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Abstract
In this study, new statistical magnetic organo-silane star polymers were designed, synthesized based on different surface 
functionalization processes of  Fe3O4 magnetic nanoparticles and conducting the polymerization reaction between phe-
nylenediamine derivatives and dichlorophenylsilane on their functionalized surfaces. Fourier-transform infrared (FT-IR) 
spectroscopy, energy-dispersive X-ray (EDX), field-emission scanning electron microscope (FE-SEM) and transmittance 
electron microscope (TEM) images, X-ray diffraction (XRD) pattern, thermogravimetric (TG) analysis, vibrating-sample 
magnetometer (VSM), and dynamic light-scattering (DLS) and zeta potential measurements were employed to characterize 
the structural features. Based on the MTT assay and considering the highest concentration (1000 μg  mL−1) of statistical 
magnetic organo-silane star polymer based on p-phenylenediamine as model derivative, the cell viability percentage of was 
reported 89.7%. In addition, the hyperthermia performance of this magnetic star polymer was evaluated by its exposure to 
an alternating magnetic field (AMF). Given the obtained results from different concentrations, the highest specific absorp-
tion rate (66.18 W  g−1) was determined for 0.5 mg  mL−1 of prepared sample. Therefore, it can be concluded that this new 
magnetic nanocomposite can be considered as an efficient agent for the next generation of therapeutic researches.
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Introduction

In the last decade, due to emergence of advanced and con-
trolled polymerization techniques, wide range of polymeric 
macromolecules have been synthesized with controlled 
dimension, specific functionality and unique features [1]. 

Among different polymeric macromolecules, star-shaped 
polymers with owning an exclusive structure including a 
central core and linear polymeric branches (arm) which 
are fused to the central point (core) have been created a 
unique class of multifunctional nanomaterials, which are 
currently applied in various and extensive fields such as 
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nanotechnology, medical, material sciences, and industrial 
settings [1, 2]. The classification of these macromolecular 
architectures can be conducted due to monomer composi-
tion, chemistry or nature of the central core, sequence distri-
bution of arm polymer and functional placement [1]. In addi-
tion, various strategies have been applied in the synthesis 
process of star-shaped polymers, which can be classified into 
three different strategies including core-first, arm-first, and 
grafting onto strategies [1, 3]. In this regard,  Fe3O4 magnetic 
nanoparticles  (Fe3O4 MNPs) are one of the most qualified 
nanoparticles which have enticed a great deal of interests 
due to their specific and unique physiochemical features 
such as high surface-to-volume ratio, superparamagnetism, 
high magnetic susceptibility, low curie temperature, high 
coercivity, and being easily separated from reaction system 
[4, 5]. These forefront nanoparticles with having exclusive 
size-dependent properties have been converted to one of 
the most indispensable and superior materials in various 
fields including catalysis [6–9], nanotechnology and bio-
medicine [5, 10, 11]. On the other hands, their imperative 
role as core of synthesized nanomaterials, the ease of their 
surface functionalization processes, grafting of synthetic and 
natural molecules and generation of unique magnetic nano-
structural composites have been extended their application. 
For instance, in order to identify pathogenic viruses [12, 
13], toxic proteins [14, 15], different mycotoxins [16], and 
antifungal medications cancer biomarkers [17]. As well as, 
a diversity of paramagnetic scaffolds with owning efficient 
biological performance have been approved and utilized in 
tissue engineering [18]. Following these descriptions, one 
of the most notable therapeutic methods which has been 
employed in cancer treatment, is adjunctive hyperthermia 
therapy. In recent years, the combination of hyperthermia 
with conventional methods including surgery, radiotherapy, 
chemotherapy and immunotherapy has improved the thera-
peutic process of advanced and recurrent cancers [19]. In 
this field, current hyperthermia strategies are classified into 
local, regional and whole-body hyperthermia. These three 
strategies can be performed by various heating methods such 
as microwave, laser, radiofrequency, and ultrasound tech-
niques [19].

Recently, applying magnetic nanoparticles and their func-
tionalization with various coating shells or targeting agents 
have been considered as a new therapeutic heating method 
[20, 21]. In the hyperthermia process, due to employing an 
alternating magnetic field (AMF) and considerable incre-
ment in intracellular local temperature by magnetic nano-
materials movements, the cancerous cells are destroyed 
[20–23]. Surface functionalization of  Fe3O4 MNPs is 
required to promote their biocompatibility, colloidal stabil-
ity in different biocompatible mediums, and avoiding their 
aggregation due to the interparticle magnetic forces [24]. 
Also,  Fe3O4 MNPs alone show high chemical activity on 

their surfaces but on the other side, they are susceptible to 
oxidize in the air. Oxidization of these magnetic nanoparti-
cles can reduce their magnetization and dispersibility [25]. 
Therefore, their surface functionalization must be consid-
ered as an imperative solution to enhance their biological 
performance and colloidal stability [25]. In this respect, 
given the recent studies, it has determined that surface 
functionalization of  Fe3O4 MNPs by natural and synthetic 
polymers can improve their colloidal stability in water due 
to the creation of steric stabilization [26]. So far, the surface 
of  Fe3O4 MNPs has functionalized by diversity of natural 
and synthetic polymers such as chitosan [25, 27, 28], cel-
lulose [29], agar [30], pectin [31], alginate [32], gelatin [33], 
polyvinylidene fluoride [34], polypyrrole [35], and casein 
[36]. The grafting process on the surface of  Fe3O4 MNPs 
can be carried out by wide range of anchor molecules such 
as dopamine, cysteine, carboxylic acid, trimethoxysilane, 
and phosphonic acid. The existence of these molecules on 
the surface of  Fe3O4 MNPs can provide better condition for 
chemical interactions and the generation of new covalent 
and non-covalent bonds [26]. Alongside surface function-
alization and synthesis of new core–shell nanostructures, 
the polymerization reaction and growth of polymer can also 
be conducted on the surface of  Fe3O4 MNPs to synthesis 
magnetic star-shaped polymers. In these kind of reaction 
conditions, magnetic nanoparticles act as core of star-shaped 
polymers and magnetic star-shaped polymeric structures are 
synthesized [37–39]. As an example, taking into account 
the copper-mediated atom transfer radical polymerization 
method, the graft polymerization of methyl methacrylate 
on the surface of  Fe3O4 MNPs is accomplished using an 
initiator. The polymerization process is such a way that the 
 Fe3O4 MNPs show exceptional stability and as well, their 
dispersibility was improved in organic solvent [37, 40, 41]. 
In another example, biocompatible and amino-function-
alized superparamagnetic iron-oxide nanoclusters have 
synthesized using ring-opening polymerization technique. 
These magnetic nanoclusters demonstrate low cytotoxicity 
and considerable stability in aqueous solutions. As well as, 
these magnetic nanoclusters have considered as a favorable 
magnetic resonance imaging (MRI) contrast agents due to 
their effective folate-receptor (FR)-mediated uptake [38].

According to the importance of magnetic star-shaped 
nanostructures and in the best of our knowledge, unique sta-
tistical magnetic organo-silane star polymers are introduced. 
In this study, considering the functionalized surface of  Fe3O4 
MNPs, the polymerization reaction is accomplished between 
the phenylenediamine derivatives and dichlorophenylsilane 
(Scheme 1). Among these synthesized magnetic nanocom-
posites, the magnetic nanostructure based on p-phenylene-
diamine as a model nanocomposite is characterized. In addi-
tion, its performance is evaluated by applying alternating 
magnetic field (AMF).
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Experimental section

General

All the solvents and reagents as required chemical materi-
als, with high purities were purchased from the international 

chemical companies such as Merck, Fluka and Sigma-
Aldrich. To characterize the statistical magnetic organo-
silane star polymers and concede the synthesis and growth 
of polymer on the surface of  Fe3O4 MNPs, Fourier-trans-
form infrared (FT-IR) spectra were taken using KBr pellets 
method (Shimadzu IR-470 model, Japan). Energy-dispersive 

Scheme 1  Schematic process of polymerization reaction between phenylenediamine derivatives and dichlorophenylsilane on the surface of func-
tionalized  Fe3O4 MNPs
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X-ray (EDX) analysis was carried out using Numerix 
DXP-X10P (France). The morphology, size and structure 
of designed magnetic nanocomposites were recorded by 
field-emission scanning electron microscope (FE-SEM) 
(ZEISS-sigma VP model, Germany) and transmittance 
electron microscope (TEM) (ZEISS-EM10C-100KV, Ger-
many). The X-ray diffraction (XRD) pattern was charac-
terized by Bruker device (D8 advance model, Germany). 
The vibrating-sample magnetometer (VSM) was taken by 
LBKFB model-magnetic Kashan kavir (Iran) (5000 Oe). As 
well as, to evaluate its thermogravimetric behavior thermal 
consistency, the TG analysis was taken by Bahr-STA 504 
(Germany). This analysis was performed under the argon 
atmosphere with 5.0 mg of nanocomposite in alumina pans. 
3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium 
bromide (MTT) assay was conducted by using microplate 
reader (STAT FAX 2100, BioTek, Winooski, USA) and the 
absorbance was measured at 545 nm. to evaluate the heat-
ing power of the magnetic aromatic organo-silane star poly-
mer, during the 5- to 20-min intervals, different concentra-
tions of designed magnetic nanocomposite (0.5 mg  mL−1, 
1 mg  mL−1, 2 mg  mL−1, 5 mg  mL−1, 10 mg  mL−1) were 
exposed to AMF with different frequencies (100 MHz, 
200 MHz, 300 MHz, 400 MHz).

Preparation of  Fe3O4 MNPs

As mentioned in previous literatures about the preparation 
of  Fe3O4 MNPs using coprecipitation methods [2, 42], in the 
first step, 2.91 of  FeCl3·6H2O and 1.33 g of  FeCl2·4H2O salts 
were dissolved in 80 mL of distilled water. Afterward, the 
obtained mixture solution was stirred under  N2 atmosphere. 
Then, the mixture solution was heated up to 70 °C. Follow-
ing the constant temperature condition (70 °C), 10 mL of 
aqueous ammonia solution (25%) was added drop wisely 
to the mixture solution. In the next step, the mixture solu-
tion was stirred in the constant temperature (70 °C) for 2 h. 
After the mentioned time and cooling the mixture solution, 
using an external magnet, the obtained black precipitate was 
separated and washed with distilled water for several times 
(supplementary information Fig. S1).

Surface functionalization of  Fe3O4 MNPs using silica shell 
 (Fe3O4@SiO2)

Based on Stöber method with some modification and refor-
mations [43] and previous studies about functionalization of 
 Fe3O4 MNPs [2, 42], the surface functionalization process of 
 Fe3O4 MNPs using silica shell was achieved by these steps. 
Primarily, using the ultrasonic bath, 0.22 g of synthetic 
 Fe3O4 MNPs was dispersed into 50 mL of distilled water 
for 20 min. After the mentioned time, under the stirring con-
dition, 7.5 mL of ammonia solution (25%) was drop wisely 

added. Next, after adding 80 mL of ethanol, subsequently, a 
determined amount of tetraethyl orthosilicate (TEOS) solu-
tion (4 mL) was gently added to the mentioned suspension 
solution. After 24 h, the functionalized  Fe3O4 MNPs were 
separated and washed with distilled water and ethanol. As 
well as, to have dried product, it was kept in an oven (70 °C) 
for an overnight (supplementary information Fig. S2).

Second surface functionalization of  Fe3O4@SiO2 MNPs 
by CPTMS shell  (Fe3O4@SiO2‑Cl)

To functionalize the surface of  Fe3O4@SiO2 MNPs by 
(3-chloropropyl)trimethoxysilane (CPTMS) molecules as 
second shell [2], first, under the mechanical stirring condi-
tion, 0.69 g of functionalized  Fe3O4 MNPs was dispersed in 
100 mL of dried toluene at 60 °C. After mixing the func-
tionalized  Fe3O4 MNPs with dried toluene, 1 mL of CPTMS 
solution was drop wisely added to the mixture solution. The 
suspension solution was stirred mechanically for 18 h at 
60 °C. Finally, the separation of obtained magnetic product 
was done using an external magnet and dried in a vacuum 
oven (supplementary information Fig. S3).

Third surface functionalization of  Fe3O4@SiO2‑Cl 
MNPs by phenylenedamine derivatives shell  (Fe3O4@
SiO2‑phenylenediamine)

The third surface functionalization of  Fe3O4@SiO2-Cl 
MNPs was accomplished by phenylenediamine derivative 
molecules [2]. In this respect, initially, 2 mmol of phenylen-
ediamine derivative was dissolved in 25 mL of ethanol. After 
dissolution, 1.00 g of  Fe3O4@SiO2-Cl MNPs was added to 
the mixture solution and then, the suspension solution was 
refluxed (80 °C) for 12 h. After the mentioned time, the 
phenylenediamine-functionalized  Fe3O4 MNPs was sepa-
rated and it was washed with ethanol. Finally, the obtained 
solid product was kept in the oven at 80 °C for 12 h (sup-
plementary information Fig. S4).

Polymerization on the surface of functionalized  Fe3O4 
MNPs  (Fe3O4@SiO2‑polymer)

Conducting the polymerization reaction on the surface of 
functionalized  Fe3O4 MNPs and synthesis of statistical 
magnetic organo-silane star polymer was carried out by 
these steps. In the first step, under the ultrasonic irradia-
tion, 1.00 g of obtained magnetic functionalized core was 
dispersed in 50 mL of ethyl acetate. Afterward, 10 mmol of 
phenylenediamine derivative was appended to the solution. 
After the 20 min, 10 mmol of dichlorophenylsilane solu-
tion was slowly added to the suspension solution during 1 h. 
After adding dichlorophenylsilane reagent, the suspension 
solution was kept under the mechanical stirring condition at 
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room temperature for 5 h. In the next step, the suspension 
solution was kept under the reflux condition (80 °C) and  N2 
atmosphere for 2 h. After the mentioned time, the polymer-
functionalized  Fe3O4 MNPS was separated from reaction 
solution and then, it was washed with ethyl acetate. Finally, 
the synthetic magnetic nanocomposite was placed in the 
oven at 70 °C for 12 h (supplementary information Fig. S5).

Results and discussion

In this study, functionalization of  Fe3O4 MNPs surface by 
various inorganic and organic shells and conducting the 
polymerization reaction between phenylenediamine deriva-
tives and dichlorophenylsilane on their surfaces, new mag-
netic nanocomposites have been generated with consider-
able and specific features. As determined in Scheme 1, the 
fabrication of these statistical magnetic organo-silane star 
polymers is accompanied by five synthesis steps. The first 
step is fabrication of synthetic  Fe3O4 MNPs. The third syn-
thetic steps are included their surface functionalization using 
inorganic TEOS, CPTMS and organic phenylenediamine 
derivatives shells and as well as, the final synthetic step 
is the polymerization reaction between phenylenediamine 
derivatives and dichlorophenylsilane on the functionalized 
surface of  Fe3O4 MNPs. Considering the structure of poly-
meric shells (dichlorophenylsilane and phenylenediamine 
derivative monomers), it can be deduced that these designed 
magnetic nanocomposites are classified as statistical mag-
netic organo-silane star polymers. Alongside of their synthe-
sis process, a diversity of spectral and analytical techniques 
was employed to concede and characterize the structure of 
these magnetic nanostructures and as well their features. 
FT-IR spectrum of each synthesis step and determination 
of new functional groups, detection of structural elements 
by EDX analysis, applying FE-SEM and TEM images to 
characterize the morphology, size and structure of designed 
magnetic nanocomposite, XRD pattern, TG, VSM analyses 
to evaluate its thermal stability and magnetic property, and 
as well DLS and zeta potential measurements are, respec-
tively, discussed in this part.

Characterization of designed statistical magnetic 
organo‑silane star polymer

FT‑IR analysis

The fabrication process of designed statistical magnetic 
organo-silane star polymer based on p-phenylenediamine 
was confirmed by applying FT-IR spectral technique in 
each synthesis step and new absorption bands (Fig. 1a–e). 
As could be seen, the FT-IR spectrum of  Fe3O4 MNPs is 
indicated in Fig. 1a. An absorption band around 569  cm−1 

is attributed to the Fe–O stretching vibration mode of mag-
netic nanoparticles [44]. The presence of a broad band at 
3400  cm−1 confirms the stretching vibration of hydroxyl 
groups on the surface of  Fe3O4 MNPs [45]. The first sur-
face functionalization process of  Fe3O4 MNPs by alkoxysi-
lane molecules of TEOS is characterized by generation of 
new functional groups (Fig. 1b). As illustrated in Fig. 1b, 
first of all, the O–H stretching vibration mode is assigned 
by observing a broad band at the range of 3200–3600  cm−1 
[46]. The bending vibration mode of Si–O–Si and two 
Si–O–Si asymmetric and symmetric vibration modes 
are, respectively, related to three new absorption bands 
around 479  cm−1, 1100  cm−1 and 800  cm−1. As well as, 
the O–H stretching vibration mode of Si–OH and twist-
ing vibration mode of adsorbed H–O–H in silica shell 
are determined by a peak around 1637   cm−1 [45–47]. 
Figure 1c is related to the grafting reaction of CPTMS 
molecules as second layer on the functionalized surface 
of  Fe3O4 MNPs  (Fe3O4@SiO2). As indicated in Fig. 1c, 
the interaction between CPTMS molecules and existent 
 SiO2 layer on the surface of  Fe3O4 MNPs are confirmed by 
observing two weak absorption bands around 1410  cm−1 
and 2855  cm−1; which are characterized as Si–CH2 and 
 CH2 stretching vibration modes [48]. The third surface 
functionalization process between p-phenylenediamine 
molecules and functionalized magnetic nanoparticles is 
determined by observing new absorption bands (Fig. 1d). 
As illustrated in Fig. 1d, observing a broad absorption 
band around 3200–3600   cm−1 is ascribed to the N–H 
stretching vibration mode of second amine which has 
overlap with the N–H stretching vibration mode of first 
amine. the C=C stretching vibration mode of quinonoid 
and benzenoid rings and the C–N stretching vibration 
mode of benzenoid ring are assigned by two absorption 
bands around 1600   cm−1 and 1490   cm−1, and a small 
band around 1317  cm−1. As well as, Si–O–Si absorption 
band has covered the absorption band of N=Q=N (qui-
nonoid ring is represented by Q) [49]. Conducting the 
polymerization reaction on the surface of functionalized 
 Fe3O4 MNPs is recognized by confirming new functional 
groups (Fig. 1e). An absorption band around 1430  cm−1 
is attributed to phenyl-Si stretching vibration mode [50]. 
The fabricated Si–N band and its stretching vibration 
mode is characterized by observing an absorption band 
around 1550  cm−1 [51]. A weak absorption band around 
2170  cm−1 can be ascribed to Si–H vibration mode [52]. 
Observing a sharp absorption band around 1504  cm−1 con-
firms the N–H bending vibration mode. Following that, 
an absorption band 1627  cm−1 is ascribed to C=C stretch-
ing vibration mode of attached phenyl group of silicon, 
which has covered the C=C stretching vibration bands of 
benzenoid and quinonoid rings [52]. In addition, it should 
be mentioned that the FT-IR spectra (final synthesis step) 
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of other derivative nanocomposites can be observed in the 
supplementary information file (supplementary informa-
tion Figs. S6, S7, S8).

EDX analysis

Taking into account the qualitative EDX analysis for 
determination of structural elements of diverse organic 
and inorganic compounds, the EDX spectrum of designed 
statistical magnetic aromatic organo-silane star polymer 
based on p-phenylenediamine is indicated in Fig. 2. As 
illustrated, based on functionalization processes on sur-
face of  Fe3O4 MNPs, synthesis and growth of designed 

polymer and as well the observed results from elemental 
detection, it is deduced that the presence of two iron peaks 
can be attributed to the synthetic  Fe3O4 MNPs. Intense 
silicon peak can be implied to the coated TEOS, CPTMS 
shells and as well dichlorophenylsilane which is one of the 
main reactants of synthesized polymer. Alongside of iron 
and silicon peaks, two carbon and nitrogen can be related 
to the growth and synthesis of polymer due to structure 
of two p-phenylenediamine and dichlorophenylsilane rea-
gents. Also, it should be mentioned that the EDX spectrum 
other derivative nanocomposites can be observed in the 
supplementary information file (supplementary informa-
tion Figs. S9, S10, S11).

Fig. 1  FT-IR spectra of a 
unfunctionalized  Fe3O4 MNPs, 
b  Fe3O4@SiO2, c  Fe3O4@
SiO2@CPTMS, d  Fe3O4@
SiO2@CPTMS@PPD 
(p-phenylenediamine) and e 
statistical magnetic aromatic 
organo-silane star polymer 
based on p-phenylenediamine 
(core–shell)
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FE‑SEM imaging

As could be seen, the FE-SEM images of statistical mag-
netic aromatic organo-silane star polymer based on p-phe-
nylenediamine are shown in Fig. 3a and b. Due to func-
tionalization processes on the surface of  Fe3O4 MNPs and 

specially conducting the polymerization reaction between 
p-phenylenediamine and dichlorophenylsilane, in a precise 
investigation, it has determined that nanoplate structures 
have generated layer by layer. As well as, the arrangement 
of these nanoplate structures is such a way that the surface 
of  Fe3O4 MNPs has well covered (core–shell structure). In 

Fig. 2  EDX spectrum of 
statistical magnetic aromatic 
organo-silane star polymer 
based on p-phenylenediamine 
due to polymerization reaction 
between p-phenylenediamine 
and dichlorophenylsilane

Fig. 3  a–d FE-SEM images of statistical magnetic aromatic organo-silane star polymer based on p-phenylenediamine
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addition, it should be mentioned that the FE-SEM images 
of other derivative nanocomposites can be observed in the 
supplementary information file (supplementary information 
Figs. S12, S13, S14, S15).

TEM imaging

According to the obtained results from TEM imaging 
(Fig. 4) and considering the structure of magnetic aromatic 
organo-silane star polymer based on p-phenylenediamine, 
the sphere morphology for  Fe3O4 cores is well character-
ized. Besides, due to the polymerization reaction, the TEM 
image has confirmed that these sphere magnetic cores are 
covered by a vast shell which is attributed to the polymeric 
matrix shell.

XRD pattern

The XRD pattern of designed statistical magnetic aromatic 
organo-silane star polymer based on p-phenylenediamine is 
indicated in Fig. 5a and b. Considering the observed dif-
fraction angles (2θ = 14.51, 19.85, 21.15, 24.01, 26.34, 
29.27, 30.19, 33.28, 34.16, 40.31, 42.30, 43.21, 44.47, 
48.40, 49.77, 55.36, 62.85), all the crystalline bands are 
matched with XRD pattern of  Fe3O4 MNPs (JCPDS card 
No. 01-076-0958).

Thermogravimetric analysis

The thermogravimetric behavior and thermal stability of 
designed statistical magnetic aromatic organo-silane star 
polymer were evaluated by applying TG analysis. The 
decomposition of magnetic aromatic organo-silane star 
polymer is indicated in obtained thermogravimetric curve 
(Fig. 6). As could be seen in Fig. 6, in a close and precise 
investigation, the first mass reduction (50–250 °C) which is 
almost 7%, is related to the existence of absorbed solvent 
molecules and as well the presented impurities in the struc-
ture of designed magnetic nanocomposite [2]. Following 
the first mass reduction, a second mass reduction (almost 
28%) is observed at temperature range of 250 °C to almost 
370 °C which is considered for cleavage of grafted linkers 
and organic moieties [53]. The notable third mass reduc-
tion (30%) at temperature range of 370 °C to almost 700 °C 
can be attributed to the partial decomposition of synthe-
sized polymer. As this organo-silane polymer is new, the 
fourth mass reduction (almost 7%) at temperature range of 
700–850 °C can be related to the destruction of other organic 
compounds, which are obtained from the decomposition of 
synthesized polymer. Besides, it should be mentioned that 
the thermogravimetric curves of other derivative nanocom-
posites can be observed in the supplementary information 
file (supplementary information Figs. S16, S17, S18).

Fig. 4  TEM image statistical 
magnetic aromatic organo-
silane star polymer based on 
p-phenylenediamine
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VSM analysis

Principally, distinctive parameters including core size, 
interparticle distance, shell thickness, iron-group crystal-
line structure and interparticle and intraparticle interac-
tions can take part an imperative role in magnetic charac-
teristics of magnetic materials [54]. As well as, according 
to the previous reported studies, it was approved that the 
synthesis of  Fe3O4-based nanocomposites and their sur-
face functionalization processes can reduce the value of 
saturation magnetization [2]. The hysteresis loop curves of 
unmodified and designed magnetic statistical magnetic aro-
matic organo-silane star polymer are illustrated in Fig. 7a 
and b. According to the obtained saturation magnetization 
values (Ms) by applying vibrating-sample magnetometer, 
the saturation magnetization values of unmodified  Fe3O4 
MNPs (76.20 emu  g−1) and designed magnetic nanocom-
posite (10.41 emu  g−1) were determined. On the other hand, 

comparing the results indicated that the value of saturation 
magnetization has reduced dramatically (Fig. 7b). Based on 
this significant reduction, it can be concluded that function-
alization processes, synthesis and growth of organo-silane 
polymer have well accomplished.

DLS and zeta potential measurements

According to the DLS results, it has indicated that the aver-
age size of nanoparticles with the distribution ranging from 
29.39 to 95.07 nm, is 43 nm in water (Fig. 8a). As well as, 
the Z-average is 509.4 (r,nm) with PDI around 0.439. The 
nanoparticle’s zeta potential (surface charge) data deter-
mine how stable or aggregated colloids can be formed by 
nanoparticles during the colloidal phase. At low zeta poten-
tial, the repulsion of nanoparticles is not occurred strongly 
and given the attractive surface forces, the colloids will be 
aggregated. In contrast, considering the high zeta potential 

Fig. 5  a XRD pattern of mag-
netic aromatic organo-silane 
star polymer based on p-phe-
nylenediamine and b reference 
of synthetic  Fe3O4 MNPs in the 
structure of designed magnetic 
nanocomposite
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(above ~ 30 mV), the stable dispersions of nanoparticles are 
formed. High zeta potential as an important factor in water 
treatment and biomedical applications, is required for sta-
ble colloidal systems [55]. According to the zetapotential 
results, it has indicated that the zeta potential of magnetic 
aromatic organo-silane star polymer based on p-phenylen-
ediamine is 35.2 mV; which it can be concluded that this 
magnetic nanostructure can generalize stable colloidal sys-
tem for biomedical application such as hyperthermia.

Bio‑application of synthesized magnetic aromatic 
organo‑silane star polymer

In vitro cytotoxicity assay

MTT assay was used to assess the toxicity and biocompat-
ibility of the synthesized magnetic aromatic organo-silane 
star polymer. This test was performed according to the 
method of Eivazzadeh-Keihan et al. [56–58]. First, human 
skin fibroblast cells (Hu02) were prepared from the cell bank 
of Pasteur Institute of Iran and cultured at 1 ×  105 cell  well−1 
in 96-well plate on the scaffolds under optimal conditions 
(37 °C, 5%  CO2 in humidified incubator). Next, the growth 
media (10% FBS) were removed and the cells were washed 
two times with PBS. New maintenance Roswell park memo-
rial institute medium (RPMI) medium (10% FBS) containing 
0.5, 5, 50, 500, and 1000 µg  mL−1 of magnetic aromatic 
organo-silane star polymer was added and the cells were 
incubated for 24, 48, and 72 h. Quintet wells were analyzed 
for each concentration and column elution buffer was used as 
the control. A 10-μL solution of freshly prepared 5 mg  mL−1 
3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium 

Fig. 6  Thermogravimetric curve 
of statistical magnetic aromatic 
organo-silane star polymer 
due to polymerization reaction 
between p-phenylenediamine 
and dichlorophenylsilane on the 
surface of functionalized  Fe3O4 
MNPs

Fig. 7  Hysteresis loop curve of a unmodified  Fe3O4 MNPs and b 
magnetic aromatic organo-silane star polymer based on p-phenylen-
ediamine
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bromide (MTT) in phosphate-buffered saline (PBS) was 
added to each well and allowed to incubate for an additional 
4 h. The media were removed and isopropanol was added 
at 100 µL  well−1. Plates were shaken gently to facilitate 
formazan crystal solubilization. The absorbance was meas-
ured at 545 nm using a microplate reader (STAT FAX 2100, 
BioTek, Winooski, USA) and the percentage of toxicity and 
cell viability were calculated using the following equations:

The  IC50 of magnetic aromatic organo-silane star poly-
mer was calculated according to the toxicity and concen-
tration of the agents (Fig. 9a–d). The result was showed 
that the toxicity of this magnetic nanostructure at the 

(1)Toxicity (%) =

(

1 −
mean OD of sample

mean OD of control

)

× 100,

(2)Cell viability (%) = 100 (%) − Toxicity (%).

highest concentration (1000 μg  mL−1) was 10.3%. There-
fore, the percentage of cell viability in this concentration 
is 89.7% (Fig. 9a). However,  IC50 values of synthesized 
polymer were > 1000 μg  mL−1. This rate of cell viability at 
this concentration indicates that this polymer is completely 
non-toxic and biocompatible with human skin fibroblast 
cells and can be used for biological applications such as 
skin tissue engineering and the construction of wound 
healing scaffolds. It is necessary to mention that the results 
are the average of three independent experiments. Also, 
the effect of magnetic aromatic organo-silane star polymer 
at concentration of 1000 μg  mL−1 on cells morphology 
and shape was imaged with reverse microscope (Fig. 9c, 
d). Comparison of images of untreated cells with polymer-
treated cells shows that the structure and morphology of 
these cells in the presence of the polymer has not changed 
significantly, which is another case that illustrates the bio-
compatibility of this material with Hu02 cells.

Fig. 8  a DLS histogram and b zetapotential histogram of magnetic aromatic organo-silane star polymer based on p-phenylenediamine
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Evaluating the heating capacities of magnetic aromatic 
organo‑silane star polymer under the AMF

One of the interesting features of  Fe3O4 MNPs is the abil-
ity to be manipulate by a magnetic field. This feature 
enables them to be a good candidate for several applica-
tions, including hyperthermia. In the presence of AMF, 
 Fe3O4 MNPs generate heat. This heat generation is due to 
the Neel and Brownian relaxation, and hysteresis losses. 
The ability to turn  Fe3O4 MNPs into a heating source in 
combination with their other features, such as their small 
size, ability for targeted delivery and potential for carry-
ing drugs makes these nanoparticles for wide variety of 
application. Following these mentioned features and vari-
ous applications to apply these magnetic nanoparticles 

and use their thermal power in therapeutic hyperthermia 
procedure, the consequential temperature increment needs 
to be controlled. Thermal power of a specific magnetic 
nanoparticles depends on their morphology and mag-
netic properties and the properties of the applied mag-
netic field. Herein, to evaluate the heating power of 
the magnetic aromatic organo-silane star polymer, dur-
ing the 5- to 20-min intervals, different concentrations 
of designed magnetic nanocomposite (0.5  mg   mL−1, 
1 mg  mL−1, 2 mg  mL−1, 5 mg  mL−1, 10 mg  mL−1) were 
exposed to AMF with different frequencies (100 MHz, 
200 MHz, 300 MHz, 400 MHz). This process was accom-
plished during the 5- to 20-min intervals and for each 
sample the related temperature increment was recorded 
by forward looking infrared thermal camera. Following 

Fig. 9  a Cell viability histogram of untreated Hu02 cells for differ-
ent concentration of magnetic aromatic organo-silane star polymer 
based on based on p-phenylenediamine, b image of microplate well 
from MTT assay on Hu02 cell line, c inverted microscope image of 

untreated Hu02 cell line morphology, and d inverted microscope 
image of untreated Hu02 cell line after treatment with magnetic aro-
matic organo-silane star polymer at concentration of 1000 μg  mL−1
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the mentioned process to calculate the heating power of 
each sample, their specific absorption rate (SAR) was 
calculated using the following equation:

where C is the specific heating capacity of the sample, m 
is the concentration of MNPs, T is the samples’ tempera-
ture and t is time. Each sample was kept at 25 °C before 
the start of the hyperthermia process. As could be seen, the 
calculated values of SAR for each sample are determined in 
Fig. 10. While it may seem that the higher SAR is always 
preferable, due to efficiency of magnetic nanoparticles 
in hyperthermia, a specific amount of temperature incre-
ment and as well a determined amount of heating power is 
required. For example, in therapeutic hyperthermia process, 
tumor temperature should rise from 42 to 45 °C, because, 
in lower temperatures, tumor tissues will not sufficiently be 
damaged and higher temperatures can cause necrosis instead 
of apoptosis and as well, considerable to the surrounding 
healthy tissue [59]. In this study, maximum reported SAR 
was 66.18 W  g−1 which happened at 0.5 mg  mL−1 with an 
AMF frequency of 200 MHz. While these results did not 
indicate a clear pattern between AMF frequency and the 
heating power, it was determined that the concentration 
increment reduces the SAR value which as mentioned in 
previous studies, this is due to the dipole–dipole interaction 
of nanoparticles [60]. When concentration doubled from 0.5 
to 1 mg  mL−1, maximum SAR reduces by 18.95% (Fig. 10). 
Moreover, maximum SAR reduction from 1 to 2 mg  mL−1, 
2 to 5 mg  mL−1 and 5 to 10 mg  mL−1 was, respectively, 
58.44%, 77.72% and 43.06%.

(3)SAR =
C

m

ΔT

Δt
,

Evaluating the relevance between the maximum SAR value 
and sample concentration

As could be illustrated in Fig. 11, the relevance between 
the sample concentration and SAR value is not linear. This 
variation of heating power with both concentration and AMF 
frequency can be used to prepare a setup to reach the desired 
temperature for a wide range of applications. According to 
the obtained results, the calculated SAR value (66.18 W  g−1) 
under the right conditions can be enough to raise the temper-
ature adequately to damage the tissue. In addition, it should 
be noted that in animal, clinical or in vivo assays, the final 
concentration inside target tissue determines the SAR value 
of the nanoparticles.

Conclusions

As a brief overview, in this study, statistical magnetic aro-
matic organo-silane star polymers were designed and syn-
thesized based on surface functionalization of  Fe3O4 MNPs 
using TEOS and CPTMS molecules and conducting the 
polymerization reaction between phenylenediamine deriva-
tives and dichlorophenylsilane on their functionalized sur-
faces. To characterize the structural features, FT-IR, EDX, 
FE-SEM, TEM, XRD, TG, VSM analyses, and DLS and Zeta 
potential measurements were employed. The cytotoxicity 
and biocompatibility of magnetic aromatic organo-silane star 
polymer based on p-phenylenediamine as a model derivative 
with nanoplate morphology and considering structural fea-
tures were evaluated using MTT assay. Different concentration 
of this new magnetic star polymer (0.5 μg  mL−1, 5 μg  mL−1, 
50 μg  mL−1, 500 μg  mL−1, 1000 μg  mL−1) was prepared in this 
assay. Considering the highest concentration (1000 μg  mL−1), 

Fig. 10  Variation of calculated 
SAR values due to considering 
the different concentrations of 
designed magnetic nanocom-
posite and different frequencies
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the cell viability percentage was reported 89.7% and it was 
indicated that this new magnetic nanostructure had no toxic 
effect. Apart from cytotoxicity assay, the hyperthermia per-
formance of model derivative was investigated under the 
alternating magnetic field (AMF), in different concentrations 
(0.5–10 mg  mL−1) and different frequencies (100–400 MHz). 
The maximum SAR value (66.18 W  g−1) was obtained from 
the lowest concentration (0.5 mg  mL−1) of magnetic star poly-
mer sample and the relevance between the sample concentra-
tion and SAR value was not linear. Overall, it can be concluded 
that this magnetic star polymer could be considered for further 
in vivo investigations due to its biocompatibility and the cal-
culated SAR value (66.18 W  g−1), because, it seems that, this 
magnetic star polymer can raise the temperature adequately to 
damage the targeted tissue under the right condition.
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