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Background: The rapid proliferation of tumor cells increases oxygen demand, while the underdeveloped vasculature limits supply, 
leading to hypoxia in the tumor microenvironment. This hypoxic condition is a hallmark of solid tumors and contributes to tumor 
progression, immune suppression, metastasis, and resistance to therapy.
Purpose: This study aimed to counteract tumor hypoxia and improve therapeutic outcomes by delivering both oxygen and the 
chemotherapeutic agent doxorubicin directly to tumors.
Methods: HON_FA@DOX, a folate-functionalized and perfluorohexane-enhanced liposomal nanosome co-loaded with oxygen and 
doxorubicin, was developed and characterized based on its physical properties. Its tumor-targeting capability, oxygen delivery 
efficiency, and therapeutic potential were evaluated under in vitro conditions. Cellular experiments were conducted to assess selective 
binding, hypoxia modulation, cytotoxicity, and the expression of genes related to apoptosis.
Results: HON_FA@DOX exhibited a doxorubicin encapsulation efficiency of 36.6% and an enhanced oxygen loading capacity of 
23.2 mg/L. The nanosomes demonstrated selective binding to FOLR1-expressing tumor cells and sustained release of doxorubicin. 
This dual-delivery system effectively alleviated hypoxia within the tumor microenvironment and reduced the expression of the 
hypoxia-related gene HIF-1α by 50%. Furthermore, HON_FA@DOX treatment significantly increased the expression of apoptosis- 
related genes and mitigated chemotherapy resistance, thereby enhancing the overall anticancer efficacy.
Conclusion: We demonstrated that multifunctional nanosomes delivering both oxygen and doxorubicin effectively alleviated tumor 
hypoxia and reduced chemotherapy resistance, thereby enhancing anticancer efficacy. This approach presents a promising strategy for 
addressing tumor hypoxia and may be broadly applicable as an adjunct to conventional cancer therapies.
Keywords: liposome, oxygen delivery, drug delivery, hypoxia, HIF, chemoresistance, folate, FOLR1, doxorubicin, chemotherapy

Introduction
Hypoxia in the Tumor Microenvironment
The tumor microenvironment is characterized by increased consumption of nutrients and oxygen due to the abnormal 
growth and high metabolic rates of tumor cells.1–3 Although tumor growth promotes angiogenesis, the resulting blood 
vessels are irregular, structurally abnormal, and functionally incomplete, resulting in uneven blood supply and inadequate 
delivery of oxygen and nutrients to tumor cells.4–6 These factors result in hypoxia, with oxygen partial pressures falling 
below 10 mmHg—a stark contrast to normal tissues, which typically exhibit oxygen levels between 24 and 66 mmHg in 
approximately 90% of solid cancers.7–9
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Hypoxia plays a critical role in tumor progression and treatment resistance.10,11 In the tumor microenvironment, 
hypoxia activates hypoxia-inducible factors (HIFs), oxygen-dependent transcriptional activators that promote the expres-
sion of multiple genes.12,13 Under normoxic conditions, sufficient oxygen levels enable the oxygen-dependent degrada-
tion domain (ODD) of HIF-1α to be hydroxylated by prolyl hydroxylases (PHDs), allowing recognition and binding by 
von Hippel-Lindau proteins (pVHLs).14,15 This binding facilitates rapid degradation of HIF-1α via the ubiquitin- 
proteasome pathway, preventing its accumulation and activation.16–18 In hypoxic conditions, however, low oxygen levels 
stabilize HIF-1α by inhibiting PHD activity, as oxygen is an essential cofactor for PHD enzymatic reactions. Without 
sufficient oxygen, PHD cannot hydroxylate HIF-1α, leaving it unbound by pVHL and thus unable to undergo 
ubiquitination.19,20 As a result, HIF-1α, which is degraded under normoxic conditions, accumulates in hypoxia and 
translocates to the nucleus, where it forms a complex with HIF-1β.21–23 This complex binds to hypoxia-responsive 
elements (HRE) in gene promoters, activating the transcription of genes involved in angiogenesis, immune suppression, 
and other processes critical to tumor survival and progression.24,25

When the tumor microenvironment is hypoxic and HIF-1α is activated, it fosters an immunosuppressive environment.26 

Hypoxia inhibits the activity of immune cells, such as T cells, NK cells, and macrophages, and activates immune evasion 
mechanisms by upregulating PD-L1, an immune checkpoint protein.27–29 In addition, hypoxia increases the expression of 
vascular endothelial growth factor (VEGF), which promotes the formation of structurally and functionally abnormal 
neovessels and increases the mobility and invasiveness of tumor cells, thereby promoting metastasis.4,30 Hypoxic conditions 
also contribute to chemotherapeutic resistance. Under hypoxia, the expression of multidrug resistance proteins, such as 
P-glycoprotein (P-gp) is elevated, which actively expels intracellular drugs, reducing their concentration within the cells.31–33 

Moreover, HIF-1α activation downregulates pro-apoptotic proteins such as Bax and upregulates anti-apoptotic proteins such 
as Bcl-2.34 Hypoxia also increases extracellular acidity due to an enhanced Warburg effect—a metabolic shift favoring 
anaerobic glycolysis—that results in ionic trapping of drugs in the extracellular space, further diminishing drug uptake by 
tumor cells.4,35 Therefore, overcoming hypoxia is crucial for effective antitumor therapy.

Tumor-Targeting Oxygen Nanosome and Doxorubicin
Doxorubicin hydrochloride (DOX) is a chemotherapeutic agent effective against various cancers, including ovarian, 
breast, and bladder cancers.36,37 DOX induces cell death through multiple mechanisms, such as inhibiting topoisomerase 
II—an enzyme essential for cell proliferation—as well as causing DNA damage and reactive oxygen species (ROS) 
production.38,39 However, DOX is associated with several common and serious side effects, including cardiotoxicity, skin 
rashes, and hair loss.40–42

To address the limitations and side effects of chemotherapy, nanocarrier-based drug-delivery systems have attracted 
significant interest.43 Among various nanocarriers, liposomes are particularly promising for delivering drugs and other 
therapeutic molecules.44 Liposomes are spherical vehicles composed of a phospholipid bilayer encasing an aqueous 
interior, capable of carrying both hydrophilic and lipophilic drugs, thereby preventing degradation and allowing 
controlled drug release.45,46 Their biofilm-like membrane structure makes liposomes safe, biocompatible, and 
biodegradable.47 In addition, with a size of 100–200 nm, liposomes benefit from a long circulation time and enhanced 
permeability and retention (EPR) effect, enabling preferential accumulation in tumor tissues.48 This targeting reduces 
systemic drug exposure, thereby mitigating side effects and improving cancer treatment efficacy.49,50 As such, liposomes 
are widely used for the delivery of both oxygen and drugs.

Recently, liposomal drug delivery systems for cancer therapy have been actively researched, incorporating pH-responsive 
liposomes, stimulus-responsive mechanisms, and multifunctional strategies to enhance anticancer drug delivery.51–54 However, 
simply encapsulating a drug within a liposome for sustained release does not guarantee precise tumor targeting. Non-specific 
distribution may lead to unintended effects on normal cells, reducing treatment specificity and increasing systemic toxicity.55 

Additionally, tumor hypoxia plays a significant role in inducing drug resistance. Oxygen deprivation in tumor tissues 
upregulates hypoxia-inducible factor-1 alpha (HIF-1α), which enhances cellular mechanisms that promote chemoresistance. 
As a result, even when anticancer drugs reach tumor cells, their therapeutic efficacy may be significantly reduced due to 
hypoxia-driven resistance mechanisms.56 To overcome these challenges, ongoing research aims to develop innovative strategies 
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that address multiple limitations simultaneously. A multifunctional liposomal delivery system capable of precise tumor 
targeting, oxygen delivery, and chemotherapy is essential to enhance drug efficacy and improve cancer treatment outcomes.57,58

Hyperbaric Oxygen Therapy is a common method for oxygen delivery, supplying 100% oxygen at high pressure, but 
its limitations, including vasoconstriction, cytotoxicity, high costs, and long treatment durations, have driven interest in 
localized oxygen delivery. While oxygen micro/nanobubbles have been explored, their low stability and risk of gas 
embolism remain concerns. In contrast, oxygen nanosomes, with their lipid bilayer structure, offer greater stability and 
functional versatility, allowing for enhanced oxygen delivery and the integration of chemotherapy, immunotherapy, and 
other cancer treatment strategies.59,60

Folate Receptor Alpha (FOLR1) is a membrane protein responsible for folate transport into cells, and it is overexpressed in 
various cancer types. The upregulation of FOLR1 enhances folate uptake, stimulating the repair of damaged DNA and ultimately 
promoting tumor growth and metastasis.61,62 FOLR1 plays a critical role in tumor development and has been identified in 
cervical and breast cancers, as well as ovarian cancer, non-small cell lung cancer (NSCLC), colorectal cancer, and several other 
malignancies.63 Unlike other biomarkers, including EGFR and HER2, which are expressed in normal tissues and may cause 
systemic toxicity, FOLR1 is predominantly localized on the apical membrane of epithelial cells, minimizing exposure to 
circulating drugs. Furthermore, its efficient internalization via endocytosis enhances the effectiveness of targeted therapies. 
Given these advantages, FOLR1 has emerged as a promising target for cancer therapy. Various strategies have been explored, 
including antibody-drug conjugates (ADCs) targeting FOLR1 and folate receptor-targeted nanoparticles for improved che-
motherapy and oxygen delivery.64

In this study, we developed nanosized liposomes capable of specifically delivering oxygen and chemotherapeutic 
agents to tumor cells as a strategy for antitumor therapy and for countering hypoxia (Scheme 1).

Scheme 1 Schematic of nanosomes designed for specific delivery of oxygen and drugs to tumor microenvironment. Nanosome treatment delivers oxygen and drugs to 
tumor cells, thereby alleviating hypoxia and reducing chemotherapy resistance.
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Materials and Methods
Materials
DSPC (18:0 PC) (1,2-distearoyl-sn-glycero-3-phosphocholine) and 18:0 PEG2000 PE (1,2-distearoyl-sn-glycero-3-phos-
phoethanolamine-N-[methoxy (polyethylene glycol)-2000] (ammonium salt)) were purchased from Avanti Polar Lipid, 
Inc. (Alabama, USA). DSPE-PEG5000-Folate (1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[folate (polyethy-
lene glycol)-5000]) was purchased from Nanosoft Polymers (Winston-Salem, NC, USA). Pure oxygen gas (99.5%) 
was acquired from GT Korea (Seoul, Korea), and syringe filters were purchased from Whatman (Maidstone, UK). 
Amicon filters were purchased from Millipore (Burlington, MA, USA). HeLa and CCD-986Sk cell lines were purchased 
from the Korea Cell Line Bank (Seoul, Korea), and MDA-MB-231 breast cancer cells were purchased from the 
American Type Culture Collection. MTT reagent (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) was 
purchased from VWR Life Sciences (Radnor, PA, USA). Doxorubicin hydrochloride, perfluorohexane, cholesterol 
(sigma grade, 99%), dimethyl sulfoxide (DMSO), Triton X-100, 4% paraformaldehyde (PFA), SpectraPor® 6–8 kDa 
dialysis bags, BioTracker 520 Green Hypoxia dye, and PD 10 desalting columns were all purchased from Sigma-Aldrich 
(St. Louis, MO, USA). Cell-mounting medium was purchased from Vector Laboratories (Burlingame, CA, USA). PE 
anti-FOLR1 antibody was purchased from BioLegend (San Diego, CA, USA). Additional reagents including TRIzol 
RNA isolation, Fast SYBR Green Master Mix, DAPI (40,6-diamidino-2-phenylindole, dihydrochloride; D1306), Hoechst 
33342, VybrantTM DiO, and VybrantTM DiD cell-labeling solutions were purchased from Thermo Fisher Scientific Inc. 
(Waltham, MA, USA). The PrimeScript RT reagent kit was purchased from Takara Bio (Shiga, Japan), and DNA 
oligonucleotide primers were purchased from Bioneer (Daejeon, Korea). The modular incubator chamber was supplied 
by Billup Rothenberg (San Diego, CA, USA), and gas for hypoxic cell culture (1 cmol/mol O2, 4.99 cmol/mol CO2, and 
N2 balance) was purchased from Deokyang Gas Co,. Ltd. (Seoul, Korea).

Synthesis of HON_FA@DOX
HON_FA@DOX was synthesized by combining DSPC, cholesterol, 18:0 PEG2000 PE, and DSPE-PEG5000-Folate in 
chloroform in a glass vial at a molar ratio of 45:40:14:1. The chloroform solution was dried in a 70 °C oven for 2 h. Once 
a thin white film had formed, 10 mL of DPBS and 1 mg of doxorubicin hydrochloride were added. The lipid solution was 
then dispersed for 10 min using a bath sonicator (100 W) above the transition temperature. The solution was 
subsequently saturated with oxygen gas for 3 min, followed by final dispersion using a tip sonicator (on for 2 s/off for 
2 s, 5 min, room temperature, 26% amplitude). Next, 100 μL of perfluorohexane was added, and the solution was treated 
with a bath sonicator (100 W) for 30 min. After all steps were completed, microparticles and impurities were removed 
using a 0.2 μm PTFE filter. Centrifugal filtration was then performed according to the manufacturer’s instructions to 
eliminate any unloaded drug. Finally, the resulting solution was treated with oxygen gas for an additional 3 min and 
stored at 4 °C.

Characterization of HON_FA@DOX
Particle size and surface charge were measured using a Zetasizer Pro (Malvern, UK), while particle concentration was 
determined with a NanoSight LM10 nanoparticle tracking analyzer (Malvern, UK). All samples were diluted to the 
appropriate concentration for measurement, and the final particle concentration was calculated to account for the dilution 
factor. Particle shapes and morphologies were analyzed using a JEM-F200 transmission electron microscope (FE-TEM; 
JEOL Ltd., Japan). Samples were prepared by placing particles on a CF300-Ni copper grid, staining with 2% uranyl 
acetate, and drying, with images observed at an accelerating voltage of 80 kV. To confirm the DOX-loading character-
istics of HON_FA@DOX, absorption spectra from 300 to 600 nm were analyzed using a microplate reader (BioTek/ 
Agilent, USA). Encapsulation efficiency (EE) was calculated by analyzing free DOX in the solution separated via 
centrifugal filtration.
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The drug release profiles of HON_FA@DOX and free DOX were evaluated using dialysis bags. Each 1 mL sample was 
placed into a dialysis membrane bag (molecular weight cut-off 6,000–8,000 Da, Spectrum™ Spectra/Por™ 3 RC Dialysis 
Membrane Tubing, USA), with 10 mL of DPBS containing 30% ethanol as the external buffer. Samples were incubated on 
an orbital shaker at 37°C. At regular intervals, 1 mL of the sample was withdrawn, and an equal volume of fresh buffer was 
added to maintain constant conditions. The collected samples were quantified by absorbance measurements.

The oxygen concentration and release capacity of the synthesized particles were measured using a Portable Dissolved 
Oxygen Meter (ProSolo, YSI Inc., USA). The oxygen concentration of the particles was estimated by measuring the 
dissolved oxygen level in the solution immediately after particle synthesis, thereby approximating the dissolved oxygen 
content within the liposomes. The oxygen release capacity was evaluated in an environment where the dissolved oxygen 
level in DPBS was reduced to 0.2 mg/L by purging with Ar gas. The particles were introduced into deoxygenated DPBS 
buffer in a sealed environment, followed by an additional 3-minute Ar gas treatment to remove dissolved oxygen from 
the particle solution. Dissolved oxygen levels were measured every 30 seconds for 40 minutes, and the data were 
normalized based on the maximum oxygen concentration observed for each sample.

Cell Culture and Hypoxic Environment
HeLa and MDA-MB-231 cells were cultured in high-glucose Dulbecco’s modified Eagle’s medium (WELGENE, Korea), 
while CCD-986Sk cells were cultured in ATCC-modified RPMI 1640 medium (Gibco, Thermo fisher Scientific, USA). 
All culture media were supplemented with 10% fetal bovine serum (FBS; Gibco) and 1% antibiotics-antimycotics (A/A; 
Hyclone). Cell were cultured at 37°C, 5%, CO2, and 90–95% humidity in incubator (Visionbionex, Korea). For hypoxic 
condition Reverse transcription was ions, cells were incubated at 37 °C in a gas mixture of 1% O2, 4.99% CO2, and 
94.01% N2, with 90–95% humidity.

Cell Cytotoxicity Test
An MTT assay was used to determine the cytotoxicity of the particles in Hela (Human cervical cancer), MDA-MB-231 
(Triple-negative breast cancer) and CCD-986Sk (Human skin fibroblast). Cells were seeded in 96-well plates at a density 
of 1×104 cells/well and incubated at 37 °C for 24 h. After incubation, wells were washed with DPBS and treated with 
oxygen nanosomes (ONs), ON_FA, HON_FA@DOX, or free DOX at various concentrations in fresh medium. Following 
sample treatment and two washes with DPBS, 1 mg/mL MTT solution was added and incubated for 1 h. The MTT 
solution was then removed, and DMSO was added to dissolve the formazan crystals formed. The formazan concentration 
was measured at 570 nm using a microplate reader (BioTek/Agilent, USA). Results were compared to the viability of 
a control group that received no treatment.

Flow Cytometry Measurement for FOLR1 Expression
To verify that FOLR1 was overexpressed on the surface of cancer cells but underexpressed on normal cells, flow 
cytometry analysis was conducted using a FACS Aria II (BD Biosciences, CA, USA). HeLa, MDA-MB-231, and CCD- 
986Sk cells were seeded in 6-well plates at a concentration of 1×106 cells/well and incubated for 24 h. For FACS 
measurement, cells were gently detached using TryPLE™ Express Enzyme (Gibco), resuspended at 1×106 cells/100 μL 
in 1×PBS with 5% FBS, then incubated with 5 μL of Phycoerythrin (PE) anti-FOLR1 antibody for 1 h at 4 °C in the dark. 
After incubation, cells were centrifuged at 1000 rpm for 4 min to remove unbound antibodies, then resuspended in 
1×PBS containing 5% FBS for flow cytometry. Samples were analyzed using 488 and 633 nm lasers, and data were 
processed with FlowJo™ v10.8.0 software (BD Life Sciences, Franklin Lakes, NJ, USA).

Cell-Binding Ability Through Folate
Having confirmed that FOLR1 was predominantly overexpressed on cancer cells and minimally expressed on normal cells, 
we performed binding capacity assays with nanosomes in the presence and absence of folate. HeLa, MDA-MB-231, and 
CCD-986Sk (control) cells were seeded in 96-well plates at a concentration of 1×104 cells/well and incubated for 24 hours. 
For fluorescence labeling, the phospholipid bilayer of 2 mL of ON and ON_FA particles was incubated with 10 μL of DiO 
solution for 30 min to label the particles fluorescently, after which free DiO was separated from the particles using 
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a Sephadex G-25 column. The DiO-labeled ON and ON_FA particles were then added to each well at a lipid concentration of 
352 μg/mL and allowed to bind for 3 h at room temperature. After the incubation period, each well was washed twice with 
1×PBS to remove unbound particles. The fluorescence of cell-bound particles was measured at λEm 490 nm and λEx 520 nm 
using a microplate reader (BioTek/Agilent, USA). For further analysis, HeLa, MDA-MB-231, and CCD-986Sk (control) 
cells were seeded in 12-well plates at a density of 1×105 cells/well and cultured for 24 h. After washing with 1×PBS, 5 μL of 
DiD solution per 1 mL of medium was added to stain the cell membranes, and cells were incubated at 37 °C for 1 h. Cells 
were then washed with 1×PBS, followed by treatment with DiO-labeled ON and ON_FA particles at the same particle 
concentration, and incubated at 37 °C for 3 h. After incubation, cells were washed with 1×PBS to remove unbound particles, 
and coverslips with attached cells were fixed with 2% PFA. Fluorescence images were acquired using a STELLARIS 5 
confocal microscope to determine the extent of particle binding.

Hypoxia Staining
HeLa cells were seeded at a density of 1×105 cells/2 mL in 12-well plates and incubated under both normoxic and 
hypoxic conditions for 48 h. After incubation, cells were treated with 5 μM BioTracker hypoxia dye solution, 
alongside untreated controls and samples of ON_FA and HON_FA@DOX at a concentration of 352 μg/mL (based 
on lipid concentration). Each cell line was incubated for 1 h under normoxic or hypoxic conditions. The cell 
culture medium was then removed, cells were washed twice with 1×PBS, and fresh medium was added, followed 
by an additional 3 h incubation under the respective conditions. Coverslips with attached cells were subsequently 
washed twice with 1×PBS, fixed with 2% PFA, and mounted on glass slides. Hypoxic dye fluorescence was 
visualized using a STELLARIS 5 confocal microscope (LEICA).

Confirmation of HIF-1α and Apoptosis Gene by RT-qPCR
RT-qPCR analysis was conducted to confirm hypoxia relief and tumor cell death induced by the particles. Hypoxia 
relief was evaluated by analyzing the expression level of HIF-1α using RT-qPCR, while tumor cell death was assessed 
by analyzing the expression levels of P53, Caspase-3, and BAX. Detailed information about the primers is provided in 
Table S1. For RNA extraction, HeLa cells were seeded into 6-well plates at a concentration of 3×105 cells/well and 
incubated under normoxic and hypoxic conditions at 37 °C for 48 h. Samples were treated with particles at 
a concentration of 352 μg/mL (based on lipid concentration) and incubated under the respective oxygen conditions 
for 4 h. Each well was washed with DPBS, and cells were harvested using TRIzol reagent for RNA extraction. The 
concentration and purity of the extracted RNA were determined by measuring absorbance at 260 and 280 nm using 
a microplate reader (BioTek, USA). Reverse transcription was performed using 1000 ng of total RNA with the the 
PrimeScript™ RT reagent kit (Takara Bio, Japan), and cDNA was synthesized with Bioneer DNA Oligo primers 
(Bioneer, Korea). The cDNA was diluted 10-fold with DEPC-treated water to prepare samples for RT-qPCR. RT-qPCR 
was carried out using Fast SYBR Green Master Mix (Applied Biosystems) and the cDNA samples. RT-qPCR analysis 
was performed on a StepOnePlus Real-Time PCR system (Life Technologies, USA), with the following conditions: 
initial denaturation at 95°C for 10 min; followed by 40 cycles at 95°C for 15s, 60°C for 1 min, and a final step at 95°C 
for 15s.

Statistical Analysis
All data and graphs were processed using GraphPad Prism 7.0 for Windows (GraphPad Software Inc., La Jolla, CA, 
USA). Statistical analysis was performed using one-way ANOVA followed by Tukey’s multiple-comparison test in 
GraphPad Prism 7.0. Each experiment was performed in duplicate, with error bars in the figures representing standard 
deviations. Significant values are indicated as follows: *p < 0.1, **p < 0.01, ***p < 0.001, and ****p < 0.0001 vs the 
control, while non-significant values are represented as “ns”.
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Results and Discussion
Synthesis and Characterization of HON_FA@DOX
In this study, we aimed to target tumor cells specifically and enhance oxygen delivery using ONs, which have previously 
been employed as oxygen carriers to deliver oxygen and reduce HIF-1 levels.65–67 To achieve targeted delivery, we 
incorporated phospholipids containing folate into the nanosome shell. Cholesterol was added to increase the shell’s 
rigidity and stability, resulting in the synthesis of folate-functionalized oxygen nanosomes (ON_FA), an oxygen- 
delivering liposome. Perfluorohexane (PFH), known for its high gas solubility, was then added to enhance oxygen 
loading. Additionally, the anticancer drug doxorubicin hydrochloride (DOX) was incorporated, yielding DOX-loaded 
high-ONs with folate (HON_FA@DOX).67,68 The synthesized particles were characterized by size, surface charge, 
particle concentration, and morphology via FE-TEM. Dynamic light scattering measurements showed that the average 
sizes of ON, ON_FA, and HON_FA@DOX were 117.6 nm, 108.9 nm, and 146.1 nm, respectively indicating an increase 
in particle size following DOX and PFH loading (Figure 1A, Figure S1). Surface charge analysis revealed that ON, 
ON_FA, and HON_FA@DOX particles were negatively charged, with average values of −26.36 mV, −17.3 mV, and 
−10.1 mV, respectively (Figure 1B). Although surface charge increased with DOX and PFH loading, all particles retained 
a negative charge, suggesting stable dispersion. Nanoparticle tracking analysis showed that the average particle 
concentrations were approximately 10.42 × 10¹² particles/mL for ON, 7.36 × 10¹² particles/mL for ON_FA, and 5.10 
× 10¹² particles/mL for HON_FA@DOX, confirming that sufficient particle quantities were synthesized (Figure 1C). 
Field emission-transmission electron microscopy (FE-TEM) was used to assess particle morphology. The FE-TEM 
images confirmed that the particles were spherical phospholipid bilayers, forming liposome-like nanoparticles within the 
size range of 100–200 nm. These images also indicated that particle morphology was preserved after DOX and PFH 
loading, consistent with the dynamic light scattering data (Figure 1D). To visually confirm the presence of PFH, images 
of the sample were taken, showing that PFH was uniformly dispersed, resulting in a cloudy suspension (Figure 1E).

Figure 1 Characterization of ON, ON_FA, and HON_FA@DOX. (A) Size. (B) Zeta potential of surface particles. (C) Particle concentration. (D) Transmission electron 
microscopy images. (E) Sample images with and without perfluorohexane.
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Oxygen and Drug Encapsulation Efficiency and Release
To confirm DOX entrapment within the HON_FA@DOX particles, we compared the absorbance spectra of 
HON_FA@DOX with those of DOX-free ON_FA particles. Absorbance measurements were conducted over 
a wavelength range of 300–600 nm. Results showed that HON_FA@DOX successfully encapsulated DOX, as indicated 
by a prominent absorbance peak at approximately 480 nm—a characteristic feature of DOX—absent in ON_FA 
(Figure 2A). During HON_FA@DOX synthesis, the DOX feed concentration was 1 mg/10 mL, and the absorbance of 
the supernatant separated after synthesis was analyzed. A standard curve for DOX was generated, and the EE was 
calculated to be approximately 36.61% using linear regression (Figure 2B). This encapsulation efficiency, despite the 
inherent limitations of passive loading, can be attributed to the combined effects of PFH and cholesterol, which enhanced 
the uniform distribution and stability of DOX·HCl. Cholesterol, in particular, played a crucial role in increasing 
liposomal stability, reducing DOX leakage, and improving drug retention within the vesicles.69 To assess drug release 
behavior, both free DOX and HON_FA@DOX underwent in vitro drug release testing using the dialysis method. For free 
DOX, 78% of the drug was released within 6 h, with nearly complete release achieved within 12 hours. In contrast, 
HON_FA@DOX exhibited a slower release profile, with approximately 40% of the drug released after 6 hours, 60% after 
12 hours, and 90% after 24 hours (Figure 2C). These findings confirmed the sustained release behavior of 
HON_FA@DOX, demonstrating controlled release and enhanced DOX delivery via the particles compared to free DOX.

The oxygen concentration of the synthesized particles was measured using an optical dissolved oxygen (DO) meter. 
In standard DPBS buffer without oxygen-carrying particles, the average oxygen concentration was 8.60 mg/L, whereas it 

Figure 2 Confirmation of oxygen and drug loading and release. (A) Absorbance spectrum. (B) Encapsulation efficiency of DOX. (C) In vitro cumulative DOX release 
efficiency from free DOX and HON_FA@DOX at ethanol 30% buffer. (D) Oxygen concentration. **p < 0.01, and ****p < 0.0001 compared with the control. (E) 
Normalized oxygen concentration released from oxy-DPBS and oxygen nanosome with and without cholesterol and PFH.
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was 18.11 mg/L in ON and 18.04 mg/L in ON_FA, indicating no significant difference in oxygen concentration between 
particles with and without folate-modified phospholipids. In HON_FA@DOX, the average oxygen concentration 
increased to 23.25 mg/L, suggesting a higher oxygen content in the particles due to the high gas solubility of PFH 
(Figure 2D). Next, we assessed the oxygen-release capacity in samples with and without oxygen-carrying particles, as 
well as with and without PFH and cholesterol. To create a near-anoxic environment, the dissolved oxygen in DPBS 
buffer was reduced to below 0.2 mg/L by bubbling with argon gas. Oxygen-saturated DPBS (oxy-DPBS), ON without 
cholesterol or PFH, and ON with cholesterol and PFH were then injected and treated with argon gas for an additional 
3 min to deplete dissolved oxygen in the particles. Dissolved oxygen measurements were taken every 30 seconds over 
a 40-min period, and data were normalized based on the maximum oxygen concentration of each sample. The results 
showed that oxy-DPBS rapidly lost dissolved oxygen within 5 minutes due to the absence of oxygen transfer particles. 
However, ON without cholesterol and PFH, and ON with cholesterol and PFH, maintained higher dissolved oxygen 
levels, attributed to the presence of oxygen transfer particles. Notably, particles containing both cholesterol and PFH 
exhibited the highest dissolved oxygen levels, attributed to increased shell rigidity and increased oxygen stability 
(Figure 2E). These findings indicate that the inclusion of cholesterol and PFH contributes to a more stable and effective 
oxygen transfer in the particles.

Cell Cytotoxicity Test
Since the synthesized particles are designed to deliver both oxygen and DOX to the tumor microenvironment following 
injection, we evaluated the cytotoxicity of ON, ON_FA, and HON_FA@DOX across varying concentrations to assess the 
biocompatibility of ON and ON_FA and determine the appropriate treatment concentration for subsequent experiments. 
ON and ON_FA, which are oxygen-delivering particles without DOX, were found to be biocompatible, showing no 
toxicity against two cancer cell lines (HeLa and MDA-MB-231) and one normal cell line (CCD-986Sk) (Figure S2). In 
contrast, the cytotoxicity of HON_FA@DOX was confirmed in the two cancer cell lines due to the presence of the 
anticancer drug DOX. However, HON_FA@DOX demonstrated relatively milder cytotoxicity compared to free DOX, 
likely due to the sustained release of the drug as previously observed (Figure 3). However, both HON_FA@DOX and 
free DOX exhibited cytotoxic effects in both normal and cancer cells, underscoring the need for tumor-specific targeting 
to ensure safe and effective anticancer drug delivery.

Cell-Binding Ability Through Folate Targeting FOLR1
To validate the tumor-specific targeting capability of ON_FA through folate binding, we first assessed FOLR1 expression 
in two cancer cell lines (HeLa and MDA-MB-231) and one normal cell line (CCD-986Sk). Typically, FOLR1 is 

Figure 3 Cytotoxicity test of HON_FA@DOX and free DOX against cancer cells HeLa, MDA-MB-231 and normal cells CCD-986Sk. *p < 0.1, ***p < 0.001, and ****p < 
0.0001 compared with the control. “ns” indicates no statistically significant difference.
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overexpressed in epithelial-derived cancers, such as breast and ovarian cancer cells, but not in normal cells. Flow 
cytometry analysis confirmed this pattern, showing high FOLR1 expression in cancer cells while barely detectable levels 
were observed in the normal cell line (Figure 4A).

These results indicate that FOLR1-mediated delivery of particles with phospholipids and folate could enable tumor- 
specific targeting. To verify this, we assessed the cell-binding capacity of ON_FA, a folate-functionalized particle, 
compared with ON particles lacking folate. Confocal imaging revealed that ON_FA exhibited high green fluorescence on 
the cell surface and within the cytoplasm of both cancer cell lines, confirming strong FOLR1-mediated binding and rapid 
intracellular uptake. However, ON particles showed minimal binding to normal cells, with little to no green fluorescence 
detected on the cell surface or within the cytoplasm (Figure 4B). This difference underscores the selective binding 
capacity of ON_FA for tumor cells, likely due to efficient folate-mediated binding.

For a quantitative assessment of particle-binding capacity, ON and ON_FA particles were labeled with DiO dye and 
then applied to two cancer cell lines and one normal cell line, followed by fluorescence measurement using a microplate 
reader. The results indicated that ON_FA exhibited significantly higher binding capacity to cancer cells, with almost no 

Figure 4 (A) FOLR1 expression on cancer cells and normal cells by flow cytometry. (B) Comparison of cell-binding ability of ON and ON_FA using confocal images of 
HeLa, MDA-MB-231, CCD-986Sk cells stained with Hoechst (nucleus, blue), DiD (cell, red), and DiO (liposome, green) (Scale bar = 10 um) (C) Quantitative fluorescence 
analysis of liposomes (green) using a plate reader. **p < 0.01, and ****p < 0.0001 compared with ON. “ns” indicates no statistically significant difference between ON and 
ON_FA.
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binding observed in normal cells, consistent with the confocal imaging results (Figure 4C). These findings confirm that 
FOLR1 is overexpressed exclusively in cancer cells, allowing folate-functionalized particles to specifically target cancer 
cells. This specificity suggests that ON_FA could reduce the systemic toxic side effects of DOX while efficiently 
delivering oxygen to the tumor microenvironment.

Alleviation of Hypoxia
To assess the mitigation of hypoxia through oxygen-delivering particle treatment, HeLa cells—selected for their high 
binding affinity to ON_FA—were treated with a hypoxia dye, and confocal images were captured. In hypoxic conditions, 
hypoxia dyes fluoresce green upon reduction, with fluorescence intensity increasing as oxygen levels decrease. Tumor 
cells were incubated under hypoxic conditions using a gas mixture of 1% oxygen and 5% carbon dioxide. Cells grown 
under normoxic conditions displayed minimal hypoxia dye fluorescence, while those cultured in hypoxic conditions 
showed very high green fluorescence, confirming successful hypoxia induction with the gas mixture. Confocal micro-
scopy was then used to determine whether oxygen delivery via ON_FA and HON_FA@DOX could alleviate this 
hypoxia. Results showed that both ON_FA and HON_FA@DOX treatments significantly reduced green fluorescence 
intensity compared to untreated cells, indicating effective oxygen delivery by the particles (Figure 5A).

To quantitatively confirm the hypoxia-alleviating effect observed in confocal images, we measured the expression of 
HIF-1α—a gene typically upregulated under hypoxic conditions—using RT-qPCR. Cells were cultured under both 
normoxic and hypoxic conditions and treated with either ON_FA, HON_FA@DOX, or left untreated as a control. 
RNA was extracted, converted to cDNA, and analyzed. The expression levels of HIF-1α mRNA were normalized using 
the Hypoxia group as the control, with the gene expression level of the Hypoxia group set to 1 (Figure 5B). HIF-1α 
expression in normoxic cells was approximately half of that in hypoxic cells. In hypoxic cells treated with ON_FA and 
HON_FA@DOX, HIF-1α expression was reduced by about 30% and 50%, respectively, compared to untreated hypoxic 
cells. Notably, HON_FA@DOX, enhanced with PFH for higher oxygen-carrying capacity, showed HIF-1α expression 
levels close to those observed in normoxic conditions (Figure 5B). These findings confirm that the particles developed in 
this study can effectively alleviate hypoxia in tumor cells.

Figure 5 Confirmation of alleviating hypoxia in HeLa cells. (A) Changes in hypoxia level as observed by hypoxia dye following ON_FA and HON_FA@DOX treatment. (B) 
Reduction of hypoxia-related gene HIF-1α by particle treatment confirmed through RT-qPCR. *p < 0.1, and **p < 0.01 compared with the control.
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Doxorubicin-Induced Apoptosis in Normoxia and Hypoxia
To determine the apoptotic effects of DOX and alleviating chemotherapy resistance through hypoxia relief, cells cultured 
under normoxic and hypoxic conditions were treated with HON_FA@DOX and free DOX. RNA was extracted, 
converted to cDNA, and analyzed by RT-qPCR. p53, a crucial tumor suppressor protein, promotes tumor cell death by 
upregulating pro-apoptotic proteins essential for apoptosis.70 Caspase-3 is a primary apoptosis effector, whose activation 
is irreversible and leads to cell death.71 Bax, another pro-apoptotic protein, facilitates cell death.72 Therefore, increased 
expression of apoptosis-related markers p53, Caspase-3, and Bax was used to confirm tumor cell apoptosis.

In cells cultured under normoxic conditions, HON_FA@DOX and free DOX treatments resulted in increased 
expression of p53, Bax, and Caspase-3 compared to the untreated control (Figure 6A). However, expression of these 
apoptosis-related genes was lower in the HON_FA@DOX group compared to free DOX, likely due to the sustained 
release of DOX. In contrast, under hypoxic conditions, the HON_FA@DOX treatment group exhibited a significant 
increase in p53, Bax, and Caspase-3 expression compared to the untreated control, while the free DOX group did not 
show a significant increase in these genes (Figure 6B and C). This lack of response in the free DOX group may be 
attributed to hypoxia-induced chemotherapy resistance, potentially due to mechanisms like drug efflux or reduced drug 
uptake. These results suggest that this oxygen-delivering strategy may be more effective at inducing apoptosis in hypoxic 
tumor cells, making it a promising adjuvant approach to enhance chemotherapy efficiency.

Conclusion
In conclusion, we employed cholesterol and PFH in nanosomes to achieve stable and high-oxygen delivery, incorporated 
folate to target FOLR1, which is overexpressed in tumor cells, for tumor-specific binding, and loaded the nanosomes with 
DOX, an anticancer drug, for effective tumor treatment. Characterization of the developed particles confirmed their 
successful synthesis, cytotoxicity, and tumor cell-specific binding abilities. Furthermore, RT-qPCR and hypoxia staining 
verified that hypoxia in tumor cells was alleviated by particle treatment. This hypoxia alleviation reduced chemotherapy 
resistance compared to free DOX, suggesting that DOX-induced cell death was more effectively achieved, as confirmed 
by RT-qPCR results.

Figure 6 Assessment of HeLa cell apoptosis induction by doxorubicin through RT-qPCR. (A) Comparison of apoptosis gene expression in normoxia and (B) hypoxia. *p < 
0.1, **p < 0.01, ***p < 0.001, and ****p < 0.0001 compared with the control. “ns” indicates no statistically significant difference.
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This study demonstrates that FOLR1-targeted oxygen- and drug-delivery nanoparticles offer a novel approach by 
simultaneously addressing multiple limitations of conventional drug delivery nanoparticles through multifunctionality. 
By incorporating targeting, drug delivery, and oxygen transport into a single system, we systematically evaluated the 
individual effects of each function and further confirmed their synergistic impact. Specifically, the oxygen delivery 
capability effectively alleviated hypoxia, thereby enhancing the therapeutic efficacy of the anticancer drug. This approach 
represents an innovative, multifunctional strategy for efficient chemotherapy, validating the potential of these nanosomes 
as a creative and effective drug delivery system. Furthermore, since the developed nanosomes utilize folate-mediated 
cancer cell targeting, they hold promise as a universal drug carrier applicable not only to cervical and breast cancers but 
also to other cancer types, including lung cancer.

The in vitro hypoxia model used in this study was designed to provide a precisely controlled oxygen environment, 
enabling a systematic analysis of the hypoxia-alleviating effects of nanoparticles and their potential to overcome 
chemotherapy resistance. However, in vitro models alone cannot fully replicate the physiological complexity of the 
tumor microenvironment. Therefore, future studies should incorporate in vivo models to evaluate the biodistribution, 
therapeutic efficacy, and long-term safety of the nanoparticles. This approach will allow for a more comprehensive 
assessment of the clinical applicability of the proposed strategy.
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