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Purpose: Ovarian cancer has the highest mortality rate and lowest survival rate among female reproductive system malignancies. 
There are treatment options of surgery and chemotherapy, but both are limited. In this study, we developed and evaluated micelles 
composed of D-α-tocopheryl polyethylene-glycol (PEG) 1000 succinate (TPGS) and Soluplus® (SOL) loaded with olaparib (OLA), 
a poly(ADP-ribose)polymerase (PARP) inhibitor, and rapamycin (RAPA), a mammalian target of rapamycin (mTOR) inhibitor in 
ovarian cancer.
Methods: We prepared micelles containing different molar ratios of OLA and RAPA embedded in different weight ratios of TPGS 
and SOL (OLA/RAPA-TPGS/SOL) were prepared and physicochemical characterized. Furthermore, we performed in vitro cytotoxi-
city experiments of OLA, RAPA, and OLA/RAPA-TPGS/SOL. In vivo toxicity and antitumor efficacy assays were also performed to 
assess the efficacy of the mixed micellar system.
Results: OLA/RAPA-TPGS/SOL containing a 4:1 TPGS:SOL weight ratio and a 2:3 OLA:RAPA molar ratio showed synergistic 
effects and were optimized. The drug encapsulation efficiency of this formulation was >65%, and the physicochemical properties were 
sustained for 180 days. Moreover, the formulation had a high cell uptake rate and significantly inhibited cell migration (**p < 0.01). In 
the in vivo toxicity test, no toxicity was observed, with the exception of the high dose group. Furthermore, OLA/RAPA-TPGS/SOL 
markedly inhibited tumor spheroid and tumor growth in vivo.
Conclusion: Compared to the control, OLA/RAPA-TPGS/SOL showed significant tumor inhibition. These findings lay a foundation 
for the use of TPGS/SOL mixed micelles loaded with OLA and RAPA in the treatment of ovarian cancer.
Keywords: mixed micelle, combination therapy, nanoformulation, IV formula, antitumor efficacy

Introduction
Ovarian cancer, which ranks first in mortality among malignant tumors of the female reproductive system, has the lowest 
survival rate of all gynecologic malignancies despite advances in diagnosis and treatment.1,2 Specifically, epithelial 
ovarian cancer represents about 90% of all malignant ovarian tumors.3 The prevailing treatment approach for this type of 
cancer typically involves cytoreductive surgery coupled with chemotherapy based on platinum compounds.4,5 Although 
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these treatments have good initial responses rates, the recurrence rate is as high as 70%,6 and chemotherapy is limited by 
drug resistance7 and side effects.8

Poly(ADP-ribose) polymerase (PARP) inhibitors, which target the PARP protein,9,10 selectively target tumor cells that 
are unable to repair DNA double-strand breaks,11,12 and can enhance neoantigen expression to generate an antitumor 
immune response.13,14 Currently, inhibitors targeting PARP have gained approval for use in treating various cancers, 
including ovarian,15 breast,16 and pancreatic,17 with several clinical trials enrolled. Olaparib (OLA) is a prime example of 
a PARP inhibitor and was the first monotherapy approved by the FDA for the treatment of BRCA-mutated ovarian 
cancer.18 Cells with mutated BRCA function have a homologous recombination (HR) deficiency, which is reported to be 
present in a significant proportion of non-BRCA-mutated ovarian cancers.19,20 Despite the high therapeutic efficacy of 
OLA, its oral bioavailability is low due to its low solubility and permeability.21,22

The mammalian target of rapamycin (mTOR), a serine/threonine kinase, orchestrates cellular growth, proliferation, 
and viability.23,24 Notably, the mTOR signaling pathway may become excessively active in and lead to tumor develop-
ment, including ovarian cancer.25,26 Because rapamycin (RAPA) regulates the translation of mRNA, it delays cell cycle 
progression and thus inhibits cell proliferation.27 Therefore, RAPA is considered a potential therapeutic agent to inhibit 
tumor growth.28,29 However, like OLA, RAPA, also demonstrates the disadvantages of low solubility and 
bioavailability.30

Using polymeric micelle formations presents a plausible method for augmenting the solubility and stability of 
hydrophobic medications31,32 Polymeric micelles exhibit high solubility,33,34 loading capacity,35 blood flow 
stability,36,37 and therapeutic potential.38 D-α-tocopheryl polyethylene-glycol (PEG) 1000 succinate (TPGS) is 
a natural water-soluble derivative of vitamin E,39,40 and increases drug solubility and bioavailability.41,42 In addition, 
it is used as an anticancer agents, as it induces apoptosis and exhibits synergistic effects with other anticancer agent.43 

TPGS exhibits anticancer properties akin to those of α-tocopheryl succinate (TOS), with heightened efficiency in 
triggering apoptosis and producing reactive oxygen species when compared to TOS.44 Furthermore, TPGS suppresses 
heightened P-glycoprotein (P-gp) expression,45–47 a factor significantly implicated in the emergence of multidrug 
resistance (MDR) cancerous cells.48,49 While TPGS offers numerous benefits, it possesses a notably high critical micelle 
concentration (CMC) of 0.02wt%, which may lead to its dissociation in the bloodstream.39 Soluplus® (SOL), a polyvinyl 
caprolactam–polyvinyl acetate–polyethylene glycol graft copolymer (PCL-PVAc-PEG), is an amphipathic copolymer. As 
an amphiphilic substance, SOL can improve the bioavailability of poorly soluble drugs and can self-assemble into 
micelles above the CMC.50 Mixed micelles can decrease CMC values,51 and increase drug activity while decreasing its 
cytotoxicity.52 Moreover, mixed micelles offer benefits such as improved micelle stability and drug encapsulation 
efficiency.53,54 Several studies of mixed micellar systems have also achieved clinical-stage research status.54 Studies 
on various combinations of TPGS and SOL have also been reported.55,56

Tumor spheroids are three-dimensional (3D) structures of cancer cells that closely mimic solid tumors in living 
organisms, replicating their structural composition and dynamic microenvironment.57 They facilitate cell-matrix 
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interactions, a feature difficult to achieve in traditional two-dimensional (2D) cell cultures.58 Additionally, their use 
reduces the need for animal experimentation, making them an ethical and efficient platform for drug screening and 
evaluation.59,60 In this research, we focused on the development and assessment of innovative nanoformulations. These 
nanoformulations were engineered for enhanced permeability and retention (EPR) by encapsulating a combination of 
synergistic drugs,61,62 OLA and RAPA, within mixed micelles. The micelles were formulated using two biocompatible 
copolymers, namely TPGS and SOL. The unique combination of TPGS, SOL, OLA, and RAPA was investigated for the 
first time in this study, revealing promising potential as a therapeutic approach for the treatment of ovarian cancer 
(Figure 1).

Materials and Methods
Materials and Reagents
OLA and RAPA were procured from LC Laboratories® (Woburn, MA, USA). TPGS, coumarin 6 (C6), thiazolyl blue 
tetrazolium bromide (MTT), tert-butanol, triton X-100, sodium hydroxide (NaOH) solution, Cremophor EL® and 

Figure 1 Schematic diagram of (A) micelle preparation of TPGS, SOL, OLA, and RAPA and (B) representation of the behavior of OLA/RAPA-TPGS/SOL in cancer cells. 
Abbreviations: TPGS, D-α-tocopheryl polyethylene-glycol (PEG) 1000 succinate; SOL, Soluplus®; OLA, olaparib; RAPA, rapamycin; EtOH, ethanol; PARP, poly(ADP-ribose) 
polymerase; mTOR, mammalian target of rapamycin; P-gp, P-glycoprotein; EPR effect, enhanced permeability and retention.

International Journal of Nanomedicine 2024:19                                                                                   https://doi.org/10.2147/IJN.S468935                                                                                                                                                                                                                       

DovePress                                                                                                                       
7873

Dovepress                                                                                                                                                              Shin et al

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


dimethyl sulfoxide (DMSO) were procured from Sigma-Aldrich (St. Louis, MO, USA). The SOL was kindly provided by 
BASF (Ludwigshafen, Rhineland-Palatinate, Germany). Ethanol (EtOH) was procured from Honeywell Burdick & 
Jackson (Muskegon, MI, USA). Acetonitrile was purchased from Thermo Fisher Scientific (Waltham, MA, USA). 
Distilled water (DW) of high purity was acquired from Tedia company (Fair-field, OH, USA). All other chemicals 
and reagents utilized in this study were of analytical reagent grade.

High-Performance Liquid Chromatography Analysis
Quantitative assessment of OLA and RAPA in our samples was executed using a Waters High-performance liquid 
chromatography (HPLC) system (Milford, MA, USA), which included a 2695 separation module and a 2996 photodiode 
array detector. A Fortis C18 chromatography column (5 µm, 4.6×250 mm) was utilized, set a temperature of 30°C for the 
analysis.

The separation of OLA and RAPA was achieved using an isocratic elution method, with each injection comprising 10 
μL. The mobile phase was a blend of acetonitrile and DW, mixed in a 70:30 (v/v) ratio, and propelled at a flow rate of 
1.0 mL/min. OLA detection was conducted at a wavelength of 276 nm with a retention time of approximately 3 min. In 
the case of RAPA, it was detected 277 nm, having a retention time of 20 min. The quantification of each drug’s 
concentration was accomplished by comparing the peak area to the calibration curve.

Cell Lines and Culture Conditions
Human ovarian cancer HeyA8 cells, were gift from Dr.Anil K. Sood, Department Cancer Biology, University of Texas 
M.D. Anderson Cancer Center, TX, USA. The cell culture reagents, including penicillin-streptomycin solution, fetal 
bovine serum (FBS), Roswell Park Memorial Institute 1640 (RPMI 1640) medium, and trypsin, were procured from 
Corning Inc. (Corning, NY, USA). Dulbecco’s phosphate buffered saline (DPBS) was obtained from Biowest (Nuaille, 
France). The cells were cultured in RPMI 1640 medium, enhanced with a 1% (w/v) concentration of penicillin- 
streptomycin solution and a 10% (v/v) addition of FBS. Cell culture was performed at 37°C in a 5% CO2 atmosphere.

Preparation of TPGS and SOL Mixed Micelles and Drug-Loaded Mixed Micelles
Micelles using only TPGS and SOL without drug loading (TPGS/SOL) were prepared using either thin-film hydration or 
freeze-drying methods, while OLA and RAPA loaded TPGS/SOL micelles (OLA/RAPA-TPGS/SOL) were prepared 
using thin-film hydration method.

For the thin-film hydration method,63 the weighed TPGS, SOL, OLA, and RAPA were dissolved in 1 mL of EtOH. 
This solution was then transferred into a round-bottomed flask and subjected to vacuum evaporation using a rotary 
evaporator (EYELA®, Bohemia, NY, USA) for 10 min in a water bath set at 40°C. Following the formation of a thin film, 
1 mL of DW was introduced and the mixture was hydrated for 30 min to form a homogeneous TPGS/SOL solution.

For the freeze-drying method,64 TPGS and SOL were weighed at various weight ratios and dissolved in 1 mL of tert- 
butanol at 60°C. Following the addition of 1 mL of 60°C DW, the TPGS/SOL solution was vortexed. The samples were 
then frozen at −70°C for 1 h and lyophilized at a shelf temperature of −20°C and a condenser temperature of −70°C. For 
reconstitution, 1 mL of 60°C DW was added to the lyophilized cake and vortexed thoroughly.

TPGS/SOL prepared using both methods were centrifuged at 13,000 rpm for 5 min. The supernatant obtained after 
centrifugation was filtered through a 0.2 μm-pore size filter (Sartorius, Germany). To select a TPGS/SOL capable of 
encapsulating drugs, mean particle size, polydispersity index (PDI), and zeta potential were measured.

Physicochemical Analysis of Micelles
All size, PDI, and zeta potential measurements were conducted using dynamic light scattering (DLS) (Litesizer 500; 
Anton Paar, Graz, Austria). For accurate measurement, each sample was diluted 10-fold with DW prior to the analysis.

The determination of encapsulation efficiency (EE, %) for OLA and RAPA was carried out via HPLC and calculated 
using the following formula:
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The results of each analysis were presented as the mean ± standard deviation (SD) based on data obtained from three 
independent experiments.

To visualize the morphology of OLA/RAPA-TPGS/SOL, transmission electron microscopy (TEM) (JEM-2100, JEOL 
Ltd., Tokyo, Japan) was employed. Sample preparation for TEM involved depositing a diluted micelle solution onto the 
center of a copper grid coated with a 200-mesh formvar carbon film. The grid was then air-dried and left to stabilize at 
25°C for 2 days. Subsequently, the treated samples were observed using TEM at an acceleration voltage of 200 kV.

In vitro Cytotoxicity Assay
Cytotoxicity assessments were performed using the MTT assay.65 HeyA8 cells were seeded at a density of 4000 cells/well in 
96-well plates and incubated at 37°C in a 5% CO2 atmosphere for 24 h. Following the incubation period, the cells were 
exposed to various molar ratios of OLA and RAPA solutions, as well as TPGS/SOL, OLA-TPGS/SOL, RAPA-TPGS/SOL, 
or OLA/RAPA-TPGS/SOL. A control group, without any drug treatment, was included for comparison. After 48 
h incubation, the culture medium was carefully removed. We added 100 μL of MTT solution (concentration of 0.5 mg/ 
mL) to each well, followed by a 4 h incubation. The MTT solution was discarded, and DMSO (100 μL) was added to each 
well. The plate was then subjected to gentle shaking for 10 min at 200 rpm using an orbital shaker (NB-101S; N-BIOTEK, 
Bucheon, South Korea), ensuring thorough solubilization of the samples in DMSO. The optical density of the final solution 
was then quantified at a wavelength of 540 nm, utilizing a microplate reader (Spectra Max ID3; Molecular Devices, San Jose, 
CA, USA). All data analysis was carried out using GraphPad Prism v 8.4.2 (GraphPad Software, La Jolla, CA, USA).

Drug Interaction Analysis Using Combination Index
The interaction between drugs was assessed using Chou’s method, specifically focusing on the combination index (CI).66 

The CI for OLA and RAPA was calculated with the following equation:

In this equation, (Dx)1 and (Dx)2 represent the inhibitory concentrations of the first and second drug individually, 
while (D)1 and (D)2 denote the concentrations of each drug when used in combination. A CI value greater than 1 
indicates antagonism, less than 1 suggests synergism, and a value equal to 1 implies an additive interaction between 
the drugs.

Critical Micelle Concentration Determination
TPGS, SOL, and TPGS/SOL loaded with C6 were prepared, and the CMC was assessed using a microplate reader.67,68 

The experiment was performed in triplicate, and fluorescence measurements were conducted with an excitation 
wavelength of 430 nm and an emission wavelength of 485 nm.

Stability Test
The stability of OLA/RAPA-TPGS/SOL was evaluated in a 4°C refrigerator and 37°C water bath. Samples were 
collected on days 0, 1, 4, 7, 10, and 14. Each sample, was diluted in a 1:10 ratio with DW for size and PDI determination 
using DLS instrument, and all experiments were conducted in three replicates.

Stability Assessment of Freeze-Dried Samples for Prolonged Storage
OLA/RAPA-TPGS/SOL, initially prepared using rotary evaporation, underwent a preliminary freezing step in a −70°C 
deep freezer for 1 h before being subjected to the lyophilization process. All micelle samples intended for long-term 
storage evaluation were subsequently stored in a −20°C freezer. The samples were rehydrated at specific time points: 0, 1, 
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7, 14, 30, 60, 100, 120, 150, and 180 days. The measurements conducted at each time point included EE (%), size, PDI, 
and zeta potential. This experimental procedure was repeated three times.

In vitro Drug Release Assay
The release profiles of OLA/RAPA solutions, and OLA and RAPA from the micelles were determined using the 
dialysis method.69 Dialysis membrane bags with a molecular weight cutoff (MWCO) of 20 kD, containing OLA/ 
RAPA solutions, OLA-TPGS/SOL, RAPA-TPGS/SOL or OLA/RAPA-TPGS/SOL, were submerged in 2.0 L of pH 
7.4 phosphate-buffered saline (PBS). The OLA/RAPA solution was prepared with 30% Cremophor EL®, 20% 
EtOH, and 50% DW. The release experiments were conducted with continuous stirring at 200 rpm using 
a magnetic bar, maintaining a temperature of 37°C. Sample aliquots were collected at designated time points: 0, 
2, 4, 6, 8, 24, 48, 72, 168, 240, and 336 h. Each collected sample was diluted 10-fold with acetonitrile and 
subsequently analyzed using HPLC. To maintain sink conditions, the PBS medium was replenished with fresh 
medium at 8, 24, 72, 168, and 240 h. These experiments were performed in triplicate. Percentage drug release was 
determined by curve fitting using the first-order association model with GraphPad Prism v 8.4.2.70

In vitro Cellular Uptake of Micelles
For quantitative analysis, HeyA8 cells were seeded in 96-well black plates at a concentration of 2×105 cells/well.71,72 Once 
the cells reached confluence, they were exposed to 100 µL of C6 solution, C6-loaded SOL, or C6-loaded TPGS/SOL, all at 
the same concentration. The incubation durations were 1, 2, 4, and 6 h. At the specified time intervals, the culture medium 
was carefully removed, and the wells were washed thrice with 50 µL of PBS. Following this, each well was treated with 50 
µL of a 0.5% Triton X-100 solution in 0.2 N NaOH to induce cell lysis. The fluorescence intensity of each well was 
measured using a microplate reader, with excitation and emission detection wavelengths at 430 nm and 485 nm, 
respectively.

Migration Assay
To assess the functional impact of OLA/RAPA-TPGS/SOL treatment on cancer cell migration, we conducted in vitro 
wound healing assays.73 HeyA8 cells were seeded in a 24-well plate at a density of 2×105 cells/well. When cell 
confluence reached more than 80%,74 the unattached cells were gently washed away using DPBS. Subsequently, using 
a sterile scratcher, a scratch was introduced into the cell monolayer. The cells were then treated with either OLA/RAPA 
solution or OLA/RAPA-TPGS/SOL, both at the same concentration. At specific time points, images of the scratched area 
were captured, and the gap width was measured. The initial gap width was considered as 100%.

Preparation of HeyA8 Tumor Spheroids
Regular stem and cancerous tumor cells exhibit notable proliferation and comparable self-renewal patterns.75–77 Therefore, 
we prepared HeyA8 tumor spheroids according to our previous studies.78,79 Briefly, 10 µL of matrigel (Corning, NY, USA) 
was dispensed into an ultra-low adhesion (ULA) 100 mm dish and 3 µL (1.0 x 104 cells/µL) of cell suspension was added to 
the matrigel. RPMI 1640 was added to the dish and incubated in a 37°C incubator. The samples were relocated after 24 h to 
an NB-101SRC orbital shaker (N-BIOTEK, Bucheon, Korea) and incubated for approximately 2 weeks. The morphological 
characteristics of the tumor spheroids were subsequently observed under a microscope.

In vitro Cytotoxic Effects on HeyA8 Tumor Spheroids
Prior to drug administration, viable cells within the tumor spheroids were measured using an in vivo optical imager 
(IVIS; VISQUE InVivo Smart-LF, Korea) and quantified using the CleVueTM software (Vieworks, Anyang, Korea) at 
intervals of 0, 2, 7, 10, and 14 days, specifically targeting live HeyA8 cells and using the Live/Dead Cell Imaging Kit 
(Thermo Fisher Scientific, Waltham, MA, USA). The cytotoxicity of the formulations against HeyA8 tumor spheroids 
was performed every other day at the same concentration of OLA-TPGS/SOL, RAPA-TPGS/SOL, or OLA/RAPA- 
TPGS/SOL. Only the medium was changed on the day of drug administration in the control group.
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In vivo Toxicity Test
All animal experiments and protocols have been approved by the Institutional Animal Care and Use Committee (IACUC) 
of Chungbuk National University (No. CBNUA-2106-23-01; approval date: May 13, 2023) and Samsung Biomedical 
Research Institute (SBRI), which is an Association for Assessment and Accreditation of Laboratory Animal Care 
International (AAALAC, protocol No. H-A9-003)-accredited facility, and followed the guidelines of the Laboratory 
Animal Resource Institute (ILAR).

We employed female ICR mice that were 6 weeks old, obtained from Orientbio Inc. (Sungnam, Korea). The mice 
were randomly allocated to 11 groups, each consisting of 5 animals. During the experiment, the mice were provided with 
ample access to both water and food and were subjected to a 1-week acclimatization period. Intravenous administrations 
were carried out every other day for a duration of 2 weeks. The treatment groups were as follows: control, TPGS/SOL, 
OLA-TPGS/SOL at doses of 50 mg/kg, 35 mg/kg, and 20 mg/kg, RAPA-TPGS/SOL at doses of 30 mg/kg, 21 mg/kg, and 
12 mg/kg, and OLA/RAPA-TPGS/SOL at doses of 50 mg/kg and 30 mg/kg, 35 mg/kg and 21 mg/kg, and 20 mg/kg and 
12 mg/kg.

Following the treatment period, the mice were observed for an additional week. Body weights were recorded three 
times a week at specified intervals. The initial body weight was considered as 100%, and toxicity attributed to the 
formulation was defined as a loss of more than 20% of body weight, any abnormal behavior, or mortality.80–82

In vivo Antitumor Efficacy Evaluation and H&E Staining
To prepare the xenograft model, 6-week-old female BALB/c nude mice (OrientBio, Seongnam, Korea) were purchased 
and the cells were prepared in two ways.

First, for subcutaneous injection, HeyA8 cells were resuspended in DPBS, and 200 µL (1:1, v/v) of matrigel and cell 
suspension (2.0 x 106 cells) were injected subcutaneously.83 For the assessment of antitumor effects, mice were randomly 
distributed into four groups. Control, OLA-TPGS/SOL, RAPA-TPGS/SOL, and OLA/RAPA-TPGS/SOL, with a dose of 
20 mg/kg OLA and 12 mg/kg RAPA. All treatments were injected intravenously via the tail vein every other day, and the 
control group was not administered. Tumor volume (V) was measured using a caliper and calculated as follows:84

Mice were sacrificed when tumor volume reached 200 mm3; mice were monitored every other day, and were sacrificed 3 
weeks after cancer cell injection. On the day of sacrifice, the body and tumor weights and, with photographic records of 
tumors, were documented.

Tumor slides were prepared for H&E staining according to a previously reported methods.85 The slide images were 
captured in cross-sectional views at a 20X magnification using the Pannoramic SCANII slide scanner (3DHISTECH, 
Budapest, Hungary). These images were then processed and analyzed using the CaseViewer 2.7 Software 
(3DHISTECH).

For the second intraperitoneal injection, HeyA8 cells were injected into the peritoneal cavity of mice at 
a concentration of 2.5×105 cells/0.1 mL HBSS.86 The experimental groups, drug doses, and methods of administration 
were all identical to the subcutaneous injection experiments, and the tumor weight and body weight of mice were 
measured and recorded after sacrifice. Tumors were fixed in formalin and embedded in paraffin or snap frozen in Optimal 
Cutting Temperature (O.C.T) compound (Sakura Finetek Japan) in liquid nitrogen.

Statistical Analysis
Statistical analysis was performed using an unpaired t-test via GraphPad Prism v 8.4.2 software (GraphPad Software, La 
Jolla, CA, USA). The thresholds for statistical significance were as follows: *p < 0.05, **p < 0.01, ***p < 0.001, and 
****p < 0.0001.
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Results
Evaluation of Synergistic Effects of OLA and RAPA in HeyA8 Cells
To identify the most effective combination of OLA and RAPA, we determined the 50% inhibition concentration (IC50) 
values for both drugs in HeyA8 cells and evaluated their CI values.87 Table 1 and Figure S1 present the IC50 values for 
OLA and RAPA at various molar ratios, illustrating that the efficacy in inhibiting cell growth was influenced by the 
specific ratio of the combination. As a result of CI analysis, a value of 2.04 was obtained at a molar ratio of 11:1, 
indicating CI > 1 antagonism. However, for all molar ratios except 11:1 (1:1, 1:2, 1:4, 1:11, 2:1, 2:3, and 4:1), there was 
synergism with CI < 1 (Figure S2). Therefore, the molar ratio of the drug with the synergistic effect was selected as the 
optimal ratio and then used to prepare the drug-loaded micelles.

Preparation of TPGS/SOL
TPGS/SOL was prepared using two different methods at different weight ratios (Table 2).

When prepared using a rotary evaporator, the sizes of micelles made with 100 mg and 50 mg of TPGS were 12.7 ± 
0.38 nm and 12.9 ± 0.22 nm, respectively, while those of micelles made with 100 mg and 50 mg SOL were 67.4 ± 14.7 
nm and 66.1 ± 0.92 nm, respectively.

When the total amount of TPGS/SOL was 100 mg, the size of the micelles with a 4:1 weight ratio was 18.7 ± 0.42 
nm, PDI was 0.16 ± 0.02, and zeta potential was −4.33 ± 3.47 mV. When the total amount of TPGS/SOL was 50 mg, the 
size and PDI were similar, and the zeta potential was 0.00 ± 0.85 mV.

When prepared by freeze-drying, 100 mg and 50 mg TPGS micelles had sizes of 13.2 ± 0.33 nm and 27.1 ± 3.01 nm 
respectively, and 100 mg and 50 mg SOL micelles had sizes of 68.4 ± 0.71 nm and 66.4 ± 0.13 nm, respectively. At a total 
amount of 100 mg and a weight ratio of 4:1, the size of the micelles was 18.5 ± 0.16 nm, PDI was 0.17 ± 0.01, and zeta 
potential was −3.90 ± 1.98 mV. When the total amount of TPGS/SOL was 50 mg, the size and PDI were similar, and the zeta 
potential was −0.63 ± 0.91 mV.

Therefore, due to the limited solubility of OLA and SOL, a polymer with a lower weight ratio of SOL compared to 
TPGS was selected for better drug encapsulation.

Preparation of OLA/RAPA-TPGS/SOL
Due to the solubility of OLA in tert-butanol,88 OLA/RAPA-TPGS/SOL were prepared using the thin-film hydration 
method. EE (%), size, PDI, and zeta potential were evaluated at different total amount of and weight ratios of TPGS and 
SOL, and at molar ratios of the drugs (Table 3).

Table 1 IC50 and CI Values of OLA and RAPA at 
Various Molar Ratios (n = 3)

Molar Ratio  
(OLA:RAPA)

IC50 (nM) CI value

OLA RAPA

1:1 147 147 0.03

1:2 323 647 0.17

1:4 62.7 34.6 0.06

1:11 78.1 859 0.20

2:1 403 202 0.08

2:3 110 164 0.04

4:1 282 95.3 0.02

11:1 23,515 2138 2.04

Abbreviations: OLA, olaparib; RAPA, rapamycin; IC50, 50% inhi-
bition concentration; CI, combination index.
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Table 2 Physicochemical Properties of TPGS/SOL Prepared from Different Weight Ratios of TPGS and SOL (n = 3, Mean ± SD)

Total amount 
of TPGS/SOL 
(mg)

Weight ratio 
(TPGS:SOL)

Rotary evaporator Freeze-drying

Size  
(nm)

Polydispersity 
Index (PDI)

Zeta potential 
(mV)

Size  
(nm)

Polydispersity 
Index (PDI)

Zeta potential 
(mV)

100 1:0 12.7 ± 0.38 0.07 ± 0.03 −0.10 ± 0.71 13.2 ± 0.33 0.13 ± 0.01 −0.20 ± 2.10

1:1 69.6 ± 2.08 0.26 ± 0.02 0.87 ± 0.25 91.3 ± 0.94 0.17 ± 0.01 −3.43 ± 1.11

1:2 78.3 ± 1.80 0.10 ± 0.01 −5.53 ± 3.12 75.9 ± 0.41 0.08 ± 0.01 −2.43 ± 0.70

1:4 69.0 ± 0.82 0.06 ± 0.03 −2.77 ± 1.33 68.1 ± 0.25 0.18 ± 0.19 −3.77 ± 2.14

2:1 21.5 ± 3.82 0.23 ± 0.06 −5.53 ± 3.12 21.7 ± 2.72 0.25 ± 0.05 −3.80 ± 2.10

4:1 18.7 ± 0.42 0.16 ± 0.02 −4.33 ± 3.47 18.5 ± 0.16 0.17 ± 0.01 −3.90 ± 1.98

0:1 67.4 ± 1.47 0.08 ± 0.03 0.00 ± 1.11 68.4 ± 0.71 0.10 ± 0.02 1.60 ± 0.22

50 1:0 12.9 ± 0.22 0.08 ± 0.03 −0.57 ± 1.31 27.1 ± 3.01 0.30 ± 0.02 −5.20 ± 3.40

1:1 74.4 ± 11.0 0.22 ± 0.08 −7.00 ± 2.44 84.6 ± 7.44 0.16 ± 0.02 −4.93 ± 2.90

1:2 79.1 ± 1.94 0.11 ± 0.01 −2.17 ± 0.13 75.7 ± 3.25 0.09 ± 0.02 −3.07 ± 1.93

1:4 68.3 ± 0.29 0.05 ± 0.12 −1.20 ± 0.83 67.1 ± 1.07 0.05 ± 0.01 −2.60 ± 1.93

2:1 19.8 ± 1.75 0.18 ± 0.06 2.73 ± 3.37 25.7 ± 5.11 0.29 ± 0.05 −1.20 ± 1.28

4:1 19.7 ± 0.54 0.17 ± 0.01 0.00 ± 0.85 18.1 ± 1.03 0.11 ± 0.08 −0.63 ± 0.91

0:1 66.1 ± 0.92 0.06 ± 0.02 0.57 ± 0.05 66.4 ± 0.13 0.06 ± 0.01 0.80 ± 0.29

Abbreviations: TPGS, D-α-tocopheryl polyethylene-glycol (PEG) 1000 succinate; SOL, Soluplus®; PGS/SOL, TPGS/Soluplus micelle.

Table 3 Physicochemical Properties of OLA/RAPA-TPGS/SOL Prepared with Synergistic Drug Ratio (n = 3, Mean ± SD)

Total amount of 
TPGS/SOL  
(mg)

Weight ratio 
(TPGS:SOL)

Molar ratio 
(OLA:RAPA)

Rotary evaporator

Encapsulation Efficiency 
(EE %)

Size  
(nm)

PolyDispersity 
Index (PDI)

Zeta 
Potential 

(mV)
OLA RAPA

100 1:1 1:1 44.6 ± 9.13 63.9 ± 6.20 30.1 ± 19.7 0.20 ± 0.06 −2.83 ± 0.29

1:2 35.3 ± 5.58 64.5 ± 32.2 34.6 ± 7.85 0.16 ± 0.11 −0.17 ± 1.23

1:4 37.1 ± 1.06 47.1 ± 21.3 18.8 ± 6.17 0.12 ± 0.01 −1.2 ± 1.69

2:3 37.9 ± 2.67 64.4 ± 2.60 17.5 ± 6.53 0.18 ± 0.01 −0.20 ± 2.10

2:1 1:1 65.4 ± 12.4 65.9 ± 17.5 58.9 ± 66.6 0.34 ± 0.29 −1.57 ± 1.51

1:2 44.0 ± 1.65 52.3 ± 1.05 10.6 ± 0.94 0.13 ± 0.03 −4.17 ± 2.52

1:4 46.9 ± 4.08 39.0 ± 2.45 87.8 ± 103 0.16 ± 0.04 −2.33 ± 1.22

2:3 44.3 ± 3.58 66.3 ± 3.08 10.4 ± 1.32 0.60 ± 0.37 −2.97 ± 3.13

4:1 1:1 66.6 ± 0.74 79.3 ± 6.15 16.2± 0.14 0.16 ± 0.01 −0.50 ± 0.43

1:2 62.6 ± 1.91 73.8 ± 3.52 18.5 ± 8.15 0.12 ± 0.01 −2.27 ± 1.69

1:4 52.8 ± 1.77 45.7 ± 0.40 23.0 ± 17.0 0.11 ± 0.02 −2.27 ± 1.96

2:3 66.1 ± 5.95 77.5 ± 5.09 13.4 ± 3.04 0.18 ± 0.06 −5.60 ± 1.02

(Continued)
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The EE (%) of OLA was higher when the amount of polymer was 100 mg than 50 mg. The EE (%) of OLA at 
a polymer weight ratio of 1:1 was <55%. The size measured at the polymer weight ratio of 4:1 was <30 nm, and the PDI 
was ≤0.2. In this weight ratio, the EE (%) of OLA and RAPA at a drug molar ratio of 2:3 were 66.1 ± 5.95% and 77.5 ± 
5.09%, respectively, and the zeta potential was −5.60 ± 1.02 mV. Considering all the conditions evaluated, a TPGS/SOL 
with a total amount of 100 mg and a weight ratio of 4:1 was selected, and a drug encapsulated at a molar ratio of 2:3 was 
finally selected.

Figure 2A and B show the size distribution of OLA/RAPA-TPGS, OLA/RAPA-SOL, and OLA/RAPA-TPGS/SOL. 
The size of OLA/RAPA-SOL was >20000 nm, whereas the size of OLA/RAPA-TPGS/SOL was <20 nm. The PDI of 
OLA/RAPA-TPGS and OLA/RAPA-SOL was >0.2, whereas the PDI of OLA/RAPA-TPGS/SOL was <0.2. Furthermore, 
TEM images revealed that the micelles possessed a consistent spherical shape.

Critical Micelle Concentration (CMC) Determination
To evaluate the self-aggregation capacity of TPGS, SOL, and TPGS/SOL, the CMC was measured89 and is presented in 
Figure 2C–E. TPGS exhibited the highest CMC value of 0.033 mg/mL, while SOL exhibited the lowest value of 
0.016 mg/mL. The mixed micelles of TPGS/SOL exhibited a value of 0.021 mg/mL.

Stability Test
The size and PDI of OLA/RAPA-TPGS/SOL were monitored at both 4°C and 37°C for 2 weeks period (Figure 3A and B). 
At 4°C, the size remained consistently below 30 nm by day 10, and the PDI was <0.2 by day 7. When stored at 37°C, the size 
was maintained below 200 nm by day 10, and the PDI was remained below 0.2 by day 7.

Stability Assessment of Freeze-Dried Samples for Prolonged Storage
Physicochemical characteristics of OLA and RAPA encapsulated in TPGS/SOL evaluated after 180 days of storage 
(Figure 3C–G) (Table S1). The EE (%) of day 0 OLA and RAPA were 75.1 ± 3.53% and 86.4 ± 9.43%, respectively. 

Table 3 (Continued). 

Total amount of 
TPGS/SOL  
(mg)

Weight ratio 
(TPGS:SOL)

Molar ratio 
(OLA:RAPA)

Rotary evaporator

Encapsulation Efficiency 
(EE %)

Size  
(nm)

PolyDispersity 
Index (PDI)

Zeta 
Potential 

(mV)
OLA RAPA

50 1:1 1:1 41.2 ± 2.62 43.6 ± 2.23 12.1 ± 0.45 0.20 ± 0.01 −8.57 ± 1.75

1:2 34.3 ± 4.32 26.9 ± 2.49 12.6 ± 0.71 0.17 ± 0.02 −7.90 ± 2.28

1:4 31.8 ± 1.99 17.5 ± 1.76 15.8 ± 7.45 0.15 ± 0.03 −5.37 ± 3.89

2:3 32.8 ± 0.65 38.3 ± 1.80 48.5 ± 53.4 0.17 ± 0.02 −6.40 ± 4.56

2:1 1:1 48.1 ± 1.51 55.2 ± 1.55 119 ± 153 0.46 ± 0.34 −4.83 ± 3.48

1:2 47.2 ± 0.57 43.5 ± 3.83 14.1 ± 5.04 0.16 ± 0.05 −2.43 ± 1.05

1:4 41.5 ± 2.45 24.8 ± 0.40 10.3 ± 0.95 0.11 ± 0.02 −1.75 ± 1.25

2:3 42.4 ± 2.60 59.8 ± 9.52 35.1 ± 30.3 0.21 ± 0.03 −15.7 ± 3.43

4:1 1:1 48.1 ± 1.51 55.2 ± 1.55 232 ± 191 0.22 ± 0.09 −10.8 ± 7.86

1:2 52.7 ± 0.17 44.4 ± 0.44 86.2 ± 76.6 0.20 ± 0.01 −20.4 ± 1.15

1:4 61.3 ± 5.73 76.7 ± 8.12 133 ± 3.11 0.19 ± 0.02 −5.66 ± 1.12

2:3 54.9 ± 8.87 64.4 ± 6.37 13.0 ± 0.44 0.18 ± 0.01 −11.6 ± 0.63

Abbreviations: TPGS, D-α-tocopheryl polyethylene-glycol (PEG) 1000 succinate; SOL, Soluplus®; OLA, olaparib; RAPA, rapamycin.
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On day 180, the EE (%) of OLA and RAPA were 54.9 ± 12.2% and 63.6 ± 13.8%, respectively. The size was evaluated as 
13.1 ± 3.91 at day 0 and 14.6 ± 0.43 at day 180, and the PDI was 0.14 ± 0.03 and 0.12 ± 0.01, respectively. In addition, 
the zeta potential was measured as −5.37 ± 0.33 mV and 0.33 ± 1.04 mV on the first and last day of evaluation, 
respectively. No significant differences were observed in the EE (%), size, PDI, and zeta potential values of the 
formulations on day 0 and day 180.

In vitro Drug Release Assay
The release profiles of OLA/RAPA solution, OLA-TPGS/SOL, RAPA-TPGS/SOL and OLA/RAPA-TPGS/SOL were 
analyzed (Figure 4), and their first order rate constants (k, h−1) were calculated. The calculated k values for OLA release 
were 0.14, 0.02, and 0.03 for OLA/RAPA solution, OLA-TPGS/SOL, and OLA/RAPA-TPGS/SOL, respectively. The 
corresponding k values for RAPA release were 0.15, 0.03, and 0.02 for OLA/RAPA solution, RAPA-TPGS/SOL, and 
OLA/RAPA-TPGS/SOL.

At 6 h, the percentage of OLA released were 71.4 ± 5.06%, 28.5 ± 14.0%, and 25.8 ± 12.6% for OLA/RAPA solution, 
OLA-TPGS/SOL, and OLA/RAPA-TPGS/SOL, respectively. At 72 h, these percentages increased to 92.7 ± 0.56%, 83.2 
± 4.46%, and 56.5 ± 8.70%, respectively. By 336 h, 96.9 ± 4.24%, 96.8 ± 3.29%, and 69.9 ± 4.00% OLA had been 
released, respectively.

Comparing the release rates of OLA from OLA/RAPA solution and OLA/RAPA-TPGS/SOL, a significantly slower 
release was observed at 6, 8, 24, 48, and 240 h in the latter (*p < 0.05, *p < 0.05, **p < 0.01, ***p < 0.001, and *p < 
0.05). Similarly, comparing OLA release rates from OLA-TPGS/SOL and OLA/RAPA-TPGS/SOL significant differ-
ences were observed at 48, 72, 168, 240, and 336 h (*p < 0.05, *p < 0.05, *p < 0.05, **p < 0.01, and **p < 0.01).

For RAPA, at 24 h, 81.1 ± 3.59%, 55.2 ± 1.23%, and 30.3 ± 13.0% of the drug was released from OLA/RAPA 
solution, RAPA-TPGS/SOL, and OLA/RAPA-TPGS/SOL, respectively. At 336 h, 98.8 ± 1.67%, 99.9 ± 0.01%, and 80.8 
± 13.9% of RAPA had been released, respectively.

Comparing the release rates of RAPA from OLA/RAPA solution and OLA/RAPA-TPGS/SOL, a significantly slower 
release was observed at 6, 8, 24, 48, and 72 h in the latter (**p < 0.01, **p < 0.01, **p < 0.01, *p < 0.05, and *p < 0.05). 
Additionally, there was a significantly slower release from OLA/RAPA-TPGS/SOL at 72 and 168 h compared than that 
from RAPA-TPGS/SOL (*p < 0.05 and *p < 0.05).

Figure 2 (A) Representative size distribution of TPGS/SOL, OLA/RAPA-TPGS micelle, OLA/RAPA-SOL, and OLA/RAPA-TPGS/SOL. (B) Transmission electron microscopy 
(TEM) images of OLA/RAPA-TPGS/SOL. CMC graphs of (C) TPGS, (D) SOL, and (E) TPGS/SOL. 
Abbreviations: TPGS, D-α-tocopheryl polyethylene-glycol (PEG) 1000 succinate; SOL, Soluplus®; OLA, olaparib; RAPA, rapamycin; CMC, critical micelle concentration.
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In vitro Cytotoxicity Assay
Figure 5A–F shows the cytotoxicity of free OLA, free RAPA, TPGS/SOL, OLA-TPGS/SOL, RAPA-TPGS/SOL and 
OLA/RAPA-TPGS/SOL. The IC50 values of free OLA and free RAPA were 15355 nM and 3881 nM, respectively. The 
IC50 values of TPGS/SOL, OLA-TPGS/SOL, RAPA-TPGS/SOL, and OLA/RAPA-TPGS/SOL were 1435 nM, 308 nM, 
77.8 nM, and 148 nM, respectively.

In vitro Cellular Uptake of the Micelles
The quantitative cellular uptake of HeyA8 cells after incubation with the C6 solution, C6-SOL and C6-TPGS/SOL are 
shown in Figure 5G. At 2 h, the fluorescence intensities were 10358566 ± 157,272, 22,583,551 ± 994029, and 31021971 
± 2964196, respectively. C6-TPGS/SOL showed higher fluorescence intensity compared to C6 solution and C6-SOL, 
which was statistically significant (***p < 0.001 and *p < 0.05). Furthermore, the fluorescence intensities at 6 h were 
22568195 ± 317,796, 45,433,855 ± 8371219, and 74868389 ± 3391258 for C6, C6-SOL, and C6-TPGS/SOL, respec-
tively. At 6 h, C6-TPGS/SOL showed higher fluorescence intensity than that of C6 solution and C6-SOL, which was 
statistically significant (**p < 0.01 and ****p < 0.0001).

Figure 3 Changes in (A) mean particle size and (B) PDI of OLA/RAPA-TPGS/SOL during short-term stability evaluation at 4°C and 37°C, and (C) OLA EE (%), (D) RAPA EE (%), 
(E) size, (F) PDI, and (G) zeta potential of OLA/RAPA-TPGS/SOL during long-term stability evaluation. 
Abbreviations: OLA, olaparib; RAPA, rapamycin; TPGS, D-α-tocopheryl polyethylene glycol 1000 succinate; SOL, Soluplus®.
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Migration Assay
To observe cell migration, the scraped cells were incubated with cell medium, free OLA/RAPA or OLA/RAPA-TPGS/ 
SOL (Figure 5H and I). The gap width of the control was 62.4 ± 5.06% and 5.76 ± 8.13% at 8 and 24 h, respectively, 
while the gap width of free OLA/RAPA was 69.9 ± 1.84% and 5.35 ± 6.18%, respectively. The 2, 8, and 24 h gap widths 
of OLA/RAPA-TPGS/SOL were measured to be 93.4 ± 4.07%, 84.3 ± 7.65% and 65.2 ± 20.9%, respectively. The OLA/ 
RAPA-TPGS/SOL after 8 h showed wider intercellular spacing compared to the control and free OLA/RAPA groups, 
which was statistically significant (*p < 0.05 and **p < 0.01). In addition, the OLA/RAPA-TPGS/SOL after 24 h showed 
significantly wider intercellular spacing compared to the control and free OLA/RAPA groups (**p < 0.01 and 
**p < 0.01).

In vitro Cytotoxic Effects on HeyA8 Tumor Spheroids
The HeyA8 tumor spheroids were observed at various time (days 0, 2, 7, 10, and 14) under a microscope (Figure S4). 
These HeyA8 tumor spheroids were then subjected to treatments with OLA-TPGS/SOL, RAPA-TPGS/SOL, or OLA/ 
RAPA-TPGS/SOL (Figure 6A). The degree of spheroids growth suppression was quantified using the IVIS system 
(Figure 6B).

On day 2, the total flux of tumor spheroids treated with OLA-TPGS/SOL, RAPA-TPGS/SOL, and OLA/RAPA- 
TPGS/SOL had decreased by 7.07%, 17.3% and 47.5%, respectively, in comparison to day 0. Subsequently, this 
reduction became more pronounced, reaching 80.3%, 81.2%, and 91.8%, respectively, on day 14. In contrast, the 
total flux of tumor spheroids in the control group increased by 127% over the same period. On the last day of the 
evaluation, the OLA/RAPA-TPGS/SOL group had reduced the total flux of tumor spheroids by 15.6-fold 
compared to the by the control group (***p < 0.001) (Figure 6C).

In vivo Toxicity Test
Figure 7 shows weight change and survival after administration of single and combination micelles of OLA and 
RAPA at various doses. The two groups that were administered 50 mg/kg OLA (OLA-TPGS/SOL and OLA/ 
RAPA-TPGS/SOL) showed a survival rate of 60%.

No weight loss of more than 20% from initial body weight and no deaths were observed in any of the other groups.

In vivo Antitumor Efficacy and H&E Staining
The antitumor efficacy of OLA/RAPA-TPGS/SOL was evaluated by subcutaneous and intraperitoneal administration to 
HeyA8 cell xenograft model mice.83,86 When assessed by subcutaneous cell injection, tumors in the OLA/RAPA-TPGS/ 
SOL group were inhibited by 36.6% on day 14 compared with that day 0, which is 21.6-, 2.57-, and 1.76-times more than 

Figure 4 OLA/RAPA solution, single and combined drug release profiles of OLA and RAPA in micelles. (A) OLA release in OLA/RAPA solution, OLA-TPGS/SOL and OLA/ 
RAPA-TPGS/SOL, and (B) RAPA release in OLA/RAPA solution, RAPA-TPGS/SOL and OLA/RAPA-TPGS/SOL (n = 3). 
Abbreviations: TPGS, D-α-tocopheryl polyethylene-glycol (PEG) 1000 succinate; SOL, Soluplus®; OLA, olaparib; RAPA, rapamycin.
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that of the control, OLA-TPGS/SOL, and RAPA-TPGS/SOL groups, respectively (****p < 0.0001, ***p < 0.001, and 
*p < 0.05) (Figure 8A). Moreover, tumor weight was the lowest in OLA/RAPA-TPGS/SOL at, 0.38 ± 0.18 g (Figure 8B 
and C). Figure 8D and E show no reduction in body weight and survival rate. Tumor H&E staining showed that the 
density of cells in the control group remained uniform, and no necrotic areas or abnormal tissue deformation were 
observed (Figure 9). Conversely, in the OLA/RAPA-TPGS/SOL group, area of apoptosis and necrosis were identified, 
accompanied by decreased cell density. When evaluated by cell injection into the abdominal cavity, the tumor weight of 
the OLA/RAPA-TPGS/SOL group was 0.61 ± 0.41 g, which is significantly lower than that of the control group, which 
was 1.64 ± 0.86 g (**p < 0.01) (Figure S6A). In addition, there was no significant difference in body weight compared 
with the control in any group (Figure S6B).

Figure 5 In vitro cytotoxicity assay of HeyA8 cells treated with (A) free OLA, (B) free RAPA, (C) TPGS/SOL, (D) OLA-TPGS/SOL, (E) RAPA-TPGS/SOL, and (F) OLA/ 
RAPA-TPGS/SOL. (G) Cellular uptake efficiency in HeyA8 ovarian cancer cells incubated with equivalent C6 concentrations of C6 solution, C6-SOL, and C6-TPGS/SOL 
(n = 3). (H) Graph and (I) microscopic images of wound healing assays using control, free OLA/RAPA, and OLA/RAPA-TPGS/SOL. (*p < 0.05, **p < 0.01, ***p < 0.001, and 
****p < 0.0001). 
Abbreviations: TPGS, D-α-tocopheryl polyethylene-glycol (PEG) 1000 succinate; SOL, Soluplus®; OLA, olaparib; RAPA, rapamycin.
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Figure 7 Graphs of (A) relative body weight changes and (B) survival rates for the toxicity test using control, TPGS/SOL, and single and co-loaded micelles with different 
doses of OLA and RAPA. 
Abbreviations: OLA, olaparib; RAPA, rapamycin; TPGS, D-α-tocopheryl polyethylene-glycol (PEG) 1000 succinate; SOL, Soluplus®.

Figure 6 (A) Time schedule of cytotoxicity assay using HeyA8 tumor spheroids, (B) representative IVIS images of tumor spheroids treated with micelles, and (C) total flux 
values (p/sec) compared to day 0. (*p < 0.05 and ***p < 0.001). 
Abbreviations: TPGS/SOL, TPGS/Soluplus micelle; TPGS, D-α-tocopheryl polyethylene-glycol (PEG) 1000 succinate; SOL, Soluplus®; OLA, olaparib; RAPA, 
rapamycin.
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Figure 8 Anticancer efficacy in a HeyA8 cell subcutaneous xenograft model based on (A) tumor volume (B) tumor image, (C) tumor weight, (D) body weight, and (E) survival rate. 
(*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001). 
Abbreviations: OLA, olaparib; RAPA, rapamycin; TPGS, D-α-tocopheryl polyethylene-glycol (PEG) 1000 succinate; SOL, Soluplus®.

Figure 9 Representative images of H&E staining for (A) control, (B) OLA-TPGS/SOL, (C) RAPA-TPGS/SOL, and (D) OLA/RAPA-TPGS/SOL. 
Abbreviations: OLA, olaparib; RAPA, rapamycin; TPGS, D-α-tocopheryl polyethylene-glycol (PEG) 1000 succinate; SOL, Soluplus®.

https://doi.org/10.2147/IJN.S468935                                                                                                                                                                                                                                    

DovePress                                                                                                                                         

International Journal of Nanomedicine 2024:19 7886

Shin et al                                                                                                                                                              Dovepress

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


Discussion
PARP enzymes play crucial roles in cellular processes, including DNA repair, replication and apoptosis. In contrast, the 
mTOR pathway affects many cellular activities, including the regulation of cell growth, proliferation, and 
angiogenesis.90,91 Therefore, we hypothesized that combination treatment with OLA, a PARP inhibitor, and RAPA, an 
mTOR inhibitor, would be effective against ovarian cancer. However, OLA and RAPA exhibit limited bioavailability due 
to their poor water solubility.21,30,92 To enhance their solubility and bioavailability, we prepared polymeric micelles, 
particularly mixed micelles, which offer the advantages of improved micelle stability and EE (%).54,93,94 In addition, as 
reported in a previous paper, mixed micelles prevent rapid drug release by modulating the CMC.54

Although various molar ratios of OLA and RAPA showed synergistic effects, 1:1, 1:2, 1:4 and 2:3 molar ratios were 
selected for incorporation into the micelles due to the solubility of OLA. At TPGS and SOL weight ratios of 1:1 and 2:1, 
the EE (%) of most of OLA was significantly lower at <50%, so a 4:1 weight ratio of TPGS and SOL was selected for the 
micelles. The micelles, formulated with an OLA/RAPA molar ratio of 2:3 and a TPGS/SOL weight ratio of 4:1, exhibited 
particle sizes under 20 nm and a zeta potential of −5.60 ± 1.02 mV. These properties are anticipated to facilitate enhanced 
tumor accumulation compared to normal tissues, owing to the EPR effect, while also demonstrating a reduced rate of 
macrophage uptake95,96 In addition, the particle size of OLA/RAPA-TPGS/SOL was maintained at <200 nm until 10 
days when evaluated in the liquid state for 14 days, and no significant difference in physicochemical properties from day 
0 was observed until 180 days when stored in the solid state for a long time. Therefore, freeze-drying the formulation 
prepared by rotary evaporator and long-term storage at −20°C is recommended.97

The results of the MTT assay showed that the IC50 value of TPGS/SOL was lower than that of free OLA and RAPA.98 

This may be because TPGS induces apoptosis and inhibits cell proliferation;99–101 however, it has been reported that it is 
not toxic in normal cells.102,103 The IC50 value of RAPA-TPGS/SOL was lower than that of OLA/RAPA-TPGS/SOL, 
indicating that the cytotoxicity effect of the formulations may be due to the faster release of the drug from RAPA-TPGS/ 
SOL, with RAPA release after 48 h (drug treatment time in the MTT assay) of 72.4 ± 7.69% and 45.0 ± 19.8%, 
respectively. Furthermore, OLA-TPGS/SOL showed lower IC50 values than free OLA (**p < 0.01), RAPA- TPGS/SOL 
showed lower IC50 values than free RAPA (**p < 0.01), and OLA/RAPA-TPGS/SOL showed higher cytotoxicity than 
free OLA/RAPA (**p < 0.01). In the cell migration assay, the final formulation showed the most inhibited cell migration 
capacity compared to the control and free OLA/RAPA, which is consistent with the cytotoxicity test results. Therefore, 
OLA/RAPA-TPGS/SOL can block apoptosis and tumor cell motility.74 The P-gp inhibition ability of TPGS has been 
reported in several papers. Accordingly, as a result of C6-SOL and C6-TPGS/SOL in culture with HeyA8 cells, 
significance was shown at 2 and 6 h (*p < 0.05 and **p < 0.01), and the intracellular level of mixed micelles containing 
TPGS increased rapidly. Therefore, TPGS can enhance the intracellular levels of the enclosed drug, increasing drug 
accumulation inside tumor cells.104,105 In addition, since non-multidrug-resistant cancer cells do not have the same level 
of drug efflux mechanisms as MDR cancer cells, they can allow the drug to accumulate inside the cells more effectively, 
thereby improving the therapeutic efficacy of the drug.106,107 The particle size of OLA/RAPA-TPGS and OLA/RAPA- 
TPGS/SOL was measured to be <50 nm, while the particle size of OLA/RAPA-SOL was >20000 nm. Several studies 
have reported that the optimal size of nanoparticles to achieve the highest cellular uptake is <50 nm,108 suggesting that 
TPGS/SOL is likely to contribute to increased intracellular levels.

The release rates of OLA were compared in OLA/RAPA solution, OLA-TPGS/SOL, and OLA/RAPA-TPGS/SOL, 
and the release rates of RAPA were compared in OLA/RAPA solution, RAPA-TPGS/SOL, and OLA/RAPA-TPGS/SOL. 
OLA was >95% released from OLA/RAPA solution and OLA-TPGS/SOL at 240 h, however, <70% released from OLA/ 
RAPA-TPGS/SOL, indicating a significant difference (*p < 0.05 and **p < 0.01). RAPA was >90% released from OLA/ 
RAPA solution and RAPA-TPGS/SOL at 72 h, however, <70% released from OLA/RAPA-TPGS/SOL, showing 
a significant difference (*p < 0.05 and *p < 0.05). Comparing the release of OLA/RAPA solution and OLA/RAPA- 
TPGS/SOL, significant differences were found at several time points, suggesting that the drug is trapped in the micelles, 
limiting the rapid release of the drug.109,110 Micelles carriers loaded with hydrophobic drugs have been shown to increase 
the solubility of the drug and allow for a slower release of the drug.111 Furthermore, the analysis of release patterns 
between combined and individual micelles revealed significant disparities at certain points, hinting at the likelihood of 
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hydrophobic drug interactions within the core of the micelles.112 In addition, the lack of initial explosive release from 
OLA/RAPA-TPGS/SOL indicates that in vivo toxicity can be prevented.113,114 Finally, CMC measurements showed that 
the TPGS and SOL mixed micelles had comparatively lower CMC values than that of the TPGS, suggesting that the 
mixing of the polymers may make the micelles more stable in the blood115–117 In addition, it suggests that they dissociate 
relatively slowly in the blood, which is consistent with the results of in vitro release tests showing that OLA/RAPA- 
TPGS/SOL release OLA and RAPA slower than OLA/RAPA-TPGS (Figure S3).102,103

The in vivo toxicity evaluation showed no reduction in body weight and survival with TPGS/SOL administration, 
suggesting that TPGS/SOL are nontoxic. Several studies have reported that TPGS and SOL are not toxic.118,119 OLA- 
TPGS/SOL (50 mg/kg) and OLA/RAPA-TPGS/SOL (50 mg/kg, 30 mg/kg) showed a 60% survival rate, but RAPA- 
TPGS/SOL (30 mg/kg) showed no change in body weight and no decrease in survival. This suggests toxicity at 50 mg/kg 
OLA. Weight change and decreased survival were not seen in any of the groups except for the higher dose of OLA, 
indicating no toxicity.120

To evaluate cytotoxicity in 3D structures, formulations were evaluated using tumor spheroids. After 2 weeks, OLA/ 
RAPA-TPGS/SOL significantly inhibited more cells compared to RAPA-TPGS/SOL group (*p < 0.05). Contrary to the 
results of the MTT assay, which showed that the IC50 of RAPA-TPGS/SOL was lower than that of the final formulations, 
the final formulation inhibited tumors to the greatest extent in tumor spheroids. This is likely due to the difference 
between 2D and 3D models. 3D models of cells have been reported to have the same cell density as natural tissues and 
show a similar drug response to solid tumor.121 In addition, in an in vivo anti-cancer efficacy evaluation conducted during 
the same period, OLA/RAPA-TPGS/SOL showed the greatest tumor inhibition compared to all other groups (Figure S5 
and Figure S6). The tumor weight in the OLA/RAPA-TPGS/SOL group was significantly lower than in the control, 
OLA-TPGS/SOL, and RAPA-TPGS/SOL groups (****p < 0.0001, ****p < 0.0001, and **p < 0.01) with no decrease in 
survival rate. These results suggest that, first, the two drugs were delivered simultaneously to the tumor in the designed 
proportions, possibly resulting in synergistic effect of the drugs.122,123 Second, TPGS may have enhanced the cellular 
uptake of the drugs, increasing their cytotoxicity against cancer cells.124,125 Finally, the lack of decreased survival rate in 
mice suggests that mixed micelle, OLA, and RAPA did not exhibit toxicity.126,127 H&E analysis confirmed the uniform 
cell density in the control group, whereas cell death was observed in the periphery in the drug-treated group. In particular, 
significant tissue structure changes were observed in the OLA/RAPA-TPGS/SOL-treated tumor tissue compared to the 
control group. Moreover, areas of apoptosis and necrosis were identified, indicating a decrease in cell density. This 
suggest that OLA/RAPA-TPGS/SOL exerts an anticancer effect in ovarian cancer and that the combined treatment of 
OLA and RAPA has a synergistic effect against tumor cells.128,129

Conclusions
This study encapsulated OLA and RAPA in micelles to address the issue of low solubility. This approach not only 
improved the solubility of both drugs but also enhanced intracellular drug delivery efficiency through TPGS, resulting in 
an efficient formulation. Typically, dissolving poorly soluble drugs requires toxic solubilizing agents, which raises 
concerns about side effects. However, the use of micelles effectively mitigated this issue. Additionally, the OLA/ 
RAPA-TPGS/SOL micelles demonstrated high stability and exhibited significant anticancer efficacy with low toxicity 
in both in vitro and in vivo experiments. These findings underscore the novelty and potential of our formulation.
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