cell viability(% ) = DA—P"; x 100% (1)
contro

where ODgympie is the OD value in the presence of the sample, and OD¢oniro1 is the OD value of the control group.

cr — IC50(combined therapy) — IC50(combined therapy)
~ IC50(OSI alone) IC50(GRg3 alone)

2

where IC50 indicates the semi-inhibited concentration of the preparation. The CI value < 1 indicates synergism, CI
value > 1 shows antagonism, and CI value = 1 means additive effects. The calculation was carried out by compusyn
software.

Live Cell Staining Assay

The effect of different preparations on H1975 OR cell viability was evaluated utilizing a Calcein-AM/propidium iodide
(PI) live/dead cell assay kit. H1975 OR cells were seeded at a density of 8x10° cells per well in 96-well plates and
incubated overnight at 37°C in an atmosphere containing 5% CO,. Subsequently, following a 24-hour incubation period
with various experimental treatments, the cells were washed with PBS. The cells were then stained with a calcein-AM/PI

reagent for 15 min to differentiate between live and dead cells. Images were captured using a live cell imaging system.

Cell Apoptosis Study

Apoptotic cells were identified utilizing the Annexin V-FITC/PI Apoptosis Detection Kit. H1975 OR cells were seeded
into 24-well plates at a density of 8x10* cells per well and allowed to adhere overnight. The cells were then treated for
24h with PBS, free OSI, O@HP, OG@HP, O@HPO, and OG@HPO, all at an equivalent OSI concentration of 8 pg/mL
and a GRg3 concentration of 25 pg/mL. Following treatment, the cells were harvested, washed with PBS, stained with
the Annexin V-FITC/PI Apoptosis Detection Kit, and analyzed via flow cytometry.

Tumor Spheres of Live and Dead Cells Staining

The effects of different preparations on the tumor sphere viability of H1975 OR cells were evaluated by using the
calcitonin-AM/propidium iodide (PI) live/dead cell assay kit. H1975 OR cells were seeded in U-shaped ultra-low
adsorption 96-well plates at a rate of 300 cells per well and incubated at 37 © C for 3 days in an environment containing
5% CO,. Subsequently, after 24 hours of treatment with different preparations, the cells were washed with PBS. Then,
the cells were stained with calcein-AM/PI reagent for 15 minutes to distinguish between live cells and dead cells. Images
were captured using CLSM.
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Tumor Spheres of Hypoxia Probe Staining

The effects of different preparations on hypoxia remission of tumor spheres in H1975 OR cells were evaluated using
hypoxia probe kits. H1975 OR cells were seeded in U-shaped ultra-low adsorption 96-well plates at a rate of 300 cells per
well and incubated at 37 © C for 3 days in an environment containing 5% CO,. Subsequently, after 24 hours of treatment
with different preparations, the cells were washed with PBS. Then, the cells were stained with RU(dpp);Cl, probe for
30 minutes and incubated with Calcein-AM for 15 minutes to locate the live cells. Images were captured by CLSM.

Western Blot Assay

Following the seeding and overnight incubation of H1975 OR cells in 6-well plates, the cells were cultured with various
preparations for a duration of 24 h. Subsequently, the cells underwent digestion, collection, and two rounds of washing before
being lysed in RIPA buffer supplemented with protease inhibitors. The protein concentrations of the samples were determined
using a BCA protein assay kit. Thereafter, the sample proteins were incubated with antibodies targeting EGFR, phosphory-
lated EGFR (p-EGFR), HIF-1a, VEGF, and actin. A secondary incubation was performed using a goat anti-rabbit antibody.
Images were captured utilizing the CLINX 6100 system and analyzed manually with Servicebio software (AIWBwell TM).
The density of protein bands was quantified using ImagelJ software, with actin serving as a loading control.

Animal Tumor Models

To develop a tumor xenograft mouse model, a suspension of H1975 OR cells was prepared at a concentration of 1.0x10’
cells in 100 pL of PBS. This suspension was then used to establish xenografts via subcutaneous injection into the right
flank region of 6—8 week-old female BALB/c nude mice.

In vivo Biodistribution Assay

To investigate the in vivo distribution of OG@HPO, H1975 OR tumor-bearing mice with tumor volumes ranging from
200 to 300 mm?® were randomly assigned to two groups and administered either PBS or OG@HPO. Following the
intravenous injection of an equivalent dose of free Cy5.5 and Cy5.5-OG@HPO into the mice via the tail vein,
fluorescence imaging was conducted using the IVIS spectroscopy system at 0, 1, 2, 4, 8, 12, and 24 h. After 24 h, the
tumors and organs were excised from the mice and subjected to fluorescence analysis to assess tissue distribution.

In vivo Tumor Hypoxia Assays

To assess the hypoxic relief of tumors by OG@HPO, female nude mice bearing H1975 OR tumors were injected tail vein
using OG@HP and OG@HPO (1 mg/kg OSI, 3 mg/kg GRg3). After 3 h, mice were given a tail vein injection of
pimonidazole hydrochloride (60 mg/kg). Mice were allowed to circulate for 90 min, then euthanized and tumors were
collected for frozen sections. Tumor sections were stained with FITC-coupled mouse anti-peramonidazole antibody
(dilution 1:200, Hypoxyprobe Inc.) and Alex 488-conjugated goat anti-mouse secondary antibody (dilution 1:200,
Jackson Inc).*®

In vivo Antitumor Efficacy and Mechanisms

When the tumor volumes exceeded 50-100 mm?®, the mice were randomly allocated into six experimental groups,
including PBS, free OSI (1 mg/kg OSI), O@HP (1 mg/kg OSI), OG@HP (1 mg/kg OSI, 3 mg/kg GRg3), O@HPO
(1 mg/kg OSI and oxygenated), and OG@HPO (1 mg/kg OSI, 3 mg/kg GRg3 and oxygenated). Each group received
intravenous injections of the respective formulations (100 pL per mouse) into the tumor-bearing mice. Tumor volume
and body weight were monitored every two days over an 18-day period. At the study’s conclusion, the mice were
humanely euthanized, and the tumors, along with the hearts, livers, spleens, lungs, and kidneys, were excised and fixed in
4% paraformaldehyde solution for subsequent histopathological examination. Blood samples were collected from the
mice’s eyes for hematological analysis, with the PBS group serving as a control. The blood was centrifuged to separate
the serum, and the levels of liver and kidney function indices were quantified using enzyme-linked immunosorbent assay
(ELISA).
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Statistical Analysis

Statistical analyses were conducted utilizing GraphPad Prism software. Experimental data were expressed as the mean +
standard deviation (SD). All the differences between groups were analyzed using One-way ANOVA. For direct
comparison between the two groups, the unpaired #-test was used. Statistical significance was determined at the following
thresholds: *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001, with “ns” indicating no significant difference.

Results and Discussion
Preparation and Characterization of OG@HPO

Hybridized nanoparticles were prepared by a redox-driven assembly process.”® HSA was first reduced with glutathione to
expose free sulthydryl groups, followed by disulfide bond-mediated hybridization of HSA and Hb to form a stable hybrid
protein (HP) matrix.’” Simultaneous encapsulation of two drugs was achieved during disulfide bond structural reconfi-
guration, and OSI and GRg3 were integrated into the HP framework to obtain OG@HP. Structural characterization of
OG@HP by transmission electron microscope (TEM) revealed monodispersed spherical nanoparticles with an average
diameter of 16.4 £ 3.5 nm and good homogeneity (Figure 1a). Dynamic light scattering (DLS) confirmed these findings,
showing a hydrodynamic particle size distribution of 64.5 nm for OG@HP, distinct from unmodified HSA (10 nm) and
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Figure | (a) TEM image of the OG@HP (scale bar: 50 nm). (b) Hydrodynamic diameters of free HSA, Hb, and OG@HP measured by DLS. (c) UV-vis absorbance profiles
of free OSI, GRg3, and OG@HP. (d) FTIR spectra of OSI, GRg3, OG@HP. (e) The release curve of OSI in PBS solution and GSH (10 mM). (f) The release curve of GRg3 in
PBS solution and PBS solution with (10 mM GSH). (g) Near-infrared fluorescence (NIRF) intensity and corresponding NIRF images of Cy5.5-OG@HP solution. (h) Oxygen
release profile of the OG@HPO by estimating the dissolved oxygen in various PBS solutions.
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Hb (19 nm) (Figure 1b). In addition, it was determined in Figure S1 that the zeta potentials of HSA, Hb and OG@HP
were —36.53, —14.27 and —24.37 mV, respectively. The successful construction of OG@HP was confirmed using the
characteristic absorption peaks of the UV-visible spectrum, revealing signature absorbance bands at 205 nm, 280 nm, 406
nm, and 334 nm, which confirm successful component integration the specific absorptions of GRg3, HSA, Hb, and OSI,
respectively (Figure 1c). Additionally, Fourier transform infrared (FTIR) spectroscopy was used to analyze HSA, Hb,
OSI, GRg3 and OG@HP (Figures 1d and S2), identifying OSI’s C-N stretching band at 1066 cm ' and GRg3’s ether
bond stretching band at 1024 cm !. To quantify the OSI and GRg3 load efficiency in OG@HP, quantitative UV-Vis
measurements showed package efficiencies of 64.14% (OSI) and 68.25% (GRg3), validating the payloads of both drugs.
These findings confirm the successful synthesis of OG@HP NPs. High levels of GSH exist in the tumor microenviron-
ment. The disulfide bonds in HP respond to the breaking of GSH, leading to the dissociation of nanoparticles and the
release of drugs. Therefore, in order to evaluate the release potential of OG@HP responsive GSH, in vitro release
kinetics under simulated tumor microenvironment showed that the drug release rate was obvious in the presence of 10
mM GSH, and very low in the absence of GSH (Figure le and f). The results showed that OG@HP had excellent drug
release ability when triggered by GSH.

The fluorescence signal of Cy5.5 labeled OG@HP in aqueous solution was detected in subsequent studies. The results
showed a dose-dependent increase in FL signals (R? = 0.992), indicating that they support their usefulness in monitoring
the real-time distribution of nanomedicines in vivo (Figure 1g). In addition, OG@HPO mediated hypoxia regulation was
assessed using a dissolved oxygen analyzer, releasing minimal oxygen in oxygenated PBS solutions and accelerated
sustained release in deoxygenated PBS (Figure 1h). The hydrodynamic diameter of OG@HP remained stable without any
substantial change in PBS, and RPMI-1640 for 7 days (Figure S3), which indicated its good stability. These results
indicate that Hb in OG@HPO is an effective oxygen carrier, and its skilled oxygen carrying and releasing ability is
conducive to alleviating tumor hypoxia which provides the possibility for OG@HPO to inhibit HIF-10/VEGF/EGFR
pathway at tumor site and reverse drug resistance.

In vitro Antitumor Activity of OG@HPO

Due to the hypoxia, high GSH levels and the targeting characteristics of HSA in the tumor microenvironment, OG@HPO
can be efficiently transported to the target site for efficient accumulation and cellular uptake. To confirm the targeted
delivery capability of nanomedical drugs, we evaluated the targeting capability of Cy5.5-labeled OG@HP on H1975 OR
cells utilizing CLSM. Time-dependent red fluorescence intensification revealed progressive nanoparticle internalization
(Figure S4). Semi-quantitative analysis showed that the fluorescence intensity at 4 h was significantly higher than that at
1,2 h (Figure S5). Meanwhile, the uptake of 3D tumor spheres of H1975 OR cells was evaluated, and the results showed
that red fluorescence accumulated within the tumor spheres over time (Figures 2a and S6). Subsequently, we validated
the CLSM results using flow cytometry to quantify time-dependent cell uptake (Figure 2b). The results showed
a significant increase of OG@HP in the cells over time, which is consistent with the CLSM results. Collectively, the
time-dependent increase in fluorescence intensity indicates efficient cellular internalization of OG@HPO, which is
critical for enhancing drug accumulation in resistant tumor cells and overcoming efflux-mediated resistance.

To assess the potential toxicity of OG@HPO on H1975 OR cells, we used CCK-8 assay to evaluate the impact of
varying concentrations of OG@HP on cell viability following a 24-hour incubation period. The findings indicated that
low concentrations of OG@HP exhibited minimal or no cytotoxicity towards the cells. However, when the OSI
concentration reached 4 ug/mL and the GRg3 concentration reached 12.5 pg/mL, a slight toxicity was observed, with
cell viability exceeding 80%. At increased concentrations, specifically 32 pg/mL for OSI and 100 pg/mL for GRg3, cell
viability decreased to approximately 50% (Figure S7). These data confirm that only high concentrations of OG@HP
induce significant cytotoxic effects. Therefore, we also analyzed the synergy effect of the data and obtained CI=0.804,
confirming that the combination of the two drugs improved the therapeutic effect. To further investigate the biocompat-
ibility of nanocarriers, the cck8 experiment of nanocarriers (HP) was conducted on normal lung epithelial BEA-2B cells
and lung cancer H1975 OR cells. The results showed that the cell viability of both groups remained above 95%, verifying
the in vitro biological safety of the nanocarriers (Figure S8). In addition, we went on to compare the cytotoxicity of the
same dose of different formulations at 24 h incubation (8 pg/mL for OSI and 25 pg/mL for GRg3) and and found that
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Figure 2 (a) CLSM images of tumor sphere models of H1975 OR cells incubated at OG@HP for different durations (scale bar: 100 pm). (b) Using OG @ HP H1975 OR
cells after different incubation time of intake flow cytometry analysis. (c) Toxic effects of different formulation treatments on H1975 OR cells (n=3 independent experiments,
significant differences were defined as *p < 0.05, and ****p < 0.0001). (d) FL images of HI975 OR cells after calcein-AM and Pl staining under different treatment methods
(scale bar: 20 um). (e) Flow cytometry analysis of HI975 OR cell apoptosis. (f) CLSM images of the 3D tumor sphere model of HI975 OR after treatment with different
preparations and staining with live and dead cells (green: live cells; red: dead cells; scale bar: 100 pm). (g) Semi-quantitative analysis of the Pl (red) fluorescence in (f) was
conducted using Image].

OSI loaded into the nanocarrier achieved O@HP, with a survival rate of 92%. This might be due to the targeted delivery
of the nanocarrier increasing the accumulation of OSI in tumor cells. When OSI and GRg3 are simultaneously loaded
into nanometers, OG@HP is obtained, and the survival rate drops to 86.28%; Oxygenation treatment of O@HP (ie
O@HPO) had a survival rate of 78.07%, which might be due to the relief of hypoxia in the tumor microenvironment and
the inhibition of HIF-1a, which increased the sensitivity of tumor cells to osimertinib; Oxygenation of OG@HP yields
OG@HPO, which has a better tumor suppressive effect compared with the other groups (survival rate: 44.06%)
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(Figure 2c¢). To further verify the cytotoxic effects of OG@HPO, we fluorescently stained live/dead cells using membrane
permeable Calcein-AM (green fluorescence) and PI (red fluorescence). Fluorescence imaging showed that the PBS and
OSI groups mainly showed green signals, while the HI975 OR cells treated with OG@HPO showed a large number of
red PI positive cells (Figure 2d). Semi-quantitative analysis of the red fluorescence representing dead cells in Figure 2d
revealed that the red fluorescence in the OG@HPO group was as high as 64% (Figure S9). The results showed that OSI
alone had limited ability to damage cells, but with the aid of GRg3 and oxygen-carrying Hb, OSI would produce
a satisfying effect. Notably, the therapeutic effect of the nano platform is superior to that of monotherapy.

Annexin V-FITC/PI double staining for quantitative apoptosis analysis showed that OG@HPO induced apoptosis in
50.7% of H1975 OR cells, 6.3 times that in the control group (8.01%) and the free OSI group (8.10%) (Figure 2e).
Quantitative analysis of Figure 2e showed that OG@HPO (46.07%) induced 6.4 times more cell death than the Control
group (7.24%) (Figure S10). To better verify the efficacy of OG@HPO on drug-resistant lung cancer, the 3D spherical
model of H1975 OR cells was treated differently. After 24 hours, Calcein-AM (green) was used to label live cells and PI
(red) to label dead cells (Figure 2f). Strong green fluorescence was observed in the control group, with only a small
amount of red fluorescence on the outer layer. In the OG@HPO group, the intensity of green fluorescence decreased, and
the red fluorescence diffused from the core to the outer layer, indicating that the nanoparticles could penetrate the tumor
spheres and induce deep cell death. Semi-quantitative analysis showed that the tumor spheres in the OG@HPO group all
had red fluorescence, especially in the core layer (200-300 um depth), the intensity of red fluorescence was significantly
enhanced, indicating that the drug achieved efficient killing by enhancing penetration (Figure 2g). This synergistic
apoptosis induction highlights the therapeutic advantage of concurrent VEGF inhibition and hypoxia alleviation.

In vitro Improvement of Hypoxia and HIF-1a/VEGF/EGFR Inhibition

Herein, RU(dpp);Cl, probe was used to detect the hypoxia-improving effect of OG@HPO on H1975 OR tumor spheres.
After 24 hours of treatment with different preparations on the tumor spheres, it could be observed that the red
fluorescence of O@HPO and OG@HPO was significantly lower than that of the control group, and due to the better
therapeutic effect of OG@HPO, the volume of the tumor spheres was significantly smaller than that of the other groups
(Figure 3a). Semi-quantitative analysis showed that the hypoxia fluorescence intensity in the OG@HPO group was
significantly reduced, especially at 200 um. These results indicate that this nanomedicine is an excellent oxygen supply
agent and can significantly improve the hypoxic microenvironment of tumor spheres (Figure 3b). Previous studies have
shown that abnormal activation of EGFR contributes to drug resistance in tumor cells.*® We analyzed OG@HP inhibition
of drug-resistance related biomarkers by Western blotting. After incubation with various drugs for 24 h, there was little
difference between the control, free OSI, and O@HP (contains OSI) groups. On the contrary, O@HPO (consists of OSI
and oxygenated) and OG@HPO groups showed down-regulation of HIF-1a, while OG@HP (consists of OSI and GRg3),
O@HPO, and OG@HPO groups showed decreased expression of EGFR, p-EGFR, and VEGF proteins (Figure 3c—g).
Meanwhile, ELISA confirmed the decreased VEGF secretion level in the supernatant of H1975 OR cell culture treated
with OG@HPO (Figure 3h). These results suggest that the nano platform works through oxygen-mediated HIF-1o down-
regulation in conjunction with GRg3-driven vascular endothelial growth factor/epidermal growth factor receptor axis
inhibition, which significantly improves the sensitivity of osimertinib and effectively reverses acquired resistance.

In vivo Biodistribution of OG@HPO

HSA is widely popular for its excellent biocompatibility and non-toxicity. It can bind to the GP60 receptor on the cell
surface, effectively enriching drugs in the body.*” At the same time, it enhances the accumulation of drugs in the body
through high permeability and retention effect (EPR effect).*>*' The hypoxia relief and GSH response release char-
acteristics of OG@HPO, combined with the targeting performance of albumin, further enhance its ability to target tumors
in vivo and the enrichment of nanomedicines at tumor sites.

Prior to in vivo therapeutic experiments, we performed a biological distribution analysis of OG@HPO targeting in
a tumor mouse model. The fluorescence distribution in mice within 24h was monitored by intravenous injection of Cy5.5
labeled OG@HPO (Cy5.5-OG@HPO) (Figure 4a). Fluorescence tracking showed that the fluorescence signal of the free
dye group at the tumor site was first increased, and then the fluorescence was quickly cleared. In contrast, after 24h, the
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Figure 3 (a) The hypoxia fluorescence of 3D tumor spheres of HI975 OR after different treatments was captured by confocal microscopy (red: hypoxia signal; green: living
cells; scale bar: 100 pm). (b) Semi-quantitative analysis was conducted on the hypoxia fluorescence (red) in (a). (c) The expression of EGFR, p-EGFR, HIF-10 and VEGF with
different agents was detected by immunoblotting. (d) EGFR, (e) p-EGFR, (f) HIF-1a and (g) VEGF are semi-quantitative analysis of the grey values of the bands for (c). (h)
Determination of VEGF levels in supernatants of HI1975 OR cells treated with different preparations by ELISA analysis. Significant differences were defined as **p < 0.01,
*#¥p < 0.001, and ***p < 0.0001.

fluorescence of the Cy5.5-OG@HPO group was sustained. It is clear from the mean fluorescence intensity analysis that
the administered group had higher fluorescence intensity at all time intervals compared to the control free Cy5.5. In
particular, there was a sharp contrast after 4h, when the mean fluorescence intensity of Cy5.5-OG@HPO group reached
8.16x10°, while that of free Cy5.5 was 4.86x10°, which again demonstrated that OG@HPO NPs could target and
accumulate in tumors (Figure 4b). Finally, major organs and tumours were excised 24h after injection and fluorescence
intensity was measured. The results showed weaker fluorescence signals in the heart, spleen and kidney in the
Cy5.5-OG@HPO group, indicating that the OG@HPO were less toxic to these three organs and had a certain degree
of biosafety (Figure 4c). Analysis of in vivo and in vitro organs 24h after administration showed that OG@HPO was
preferentially accumulated in tumors, with limited accumulation in liver and kidney (Figure 4d). In summary, OG@HPO
can effectively target tumors and prolong the action time of drugs, improve the efficacy of the nanosystem in vivo, and

the system has good biocompatibility, so as to minimize adverse reactions. In addition, in vivo fluorescence staining was
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Figure 4 (a) Injection of free Cy5.5 and Cy5.5-OG@HPO different time points after the mice in vivo fluorescence imaging (The black dashed circle shows the tumor area).
(b) Different time points average quantitative analysis of the fluorescence intensity of tumor site (n = 3). (c) Fluorescence imaging of tumors and major organs 24 h after
Cy5.5 and Cy5.5-OG@HPO injection. (d) The average fluorescence intensity of tumors and major organs in each group was quantitatively analyzed (n = 3). (e)
Representative tumor hypoxia immunofluorescence staining of tumor sections from mice treated with injections of OG@HP and OG@HPO. Blue and green colours
represent nuclei and hypoxia-positive regions, respectively (scale bar: 100 pym). (f) A semi-quantitative analysis was performed on the hypoxic-positive area (Significant
differences were defined as **p < 0.001).

performed using pimonidazole hydrochloride as a tumour hypoxia probe, which forms covalent bonds with cellular
macromolecules in hypoxic environments, followed by immunofluorescence detection of pimonidazole hydrochloride-
protein adducts to evaluate OG@HPO alleviate the effect of tumor hypoxia.** The results showed that the tumor sections
of mice in the OG@HP group showed obvious green fluorescence signal, while the green fluorescence signal of the
OG@HPO group was significantly reduced, indicating that oxygen regulation could effectively reduce the anoxic area of
tumor microenvironment (Figure 4e). Subsequently, a semi-quantitative analysis of Figure 4e showed that the anoxic
positive signal in the OG@HPO group was much higher than that in the OG@HP group (Figure 4f). In a word,
OG@HPO can effectively relieve tumor hypoxia.
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Figure 5 (a) Schedule of tumours treated with OG@HPO. (b) Changes in tumour volume over |18 days of treatment in different dose groups (Significant differences were
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n=5). (d) Average body weight of mice in different treatment groups within 18 days after treatment (n=5). (e) Histological analyses of tumours in different dose groups,
including H&E, Ki67, and TUNEL (Scale bar: 100 um). (f) Immunofluorescence images of EGFR (green), HIF-1a (green), and VEGF (red) staining in the tumour sections of
different groups. Nucleus stained with DAPI (blue). (Scale bar: 50 pum). (g—i) Immunofluorescence semi-quantification of EGFR (green), HIF-la (green), and VEGF (red)
corresponding to (f), respectively. (Significant differences were defined as *p < 0.05, **p < 0.0, **p < 0.001, and ****p < 0.0001).
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In vivo Antitumor Efficacy of OG@HPO

The therapeutic potential of OG@HPO in vivo was evaluated in a BALB/c nude mouse xenograft model established by

subcutaneous injection of 1x107 H1975 OR cells (osimertinib resistant NSCLC strain) into the upper right leg. As shown
in Figure 5a, when the tumor volume of the mouse model reached about 100 mm?, the animals were randomly divided
into 6 treatment groups (n = 4) for comparison and analysis, and 100 uL preparations were injected through the tail vein
on day 0 and day 8, respectively, including: (1) PBS, (2) OSI, (3) O@HP, (4) OG@HP, (5) O@HPO and (6) OG@HPO.
OSI is administered at a dose of 1 mg/kg and GRg3 is administered at a dose of 3 mg/kg. Tumor volume and body weight
of the animals were monitored for 18 days after administration. As shown in the tumor growth curve, the OG@HPO
group showed the most effective tumor inhibition, while the OG@HP and O@HPO groups showed limited tumor
inhibition, demonstrating the efficacy of combined enhancement of osimertinib (Figure 5b). After the experiment, the
tumors of the animals were collected, photographed and weighed (Figures 5S¢ and S11), and the results were consistent
with the tumor growth curve. These results suggest that OG@HPO can effectively target delivery and relieve hypoxia
in vivo, while exhibiting significant combined antitumor efficacy in conjunction with VEGF inhibitors. The body weight
of the 6 groups of mice did not fluctuate significantly throughout the course of treatment (Figure 5d), indicating the
biosafety of OG@HPO in vivo. Histopathological analysis showed that the major organs stained with Hematoxylin and
Eosin (H&E) had normal morphology, and the blood test results of liver and kidney indexes were all within the
physiological range, which further confirmed the good biocompatibility of OG@HPO in vivo (Figure S12).

To further validate the anti-tumor efficacy of OG@HPO, a comprehensive analysis was conducted following an 18-day
treatment period. At the conclusion of this monitoring phase, euthanasia in mice, and the removal of tumor and the main
organs and collect carefully for subsequent histological examination. The findings, presented in Figure Se, were derived from
H&E, TUNEL, and Ki-67 staining techniques, which revealed differential levels of tumor damage across the various treatment
groups. This was characterized by cellular atrophy, nuclear chromatin condensation, and fragmentation. Notably, in the
OG@HPO treatment group, H1975 OR cells exhibited a higher number of apoptotic or necrotic cells and a reduced number of
proliferating cells. These observations underscore the superior anti-tumor efficacy of OG@HPO.

In vivo Antitumor Mechanism Analysis of OG@HPO

Previous studies have shown that OG@HPO multiple inhibition of HIF-10/VEGF/EGFR axis improves tumor sensitivity and
reverses osimertinib resistance. Therefore, we quantitatively assessed the in vivo tumor expression profiles of these three
targets in the treatment cohort using immunofluorescence analysis. As shown in Figure 5f-i, the differences between PBS
group and OG@HPO group were statistically significant. Specifically, the expression of EGFR, HIF-1a and VEGF was
significantly decreased in the OG@HPO group compared with the PBS group. There was no significant difference in HIF-1a.
expression between treatment groups in the free OSI, O@HP, and OG@HP groups, possibly because hypoxia response was
not improved after these treatments. On the contrary, the expression of HIF-1a in tumor tissues treated with O@HPO and
OG@HPO was significantly decreased, indicating that oxygen regulation of HIF-1a was effectively down-regulated. There
were significant differences in the expression of EGFR and VEGF between the OG@HPO group and the OG@HP group,
which could be attributed to the combined effect of GRg3 inhibition of VEGF and oxygen enhancement to decrease EGFR
expression. These findings are consistent with Western blot at the cellular level, confirming that the OG@HPO triple strategy
is effective in down-regulating EGFR, demonstrating a synergistic effect in osimertinib-resistant NSCLC.

Limitations and Future Directions

This study presents an innovative nanomedicine capable of reversing tumor resistance and fighting tumors via the HIF-
1o/VEGF/EGFR pathway. However, the current study still has limitations. On the one hand, in vivo efficacy and tumor
recurrence are issues that need to be monitored over time. This would help to achieve a comprehensive assessment of the
antitumor efficacy of OG@HPO and would be a strong evidence for its clinical translation. On the other hand, the
selection of tumor models needs to be further improved. The currently selected mice (female BALB/c nude mice) have
weaker immune functions and differ greatly from clinical tumor models. It does not respond well to the immune response
at the tumor site. This may ignore the interaction between OG@HPO and the immune system and hinder the study of its
mechanism of action. Based on these shortcomings, future research directions should be optimized. Long-term
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monitoring of tumors in in vivo experiments should be initially achieved to lay the foundation for clinical translation. The
use of immune-activated mouse models to explore the role of anti-tumor immune response will provide a more reliable
basis for the mechanism of drug resistance reversal. The resolution of these limitations will further inspire the potential
application of nanomedicines in the direction of reversing tumor drug resistance.

Conclusion

A hybrid protein-oxygen nanocarrier (OG@HPO) is proposed that encapsulate osimertinib and ginsenoside Rg3 in nanosys-
tems for precision therapy of osimertinib-resistant NSCLC. The nanocarrier-mediated active targeting realizes precise co-
delivery of EGFR-TKI, VEGF inhibitors and molecular oxygen to tumors, in response to hypoxia and GSH release in the
tumor microenvironment, tumor oxygenation is achieved, and hypoxia-induced VEGF/EGFR pathway is doubly destroyed, so
as to improve tumor sensitivity to osimertinib and achieve the ultimate goal of reversing osimertinib resistance. This study
pioneered a platform to simultaneously target cancer drivers and hypoxia, linking tumor microenvironment regulation with
precision molecular interventions and providing a blueprint for the next generation of combination therapies in precision
oncology. However, translating OG@HPO into clinical application requires considering the effectiveness of the immunoac-
tive osimertinib resistance model to better simulate human tumor-immune interactions and to validate it in patient-derived
xenograft models. By addressing these challenges, OG@HPO is expected to advance from the laboratory to clinical practice,
providing a new strategy for overcoming osimertinib resistance in non-small cell lung cancer.
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