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Abstract
The chemotherapy combined with thermotherapy is greatly considered in clinical applications for cancer treatment. The 
fabrication of nanomaterials with multifunctionality is an attractive approach to be utilized in cancer therapy. In this work, we 
report the synthesis of dopamine-urea organosilane (DPU) integrated mesoporous silica material in which the magnetic  Fe3O4 
nanoparticles were grown onto the outer surface of the mesoporous silica nanoparticles via  Fe3O4-dopamine complexation 
method. The mesoporous structural characterization results revealed that the synthesized  Fe3O4@DPU@MSH materials had 
high surface area (386 m2/g), large pore size (4.5 nm) and uniform particles in which the magnetic  Fe3O4 nanoparticles were 
grown onto the outer surface of the mesopore walls with the particles size about 5–10 nm. Because of the existence of  Fe3O4 
nanoparticles onto the outer surface of the  Fe3O4@DPU@MSH material, the sample shows superparamagnetic properties 
and high magnetic hyperthermia ability in the presence of applied magnetic field. Furthermore, owing to the presence of high 
surface area, the  Fe3O4@DPU@MSH shows high drug loading capacity, and pH-responsive and temperature-accelerated drug 
release efficiency. In addition, the MTT assay analysis and the intracellular uptake study results support that the synthesized 
 Fe3O4@DPU@MSH material is biocompatible. Therefore, the  Fe3O4@DPU@MSH material would be a promising material 
for drug delivery and magnetic hyperthermia applications in cancer therapy.
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1 Introduction

Recent research mainly focusing to design nanomaterials 
with two or multi-functions together in a single system to 
improve their efficiency [1]. Specifically, the nanomaterial-
based research is gaining great attention due not only to their 
unique physicochemical properties but also for their excel-
lent practical applications in several fields such as catalysis, 
sensors, environmental remediation, drug/gene delivery and 

biomedical applications [2–6]. The ordered mesoporous 
silica materials are considered to be promising materials 
owing to their excellent physicochemical properties such as 
high surface area, uniform pore size and mesopore volume, 
chemical, mechanical and thermal stability and biocompat-
ibility [7, 8]. The incorporation of organic functional groups 
with the mesoporous silica materials would expand their uti-
lisation in various fields. However, for the potential applica-
tions, organic functional groups modified mesoporous silica 
hybrid materials show excellent properties as compared to 
pure inorganic mesoporous silica (MCM-41, SBA-15) mate-
rials owing to their unique organic functionalities.

Recently, the iron oxide-based magnetic mesoporous sil-
ica nanomaterials have attracted immense research interest 
owing to their non-toxic nature, biodegradability and easy 
separation by external magnetic field and recyclability [9, 
10]. Therefore, much research efforts have been given to 
fabricate the magnetic nanoparticle-based mesoporous silica 
materials for various applications [11–15]. The incorpora-
tion of magnetic nanoparticles onto the outer surface of the 
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mesoporous silica nanoparticles have advantages such as (i) 
due to the existence of the incorporated magnetic nanoparti-
cles onto the outer surface, the mesopore channels remains 
unoccupied and it is possible to increase the loading effi-
ciency of the desired guest molecules; (ii) fast accumula-
tion kinetics could be achieved under an external magnetic 
field [16]. The incorporation of small size magnetic  Fe3O4 
nanoparticles onto the outer silica surfaces by metal–ligand 
complex coordination interaction approach may be an easy 
approach to grow magnetic nanoparticles onto the outer sur-
faces of the mesoporous silica nanoparticles [17]. Owing to 
the formation of magnetic nanoparticles onto the outer silica 
surfaces, the inner pore channels of the mesoporous silica 
materials remain unoccupied and they can access the large 
amount of payloads. Furthermore, due to the existence of 
magnetic nanoparticles onto the outer surface of the silica 
nanoparticles it can enhance the heating efficiency in the 
presence of applied external magnetic field. Magnetic hyper-
thermia is a promising technique in cancer thermotherapy 
because the magnetic nanoparticles can generate heat in 
the presence of applied external magnetic field [18–21]. As 
compared to the normal cells, tumour tissues are more sensi-
tive to heat and undergo cell apoptosis under hyperthermia 
temperature (42–45 °C) conditions [22]. Therefore, much 
efforts have been given to design the nanotherapeutic system 
which favours the drug delivery and hyperthermia features 
together in a single system. The concomitant delivery of 
therapeutic agents and intracellular local hyperthermic heat 
into the tumour sites can effectively improve the synergis-
tic effects of cancer therapy [23]. The major advantages of 
the magnetic mesoporous silica-based drug delivery sys-
tem is that the nanoparticles can be injected into the body 
and further concentrated in the required target sites simply 
by applying external magnetic field. Therefore, such drug 
carrier systems can effectively deliver the anticancer drugs 
at target sites without affecting normal cells. The stimuli-
responsive nanoparticle-based drug delivery carriers are 
considered to be an excellent platform for cancer therapy. 
Because, these nanomaterials are sensitive to the intracellu-
lar stimuli (pH, enzyme and redox potential) and/or external 
stimuli (light, magnetic field and temperature) [24].

Among various stimulus, pH stimuli is considered to be 
efficient because of the pH gradient between normal cells 
and tumour tissues in the body. Most of the tumour tissues 
are in acidic pH (pH < 7.4) as compared to normal healthy 
tissues (pH 7.4) which favours for the target drug delivery 
[25]. Similarly, the magnetic field is considered to be an 
effective stimulus because it can be applied externally at the 
target tumour sites [26]. Current researchers mainly focus-
ing to design nanomaterials which combine dual- or multi- 
stimuli such as pH/temperature, pH/magnetic field, enzyme/
temperature, pH/magnetic field/redox, enzyme/redox/light, 
etc. to improve the combined therapeutic efficacy [27]. In 

the pH/temperature stimuli-responsive drug carrier system, 
the encapsulated drug molecules are retained into the nano-
carrier at physiological pH conditions (pH 7.4) and start to 
deliver the loaded drugs under acidic pH (pH < 7.0) environ-
ments. Furthermore, the temperature stimuli can increase the 
solubility and enhance the diffusion rate of the drug mol-
ecules from the drug carrier system.

However, many reports were represent the fabrica-
tion of magnetic-based mesoporous silica nanoparticles. 
Among, most of the reports were discussed the fabrication 
of core–shell based magnetic mesoporous silica materials 
[28–30]. Only few works were reported on the synthesis 
of magnetic mesoporous silica nanoparticles in which the 
magnetic particles were incorporated inside the mesopore 
walls [31].

As compared to the core–shell magnetic mesoporous 
silica materials, the incorporation of magnetic nanoparti-
cles inside the mesopore walls is considered to be efficient 
because the materials can provide high magnetic heating 
efficiency. Furthermore, the integrated DPU units can act 
as drug binding sites which favors more drug loading and 
pH-responsive drug release efficiency. Herein, we synthesise 
a magnetic mesoporous silica hybrid material in which the 
magnetic iron oxide  (Fe3O4) nanoparticles were grown onto 
the outer surface of the mesoporous silica hybrid materials 
through metal–ligand complex coordination method. Firstly, 
the mesoporous silica hybrid materials were synthesized by 
using dopamine-urea organosilane (DPU) precursor along 
with tetraethyl orthosilicate (TEOS) as silica sources by co-
condensation method under basic condition. Secondly, the 
outer surface of the as-synthesized nanoparticles were modi-
fied using DPU precursor. Thirdly, the magnetic iron-oxide 
 Fe3O4 nanoparticles were grown onto the outer surface of 
the as-synthesized silica nanoparticles by introducing fer-
ric chloride solution followed by reduction method. Finally, 
the occluded surfactant into the mesopore channels were 
removed by solvent extraction process to obtain magnetic 
mesoporous silica hybrid  (Fe3O4@DPU@MSH) materials 
(Scheme 1). The synthesised  Fe3O4@DPU@MSH material 
could be desirable to achieve the pH-responsive controlled 
drug delivery and magnetic hyperthermia applications 
together in a single entity (Scheme 2). Magnetic hyperther-
mia treatment may induce anticancer immunity without 
adverse side effects to the normal cells and the mesoporous 
silica hybrid assists high drug loading and controlled release 
of anticancer agents. By combining the pH-responsive drug 
delivery with magnetic hyperthermia techniques together in 
a single system allows not only the accumulation of drug in 
the desired sites in the body but also the possibility of using 
hyperthermia technique in cancer therapy. Hence, the syn-
thesised  Fe3O4@DPU@MSH material is suitable to achieve 
the synergistic effects such as chemotherapy and thermo-
therapy treatment in cancer therapy.
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2  Experimental

2.1  Materials and reagents

3-(Triethoxysilyl)propyl isocyanate (ICPTES, 95%), tetra-
ethyl orthosilicate (TEOS, 98%), ferric chloride hexahydrate 

 (FeCl3·6H2O), dopamine hydrochloride (98%), hydrazine, 
ammonium hydroxide (28%), 5-fluorouracil (5-FU) and rho-
damine 123 (Rh123) were purchased from Sigma Aldrich 
(USA) and all the reagents were used as received without 
further purification.

Scheme 1  Schematic represen-
tation for the step-wise synthe-
sis and surface fabrication of 
magnetic  Fe3O4 nanoparticles 
onto the  Fe3O4@DPU@MSH 
materials

Scheme 2  Schematic representation for the drug loading into the  Fe3O4@DPU@MSH materials and the pH-responsive drug release, and mag-
netic hyperthermia applications
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2.2  Synthesis of dopamine‑urea (DPU) precursor

To synthesize dopamine-urea silane precursor, about 0.25 g 
(1.6 mmol) of dopamine hydrochloride was dissolved in 
60 mL of anhydrous ethanol. To this, 0.4 g (1.6 mmol) of 
ICPTES was added with vigorous stirring under inert con-
dition in the presence of trimethylamine base. The reaction 
mixture was stirred at 70 °C for 24 h. In this reaction, the 
isocyanate groups can also possibly react with ethanol mole-
cules to produce some byproduct. Finally, the obtained crude 
product was further purified by column chromatography by 
using hexane to remove the byproducts. The resulted gray 
color viscus oil was dried under a vacuum condition to yield 
the urea bridged dopamine-silane (DPU) precursor [32, 33]. 
1H NMR (400 MHz, MeOH-d4): δ 0. 45 (t, 4H,  SiCH2), 
δ 1.03 (t, 18H,  CH2CH2O), δ 1.62 (t, 4H,  SiCH2CH2), δ 
3.65 (t, 4H, NH), δ 6.5–7.8 (m, 3H, aromatic). 13C NMR 
(400  MHz, MeOH-d4): δ 1.84  (CH2Si), δ 10.5  (CH3), 
δ 15.8  (CH2), δ 35.8 (O–H), δ 60.2 (aromatic), δ 122.7 
(C=O). FTIR (KBr): 1451 cm−1 (υN–H), 1736 cm−1 (υC=O), 
1465 cm−1 (υO–H), 1512 cm−1 (υC=C), 2882, 2927 cm−1 
(υC–H) (Scheme 1, step-1).

2.3  Synthesis of DPU organosilica 
precursors‑integrated mesoporous silica hybrid 
(DPU@MSH) materials

The DPU organosilica precursors-integrated mesoporous 
silica hybrid (DPU@MSH) material was synthesized by 
sol–gel hydrolysis and co-condensation method under 
ammonia catalyzed basic medium [34]. Typically, 0.6 g of 
CTAB was dissolved in 160 mL deionized water and 3 g 
of ammonia solution was added magnetically stirred for 
30 min. To this, the premixed solution of DPU (precursor 
A) and TEOS (precursor B), to afford a molar percentage of 
DPU/TEOS + DPU = 20 mol% was then added dropwise into 
the surfactant solution under vigorous stirring. The obtained 
reaction mixture was then stirred for 12 h at 45 °C and fur-
ther stirred for another 24 h at 85 °C. The obtained solid 
suspension was filtered and washed with deionized water, 
and then dried at 60 °C. The as-synthesized material was 
labelled as DPU@(CTAB)-MSH (Scheme 1, step-2).

2.4  Fabrication of magnetic nanoparticles 
onto the outer surface of the DPU@(CTAB)‑MSH 
materials

To integrate the magnetic nanoparticles onto the outer 
surface of the DPU@(CTAB)-MSH nanoparticles, firstly, 
we modified the outer surface of the DPU@(CTAB)-MSH 
silica materials by DPU organosilane units. To immobilize 
the DPU units, about 0.1 g of the as-synthesized DPU@
(CTAB)-MSH samples were dispersed in 50 mL of dry 

toluene. To this, 2 mL (0.2 M) of DPU precursor solution 
was added dropwise under magnetic stirring and further 
refluxed at 80 °C for 24 h. The resulted samples were col-
lected by centrifugation and washed with toluene and etha-
nol, and dried at 60 °C. The obtained samples were labelled 
as DPU/DPU@(CTAB)-MSH materials (Scheme 1, step-3). 
Secondly, the magnetic nanoparticles were grown onto the 
outer surface of the DPU/DPU@(CTAB)-MSH materials 
by dispersing 0.1 g of DPU/DPU@(CTAB)-MSH materi-
als in 100 mL of deionized water. To this, approximately 
50 mg (0.07 mmol) of  FeCl3 solution was added slowly 
under vigorous stirring and further stirred for 15 min to 
form  Fe3+-dopamine complex (Scheme 1, step-4) [35, 36]. 
Thirdly, the complexed  Fe3+ ions were then reduced into 
magnetic iron oxide  (Fe3O4) nanoparticles by adding hydra-
zine (25 µmol) as reducing agent and the resulted suspension 
mixture was then transferred into an autoclave (100 mL) and 
heated at 150 °C for 12 h [37–39]. The obtained suspen-
sion was separated by external magnet, washed with water 
to remove the non-magnetic silica particles and then dried 
at 60 °C. The obtained sample was labelled as  Fe3O4@
DPU@(CTAB)-MSH materials (Scheme 1, step-5). Finally, 
the occluded CTAB surfactant from the  Fe3O4@DPU@
(CTAB)-MSH material was extracted by solvent extraction 
process by using alcoholic solution of ammonium nitrate. 
For solvent extraction process, the alcoholic solution of 
ammonium nitrate (approximately 50 mg of ammonium 
nitrate dissolved in 80 mL ethanol) was used, and the extrac-
tion process was repeated three times at 60 °C for 3 h and 
finally dried at 60 °C. The obtained CTAB-free sample was 
labelled as magnetic mesoporous silica hybrid  (Fe3O4@
DPU@MSH material (Scheme 1, step-6).

2.5  Characterization

The low-angle and wide-angle X-ray diffraction (XRD) 
patterns were measured on X’Pert-MPD system (Philips, 
Almelo, Netherlands) X-ray diffractometer with Cu Kα 
radiation. Fourier transform-infrared (FTIR) spectra of the 
materials were analyzed on a Perkin-Elmer 1320 FTIR spec-
trometer using KBr pellet. Field emission transmission elec-
tron microscopy (FETEM) images were obtained from JEOL 
JEM-2100F at 200 kV.  N2 adsorption–desorption isotherms 
were measured at a liquid nitrogen temperature (− 196 °C) 
using a Nova 4000e surface area analyzer. The specific sur-
face area was calculated by the Brunauer–Emmett–Teller 
(BET) method. The magnetic behavior of the sample was 
analyzed by using superconducting quantum interference 
device (SQUID) at 300 K on a quantum design vibrating 
sample magnetometer (VSM) (MPMS XL, 7.0). The mag-
netic heating profiles and the specific absorption rate (SAR) 
of the samples were measured on a magnetic hyperthermia 
analyzer (Nanoscale Biomagnetics, Spain) under an AC 
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magnetic field at f = 409 kHz and at H = 180 Gauss. Particle 
size distribution of the sample was measured by dynamic 
light scattering using Beckman Coulter, LS 13,320 particle 
size analyzer. Elemental analysis (%C, %N, %O and %S) was 
performed using a Perkin Elmer 2400 series II CHN Elemen-
tal analyzer. Inductively coupled plasma (ICP) (Optima 700 
DV, Perkin Elmer) measurement was performed to deter-
mine the content of the  Fe3O4 nanoparticles onto the silica 
samples. Fluorescence microscopic images were obtained on 
a Leica DMI 3000B fluorescence spectrometer.

2.6  Drug loading into the  Fe3O4@DPU@MSH 
material

For loading and in vitro drug release experiments, a model 
anticancer drug 5-fluorouracil (5-FU) and a model dye rho-
damine 123 (Rh123) were chosen to determine the drug 
loading and release behavior. For cargo loading, approxi-
mately 50 mg of the  Fe3O4@DPU@MSH samples were 
dispersed in 5-FU drug solution (5 mL, 25 mg/mL water) or 
Rh123 dye solution (5 mL, 2 mg/mL EtOH), respectively, 
under sonication for 10  min and the suspensions were 
magnetically stirred for 24 h. After then, the drug-loaded 
samples were separated and washed with 5 mL of water to 
remove the surface adhered drug molecules (Scheme 2). The 
washing solutions were combined with supernatant to deter-
mine the loading efficiency of 5-FU and Rh123 by using 
UV–Vis spectrometry at 265 nm for 5-FU or at 512 nm for 
Rh123 by using the following equations: 

From the above equation, the loading efficiency and 
loading content of the 5-FU was estimated to be approxi-
mately ~ 78 and ~ 22.3%. Similarly, the loading efficiency 
and loading content of Rh123 was determined to be ~ 63 and 
~ 14.6%, respectively.

2.7  Magnetic heating efficiency of the  Fe3O4@DPU@
MSH material

The magnetic heating efficiency of the pristine  Fe3O4 NPs 
and the synthesized  Fe3O4@DPU@MSH material was 
determined by using an alternating magnetic current hyper-
thermia instrument operating at the applied magnetic field 
frequency f = 409 kHz and the applied magnetic amplitude 
H = 180 Gauss. To perform the hyperthermia experiments, 
 Fe3O4@DPU@MSH samples were dispersed in water at a 
concentration of 30 mg/mL and positioned in the middle of 

Loading efficiency (%) =
Weight of drug in sample

Weight of drug injected
× 100

Loading content (%) =
Weight of drug in sample

Weight of sample taken
× 100

the coil (three turns copper coil with 6 mm thickness and 
65 mm of inner radius) under an AMF. Under applied mag-
netic field, the temperature increment of the samples were 
continuously logged using fiber optic probe placed in the 
center position of the vial containing  Fe3O4 NPs or  Fe3O4@
DPU@MSH sample suspension. The temperature meas-
urement was started when the suspension was stabilized to 
room temperature and the measurement time was limited to 
10 min. The specific absorbance rate (SAR) was determined 
to evaluate the magnetic hyperthermia heating efficiency of 
the  Fe3O4@DPU@MSH materials.

2.8  In vitro drug release experiments in the absence 
of alternating magnetic fields (AMF)

We have performed six experimental sets with different pH 
(pH 7.4 and 5.0) and different temperature [room tempera-
ture (25 °C), physiological body temperature (37 °C) and 
hyperthermia temperature (45 °C)] conditions, respectively, 
to evaluate the pH-stimuli responsive drug release behaviour 
of  Fe3O4@DPU@MSH material. We have chosen two dif-
ferent pH conditions such as physiological pH (pH 7.4) and 
tumour environmental pH (pH 5.0) as pH stimuli. At the 
same time, three different temperature conditions such as 
room temperature (25 °C), physiological body temperature 
(37 °C) and hyperthermia temperature (45 °C) were selected 
to mimic temperature stimuli. To perform the in vitro drug 
release experiments, in each temperature set, one sample was 
maintained at physiological pH (pH 7.4) and other samples 
were maintained at acidic pH (pH 5.0) conditions.

For in vitro drug release experiments, approximately 
50 mg of 5-FU loaded  Fe3O4@DPU@MSH/5-FU sam-
ple or Rh123 loaded  Fe3O4@DPU@MSH/Rh123 sample 
was placed in a dialysis membrane (MWCO 12 kDa) and 
placed in 25 mL of PBS solution with appropriate pH condi-
tions under gentle magnetic stirring. The release behaviour 
of 5-FU or Rh123 was progressively monitored by using 
UV–Vis spectrometry by measuring the absorbance maxi-
mum values of the released 5-FU at 265 nm or Rh123 at 
512 nm, respectively. At pre-determined time intervals, 
approximately 2 mL of the sample was withdrawn from the 
release medium and the absorbance was measured.

2.9  In vitro cytocompatibility of the  Fe3O4@DPU@
MSH material

The in vitro cytotocompatibility of the synthesized  Fe3O4@
DPU@MSH material was evaluated by using MDA-MB-231 
cell line. For cell seeding, the  Fe3O4@DPU@MSH materi-
als were dispersed in Dulbecco’s modified eagle’s medium 
(DMEM) with different concentrations (25–100 µg/mL). 
Then, the cells were seeded in 96-well plates (1 × 104 cells 
per well) and cultured in DMEM media supplemented with 
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10% foetal bovine serum and 1% antibiotic solution at 37 °C 
in a humidified 5%  CO2 atm. After 24 h incubation, 20 µL 
of the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide (MTT) solution was added to each well and then 
the optical density (OD) was determined at 570 nm. Cell 
viability was calculated using the following equation [40]. 

where  ODtreated represents the OD value obtained from the 
cells treated with the 5-FU-loaded  Fe3O4@DPU@MSH/5-
FU nanoparticles for 24 h. The  ODcontrol represents the OD 
value obtained from the cells treated without nanoparticles 
treatment.

2.10  Intracellular uptake efficiency of the  Fe3O4@
DPU@MSH material

The intracellular uptake efficiency of the  Fe3O4@DPU@
MSH materials was examined using MDA-MB-231 cell 
line and visualized by fluorescence microscope. For this 
experiment, approximately 10 µg/mL of the Rh123 loaded 
 Fe3O4@DPU@MSH/Rh123 sample was incubated with 
MDA-MB-231 cells. After 6 h incubation period, the cells 
were attached to the bottom of petri dish and the cells were 
washed three times using PBS solution to remove the unat-
tached nanoparticles and dead cells and then the cells were 
fixed with 4% paraformaldehyde for 15 min. Finally, the 
cells were washed with PBS for three times and then the 
cells were observed under fluorescence microscope (Leica 
DMI 3000B fluorescence spectrometer).

Cell viability (%) =
OD of treated cells

OD of control cells
× 100

3  Results and discussion

3.1  Characterization of the  Fe3O4@DPU@MSH 
material

Figure 1a shows the low-angle XRD pattern of the magnetic 
mesoporous silica  Fe3O4@DPU@MSH material. As shown 
in Fig. 1a, the  Fe3O4@DPU@MSH material shows XRD 
peak at 2θ = 2.4° with d-spacing of 3.9 nm, suggested the 
presence of mesopores in the synthesized  Fe3O4@DPU@
MSH material [29]. Similarly, the wide-angle XRD pattern 
(Fig. 1b) shows a broad peak in the range at 2θ = 20–30° 
suggested the formation of mesoporous silica matrix. In 
addition, the wide-angle XRD pattern shows well-resolved 
diffraction peaks at 2θ = 29.9°, 35.4°, 43.2°, 47.3°, 57.1° and 
63.2° were assigned to [220], [311], [400], [422], [511] and 
[440] reflection planes which supported the formation of the 
crystalline  Fe3O4 nanoparticles which present onto the outer 
surface of the  Fe3O4@DPU@MSH materials. The obtained 
XRD patterns agrees well with the standard XRD patterns 
of the magnetite listed in the XRD standard card (JCPDS 
85-1436). The low-angle and higher-angle XRD analysis 
results evidenced the formation of mesoporous silica mate-
rials and the formation of magnetic  Fe3O4 nanoparticles onto 
the outer surface of the  Fe3O4@DPU@MSH materials with 
well-retained crystalline structure.

FTIR analysis was performed to verify the integrated 
DPU organosilica precursors into the  Fe3O4@DPU@MSH 
materials. As shown in Fig. 2, the vibration bands at 1062 
and 963, 463 and 3428 cm−1 were assigned to Si–O–Si, 
Si–OH, Si–O and surface hydroxyl (–OH) groups, respec-
tively [41]. The stretching modes at 2873 and 2960 cm−1 
were assigned to the symmetric and asymmetric C–H 

Fig. 1  a Low-angle and b wide-angle XRD patterns of the  Fe3O4@DPU@MSH material
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stretching vibrations of propyl carbon chains present in the 
integrated DPU organosilane precursors. Furthermore, two 
characteristic bands at 1495 and 1562 cm−1 are ascribed 
to the C=O and N–H groups of the urea groups and the 
additional bands at 1426 and 1398 cm−1 were assigned 

to C–O, C=C vibration frequencies arose from dopamine 
part of DPU organosilica units [42]. In addition, the typical 
characteristic band appeared at 568 cm−1 typical for Fe-O 
stretching vibration band which further supports that the 
existence of magnetic  Fe3O4 nanoparticles onto the outer 
surface of the  Fe3O4@DPU@MSH materials. Moreover, a 
broad peak at 1215 cm−1 for Si–C stretching confirms that 
the existence of DPU organosilane units into the mesopore 
channels of the silica materials. The FTIR result confirms 
that the presence of the DPU organosilane groups as well 
as the existence of the magnetic  Fe3O4 nanoparticles in the 
 Fe3O4@DPU@MSH materials.

FETEM analysis was used to observe the presence of 
mesopore channels as well as the formation of the magnetic 
 Fe3O4 nanoparticles onto the outer surface of the silica pore 
wall. Figure 3a, b, d and e shows the low and high magnified 
TEM images of the  Fe3O4@DPU@MSH materials. From the 
TEM images, it was observed that the presence of mesopores 
in the  Fe3O4@DPU@MSH material. Furthermore, it can be 
seen that the dark black spots highlighted in arrows (Fig. 3b, 
d and e) which confirms that the existence of the  Fe3O4 nan-
oparticles onto the outer surface of the silica pore walls. The 
material consists of several individual  Fe3O4 nanoparticles 

Fig. 2  FTIR spectrum of the  Fe3O4@DPU@MSH materials

Fig. 3  Low and high magnified FETEM images a, b and d, e of the 
 Fe3O4@DPU@MSH material. High magnified images d, e shows the 
presence of magnetic  Fe3O4 nanoparticles pointed in arrows. c Par-

ticle size distributions of the  Fe3O4@DPU@MSH material. f EDX 
spectrum of  Fe3O4@DPU@MSH material
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in the  Fe3O4@DPU@MSH material with the average parti-
cle size is approximately ~ 5–10 nm, which were dispersed 
onto the outer surface of the silica walls (Fig. 3d, e). TEM 
images are similar with the reported magnetic silica materi-
als in the literatures [43–45]. The obtained TEM results are 
in agreement with the wide-angle XRD patterns of  Fe3O4@
DPU@MSH material. Further, the energy-dispersive X-ray 
spectroscopy (EDS) analysis (Fig. 3f) of the  Fe3O4@DPU@
MSH represents the presence of some elements such as sili-
con (Si), iron (Fe), carbon (C), oxygen (O) and nitrogen (N) 
in the body of the  Fe3O4@DPU@MSH material. In other 
words, this illustrates that the  Fe3O4@DPU@MSH material 
is composed of 38% of silica, 28% of iron, 32% of oxygen 
and 4.8% of nitrogen which confirms the existence of iron 
nanoparticles in the  Fe3O4@DPU@MSH material. This 
result is also consistent with the result of X-ray diffraction 
analysis. TEM images show that the average particle size of 
the  Fe3O4@DPU@MSH nanomaterial is ~ 150–350 nm size 
and the particles are almost in spherical shape (Fig. 3a, b). In 
addition, the particle size distribution of the  Fe3O4@DPU@
MSH materials was determined by dynamic light scatter-
ing (DLS) measurement using water as dispersion medium. 
From the DLS data (Fig. 3c), the average particle size of the 
 Fe3O4@DPU@MSH material was estimated in the range 
between 150 and 350 nm.

Figure 4a, b shows  N2 adsorption–desorption isotherm 
and pore size distribution curves of  Fe3O4@DPU@MSH 
materials. As observed in Fig. 4, the material shows type IV 
isotherm curve which represent the formation of mesoporous 
silica materials. The BET surface area, pore size and pore 
volume of the  Fe3O4@DPU@MSH samples were calcu-
lated to be 386 m2/g, 4.2 nm and 0.52 cm3/g, respectively 
(Table 1). The thermal stability of the synthesized  Fe3O4@
DPU@MSH materials was determined by thermogravimet-
ric analysis (Fig. 5a, b). As shown in Fig. 5, the sample 
shows an initial weight loss of approximately 1.6 wt% occurs 
at 100 °C due to the physisorbed water or moisture. The 
 Fe3O4@DPU@MSH material shows the second weight loss, 
approximately 22.3 wt% occurs in the temperature range 
from 101 to 650 °C which is corresponding to the decompo-
sition of the DPU organosilane functional derivatives which 
were integrated onto the inner and outer surface of the silica 
pore walls. In addition, the third weight loss occurs beyond 
650 °C, which indicates the decomposition of inorganic 
silica matrix. The TGA results show that the weight loss 
occurs approximately 22.3 wt% suggesting that a consider-
able amount of DPU organosilane functional groups were 
integrated with the mesoporous silica  Fe3O4@DPU@MSH 
materials. The carbon and nitrogen contents of the extracted 
samples were analysed quantitatively by elemental analysis. 

Fig. 4  a  N2 adsorption–desorption isotherm and b pore size distribution of  Fe3O4@DPU@MSH material

Table 1  Structural properties of the  Fe3O4@DPU@MSH materials

Material Fe3O4@DPU in 
the pore walls by 
EA (mol/g)

Fe3O4 by ICP-
EOS (wt%)

d100 (nm) Surface area 
 (m2/g)

Pore size (nm) Pore volume 
 (cm3/g)

Cargo load-
ing efficiency 
(%)

5-FU Rh123

Fe3O4@DPU@
MSH

13.8 23.92 3.9 386 4.2 0.52 ~ 78 ~ 63
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The elemental analysis data for the  Fe3O4@DPU@MSH 
materials demonstrates the presence of C, N, H and O atoms, 
which confirms the existence of the DPU organosilane 
functionalities in the silica network. From the EA data, the 
amount of functionalised DPU organosilane groups was cal-
culated to be about ~ 13.8 mol/g of the  Fe3O4@DPU@MSH 
material (Table 1). In addition, the formation of magnetic 
 Fe3O4 nanoparticles was quantified by inductively coupled 
plasma optical emission spectroscopy (ICP-OES) method. 
To perform this, the  Fe3O4@DPU@MSH sample was dis-
solved in hydrofluoric acid (4 wt% in water) and stirred for 
4 h. Then, the obtained solution was used for the quantifica-
tion of iron present in the samples using standard Fe solution 
at known concentration. From the ICP-OES analysis data, 
the content of the magnetic nanoparticles present onto the 
silica pore walls of the  Fe3O4@DPU@MSH materials was 
determined to be 23.92 wt% (Table 1).

3.2  Magnetisation and magnetic heating efficiency 
of the  Fe3O4@DPU@MSH material

The magnetic behaviour of the pristine  Fe3O4 nanoparticles 
and the  Fe3O4@DPU@MSH materials were determined by 
superconducting quantum interference device (SQUID) and 
by vibrating sample magnetometer (VSM). Figure 6Aa, b 
shows the magnetisation curves of pristine  Fe3O4 nanoparti-
cles and  Fe3O4@DPU@MSH materials with magnetic satu-
ration values of 68.2 and 28.6 emu/g, respectively. Moreover, 
the  Fe3O4@DPU@MSH materials showed no hysteresis in 
their room temperature magnetization curve implies that the 
synthesized  Fe3O4@DPU@MSH nanomaterial possesses 
superparamagnetic property [46]. The magnetic behaviour 
of the  Fe3O4@DPU@MSH was further confirmed by the 
following observation. About 10 mg of the sample was dis-
persed in PBS medium under sonication and then placed 
near a magnet bar. The material showed rapid attraction 

towards the external magnet bar within 30 s when the mag-
net bar was placed near the glass vial (Fig. 6B, inset). This 
observation supports the hypothesis that the  Fe3O4@DPU@
MSH nanomaterial possesses magnetic property and it could 
be directed by external magnetic field and hence, it is desir-
able for external magnetic field driven targeted drug delivery 
applications in cancer therapy.

The magnetic heating capacity of the pristine  Fe3O4 and 
 Fe3O4@DPU@MSH materials was evaluated by magnetic 
hyperthermia instrument (Scheme 2). For magnetic hyper-
thermia experiments, approximately 30 mg/mL concentra-
tion of the pristine  Fe3O4 NPs or  Fe3O4@DPU@MSH sam-
ples were dispersed in water and exposed to an alternating 
magnetic field with the applied magnetic field f = 409 kHz 
and the applied magnetic field strength H = 180 Gauss. The 
magnetic heating profiles of the pristine  Fe3O4 nanoparticles 
and  Fe3O4@DPU@MSH materials are shown in Fig. 7a, b. 
As shown in Fig. 7a, b, the temperature raised from 25 to 
67 and 56 °C, respectively, for pristine  Fe3O4 and  Fe3O4@
DPU@MSH within 10  min. Furthermore, the  Fe3O4@
DPU@MSH sample reached the hyperthermia temperature 
range (45 °C) within approximately 4.5 min when apply-
ing the magnetic field frequency f = 409 kHz, suggesting 
that the  Fe3O4@DPU@MSH material has the capacity to 
reach the hyperthermia temperature region within a very 
short time under an alternating magnetic field. The magnetic 
hyperthermia heating experiment result evidenced that the 
 Fe3O4@DPU@MSH material could be applied for hyper-
thermia treatment in cancer therapy. Approximately, 30 mg/
mL of the  Fe3O4@DPU@MSH sample was used to deter-
mine the heating capacity. This concentration is relatively 
lower than the reported literatures. For example, Jordan et al. 
reported that the average concentration of magnetic nano-
particles of approximately 112 mg/mL was used for clinical 

Fig. 5  TGA curve of  Fe3O4@DPU@MSH materials Fig. 6  A Magnetization curves of a  Fe3O4 nanoparticles and b 
 Fe3O4@DPU@MSH materials and B photographs of aqueous sus-
pensions of  Fe3O4@DPU@MSH material (left) and after magnetic 
attraction within 30 s (right)
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trials [47–49]. The magnetic heating capacity of the pristine 
 Fe3O4 and  Fe3O4@DPU@MSH materials were evaluated by 
specific absorption rate (SAR) by normalizing the heating 
efficiency in W/g by using the following formula [50]. 

where  Cw is the specific heat capacity of suspension 
(= 4.186 J  g−1 °C−1), m is the magnetic material concentra-
tion in suspension; dT/dt is the slope of temperature versus 
time graph. The slope of the dT/dt was calculated by tak-
ing into account only the first 60 s. The calculated SAR 
values for pristine  Fe3O4 and  Fe3O4@DPU@MSH material 
are 110.5 W/g and 79.3 W/g, respectively (Fig. 7B). The 
calculated SAR value of the  Fe3O4@DPU@MSH material 
was lower than the SAR value of the pristine  Fe3O4 nano-
particles; however, the synthesized  Fe3O4@DPU@MSH 
material may be useful for the combined AMF triggered 
drug delivery applications in cancer treatments.

3.3  Drug loading and in vitro drug release study

The existence of urea (–NH–CO–NH–) groups and the 
dopamine units present inside the mesopore channels of 
the  Fe3O4@DPU@MSH material serves as binding sites 
for drug molecules. To determine the synthesized  Fe3O4@
DPU@MSH material is desirable for drug carrier, we have 
chosen 5-FU as a model anticancer drug and Rh123 as 
model cargo. We chose 5-FU as a model anticancer drug 
because it can firmly interact with the drug binding sites 
of urea (–NH–CO–NH–) and dopamine groups present in 
the mesopore channels through multiple hydrogen bonding 
interactions [33] and the possible hydrogen bonding/elec-
trostatic interactions with surface silanol groups. Owing to 

SAR(W∕g) =
(

Cw∕m
)

(dT∕dt)

the small size of 5-FU molecules, it is possible to load high 
amounts of the drug into the  Fe3O4@DPU@MSH materi-
als. Similarly, the Rh123 was chosen as a model drug to 
prove that the synthesized  Fe3O4@DPU@MSH materi-
als have the ability to loading/release of a range of other 
drug molecules. The Rh123 can be loaded into the  Fe3O4@
DPU@MSH through hydrogen bonding interaction between 
Rh123 and the urea and dopamine functionalities present in 
the mesoporous silica material. Generally, the amount of 
drug loaded into the drug carrier and the release of loaded 
drugs into the desired sites are considered to be an important 
factors to improve the specific accumulation of drugs in the 
desired sites and to reduce the side effects to the normal 
tissues. In this concern, the  Fe3O4@DPU@MSH material 
could be applied as drug carriers for loading and release 
of drugs in a controlled manner through the protonation of 
drug molecules and the drug binding sites induced by the 
intracellular acidic pH environments (Scheme 2).

3.4  In vitro drug release from the  Fe3O4@DPU@
MSH material as a function of combined pH 
and temperature stimuli

To evaluate the in  vitro drug release efficiency of the 
 Fe3O4@DPU@MSH material, we have used the combined 
pH and temperature stimuli to mimic the intracellular pH 
and hyperthermia temperature stimuli conditions. To mimic 
the temperature stimuli condition, in this study we used 
water bath to maintain the appropriate temperature (25, 37 
and 45 °C, respectively). In this study, we have performed 
six sets of experiments. For this purpose, we chose two 
different pH conditions such as physiological pH (pH 7.4) 
and tumour environmental pH (pH 5.0), and three different 

Fig. 7  A Magnetic thermal response curves of a pristine  Fe3O4 nano-
particles and b  Fe3O4@DPU@MSH materials dispersed in water at a 
concentration of 10 mg/mL and c water were subjected to an alternat-
ing magnetic field (f = 409 kHz and H = 180 Gauss). B The SAR val-

ues of pristine  Fe3O4 nanoparticles and  Fe3O4@DPU@MSH materi-
als under magnetic field frequency f = 409 kHz and applied magnetic 
field H = 180 Gauss
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temperature conditions: (i) room temperature (25 °C), (ii) 
physiological body temperature (37 °C), and (iii) hyperther-
mia temperature condition (45 °C), respectively. As shown 
in Fig. 8Aa, b, all the 5-FU and Rh123 release profiles had 
two stages of release behaviour, that is first an initial rapid 
release followed by sustained release behaviour. As observed 
in Fig. 8Aa, approximately, 13, 19.4 and 24% of the 5-FU 
were released after 24 h, under physiological pH and three 
different temperature (pH 7.4/25, 37 and 45 °C) conditions. 
In contrast, the 5-FU release were more enhanced and 
approximately 76.3, 81.5 and 90.5% of 5-FU were released 
at higher acidic pH (pH 5.0) and at three different tempera-
ture (pH 5.0/25, 37 and 45 °C) conditions, respectively, after 
24 h release period (Fig. 8Aa). Similar release behaviour 
was observed for the Rh123 at different stimuli conditions. 
In Fig. 8Ab, the Rh123 release profiles was also showed two 
stage of release behaviour such as an initial burst release fol-
lowed by the second controlled release. Approximately, 18.8, 
21.5 and 24.6% of Rh123 release were observed after 24 h 
duration, at physiological pH and three different temperature 

(pH 7.4/25, 37 and 45 °C) conditions. On the other hand, an 
increased Rh123 release were observed and approximately 
71.2, 79.5 and 92.8% were released at acidic pH (pH 5.0) 
and at three different temperature (pH 5.0/25, 37 and 45 °C), 
respectively (Fig. 8Ab). As shown in Fig. 8Aa, b, the 5-FU 
and Rh123 release were higher at 37 and 45 °C as com-
pared to 25 °C. Approximately 81.5 and 90.5% of 5-FU were 
released and approximately 79.5 and 92.8% of Rh123 release 
were observed at 37 and 45 °C, respectively and at acidic pH 
(pH 5.0) conditions after 24 h release period. The maximum 
release of 5-FU and Rh123 were achieved when combining 
both the acidic pH (pH 5.0) and hyperthermia temperature 
(45 °C) stimuli (Fig. 8Aa, b). The prominent role of the com-
bined pH and temperature stimuli can be explained as fol-
lows. Firstly, under acidic pH conditions, the drug molecules 
and the drug binding urea and dopamine groups present in 
the mesoporous silica surfaces undergo protonation. An 
electrostatic repulsive force occurs between the protonated 
drug molecules and the drug binding urea (–NH–CO–NH–), 
dopamine (Ph-(OH)2) functional sites which induce the 

Fig. 8  A In vitro release of a 5-FU and b Rh123 from the  Fe3O4@DPU@MSH materials under the combined pH (pH 7.4 and 5.0) and tempera-
ture (25, 37 and 45 °C) stimuli. B Fitting the 5-FU and Rh123 release at different pH/temperature conditions to Korsmeyer–Peppas model
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diffusion of drug molecules from the mesopore channels 
of the  Fe3O4@DPU@MSH material [45]. Secondly, the 
temperature stimuli can increase the solubility of the drug 
molecules to a certain extent in the aqueous medium. Also, 
the temperature stimuli can accelerate the diffusion of drug 
molecules from the mesopore channels. Thus, an enhanced 
drug delivery efficiency can be attained when combining 
both the acidic pH and hyperthermia temperature (45 °C) 
stimuli. Therefore, the obtained experimental results sup-
ports that the  Fe3O4@DPU@MSH material could be effec-
tively utilized for the combined pH and temperature stimuli-
responsive drug delivery applications in cancer therapy.

The Korsmeyer–Peppas equation is often used to explain 
the drug release mechanism from the nanomaterials. The 
in vitro release data was plotted as a log cumulative percent-
age of drug release vs log time (Fig. 8Ba, b). 

where  Mt/M∞ is a part of drug released at time t, K is the 
rate constant, and n is the release exponent. The “n” values 
for Korsmeyer–Peppas model have been determined from 
the slope of the log (Mt/M∞) vs. log t plot and the obtained 
values (< 4.5) suggesting that the drug release mechanism is 
predominantly diffusion controlled mechanism [51].

3.5  In vitro cytotoxicity of  Fe3O4@DPU@MSH 
material

The cytocompatibility of any drug carrier is considered to 
be an important factor to be utilized them for drug deliv-
ery applications. The MTT assay analysis was performed 
on MDA-MB-231 cell line to evaluate the cytotoxicity of 
the  Fe3O4@DPU@MSH material. For this experiment, the 
 Fe3O4@DPU@MSH without drug loading and the antican-
cer drug 5-FU (50 µg/mL) loaded  Fe3O4@DPU@MSH/5-FU 
samples were studied with the 5-FU as a positive control. As 
observed in Fig. 9, the  Fe3O4@DPU@MSH sample showed 
more than 95% of the MDA-MB-231 cell were viable even 
in the concentration of 50 µg/mL, which evidenced the syn-
thesised  Fe3O4@DPU@MSH materials is biocompatible. In 
contrast, the 5-FU drug (50 µg/mL) loaded  Fe3O4@DPU@
MSH/5-FU sample showed considerably higher cytotoxic-
ity, approximately > 85% of toxicity to MBA-MD-231 cells 
when the cells were treated with the sample concentration of 
50 µg/mL. Similarly, the same concentration of pure 5-FU 
drug also showed the cytotoxicity approximately ~ 70% to 
MDA-MB-231 cells. The cell viability were decreased with 
increasing the concentrations of  Fe3O4@DPU@MSH/5-
FU sample. As shown in Fig. 9, the 5-FU loaded  Fe3O4@
DPU@MSH/5-FU sample showed higher toxicity (> 85%) 
to MDA-MB-231 cells as compared to the same concen-
tration of free 5-FU drugs. This might be due to the slow 
and sustained release of loaded 5-FU molecules from the 

Mt∕M∞ = Ktn

mesopore channels of the  Fe3O4@DPU@MSH/5-FU mate-
rials. The strong hydrogen bonding and electrostatic inter-
actions between the 5-FU molecules and the drug binding 
urea and dopamine functional sites present in the mesopore 
channels of the  Fe3O4@DPU@MSH materials which con-
trols the release behaviour of loaded drugs [45]. Generally, 
the free drug molecules are transported into the cells by a 
passive diffusion mechanism whereas the  Fe3O4@DPU@
MSH/5-FU nanoparticles are internalized into the cells by 
possible endocytosis mechanism and thus the loaded drug 
molecules are gradually released from the  Fe3O4@DPU@
MSH/5-FU samples. This result is in agreement with the 
reported literatures [52]. The experimental results support 
that the anticancer drug loaded  Fe3O4@DPU@MSH/5-FU 
materials can inhibit the cancer cell proliferation to a great 
extent, and it could be used as a potential magnetically 
directed drug delivery carrier for targeted cancer therapy.

3.6  Intracellular uptake study

Intracellular uptake of the drug carrier is an important factor 
in drug delivery applications. The efficient cellular uptake of 
the drug loaded magnetic silica particles could be beneficial 
for magnetic hyperthermia therapy due to magnetic local 
heating in tumor sites and also enhance the chemotherapeu-
tic efficiency by intracellular delivery of loaded drugs. The 
intracellular uptake behaviour of the Rh123 loaded  Fe3O4@
DPU@MSH/Rh123 material was tested on MDA-MB-231 
cells and the uptake efficiency of the sample was monitored 
by using fluorescence microscopic analysis. For this study, 
Rh123 loaded  Fe3O4@DPU@MSH/Rh123 samples with the 
concentration of 10 µg/mL were dispersed in PBS solution 
and treated to the MDA-MB-231 cells and incubated for 
6 h. After 6 h incubation, the cells were washed with PBS 

Fig. 9  In vitro cytotoxicity of (a)  Fe3O4@DPU@MSH (b) 5-FU 
loaded  Fe3O4@DPU@MSH/5-FU and (c) free 5-FU against MDA-
MB-231 cells after 24 h incubation. (Color figure online)
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solution and then the images were observed under fluores-
cence microscope. The fluorescent images were displayed in 
Fig. 10. As observed in Fig. 10a, no green fluorescence was 
observed in the control image whereas the Rh123 loaded 
 Fe3O4@DPU@MSH/Rh123 sample treated cells showed a 
clear green fluorescence (Fig. 10b–d). The fluorescent study 
clearly authenticated that the  Fe3O4@DPU@MSH/Rh123 
nanoparticles were effectively up taken by MDA-MB-231 
cells. This results supports that the  Fe3O4@DPU@MSH 
materials could be applied as an efficient drug carrier system 
for local delivery of anticancer agent cancer therapy.

4  Conclusions

In summary, we have synthesized a magnetic mesoporous 
silica hybrid  Fe3O4@DPU@MSH materials by combining 
sol–gel co-condensation method and metal–ligand complex 
coordination approaches. By this approach, the magnetic 
 Fe3O4 nanoparticles were grown onto the outer surface of 
the mesoporous silica walls without altering mesoporous 
structural morphology. The synthesized  Fe3O4@DPU@
MSH materials showed almost uniform particles with the 
average particle sizes approximately 150–350  nm. The 
 Fe3O4@DPU@MSH material exhibits mesoporous struc-
ture with high surface area, large pore size and pore vol-
ume. Owing to the presence of high surface area and the 
drug binding urea and dopamine functional groups in the 

 Fe3O4@DPU@MSH materials showed high drug loading 
and pH-responsive drug release behavior. In addition, owing 
to the magnetic  Fe3O4 nanoparticles present onto the outer 
surface of the mesoporous silica walls, the  Fe3O4@DPU@
MSH material showed high magnetic heating capacity when 
applying an alternating magnetic field and have ability to 
reach the hyperthermia temperature (45 °C) within a very 
short time, approximately 4.5 min. The model drugs such 
as 5-FU and Rh123 loaded  Fe3O4@DPU@MSH sample 
showed an enhanced drug release behavior about more than 
90% under acidic pH-stimuli (pH 5.0) and hyperthermia 
temperature (45 °C) conditions. In addition, the MTT assay 
study results support that the  Fe3O4@DPU@MSH material 
is biocompatible in the tested concentrations and also the 
fluorescence microscopic study evidenced that the  Fe3O4@
DPU@MSH particles could be effectively uptake by MDA-
MB-231 cells. From all the study results, it could concluded 
that the synthesized  Fe3O4@DPU@MSH material would be 
a promising candidate that may serve as efficient drug car-
rier for the pH-responsive delivery of anticancer agents in 
chemotherapy and magnetic hyperthermia agent in thermo-
therapy applications.
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Fig. 10  Fluorescence micro-
scopic images of MDA-MB-231 
cancer cells incubated with a 
control and b–d Rh123 loaded 
 Fe3O4@DPU@MSH materials 
incubated for 6 h
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