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Abstract: Objective: A micellar approach is used to synthesize Ultrasmall Superparamagnetic Iron
Oxide Nanoparticles (USPIONs) with an average diameter of 3.4±0.5 nm, suitable for dual-mode 
T1-T2 contrast agents.

Methods: Micelles with 3.8 nm, measured by dynamic light scattering, were obtained by self-
organizing the surfactant iron(III) dodecyl sulfate (IDS) in 1-octanol. IDS was prepared by replac-
ing Na+ cation in sodium dodecyl sulfate molecule, and its critical micelle concentration (CMC) 
was measured by electrical conductivity. The USPIONs were synthesized in a biphasic system: IDS 
in octanol (55% above the CMC) and water containing NaBH4.

Results: A yellow precipitate is immediately formed at the water/alcohol interface, rapidly changes
to a black one, and transfers to the aqueous phase. The magnetite phase was confirmed by X-ray 
diffraction and Mössbauer spectroscopy. The magnetic behavior shows a major paramagnetic char-
acter with a weak ferromagnetic component at 5 K, the latter attributed to the interparticle couplings 
below its blocking temperature (TB = 35 K). The particles were coated with carboxymethyl dextran,
showing an isoelectric point of 2.7 with electrokinetic potential around -30 mV in the physiological 
pH range. Magnetic relaxation measurements showed relaxivity values r1 = 0.17 mM-1 s-1 and r2 =
1.73 mM-1 s-1 (r2/r1 = 10) in a 3T field. These values infer that the ultrasmall size affects the interac-
tions with the protons of the nearby water molecules. The r2 value decreases because the core mag-
netization decreases with size; r1 intensifies due to the high surface.

Conclusion: The results show a system with high colloidal stability, non-cytotoxic, and potential
application as T1-T2 dual-mode contrast agents. 
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1. INTRODUCTION

The application of nanoparticles in several technological
and biomedical areas is already a reality nowadays. New 
and potential applications have experienced expressive 
growth in the scientific literature, mainly due to new, versa-
tile, and improved synthesis routes where greater sustaina-
bility and lower production costs are sought [1-4]. Unique 
and exciting properties have been reported for systems that 
control at least one or all the parameters such as size, shape, 
chemical composition, and structure in the nanomaterials 
synthesis [5, 6].  
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In the biomedicine field, the advances achieved with 
multifunctional or theranostic systems in diagnostic imag-
ing, targeting drug carriers, and treatments for diseases such 
as cancer are noteworthy. Among different nanomaterials, 
iron oxide nanoparticles with sizes of 3-50 nm and tailored 
surface chemistry have been experimentally used in numer-
ous biomedical applications [7-13]. Due to their magnetic 
properties and appropriated surface functionalization, such 
nanoparticles allow the development of non-invasive diag-
nostics and therapies [14-16]. Iron oxide presents low tox-
icity compared to other magnetic materials, for example, 
transition metal nanoparticles or rare-earth-based com-
pounds. In addition, the biocompatibility of iron oxide na-
noparticles has been enhanced by anchoring biocompatible 
molecules, such as polymers, polysaccharides, fatty acids, 
and phospholipids, onto the surface of the nanoparticles. 
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These coatings tend to improve colloidal nanoparticle stabil-
ity in physiological conditions and blood circulation time, 
besides providing, in some cases, targeting specific tissues 
and cell internalization [9, 17-19]. 

In the field of diagnostic imaging, specifically nuclear 
Magnetic Resonance Imaging (MRI), interest in new con-
trast agents called T2-weighted (negative or dark signal) [20, 
21] and T1-weighted (positive or bright signal) [22, 23] is 
growing. More recently, agents with dual properties like 
magneto-optical [24, 25] or T1-T2-weighted [26] on single or 
multifunctional nanostructured materials, called dual-mode 
T1 and T2 MRI contrast agents, have been receiving signifi-
cant attention. MRI contrast agents act on the relaxation 
efficiency of protons from nearby water molecules, improv-
ing image contrast. T1-based contrast agents are usually na-
noparticles or coordination complexes containing gadolini-
um or manganese. The metallic element’s unpaired elec-

trons accelerate the proton’s longitudinal relaxation, produc-

ing a bright signal. T2 contrast agents are based on superpar-
amagnetic nanoparticles, usually iron oxide, the so-called 
superparamagnetic iron oxide nanoparticles (SPIONs), 
which decrease the transverse relaxation time of protons, 
generating dark images [27]. Radiologists prefer T1 contrast 
agents because the dark signal of T2 ones can be confused 
mainly with internal bleeding and air in the tissues [28]. 
However, T1 contrast agents based on gadolinium and man-
ganese have two important disadvantages: (i) the chelate-
complexes have a low molecular weight resulting in short 
circulation times in the body and rapid elimination, that dif-
ficult their application in high-resolution MRI; (ii) the gado-
linium and manganese ions (from chelates or nanoparticles) 
are highly toxic, and it can accumulate in the kidneys and 
brain, leading to systemic renal fibrosis and central nervous 
system abnormalities [29-32]. Ultrasmall superparamagnetic 
iron oxide nanoparticles (USPIONs) with a size smaller than 
5 nm have emerged in recent years as excellent candidates 
to act as dual-mode T1-T2 and overcome the limitations im-
posed as contrast agents in high-resolution MRI [33-35]. 
Both SPIONs nucleus and surface structure play an im-
portant role in the relaxation properties, and their effects can 
be understood by the inner/outer sphere model approach 
[36-38]. The inner sphere (core) size decreases, leading to 
an increase in the longitudinal relaxivity (r1), i.e., the specif-
ic surface increases as the size decreases, favoring interac-
tions with water protons. Furthermore, according to the ex-
ternal sphere model, reducing the size decreases the magnet-
ization and, consequently, the transverse relaxivity (r2) due 
to ordered spins volume decreases [39, 40]. As a result, US-
PIONs present a T1-weighted signal because they increase 
the r1 value and decrease both r2 and the r2/r1 ratio [38].  

According to the methodology, SPIONs with different 
levels of control over size, shape, size distribution, crystal-
line structure, and chemical composition can be obtained. 
However, SPIONs for biomedical applications require high 
uniformity of the mentioned features, and not all reported 
methods have this characteristic [41]. Thermal decomposi-
tion has been highlighted in the literature because it offers 
fine control over the SPION size and morphology [6, 28] 

and is preferred for USPION synthesis [38]. However, there 
is the disadvantage that the resulting nanoparticles are hy-
drophobic (non-water dispersible) due to the presence of 
organic molecules that remains bound onto the nanoparticle 
surface, requiring additional functionalization for biomedi-
cal application [23]. Traditional coprecipitation methods in 
the aqueous medium have evolved in controlling nanoparti-
cles’ size and shape but still present a challenge in synthe-

sizing ultrasmall nanoparticles [13, 42]. 

Here we describe a simple micellar approach to the syn-
thesis of water-dispersible USPIONs (magnetite) using 
iron(III) dodecyl sulfate (IDS) as a cation-substituted surfac-
tant in a biphase octanol-water medium. The USIONs pre-
sent an average particle size diameter of 3.4 nm with narrow 
size distribution and electrokinetic potential (zeta) around -
30 mV after carboxymethyl dextran (a biocompatible poly-
saccharide, CMDex) coating. The partial paramagnetic be-
havior of the USPIONs and CMDex-coated USPIONs con-
cerning their magnetic-relaxation properties (T1 and T2) and 
the effects of cytotoxicity in cancerous and noncancerous 
cells were also evaluated. The CMDex-coated USPIONs 
present all desirable characteristics for application as dual-
mode T1-T2-weighted MRI contrast agent: expressive colloi-
dal stability, compatible biomedical required size, partial 
paramagnetic and ferromagnetic behavior, adequate low 
relaxivity ratios (r2/r1 ~10), and negligible cytotoxicity. 

2. MATERIALS AND METHODS 

2.1. Materials 

Iron(III) nitrate nonahydrate (Fe(NO3)3.9·H2O, 98%), 
sodium borohydride (NaBH4, 98%), and carboxymethyl-
dextran sodium salt (CMDex, ~10-20 KDa) were purchased 
from Aldrich. Sodium dodecyl sulfate (SDS, 95%), nitric 
acid (HNO3, 69-70%), and 1-octanol (C8H17OH, 99%) were 
purchased from JT Baker. All reagents were used as re-
ceived, and the experiments were performed using ultrapure 
water (18 M� cm-1). 

2.2. Synthesis of Iron(III) Dodecyl Sulfate (IDS) Surfac-
tant 

IDS was prepared by mixing equal volumes of equimo-
lar SDS and Fe(NO3)3.9 H2O (0.1 mol L-1) aqueous solu-
tions under vigorous magnetic stirring at room conditions 
for 1 hour. After that, the stirring was stopped, and the solu-
tion was aged at 4 °C for six hours. Then, the yellow precip-
itate was washed five times with cold water, separated by 
filtration, and dried under a vacuum. 

2.3. Synthesis of USPIONs 

A solution of 1.38 mmol L-1 (~1 g, around 55% above 
the measured CMC) of IDS in 1-octanol (250.0 mL) was 
added to water (100 mL), leading to a biphasic system 
where the water is the bottom phase. Under low magnetic 
stirring and a blank of N2, NaBH4 (130 mmol, 0.05 g) was 
added to the system. An immediate effervescence is ob-
served at the water/alcohol interface, resulting in an orange 
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residue. The residue was readily transferred to the aqueous 
phase as soon as it formed. It acquires black color a few 
minutes later and is attracted to the magnetic bar surface. 
When the gas detachment was stopped, the black precipitate 
was separated by centrifuging, washed three times with eth-
anol, and dried under vacuum. 

2.4. USPIONs Surface Modification with CMDex 

As-synthesized USPIONs (50 mg) were dispersed in wa-
ter (10.0 mL), and the pH was adjusted to 11 with 0.1 mol 
L-1 NaOH aqueous solution. The temperature was increased 
up to 45 °C under stirring, and 5.0 g L-1 of CMDex aqueous 
solution (10.0 mL) was added to the system. After 1 hour, 
the system was cooled to room temperature, and the suspen-
sion was dialyzed overnight in water using a 12000-14000 
nominal molecular weight cutoff membrane. Then, the black 
powder was separated by centrifugation and dried under a 
vacuum. 

2.5. Relaxation Measurements 

Relaxation measurements were performed on a clinical 
3.0 T MRI scanner (Achieva, Philips, Best, The Nether-
lands) using a 32-channel head coil. Physiological saline 
solution (Simulated Body Fluid, SBF [43]) of CMDex-
coated SPIONs at a concentration range of 0 (pure water) to 
2.0x10-3 mol L-1 of Fe was employed. Atomic absorption 
analyses previously determined the iron concentration. For 
T1 measurements, the 2D spin-echo sequence was used with 
the following parameters: TE = 15.5 ms, TRs = 0.12, 0.14, 
0.16, 0.18, 0.20, 0.30, 0.40, 0.50, 0.60, 0.70, 0.80, 0.90, 
1.00, 1.20, 1.40, 1.60, 1.80, 2.00, 2.50, 3.00, and 3.50s. For 
T2 measurements, the 2D conventional CPMG (Carr Purcell 
Meiboom Gill) sequence was used with the following pa-
rameters: TR = 5 s; TEs = 20, 40, 60, 80, 100, 120, 140, and 
160 ms. The voxel size was kept constant for both meas-
urements in 0.49x0.49x4.00 mm. The R1 and R2 values were 
calculated by fitting the averaged pixel intensity to � =
���1 − ���(−�	 × 
�)� and � = �����(−�� × 
�), re-
spectively. The relaxivity values (r1,2) were calculated from 
the relaxation ratios (R1,2) according to the general relation: 
�	,� = 1 
	,�


 + �	,��⁄  corresponding to the linear fit on the 
experimental 1/T versus [Fe] curves. 
	,�


  is the relaxation 
time in pure media where C indicates nanoparticle concen-
tration. 

2.6. Cell Culture and Cytotoxicity Assay 

Four cell lines were used to evaluate USPIONs cytotoxi-
city: the human lung adenocarcinoma cell line A549 
(ATCC® CCL-185), the cancerous cells HeLa (human cer-
vical carcinoma), noncancerous cells NCTC L929 (connec-
tive tissue fibroblasts from mice), and the human lung non-
tumor cell line MRC-5 (ATCC® CCL-171). Cells were cul-
tured in DMEM (Dulbecco Modified Eagle Medium) sup-
plemented with 10% fetal bovine serum and penicillin (100 
units mL-1), gentamicin (50 mg L-1), and amphotericin (25 
µg mL-1). A standard number of cells were cultivated 
(1.0x106 cells) in 75 cm2 flasks (Corning) and maintained at 

310 K, under a humidity atmosphere and 5% CO2 in the air, 
changing the culture medium every two days. The develop-
ment of the cellular growth and the morphology of each 
culture was followed by using an inverted phase-contrast 
microscope to assess the degree of confluence and confirm 
the absence of contaminants. Then, cells were detached 
from culture flasks by trypsinization with saline-trypsin-
solution, centrifuged (1200 rpm for 5 minutes at 4 °C), and 
resuspended in a culture medium. Hence, cells are counted 
in a Neubauer chamber by the Trypan Blue dye exclusion 
method. The concentration was adjusted for 1.5x104 per 
well to proceed with the cell viability experiment. Cell via-
bility was evaluated by the MTT assay (3-(4,5-dimethyl- 
thiazol-2-yl)-2,5-diphenyltetrazolium), which is well-estab- 
lished cell viability colorimetric assay [44]. Viable cells can 
reduce the tetrazolium ring into an insoluble purple forma-
zan crystal, which can then be dissolved in an organic sol-
vent and quantified by measuring the solution’s absorbance 

at 540 nm. The amount of absorbance measured is directly 
proportional to the number of living cells. For the viability 
experiments, cultured cells were used between the fourth 
and seventh passage to avoid alterations in the cellular mor-
phology. Samples of 150 μL of the cell lines (1.5x104 cell 
mL-1) in the culture medium were added to each well of a 
96-well tissue culture plate. Then, they are incubated at 310 
K for 24 h in an atmosphere of 5% CO2 to allow the cells to 
adhere. Subsequently, aliquots of 0.75 μL of water-
dispersed SPIONs were added in different concentrations 
(14.0, 7.0, 3,5, and 1.7 µg mL-1) in each well. Then, 0.75 μL 

distilled water was added to 9 wells for the cell viability 
control, and the plates were incubated again for 48 h. Next, 
50 μL of MTT (1 mg mL-1) was added to each well, and the 
cells were incubated for 3 h. Thus, MTT solutions were 
carefully removed by a multichannel micropipette, and the 
formazan crystals were solubilized with 150 μL of isopropyl 

alcohol. The plates were incubated for 20 minutes in the 
same conditions for better solubilization. Finally, the ab-
sorbance was measured in a microplate spectrophotometer 
reader (BioTek™, Epoch™) at a wavelength of 540 nm. 
The relative cell viability (%) was calculated according to 
the relationship (�
�/��)�100, where ATC is the absorb-
ance of the treated cell solution with USPIONs in different 
concentrations and AC is the absorbance of the control cells 
without nanoparticles. The experiment was performed in 
triplicate. The data obtained were treated using GraphPad 
Prism 5.01, and differences were considered statistically 
significant when p > 0.05. 

2.7. Characterization 

Thermogravimetric analysis (TGA-DTA) was performed 
in a Shimadzu TA-50WSI attached to a TGA50 module. 
The sample weighing about 5 mg was analyzed under a syn-
thetic airflow of 100 mL min-1 with a heating rate of 10 °C 
min-1. Elemental analysis (EA) was carried out using a Per-
kin Elmer CNH 2400 elemental analyzer for the elements C, 
N, H, and S resulting in Anal. Calcd for IDS surfactant: C, 
40.0; H, 8.1; N, 2.0; S, 8.9. Found: C, 41.9; H, 8.2; N, 2.6; 
S, 8.0. Fourier-Transform Infrared Spectroscopy (FTIR) 
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spectra were recorded in a Shimadzu IRPrestige-21 in the 
range from 4000 to 400 cm-1 at a resolution of 4 cm-1 using 
the KBr pellets. Energy-Dispersive X-ray Spectroscopy 
(EDS) was performed in an EDS. Link Analytical (Isis Sys-
tem Series 200) with a SiLi Pentafet detector and ultrathin 
ATW II window coupled to a Zeiss-Leica/440 scanning 
electron microscopy. The Critical Micelle Concentration 
(CMC) of IDS in 1-octanol was simultaneously determined 
by electric conductivity measurements and the Dynamic 
Light Scattering (DLS) technique. The electric conductivi-
ties of nine octanolic IDS solutions with different concentra-
tions were measured in triplicate using a CRISON GLP32 
conductivity meter. The average values were plotted versus 
concentration, and the CMC was obtained by the intercept 
of the different curve slopes. These nine IDS solutions were 
also analyzed using a Zetasizer Nano ZS from Malvern In-
struments to determine the micelle’s formation and its hy-

drodynamic size. Transmission Electron Microscopy (TEM) 
of the USPIONs was performed using a JEOL JEM2100 
microscope operating at 200 kV. The samples were prepared 
by dropping ethanolic dilute particle suspensions onto a 
carbon-coated copper grid, and the solvent was evaporated 
at room temperature. The size distribution, average particle 
size (DTEM), and Standard Deviation (SD) were determined 
by measuring at least 200 nanoparticles using the free soft-
ware ImageJ v1.53c. X-ray powder diffraction analysis 
(XRD) was performed in a Rigaku RINT2000 diffractome-
ter using Cu K� radiation (� = 1.5406 Å) in the range of 25-
70° in 2� with a step of 0.02° and 3 seconds/step. Mössbau-
er spectrum was obtained by using a conventional apparatus 
of 57Co source in Rh matrix at 4.2 K using the method of 
constant acceleration. The spectrometer velocity was cali-
brated using a pure iron foil. Electrophoretic mobility meas-
urements were performed in a 10-3 mol L-1 KNO3 back-
ground aqueous electrolyte solution in a Zetasizer Nano ZS 
from Malvern Instruments using diluted as-synthesized as 
CMDex-coated USPIONs suspensions at different pH val-
ues adjusted with diluted HNO3 and NaOH aqueous solu-
tions. Magnetic studies were carried out by using a com-
mercial SQUID. A magnetic hysteresis loop was obtained 
with fields up to 80 kOe at 5 K. The temperature depend-
ence of magnetization was evaluated in both Zero-Field-
Cooling (ZFC) and Field-Cooling (FC) modes with the 
maximum applied field of 50 Oe and temperature ranging 
between 5 and 300 K. 

3. RESULTS AND DISCUSSION 

3.1. Iron(III) Dodecyl Sulfate Synthesis 

Using a cation-substitute surfactant in nanoparticle syn-
thesis intends to eliminate effects related to the presence of 
solvated counterions in the micelles. The interactions be-
tween surfactant head and counterions charges often affect 
physicochemical properties of both micelle and reverse mi-
celle [45-47], like its size, micellar structure stability, and 
the elasticity of their walls. Such interactions could also 
influence the system stability and, consequently, the nano-
particle features [48]. In this work, we used a simple cation 
exchange in aqueous media at low-temperature aging, re-

sulting in a more stable compound. This procedure has also 
been successfully applied to Fe2+, Co2+, Ni2+ and Cr3+ cati-
ons (data not shown). Since IDS complex was not yet re-
ported as an isolated compound in the literature, except as 
an in-situ generated intermediate for some catalytic reac-
tions [49, 50], its molecular structure was investigated. The 
success of cation substitution was firstly proved by EDS 
analysis. The EDS spectrum of IDS (Fig. S1a) presents only 
the presence of L�, K�, and K� characteristic lines of iron 
element at 0.71, 6.40, and 7.05 keV, respectively, besides 
the lines at 0.28, 0.53, and 2.31 keV corresponding to typi-
cal emission energy from K� lines of C, O, and S, respec-
tively. No characteristic sodium line was observed at around 
1.0 keV. 

TGA-DTA, EA, and FTIR analyses corroborate the IDS 
formation and indicate the molecular structure [Fe(DS)2 

(H2O)4NO3] for IDS cation-substituted surfactant with a 
molecular weight of 720.7 g/mol (DS represents dodecyl 
sulfate ligands). The TGA-DTA curves in Fig. (S1b) show a 
first mass loss between 25 and 105 °C attributed to the de-
hydration process of four water molecules (Calcd. = 10.0%, 
Measured = 10.2%). One can also observe a mass loss in 
two steps (28.2 and 26.1%) in the temperature ranges 105-
150 °C and 150-215 °C, respectively, corresponding to the 
oxidation of the dodecyl tail of the two molecules' ligands. 
The complex presents an additional mass loss up to 405 °C, 
which was assigned to the loss of one nitrate ion (Calcd. = 
8.6%, Measured = 8.7%). The final thermal event at the 
temperature range of 510-645 °C corresponding to the sul-
fate group mass loss (Calcd. = 15.5%, Measured = 15.6%) 
resulted in an 11.2% residual product assigned to the hema-
tite (�-Fe2O3) formation as shown by the XRD analysis 
(Fig. S1c). The hematite residue stoichiometry allows the 
calculation of the iron amount from TGA-DTA analysis is 
7.7%, which is very close to the theoretical value calculated 
for [Fe(DS)2(H2O)4NO3] complex (7.9%). This molecular 
structure is corroborated by CHNS elemental analysis (see 
Experimental section).  

FTIR analysis also infers the molecular structure of IDS 
formation (Fig. S1d). Although FTIR spectra of SDS and 
IDS show remarkable similarity, some differences are no-
ticeable. Absorption bands in 3400 and 1650 cm-1 appear 
broader and more intense in the IDS spectrum, respectively 
ascribed to OH stretching and HOH bending to four water 
molecules into IDS molecular structure [51]. The sulfate 
headgroup can be present in IDS structure as a free counter-
ion or coordinated to iron(III) cation as a unidentate, biden-
tate, or bridging bidentate ligand [51]. Each coordination 
form presents different infrared absorptions, and the main 
differences are expected in the interval 1350-750 cm-1 [52]. 
The SDS spectrum shows characteristic absorption bands of 
asymmetric and symmetric stretching modes of the sulfate 
group in a C3V symmetry with bands at 1251 and 1220 cm-1 
����,������ and 1083 cm-1 (��,�����) respectively. Alt-
hough these three bands are also observed for IDS, the latter 
two bands are shifted to lower wavenumber, 1209 and 1068 
cm-1, respectively. These downshifts are associated with 
strong electrostatic effects involving coordination of sulfate 
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headgroup and the trivalent iron cation. Similar observations 
have been reported for trivalent Pr and Fe complexation 
with dodecyl sulfate ligands [53, 54]. The two (���,�����) 
bands appear enlarged in the direction of lower wave-
number. Since some absorption bands between 1150 and 
1190 cm-1 are attributed to hydrogen bonding interactions 
between coordinated water molecules and sulfate head-
groups of coordinated dodecyl sulfate [52], this enlargement 
of (���,�����) bands evidence the four water molecules 
probably completing the first coordination sphere of iron(III) 
cation. The ���

� anion can coordinate to d-metal cation as a 
unidentate, chelating bidentate, or bridged bidentate. In 
these cases, the symmetry of the coordinated anion is C2v 
and should be observed the set of bands associated with the 
split of �� mode, generally at regions 1530-1480 and 1290-
1250 cm-1, 1565-1500 and 1300-1260 cm-1 and, 1650-1600 
and 1225-1170 cm-1, respectively for the three kinds of co-
ordination [55, 56].  

As shown in Fig. (S1d) and its inset, the region between 
1800-800 cm-1 of IDS is complex by containing several 
bands related to the alkyl chain and ���

�� ion, making it 
impossible to attribute certainty to the nitrate ion type of 
coordination. 

3.2. Micelle System Formation from IDS Complex 

The CMC of IDS in 1-octanol was studied by measuring 
two properties of octanolic IDS solutions: electrical conduc-
tivity and Dynamic Light Scattering (DLS). Such properties 
were chosen based on the behavior of surfactant solutions. 

At low concentrations, surfactant molecules are randomly 
spread through the solution. When the system reaches a spe-
cific surfactant concentration, the molecules organize them-
selves as micellar aggregates to minimize surface energy. 
Such structural modification affects system properties, in-
cluding surface tension, osmotic pressure, turbidity, electri-
cal conductivity, and light scattering. It is important to note 
that, depending on the characteristics of the solvent, direct 
or reverse micellar aggregates can be reached, i.e., the mol-
ecules can be organized with their polar head outside or 
inside the micellar aggregate, respectively. The reverse mi-
cellar system is generally observed when a weakly polar 
solvent is employed, which justifies our choice of 1-octanol 
as the solvent. The different steps of the USPIONs synthesis 
from the preparation of cation-substituted surfactant (IDS) 
are shown in Scheme 1. After the IDS purification, its mole-
cules self-organize to form the micellar system in octanol. 
This colloidal dispersion is mixed with the aqueous solution 
containing the reducing agent (NaBH4). The percolation of 
water molecules and ���

� ions into the micelle occur at the 
water/octanol interface, leading to the USPIONs formation, 
followed by its separation towards the aqueous phase. 

As shown in Fig. (1), the electrical conductivity increas-
es linearly with the IDS concentration, but an abrupt discon-
tinuity can be observed at 0.90 mmol L-1. Such behavior is 
explained by a decrease in transport number, which occurs 
due to the agglomeration of dodecyl sulfate monomers to 
form micellar aggregates. The solid lines fitted to the two 
linear behaviors intercepts at 0.90 mmol L-1, which corre-
sponds to the CMC of IDS in 1-octanol. Light scattering 

 
Scheme 1. Schematic representation of the USPIONs synthesis route. (a) Na+ cation substitution from sodium dodecyl sulfate (SDS) to ob-
tain the Fe(III) dodecyl sulfate (IDS). The IDS molecules are self-organized in the octanol in a concentration slightly above its critical mi-
celle concentration (CMC), resulting in a micellar colloidal dispersion. (b) Micellar dispersion was mixed with an aqueous NaBH4 solution 
leading to a biphasic system. Water molecules and ���

� ions (reducing agent) percolate into de micelle at the biphasic interface region re-
ducing the Fe cations to produce the USPIONs. The fresh nanoparticles precipitate into the water phase. (A higher resolution / colour version 
of this figure is available in the electronic copy of the article). 
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measurements corroborate this value of CMC. The concen-
tration increases near 0.90 mmol L-1 resulting in an abrupt 
increase of hydrodynamic size molecular species dispersed 
into the medium (individual isolated IDS molecules) from 
around 0.1 nm to near 4 nm. It implies that from 0.9 mmol 
L-1, the surfactant molecules in the solvent themselves or-
ganize in micellar aggregates whose stable hydrodynamic 
sizes are around 3.5-4.0 nm. 

 

Fig. (1). Measurements of electrical conductivity and hydrodynam-
ic diameter as a function of IDS concentration. Both techniques 
infer that the IDS CMC in 1-octanol is at 0.90 mmol L-1 IDS con-
centration and the DLS measurements show the reverse micelle 
aggregates with a hydrodynamic diameter of 3.5 nm. (A higher 
resolution / colour version of this figure is available in the elec-
tronic copy of the article). 

3.3. Ultrasmall Iron Oxide Nanoparticles (USPIONs) 
Synthesis 

The USPIONs were prepared from an octanolic solution 
of iron(III) dodecyl sulfate (IDS) with IDS concentration 
around above 50% of its critical micelle concentration 
(CMC). The control over particle size and shape is achieved 
since micellar aggregates act as nanoreactors and steric sta-
bilizers, inhibiting the freshly formed particles’ uncontrolled 

growth and aggregation [57-59]. The cation-substituted sur-
factant aims to avoid undesirable counterions inside the mi-
celles, which could interact with the surfactant polar head 
and destabilize the micellar structure during the nanoparticle 
synthesis. Furthermore, the proposed method allows the 
particle formation to occur with high homogeneity because 
there is no dependency on the coalescence between two dif-
ferent micelles structures, as in a microemulsion system, 
carrying the cation and de reducing agent separately. Thus, 
the magnetic nanoparticles were obtained using a biphasic 
system composed of water (bottom phase) and a 1.38 mmol 
L-1 IDS octanolic solution (top phase). After the solubiliza-
tion of NaBH4 in the aqueous phase, BH4¯ ions and some 
water molecules percolate into the micelle’s aggregates lo-

cated near the mixture interface. The presence of reducing 
ions and water molecules in the micelles promotes the re-
duction of iron(III) ions and starts nucleation and growth 

processes for particle formation. At this point, the micellar 
stability was not enough to maintain the freshly nucleated 
particle suspended in the alcoholic phase. The nanoparticles 
were systematically transferred from the interface region to 
the aqueous phase.  

According to TEM, XRD, and Mössbauer spectroscopy 
analyses, ultrasound magnetite nanoparticles were obtained. 
Typical TEM images of the as-synthesized magnetite nano-
particles (Fig. 2a and 2b) reveal that the proposed synthetic 
route results in monodisperse-like spherical nanoparticles. 
The log-normal distribution fitted on the experimental size 
diameter (Fig. 2c) reveals an average diameter of 3.4 ± 0.5 
nm, which corresponds to a polydisperse degree (�) of 15%, 
only 5% above the limit considered for a monodisperse sys-
tem (10%). The XRD pattern in Fig. (2d) shows peaks cen-
tered at 30.0, 35.3, 42.9, 53.4, 56.9, and 62.6° in 2�, which 
are attributed respectively to (220), (311), (400), (422), 
(511), and (440) planes of spinel structure of magnetite 
phase, according to the standard XRD pattern JCPDS num-
ber 19-629. Since the magnetite and maghemite phases are 
isostructural (lattice constants parameter 8.396 and 8.351 Å, 
respectively), both are magnetic and have a black or dark 
brown color on the nanometer scale making their differenti-
ation by X-ray diffractometry is difficult. However, magnet-
ite presents both Fe(II) and Fe(III) ions distributed in the 
octahedral and tetrahedral sites, whereas maghemite has 
only Fe(III) ions in its composition [13, 60]. Mössbauer 
spectroscopy gives information about the valence of the iron 
ions, and it can be used to distinguish magnetite and ma-
ghemite phases. The Mössbauer spectrum shown in Fig. 
(2e), as expected for a typical magnetite behavior, corre-
sponds to two sextets attributed respectively to Fe(III) ions 
in tetrahedral sites (site A) and Fe(II) and Fe(III) ions in 
octahedral sites (site B). 

The presence of Fe3+ and Fe2+ in the octahedral sites can 
be approximated to the Fe2.5+ valence because the electron 
dislocation allows the nucleus to sense an average valence 
[60]. The main Mössbauer parameter (Table 1) agrees with 
the expected for the magnetite phase. The observed hyper-
fine fields of Hhyp = 50.2 T and Hhyp = 46.9 T for sites A and 
B, respectively, are smaller than expected values for mag-
netite measured at 4.2 K, which is a result of the ultrasmall 
dimensions of the particles, probably caused by the spin-
canting effects from the atoms on nanoparticles surface [60, 
61]. 

The room temperature hysteresis loop (Fig. 3a) of US-
PIONs is the typically expected profile for a paramagnetic 
material. The magnetization increases slightly and steadily 
with increasing applied magnetic field, almost parallel to the 
x-axis. Such behavior was already expected for ultrasmall 
magnetic particles [28], and to obtain more information 
about the system, measurements were performed at a tem-
perature of 4.2 K (Fig. 3a). At this temperature, with the 
magnetic moments remaining blocked, it is possible to ob-
serve a superposition of the paramagnetic behavior of the 
system (the region where the magnetization increases linear-
ly with the applied field) with a subtle ferromagnetic cou-
pling. This last behavior is observed in the low field region  
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Table 1. Mössbauer parameters at 4.2 K from the as-synthesized USPIONs. 

Site 
Mössbauer Parameter* 

Assignment �� 
(mm s-1) 

	 
(mm s-1) 

Bhyp 
(T) 


 
(%) 

A 0.28 0.00 50.2 35.1 ��� !
�"  

B 0.41 -0.04 46.9 64.9 ���#!
�.$" 

* Isomer shift (δ, mm s−1), quadrupolar splitting (	, mm s−1), hyperfine field (Bhyp, T), and relative area (Γ, %). 

 

 

Fig. (2). As-synthetized USPIONs (a, b) TEM images at different magnifications, (c) Size distribution with a log-normal fit, (d) XRD pat-
terns with the magnetite standard pattern (JCPDS 19-629), and (e) Mössbauer spectrum at a temperature of 4.2 K. (A higher resolution / 
colour version of this figure is available in the electronic copy of the article). 

and is characterized by a rapid increase in magnetization 
with the applied field and has been attributed to interparticle 
interactions or couplings [62]. Because of their small size, 
the USPIONs are single magnetic domains, and the behavior 
is correlated to the interactions between these single do-
mains that remain blocked at low temperatures. In the inset 
in Fig. (3a), it is possible to observe this region, which 
shows low coercivity (~300 Oe) and remanence (~0.5 emu 
g-1), even at 5 K. As also shown in the inset in Fig. (3a), the 
material does not show magnetic saturation even in fields up 
to 80 kOe, precisely because of its primarily paramagnetic 
behavior. These results are consistent with the temperature 
dependence of magnetization shown in FC/ZFC curves (Fig. 
3b). The peak in the FC curve (and the change in behavior 
of the ZFC ones) corresponds to the superparamagnetic 
blocking temperature (TB) of the sample (TB = 35 K), which 
is lower than values 107 and 45 K reported respectively for 

magnetite nanoparticles with 11.5 and 4 nm [63]. The low 
TB results from the ultrasmall dimensions of analyzed parti-
cles. As SPIONs remain with their magnetic moments 
blocked below TB, the single domain interparticle coupling 
leads to the emergence of the ferromagnetic behavior ob-
served in the hysteresis loop. Another indication of this in-
teraction is the spacing between FC and ZFC curves over a 
long temperature range, although other effects contribute to 
this behavior [64]. It is noteworthy that for applied fields 
higher than 10 kOe and lower than -10 kOe, the magnetiza-
tion curve presents a linear behavior with no saturation typi-
cally observed in paramagnetic materials. Such materials are 
promising T1 contrast agents since they enhance the T1 ef-
fect by their large surface area with five unpaired electrons 
and suppress the T2 effect by their small magnetic moment 
[28, 30, 65].  
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Fig. (3). (a) Magnetic hysteresis loop of as-synthesized magnetite 
nanoparticles measured at 4.2 K and 300 K. The inset corresponds 
to the enlargement of the low applied field region of the 4.2 K 
curve; (b) Field-cooled (FC) and zero-field-cooled (ZFC) magneti-
zation curves as a function of temperature measured at the maxi-
mum applied field (HFC, max) of 50 Oe. (A higher resolution / colour 
version of this figure is available in the electronic copy of the arti-
cle). 

3.4. CMDex Coating  

FTIR spectra of uncoated USPIONs, pure CMDex, and 
CMDex-coated USPIONs are presented in Fig. (4a). The 
USPIONs spectrum shows two bands at 1635 cm-1 and the 
broadband in the region of 3400 cm-1 assigned respectively 
to O-H bending (%��&) and stretching (���&) of hydroxyl 
groups or water molecules adsorbed onto the surface of the 
nanoparticles. The broadbands in the region of 1150-800 
cm-1 are assigned to overlapping bands of S-O stretching 
vibrations (��'� and ����) from some strongly adsorbed 
sulfate ions onto the nanoparticle surface remains from IDS 
[13]. The three bands at 694 cm-1, 585 cm-1, and 460 cm-1 
are attributed to symmetric and asymmetric stretching of the 
Fe-O bond, typically observed for the magnetite phase [60]. 
The CMDex spectrum presents weak intensity bands at re-
gion 940-730 cm-1 assigned to the vibrations of the glyco-
side bands (glucopyranose) from �-1.6 bonds [66]. The 
stretching bands corresponding to the C-O vibrations modes 
are overlapped with other vibrations. However, it can be 
observed at two different wavenumber regions: 1190-950 
cm-1 assigned to the �*���* and �*�� and at 1640-1435 cm-

1 attributed to symmetric and asymmetric modes of the car-

boxylic ions, ���,� *'�. The stretching of C-H bonds (�C-H), 
as well as the bending modes (�C-H), can be observed at 
2990-2820 cm-1 and 1430-1300 cm-1, respectively [66, 67]. 
Besides the bands present at the pure USPIONs spectrum, 
the CMDex-coated USPIONs ones show the typical bands 
from CMDex, identified by red arrows in Fig. (4a), inferring 
the success of the surface modification process.  

 

Fig. (4). (a) FTIR spectra obtained for as-synthesized USPIONs, 
pure CMDex, and CMDex-coated USPIONs, and (b) the electro-
phoretic measurement (zeta potential) as a pH function of the un-
coated and CMDex-coated USPIONs. (A higher resolution / colour 
version of this figure is available in the electronic copy of the arti-
cle). 

DLS measurements were performed for uncoated and 
CMDex-coated USPIONs (Fig. 4b). The isoelectric point 
(IEP) determines the pH in which molecular species or par-
ticle surfaces have no net electrical charge, i.e., the pH at 
which a colloidal particle remains stationary in an electrical 
field. It can be used to evaluate the presence of charged spe-
cies on the nanoparticle’s surface and, in this study, to in-

vestigate the pH range at which the CMDex-coated nano-
particles show colloidal stability. As presented in Fig. (4b), 
the coating process decreases the IEP from 6.5 to 2.7 of the 
uncoated and coated USPIONs. This decrease infers the 
presence of CMDex molecules on the nanoparticle’s surface 

and can be explained by the presence of hexuronic (carbox-
ylic) acid groups remaining on the bonded CMDex chains. 
The carboxylic acid groups have a pKa value of around 3, 
which imparts a negative charge over almost the entire pH 
range. Therefore, CMDex-coated magnetite nanoparticles 
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have a negative surface charge in pH above 2.7 and, there-
fore, present colloidal stability in pH values around physio-
logical conditions (pH values between 6-8), with � potential 
ranges -25 to -30 mV, which is the first requirement for bi-
omedical applications. 

3.5. MRI Contrast Agent and Cytotoxicity Assays 

The coated USPIONs performance concerning a poten-
tial application as a dual-mode T1-T2-weighted was evaluat-
ed, and the results are shown in Fig. (5). The r1 and r2 relax-
ivity values were 0.17 and 1.73 mM-1s-1, respectively (Fig. 
5a and 5b). Although the r1 value is not that high, similar 
values have been reported previously for Dextran-PEG-
encapsulated iron oxide nanoparticles around 9 nm in size 
[68]. It is important to note that the r2 value, in contrast, is 
also not high as expected for iron oxide nanoparticles, even 
with a similar core size [38]. Other papers reported similar 
r1 and r2 values for MnO nanoparticles coated with silica 
[69] or APTS-CMDex [23]. Besides the individual values of 
the relaxivity, an essential parameter to distinguishing T1 
and T2 contrast agents is relaxivity ratio values (r2/r1), which 
must be closed to 1 (ideal) and acceptable when the values 
are ≤ 10 [34, 35, 38]. In this work, our relaxivity ratio can 
be considered low (r2/r1 = 10) and close to the values re-
ported for similar materials as potential dual-mode contrast 
agents. In the T1-weighted image (Fig. 5c), a good bright 
MRI signal-enhancement effect was obtained at different Fe 
concentrations, highlighting the iron concentration’s signal 

above 1.7 mM. The same result, but more clearly, occurs for 
the MRI dark signal (Fig. 5d) in similar concentrations. Two 

factors contribute to our results: the ultrasmall size of the 
particles and the coating with CMDex, which decrease the 
core magnetization and intensify the surface properties in 
the interactions with the protons of the water molecules. 

Cell viability assays are essential in medicinal or bio-
medical chemistry since they reveal a toxicant agent’s cellu-

lar response. They also provide knowledge on cell death, 
survival, and the proportion of both phenomena. Therefore, 
the effect on cell viability (cytotoxicity) of USPIONs was 
evaluated towards four cell lines HeLa (human cervical car-
cinoma), A549 (lung cancer), MRC-5 (non-tumor lung), and 
L929 (connective fibroblasts, mice) per MTT assay, and the 
results are shown in Fig. (6). It was observed that CMDex-
coated USPIONs did not significantly modify the viability 
of the cells compared to control (cells without nanoparti-
cles) at the concentrations tested (14 to 1.72 µg mL-1). In all 
cases, tumoral or non-tumor cells, the cell viability was kept 
up to 90%, considering the statistical variation and the ex-
perimental errors. These data indicate that the USPIONs 
were not toxic for these tissue in the test conditions, and 
they did not affect cellular replication. Similar results were 
observed in the literature to other superparamagnetic iron 
oxide nanoparticles using the MTT method, where the US-
PIONs appear to be nontoxic towards tested cell lines. 

For example, Tegafaw et al. demonstrated that the cell 
viability of DU145 and NCTC1469 cell lines treated with 
ultrasmall mixed Gd-Dy oxide nanoparticles did not differ 
significantly from untreated samples in concentrations up to 
200 
mol L-1 [70]. This same behavior was observed by 
Zhang et al. since USPIONs did not affect rabbit hepatic 

 

Fig. (5). Plots of (a) 1/T1 and (b) 1/T2 as a function of Fe concentration (mM) of SBF aqueous samples suspension of CMDex-coated USPI-
ONs using a 3.0 T MR scanner. The slopes in each plot correspond to r1 and r2 values, respectively. (c) R1 and (d) R2 map images of SBF 
aqueous USPIONs suspensions as a function of Fe concentrations (mM). (A higher resolution / colour version of this figure is available in 
the electronic copy of the article). 
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tumor cell viability tested concentrations range from 1 to 
100 µg mL-1 in Fe, regardless of the duration of exposure 
from 4 to 24h [34]. Basirun et al. investigated the cytotoxi-
city of USPIONs in the WEHI164 (fibrosarcoma cells), 
treated with concentrations between 0.5 and 140 ppm for 24 
hours, and showed no difference in cell viability when com-
pared to the control [62]. 

Fig. (6). Cell viability effect of USPIONs at different concentra-
tions in four cell lines after 48 h treatment: L929 (connective fi-
broblasts from mice), MRC-5 lung nontumor cell line (ATCC®

CCL-171), HeLa (human cervical carcinoma), and A549, lung 
adenocarcinoma (ATCC® CCL-185). (A higher resolution / colour 
version of this figure is available in the electronic copy of the arti-
cle).

CONCLUSION 

We successfully synthesized ultrasmall superparamag-
netic iron oxide nanoparticles (USPIONs) with an average 
diameter of 3.4 nm in the magnetite phase using a micellar 
approach. The micelle solution was obtained using 1-
octanol as the solvent and the Fe(III) dodecyl sulfate (IDS) 
surfactant, previously prepared from the substitution of the 
sodium ion in the sodium dodecyl sulfate. An IDS concen-
tration 55% above its measured CMC generated reverse 
micelle with a hydrodynamic size of 3.8 nm, used as a tem-
plate in the USPIONs’ synthesis. The micelle solution was 

mixed with water resulting in a biphasic system to which 
sodium borohydride was added as a reducing agent. After 
the addition, a yellow precipitate immediately formed at the 
water/alcohol interface, quickly changing to black and trans-
ferring to the aqueous phase. Magnetic measurements at 5 K 
showed a major paramagnetic character with a weak ferro-
magnetic component. The low-temperature ferromagnetism 
has been assigned to interparticle coupling since the mag-
netic moment of the single-domain USPIONs remains 
blocked below 35 K (magnetic blocking temperature). The 
USPIONs coated with carboxymethyl dextran had an isoe-
lectric point of 2.7 and an electrokinetic potential of -30 mV 
in the physiological pH range. Magnetic relaxation meas-
urements showed relaxivity values of r1 = 0.17 mM-1 s-1 and 
r2 = 1.73 mM-1 s-1 with r2/r1 ratio of 10. Decreasing particle 

size decreases the magnetization of the magnetic core and 
its expected value for r2. Simultaneously, r1 is intensified 
because the surface area increases, allowing greater interac-
tion with the protons of nearby water molecules. The data 
show the obtention of a system with high colloidal stability, 
non-cytotoxic against four tested cell lines, and potential 
application as T1-T2 dual-mode contrast agents. 

LIST OF ABBREVIATIONS  

���� = Average Particle Size Determined by 
TEM Measurements 

���	 = Hyperfine Filed Parameter (Mössbauer 
Spectroscopy) 


� = Blocking Temperature 

�
 = Longitudinal Relaxitivity Assigned to the 
T1-Weighted Process 

�� = Transverse Relaxitivity Assigned to the 
T2-Weighted Process 

��� = Vibrational Asymmetric Stretching Mode 

�� = Vibrational Symmetric Stretching Mode 

AC = Absorbance of the Control Cells 

APTS = 3-Aminopropyltriethoxysilane 

ATC = Absorbance of the Treated Cells 

CMC = Critical Micelle Concentration 

CMDex = Carboxymethyl Dextran 

DLS = Dynamic Light Scattering 

DMEM = Dulbelcco Modified Eagle Medium 

EA = Elemental Analysis 

EDS = Energy-Dispersive X-Ray Spectroscopy 

FC = Field-Cooling Mode 

FTIR = Fourier-Transform Infrared Spectroscopy 

IDS = Iron(III) Dodecyl Sulfate 

IEP = Isoelectric Point 

JCPDS = Joint Committee on Powder Diffraction -
International 

MRI = Magnetic Resonance Imaging 

MTT = 3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium 

PEG = Poly(Ethylene Glycol) 

SD = Standard Deviation 

SDS = Sodium Dodecyl Sulfate 

SPIONs = Superparamagnetic Iron Oxide Nanoparti-
cles 

SQUID = Superconducting Quantum Interference 
Device 

T1 = Longitudinal Magnetic Relaxation Time 

T2 = Transverse Magnetic Relaxation Time 

TE = Spin-Echo Time Parameter 
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TEM = Transmission Electron Microscopy 

TGA-DTA = Thermogravimetric Analysis / Differential 
Thermogravimetric Analysis 

TR = Long Time of Repetition Parameter 

USPIONs = Ultrasmall Superparamagnetic Iron Oxide 
Nanoparticles 

XRD = X-Ray Diffraction 

ZFC = Zero-Field-Cooling Mode 

Γ = Relative Area (Mössbauer Spectroscopy) 

Δ = Quadrupolar Splitting (Mössbauer Spec-
troscopy) 

� = Isomer shift (Mössbauer Spectroscopy) or 
Vibrational Bending Mode 

� = Polydisperse Degree 
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