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A B S T R A C T   

In the present study, the tannic acid-modified magnetic hydrotalcite-based MgAl nanoparticles (TA@HT@Fe3O4 
NPs) were synthesized and assessed as a novel magnetic-targeted drug delivery system to the estrogen receptor 
(ER)-expressing colorectal cancer cells in vitro. In addition, FT-IR, EDS, DLS, and XRD measurements were 
employed for confirming the successful loading of doxorubicin (DOX), a widely-used chemotherapeutic agent, on 
the TA@HT@Fe3O4 NPs. The NPs exhibited a negative zeta potential value due to the presence of negatively 
charged molecules on their surface. The lading of DOX on the TA@HT@Fe3O4 NPs resulted in reducing their 
negative charge. TEM and FESEM images exhibited a layered HT structure with irregular edges and a mean size 
of 70 nm Fe3O4 NPs were visualized as small quasi-spherical particles with a uniform size of 12 nm. The 
TA@HT@Fe3O4 NPs had higher solubility at acidic pH than that at pH 7.4. Further, the entrapment efficiency of 
DOX in the TA@HT@Fe3O4 NPs was obtained about 51% at pH 7.4. The in vitro release of the DOX/ 
TA@HT@Fe3O4 NPs indicated a pH-dependent biphasic and sustained release of DOX as an initial rapid release 
in the first 24 h, followed by a 120-h sustained release. Furthermore, the safety and biocompatibility of the 
TA@HT@Fe3O4 NPs were confirmed through using hemolysis and MTT assays. Based on the results of fluo-
rescence microscopy and flow cytometry, a higher DOX cellular uptake was observed in the ER-positive HCT116 
and LoVo cells treated with the DOX/TA@HT@Fe3O4 NPs compared to the ER-negative HEK293 ones. Treatment 
with the DOX/TA@HT@Fe3O4 NPs led to more cytotoxicity than free DOX did and enhanced the DOX-induced 
reactive oxygen species (ROS) generation and subsequent apoptosis in colorectal cancer cells. Finally, applying a 
0.6 T static magnetic field resulted in improving the anti-proliferative activity of the DOX/TA@HT@Fe3O4 NPs 
in HCT116 cells in a time exposure-dependent manner and enhancing ROS production. In general, the prepared 
NPs can serve as a promising candidate for the pH-responsive and magnetic-targeted delivery to the ER- 
expressing cells.   

1. Introduction 

The pH-responsive delivery device is considered as one of the most 
successful candidates for the tumor-targeted drug delivery. Among the 
pH-sensitive inorganic nanomaterials, the hydrotalcite-like anionic 
clays (HTs), known as layered double hydroxides (LDHs), have received 
considerable attention in the drug delivery field for cancer therapy due 
to their two-dimensional (2D) layered structure, high biocompatibility, 
low cytotoxicity, and good biodegradability [1–3]. The general formula 
of HTs is expressed as [M2+

1-xM3+
x(OH)2]x+[(An-

x/n).yH2O] where An−

represents the charge-balancing interlayer anion, y illustrates the 

number of the water molecules located in the interlayer region, and M2+

and M3+ demonstrate divalent and trivalent metal cations, respectively. 
Further, X refers to the molar ratio of M2+/(M2++M3+), which can take 
the values between 0.2 and 0.33 [2]. Mg2+/Al3+ and Zn2+/Al3+ are the 
most frequently used metal hydroxides to form the positively-charged 
mixed-metal layers. The 2D layered structure of HTs enables the inter-
calation of anionic biomolecules into the gallery between the layers 
through electrostatic interactions. As has been well documented, pH has 
a strong control on HT dissolution behavior. For example, MgAl-HT-Cl 
and MgAl-HT-CO3 have been shown to have higher solubility at pH 
4.5 than that at a more alkaline pH (pH 7.4) and both Al3+ and 
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Mg2+could partially dissolve from the surface of HTs [4]. A variety of 
HTs with different chemical compositions exhibit the pH-responsive 
degradation behavior in biological environments. MgAl-HTs are inert 
and stable at the physiological pH of 7.4 although they partially dissolve 
at the acidic pH of endosomes (5.5–6.0) and lysosomes (4.5–5.0) [5,6]. 
Additionally, HTs protect the biomolecules against harsh biological 
environments and improve their stability and cellular permeability [7]. 
They can increase the solubility of drugs without modifying their 
chemical structure and enhance their controlled release and pharma-
cological efficacy [8,9]. The drug intercalated in an MgAL-HT matrix is 
released from the HT structure through an anion exchange or acid 
attack. HTs quickly dissolve under acidic conditions by destruction of 
the lamellar structure due to the alkaline nature of HT and release their 
cargo in the dissolution medium. Xiao et al. (2018) developed a nano-
hybrid system based on MgAl-HT matrix and 5-fluorouracil (5-FU) in 
order to achieve prolonged release of the drug. They demonstrated a 
higher release of 5-FU in the acidic media (pH 4.6, 92% of release after 
100 min) than at pH 7.5 (87% of release after 120 min) [10]. In the study 
by Mei et al. (2018), MgAl-HT nanosheets were employed to localize 
doxorubicin (DOX) and folic acid (FA) in order to obtain the targeted 
DOX delivery system (FA-DOX/MLDH) for cancer cells. The authors 
observed that FA-DOX/MLDH composite exhibited pH-controlled DOX 
release behavior, high storage stability, and selective anticancer po-
tential [11]. Nowadays, there has been an increased interest to develop 
magnetic nanoparticles for targeted delivery of therapeutic agents 
because of their high surface area and magnetic properties which allows 
to deliver drugs via magnetic field guidance [12,13]. The use of mag-
netic cores like Fe3O4 nanoparticles in HT structures is a novel approach 
to enable the easy and accurate delivery of drugs to target tissues using 
an external magnet [14,15]. Shahabadi et al. (2019) performed the 
synthesis and characterization of a magnetic core-shell structure of 
Fe3O4@CaAl-LDH nanospheres as a carrier for 3,4-dihydrox-
yphenyl-L-alanine (L-Dopa) in the treatment of melanoma. According to 
the cytotoxicity results, they suggested that this hybrid nanocarrier can 
reduce the cytotoxic side effects of L-Dopa by selective L-Dopa delivery 
and improve the anticancer activity of free L-Dopa [14]. 

Tannic acid (TA), a plant polyphenol, is a deca-galloyl glucose in 
which all five hydroxyl groups are esterified with two gallic acid mol-
ecules [16]. The relatively high number of phenolic groups in the TA 
structure makes it suitable to associate with neutral or charged mole-
cules through hydrogen bonding. TA represents a broad spectrum of 
biological activities such as anticancer, antibacterial, antioxidant, 
pro-apoptotic, and chemosensitizing ones [17,18]. The other important 
effect of TA includes the modulation of estrogen receptors (ERs), 
epidermal growth factor receptor (EGFR) activation, and their signaling 
transduction pathways [19,20]. ERs and EGFR are considered as po-
tential targets for cancer therapy due to their involvement in regulating 
the cellular processes playing important roles in the progression of 
various tumors such as colon cancer [21,22]. In the study by Deng et al. 
(2021), β-galactosidase (β-Gal) was loaded into sporopollenin exine 
capsules (SECs) which were then coated with the zein cross-linked with 
TA (zein/TA) in order to enhance the storage stability and sustained 
release. They found that the zein/TA system had better performance 
than the zein alone system in the targeted delivery and sustained release 
of β-Gal in the gastrointestinal tract [23]. Asadi et al. (2016) reported 
the synthesis of magnetic core-shell nanoparticles functionalized with 
TA as a cross-linker aiming to develop targeted delivery and sustained 
release system of 5-FU. The release profile exhibited the slow and 
controlled release of 5-FU during a period of 120 h. In addition, the MTT 
data confirmed that the drug carrier was harmless to NIH3T3 (mouse 
embryonic fibroblast) and HEK293 (human embryonic kidney) cell lines 
while it showed anticancer activity against human breast MCF-7 cancer 
cells [24]. 

In the present study, the novel pH-responsive magnetic MgAl–CO3 
hydrotalcite nanoparticles coated with TA (TA@HT@Fe3O4 NPs) were 
synthesized for targeted drug delivery. Doxorubicin hydrochloride 

(DOX) was utilized as a typical fluorescent chemotherapeutic drug. In 
this regard, the physicochemical properties of the TA@HT@Fe3O4 NPs 
and those loaded with DOX (DOX/TA@HT@Fe3O4) were first charac-
terized. Then, the pH-responsive DOX release behavior of the DOX/ 
TA@HT@Fe3O4 NPs was assessed. Finally, they were evaluated for 
cellular uptake and biological effects such as in vitro cytotoxicity, 
apoptosis, and reactive oxygen species (ROS) generation in the colo-
rectal cancer cell lines. 

2. Materials and methods 

2.1. Materials 

All chemical reagents and solvents were purchased from Merck and 
used without further purification. In addition, 3-(4,5-Dimethylthiazol-2- 
yl)-2, 5-diphenyltetrazolium bromide (MTT), acridine orange, ethidium 
bromide, and 2′,7′-dichlorofluorescein-diacetate (DCFH-DA) were ob-
tained from Sigma Aldrich (USA). Further, Dulbecco’s modified Eagle’s 
medium (DMEM), trypsin-EDTA, fetal bovine serum (FBS), and pen-
icillin–streptomycin were provided by Biosera (France), and DOX was 
prepared from Venus remedies limited company (Iran). 

2.2. Preparation and characterization of the TA@HT@Fe3O4 NPs 

TA@HT@Fe3O4 NPs were prepared based on the method previously 
reported in the literature [25]. Briefly, an aqueous solution (60 mL) 
containing Al(NO3)3.9H2O (7.50 g, 20 mmol) and Mg(NO3)2.6H2O 
(10.25 g, 40 mmol) was added to the prepared solution (60 mL) that 
contained NaHCO3 (2.1 g, 25 mmol) and NaOH (4 g, 100 mmol). The 
mixture was stirred overnight at 60 ◦C. After removing the alkali metal 
ions by filtering and washing with deionized water, the obtained 
MgAl-HT was dried at 100 ◦C for 15 h. Then, a mixture of FeCl2.4H2O 
(1.05 g, 5.2 mmol) and FeCl3.6H2O (2.1 g, 8 mmol) was dissolved in 100 
mL deionized water. Upon stirring for 15 min at 80 ◦C in an argon at-
mosphere, the MgAl-HT (4 g) and NaOH solution (100 mL, 5%) were 
added and agitated overnight at 80 ◦C. The resulting product 
(HT@Fe3O4 NPs) was collected, washed with deionized water until the 
pH reached 7, and dried for 14 h at 50 ◦C. Next, HT@Fe3O4 NPs (2.5 g) 
was dispersed in dry toluene (50 mL) by sonication for 2 h. Afterward, 
(3-glycidyloxypropyl) trimethoxysilane (GLYMO) (4.5 mmol, 1 mL), an 
epoxy-functional silane, was added as a coupling agent. After refluxing 
the mixture overnight, the obtained GLYMO-HT@Fe3O4 NPs was sepa-
rated, washed by Et2O (2 × 40 mL), CH2Cl2 (3 × 40 mL), and dried at 
80 ◦C for 24 h under vacuum. Finally, GLYMO-HT@Fe3O4 NPs (0.5 g) 
was added to a solution of tannic acid (0.5 mmol, 0.8 g) in refluxing 
NaOH (0.04 M, 30 mL) under argon atmosphere for 12 h. The obtained 
TA@HT@Fe3O4 NPs was separated, washed with deionized water, and 
dried overnight at 70 ◦C. 

The elemental compositions were determined through employing a 
SC7620 energy-dispersive X-ray analysis (EDX) presenting a 133 eV 
resolution at 20 kV. The FT-IR spectra were recorded on an Avatar 370 
FT-IR spectrometer (Thermo Nicolet spectrometer, USA) using pressed 
KBr pellets at room temperature in the range of 4000–400 cm− 1, each of 
which was the average of 32 scans with a resolution of 4 cm− 1. Further, a 
Zeiss LEO-912 AB Omega transmission electron microscope (TEM) and a 
field emission scanning electron one (FE-SEM, MIRA3 TESCAN-XMU, 
Czech Republic) were applied for TEM observations and morpholog-
ical analysis, respectively. The particle size was calculated by using 
Digimizer software. Particle size and polydispersity index (PDI) mea-
surements were performed by using a particle size analyzer (VASCO 3, 
France). Furthermore, room temperature magnetization isotherms and 
zeta potential were respectively obtained by using a vibrating sample 
magnetometer (VSM, Lakeshore 7400) and a ZetaCompact ZetaMeter 
(CAD Instruments, France). Atomic force microscopy (AFM) imaging 
was performed on mica support in tapping mode using a Full-Plus ARA- 
AFM system. The crystal structure of particles was analyzed by a GNR 
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Explorer XRD diffractometer instrument (Italy) operated at 40 kV and 
30 mA utilizing Cu Kα radiation (λ = 0.154 A◦). The crystallite size of 
nanoparticles was calculated using the Debye-Sherrer’s equation, 
equation (1): 

D=
0.9 λ
β cosθ

(1)  

where D is the crystallite size (nm), λ is the wavelength (nm) of the Cu 
Kα radiation, β is the full width at half of the maximum in the 2θ scale 
(radians), and θ is the Bragg angle of peak. 

2.3. Dissolution test of the TA@HT@Fe3O4 nanoparticles 

Dissolution of the TA@HT@Fe3O4 NPs was assessed by dispersing 7 
mg of the TA@HT@Fe3O4 NPs in 10 mL of Hank’s balanced salt solution 
(HBSS) at pH 4.2, 5.8, and 7.4 to mimic lysosomal, tumor, and body fluid 
conditions, respectively. The obtained dispersed solutions were incu-
bated at 37 ◦C for 2–24 h, and then supernatants were collected. After 
filtration, the concentration of metal ions in each supernatant was 
measured by inductively coupled plasma optical emission spectroscopy 
(ICP-OES, Spectro Arcos 7600/CRMA, Germany). 

2.4. Drug loading and release from the TA@HT@Fe3O4 NPs 

In this regard, an aqueous solution of 1 mg mL− 1 TA@HT@Fe3O4 
NPs was mixed with DOX solution (20–320 μM) on a shaker at 0 ◦C for 3 
h. Then, the solution was centrifuged and the absorbance of supernatant 
was measured at 489 nm (λmax of DOX) on an AE-UV 1606 UV–Vis 
spectrophotometer (A & E Lab, UK). The DOX loading content (LC%) 
and entrapment efficiency (EE%) were calculated as follows [26]:   

In order to determine the effect of pH on DOX loading, a 160 μM DOX 
solution was added to NP suspension (1 mg mL− 1) with different pH 
values (4.2, 5.8, and 7.4) and continuously mixed at 4 ◦C. After 3 h, the 
obtained DOX/TA@HT@Fe3O4 NPs were collected and the absorbance 
of the supernatant was read at 489 nm. 

In addition, in vitro DOX release profile from the DOX/TA@HT@-
Fe3O4 NPs was performed at various pH levels (100 mM acetate buffer 
pH 4.2; 100 mM PBS buffer pH 5.8 and 7.4). Further, 1 mg mL− 1 of DOX/ 
TA@HT@Fe3O4 NP suspension (equivalent to 57.6 μM DOX) was shaken 
at 140 rpm and 37 ◦C for 6 d. The samples were taken at designated time 
intervals, to which a same value of buffer was added for the next mea-
surements. After centrifuging, the supernatants were collected and the 
level of DOX release was measured spectrometrically. The cumulative 
release of DOX was calculated by using equation (4) [27]:   

2.5. Cell culture 

Three cell lines were used in this study: i) an ER-positive, EGFR- 
positive colon cancer cell line HCT116; ii) an ERβ2-5-negative, EGFR- 
positive colon cancer cell line LoVo; iii) an ERα-negative, ERβ-nega-
tive, and EGFR-negative embryonic kidney cell line HEK293. All three 
cell lines were maintained in DMEM media supplemented with 10% 
fetal bovine serum and 1% penicillin G/streptomycin sulfate in a hu-
midified incubator under 5% CO2 at 37 ◦C. 

2.6. In vitro cellular uptake assays 

The cellular uptake of DOX and NPs was assessed through using 
Prussian blue staining method, fluorescence microscopy, and flow 
cytometry. Briefly, the cells (2 × 105 cells per well) were seeded on the 
glass coverslips deposited in the wells of a 6-well plate. After 24 h in-
cubation at 37 ◦C, the cells were treated with the DOX/TA@HT@Fe3O4 
(IC50), DOX/HT@Fe3O4 (IC50), TA@HT@Fe3O4 (equal to that of DOX/ 
TA@HT@Fe3O4 NPs), and HT@Fe3O4 NPs (equal to that of DOX/ 
TA@HT@Fe3O4 NPs), or free DOX (equal to that of loaded DOX/ 
TA@HT@Fe3O4 NPs) for 2 h. Additionally, the medium was exchanged 
with a fresh one, followed by incubation for 24 h and examining the 
intracellular uptake of iron and DOX through using Prussian blue 
staining method and fluorescence microscopy, respectively. Regarding 
Prussian blue staining, the cells were washed three times with cold PBS 
and fixed with 4% (v/v) paraformaldehyde for 20 min at 4 ◦C. Then, 
they were stained with an equal volume of 5% potassium ferrocyanide 
trihydrate and 5% hydrochloric acid for 15 min, and counterstained 
with 0.5% neutral red for 2 min. Following PBS rinsing, the stained cells 
were observed and photographed by using phase-contrast microscopy at 
× 40 magnification. In fluorescence microscopy analysis, the cells were 
visualized and imaged on a fluorescence microscope (Olympus BX51, 

Tokyo, Japan) at × 40 magnification after washing with PBS. The 
intracellular DOX red fluorescence intensity was quantified by using 
ImageJ and the corrected total cell fluorescence (CTCF) was calculated 
based on equation (5) [28]: 

CTCF= Integrated density

− (Area of selected cell × mean fluorescence of background readings)
(5) 

In order to evaluate the intracellular level of DOX through employing 
flow cytometry, the cells at a density of 2 × 105 cells per well were 
cultured in 6-well plates, incubated for 24 h, and treated as above- 
mentioned. Finally, the cellular uptake of DOX was determined by 
flow cytometry (Becton Dickinson FACSCaliburTM; BD Biosciences, San 
Jose, CA) with an excitation at 488 nm and FlowJo V.7.6.1 software 
[29]. 

Entraptment efficiency (%)=
Total μg of DOX added − μg of DOX in the supernatant

Total μg of DOX added × 100 (2)  

Loading content (%)=
Total μg of DOX added − μg of DOX in the supernatant

Total μg of NPs × 100 (3)   

Cumulative release of DOX (%) =
Amount of released DOX

Amount of total DOX in DOX/TA@HT@Fe3O4  NPs 
× 100 (4)   

P. Gonbadi et al.                                                                                                                                                                                                                                



Journal of Drug Delivery Science and Technology 68 (2022) 103026

4

2.7. In vitro cytotoxicity assay 

The cytotoxic activity of the TA@HT@Fe3O4 and DOX/TA@HT@-
Fe3O4 NPs was assessed through using MTT assay. To this end, the cells 
at a density of 3.2 × 103 cells per well were seeded in a 96-well plate and 
incubated in an incubator for 24 h. In addition, they were exposed with 
different concentrations of the TA@HT@Fe3O4 NPs, DOX/ 

TA@HT@Fe3O4 NPs, or free DOX for 2 h. The untreated cells were used 
as the control. The medium was replaced with a fresh medium and the 
cells were incubated for an additional 24 h. Further, MTT solution (0.5 
mg mL− 1 in PBS) was poured to each well and incubated for 4 h, fol-
lowed by adding DMSO. Then, the absorbance was obtained at 570 nm 
on an ELx800 microplate reader (BioTek Instruments Inc., Winooski, VT, 
USA) and cell viability was calculated by using equation (6). The values 

Scheme 1. Schematic representation of DOX/TA@HT@Fe3O4 nanoparticles preparation process. DOX: doxorubicin; HT: Hydrotalcite; TA: Tannic acid.  

Fig. 1. Characterization of TA@HT@Fe3O4 NPs and DOX/TA@HT@Fe3O4 NPs. (a) FT-IR spectra, (b) Zeta potential as a function of pH, (c) XRD patterns, (d) AFM 
images. DOX: Doxorubicin; HT: hydrotalcite; TA: tannic acid. 
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of the half-maximal (50%) inhibitory concentration of cell proliferation 
(IC50) were determined from the semi-logarithmic dose-response curve 
by using GraphPad Prism 6 software.   

The effect of magnetic field on the cytotoxicity activity of the DOX/ 
TA@HT@Fe3O4 NPs was evaluated under an external magnetic field of 
approximately 60 mT generated by a neodymium permanent magnet 
cube (6 cm × 5 cm × 3.35 cm) for various periods (30 min-3 h), similar 
to cell viability experiments. 

2.8. Hemolysis assay 

Hemolytic assay was employed for examining the lytic effect of the 

NPs. For this purpose, the red blood cells (RBCs) were collected from the 
blood of healthy volunteers by centrifugation in 4000 rpm for 10 min at 
4 ◦C and rinsed five times with PBS. Then, they were suspended in 10 
mM PBS buffer (pH 7.4) and incubated with the TA@HT@Fe3O4 or 
HT@Fe3O4 NPs at the concentrations of 0.214–214 μg mL− 1 on the 
shaker (120 rpm) at room temperature for 1 and 24 h. The RBCs incu-
bated with Triton X-100 and PBS were considered as positive and 
negative controls, respectively. After centrifuging at 5000 rpm for 1 min, 
the UV–Vis absorption spectra (500–600 nm) and absorbance value of 

Table 1 
Particle size and PDI of HT@Fe3O4 NPs, DOX/HT@Fe3O4 NPs, TA@HT@Fe3O4 NPs, and DOX/TA@HT@Fe3O4 NPs at different pH values.  

Nanoparticles   pH   

4.2 5.8 7.4 

HT@Fe3O4 Z-Ave (nm) 362.66 ± 37.89 290.24 ± 14.97 219.02 ± 39.02  
PDI 0.12 ± 0.05 0.20 ± 0.09 0.21 ± 0.07 

DOX/HT@Fe3O4 Z-Ave (nm) 445.89 ± 14.2 344.33 ± 27.15 227.90 ± 21.74  
PDI 0.10 ± 0.01 0.12 ± 0.08 0.21 ± 0.05 

TA@HT@Fe3O4 Z-Ave (nm) 262.67 ± 59.78 320.31 ± 17.78 201.86 ± 6.43  
PDI 0.16 ± 0.01 0.27 ± 0.03 0.29 ± 0.02 

DOX/TA@HT@Fe3O4 Z-Ave (nm) 328.89 ± 14.88 515.89 ± 84.56 255.98 ± 19.37  
PDI 0.18 ± 0.04 0.14 ± 0.02 0.27 ± 0.09 

Z-Ave: z-average; PDI: Polydispersity index; DOX: doxorubicin; HT: Hydrotalcite; TA: Tannic acid. All data are shown as mean ± SD of three independent preparations. 

Fig. 2. TEM and FE-SEM images of functionalized magnetic hydrotalcite nanoparticles. HT@Fe3O4 NPs, DOX/HT@Fe3O4 NPs, TA@HT@Fe3O4 NPs, and DOX/ 
TA@HT@Fe3O4 NPs. DOX: doxorubicin; HT: Hydrotalcite; TA: Tannic acid. 

% Cell viability=(
Absorbance  of  treated  cells − Absorbance  of  background

Absorbance  of  untreated  cells − Absorbance  of  background
) × 100 (6)   
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supernatants at 540 nm were recorded by using an Optizen 3220 UV–Vis 
spectrophotometer (Mecasys, Daejon, South Korea). Finally, the per-
centage of hemolysis was computed based on equation (7) [30].   

2.9. Measurement of intracellular ROS 

Fluorescent probe DCFH-DA was applied to measure intracellular 
ROS level [31]. The cells (3 × 103 cells per well) were cultured in 6-well 
plates, incubated for 24 h, and treated with the TA@HT@Fe3O4 NPs, 
DOX/TA@HT@Fe3O4 NPs, or free DOX for 2 h. After exchanging the 
medium with a fresh one, the cells were incubated for an additional 24 h, 
trypsinized, washed with PBS, and exposed with 10 μM DCFH-DA dye 
for 1 h. Then, the green fluorescence intensity of intracellular DCF was 
determined through employing flow cytometry (Becton Dickinson 
FACSCaliburTM; BD Biosciences, San Jose, CA) and the data were 
analyzed by using FlowJo V.7.6.1 software. ROS measurements were 
also performed in the above-described manner under the magnetic field 
of 60 mT for 3 h. 

2.10. Dual acridine orange/ethidium bromide (AO/EB) staining 

The 24-h cultured cells (3 × 105 cells per well of 6-well plates) were 
treated with the TA@HT@Fe3O4 NPs, DOX/TA@HT@Fe3O4 NPs, or free 
DOX based on the procedure mentioned for MTT assay. Then, the cells 
were trypsinized, rinsed, re-suspended in PBS, and stained with AO/EB 
dye mix (100 μg mL− 1 of each dye in PBS). Finally, they were visualized 
and photographed under fluorescence microscopy (Olympus BX51, 
Tokyo, Japan) [28,32]. 

2.11. Statistical analysis 

Prism 6 software (GraphPad Software, La Jolla, CA) was used for 
statistical comparison. The data was analyzed using (independent) two 
sample t-test (comparison of two means) or one-way ANOVA (compar-
ison of multiple means). The results were expressed as mean ± SD (or 
SEM) of three independent experiments. The data with p < 0.05 were 
considered as significant. 

3. Results and discussion 

3.1. Characterization of the NPs 

Scheme 1 displays the preparation steps of the TA@HT@Fe3O4 NPs. 
The obtained particles were fully characterized through employing 
different techniques such as FT-IR, XRD, AFM, TEM, FE-SEM, EDX, VSM, 
DLS, and zeta potential. 

Fig. 1a represents the FT-IR spectra of the HT@Fe3O4 NPs, DOX/ 
HT@Fe3O4, TA@HT@Fe3O4 NPs, DOX/TA@HT@Fe3O4, and free DOX, 
upon which the spectrum of DOX is in good agreement with the 
previously-reported ones [33]. As shown, the absorption bands emerged 
at 780–550 and 450 cm− 1 are assigned to the metal-oxygen and 
metal-oxygen-metal stretching and bending vibrations of the 
brucite-like layers [25,34,35]. Additionally, the Fe–O stretching vibra-
tion bonds in Fe3O4 are covered by the broad stretching vibrations of 
Mg–O and Al–O bonds [25,36]. Further, the absorption bands at 1367 
and 667 cm− 1 which are respectively attributed to the interlayer 

Fig. 3. (a) EDX (Energy-dispersive X-ray) analysis and (b) VSM (Vibrating sample magnetometer) curves of TA@HT@Fe3O4 and DOX/TA@HT@Fe3O4 nano-
particles. DOX: Doxorubicin; HT: hydrotalcite; TA: tannic acid. 

Table 2 
The mean particle size of various nanoparticles (NPs) estimated from at least 50 
particles on the TEM images using Digimizer software analysis.  

Nanoparticles Mean particle size (nm) 

Large particles Small particles 

HT@Fe3O4 70.30 ± 12.92 12.89 ± 4.37 
DOX/HT@Fe3O4 73.70 ± 13.70 13.40 ± 3.75 
TA@HT@Fe3O4 71.18 ± 14.20 11.32 ± 2.14 
DOX/TA@HT@Fe3O4 70.33 ± 15.09 13.02 ± 2.30 

DOX: doxorubicin; HT: Hydrotalcite; TA: Tannic acid. All data are shown as 
mean ± SD of 2–3 independent preparations. 

Table 3 
Released concentrations of Mg2+ and Al3+ from the TA@HT@Fe3O4 NPs as a 
function of pH and time at 37 ◦C.  

Dissolution 
time (h) 

pH 4.2 pH 5.8 pH 7.4 

Mg 
(ppm) 

Al 
(ppm) 

Mg 
(ppm) 

Al 
(ppm) 

Mg 
(ppm) 

Al 
(ppm) 

2 36.98 
± 0.73 

0.84 ±
0.01 

37.91 
± 0.25 

0.47 ±
0.01 

32.98 
± 1.77 

0.013 
± 0.004 

6 36.64 
± 1.46 

0.78 ±
0.02 

36.88 
± 0.11 

0.41 ±
0.01 

32.77 
± 0.16 

0.048 
± 0.002 

24 37.59 
± 1.53 

0.79 ±
0.001 

34.07 
± 0.64 

0.42 ±
0.003 

33.81 
± 0.77 

0.047 
± 0.011 

HT: Hydrotalcite; TA: Tannic acid. All data are shown as mean ± SD of 2–3 
independent preparations. 

% Hemolysis=
Aabsorbance of sample − Absorbance of negative control

Absorbance of positive control − Absorbance of negative control
× 100 (7)   
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carbonate stretching and angular bending vibration of carbonate anions 
exhibit the presence of CO3

2− [25,34–37]. Based on the spectrum of the 
TA@HT@Fe3O4 NPs, the broadband centered near 3452 cm− 1 was 
corresponded to the combination of the OH stretching vibrations of 
Al–OH, Mg–OH, and TA on the surface of the NPs [25,36]. The 
stretching vibrations of C–H and C–C appeared at 2925 and 1130 cm− 1, 

respectively. Furthermore, the C––C aromatic ring stretching at 1630 
cm− 1 and ester C–O stretching vibration at 1203, 1062, and 1030 cm− 1 

confirmed the existence of polyphenolic ester [38]. TA is a polyphenolic 
compound containing a glucose core in which hydroxyl groups are 
linked to gallic acid moieties through ester bonds [39]. As demonstrated 
in the spectra of DOX/HT@Fe3O4 NPs and DOX/TA@HT@Fe3O4 NPs, 

Fig. 4. Entrapment efficiency and loading capacity of doxorubicin in TA@HT@Fe3O4 nanoparticles at 4 ◦C and at (a) different original doxorubicin concentrations 
and (b) different loading pH values. (c) In vitro release profile of doxorubicin from DOX/TA@HT@Fe3O4 NPs and DOX/HT@Fe3O4 NPs at various pH values and at 
37 ◦C. DOX: Doxorubicin; HT: hydrotalcite; TA: tannic acid. 

Fig. 5. Cellular uptake of nanoparticles and doxo-
rubicin in HCT116 and LoVo cells treated with free 
DOX, bare TA@HT@Fe3O4 NPs, and DOX/ 
TA@HT@Fe3O4 NPs. (a) Prussian blue staining 
images of HCT116 and LoVo cells, (b) Inverted 
fluorescence images of HCT116 cells, (c) CTCF 
(corrected total cell fluorescence) in 20 fields of 
view for each treatment of HCT116 cells. Green 
arrows show the blue pigments. The scale bar is 
200 μm. DOX: doxorubicin; HT: hydrotalcite; TA: 
tannic acid. (For interpretation of the references to 
color in this figure legend, the reader is referred to 
the Web version of this article.)   
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the presence of DOX can be verified by CH3 asymmetric stretching 
modes, primary amine N–H bending vibration, and C––O (ketone) 
stretching vibration, which emerge at 2854, 1620, and 1577 cm− 1, 
respectively. Regarding the spectrum of the DOX/TA@HT@Fe3O4 NPs, 
the O–H stretching vibration band at 3452 cm− 1 became wider and 
shifted to lower wavenumber (3448 cm− 1) with a decrease in intensity 
compared to the TA@HT@Fe3O4 ones. The C–O band of the 
TA@HT@Fe3O4 NPs (1203 cm− 1) and C––O band of DOX (1616 cm− 1) 
shifted to 1207 and 1620 cm− 1, respectively. The changes may be 
related to the hydrogen bonding interactions between the NPs and DOX. 

Furthermore, the intensity distribution of hydrodynamic particle size 
of the TA@HT@Fe3O4 NPs was measured by DLS in ethanol and four 
different aqueous solutions. The hydrodynamic size of the TA@HT@-
Fe3O4 NPs dispersed in ethanol, water, PBS, DMEM, and culture medium 
(DMEM containing 10% FBS) was estimated to be 184.68 ± 16.30 nm 
(PDI = 0.33 ± 0.03), 201.90 ± 6.43 nm (PDI = 0.29 ± 0.02), 164.20 ±
22.01 nm (PDI = 0.32 ± 0.02), 121.30 ± 14.88 nm (PDI = 0.28 ± 0.03), 
and 137.54 ± 13.56 nm (PDI = 0.30 ± 0.02), respectively. These results 
indicate no formation of TA@HT@Fe3O4 NPs aggregates in culture 
medium with 10% FBS [40,41]. In addition, we evaluated the effect of 
pH on the surface charge and size of the HT@Fe3O4, DOX/HT@Fe3O4, 
TA@HT@Fe3O4, and DOX/TA@HT@Fe3O4 NPs by the zeta potential 
and DLS measurements of aqueous suspensions at different pH values. 
The zeta potential of particles as a function of pH is given in Fig. 1b. As 
can be seen, the values of zeta potential for all particles decreased with 
an increase in pH. The pHzpc (pH point of zero charge) values for the 
HT@Fe3O4 NPs and TA@HT@Fe3O4 NPs was estimated to be about 5.85 
and 4.65, respectively. The charge of particles was negative at pH values 

higher than pHzpc, indicating the deprotonation of hydroxyl groups on 
their surface. DOX loading on TA@HT@Fe3O4 NPs and HT@Fe3O4 NPs 
resulted in reducing their negative charge, which can be related to the 
positive charge of DOX (Fig. 1b). Table 1 summarizes the mean particle 
size and PDI values of the HT@Fe3O4, DOX/HT@Fe3O4, TA@HT@-
Fe3O4, and DOX/TA@HT@Fe3O4 NPs. The size of particles decreased 
with increasing the pH value that may be due to the deprotonation of 
functional groups on their surface as confirmed by the zeta potential 
values. Further, the hydrodynamic diameter of the DOX/TA@HT@-
Fe3O4 NPs was higher than that of the TA@HT@Fe3O4 ones, which may 
be ascribed to the layering of DOX on the surface of the TA@HT@Fe3O4 
NPs, as well as its interaction with water molecules. The result is in line 
with those of the previous studies which indicated an increase in NP size 
after loading with high DOX concentrations [42,43]. As presented in 
Table 1, the PDI values of all NPs was less than 0.3, indicating a ho-
mogenous size distribution [44]. 

Fig. 1c presents the XRD pattern of TA, DOX, TA@HT@Fe3O4 NPs, 
and DOX/TA@HT@Fe3O4 NPs. Multiple distinct peaks at scattered an-
gles ranging from 10◦ to 40◦ were observed in the XRD pattern of DOX, 
indicating its crystalline nature [45,46]. One broad diffraction peak 
corresponding to amorphous structure of TA at 2θ = 20.97◦ and crys-
talline patterns at 2θ = 15.05◦, 24.39◦, and 27.84◦ can be seen in the 
XRD pattern of TA [47]. The appearance of characteristic peaks at 2θ 
values of 11.49◦ (003), 22.63◦ (006), 34.63◦ (012), 38.87◦ (015), 45.53◦

(018), 60.67◦ (110), and 62.01◦ (113) are well accordance with the 
crystal planes of MgAl-HT [48,49]. The diffraction peaks at 2θ values of 
20.67◦ (111), 30.42◦ (220), 35.29◦ (311), 43.33◦ (400), 57.46 (511), 
and 62.01 (440) confirm the incorporation of Fe3O4 nanoparticles as a 

Fig. 6. Quantitative of DOX cellular uptake by flow cytometry. Plots of fluorescence intensity and the quantitative analysis of (a) HCT116, LoVo, and HEK293 cells 
treated with free DOX, bare TA@HT@Fe3O4 NPs, and DOX/TA@HT@Fe3O4 NPs, (b) HCT116 and LoVo cells exposed to bare HT@Fe3O4 NPs and DOX/HT@Fe3O4 
NPs. DOX: doxorubicin; HT: hydrotalcite; TA: tannic acid. NPs(-TA): HT@Fe3O4 NPs; NPs(-TA)-DOX: DOX/HT@Fe3O4 NPs. 
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Fig. 8. The impact of magnetic field on the viability of HCT116 cells treated with free doxorubicin (DOX), TA@HT@Fe3O4 nanoparticles (NPs), and DOX/ 
TA@HT@Fe3O4 nanoparticles (NPs-DOX) at different periods. Data represent the means ± SEM of three independent experiments. *p < 0.05; ****p < 0.0001 vs. 
untreated cells. TA: tannic acid; HT: hydrotalcite. 

Fig. 7. UV–Vis absorption spectra of the superna-
tants of red blood cells after 1 h and 24 h incubation 
with different concentrations (0.214–214 μg mL− 1) 
of (a) DOX/TA@HT@Fe3O4 nanoparticles (NPs- 
DOX) and (b) TA@HT@Fe3O4 nanoparticles (NPs), 
Triton X-100 (positive control) and PBS buffer 
(negative control), (c) The viability of HCT116, 
LoVo, and HEK293 cells treated with various con-
centrations of TA@HT@Fe3O4 nanoparticles 
(2.14–214 μg mL− 1) at 24 h after two h-exposure. 
IC50 graphs of free doxorubicin and DOX/ 
TA@HT@Fe3O4 nanoparticles (NPs-DOX) in (d) 
HCT116, (e) LoVo, and (f) HEK293 cells. Data 
represent the means ± SEM of three independent 
experiments. DOX: doxorubicin; TA: tannic acid; 
HT: hydrotalcite. (For interpretation of the refer-
ences to color in this figure legend, the reader is 
referred to the Web version of this article.)   
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cubic lattice in the structure of HT [50]. The characteristic peaks of 
MgAl-HT and Fe3O4 do not disappear in the XRD pattern for DOX/-
TA@HT@Fe3O4 NPs, while no characteristic peaks of DOX are observed. 
It can be explained that DOX is in an amorphous form in the DOX/-
TA@HT@Fe3O4 NPs [51]. The crystalline size for the TA@HT@Fe3O4 
NPs and DOX/TA@HT@Fe3O4 NPs calculated using the Debye-Scherrer 
formula from the (111) diffraction peak was estimated to be 70 nm and 
69 nm, respectively. Further, the average particle size was calculated 
from AFM images by ImageJ software (Fig. 1d). The average diameter of 
the TA@HT@Fe3O4 NPs and DOX/TA@HT@Fe3O4 NPs was 68.94 ±
15.25 nm and 66.53 ± 14.98, respectively, that correspond to XRD 
measurements. Fig. 2 displays the TEM and FE-SEM images of the 
HT@Fe3O4, DOX/HT@Fe3O4, TA@HT@Fe3O4, and DOX/TA@HT@-
Fe3O4 NPs. As shown in Fig. 2 and Table 2, there are two different shapes 
including large, irregular (around 70 nm) and small, relatively regular 
shapes (mean size of about 12 nm). The small particles are related to 
Fe3O4 NPs, which possess a discrete and quasi-spherical shape, while the 
large ones are well dispersed and have a layered-sheet structure with 
irregular edges, which are in consistent with the typical morphology for 
MgAl-HTs [52,53]. It can be deduced from Fig. 2 that the Fe3O4 NPs 
were embedded in the plate-like layers of HT so that they were placed 
between the HT layers due to the stacking of the multiple layers. The 

average size of particles obtained by TEM analysis was lower than that of 
DLS analysis since DLS reports a hydrodynamic radius of particles which 
is the size of NPs and the liquid water around the particles while TEM 
estimates the crystalline size of NPs [54]. In addition, the functionali-
zation of the HT@Fe3O4 NPs with TA, as well as the drug loading process 
did not have any significant effect on the morphology and size of the 
nanoparticles (Fig. 2 and Table 2). 

The EDX spectra of the TA@HT@Fe3O4 and DOX/TA@HT@Fe3O4 
NPs are presented in Fig. 3a. The presence of C, O, Fe, Mg, Al, and Si 
elements in the EDX spectrum of the TA@HT@Fe3O4 NPs confirmed the 
successful establishment of the magnetic hydrotalcite NP platform. 
Along with the specific peaks of the platform, the N and Cl peaks 
appeared in the EDX spectrum of the DOX/TA@HT@Fe3O4 NPs indi-
cated the successful loading of DOX on particles. Fig. 3b depicts the 
room temperature magnetization curves of the TA@HT@Fe3O4 and 
DOX/TA@HT@Fe3O4 NPs. A less saturation magnetic moment value 
was obtained for the DOX/TA@HT@Fe3O4 NPs (8 emu g− 1) compared 
to the other ones (45 emu g− 1), which may be attributed to the contri-
bution of the non-magnetic materials. 

The stability of the TA@HT@Fe3O4 NPs under simulated body fluid 
condition and lysosomal one was validated by comparison to direct 
measurements of soluble Mg2+ and Al3+ ions in supernatants collected 
during dissolution experiments using ICP-OES. A higher solubility of the 
TA@HT@Fe3O4 NPs at pH 4.2 and 5.8 was obtained compared to that at 
pH 7.4, suggesting pH-dependent solubility profile of nanoparticles 
(Table 3). 

3.2. In vitro DOX-loading profile and release 

The drug entrapment efficiency and loading capacity of the 
TA@HT@Fe3O4 NPs are illustrated in Fig. 4a. Based on the results, the 
LC% of the NPs enhanced from 0.23 ± 0.14 to 13.53 ± 0.21% by rising 
DOX concentration from 20 to 320 μM. Given that the maximum drug 
entrapment efficiency was achieved at the 160 μM concentration of 
DOX, this concentration was selected for the subsequent experiments. At 
this concentration, the values of EE% and LC% were respectively 
determined 51.10 ± 0.10 and 8.17 ± 0.02%, which are higher than some 
of the previously obtained data [55,56]. The greater loading capacity of 
the TA@HT@Fe3O4 NPs can be attributed to the 2D layered structure 
and many phenolic OH groups of TA. Due to the more stability of DOX at 
low pH and temperature [57], the effect of acidic and physiological pH 
on the DOX loading efficiency of the TA@HT@Fe3O4 NPs was examined 
at 0 ◦C. Further, DOX loading was pH-dependent (Fig. 4b). The DOX 
loading efficiency (63.26% ± 1.00%) was higher at pH 5.8 than that at 
7.4 (52.02% ± 1.44%) (p < 0.05), while no DOX loading was observed 
at pH 4.2. The pH 7.4 seems to be the best condition for loading DOX on 
TA@HT@Fe3O4 NPs DOX due to the instability of hydrotalcites in acidic 
media [58]. 

Fig. 4c depicts the in vitro release profile of DOX from the DOX/ 
HT@Fe3O4 and DOX/TA@HT@Fe3O4 NPs at the pH values of 4.2, 5.8, 
and 7.4 in various time intervals. As demonstrated, the DOX release 
profile for the DOX/TA@HT@Fe3O4 NPs is pH-dependent with the 
highest cumulative release of about 96% at a lysosomal pH of 4.2 over 
24 h. Additionally, the cumulative release of DOX drops to 78 and 59% 
at the acidic tumor microenvironment and physiological pH (7.4), 
respectively. Further, the maximum DOX release is obtained about 82% 
at pH 5.8 and 62% at pH 7.4 over the next five days. The higher drug 
release from the DOX/TA@HT@Fe3O4 NPs at acidic pH compared to the 
drug delivery system reported in the literature [59] can be related to the 
partial dissolution of HT particles in the pH [5,6]. Furthermore, the DOX 
release profile of the DOX/HT@Fe3O4 NPs was not significantly 
different from that of the other one (Fig. 4c). The lower and sustained 
release of DOX from the DOX/TA@HT@Fe3O4 NPs at pH 7.4 can be 
beneficial since the reduced release of DOX in the blood results in 
decreasing the side effects associated with the non-specific DOX uptake 
and an increased DOX release in the tumor microenvironment. 

Fig. 9. Detection of apoptosis by Acridine orange-ethidium bromide (AO/EB) 
staining. (a) Representative fluorescence images of AO/EB stained HCT116 cells 
treated with free doxorubicin (DOX), TA@HT@Fe3O4 NPs (NPs), or DOX/ 
TA@HT@Fe3O4 NPs (NPs-DOX). The scale bar is 200 μm ( × 200 magnifica-
tion). (b) Quantification of the relative percentage of early and late apoptotic 
cells in each treatment group. Yellow and red arrows show the early and late 
apoptotic cells, respectively. TA: tannic acid; HT: hydrotalcite. (For interpre-
tation of the references to color in this figure legend, the reader is referred to 
the Web version of this article.) 

P. Gonbadi et al.                                                                                                                                                                                                                                



Journal of Drug Delivery Science and Technology 68 (2022) 103026

11

Therefore, this acid-dependent release behavior with the most favorable 
release in the acidic environment may improve DOX delivery to cancer 
cells [60,61]. 

3.3. In vitro cellular uptake assays 

Prussian blue staining and fluorescence microscopy images of two 
colon cancer cell lines, HCT116 (ER-positive, EGFR-positive) and LoVo 
(an ERβ2-5-negative, EGFR-positive) cells, treated with bare 
TA@HT@Fe3O4 and DOX/TA@HT@Fe3O4 NPs are provided in Fig. 5. 
The presence of blue precipitation of iron in the HCT116 cells treated 
with each of these particles (Fig. 5a, green arrows) indicated the ability 
of the NPs to pass the cell membrane and enter into the HCT116 cells. No 
iron uptake detected in the DOX/TA@HT@Fe3O4 NPs- and TA@HT@-
Fe3O4 NPs-treated LoVo cells (Fig. 5a), which represents the lack of the 
NPs uptake by the LoVo cells. The quantification of DOX fluorescence 
intensity measured as CTCF showed 3.36 times more DOX distributed in 
the HCT116 cells exposed with the DOX/TA@HT@Fe3O4 NPs compared 
to in the DOX-exposed cells (p < 0.001) (Fig. 5b and c). In addition, the 
DOX uptake was evaluated by flow cytometry. Based on the results in 
Fig. 6, a 1.87-fold higher DOX intracellular accumulation was observed 
in the HCT116 cells treated with the DOX/TA@HT@Fe3O4 NPs over 2-h 
exposure compared to those exposed to free DOX (p < 0.001). 
Furthermore, no significant DOX uptake was found in the HCT116 cells 
exposed with the DOX/HT@Fe3O4 NPs. These observations confirmed 
the role of TA in the DOX/HT@Fe3O4 NPs uptake in the HCT116 cells. 
The previous studies reported that TA targets the ER receptor-positive 
breast cancer MCF7 cells which expresses ERα, ERβ1, ERβ2, and ERβ5, 
not ER-negative breast cancer MDA-MB-231 cells [62,63]. We also 
evaluated the uptake of the DOX/TA@HT@Fe3O4 NPs in the 
EGFR-positive LoVo cells which do not express ERβ2-5 as control [64]. 
The flow cytometry results indicated the high intensity of DOX in the 

LoVo cells treated with the DOX/TA@HT@Fe3O4 NPs, DOX/HT@Fe3O4 
NPs, or free DOX (Fig. 6), as well as an insignificant difference in DOX 
uptake between the cells exposed with these NPs, which represents the 
non-ER-mediated cellular uptake of DOX. Additionally, the fluorescence 
intensity of the DOX-exposed cells was higher than that in the DOX/-
TA@HT@Fe3O4 NPs- and DOX/HT@Fe3O4 NPs-treated ones. This 
observation may be attributed to the existence of DOX transporter, 
organic cation transporter, in LoVo cells, which requires further research 
[65,66]. HEK293 cell line was used as an ERα-negative, ERβ-negative, 
and EGFR-negative cell line [67,68]. As evident in Fig. 6, DOX uptake 
was not significantly different among the HEK293 cells exposed with the 
DOX/TA@HT@Fe3O4 NPs and DOX. 

3.4. In vitro cytotoxicity of the DOX/TA@HT@Fe3O4 NPs 

Fig. 7a and b shows the UV–Vis absorption spectra (500–600 nm) 
related to the supernatants of the TA@HT@Fe3O4 NPs- and DOX/ 
TA@HT@Fe3O4 NPs-treated RBCs. The hemolysis percentage of the 
TA@HT@Fe3O4 NPs-exposed RBCs calculated by using equation (7) was 
less than 5% even at the concentrations as high as 214 μg mL− 1, which 
demonstrates the good hemocompatibility of the NPs [69]. MTT results 
revealed that the TA@HT@Fe3O4 NPs had an insignificant cytotoxic 
effect on normal HEK293 cells (Fig. 7c). In addition, the viability of 
HEK293 cells was obtained above 98% even the concentration was up to 
214 μg mL− 1 at 24 h after 2-h exposure, indicating the excellent 
biocompatibility of the TA@HT@Fe3O4 NPs. Based on the results of the 
previous studies, the cytotoxicity of HT NPs depends on their chemical 
composition and particle size [7]. According to Lanone et al., the 
MgAL-HT NPs exhibit less cytotoxic effect against human breast cancer 
cell lines compared to the ZnAl-HT ones, which is ascribed to the less 
cytotoxicity of Mg2+ ions than the Zn2+ ions [70]. Some studies reported 
the greater toxicity of 50-nm HT NPs on human lung cancer cells 

Fig. 10. Flow cytometry analysis of intracellular reactive oxygen (ROS) levels in the HCT116 cells treated with free doxorubicin (DOX), TA@HT@Fe3O4 NPs, or 
DOX/TA@HT@Fe3O4 NPs (a) without and (b) with magnetic field exposure, (c) DCF signal intensity of treated cells as the fold of control (untreated) group. TA: 
tannic acid; HT: hydrotalcite. 

P. Gonbadi et al.                                                                                                                                                                                                                                



Journal of Drug Delivery Science and Technology 68 (2022) 103026

12

compared to the larger-sized particles [7,71]. In the present study, the 
DOX/TA@HT@Fe3O4 NPs reduced the viability of all three cell types in 
a concentration-dependent manner (Fig. 7d–f). Further, the IC50 values 
for the DOX/TA@HT@Fe3O4 NPs against HCT116, LoVo, and HEK293 
cells were determined 0.018 ± 0.004, 0.019 ± 0.005, and 1.899 ± 0.179 
μg mL− 1, respectively. Thus, the NPs had more cytotoxicity against both 
colorectal cancer cell lines compared to the normal HEK293 cells. 
Furthermore, the ranges related to the IC50 value of the NPs against 
HCT116 and LoVo cells were the same. The IC50 of free DOX on LoVo 
cells (0.09 ± 0.02 μg mL− 1) was significantly less than that on HCT116 
ones (3.29 ± 0.17 μg mL− 1) (Fig. 7d and e). This issue may be attributed 
to the presence of DOX transporters on LoVo cells, which were 
confirmed through using DOX uptake assay [65,66]. Furthermore, we 
analyzed the viability of the untreated and treated HCT116 cells under 
an external magnetic field at different times. As depicted in Fig. 8, the 
magnetic field alone had no observable effect on the viability of the cells. 
The highest decrease in the viability of the DOX/TA@HT@Fe3O4 
NPs-exposed HCT-116 cells was observed after a 3-h exposure to a 60 mT 
magnetic field compared to the absence of the field (p < 0.0001). 
However, magnetic field failed to affect the viability of the cells treated 
with the TA@HT@Fe3O4 NPs or free DOX significantly. 

3.5. Apoptotic effect of the DOX/TA@HT@Fe3O4 NPs 

The representative fluorescence microscopic images of the HCT116 
cells treated and untreated through dual AO/EB staining are presented 
in Fig. 9. Apoptotic cells increased in the DOX/TA@HT@Fe3O4 NPs- 
exposed HCT116 cells by 9.21-fold compared to the DOX-treated ones 
(p < 0.001), which can be related to the higher DOX uptake by the cells 
exposed to the NPs. In fact, the treatment with the TA@HT@Fe3O4 NPs 
induced no apoptosis in the HCT116 cells, which was in line with the 
MTT results and confirmed the low cytotoxicity of the NPs (Fig. 7c). 

3.6. Intracellular ROS production 

Fig. 10 demonstrates the ability of the TA@HT@Fe3O4 NPs, DOX/ 
TA@HT@Fe3O4 NPs, and free DOX to induce intracellular ROS pro-
duction in HCT116 cells. As displayed, the treatment of the cells with the 
DOX/TA@HT@Fe3O4 NPs results in enhancing intracellular ROS gen-
eration by about 1.87 times compared to the use of DOX does (Fig. 10a 
and c), which is probably attributed to the higher uptake of DOX or iron 
by HCT116 cells. Some researchers have found the ability of the iron- 
based NPs to release iron ions (Fe2+ or Fe3+) in acidic lysosomes after 
endocytosis, which can improve ROS levels and induce ferroptosis, a 
form of the iron- and ROS-dependent regulated cell death [72,73]. In the 
present study, a 4.32-fold enhancement was obtained regarding ROS 
production in the DOX/TA@HT@Fe3O4 NPs-exposed HCT116 cells 
compared to those treated with DOX when exposing to 60 mT static 
magnetic field for 3 h (Fig. 10b and c). Magnetic field treatment can 
promote the accumulation of the iron-based NPs via passive and active 
targeting, as well as local drug release in tumor cells by changing NP 
arrangement. Finally, the magnetic field can induce intracellular ROS 
generation by rising the concentration of paramagnetic intercellular free 
radicals and altering the activity of the oxidative balance-related en-
zymes [73,74]. 

4. Conclusion 

In the present study, the TA@HT@Fe3O4 NPs were used for the 
magnetic- and receptor-targeted drug delivery system to the ER- 
overexpressing colorectal cancer cells. Based on the results, the DOX/ 
TA@HT@Fe3O4 NPs exhibited the pH-dependent sustained release of 
DOX. This delivery system represented the high cellular uptake of DOX 
into the ER-positive HCT116 cell line, leading to enhanced cytotoxicity, 
apoptosis induction, and ROS generation. Additionally, applying an 
external static magnetic field resulted in enhancing the cytotoxicity of 

the DOX/TA@HT@Fe3O4 NPs in a time-dependent manner and 
increasing intracellular ROS levels significantly. More studies are 
needed to investigate the influence of magnetic field parameters such as 
frequency, intensity, direction, and type of magnetic field (e.g., static 
and dynamic magnetic field) on improving the cellular uptake and 
cytotoxicity of chemotherapeutic drug-loaded NPs. Besides, further 
investigation with in vitro and in vivo models should be performed to 
provide information concerning drug delivery and clarify the efficacy, 
mechanism of action, and side effects of this system. Therefore, a com-
bination of conventional chemotherapeutic agents and the NPs under 
the action of a magnetic field can improve their therapeutic efficacy. 
Finally, the TA@HT@Fe3O4 NPs can serve as a basis for the further 
development of the magnetic-targeted therapy in the ERs- 
overexpressing tumors. 
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