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Abstract
Introduction: Due to the side effects of 
drugs, the development of nanoscale drug 
delivery systems has led to a significant 
improvement in medicinal therapies due to 
drug pharmacokinetics changes, decreased 
toxicity, and increased half-life of the drug. 
This study aimed to synthesize tamoxifen 
(TMX)-loaded L-lysine coated magnetic 
iron oxide nanoparticles as a nano-carrier 
to investigate its cytotoxic effects and anti-
cancer properties against MCF-7 cancer 
cells. 
Methods: Magnetic Fe3O4 nanoparticles were synthesized and coated with L-lysine (F-Lys NPs). 
Then, TMX was loaded onto these NPs. The characteristics of synthesized nanoparticles (F-Lys-TMX 
NPs) were evaluated by X-ray diffraction (XRD), Fourier-transform infrared spectroscopy (FTIR), 
scanning electron microscopy (SEM), transmission electron microscopy (TEM), dynamic light 
scattering (DLS), differential scanning calorimetry (DSC), vibrating sample magnetometer (VSM), and 
thermogravimetric analysis (TGA). The drug release was analyzed at pH 5.8 and pH 7.4. The MCF-7 
cells were exposed to F-Lys-TMX NPs, F-Lys NPs, and TMX for 24, 48, and 72 hours. To evaluate the 
cytotoxic potential of designed nanoparticles, MTT and apoptosis assays, real-time PCR, and cell cycle 
analysis was carried out.
Results: The F-Lys-TMX NPs had spherical morphology with a size ranging from 9 to 30 nm. By 
increasing the nanoparticles concentration and treatment time, more cell proliferation inhibition 
and apoptosis induction were observed in F-Lys-TMX NPs-treated cells compared to the TMX. The 
expression levels of ERBB2, cyclin D1, and cyclin E genes were down-regulated and expression levels of 
the caspase-3 and caspase-9 genes were up-regulated. Studies on the drug release revealed a slow and 
controlled pH-dependent release of the nanoparticles. Cell cycle analysis indicated that F-Lys-TMX 
NPs could arrest the cells at the G0/G1 phase. 
Conclusion: The findings suggest that F-Lys-TMX NPs are more effective and have the potential for cell 
proliferation inhibition and apoptosis induction compared to the TMX. Hence, F-Lys-TMX NPs can be 
considered as an anti-cancer agent against MCF-7 breast cancer cells.
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Introduction
Breast cancer (BC) is the most common cancer in women.1 
The death rate of BC is 33.21 per 100 000 according to the 
national databases. As stated by Iran statistics, BC rates 
have been reported to be 14.2 per 100 000.2

The incidence of BC in Iran is at least one decade earlier 
than in women in developed countries. The average age at 
BC diagnosis in Western countries and Iran are 56 and 45 

years old, respectively. Depending on the stage, place, the 
tumor progress, and the patient's condition, a combination 
of different therapeutic modalities is used.3

Common therapies for BC are surgery, chemotherapy, 
and radiotherapy, each can lead to hypoxia in varying 
degrees.3

Tamoxifen (TMX) is widely used in all stages of 
BC. TMX is prescribed in the treatment of hormone-
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dependent cancers. It prevents activation of the receptor 
in the tissue by endogenous estrogens as an antagonist.4 

The side effects of this drug include hot flashes, vaginal 
bleeding, insomnia, menopause, vaginal pruritus, digestive 
disorders, tumor inflammation, fluid retention, baldness, 
uterus fibroids, visual disturbances (corneal changes, 
cataracts, and retinopathy), platelets or white blood cells 
reduction, rarely reduced neutrophils and changes in the 
liver enzymes.5,6 

Chemotherapy drugs including TMX, cause drug 
resistance in addition to many side effects.7 The cells 
pump the drug out of the cell by overexpression of anti-
apoptotic, stress-response proteins and drug efflux ABC 
transporters. Drug resistance also increases drugs dosage 
usage, resulting in more toxicity to normal organs and 
tissues.8-10 

Therefore, drug targeting systems have been improved 
using nanotechnology to reduce the systemic distribution 
of drugs and their side effects.11,12

Nano-delivery vehicles have several benefits in cancer 
treatment due to their small size, protective system to 
enhance drug stability, surface features for the target 
localization, and narrow size distribution.13,14 In addition, 
nanomaterials are able to penetrate the cells by active and 
inactive endocytosis.15,16 

Magnetic nanoparticles are commonly used in the 
targeted delivery of therapeutic agents and perform based 
on the magnetic drug targeting, which includes a strong 
tendency between the ligand and the receptor, or through 
the particular tissue magnetic absorption.17 

Among various nanoparticles, iron oxide nanoparticles 
(IONPs) are remarkable because of their paramagnetic 
behavior and low cost.18 Another advantage of IONPs 
is that they are degraded, metabolized, and do not 
accumulate in the body.19 

Magnetic iron oxide nanoparticles (MIONPs) are 
known as useful nano-materials with high efficiency. 
They have a number of applications, including drug 
delivery,20 cell labeling,21 magnetic resonance imaging,22 
and antibacterial activity.23 Despite the unique properties 
of these nanoparticles, they can be conjugated to different 
materials and used in targeted therapies.24,25 Due to the 
high surface energy of MIONPs, they can aggregate and 
may interact with plasma proteins. These interactions 
cause opsonization and removal of nanoparticles by the 
immune system, and ultimately reduce the function of 
nanoparticles on the target cells.26,27 Therefore, the surface 
of MIONPs is coated with non-toxic and biocompatible 
compounds to improve the drug loading efficiency, 
stability, and performance in the target cell.28,29 

One of the most suitable candidates for coating is amino 
acids which are used to stabilize and modification of 
MIONPs.30 Amino acids are inexpensive, non-toxic, and 
biocompatible.31-34 Amino acids play important roles in 
the body. They can reduce tumor cells.35,36 It seems that 
amino acids could be exerted anti-cancer effects through 

the activation of autophagy and apoptosis by inhibition of 
proteasome activity.37 

There are different reports on the synthesis of coated 
MIONPs with amino acids. In some studies, they have 
been loaded on various chemotherapy drugs.38-40 Lysine 
amino acid is one of the desirable biological molecules 
for coating magnetic nanoparticles.41 These carriers can 
prevent drug destruction and damage to healthy tissues.42 

In this study, TMX-loaded L-lysine coated MIONPs 
were synthesized and their potential toxicity was evaluated 
against MCF-7 BC cells. 

Materials and Methods
Synthesis of F-Lys-TMX NPs
First, the magnetic iron oxide NPs stabilized by L-lysine, 
were synthesized in one step co-precipitation method. The 
aqueous solution (150 mL in deionized water) was prepared 
by dissolving 1.12 g FeCl3.6H2O and 0.45 g FeCl2 (Merk, 
Darmstadt, Germany) (molar ratio 2:1, respectively) and 
stirred vigorously (12 000 rpm) under N2 atmosphere at 
60°C for 17 minutes. Then 1.65 g of L-lysine was added 
and stirred for 20 min at 60°C (changing the mixture color 
from yellow to brown indicates the formation of an iron 
complex with L-lysine). After that, 21 mL of NH4OH (25%) 
was added to the mixture dropwise at a uniform rate in the 
presence of N2 gas to increase the pH of the solution (pH 
~11) and make the alkaline environment (ammonium 
hydroxide acts as a reducing agent). The reaction mixture 
was stirred for 6 hour (temperature 60°C and presence 
of N2 gas) and a black suspension of Fe3O4 was formed. 
The prepared nanoparticles were magnetically separated 
using the external magnet (1.2 Tesla) for 6 minutes, and 
then were washed 3 times with deionized water. It was 
placed in the oven for 24 hours at 50°C to completely dry.43 
Additionally, the number of NPs obtained was 1.47 g.

To load TMX on the surface of L-lysine coated Fe3O4 
magnetic nanoparticles (F-Lys NPs), 10 mg of F-Lys NPs 
was added to 2.8 mL of distilled water and stirred at 400 
rpm. Then, 2.5 mg of TMX was dissolved in 2 mL of 
ethanol and added dropwise to the F-Lys NPs suspension, 
and stirred for 24 hours in darkness at room temperature. 
TMX is physically loaded on the surface of MIONPs and 
also it can also give a hydrogen bond with the amino acid 
lysine. TMX loaded nano-carriers (F-Lys-TMX NPs), 
were separated by the external magnet (1.2 Tesla) for 10 
min and washed 3 times with deionized water, and then 
dried at room temperature.

Characterization of the F-Lys-TMX NPs
The chemical features of the F-Lys-TMX NPs were 
recorded by Fourier-transform infrared (FT-IR) 
spectroscopy (Bruker Tensor 27, Biotage, Germany). The 
FT-IR spectra were scanned between 4000 and 400 cm–1 at 
a resolution of 4 cm–1 in the transmittance mode.

The size and morphology of the F-Lys-TMX NPs were 
determined by transmission electron microscopy (TEM) 
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(Cambridge 360–1990 Stereo Scan Instrument-EDS) and 
scanning electron microscopy (SEM) (TESCAN MIRA3). 
Crystallographic structures of the F-Lys-TMX NPs were 
determined by a Bruker AXS model D8 Advance using Cu 
Ka radiation in the range of 2θ =10°–90°.

The Zeta Potential of F-Lys-TMX NPs was determined 
by the dynamic light scattering method (DLS) (Malvern 
Instruments, Worcestershire, UK, Nano ZS). DLS analysis 
was carried out to evaluate the polydispersity index (PdI) 
and hydrodynamic size distribution (Malvern model 3600 
Zetasizer (UK).

The thermal stability assay, vibrating sample 
magnetometer (VSM), and differential scanning 
calorimetry (DSC) analysis were performed according to 
the previous study.43 

Determination of loading efficiency
After drying the nanoparticles, it was weighed 3 times and 
each time 2 mg of the sample was dissolved in 10 mL of 
ethanol and placed on a shaker incubator at 37°C for 24 
hours to release the loaded drug. The samples were then 
placed on a magnet to separate the nanoparticulate upper 
solution from the magnetic NPs. The absorbance of the 
upper solution was then measured by a spectrophotometer 
at 278 nm. Using the TMX calibration curve, the amount of 
loaded drug was calculated using the following equation:

Drug loading content = 
weight of druge in nanocarrier 

weight of nanocarrier  ×  100 

 
Study of drug release 
To study the in vitro drug release at pH 5.8 and pH 7.4, 1 
mL of a buffer including 5 mg of the NPs was inserted into 
the dialysis bag (cut off 12 000 Da). It was immersed inside 
two containers containing 10 mL phosphate buffer (1M) 
pH 5.8 and 10 mL phosphate buffer pH 7.4, respectively. 
The contents were placed in a shaker incubator (50 rpm) 
at 37°C. At certain times, 2 mL of the outer solution of 
the dialysis bag was replaced with 2 mL of fresh buffer, 
and the amount of drug released was measured by the UV 
spectrophotometer at 278 nm. Each measurement was 
done twice and the average of these two data was used to 
compute the concentration of a free drug. The measured 
results were plotted as the amount of cumulative released 
drug according to the following equation for a period of 
150 hours. 

Cumulative amount released (%) = (∑ 𝑀𝑀𝑀𝑀
𝑀𝑀0

𝑡𝑡=𝑡𝑡

𝑡𝑡=0
)  × 100

In the above equation, ∑ 𝑀𝑀𝑀𝑀
𝑡𝑡=𝑡𝑡

𝑡𝑡=0
  is the amount of cumulative 

released drug of NPs in the time t, and m is the total 
amount of drug present in the NPs.

In vitro cytotoxicity assay and anticancer activity
Cell culture and MTT assay
The MCF–7 human breast cancer cell line (IBRC C10682), 

was purchased from the Iranian Biological Resource 
Center (IBRC C10097). Briefly, 1×104 cell/well were seeded 
into 96-well plates followed by incubation overnight in a 
CO2 incubator at 37°C. Then, the cells were treated with 
different concentrations of TMX, F-Lys NPs, and F-Lys-
TMX NPs (1.7, 3.125, 7.5, 15, 20, 60, 125 μg/mL) for 24, 
48 and 72 hours. In order to determine the cytotoxicity 
of TMX, F-Lys NPs, and F-Lys-TMX NPs against MCF-
7 cells, the MTT method [3-[4,5-dimethylthiazol-2-yl]- 
2,5-diphenyltetrazolium bromide] was used. Then, the 
MTT was added into the wells and a plate was kept at 
37°C in a 5% CO2 for 4 hours. The MTT dye was removed 
and the formazan crystals were dissolved in dimethyl 
sulfoxide (DMSO). Finally, the absorbance was recorded 
at 570 nm using an ELISA Reader (Oraganon Teknika, 
Netherlands) and cell viability was determined. According 
to these results, IC50 values and cell viability percentage 
were reported.44

Apoptosis/necrosis assay and cell cycle analysis
The detection of apoptosis/necrosis ratio in MCF-7 cancer 
cells was carried out using Annexin V-FITC kit (Roch, 
Germany) according to the manufacturer’s protocol. A 
flow cytometry device (Bio compare, USA) was used for 
cellular analysis. The MCF-7 cells (1×105 cell/well) were 
treated with IC50 concentrations of F-Lys-TMX NPs, TMX, 
and F-Lys NPs for 24, 48, and 72 hours. The untreated 
MCF-7 cells were used as the control group.

For cell cycle assay, the MCF-7 cells were seeded into 
6-well plates (1×106 cell/well) and incubated for 24 hours. 
Then, the semi-confluent cells were treated with IC50 
concentration of F-Lys-TMX NPs, TMX, and F-Lys NPs 
for 24, 48, and 72 hours. Following the treatment, the 
cancer cells were washed twice with PBS and harvested 
by centrifuging at 1500 rpm for 5 minutes. Subsequently, 
cell pellets were suspended in 250 µL of propidium iodide 
(PI) staining solution and kept at room temperature for 30 
minutes. The profile of the cell cycle was detected using 
a BD FACScan Cell Flow Cytometer (Becton Dickinson, 
USA). The data were analyzed by Flow Jo software and 
reported as the percentage of the cell cycle.
Gene expression analysis
The MCF-7 cells were incubated with IC50 concentrations 
of F-Lys-TMX NPs, TMX, and F-Lys NPs for 24, 48, and 
72 hours. Then, RNA extraction and cDNA synthesis were 
carried out according to CinnaGen and RevertAidTM 
First Strand cDNA Synthesis Kit protocol (Fermentas, 
Burlington, Canada), respectively. The expression levels 
of β-actin (housekeeping gene), ERBB2, caspase-3, 
caspase-9, cyclin D1, and cyclin E genes were determined 
according to the SYBER Green method. A detail of Real-
time PCR reaction and the thermal program have been 
described in our previous study.45 The primers sequences 
are provided in Table 1.

Statistical analysis
The one-way ANOVA method was used for the statistical 
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analysis by SPSS version 19.0 software (SPSS Inc., Chicago, 
IL. USA). The expression levels of genes were analyzed by 
Tukey's HSD post hoc test. The results were expressed as 
mean ± standard deviation (SD) of three replicates and P 
value<0.05 was considered as significant.

Results
Characterization of the F-Lys-TMX NPs
The FTIR spectra of bare Fe3O4, F-Lys NPs, F-Lys-TMX 
NPs, and free TMX were shown in Fig. 1. The presence of 
L-lysine coating on Fe3O4 NPs was clearly obvious from 
the comparison of the FT-IR spectrum of bare Fe3O4 
with Fe3O4 coated with pure L-lysine. The bare Fe3O4 has 
distinct peaks in the 610 cm-1 and 444 cm-1 which are 
related to Fe-O vibration.46 

The F-Lys NPs spectrum indicates the absorption peaks 
related to bare Fe3O4 and the carbonyl group of the L-lysine. 
For F-Lys NPs, the peaks at ~1388, 1628, 2922, and 3428 
cm-1 related to C-O and C=O stretching vibrations, C–H 
stretching of methylene groups, N-H stretching vibration 
overlap with OH stretching, respectively. The peaks of 
1507 cm-1 and 1477 cm-1 (C = C ring stretching), 3027 cm-1 

Table 1. Primers sequences of target genes

Genes Primers Sequences

b-actin
Forward: 5'-TCCTCCTGAGCGCAAGTAC-3'

Revers: 5'-CCTGCTTGCTGATCCACATCT-3'

Caspase 3
Forward: 5'-CATACTCCACAGCACCTGGTTA-3' 

Revers: 5'-ACTCAAATTCTGTTGCCACCTT-3'

Caspase 9
Forward: 5'-CATATGATCGAGGACATCCAG-3' 

Revers: 5'-TTAGTTCGCAGAAACGAAGC-3'

Cyclin D1
Forward: 5'-CAGATCATCCGCAAACACGC-3'

Revers: 5'-AAGTTGTTGGGGCTCCTCAG-3'

Cyclin E
Forward: 5'-CTCCAGGAAGAGGAAGGCAA-3′ 

Revers: 5'-TTGGGTAAACCCGGTCATCA-3' 

ERBB2
Forward: 5'-TTCCCTAAGGCTTTCAGTACC-3′

Revers: 5'-GAGTCTTTGTGGATTCTGAGG-3'

(= C-H stretching), 3180 cm-1 (-NH2) are related to the 
FT-IR spectrum of TMX.

The FT-IR spectrum of F-Lys-TMX NPs indicates the 
peaks of TMX in 1724 cm-1 resulting from the ketonic 
group, 1588 cm-1 from amine (N-H bend) and 1384 cm-1 
from the methyl group and the peaks related to Fe3O4 are 
strong peaks at 613 and 444 cm-1, which indicates Fe-O 
vibration.43

The TEM and SEM micrographs to investigate the size 
and morphology of the synthesized F-Lys-TMX NPs are 
presented in Fig. 2A-B. The F-Lys-TMX NPs had spherical 
in shape with a size ranging from 9 to 30 nm. 

The XRD pattern of F-Lys-TMX NPs is presented in Fig. 
3. The position and relative intensity of all characteristic 
diffraction peaks of the F-Lys-TMX NPs were closely 
matched with the pattern of the standard Fe3O4 NPs 
demonstrating the successful synthesis of the NPs. The 
peaks in F-Lys-TMX NPs spectrum are at 2θ equals 
18.49°, 30.38°, 35.74°, 43.82°, 54.71°, 57.53°, and 63.24° 
corresponding to planes of (111), (220), (311), (400), 
(422), (511), and (440), respectively.39

The presence of L-lysine and TMX at the surface of 
the magnetic nanoparticles was confirmed by changes in 
the Zeta potential. The Zeta potential of bare Fe3O4 was 
about -5.83 mV, after coating the surface of the NPs with 
L-lysine, the Zeta potential of F-Lys NPs was changed to 
2.98 mV. After loading TMX, the ζ-potential of F-Lys-
TMX NPs was reduced to -7.58 mV (Fig. 4A).

The average size of the NPs was determined by DLS 
method at 153.7 nm and PdI was 0.1. The PdI value 
indicates the monodispersity of the NPs (Fig. 4B). 

Fig. 1. FT-IR spectra of bare Fe3O4 (a), F-Lys NPs (b), F-Lys-TMX NPs (c), 
and free TMX (d). F: Fe3O4 magnetic nanoparticles; F-Lys NPs: L-lysine 
coated magnetic Fe3O4 nanoparticles; F-Lys-TMX NPs: Tamoxifen-loaded 
L-lysine coated magnetic Fe3O4 nanoparticles; TMX: Tamoxifen.

Fig. 2. TEM (A) and SEM (B) micrographs of F-Lys-TMX NPs.

Fig. 3. XRD Pattern of F-Lys-TMX NPs.
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The thermogravimetric analysis (TGA) curves of the 
F-Lys NPs and F-Lys-TMX NPs are presented in Fig. 5. 
About 5.2% weight loss was observed after heating F-Lys 
NPs to 500°C. After TMX loading, a much higher weight 
loss (about 18.3%) was observed in the F-Lys-TMX NPs, 
which is consistent with the increase in organic content of 
the NPs upon loading of TMX.

Supportive evidence for the F-Lys-TMX NPs can also 
be provided by DSC. Fig. 6 shows thermograms of F-Lys 
NPs, free TMX, and F-Lys-TMX NPs. A melting point of 
L-lysine shifted to a lower temperature after coating on 
bare Fe3O4 NPs surface indicates the coating of IONPs 
with L-lysine. The melting points of F-Lys NPs and TMX 
were detected at 201.61°C and 146.15°C, respectively, 
and a single endothermic peak at 305.82°C was detected 
in DSC thermogram of F-Lys-TMX NPs. However, any 
peak visible near the F-Lys NPs and TMX melting point 
in the F-Lys-TMX NPs thermogram was appeared, which 
approves the loading of TMX and the absence of any 
unloading TMX in the synthesized nanoparticles.

VSM of F-Lys-TMX NPs for detection of the magnetic 
properties of the synthesized NPs provide evidence 
that F-Lys-TMX NPs were superparamagnetic at room 
temperature. The saturation magnetization (MS) of 
the bare Fe3O4 was determined to be 76.29 emu/g. 
Modification of the magnetic NPs surface by L-lysine, and 
TMX decreased MS to 47.83 emu/g. The MS decrement 

for F-Lys-TMX NPs can be clarified by the coating of 
L-lysine and the loading of TMX on the magnetic NPs 
(Fig. 7).

Drug release
The drug loading ratio of TMX in F-Lys-TMX NPs was 
2.80%0.2. The drug release was examined at pH 5.8 and 
pH 7.4. As controls, the release of free TMX was studied 
to verify that the dispersion of drug molecules through the 
dialysis membrane was not a rate-limiting step during the 
release procedure. The results of the drug release graph 
in Fig. 8 showed that free TMX was released rapidly and 
reached its peak of 83% of the total in the first 20 hours 
at pH 7.4. About 25% of the drug from the drug-loaded 
nanoparticles was released at both pH values in the first 
few hours (about 12 hours). At pH 7.4 after 70 hours 
about 50% of the drug was released and after 120 hours 
the drug release was stable. However, at pH 5.8, about 75% 
of the drug was released and after 95 and 100 hours, the 
drug release was stable. Because in acidic conditions, H 
absorbed by NH2 groups of TMX and L-lysine, leads to 
increased drug release.

Cell viability 
The cytotoxicity effects of F-Lys-TMX NPs against 
MCF-7 cancer cells revealed that synthesized NPs 
significantly inhibited the proliferation of BC cells. The 

Fig. 4. ζ-potential of bare Fe3O4, F-Lys NPs and F-Lys-TMX NPs (A). DLS analysis of F-Lys-TMX NPs (B).

Fig. 5. TGA curves of F-Lys NPs (A) and F-Lys-TMX NPs (B).
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anti-proliferative activity was time- and dose-dependent 
manner.

The IC50 value of the synthesized NPs was 11.3, 3.32, 
and 1.37 μg/mL after 24, 48, and 72 hours, respectively 
indicating that the concentration of IC50 decreased with 
increasing the treatment time. According to the results, 
cell viability was reduced by increasing the treatment time 
and concentration of free TMX. The IC50 values of TMX in 
MCF-7 were calculated 4.4, 3.4, and 1.9 μg/mL for 24, 48, 
and 72 hours, respectively.

The MTT assay indicated that F-Lys NPs had a very low 
cytotoxic effect on MCF-7 cells. The IC50 concentrations 

Fig. 6. DSC thermograms of F-Lys-TMX NPs (a), F-Lys NPs (b), and free 
TMX (c).

Fig. 7. VSM curves of F-Lys-TMX NPs and F-Lys NPs.

Fig. 8. The release profile of F-Lys-TMX NPs at pH 7.4 and 5.8 compared 
to free TMX.

of F-Lys NPs in MCF-7 cancer cells after 24, 48, and 72 
hours were 563.37, 531.32, and 471.3 μg/mL, respectively 
(Fig. 9). 

Apoptosis/necrosis detection 
The induction of apoptosis was detected in the cells 
after treatment with F-Lys-TMX NPs at all times (Fig. 
10). Following 24, 48, and 72 hours, 19.82%, 53.10%, 
58.6% apoptosis were observed, respectively. After 24 
hours of treatment with free TMX, 8.75% of the cells 
showed apoptosis. Following 48 and 72 hours, 36.1% and 
45.7% apoptosis were detected, respectively. The results 
revealed that with increasing the treatment time with the 
synthesized nanoparticles and free TMX, more apoptosis 
was observed in the cells. Also, less apoptosis was detected 
in F-Lys NPs treated cells compared to F-Lys-TMX NPs and 
free TMX. So that, after 24, 48, 72 hours, 6.63%, 17.79%, 
and 21.85% apoptosis was seen, respectively. Totally, the 
study of apoptosis by flow cytometry confirmed higher 
apoptosis induction by F-Lys-TMX NPs compared to the 
free TMX and F-Lys NPs.

Cell cycle arrest
Following treatment of MCF-7 cells with F-Lys-TMX 
NPs and free TMX, the accumulation of MCF-7 cells in 
the G0/G1 phase was observed (Fig. 11). F-Lys-TMX 
NPs exhibited increased percentage of cell population of 
sub-G1 phase (14.94%, 40.53%, 54.04% for 24, 48, and 72 
hours, respectively) in comparison with free TMX (9.9%, 
33.57%, 44.93% for 24, 48, and 72 hours, respectively). But 
no significant changes were detected after treatment of 
MCF-7 with F-Lys NPs in comparison with control cells 
(untreated MCF-7 cells). The results showed that, with 
increasing the treatment time by F-Lys-TMX NPs and free 
TMX, the percentage of sub-G1 cell population increased 
and the percentage of G1 and S stages cell population 
decreased.

Gene expression levels
In the cancer cells treated with F-Lys-TMX NPs, a 
significant up-regulation of Caspase-3 and -9 genes 
expression levels was observed with increasing the 
treatment time (P < 0.05). The expression levels of the 
cyclin D1, cyclin E, and ERBB2 genes were down-
regulated. This down-regulation was significant at 48 and 
72 hours for all three genes compared to the control group 
(P < 0.05) (Fig. 12). 

A significant increase was also observed in Caspase-3 
gene expression in free TMX-treated cells for 24, 48, 
and 72 hours (P < 0.05). An increase in the expression 
of caspase-9 after 48 and 72 hours of TMX treatment 
was significant (P < 0.05). By increasing the treatment 
duration, the expression levels of caspase-3 and -9 genes 
increased while the expression levels of cyclin D1, cyclin 
E, and ERBB2 genes decreased so that the lower expression 
of all these three genes in 48 and 72 hours was significant 



F-Lys-TMX NPs and anti-cancer activity

BioImpacts, 2022, 12(4), 301-313 307

in comparison with the control group. 
No significant changes were observed in the gene 

expression levels after treatment of MCF-7 cells with 
F-Lys NPs. There was no significant increase in the 
expression levels of the Caspase-9 gene after treatment in 
three-time points than the control group (P > 0.05). Also, 
no significant reduction was detected in the expression 
levels of cyclin D1, cyclin E, and ERBB2. There was also 
no significant increase in the caspase-3 gene expression 
levels for 24 and 48 hours (P > 0.05). Only after 72 hours 
of treatment with F-Lys NPs, a significant increase was 

detected (P < 0.05).

Discussion
The anti-estrogen molecule, TMX, is a strong and 
hydrophobic hormone drug that is widely used to treat 
BC in patients at high risk.47,48 TMX is a selective estrogen 
receptor modulator that is used to treat hormone-
responsive cancers and prevents androgen receptor 
activation as an antagonist.49 

Most anti-cancer drugs have lethal effects on the cells. 
These effects are not limited to the cancer cells in most 

Fig. 9. The Cell viability of MCF–7 cells following incubation with F-Lys-TMX NPs (A), free TMX (B), and F-Lys NPs (C) for 24, 48, and 72 h (results are 
reported as viability in comparison with control cells [***P ≤ 0.001, **P ≤ 0.01, *P ≤ 0.05] (n = 3). Control cells: untreated MCF-7 cells.

Fig. 10. Flow cytometry plots for evaluating apoptosis in control cells (A) and MCF-7 cells treated with IC50 concentrations of F-Lys-TMX NPs (B-D, free 
TMX (E-G), and F-Lys NPs (H-J) for 24, 48, and 72 h. The mean (± standard deviation, SD) of the three independent experiments of early apoptosis, late 
apoptosis, necrosis, and viable cells are reported in MCF-7 cells incubated with F-Lys-TMX NPs, free TMX, and F-Lys NPs in comparison with control group 
[***P ≤ 0.001, **P ≤ 0.01, *P ≤ 0.05]. *control cells: untreated MCF-7 cells. Q3 represents early apoptotic cells with Annexin-FITC + and PI¯ staining index, 
Q2 represents late apoptotic cells with Annexin-FITC + and PI +, Q3 represents healthy cells with Annexin-FITC¯ and PI¯ staining index and Q1 is necrotic 
cells with Annexin-FITC¯ and PI + staining index.
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cases but include the healthy cells as well. Drug delivery 
systems have been designed through nanotechnology to 
reduce the side effects of chemotherapy drugs as well as 
reduction of its dosage. Also, drug delivery systems have 
significantly improved the pharmacological treatments 
due to drug pharmacokinetic changes, increased drug 
bioavailability in the bloodstream, decreased toxicity, and 
increased half-life of the drug.50,51 

In addition to the general characteristics of nanoparticles 
including their biocompatibility for use in clinical cases, 
and very high level of surface-to-volume ratio in these 
compounds, the capacity of their loading by drugs or the 
compounds used in gene therapy is heavily increased. 
Nanoparticles with hundreds or thousands of times smaller 
size than human cells can make a lot of interactions at the 
intracellular level and can provide several benefits in the 
diagnosis and treatment of cancers.52 

Magnetic NPs have facilitated a wide range of diagnostic 
and therapeutic applications in diseases including cancer. 
Magnetic and superparamagnetic NPs are used as 
effective nanocarriers in chemotherapy drugs transfer due 
to special properties such as being non-invasive and high 
targeting efficiency.53 

Studies conducted over the recent years on MIONPs 
show that these particles have no quick or prolonged 
toxic effects on the body. However, the presence of some 
NPs together with nanocarriers enhances their effect and 
function on cancer cells. These NPs reinforce the effects 

of nanocarriers by various mechanisms such as increased 
oxidative stress and proper accumulation of the drug in 
the cell.54 

The co-precipitation method is the simplest and the most 
efficient chemical method for the synthesis of magnetic 
nanoparticles. The main advantage of co-precipitation is 
the ability to synthesize a large number of NPs.43 

In this study, the surface of the magnetic iron oxide 
NPs was coated by L-lysine amino acid for stability. The 
advantage of using L-lysine as a coating agent is that it can 
be used in the body. It is involved in calcium absorption, 
bone development, and collagen production. It is also 
involved in the production of antibodies and is used by 
different enzymes and hormones. It is also needed to 
repair tissues.39

The synthesized NPs in the present study had an 
appropriate size and surface charge. Since the plasma 
and blood cells have a negative charge surface, the NPs 
with a slight negative charge can decrease the nonspecific 
interactions with these compounds by electrostatic 
interactions.55

The difference observed in the size of NPs is due to the 
different sensitivities of different methods. The size of NPs 
measured with DLS is larger than what was measured by 
SEM or TEM.39 

Zeta potential is an important factor for evaluating the 
stability of NPs. According to the zeta potential value, the 
F-Lys-TMX NPs exhibited a good stability.56 

Fig 11. Cell cycle arrest analysis in control cells (a) and MCF-7 cells treated with IC50 concentrations of F-Lys-TMX NPs (B-D), free TMX (E-G), and F-Lys 
NPs (H-J) for 24, 48, and 72 h. The mean (± standard deviation, SD) of the three independent experiments of sub G1, G1, S, and G2 cell cycle phase are 
reported in MCF-7 cells incubated with F-Lys-TMX NPs, free TMX, and F-Lys NPs in comparison with control group [***P ≤ 0.001, **P ≤ 0.01, *P ≤ 0.05]. 
*Control Cells: untreated MCF-7 cells.
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The size of the NPs is an important parameter in 
targeted drug delivery. Few studies have shown that 
particles smaller than 1 µm undergo uniform capillary 
distribution.57 In most solid tumors vascular permeability 
is high. The particles smaller than 400 nm can pass by the 
vascular endothelial network and accumulate in tumor 
sites through the enhanced permeability and retention 
effect.58,59

The particles' hydrodynamic size plays an important 
role in hiding them from the phagocytic system of the 
body. The larger NPs are easily trapped by the liver, 
while smaller particles that are more useful for medical 
applications are later detected by the liver. This causes a 
longer half-life in the bloodstream.60

The effects of F-Lys-TMX NPs and free TMX, as well 
as F-Lys NPs alone, were compared in the MCF-7 BC cell 
line. 

The study of the cytotoxic effects of F-Lys NPs, TMX, 
and the F-Lys-TMX NPs showed that F-Lys NPs alone 
were not able to inhibit the proliferation of MCF-7 cells, 
but the synthesized NP loaded with TMX had high 
efficacy to prevent the proliferation of MCF-7 cancer cells. 
The results also showed that the inhibitory process of cell 
proliferation follows a time- and dose-dependent manner. 
The potency and efficiency of the synthesized F-Lys-
TMX NPs in inhibiting the cancer cells' growth were 
comparable and even more powerful than TMX. It was 
confirmed by comparing drug IC50 value, cell apoptosis, 
cell cycle analysis, and the expression pattern of the genes 
involved in cell proliferation.

The IC50 value of the F-Lys-TMX NPs after 48 and 72 
hours was 3.23 and 1.37 µg/mL, respectively and for TMX 
was 3.4 and 1.9 μg/mL, respectively. It was shown that 
F-Lys-TMX NPs at a lower concentration than TMX could 
inhibit the proliferation of MCF-7 cells.

In this regard, the results showed that synthesized F-Lys-
TMX NPs were able to induce apoptosis significantly in 
MCF-7 cells in comparison with TMX and also F-Lys 
NPs alone. The induced apoptosis in the cells treated with 
F-Lys-TMX NPs For 48 and 72 hours (53.1% and 58.6%, 
respectively) were significantly higher than those treated 
with free TMX for 48 and 72 hours (36.1% and 45.7%, 

respectively).
The drug release at pH 7.4 is much slower than pH 5.8, 

which is of great importance. Faster release of the drug 
at acidic pH can occur due to protonation of the drug. 
As the pH of cancer cells is acidic and the pH of the 
bloodstream is 7.4, the nano-drug must be highly stable in 
the bloodstream and during circulation to retain the drug 
until it is delivered to the target tissue. This feature lessens 
drug side effects. On the other hand, when nanoparticles 
are absorbed by the tumor cells by the endocytosis 
process, it may have a better chance of releasing the drug 
around the tumor sites or inside endosomes or lysosomes 
of tumor cells at acidic pH, which is an important process 
in the targeted treatment of cancers.61-63

TMX-loaded magnetic NPs are more toxic than free 
TMX in cancer cells. Chitosan-polyvinylpyrrolidone-
bovine serum albumin-coated magnetic iron oxide 
(Fe3O4–CS–PVP–BSA) nanoparticles with the size range 
between 300 to 600 nm and positive zeta potential had a 
higher apoptotic induction power than free TMX. Their 
encapsulation efficiency was between 63% and 96%.64

Also, TMX-loaded magnetite/PLLA composite NPs with 
an average size of 200 nm had higher cell toxicity effects 
against MCF-7 cancer cells than TMX. The encapsulation 
efficiency was between 60% and 80% for TMX.65

The average size of Fe3O4-APS-PEG nanoparticles 
synthesized by Majd et al was 40 nm. The loading efficiency 
was 49.1% and drug release in 24 and 48 hours was 80% 
and 90%, respectively. The apoptosis induced by Fe3O4-
APS-PEG-FA-TMX NPs in MCF7 cells was reported to be 
greater than 95%.66

In a study by Nosrati et al, TMX was loaded onto 
the magnetic NPs of tyrosine-coated iron oxide and 
synthesized nano-drug in the size of 19.22 nm. Its cytotoxic 
study on MCF-7 cells revealed that by increasing the time 
and concentration, the synthesized nano-drug was more 
toxic than that of free TMX. The magnetic nanoparticles 
of tyrosine-coated iron oxide alone had no cytotoxicity 
on the cells, similar to those observed in the present 
study.43 The results of drug release in their study showed 
that drug release at pH 7.4 and pH 5.5 was 40% and 70%, 
respectively, which is comparable to our research results 

Fig. 12. Expression levels of Caspase 3 and Caspase 9, Cyclin D1, Cyclin E, and ERBB2 genes following treatment of MCF-7 cells with F-Lys-TMX NPs 
(a), free TMX (b), and F-Lys NPs (c) for 24, 48, and 72 h. The results are reported as delta cycle threshold and fold change of gene expression compared to 
control cells [***P ≤ 0.001, **P ≤ 0.01, *P ≤ 0.05] (n = 3). *Control Cells: untreated MCF-7 cells.
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(50% at pH 7.4 and 65% at pH 5.5), so that drug release 
in F-Lys-TMX NPs at pH 7.4 was 10% higher than F-Tys-
TMX NPs.

To eliminate drug therapy constraints in cancer 
therapy, a polymeric nanocomposite containing TMX was 
synthesized with a size of about 49.89 nm by Akim and 
colleagues. Its cytotoxicity effect on MCF-7 cells showed 
that the synthesized nano-drug was more toxic than TMX 
only at 48 and 72 hours, and the polymerized nanoparticle 
alone did not have any cytotoxic effects on the cells.67

The higher apoptosis activity of TMX-loaded NPs 
compared to free TMX appears to be due to the 
accumulation and better absorption of nanoparticles in 
tumor cells.64,68

The negative surface charge of the nanoparticles 
prevents the aggregation of the nanoparticles. Particles 
with small sizes have a higher accumulation rate and 
penetration power into the cell.69

Due to the low solubility of TMX alone and its high 
affinity for the plasma proteins in the growth medium, 
it appears to be less effective than TMX-loaded 
nanoparticles. On the other hand, by absorbing nano-
carriers by MCF7 cells, TMX is released directly into the 
cells. Its increase in intracellular concentration increases 
its anti-cancer activity.65,70 

Similar to our study, unloaded magnetic nano-
carriers, including Fe3O4-CS-PVP-BSA, Fe3O4-APS-PEG, 
unloaded magnetite/PLLA, and Hollow IONPs did not 
have significant toxicity to MCF-7 cells.62,64-66

The expression levels of the Cyclin D1 and Cyclin E 
genes were down-regulated after treatment with F-Lys-
TMX NPs and free TMX. This expression reduction in 
MCF-7 cells treated with F-Lys-TMX NPs was higher 
than those treated with TMX. As a result, following 
down-regulation of Cyclin D1 expression levels, the cells 
were arrested at the G0/G1 phase. By increasing time, the 
percentage of sub-G1 cells increased and the cell cycle 
progress and entrance to the next phase were prevented. 
As mentioned before, the Cyclin D1 directs the G1 phase 
progress.

The results of the cell cycle assay were consistent with 
the results of the expression pattern of the genes involved 
in promoting the cell cycle, induction of apoptosis, and 
cell proliferation. The reduced cyclin D1 and E expression 
and increased expression of genes involved in apoptosis 
(caspase-3 and -9), were more effective in the treatment 
with F-Lys-TMX NPs compared to the free TMX.

According to the results of the present study, the 
expression levels of the ERBB2 gene in MCF-7 cancer 
cells treated with F-Lys-TMX NPs and the cells treated 
with TMX decreased significantly. Down-regulation of 
expression levels of the ERBB2 gene was more obvious in 
the cells treated with the F-Lys-TMX NPs compared to the 
free TMX. 

It should be noted that no significant changes were 
observed in the expression levels of genes and percentage of 

the cell cycle after treatment with magnetic nanoparticles.
The mRNA level of the cyclin D protein increases 

in 50% of BCs. Cyclin D gene is a proto-oncogene. The 
oncogenes like epidermal growth factor receptor and 
estrogen both apply their mitogenic effects by activating 
the transcription of the cyclin D1 gene. In the promoter 
region of the cyclin D1 gene, there is no estrogen response 
element, thus, the estrogen receptor (ER) may act as an 
activating aid at the transcriptional level. In fact, cyclin 
D1 enhances the transcription of estrogen receptor-
dependent, by binding to the hormone-binding domain in 
ER and the increase in proteins interactions activity with 
the help of ER activators.71 

In general, TMX with more than one pathway can exert 
its cytotoxic properties. Among the ER-related pathways, 
TMX enhances the transformation of the growth factors 
β1 and pleiotropic cytokines, which are the main 
regulators for the proliferation and functional activity of 
the cells. Besides, TMX can make a competitive binding 
with estrogen-dependent receptors and form the TMX-
ER complex, which blocks the binding of estrogen to the 
receptor. The attachment of the TMX-ER complex to the 
estrogen responder which includes estrogen-sensitive 
genes reduces the transcription of these genes, blocks 
cell cycle in the G1 phase, reduces cell proliferation, and 
induces apoptosis.72

TMX blocks the growth factors such as ERBB2/HER2. 
High levels of ERBB2 have been observed in TMX-
resistant cancers.73 TMX requires PAX2 protein for its 
anticancer effect. By increasing the expression of PAX2, 
the TMX-ER complex can suppress the expression of the 
pro-proliferative protein ERBB2.74

Lipopolymeric NPs loaded with TMX, similar to our 
research were able to induce apoptosis in MCF-7 cells and 
arrest the cell cycle in the G0/G1 phase.75 The apoptosis 
was evaluated in the cells after 12 and 24 hours, which 
resulted in more apoptosis in 24 hours. However, in the 
present study, after 48-hour treatment with F-Lys-TMX-
NPs, significant apoptosis was observed in the cells. The 
comparison of the cell cycle analysis also showed that 
the synthesized F-Lys-TMX NPs in our study had more 
efficiency and potency in the cell cycle arrest in the G0/
G1 phase and increasing the cell population in the sub-G1 
phase compared to the synthesized nanocarrier.

In another study, the cytotoxic effect of TAM-loaded 
solid lipid nanoparticles (SLNs) in MCF-7 cells was 
evaluated approximately equal to TMX. The IC50 value of 
their synthesized NPs was several times higher than that 
of F-Lys-TMX NPs in our research: (12.5 and 11.78 μg/mL 
vs. 3.23 and 1.37 μg/mL for 48 and 72 hours, respectively). 
Also, the cell cycle analysis showed that SLNs arrested the 
cell cycle at the G0/G1 phase which was similar to what 
was found in the present study.76 It seems that the F-Lys-
TMX NPs in our research have stronger performance than 
SLNs. 
In the present study, several biological tests including the 
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expression levels of genes involved in cellular apoptosis 
and cell cycle analysis were performed to demonstrate 
the anti-cancer activity of F-Lys-TMX-NPs. The results 
showed that the F-Lys-TMX-NPs in this study had 
stronger anti-cancer activity and apoptosis induction 
compared to the TMX alone for MCF-7 cells. 

Conclusion
The results of this study showed that loading TMX on 
lysine-coated magnetic IONPs makes a new nano-drug 
with greater efficacy and better efficiency than TMX alone 
in the treatment of BC. The synthesized F-Lys-TMX NPs 
showed stronger anti-proliferative properties and anti-
cancer effects than that free TMX. 
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