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Degradation of magnetite nanoparticles in biomimetic media
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Abstract Magnetic nanoparticles (NPs) of magnetite
Fe3O4 obtained by coprecipitation (COP), thermal de-
composition (DT), and commercial sample (CM) have
been degraded in similar conditions to physiological
medium at pH 4.7 and in simulated body fluid (SBF)
at pH 7.4. The formation of the nanoparticles was con-
firmed by FTIR spectroscopy, X-ray diffraction (XRD),
scanning electron microscopy (SEM), and transmission
electron microscopy (TEM). In view of medical and
environmental applications, the stability of the particles
was measured with dynamic light scattering. The deg-
radation processes were followed with atomic absorp-
tion spectroscopy (EAA) and TEM. Magnetic measure-
ments were carried out using vibrating sample magne-
tometry (VSM). Our results revealed that the structural
and magnetic properties of the remaining nanoparticles
after the degradation process were significantly different
to those of the initial suspension. The degradation

kinetics is affected by the pH, the coating, and the
average particle size of the nanoparticles.
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Introduction

Magnetic nanoparticles (NPs) have received great atten-
tion due to their biomedical applications such as drug
delivery (Häfeli et al. 2009; Klostergaard and Sweeney
2012), contrast agents for magnetic resonance imaging
(MRI) (Arbab et al. 2005; Corot et al. 2006; Na et al.
2009), photothermal agents for solid tumor therapy (Wu
et al. 2016), and heating mediators for magnetic hyper-
thermia in cancer treatment (Pankhurst et al. 2009;
Gazeau et al. 2008), referring to the introduction of fer-
romagnetic or superparamagnetic particles into the tumor
tissues (Ang et al. 2007). The potential benefits of NPs
are considerable because of their unique magnetic prop-
erties, low toxicity, and biodegradability (Mahmoudi
et al. 2011; Markides et al. 2012; Smith and Gambhir
2017). However, there is a distinct need to identify the
capacity of the NPs for disintegration into bioeliminable
products and the potential of cellular damage associated
with toxicity caused by these materials. Although human
tissues contain a lot of endogenous iron, NPs containing
iron oxide may have higher toxicity than iron in a molec-
ular form. This has been associated with effects such as
inflammation, altered mitochondrial function, and
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alteration of the functions of the major components of the
cell (Nel et al. 2006; Oberdörster et al. 2007). Although
the toxicity of iron oxide in NPs has been reported (Häfeli
et al. 2009; Jeng and Swanson 2006; Veranth et al. 2007;
Schwegmann et al. 2010; Gu et al. 2012; Malvindi et al.
2014), the mechanisms, progressions, and factors
governing nanoparticle degradation are lacking. Synthe-
sis conditions, size, magnetic interactions, coating, and
pH of the media may influence the release of iron ions
(Levy et al. 2010). Hence, a study of mechanisms of NP
degradation is important to better understand their toxicity
and their long-term effects as well as the implementation
of these materials in medical practice. The chemical
conditions of the degradation of dextran-coated magnetic
nanoparticles have been reported (Arbab et al. 2005).
These authors demonstrated the requirement of an acidic
environment (pH 4.5) and the presence of chelates such
as citrate with a high affinity for Fe(III). Considering that
during cellular endocytosis, nanoparticles are exposed to
a continuous decrease of pH, from that of the extracellular
medium (7–7.5), to that of intracellular endosomes (6–
5.5), and to the acidic microenvironment of lysosomes
(4.5–4.8) (Ohkuma and Poole 1978). Hence, in the pres-
ent work, iron oxide nanoparticles obtained by different
synthesis methods, with various particle sizes were ex-
posed at different media at pH 7.4 and 4.5. A study of the
evolution of the structural and magnetic properties and
the degradation mechanisms of these NPs is reported.

Materials and methods

Magnetic nanoparticle synthesis

The synthesis was carried out by two different methods:
coprecipitation (COP) and thermal decomposition (DT).
For comparison, commercial magnetite NPs were also
tested. All the chemical reagents used in this work were
of analytical grade and used without further purification.

Coprecipitation method

For the synthesis by the coprecipitation method (COP),
a solution of iron(II) sulfate heptahydrated
(FeSO4:7H2O), NaOH, and KNO3, was prepared. The
solution was subjected to magnetic stirring for 30 min to
ensure nucleation and growth of magnetite particles.
Afterwards, the solution was aged at 60 °C for 90 min
in ultrasonic water bath and cooled at room temperature.

The solid phase was magnetically separated and washed
with deionized water repeatedly, in order to ensure the
elimination of residual salts. Particles were then dried at
60 °C under vacuum.

Thermal decomposition method

For the thermal decomposition method (DT), FeO(OH)
(4 mmol), oleic acid (10 mmol), and 5 g of docosane
were mixed under inert gas atmosphere (Ar) and vigor-
ous stirring, heated to 340 °C, and refluxed at this
temperature for 1 h. Subsequently, the precipitate ob-
tained was dissolved in pentane/diethyl ether and 30 ml
ethanol was added to the mixture. Particles were then
dried at 60 °C in vacuum.

Commercial sample

Commercial magnetite nanoparticles (CM) were ac-
quired from Alfa Aesar (Karlsruhe, Germany), 97%
purity.

Characterization

The crystal structure of the Fe3O4 NPs was identified by
X-ray powder diffraction (XRD) performed in a Bruker
D8-Focus X-ray diffractometer, equipped with parallel
beam geometry and Cu Kα radiation (λ = 1.5406 Ǻ),
with a voltage of 40 kV, current of 30 mA, in the 2θ
ranged 5–90 degrees, and 0.020 steps. Infrared spectra
were recorded using a Perkin Elmer Spectrum 100 FTIR
spectrometer between 4000 and 250 cm−1.

Average particle size analysis

Nanoparticle average particle size was determined from
SEM and TEM. SEM analysis was performed in a FEI
Inspect F50 scanning electron microscope, working
with an acceleration voltage of 8–10 keV, attached with
an energy dispersive X-ray microanalysis, EDAX 8500
(silicon drift detector (SSD)). TEM analysis was carried
out in a FEI spirit microscope (at 120 kV). Sample
preparation for TEM observation was carried out by
dispersion of the particles in a solution of ethanol/water.
A drop of the suspension was placed onto a carbon-
coated copper grid and allowed to dry at room temper-
ature for several minutes. Average particle size and
distribution were evaluated by measuring the largest
internal dimension of at least 150 particles, using image

140 Page 2 of 10 J Nanopart Res (2017) 19: 140



J, an image processing software to determine the size
distribution of the NPs (apparent diameters from 2D
measurements).

Zeta potential measurements

Colloidal stability and surface charge of the samples
were measure using light scattering with a dynamic laser
Malvern Instruments Zetasizer, model Nano ZS.

Magnetic characterization

Hysteresis loops with a maximum field of 1 T were
measured in a vibrating sample magnetometer, Varian
Techtron 155, at room temperature.

Degradation process

In order to induce degradation, 200 mg/ml NPs were
immersed in three different media at 37 °C: (a) an
aqueous buffer at pH 4.7 containing citrate ions
(20 mM) as iron chelator to mimic lysosomal environ-
ment (Arbab et al. 2005); (b) in simulated body fluid
(SBF) at pH 7.4; and (c) in distilled water at pH 6.7 as a
control sample. The citrate buffer was prepared by
mixing appropriate volumes of 20 mM aqueous solu-
tions of citric acid (C6H8O7, Fluka, 99.5%) and sodium
citrate tribasic (Na3C6H5O7:5H2O, Fluka, 99.5%) to
achieve the final desired pH. The simulated body fluid
(SBF) was prepared with the following concentrations:
NaCl (6.55 g), NaHCO3 (2.27 g), KCl (0.373 g),
Na2HPO4:2H2O (0.178 g), MgCl2:6H2O (0.305 g),
37 wt% HCL (5 ml), CaCl2 (0.278 g), NaSO4

(0.071 g), and NH2C(CH2OH)3 (Tris buffer, 6.055 g).
The reactants were dissolved one by one into 500-ml
Millipore water at 37 °C under continuous magnetic
stirring. Millipore water was added to increase the total
volume to 1 l, and the pHwas balanced to 7.4 using 1M
HCl. The kinetics of the degradation process was eval-
uated continuously up to 30 days. The degradation
media with the NPs were split into several tubes and
placed in an incubator. Samples of each solution were
taken at 1, 2, 3, 6, 24, 48, 72, 120, 240, 480, and 720 h,
and the amount of free ions was measured by atomic
absorption spectroscopy (EAA). At each time point, the
Fe3O4 NPs were separated from the rest of solution
through centrifugation at 13,000 rpm for 1 h in order
to characterize them by SEM-TEM and magnetic
measurements.

Atomic absorption spectroscopy

Iron determination was carried out in a flame atomic
absorption spectrophotometer VARIAN Techtron 1200.
An iron hollow cathode lamp was used at an operating
current of 2 mA and a wavelength and spectral band-
width of 238.2 and 0.2 nm, respectively. Limits of
detection (LOD) were less than 0.005 g/l. Fe standard
series solutions (1.00, 2.00, 3.00, and 4.00 g/ml) were
used, and the Fe released was determined by a calibra-
tion curve in parts per million (ppm). The correlation
coefficient was 0.998.

Results and discussion

X-ray diffraction

XRD patterns shown in Fig. 1 are characteristic of a
single cubic spinel phase corresponding to a magnetite
(JCPDS 39–1346). The sample prepared by thermal
decomposition (DT) showed a broader diffraction line
than that of the diffraction patterns of COP and CM
samples, indicating the small crystal size of these
particles.

Fourier transform infrared

The FTIR spectra of the samples DT, COP, and CM are
presented in Fig. 2. The characteristic band of the in-
trinsic Fe-O stretching of the spinel structure is observed

Fig. 1 X-ray powder diffraction patterns of the samples prepared
by coprecipitation (COP) thermal decomposition (DT), and com-
mercial sample (CM)

J Nanopart Res (2017) 19: 140 Page 3 of 10 140



at 580 cm−1 for all the samples and corresponds to
vibrations of the metal at the tetrahedral site. In the range
of 400–450 cm−1, are the Fe-O stretching vibrations of
the octahedral site (Nel et al. 2006). The wide stretching
vibration at 3400 cm−1 and a smaller one in 1629 cm−1 is
probably due to the bending vibration H-O-H of
physisorbed water onto the nanoparticle surface. For
the DT sample, additionally, two characteristic bands
are observed at 2926 and 2855 cm−1, corresponding to
asymmetric and symmetric stretching of C-H bonds of
the aliphatic chain and at 1415 cm−1, the band assigned
to C-O-C stretching is observed which is a carbohydrate
fingerprint; these absorptions suggest that the NPs pre-
pared by thermal decomposition are coated with the
oleic acid.

SEM and TEM

The morphology and average particle size of different
NPs were analyzed by scanning electron microscopy
(SEM) and transmission electron microscopy (TEM).
Figure 3 shows the evolution of morphology and parti-
cle size of the different NPs after the maximum period of
the degradation process in buffer tribasic citrate at
pH 4.7. The differences in size and morphology pre-
sented between the different NPs are evident. The com-
mercial sample (CM) showed a very heterogeneous
morphology with a very wide particle size distribution
(20–800 nm, average particle size 60 nm). After 30 days
of degradation, the average particle size for this sample

was significantly reduced to 5 nm with a very narrow
size distr ibution. The particles prepared by
coprecipitation (COP) originally have an average parti-
cle size of 40 nm with a homogenous pseudo-faceted
morphology. They undergo almost complete degrada-
tion after 10 days in this medium; a very small amount
of material was recovered. After this period, a drastic
change in size and morphology was observed and the
particles showed sharp eroded edges (Fig. 3d), suggest-
ing that diffusion takes place throughout the crystal
facets. A similar morphology was observed for the
sample obtained using the thermal decomposition meth-
od (DT) after 30 days degradation. Originally, this sam-
ple had a spherical morphology (Fig. 3e) with an aver-
age particle size distribution of 15 nm. The very good
dispersion of these NPs is attributed to the coating with
oleic acid remaining from the synthesis process and
confirmed by FTIR. After 30 days of the degradation
process, these NPs showed an irregular shape and a very
narrow particle size distribution with an average size of
5 nm. (Lartigue et al. 2013) carried out a HRTEM in situ
study of the morphological degradation of cubic oxide
NPs with different coatings in a buffer medium with
citrate acid at pH 4.7. The NPs, originally cubic, grad-
ually erode and totally dissolve after 3 h, even if they
were coated with amphiphilic polymer or with PEG.
However, when the particles formed aggregates, the
polymer coating acted as a protective layer slowing
down degradation. A similar behavior was observed in
the present work in the DT particles coated with oleic
acid. The coating protects the NPs from the external
medium, but the rate of degradation observed in our
work was much slower than that reported by (Lartigue
et al. 2013).

Additionally, all the NPs were also immersed in SBF
solution at pH 7.4 and in distilled water at pH 6.7 for
periods up to 30 days. None of these NPs is affected by
these media and no particular changes in size or mor-
phology were observed, implying that the pH is a critical
factor in the degradation process.

Degradation process

The time-dependent iron release of the NPs was follow-
ed for 30 days at 37 °C starting with 100 ppm of each
sample in 250 ml of buffer tribasic citrate at pH 4.7 and
in SBF at pH 7.4 in order to achieve similar conditions
to physiological medium. A change in color of the
suspensions was observed during the process of

Fig. 2 FTIR spectra of the samples prepared by (a) thermal
decomposition (DT), (b) coprecipitation (COP), and (c) of the
commercial sample (CM)
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degradation carried out at pH 4.7 from the original
brown magnetite to the characteristic yellow color of
free iron ions in the solution. A similar trend was ob-
served for all the different samples treated at this pH.

Figure 4 shows the content of Fe in solution and the
magnetite degradation during the degradation process up
to 30 days. It has been reported that the kinetics of
degradation follows different mechanisms for each of
the NPs and varies with pH, particle size, and the surface
coating (Levy et al. 2010). In the present work, a first-
order reaction was observed for all the NPs following the
equation y = a (1-exp−kt), (k is the first-order constant rate)

with different exponential rate constants for each of them.
Table 1 shows the different exponential rate constants and
mean degradation rates for the different materials.

The COP sample presents the highest average degra-
dation rate in the first 24 h, and almost complete degra-
dation was reached after only 10 days. This sample has a
pseudo-cubical morphology but with well-defined
facets and its surface is exposed to the environment
without any coating on it. As a consequence, the sides
erode fast in the acidic medium in the first 24 h, with a
reduction in particle size. After 48 h, there is a slight
decrease in the degradation rate, probably due to a very

Fig. 3 Morphology and average particle size evolution after deg-
radation process in buffer tribasic citrate at pH 4.7. a Original CM
NPs. b CMNPs after 30 days degradation. cOriginal COP NPs. d
COP NPs after 10 days degradation. eOriginal DT NPs. fDTNPs

after 30 days degradation. The third row shows the histograms of
particle size distribution before and after the degradation process
for each of the NPs

J Nanopart Res (2017) 19: 140 Page 5 of 10 140



thin oxide coating developed during the contact with the
medium. However, after 10 days, the sample almost
vanished and very little material remained in the
solution.

For the DT NPs, different equations for different
time intervals were required. The kinetics is of first
order but with different exponential rate constants
for each period. The exponential decay equation is
of the form y = Ao(exp

(−kΔ tp))n, where Δtp

corresponds to a specific time period and n is an
integer corresponding to the number of time periods.
For these NPs, the first few hours of the degradation
process is relatively fast, however after 24 h, a
drastic change in the mechanism of degradation is
observed up to 480 h and then the degradation rate
increases again. This may be probably due to the
fact that some particles were not covered with the
oleic acid and these degraded fast in the first 24 h.

Fig. 4 a Time and pH dependence of the different samples at pH 4.7 in buffer tribasic citrate and in SBF at pH 7.4. Time dependence of iron
release for the samples b COP, c DT, and d CM

Table 1 Mean degradation pro-
cess at pH 4.7 for the samples
COP, DT, and CM

Sample Time
interval

K ± ΔK t1/2
± Δt1/2

Degradation
rate

(h) (h−1) (h) (ppm/h)

COP t1 (0–720) 0.011 ± 0.001 63 ± 6 −0.13
t1 (0–24) 0.015 ± 0.004 46 ± 12 −1.24

DT t2 (24–480) 0.0011 ± 0.0001 630 ± 57 −0.05
t3 (480–720) 0.004 173 −0.10

CM t1 (0–480) 0.00140 ± 0.00007 495 ± 25 −0.09
t2 (480–720) 0.0011 630 −0.07
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But most of the NPs that were coated with the oleic
acid and a slow degradation were obtained
(0.05 ppm/h) up to 480 h. After this period, it is
possible that the oleic acid coating decomposes,
leaving the NPs naked and exposed to the medium,
so the degradation rate increases to 0.1 ppm/h. After
720 h, there are still some particles in solution with
an average particle size of 5 nm.

The CM NPs showed three degradation rates.
These particles present a very large particle size
distribution, as was observed by TEM (Fig. 3).
The slow degradation rate observed in the first
24 h could be attributed to the presence of a fraction
of very small particles that dissolved easily but
liberate small amount of ions to the media, and also
probably a thin oxide coating is covering the surface
of these NPs, which controls the initial degradation
rate. From 24 to 720 h, the degradation rates are
slow (0.09 ppm/h from 24 to 480 h and 0.07 up to
720 h), associated to the very wide particle size
distribution present, therefore larger particles take
longer to degrade.

The DT and CM NPs were not completely degrad-
ed even after 30 days at pH 4.7 in a citrate buffer,
reaching 80 and 70% degradation after this period.
The mean degradation rate for the complete degrada-
tion period for COP, DT, and CM materials is very
similar (0.13, 0.11, and 0.11, respectively), as expect-
ed since all of them are magnetite NPs. Therefore,
these results demonstrate that the degradation rate at
pH 4.7 is mainly controlled by particle size and
coating.

No measurable release was observed in SBF at
pH 7.4 (star symbol). These results suggest that
the NPs in SBF are relatively stable in neutral
conditions.

Magnetic measurements

Figure 5 shows the field-dependent magnetization
curves obtained for the samples at 300 K, before degra-
dation (Fig. 5a) and after degradation up to 48 h for the
CM and COP particles (Fig 5b, c, respectively). The
magnetic parameters such as saturation magnetization
(Ms), coercivity (Hc), and remnant magnetization (MR)
are given in Table 2. The hysteresis loops display non-
zero coercivity (Hc) and remnant magnetization (MR),
confirming that these particles are largely blocked at
room temperature. This is consistent with the small
magnetic NP dimensions determined from XRD and
TEM analysis. The highMs reached by the COP sample
(83.83 emu/g) is attributed to the high crystallinity
(Fig. 1) and a uniform morphology (Fig. 3c). The CM
sample has a very wide size distribution and probably a
very thin oxide layer affecting the magnetization of the
material reaching 72.91 emu/g. Magnetic measure-
ments, such as magnetization versus applied field, ac-
curately reflect any modification in the magnetic core
size due to degradation. Besides, magnetic measure-
ments also provide relevant quantitative data to probe
the concentration of magnetic nanoparticles, indepen-
dent of the dosage of released free iron species (Levy
et al. 2010). As illustrated in Table 2, the magnetic
properties of the samples studied dramatically decreased
with time of degradation. The magnetic properties of
nanosized materials are known to change drastically
upon a tiny variation in size or due to surface effects
(Gutiérrez et al. 2015). In Fig. 3, it was demonstrated
that the morphology and average particle size distribu-
tion of the NPs were significantly modified during the
degradation process at pH 4.7. Therefore, the changes in
the magnetization observed with degradation time are
mainly attributed to reduction in particle size.

Fig. 5 Magnetization versus applied field at room temperature of original COP, CM, and DT NPs (a), CM NPs after 0, 1, and 48 h
degradation (b), and COP NPs after 0, 2, and 48 h degradation (c)
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Zeta potential measurements

Colloidal stability and surface charge of the samples
as a function of time were determined using dynamic
light scattering in water, and the results are presented
in the Table 3. The surface charges of the samples
DT, COP, and CM at 1 h are −42.7, −42.4, and
−40.7 mV, respectively. These results are in agree-
ment with those reported in the l i terature
(Klostergaard and Sweeney 2012; Schwegmann
et al. 2010) for hematite nanoparticles at pH 4. From
the results of Table 3, it can be inferred that after 1 h
of degradation, the samples are stable in solution,
aggregation is low, and repulsion forces are domi-
nant. After 48 h, the DT and CM samples are stable
with −44.1 and −43.5 mV, respectively. However, the
COP sample is destabilized with a surface net charge
reduction of −31.6 mV, probably due to increased
aggregation of nanoparticles as we can see in
Fig. 3. For the samples subjected to the process of
degradation for 120 h (5 days), a reduction in the net

surface charge is observed for the COP and DT
samples.

The release kinetics of the NPs depends on the nature
of the surface coating, pH, particle aggregation, and the
average particle size. It has been reported (Arbab et al.
2005) that the charged nanoparticles exhibit different
stabilities in physiological media directly influenced
by the surface coatings. In our case, a faster degradation
process has been observed for the COPNPs, which have
a uniform morphology and their surface is exposed
directly to the environment in comparison with that for
DT NPs coated with oleic acid, confirming the impor-
tance of the nanoparticle coating on the degradation
process, as has been reported before (Levy et al. 2010;
Lartigue et al. 2013). These results suggest that the NPs
coated with oleic acid are relatively more stable in acidic
condition than the NPs without coating. Several factors
may influence the stability of the coating and subse-
quently the accessibility of soluble chelators to the iron
oxide crystal, namely, the molecular weight of the coat-
ing, the linker ensuring the anchorage of the coating to
the crystal, the respective affinity for iron species of the
soluble chelators, and the surface ligands of the particles
(Levy et al. 2010). A high degradation rate is observed
for the COP sample, while the degradation process for
DT NPs is slower and more controlled due to the NPs
coating. The fact that the NPs change their structural and
magnetic properties upon the degradation process at
pH 4.7 has a significant impact on the understanding
of biotransformation and subsequent toxicity in the
body. This has a great importance for NPs to be used

Table 2 Average particle size
and magnetic properties of the
original samples and subsequent
degradation process 0061 t pH 4.7

Sample Average size Mm MR Hc

(h) (nm) (emu/g) (emu/g) (Oe)

DT (0) 15 54.90 ± 0.30 3.00 ± 1.00 42 ± 1

DT (720) 5 – – –

CM (0) 60 72.91 ± 0.04 6.60 ± 0.40 91 ± 7

CM (1) 50 70.70 ± 0.40 4.00 ± 1.00 90 ± 30

CM (48) 30 14.87 ± 0.06 0.90 ± 0.20 100 ± 20

CM (720) 5 – – –

COP (0) 40 83.83 ± 0.05 12.30 ± 0.70 130 ± 20

COP (2) 30 63.67 ± 0.06 9.00 ± 0.60 120 ± 20

COP (48) 10 23.00 ± 0.10 2.90 ± 0.20 90 ± 10

COP (240) (almost completely
degraded)

– – –

Table 3 Zeta potential measurements of the samples during the
degradation process

Sample Size
(nm)

Pz 1 h
(mV)

Pz 48 h
(mV)

Pz 120 h
(mV)

DT 15 42.7 43.5 22.7

CM 60 40.7 44.1 45.8

COP 40 42.4 31.6 27.1
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as contrast agents or as mediators in hyperthermia ther-
apy where the application relies on the nanosize-related
magnetic properties.

Conclusion

The degradation of magnetite nanoparticles in similar
conditions to physiological medium has been followed
by TEM and EAA. The important role of pH, particle
size, and coating on the degradation kinetics has been
demonstrated. Also, a reduction of the average particle
size during the degradation process has been found
affecting the magnetic properties of the NPs. The results
confirm that it is possible to modify the kinetics of
degradation of magnetite nanoparticles by varying the
nature of the coating and the average particle size of the
nanoparticles.
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