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Abstract 

Liver cancer has a high rate of incidence and mortality worldwide. The treatment of this cancer 

remains a big challenge in health sciences. Therefore, a nanocarrier based on polyamidoamine 

generation 4 (PAMAM G4) and polylactic-co-glycolic acid (PLGA) polymers was developed for 

co-delivery of sorafenib (Sor) and curcumin (Cur) to HepG2 liver cancer cells. The nanocarrier 

was characterized using FT-IR, DLS, TEM, and TGA analytical devices. The 231 nm 

hydrodynamic diameter, 100 nm to 250 nm diameter (TEM micrographs), globular and semi-

globular shape, and 5.71% (Sor) and 4.39% (Cur) drug loading were observed for the fabricated 

nanocarrier. A 7.8% and 5.7% drug release was observed for Sor and Cur within 2 h, while it was 

pH-sensitive (51.6% for Sor and 58.9% for Cur at pH 5.0) in acidic conditions under the same 

time. The MTT assay demonstrated 21.1%, 9.4%, and 4.3% cell viabilities after 24 h of treatment 

with a 200 nM concentration of PAMAM-PLGA-Sor-Cur. The RT-PCR technique indicated 6.9-, 

6.1-, and 5.9-fold enhancement in the expression of Caspase9, P53, and Bax apoptotic genes after 

treatment with the nanocarrier, respectively. Above 6-fold reduction observed in the expression of 

the Bcl2 anti-apoptotic gene. The fabricated co-drug-loaded nanocarrier would be a potential DDS 

for the suppression of liver cancer. 

Keywords: PLGA-PAMAM nanocarrier; Co-delivery system; Controlled drug release; Liver 

cancer; Apoptosis 

1. Introduction 

Cancer remains a most challenging issue correlated with human health. This malignancy has a 

high rate of prevalence and mortality worldwide [1, 2]. Next to cardiovascular diseases, cancer is 

the second leading cause of death. The abnormal growth and proliferation of any of the various 

types of cells in the human body, which results in the formation of a tumor [2, 3]. Genetic disorders 

(such as inheritance and mutation), environmental factors (such as air pollution, chemicals, alcohol 

consumption, smoking, harmful irradiations), unusual diet habits, and sedentary lifestyle are 

mentioned as potential factors for cancer incidence and mortality [4, 5]. According to the statistics, 

more than 19.3 million cancer cases is occurred in 2024, which will increase to above 20 million 

in 2025. Moreover, approximately 2,041,910 new cancer cases and 618,120 cancer deaths are 

projected for the United States in 2025 based on the report of the American Cancer Society [6, 7]. 

Besides, above 35.5 million new cancer cases and 18.5 million are globally projected in 2050 [7, 
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8]. Among malignancies, liver cancer has raised concerns and is mentioned the fourth leading 

cause of death worldwide. This cancer accounts for approximately 800,000 new cases and more 

than 700,000 deaths across the world [9, 10]. Liver cancer is divided into four types: intrahepatic 

cholangiocarcinoma, hepatocellular carcinoma, hemangiosarcoma, and angiosarcoma [10]. 

On the other hand, there is a wide variety of modalities for cancer treatment, such as surgery, 

radiotherapy, and chemotherapy; however, the challenges associated with their deficiencies are 

considered major concerns for these modalities [11, 12]. To put it in a more vivid picture, surgery 

causes damage to healthy tissue during the operation, which leads to the formation of a lesion in 

the target organ [11, 13]. Radiotherapy can break the double-stranded DNA in normal cells, induce 

uncontrolled cell division, and make the cells carcinogenic. Other adverse effects of radiation 

therapy on patients include hair loss, anorexia, diarrhea, and vomiting [14]. Regarding 

chemotherapy, the use of chemotherapeutics results in remarkable adverse effects, like 

immunogenicity and loss of appetite. Moreover, the applied chemotherapeutics possess low 

solubility, weak stability, and fast body clearance, which reduces their functionality in the cancer 

treatment after intravenous (IV) administration [15, 16]. As a result, there is a fundamental 

requirement for the development of breakthrough technologies in cancer therapy. One of the most 

prominent approaches in cancer treatment is the use of nanotechnology and the development of 

nanoparticle-based procedures [17, 18].  

Nanotechnology offers a promising field of science to develop high-tech and breakthrough tools 

for the diagnosis and treatment of diseases, especially cancer. Among nanoparticles, dendrimers 

are the most practical platforms for the fabrication of drug delivery systems (DDSs) [15]. 

Polyamidoamine generation 4 (PAMAM G4) dendrimers, as a type of chemopolymer, have a 

globular and hyperbranched shape, nanometric size (about 4.4 nm in diameter), serum stability, 

mechanical strength, hydrophilicity, reliable mocoadhesivity, and cellular uptake [15, 19, 20]. The 

surface amino functional groups of PAMAM nanoparticles provide an opportunity for surface 

engineering (modification and functionalization), which paves the way for conjugation of 

bioactive materials on their surface to improve the efficiency of DDS [21]. On the other side, 

polylactic-co-glycolic acid (PLGA), as a polymeric biomaterial, has lots of applications in 

pharmaceutical and biomedical sciences [22]. This biopolymer possesses appropriate 

physicochemical characteristics, such as surface functional groups (carboxylic acid), solubility, 

viscosity, crystallinity, glass transition temperature (Tg), and mechanical strength. PLGA has 
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potential biomedical features, like biocompatibility, biodegradability, and non-immunogenicity, 

which further improve its practicality for the development of efficient DDSs [23, 24].  

The surface amino groups of PAMAM nanoparticles could cause toxicity in normal cells after 

administration. These positively charged groups could be covered by a biocompatible material to 

reduce the immunogenicity and cell cytotoxicity. PLGA would be a potential biopolymer for this 

purpose. The combination of PAMAM-PLGA increases the drug loading capacity, reduces the drug 

release rate, and maximizes enhanced permeability and retention (EPR) effect [25, 26]. This DDS 

may potentially apply for the efficient delivery of bioactive/therapeutics to the site of action in 

cancerous tissues. Sorafenib (Sor) and curcumin (Cur) are the therapeutics for cancer therapy. The 

anticancer function of Sor includes suppression of serine/threonine kinase (Raf-1 and B-Raf 

kinases), induction of apoptosis, suppression of tumor cell proliferation, and mitigating 

angiogenesis [27, 28]. On the other hand, Cur may suppress the STAT3, NF-κB, VEGF, 

transcription factors (like nuclear factor-κβ), and growth factors (like GF-β1 and TNF-α) signaling 

pathways to prevent cancer cell proliferation, development, and progression [29, 30]. Cur has 

antioxidant function and codelivery of this bioactive with Sor would potentially enhance the 

anticancer function of both therapeutics. PAMAM-PLGA nanocarrier could improve the 

physicochemical features of these therapeutics; for instance, Sor and Cur have low solubility and 

stability in the serum, and this drawback could be solved with PAMAM-PLGA DDS [31].  

In the current study, a nanocarrier based on PAMAM-PLGA copolymers was developed for the 

combined delivery of Sor and Cur to liver cancer cells. After preparing the DDS, various analytical 

devices, including FT-IR, DLS, TEM, and TGA, were applied for the characterization of the 

fabricated nanocarrier. Drug loading capacity and drug release profile of the DDS were evaluated. 

Biomedical analyses (MTT assay and RT-PCR technique) were carried out to determine the cancer 

cell inhibition and apoptosis-inducing capability of the prepared nanocarrier on HepG2 liver 

cancer cells. 

2. Materials and methods  
2.1. Chemicals and apparatus  

PAMAM G4 dendrimer dissolved in methanolic solution (Mw: 14,215 Da), PLGA powder 

(50:50, Mw: 30,000 to 60,000 Da), 1-Ethyl-3-(3-dimethyl-aminopropyl) carbodiimide (EDC), N-

hydroxysuccinimide (NHS), Sor, Cur, and dimethyl sulfoxide (DMSO) were bought from Sigma-

Aldrich. Besides, RPMI 1640 medium, fetal bovine serum (FBS), 3-(4,5-dimethylthiazol-2-yl)-
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2,5-diphenyltetrazolium bromide (MTT), and dialysis membrane were purchased from Sigma 

Aldrich. The HepG2 human liver cancer cell lines and the MSC human normal cell lines were 

prepared from the Pasteur Institute, Iran. 

Various analytical instruments were applied for the characterization of the prepared 

nanocarrier, including NanoDrop 2000c UV-Vis (Thermo Scientific), Fourier transform infrared 

(FT-IR) (Perkin-Elmer 843), dynamic light scattering (DLS) (NanoBrook 90 Plus, Brookhaven), 

transmission electron microscopy (TEM, Zeiss, Germany), and thermal gravimetric analysis 

(TGA) (STA 1500, Rheometric Scientific). 

2.2. Synthesis of PAMAM-PLGA nanocarrier 

The esterification reaction was carried out to fabricate the PAMAM-PLGA nanocarrier based 

on the following procedure. A 60 mg PLGA was dissolved in 10 mL DMSO under stirring at 90 

rpm at room temperature to prepare a homogenous solution within 30 min. Next, a 5 mL solution 

of EDC/NHS (with a 2:1 molar ratio) was prepared in DI water and added to the PLGA-containing 

solution under stirring at 80 rpm, in dark circumstances, a nitrogen atmosphere, and room 

temperature for 3 h to activate the PLGA biopolymer. In the following, the solution of activated 

PLGA was transferred to the prepared PAMAM solution (10 μM concentration in 8 mL) dissolved 

in DMSO. The reaction of conjugation of PAMAM to PLGA was implemented at 80 rpm stirring, 

a dark condition, a nitrogen atmosphere, and room temperature for 48 h. In what follows, the 

unconjugated PLGA reactants were removed by centrifugation at 5,000 rpm for 4 min; at the wake 

of this process, half of the PAMAM-PLGA nanocarrier was collected and saved at 4 °C for 

analytical and biomedical analyses, and the other half was used for the rest of the nanocarrier 

preparation in the next steps. 

2.3. Preparation of PAMAM-PLGA-Sor-Cur nanocarrier  

In this phase of preparation, both Sor and Cur therapeutic agents were loaded in the fabricated 

PAMAM-PLGA nanocarrier. Briefly, 6 mg Sor was solubilized in 8 mL DMF/DMSO (1:1 ratio) 

under stirring at 80 rpm for 30 min to prepare a homogenous Sor-containing solution, which was 

followed by adding to a 10 mL mixture of PAMAM-PLGA under stirring at 90 rpm. This process 

was conducted at 37 °C for 24 h. Afterward, the unloaded Sor molecules were removed by applying 

a dialysis tube (cut-off 12,000 Da). This purification was performed at 1 L DI water (n=3) and 1 L 

PBS (n=3) under 50 rpm stirring at room temperature. Thereafter, half of the Sor-loaded PAMAM-
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PLGA nanocarrier was removed and stored at 4 °C for implementing analytical and biomedical 

assessments, and the other half was applied for loading of Cur. For this process, 6 mg Cur was 

dissolved in 8 mL DI water and transferred to 10 mL of PAMAM-PLGA-Sor-containing solution, 

and the mixture was stirred at 90 rpm and 37 °C overnight. Next, the purification of Cur-loaded 

nanocarrier was done using a dialyzed tube submerged in 1 L DI water (n=3) and 1 L PBS (n=3) 

under 50 rpm stirring. Eventually, the prepared PAMAM-PLGA-Sor-Cur nanocarrier was stored 

at 4 °C for analytical and biomedical assessments.  

2.4. Characterization of syntheses 

2.4.1. FT-IR analysis 

The FT-IR analysis was carried out to verify the formation/deformation of bonds, successful 

drug loading, and position of functional groups in the fabricated nanocarriers. This technique was 

performed based on the KBr pellet procedure in the wavelength range between 400 cm−1 and 4000 

cm−1. 

2.4.2. DLS analysis 

The DLS technique was performed to scrutinize two physicochemical properties of the 

prepared samples, including average hydrodynamic diameter and dispersity. The nM 

concentrations of the freshly prepared samples were firstly ultrasonicated at 37 °C for 20 min and 

then analyzed for the mentioned physicochemical properties at 37 °C in a quartz cuvette. 

2.4.3. TEM analysis 

The TEM analysis was conducted to evaluate the size, shape, and distribution of the prepared 

dual-drug-loaded nanocarrier. In practice, the prepared DDS was dispersed onto a copper grid and 

dried at 25 °C to remove the liquid of the nanocarrier, which followed by taking the micrograph 

of sample at an accelerating voltage of 120 kV. 

2.4.4. TGA analysis 

The TGA analysis was done to survey the drug loading capacity and thermal stability of the 

fabricated samples based on the following procedure. In practice, 1.5 to 3 mg of nanocarriers were 

placed on the pan of the device, and the heating process was employed at a temperature range from 

50 °C to 600 °C at 10 °C/min rate and a constant nitrogen flow rate of 40 mL/min. 

2.5. Drug release study 
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The drug release analysis was carried out to investigate the release profile of Sor and Cur from 

the fabricated PAMAM-PLGA-Sor-Cur nanocarrier in in vitro conditions using a shaker-incubator. 

This assessment was evaluated in PBS (simulation of the human body serum), at 120 rpm, a 

temperature of 37 °C (simulation of the human body temperature), pH of 7.4 (simulation of normal 

human body serum pH), pH of 6.0 (simulation of the cancerous microenvironment), and 5.0 

(simulation of the intracellular endosomal pH). In brief, 5 mg of PAMAM-PLGA-Sor-Cur 

nanocarrier was suspended in 10 mL PBS and transferred into the dialysis tube (cut-off 12,000 Da) 

which was closed at one end. Next, the tube was submerged in 1000 mL PBS and put in a shaker-

incubator (120 rpm, 37 °C, and pH 7.4). Thereafter, 10 µL of PBS was collected at different 

intervals of time (including 0.5, 1, 2, 3, 4, 8, 16, 32, and 64 h) and the same volume of PBS was 

replaced after each collection. Eventually, the release values were quantified after measuring the 

UV-vis absorption (Nano-drop UV-vis spectroscopy) of Sor and Cur in collected samples at 264 

nm and 425 nm wavelengths. This release study was conducted at two acidic pHs. 

2.6. Cell culture 

The HepG2 human liver cancer cell lines and MSC human normal cell lines were bought from 

the Pasteur Institute, Iran. They were cultured in RPMI medium (Gibco, UK) supplemented with 

10% FBS, 2mM glutamine, 100 μgmL−1 streptomycin, and 100 IU mL−1 penicillin, and 

consequently, incubated at 37 °C and 5% CO2 to grow. 

2.7. Cell viability assay 

The cell viability assessment was carried out to study the liver cancer cell inhibition ability of 

the fabricated nanocarriers, including the PAMAM, PAMAM-PLGA, PAMAM-PLGA-Sor, 

PAMAM-PLGA-Sor-Cur, Sor, and Cur, on HepG2 cells. The MSC normal cell lines were used as 

the control group. The cell viability analysis was performed by the MTT assay, which is a kind of 

colorimetric test [21]. MTT assay measures the activity of mitochondrial dehydrogenase through 

which the yellow color of MTT solution is modified to insoluble purple formazan crystals in live 

cells. In this assay, different concentrations of samples, including 50 nM, 100 nM, 150 nM, and 

200 nM, were used for the incubation of cells at 24 h, 48 h, and 72 h post-treatment. Practically, 

5,000 cells/100 μL of HepG2 and MSC cells were separately seeded to each well of 96-well 

microtiter plates, the cells were incubated at 37 °C and 5% CO2 overnight for cell attachment. 

Next, different concentrations of samples were prepared in a serum-supplemented culture medium. 
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These samples were sterilized by a 0.2 mm filter, and their pH was adjusted to 7.4. Afterward, the 

culture medium of each well was replaced with 150 μL solution of the prepared samples, and the 

microtiter plates were incubated at 37 °C and 5% CO2 for 24 h, 48 h, and 72 h. Then, after removing 

the medium of the wells at predetermined times, 200 μL of serum-free RPMI medium containing 

0.5 mg MTT/mL was added to the wells, and the plates were incubated at 37 °C and 5% CO2 for 

4 h; at the end of this process, suspension liquid of wells was removed and 200 mL DMSO was 

added to the wells. The plates were incubated in light-protected circumstances for 20 min, followed 

by measuring the optical density (OD) of the plates at 570 nm using an ELISA reader. The cell 

viability values were calculated after comparison with control groups. 

2.8. Gene expression assay 

The qRT-PCR technique was employed to evaluate the relative expression levels of apoptotic 

(Caspase9, Bax, and P53) and anti-apoptotic (Bcl2) genes (Q Rotor-Gene, Qiagen, Iran) [32]. The 

IC50 concentrations of PAMAM-PLGA, PAMAM-PLGA-Sor, and PAMAM-PLGA-Sor-Cur 

samples were prepared for HepG2 cancer cells after 5 h of incubation based on the following 

procedure. Briefly, after incubation of cancer cells with the IC50 concentration of specimens, the 

RNX-PLUS solution was applied to submerge HepG2 cells and isolate the total RNA. Thereafter, 

200 µL of chloroform was added to the mixture, and centrifugation was set at 13,000 rpm and 4 

°C for 6 min. Next, the precipitate was mixed with isopropanol, the mixture was centrifuged at 

13,000 rpm and 4 °C for 15 min, and 1 mL of ethanol 75% was added to the precipitate. Then, 

1000 ng of total RNA was applied for the fabrication of the cDNA using reverse transcriptase: 10 

µL of Master mix real-time, 7 µL double distilled, and 3 µL (10 ng) RNA were transferred into 

microtubes, and the qRT-PCR was carried out with a 14 µL of the reaction mixture, 1 µL of cDNA, 

7 µL of low rox Master mix real-time, and 0.5 µL of forward primer (Caspase9: 

5ʹTGGCTCCTGGTACGTTGA3ʹ; P53: GGAGTATTTGGATGACAGAAAC; Bax: 

5ʹTTTCTGACGGCAACTTCAACTG3ʹ; Bcl2: 5ʹTCGCCCTGTGGATGACTGA3ʹ; GAPDH: 

5ʹGTGGTCTCCTCTGACTTCAAC3ʹ) and 0.5 µL of reverse primer (Caspase9: 

5ʹGAAACAGCATTAGCGACCCT3ʹ; P53 gene: GATTACCACTGGAGTCTTC; Bax: 

5ʹTCCAATGTCCAGCCCATGA3ʹ; Bcl2: 5ʹCAGAGACAGCCAGGAGAAATCA3ʹ; GAPDH: 

5ʹGGAAATGAGGCTTGACAAAGTGG3ʹ). At the wake of this process, the temperature was set 

for the RT-qPCR device: heating at 95 ºC for 10 min, 45 cycles at 95 ºC for 15 seconds, annealing 

at 59 ºC for 25 seconds, and elongation at 72 ºC for 30 seconds. Eventually, the relative gene 
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expression levels of apoptotic and anti-apoptotic genes were normalized to GAPDH, and the data 

were calculated as fold change compared with the control. 

2.9. Statistical analysis  

The analyses were triplicated, and the difference between groups was analyzed by the one-way 

ANOVA analysis with a considered significance at *p < 0.05. 

3. Results and discussion  

3.1. FT-IR analysis 

FT-IR technique was carried out to confirm the formation/deformation of covalent/non-

covalent bonds and successful drug loading to nanocarriers, including PAMAM, PLGA, PAMAM-

PLGA, PAMAM-PLGA-Sor, and PAMAM-PLGA-Sor-Cur. The results of this analysis are 

indicated in Fig. 1. Based on the data, the spectrum of pure PAMAM demonstrated the 

characteristic peaks of C=O stretching vibrations at around 1653 cm−1 and N–H bending of N-

substituted amide at around 1590 cm−1, 1450 cm−1, and 1395 cm−1 [32, 33]. Moreover, the 

absorption signals at around 3300 cm−1 and 3110 cm−1 were recorded owing to N–H stretch of 

amines and the anti-symmetric N–H stretch of substituted primary amine in PAMAM G4 [25]. 

Regarding the spectrum of pure PLGA, a sharp absorption signal at around 3150 cm−1 to 3650 

cm−1 was assigned to the −OH group, whereas the intense characteristic peaks at around 1650 cm−1 

and 1709 cm−1 were responsible for the C=O groups (stretching vibration) [22]. Additionally, the 

peaks at around 1022 cm−1 and 1226 cm−1 were registered owing to C−O stretching of ester groups 

and C−H groups in the pure PLGA, respectively [16, 22]. The spectrum of PLGA-PAMAM 

nanocarrier showed the absorption signals at around 3400 cm−1 to 3600 cm−1, 1081 cm−1, and 1194 

cm−1 which were correlated with –OH groups, C−O stretching of ester groups, and C−H groups, 

respectively [23]. Besides, the signals at around 2630 cm−1 and 2930 cm−1 were due to stretching 

vibrations of the C−H groups and the combined signal of carbonyl groups in PLGA. The peak of 

−CH−NH−C=O amides bending was observed at around 1544 cm−1 in PAMAM-PLGA 

nanocarrier [23, 34].  Regarding the PAMAM-PLGA-Sor nanocarrier, a wide peak at around 3314 

cm−1 was registered owing to OH stretching vibration of intermolecular hydrogen bonds between 

the drug and nanocarrier, while a peak at around 2947 cm−1 was associated with the C–H stretching 

band of aromatic and aliphatic C–H in Sor structure [35, 36]. On the other hand, PAMAM-PLGA-

Sor-Cur nanocarrier did exhibit absorption peak at around 3312 cm−1 (vibration of phenolic O–H), 
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2847 cm−1 to 2918 cm−1 (aromatic C–H stretch vibrations), and 1707 cm−1 (C=O stretching), which 

were linked to Cur drug [37]. The peaks at around 1428 cm−1 to 1514 cm−1 were attributed to 

olefinic bending vibration of the C–H bond in the benzene ring, and the absorption signal at around 

1373 cm−1 appeared owing to the C–C vibrations [37, 38].  
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Fig. 1. The FT-IR spectra of PAMAM, PLGA, PAMAM-PLGA, PAMAM-PLGA-Sor, and 

PAMAM-PLGA-Sor-Cur samples. The major characteristic peaks of the samples were registered 

on the graphs of spectra, which confirms the drug loading and formation/deformation of bonds. 

3.2. DLS and TEM analyses 

The average hydrodynamic diameter and polydispersity index (PDI) of the fabricated PAMAM-

PLGA-Sor-Cur nanocarrier were scrutinized by the DLS technique. These features play a pivotal 

role in serum stability and solubility, drug loading capacity, penetration into the target cells, 

biosafety, drug release profile, biocompatibility, circulation time, and biodistribution of DDSs in 

the human body [39, 40]. The results of this analysis are presented in Fig. 2. According to the data, 

the average hydrodynamic diameter of the PAMAM-PLGA-Sor-Cur sample was determined to be 

231 nm, which is appropriate for co-drug-loaded copolymeric DDS. The PDI of this nanocarrier 

was measured to be less than 0.2, which demonstrates its monodispersity. The nanometric size and 

monodispersity of DDSs have a momentous impact on the pharmacodynamics and 

pharmacokinetics of bioactive/therapeutics [41]. The nanocarriers with a nanometric diameter and 

appropriate PDI are favorable for efficient drug delivery to cancerous tissues and cells as they 

could evade the body clearance through ignoring the clearance system of the kidney, liver, and 

immune system cells (like macrophages) [41, 42]. On the other hand, the TEM technique was 

employed to determine the shape, size, and distribution of the fabricated nanocarriers. Based on 

this analysis, the size of PAMAM-PLGA-Sor-Cur was attained between 100 nm and 250 nm, 

which was in accordance with the result of DLS analysis.  The shape of the nanocarrier was 

observed to be spherical and semispherical with reliable distribution. The nanometric DDSs with 

globular shape could efficiently penetrate into the cancerous tissue through the EPR effect since 

cancerous microvasculature has discontinuous walls with a cut-off range from 200 nm to 700 nm 

in diameter, which facilitate the penetration of DDSs with diameter below 700 nm [43-46]. 
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Fig. 2. The DLS and TEM results of the fabricated PAMAM-PLGA-Sor-Cur nanocarrier. The 

hydrodynamic diameter of the nanocarrier was measured at around 231 nm, and TEM micrographs 

indicated a size range from 100 nm to 250 nm with spherical and semi-spherical shapes. 

3.3. TGA analysis and drug loading 

The TGA analysis was carried out to investigate the thermal stability and drug content of the 

fabricated nanocarrier. The thermal stability and drug content of the nanocarrier are the most 

significant issues in the formulation process since they are the major determinants during the 

downstream processes and values of drug content in DDSs, respectively [12, 47]. Therefore, the 

thermal stability and drug loading capacity of PAMAM-PLGA (a), PAMAM-PLGA-Sor (b), and 

PAMAM-PLGA-Sor-Cur (c) samples were surveyed by a TGA device. This technique works based 

on the regular heating-cooling processes through which degradation rate and contents of Sor and 

Cur could be determined (Fig. 3). As can be seen in Fig. 3, there are two major weight losses for 

the PAMAM-PLGA sample, while the weight loss of PAMAM-PLGA-Sor and PAMAM-PLGA-

Sor-Cur nanocarriers occurred in three steps. The PAMAM-PLGA sample had weight loss at 

around 90 to 150 ℃ and 200 to 350 ℃, in which about 50% and 25% weight losses were registered. 

The weight loss at around 90 ℃ (with about 3 to 5%) was owing to water evaporation, while others 

were correlated with the degradation of various elements of the samples. Regarding PAMAM-

PLGA-Sor and PAMAM-PLGA-Sor-Cur specimens, the weight loss was observed at around 70 to 

80 ℃ (5 to 10%), 100 to 250 ℃ (30 to 40%), and 250 to 500 ℃ (40 to 45%).  

On the other hand, the total content of Sor and Cur therapeutics in PAMAM-PLGA-Sor and 

PAMAM-PLGA-Sor-Cur nanocarriers was determined based on the comparison of weight loss 

values between the samples, respectively. By comparing the weight loss values of PAMAM-PLGA 
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and PAMAM-PLGA-Sor nanocarriers, the difference was calculated at around 5.71% for Sor 

loading value in PAMAM-PLGA-Sor sample, and the difference of weight loss between PAMAM-

PLGA-Sor and PAMAM-PLGA-Sor-Cur samples was quantified at 4.39% for Cur loading in 

PAMAM-PLGA-Sor-Cur nanocarrier. Sor and Cur, due to the weak solubility the human body 

serum, could agglomerate after intravenous administration. As a result, the circulation time of these 

therapeutics would be enhanced after loading in PAMAM-PLGA nanocarrier which in turn, 

guarantees the solubility and localization of drugs in the site of action as well as reduces the 

immunogenicity of these therapeutics [36, 48].  
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Fig. 3. The TGA data of PAMAM-PLGA, PAMAM-PLGA-Sor, and PAMAM-PLGA-Sor-Cur 

samples. The thermal stability and drug loading capacity of the fabricated nanocarriers were 

determined based on this technique. The Sor and Cur had 5.71% and 4.39% loading PAMAM-

PLGA-Sor and PAMAM-PLGA-Sor-Cur samples, respectively. 
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3.4. Drug release study  

The analysis is one of the most important tests in the fabricated DDSs since it is either directly 

or indirectly involved in drug dosage in the serum, immunogenicity, cytotoxicity, serum circulation 

time, and treatment efficiency at the site of action [49]. As a result, the drug release manner of Sor 

and Cur from PAMAM-PLGA-Sor and PAMAM-PLGA-Sor-Cur nanocarriers was investigated in 

PBS medium. The conditions of this assessment were 37 °C, 120 rpm, pH 7.4 (normal physiologic 

pH), and various acidic pHs (5.0 for simulation of endosomal microenvironment and 6.0 for 

simulation of tumorous microenvironment). The Sor release profile was evaluated in the PAMAM-

PLGA-Sor sample, and the Cur release profile was assessed in the PAMAM-PLGA-Sor-Cur 

nanocarrier (Fig. 4). Based on the data, the burst Sor release was observed within the first 2 h for 

the PAMAM-PLGA-Sor nanocarrier, with more than 12% release at pH 7.4. The rate of release 

was reduced in the following period of time and reached nearly 39% after 8 h of incubation. Above 

50% of the release occurred within 16 h of incubation, while it was observed after 2 h of incubation 

for pure Sor release; this output presents the impact of the nanocarrier in controlling the release of 

therapeutics. Regarding acidic pHs, 41% and 54% of Sor release were detected for PAMAM-

PLGA-Sor nanocarrier after 4 h of incubation at pHs 6.0 and 5.0, respectively, whereas it was 

21.5% for pH 7.4. These data support the pH-sensitive drug release manner of the nanocarrier. 

Regarding the PAMAM-PLGA-Sor-Cur nanocarrier, the potential controlled Cur release profile 

was attained within a 64 h of release period at pH 7.4. According to data, 17.5% release was 

measured for the Cur within the first 4 h at pH 7.4 while it was nearly 36% and 58.5% for pHs 6.0 

and 5.0 at the same time, respectively. The release rate of pure Cur was about 7-fold faster than 

that of Cur release from PAMAM-PLGA-Sor-Cur nanocarrier after 2 h of incubation at pH 7.4, 

which further confirmed the controlled release manner of the nanocarrier compared with pure Cur 

release. On the other hand, the main reason behind the fast drug release manner of nanocarriers in 

acidic pH is the protonation of amino groups of PAMAM, which results in the steric modifications 

in the branches of PAMAM dendrimer and opening the cavity of PAMAM nanoparticles [50]. 

Since the cancerous cells have a high rate of anaerobic metabolism due to fast cell proliferation 

and formation of hypoxic conditions, a huge number of acidic metabolites is generated which, in 

turn, reduces the pH of the tumor microenvironment [50, 51]. 
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Fig. 4. The drug release profile of Sor and Cur therapeutics from PAMAM-PLGA-Sor and 
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noncarriers demonstrated the controlled drug release profile at normal pH and fast drug release at 
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3.5. Cell viability assay 
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PLGA-Sor-Cur, Sor, and Cur, on HepG2 cell lines. The MSC normal cell lines were used as the 

control group. To implement this analysis, various concentrations of the fabricated specimens (50 

nM, 100 nM, 150 nM, and 200 nM) were applied for 24 h, 48 h, and 72 h of incubation. Fig. 5 

indicates the outputs of this test. From Fig. 5, it is crystal clear that there was a linear correlation 

between the concentrations of the specimens and toxicities; by increasing the concentration, the 

cell viability values were decreased for all samples, except for the PAMAM-PLGA nanocarrier. 

Among the samples, pure PAMAM had lower toxicity compared with others; this poor toxicity 

was probably owing to the presence of surface amino groups in PAMAM nanoparticles, which can 

interact with negatively charged proteoglycans on the surface of target cells. For example, the cell 

viability values of 86.5% to 78.8% were observed for HepG2 cells treated with PAMAM after 24 

h of incubation with 50 nM and 200 nM concentrations, respectively. After modifying the surface 

of PAMAM with PLGA, the cell viability of HepG2 cells was increased from 87.7% (50 nM) to 

96.3% (200 nM) after 24 h of treatment with PAMAM-PLGA. The enhancement was due to the 

biocompatibility of PLGA biopolymer, which could sterically cover the positively charged 

functional groups of PAMAM [5, 52, 53].  The remarkable reduction in cell viability values was 

observed for the PAMAM-PLGA-Sor sample, in which 32.1% cell viability was observed for 

HepG2 cells at 24 h post-treatment with 200 nM concentrations. The most considerable decline in 

cell viability values was measured for co-loaded PAMAM-PLGA-Sor-Cur nanocarrier which was 

ranged between 59.5% and 21.1% for minimum and maximum concentrations after 24 h of 

incubation in cancer cells, respectively. by comparing the impact of maximum concentration of 

PAMAM-PLGA-Sor and PAMAM-PLGA-Sor-Cur nanocarriers, it was observed that co-loaded 

nanocarrier reduced the cell viability of cancer cells by 11% compared with single drug-loaded 

nanocarrier, which states the considerable impact of dual loaded nanocarrier in induction of 

cytotoxicity in cancer cells [54]. The cell viability of HepG2 cells was further decreased after 48 

h and 72 h of incubation with a 200 nM concentration of PAMAM-PLGA-Sor-Cur nanocarrier, 

with 9.4% and 4.3% cell viability, respectively. The synergistic impact of Sor and Cur was verified 

in this DDS, through which high toxicity could be observed for HepG2 cells [55]. The cell viability 

values did not demonstrate extensive change after incubation of cancer cells with pure Sor and 

Cur; as 63.3% and 67.1% cell viabilities were observed for cancer cells treated with 200 nM 

concentrations of pure Sor and Cur at 24 h post-treatment. By comparing the cell viability values 

of pure drugs with PAMAM-PLGA-Sor-Cur nanocarrier, it was crystal clear that drug-loaded 
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nanocarrier has better cytotoxicity function than pure drugs, which indicates how nanocarrier is 

practical for cancer suppression compared with applied pure drugs in chemotherapy [56]. On the 

other hand, PAMAM-PLGA-Sor and PAMAM-PLGA-Sor-Cur nanocarriers had considerably 

lower toxicity on MSC cells at maximum concentration than pure drug; to put it in a more vivid 

picture, the cell viability values of MSC cells were measured at around 79.7% and 78.4% after 24 

h of incubation with 200 nM concentrations of PAMAM-PLGA-Sor and PAMAM-PLGA-Sor-Cur 

nanocarriers whereas it was 42.5% and 52.3% for pure Sor and Cur under the same conditions. 

These data verify the biocompatibility of the nanocarrier on normal cells and suggest that this 

nanoparticle-based DDS would be replaced with conventional chemotherapy in the clinic.  

The IC50 values of PAMAM-PLGA-Sor and PAMAM-PLGA-Sor-Cur nanocarriers were 

calculated at around 141 nM and 122 nM for HepG2 cells after 24 h of treatment. The results of 

this analysis were in accordance with the findings of a study by Hosseini et al., in which they 

developed a folic acid (FA)-functionalized chitosan (CS)-poly lactic-co-glycolic acid (PLGA) 

nanocarrier for targeted delivery of sodium butyrate (NB) therapeutics to HepG2 cells. They 

indicated that CS-NB-PLGA-FA could result in 13% cell viability after 24 h of treatment with 400 

nM concentrations [16]. Compared with our work, they used approximately 2-fold higher 

concentrations to reach IC50 concentrations, which could be owing to the co-loaded DDS in our 

study and the synergistic impact of Sor and Cur. Moreover, the outputs of our research were in line 

with the findings of a study by Sorasitthiyanukarn et al., in which they fabricated a CS/alginate 

DDS for the efficient delivery of curcumin diglutaric acid (Cur) against the liver (HepG2), breast 

(MDA-MB-231), and colorectal cancer (Caco-2) cells [57]. The Cur-loaded CS/alginate 

nanocarrier demonstrated potential biocompatibility and biodegradability in normal cells and 

cytotoxicity in cancer cells. The cell viability test indicated that Cur-loaded CS/alginate DDS had 

remarkable toxicity in three cancer cells at various Cur concentrations (from5 μg/mL to 10 μg/mL); 

it was about 60%, 70%, 68% cell viability for MDA-MB-231, HepG2, and Caco-2 cells at the high 

concentration, respectively, which was lower toxicity than our fabricated nanocarrier. 
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Fig. 5. The outputs of the MTT assay in HepG2 liver cancer cells and MSC normal cells. The 50 

nM, 100 nM, 150 nM, and 200 nM concentrations of the prepared samples, including PAMAM, 

PAMAM-PLGA, PAMAM-PLGA-Sor, PAMAM-PLGA-Sor-Cur, Sor, and Cur, were used for the 

analysis after 24 h, 48 h, and 72 h of incubation. 

3.6. Gene expression analysis 
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The qRT-PCR analysis was employed to survey the relative expression levels of apoptotic 

(Caspase9, P53, and Bax) and anti-apoptotic (Bcl2) genes in HepG2 cells after 5 h of incubation 

with the IC50 concentrations of samples, including PAMAM-PLGA, PAMAM-PLGA-Sor, and 

PAMAM-PLGA-Sor-Cur. Fig. 6 exhibits the results of this test. As can be seen in Fig. 6, the 

PAMAM-PLGA nanocarrier did not have an extensive effect on the expression values of apoptotic 

and antiapoptotic genes when compared with PAMAM-PLGA-Sor and PAMAM-PLGA-Sor-Cur 

nanocarriers. Based on results, PAMAM-PLGA led to 1.3-fold, 1.2-fold, and 1.4-fold enhancement 

compared with the control group in the expression levels of Caspase9, P53, and Bax genes, 

respectively. This result presents the biocompatibility of PAMAM-PLGA, which is primarily due 

to the presence of the PLGA biopolymer. After treatment of cancer cells with PAMAM-PLGA-Sor 

sample, the expression of Caspase9, P53, and Bax genes was considerably enhanced by 5.6-, 4.2-

, and 4.6-fold, respectively, which further increased to 6.9-, 6.1-, and 5.9-fold after incubation with 

PAMAM-PLGA-Sor-Cur nanocarrier. These data show that the dual drug-loaded nanocarrier had 

a relatively 1.5-fold higher apoptosis inducing activity than that of the single drug-loaded 

nanocarrier, which exhibits the capability of the nanocarrier in the induction of apoptosis in HepG2 

cells. Regarding the Bcl2 antiapoptotic gene, the expression was declined by 3-fold and 6-fold 

after treatment with PAMAM-PLGA-Sor and PAMAM-PLGA-Sor-Cur samples, respectively, 

which further confirms the apoptosis-inducing capability of the fabricated nanocarriers. The 

outputs of this study were consistent with the findings of a work by Shahpouri et al. in which the 

developed polyethylene glycol (PEG)-modified PAMAM G5 dendrimers crosslinked with a 

hypoxic azo linker for breast cancer therapy [58]. They delivered doxorubicin (Dox) to MDA-MB-

231 breast cancer cells using μg/mL concentrations. Based on their data, the expression level of 

Bax was maximized by 12-fold after 24 h of treatment with a 10 μg/mL concentration. A slight 

enhancement was observed in the expression levels of the Caspase-3 gene as well [58]. Moreover, 

Sadeghi et al. have fabricated a PLGA-poly-ε-caprolactone (PCL) copolymeric DDS against lung 

cancer cells, by which Cur was delivered to A549 cells [59]. They applied the IC50 (100 nM) 

concentration of the PLGA-Cur-PCL to the induction of Caspase9 apoptotic and to the reduction 

of Bcl2 antiapoptotic genes. Above 6-fold enhancement in the expression of Caspase9 gene and 

more than 2-fold reduction in the expression of Bcl2 gene were observed after 5 h of incubation 

with the nanocarrier [59]. 
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Fig. 6. The relative expression levels of apoptotic (Caspase9, Bax, and P53) and antiapoptotic 

(Bcl2) genes. This technique was done after 5 h of incubation with IC50 concentrations of 

nanocarriers (PAMAM-PLGA, PAMAM-PLGA-Sor, and PAMAM-PLGA-Sor-Cur). PAMAM-

PLGA-Sor-Cur nanocarrier had better apoptosis-inducing performance than the single drug-loaded 

nanocarrier. 

4. Conclusion 

In this study, a novel DDS based on the PAMAM-PLGA polymeric nanosystem was fabricated 

for efficient co-delivery of Sor and Cur to HepG2 liver cancer cells. The prepared PAMAM-
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PLGA-Sor-Cur nanocarrier was characterized with FT-IR, DLS, TEM, and TGA analytical 

devices. The successful nanocarrier fabrication, nanometric size, narrow distribution, and high 

drug loading capacity were measured for the nanocarrier. The controlled and pH-sensitive drug 

release profiles were observed for the nanocarrier, which is appropriate for safe drug carrying for 

acidic tissues of cancers. The MTT assay confirmed the efficient performance of the fabricated 

nanocarrier in the inhibition of cancer growth. The co-drug loaded nanocarrier had better cancer 

cell suppression capability than the single drug-loaded nanocarrier. RT-PCR technique 

demonstrated that PAMAM-PLGA-Sor-Cur DDS could exponentially induce the expression of 

Caspase9, P53, and Bax apoptotic gene and reduce the Bcl2 antiapoptotic gene in HepG2 cells. 

The fabricated PAMAM-PLGA-Sor-Cur nanocarrier has potential capacity in the suppression of 

liver cancer and would be replaced with the conventional chemotherapy approach in the future. 
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