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Purpose: Colorectal cancer (CRC) is the second leading cause of cancer-related deaths worldwide. Oxaliplatin (OXA) is currently the
primary chemotherapeutic agent for CRC, but its efficacy is limited by the tumor microenvironment (TME). Here, we present
a combined approach of chemotherapy and TME modulation for CRC treatment. A multifunctional nanosystem (Rg3-Lip-OXA/CaO,)
was established using Ginsenoside Rg3 liposomes targeting glucose transporter 1 overexpressed on the surface of CRC cells to co-
deliver OXA and calcium peroxide (CaO,).

Methods: The CaO, nanoparticles were synthesized via the CaCl,-H,0, reaction under alkaline conditions and characterized using X-ray
diffraction (XRD) and X-ray photoelectron spectroscopy (XPS). Rg3-Lip-OXA/CaO, was prepared through a thin-film hydration approach
and characterized; additionally, its stability and release behavior were studied. The O,, H,0,, and Ca®" generation ability of Rg3-Lip-OXA/
Ca0; in solution and HCT116 cells were measured. The in vitro cellular uptake was observed via fluorescence microscope and flow cytometry.
In vitro cytotoxicity was evaluated using the CCK-8 assay, flow cytometry, and live/dead cell staining. The in vivo targeting effect as well as
antitumor efficacy were determined in HCT116 tumor-bearing mice. Finally, the acute toxicity of Rg3-Lip-OXA/CaO, was investigated in ICR
mice to explore its safety.

Results: The XRD and XPS analyses confirmed the successful synthesis of CaO, nanoparticles. The Rg3-Lip-OXA/CaO, exhibited an
average particle size of approximately 92.98 nm with good stability and sustained release behavior. In vitro and in vivo studies confirmed
optimal targeting by Rg3-Lip and demonstrated that the nanosystem effectively produced O, H,O, and Ca®", resulting in significant
cytotoxicity. Additionally, in vivo studies revealed substantial tumor growth suppression and reduced tumor-associated fibroblasts (TAFs)
and collagen. Acute toxicity studies indicated that Rg3-Lip-OXA/CaO, markedly reduced the toxicity of chemotherapeutic drugs.
Conclusion: This multifunctional nanosystem enhances chemotherapy efficacy and reduces toxicity, offering a promising approach
for optimizing CRC treatment and potential clinical application.

Keywords: tumor microenvironment, multifunctional nanosystem, oxaliplatin, calcium peroxide, targeted drug delivery, anticancer
therapy

Introduction

Colorectal cancer (CRC) ranks as the second most common cause of cancer-related fatalities worldwide.' In 2022 alone,
approximately 1,926,118 new cases were identified, with 903,859 deaths recorded.”* This accounts for 9.6% of global
cancer incidences and 9.3% of cancer-related deaths.*> Patients diagnosed with advanced-stage CRC face a grim
prognosis, with a 5-year survival rate of less than 15%.° Oxaliplatin (OXA), a third-generation platinum compound,
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remains a cornerstone in the chemotherapy of CRC.”®* OXA exerts its anticancer effects by causing DNA damage,
thereby inhibiting DNA replication and transcription.”

However, the clinical efficacy of OXA is often compromised by the tumor microenvironment (TME), which is
characterized by hypoxia, acidosis, and elevated glutathione levels.'®!" These conditions are intricately linked to tumor
progression, invasion, metastasis, and resistance to therapy.'? Cells in a hypoxic environment develop resistance to
conventional chemotherapeutic agents through various survival mechanisms, such as the upregulation of P-glycoprotein
(P-gp)."*"'® Consequently, strategies to mitigate hypoxia in the TME could potentially enhance the effectiveness of
chemotherapy. Recent advances have highlighted the potential of various metal peroxides, including calcium peroxide
(Ca0,),'® manganese dioxide (MnO,), magnesium peroxide (MgO,), and zinc peroxide (ZnO,),"” in alleviating tumor
hypoxia. These peroxides react with water in tumor tissues,'® generating oxygen and other reactive species, thereby
enhancing the chemotherapeutic effect. Among these, CaO, is particularly promising due to its high biocompatibility and
efficient oxygen generation.'®?° The release of hydrogen peroxide (H,0,) and Ca®" from CaO, induces intracellular
oxidative stress and Ca>" overload, leading to mitochondrial dysfunction and tumor cell apoptosis.”' ** The reaction of
Ca0, with water is depicted as follows:**

Ca0, + H,0 — 0.50, + Ca(OH),

Ca0, + 2H,0 — H,0, + Ca(OH),
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Given the instability of CaO, in water and the systemic toxicity of OXA, there is a pressing need to develop
a safer and more effective nanosystem to prevent the premature decomposition of CaO, and reduce the side effects
of OXA. Among the various nanocarriers used in tumor therapy, liposomes are particularly promising due to their
ease of modification, high biocompatibility, and low toxicity.?> 2’ Cholesterol, a key component of liposomes,
stabilizes the phospholipid bilayers.”® However, concerns have been raised about its potential to cause hyperlipi-
demia and allergic reactions due to excessive absorption and the regulation of serum lipoprotein content.?’
Therefore, identifying cholesterol substitutes with similar structures to stabilize liposomal membranes is crucial.

Ginsenoside Rg3, a sterol compound isolated from ginseng and the primary component of the “Shenyi capsule”, has been
approved as an anticancer drug by the State Food and Drug Administration of China since 2000.°° Rg3 has demonstrated

tumor-suppressive effects across multiple cancers and can modulate the TME by inhibiting tumor angiogenesis,'~*

reversing activated TAFs,® and inducing immunogenic cell death (ICD).** When combined with doxorubicin,®~°

paclitaxel,®” cisplatin,**-**

and other chemotherapeutic drugs, Rg3 significantly enhances antitumor effects while reducing
drug-induced toxicity. Moreover, the glycosyls present in the hydrophilic part of Rg3 actively target glucose transporter 1
(Glutl), which is overexpressed on the surface of CRC cells.**** These findings suggest that Ginsenoside Rg3 could
potentially replace cholesterol as a liposomal membrane stabilizer, while also actively targeting tumors and acting as
a chemotherapy adjuvant, thereby increasing drug accumulation in tumor tissues and enhancing the antitumor effect.

This study aims to develop a multifunctional nanosystem (Rg3-Lip-OXA/Ca0,) to enhance the treatment of
CRC. In this nanosystem, Rg3 serves as both a membrane stabilizer and a chemotherapy adjuvant, offering
multiple functions such as active targeting, TME regulation, and enhanced chemotherapy. It is expected that
Rg3-Lip-OXA/Ca0O, will effectively accumulate at tumor sites via the Glutl-targeting capability of Rg3.
Subsequently, OXA and CaO, will be released from the liposomes to kill tumor cells through DNA damage
and mitochondrial dysfunction, respectively. Additionally, CaO, and Rg3 will regulate the TME by producing
oxygen and reversing activated TAFs. The primary advantage of this nanosystem is its ability to augment
chemotherapy and regulate the TME through various mechanisms, such as hypoxia relief, mitochondrial damage,
and TAFs reversal. Therefore, this multifunctional nanosystem holds significant promise for clinical application in
the treatment of CRC.

Materials and Methods

Materials

OXA was purchased from Shandong Boyuan Pharmaceutical Co., Ltd. (Jinan, China), while Ginsenoside 20(S)-Rg3 was
purchased from DESITE Biotech (Chengdu, China). Ammonia (NH; -H,O, 30%) and calcium chloride (CaCl,) were
purchased from Xilong Scientific (Shantou, China). Egg yolk lecithin (EPC) and 1.1'-dioctadecyl-3,3,3’,3'-tetramethylindo-
tricarbocyanine iodide (DiR) were procured from Meilun Biotechnology (Dalian, China). Cholesterol (Chol) was purchased
from Shanghai Macklin Biochemical Co. Ltd. (Shanghai, China). McCoy’s 5SA medium was purchased from ProCell Life
Sciences (Wuhan, China). Hoechst 33342 and Fluo 3-AM were purchased from Beijing Solarbio Science and Technology Co.,
Ltd. (Beijing, China). Rhodamine B (Rh B) was procured from Yuanye Biotechnology Co., Ltd. (Shanghai, China). 2',7'-
Dichloro-fluorescein diacetate (DCFH-DA) and Tris (4,7-biphenyl-1,10-phenanthroline) ruthenium dichloride ([Ru(dpp)s]
Cl,) were sourced from Shanghai Maokang Biotechnology Co., Ltd (Shanghai, Beijing). The Calcein/PI cell viability/
cytotoxicity assay kit and DNA damage assay kit by y-H2AX immunofluorescence were procured from Beyotime
Biotechnology (Shanghai, China). The Annexin V-FITC/PI apoptosis detection kit and JC-1 Mitochondrial membrane
potential assay kit were obtained from Yeasen Biotechnology Co., Ltd. (Shanghai, China). Smooth muscle actin (a-SMA)
polyclonal antibody, HIF-1a polyclonal antibody and CoraLite488-conjugated goat anti-rabbit IgG (H&L) were purchased
from Proteintech, Inc. (Wuhan, China).
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Cell Culture and Animals

The HCT116 cells, a human colorectal cancer cell line, were procured from ProCell Life Science (Wuhan, China). These
cells were cultured in McCoy’s 5A with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin at 37°C in
a humidified environment with 5% CO,.

Female ICR mice, each weighing between 18 and 20 g, were procured from Liaoning Changsheng Biotechnology
Co., Ltd. (Changchun, China). Female BALB/c nude mice, aged 4 to 5 weeks, were obtained from Beijing HFK
Bioscience Co., Ltd (Beijing, China). Animals were kept in an SPF-grade animal center with access to food and water
ad libitum at 25°C under a 12-h dark/light cycle. All animal procedures were approved by the Animal Experimental
Ethics Committee of Jilin University (Approval No. 20220077) and performed in accordance with the National Institutes
of Health Guide for the Care and Use of Laboratory Animals. Before commencing the experiment, all animals were fed
adaptively for one week.

Preparation and Characterization of CaO,

Preparation of CaO,

The synthesis of CaO, nanoparticles followed a previously reported method involving the CaCl,—H,0O, reaction under
alkaline conditions.*! Briefly, a solution of CaCl, (2 mL, 0.1 g/mL) and ammonia solution (1 mL, 1 mol/L) were added
into 200 mL PEG-200. Subsequently, 1 mL of 30% H,0, was added dropwise, and the mixture was agitated at 25°C for
6 h to obtain a colorless transparent solution. NaOH solution (1 mol/L) was subsequently introduced while applying
ultrasound until the pH level climbed to 11.5, resulting in the gradual formation of a white suspension. Finally, the
products underwent centrifugation at 9500 g for a duration of 5 min and were rinsed twice with 0.1 mol/L sodium
hydroxide solution and ethanol. The resulting CaO, nanoparticles were suspended in anhydrous ethanol and preserved at
4°C. The reaction equation is presented below:'>

CaClz + 2NH3 . Hzo + H202 — C8.02 + 2NH4C1 + 2H20

Characterization of CaO,

The freshly prepared CaO, nanoparticles were diluted 100 times to analyze the particle size and polydispersity index
(PDI) using dynamic light scattering (Malvern Instruments, UK). The morphology of the CaO, nanoparticles was
characterized using a transmission electron microscope (TEM; Tecnai Spirit Biotwin, Netherlands). Furthermore, the
synthesis of the CaO, nanoparticles was confirmed via X-ray diffraction (XRD) and X-ray photoelectron spectroscopy
(XPS) using a D8 ADVANCE X-ray diffractometer (Bruker, Germany) and an ESCALAB 250XiX-ray photoelectron
spectrometer (Thermo Scientific, USA), respectively.

Preparation and Characterization of Liposomes

Preparation of Liposomes

The preparation of OXA and CaO, co-loaded Rg3 liposomes (Rg3-Lip-OXA/Ca0,) was conducted through a thin-film
hydration approach. Initially, EPC and Rg3 were dispersed in anhydrous ethanol and chloroform (v/v = 1:1) at a molar
proportion of 4:1. This blend was then combined with 1 mL of 2 mg/mL CaO, nanoparticles dispersed in ethanol. The
resulting mixtures underwent rotary evaporation to form thin and uniform lipid film in a water bath at 37°C, and then the films
were hydrated with 5.0% dextrose solution containing OXA at 37°C for 2 h, with the molar ratio of OXA to EPC set at 1:16.
After vortexing the suspension for 3 min, ultrasonication was executed for 10 min. Ultimately, the liposomes were extruded
through 450 and 220 nm microporous membranes to obtain Rg3-Lip-OXA/CaO..

OXA-loaded conventional liposomes (Lip-OXA) were prepared in the absence of CaO,, and Rg3 was replaced by
cholesterol. Similarly, the OXA and CaO, co-loaded conventional liposomes (Lip-OXA/CaO,) were prepared by using
cholesterol instead of Rg3. Additionally, Rh B- and DiR-loaded liposomes (Lip-RhB, Lip-DiR) were prepared by adding
DiR into the lipid solutions or Rh B to the hydration process as a fluorescence marker under the same conditions in
darkness.
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Characterization of Liposomes

The encapsulation efficiency (EE) and drug loading (DL) of OXA were assessed using LC-20AT high-performance liquid
chromatography (HPLC, Shimadzu, Japan) as described previously.*> Unencapsulated Rg3 was eliminated through low-speed
centrifugation based on the lipid solubility of Rg3. Freshly prepared liposomes underwent centrifugation at 3000 rpm for
10 min to eliminate any free Rg3. The resulting supernatant was then treated with methanol for 5 min to break the liposomes.
The concentration of Rg3 was quantified using HPLC with a Shimadzu ODS C18 reverse phase column (250.0 mm x 4.6 mm,
5.0 pm), utilizing a mobile phase composed of 55% acetonitrile and 45% ultra-pure water. The EE (%) and DL (%) were
calculated using the formulas below:

EE (%) = (amount of loaded drug / amount of added drug) x 100%

DL (%) = (amount of loaded drug / amount of membrane material and drugs) x 100%

The liposomes were diluted 100 times to measure particle size, PDI, and zeta potential using dynamic light scattering
technique (DLS). The morphology of Rg3-Lip-OXA/Ca0O, was examined via TEM. The energy dispersive spectroscopy
(EDS) elemental mapping of Rg3-Lip-OXA/Ca0O, was conducted using a JEM-2100F field emission TEM (FETEM)
(JEOL Ltd., Japan). The ultraviolet spectra and infrared spectra of Rg3, OXA, CaO,, Lip, and Rg3-Lip-OXA/Ca0O, were
measured with UV—vis spectrophotometer (UV2700, Shimadzu, Japan) and Fourier transform infrared spectroscopy
(FTIR; IRSpirit, Shimadzu, Japan).

0O,, H,0,, and Ca** Generation Ability of Liposomes in Solution

One milliliter of Lip-OXA, Lip-OXA/CaO,, or Rg3-Lip-OXA/CaO, was added to 10 mL of phosphate-buffered saline
(PBS; pH 7.4), with the mixture being stirred at 37°C. The concentration of dissolved O, was determined using a DOG
3082 dissolved oxygen meter.

To evaluate the production of H,O, from CaO,, a colorimetric assay was conducted, employing KMnO, as the
detection indicator. Diverse liposomes, including Lip-OXA, Lip-OXA/Ca0O,, and Rg3-Lip-OXA/CaO,, were added into
40 pg/mL of KMnOy, solution, and the UV—vis absorption spectra of sample were determined. PBS and H,0, functioned
as negative and positive controls, respectively.

The production of Ca*" by Lip-OXA, Lip-OXA/CaO,, and Rg3-Lip-OXA/CaO, was quantified using the Ca®"
fluorescent indicator Fluo 3-AM.* Briefly, 1 mL of liposomes was mixed with 1 mL PBS (pH 7.4) containing Fluo
3-AM (5 uM), and then the resulting mixture was incubated at 37°C with continuous shaking. At the designated intervals,
the fluorescence spectra of sample were measured using a fluorospectro photometer (Aex: 506 nm, Aem: 526 nm). An
increase in fluorescence intensity indicated the production of Ca** from liposomes. In addition, the above-mentioned
procedure was performed at pH 5.5 to detect the ability of Rg3-Lip-OXA/Ca0O, to generate O,, H,O,, and Ca®" under
acidic addition.

Stability of Liposomes

The liposomes of Lip-OXA/CaO, and Rg3-Lip-OXA/CaO, were stored at 4°C or 25°C for 48 h to measure changes in
EE. The EE of OXA and Rg3 was determined using HPLC, as described above, at predesigned intervals of 0, 1, 2, 4, 8,
24, and 48 h.

To evaluate storage stability, the Rg3-Lip-OXA/CaO, was stored at 4°C for two weeks, and DLS was employed to
measure particle size, PDI, and zeta potential. In addition, the Rg3-Lip-OXA/CaO, was mixed with PBS, PBS containing
10% FBS, and McCoy’s 5A medium containing 10% FBS at 37°C for 48 h to examine the dispersion stability. The
particle size and PDI were measured at predesigned intervals using DLS.

Drug Release Behavior

The drug release behaviors of OXA and Rg3 from free Rg3/OXA, Lip-OXA, Lip-OXA/Ca0,, and Rg3-Lip-OXA/CaO,
were assessed using a dynamic dialysis method. Samples were enclosed in dialysis bags with a molecular weight cutoff
of 8.0-14.0 kDa and subjected to dialysis in PBS (pH 7.4) in a 37°C shaker. At predefined time points of 0, 1, 2, 4, 8, 12,
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24, and 48 h, 1 mL of the dissolution medium was removed for the determination of the released drug concentration
using HPLC, and an equal volume of fresh release medium was replaced. Rg3-Lip-OXA/CaO, was also dialyzed against
PBS (pH 5.5) in a 37°C shaker with the same procedures above to determine the release profiles of OXA and Rg3 from
Rg3-Lip-OXA/CaO, under acidic conditions.

Intracellular Uptake and Mechanism

The cellular uptake of Rg3-Lip-Rh B was evaluated using a Ts2-FL fluorescence microscope (Nikon, Japan) and a FACS
Calibur flow cytometer (Becton Dickinson, USA). A total of 2x10° HCT116 cells/well were seeded in 6-well plates and
cultured for 24 h. After this, cells were treated with 10 pg/mL Rh B, Lip-Rh B, or Rg3-Lip-Rh B for an additional
6 h. For fluorescence imaging, the cells were then stained with Hoechst 33342 for 30 min at 25°C. For flow cytometry,
the cells were trypsinized and centrifuged at 1000 rpm for 5 min. After being resuspended in PBS, the samples of
1.0x10* cells were analyzed using a flow cytometer.

For elucidating the intracellular uptake mechanisms, the cells were exposed to several glucose transporter inhibitors,
including glucose (10 mM) and quercetin (0.2 mM), for 1 h, followed by treatment with Rg3-Lip-Rh B for another
6 h. Finally, the cells were analyzed for fluorescence imaging after being stained with Hoechst 33342 as described above.
For flow cytometry, the cells were trypsinized and centrifuged at 1000 rpm for 5 min. After resuspension in PBS, the
samples of 1.0x10* cells were analyzed using a flow cytometer.

Intracellular O,, ROS, and Ca?* Levels Determination
Intracellular O,, ROS, and Ca”®" levels were assessed using [Ru(dpp);]Cl,, DCFH-DA, and Fluo 3-AM probes,
respectively. To determine intracellular O, levels, HCT116 cells were inoculated into 24-well plates at a density of
1x10° cells/well in a hypoxic environment for 24 h. The cells were then treated with [Ru(dpp);]Cl, (10 uM) for
4 h. Subsequently, the cells were treated with Lip-OXA, Lip-OXA/CaO,, or Rg3-Lip-OXA/CaO, at concentrations of
10 uM OXA for 12 h. Finally, the cells were dyed with Hoechst 33342 for 30 min at 25°C. Fluorescent microscopy was
used to capture images of the stained cells. Untreated cells under hypoxic or normoxic conditions served as controls.
To assess intracellular ROS and Ca”" levels, HCT116 cells were seeded into 24-well plates in hypoxic environment
for 24 h. Then, cells were treated for 12 h with Lip-OXA, Lip-OXA/CaO,, or Rg3-Lip-OXA/CaO, at concentrations of
10 uM OXA. After incubation, the cells were incubated with DCFH-DA (10 uM) or Fluo 3-AM (5 uM) for 30 min to
detect ROS or Ca®" levels, respectively. Ultimately, the cells were observed using fluorescence microscopy after being
stained with Hoechst 33342. Untreated cells under hypoxic or normoxic conditions served as controls.

Mitochondrial Damage

Intracellular mitochondrial damage was detected using a JC-1 mitochondrial membrane potential assay kit. Briefly, 2x10°
HCTI116 cells/well were seeded in 6-well plates in a hypoxic environment for 24 h. The cells were then treated with Lip-
OXA, Lip-OXA/Ca0,, and Rg3-Lip-OXA/CaO, at OXA concentrations of 10 uM for 12 h. After incubation, the cells
were stained with the JC-1 probe, and the images were captured using a fluorescence microscope. Untreated cells under
hypoxic or normoxic conditions served as controls.

In vitro Cytotoxicity and Apoptosis
First, the combination index (CI) of Rg3 and OXA was detected using the CCK-8 assay. Briefly, HCT116 cells were
seeded in 96-well plates at a density of 2x10* cells/well overnight. The cells were then treated with different molar ratios
of Rg3 and OXA. Subsequently, the fresh medium containing 10.0 pL. of CCK-8 was added to cells for an incubation of
2 h at 37°C. Finally, optical density (OD) values were measured at 450 nm using a microplate reader and the cell viability
was calculated. The CI values were calculated based on the cell survival rate.

The cytotoxicity of the diverse formulations was assessed using a CCK-8 assay, flow cytometry, live/dead cell
staining, immunofluorescence staining of y-H2AX, and colony formation assay. For the CCK-8 method, HCT116 cells
were seeded in 96-well plates overnight and then treated with PBS, OXA, Rg3-OXA/Ca0,, Lip-OXA, Lip-OXA/Ca0O,
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and Rg3-Lip-OXA/CaO, in a hypoxic environment at concentrations of 5, 10, 20, 40 uM OXA for 48 h, respectively.
Subsequently, cell viability was detected using the CCK-8 assay as described above.

For flow cytometry, live/dead cell staining, and immunofluorescence staining of y-H2AX, cells were seeded into
6-well plates or 96-well plates overnight and then treated with PBS, OXA, Rg3-OXA/Ca0,, Lip-OXA, Lip-OXA/Ca0,,
and Rg3-Lip-OXA/CaO, at concentrations of 10 pM OXA for 48 h in a hypoxic environment, respectively. For flow
cytometry, the cells were stained using an Annexin V-FITC/PI Apoptosis Detection Kit following standard procedures in
the instructions and then detected by a flow cytometer. For the live/dead cell assay, the cells were stained using a calcein/
PI cell viability/cytotoxicity assay kit and then observed using fluorescence microscopy. For immunofluorescence
staining of y-H2AX, the cells were then washed thrice with cold PBS and fixed with 4% paraformaldehyde for 5 min.
The cells were then blocked with QuickBlock™ Blocking Buffer for 20 min and incubated with an anti-y-H2AX primary
antibody overnight at 4°C, followed by incubating with the Alexa Fluor 488-conjugated secondary antibody for 1 h at
25°C. Finally, the cells were observed using fluorescence microscopy after being stained with DAPI.

For the colony formation assay, HCT116 cells (500 cells/well) were seeded in 6-well plates overnight and then treated
with PBS, OXA, Rg3-OXA/CaO,, Lip-OXA, Lip-OXA/Ca0,, and Rg3-Lip-OXA/Ca0, at concentrations of 10 uM
OXA for 24 h in a hypoxic environment. The cells were then cultured for an additional 12 days with fresh medium,
which was replaced every two days. Subsequently, the cells were fixed with absolute ethanol for 15 min and stained with
a 0.1% crystal violet solution for 30 min.

In vivo Fluorescence Imaging

In vivo fluorescence imaging was conducted using a widely used lipophilic near-infrared fluorescent probe (DiR).
HCT116 tumor-bearing mouse models were established by subcutaneously injecting 5x10° HCT116 cells into the
lower right abdomen of BALB/c nude mice.** Once the tumor volume reached 200 mm®, the mice were randomly
divided into three groups (n = 3) and were intravenously injected with DiR, Lip-DiR, and Rg3-Lip-DiR, respectively. The
dose of DiR was 0.44 pg/g body weight. Fluorescence optical imaging was conducted on the anesthetized mice at
intervals of 1, 2, 6, 12, and 24 h using an in vivo imaging system (IVIS Spectrum, USA). The animals were euthanized,
and their main organs and tumors were collected at 6 h post-administration for ex vivo fluorescence distribution analysis.
The fluorescence intensity of DiR in both the in vivo and ex vivo tumor regions was measured using in vivo imaging
system software.

In vivo Antitumor Efficacy Evaluation

The antitumor efficacy was assessed in athymic mice bearing HCT116 tumors, established as described above. Once the
average tumor volume reached approximately 80 mm®, the mice were randomly divided into six groups (n = 5) and
intravenously injected with normal saline, OXA, Rg3-OXA/Ca0,, Lip-OXA, Lip-OXA/CaO,, or Rg3-Lip-OXA/Ca0, at
an equivalent OXA dose of 5 mg/kg every four days, continuing for a total of six times. Concurrently, tumor volume was
monitored throughout the treatment period. Four days after the last dose, the tumors were surgically removed and
weighed to determine the tumor volume inhibitory ratio (TIR). The tumor volume and TIR were calculated as follows:

\Y% (mm3 ) = (the major axis length x the minor axis lengthz) /2

TIR (%) = (WCOntrol - WTcst)/WControl x 100%

H&E Staining and TUNEL Assay

At the end of the experiment, the tumors were fixed in a 4.0% paraformaldehyde solution for subsequent hematoxylin
and eosin (H&E). Histological evaluation of apoptotic cells in tumor tissues was conducted utilizing the terminal
deoxynucleotidyl transferase-mediated dUTP-biotin nick end labeling (TUNEL) assay. The tumor tissues were embedded
in paraffin, sliced, treated with proteinase K, and stained according to the standard procedures of the Superbrilliant
AF488 TUNEL Apoptosis Assay Kit.
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Masson’s Trichrome, Immunohistochemistry and Immunofluorescence Staining Assay
To visualize collagen changes in tumor tissues, the tumors were paraffin-embedded and cut into 3 um thick slices. Then
the slices were stained using a Masson’s trichrome kit following standard procedures. To assess changes in tumor-
associated fibroblasts within tumor tissues, immunohistochemistry was conducted on tumor slices to analyze a-SMA
expression. The tumor slides obtained using the methods mentioned above underwent deparaffinization using xylene and
ethanol, and blocked with 5% goat serum and incubated overnight at 4°C with a-SMA antibody. The slides were then
exposed to biotin-labeled secondary antibody at 37°C for 1 h. Finally, visualization was performed using 3.3’-
Diaminobenzidine (DAB). For immunofluorescence staining, the tumor slides were first incubated with HIF-1o antibody
overnight at 4°C after antigen retrieval and blocking. The slides were then exposed to CoraLite488-conjugated goat anti-
rabbit IgG (H&L) for 1 h.

Safety Evaluation in in vivo Antitumor Efficacy Study

Body weight was recorded during the 24-day experiment, and blood samples were obtained for routine blood tests and
biochemical analyses using an HF-3800 blood analyzer (Hai Li Fu, China) and HF-240 automatic biochemical analyzer
(Hai Li Fu, China) upon euthanasia. Furthermore, the main organs were collected and weighed to calculate the organ
coefficient (OC). Finally, the organ tissues were fixed for H&E staining to assess pathological safety. The OC was
calculated as follows:

OC (%) = organ weight / body weight x 100%

In Vivo Acute Toxicity

To examine the safety of liposomal formulations, an in vivo acute toxicity assay was conducted on healthy ICR mice.
A total of 160 ICR mice were randomly assigned to four groups (n = 10 each): control (normal saline), OXA, Rg3-OXA/
Ca0,, and Rg3-Lip-OXA/CaO,. Administration dosages were determined in a preliminary study. The doses of OXA in
the OXA group ranged from 12 to 16 mg/kg, in Rg3-OXA/CaO, group from 16 to 20 mg/kg, in Rg3-Lip-OXA/CaO,
group from 19 to 23 mg/kg. These doses were injected intravenously as a single administration, and body weights and
mortality were monitored and recorded for 14 days. On the 14™ day post-treatment, mice in the minimum dose group of
each formulation were euthanized to obtain blood samples from the eye socket. Routine blood tests and blood
biochemical analysis were performed to assess myelosuppression and hepatorenal function. Ultimately, the main organs
were collected for H&E staining and weighed to calculate OC using the formula described above.

Statistical Analysis
The data were expressed as mean =+ standard deviation (SD) and analyzed using GraphPad Prism software (version 9.0;
GraphPad Software, San Diego, CA, USA). Values of p < 0.05 were deemed significant difference between groups.

Results and Discussion

Characterization of CaO,

To confirm the successful synthesis of CaO, nanoparticles, XRD and XPS analyses were conducted. As illustrated in
Figure 1A, the XRD spectra of CaO, revealed distinct peaks at 28 values of 30.1°, 35.6°, 47.3°, 51.6°, 53.1°, and 60.4°,
corresponding to the standard card for CaO, (PDF#03-0865). The chemical composition of CaO, was analyzed via XPS,
and Ca and O signals were detected in the XPS spectrum (Figure 1B). Overall, these results demonstrate the successful
synthesis of Ca0O, nanoparticles. Figure 1C showed the particle size of CaO,, which was 23.9 + 0.806 nm. In addition,
the PDI of CaO, was 0.181 + 0.008, indicating uniform particle size distribution. The morphology of CaO, observed by
TEM (Figure 1D) was uniform and spherical at 20.0-40.0 nm, consistent with the particle size measurement.
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Figure | Characterization of CaO, and Rg3-Lip-OXA/CaO,. (A) XRD spectra and (B) XPS spectrum of CaO,. (C) Particle sizes and (D) TEM images of CaO, and Rg3-Lip-
OXA/CaO,. (E) EDS elemental mapping of Rg3-Lip-OXA/CaO,. (F) O, release profiles of Lip-OXA, Lip-OXA/CaO,, and Rg3-Lip-OXA/CaO, in PBS at pH 7.4. (G)
Photographs and (H) UV-vis absorption spectra of KMnOy treated with Lip-OXA, Lip-OXA/CaO,, or Rg3-Lip-OXA/CaO,. (I) Cumulative Ca>" release profiles of Lip-OXA,
Lip-OXA/Ca0O,, and Rg3-Lip-OXA/CaO, in PBS at pH 7.4. (J) Changes in EE of OXA in Lip-OXA/CaO,; and Rg3-Lip-OXA/CaO, and (K) Rg3 in Rg3-Lip-OXA/CaO, within
48 h at different temperatures. (L) Particle sizes, PDI, and (M) zeta potential changes of Rg3-Lip-OXA/CaO, stored at 4°C for |4 days. (N) Particle sizes and (O) PDI of
Rg3-Lip-OXA/CaO, mixed with different dispersion medium for 48 h. Drug release behavior of (P) OXA and (Q) Rg3 in diverse formulations. Data are presented as mean *
SD (n = 3).

Characterization of Liposomes

Table 1 showed the EE of OXA and Rg3 in Rg3-Lip-OXA/CaO, was 48.46 £+ 3.63% and 95.01 + 5.34%, respectively,
while the DL of OXA and Rg3 in Rg3-Lip-OXA/CaO, was 1.15 £ 0.09% and 18.09 + 1.02%, respectively. There was no
notable difference in either the EE or DL of OXA between the Lip-OXA/CaO, and Rg3-Lip-OXA/CaO, groups,
suggesting that substituting cholesterol with Rg3 did not influence the EE and DL of OXA.

Figure 1C and D showed the particle size and TEM images of Rg3-Lip-OXA/CaO,, respectively. The particle size of
Rg3-Lip-OXA/CaO, measured at 92.98 + 1.05 nm was less than 200 nm, which can enable effective tumor targeting via
enhanced permeation and retention (EPR) mechanisms.*’ Notably, the particle size of Rg3-Lip-OXA/CaO, was less than
that of Lip-OXA/CaO,, probably due to the unique physicochemical properties of ginsenoside.*® Ginsenoside Rg3 has
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Table |1 The Characterizations of Different Liposome Formulations (n=3)

Formulation Particle size PDI Zeta potential OXA Rg3
(nm) (mV)
EE (%) DL (%) EE (%) DL (%)
Lip-OXA 81.21 £ 0.50 0.225 + 0.013 | —33.00 £ 2.2 46.27 £ 3.51 125 +0.09 | — —
Lip-OXA/CaO, 113.90 + 4.03 0.220 + 0.004 | —27.80 + 0.40 48.83 + 2.09 1.21 £0.06 | — —
Rg3-Lip-OXA/CaO, 92.98 + 1.05 0.186 + 0.020 | —28.50 + 0.8 48.46 + 3.63 I1.15+0.09 | 95.01 +5.34 18.09 + 1.02

Abbreviations: PDI, polydispersity index; OXA, Oxaliplatin; EE, encapsulation efficiency; DL, drug loading; Rg3, Ginsenoside Rg3.

hydrophilic and hydrophobic parts in its molecular structure, which confer it surfactant features to reduce the surface
tension of water, thereby compressing liposomes and reducing particle size.*”*** Small PDI values indicate monodisperse
particles.*” The PDI of Lip-OXA, Lip-OXA/Ca0O,, and Rg3-Lip-OXA/CaO, was recorded as 0.225 + 0.013, 0.220 +
0.004, and 0.186 + 0.020, respectively (Table 1). The PDI of all liposome groups is below 0.3, indicating uniform particle
size without aggregation. In addition, zeta potential is crucial for liposome characterization. Higher zeta potential values
prevent particle aggregation through electrostatic repulsion to better stabilize liposome.>® Table 1 illustrated the zeta
potential of Lip-OXA, Lip-OXA/CaO,, and Rg3-Lip-OXA/CaO,, which was —33.00 £ 2.21, —27.80 + 0.40, and —28.50 +
0.81 mV, respectively, indicating stable liposome formulations.

EDS elemental mapping of Rg3-Lip-OXA/CaO, showed the presence of Ca and O signals, demonstrating that the
Ca0, nanoparticles were successfully loaded into the nanosystem (Figure 1E). In addition, the appearance of P and Pt
signals indicated the presence of lipids and OXA.

The UV-Vis absorption spectra of Rg3, OXA, CaO,, Lip, and Rg3-Lip-OXA/CaO, were shown in Figure S1. The
Rg3 and OXA has absorption peaks at around 205 and 260 nm, and Rg3-Lip-OXA/CaO, remained the absorption peaks
of Rg3 and OXA, confirming that Rg3 and OXA were successfully loaded into the liposomes. Additionally, Figure S2
showed the FTIR spectra of Rg3, OXA, CaO,, Lip, and Rg3-Lip-OXA/Ca0O,. Compared with the Lip spectrum, there
was a peak at 1643 cm™! in the Rg3-Lip-OXA/CaO, spectrum, corresponding to the C=C stretching of Ginsenoside Rg3.
Additionally, the sharp peak at around 866 cm™' corresponded to the O—O bridge of CaO,, and the sharp peak at 573

! contributed to the both symmetric and asymmetric stretching vibrations of Pt-N of OXA.?'**'*? These bands of

cm
Rg3-Lip-OXA/CaO, conformed that OXA and CaO, were both encapsulated into the liposome successfully. The results

of UV-Vis and FTIR further confirm the successful preparation of Rg3-Lip-OXA/CaO,.

O,, H,0,, and Ca?" Generation Ability of Liposomes in Solution

The physicochemical properties of CaO,-loaded nanosystems were assessed in vitro. First, O, generation was quantified
using a dissolved oxygen meter to demonstrate the swift oxygen production of the CaO,-loaded nanosystem. Figure 1F
depicted substantial O, generation in the Lip-OXA/CaO, and Rg3-Lip-OXA/CaO, groups than those in the CaO,-
uncontained group of Lip-OXA, with dissolved O, levels increasing by over 0.2 mg/mL in 180 min. H,O, generation
was evaluated using KMnO, as an indicator. After treatment with Lip-OXA/CaO, and Rg3-Lip-OXA/CaO,, the color
intensity of KMnQO,4 was clearly lower than that in the CaO,-uncontained group of Lip-OXA, and the UV—vis absorbance
spectra of KMnO, at 530 nm showed a significant decline (Figure 1G and H). In addition, the release of Ca>" from CaO,
was measured using a Ca”" fluorescence indicator. Figure 11 illustrated a significant release of Ca®" upon contact of Lip-
OXA/Ca0, and Rg3-Lip-OXA/Ca0, with H,0, whereas the Lip-OXA group showed no Ca®" release. Overall, Rg3-Lip-
OXA/CaO, is an effective formulation to produced O,, H,O,, and Ca>".

As shown in Figures S3-S5, the amount of O,, H,O,, and Ca”" released from Rg3-Lip-OXA/CaO, under pH 5.5 was
higher than that under pH 5.5. Regarding the release of O,, the dissolved O, level increased by over 0.4 mg/mL within
180 min in the Rg3-Lip-OXA/CaO, (pH 5.5) group, which was higher than that in the Rg3-Lip-OXA/CaO, (pH 7.4)
group. Regarding the release of H,O,, the color intensity of KMnO, in the Rg3-Lip-OXA/CaO, (pH 5.5) group was
comparable to the positive control group (H,0O,), and the decline in the UV-visible absorption spectrum was greater than
that in the Rg3-Lip-OXA/CaO, (pH 7.4) group. Regarding the release of Ca®", the Rg3-Lip-OXA/CaO, (pH 5.5) group
exhibited higher Ca®" release than the Rg3-Lip-OXA/CaO, (pH 7.4) group.
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Stability of Liposomes

The stability of Rg3-Lip-OXA/Ca0, was examined based on EE changes, storage and dispersion stability. Figure 1J
illustrated the EE of OXA in Lip-OXA/CaO, and Rg3-Lip-OXA/CaO, changed slightly within 48 h at 4°C and 25°C.
The changes in the EE of OXA in liposome at 4°C were less than that those at 25°C, indicating suitable storage
conditions at 4°C. Rg3-Lip-OXA/CaO, exhibited superior stability over Lip-OXA/CaO,, with the change in EE of OXA
below 15% at 4°C and 26% at 25°C, revealing the good stability of Rg3-Lip. Additionally, the change in the EE of Rg3
was less than 10% in all cases, suggesting negligible changes (Figure 1K).

Rg3-Lip-OXA/CaO, was then stored at 4°C for 14 days to assess its storage stability. The storage stability of the
liposomes was determined by evaluating particle size, PDI, and zeta potential.*® The results showed that Rg3-Lip-OXA/
CaO, maintained stable throughout the testing phase, exhibiting slight alterations in particle size, PDI, and zeta potential
(Figure 1L and M). On the 14" day, the particle size and PDI of Rg3-Lip-OXA/CaO, remained below 120 nm and 0.2,
respectively, with a negative potential. Finally, the dispersion stability was evaluated in PBS, PBS containing 10% FBS,
and medium containing 10% FBS. Rg3-Lip-OXA/CaO, was relatively stable across different dispersion media over a 48-
hour period, with particle size and PDI below 150 nm and 0.25, respectively (Figure 1N and O). The liposomes changed
greatly in the other two groups containing serum compared to those in the PBS group, which may be due to the
aggregation of liposomes caused by serum.

Drug Release Behavior

Drug release behavior was examined at 37°C for 48 h in the physiological environment (pH 7.4) and acidic tumor
environment (pH 5.5). Figure 1P showed that OXA exhibited a burst release in free Rg3/OXA to 94.31% within
2 h, whereas Lip-OXA, Lip-OXA/CaO,, and Rg3-Lip-OXA/Ca0, displayed sustained release over 48 h. In addi-
tion, the cumulative release of OXA in Rg3-Lip-OXA/CaO, showed better sustained release behavior than that in
Lip-OXA/CaO,. To further assess the release profiles of OXA and Rg3 in an acidic environment, Rg3-Lip-OXA/
CaO, was dialyzed against PBS (pH 5.5). Results (Figure 1P and Q) showed faster and more complete release of
OXA (93.37%) and Rg3 (65.90%) from Rg3-Lip-OXA/CaO, at pH 5.5 than that at pH 7.4 (66.45% and 39.13%),
possibly due to the swift breakdown and transformation of ginsenosides under acidic conditions.?’ These findings
suggest that Rg3-Lip-OXA/Ca0, had better sustained release behavior and TME-responsive release, which could
reduce the administration frequency and enhance drug concentration at the tumor site for improved therapeutic
effects.

Intracellular Uptake and Mechanism
The intracellular uptake of Rg3-Lip-Rh B was determined using fluorescence microscopy and flow cytometry. Figure 2A
illustrated the red fluorescence emitted by Rh B, which indicates the location of the preparations. The red fluorescence
intensity in HCT116 cells treated with liposomes was considerably stronger than that in the cells treated with free Rh
B. This result suggests that the liposomes were more easily absorbed by the cells due to their biocompatibility.
Liposomes are versatile self-assembling supramolecular structures comprising an aqueous core enclosed by a lipid
bilayer, able to host hydrophobic and hydrophilic cargo, with superior biocompatibility and great similarity with
biological membranes.”® > Owing to its lipid bilayer structure similar to that of biological membranes, it has high
biocompatibility and can effectively improve cellular uptake.’®>” Furthermore, the cells treated with Rg3-Lip-RhB
showed stronger red fluorescence intensity than those treated with Lip-Rh B due to the targeting effects of Rg3 on Glutl,
a protein highly expressed in HCT116 cells and CRC tumors.”®>° Similarly, flow cytometric assessment and quantifica-
tion revealed that the fluorescence intensity of cells treated with Rg3-Lip-Rh B was 2.09 times and 1.42 times stronger
than that of cells exposed to free Rh B and Lip-Rh B, respectively (Figure 2B and C).

To further explore the intracellular mechanism of Rg3-Lip-Rh B, the cellular uptake in the presence of various Glut
inhibitors including glucose and quercetin® was observed via fluorescence microscopy and flow cytometry. Figure 2D
showed that the red fluorescence intensity was significantly reduced in the presence of glucose and quercetin due to the

61,62

competitive inhibition of Glut by free glucose and the inhibitory effect of quercetin on Glut. Flow cytometric
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Figure 2 Intracellular uptake and mechanism of Rg3-Lip-Rh B in HCT| 16 cells. (A) Fluorescence images of HCT 116 cells incubated with different Rh B formulations for
6 h. (B) Flow cytometry analysis and (C) quantification of the cellular uptake of different Rh B formulations. (D) Examination of Rg3-Lip-Rh B cellular uptake in the presence
of various Glut inhibitors, including glucose and quercetin. (E) Flow cytometry analysis and (F) quantification of the cellular uptake of Rg3-Lip-Rh B in the presence of
different Glut inhibitors. Data are expressed as mean * SD (n = 3). ¥p < 0.0, ¥*¥p < 0.001, **¥p < 0.0001.

analysis and quantification demonstrated the same results as described above in Figure 2E and F. The presence of
glucose and quercetin led to a notable reduction in the fluorescence intensity of intracellular Rh B levels. These
findings indicate that the internalization of Rg3-Lip-Rh B into HCT116 cells was mainly mediated by Glut-mediated

endocytosis.
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Figure 3 Detection of intracellular O,, ROS, Ca®" levels, and mitochondrial membrane potential (MMP) in HCT116 cells treated with a CaO,-loaded nanosystem.
Fluorescence images of cellular (A) O,, (C) ROS, and (E) Ca®* levels in HCT116 cells treated with Lip-OXA, Lip-OXA/CaO,, or Rg3-Lip-OXA/CaO, for 12 h. Scale bar =
50 pum. The fluorescence quantitative analysis of cellular (B) O,, (D) ROS, and (F) Ca®* levels. (G) MMP in HCT1 16 cells treated with Lip-OXA, Lip-OXA/CaO,, and Rg3-
Lip-OXA/CaO, for 12 h. (H) The fluorescence quantitative analysis of (G). Data are presented as mean + SD (n = 3). *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001.

Intracellular O,, ROS, and Ca%" Levels Determination

Considering the versatility of CaO,-loaded nanosystem in solution, the capability of CaO,-loaded nanosystems to
generate O,, ROS, and Ca?" within HCT116 cells was investigated. [Ru(dpp);]Cl, is an oxygen-sensitive fluorescent
probe, which exhibited robust red fluorescence in a hypoxic environment and diminished in the presence of O,.
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Figure 3A showed strong red fluorescence of [Ru(dpp);]Cl, in untreated and Lip-OXA-treated HCT116 cells in
a hypoxic environment, while the fluorescence diminished significantly in cells exposed to CaO,-loaded liposomes of
Lip-OXA/CaO, and Rg3-Lip-OXA/Ca0,, indicating efficient O, supply by CaO,. The fluorescence intensity of HCT116
cells exposed to Rg3-Lip-OXA/Ca0O, was weaker than that of cells treated with Lip-OXA/Ca0,, indicating that Rg3-Lip-
OXA/CaO, possessed the strongest ability to alleviate tumor hypoxia. Figure 3B presented quantified fluorescence
intensity using Image J. In a hypoxic environment, the fluorescence intensity of the Rg3-Lip-OXA/CaO, group
significantly differed from that of the Lip-OXA/Ca0O,, Lip-OXA, and untreated groups. Notably, no significant difference
was observed between the Rg3-Lip-OXA/CaO, group in a hypoxic environment and the untreated group in a normal
oxygen environment. These results indicated that Rg3-Lip-OXA/CaO, could effectively improve tumor hypoxia, thereby
enhancing the effect of chemotherapy.

To assess intracellular ROS levels, a DCFH-DA fluorescence probe was employed, which converted into the green
fluorescent compound DCF upon oxidation by ROS. Figure 3C revealed a negligible presence of intracellular green
fluorescence within the untreated sample, both in hypoxic and normoxic environments, indicating ROS absence.
Conversely, intracellular green fluorescence was observed in the Lip-OXA/CaO, and Rg3-Lip-OXA/CaO, groups,
with the latter exhibiting the brightest intracellular green fluorescence. Figure 3D depicted the quantification of the
fluorescence intensity. The fluorescence intensities of the Lip-OXA/CaO, and Rg3-Lip-OXA/CaO, groups significantly
differed from those of the untreated group in hypoxic or normoxic conditions, as well as from the Lip-OXA-treated group
in a hypoxic environment. Simultaneously, the Rg3-Lip-OXA/CaO, group showed stronger fluorescence intensity
compared to the Lip-OXA/CaO, group.

Intracellular Ca®" levels in HCT116 cells were assessed using Fluo 3-AM as a Ca’' probe, emitting green
fluorescence. Figure 3E showed that the green fluorescence signal of Ca®" was almost absent in untreated cells in
normoxic and hypoxic environments, similar to that in the Lip-OXA-treated group in a hypoxic environment. However,
cells in the Lip-OXA/CaO, and Rg3-Lip-OXA/CaO, groups emitted green fluorescence, confirming Ca®" overloading
induced by CaO,. Figure 3F illustrated that the fluorescence intensities of the Lip-OXA/CaO, and Rg3-Lip-OXA/CaO,
groups significantly differed from those of the other three groups (p < 0.001), with the fluorescence intensity of the CaO,-
loaded group at least 2.55 times stronger than that of the other groups. Furthermore, cells in the Rg3-Lip-OXA/CaO,
group exhibited stronger green fluorescence than that of the other four groups (p < 0.01). These findings demonstrate that
Rg3-Lip-OXA/Ca0, displayed good tumor hypoxia regulation properties and produced ROS and Ca®" to induce
mitochondrial damage.

Mitochondrial Damage

The extent of mitochondrial damage in HCT116 tumor cells was evaluated using the JC-1 probe. JC-1 is a dual-emission
potential-sensitive probe,* which exhibits red fluorescence as J-aggregates in healthy mitochondria with high mitochon-
drial membrane potential (MMP). Conversely, when the mitochondria are damaged, JC-1 presents green fluorescence as
a monomer in the cytoplasm.®®> As shown in Figure 3G and H, the control group exhibited complete red fluorescence,
while CaO,-loaded liposomes, including Lip-OXA/CaO, and Rg3-Lip-OXA/CaO,, presented varying degrees of green
fluorescence. Notably, the Rg3-Lip-OXA/CaO, group demonstrated the highest green fluorescence compared to the other
groups, indicating a strong effect of Rg3-Lip-OXA/Ca0O, on MMP. These results directly indicate that Rg3-Lip-OXA/
CaO, has a significant capability to induce mitochondrial damage, leading to effective apoptosis of tumor cells.

In vitro Cytotoxicity and Apoptosis

As shown in Figure S6, the cell survival rate of the combination group was lower than that in the single-drug group,
indicating that Rg3 can enhance the cytotoxic effect of OXA on tumor cells. A CI value less than 1 indicates synergism,
a value equal to 1 indicates additive effects, and a value greater than 1 indicates antagonism. The CI values for the Rg3
and OXA combination at all molar ratios were significantly less than 1, demonstrating a strong synergistic effect. Among
the tested ratios, the combination ratio of 4:1 yielded the lowest CI value, indicating that Rg3 and OXA achieve the best
synergistic effect at this ratio.
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Figure 4 In vitro cytotoxicity and apoptosis of different formulations in HCT116 cells. (A) Cell viability of HCT116 cells treated with different formulations for 48 h. (B)
ICs of various formulations. (C) The apoptosis quantitative analysis and (D) apoptosis assay results of HCT 116 cells treated with different formulations for 48 h by flow
cytometry. (E) Live/dead cell staining images of HCT | 16 cells treated with different formulations for 48 h. Data are presented as mean + SD (n = 3). *p < 0.05, **p < 0.01,
*Ep < 0.001, 4 < 0.0001.

The cytotoxicity of various formulations, including OXA, Rg3-OXA/Ca0,, Lip-OXA, Lip-OXA/CaO,, and Rg3-Lip-
OXA/CaO, in HCT116 cells was detected using CCK-8 assay, flow cytometry, live/dead cell staining, immunofluores-
cence staining of y-H2AX, and colony formation assay. Figure 4A and B displayed the results of the CCK-8 method. All
treatment groups exhibited decreased cell viability with concentration-dependent inhibitory effects. Rg3-OXA/CaO,
showed higher cytotoxicity in HCT116 cells than the free OXA group did, probably due to the enhance chemotherapy
effect of Rg3 and CaO,. Furthermore, Lip-OXA/CaO, showed higher cytotoxicity in HCT116 cells than Lip-OXA,
probably due to hypoxia relief and mitochondria damage induced by CaO,. Due to the chemotherapeutic adjuvant and
active targeting effect of Rg3, the cytotoxicity of Rg3-Lip-OXA/CaO, was higher than Lip-OXA/CaO,. Rg3-Lip-OXA/
CaO, exhibited the strongest cytotoxicity among all liposome groups, with an ICs, value of 12.56 uM, which was 3.44,
1.66, 2.45, and 1.40 times lower than that of OXA, Rg3-OXA/CaO,, Lip-OXA, and Lip-OXA/CaO, groups, respectively.

To further confirm the cytotoxicity of Rg3-Lip-OXA/CaO,, flow cytometry and live/dead cell staining were
conducted. The results were similar to those obtained from the CCK-8 assay. As illustrated in Figure 4C and D, the
proportion of total apoptotic cells including early and late apoptosis in the OXA, Rg3-OXA/Ca0,, Lip-OXA, Lip-OXA/
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Ca0,, and Rg3-Lip-OXA/CaO, groups was 16.78%, 24.75%, 19.7%, 37.87%, and 55.03%, respectively. Rg3-Lip-OXA/
Ca0, significantly induced cell apoptosis in contrast to the other groups. The enhanced cytotoxicity of Rg3-Lip-OXA/
CaO, was further affirmed through live/dead cell staining using fluorescence microscopy (Figure 4E). The red fluores-
cence emitted by dead cells in the Rg3-Lip-OXA/CaO, group far surpasses that observed in the other groups. As shown
in Figure S7, the intensity of green fluorescence (indicating y-H2AX proteins) in control group was barely visible,
whereas the fluorescence intensity increased after treated with different OXA formulations. Notably, the fluorescence
intensity was more highly concentrated in the nuclei of Rg3-Lip-OXA/CaO,-treated cells compared to the other groups.
The fluorescence quantitative results showed that the fluorescence intensity in Rg3-Lip-OXA/CaO, group was highest,
which was significantly different from the other five groups. This result confirms that Rg3-Lip-OXA/CaO, induced the
strongest DNA damage. In the colony formation assays, the control group cells formed a large number of colonies
(Figure S8). However, after being treated with different formulations, the number of colonies decreased to varying
extents. Notably, the number of colonies in the Rg3-Lip-OXA/CaO, group was the lowest, indicating that Rg3-Lip-OXA/
Ca0, significantly inhibited the colony-forming ability of HCT116 cells. These results underscore the strongest
cytotoxicity of Rg3-Lip-OXA/CaO, in HCT116 cells, mainly attributed to the improved cellular uptake of Rg3-Lip
and the enhanced chemotherapy effect of Rg3 and CaO,.

In vivo Fluorescence Imaging

To assess liposome biodistribution, DiR was used as a lipid-soluble probe instead of a drug for in vivo fluorescence
imaging. Figure 5A illustrated tumor fluorescence intensity gradually increased over time in the liposome groups of Lip-
DiR and peaked at 6 h, likely attributed to the long-circulation time and EPR effect of liposomes.®* Conversely, no
fluorescence was detected in the tumor area among the free DiR group at any time point, indicating the absence of tumor
uptake because of the DiR rapid clearance from blood circulation. At every time points, the tumor fluorescence intensity
of the Rg3-Lip-DiR group was superior compared to that of Lip-DiR group due to the modification of Rg3. Quantitative
results (Figure 5C) indicated that the Rg3-Lip-DiR group exhibited greater tumor retention compared to the Lip-DiR
group. Throughout all time points assessed, the fluorescence intensity within the tumors of the Rg3-Lip-DiR group was
markedly elevated compared to both the DiR and Lip-DiR groups (p < 0.0001), highlighting the effective targeting
capability of Rg3.

To further demonstrate the tumor targetability of Rg3-Lip-DiR, tumor-bearing mice were euthanized 6 h post-
administration. Figure 5B showed the fluorescence imaging results of tumors and major organs. Rg3-Lip-DiR showed
significantly higher intra-tumoral DiR accumulation than DiR and Lip-DiR. In addition, no fluorescence was observed in
organs or tumor sites in the free DiR group, likely due to the rapid clearance of free DiR in vivo. Contrastingly, both Lip-
DiR and Rg3-Lip-DiR were distributed across various organs, possibly because the liposomes enhanced drug bioavail-
ability, thereby increasing drug accumulation.®>®® The higher fluorescence intensity observed in the liver for both the
Lip-DiR and Rg3-Lip-DiR groups, compared to the free DiR group, was primarily attributed to reticuloendothelial
system (RES) of the liver.”” Notably, The tumor fluorescence intensity in the Rg3-Lip-DiR group was 5.77 and 1.79
times stronger than that of the DiR and Lip-DiR groups at 6 h, respectively (Figure SD). These findings confirm that Rg3-
modified liposomes significantly enhanced tumor accumulation by actively targeting effect via binding to Glutl on the
tumor cell membrane.

In vivo Antitumor Efficacy Evaluation

As depicted in Figure 6A, an HCT116 tumor-bearing mouse model was established to assess the antitumor efficacy of
various OXA formulations in vivo. Over the 24-day treatment period, the tumor volume in the control group increased
swiftly, greatly surpassing that of the other groups (Figure 6B). The growth of tumors treated with Rg3-OXA/CaO, was
notably slower than that in the free OXA group, suggesting that Rg3 and CaO, enhanced chemotherapy for the treatment
of CRC. Lip-OXA/CaO, demonstrated a superior ability to inhibit tumor proliferation compared to Lip-OXA, owing to
the ability of CaO, to relieve hypoxia and induce mitochondria damage. Figure 6C—E showed that the tumors in the Rg3-
Lip-OXA/CaO, group were the smallest among all groups, weighing only 0.41 g with the highest TIR of 81.11%. The
tumor weight and TIR in the Rg3-Lip-OXA/CaO, group significantly differed from those in the other groups (p < 0.05),
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and the TIR in the Rg3-Lip-OXA/CaO, group was 4.19, 1.61, 1.75, and 1.23 times higher than that of OXA, Rg3-OXA/
Ca0,, Lip-OXA, and Lip-OXA/CaO,, respectively. Rg3-Lip-OXA/CaO, exhibited the highest level of tumor suppres-
sion due to the synergistic functions of Rg3 and CaO,. Rg3 serves as a liposomal membrane stabilizer and actively

targets Glutl on tumor cell membranes,**®’

enhancing drug accumulation in tumor tissues. Additionally, Rg3 acts as
a chemotherapy adjuvant, boosting the antitumor efficacy of chemotherapeutic agents.® Meanwhile, the O, produced
from the reaction between CaO, and H,O in the tumor tissue alleviates hypoxia, thereby sensitizing the tumor to
chemotherapy. Furthermore, H,O, and Ca®" generated by CaO, induce mitochondrial damage, leading to tumor cell

apoptosis.®’

H&E Staining and TUNEL Assay
To further determine the therapeutic effect of Rg3-Lip-OXA/CaO,, H&E staining and TUNEL assay were conducted, with the
results showed in Figure 6F. The tumor cells in the control group displayed large, deeply stained nuclei, indicative of high
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proliferative activity. In contrast, the Rg3-Lip-OXA/CaO,-treated group exhibited shrunken nuclei and the largest area of
necrosis compared to the other treatment groups. The TUNEL assay results confirmed that the Rg3-Lip-OXA/CaO, group
exhibited the most significant apoptosis. The green fluorescence signal in the control group was nearly absent, whereas it was
the strongest in the Rg3-Lip-OXA/CaO, group, indicating the strongest cytotoxic ability of Rg3-Lip-OXA/CaO, against
tumor cells. Collectively, these findings validated the optimal therapeutic efficacy of Rg3-Lip-OXA/CaO,.

Masson’s Trichrome, Immunohistochemistry and Immunofluorescence Staining Assay
Collagen forms the scaffold of the tumor microenvironment and promotes tumor infiltration, angiogenesis, invasion, and
migration.”” The collagen content in tumor tissues was assessed using Masson’s trichrome staining, with results shown in
Figure 6G. In the control group, collagen appeared as thick and widespread fibrous structures, whereas its expression was
downregulated in the other groups. Notably, Rg3-Lip-OXA/CaO, had a stronger effect on reducing collagen expression in tumors
compared to the other treatments, indicating a significant improvement in the structure of the tumor microenvironment (TME).

Additionally, the expression of a-SMA (a marker for TAFs) in the tumors was evaluated using immunohistochemistry.
TAFs are a major cell type in the solid tumor stroma, producing protective barriers and dense scaffolds for tumor cells, thereby
inhibiting the interaction between drugs and cancer cells.”' Moreover, TAFs promote tumor growth, angiogenesis, immune
escape, invasion, and metastasis by interacting with tumor cells and secreting various cytokines and chemokines.”>”* As
shown in Figure 6G, a-SMA expression was high in the control group but decreased slightly in the Rg3-OXA/CaO, group. All
Ca0,-containing liposomes, including Lip-OXA/CaO, and Rg3-Lip-OXA/CaO,, exhibited a significant reduction in a-SMA
content compared to the control group, likely due to the hypoxia-relieving effect of CaO,. Previous studies have shown that
hypoxia reprograms normal fibroblasts into TAFs and stimulates TAF-mediated collagen secretion.”*”> Notably, Rg3-Lip-
OXA/CaO, showed the most significant inhibitory effect on a-SMA expression, likely due to the combined effects of Rg3 and
Ca0,. Rg3 inhibits TAF activation, possibly by suppressing TGF-p/Smad signaling, as described in previous studies.>* These
findings indicate that Rg3-Lip-OXA/CaO, enhances the therapeutic effect.

As shown in Figure S9, high HIF-10 expression was observed in the control group, while low expression was noted in
the CaO,-contained groups. It is worthing noted that the green fluorescence intensity in Rg3-Lip-OXA/CaO, group was
weakest, which indicated the lowest expression of HIF-1a. The above evidences demonstrated that Rg3-Lip-OXA/CaO,
treatment significantly reduced hypoxia levels in the tumor microenvironment.

Safety Evaluation in in vivo Antitumor Efficacy Study

To preliminarily assess the safety of Rg3-Lip-OXA/CaO, in vivo, the body weights of mice were recorded during the
antitumor study and blood samples and major organs were collected at the end of 24 days of treatment. As shown in
Figure 7A, the weight fluctuations of the mice were minimal and within a healthy threshold. While the body weights of
mice in the OXA group showed a consistent decline, those in the Rg3-Lip-OXA/CaO, group increased throughout the
experiment, indicating the safety of Rg3-Lip-OXA/CaO,. Figure 7B indicated that the organ coefficients did not vary
significantly between the treatment and control groups. Furthermore, H&E staining of the main organs revealed no
noticeable pathological changes across all treatment groups (Figure 7C).

Hematological parameters are crucial indicators for safety evaluation. Figure 7D showed the results of routine blood
tests and blood biochemical analyses conducted on mice injected intravenously with normal saline and Rg3-Lip-OXA/
Ca0,. The levels of red blood cell (RBC), white blood cell (WBC), platelet (PLT) and hemoglobin (HGB) in the Rg3-
Lip-OXA/CaO, group were comparable to those in the control group, illustrating that Rg3-Lip-OXA/CaO, had no
obvious hematological toxicity. Furthermore, the changes of urea nitrogen (BUN), creatinine (Cre), alanine aminotrans-
ferase (ALT), and aspartate aminotransferase (AST) between the control and Rg3-Lip-OXA/CaO, group was not
significant, suggesting that the encapsulation of OXA in Rg3-Lip reduced the hepatotoxicity of OXA. These findings
underscore the favorable biocompatibility and low systemic toxicity of Rg3-Lip-OXA/CaO,.

In vivo Acute Toxicity
Due to the systemic toxicity of OXA, evaluating the safety of Rg3-Lip-OXA/CaO, is crucial. The acute toxicity test mainly
involves observing toxic reactions in mice following a single administration, serving as the first step in toxicity research. After 14
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Table 2 The Organ Coefficients (%) of Mice in Low-Dose Groups in Acute Toxicity Experiment (n = 10)

Formulation Heart Liver Spleen Lungs Kidneys Thymus

Normal saline 0.52+0.03 | 489 +058 | 0.74+0.13 | 0.85+0.08 | 1.26 £ 0.1 | 0.32 + 0.07
OXA 0.60 £ 0.18 | 558 + 1.56 | 0.73 £0.37 | 093 +£0.17 | 1.33 £0.22 | 0.32 + 0.08
Rg3-OXA/CaO, 0.55+0.19 | 562 +£0.84 | 049 £0.06 | 0.73 £ 0.06 | 1.20 £ 0.07 | 0.33 + 0.07
Rg3-Lip-OXA/CaO, | 0.55 £ 0.06 | 443 + 1.00 | 040 £0.12 | 0.76 £ 0.07 | 1.18 £0.10 | 0.27 £ 0.13

Abbreviations: OXA, Oxaliplatin; Rg3, Ginsenoside Rg3.

days of observation, the median lethal concentration (LDsg) was calculated using SPSS software. The LDsq values for Rg3-
OXA/CaO, and Rg3-Lip-OXA/Ca0O, were determined to be 18.27 mg/kg and 21.07 mg/kg, respectively, representing 1.31 and
1.51 times greater than that of the OXA group with 13.97 mg/kg. Figure 8A illustrated the fatalities among mice in the OXA
group receiving the maximum dosage of 16 mg/kg, which transpired on the fourth day, culminating in a total mortality rate of
100%. In contrast, all mice survived in the Rg3-OXA/CaO, group at the same dose (16 mg/kg) and in the Rg3-Lip-OXA/CaO,
group at a higher dose (19 mg/kg), demonstrating that the addition of Rg3 and the encapsulation of liposomes significantly
increased the safety of OXA (Figure 8B and C). Rg3-OXA/Ca0, was safer than OXA, probably due to the role of Rg3 as
a chemotherapy adjuvant in alleviating drug-induced toxicity.”

Figure 8D-F illustrated the body weight changes of the mice monitored over a 14-day trial. Mice receiving normal
saline exhibited marked weight gain. In contrast, the mice administered with various formulations experienced a decline
in body weight that was dependent on the dosage. At a dose of 16 mg/kg, the OXA-treated mice continued to lose weight
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Figure 9 Acute toxicity assessment. (A) The blood routine analysis and (B) biochemical analysis results of low dose groups. (C) H&E staining of main organs of low dose
groups. Data are expressed as mean + SD (n = 10). *p < 0.05, **p < 0.01, ***p < 0.001.
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until death, whereas the Rg3-OXA/CaO, group remained a stable weight for the first four days and then gradually
increased by 18.33% at the end of the experiment. Moreover, the Rg3-Lip-OXA/CaO, group receiving a higher dose of
19 mg/kg recorded a weight increase of 27.45%. These findings corroborated the results of survival rates, suggesting that
Rg3 liposomes effectively mitigated the toxicity of chemotherapeutic drug.

At the end of the experiment, the mice were euthanized to collect blood samples and main organs for routine blood
tests, blood biochemical analysis, calculation of OC, and H&E staining of main organs. Table 2 showed that no notable
distinction occurred in OC between the experimental and control groups. The OXA group exhibited reduced levels of
WBC, HGB, and PLT compared to the control group, owing to the myelosuppression caused by OXA (Figure 9A). In
contrast, the WBC, RBC, HGB, and PLT counts in the Rg3-Lip-OXA/CaO, group remained comparable to those in the
control group, indicating the enhanced safety profile of Rg3 liposomes. Similar trends were observed in the biochemical
analysis, with a notable increase in BUN and Cre levels in the OXA group, while minor changes were observed in the
Rg3-Lip-OXA/CaO, group than those in the control group (Figure 9B). Furthermore, the H&E staining of the major
organs showed no obvious pathological alterations in the low dose of Rg3-Lip-OXA/CaO, group (Figure 9C). Overall,
the Rg3 liposome is a safe nanosystem for cancer treatment and effectively reduces the toxicity associated with
chemotherapeutic drugs.

Conclusion

In this study, a multifunctional nanosystem, Rg3-Lip-OXA/CaO,, was designed for the co-delivery of oxaliplatin (OXA)
and calcium peroxide (CaO,) to simultaneously modulate the tumor microenvironment (TME) and inhibit tumor growth
in colorectal cancer (CRC). The targeting ability of Rg3 for Glutl enhanced liposome uptake by HCT116 cells and
improved the tumor accumulation of chemotherapeutic agents. Rg3-Lip-OXA/CaO, demonstrated superior efficacy in
CRC treatment both in vitro and in vivo by mitigating the hypoxic environment and inducing mitochondrial damage.
Additionally, our nanosystem reduced a-SMA and collagen expression in tumors through the combined effects of CaO,
and Rg3. Safety evaluations confirmed that Rg3-Lip-OXA/CaO, does not significantly affect major organs, supporting its
potential as a safe and effective nanotherapeutic for CRC treatment. These results highlight Rg3-Lip-OXA/CaO, as
a promising candidate for clinical application in CRC therapy.
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