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The simultaneous administration of multiple drugs within identical nanocarriers to cancer cells or 
tissues can result in the effective action of drugs at reduced concentrations. In this investigation, 
PAMAM dendrimers (G4-PAMAM) were employed to link with methotrexate (MTX) using DCC/NHS 
chemistry and followed by the entrapment of curcumin (Cur) within it. The establishment of covalent 
bonds between MTX and the PAMAM dendrimer led to PAMAM-MTX interaction, verified and 
described through FT-IR. Various techniques were employed to evaluate the structural properties of 
the prepared Cur-PAMAM-MTX NC. The Cur-PAMAM-MTX NC, after preparation, exhibited a particle 
size of 249 nm, with an encapsulation efficiency (EE) of ~ 81% for Cur. The cumulative in vitro release 
of Cur-loaded NC indicated a controlled release influenced by time and pH. The cell study results 
revealed that Cur-PAMAM-MTX NC exhibited significantly higher cytotoxicity than free MTX, Cur, and 
other formulations tested in vitro. The synergistic effect of co-delivery of MTX and Cur by PAMAM 
significantly increased cytotoxicity. Besides, the significant ROS level rising has been shown in the 
treated cells with MTX-PAMAM-Cur. Considering these findings, the co-delivery NC shows promise for 
additional in vitro investigations and possesses the capacity to function as an effective framework for 
the combined delivery of MTX and Cur in cervical cancer chemotherapy.
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In recent years, cervical cancer became a significant factor in the elevated number of deaths associated with 
cancer in women1. Insufficient information about the mechanism of action of many anticancer drugs and their 
side effects of their use often make the treatment fail. The drawbacks associated with cytotoxic chemotherapy 
have sparked a growing fascination with natural products and traditional herbal medicine, both in contemporary 
and ancient worlds2,3. Curcumin (Cur) is a naturally existing substance extracted from the turmeric rhizome, 
known for its varied therapeutic characteristics, such as anti-angiogenic, anti-inflammatory, and antitumor 
properties4,5. Numerous apoptotic signaling pathways, including signal transducer and activator of transcription 
3 (STAT3), phosphoinositide 3-kinase/(PI3K)/Akt, and nuclear factor-kappaB (NF-κB) contribute to the 
potential anticancer characteristics of Cur. On the other hand, its cytotoxic effect on normal cells and tissues is 
low6. However, the practical application of Cur in clinical environments is constrained by its low solubility in 
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water and instability, resulting in reduced bioavailability within cancer cells7. Consequently, various approaches 
have been undertaken to enhance the therapeutic effectiveness of Cur8,9. Curcumin is frequently paired with 
chemotherapy medications in the management of diverse cancer types6. Additionally, Methotrexate (MTX), 
acting as a folic acid (FA) antagonist, is widely employed as an anticancer medication for different types of 
cancer, frequently in conjunction with additional medications10.

Recently, the tendency to investigate co-delivery systems has increased. Co-delivery systems enable the 
efficient delivery of optimal doses of drug combinations or gene-drug mixtures, outperforming single-drug-
loaded systems in terms of speed and efficacy11. On the contrary, the co-delivery of drugs can reduce unwanted 
drug toxicity, facilitate drug passage through biological barriers, refine targeting, and increase the depth of 
drug penetration in tumors12. Polyamidoamine (PAMAM) dendrimers are a group of precisely structured and 
intricately branched synthetic macromolecules known for their well-defined compositions. These dendrimers 
feature internal cavities with modifiable surface functional groups, allowing for the encapsulation of drugs or 
other payloads. The versatile nature of PAMAM facilitates the regulation of interactions between PAMAM and 
drugs. Notably, PAMAM nanosystems possess advantageous properties such as biocompatibility, appropriate 
biodegradability, spherical form, regulated drug release, water solubility, minimal binding to blood proteins, 
and lack of immunogenicity. These attributes make PAMAM dendrimers suitable vehicles to deliver genetic 
material and medicine13. The versatile attachment site for various therapeutic agents is facilitated by the surface 
functional groups of PAMAM dendrimers. Crucially, this conjugation does not compromise the spherical 
structure of PAMAM dendrimers when they are in a solution13.

In other words, in this study, for the first time, a fourth-generation (G4) PAMAM dendrimer was employed 
to simultaneously deliver MTX and Cur to human cervical carcinoma (HeLa) cells. Curcumin was encapsulated 
within the cavities of the PAMAM dendrimer, while MTX was covalently conjugated to the dendrimer.

Materials and methods
Materials
The HeLa cells were acquired from the National Cell Bank of Iran. Generation 4 (PAMAM-G4) EDTA core 
PAMAM dendrimer, 2-(4-aminophenyl)-6 indolecarbamidine dihyformaldehyde (DAPI), methotrexate, 
3-(4,5-dimethyl-thiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT), curcumin from turmeric rhizome, and 
trypsin were sourced from Sigma Aldrich Company (St. Louis, MO, USA). Fetal bovine serum (FBS), penicillin-
streptomycin, Roswell Park Memorial Institute (RPMI) 1640, trypsin-EDTA solution, and phosphate-buffered 
saline (PBS) were acquired from Gibco Life Technologies (Paisley, UK). The AnnexinV-FITC/PI apoptosis kit 
was obtained from oncogene research products (San Diego, USA). Dimethyl sulfoxide (DMSO) was prepared 
from Merck Chemical Co. (Darmstadt, Germany).

Synthesis of PAMAM-MTX nanocomplex
The preparation of PAMAM-MTX NC was performed according to Khatri et al.14 with some modifications. 
Briefly, MTX (1 mg) and PAMAM G4 (10% w/v in methanol, with a density of 0.791 g/mL at 25 °C) in the 
ratio of 10:1 were dissolved in 1 mL of DMSO. Subsequently, 5 mg N, N′-Dicyclohexylcarbodiimide (DCC) 
was added to the solution. The mixture was continuously stirred in complete darkness at 25 °C for a duration of 
72 h to form MTX dendrimer conjugate through a reaction between the –NH2 end groups of the dendrimer and 
the –COOH group of MTX. The mixture underwent purification by dialysis against DMSO for 24 h to eliminate 
free DCC and MTX.

Preparation of Cur-PAMAM-MTX Nanocomplex
To determine the optimal 1:1 ratio, various w/w ratios of PAMAM-MTX and Cur (from 8:1 to 1:1) were initially 
evaluated15,16. 1 mL of methanolic solution of Cur (1 mg/mL) was slowly added drop by drop to a mixture of 1 
mL of methanolic solution of PAMAM/MTX (1 mg/mL) and 2 mL of PBS (0.05 M, pH 7.4). Then the mixing 
was performed by stirring at 250 rpm for 24 h. To eliminate any unbound Cur, the PAMAM-MTX and Cur 
mixture was subjected to centrifugation at 5000 rpm and 4 °C for 15 min. The non-complexed Cur, which was 
not soluble in PBS, formed a precipitate and was removed2. The collected precipitate of free Cur was dissolved in 
1 mL of methanol and UV-vis spectroscopy was employed to determine its amount. The resulting supernatant 
was carefully collected and stored in a dark chamber at 4 °C for subsequent in vitro experimental assays2.

Evaluation of drug loading
The %EE of curcumin was assessed, using Amicon centrifugal filter ((Millipore, MW cut off 100 kDa)17. The 
dispersion of Cur-PAMAM-MTX NC was placed on the upper compartment of Amicon® tubes and centrifuged 
at 4000 rpm for 30 min to separate free curcumin from the lower compartment of Amicon®. The amount of 
free curcumin was determined by using UV-vis spectrophotometry at a wavelength of 430 nm. The %EE were 
determined using Eq. 1.

	
%EE = A − B

A
× 100� (1)

A: Initial amount of Cur. B: Free Cur.
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Characterization of Cur-PAMAM-MTX nanocomplex
FT-IR was employed to observe the potential interaction between MTX and PAMAM, facilitating the preparation 
of the PAMAM-MTX NC. In addition, the dynamic light scattering technique (Malvern Zetasizer Nano-
ZS instrument) was used to evaluate the hydrodynamic size and zeta potential (ZP) of PAMAM dendrimer, 
PAMAM-MTX, Cur-PAMAM, and Cur-PAMAM-MTX nanocomplexes18.

Particle morphology
The morphology of nanocarriers was determined applying atomic force microscopy (Flex-AFM, Nanosurf AG; 
Liestal, Switzerland). For AFM sample preparation, nanocarriers were diluted with water, with a dilution factor 
according to the technical requirement of AFM, and a droplet of 2 mL was placed onto a freshly cleaved mica 
substrate (1 cm2) and was air-dried. AFM measurements were performed in intermittent contact mode.

Curcumin release from Cur-PAMAM-MTX nanocomplex
The release of Cur from the Cur-PAMAM-MTX NC was assessed using the dialysis bag technique under sink 
condition. To begin, the Cur-PAMAM-MTX NC, which included Cur at a concentration of 1  mg/mL, was 
dissolved in 5 mL of PBS. This solution was then placed inside a dialysis bag with a molecular weight cutoff 
(MWCO) of 12 kDa. The dialysis bags were subsequently immersed in 50 mL PBS solutions with different pH 
levels (5.4, 6.4, and 7.4) and kept at a temperature of 37 °C on a horizontal shaker set at 200 rpm. At specific 
time intervals, 2 mL samples were taken out, and an equal volume of fresh buffer solution was added. The 
cumulative release of Cur was monitored over a period of 48 h using UV-vis spectrophotometry at a wavelength 
of 430 nm19–21.

Cell viability assay
The HeLa cancer cell lines, acquired from the national cell bank of Iran (Pasteur Institute, Tehran, Iran), were 
grown in RPMI-1640 medium supplemented with 10% FBS and antibiotics (50 unit/mL streptomycin and 
100 unit/mL penicillin). The cells were placed in a culture medium and allowed to incubate in a controlled 
environment (95% humidity, temperature 37 °C, 5% CO2) until reaching 70% confluence. Cytotoxicity effects of 
various formulations on cancer cells were evaluated utilizing the MTT assay. Initially, 1 × 104 cells were seeded 
in 96-well plates with 200 µL of culture media and incubated. After 24 h, different groups, including PAMAM-
MTX, Cur-PAMAM, and Cur-PAMAM-MTX at concentrations in the range of 10 to 200 µM/mL in growth 
medium were introduced into each well and cells were incubated for 24 and 48 h. Subsequently, 50 µL of MTT 
solution (2 mg/mL) was introduced to each well. After a 4 h incubation, the medium was substituted with 200 µL 
of DMSO. Finally, absorbance measurements at a wavelength of 570 nm were assessed with a spectrophotometric 
plate reader (BioTek Instruments Inc, Vermont, USA)22,23.

Apoptosis assay
For this analysis, HeLa cells were cultured in 6-well plates with a density of 2 × 105 cells per well. They were then 
placed in a complete cell culture medium and allowed to incubate until they achieved a confluence of more 
than 70%. Afterwards, the cells were treated with various formulations containing PAMAM, Cur, MTX, Cur-
PAMAM, PAMAM-MTX, and Cur-PAMAM-MTX and incubated for 48 h. After the incubation period, the cells 
were collected and separated by the addition of diluted trypsin, washed three times in PBS, and re-suspended in 
binding buffer. To determine the rate of cell apoptosis, the cells were detached and stained using the Annexin V/
PI kit. The resulting data were then analyzed by the FlowJo software (version 7.0)23,24.

DAPI staining
DAPI staining was employed to detect apoptotic cells according to Bakhtiary et al.25 with some modifications. 
Initially, cells (2 × 105 per well) were trypsinized and cultured in 6-well plates. Once reaching sufficient confluency 
(70%), the cells were subjected to different treatments including PAMAM, Cur, MTX, Cur-PAMAM, PAMAM-
MTX, and Cur-PAMAM-MTX, subsequently, a period of 48 h followed. After the 48 h treatment period, the 
cells were washed with PBS three times. Subsequently, they were fixed with paraformaldehyde (4%) for 2 h and 
incubated with Triton X-100 solution (1%) for 5 min. The treated cells were then stained using 50 µL of DAPI 
solution. Finally, DNA fragmentation was visualized using a Cell Imaging Multi-Mode Reader (BioTekCytation™ 
5, USA)25.

Reactive oxygen species (ROS) assessment
Intracellular ROS levels has been evaluated using Dichlorodihydrofluorescein diacetate (DCFH-DA). Briefly, 
cells were seeded on a 6-well Cell Culture Slides plate (1 × 104 cells/well). After cell attachment, they were treated 
and incubated with 25 µM DCFH-DA solution (ab113851) for 45 min at 37 °C. Then, 1X PBS buffer was used for 
the stained cells washing and the nuclei were stained with DAPI for 5 min. Finally, fluorescence signal of DCF 
and DAPI at Ex/Em: 485/535 nm and 358 /461 was identified by fluorescence microscope (Olympus BX50), 
respectively26.

Statistical analysis
Statistical analysis of the data was done using Graph Pad Prism 6.0 software (https://www.graphpad.com/demos/) 
and a two-way analysis of variance (ANOVA). Statistical significance was determined with a P-value < 0.05. 
All experiment were conducted three times for reliability and the results were expressed as mean ± standard 
deviation (SD).
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Results
Confirmation of PAMAM-MTX nanocomplex synthesis
FT-IR spectroscopy was utilized to evaluate the possible interaction between PAMAM dendrimers and MTX. 
The absorption peaks of MTX showed O-H and N-H bands at 3373 cm− 1, 3362 cm− 1 and 3201 cm− 1 and C = O, 
carbonyl amide and C-N band at 1639 cm− 1, 1607 cm− 1 and 1566 cm− 1 respectively. Also, the absorption peaks 
of PAMAM exhibited N-H and –NH2, carbonyl amide and C-N bands at 3400 cm− 1, 3261 cm− 1, 1649 cm− 1, and 
1554 cm− 1, respectively. Based on the FT-IR findings, the absorption peaks of PAMAM-MTX related to O-H 
and N-H was showen at 3436 cm− 1 and the decrease in the absorption peaks of O-H and C = O at 3373 cm− 1, 
and 1639 cm− 1, respectively was seen. In addition, formation of amide band between carboxylic group of MTX 
and amine groups of PAMAM at 1652 cm− 1 is demonstrative of MTX conjugation in PAMAM dendrimers. 
(Fig. 1)14.

Fabrication of Cur loaded PAMAM-MTX nanocomplex
The results revealed distinct absorption spectra for Cur, PAMAM, and the Cur-loaded PAMAM-MTX system. 
In particular, the absorbance curves of Cur alone and Cur-PAMAM were distinguished by a significant peak 
at 430 nm and a smaller peak around 370 nm. The incorporation of Cur into the pockets of PAMAM led to 
an improved absorption of Cur, causing a shift towards longer wavelengths compared to Cur alone at a similar 
concentration. The %EE of the Cur-PAMAM-MTX NC were around ~ 81%. This can be attributed to the 
selection of a 1:1 (w/w) ratio between PAMAM dendrimer and Cur26.

Characterization of nanocomplex size and zeta potential
The results of particle size and ZP of NPs (Table 1) indicated an increase in hydrodynamic sizes for Cur-PAMAM-
MTX NC compared to PAMAM dendrimer alone, complemented by a reduction in the ZP value (Table 1). The 
mean particle sizes were measured as 3.94, 2.71, 110.50 ± 2.54, and 249.12 ± 15.04 nm, with ZP of 6.93, 7.80, 
2.69, and − 3.28 mV for PAMAM, Cur-PAMAM, MTX-PAMAM, and Cur-PAMAM-MTX NC, respectively. 
Notably, the Cur-PAMAM-MTX NC exhibited a relatively narrow polydispersity index (PDI) = 0.374. This 
indicates a more uniform size distribution and favorable properties for drug delivery27. In addition, the results 
obtained from AFM images showed the average size of 95.91 ± 2.00 and 197.51 ± 4.05 for PAMAM-MTX and 
Cur-PAMAM-MTX NC, respectively that are in accordance with dynamic light scattering results (Fig. 2). Also, 
the SEM images of PAMAM, PAMAM-Cur, PAMAM/MTX, and PAMAM-Cur-MTX have been demonstrated 
in Fig. 3.

Cur Release Profile
The in vitro release of Cur from the Cur-PAMAM complex in PBS with pH values of 7.4, 6.4, and 5.4 over a 
period of 48  h was evaluated using the dialysis method compared to free Cur. This approach simulated the 
release of Cur under both physiological conditions and in an acidic tumor environment. As depicted in Fig. 4, a 
substantial release of Cur from the Cur-PAMAM-MTX complex occurred at pH 5.4 within the initial 10 h, with 
a release of approximately 40%. It is worth mentioning that during the 48 h duration, the release of Cur from 
Cur-PAMAM-MTX complex at pH 5.4 was approximately 50%, while the release decreased to 30% at pH 6.4 and 
15% at physiological pH (7.4) but in the same condition release values for free Cur were 100, 80 and 60% at pH 
5.4, 6.4 and 7.4, respectively after 48 h28.

Cell viability assay
This experiment was applied to evaluate the synergistic effects of dual drugs and the enhanced benefits when 
they were loaded into PAMAM. First, the cytotoxicity of the Cur, MTX, and their combination (MTX/Cur) on 
Hela cancer cells was assessed by the MTT assay. According to Fig. 5A, IC50 of the Cur/MTX was around 10 
µM/mL in 24 h which reduced to almost 5 µM/mL after 48 h. Then the cytotoxicity of Cur-PAMAM, PAMAM-
MTX, and Cur-PAMAM-MTX NC on HeLa cancer cells within the concentration range of 10–200 µM/mL 
was assessed in 24 h and 48 h. The results, depicted in Fig. 5, indicated a time- and concentration-dependent 
prohibition of cell progression for all treatment groups after both 24 and 48 h. Notably, Cur-PAMAM-MTX NC 
Showed the least cell viability in comparison to the other formulations. After 24 h, the IC50 values obtained from 
the MTT assay for Cur-PAMAM and Cur-PAMAM-MTX NC were 40 and 35 µM/mL, respectively, and after 
48 h, they reached 20 and 12 µM/mL. Additionally, the IC50 value for PAMAM-MTX on HeLa cells was 190 and 
35 µM/mL after 24 and 48 h, respectively. Furthermore, the findings demonstrated that the PAMAM dendrimer, 
when not loaded with Cur or MTX, did not exhibit any decrease in cell viability, even at elevated concentrations 
in HeLa cell lines (data not shown).

Annexin V-FITC apoptosis assay
To evaluate cell apoptosis in different treatment groups, Annexin V-FITC/PI staining was performed on HeLa 
cancer cells. Initially, HeLa cells were exposed to different treatment groups, including free Cur, MTX, PAMAM 
dendrimer alone, Cur-PAMAM, PAMAM-MTX, and Cur-PAMAM-MTX NC, for 48  h. Subsequently, flow 
cytometry was utilized to determine the proportion of cells in the early apoptotic (Annexin V+/PI-), late apoptotic 
(Annexin V+/PI+), living (Annexin V-/PI-), and necrotic cells (Annexin V+/PI+). As illustrated in Fig. 6, the 
proportions of cells undergoing apoptosis in the PAMAM, free Cur, MTX, Cur-PAMAM, PAMAM-MTX, and 
Cur-PAMAM-MTX NC groups were 0.07%, 71.3%, 1.62%, 70.01%, 0.96%, and 77.9%, respectively. According to 
Fig. 7, in the various treatment groups, the highest percentage of apoptosis was observed in the Cur-PAMAM-
MTX NC group. Conversely, no significant apoptosis was detected in the cells treated with PAMAM-MTX and 
MTX. Additionally, the PAMAM dendrimer alone exhibited the lowest proportion of apoptosis among the 
treated groups, indicating its safety in drug delivery.
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DAPI staining analysis
The DAPI staining test was done to evaluate the existence of fragmented and condensed DNA in cells 
undergoing apoptosis. Figure  6 displays microscopic snapshots of HeLa cells stained with DAPI following a 
48  h exposure to the IC50 concentration of PAMAM dendrimer alone, free Cur, MTX alone, Cur-PAMAM, 
PAMAM-MTX, Cur-PAMAM-MTX NC, and cells left untreated (negative control). Predominantly, typical 
morphological changes indicative of apoptosis was observed in all treated groups, including Cur, MTX, Cur-
PAMAM, PAMAM-MTX, and Cur-PAMAM-MTX NC (Fig.  6). In contrast, untreated cells and PAMAM 
dendrimer alone did not exhibit any alterations in cell morphology. Moreover, both PAMAM-MTX and MTX 
alone exhibited slight signs of apoptotic cell features. As illustrated in Fig. 7, the DAPI staining results indicated 
that the concurrent administration of MTX and Cur using PAMAM dendrimer resulted in the most pronounced 

Fig. 1.  FTIR spectra of blank PAMAM, MTX, and PAMAM/MTX.
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nuclear condensation and chromatin fragmentation (common indicators of cell apoptosis) in HeLa cells after 
48 h, which was consistent with the findings from Annexin V-FITC/PI staining.

Assessment of ROS
DCFH-DA undergoes hydrolyzation by intracellular esterases to nonfluorescent DCFH as soon as entering the 
cytoplasm and DCFH oxidization led to the formation of fluorescent 2`, 7`-dichlorofluorescine (DCF) in the 
presence of ROS. As shown in Fig. 8, the untreated cells had been not shown any symptom of ROS existence, 
while treated cells with IC50 concentration of PAMAM, Cur, MTX, PAMAM-MTX and MTX-PAMAM-Cur 
indicated ROS level rising and the most noteworthy increase in ROS level has been observed in the cells treated 
with MTX-PAMAM-Cur.

Discussion
Apoptosis is a crucial factor in the treatment of cervical cancer. Irregularities in the usual function of apoptotic 
signaling pathways play a role in the onset of malignancies and the progress of resistance to conventional 
chemotherapy medications2. MTX and Cur were chosen based on their distinctive biological and physicochemical 
characteristics. Curcumin possesses the capacity to impact diverse cell signaling pathways, showcasing a 
multifaceted therapeutic impact in cancer treatment. However, its application as a chemotherapeutic agent is 
constrained by challenges such as limited solubility in water, instability, and inadequate bioavailability29–31. 
Furthermore, it is widely recognized that Cur can enhance the anticancer efficacy of various medicines such as 
doxorubicin and paclitaxel. It enhances the absorption and cytotoxic effects of MTX in KG-1 leukemic cells32. 
MTX, an antimetabolite with structural similarity to FA, disrupts the synthesis of RNA and DNA by obstructing 
DHFR, a pivotal enzyme in the folate cycle. This ultimately results in cellular apoptosis32. PAMAM dendrimers, 
widely recognized as highly efficient nanocarriers in biological studies, have the potential to accumulate in 
tumor tissues as a result of their nanoscale dimensions, promoting the enhanced permeability and retention 
(EPR) effect2,33. In this study, we propose an approach wherein Cur is encapsulated within the hydrophobic 
compartment, while MTX is conjugated onto the hydrophilic surface of PAMAM nanocarriers. This strategy is 
suggested to improve the antitumor effectiveness of the formulation. The loading of Cur into the nanocarrier was 
achieved, and the encapsulation of the drug was quantified using UV-Vis spectrophotometry after a dialysis step, 
representing the time required to purify nanocomplexes from unencapsulated Cur. A high% EE value of 81% 

Fig. 2.  Atomic force microscopy images of PAMAM/MTX (A), and PAMAM-Cur/MTX (B).

 

Samples Size ± SD (nm) ζ potential ± SD (mv) PDI

PAMAM-Cur-MTX 249.12 ± 15.04 -3.28 ± 0.157 0.374

PAMAM/MTX 110.50 ± 2.54 2.69 ± 0.270 0.206

PAMAM-Cur 2.71 ± 0.75 7.80 ± 0.920 1

PAMAM 3.94 ± 0.87 6.93 ± 0.538 0.5

Table 1.  Particle size and zeta potential of PAMAM, PAMAM-Cur, PAMAM/MTX and PAMAM-Cur/MTX 
(n = 3).

 

Scientific Reports |         (2025) 15:1813 6| https://doi.org/10.1038/s41598-024-82074-7

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


was observed for Cur, indicating substantial drug encapsulation within the NPs. Following that, experiments for 
drug release were performed at pH of 5.4, 6.4, and 7.432. Cur-PAMAM-MTX NC exhibited an average diameter 
249.12 ± 15.04 nm, which was higher than the dimensions (> 50 nm) to be accumulated in the liver.

Hence, our formulations are anticipated to access tumor vasculature through the EPR effect as described 
by Maeda34. A PDI value < 0.5 signifies a particle size distribution that is both narrow and homogeneous35. 
Consequently, the PDIs for PAMAM-MTX and PAMAM NC fell within the satisfactory range (0.3 and 0.5). 
Cur-PAMAM and Cur-PAMAM-MTX NC exhibited PDIs of 1.0 and 0.374, respectively. Additionally, ZP 
serves as an indicator of NC stability. Having two distinct drugs in the NC seemed to decrease the ZP and, 
consequently, diminish its induced stability36. The ZP, indicating electrophoretic mobility, seems to be affected by 
both formulation and process parameters. In this study, it was noted that PAMAM NC and PAMAM NC loaded 

Fig. 3.  SEM images of (A) PAMAM, (B) PAMAM-Cur, (C) PAMAM/MTX, (D) PAMAM-Cur-MTX.
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with Cur exhibited similar ZP ranging from 6.93 to 7.80 mV. This observation implies that Cur, likely owing to 
its hydrophobic characteristics, is fully enclosed within the polymer matrix. Additionally, Cur-PAMAM-MTX 
NC and PAMAM-MTX NC displayed lower ZP (-3.28, 2.69 mV, respectively) compared to the blank PAMAM 
NC. This decrease in ZP is likely related to the conjugation of MTX on the surface of NC34.

The prepared formulations did not show any significant differences (p-value > 0.05) in terms of their ZP and 
PDI36. Syed et al.37 co-encapsulated MTX and Cur by bovine serum albumin (BSA) NPS to maximize therapeutic 

Fig. 4.  (A) In vitro Cur release profiles of PAMAM-Cur/MTX in PBS (pH 7.4, pH 5.4, pH 6.4) at 37 °C. (B) In 
vitro release profiles of free Cur at the same condition.
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efficacy and reduce MTX-related toxic side effects and evaluated its structural properties. The particle size and 
PDI of prepared NPs were reported as 163.05 ± 1.708 nm and 0.195 ± 0.0024, respectively. NPS was spherical in 
shape and also the release pattern of both MTX and Cur was gradual with %EE of 68.23 ± 0.640% for MTX and 
75.71 ± 0.216% for Cur.

​The time-dependent pattern and the degree of drug release offer crucial insights into the anticipated 
concentrations of the drug in vivo. In our findings, we noted an initial rapid release of Cur in formulations. 
Subsequently, Cur displayed a gradual release pattern like drugs encapsulated within a polymer matrix. This 
same release behavior for Cur has been demonstrated by Ghaffari et al.2. Our hypothesis suggests that the release 
of the encapsulated drug (Cur) can be attributed to the entrapment of Cur within the polymer matrix, causing 
a delay in drug release over the examined duration. Otherwise, the significant hydrophobic nature of Cur may 
also play a role in hindering the drug’s movement towards the aqueous phase34. Furthermore, within the acidic 
pH environment of tumor cells, the internal tertiary amine groups of the dendrimer undergo protonation. This 
protonation induces an “extended conformation” of the dendrimer, causing diffusion, charge repulsion, and 
the release of Cur from the expanded noncomplex. This process facilitates the release of Cur into the cytosol 
through the proton sponge effect8. On the contrary, the dendrimer experiences contraction, constraining its 
swelling and resulting in dendrimer collapse at alkaline pH due to the deprotonation of tertiary amines. This 
deprotonation hinders the effective release of Cur from the NPs. Consequently, our results demonstrate a 
significant association between the pH value and the release rate of Cur from the PAMAM-Cur formulation2. 
Danaf ar et al.38 fabricated polymeric NPs based on mPEG and Poly caprolactone (PCL) for co-encapsulation of 
MTX and Cur and evaluation of its toxic influence on MCF7. The results showed that mPEG-PCL-MTX-CUR 
had spherical structure and the rate of drug release from NPs in a lower pH environment was more than its 
release in a neutral environment.

HeLa cancer cells served as the testing ground to assess the efficacy of PAMAM NC as carriers for Cur and 
MTX. The Cur-PAMAM and PAMAM-MTX NCs demonstrated notable effectiveness in decreasing the viability 
of HeLa cancer cells. The antitumor efficiency was significantly improved by encapsulating the drugs into the 
nanosystem and attaching them to the nanocarriers surface in contrast to the unbound drug. This enhancement 
can be attributed to PAMAM dendrimers facilitating drug penetration into cells through endocytic processes39. 
This indicates that the more acidic environment of HeLa cells may more efficiently initiate drug release in the 

Fig. 5.  (A) In vitro cytotoxicity of Cur, MTX and their combination, and (B) PAMAM-Cur, PAMAM/MTX, 
and PAMAM-Cur/MTX on HeLa cancer cells for 24 and 48 h. *P < 0.05, ** P < 0.01 and *** p < 0.001. Untreated 
cells are considered as a negative control (n = 3).
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tumor cells. The Cur-PAMAM-MTX NC exhibited greater cytotoxicity compared to Cur-PAMAM alone. This 
proposes that the amalgamation of Cur-PAMAM with MTX yields a more powerful anticancer effect, especially 
in activating apoptotic signaling pathways2. These findings were consistent with the results of Mouszadeh et 
al.40 who co-encapsulated Cur and MTX in a niosomal delivery system. The results of this study showed that 
by mixing CUR and MTX in niosomal formulation, higher apoptosis induction and greater prevention of cell 
migration can be achieved compared to mixing CUR and MTX in free form.

​ Moreover, the heightened cytotoxicity observed in the Cur-NC formulation can be attributed to the improved 
solubility and stability of Cur within PAMAM NCs, leading to enhanced Cur uptake through passive diffusion26. 
Moreover, a DAPI staining assay was employed to assess nuclear morphological changes, affirming that the Cur-
PAMAM-MTX NC outperformed in inducing apoptosis in the treated HeLa cells2. While in vivo validation is 
crucial, the aforementioned findings indicated the potential utility of Cur-PAMAM-MTX NC for delivering two 
anticancer agents10.

Conclusion
In summary, the newly developed Cur-PAMAM-MTX nanosystem proves to be an effective carrier for 
simultaneously delivering MTX and Cur in anticancer therapy. This research involved the successful preparation, 
optimization, and assessment of the Cur-PAMAM-MTX nanosystem for the co-delivery of MTX and Cur 

Fig. 6.  Apoptosis histograms with apoptosis percentage of HeLa cancer cells analyzed by flow cytometry 
via AnnexinV/PI after 48 h incubation with free Cur, blank PAMAM, PAMAM-Cur, PAMAM/MTX, and 
PAMAM-Cur/MTX. *P < 0.05, ** P < 0.01 and *** p < 0.001. Untreated cells were used as a negative control 
(n = 3).
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to human cervical cancer (HeLa) cells. The resulting Cur-PAMAM-MTX NCs exhibited favorable in vitro 
characteristics and high cytotoxicity on the HeLa cell line. The present study revealed that Cur-PAMAM-MTX 
NC induced higher apoptosis in HeLa cells compared to other formulations and free drugs, indicating their 
potential as a candidate for synergistic co-delivery of antitumor agents for cervical cancer treatment. Also, the 

Fig. 8.  Fluorescence microscopy images of HeLa cells treated with IC50 concentrations of various groups for 
evaluation of ROS level (A) Negative control group, (B) PAMAM, (C) Cur, (D) MTX, (E) MTX-PAMAM, (F) 
MTX-PAMAM-Cur.

 

Fig. 7.  Fluorescence microscopy images of HeLa cells stained with DAPI. The arrows show DNA and 
chromatin fragmentation with free Cur, PAMAM-Cur, PAMAM/MTX, and PAMAM-Cur/MTX.
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most significant ROS generation has been seen in the cells treated with MTX-PAMAM-Cur nanosystem. The 
observed efficacy of the Cur-PAMAM-MTX nanosystem suggests that it has the potential to be used as an 
efficient strategy for cervical cancer chemotherapy. Nevertheless, despite these encouraging results, it is crucial 
to carry out additional in vivo investigations to confirm the viability of these systems in real-world applications. 
Also, more studies should be done to show synergism of both involved drugs.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.
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