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Abstract: The efficient targeting and therapeutic efficacy of a combination of drugs (curcumin 

and 5-Fluorouracil [5FU]) and magnetic nanoparticles encapsulated poly(D,L-lactic-co-glycolic 

acid) nanoparticles, functionalized with two cancer-specific ligands are discussed in our work. 

This multifunctional, highly specific nanoconjugate resulted in the superior uptake of nano-

particles by cancer cells. Upon magnetic hyperthermia, we could harness the advantages of 

incorporating magnetic nanoparticles that synergistically acted with the drugs to destroy cancer 

cells within a very short period of time. The remarkable multimodal efficacy attained by this 

therapeutic nanoformulation offers the potential for targeting, imaging, and treatment of cancer 

within a short period of time (120 minutes) by initiating early and late apoptosis.

Keywords: nanotechnology, curcumin, 5FU, folate, transferrin, PLGA nanoparticle, 

magnetic hyperthermia

Introduction
Magnetic nanoparticles (MNPs) have arisen as one of the significant innovative 

nanomaterials that can be used across a range of biomedical applications. Owing to 

their intrinsic magnetic properties, MNPs have been extensively used for magnetic 

resonance imaging, magnetic targeting (cell and tissue), magnetic drug delivery, 

magnetic hyperthermia treatment (MHT), biosensors, magnetofection, and so 

on.1–11 Superparamagnetism, a characteristic phenomenon that has been exploited 

in biomedical research, arises when the size of the MNPs falls lower than 20 nm. 

Superparamagnetism allows MNPs to gain magnetism in the presence of an applied 

magnetic field, and they can also lose it when the field is removed.9,12 The phenomenon 

of superparamagnetism is extremely beneficial for drug delivery applications. The 

superparamagnetic iron oxide nanoparticles (SPIONs) can be effectively controlled by 

external magnets to the targeted tumor area. Upon removal of the external magnetic 

field, the magnetization of the MNPs disappears; however, MNPs can remain at the 

target site for a particular period of time. MNPs can be used for diagnostic and thera-

peutic (theragnostic) purposes in both MHT and chemotherapy, either synergistically 

or individually.13,14
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Compared to the existing anticancer therapies such as 

chemotherapy and radiotherapy, hyperthermia (specifically 

MHT) can lower the adverse side effects that this therapy has 

on normal healthy tissue.15–19 Generally, hyperthermia can 

induce whole body or regional heating within the temperature 

range of 42°C–47°C and the most common means to induce 

hyperthermia include capacitive or inductive coupling of 

radiofrequency fields, ultrasound, or microwave.15–23 Tumor 

cells are highly heat sensitive compared to normal healthy 

cells, owing to the fact that the tumor cells are hypoxic 

while normal cells are euoxic.17,24 However, unregulated and 

uncontrolled heating are considered to be the major limita-

tions of hyperthermia, achieved by the methods mentioned 

previously. With MNPs, much regulated and constant heating 

can be accomplished by MHT, and the heat can be uniformly 

affected locally without systemic effects, thus reducing its 

severe side effects.25 During MHT with biocompatible mag-

netic nanoformulation, heat is generated when an alternating 

current magnetic field is applied. Heat is generated by MNPs 

depending on the three types of losses, namely hysteresis, 

Ne’el, and Brownian.26 SPIONS display Ne’el and Brownian 

losses, and these losses are responsible for heat generation. 

The increase in the temperature during MHT chiefly depends 

on the magnetic properties such as losses and saturation 

moment, as well as on the frequency and amplitude of the 

applied field.

Poly(D,L-lactic-co-glycolic acid) (PLGA)-based nanod-

rug formulations are gaining significant importance in the 

arena of nanomedicine, owing to its approval by the US Food 

and Drug Administration.27–29 Recently, PLGA nanoparticles 

(NPs) were extensively used for controlled drug release 

applications under various external stimuli. The present 

study investigates the concept of a dual targeted PLGA NP 

system by encapsulating a combination of drugs (curcumin 

and 5-Fluorouracil [5FU]) and MNPs. Turmeric (Curcuma 

longa L. rhizomes) is an inevitable ingredient in Indian 

cuisine, and also owing to its immense medicinal potential, 

it has been used for a long time in Indian medicine for the 

treatment of several diseases.30–32 Chemically, curcumin is 

diferuloylmethane or 1,7-bis(4-hydroxy-3-methoxyphenyl)-

1,6-hepadiene-3, 5-dione, and the therapeutic properties of 

this herb have been accredited to the principal component 

existing in the rhizome. Curcumin has presented a com-

prehensive array of pharmacological properties such as 

anti-inflammatory, antioxidant, anticancer, antimicrobial, 

antiparasitic, antitumor, anti-angiogenic, and antimuta-

genic effects.33,34 Preclinical studies of curcumin have 

revealed its usage as being the same as excellent therapeutic 

agents in inhibiting cancer in a variety of cell lines.32,35–39 

Therefore, we chose curcumin as one of the drugs used 

in our nanoconjugate. 5FU is another highly efficient 

chemotherapeutic agent that inhibits the methylation reac-

tion of deoxyuridylic acid to thymidylic acid.40,41 Thus, it 

interferes with the synthesis of deoxyribonucleic acid and 

ribonucleic acid. The thymine deficit in the cell intensifies 

the unbalanced growth and death of the cancer cell.

One of the foremost limitations of prevailing cancer 

therapies is the lack of specificity of anticancer drug delivery; 

hence, most anticancer drugs have adverse cytotoxic effects 

on normal healthy cells. There is an increasing demand for the 

improvement of the effectual delivery of drugs to the targeted 

site to achieve the potency of therapeutic agents. There are 

distinctive features displayed by cancer cells, and researchers 

are exploiting these exceptional features as preferred targets 

for a wide variety of biomedical applications.42,43 Cancer cells 

often express several normal proteins on the cell surface in 

greater amounts than the normal cells, and these particular 

overexpressed proteins on cancer cells are exceptional targets 

for active targeting. The development of an efficient targeting 

nanoconstruct can spare the neighboring normal healthy cells 

to a certain extent. One of the most notable perceptions is the 

development of multifunctional nanocarriers that comprise 

a high payload of drugs or imaging moieties, which bind to 

specific proteins that are overexpressed in cancer cells.44–46 

This can be attained by the formulation of dual-targeting 

nanoconjugate (folate [F] and transferrin [Tf]). F receptors 

expressed on the cell membrane are a potential molecular 

target since they are highly expressed in several carcinomas. 

Tf, a transmembrane glycoprotein, has been extensively 

investigated for drug targeting to cancer cells, since most 

cancer cells overexpress Tf receptors.47,48 F and Tf receptors 

are often profusely present on cancer cells with their limited 

expression on normal healthy cells.49,50 An additional advan-

tage of the nanosystem was that in addition to the therapeutic 

efficiency of curcumin, the inherent fluorescence exhibited 

by curcumin has been used to track the NP inside the cancer 

cells rather than incorporating a dye. Therefore, the nano-

conjugates were used in conjunction with drug load in both 

diagnostics and therapeutics (theragnostics). We demonstrate 

that synchronized targeting with these dual targeted particles 

against cancer cells serve as efficient theragnostic nanotools. 

Remarkably, we found that these dual targeted/dual drug-

loaded and MNP-encapsulated PLGA NPs are extremely 

specific toward cancer cells, while presenting significant 

cytotoxicity, thereby showing the prospect for their use in 

cancer treatment.
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The major objectives of the present studies are: 1) to 

develop dual targeted, dual drug, MNP-encapsulated PLGA 

nanovectors to examine the antiproliferation of breast 

cancer cells (MCF7) and glial cells (G1); 2) to study the 

mechanism of cell death owing to the synergistic effects of 

the drugs by destabilizing the cytoskeleton and through the 

loss of mitochondrial membrane potential (MMP); and 3) to 

investigate the effects of magnetic hyperthermia to exploit 

the potential of MNPs to destroy cancer cells within a very 

short period of time.

Materials
Ferrous sulphate hepta-hydrate (FeSO

4
 ⋅ 7H

2
O), Ferric chlo-

ride hexa-hydrate (FeCl
3
 ⋅ 6H

2
O), NaOH, and ethyl acetate 

were procured from Kanto Chemical (Kanto Chemical 

Co., Inc., Tokyo, Japan). Folic acid, PLGA, and Tf were 

purchased from Sigma-Aldrich (St Louis, MO, USA). 

N-(3-dimethylaminopropyl)-N0-ethylcarbodiimidehydro-

chloride (EDC) and N-hydroxysuccinimide (NHS) were 

purchased from Tokyo Chemical Industry Co., Ltd. (Tokyo, 

Japan) and 5FU was purchased from Nacalai Tesque, Inc. 

(Kyoto, Japan). Curcumin was gifted from AVT McCormick 

Ingredients PVT. Ltd. (South Vazhakulam, India). Trypan 

blue and 0.025% Trypsin were purchased from Sigma- 

Aldrich. The LIVE/DEAD® Viability/Cytotoxicity Assay Kit, 

alamarBlue® toxicology kit, 4′,6-diamidino-2-phenylindole 

(DAPI), and LysoTracker® were purchased from Life Tech-

nologies (Carlsbad, CA, USA).

Synthesis of MNPs
SPIONs were synthesized in our laboratory by chemical 

coprecipitation of iron salts (Fe3+ and Fe2+) at a ratio of 2:1 in 

an ammoniacal medium with magnetic stirring at 80°C in 

the presence of a nitrogen atmosphere. We have followed 

previously reported methods for the synthesis of SPIONs.51,52 

Briefly, 0.04 M of FeCl
3
 ⋅ 6H

2
O and 0.02 M of ferrous sul-

fate (FeSO
4
 ⋅ 7H

2
O) were dissolved in a round-bottom flask 

containing 200 mL of double-distilled water (DDW). The 

mixture was heated to 80°C with heavy magnetic stirring 

under the nitrogen atmosphere. To this mixture, 12 mL of a 

25% ammonia solution was added. Another 20 minutes of 

magnetic stirring was continued to stimulate the growth of 

the NPs, and the mixture was cooled down to normal room 

temperature. The mixture was further centrifuged and the pel-

let was washed three times with DDW. By adding dilute HCl, 

the pH of the suspension was neutralized, and the MNPs were 

further washed with DDW and dried. The finally obtained 

dried MNPs were used for further experiments.

Preparation of the dual drug  
and MNP-encapsulated PLGA NPs
Synthesis of the dual drug and MNP-encapsulated PLGA 

NPs was carried out by a well-known solvent evaporation 

technique. The solvent evaporation (single emission) tech-

nique is considered to be an effective method for encapsu-

lating hydrophobic drugs.33 In our study, we have used two 

drugs: a natural drug (curcumin) and a synthetic drug (5FU). 

In a typical synthesis, 200 mg of PLGA was dissolved in 

2 mL of ethyl acetate solution. In addition, 20 mg of synthe-

sized MNPs, 10 mg of curcumin, and 5 mg of 5FU were added 

under magnetic stirring, and the stirring was continued for 

30 minutes. A total of 5 mL of 5% polyvinyl alcohol was 

added drop-by-drop, and ultra sonication was given for 2 min-

utes. The mixture was then added drop-by-drop to 100 mL 

of a 0.3% polyvinyl alcohol solution, and vigorous magnetic 

stirring was continued for another 3 hours. The mixture was 

then centrifuged at 8,000 rpm for 15 minutes and the pellet 

was washed three times with DDW. The finally obtained dual 

drug and MNP-encapsulated PLGA NPs (Dd–PLGA–MNPs) 

were freeze-dried and used for further experiments.

Surface functionalization  
of Dd–PLGA–MNP
For surface functionalization, 20 mg of Dd–PLGA–MNPs 

were dissolved in 10 mL of 0.02 M pH 7.4 phosphate buff-

ered saline (PBS) buffer. The NP was activated by adding a 

1 mg/mL concentration of 250 µL of EDC and a 1 mg/mL 

concentration of 250 µL of NHS under magnetic stirring for 

3 hours.53 After stirring, the sample was centrifuged and the 

pellet was washed with PBS buffer to eliminate the unreacted 

EDC and NHS. The pellet was resuspended in 3 mL of pH 

7.4 PBS buffer. Tf and F (200 µL of 1 mg/mL) was added 

under magnetic stirring for 2 hours, followed by overnight 

incubation at 4°C in a refrigerator. After the incubation 

period, the mixture was centrifuged and the pellet was 

washed three times with pH 7.4 PBS buffer. Finally, double-

targeted Dd–PLGA–MNPs (Dt–Dd–PLGA–MNPs) were 

obtained and used for further experiments.

Physicochemical characterization of NPs
The internal structures of MNPs and Dt–Dd–PLGA–MNPs 

were characterized by JEM-220-FS field-emission trans-

mission electron microscope (TEM) (JEOL, Tokyo, Japan). 

Preparation of the TEM samples was carried out by adding 

the diluted samples into hydrophilic carbon-coated copper 

grids. Prior to the addition of the samples, the grids were 

given hydrophilic treatment using a JEOL Datum HDT-400 
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device. The elemental analysis of the samples was deter-

mined by TEM–energy-dispersive X-ray spectroscopy (JEOL 

JED-2300T; JEOL). Surface morphology of the NPs was 

carried out by scanning electron microscope (SEM) (JEOL 

JSPM-6490; JEOL). The sample used for the SEM was 

diluted by DDW, dropped into silica substrate, dried under 

vacuum, and used for SEM analysis. Dt–Dd–PLGA–MNPs 

were further characterized using atomic force microscopy 

(AFM). The tapping mode of the cantilever was used in 

the AFM analysis of NPs (MFP-3D-CFTM AFM, Asylum 

Research, Santa Barbara, CA, USA). A sample solution 

(200 µL) was deposited on a glass surface, vacuum-dried, and 

was used for AFM analysis. The surface elemental analysis of 

the samples for the confirmation of the targeting agents was 

performed by an X-ray photoelectron spectrometer (XPS) 

system (Kratos Axis, Shimadzu Corp, Tokyo, Japan). The 

diluted samples were placed in a silicon substrate and dried, 

and the samples were characterized. Vibrating sample mag-

netometer (VSM) measurement of the MNPs and of the Dt–

Dd–PLGA–MNPs was performed using VSM model 7407 

(Lakeshore Cryotronics, Inc., Westerville, OH, USA).

The encapsulation efficiency  
of curcumin and 5FU
Encapsulation efficiencies of the Dt–Dd–PLGA–MNPs 

were carried out by an indirect technique. Briefly, 1 mg of 

Dt–Dd–PLGA–MNPs was centrifuged at 10,000 rpm for 

30 minutes. The supernatant was collected and the obtained 

pellet was further washed with DDW. Absorbance of the 

collected supernatant was checked and recorded at 430 nm 

for curcumin and at 265 nm for 5FU. Based on the standard 

curve of curcumin and 5FU, the absorbance value of the 

free drug concentration was calculated. Drug encapsulation 

efficiency percentage was estimated by a formula that is 

given below:

	
Encapsulation efficiency

D D

D
T F

T

(%) =
−

× 100	 (1)

where D
T
 is the total drug and D

F
 is the free drug present in 

the supernatant.

Drug release profile of curcumin and 5FU
The drug release prof ile of curcumin and 5FU from 

Dt–Dd–PLGA–MNPs in PBS at different pH levels (pH 7.4 

and pH 4.5) was studied. A total of 10 µg of the samples was 

dispersed into 50 mL of PBS buffer at pH 7.4 and pH 4.5. 

The sample was kept in a water bath shaker with 120 rpm of 

shaking speed at 37°C. At specific time intervals, 3 mL of 

supernatant from the sample was collected, and in combina-

tion with 3 mL of fresh PBS buffer, was added to compensate 

for the loss. The absorbance of the collected sample was 

recorded at 265 nm for 5FU and 430 nm for curcumin. The 

in vitro drug release profile was calculated by the following 

formula:

	
Drug release

D

D
R

T

(%) ,= × 100 	 (2)

where D
R
 is the concentration of the drug released at col-

lected time (t) and (D
T
) is the total amount of the drug that 

was encapsulated in the NPs.

Cell studies
Cell culture maintenance
A human breast cancer cell line (MCF7  cells), a human 

glial cell line (G1 cells), and a mouse fibroblast cell line 

(L929 cells) were cultured for in vitro experimental studies. 

The cell lines were procured from the Riken Culture Collec-

tion Center (RIKEN BioResource Center, Ibaraki, Japan). 

All of the cell lines were grown in Dulbecco’s Modified 

Eagle’s Medium (DMEM) with 10% heat-inactivated fetal 

bovine serum and penicillin/streptomycin (100 units/mL) 

in T25 flasks and maintained at 37°C in a humidified 5% 

CO
2
 atmosphere. The cells were subcultured every 2 days. 

The cells were maintained in glass-base dish for confocal 

studies, six-well plates for flow cytometry studies, 96-well 

plates for cytotoxicity studies, and in 35  mm plates for 

MHT studies.

Biocompatibility studies
NP samples (bare MNPs and PLGA–MNPs) were pre-

pared and diluted to different concentrations (0.1 mg/mL, 

0.5 mg/mL, and 1 mg/mL) with PBS (pH 7.4) for treatment in 

96-well tissue culture plates for studying the biocompatibility 

of the NPs in the three different cell lines. An alamarBlue 

assay was performed to investigate the cell viability. The 

alamarBlue assay is based on the natural reducing ability of 

the healthy cells to convert resazurin to a fluorescent mole

cule, resorufin. The assay indicates the active metabolism 

that is happening inside of the cell, and the active metabolism 

diminishes when the NP sample triggers toxicity, which leads 

to decreased reduction capability. The fluorescence intensity 

based on the alamarBlue assay was quantified at 580–610 nm 

in a multidetection microplate reader (Power Scan HT, 

Dainippon Sumitomo Pharma Co., Ltd., Osaka, Japan).
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Internalization studies of NPs
The internalization of NPs by MCF7, G1, and L929 was 

studied using cellular imaging by confocal microscopy and 

flow cytometry. The intrinsic fluorescence of curcumin was 

exploited for labeling the cells and, hence, for monitoring the 

uptake of NPs by confocal microscopy. A human breast can-

cer cell line (MCF7 cells), a human glial cell line (G1 cells), 

and a mouse fibroblast cell line (L929) were routinely grown 

in DMEM, as mentioned, on a glass-base dish for 24 hours 

for the imaging studies. We examined the uptake of single 

targeted NPs (F and Tf, separately) and Dt–Dd–PLGA–

MNPs. After incubation, the cells were washed with PBS, 

and 20  µL of the NP samples, F–Dd–PLGA–MNPs, Tf–

Dd–PLGA–MNPs, and Dt–Dd–PLGA–MNPs suspended in 

culture medium, were added. The cells were incubated with 

NPs for 4 hours to analyze their cellular uptake. After incuba-

tion, the culture medium with the NPs was removed and the 

cells were washed twice with PBS buffer, and the nucleus 

was stained with DAPI. Also, to confirm the endosomal-

mediated uptake of the NPs, we performed LysoTracker 

staining to map the lysosomes of the cells that were viewed 

under confocal microscopy (Olympus IX81 in DU897 mode; 

Olympus Corporation, Tokyo, Japan).

The cellular uptake of the NPs (F–Dd–PLGA–MNPs, Tf–

Dd–PLGA–MNPs, and Dt–Dd–PLGA–MNPs) was further 

confirmed using flow cytometry (JSANTM cell sorter; Bay 

bioscience Co., Ltd., Kobe, Japan). MCF7, G1, and L929 were 

plated at a density of 2.5 × 106 cells per well. After attain-

ing 80% confluency, 200 µg/mL of the NPs was added and 

incubated for 4 hours. After the specified incubation period, 

the cells were washed three times with PBS to remove any 

unbound NPs. The cells were trypsinized and resuspended in 

500 µL of cold PBS. A total of 500 µL of 3% paraformalde-

hyde was used to fix the cells, and the cells were incubated 

for 20 minutes. After fixation, the cells were again washed 

with cold PBS and permeabilized with 500 µL of ice-cold 

methanol, and incubated for another 10 minutes. Cold PBS 

(500 µL) was added to the cells after incubation, and the 

cells were again washed with PBS and finally resuspended in 

500 µL of PBS. Flow cytometry of the cells was performed 

in a fluorescein isothiocyanate (FITC) channel, and data were 

analyzed using JSANTM App San software (Bay bioscience, 

Co., Ltd.) to study the uptake of the NPs by the cell lines.

Therapeutic efficiency against cancer cells  
by nanoformulation
The therapeutic effect of targeted drug-loaded nanoformu-

lations on cell proliferation was determined by alamarBlue 

colorimetric assay. Briefly, cancer cells (MCF7 and G1) 

and control cells (L929) were seeded in 96-well plates at a 

density of 5,000 cells per well. After the overnight incuba-

tion at 37°C, cells were treated with varying concentrations 

of NPs. For the antiproliferative effect of NPs, we studied 

the cytotoxic effects of dual-targeted, single-drug-loaded 

NPs (Dt-Cur-PLGA-MNPs and Dt–5FU–PLGA–MNPs) 

and nontargeted NPs with a combination of the drug 

(Dd–PLGA–MNP) and Dt–Dd–PLGA–MNPs. Cell viabil-

ity was determined up to 96 hours following NP treatment 

using alamarBlue assay. Determination of the cell viability 

in the presence of drug-loaded NPs indirectly quantifies the 

cytotoxicity caused by these NPs. All the experiments were 

performed in triplicate. The cells were also plated on six-well 

plates to examine the therapeutic efficacy of Dt–Dd–PLGA–

MNPs by phase contrast microscopy.

Mode of cellular death induced  
by Dt–Dd–PLGA–MNPs
Mitochondrial depolarization studies
The effect of Dt–Dd–PLGA–MNP nanoformulation on 

membrane potential was studied by mitochondrial membrane 

depolarization on MCF7 and G1 cells. Briefly, the cells were 

grown in a glass-based dish and an appropriate amount of 

Dt–Dd–PLGA–MNPs was treated and incubated at 37°C for 

24 hours. The cells were washed with cold PBS three times 

to remove unbound NPs, and they were then stained with 

cationic dye JC-1. The cells stained with the dye were incu-

bated for 15 minutes at 37°C to permit a potential-dependent 

accumulation of the dye in the mitochondria of the cells. In 

normal healthy cells, owing to the electrochemical potential 

gradient, JC dye accumulates in the mitochondrial matrix, 

where it forms red fluorescent aggregates and provides 

bright red fluorescence. Curcumin in the nanoformulation 

degenerates the MMP and prevents the accumulation of the 

JC-1 dye in the mitochondria. Thus, the dye is distributed 

throughout the entire cell resulting in a shift from red to green 

fluorescence of the JC-1 monomers. After 15 minutes, the 

cells were washed with PBS twice and viewed under confocal 

microscopy (Olympus IX81 under DU897 mode).

Cytoskeletal destabilization by Dt–Dd–PLGA–MNPs
To study the effect of Dt–Dd–PLGA–MNPs on the cytoskel-

etal organization of cells, confocal microscopy analysis of the 

cancer cells was performed in MCF7 and G1 cells. MCF7 and 

G1 cells were cultured on glass-base dishes for 24 hours prior 

to NP treatment and the cells were incubated for 48 hours. 

After incubation, the cells were washed three times with PBS 
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to remove unbound NPs. The cells were stained with tubulin 

and actin markers and viewed under a confocal microscope 

(Olympus IX81 in DU897 mode) using a 100 × oil objective 

and 488/561 nm excitation.

Determination of apoptosis induced  
by nanoformulation
Apoptosis includes a series of highly orderly events associated 

with programmed cell death that is depicted by definite fea-

tures such as shrunken cell morphology, membrane blebbings, 

nuclear condensation, appearance of blisters, and so on. On the 

other hand, necrosis is cell death stimulated by external dam-

age, and the necrotic cells are characterized by the distorted 

cell structure and lysis of the plasma membrane, and by the 

incidence of swollen nuclei without condensed chromatin, thus 

leading to cell death. The apoptotic population of cells when 

treated with Dt–Dd–PLGA–MNPs was determined by flow 

cytometry and confocal microscopy with the Annexin V-FITC 

and propidium iodide apoptosis kit (Sigma-Aldrich). For flow 

cytometry, cells were grown in six-well plates at a density of 

2.5 × 106 cells, treated with an appropriate concentration of 

Dt–Dd–PLGA–MNPs. After incubation, the cells were washed 

with PBS and resuspended in 1X binding buffer. A total of 5 µL 

of Annexin V-FITC conjugate and 10 µL of propidium iodide 

solution were added to each cell suspension. The cells were 

incubated at room temperature for 10 minutes and protected 

from light. Fluorescence of the cells was determined by flow 

cytometry. For qualitative determination, cells were grown in 

a glass-base dish and incubated overnight at 37°C. The next 

day, the medium was removed, and fresh medium containing 

Dt–Dd–PLGA–MNPs was added. After the incubation, the 

cells were washed thrice with PBS. Subsequently, the cells 

were stained with Annexin V conjugate and PI, based on the 

manufacturer’s protocol. The images were viewed under confo-

cal microscopy (Olympus IX 81 under DU897 mode).

MHT-based cytotoxicity studies
In order to study the synergistic effect of the encapsulated 

drug in our nanoformulation, we performed a drug release 

study under a magnetic field. Dt–Dd–PLGA–MNPs of dif-

ferent pH levels (7.4 and 4.5) were subjected to an alternating 

current (AC) magnetic field (H=18.03 kA/m; B=166.25 A; 

frequency =305 KHz) for 60 minutes and 120 minutes, and the 

percentage of drug release was quantified. We have exploited 

the magnetic potential of the nanoformulation by performing 

MHT on control (L929) and cancer cells (MCF7 and G1). The 

cells for the MHT studies were seeded at a density of 1.6 × 105 

cell/mL in 35 mm tissue culture dishes. After attaining 80% 

confluency, the culture was replenished with a fresh medium 

containing 1 mg/mL of Dt–Dd–PLGA–MNPs. The cells were 

incubated for 4 hours and after incubation, the cells were 

washed three times with PBS to remove unbound NPs. The 

NP-internalized cells were exposed to the AC magnetic field (H 

=18.03 kA/m; B =166.25 A; frequency =305 KHz) for 60 min-

utes and 120 minutes. After treatment, the cells were harvested 

by trypsinization (0.025% trypsin for 5 minutes), and counted 

in the presence of Trypan blue to determine cell viability. The 

viability of the cells that were exposed to the magnetic field 

was compared with that of the control cells at 37°C, which were 

not treated with the NP suspension or exposed to the magnetic 

field. The experiments were done in triplicate.

The effect of incubation time on the viability of the cancer 

cells after MHT was studied by incubating the cells in a CO
2
 

incubator at 37°C for varying periods of time (12 hours and 

24 hours). The number of cells was counted to determine 

the change in the viability of cells with different incubation 

periods. The viability of the MHT-treated cells was compared 

to that of the control cells at 37°C; the control cells were not 

treated with a NP suspension or exposed to a magnetic field. 

The experiments were done in triplicate.

Cytoskeletal destabilization  
by Dt–Dd–PLGA–MNPs induced by MHT
To study the effect of MHT on the cytoskeletal organization 

of cells and to study the mechanisms of cell death induced 

by nanoformulation, confocal microscopy analysis of the 

cancer cells treated with targeted NPs was performed. MCF7 

and G1 cells were cultured on glass-base dishes for 24 hours 

prior to NP treatment. The cells with the nanoformulation 

were exposed to the AC magnetic field (H =18.03 kA/m; B 

=166.25 A; frequency  =305  KHz) for 120  minutes. After 

treatment, the cells were washed three times with PBS to 

remove unbound NPs. The cells were stained with tubulin and 

actin markers, and were viewed under a confocal microscope 

(Olympus IX81 in DU897 mode) using a 100 × oil objective 

and 488/561 nm excitation.

Qualitative determination of LIVE/DEAD  
cells after MHT
The LIVE/DEAD Viability/Cytotoxicity Assay Kit was 

used for the simultaneous determination of live and dead 

cells after MHT on the cancer cells. Briefly, MCF7 and 

G1 cells were grown in a glass-base dish for 24 hours with 

standard medium and the cells were then replenished with 

fresh medium containing Dt–Dd–PLGA–MNPs. The cells 

were exposed to the AC magnetic field (H =18.03 kA/m; B 
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=166.25 A; frequency =305 KHz) for 120 minutes. Following 

hyperthermia, the cells were washed in cold PBS to remove 

unbound NPs, and they were then stained with the reagents in 

the LIVE/DEAD viability kit. The images were viewed under 

confocal microscopy (Olympus IX81 under DU897 mode).

Results and discussion
We have successfully encapsulated MNPs and two 

potential drugs, curcumin and 5FU, into a biodegradable 

PLGA polymer by the solvent evaporation technique, as 

depicted in Figure  1A. The specificity for the nanocon-

jugate was imparted by two targeting moieties, F and 

Tf via an EDC/NHS coupling reaction as represented 

in Figure  1B. Thus, the targeted nanoconjugate (Dt–

Dd–PLGA–MNPs) could deliver the therapeutic agents 

to the cancer cells, and these agents could be proficiently 

internalized into the cancer cells through receptor-mediated 

endocytosis.
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Figure 1 Schematic of the synthesis of Dd–PLGA–MNPs and biofunctionalization of NPs with F and Tf to form Dt–Dd–PLGA–MNPs.
Notes: (A) Schematic of synthesis of Dd–PLGA–MNPs; (B) biofunctionalization of NPs with F and Tf to form Dt–Dd–PLGA–MNPs.
Abbreviations: PLGA, poly(D,L-lactic-co-glycolic acid); CUR, curcumin; MNP, magnetic nanoparticle; 5FU, 5-Fluorouracil; PVA, polyvinyl alcohol; 
EDC, N-(3-dimethylaminopropyl)-N0-ethylcarbodiimidehydro-chloride; NHS, N-hydroxysuccinimide; F, folate; Tf, transferrin; NPs, nanoparticles; Dd–PLGA–MNPs, 
double drug loaded magnetic nanoparticle-encapsulated poly(D, L-lactic-co-glycolic acid) nanoparticles; Dt–Dd–PLGA–MNPs, double targeted double drug loaded magnetic 
nanoparticle-encapsulated poly(D, L-lactic-co-glycolic acid) nanoparticles.
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The TEM observations of the plain MNPs and PLGA–

MNPs are shown in Figure 2A and B. We have observed 

smooth and spherical MNPs with an average size in the range 

of 10±3 nm. By TEM analysis, PLGA–MNPs exhibited mul-

tiple MNPs encapsulated into a single PLGA NP and revealed 

high monodispersity, devoid of any aggregation with an aver-

age size of 150 nm. The presence of multiple MNPs in single 

PLGA NP could augment the magnetization responsiveness 

of nanoconjugate for magnetism-related studies. 

Energy-dispersive X-ray spectroscopy analysis was per-

formed to check for the presence of Fe, C, and O in the MNPs 

and PLGA–MNPs (Figure 2C and D). SEM analysis of the 

PLGA–MNPs also supported the TEM observations, as the 

PLGA–MNPs were monodisperse, uniform, spherical, and 

smooth surfaced, with an average size of 150 nm (Figure 2E). 

The AFM image of the NPs that was taken under high resolu-

tion also displayed a smooth surface and had a uniform size 

distribution of 150 nm (Figure 2F).

To confirm the attachment of targeting ligands (F and Tf) 

onto Dd–PLGA–MNPs, XPS was carried out. For the XPS 

studies, we analyzed Dd–PLGA–MNPs and Dt–Dd–PLGA–

MNPs, and the result is provided in Figure 3. In the case of 

Dt–Dd–PLGA–MNPs, C and N peaks along with Si and O 

(arising from substrate) were seen. The N peak is from the 

conjugated biomoieties (F and Tf) on Dt–Dd–PLGA–MNPs, 

thus providing evidence for the appropriate functionalization 

and conjugation of the targeting moieties on the NPs. In the 

case of Dd–PLGA–MNPs, the N peak was absent, signifying 
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Figure 2 TEM, TEM–EDS, SEM, and AFM images of MNPs and PLGA–MNPs.
Notes: (A and B) TEM image of MNPs and PLGA–MNPs; (C and D) TEM–EDS of MNPs and PLGA–MNPs; (E) SEM of PLGA–MNP; (F) AFM of PLGA–MNP.
Abbreviations: TEM, transmission electron microscopy; EDS, energy-dispersive X-ray spectroscopy; SEM, scanning electron microscopy; AFM, atomic force microscopy; 
MNP, magnetic nanoparticle; PLGA, poly(D,L-lactic-co-glycolic acid).
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the absence of biofunctionalization. Also, the absence of 

the Fe peak clearly indicated that MNPs and the drug were 

entrapped inside the PLGA NPs.

The magnetic property of bare MNPs and Dt–Dd–PLGA–

MNPs was investigated in VSM at 300 K, and the acquired 

results are shown in Figure  4. From the results, it was 

observed that the remanent magnetization and coercivity 

were close to zero, which clearly signified the characteristic 

of superparamagnetism. The slight decrease in magnetiza-

tion for Dt–Dd–PLGA–MNPs can be attributed to the PLGA 

coating. We could also observe that an external magnet could 

easily affect the magnetic behavior of the Fe
3
O

4
 core, and 

these conjugates can be efficiently manipulated by an external 

magnetic field, for example, in MHT.54

A key prerequisite for any nanocarrier is its high drug-

loading capacity, which could reduce the quantity of carriers 

that are necessary for its drug delivery application. In our 

study, we could attain an efficient loading of drugs (curcumin 

and 5FU) into PLGA NPs. The percentage of the drug loaded 

into the PLGA NPs was quantified spectrophotometrically 

with ultraviolet–visible spectroscopy absorption by attain-

ing the absorption values of the standard drug concentra-

tions. The encapsulation efficiency of curcumin and 5FU 

within the PLGA NPs was 71% and 63%, respectively. The 

steady and sustained release of the entrapped drug from the 

NPs is a vital consideration for the efficacious development 

of nanoformulations for biomedical applications. The sen-

sitivity of polymeric NPs to physiological changes (such 

as pH, temperature, and external stimuli that stimulate a 

sustained release of the therapeutic agent) is gaining greater 

significance.55 We studied the release of a combination drug 
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encapsulated in PLGA NPs in two different pH levels (4.5 

and 7.4), corresponding to the acidic condition in endosomes 

and the physiological pH, respectively. At different time 

intervals, the released drug at pH levels of 7.4 and 4.5 was 

collected and the supernatant was analyzed. We observed a 

pH responsive difference in the release of drugs from NPs. 

As displayed in Figure 5, the release profile of the drugs 

(curcumin and 5FU) in combination with the nanoformula-

tion exhibited a sustained release pattern, which was illus-

trated by a slower and sustained release over 144 hours. The 

release kinetics at pH 4.5 and 7.4 within 144 hours indicated 

that pH strongly influenced the release of both drugs from 

the PLGA NPs. We have observed a release of more than 

70% of curcumin and more than 80% of 5FU in a period 

of 144 hours in a pH level of 4.5. Among the two different 

pH conditions studied, the drug release during the acidic 

conditions showed a greater percentage of release of the 

encapsulated drugs, which supports the drug’s efficiency as 

an anticancer therapy.

The biocompatibility of MNP–PLGA was studied in 

normal mouse fibroblast cells (L929), a human breast 

adenocarcinoma cell line (MCF7), and a human glial cell 

line (G1) for 24 hours; an alamarBlue assay was performed 

and the results are shown in Figure 6. When the cells were 

treated with bare MNPs at the highest concentration of 1 mg/

mL, the viability was found to be 51%, 57%, and 53% for 

L929, G1 and MCF7 respectively. The cellular viability was 

significantly augmented to 90%, 89%, and 86% in L929, 

MCF7, and G1, respectively, when treated with the highest 

concentration (1 mg/mL) of PLGA–MNPs; this indicated 

the biocompatibility of the MNPs within PLGA NPs. The 

observed results confirmed the application of PLGA-coated 

MNPs for the safe delivery of encapsulated therapeutic 

agents, as well as for their use in MHT studies.

Internalization studies of nanoparticles
The internalization of single- or dual-targeted dual drug-

loaded PLGA–MNPs in cancer cells (MCF7 and G1) and in 

control cells (L929) was examined by confocal laser scanning 
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Figure 5 In vitro release of Cur and 5FU from Dt–Dd–PLGA–MNPs in phosphate buffered saline at different pH levels (4.5 and 7.4).
Abbreviations: Cur, curcumin; 5FU, 5-Fluorouracil; Dt–Dd–PLGA–MNPs, double targeted double drug loaded magnetic nanoparticle-encapsulated poly 
(D, L-lactic-co-glycolic acid) nanoparticles.

0
0

20

40

60

80

%
 v

ia
b

ili
ty

%
 v

ia
b

ili
ty

100

120

0

20

40

60

80

100

120

A

B

0.1 0.5
Concentration of nanoparticles, (mg/mL)

Concentration of nanoparticles, (mg/mL)

1

0 0.1 0.5 1

MCF7

G1

L929

MCF7

G1

L929

Figure 6 The alamarBlue assay results for the cytotoxicity of bare MNPs and 
biocompatibility of PLGA–MNPs on the MCF7, G1, and L929 cell lines.
Notes: (A) Cytotoxicity of bare MNPs and (B) Biocompatibility of PLGA–MNPs on 
the MCF7, G1, and L929 cells at various concentrations.
Abbreviations: MNPs, magnetic nanoparticles; PLGA, poly(D,L-lactic-co-glycolic 
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microscopy (CLSM). The fluorescence signal from curcumin 

was used to study the uptake of the NPs. In the case of single-

targeted NPs (either F or Tf) in MCF7 and G1 cells, the intake 

of the NPs was evident, and this is largely due to the existence 

of targeting ligands, F or Tf, both being highly expressed abun-

dantly in cancer cell lines. However, individual single-targeted 

NPs exhibited comparably equal internalization by cancer 

cells, and the fluorescence signal was not very strong. However, 

the cells treated with dual-targeted NPs exhibited the highest 

level of NP accumulation in the cell cytoplasm, and this was 

observed in MCF7 and G1 cells, emphasizing the enhanced 

uptake by dual-targeted NPs (Figure 7A). The uptake of NPs 

can be attributed to F and Tf receptor-mediated endocytosis 

by the cancer cell lines. Thus, our confocal observation 

demonstrates that dual-targeted NPs were highly specific for 

cancer cells that were internalized more than single-targeted 

NPs (either F or Tf). The results clearly described that targeted 

NPs were efficient in cancer cell targeting and internalization, 

with the dual-targeted NPs exhibiting enhanced and efficient 

uptake by the cancer cells.
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Notes: (A) Internalization of NPs (F–Dd–PLGA–MNPs, Tf–Dd–PLGA–MNPs, and Dt–Dd–PLGA–MNPs) by L929, MCF7 and G1  cells. The fluorescent intensity of 
Dt–Dd–PLGA–MNPs in cancer cells was stronger than the other nanoformulations studied signifying the efficacy of dual-targeted NPs. (B) Uptake of Dt–Dd–PLGA–MNPs 
and co-localization studies with LysoTracker red indicating presence of NPs in the lysosome.
Abbreviations: F–Dd–PLGA–MNPs, folate targeted double drug loaded magnetic nanoparticle-encapsulated poly(D, L-lactic-co-glycolic acid) nanoparticles; Tf–Dd–PLGA–
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www.dovepress.com
www.dovepress.com
www.dovepress.com


International Journal of Nanomedicine 2014:9submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

448

Sivakumar et al

Graph

Graph

Graph
L929

A

B

C

100

100

101

101

102

102

103

103

104

104

100 101 102 103 104

L929

10
0

10
0

C
ou

nt
s

C
ou

nt
s

0
0

10
0

C
ou

nt
s

0

MCF7

MCF7

FL1-H

FL1-H

FL1-H

G1

G1

L929 MCF7 G1
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When the single- and dual-targeted NPs were treated 

with control (mouse fibroblast) L929  cells, none of the 

targeted NPs was eff iciently internalized, and hence 

the fluorescence signal was not observed (Figure  7A). 

Although L929 cells also expresses F and Tf receptors, the 

expression of the receptors are under the threshold level 

for normal functioning of the cell. These results clearly 

indicated the attainment of the highly specific targeting 

directed towards the cancer cells. To confirm the endosome-

mediated entry of NPs, lysosomal staining was performed 

with LysoTracker red. The overlapping signal of the green 

fluorescent signal from curcumin and the red signal from 

lysosomes confirmed the presence of NPs in the lysosome 

(Figure 7B).

To validate the enhanced uptake of Dt–Dd–PLGA–

MNPs by the cancer cells, we have compared the cellular 

uptake of single-targeted NPs (F–Dd–PLGA–MNPs and Tf–

Dd–PLGA–MNPs) by flow cytometry. Cancer cells (MCF7 

and G1) and the control cell line (L929) cells were incubated 

with NPs for 4 hours. In the case of cancer cells, the fluo-

rescent intensity profile of Dt–Dd–PLGA–MNPs increased 

by ten times that of the single-targeted NPs, signifying the 

enhanced receptor-mediated uptake of NPs; this resulted in 

the increased internalization of the NPs into the cells (Fig-

ure 8). Furthermore, we incubated the normal cells (L929) 

with single-targeted and double-targeted NPs, and flow cyto-

metry was carried out. The results, as represented in Figure 8, 

denote that the fluorescence intensity of L929 cells incubated 
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with dual-targeted NPs was slightly more than that of the 

L929 cells with single-targeted NPs. The presence of F and Tf 

receptors that are normally present in L929 cells might have 

attributed to the slight increase in the uptake of NPs. However, 

the flow cytometry and confocal results suggested that the 

Dt–Dd–PLGA–MNPs were highly specific to the F and Tf 

receptors that were overexpressed in the cancer cells.

Therapeutic efficiency  
of the nanoformulation
To investigate the enhanced therapeutic efficiency brought 

about by the increased cellular uptake of NPs owing to the 

dual-targeting moieties that were attached to the drug-loaded 

NPs, time-dependent in vitro alamarBlue cytotoxicity assays 

were performed. For this analysis, we studied the cytotoxic-

ity assays of the dual-targeted single-drug nanoformulation 

(Dt-Cur-PLGA-MNPs and Dt–5FU–PLGA–MNPs), the 

nontargeted dual-drug-loaded nanoformulation (curcumin– 

5FU–PLGA–MNPs), and Dt–Dd–PLGA–MNPs in the 

cancer cell lines (MCF7 and G1) and control cell line 

(L929). When the MCF7 and G1 cell lines were subjected 

to both dual-targeted single-drug-loaded nanoformulation 

and the nontargeted dual-drug-loaded nanoformulation, 

they rendered more or less similar levels of toxicity to the 

cells at all concentrations. This could be attributed to the 

enhanced internalization of these nanomaterials by the 

cancer cells, which was demonstrated from the confocal 

studies. In the case of Dt–Dd–PLGA–MNPs, both cancer 

cell lines showed a higher therapeutic efficiency than the 

dual-targeted single-drug-loaded nanoformulation in all 

concentrations tested, signifying the therapeutic potential 

of curcumin and 5FU used together (Figure  9B and C). 

Meanwhile, when the NPs were treated with the control cell 

line (L929), we observed minimal cell death when compared 

to the cancer cells (Figure 9A). The minimal toxicity of the 

NPs in L929 may be due to their reduced internalization of 

NPs into the cells. However, the dual-drug-loaded NPs (non-

targeted) rendered slight toxicity to the control cells at higher 

concentrations, which could be attributed to the release of the 

drugs from the PLGA NPs within 96 hours. The cell death 

observed in L929 cells when treated with the nontargeted 

nanoformulation can be attributed to the release of the drug 

that enters the cell via passive diffusion. However, the cell 

viability was more when the L929 cells were incubated with 

the dual-targeted, dual-drug-loaded nanoformulation. The 

observed results signify and reconfirm, beyond any doubt, 

the targeting and therapeutic efficiency of double-targeted 

double-drug-loaded NPs to the cancer cells.
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Figure 9 Therapeutic potential of nanodrug formulations (Dt–Cur–PLGA–MNPs, 
Dt–5FU–PLGA–MNPs, Cur–5FU–PLGA–MNPs, and Dt–Dd-PLGA–MNPs).
Note: (A) Control L929 cells, (B) human breast adenocarinoma cells (MCF7), and 
(C) human glial cells (G1) represented as bar diagrams.
Abbreviations: Dt–Cur–PLGA–MNPs, double-targeted curcumin magnetic 
nanoparticle-encapsulated poly(D,L-lactic-co-glycolic acid) nanoparticles; 
Dt–5FU–PLGA–MNPs, double-targeted 5-Fluorouracil magnetic nanoparticle-
encapsulated poly(D,L-lactic-co-glycolic acid) nanoparticles; Cur–5FU–PLGA–
MNPs, curcumin–5-Fluorouracil magnetic nanoparticle-encapsulated poly(D,L-
lactic-co-glycolic acid) nanoparticles; Dt–Dd-PLGA–MNPs, double targeted 
double drug loaded magnetic nanoparticle-encapsulated poly(D, L-lactic-co-
glycolic acid) nanoparticles.

Mode of cellular damage induced  
by the nanoformulation
The cytotoxicity instigated by the nanodrug formulations can 

either lead to an apoptotic or necrotic means of cell death. 

Owing to the inherent toxicity rendered by the potential drugs 

(curcumin and 5FU), we considered that the cells might have 

suffered apoptosis by the interruption of vital cellular organ-
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elles that are obligatory for the normal function of the cells, 

such as depolarization of the mitochondria or disruption of 

the cytoskeleton (collapse of the tubulin and actin compo-

nents of the cells that had undergone cell apoptosis).

The decrease in the MMP in the cell is considered as 

one of the principal features to demonstrate the induction 

of the basic apoptotic pathway. So, to know the effect of 

Dt–Dd–PLGA–MNPs on the cells that confer the apoptotic 

pathway, a mitochondrial membrane depolarization study 

was done in both MCF7 and G1 cell lines by using cationic 

JC-1.56 The study of the loss of MMP by Dt–Dd–PLGA–

MNPs in MCF7 and G1 cells was analyzed by confocal 

imaging (Figure 10). It was established that during apop-

tosis, the mitochondrial permeability transition pores that 

are present inside the mitochondria, specifically in the 

inner mitochondrial membrane, open up.57–60 This situation 

that occurs inside the inner membrane of the mitochondria 

allows for the redistribution of molecules across the inner 

mitochondrial membrane, which leads to the loss of MMP. 

The results showed that drug-loaded NPs demonstrated an 

inhibition of the formation of JC aggregates, demonstrating 

a loss of ∆Ψm that was observed as green fluorescence in the 

confocal results. Thus, the F and Tf conjugated dual-drug-

loaded PLGA–MNPs presented apoptotic cell populations 

owing to the accumulation and sustained release of the drug 

from the nanoformulation, thus showing the therapeutic 

efficacy in malignant cancer cells. A combination of cur-

cumin and 5FU resulted in membrane depolarization due 

to combined action of both of the drugs simultaneously in 

cancer cells.

Damage to the cytoskeleton as a result of apoptosis, which 

was induced by Dt–Dd–PLGA–MNPs, was also investigated 

by confocal microscopy in MCF7 and G1 cells. We observed 

that the rigidity and the structure of actin and tubulin micro-

filaments were completely lost when the cells were treated 

with the nanoformulation (Figure 11). The majority of the 

cells exhibited a shrunken morphology with crumbled actin 

filaments. The disruption of the actin and tubulin cytoskel-

eton is another major indicator of the induction of apoptosis, 

which leads to the death of cells.61,62 The cells were totally 

shriveled and exhibited horseshoe-shaped nuclei, which are 

distinctive of apoptotic cell death.

We could also observe several membrane blebs with 

small vesicles, often known as apoptotic bodies, which 

can be clearly visualized from phase contrast images (Fig-

ure 12). A set of confocal images (Figure 13A and B) that 

clearly showed the different stages of apoptosis in MCF7 

and G1 are provided in bright field images from the confo-

cal microscope. Distinctive change in cellular morphology 

leading to shrunken structure, membrane blebbings, nuclear 

condensation, and the appearance of blisters can be clearly 

seen from the confocal images. These structures are often 
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Figure 10 Confocal images of MCF7 and G1 cells displaying the loss of MMP induced by Dt–Dd–PLGA–MNPs.
Abbreviations: MMP, mitochondrial membrane potential; Dt–Dd–PLGA–MNPs, double targeted double drug loaded magnetic nanoparticle-encapsulated poly 
(D, L-lactic-co-glycolic acid) nanoparticles.
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Figure 11 Actin and microtubulin staining of Dt–Dd–PLGA–MNP treated MCF7 and G1 cells.
Notes: The normal cellular morphology was lost with highly destabilized actin and microtubulin. Nuclei stained with DAPI displayed a horseshoe structure, indicating the 
symptoms of apoptosis.
Abbreviations: DAPI, 4′6,-diamidino-2-phenylindole dihydrochloride; Dt–Dd–PLGA–MNPs, double targeted double drug loaded magnetic nanoparticle-encapsulated 
poly(D, L-lactic-co-glycolic acid) nanoparticles.
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Figure 12 Phase contrast images of Dt–Dd–PLGA–MNP-treated cells.
Notes: The control cells (L929) show healthy growing cells, whereas MCF7 and G1 cells display apoptotic behavior. The cancer cells were dead by 96 hours of nanoformulation 
exposure, whereas the control (L929) cells treated with the nanoformulation were highly viable with negligible cytotoxic effects.
Abbreviation: Dt–Dd–PLGA–MNP, double targeted double drug loaded magnetic nanoparticle-encapsulated poly(D, L-lactic-co-glycolic acid) nanoparticles.
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Figure 13 Confocal (bright field) images of different stages of apoptosis induced by 
Dt–Dd–PLGA–MNPs on G1 cells and MCF7 cells.
Notes: (A) G1 cells and (B) MCF7 cells. As observed from the confocal images, upon 
treatment with the nanoformulation, the normal morphology of the cells was changed 
with the appearance of several membrane blebs, finally leading to cell death.
Abbreviation: Dt–Dd–PLGA–MNPs, double-targeted magnetic nanoparticle-
encapsulated poly(D,L-lactic-co-glycolic acid) nanoparticles.

characterized during the end stages of apoptosis. These 

results demonstrate the superiority of the dual-targeted and 

dual-drug-loaded NPs against cancer, thus increasing the 

prospects that these nanoformulations can be used for in 

vivo applications.

In addition, the synergistic effect of the double-drug 

nanoformulations further confirmed the results of the apop-

tosis study by Annexin V-PI. The synergistic effect of dual-

drug-loaded PLGA–MNPs might be due to the activation of 

apoptosis, which is related to the loss of the MMP, damage to 

the cytoskeleton, along with several other events that finally 

led to cell death.

Apoptosis induced  
by the nanoformulation
We have further analyzed apoptosis to confirm the results 

from the MMP loss and cytoskeletal damage induced by 

the Dt–Dd–PLGA–MNPs. For this, we studied the effect of 

Dt–Dd–PLGA–MNPs on MCF7, G1, and L929 cells after 

96 hours of treatment using an Annexin V-PI protocol by flow 

cytometry. The Annexin V-PI assay is based on the fact that just 

after the induction of apoptosis, phosphatidylserine is trans-

located from the inner plasma membrane to the outer leaflet. 

Since Annexin V has a strong affinity for phosphatidylserine, it 

binds to and detects the apoptotic cell population (the confocal 

observations are shown in Figure 14A). The flow cytometry 

result (Figure 14B) revealed the existence of a substantial por-

tion of early apoptotic and late apoptotic cell populations fol-

lowing treatment with Dt–Dd–PLGA–MNPs in MCF7 and 

G1 cells. We have observed early apoptosis in 25.82% of 

MCF7 cells and 17.78% of G1 cells, and late apoptosis  in 

69.37% of MCF7 cells and 77.76% of G1 cells. However, 

the apoptotic cell population in L929 was 1.91%, indicating 

the effectiveness of Dt–Dd–PLGA–MNPs, thus sparing the 

normal cells.

Magnetic hyperthermia studies  
on cancer cells
MNPs have substantial potential for their application in 

hyperthermia treatment for cancer. We have performed drug 

release from PLGA MNPs under MHT, and the results are 

provided in Figure 15A. We have observed an increase in 

the percentage of drug release (both for 5FU and curcumin) 

under a magnetic field when compared to control cells (the 

sample that was not exposed to the magnetic field). To 

examine whether our nanoformulation (MNP, PLGA–MNP, 

Dd–PLGA–MNPs, and Dt–Dd–PLGA–MNPs) are ideal 

candidates for MHT, experiments were carried out in cancer 

cells (MCF7 and G1) and control cells (L929). The treat-

ment was performed for 60 minutes and 120 minutes with 

Dd–PLGA–MNPs and Dt–Dd–PLGA–MNPs in the cells. 

The exposure of the cells to the magnetic field in the absence 

of NPs did not show any substantial cytotoxic effect on cell 

viability, clearly indicating that magnetic field exposure 

does not cause any damage to the cells (data not shown). 

The potential of MHT with MNP and PLGA–MNP was 

confirmed with the reduction of cell viability. We found that 

the cellular viability was greater in the L929 cells compared 

to the cancer cells. This may be attributed to the healthy 

nature of the normal cells when compared to the cancer 

cells. The nontargeted double-drug-loaded nanoformulation 

was highly cytotoxic to both the control cells and the cancer 

cells, owing to the nonspecificity of the nanoformulation 

(Figure 15B). However, when the cells were treated with 

the targeted nanoformulation (Dt–Dd–PLGA–MNPs) in the 

presence of the AC magnetic field for a period of 60 minutes 
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Figure 14 Confocal images and flow cytometry results of L929, MCF7, and G1 cells after treatment with Dt–Dd–PLGA–MNPs.
Notes: (A) Confocal images of Annexin V-PI staining on L929, MCF7, and G1 cells after treatment with Dt–Dd–PLGA–MNPs. (B) Flow cytometry results of L929, MCF7, 
and G1 cells after treatment with Dt–Dd–PLGA–MNPs. Both results display the presence of early apoptotic and late apoptotic cells, indicating the therapeutic potential of 
Dt–Dd–PLGA–MNPs.
Abbreviation: Dt–Dd–PLGA–MNPs, double targeted double drug loaded magnetic nanoparticle-encapsulated poly(D, L-lactic-co-glycolic acid) nanoparticles.

and 120 minutes, the viability of the cancer cells reduced 

drastically (Figure 15B).

To confirm the cell viability after hyperthermia treatment, 

we trypsinized the cells. To the cell pellet, Trypan blue was 

added and the viable cells were counted via Countess (Life 

Technologies Carlsbad, CA, USA). We observed that the 

cell cytotoxicity of Dt–Dd–PLGA–MNPs with MHT for 

60 minutes was 41% and 38% for the MCF7 and G1 cells, 

respectively. However, the cell viability decreased consider-

ably when the cells were given MHT for 120 minutes. We 

observed a cell viability of 28% and 26% for the MCF7 

and G1 cells, respectively. MHT might have triggered the 

release of the drug from the PLGA, resulting in increased 

cell death when treated for 120  minutes. Also, since the 

NPs were tagged with two potent targeting moieties (F and 

Tf), the chance of uptake of NP by the cancer cells could be 

much greater because the cancer cells possess numerous F 

and Tf receptors. We checked the effect of incubation after 

MHT treatment in MCF7 and G1  cells, and we found a 

considerable decrease in cellular viability. Cells that were 

subjected to MHT for 120 minutes were further incubated. 

The viability accessed just after 120 minutes of MHT was 

considered as 0h, and it was 28% and 26% for MCF7 and G1 

cells, respectively. The cellular viability was further checked 

at 12 hours and 24 hours of incubation. After 12 hours of 

incubation, the cell viability decreased to 16% and 11% for 

the MCF7 and G1 cells, respectively; this was almost com-

parable to the results obtained from the cytotoxicity assay by 

alamarBlue with the NPs (Figure 15C). We further extended 

the incubation period, and after 24 hours, the cell viability 
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Figure 15 Drug release studies, MHT study, and effect of MHT on the viability of MCF7 and G1 cells.
Notes: (A) Drug release studies under a magnetic field at pH levels of 7.4 and 4.5. (B) MHT study of different nanoformulations in control cells (L929) and cancer cells 
(MCF7 and G1 cells) under an alternating magnetic field for HT treatment; the viability was assessed by Trypan blue staining. (C) Effect of MHT on the viability of MCF7 and 
G1 cells at different incubation periods.
Abbreviations: 5FU, 5-Fluorouracil; Cur, curcumin; MNPs, magnetic nanoparticles; MHT, magnetic hyperthermia treatment; PLGA, poly(D,L-lactic-co-glycolic acid); Dd-
PLGA-MNPs, double drug loaded magnetic nanoparticle-encapsulated poly(D, L-lactic-co-glycolic acid) nanoparticles; Dt-Dd-PLGA-MNPs, double targeted double drug 
loaded magnetic nanoparticle-encapsulated poly(D, L-lactic-co-glycolic acid) nanoparticles.
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was 7% and 4% in the MCF7 and G1 cells, respectively. We 

consider that HT treatment resulted in immediate cell death 

after exposure to the magnetic field, but a small percentage 

of the cells survived. The surviving injured cells could not 

recuperate from the impairment induced by HT, owing to 

the combined action of the curcumin and 5FU present in the 

PLGA NP. During HT, the drugs might have diffused and 

resulted in cell death upon incubation. We propose that these 

could be the probable reasons for the cell death observed 

during incubation. Also, these results strongly suggest that 

the MHT application, along with the combination of targeted 

drugs, can work as an effectual nanotool to target heat to 

cancer-affected parts, thus considerably overcoming the 

present challenges associated with traditional HT treatments 

to maximally kill cancer cells.

Cytoskeletal damage induced upon MHT
To understand the mechanism of cell death induced by 

MHT with targeted nanoformulations, confocal micros-

copy analysis of the cells was performed. In the presence 

of an alternating magnetic field, the morphology of the 

cancer cells changed considerably.63–65 We could observe 

several membrane blebs of various sizes after field expo-

sure of 120  minutes. The blebbings were characterized 

by the presence of tubulin accumulation, as detected by 

the enhanced fluorescence of the tubulin staining, which 

was considered a strong indication of the induction of 

apoptosis. Parallel to the disruption of the microtubules, 

the actin filaments were also significantly affected by the 

MHT treatment (Figure 16). Most of the cells exhibited 

disintegrated actin filaments and shrunken morphology. 

The disruption of the actin and tubulin cytoskeleton is 

considered as one of the hallmarks of the induction of 

apoptosis leading to the death of cells. The steady decline 

in the cellular viability of the treated cells based on Trypan 

blue staining and LIVE/DEAD staining strongly supports 

the proposal that cytoskeletons of the nanoformulation-

treated cells were disturbed, and that the death signal was 

initiated upon MHT.

LIVE/DEAD assay after MHT
We used a LIVE/DEAD cytotoxicity kit for the qualitative 

determination of live and dead cells after MHT treatment 

with Dt–Dd–PLGA–MNPs in MCF7 and G1  cells. MHT 

with Dt–Dd–PLGA–MNPs results in the death of cancer cells 

by inducing both necrosis and apoptosis.66–69 We observed 

significant cell death as a result of MHT treatment, and the 

cell death was augmented significantly when curcumin and 

5FU were loaded into PLGA NPs. The LIVE/DEAD assay 

takes advantage of the fact that calcein (the assay’s reagent) 

was retained within the live cells, producing an intense uni-

form green fluorescence in the live cells. On the other hand 

EthD-1 (another assay reagent) penetrated into the damaged 

cell membranes and exhibited bright red fluorescence upon 

binding to the nucleic acids. As a result of MHT, the cancer 

cells experienced sudden shock within a short period of time, 

leading to cellular damage. We also consider that, owing to 

the heat generated by the MNPs and the enhanced release of 

the drug from the NPs during MHT, huge stress was generated 

inside the cell, which broke down almost all vital cellular 
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Figure 16 Confocal images of cytoskeletal staining with actin and microtubulin markers in control cells (before MHT) and cells after MHT with Dt–Dd–PLGA–MNP.
Notes: The control cells devoid of the nanoformulation, before MHT treatment, displayed the normal tubulin and actin architecture, whereas the cells subjected to MHT 
showed shrunken cellular morphology, highly destabilized actin and microtubulin, leading to apoptotic symptoms.
Abbreviations: MHT, magnetic hyperthermia treatment; Dt–Dd–PLGA–MNPs, double targeted double drug loaded magnetic nanoparticle-encapsulated poly(D, L-lactic-co-
glycolic acid) nanoparticles.
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Figure 17 LIVE/DEAD staining after MHT Dt–Dd–PLGA–MNPs on MCF7 and G1 cells, indicating the existence of a higher amount of dead cells.
Abbreviations: MHT, magnetic hyperthermia treatment; Dt–Dd–PLGA–MNPs, double targeted double drug loaded magnetic nanoparticle-encapsulated poly(D, L-lactic-
co-glycolic acid) nanoparticles.

Receptor-mediated uptake of NPs
(folate and transferrin receptors on cell surface)

Folate receptor

Transferrin receptor

Dd–PLGA–MNP

Endocytosed NP

Cell
death

Inhibits synthesis
of DNA/RNA Induces apoptosis

Exploited for MHT
resulting in apoptosis

5FU MNPs Curcumin
Release of drugs from endosomes

Figure 18 Schematic representation illustrating the possible mechanisms induced by Dt–Dd–PLGA–MNPs on cancer cells upon incubation and after performing MHT.
Abbreviations: NP, nanoparticle; Dd–PLGA–MNP, magnetic nanoparticle-encapsulated poly(D,L-lactic-co-glycolic acid) nanoparticles; 5FU, 5-Fluorouracil; MNPs, magnetic 
nanoparticles; DNA, deoxyribonucleic acid; RNA, ribonucleic acid; MHT, magnetic hyperthermia treatment; Dt–Dd–PLGA–MNPs, double targeted double drug loaded 
magnetic nanoparticle-encapsulated poly(D, L-lactic-co-glycolic acid) nanoparticles.

activities. The extensive necrosis in Dt–Dd–PLGA–MNP-

internalized cancer cells was clearly demonstrated from the 

EthD-positive staining of the cell populations (Figure 17), 

confirming the efficacy of these NPs in killing cancer cells. 

These events might have triggered cell damage, resulting 

in cancer cell death, as observed in the confocal images. 

These results affirmed the ability of our nanoconjugate, Dt–

Dd–PLGA–MNPs, upon MHT, which leads to the destruction 

of cancer cells, strengthening the claim that they can be used 

as potential hyperthermia agents.
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A schematic representation that explains the possible 

cytotoxic effects rendered by Dt–Dd–PLGA–MNP upon 

internalization via F and Tf receptors on the cell surface, as 

well as the release of the drug from the acidic environment 

of lysosomes is shown in Figure 18. It should be noted that 

5FU in the nanoconjugate possibly inhibits cell division 

by hindering the pathway in nucleic acid synthesis, while 

curcumin destabilizes the MMP that induces the initiation 

of apoptosis, thus triggering several pathways involved in 

apoptosis. Also the NPs collapse the cytoskeletal architec-

ture, yield nuclear condensation, and finally result in cell 

death. The MNPs encapsulated in the nanoconjugate were 

exploited for MHT, which also causes cellular damage, trig-

gering the events in apoptosis and finally cell death within 

a short period of time.

Conclusion
The ultimate goal in cancer therapy is to formulate mul-

tifunctional NPs that are tailored to specifically target the 

cancer cells while sparing the normal healthy neighboring 

cells. With this aim, we formulated dual-targeted double 

drug-loaded PLGA–MNPs in this study, which were charac-

terized and evaluated for their efficacy and appropriateness 

as targeted drug delivery systems. The formulated nanodrug 

carrier system appeared to deliver drug combinations in a 

sustained release manner, demonstrating dose-dependent and 

pH-responsive cytotoxicity in MCF7 and G1 cells. Also, for 

targeted delivery of a therapeutic payload, we functionalized 

the nanocarriers with dual-targeting ligands. Our results 

clearly indicate that curcumin along with 5FU in PLGA 

NPs resulted in enhanced uptake, cellular accumulation, and 

greater cytotoxicity in cancer cells. Further, the potential of 

MHT was studied, in which the synergistic effect of the MNPs 

and the combination of the drugs was found to be highly 

effective in destroying cancer cells within a very short period 

of time, thus triggering enhanced apoptosis. We believe that 

these fascinating dual-targeted, dual-drug-loaded magnetic 

nanoformulations served as a potential nanoplatform for 

highly proficient diagnostic and therapeutic (theragnostic) 

applications.
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