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In this work, we aim to synthesize water soluble and surface functionalized 

superparamagnetic iron oxide nanoparticles (SPIONs) using novel surfactants such as 

terephthalic acid (TA), 21aminoterephthalic acid (ATA), trimesic acid (TMA) and pyromelltic 

acid (PMA) through one1step facile chemical co1precipitation and thermal decomposition 

methods. The as1synthesized SPIONs are characterized using X1ray diffraction (XRD), 

transmission electron microscopy (TEM), dynamic light scattering (DLS) measurements, Fourier 

transform infrared spectroscopy (FTIR), thermogravimetric analysis (TGA) and vibrating sample 

magnetometer (VSM). The as1synthesized SPIONs showed very good water solubility and high 

magnetization value (Ms = 55173 emu/g). Furthermore, the as1synthesized ATA1coated SPIONs 

are conjugated with a fluorophore (Alexa Fluor 488) to demonstrate their ability for further 

chemical/biological conjugation without any additional surface modifications. Moreover, above 

90% cell viability in MCF17 cancer cells has been observed, thus confirming good 

cytocompatibility of the SPIONs. Therefore, these hydrophilic and carboxyl1amine 

functionalized SPIONs are very promising candidates to be used for biomedical applications. 
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Superparamagnetic iron oxide nanoparticles (SPIONs 1 Fe3O4/Fe2O3) have garnered a 

great deal of attention in the biomedical field such as magnetic targeting, magnetofection, cancer 

hyperthermia therapy, and magnetic resonance imaging (MRI) 
1–6

. This is due to their unique 

physicochemical characteristics, for instance (i) higher chemical stability as compared to the 

ferromagnetic (Fe, Co, and Ni) nanoparticles (ii) size/shape dependent magnetic properties such 

as superparamagnetism (under 20 nm) at room temperature, and (iii) biocompatibility, i.e., less 

cytotoxicity and ability to mix as normal iron ions in blood 
7–10

. 

Among the various synthesis routes, the following two methods are predominantly 

utilized to prepare the SPIONs: (i) chemical co1precipitation which is a simple, high yield and 

low cost method; (ii) thermal decomposition/thermolysis which is a high temperature method for 

producing well1crystalline and highly monodispersed SPIONs 
11–15

. It is very important to cover 

the surface of the SPIONs with a suitable coating molecule mainly to disperse them in an 

appropriate solvent by preventing their agglomeration, and also to provide the surface functional 

groups for their further conjugation with other imaging/targeting/therapeutic agents 
16–18

.
 
Various 

hydrophilic surface coating molecules have been extensively used for synthesizing water1soluble 

SPIONs through the single1step co1precipitation/thermolysis route 
19–26

. However, there are 

many drawbacks for the water1soluble SPIONs such as (i) the long1chained surface coatings 

form a thick dead magnetic/anti1ferromagnetic layer on the surface of the SPIONs, which has 

detrimental effects on their magnetic properties 
27–29

; (ii) the risk of dissociation of the coating 

layers and thus chance of reducing the water solubility of the SPIONs; (iii) the toxicity of the 

surface coating molecules reduces the biocompatibility of the SPIONs; and (iv) most importantly 

the lack of effective surface functional groups, which demands to perform the tedious and time 

consuming surface modifications (via ligand exchange/bilayer surfactant stabilization) for further 

chemical and/or biological conjugation of the SPIONs 
30–32

. Therefore, there are still challenges 

to select the effective surface coating molecules for synthesizing highly water1soluble and 

surface functionalized SPIONs by one1pot chemical synthesis route without compromising their 

magnetic properties and biocompatibility. 

We have identified benzene carboxylic acid molecules such as terephthalic acid (TA), 21

aminoterephthalic acid (ATA), trimesic acid (TMA) and pyromelltic acid (PMA) (see scheme 1) 

as the novel and effective surface coatings for synthesizing the SPIONs through the co1
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precipitation/thermolysis route due to their following advantages: (i) shorter chain length 

(approx. 0.8 – 1 nm) which could improve the magnetic properties of the SPIONs; (ii) 

hydrophilic in nature to provide them better water dispersibility; (iii) less toxic in nature for good 

cytocompatibility of the SPIONs; (iv) presence of adequate carboxylic (1COOH) and/or amine (1

NH2) groups which could help for in1situ surface functionalization of the SPIONs. 

Recently, our group have reported facile synthesis of the water1soluble SPIONs based on 

the chemical co1precipitation using the TA/ATA surface coating molecules 
33

. The TA/ATA 

coated SPIONs exhibited higher magnetization values (74.3/73.6 emu/g) and MRI relaxivity 

values (735.3/450.8 mM
−1

 s
−1

) as compared to the SPIONs reported in the literature 
34–39

. In this 

paper, we have reported the synthesis of the TA, ATA, TMA and PMA coated SPIONs through 

the thermolysis and/or co1precipitation route using the single or combination of the 

TA/ATA/TMA/PMA surface coating molecules. The as1synthesized SPIONs have been 

characterized by X1ray diffraction (XRD), transmission electron microscopy (TEM), dynamic 

light scattering (DLS) measurements, Fourier transform infrared spectroscopy (FTIR), 

thermogravimetric analysis (TGA) and vibrating sample magnetometer (VSM)  to evaluate their 

structure, morphology, size  distribution, water solubility and magnetic properties. Furthermore, 

we have conjugated a fluorophore (Alexa Fluor® 488) with the ATA1SPIONs to investigate their 

potentiality for the chemical/biological conjugation without any additional surface modifications. 

Finally, the �	
����� cytotoxicity study for the as1synthesized SPIONs has been performed using 

trypan blue assay in MCF17 cancer cells to evaluate their biocompatibility for using them in the 

biomedical applications. 

�

54��&���#��!"�(�'�"�#()�

�'�

��������


Iron (II) chloride tetrahydrate (FeCl2.4H2O), TA (C₆H₄(CO₂H)₂), and 21ATA 

(H2NC6H311,41(CO2H)2) are purchased from Sigma Aldrich. Iron (III) acetylacetonate (Fe 

(acac)3) and Iron(III) chloride hexahydrate (FeCl3.6H2O) are obtained from Spectrochem and 

Loba chemicals respectively. TMA (C₆H₄(CO₂H)3) and PMA (C₆H₄(CO₂H)4) are purchased 

from Alfa Aesar. Ammonium hydroxide (NH4OH 1 25 % in H2O), Triethylene glycol 

(C6H14O4), Alexa Fluor® 488 carboxylic acid–succinimidyl ester and Nitric acid are obtained 
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from Thermo Fisher Scientific. All the purchased chemicals are analytical grade and used as 

received. 
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Initially, SPIONs are synthesized by chemical co1precipitation as reported elsewhere 
33

. 

For TMA1coated water1dispersible SPIONs, 1.17 g of FeCl3.6H2O, 0.43 g of FeCl2.4H2O and 

0.945 g of TMA are added to a 100 ml round bottom flask containing 22.5 ml of distilled water. 

The reaction mixture is heated to 80 ºC for 60 minutes under nitrogen gas flow and magnetic 

stirring (400 rpm). Then 2.5 ml of NH4OH is rapidly added to the reaction mixture, which is then 

vigorously stirred (1000 rpm) for next 60 minutes at 80 ºC and then cooled down to room 

temperature. The resultant black SPIONs are magnetically separated and washed with 

ethanol/distilled water. Finally, one half of the washed particles is re1dispersed in distilled water 

to get ferrofluid samples and the other half is dried overnight in a hot air oven at 40 °C to obtain 

dry sample of the TMA1coated SPIONs (hereafter marked as S1) for further characterizations. 

Similar procedure is followed to prepare the PMA1coated SPIONs (S2). However, 4.5 ml of 

NH4OH (25 % in H2O) is used to maintain pH at 10111 necessary to initiate the nucleation of the 

SPIONs. In similar fashion, ATA is combined with TA, TMA and PMA at equal ratios for 

synthesizing the ATA1TA, ATA1TMA and ATA1PMA coated SPIONs (S3, S4 and S5) 

respectively. All the prepared samples are enlisted in Table 1. 

 

�'�'�
%������
������������	


Hydrophilic SPIONs are synthesized separately using the surfactants such as TA, ATA, 

TMA and PMA through the thermal decomposition method also. Typically 2 mmol of Fe(acac)3 

is dissolved in 20 ml of TEG along with 6 mmol of the corresponding surfactant in a 150 ml 

round bottom flask. The flask is dehydrated at 120 °C for 60 minutes in the presence of nitrogen. 

Then, the flask is quickly heated and maintained at a refluxing temperature of 280 °C (for TA, 

ATA and TMA) and 250 °C (for PMA) for another 60 minutes to prepare SPIONs. It has been 

noted that there is no formation of SPIONs in case of the synthesis using PMA, which could be 

due to the increased acidic environment. Thus, only the TA1, ATA1 and TMA1coated SPIONs 

(S6, S7 and S8 respectively) are obtained. 
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Next, similar to co1precipitation method, ATA is used in equal ratio (1:1) with TA and 

TMA to yield ATA1TA and ATA1TMA coated SPIONs (S9 and S10 respectively) via the same 

method. However, SPIONs have not formed while using ATA1PMA, which is similar to the case 

of PMA1based synthesis. All the SPIONs (S61S10) are magnetically separated and washed with 

ethanol/water. The prepared samples are enlisted in Table 1. 




�'�
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SPIONs are characterized for morphology (size/shape) by using transmission electron 

microscope (TEM, Technai G2 20 S1TWIN) and for phase purity/crystallite size by using X1ray 

diffraction (XRD, Bruker D8 Advance – CuKα (λ = 1.54 nm)). The hydrodynamic size and zeta 

potentials are measured using dynamic light scattering (DLS, Horiba nanoPartica SZ11001Z). 

The organic surface coatings adsorbed to the surface of SPIONs are investigated via Fourier 

transform infrared spectrometer (FTIR, ThermoFisher Scientific Nicolet™ iS™ 5), and 

thermogravimetric analysis (TGA, SII 6300 EXSTAR). The magnetic properties of the SPIONs 

are studied using vibrating sample magnetometer (VSM, PAR 155) at room temperature. 

Moreover, the final iron concentrations of the as1synthesized SPIONs are measured using 

atomic absorption spectrometer (AAS) 
40

. Herein, a known amount of the SPIONs is mixed with 

2 ml of conc. nitric acid and heated to 110 °C for 45 mins. Then the final samples are diluted 

with sufficient DW and analyzed using AAS (Avanta M). The samples are investigated in 

comparison with the iron AAS standard (Fisher Scientific). 

 

�' 
(�	+$�����	


 The attachment of Alexa Fluor® 488 carboxylic acid–succinimidyl ester (an 

amine reactive fluorophore) with ATA1coated SPIONs (S7 – synthesized via thermolysis 

process) is performed based on a modified conjugation method 
41

. Briefly, 100 µl of 

magnetically separated SPIONs is thoroughly mixed with an equal amount of freshly prepared 

0.1 M sodium bicarbonate buffer. Then, 1 µl of known concentration of fluorophore is added to 

the above mixture, vortexed and incubated in ice for 3 h. Later, the mixture is centrifuged, 

washed thrice with buffer and separated magnetically to remove excess fluorophore. Then, the 

final mixture is resuspended in buffer and stored at 120 °C for further characterization with the 

Flourimeter (Horiba Fluorolog®13)) to confirm the conjugation of the fluorophore with the 
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functional groups of the ATA coated SPIONs. Similar procedure is followed except the addition 

of the fluorophore for the unconjugated ATA1SPIONs. 
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The cell viability of the as1synthesized SPIONs in the MCF17 breast cancer cells is 

analyzed by trypan blue assay (HiMedia), since it is considered to be one of the gold1standard 

methods to determine the viability of magnetic nanoparticles 
22,42,43

. The MCF17 cancer cells 

(originally obtained from the American Type Culture Collection (ATCC, Catalog number HTB1

22
TM

) are authenticated and generously provided to us by Dr. Soumya Sinha Roy, Institute of 

Genomics and Integrative Biology (CSIR1IGIB), India). Samples are incubated with MCF17 

cancer cells (35,000 cells per well) at concentrations ranging from 2.5 1 25 µgFe/well for 24 h at 

37 °C under 5% CO2. After the incubation period, cells are washed with phosphate buffer saline 

(PBS 1 HiMedia) for 3 times, trypsinized and resuspended in media (Gibco, Invitrogen). Then, 

small aliquots of MCF17 cell suspensions are added to an equal volume of 0.5% trypan blue and 

gently mixed. Finally, the number of live to dead cells is counted under a microscope (Leica 

MC120) by using a hemocytometer (Marienfeld, Germany) 
44,45

. The viability is determined in 

triplicates using the following formula. 

  

Cell Viability (in %) = 100* ((No. of Unstained cells) / (No. of Unstained and Stained cells)) 

 

64���)�(")��!'�'#)$�))#%!)�

�'�
(������
���$��$�� 

Fig. 1 depicts the XRD pattern of the as1synthesized SPIONs (S6 sample). The positions 

of the diffraction peaks (220), (311), (400), (422), (511), (440) and (533) are in good agreement 

with those of the standard XRD patterns for magnetite (Fe3O4) phase (JCPDS File no.1910629), 

and also confirming the spinel structure of SPIONs 
33

. Similar XRD patterns are observed for the 

other samples (data not shown). Moreover, the average crystallite sizes for all the samples (S11

S10) are calculated from the obtained XRD patterns using Scherrer equation (which is D = 

Kλ/(βcos θ), where K is constant, λ is X1ray wavelength, and β is the peak width of half1

maximum) by considering diffraction peaks corresponding to the (311) plane 
46,47

. The calculated 

crystallite sizes of the respective SPIONs are listed in Table 1 for comparison.
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Fig. 2A and 2B show the TEM images of the respective samples of SPIONs. The average 

particle sizes (by considering at least 50 particles in each case) of the SPIONs are determined 

using Image J software 
48

. The average particle sizes and shapes of the respective SPIONs are 

listed in Table 1. The TEM sizes are in the range of 719 nm and 5111 nm for the SPIONs 

synthesized via chemical co1precipitation and thermal decomposition methods respectively, 

which indicate that the nanoparticles are in the superparamagnetic regime 
12

. Moreover, the TEM 

sizes of the SPIONs are very close to their crystallite size (as calculated from XRD pattern), 

which indicate the nearly single crystalline nature of the nanoparticles 
49

. 

Furthermore, it can be noted that the particle sizes of the thermolysis based SPIONs (S61

S10 samples) vary with respect to different surface coatings, as compared to the SPIONs (S11S5 

samples) synthesized via co1precipitation process (refer Table 1). This could be due to the 

influence of high reaction temperature that led to the increased surface reactivity of the SPIONs 

and the corresponding attachment of the organic molecules to their surface. 

It can also be seen that the SPIONs are mostly spherical in shape (S2, S3, S5, S6, S7 and 

S9). However, spheroidal (in S1, S4, and S10 sample) and mixed (in S8 sample) shapes can also 

be observed for the respective SPIONs, which could be attributed to the influence of the 

chemical structure of TMA molecules. 

Furthermore, the selected area electron diffraction (SAED) patterns for S4 and S9 

samples (refer A1 and A2 from Fig. 2A and 2B respectively) clearly showing that the diffraction 

rings are due to (220), (311), (400), (511) and (440) lattice planes (which are similar to the XRD 

patterns of sample S6) 
50

. Similar SAED patterns are manifested by the other samples (not shown 

here). Thus, it has been affirmed again that the as1prepared SPIONs possess the magnetite 

(Fe3O4) phase. 




�'�
�"�
����$����	��



 Fig. 3, A & C depict DLS size distribution plots of the SPIONs (S1 and S6 samples 

respectively) in aqueous suspensions, which indicate the narrow size distribution for both the 

samples. The obtained average hydrodynamic sizes are 10.4 nm and 11.5 nm respectively, which 

are slightly larger than the average TEM particle sizes (7 and 11 nm respectively), that could be 

due to the coordination of the organic surface coatings that increases the particle sizes 
46

. 
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Moreover, Fig.3, B & D show the zeta potential distribution plots of the SPIONs (for S1 

and S6 respectively) in the aqueous suspension. The maxima of the plots are observed at 141.1 

and 141.0 mV for the S1 and S6 samples respectively, which reveals that the surfaces of the 

SPIONs are negatively charged. Usually the nanoparticles with zeta potentials above ±30 mV are 

noted to be stable, since the high surface electric charge can reduce the aggregation of 

nanoparticles due to strong repulsive forces 
23,51

. Thus, the observed results show that the 

negatively charges of the as1synthesized SPIONs are adequate to retain them from interacting 

with each other. 

Therefore, a stable particle size and very good colloidal stability/water dispersibility are 

ascertained for the as1synthesized SPIONs. Similar hydrodynamic sizes and zeta potential values 

can be obtained for the other samples. 
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Fig. S1 (i1v) (refer supplementary information) displays the FTIR spectra of bare 

SPIONs, ATA, TA, TMA and PMA molecules respectively. Moreover, Fig. 4A (a1e) and Fig. 4B 

(f1j) show the FTIR spectra of the S11S5 and S61S10 samples respectively. In Fig. S1 (i), 4A (a1

e) and 4B (f1j), the absorption peaks in the range of 5651588 cm
11 

belong to the Fe1O stretching 

vibrations of iron oxide cores, whereas the peaks above 600 cm
11 

are attributed to the vibrations 

of the chemically adsorbed surfactants of SPIONs 
52–54

. Moreover, in Fig. S1 (ii1v), the 

absorption peaks at 1493 assigned to N1H bending vibration of ATA, 1673 and 1396 assigned to 

C=O stretching and O1H bending vibrations of TA, 1605, 1397 and 745 assigned to C=C 

stretching, O1H bending and C1H bending vibrations of TMA and 1697, 1405 and 862 assigned 

to C=O stretching, O1H bending and C1H bending vibrations of PMA molecules. 

In Fig. 4A (a & d), the absorption peaks at about 1605/1609, 1397, and 756/755 cm
11 

are 

due to C=C stretching, O1H bending and C1H bending vibrations of corresponding TMA 

coatings in S1/S4 respectively. Whereas, the peaks at 1698, 1401 and 858/857 cm
11 

are 

associated with C=O stretching, O1H bending and C1H bending vibrations of PMA coatings of 

S2/S5 correspondingly (refer Fig. 4A (b & e)). The peaks at 1703 and 1398 cm
11 

are attributed to 

C=O stretching, and O1H bending vibrations of TA molecules in S3 (refer Fig. 4A (c)). 

Moreover, the peaks at 1494, 1489, and 1483 cm
11 

are attributed to N1H bending vibration in the 
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amino group of ATA molecules, thereby confirming its attachment towards the surface of the 

respective samples of the SPIONs (i.e., S3, S4 and S5) 
55

. Thus, the adsorption of the 

TMA/PMA/TA/ATA molecules on the surface of respective samples of the SPIONs (prepared 

by co1precipitation method) is affirmed. 

In Fig. 4B (f1h), the absorption peaks at 1716, 1714 and 1709 cm
11 

are assigned for the 

C=O stretching vibrations of the carboxylic acid groups corresponding to the TA, ATA, and 

TMA molecules, respectively. Moreover, the peaks at 753 and 751 cm
11 

are attributed to the C1H 

bending vibrations of the TMA coatings of the SPIONs in S8/S10 samples (refer Fig. 4B (h & 

j)), respectively. Furthermore, the absorption peaks appeared in the region 1400–1600 cm
11

 are 

corresponding to the symmetric and asymmetric vibrations of the amino groups of ATA 

molecules in S7/S9/S10 samples (refer Fig. 4B (h1j)) 
33

. Thus, the presence of TA/ATA/TMA 

coatings on the surface of the respective SPIONs (synthesized by thermolysis method) is 

confirmed. 




�' '�
%/#


The amounts of the surface coatings for all the SPIONs (prepared using co1precipitation 

and thermolysis method) are estimated by TGA measurements, as shown in Fig. 5 (A and B 

respectively). The TGA curves show two weight1losses when the samples are heated from room 

temperature to 700°C in the nitrogen atmosphere at the rate of 10 °C/min. The primary weight 

loss in the temperature range of 251200°C is due to the evaporation of water, whereas the 

secondary weight loss (in the temperature range of 2001700 °C) is due to the decomposition of 

the respective organic surface  coatings (TMA, PMA, TA and ATA) of the SPIONs 
16

. The 

amount of the secondary weight losses for all the samples is listed in Table 1. It can be noted that 

the amount of surface coating is higher for the SPIONs prepared by the thermolysis method as 

compared to those prepared by the co1precipitation method, which could be due to the higher 

reaction temperature (for thermolysis) that enforces more surface adsorption of the coating 

molecules to the SPIONs. 

Therefore, the FTIR spectra and TGA curves confirm that the surfaces of the SPIONs are 

attached with corresponding surface coating molecules (TMA/PMA/TA/ATA).
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In Fig. 6, A and B show the magnetization (M–H) curves of samples of the SPIONs 

(synthesized via co1precipitation and thermolysis methods) from S11S5 and S61S10 respectively 

at room temperature. The zero/negligible coercivity and residual magnetization of all the M1H 

curves confirm that all the SPIONs samples are superparamagnetic in nature at the room 

temperature. The saturation magnetization (Ms) values of all the SPIONs are listed in Table 1. 

The Ms values are found to be in the range of 58.29 1 66.30 emu/g and 11.74 1 73.09 emu/g (refer 

Table 1) for the SPIONs prepared by the co1precipitation and thermolysis route respectively. 

Moreover, it can be observed that the Ms values of the SPIONs (e.g. 73.60, 58.29, 66.30, 

and 61.83 emu/g for S0*, S1, S3 and S4 samples respectively) synthesized via the co1

precipitation method are higher than that of those prepared by the thermolysis (e.g. 55.9, 11.74, 

64.70 and 34.64 emu/g for S7, S8, S9 and S10 samples respectively). As compared to the co1

precipitation method, the SPIONs formed by thermolysis method showed reduction in Ms 

values, which could be mainly due to the following reasons: (i) reduced sizes (i.e., 7±4, 5±2, 8±4 

and 6±3 nm for S7, S8, S9 and S10 samples respectively) and (ii) higher adsorption of organic 

surface coatings as confirmed by the TGA data in Table 1 (i.e., 14, 52.1, 10 and 43.5 wt % for 

ATA, TMA, ATA1TA and ATA1TMA coated SPIONs respectively). It is in good agreement 

with the previous reports that the Ms value decreases with (i) decrease in the particle size of the 

SPIONs and (ii) increase in the amount of non1magnetic surface coatings 
23,56

. 

However, S6 sample (prepared from thermolysis method) possesses the highest Ms value 

(73.09 emu/g) regardless of the large amount of organic molecules (27 wt %) on its surface, 

which could be due to the increase in their size (11±2 nm) as compared to the other samples of 

SPIONs. 

In addition, it can also be seen that the magnetization values of the dual1surfactants 

coated SPIONs (i.e., 61.83, 63.2, 64.70 and 34.64 emu/g for S4, S5, S9 and S10 samples 

respectively) are comparatively higher than that the single1surfactant coated nanoparticles (i.e., 

58.29, 62.26, 55.90 and 11.74 emu/g for S1, S2 S7 and S8 respectively), which could be 

attributed to the enhanced crystallinity with respect to the compact arrangement of ATA along 

with the respective surfactants on the surface of SPIONs 
57

. Thus, it can be concluded that the 

preparation methods and/or surfactants (individually and/or combination) can influence the 
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magnetic properties (especially on Ms values) of the SPIONs with respect to their morphology 

and the amount of surface coatings. 

However, the Ms values (11.74 1 73.9 emu/g) of all the samples are lower than the 

theoretical value (92 emu/g) of bulk magnetite, which can be either due to (i) the differences in 

order–disorder characteristics based on nanoparticle formation mechanisms and/or (ii) the 

presence of non1collinear spins on the surface of SPIONs due to surfactants 
58,59

. Nevertheless, 

the Ms values of the as1prepared SPIONs are similar/higher than many recently reported SPIONs 

samples, which have already been tested for their efficacy in biomedical applications 
35,60–70

. 




�'0
������$��	����	��
��
��$��������
��	+$�����
	�	����������



 Fig 7 (i) shows the possible mechanism for conjugation of the Alexa Fluor® 488 

carboxylic acid–succinimidyl ester with the ATA1SPIONs (S7), where the amide bond is formed 

between the fluorophore and amine groups located on ortho position of the ATA molecules 

(whose carboxylate group is attached to the surface of the SPIONs). Fig. 7 (ii), (a), (b) and (c) 

show the photoluminescence (PL) spectra of the Alexa Fluor® 488 fluorophore1conjugated 

SPIONs, unconjugated SPIONs and the buffer respectively (under the excitation at 488 nm). It 

can be noted that there is a significant increase in the intensity of the fluorophore1conjugated 

SPIONs (Fig. 7 (ii) 1 a) as compared to the unconjugated ATA1SPIONs (Fig. 7 (ii) 1 b) and only 

buffer (Fig. 7 (ii) 1 c). Thus, the PL spectrum confirms the fluorophore conjugation with the 

ATA1SPIONs using the 1NH2 functional groups. 




�'1
!	
�����
������2�����


The
 �	
����� cytotoxicity of the selected SPIONs samples (i.e., S11S7 and S9 having Ms 

value above 55 emu/g) is analyzed on the MCF17 breast cancer cell lines via trypan blue assay at 

different concentrations (2.5 1 25 µgFe/well). The cytotoxicity results of the SPIONs are plotted 

against the control cells (untreated with SPIONs), where the cell viability is considered as 100% 

(see Fig. 8A and Fig. 8B). It can be observed that all the SPIONs (S11S7 and S9 samples) exhibit 

excellent cell viability of above 90 % in the concentration range of 2.5 1 25 µgFe/well. Therefore, 

the selected water1soluble SPIONs are highly biocompatible in MCF17 cancer cells. Moreover, 

the morphological changes in the MCF17 cells after 24 h treatment with the samples of SPIONs 

(from S11S7 and S9) are also investigated after washing them 3 times with PBS 
71

. Negative or 
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very trivial alterations in the morphology of treated MCF17 cells are noticed as compared to the 

untreated control cells as per the microscopic images (refer Fig. 9). Moreover, it can be noted 

that the accumulation of the nanoparticles inside the cancer cells (as confirmed by Prussian blue 

staining method 1 data not shown) is increased with the concentrations of the SPIONs (from 2.5 1 

25 µgFe/well) that could be promising for cancer hyperthermia applications. 

�

74��%!$(�)#%!�

To summarize, we have successfully synthesized the hydrophilic and carboxyl1amine 

functionalized SPIONs using the novel surfactant molecules such as TA/ATA/TMA/PMA 

(single surfactant) and their combination (dual surfactant) by one1step facile chemical co1

precipitation/thermolysis route. The as1synthesized SPIONs showed very good water solubility 

and high magnetization value (Ms = 55173 emu/g for S11S7 and S9 samples). The highest Ms 

value is obtained for the TA1SPIONs (73.09 emu/g for S6 sample), synthesized using the thermal 

decomposition method. Moreover, the facile conjugation of the fluorophore (Alexa Fluor 488) is 

demonstrated without any additional surface modifications for the as1synthesized ATA1SPIONs. 

Furthermore, the SPIONs (S11S7 and S9 with high Ms values) showed very good 

cytocompatibility (above 90%) to the MCF17 breast cancer cells. Thus, these novel hydrophilic 

and carboxyl1amine functionalized SPIONs are very promising candidates to be used for the 

biomedical applications. Our future studies are aimed to investigate the efficacy of these SPIONs 

(with/without chemical/biological conjugation) in �	
 �����3�	
 ���� MR imaging and magnetic 

hyperthermia therapy for the cancer treatments.�

�
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17 

 

��.(��3��Surface coatings, XRD crystallite size, TEM size, shape, saturation magnetization and 

TGA secondary weight loss of the respective SPIONs synthesized via chemical co1precipitation 

and thermal decomposition methods. [S0 and S0* are TA and ATA coated SPIONS as reported 

elsewhere 
33

]�

����(�)�

%/�

���

)�

�2!"1�)#)�

��"1%'��!'�

���$"#%!�

�������"����

���/�$"�!")�

�)�'�

����

�#0��

*!�+�

����

�#0��

*!�+�

�1����
�)�

*���? +�

����@�

��$%!'��2�

-�# 1"�

�%))�

*����%&4�#!�

A+�

��/�

S0 Chemical Co1

precipitation 

and 80 °C 

TA 8.23 10±4 Spherical 74.30 2.5 
[33] 

S0* ATA 7.65 10±3 Spherical 73.60 2.5 

S1 TMA 8.86 7±3 Spheroid 58.29 4.5 This 

Work S2 PMA 10.2 8±3 Spherical 62.26 3.0 

S3 ATA1TA 9.03 9±3 Spherical 66.30 8.6 

S4 ATA1TMA 9.82 9±2 Spheroid 61.83 5.5 

S5 ATA1PMA 9.15 8±2 Spherical 63.20 2.2 

S6 Thermal 

decomposition 

and 280 °C 

TA 12.1 11±2 Spherical 73.09 27.5 

S7 ATA 7.95 6±2 Spherical 55.90 14.0 

S8 TMA 6.29 5±2 Mixed 11.74 52.1 

S9 ATA1TA 9.98 8±3 Spherical 64.70 10.0 

S10 ATA1TMA 6.36 7±3 Spheroid 34.64 43.5 
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��������	�
��
������

�

�

�

�

������� ��� �Molecular structures of terephthalic acid (TA), 2�aminoterephthalic acid (ATA), 

trimesic acid (TMA) and pyromelltic acid (PMA) molecules. 
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�

�

�

�

��������XRD pattern of the TA�SPIONs (S6). 
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3 

 

�

�

�

�

����� ����TEM images of the TMA�SPIONs (S1), PMA�SPIONs (S2), S3� ATA�TA�SPIONs, 

ATA�TMA�SPIONs (S4) and ATA�PMA�SPIONs (S5) respectively, synthesized by the 

chemical co�precipitation method. A1 represents the SAED pattern of the ATA�TMA�SPIONs 

(S4). 
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4 

 

 

 

�

�

���������TEM images of the TA�SPIONs (S6), ATA�SPIONs (S7), TMA�SPIONs (S8), ATA�

TA�SPIONs (S9), and ATA�TMA�SPIONs (S10) respectively, synthesized by the thermal 

decomposition method. A2 represents the SAED pattern of the ATA�TA�SPIONs (S9).  
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����� ��� ��� 	� ����Hydrodynamic size & zeta potential of the TMA�SPIONs (S1). �
� 	� ��. 

Hydrodynamic size & zeta potential of the TA�SPIONs (S6), respectively. 
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6 

 

�

�

�������� FTIR spectra of (a) TMA�SPIONs (S1), (b) PMA�SPIONs (S2), (c) ATA�TA�SPIONs 

(S3), (d) ATA�TMA�SPIONs (S4) and (e) ATA�PMA�SPIONs (S5), respectively, synthesized 

by the chemical co�precipitation method. 
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7 

 

 

�

�������� FTIR spectra of (f) TA�SPIONs (S6), (g)�ATA�SPIONs (S7), (h) TMA�SPIONs (S8)  

(i) ATA�TA�SPIONs (S9), and (j) ATA�TMA�SPIONs (S10), respectively, synthesized by the 

thermal decomposition method. 
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8 

 

�

����� ������!�TGA curves of the as�synthesized samples: (a) ATA�PMA�SPIONs (S5), (b) PMA�

SPIONs (S2), (c) TMA�SPIONs (S1), (d) ATA�TMA�SPIONs (S4), and (e) TA�ATA�SPIONs 

(S3) respectively, synthesized by the chemical co�precipitation method. (���! TGA curves of the 

as�synthesized samples of (f) ATA�TA�SPIONs (S9), (g) ATA�SPIONs (S7), (h) TA�SPIONs 

(S6), (i) ATA�TMA�SPIONs (S10) and (j) TMA�SPIONs (S8) respectively, synthesized by the 

thermal decomposition method. 
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9 

 

�

�����"������!�Room temperature M–H curves of samples: (a) ATA�TA�SPIONs (S3), (b) ATA�

PMA�SPIONs (S5), (c) PMA�SPIONs (S2), (d) ATA�TMA�SPIONs (S4) and (e) TMA�SPIONs 

(S1) respectively synthesized by the chemical co�precipitation method. (���! Room temperature 

M–H curves of samples: (f) TA�SPIONs (S6), (g) ATA�TA�SPIONs (S9), (h) ATA�SPIONs 

(S7), (i) ATA�TMA�SPIONs (S10) and (j) TMA�SPIONs (S8) respectively synthesized by the 

thermal decomposition method. The M–H curves having maximum saturation magnetization 

values in both A and B are highlighted with the dots in the graph line. 
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10 

 

 

�����#� ��� � Schematic diagram of the reaction mechanism in the conjugation of Alexa Flour 488 

with ATA�coated SPIONs (S7) and ���� � PL Spectra of (a) Alexa Flour 488 conjugated ATA�

coated SPIONs (S7), (b) unconjugated ATA�SPIONs and (c) only buffer solution. 
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11 

 

����� $��� Cytotoxicity of samples (S1�S4) at different concentrations (2.5 – 25 µgFe/well) 

measured by trypan blue assay after 24 h incubation with MCF�7 breast cancer cells. Label C 

indicates the control wells (i.e., no SPIONs added). 
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12 

 

�����$���Cytotoxicity of samples (S5�S7 and S9) at different concentrations (2.5 – 25 µgFe/well) 

measured by trypan blue assay after 24 h incubation with MCF�7 breast cancer cells. Label C 

indicates the control wells (i.e., no SPIONs added). 
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13 

 

����� %��Microscopic images of MCF�7 cancer cells after 24 h incubation with the samples of 

SPIONs (S1�S7 and S9) at concentrations ranging from 2.5 – 25 µgFe/well. Label C indicates the 

images of control wells (i.e., no SPIONs added) for respective concentrations. All microscopic 

images are taken at 400x magnification. 
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