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Background:Cancer treatments are being continually developed. Increasinglymore effective and

better-targeted treatments are available. As treatment has developed, the outcomes have improved.

Purpose: In this work, polyethylene glycol (PEG), layered double hydroxide (LDH) and 5-

fluorouracil (5-FU) were used as a stabilizing agent, a carrier and an anticancer active agent,

respectively.

Characterization andmethods:Magnetite nanoparticles (Fe3O4) coated with polyethylene

glycol (PEG) and co-coated with 5-fluorouracil/Mg/Al- or Zn/Al-layered double hydroxide were

synthesized by co-precipitation technique. Structural, magnetic properties, particle shape, parti-

cle size and drug loading percentage of the magnetic nanoparticles were investigated by XRD,

TGA, FTIR, DLS, FESEM, TEM, VSM, UV-vis spectroscopy and HPLC techniques.

Results: XRD, TGA and FTIR studies confirmed the formation of Fe3O4 phase and the

presence of iron oxide nanoparticles, polyethylene glycol, LDH and the drug for all the

synthesized samples. The size of the nanoparticles co-coated with Mg/Al-LDH is about 27 nm

compared to 40 nm when they were co-coated with Zn/Al-LDH, with both showings near

uniform spherical shape. The iron oxide nanoparticles retain their superparamagnetic property

when they were coated with polyethylene glycol, polyethylene glycol co-coated with Mg/Al-

LDH and polyethylene glycol co-coated with Zn/Al-LDH with magnetic saturation value of 56,

40 and 27 emu/g, respectively. The cytotoxicity study reveals that the anticancer nanodelivery

system has better anticancer activity than the free drug, 5-FU against liver cancer HepG2 cells

and at the same time, it was found to be less toxic to the normal fibroblast 3T3 cells.

Conclusion: These are unique core-shell nanoparticles synthesized with the presence of

multiple functionalities are hoped can be used as a multifunctional nanocarrier with the

capability of targeted delivery using an external magnetic field and can also be exploited as

hypothermia for cancer cells in addition to the chemotherapy property.

Keywords: nano drug delivery, layered double hydroxide, core-shell nanoparticles, iron

oxide nanoparticles, 5-fluorouracil

Introduction
Cancer is caused by cells mutation in the human body and the mutated cells

reproduce at a higher rate than the healthy cells.1–3 There is a variety of approaches

to control cancer disease including surgery,4,5 hormone therapy, immunotherapy6–8

and radiation therapy or a combination thereof.9 However, these common therapies

posed some disadvantages such as patient inconvenience (pain), the disappearance

of healthy cells, long-term treatment and high expenditure.9,10 One of the ways to
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treat cancer or its temporary relief is to use certain med-

ications known as chemotherapy.10,11

The chemotherapy is to specifically eliminate or destroy

cancer cells by chemical drugs without damaging adjacent

and healthy tissues.12,13 The development of targeted drug

delivery methods using nanotechnology platform through the

use of nanoparticles has emerged able to help cancer diag-

nosis and treatment.4,14 Magnetic nanoparticles have great

potential for both cancer diagnosis and treatment.5,7,15 They

have been used as contrast factors in the magnetic resonance

imaging (MRI) as well as the nanocarrier in modern drug

delivery systems.16–18 In recent years, the targeted transfer of

chemotherapeutic agents to cancer cells by magnetic nano-

particles has been studied and researched by many scholars

and have yielded valuable and desirable results.19

Nanotechnology-based drug delivery systems (DDS) have

dramatically improved drug therapies due to modification of

drug properties,20–22 increased drug bioavailability in the

bloodstream,23 reduced toxicity24 and increased half-life of

the drug.24–26 All of these features were achieved through the

improved of drugs delivery by magnetic nanoparticles with

its unique characteristics as drug carriers.21,27

Recently, much attention has been paid to the use of nano-

particles as carriers for drug delivery.14,28,29 Nanoparticle car-

riers can improve drug performance and reduce side

effects.30,31 In the manufacture of the nanoparticles, various

materials to transfer drugs such as polymers,10,32–35 metals,

lipids, layered double hydroxides, magnetic NPs decorated

lipophilic dyes (magnetoliposomes), chitosan nanoparticles,

gold and silver nanoparticles,2,36–45 etc. were used as drug

carriers with different shapes and sizes, as well as the fabrica-

tion methods.46–49

Magnetic nanoparticles as core are of great importance

in DDS due to their inherent magnetism and ability to

selectively attached to the molecules or tissue specific

and allow transportation to a targeted location under an

external magnetic field.48,49 In addition, magnetic nano-

particles have been widely used owing to their superior

properties such as targeted drug delivery and low side

effects.50 Size and surface properties of magnetic nanopar-

ticles play a significant role in determining their ability to

cross the cancer cell membrane.51 Additionally, a suffi-

cient magnetic gradient field is required to direct the

nanoparticle to the target.52 For magnetic targeting, the

therapeutic agent is embedded into the magnetic nanopar-

ticles, introduced into the body and directed to the target

area under magnetic field. Magnetic nanoparticles release

the drug through simple penetration or through

mechanisms that require enzymatic activity or temperature

or pH changes. One of the reasons for the use of magnetic

nanoparticles is their biocompatibility and toxicity.

Previous studies have shown that these nanoparticles exhi-

bit low toxicity because of the concentration required for

drug delivery purposes is often lower than the levels that

causing poisoning.53–57

In this study, we develop superparamagnetic core-shell

nanoparticles based on Fe3O4 core, coated not only with

polymer but also co-coating with LDHs. Fe3O4 as the core

is coated with PEG-Mg/Al-LDH or PEG-Zn/Al-LDH, as

the shells followed by loading with 5- fluorouracil as an

anti-cancer drug for the liver.

Materials and methods
Materials
Deionized water (18.2 MΩcm−1) was used in all the

experiments. Ferrous chloride tetrahydrate (FeCl2.4H2O)

and ferric chloride hexahydrate (FeCl3.6H2O) with 99%

purity were procured from Merck (Germany).

Polyethylene glycol, with 6000 molecular mass was pur-

chased from Acros Organics (USA). Ammonia solution

(25%) was acquired from Scharlau (Barcelona, Spain).

Aluminum nitrate (Al (NO3)3.9H2O ≥98.5%), zinc nitrate

hexahydrate Zn (NO3)2·6H2O with 98% purity and mag-

nesium nitrate (Mg (NO3)2·6H2O ≥99%) were supplied by

ChemAR (Kielce, Poland). 5-fluorouracil (C4H3FN2O2) is

a liver anti-cancer drug with 98% purity was obtained

from AKSci (CA, USA) and dimethyl sulfoxide

((CH3)2SO with 99% purity) was obtained from Sigma

Aldrich (Germany) and they were used in this study.

Methods
To prepare Fe3O4 nanoparticles, a mixture of 2.4 g ferrous

chloride tetrahydrate (FeCl2.4H2O), 0.9 g ferric chloride

hexahydrate (FeCl3.6H2O) and 100 mL deionized water in

the presence of 10 mL ammonium hydroxide (25% by

mass) It was exposed to ultrasonic irradiation for 2 hrs.

Afterward, the precipitates were washed 3 times, centri-

fuged and dispersed in 50 mL mixture of 2 g of polyethy-

lene glycol (PEG) in deionized water. Thereafter, the

synthesized nanoparticles were left in an autoclave at

150 °C for 20 hr. To eliminate the additional PEG which

does not contribute to the coating process, the black pre-

cipitates were collected and washed. The coated iron oxide

nanoparticles (FPEG) was added into 3 g of 5-fluorouracil,

which was solvable in DMSO (dimethyl sulfoxide), and
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the mixture was stirred for 24 hr. The final nanoparticles

were re-dispersed in 50 mL deionized water and layered

double hydroxide solution (Mg/Al) was added dropwise

into the combination solution under strong stirring till the

pH was decreased to 9–10.

The Mg/Al-layered double hydroxides (MLDH) nano-

carrier was prepared by co-precipitation procedure.

Briefly, the solution of magnesium and aluminum nitrates,

Mg(NO3)2.6H2O and Al(NO3)3.9H2O were dissolved in

50 mL distilled water. At the same time, 75 mL NaOH

(0.2 mol/L) was added dropwise with good stirring.

Finally, the resulting core-shell nanoparticles were centri-

fuged at 5000 rpm, washed and dried in an oven at 40 °C.

A similar process was done to synthesise magnetic nano-

particles with Zn/Al-layered double hydroxide (ZLDH).

Characterization
In order to determine the crystal structure of the prepared

samples, X-ray diffraction (a Shimadzu XRD 6000,

Japan) was used in a range of 2–80° using the CuKα

radiation (λ =1.5406 Å) at 40 kV and 30 mA. The mor-

phology, mean particle size and particle size distribution

were examined by a transmission electron microscope

(TEM, Hitachi H-7100, Tokyo, Japan) at an accelerating

voltage of 100 kV and the particle size distribution was

obtained by an image analysis software (UTHSCSA

Image Tool V.6). The thermal decomposition of the

core-shell nanoparticles with Mg/Al- and Zn/Al-LDH

were determined by the thermogravimetric analysis

(TGA/DTG) using a Mettler-Toledo instrument

(Greifensee, Switzerland) from 20_1000 °C at a heating

rate of 10 °C min−1.

To investigate the particle size distribution of the sam-

ples, dynamic light scattering (a DLS, MALVERN, Nano

S, UK) was used. The samples were diffused in methanol

and exposed to ultrasonic irradiation for 1 h (40% power

in 40 °C) prior to the measurement of the drug loading.

Percentage of the drug loading of the samples was deter-

mined using the high-performance liquid chromatography

(an HPLC, ALLIANCE, e2695, USA). Fourier transform

infrared (FTIR) spectra were recorded in the range

between 400–4000 cm−1 on a Thermo Nicolet 6700

(AEM, Madison WI, USA) with 0.09 cm−1 resolution,

using the potassium bromide disk method.

To study the magnetic properties, a vibrating sample

magnetometer (VSM, Lakeshore 7404, Westerville, OH,

USA) was used. A field emission scanning electron micro-

scope (FESEM, NOVA NANOSEM 230, California,

USA) was used to investigate the shape and morphology

of the nanoparticles. A CHNSO (LECO, TruSpec,

Stockport, UK) analyzer was used to determine the per-

centages of oxygen, nitrogen, hydrogen, sulphur and car-

bon compounds. The magnesium, zinc, aluminum and iron

content of the nanoparticles was studied with a

PerkinElmer spectrophotometer (Perkin Elmer, Wellesley,

MA, USA) (Model Optima 8300) inductively coupled

plasma atomic emission spectrometry (ICP-ES).

For TEM, VSM, SEM, XRD and TGA analyses, the

samples were first dried in an oven at 40 °C for 24 hrs. To

determine the particle size distribution, the sample in

water was ultrasonicated using an ultrasonic bath. For the

high-performance liquid chromatography and CHNSO

analyses, first, the samples were diluted in methanol and

PBS at pH 7.4 with the ratio of 1:1 and ultrasonicated

before the measurement. For the FTIR study, the KBr

technique was adopted and the FTIR spectra were obtained

in the range of 4000–500 cm−1. Purification of the nano-

particles from excess polymer and drug before further

characterization of the composition and loading was done

by washing the sample 3 times with excess deionized

water. We found that such a step was good enough to

give a consistence result.

Cell culture and MTT cell viability assays
Cell viability assay was conducted to analyze the toxicity

level of the nanoparticle to cell lines. Two types of cells

were used for the cytotoxicity assay; the healthy human

fibroblast (3T3) and human hepatocellular carcinoma cells

(HepG2) which were purchased from ATCC (Manassas,

USA). Both cells were grown in the Roswell Park

Memorial Institute (RPMI) of 1640 medium (Nacalai

Tesque, Kyoto, Japan) supplemented with 10% fetal

bovine albumin (Sigma-Aldrich, MO, USA), 1% antibio-

tics containing 10,000 units/mL penicillin and 10,000 μg/
mL streptomycin (Nacalai Tesque, Kyoto, Japan). Cells

were maintained and incubated in humidified 5% carbon

dioxide/95% room air at 37 °C. Cells layers were har-

vested using 0.25% trypsin/1mM-EDTA (Nacalai Tesque,

Kyoto, Japan). This followed by seeded in a 96-well tissue

culture plates at 1.0×104 cells/well for 24 hrs in an incu-

bator to attach and 90% confluence attained for treatment.

Methylthiazol tetrazolium (MTT)-based assay was car-

ried out to determine the cell viability and cytotoxicity.

Cells were treated with iron oxide (Fe), FPEG, FPEG-

MLDH, FPEG-ZLDH (the nanocarriers), 5-fluorouracil

(drug pure compound), FPEG-FU-MLDH and FPEG-FU-
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ZLDH (nanoparticles), where stock solutions were prepared

by dissolving the compound in 1:1 of dimethyl sulfoxide

(0.1 %) and RPMI. Then, the mixture was further diluted in

the same media to produce various final concentrations,

ranging from 1.25 to 100 μg/mL. Once the cells were

attached to the respective wells after 24 hrs, the tested

compounds were added until the final volume of 100 μL
well was obtained. After 72 hrs of incubation, 10 μL of

MTT solution (5 mg/mL in PBS) was added in each well

and further incubated for 3 hrs before being aspirated. Then

100 μL of dimethyl sulfoxide was added per well in the

dark and room temperature in order to dissolve the purple

formazan salt. The intensity of the purple formazan solu-

tion, which reflects cell growth was subsequently measured

at a wavelength of 570 nm using a microplate reader

(Biotek LE800, Winooski, Vermont, USA).

Results and discussion
X-ray diffraction
The diffraction planes of (003) and (006) at 10.9° and

22.1°, respectively were observed, indicating the charac-

teristic peaks of pure Zn/Al-LDH, 2D-layered structure

(Figure 1E). In addition, the XRD pattern for MLDH

with high intensity of (003), (006) and (009) reflections

were observed at the 2θ positions of 11.5° and 23.2° and

34.8°, respectively (Figure 1D). Additionally, 6 character-

istic peaks of iron oxide with a cubic inverted spinel

structure were also observed at 2θ =30.16°, 35.95°,

43.34°, 54.17°, 57.27° and 62.98° (JCPDS No: 82-1533)

(Figure 1C).30 Pure PEG is represented by two main

diffraction peaks of high intensity at 19.3° and 23.50°

(Figure 1F).34,58 The characteristic peak of 5-FU appeared

at 28.44° (Figure 1G).59 The XRD peaks of core-shell

nanoparticles with MLDH and ZLDH nanocarriers are

presented in Figure 1A and B, respectively.

Based on Figure 1, the XRD pattern is dominated by

Fe3O4 as shown by the reflections indicated for the Fe3O4

phase. However, the presence of a small amount of Fe2O3

cannot be ruled out. It was obvious that the coating pro-

cess did not significantly change the dominated phase of

Fe3O4 nanoparticles. Furthermore, it can be seen that

polyethylene glycol was coated onto the Fe3O4 nanoparti-

cles. Characteristic peaks related to the drug, 5-FU was

also observed on both samples, indicating that the drug, 5-

5-FU
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FNPs
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Figure 1 XRD patterns of (A) core-shell nanoparticles coated with Mg/Al-LDH, (B) core-shell nanoparticles coated with Zn/Al-LDH, (C) pure FNPs, (D) Mg/Al-LDH, (E)
Zn/Al-LDH, (F) PEG, (G) 5-FU. The nanoparticles are composed of pure FNPs, PEG, 5-FU and Mg/Al-LDH (for A) or Zn/Al-LDH (for B).
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FU was also incorporated onto the nanoparticles.

Furthermore, the peaks related to MLDH and ZLDH nano-

carriers were also appeared in the synthesized samples,

indicating that the nanoparticles were LDH-coated. The

Fe3O4, PEG and 5-FU peaks can be still observed after the

coating process with both LDHs, but the crystallization

intensity was reduced. It is noteworthy that although the

reflections for core-shell nanoparticles coated with Mg/Al-

LDH or Zn/Al-LDH that are attributed to the various

substances are not exactly identical to the peaks for the

pure compounds; PEG and 5-FU together with Mg/Al-

LDH or Zn/Al-LDH, respectively, the shifts are presum-

ably due to the slight change in the chemical interactions

of the compounds in the resulting nanoparticles.

Morphology and particle size distribution
The size and particle size distribution of magnetic nano-

particles play a significance role in the drug delivery

system. Furthermore, for magnetic nanoparticles, their

physical and chemical properties in aqueous environments

like blood depend on their size. Therefore they often

shipped as dry powders and dispersed in an aqueous envir-

onment for later use, and the later causes most of the

particles to be agglomerated. Therefore their stability has

to be evaluated by FESEM and DLS analyses.

As will be mentioned later, iron oxide particles are

usually strongly agglomerated. In fact, when the particle

size is reduced, their ratio of the surface to volume is

increased and as a result, the weight of the particles also

increased which leads to the formation of agglomerates.

These agglomerates result from the aggregation of the

small size of the synthesized particles. In this work, after

the samples were prepared, their stability of the nanopar-

ticles was compared. The results showed that sample b,

which had been co-coated with Mg/Al-LDH, was found to

be more stable than sample c.
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Figure 2 Field emission scanning electron micrograph (FESEM) of (A) FNPs, (B) the nanoparticles co-coated with Mg/Al-LDH, (C) the nanoparticles co-coated with Zn/Al-

LDH and EDX spectra of (D) the nanoparticles co-coated with Mg/Al-LDH, (E) the nanoparticles co-coated with Zn/Al-LDH. *The sample holder is made of aluminum,

therefore resulting in a high percentage of aluminum, and therefore it is not reliable to indicate the aluminum content of the sample.
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Figure 2 shows the field emission scanning electron

micrographs (FESEM) of the iron oxide nanoparticles

(Figure 2A), the nanoparticles co-coated with MLDH

(Figure 2B) and the nanoparticles co-coated with ZLDH

(Figure 2C) at magnifications of 200,000x. These images

show that the nanoparticles of both samples are agglom-

erated, presumably during the time of the drying process.

The degree of agglomeration was reduced as observed

after the iron oxide nanoparticle was coated with PEG

polymer, the LDHs and the drug. The FESEM images

show that the surface of the particles is slightly spherical.

However, the particle sizes of these nanoparticles, deter-

mined from SEM images and DLS are slightly larger than

those reported by the TEM.

The compositional analyses of the nanoparticles with

obtained from SEM-EDX study confirms the presence of

all the compositional elements in the nanoparticles. The

data obtained from EDX study is presented in Figure 2.

The table in Figure 2D and E indicate the atomic percen-

tage of iron and oxygen in the synthesized nanoparticles,

which is 13.6% and 47%, respectively for the nanoparti-

cles co-coated with Mg/Al-LDH compared to 19% and

46.1%, respectively for the nanoparticles co-coated with

Zn/Al-LDH. For PEG-coated FNPs and Mg/Al-LDH, the

atomic percentages of carbon, magnesium and aluminum

were found to be 5.2, 2.8 and 31.4%, respectively as

shown in Figure 2D. For PEG and Zn/Al-LDH coated

nanoparticles, the atomic percentages of carbon, zinc and

aluminum were found to be 4.2, 7.8 and 22.9%, respec-

tively (Figure 2E). The presence of PEG is evident from

the appearance of the peak of carbon. The presence of

zinc, magnesium and aluminum are resulting from the

nanocarriers; MLDH and ZLDH used for the preparation

process. The binding energies of iron for the whole core-
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shell nanoparticles are presented by peaks observed at the

energy values of 0.7 and 6.4 keV.37,38

The particle size distribution of the nanoparticles synthe-

sized in thisworkwas found to depend on the co-coated agents,

MLDH and ZLDH, which was studied via dynamic light

scattering (DLS) as revealed in Figure 3. The cumulative

distribution frequency for the core-shell nanoparticles shows

a narrow size distribution in the range of 40–110 nm and the

hydrodynamic diameter of 69 nm (Figure 3A). The nanoparti-

cles co-coated with Zn/Al-LDH revealed a narrow size dis-

tribution, between 70–125 nm with the hydrodynamic particle

size of 82 nm as revealed in Figure 3B. Their 100%cumulative

distribution is given in Figure 3CandD forMLDHandZLDH,

respectively.
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Mean size and particle size distribution by

TEM method
The nanoparticles size distribution is of great impor-

tance which also determines the degree of superpara-

magnetic properties and their retention time in the body.

The size, uniformity, shape and the size distribution of

the synthesized nanoparticles were studied by TEM

(Figure 4A and C). The co-coated Mg/Al-LDH nanopar-

ticles have the mean particle size of 28 nm with a

narrow size distribution, compared to 40 nm for the

co-coated Zn/Al-LDH nanoparticles as shown in Figure

4B and D). The size and size distribution of the nano-

particles were obtained by gauging of around 100 nano-

particles chosen randomly. It is clear that the

synthesized core-shell nanoparticles were generally

spherical shapes and fairly monodisperse.

It is worth noted that the core of the nanoparticles

is composed of iron oxide nanoparticles (ION) coated

with negatively charged drug and LDH nanocarrier.

DLS gave the higher value of the particle size distribu-

tion due to the aggregation of the nanoparticles

together to form larger particles as shown by FESEM

study. On the other hand, HRTEM gave the actual size

measurement of each of the nanoparticles in their non-

agglomerated dried form. This is why the particles size

distribution of the nanoparticles shows higher values

when they were measured using DLS method compared

to the HRTEM method.

Percentage loading of the drug by HPLC

analysis
High-performance liquid chromatography (HPLC) was used

for the quantification of the drug loading (Figure 5). The

method developed by Zhu et al.60 was used for 5-FU quanti-

fication with slight modification.61,62 In brief, a mobile phase

made up of methanol and 5 mole KH2PO4 (pH 6.0) in a ratio

of 4:96 v/v and the flow rate was set to 1 mL/minute. Agilent

C18 column (3.9X150, 4.6 μm) was used with the column

oven temperature of 30 °C and photodiode array detector

(PDA) was used in a Waters HPLC 2695 separation module.

Prior to sample analysis, standards of 5-FU; 25, 50, 100, 150

and 200 ppm and a calibration curve was formed with R2 of

0.99. The drug, 5-FU loading percentage of the core-shell

nanoparticles using MLDH and ZLDH was found to be 68%

and 51%, respectively. The LDHs alone have been reported to

have lower drug loading in the literature and the higher loading

may possibly attribute to the core-shell structure, and the

presence of polymer provides many functional groups for

more interaction with the drug molecules on the surface of

the drug delivery systems.61–65

Magnetic properties
Superparamagnetic properties are important in magnetic tar-

geted drug delivery system. Hysteresis loops of naked iron

oxide nanoparticles (Figure 6A), Fe3O4 coated with PEG and

co-coated with Mg/Al-LDH (Figure 6B) and Fe3O4 co-

coated with Zn/Al-LDH (Figure 6C) characterized by a

vibrating sample magnetometer (VSM) at room temperature

show they have superparamagnetic properties. The para-

meters in vibrating sample magnetometers (VSM) extracted

from the values of saturation magnetization (Ms), remnant

magnetization (Mr) and high coercivity (Hc) are revealed in

Table 1. The superparamagnetic materials show that they

have high saturation magnetization and zero coercivity and

remanence magnetization.66,67

The saturation magnetization of the prepared magnetic

nanoparticles, Fe3O4 was about 58 emu/g, slightly higher

compared to 40 emu/g for Fe3O4 coated with PEG and

Mg/Al-LDH, and 27 emu/g for Fe3O4 coated with PEG

and Zn/Al-LDH. After Fe3O4 was coated with PEG and

co-coated with MLDH and ZLDH, the saturation magne-

tization was reduced which could be attributed to the

coating materials on the surface of magnetic nanoparticles.

This saturation magnetization was further reduced after the

addition of the drug, due to the presence of another layer

on the iron oxide nanoparticles (Figure 6D and E).
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Although the remanent magnetization and coercivity (Hc)

of pure Fe3O4, FPEG-MLDH and FPEG-ZLDH nanopar-

ticles were low, all of them retain their superparamagnetic

properties due to the high value of saturation magnetiza-

tion. This means that they do not maintain their magnetic

behavior after the removal of the external magnetic field.68

It should be noted that the synthesis method and the type

of nanocarrier, as well as the stabilizer, could affect the

value of saturation magnetization.69,70 Based on the

results, the reduction in saturation magnetization of

Fe3O4 after they were coated could be due to the existence

of a layer that covered the iron oxide nanoparticles on the

surface and electron exchange between Fe atoms and PEG

polymer coated on the surface of Fe3O4 nanoparticles that

could affect the surface magnetic anisotropy and increase

surface spins disorientation. The magnetic properties of

the nanoparticles in the formulation can be utilized for

target the cancer cells by the application of external mag-

netic field and in addition, they can also confer on the

hyperthermia treatment applications in addition to the che-

motherapeutic effect of 5-FU.62,71,72

Fourier-transform infrared spectroscopy
Fourier-transform infrared spectroscopy (FTIR) spectra for

FNPs, MLDH, PEG, ZLDH, 5-FU and FPEG, the nano-

particles co-coated with MLDH and ZLDH are shown in

Figure 7. The FNPs shows an absorption band at 560 cm−1

which relates to the stretching of Fe–O in Fe3O4. Band of

Fe-O was shifted to 528 cm−1, 513 cm−1 and 537 cm−1 for

FPEG, sample (a) and (b), respectively. These results

confirmed the presence of iron oxide nanoparticles in the

synthesized samples which support the XRD result. The

characteristic bands of naked PEG appeared at 2881 and

1465 cm−1 which can be assigned to C–H stretching and

bending vibration, respectively. In addition, two other

characteristic bands are observed at 1278 and 1058 cm−1

which belongs to the O–H and C–O–H stretching vibra-

tion, respectively.10,73 However, in FPEG nanoparticles,
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Figure 6 Magnetization curves of (A) FNPs, (B) FPEG-Mg/Al-LDH, (C) FPEG-Zn/Al-LDH, (D) the nanoparticles co-coated with Mg/Al-LDH, (E) the nanoparticles co-

coated with Zn/Al-LDH recorded at room temperature.

Table 1 Magnetic properties of the nanoparticles

samples Ms (emu/g) Mr (emu/g) Magnetization

remanent retentivity

Hc (G) coercivity

FNPs 58.987 1.571 24.955

FPEG-Mg/Al-LDH 40.415 1.133 17.727

FPEG-Zn/Al-LDH 27.677 1.222 16.854

core-shell-Mg/Al-LDH 33.472 0.836 14.977

core-shell-Zn/Al-LDH 23.476 0.511 10.292
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pure PEG spectrum relates to 2881 and 1465 cm−1 were

shifted to 2760 and 1454 cm−1 after the coating process.

This confirms the coating of PEG on the surface of FNPs.

In addition, the FTIR spectra show the characteristic bands

of PEG which belong to the C-H, O-H and C-O-H

stretching vibrations in the nanoparticles co-coated with

Mg/Al-LDH (Figure 7A) shifted to 2360, 1475, 1225 and

1069 cm−1 and in co-coated Zn/Al-LDH (Figure 7B)

shifted to 2361, 1494 and 1235 cm−1, respectively. This

indicates that the nanoparticles were successfully coated

with PEG together with the LDHs.58,74

The FTIR spectrum of 5-FU shows the absorption

bands related to primary amines groups at 1550 cm−1

and also an intense, broad band at 1281 cm−1, belongs

to C-N functional group. Absorption bands related to

N-H structure was shifted to 1533 and 1589 cm−1 in

the nanoparticle of the co-coated with Mg/Al-LDH and

Zn/Al-LDH (samples a and b, respectively). The pre-

sent of –NH and −CN bands is strong evidence to

indicate that 5-FU was loaded on the nanoparticles.75

The appearance of hydrogen bond related to hydroxyl

layers in the nanoparticles of co-coated Mg/Al-LDH

confirmed the formation of a bond between LDH and

FPEG-drug nanoparticles. For example, the asymmetric

and symmetric stretching mode of O-H group in Mg/

Al–OH of Mg/Al–LDH at 3416 cm−1 was shifted to

3398 cm−1.76 The band at 1636 cm−1 is due to the

bending vibration (H–O–H) of interlayer water mole-

cules was shifted to 1622 cm−1. In addition, the

absorption band at 1344 cm−1 belongs to the stretching

vibration of C-O, shifted to 1343 cm−1. The bands at

1000–500 cm−1 are due to vibrational modes of the

lattice resulting from the O–Mg–O/Mg–O/Al–O/O–

Al–O bonds.77
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The FTIR spectrum of ZLDH shows a broad band at

3368 cm−1, attributed to the O–H stretching vibration of

LDH layer, and the interlayer water molecules was shifted

to 3412 cm−1 in sample b. The bending vibration of H–O–H

is due to the presence of water, gives rise to an absorption

band close to 1638 cm−1. A band at about 1383 cm−1 is

attributed to the C-O stretching vibration. However, this

bond was moved to 1353 cm−1 in the nanoparticle. In
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addition, the bands at 818 and 546 cm–1 are due to the

vibrations of Al-OH and Zn–OH in the layer crystal lattice,

respectively. The absorption band due to Zn–OH structure

was shifted to 537 cm−1 in sample b. The presence of iron

oxide and polymer in the nanoparticles co-coated with

MLDH and ZLDH can be confirmed by the presence of the

vibration bands at 500 and 2000–3000 cm−1, which are

ascribed to the stretching vibration of Fe-O and C–H, respec-

tively. Furthermore, the absorption band related to the vibra-

tion of N-H existed in the drug was found in both samples.

Compared to the pureMg/Al-LDH and Zn/Al-LDH, the O-H

stretching band in the nanoparticles co-coated with MLDH

and ZLDH was slightly shifted after the intercalation, pre-

sumably because of the constraint inside the interlayer space

as well as the interaction with the –OH functional group.

Thermal decomposition
The thermogravimetric and differential thermogravimetric

(TGA/DTG) behavior of FNPs, PEG, Mg/Al- and Zn/Al-

LDH and 5-FU are shown in Figure 8. The thermal beha-

vior of FNPs (Figure 8A) over the temperature range

between 25–1000 °C revealed that two stages of weight

loss at 49 °C, with weight loss of 0.8%, and at 263 °C with

weight loss of 1.9%; both are attributed to removal of

residual water in the sample.34 For PEG polymer (Figure

8B), one main thermal event was clearly observed,

occurred in the region of 170–433 °C with 97.6% weight

loss.30 The TGA/DTG thermograms for 5-fluorouracil

(Figure 8C) indicate a substantial mass loss of about

89.3%, displaying that the 5-fluorouracil undergoes a

rapid decomposition.59

The weight loss of MLDH was occurred in three stages

(Figure 8D). The first one at 43 °C with a total weight loss

of 2.2% was observed. The mass reduction occurs below

100 °C can be related to the evolution of the adsorbed

water or removal of free and interlayer water.78 The sec-

ond sharp mass reduction step at 134 °C (5.4%) is due to

the decomposition of dihydroxylation of the layers and the

intercalated anions. The thermogravimetric curve shows

one mass reduction at 370 °C (12.4%) and this is due to

the decomposition of the interlayer of NO3 and dehydrox-

ylation of the layers followed by the collapsed of the

layered structure. The last mass reduction is due to the

formation of MgAl2O4 spinal phase.
19 Figure 8E displays

the weight loss of the nanoparticles co-coated with Mg/Al-

LDH at 23 −992 °C with five weight losses; 23–182 °C

(10.5%), 182–415 °C (15%); 415–597 °C (14.6%); 615–

717 °C (1.8%) and 717–808 °C (4.6%).

Zn/Al-LDH thermogram in Figure 8F shows a mass

loss at 160 °C which corresponds to 7.0 %, owing to the

removal of water molecules that has hydrogen bonding

with the interlayer anion,79,80 The second decompositions

Table 2 Elemental composition of the nanoparticles

Sample C%* H%* N%* Zn%** Mg%** Al%** Fe%**

FNPs 0.02 0.54 1.02 – – – 47

PEG 52.69 8.98 1.64 – – – –

Mg/Al-LDH – 3.18 4.64 – 7.3 4.5 –

Zn/Al-LDH – 2.37 4.45 6.8 – 5.2 –

5-FU 37.76 2.36 21.5 – – – –

co-coated with MLDH 2.32 2.90 0.16 – 2.1 3.4 13.1

co-coated with ZLDH 5.49 2.26 0.24 3.8 – 3.3 21.3

Notes: *Calculated from CHNS analysis; **Calculated from ICP-ES analysis.

Table 3 Percentage of elements in the nanoparticles

Sample C% H% N% Zn% Mg% Al% Fe%

FNPs – 0.54 0.07 – – – 8.5

PEG 4.4 8.98 0.2 – – – –

Mg/Al-LDH – 3.18 0.4 – 0.3 1.7 –

Zn/Al-LDH – 2.37 0.4 0.1 – 0.2 –

5-FU 3.2 2.36 1.5 – – –

NPs co-coated with Mg/Al-LDH 0.2 2.90 0.02 – 0.1 0.1 2.3

NPs co-coated with Zn/Al-LDH 0.4 2.26 0.01 0.06 – 0.1 3.8
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might be due to dehydroxylation of basic LDH layers at

228 °C with 5.7% weight loss. The third event at 368 °C

results of the loss of interlayer carbonate species.81

Similarly, TGA curves of the co-coated sample with Zn/

Al-LDH shows four decompositions (Figure 8G). The one

at 90 °C was about 5.6%, the second and third stages were

at 162–366 °C and 366–641 °C, with 15.5% and 12.0%

weight loss, respectively. Finally, the final residue was

decomposed with a weight loss of 4.6%.

Comparing the TGA thermograms of all the FNPs,

PEG, 5-FU, MLDH, ZLDH with the synthesized nanopar-

ticles, it is clear that the resulting synthesized nanoparti-

cles are composed of polymer (PEG), drug (5-FU) and the

nanocarriers (LDHs).

Elemental composition by CHNS and

ICP-ES analyses
The elemental composition analysed by ICP-ES for the

pure MLDH and ZLDH (Table 2) was found to be Mg

(7.3%), Al (4.5%) and Zn (45.0%), Al (5.2%). The results

confirmed the formation of both nanocarriers, LDHs as

indicated by the XRD diffractograms and the EDX results

of the samples. The ICP-ES results of the nanoparticles in

Table 3 also indicate the presence of Mg, Zn and Al,

although their percentages are low, owing to the presence

of other chemicals from the other molecules. The presence

of Fe, which was used as the core, C and O also were

observed in the ICP-ES and CHNS data, indicating the

successful coating of iron oxide outer layer with the poly-

mer. Additionally, the presence of N which specifically

available in the drug structure of the 5-FU was also

detected from the CHNS analyses, which confirm the

presence of the drug in the LDH hosts.

Drug release behavior
The releases behavior of 5-fluorouracil in PBS solution is

plotted in Figure 9. It can be found that both of the 5FU

releases at a pH value of 4.8 and 7.4 displayed the trend is

almost the same. After 48 hrs, the drug release plateaus

were all achieved, indicating that the drug-co-coated nano-

particles with Mg/Al-LDH and Zn/Al-LDH demonstrated

obviously slow and sustained release behavior. Meantime,

81% and 78% of the loaded 5FU from co-coated nanopar-

ticles with Mg/Al-LDH (FPEG-FU-MLDH) and co-coated

nanoparticles with Zn/Al-LDH (FPEG-FU-ZLDH) were

released in the PBS solution at pH 4.8, respectively.

Meantime, 43% and 30% of the loaded 5FU from FPEG-

FU-MLDH and FPEG-FU-ZLDH nanoparticles were

released in the PBS solution at pH 7.4, respectively. The

release profile in Figure 9 indicates the maximum percen-

tages of drug release in pH 4.8 were higher than pH 7.4.

Meaning that the 5FU-loaded FPEG-FU-MLDH and

FPEG-FU-ZLDH nanoparticles had a pH-dependent char-

acteristic for controlling release. The fast release of 5FU

was mainly attributed to the higher of the 5FU-loaded in

co-coated nanoparticles in an acidic environment than that

in high pH value. Certainly, the interaction decreasing

between 5-fluorouracil molecular and the carriers due to

the breaking of the bonds between the polymer and the

drug in the acidic PBS solution may play a role. It is worth

noting that, The drug to be almost quickly released at the

beginning in FPEG-FU-MLDH and FPEG-FU-ZLDH

nanoparticles, in the phosphate-buffer solution with pH

4.8 underwent release within 32 and 48 hrs, respectively.

While in pH 7.4 the release was about in the first 10 and

16 hrs. It revealed that the drug release process has a slow,

stable and excellent controlled-release property in pH 7.4

through the ion exchange process.

In vitro cell cytotoxicity assay
All the cytotoxicity assays were carried out in triplicates and

the standard deviations were calculated and are incorporated

in the respective bar graphs. For the calculation of IC50, we

plot the x- against the y-axis and converted the x-axis values

(conc.) to their log values, followed by nonlinear regression

(curve fit) under the xy analysis to obtained a straight line

equation fit, y = ax + b, from which the regression line and

then inhibition IC50 was calculated.
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Figure 9 Cumulative release profile of 5-fluorouracil from co-coated nanoparticles
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Cytotoxicity studies on normal fibroblast,
3T3 cells
Cytotoxicity studies were conducted by treating iron

oxide (Fe), FPEG, FPEG-MLDH, FPEG-ZLDH, 5-fluor-

ouracil, core-shell nanoparticles; FPVA-FU-MLDH and

FPVA-FU-ZLDH, with normal fibroblast, 3T3 cells.

Various gradient concentrations of the samples were

incubated for a maximum of 72 hrs with the 3T3 cells.

Cell viability was determined using the standard MTT

assay protocol. Figure 10A shows the percentage cell
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Figure 10 (A) Cytotoxicity assay of iron oxide (Fe), FPEG, FPEG-MLDH, FPEG-ZLDH, 5-Fluorouracil, core-shell nanoparticles, FPVA-FU-MLDH and FPVA-FU-ZLDH

against normal 3T3 cells at 72 hrs. (B) Cytotoxicity assay of iron oxide (Fe), FPEG, FPEG-MLDH, FPEG-ZLDH, 5-fluorouracil, core-shell nanoparticles, FPVA-FU-MLDH and

FPVA-FU-ZLDH against HepG2 cells at 72 hrs of incubation.
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viability of the 3T3 cells after 72 hrs incubation for all

the samples. All of the samples including iron oxide (Fe),

FPEG, FPEG-MLDH, FPEG-ZLDH, 5-fluorouracil, core-

shell nanoparticles; FPVA-FU-MLDH and FPVA-FU-

ZLDH were found to be biocompatible and nontoxic, as

the cell viability was found to be more than 70% after

72 hrs incubation. This suggests that the designed antic-

ancer nanoparticle formulation is biocompatible with nor-

mal cells and would be very useful for targeting the

cancer cells without damaging/harming the normal tis-

sues. The statistics ANOVA revealed that no significant

difference was found among the samples groups at indi-

vidual concentrations using the ANOVA and Duncan’s

Multiple Range test.

Anticancer action against liver cancer

cells, HepG2
To study the anticancer activity of iron oxide (Fe), FPEG,

FPEG-MLDH, FPEG-ZLDH, 5- fluorouracil, core-shell

nanoparticles, FPVA-FU-MLDH and FPVA-FU-ZLDH),

the samples were treated with liver cancer cells, HepG2

(Figure 10B). Different concentrations of the above sam-

ples were incubated with liver cancer cells, HepG2 for

72 hrs and cell viability was determined by the MTT

assay protocol. The empty carriers; Fe, FPEG, FPEG-

MLDH, and FPEG-ZLDH did not show any inhibitory

action against liver cancer cells, HepG2. The IC50 of the

pure drug, 5-FU against liver cancer cells, HepG2 was

found to be 32.73 µg/mL. The IC50 of the core-shell

nanoparticles; PEG-FU-MLDH and FPVA-FU-ZLDH

were found to be 28.88 µg/mL and 20.09 µg/mL, respec-

tively. The effective IC50 which is the actual amount of 5-

FU present in IC50 of the anticancer nanoparticle was

calculated from the percentage of the drug, 5-FU loading

which is 68 and 51% for FPEG-FU-MLDH and FPVA-

FU-ZLDH, respectively, which were determined using the

HPLC analysis. These results suggest that the core-shell

nanoparticles of FPEG-FU-MLDH at 28.88 µg/mL and

FPVA-FU-ZLDH at 20.09 µg/mL have much better antic-

ancer activity compared to the free drug, 5-fluorouracil.

Overall, the study shows that FPVA-FU-ZLDH has better

cytotoxicity compared to FPEG-FU-MLDH, even though

the drug loading percentage of FPVA-FU-ZLDH is lower,

which is only 51%.

Statistical analysis was determined using several

softwares; SPSS and ANOVA and Duncan’s Multiple

Range test. The significant differences were found

between the empty carriers, iron oxide (Fe), FPEG,

FPEG-MLDH, FPEG-ZLDH, free drug 5-fluorouracil,

core-shell nanoparticles; FPEG-FU-MLDH and FPVA-

FU-ZLDH. The core-shell nanoparticles; FPEG-FU-

MLDH and FPVA-FU-ZLDH were found significantly

different from all the other samples at concentrations of

6.25 to 50 μg/mL with (P-values of <0.5). At a concen-

tration of 3.125–100 μg/mL, the samples 5-FU, FPVA-

FU-MLDH and FPVA-FU-ZLDH were significantly dif-

ferent from the empty carrier. The value was found to

be <0.05.

The samples; iron oxide (Fe), FPEG, FPEG-MLDH,

FPEG-ZLDH, 5-fluorouracil, core-shell nanoparticles;

FPVA-FU-MLDH and FPVA-FU-ZLDH showed the antic-

ancer effect towards the cell line is in a dose-dependent

manner. The half maximal inhibitory concentration value

(IC50) of all the samples is given in Table 4. The IC50

values of the nanoparticles determined based on percen-

tage drug loading clearly indicates that the synthesised

nanoparticles have a better anticancer effect than the

drug in their free forms.

Conclusion
Magnetite nanoparticles coated with polyethylene glycol/

layered double hydroxide/5-fluorouracil were successfully

prepared via co-precipitation method. When Mg/Al-LDH

was used as the co-coating agent, the nanocarrier enhanced

the percentage of drug loading with narrow size distribu-

tion and smaller particle size distribution. The average size

distribution of the Mg/Al-LDH co-coated agent was found

to be about 69 nm, compared to 82 nm for the one co-

coated with Zn/Al-LDH. In addition, the particle size of

Table 4 The half maximal inhibitory concentration (IC50) value

for iron oxide (Fe), FPEG, FPEG-MLDH, FPEG-ZLDH, 5-fluor-

ouracil, core-shell nanoparticles; FPVA-FU-MLDH and FPVA-FU-

ZLDH samples tested on 3T3 and HepG2 cell lines

Nanocomposites IC50 (μg/mL)

3T3 cell lines HepG2 cell line

Fe N.C N.C

FPEG N.C N.C

FPEG-MLDH N.C N.C

FPEG-ZLDH N.C N.C

5-fluorouracil N.C 32.73 µg/mL

FPVA-FU-MLDH N.C 28.88 µg/mL

FPVA-FU-ZLDH N.C 20.09 µg/mL

Abbreviation: N.C, No cytotoxicity.
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the nanoparticles depends on the type of the nanocarrier;

the one co-coated with Mg/Al-LDH is smaller than the one

co-coated with Zn/Al-LDH. It was also shown that the

nanoparticles can retain their superparamagnetic proper-

ties; even they were co-coated with 5-FU/LDH. Based on

their physico-chemical properties, the synthesized nano-

particles can be further explored to be used as multifunc-

tional nanotheranostics for targeted delivery using an

external magnetic field, as hypothermia agent for cancer

cells in addition to their chemotherapeutic property.
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