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cancer-related mortality for women is breast cancer, which 
accounts for up to 29% of all female malignancies world-
wide [2, 3]. In addition to surgery, chemotherapy is still the 
primary cancer treatment option [4]. The first-line chemo-
therapy treatment approach for breast cancer involves the use 

Introduction

Cancer is the second most common cause of death and mor-
bidity worldwide, with a high incidence rate [1]. The World 
Health Organization (WHO) declares the primary cause of 
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Abstract
The stated objective of the present research investigation was to use a simultaneous nanodrug delivery approach to opti-
mize the therapeutic effectiveness of anticancer drugs against breast cancer cells. For this purpose, Poly (lactic-co-glycolic 
acid) nanoparticles with two anticancer drugs; methotrexate (MTX) and doxorubicin (DOX) denoted as DOX/MTX@
PLGA NPs was developed by nanoprecipitation method. The developed polymeric DOX/MTX@PLGA NPs exhibited 
hydrodynamic particle diameter of 170.6 ± 10.0 nm with a poly dispersity index (PDI) of 0.17 and zeta potential value of 
-9.2 ± 0.31 mV, and spherical geometry analyzed by TEM. Furthermore, the nanoparticles exhibited a pH-responsive drug 
release profile, outstanding encapsulation efficiency, excellent colloidal stability across various physiological media and 
pH responsive drug release profile. Additionally, polymeric nanoparticles demonstrated higher cell uptake, in-vitro cyto-
toxicity, and a high rate of apoptosis in comparison to free DOX and MTX through a synergistic effect, likely as a result 
of their small particle size. In conclusion, our work presents a novel and distinct approach for boosting the therapeutic 
efficacy of anticancer drugs by delivering drugs to breast cancer cells simultaneously.
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of anticancer drugs such as doxorubicin (DOX), docetaxel, 
and paclitaxel [5]. However, a number of challenges have 
the potential to render the administration of these chemo-
therapeutic agents difficult. These problems include poor 
aqueous solubility, quick elimination, non-specific distribu-
tion, which requires the administration of higher doses and 
leads to dose-related toxicities, and a lack of specificity to 
keep the anti-cancer drug in the cancerous region [6]. These 
reasons paved the way for major global research initiatives 
with the goal of developing a more effective cancer treat-
ment approach [7].

Nanotechnology has become an essential tool in the field 
of biomedicine, helping to treat a wide range of ailments, 
notably cancer [8, 9]. Therefore, the utilization of nanosized 
formulations as delivery systems for a variety of medicinal 
compounds, including proteins, nucleotides, and diagnostic 
imaging agents, has been extensively employed [10, 11]. 
Several research investigations demonstrate that advance-
ments in the administration of chemotherapeutic drugs via 
nanocarriers could result in more effective treatment for can-
cer. A variety of novel nanocarrier technologies have been 
developed by researchers to improve the delivery of anti-
cancer drugs, especially to cancerous sites. For example, 
liposomes are biocompatible nanocarrier, and considered 
as a delivery system for encapsulating anti-cancer drugs 
[12]. However, there’s a significant issue with insufficient 
stability, low drug release and storage [13]. The appropriate 
application of nanoparticles (NPs) in the administration of 
drugs is vital [14]. Polymeric NPs’ strong framework and 
integrity enables controlled and sustained drug release [15]. 
Poly (lactic-co-glycolic acid) (PLGA), a copolymer of poly 
(lactic acid) and poly (glycolic acid), has been approved by 
the FDA for drug encapsulation. It is among the biomaterials 
with the most outstanding characteristics. Three things that 
contribute to this include its established controlled drugs 
release, being biodegradability and biocompatibility [16].

Doxorubicin (DOX) is an antineoplastic agent and 
belongs to non-selective class I anthracycline antibiotic 
group. It is one of the most effective available chemothera-
peutic agent [17]. In medical procedures, it has been admin-
istered to treat different kinds of cancers either alone or in 
combination [18]. Irrespective of its potential benefits, DOX 
may result in dosage-dependent cardiac toxicities, including 
chronic cardiomyopathy and congestive heart failure [19]. 
Second, drugs efflux from cancerous cells may increase due 
to multidrug resistance (MDR), which might render cancer 
treatment inefficient [20]. It has been widely recognized that 
NPs-based drug delivery approaches, which include NPs, 
offer advantages over free drugs [21], liposomes [22] and 
cyclodextrins [23], exhibit auspicious anticancer features 
due to their increased bioavailability and less adverse effects 
[24].

Methotrexate (MTX) inhibit the dihydrofolate reductase 
enzyme activity and shows antitumor activity. MTX, which 
is ranked 20th on the World Health Organization’s Model 
List of Essential Medicines, is considered an essential drug 
by oncologists [25].

Since MTX is not the first-line therapy for breast carci-
noma, lots of research are being conducted to increase its 
efficacy, some of which entail combining it with a variety of 
other anticancer drugs [26]. MTX is generally effective in 
treating breast cancer in women, including metastatic can-
cer and patients in which radiation and surgery have already 
been performed.

It has been established that multidrug resistance (MDR) 
in breast cancer cells is one of the biggest challenges asso-
ciated with breast cancer therapy. It has been found that 
MCF-7 breast cancer cell lines are resistant to cytotoxic 
agents such as DOX for several reasons. It has been dis-
covered that NPs-based combination treatments are useful 
in treating MDR. Thus, a study was carried out to exam-
ine how MTX and DOX interact with MCF-7 cells. To our 
knowledge, this is the first time that MTX and DOX are 
being evaluated simultaneously against MCF-7 cells. Treat-
ing resistant breast cancer more effectively could be aided 
by this combinatorial method.

In a nutshell, the current effort aimed to design and opti-
mize DOX/MTX@PLGA NPs for combination therapy by 
means of a trial-and-error methodology that would make it 
possible for controlled simultaneous release of anti-cancer 
drugs. PLGA was utilized as an outer shell because of its 
biodegradability and biocompatibility. PLGA shell protect 
drugs from degradation and facilitate absorptive transcyto-
sis into the endothelium cortex [27]. PLGA NPs loaded with 
two anticancer drugs were developed by a single-step modi-
fied nanoprecipitation method [28]. Apart from executing 
diverse physio-chemical characterization assessments, the 
release patterns of DOX/MTX@PLGA NPs and in-vitro 
tests conducted on cancer cell lines were also assessed.

Our study’s results provide credence to the idea that 
polymeric NPs enhance the therapeutic efficacy of MTX 
and DOX, present an attractive choice for the management 
of breast cancer, and pave the way for additional research 
investigations. In conclusion, this work opens up prospec-
tive possibilities for research into encapsulating DOX and 
MTX in PLGA NPs for breast cancer treatment.

Materials and Methods

Materials

Methotrexate (MTX) and Doxorubicin (DOX) were pro-
cured from Tokyo Chemical Industry Co. Ltd, Japan, 
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Sodium phosphate dibasic (Na2HPO4) and Dimethylfor-
mamide (DMF) were procured from Sigma Aldrich, chemi-
cal company. St. Louis, MO, USA. Triton X-100, Dimethyl 
sulfoxide (DMSO), Dulbecco’s Modified Eagle Medium 
(DMEM), phosphate buffered saline (PBS), Hank’s balance 
salt solution (HBSS), fetal bovine serum (FBS, 10%), tryp-
sin (2.5%), Poly (D, L-lactide-co-glycolide) (PLGA, 50:50; 
molecular weight: 30,000–60,000), Polyvinyl alcohol 
(PVA), non-essential amino acids (NEAA) and penicillin- 
streptomycin (PEST) were purchased from Sigma Aldrich, 
Germany). MCF-7, a human breast cancer cell line (ATCC, 
Manassas, VA). The buffer was prepared and formulated 
using Milli-Q water (Merck Millipore, USA). Furthermore, 
HPLC-grade solvents and other analytically-grade chemi-
cals along with reagents were used in the investigation.

Preparation of DOX/MTX@PLGA NPS

Slight adjustments were made to the single-step nanopre-
cipitation process to fabricate the self-assembled blank 
and drug-loaded PLGA NPs [29]. MTX (5 mg) and PLGA 
(2 mg/ml) were dissolved in dimethylformamide (DMF) for 
preparing the organic phase of the reaction. 10 mg of the 
DOX was dissolved in PLGA solution. The PVA solution 
(0.5–1.0%) made up the aqueous phase. Through constant 
stirring and the use of a syringe pump with a constant flow 
rate of 1 mL/min, the organic phase was gradually added to 
the water phase.

NPs were allowed to self-assemble by agitating the 
already-prepared solution for 2 h at a steady temperature of 
30 ℃ at an average speed of 600 rpm.

Eventually, the synthesized nanoparticles endured three 
rounds of centrifugation and Milli-Q water washing with 
an Amicon ultracentrifugation filter (10 kDa). A univariate, 
one variable at a time technique was used for obtaining the 
optimal formulation (data not shown).

After being suspended in sucrose solution (2% w/v), 
the nanoparticles were lyophilized (LyoQuest, Telstar, 
Shanghai, China) and stored at 4  °C for further research 
investigations.

Physio-Chemical Characterization of DOX/MTX@
PLGA NPs

Particle Size, PDI and Surface Charge Analysis

With the use of an analyzer (Malvern Instruments, UK), 
the synthesized DOX/MTX@PLGA NPs’ average particle 
size, hydrodynamic diameter, and distribution (PDI) in an 
aqueous solution at a 90° scattering angle and optimum time 
of 60 s between cycles were measured. The nanoparticles 
enclosing cell was exposed to voltage across both electrodes 

in order to determine the zeta potential of DOX/MTX@
PLGA NPs. Each of the samples was evaluated separately 
three times [30].

Surface Morphology

The morphological properties of DOX/MTX@PLGA NPs 
were investigated utilizing TEM (Jeol JEM-1400, Jeol Ltd, 
Tokyo, Japan). 5 µL of the diluted dispersion was applied 
to a copper grid, which was then dried at room tempera-
ture and photographed using a TEM after being negatively 
stained for 2 min with 2% v/v uranyl acetate [31].

Encapsulation Efficiency and Drug Loading

To calculate the percentage drug loading (DL%) and the 
percentage of effective encapsulation (EE%) of the DOX/
MTX@PLGA NPs, the drugs were recovered from the 
nanoparticles using methanol. The extracted drug samples 
were then analyzed using a UV spectrophotometer (Shi-
madzu UV-1800, Kyoto, Japan) at a wavelength of 480 nm 
and 302 nm for DOX and MTX, respectively. The relevant 
standard curve was then used to calculate the recommended 
amount of the drug [32].

FTIR Analysis

The generated nanoparticles were subjected to FTIR spec-
troscopy (Bruker, Karlsruhe, Germany) For the purpose of 
confirming the existence of relevant functional groups and 
any intramolecular interactions among the drugs and PLGA, 
the synthesized Nanoparticles were investigated using FTIR 
spectroscopy studies [33]. In short, incredibly small quanti-
ties of freeze-dried powders of free DOX, free MTX, blank 
NPs, and DOX/MTX@PLGA NPs were introduced into 
the sample chamber instantaneously. The infrared spectrum 
was subsequently determined for 120 scans over a range of 
500–4000 cm− 1 at a resolution of 4 cm− 1 and a scanning 
speed of 2 mm sec− 1.

Differential Scanning Calorimetry (DSC)

The DSC spectra of blank NPs, free MTX, free DOX, and 
DOX/MTX@PLGA NPs were recorded using a concur-
rent thermal analyzer (DSC 823e, Mettler Toledo, USA). A 
sealed aluminum pan was used to heat every single freeze-
dried sample to a temperature of 250 °C at a rate of 10 °C 
per minute while maintaining an uninterrupted nitrogen 
flow of 30 mL min− 1. As a reference check, a tightly sealed 
blank aluminum pan has been used [34].
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Cell Studies

Cell Lines

MCF-7 cells were cultured in DMEM culture medium in a 
gas incubator (BB 16 gas incubator, Heraeus Instruments 
GmbH) with the following parameters: 37 °C, 95% humid-
ity, and 5% CO2. As additions to the cell culture medium, 
1% PEST, 1% NEAA, and 10% FBS were added. Before 
every test, the cells were defrosted, sub cultured at 80% 
convergence, and seeded for additional experiments.

Cell Uptake Analysis

To conduct an analysis of DOX/MTX@PLGA NPS cell 
uptake in MCF-7 cells, minor adjustments have been made 
to a previous research methodology [29]. In short, 4 × 105 
MCF-7 cells were introduced into each well of 24 well 
plates containing 0.5 mL RPMI-1640 with FBS (10%) and 
allowed to remain attached to the culture plate for a whole 
day. To ascertain the time-dependent cellular absorption of 
drugs in PLGA nanoparticles, cells were incubated for sev-
eral time intervals (4, 6, 12, and 24 h) with DOX/MTX@
PLGA NPs (2.5 µg/ml). Untreated cells were present in the 
control group. To separate the cells from the plates, wells 
were treated with 0.1% Triton X-100 after being twice-
washed with PBS (pH 7.4). The integrated drugs were then 
completely dissolved by injecting ACN: H2O (6:4). The 
obtained cell lysate was spun at 25,000 rpm for 15 min.

Utilizing methanol as a solvent and a UV spectropho-
tometer (Shimadzu UV-1800, Kyoto, Japan) calibrated to 
measure at 480 nm and 302 nm, respectively, using standard 
calibrated curves for DOX and MTX, the quantity of inte-
grated drugs was then calculated. A triplicate reading was 
taken, and the mean ± SD was displayed as the outcome of 
the experiment.

Mechanism of Cell Uptake

To study the cellular absorption processes or endocytic 
system of DOX/MTX@PLGA NPs, MCF-7 cells were cul-
tured at a density of 1 × 105 in wells packed with medium of 
RPMI-1640 (1 mL) and FBS (10%) for 24 h.

The cells were supplied with fresh medium, aspirated, 
and cold washed with phosphate buffer solution once they 
had grown. In accordance with earlier research, the cells 
were pre-incubated with additional inhibitors in the subse-
quent phase at non-detrimental doses [37]: To prevent clath-
rin-mediated endocytosis, use a concentration of 10 µg/mL 
of chlorpromazine (Sigma-Aldrich); to inhibit caveolae-
mediated endocytosis, use a concentration of 2  µg/mL of 
nystatin (Sigma-Aldrich); and to inhibit macro-pinocytosis, 

Powder X-ray Diffraction Analysis (pXRD)

The X-ray spectra of free DOX, free MTX, blank NPs, and 
DOX/MTX@PLGA NPs were recorded using an X-ray dif-
fractometer (Almelo, Netherlands) that was set to operate at 
a specified wavelength of 1.5406Å, scan step size of 0.02°, 
scan step time of 17.7 s, voltage of 40 kV, and current of 
40mA [35].

In-vitro Drug Release

The membrane-mediated dialysis technique was used to 
calculate the in-vitro drug release from DOX/MTX@PLGA 
NPs with the objective to mimic the drug delivery system’s 
ultimate effectiveness within biological fluids. In the afore-
mentioned approach, 1 mL of the NPs suspension was incor-
porated, with respect to the DOX concentration of 150 µg/
mL and the MTX concentration of 220 µg/ml, using dialy-
sis bags (Solarbio, Beijing, China) with an average cutoff 
molecular weight of 8–14 kDa. A 15 mL centrifuged tube 
containing 10 ml of PEG 400 (30% v/v) dissolution medium 
was filled with clip-sealed dialysis bags so that the release 
of the DOX and MTX could be monitored throughout a 
period of 48 h. At a controlled temperature of 37 ± 1 °C, the 
tubes were subjected to shaking at 150 rpm per min.

Finally, at predetermined intervals of time, particularly 0, 
0.5, 1, 2, 4, 6, 8, 12, 18, 24 and 48 h, 200 µL of the specimen 
was drawn out in triplicate. To keep the volume constant 
for the entire period of the course of the investigation, the 
dissolving medium was refilled with an equivalent volume 
of fresh solution media at the same temperature in order to 
maintain the sink condition.

A UV spectrophotometric analysis (Shimadzu UV-1800, 
Kyoto, Japan) was performed to determine the total amount 
of MTX and DOX released from DOX/MTX@PLGA NPs 
at 480 nm and 302 nm, separately [36].

Colloidal Stability Determination

The long-term stability of the prepared DOX/MTX@PLGA 
NPs in various physiological mediums (PBS, DMEM, 8% 
glucose, 0.9% NaCl, and distilled water) was evaluated 
using the previously described method in order to assess 
the possible in-vivo behavior [29]. Briefly stated, 0.1  mg 
of freeze-dried DOX/MTX@PLGA NPs were added to 1 
mL of each solution, and the mixture was constantly agi-
tated at 100 rpm and 37 °C. Following three experimental 
repetitions and graphical data presentation, 200 µL of each 
sample solution were extracted at predetermined intervals 
and subjected to the Zeta sizer for evaluation of PDI, mean 
particle size, and zeta potential.
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In-vitro Cell Apoptosis

Flow cytometry was used to determine if DOX/MTX@
PLGA NPs might trigger apoptosis in MCF-7 cells [40]. 
In short, 5 × 104 MCF-7 cells were injected into each well 
of twelve well culture plates 1.5 mL RPMI-1640 with FBS 
(10%), and the cells were allowed to develop for 12 h in 
an incubator with 5% CO2. The cells were then incubated 
for 12 h with an equal amount of free drugs (5 µg/ml) and 
DOX/MTX@PLGA NPs. According to the manufacturer’s 
recommendations, the flow cytometer was used to measure 
the cell apoptosis after a 12-hour period using BD FACS 
Canto II, BD Biosciences, USA, and Annexin V-APC/DAPI 
Apoptosis Detection Kit I, BD Biosciences, USA [41].

Chou-Talalay Analysis

To investigate the potential synergistic effects of two drugs, 
PLGA NPs were applied to MCF-7 cells at various DOX-
MTX weight ratios. Using Chou-Talalay methods of analy-
sis, the dosage effect data relevant to drug doses and the 
fraction of afflicted tumor cells (Fa) were examined.

The data analysis program CompuSyn was used to calcu-
late the combination index values. MCF-7 cells were treated 
for 48 h with a mixture of DOX and MTX in the form of free 
drugs and NPs with different modifications for a selected 
weight ratio [42].

Statistical Analysis

Every test was carried out in triplicate in a sequential man-
ner to confirm the accuracy and reproducibility of the 
obtained results. All the data was presented as mean ± SD. 
The significance level was calculated using student’s t-tests 
(OriginPro8 software, OriginLab Corporation, Northamp-
ton, MA, USA). The statistical analysis revealed that the 
results were significant for p < 0.05 and insignificant for 
p > 0.05, respectively.

Results and Discussion

Preparation and Characterization of Combined 
(DOX/MTX) PLGA NPs

Synergistic breast cancer chemotherapy was achieved 
by effectively fabricating PLGA NPs co-loaded with two 
anticancer drugs, DOX and MTX, by a one-step nanopre-
cipitation method. Based on TEM investigation, the synthe-
sized DOX/MTX@PLGA NPS had a spherical and smooth 
shape, as Fig. 1A and B illustrate. Furthermore, based on 
DLS assessment, the average hydrodynamic particle size of 

use a concentration of 100  µg/ml of amiloride (Sigma-
Aldrich). MCF-7 cells were cultured at 4  °C for a period 
of 12 h with the intention to evaluate the active and passive 
transport pathways.

The inhibitor solutions were withdrawn and freshly 
synthesized nanoparticles were introduced to the inhibi-
tor containing medium at the same doses after a 24 h pre-
incubation period at 37 °C. There was an instantaneous 2 h 
incubation period after this. As was previously described, 
the cells were washed. The control group was given DOX/
MTX@PLGA NPs and had 100% uptake even though they 
failed to receive inhibitor drugs.

Intracellular Distribution

In MCF breast cancer cells, the intracellular distribution 
of DOX/MTX@PLGA NPs was observed using confocal 
microscopy. In this instance, MCF-7 cells were seeded at a 
density of 5 × 104 into a glass-bottomed confocal imaging 
dish containing 1.5 mL RPMI-1640 with FBS (10%). For 
twelve hours, the cells were cultured under 5% CO2. The 
cells were then incubated for an additional 4 h at 37 ºC after 
being treated with DOX/MTX@PLGA NPs, free DOX, and 
free MTX (10 µg/ml for each). Following process comple-
tion, the medium was aspirated, the cells were rinsed three 
times with phosphate buffer solution, and they subsequently 
stained for five min with 5 µg/ml of Hoechst.

The cells were stained for an additional ten minutes using 
lysotracker green dye after being meticulously cleaned five 
more times with PBS. Employing confocal laser scanning 
microscopy (CLSM 510 META), the cells were analyzed 
after being rinsed five times with PBS in the last stage [29].

Cell Viability Analysis

The MTT test was used for determining the cytotoxicity of 
DOX/MTX@PLGA NPs on the viability of MCF-7 cells. 
MCF-7 cells were cultivated in 96-well plates at a density 
of 2 × 104 cells per well for 24 h following reported protocol 
with minor modifications [38].

At various doses, DOX/MTX@PLGA NPs were used 
for the treatment of the cells. Following a 24 h incubation 
period, 100 µL of new media and 10 µL of MTT solution 
(5 mg/mL) were added to each well, and the plate was left 
for cell culture for an extra 4 h. After removing the previ-
ous growth media and unreduced MTT, 150 µL of DMSO 
was added to each well to dissolve the formazan crystals. 
Following a 10-second agitation period, and the absorbance 
which shows the direct estimation of living and dead cells 
was recorded at 492 nm using Spark multifunctional micro-
plate reader (Hombrechtikon, Switzerland) [39].
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asymmetric stretching, C-H stretching, and C-O stretching 
[45]. In the FTIR spectrum, the characteristic bands for 
MTX can be observed at 3359 cm-1 and 2937 cm− 1, which 
represent O-H stretching of COOH and N-H asymmetric 
stretching, correspondingly.

The distinct bands at 1640 cm− 1 and 1522 cm− 1, which 
represent the bending of CN-H amide II and the C = O 
stretching of COOH, respectively, are caused by MTX 
[46]. The presence of the benzene ring and carboxylic 
acid’s -O-H bending is indicated by the absorption bands 
at 979 cm− 1 and 820 cm-1, respectively. These character-
istic bands have been well-described in previous studies 
[47]. The FTIR spectra of the blank Nanoparticles revealed 
the hallmark bands of the PLGA at 1747 cm− 1, 1452 cm− 1, 
and 1332 cm− 1, which represent -C = O symmetric stretch-
ing, C-H bending, and so on. All of the distinctive peaks for 
DOX, MTX, and PLGA were visible in the FTIR spectra of 
freeze-dried DOX/MTX@PLGA NPs, with no discernible 
structural modifications during NP assembly. In addition, 
the development of NPs is demonstrated by the enlarge-
ment, alteration, or elimination of a few characteristic peaks.

In Fig. 3B, the X-ray diffractograms of blank, free drugs, 
and DOX/MTX@PLGA NPs were displayed. The most 
intense and sharp peaks at 10.2, 17.2, 22.3, 24.1, 27.9, and 
33.3 for DOX and 10.8, 14.5, 17.5, 19.4, 22.5, and 37.5 for 
MTX (2θ) confirmed the crystalline nature of free drugs [48, 
49]. However, no sharp and intense peak of DOX and MTX 
were observed in DOX/MTX@PLGA NPs diffractograms, 
indicating the conversion of crystalline DOX and MTX into 
amorphous state upon encapsulation in PLGA NPs. The 
solubility and bioavailability of both DOX and MTX may 
have been enhanced by this transformation, as amorphous 

DOX/MTX@PLGA NPs was 170.6 ± 10.0 nm, exhibiting a 
narrow range of size (0.17), as shown in (Table 1).

The hydrodynamic particle diameters of DOX/MTX@
PLGA NPs were significantly larger than those of blank NPs 
(99.07 ± 5.2 nm). One possible explanation for this increase 
in size could be the loading of drugs into PLGA NPs. For-
mulations with lower particle sizes (less than 200 nm) dem-
onstrated superior cellular penetration and absorption in 
comparison to formulations with larger particle sizes [43].

Given that DOX/MTX@PLGA NPs had an average par-
ticle size of less than 200 nm, there may be additional poten-
tial for improved cellular absorption. Furthermore, DOX/
MTX@PLGA NPs displayed a surface charge of -9.2 ± 0.31 
mV, demonstrating adequate surface charges to prevent 
their accumulation in a physiological milieu [44]. The nega-
tive surface charges on DOX/MTX@PLGA NPs decreases 
compared to blank NPs (-24.3 ± 0.3 mV) after drug loading, 
indicating the successful encapsulation of drugs in PLGA 
NPs (Fig. 2C & D).

The effectiveness of loading and encapsulating DOX and 
MTX into hybrid PLGA NPs was ascertained through the 
use of UV spectroscopic examination. Table 1 shows that 
the DL of DOX/MTX@PLGA NPs was 4.17 ± 1.29% for 
DOX and 6.13 ± 0.56% for MTX. Similarly, the EE was 
found to be 81.72 ± 3.21% for DOX and 82.83 ± 2.69% for 
MTX.

The FTIR spectra of blank NPs, free DOX, free MTX, 
and DOX/MTX@PLGA NPs were displayed in Fig.  3A. 
FTIR spectrum of free DOX revealed characteristic bands 
at 3552, 3318, 2932, 1729, 1617, and 1579 cm− 1, respec-
tively. These bands represent amide I and II groups bend-
ing vibrations overlapped with anthracene ring C = O, N-H 

Formulation Code DOX loading (%) MTX loading (%) DOX EE (%) MTX EE (%)
DOX/MTX@PLGA NPs 1 2.67 ± 0.27 3.62 ± 0.52 78.68 ± 1.29 77.61 ± 2.59
DOX/MTX@PLGA NPs 2 3.56 ± 1.30 4.09 ± 0.11 79.93 ± 2.47 80.09 ± 1.40
DOX/MTX@PLGA NPs 3 4.17 ± 1.29 6.13 ± 0.56 81.72 ± 3.21 82.83 ± 2.69
DOX/MTX@PLGA NPs 3 represents optimized formulation; Data were expressed as mean ± SD (n = 3)

Table 1  Percentage of drug load-
ing and encapsulation effective-
ness of MTX and DOX in DOX/
MTX@PLGA NPs

 

Fig. 1  Surface morphology 
analysis by TEM (A) Blank 
PLGA NPs. (B) DOX/MTX@
PLGA NPs
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NaCl, PBS, and distilled water). After incubating NPs with 
various physiological media at 4 ºC for 5 days, the particle 
size study’s results showed no discernible change in the 
average particle size of the NPs (Fig. 4B). Strong repul-
sions between the NPs in the dispersion are caused by the 
PLGA surface charge, which could be the reason for the 
NPs’ enhanced colloidal stability [28]. The strong repul-
sions keep the NPs from getting too near to one another. 
Therefore, aggregation would have to be rare in this kind 
of environment [53].

In-vitro Drug Release and Kinetic Modeling

At pH 5.0 and pH 7.4, which mimic the exact conditions that 
the NPs encountered upon entering the lysosomal compart-
ment, the in-vitro drug release from DOX/MTX@PLGA 

drugs exhibit higher solubility than crystalline ones. DSC 
thermograms of free drugs, blank NPs, and DOX-MTX-
PLGA NPs are displayed in Fig. 4A. At 232 °C and 150 °C, 
respectively, DOX and MTX both showed their character-
istic sharp peaks, indicating crystalline nature of free drugs 
DOX and MTX [50, 51]. However, neither drug’s significant 
melting point peaks were seen in the thermograms of DOX/
MTX@PLGA NPs, suggesting that the drug’s amorphous 
form had established at the time of NPs encapsulation.

The formation of bigger agglomerates is a high-inclina-
tion characteristic of nanosized particles dispersed in phys-
iological media, and dispersion stability is an important 
characteristic [52]. The average particle size was evalu-
ated at specified times to evaluate the colloidal stability of 
DOX/MTX@PLGA NPs for 120 h (5 days) at 4 ºC in dif-
ferent physiological mediums (DMEM, 8% glucose, 0.9% 

Fig. 3  (A) FTIR spectra of blank 
PLGA NPs, free DOX, free 
MTX, and DOX/MTX@PLGA 
NPs (B) X-ray diffractograms of 
blank PLGA NPs, free MTX, free 
DOX, and DOX/MTX@PLGA 
NPS

 

Fig. 2  Characterization of DOX/
MTX@PLGA NPs. (A) Hydro-
dynamic diameter of blank PLGA 
NPs. (B) Hydrodynamic diameter 
of DOX/MTX@PLGA NPs. (C) 
Zeta potential of blank PLGA 
NPs. (D) Zeta potential of DOX/
MTX@PLGA NPs
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Cell Uptake and its Mechanism

The cell uptake potential of both drugs was measured in 
MCF-7 breast cancer cell lines in order to investigate the 
possible capacity of DOX/MTX@PLGA NPs to internalize 
DOX and MTX. When NPs were incubated for 24 h instead 
of 4 h, as Fig. 6A illustrates, cell lines’ cellular absorption 
of the medications increased significantly (p < 0.05) in com-
parison to free drugs.

Consequently, the cell uptake reached its maximum level 
after 24 h of being administered with NPs at concentrations 
of 2.5  µg/mL for DOX and 2.0  µg/mL for MTX, respec-
tively. Therefore, DOX/MTX@PLGA NPs demonstrated 
time-dependent cellular uptake, with enhancement of 2-fold 
and 1.5-fold in cellular uptake relative to free DOX and 
MTX, respectively. The decrease in particle size and the 
stabilization of PLGA may have contributed to the increase 
in cell absorption by improving the colloidal stability of 
the dispersion in various dissolving media [55]. Because of 
their small particle size and colloidal stability, NPs are in 
fact more likely than free drugs to have interactions with 
and get absorbed by MCF-7 cancer cells.

The internalization or endocytosis of DOX/MTX@
PLGA NPs was investigated in MCF-7 cancer cells. As 
demonstrated in Fig. 6B, nystatin administration resulted 
in a 58.33% decrease in DOX/MTX@PLGA NPs uptake 
when compared to the control group, which did not receive 
any inhibitors. Amiloride or chlorpromazine, however, 
had no effect on the internalization of NPs, indicating 
caveolae-mediated endocytosis. Additionally, incubation 
at 4  °C resulted in a 43.05% decrease in NP internaliza-
tion relative to cells cultured at 37 °C, demonstrating that 
energy-dependent active transport is still necessary for 
the internalization process. Our results confirm previous 
research showing that NPs enter MCF-7 cells by caveolae-
mediated endocytosis [56]. Additionally, using lysotracker 
green and either DAPI or Hoechst staining on MCF-7 
cells, we assessed the intracellular distribution of DOX/
MTX@PLGA NPs. Following a 12  h incubation period, 

NPs was studied. Owing to conformational alterations in 
PLGA composition brought on by the acidic pH of the lyso-
somal compartment, DOX and MTX were released from 
the NPs. Figure 5 demonstrates that the amounts of DOX 
and MTX released at pH 5.0 were significantly (p < 0.05) 
higher than those released at pH 7.4. While the cumulative 
release of MTX and DOX at pH 5.0 was 81.23 ± 2.56% and 
62.97 ± 2.4%, respectively, at pH 7.4, the 48-h release of 
MTX and DOX was 40 ± 1.69% and 38.2 ± 1.15%, respec-
tively. Furthermore, during the first 2–4 h at pH 5.0, both 
medications displayed a slight burst release, which could 
be connected to drug surface adsorption on NPs. At pH 5.0, 
both drugs are released more quickly. In contrast to DOX, 
MTX showed a slower release kinetics. The delayed or less 
vigorous release of MTX may be explained by its higher 
interaction with PLGA and more hydrophobic nature com-
pared to DOX [54].

Fig. 5  In-vitro drug release profile of DOX and MTX from DOX/
MTX@PLGA NPs at pH 5.0 and 7.4. Data are expressed as a 
mean ± SD, n = 3. *p value < 0.05, **p value < 0.01 were shown to be 
statistically significant, respectively

 

Fig. 4  (A) DSC thermograms 
of blank NPs, free MTX, free 
DOX, and DOX/MTX@PLGA 
NPs (B) DOX/MTX@PLGA 
NPs maintained their colloidal 
stability over 120 h in a variety of 
physiological media. (mean ± SD, 
n = 3)
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was likely inhibited three times by DOX/MTX@PLGA 
NPs in a concentration-dependent manner when compared 
to a free drug mixture. Furthermore, DOX/MTX@PLGA 
NPs dramatically decreased the viability of the cells after 
48 h of treatment (Fig. 7B) when compared to the free drug 
mixture, suggesting that the cytotoxicity of DOX/MTX@
PLGA NPs against MCF-7 cells depended on both time and 
concentration. Consequently, the greater cytotoxic impact 
of Nanoparticles may be due to the reduced particle size and 
higher receptor-mediated internalization of NPs by PLGA. 
The superior toxic effect of NPs over a combination of free 
drugs validated their higher absorption and internalization 
in cells, which is highly favorable for synergistic anti-can-
cer action. Furthermore, PLGA-induced hypersensitization 
of tumor cells could contribute to the scientific explana-
tion of NPs’ enhanced cytotoxic effect [58]. Moreover, the 

red-fluorescent DOX/MTX@PLGA NPs co-localized with 
lysosomes in 79% of cases (Fig. 6C), indicating that cave-
olae-mediated endocytosis is the mechanism for DOX-
MTX-LGA-NP uptake into lysosomes. Our findings are 
consistent with previously published research that dem-
onstrated PLGA NPs penetrate MCF-7 cells by caveolae-
mediated endocytosis [57].

Cell Viability Analysis

The MTT assay was utilized to evaluate the in vitro cyto-
toxicity of DOX/MTX@PLGA NPs on MCF-7 cells. Fol-
lowing treatments with a combination of free drugs, blank, 
and DOX/MTX@PLGA NPs for 24 and 48 h, the growth 
of MCF-7 cancer cells was inhibited. Figure 7A shows that 
after treatment for 24  h, the development of cancer cells 

Fig. 7  MCF-7 cell viability at 
(A) 24 h. (B) 48 h following 
treatment with blank NPs, a com-
bination of free drugs, and DOX/
MTX@PLGA NPs (mean ± SD, 
n = 3), #p value > 0.05 and *p 
value < 0.05, **p value < 0.01, 
***p value < 0.001were consid-
ered statistically insignificant and 
significant respectively

 

Fig. 6  (A) DOX/MTX@PLGA 
NPs cellular uptake throughout 
4, 6, 12, and 24 h in relation to 
free DOX and MTX (2.5 µg/
mL and 2.0 µg/mL), (B) The 
internalization mechanism 
of DOX-MTX-PLGA NPs to 
MCF-7 cells that have been pre-
treated with different inhibitors, 
(C) Intracellular distribution of 
DOX/MTX@PLGA NPs using 
confocal imaging. The data is 
shown as mean ± SD for n = 3; #p 
value > 0.05 and *p value < 0.05, 
**p value < 0.01 were shown to 
be statistically insignificant and 
significant, respectively
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Chou Talalay Analysis

Chou Talalay analysis was used to examine the synergis-
tic interaction between DOX and MTX in formulations of 
DOX-MTX-NPs [60]. Given that all NPs combinations 
with different DOX/MTX weight ratios outperformed 
both DOX and MTX NPs alone, there may be a beneficial 
interaction between DOX and MTX. CompuSyn utilized 
the Chou-Talalay technique to evaluate and measure the 
DOX-MTX combination’s synergy [5]. Figure 9 showed 
the values of the combination index (CI) for the theo-
retical and experimental cases. The additive, antagonis-
tic, and synergistic effects are represented by the values 
of CI = 1, > 1, and < 1, respectively. It is evident that 
DOX and MTX interact well in the formulations of the 
nanoparticles because most concentrations in all weight 
ratios had CI values less than 1 [61]. More importantly, 
a lower CI value indicates a stronger synergistic effect. 
[62]. The results indicated that DOX-MTX-NPs had the 
greatest synergistic effect at 1:1 weight ratio (CI values). 
Since it provided the greatest synergistic effect, the com-
bination with a 1:1 DOX-MTX weight ratio was selected 
and used in later research.

MCF-7 cells treated with blank NPs exhibited the maximum 
levels of cell viability, demonstrating that the particles had 
no negative impacts on cancer cells.

Cell Apoptosis

The results of the Annexin V -APC/DAPI double labelling 
experiment, which was used to determine in vitro cell apop-
tosis, are displayed in Fig. 8. Annexin V-APC can readily 
pass through living cells, in contrast to DAPI, which only 
stains dead cells. The control group’s lower left quadrant 
has 98.42 ± 1.2% viable cells. On the other hand, live cell 
percentage dropped to 76.5% and 54.61% respectively, fol-
lowing the treatment of free drug mixtures (DOX-MTX) 
and DOX/MTX@PLGA NPs. Additionally, the percent-
age of apoptotic cells increased to 44.88% in cells treated 
with DOX/MTX@PLGA NPS, compared to 23.1% in cells 
treated with a mixture of DOX-MTX (right upper and lower 
quadrant), indicating the synergistic effect of DOX/MTX@
PLGA NPS against breast cancer cells [59]. The lower left 
quadrant shows the live cells, while right lower and right 
upper show the early and late apoptotic cells.

Fig. 8  Apoptosis level in MCF-7 
breast cancer cells after treatment 
with mixture of DOX-MTX and 
DOX/MTX@PLGA NPs for 24 h
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