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Purpose: Ivosidenib (IVO), an isocitrate dehydrogenase-1 (IDH1) used for treatment of acute myeloid leukemia (AML) and 
cholangiocarcinoma. However, poor solubility, low bioavailability, high dose and side effects limit clinical application of IVO.
Methods: Ivosidenib-loaded PLGA nanoparticles (IVO-PLGA-NPs) and Ivosidenib-loaded chitosan coated PLGA nanoparticles 
(IVO-CS-PLGA-NPs) were prepared using emulsification and solvent evaporation method for the treatment of liver cancer.
Results: The developed IVO-PLGA-NPs were evaluated for their particle size (171.7±4.9 nm), PDI (0.333), ZP (−23.0±5.8 mV), EE 
(96.3±4.3%), and DL (9.66±1.1%); similarly, the IVO-CS-PLGA-NPs were evaluated for their particle size (177.3±5.2 nm), PDI 
(0.311), ZP +25.9±5.7 mV, EE (90.8±5.7%), and DL (9.42±0.7%). The chitosan coating of IVO-PLGA-NPs was evidenced by an 
increase in mean particle size and positive ZP value. Because of the chitosan coating, the IVO-CS-PLGA-NPs showed a more stable 
and prolonged release of IVO than IVO-PLGA-NPs. In comparison to pure-IVO, the IVO-PLGA-NPs and IVO-CS-PLGA-NPs were 
found to be more effective against HepG2 cells, with IC50 values for the MTT assay being approximately half of those of pure-IVO. In 
HepG2 cells, the expressions of caspase-3, caspase-9, and p53 were significantly (p < 0.05) elevated.
Conclusion: Overall, these findings suggest that chitosan coating of IVO-PLGA-NPs improves the delivery and efficacy of ivosidenib 
in liver cancer treatment.
Keywords: polymers, characterization, bioavailability, sustained release, caspase

Introduction
Liver cancer is one of the most common cancers globally, and one of the highest cause of the cancers related death. Most 
of the liver cancer cases were in the form of Hepatocellular carcinoma (HCC). Lack of effective treatment is the main 
reason of high mortality rate. The classical chemotherapy is insufficient and there is a significant chemoresistance of 
HCCs.1–3 Ivosidenib, is a newly FDA approved drug for the treatment of adults with relapsed or refractory acute myeloid 
leukemia. It is an inhibitor of mutated cytosolic isocitrate dehydrogenase 1 (IDH1). Cholangiocarcinoma, solid tumor and 
other tumors are other indications of Ivosidenib, which are now undergoing clinical development worldwide.4–6 It is 
classified as BCS class II drug with poor solubility and high permeability.7 The poor aqueous solubility will further affect 
the bioavailability of the drug and limit its clinical effect. In order to improve the solubility of poorly soluble drug, many 
techniques, such as solid dispersion, salt formation, complexation, and nanoparticle were employed. Among these 
techniques, nanoparticle has gained considerable attention and extensively investigated in the pharmaceutical industry. 
Due to its advantages in improving drug solubility, bioavailability, stability and high encapsulation efficiency, polymeric 
nanoparticles were frequently used in drug development.8,9 Nanostructures offer a promising solution to the challenges 
faced in the treatment of liver cancer, particularly in combating drug resistance. The ability of nanostructures to deliver 
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drugs directly to cancer cells can help overcome issues such as limited drug penetration and efficacy, as well as reduce 
systemic toxicity.10

Biodegradable polymers which used in polymeric nanoparticle formulation have some benefits of being less toxic and 
its role in improving the physiochemical properties of poorly soluble drugs. PLGA, short for poly(lactic-co-glycolic 
acid), is a remarkable polymer that has gained considerable recognition in the realm of biomedical research and 
pharmaceutical development. It is US-FDA approved copolymer, making it a highly trusted choice for the preparation 
of various polymeric nanoparticle-based formulations. Many applications of this polymer including enhancing the 
solubility, bioavailability, and stability have been reported. PLGA polymers play a crucial role in delivering anticancer 
drugs directly to tumor sites, maximizing treatment efficacy while minimizing side effects. The ability of PLGA to 
encapsulate and release drugs in a controlled manner enhances the therapeutic outcomes of cancer treatments.11,12 

Although, many advantages of PLGA NPs, it impart negative surface potential, which decrease the mucoadhesive 
properties as well as the bioavailability.13–15

In order to overcome this problem, surface modification of PLGA NP using different polymers was beneficial. 
Chitosan is one of the biodegradable polymer with good mucoadhesive properties, can be used for this purpose. Due to 
its positive surface charge, coating the PLGA NP with chitosan can enhance the cellular absorption and mucoadhesion.8 

Chitosan coating holds great potential in optimizing nanoparticle-based drug delivery systems. Its unique properties offer 
improved stability, controlled release mechanisms and targeted delivery capabilities.16–18 Chitosan nanoparticles have 
shown great potential in improving the bioavailability and targeted delivery of anti-cancer drugs. Their small size and 
biocompatibility allow for efficient penetration into tumor tissues while minimizing systemic toxicity.19–21 The current 
work is novel because it is the first to be cited in the literature on the repurposing of ivosidenib and its developed 
polymeric nanoparticles for enhanced anticancer activity against liver cancer cells. This is a novel idea that needs more 
investigation since it has great potential to treat liver cancer, which is driving up healthcare expenditures worldwide.

In this study, we prepared IVO-PLGA-NP and IVO-CS-PLGA-NP by emulsification and solvent evaporation 
technique using an ultrasonic probe. The developed formulations were assessed in terms of drug encapsulation, ZP, 
PDI, and particle size. The DSC and FTIR studies were carried out to check compatibility between drugs and polymers. 
Studies on drug release in vitro, storage stability, and in vitro cytotoxicity were conducted on HepG2 cells.

Materials and Methods
Materials
Ivosidenib (IVO) was procured from “Beijing Mesochem Technology Co. Ltd (Beijing China)”. Poly (lactic-co-glycolic 
acid) (PLGA, 50:50), kolliphor-188, dichloromethane (DCM), and methanol were bought from “Sigma-Aldrich 
(St. Louis, USA)”. The Merck MilliQ Millipore ultrapure water purification system was used to prepare MilliQ water on- 
site. “Dulbecco’s Modified Eagle Medium (DMEM)” was bought from “Life Technologies Ltd. (Paisley, UK)”.

Preparation of IVO-PLGA-NPs and IVO-CS-PLGA-NPs
The process of emulsification and solvent evaporation was utilized to prepare NPs loaded with IVO.22 Briefly, PLGA 
(25 mg/mL) polymeric solution in dichloromethane was prepared, and IVO (10 mg) was dissolved in it to obtain the 
organic phase. Conversely, a separate aqueous phase containing 1% w/v of kolliphor-188 was prepared (Table 1), then 
under probe sonication “(Fisher scientific; United States)” for 6 minutes at 65% W voltage efficiency for 5 minutes, the 
aqueous phase was added to the organic phase using a syringe at a rate of 0.5 mL/min to emulsify it. The organic solvent 

Table 1 Formulation Composition of IVO-PLGA-NPs and IVO-CS-PLGA-NPs

Formulations IVO (mg) PLGA (mg) Chitosan (mg) P-188 (%w/v)

Blank PLGA-NPs - 50 - 1

IVO-PLGA-NPs 10 50 - 1

IVO-CS-PLGA-NPs 10 50 50 1
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was evaporated under magnetic stirrer for 4 hours. The nanoparticles (IVO-PLGA-NPs) were collected after centrifuga-
tion at 16,000 rpm for 10 minutes. The obtained sediment was washed three times with distilled water, then lyophilized 
(Millrock Technology, Kingston, NY, USA). The chitosan-coated PLGA-NPs was prepared by addition of previously 
prepared IVO-PLGA-NPs in chitosan solution (0.5% w/v in glacial acetic acid) with continuous stirring at 400 rpm for 
12 hours.

Measurement of Mean Particle Size, Polydispersity Index (PDI), and Zeta Potential
The IVO-PLGA-NPs, IVO-CS-PLGA NPs, and blank-PLGA NPs were measured for particle size and PDI using 
“Zetasizer™ NanoZS (Malvern Instrument Ltd., Malvern, UK)” instrument. The nanoparticles were dispersed in deionized 
water as dispersion medium prior to analysis, and equilibrated for 3 min at 25 °C. The measurements were carried out at 
a 173° detection angle using a non-invasive backscatter technique.23 Every measurement was performed in triplicate, and 
the mean and standard deviation were noted. The software’s built-in Smoluchowski approximation was used to calculate the 
nanoparticles zeta potential, which allowed the instrument to automatically adjust its settings for 25 °C.

Drug Loading (DL) and Entrapment Efficiency (EE) Measurements
Drug entrapment efficiency (%EE) refers to the amount of drug that is successfully encapsulated within the nanoparticles, 
while drug loading refers to the ratio of the amount of drug encapsulated to the total weight of nanoparticles. These 
factors directly impact the efficiency and dosage accuracy of delivering drugs to target sites in the body. To measure the 
%EE and %DL of IVO in IVO-PLGA-NPs and IVO-CS-PLGA-NPs, colloidal solutions were centrifuged at 6000 rpm 
for 10 minutes to separate the supernatant and free drug in supernatant was analyzed by UV-Vis spectrophotometer at 284 
nm. The equations 1 and 2, respectively, were used to calculate the %EE and %DL.

DSC Studies
DSC (Differential Scanning Calorimetry) has emerged as a valuable tool for evaluating the encapsulation of drugs in 
polymers. This technique allows to gain insight into the thermal behavior and interactions between the drug and polymer. 
DSC spectra of studies of free-IVO, blank-NPs, IVO-PLGA-NPs and IVO-CS-PLGA-NPs were recorded using DSC 
instrument “(Shimadzu DSC-60, Shimadzu Corporation, Tokyo, Japan)”. The samples under investigation (5 mg) were 
compressed in aluminium pan, kept in a sample holder against an empty reference pan and heated at a rate of 20° 
C per minute between 50°C and 250°C. The generated spectra were recorded and analyzed by software.

Fourier Transforms Infra-Red (FTIR) Spectral Studies
The pure-IVO, blank-NPs, IVO-PLGA-NPs, and IVO-CS-PLGA-NPs FTIR spectra were taken using instrument “FTIR 
spectrometer (Jasco FTIR Spectrophotometer, Japan)”. The samples transparent pellets were prepared by KBr technique 
and FTIR spectra were recorded in the range of wavenumber 400–4000 cm−1.

In-Vitro Release of IVO from Nanoparticles
The in-vitro drug release studies of nanoparticles were conducted using phosphate buffer (pH 6.8) 0.5% SLS as 
dissolution media. Accurately weighed amount of IVO-PLGA-NPs and IVO-CS-PLGA-NPs (equivalent to 5 mg of 
IVO) were suspended in PB (25 mL). After that, the solution was divided into several centrifuge tubes and maintained at 
37 °C with 100 rpm of agitation on a biological shaker.24 At every time interval, a centrifuge tube was taken out and 
centrifuged for 5 minutes at 6000 rpm. The supernatant was then examined for drug release using a UV/Vis spectro-
photometer set to 284 nm.
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Furthermore, release data of IVO-CS-PLGA-NPs were fitted using a variety of kinetic models, including the zero- 
order, first-order, Higuchi, and Korsmeyer-Peppas models, in order to obtain a better understanding of the drug release 
process.25,26 These models served as valuable tools in analyzing and predicting the release mechanism of the drug over 
time. To select the most appropriate model for the drug release, careful consideration was given to the coefficient of 
correlation (R2) values obtained from each model. The model with the highest R2 value was chosen, indicating its 
superior fit to the release data.

Storage Stability Studies
The storage stability tests at different temperatures play a crucial role in understanding the behavior of nanoparticles over 
time. For three months, the lyophilized IVO-PLGA-NPs and IVO-CS-PLGA-NPs powders were kept at 25 °C and 37 °C 
in an amber-colored vial. Samples were taken every 0, 30, 60 and 90 days, and their size, PDI, and ZP were examined.27

In-Vitro Cytotoxicity Studies
HepG2 Cells Growth and Maintenance
The HepG2 cells were procured from the American Type Culture Collection (Manassas, VA, USA). “Dulbecco’s 
Modified Eagle Medium (DMEM) (UFC Biotech, Riyadh, KSA)” was used to cultivate cells in 50 cm2 tissue culture 
flasks at 37 °C in an incubator with 5% CO2 humidity. The supplementation of the media included 10% fetal bovine 
serum ‘(Alpha Chemika, Mumbai, India)’, 1% of a combination of Penicillin (100 units/mL) and Streptomycin (100 µg/ 
mL) from ‘ThermoFischer Scientific, Massachusetts, USA’, Amphotericin-B (250 ng/mL) from Gibco® (New York, 
USA), and 1% of L-glutamine ‘(BioWest, MO, USA)’. The MTT was bought from ‘Sigma in Aldrich, Missouri, in the 
United States’. DMEM was used to seed the cells in the culture plates.

MTT Assay Against HepG2 Cell Lines
IVO has emerged as a highly effective treatment option for leukemia and bile duct cancers. Its remarkable potential in 
targeting and inhibiting specific mutations has revolutionized the field of cancer treatment. In the present research work, 
repurposing IVO for liver cancer intervention was investigated to decipher its therapeutic prospect, which has not been 
explored to date. The MTT assay was performed on HepG2 liver cells lines to determine whether IVO-PLGA-NPs and 
IVO-CS-PLGA-NPs have any potential anticancer effects in comparison to free-IVO and blank-NPs. Therefore, the MTT 
assay was performed on HepG2 cells to check the potential anticancer efficacy of the free-IVO, IVO-PLGA-NPs and 
IVO-CS-PLGA-NPs as compared to the free-IVO and blank-NPs. The MTT assay was used to determine the viability of 
the treated cells in order to evaluate the anticancer activity of free-IVO, IVO-PLGA-NPs, and IVO-CS-PLGA-NPs 
against HepG2 cells. This assay’s primary technique for determining the quantity of viable cells is mitochondria- 
mediated apoptosis. This section’s assay involves enzymatic reduction of 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenylte-
trazolium bromide (MTT), a water-soluble dye. This reduction process leads to the formation of an insoluble formazan 
compound. The quantitation of formazan is used as a measure of cell viability.28,29 In this particular case, the cells were 
carefully seeded in a 96-well microplate with 100 μL of medium. This allows for optimal growth conditions and 
facilitates the subsequent steps of the assay. The suspension of free-IVO, IVO-PLGA-NPs, and IVO-CS-PLGA-NPs, 
with an IVO concentration ranging from 0.39 to 200 µg/mL were prepared using media as a diluents.30 After the medium 
was removed, the cells were exposed to IVO-PLGA-NPs and IVO-CS-PLGA-NPs for 48 hours. The cells in the control 
group were only exposed to the medium. The drug-exposed cells were then given 100 µL of MTT solution (5 mg/mL) in 
PBS after a 48-hour period. After treating the cells with 20 μL of MTT, the grown cells were again incubated for four 
hours at 37 °C, but their media was replaced with new media without any drug. The subculture fluids were then 
discarded, and the MTT crystals were dissolved in a mixture of DMSO, acetic acid, and sodium dodecyl sulfate 
(99.4 mL, 0.6 mL, and 10 g) for 15 minutes at room temperature. Optical density (OD) was determined using 
a spectrophotometric microplate reader “(Synergy HT, BioTek gadgets, VT, USA)” at 570 nm. Using Eq. 3, the cell 
viability (%) was determined. The results were plotted as cell viability (%) versus log concentration of IVO (µg/mL) and 
normalized relative to that obtained for viable control cells, which were regarded as 100%. Using GraphPad Prism V-5.1, 
the IC50 values were computed as log (inhibitor) versus normalized response on variable slopes.
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Activities of p53, Caspase-3, and Caspase-9 by ELISA
The p53, Caspase-3, and Caspase-9 activities were measured using ELISA kits in compliance with published works and 
manufacturer’s instructions.31,32 In 96-well plates, 5×104 HepG2 cells per well were seeded. The seeded cells had been 
dealt with the AqS of pure-IVO, IVO-PLGA-NPs and IVO-CS-PLGA-NPs. The concentration of IVO was kept 20 µg/ 
mL, which was approximately near to the IC50 value of the pure IVO (19.74 µg/mL) ie 1 x IC50 of pure drug. The control 
group consisted of the untreated cells. After allowing each treated cell to come to room temperature, 100 µL of the p53, 
Caspase-3, and Caspase-9 reagents were added to each well in the plate that held 100 µL of culture media. The plates 
were correctly covered, agitated at 500 rpm for one to two minutes, and then allowed to incubate at room temperature. 
After an hour of incubation, the optical density (OD) was determined using a microplate reader at a wavelength of 
405 nm.

Evaluation of Morphological Changes in HepG2 Treated Cells
Morphological studies play a vital role in understanding the physical structure and characteristics of biological cells. In 
particular, phase contrast microscopy has emerged as a valuable tool for observing cellular morphology. To initiate the 
study, HepG2 cells were carefully seeded in 6-well plates at a density of 1×105 cells per well containing DMEM 
“(Dulbecco’s Modified Eagle Medium)” and were incubated for 24 hours at 37 °C in 5% CO2. Thereafter, HepG2 cells 
were treated with the control, free-IVO, blank PLGA-NPs, IVO-PLGA-NPs and IVO-CS-PLGA-NPs, and were 
incubated for 24 hours. After that, cells were examined for alterations in cell structure or apoptosis using phase contrast 
microscopes “(Olympus CLX 41, Olympus Corporation, Tokyo, Japan)”, and images were recorded.

Statistical Data Evaluation
All data were provided as mean ± standard deviation (SD). Statistical significance was determined using one-way 
analysis of variance (ANOVA) followed by a Bonferroni’s multiple comparison test, depending on the number of groups 
being compared. The level of significance was set at P < 0.05.

Results and Discussion
Mean Particle Size, Polydispersity Index (PDI) and Zeta Potential
Table 2 lists the size, PDI, and ZP of the developed NPs. The size of the particles has a significant impact on how anti- 
cancer medications target tumors through circulation, biodistribution, accumulation, and penetration mechanisms.33 The 
mean diameter of blank PLGA-NPs, IVO-loaded PLGA NPs and IVO-loaded CS-PLGA NPs was measured as 169.8 nm, 
171.7 nm and 177.3 nm, respectively. However, the particle size of IVO-loaded CS-PLGA NPs increased from 171.7 nm 
to 177.3 nm upon chitosan coating, as measured by DLS method (Figure 1). Improved permeability and retention (EPR) 
effect-based accumulation in mature solid tumors has been shown to be best achieved with the use of nanoparticles 
whose average sizes fall between 100 and 400 nm.34 The values obtained for the PDI of the prepared NPs, ranging from 
0.304 to 0.333, provide clear evidence of the formation of monodispersed nanoparticles, size distribution of the particles 
is relatively narrow and uniform, with minimal variation in particle size. ZP refers to the surface charge that exists on 
nanoparticles, which influences their stability and interactions with other particles or surfaces. ZP values for blank-PLGA 

Table 2 Characterization of Nanoparticles

Formulations Particle Size (nm) PDI ZP (mV) %EE %DL

Blank-PLGA-NPs 169.8±6.2 0.304±0.001 −24.0±5.2 - -

IVO-PLGA-NPs 171.7±4.9 0.333±0.002 −23.0±5.8 96.3±4.3 9.66±1.1

IVO-CS-PLGA-NPs 177.3±5.2 0.311±0.002 +25.9±5.7 90.8±5.7 9.42±0.7
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-NPs and IVO-loaded PLGA NPs were −24.0 mV and −23.0 mV, respectively. The negative values are caused by the 
presence of a carboxylic group on the PLGA polymer’s surface.16 Post coating with chitosan, ZP of IVO-loaded CS- 
PLGA NPs was shifted to positive value, +25.9 mV, due to protonation of nanoparticle surface. The electrostatic stability 
of colloidal suspensions can be predicted and regulated using the zeta potential, which is a crucial surface charge 
indicator. Coating with CS polymer caused the zeta potential to rise to a constant level. Because of its polycationic 
properties of CS, It is bioadhesive and water soluble, easily adhering to negatively charged surfaces of mucosal 
membranes. Consequently, it strengthens the mucosa’s adherence, lengthening the time of contact for penetration of 
drug molecule through it.35,36

Drug Loading (DL) and Entrapment Efficiency (EE) Measurements
The encapsulation of drugs within a polymeric matrix hinges on the crucial factors of affinities and compatibility. When 
a drug exhibits higher compatibility and affinity for the polymers, its encapsulation efficiency is significantly enhanced. 
The %EE and %DL of IVO in IVO-PLGA-NPs were measured as 96.3±4.3% and 9.66±1.1%, respectively. However, % 
EE and %DL of IVO in IVO-CS-PLGA-NPs were found as 90.8±5.7% and 9.42±0.7%, respectively (Table 2).

DSC Studies
A comparative DSC spectra of free-IVO, blank-NPs, IVO-PLGA-NPs and IVO-CS-PLGA-NPs are shown in Figure 2. 
A sharp endothermic peak of free-IVO could be seen at the temperature 157 °C, which is characteristics of pure drug.37 

However, the absence of IVO peak in the DSC curve of IVO-loaded nanoparticles represented that the drug in the 
nanoparticles was converted to amorphous phase during nanoparticle preparation. In other words, encapsulation process 
disrupted the IVO crystals, indicating that the encapsulation process was appreciable.38 The broad endothermic peak 
could be seen in DSC spectra of IVO-PLGA-NPs and IVO-CS-PLGA-NPs, probably due to the presence of polymers or 
surfactants.

FTIR Studies
The FTIR spectra of pure-IVO, IVO-PLGA-NPs and IVO-CS-PLGA-NPs are depicted in Figure 3. The pure-IVO 
demonstrated with typical characteristic peaks at 3205 cm-1 (-NH- str), 3072 cm−1 (-CH- str), 2239 cm−1 (-C≡N str), 
1730 cm−1 (-C=O- str), 1651 cm−1 (-C=C- str), 889 cm−1 (-CF2- str) and 703 cm−1 (-CCl- str). The results showed an 
interesting trend in the absorption peaks observed in the fingerprint region (1600–400 cm−1). In both FTIR spectra of 
IVO-PLGA-NPs, and IVO-CS-PLGA-NPs, these peaks either disappeared or weakened significantly compared to pure- 
IVO. FTIR spectra of blank-NPs clearly evidenced non-overlapping of IVO peaks in drug loaded nanoparticles. This 
suggests that there was a successful entrapment of the drug inside the polymeric matrix. This finding highlights the 

Figure 1 Dynamic Scattering Light (DLS) particle size and zeta potential measurements of Blank-PLGA-NPs, IVO-PLGA-NPs and IVO-CS-PLGA-NPs.
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efficient encapsulation capability of both PLGA-NPs and chitosan-coated PLGA nanoparticles. The disappearance or 
weakening of absorption peaks indicates that the drug molecules were effectively incorporated within the polymeric 
structure, preventing their direct interaction with infrared radiation during FTIR analysis.

Figure 2 DSC spectra of pure-IVO and their nanoparticles.

Figure 3 FTIR spectra of pure-IVO and nanoparticles.
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In-Vitro Release of IVO from Nanoparticles
The in vitro release studies of IVO from IVO-PLGA-NPs and IVO-CS-PLGA-NPs were performed at pH 6.8 containing 
0.5% w/v SLS and compared with free-IVO (Figure 4). A biphasic pattern was observed, consisting of a rapid drug release 
phase during the first five hours, succeeded by a gradual release phase lasting for the remaining 72 hours. For IVO-PLGA- 
NPs and IVO-CS-PLGA-NPs, the magnitude of the burst release in the first four hours was approximately 46.53% and 
38.77%, respectively. The initial burst release of the drug could have been caused by the drug being adsorbed on the surface 
of excess IVO-containing nanoparticles that quickly dissolved into the media from the matrix.39,40 The IVO-PLGA-NPs and 
IVO-CS-PLGA-NPs released 98.73% and 92.06±2.06% in 72 hours, respectively. The IVO-PLGA-NPs demonstrated 
complete release by the 72 hour, suggesting an effective sustained release.41 Chitosan-coated PLGA NPs (IVO-CS-PLGA- 
NPs) indicated a controlled and sustained release, slightly slower than IVO-PLGA-NPs, this could be due to the chitosan 
which get swelled by time and retards the drug diffusion. The release profile data of IVO-CS-PLGA-NPs were fitted to the 
zero, first orders, Higuchi and Korsmeyer-Peppas models in order to find out the release mechanism, best fit was selected 
based on the R2 values of each drug release kinetics. The calculated R2 of zero, first, Higuchi and Korsmeyer-Peppas models 
were found as 0.7141, 0.8783, 0.8061, and 0.9723, respectively. The release behavior, suggesting a potential dominance of 
this Korsmeyer-Peppas model in postulating the IVO release. The “n” value of 0.312 further supports the Korsmeyer-Peppas 
model, indicating a release mechanism involving both diffusion and polymer relaxation, aligning with anomalous transport 
characteristics. The low “n” value (0.312) of IVO-CS-PLGA-NPs aligns with a non-Fickian diffusion or anomalous 
transport, where both diffusion and polymer relaxation significantly contribute to IVO release.

Storage Stability Studies
After being stored at 25 ± 1 °C and 37 ± 1 °C for a period of time, the IVO-PLGA-NPs and IVO-CS-PLGA-NPs were 
examined for particle size, PDI, and ZP at various intervals (0, 30, 60 and 90 days). Table 3 presents the tabulated results. At 
either storage temperature, no significant changes were found in the particle size, PDI, and ZP. Therefore, without appreciably 
losing their physical properties, the developed nanoparticles can be stored at 25 ± 1 °C and 37 ± 1 °C for up to three months.

MTT Assay Against HepG2 Cell Lines
The cytotoxicity potential of pure-IVO, IVO-loaded PLGA and IVO-loaded CS-coated PLGA NPs against HepG2 cells 
(percent cell viability at different concentrations), as well as log drug concentration vs percent cell viability were depicted 

Figure 4 In-vitro release profile of IVO from IVO-PLGA-NPs and IVO-CS-PLGA-NPs at pH 6.8.
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in Figure 5. The concentration-dependent decrease in percent cell viability was confirmed by the IVO concentrations. 
The IC50 values of pure-IVO, IVO-loaded PLGA NPs and IVO-loaded CS-coated PLGA NPs against HepG2 cells were 
19.74 µg/mL (R2 = 0.9841), 10.90 µg/mL (R2 = 0.9908) and 6.43 µg/mL (R2 = 0.9855), respectively. The data of MTT 
assay against HepG2 cells in the present investigation, revealed a significant (p < 0.05) enhancement in the cytotoxic 
effect of IVO-loaded PLGA NPs and IVO-loaded CS-coated PLGA NPs in comparison to pure-IVO. The enhanced 
cytotoxicity of IVO-loaded PLGA NPs and IVO-loaded CS-coated PLGA NPs relative to free-IVO could be attributed to 
the carrier’s nanoscale size, enhanced encapsulation and cellular uptake. Therefore, developed IVO-loaded PLGA NPs 
and IVO-loaded CS-coated PLGA NPs could be a potential alternative to the conventional formulation of IVO against 
liver cancer.

p53, Caspase-3 and Caspase-9 Activities by ELISA
Understanding the activities of these key players, such as p53 (a tumor suppressor protein), along with caspase-3 and-9, 
is vital for comprehending the intricate mechanisms underlying cellular apoptosis. By studying their activities, it can gain 
valuable insights into diseases related to aberrant cell death regulation like cancer and neurodegenerative disorders.42 In 
the present investigation, an intriguing finding was observed regarding the expression of the p53 protein. The study 
revealed a significant increase (p < 0.05) in p53 expression in the free-IVO, IVO-PLGA-NPs and IVO-CS-PLGA-NPs 
groups, compared to the control (untreated group) (Table 4). The p53 expression were 3.79, 4.26 and 4.56 folds higher 
when the cells were treated with free-IVO, IVO-PLGA-NPs and IVO-CS-PLGA-NPs groups, compared to the control 
(untreated group). This notable increase suggests a highly efficient apoptotic activity of IVO-CS-PLGA-NPs > free-IVO 

Table 3 Particle Characterization of After Storage at Different Temperature (25 °C & 37 °C)

Time (days) Conditions IVO-PLGA-NPs IVO-CS-PLGA-NPs

Size (nm) PDI ZP (mV) Size (nm) PDI ZP (mV)

0 - 171.7±4.9 0.333±0.002 −23.0±5.8 177.3±5.2 0.311±0.002 +25.9±5.7

30 25 °C 179.3±5.0 0.338±0.001 −22.5±4.5 184.5±4.7 0.318±0.001 +25.5±2.5

60 184.2±5.2 0.339±0.002 −21.7±3.1 189.3±6.3 0.323±0.002 +24.8±2.8

90 194.6±3.8 0.373±0.013 −19.8±1.8 199.4±4.3 0.336±0.011 +24.7±2.4

30 37 °C 179.7±5.1 0.383±0.011 −22.1±3.3 179.5±4.0 0.325±0.012 +25.2±1.9

60 187.3±7.2 0.410±0.016 −20.4±3.5 188.4±6.6 0.338±0.010 +24.1±3.6

90 201.3±6.1 0.413±0.015 −17.2±3.2 200.9±7.4 0.431±0.002 +23.8±4.4

Figure 5 Cell viability tests and IC50 values after 48 hours of pure-IVO, IVO-loaded PLGA and IVO-loaded CS-coated PLGA NPs against HepG2 cells.
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against HepG2 cells. The upregulation of p53 protein expressions further supports the effectiveness of these treatments in 
inducing programmed cell death in cancer cells. The expression levels of Caspase-3 and Caspase-9 in IVO-PLGA-NPs 
and IVO-CS-PLGA-NPs treated groups (Table 1) showed a noteworthy increase compared to the untreated control group.

When the HepG2 cells were treated with IVO-PLGA-NPs and IVO-CS-PLGA-NPs, ap-proximately 4.1-folds and 
6.1-folds increased activities of Caspase-3; 1.4-folds and 1.9-folds increased expression of Caspase-9, respectively, were 
noted as compared to the untreated (control) cells. The elevated expression levels of Caspase-3 and Caspase-9 indicate 
that both IVO-PLGA-NPs and IVO-CS-PLGA-NPs have significant apoptotic activities in HepG2 cells.

Evaluation of Morphological Changes in HepG2 Treated Cells
Figure 6 depicts the morphological changes of HepG2 cells after treatment control, free-IVO, blank PLGA-NPs, IVO- 
PLGA-NPs and IVO-CS-PLGA-NPs. Moderate decrease in HepG2 cell numbers was observed following treatment with 

Table 4 Activities of p53, Caspase-3 and Caspase-9 of HepG2 Treated Cells

Codes P53 Caspase 3 Caspase 9

Conc (pg/mL) Fold Change Conc (pg/mL) Fold Change Conc (pg/mL) Fold Change

Control (Untreated) 285.67±49.28 1.00±0.17 46.31±10.22 1.00±0.22 8.47±0.42 1.00±0.05

Blank PLGA-NPs 334.00±49.00 1.17±0.17 69.91±15.33 1.51±0.33 9.37±0.38 1.11±0.05

Free-IVO 1084.00±74.93 3.79±0.26 128.91±20.44 2.78±0.44 11.98±0.61 1.41±0.07

IVO-PLGA-NPs 1217.33±101.52 4.26±0.36 190.86±13.52 4.12±0.29 12.16±0.27 1.44±0.31

IVO-CS-PLGA-NPs 1302.33±69.12 4.56±0.24 285.25±22.27 6.16±0.48 16.22±0.82 1.91±0.09

Figure 6 Morphological changes of HepG2 cells after treatment with control, free-IVO, blank PLGA-NPs, IVO-PLGA-NPs.
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IVO-PLGA-NPs and IVO-CS-PLGA-NPs compared to the blank PLGA-NPs and control. The HepG2 cells treated with 
IVO-PLGA-NPs and IVO-CS-PLGA-NPs exhibited shrinkage and reduction in adherent viable cells and an increase in 
floating dead cells, shapes also change to irregular and most of them are dead.43 The MTT assay data are consistent with 
these results.

Conclusion
We successfully developed and evaluated IVO-loaded-PLGA-NPs and IVO-loaded-CS-PLGA-NPs. The prepared 
nanoparticles exhibited an acceptable particle, PDI, zeta potential, high drug encapsulation and sustained drug 
release. The enhanced cytotoxicity and lower IC50 values for IVO-loaded-PLGA-NPs and IVO-loaded-CS-PLGA- 
NPs indicate that they outperform free IVO. Compared to free-IVO and blank-PLGA-NPs, the IVO-loaded-PLGA- 
NPs and IVO-loaded-CS-PLGA-NPs showed higher cytotoxic, p53, caspase-3 and caspase-9 activities against 
HepG2 cell lines. The chitosan coated nanoparticles (IVO-CS-PLGA-NPs) exhibited superior efficacy than IVO- 
PLGA-NPs. Based on the promising findings, it is suggested that repurposing ivosidenib and encapsulating it into 
chitosan-coated PLGA-NPs could be a compelling approach to effectively treat liver cancer. These chitosan-coated 
PLGA-NPs can be given by oral route. This will further reduce the toxic effects associated with IVO by decreasing 
the frequency and reducing the dose.
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