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Introduction: The efficacy of a chemotherapy drug in cancer therapy is highly determined by 

the ability to control the rate and extent of its release in vivo. However, the lack of techniques 

to accurately control drug release drastically limits the potency of a chemotherapy drug.

Materials and methods: Here, we present a novel strategy to precisely monitor drug release 

under magnetic stimulation. Methotrexate (MTX), an anticancer drug, was covalently func-

tionalized onto iron–gold alloy magnetic nanoparticles (Fe–Au alloy nanoparticles or NFAs) 

through 2-aminoethanethiol grafting and the ability of this drug–nanoparticle conjugate (NFA–

MTX) in limiting HepG2 (liver carcinoma) cell growth was studied. Well-dispersed NFAs were 

prepared through pyrolysis.

Results and discussion: Transmission electron microscopy revealed the average nanoparticle 

size to be 7.22±2.6 nm, while X-ray diffraction showed distinct 2θ peaks for iron and gold, 

confirming the presence of iron and gold nanoparticles. Inductively coupled plasma mass spec-

trometry revealed that the amount of NFA–MTX conjugate ingested by HepG2 cancer cells 

was 1.5 times higher than that ingested by L929 fibroblasts, thereby proving a higher selective 

ingestion by cancer cells compared to normal cells. Fourier-transform infrared spectroscopy 

revealed the breakage of Au-S bonds by the heat generated under magnetic field stimulation 

to release MTX from the NFA–MTX conjugate, triggering a 95% decrease in cellular viability 

at 100 µg/mL.

Conclusion: The ability of NFA–MTX to dissociate under the influence of an applied magnetic 

field provides a new strategy to induce cancer cell death via hyperthermia. Applications in drug 

delivery, drug development, and cancer research are expected.

Keywords: iron–gold nanoparticles, methotrexate, hyperthermia, superparamagnetic, controlled 

drug release

Introduction
Nanotechnology has recently emerged as an indispensable area of research, with 

applications in all fields of science. Nanoparticles, in particular, have revolutionized 

the medical industry by finding applications in pharmaceutics,1 diagnostics,2 and drug 

delivery.3 This is specifically due to the size-dependent variation in the properties of 

nanoparticles,4 allowing them to display different physical and chemical behaviors 

under varying conditions. Single metal as well as metal alloy nanoparticles are 

exploited in the fields of catalysis,5 imaging,6 and biomedical7 or tissue engineering.8,9 

A variety of nanoparticles such as gold, titania, silica, iron, and zinc sulfide have 

found applications in immunocytochemistry,10 antibacterial medications,11 fluorescent 

dyes,12 drug delivery,13,14 and biological imaging,15 respectively. Additionally, the 
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nano size of these particles makes it easier for them to be 

ingested by cells, where they can conveniently interact with 

cellular components and provide useful information about 

biological processes.

Cancer continues to be the leading cause of death in 

both developing and developed countries, with an esti-

mated 595,690 deaths in 2016 in the USA alone.16 During 

the progress of cancer, the affected cells become resistant 

to antigrowth signals,17 resulting in uncontrolled division. 

Such cells also show an increase in migration and invasion 

potential,18 which may possibly lead to the establishment of 

fresh cancer colonies throughout the body. Various methods 

such as radiotherapy and chemotherapy have been proposed 

to induce cell apoptosis and limit cancer cell multiplica-

tion. Different cancer types display different characteristics 

because of variations in the cellular population, thereby 

rendering a single drug ineffective against multiple cancers. 

This complicates the already challenging task of limit-

ing cancer metastasis. Furthermore, while the nonspecific 

distribution of chemotherapy drugs in vivo, accompanied 

with rapid clearance, significantly limits the drug potency, 

administering drugs at higher dosage is undesirable as it often 

poses a serious cytotoxic threat. To overcome the conven-

tional drawbacks of chemotherapy, a variety of drug carriers 

such as polymeric nanoparticles,19 polymeric micelles,20 

dendrimers,21 liposomes,22 magnetic nanoparticles (MNPs),23 

and silica24 or gold nanoparticles25 have been used to achieve 

targeted drug delivery (TDD).

MNPs have gained considerable attention in recent 

years because of their superparamagnetic nature,26 finding 

applications in gene delivery,27 contrast-enhancing agents,28 

tissue repair,29 and bioseparation.30 However, one of the key 

areas of MNP application lies in drug delivery, whereby a 

chemotherapy drug can be covalently functionalized onto 

MNPs, followed by its delivery to a specific site of action. 

This is due to the ease of functionalization of drug molecules 

onto MNPs, after which they can be magnetically guided to 

the site of action, making them ideal candidates for TDD. 

A major benefit of TDD is that it ensures the safety of healthy 

cells or tissues surrounding the diseased stroma.

Another technique to limit cancer cell growth is hyper-

thermia, which triggers cell death through necrosis and 

apoptosis.31 Recent studies have suggested that hyperthermia 

may actually enhance the immune system to keep the growth 

of cancer cells in check.32 However, insufficient understand-

ing of the mechanisms of hyperthermia-induced cell death 

and the inability to directly target cancer tissue are the main 

reasons for the inefficacy of hyperthermia techniques as a 

primary tool for cancer therapy. An interesting yet unex-

plored alternative to hyperthermia in cancer therapy is the use 

of heat generated by MNPs under the influence of a magnetic 

field, which induces the release of chemotherapy drugs from 

the drug–MNP conjugate, ultimately triggering cancer cell 

death. This technique may act as a cornerstone in the use 

of hyperthermia for cancer therapy, whereby the magnetic 

field strength can be modulated to control the amount of drug 

release and ultimately improve the chemotherapeutic drug 

potency. Our previous study showed the potential of iron–

gold (Fe–Au) alloy nanoparticles (NFAs) to induce hyper-

thermia. We reported the generation of 1.33×106 J of heat by 

each NFA when exposed to high-frequency induction wave 

(HFIW).33 The lone NFAs showed no signs of toxicity up to 

a concentration of 10 mg/mL. However, under the influence 

of HFIW, NFAs triggered cell death via hyperthermia.

The present study is based on the hypothesis that the 

hyperthermic property of NFAs can be further exploited to 

trigger drug release from the NFA–drug conjugate, providing 

an additional way to achieve controlled drug release and thus 

ultimately improving the chemotherapeutic drug’s efficacy 

in limiting cancer cell growth. To achieve this, methotrexate 

(MTX), a chemotherapy drug, was covalently functionalized 

onto NFA via 2-aminoethanethiol grafting, and the effect of 

an external magnetic field on drug release was studied. The 

selectively higher absorption of the NFA–MTX conjugate 

by cancer cells in contrast to that by normal fibroblasts was 

also reported. According to our results, the application of 

an external magnetic field can induce the degradation of 

the NFA–MTX conjugate. This leads to the active release 

of MTX, which is then selectively ingested by cancer cells, 

eventually triggering cell death. Thus, the ability of this 

NFA–drug conjugate to degrade as a function of the applied 

magnetic field provides an alternate way of utilizing hyper-

thermia in cancer therapy and presents a possible application 

of NFAs as drug carriers. Applications in cancer research, 

biomedical engineering, and drug delivery are expected.

Materials and methods
Materials
Dulbecco’s Modified Eagle Medium (DMEM), minimum 

essential medium alpha modification (α-MEM), and fetal 

bovine serum (FBS) were purchased from Gibco (Thermo 

Fisher Scientific, Waltham, MA, USA). Ferrous sulfate 

7-hydrate and toluene were purchased from Echo Chemical 

(Taiwan). Didecyldimethylammonium bromide, sodium 

borohydride, hydrogen tetrachloroaurate, and 3-mercapto-1

-propanesulfonic acid were purchased from Sigma-Aldrich 
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Co (St Louis, MO, USA). Absolute ethanol was purchased 

from J.T. Baker (Taiwan). All other chemicals of analytical 

grade or higher were purchased from either Sigma or Merck 

(Whitehouse Station, NJ, USA).

cell culture
L929 (mouse fibroblasts, American Type Culture Collection 

[ATCC], Manassas, VA, USA) and HepG2 (human hepa-

tocellular carcinoma, ATCC) cells were cultured in DMEM 

and α-MEM, respectively, supplemented with 10% FBS, 

100 U/mL penicillin, and 100 µg/mL streptomycin. Cell 

cultures were maintained in an incubator at 37°C at 95% 

humidity with 5% CO
2
.

Preparation of NFas
NFAs were prepared using the pyrolysis method, as described 

elsewhere.33 Briefly, the solvents were passed over nitrogen 

to remove residual oxygen. Dimethylammonium bromide 

(0.352 g) was dissolved in 20 mL of toluene and heated to 110°C 

under continuous stirring for 15 min. Iron sulfate heptahydrate 

(0.0556 g) dissolved in 0.5 mL of deionized (DI) water was then 

briskly added to the solution. After 2 min, 1.5 mL of 2 M sodium 

borohydride was added to the above solution. After another 

20 min, 1.5 mL of gold chloride solution (0.034 g of gold (III) 

chloride trihydrate and 0.5346 g of 3-mercapto-1-propanesul-

fonic acid, sodium salt) was added to the above solution. When 

the color of the above solution turned red, 1.5 mL of 2 M sodium 

borohydride was again added. The color of the solution turned 

purple and slowly faded. The solution was stirred for 30 min, 

after which 0.5 mL of 2 M aqueous sodium borohydride was 

added. The solution was kept at 84°C for 3 h.

Purification of NFAs
The synthesized NFAs were mixed with ethanol and centri-

fuged at 7,000 rpm for 15 min. The precipitate was washed 

several times with ethanol and chloroform. The dark-green 

solid sample was collected, dried in vacuum for 10 h, and 

finally placed in the presence of a magnetic field for magnetic 

separation. The magnetically induced portion was collected 

and characterized.

characterization of NFas
Transmission electron microscopy (TEM; JEM-1230; JEOL, 

Tokyo, Japan) and dynamic light scattering (DLS) were used 

to characterize the size and morphology of the NFAs, while 

the crystalline phases were identified using X-ray powder 

diffraction (XRD; Shimadzu XRD-6000; Shimadzu Corpora-

tion, Kyoto, Japan). The nanoparticle size was calculated by 

analyzing the TEM images using ImageJ. At least 50 mea-

surements were taken to calculate the average nanoparticle 

size. The zeta potential was measured using Malvern Zeta-

sizer Nano ZS90 (Malvern Instruments, Malvern, UK). Laser 

light of 660 nm was used for the analysis.

MTX functionalization onto NFas
MTX was covalently attached onto NFAs using a two-step 

functionalization process. In the first step, 1 mg of NFAs 

and 10 mg of 2-aminoethanethiol were mixed in anhydrous 

alcohol (ethanol). The mixture was subjected to ultrasonica-

tion for 24 h at 40°C–50°C. The product was then washed 

three times with ethanol and purified. Fourier-transform 

infrared spectroscopy (FTIR) was used to detect and confirm 

the functionalization of 2-aminoethanethiol onto NFAs. 

In the second step, MTX was first dissolved in 17 mL of 

dimethyl sulfoxide to form solution A. Subsequently, 1-ethyl-

3-(3-dimethylaminopropyl) carbodiimide hydrochloride 

(75 mM) and N-hydroxysuccinimide (15 mM) were dis-

solved in 17 mL of DI water to form solution B. Solutions A 

and B were mixed together, the pH was adjusted to 8.2, and 

5 mg of NFAs was then added to the above mixture and 

incubated for 24 h. FTIR analysis was performed to confirm 

the functionalization of MTX onto the NFAs.

NFa–sh bond cleavage for drug release
To investigate the efficiency of an external magnetic field in 

cleaving the NFA–SH bond, which can trigger MTX release, 

5 mg of NFA–SH was dispersed in 0.5 mL of DI water and 

placed in the presence of a high-frequency alternating current 

(AC) magnetic field for 20 min. The product was washed 

several times. FTIR was used to study the NFA–SH bond 

cleavage before and after magnetic stimulation.

controlled drug release
NFA–MTX (2 mg) was dispersed in 5 mL of DI water and 

exposed to an AC magnetic field (frequency: 700–1,100 kHz) 

for different time durations (10, 20, and 30 min) to eluci-

date the effect of exposure time on MTX release from the 

NFA–MTX conjugate. NFA–MTX conjugates dispersed 

in DI water unexposed to the AC magnetic field were used 

as controls.

study of NFa–MTX ingestion by cells
First, the NFA–MTX mixture was kept under ultraviolet 

(UV) light for 4 h to be sterilized. L929 and HepG2 cells 

were seeded at a density of 1×105 cells in a 6 cm Petri dish. 

The sterilized NFA–MTX mixture was added to the cells. 

www.dovepress.com
www.dovepress.com
www.dovepress.com


International Journal of Nanomedicine 2018:13submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

5502

li et al

Cell cultures were maintained for 24 h, after which they were 

washed three times with 1 mL of RPMI serum-free medium, 

trypsinized, and dissolved in 1 mL of nitric acid. Inductively 

coupled plasma mass spectrometry (ICP-MS) was then 

performed to measure the iron ion concentration.

cell viability
The cytotoxicity of NFA–MTX was studied using HepG2 

cells, which were seeded in a 96-well plate at 1×104 cells 

per well. A fixed amount of NFAs (100 µL), varying dos-

ages of NFA–MTX conjugate (0.1, 0.075, 0.05, 0.025, or 

0.01 mg/mL), or MTX (0.01 mg/mL) alone were added to 

cells. The cells were cultured for 24 h and exposed to an 

AC magnetic field for 20 min. Five different experimental 

conditions were established at this point. Condition 1 con-

sisted of cells cultured in NFAs. Condition 2 consisted of 

cells cultured in NFAs and exposed to a magnetic field for 

20 min. Condition 3 consisted of cells cultured in NFA–

MTX conjugates. Condition 4 consisted of cells cultured in 

NFA–MTX conjugates and exposed to a magnetic field for 

20 min. Condition 5 consisted of cells in MTX only. After 

treatment, the cell culture medium was removed and the 

WST-8 assay (Sigma-Aldrich) was performed. WST-8 is a 

water-soluble tetrazolium salt used to assess cell metabolic 

activity. WST-8 solution (10 µL) was added and incubated 

for 4 h. Absorbance was then measured at 450 nm against a 

reference value at 630 nm and expressed as the relative absor-

bance using a microplate reader (Sunrise remote F039300; 

Tecan, Männedorf, Switzerland). Cells seeded in culture 

wells in standard medium were used as controls.

statistics
All experiments were performed in triplicates, and data are 

expressed as mean ± SD. Unpaired-samples t-test (SPSS 

17.0 software; SPSS Inc, Chicago, IL, USA) was used for 

statistical analysis, and the level of significance was set as 

p,0.05. Results from each group were first normalized 

with respect to the control group and then expressed as 

graphs.

Results and discussion
characterization of NFas
A schematic representation of the conjugation of NFA 

nanoparticles with MTX is shown in Figure 1. NFAs were 

Figure 1 schematic representation of MTX conjugation with NFa nanoparticles and its hFIW-mediated release.
Abbreviations: eDc, 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide; MTX, methotrexate; NFa, Fe–au alloy nanoparticles; hFIW, high-frequency induction wave.
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synthesized through the pyrolysis process using iron sulfate 

heptahydrate and hydrogen tetrachloroaurate as sources 

of iron and gold, respectively. TEM was used to analyze 

the morphology and size of the nanoparticles (Figure 2A), 

revealing that round NFAs had an average diameter of 

2.8±0.95 nm (Figure 2B). In our previous study, we observed 

the average size of the NFA to be 3.9 nm.33 A small difference 

in the alloy nanoparticle size may be attributed to a minute 

variation in the annealing temperature.34 However, since 

there is no difference between the nanoparticles synthesized 

in this study and those in our previous study with respect 

to their composition, these nanoparticles were considered 

apt for further experiments. The estimated volume of the 

particles was 21.1 nm3. XRD was used to analyze the crystal 

structure of the NFAs (Figure 2C). The (111), (200), and 

(220) planes of face-centered cubic gold were highlighted 

by the 2θ peaks at 38.67°, 44.81°, and 64.4°, respectively, 

while the (110) and (200) planes of the body-centered cubic 

iron were highlighted by the 2θ peaks at 43.9° and 64.8°, 

respectively (Figure 2C). The importance of the 2θ peaks lies 

in the fact that they reflect the crystal structure, as a transition 

in the peaks cannot only lead to a different crystal structure – 

which might trigger a change in the binding of NFAs with 

MTX – but also incite a different kind of behavior from the 

cellular entities. The 2θ peaks pertaining to different elements 

in the alloy nanoparticles were firmly consistent with the 

results of our previous study,33 as well as with those obtained 

by Krishnamurthy et al,35 thereby confirming the formation 

of NFAs. Furthermore, the absence of any arbitrary peaks 

also confirmed the purity of the NFAs.

An interesting aspect to consider at this point is the shape 

of the nanoparticles. Some studies have reported a modulation 

in the properties of nanoparticles with their shape.36 Although 

the nanoparticles synthesized in the studies are single nano-

particles, it cannot be entirely ruled out that a modulation in 

the shape of NFAs may affect the amount of heat generated 

Figure 2 characterization of NFas.
Notes: (A) TeM image of NFas (scale bar =200 nm). (B) Dls to analyze the size distribution of NFa nanoparticles. (C) XrD patterns of gold, iron, and resulting NFas.
Abbreviations: NFa, Fe–au alloy nanoparticles; TeM, transmission electron microscopy; Dls, dynamic light scattering; XrD, X-ray powder diffraction.
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under an applied magnetic field (AMF). Further experiments 

will be required to confirm this hypothesis.

Formation of NFa–MTX conjugate
FTIR was performed to confirm that MTX was success-

fully functionalized onto the NFAs. The FTIR spectra of 

unmodified NFAs and MTX-conjugated NFAs are shown in 

Figure 3A. NFA does not show any distinct peaks or bends 

because of the absence of any functional groups. The pres-

ence of C-N stretching between 1,350 and 1,000 cm-1 and 

N-H bending between 1,640 and 1,550 cm-1 confirmed that 

NFAs were successfully grafted with 2-aminoethanethiol 

(Figure 3A). MTX typically shows characteristic IR absorp-

tion peaks between 1,630 and 1,680 cm-1, as reported by 

Kohler et al.37 Thus, our results are consistent with those in 

the previous studies. The presence of a distinct MTX peak 

in the NFA–MTX mixed samples confirmed the conjugation 

of MTX onto NFAs.

Surface potential was also analyzed to further confirm 

NFA–MTX conjugation (Figure 3B). The amount of NH
3
+ 

present follows the trend NFA–MTX . NFA–SH . NFA. 

Since the presence of an acidic environment triggers the 

formation of NH
3

+, the maximum zeta potential was shown 

by NFA–MTX, confirming that MTX was successfully 

conjugated onto NFA.

controlled drug release in the presence 
of an external magnetic field
One of the key factors limiting the applications of che-

motherapy drugs is the lack of techniques to control their 

release. The uncontrolled release of a drug can be lethal 

to the nearby healthy tissues. Therefore, to overcome this 

issue, in the next step, we analyzed the effect of the dura-

tion of AMF on drug release. UV–visible spectroscopy was 

performed to evaluate the effect of AMF duration on drug 

release from the NFA–MTX conjugate (Figure 4A). The 

NFA–MTX conjugate was subjected to an external magnetic 

field (frequency: 700–1,100 kHz) for 10, 20, and 30 min, 

and absorption at 304 nm was measured. Interestingly, with 

an increase in AMF duration, we observed an incremental 

release of MTX from the NFA–MTX conjugate (Figure 4A). 

Pure NFA did not show any representative peak at 304 nm. 

However, after 10 min of exposure, a distinct MTX peak was 

observed at 304 nm. The absorption at this time point was 

0.11, which increased to 0.16 after 20 and 30 min of exposure 

to the magnetic field, confirming the successful release of 

MTX from the NFA–MTX conjugate (Figure 4A). This is 

one of the key findings of this research, whereby controlled 

drug release using MNPs is demonstrated. After incubating a 

known amount of MTX with NFA–SH, it was calculated that 

each milligram of NFA–SH was conjugated to 0.02276 mg 

of MTX. Furthermore, it was determined that each NFA 

was conjugated to nine MTX molecules and that exposure 

to the AMF for 30 min resulted in the release of two MTX 

molecules (data not shown). Quantitative release of MTX 

was also observed. Absorption of free MTX at fixed concen-

trations of 0.001, 0.01, 0.025, 0.05, 0.075, and 0.1 mg/mL 

was measured at 304 nm, revealing an incremental change 

in the absorption with increasing amounts of free MTX 

(Figure 4B).

Figure 3 conjugation of MTX onto NFas.
Notes: (A) FTIr spectrum showing the presence of different functional groups in NFa–sh, pure NFa, and MTX-conjugated NFa. (B) Zeta potential measurement of NFa, 
NFa–sh, and NFa–MTX demonstrating successful conjugation of MTX onto NFa.
Abbreviations: MTX, methotrexate; NFa, Fe–au alloy nanoparticles; FTIr, Fourier-transform infrared spectroscopy.
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Mechanism of NFa–sh bond cleavage 
and drug release
In the next step, we elucidated the mechanism of MTX 

release from the NFA–MTX conjugate. Previous studies 

have reported the generation of 1.33×10-16 J of heat by 

each NFA under the presence of an external magnetic field 

(frequency: 700–1,100 kHz).33 In this study, FTIR was 

performed to analyze the presence of functional groups 

before and after the influence of an external magnetic field 

(Figure 5). Before heating, FTIR analysis revealed the pres-

ence of C-N stretching and N-H bending, which disappeared 

after the influence of the external magnetic field for 20 min 

(Figure 5). Since the Au–S bond energy is on the order of 

45 kJ/mol (45,000/6.02/1,023 = 7.47×10-20 J per SH), it can 

be deduced that the energy provided in the form of heat was 

used to cleave the Au–S bonds, resulting in MTX release.

Intracellular uptake
One of the major limitations of using chemotherapy drugs for 

cancer treatment is their nonspecific absorption by healthy 

stroma, leading to cell death. To counter this, we chose 

MTX because of its proven higher absorption by cancer cells 

compared to that by normal cells.37 To evaluate the efficiency 

of NFA–MTX ingestion by different types of cells, ICP-MS 

was performed (Figure 6). ICP-MS analysis revealed a sub-

stantial difference in the ingestion rates of NFA–MTX by 

normal fibroblasts and cancer cells. The amount of NFA–

MTX ingested by HepG2 cancer cells was 0.79 pg/cell 

compared to 0.53 pg/cell by the L929 fibroblasts (Figure 6). 

The 1.5-fold higher intake by the cancer cells compared to 

that by the normal fibroblasts demonstrated the specific use 

of NFA–MTX conjugates for cancer therapy.

As shown in the past by Kohler et al,37 MTX uptake by 

breast cancer MCF-7 cells was nearly 16 folds higher com-

pared to that by cardiomyocytes. Our results are consistent 

with the previous studies as we observed a 1.5-fold higher 

intake by HepG2 cancer cells compared to that by fibroblasts. 

While the ratio of drug intake by HepG2 to L929 was not as 

high as that observed by Kohler et al,37 the cell lines used in 

the two studies may be the explanation for this difference. 

Figure 4 UV–visible spectroscopy demonstrating controlled release of MTX under AMF and its quantification.
Notes: (A) MTX-conjugated NFas were subjected to aMF for 10, 20, or 30 min and absorption was measured at 304 nm. (B) UV–visible spectroscopy of free MTX at 
concentrations of 0.001, 0.01, 0.025, 0.05, 0.075, and 0.1 mg/ml.
Abbreviations: UV, ultraviolet; NFA, Fe–Au alloy nanoparticles; MTX, methotrexate; AMF, applied magnetic field.

Figure 5 FTIr spectrum demonstrating the mechanism of MTX release from NFa–
MTX conjugate.
Note: NFas were functionalized with sh before and after being subjected to aMF.
Abbreviations: FTIr, Fourier-transform infrared spectroscopy; MTX, meth-
otrexate; NFA, Fe–Au alloy nanoparticles; AMF, applied magnetic field.
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Figure 6 IcP-Ms of l929 and hepg2 cells demonstrating the uptake of NFa–MTX.
Notes: l929 and hepg2 cells were incubated in 0.001 mg/ml NFa–MTX and 
evaluated by IcP-Ms. error bars represent mean ± sD. There is a statistical 
difference (p,0.01) between these two groups.
Abbreviations: IcP-Ms, inductively coupled plasma mass spectrometry; MTX, 
methotrexate; NFa, Fe–au alloy nanoparticles.

Thus, more experiments should be done to elucidate the 

uptake of NFA–MTX conjugates by different cancer cell 

lines. Nevertheless, the release of MTX via hyperthermia 

will evidently be ubiquitous.

Another important aspect is the position of the bond at 

which cleavage occurs for active MTX release. We hypoth-

esize that after being ingested by cells, the NFAs find their 

way into the lysosomal compartment of the cells, wherein 

low pH and proteases degrade the amide bond, causing 

efficient release of MTX in its active form. This hypothesis 

is backed by similar experiments conducted by Kohler 

et al.37 However, for this study, further experiments need to 

be conducted to confirm the efficacy of this mechanism in 

triggering MTX release.

cell viability assay
All nanoparticle–drug conjugates possess a certain extent 

of cytotoxicity. A nanoparticle–drug conjugate with lower 

cytotoxicity will ensure less damage to the healthy stroma 

surrounding the cancer cells. Thus, to compare the cytotoxici-

ties of NFA–MTX and unconjugated MTX, we tested NFA–

MTX at concentrations ranging from 0.1 to 0.01 mg/mL 

and compared the results with the cytotoxicity of MTX at a 

fixed concentration of 0.01 mg/mL (Figure 7). HepG2 cells 

were incubated in different concentrations of NFA–MTX 

conjugates and MTX drug, and cell viability was then evalu-

ated using the WST-8 assay. The WST-8 assay revealed a 

consistent decrease in cytotoxicity with the decrease in the 

concentration of NFA–MTX conjugates. After 24 h of incu-

bation, for NFA–MTX, the relative absorption corresponding 

to cell viability was maintained at 56% at a concentration of 

0.1 mg/mL and at 93% at 0.01 mg/mL (Figure 7A). In con-

trast, at the same concentration (0.01 mg/mL) of MTX alone, 

absorption was maintained at 59%, proving that at a fixed 

concentration, MTX is more cytotoxic to cells compared to 

the NFA–MTX conjugate (Figure 7A). Similar results were 

also obtained after 48 h of incubation. Relative absorption 

was maintained at 40% for NFA–MTX at 0.1 mg/mL and 

increased to 77% at 0.01 mg/mL. Strikingly, at the same 

concentration (0.01 mg/mL) of MTX alone, the absorption 

dropped to 37% (Figure 7B).

Our results showed that the NFA–MTX conjugates 

reduced the cytotoxicity of MTX by at least two folds. This 

implies that MTX is essentially inactive when bound to 

NFAs. Thus, NFA is not only crucial for controlled drug 

Figure 7 WsT-8 assay performed to measure the relative cell viability.
Notes: hepg2 cells were cultured in different concentrations (0.1–0.01 mg/ml) of NFa–MTX or in 0.01 mg/ml MTX for (A) 24 h and (B) 48 h. error bars represent mean ± sD. 
*statistical difference (p,0.05) of the group as compared to the control.
Abbreviations: MTX, methotrexate; NFa, Fe–au alloy nanoparticles.
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release, but it also ensures the safety of the cells surround-

ing the NFA–MTX conjugate. A small decrease in the cell 

viability with an increase in the NFA–MTX concentration 

can therefore be attributed to the NFAs.

MTX release from NFa–MTX conjugate 
triggers cancer cell death
To evaluate the efficiency of MTX release from NFA–

MTX conjugates, after cleavage of the Au–S bond under 

the influence of an external magnetic field, in triggering 

cancer cell death, HepG2 cells were incubated in different 

concentrations (10, 100, and 200 µg/mL) of NFA–MTX 

and subjected to a magnetic field for 20 min (NFA–MTX 

(M)) (Figure 8). The cytotoxicity of the MTX released from 

Figure 8 WsT-8 assay performed to determine the effect of aMF in hyperthermia-induced drug release on cancer cell viability.
Notes: cell viability was determined using WsT-8 assay after hepg2 cells were incubated in NFa or NFa–MTX for 24 h without or with aMF (NFa (M)/NFa–MTX (M)) 
for 20 min with NFa–MTX at (A) 10 µg/ml, (B) 100 µg/ml, and (C) 200 µg/mL. A fixed concentration of NFA (100 µl) was also studied. M indicates magnetic field alone. 
error bars represent mean ± sD. *statistical difference (p,0.05) of the group as compared to the control.
Abbreviations: AMF, applied magnetic field; NFA, Fe–Au alloy nanoparticles; MTX, methotrexate.

NFA–MTX was also compared with that of the NFAs alone 

(NFA; 100 µL), NFAs under the influence of a magnetic 

field (NFA (M)), NFA–MTX without any magnetic field 

stimulation (NFA–MTX), and magnetic field alone (M). 

WST-8 assay was performed to evaluate the relative cell 

viability normalized to the cells seeded without any treat-

ment as a control (Figure 8). Cell viability decreased by 

13%, 30%, and 32% in NFA (100 µL), NFA (M) (100 µL), 

and NFA–MTX (10 µg/mL) (Figure 8A). Strikingly, a 

maximum decrease of 51% was observed in NFA–MTX 

(M) at 10 µg/mL. Cell viability was only 5% in NFA–MTX 

(M) at 100 (Figure 8B) and 200 µg/mL (Figure 8C). The 

cell viabilities of these two groups were the lowest among 

all experimental conditions, demonstrating that the MTX 
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released from the conjugate via hyperthermia effectively 

triggered cancer cell death.

Interestingly, at 200 µg/mL, NFA–MTX alone and NFA–

MTX (M) both showed similar cytotoxicity, implying that a 

saturation level was achieved. Thus, a fine balance between 

the toxicity of NFA–MTX alone and of NFA–MTX (M) must 

be maintained to utilize this nanoparticle–drug conjugate to 

its true potential. However, testing would need to be carried 

out at more concentrations in the future to elucidate the ideal 

NFA–MTX concentrations for different cancer therapies. 

According to the results of this study, MTX-conjugated NFAs 

can be successfully utilized to achieve controlled drug release 

via hyperthermia and target cancer cells. The findings of the 

present study may help in engineering drug–nanoparticle 

conjugates for cancer therapy in achieving TDD in the field 

of biomedical engineering.

Conclusion
In the present study, we have engineered MTX-conjugated 

NFAs using 2-aminoethanethiol grafting. Our results showed 

that under the influence of an AMF, NFAs generate heat, 

which leads to the cleavage of Au–S bonds and results in 

MTX release. Thus, controlled drug release can be achieved 

by modulating the AMF. We also demonstrated the higher 

absorption of this drug–nanoparticle conjugate by cancer 

cells compared to that by normal cells, making it an ideal can-

didate for chemotherapy. The concentration of NFA–MTX 

conjugates was also optimized to ensure minimal cytotoxic 

effects. Finally, the ability of this conjugate to be specifically 

absorbed by cancer cells and trigger their death was also 

elucidated. This study highlights an alternate way of using 

hyperthermia to achieve controlled drug release. According 

to the results, MTX-conjugated NFAs can be successfully 

used to achieve controlled drug release via hyperthermia. 

Applications in therapeutics, biomedical engineering, and 

cancer research are expected.
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