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1. Introduction
Magnetic nanoparticles like iron oxides are of great interest 

for researchers from a wide range of disciplines, including 
magnetic fluids, catalysis, biotechnology/biomedicine, 
magnetic resonance imaging, data storage, and environmental 
remediation1-4. While a number of suitable methods have 
been developed for the synthesis of magnetic nanoparticles 
of various different compositions, successful application 
of such magnetic nanoparticles in the areas listed above 
is highly dependent on the stability of the particles under 
a range of different conditions. In most of the envisaged 
applications, the particles perform best when the size of the 
nanoparticles is below a critical value, which is dependent 
on the material but is typically around 10-20 nm. However, 
an unavoidable problem associated with particles in this size 
range is their intrinsic instability over longer periods of time. 
Such small particles tend to form agglomerates to reduce 
the energy associated with the high surface area to volume 
ratio of the nanosized particles5. Moreover, naked metallic 
nanoparticles are chemically highly active, and are easily 
oxidized in air, resulting generally in loss of magnetism 
and dispersibility. For many applications it is thus crucial 
to develop protection strategies to chemically stabilize the 
naked magnetic nanoparticles against degradation during 
or after the synthesis. These strategies comprise grafting 
or coating with organic species, including surfactants or 

polymers, or coating with an inorganic layer, such as silica 
or carbon. It is noteworthy that in many cases the protecting 
shells not only stabilize the nanoparticles, but can also be 
used for further functionalization, for instance with other 
nanoparticles or various ligands, depending on the desired 
application6. For biomedical applications, properties like 
biodegradability and biocompatibility are required7.

Some polymers are used for the coating of magnetic 
nanoparticles, like PEG, PVA, PVP, PLGA, dextran, chitosan 
among others. PLGA has been extensively studied because 
is a FDA approved material8-10. PLGA containing magnetic 
materials have been extensively studied due to its main 
biomedical applications such as drug-delivery, magnetic 
resonance imaging and magnetic hyperthermia. Because 
of their magnetic properties, such materials may be driven 
to specific sites, such as a tumor, carried by the action of a 
magnetic field. Due to the magnetic properties, these materials 
may be submitted to the action of certain types/intensities 
of magnetic fields, causing the temperature to rise, which, 
in turn, has the ability to destroy cancer cells, whose 
susceptibility to heat is higher than that of normal cells11-13. 
Cancer is a multifaceted and genomically complex disease 
and rapidly emerging experimental evidence has started to 
shed light on wide ranging factors which underlie cancer 
development and progression. Confluence of information 
suggested various nanotechnological approaches to enhance 
delivery of anticancer agents to the tumor site14-17.
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Still, because of the degradation ability of PLGA, these 
materials can be drug carriers, which will, in turn, be released 
in these specific locations, thus decreasing the side effects 
caused by medicines to normal cells11-13.

However, besides knowing the properties previously 
mentioned, it is important to know the behavior of the 
material that is being processed, to avoid future problems 
as stability loss or degradation. In general, most in vitro 
degradation experiments are conducted at the physiologically 
relevant temperature of 37 °C. However, the degradation of 
most commonly used PLGA materials is relatively slow at 
37 °C, and studies may take several weeks or even years 
to be completed. Consequently, there is a need to establish 
techniques to decrease the duration of these studies while 
ensuring that the results remain relevant and valid18.

Thermal analytical methods have been widely used in the 
study of the relationship between a material and its processing 
conditions. These methods can be applied to the study of 
any physical or chemical (such as thermal degradation) 
process. Thermal stabilities of polymers are different and 
the characteristic temperatures and the extent and kinetics of 
decomposition given by thermal analysis are rapid means of 
obtaining their identification and characterization19.

Also, the thermal analysis of polymer materials is a suitable 
method of providing complementary and supplementary 
characterization information that can be used to select them for 
certain end-use applications, predict product performance, and 
improve product quality. The technique can analyze materials 
that exhibit either mass loss or gain due to decomposition, 
oxidation, or even loss of volatiles (such as moisture). It is 
valuable in the measurement of thermal stabilities, oxidative 
stabilities, decomposition kinetics, estimation of product 
lifetimes, effects of reactive atmospheres on materials, 
moisture and volatiles content, and so on19.

As a general observation, it might be said that the thermal 
and magnetic properties together with biocompatibility or 
biodegradability properties might allow for their use in several 
of the proposed biomedical applications, thus avoiding the 
problem of unexpected and unpredictable physical changes 
that can happen when they are processed during their 
production (such as thermal stability changes due to PLGA 
solubilization/lyophilization or iron oxide interaction), when 
applied to the human body, or when they are stored for later 
use. Several studies have demonstrated the importance of 
thermal characterization of bulk PLGA and materials based 
on such polymer, for better understanding of its stabilities, 
degradation, among other properties20-22.

In this work, hollow PLGA nanospheres and PLGA 
magnetic nanospheres (with maghemite entrapment) were 
characterized. The isoconversional method of Vyazovkin23 
was employed for the determination of activation energy 
variation with respect to the degree of degradation. To our 
knowledge, there are no previous results in the literature about 
studying the kinetics pyrolysis of PLGA and derivatives.

2. Experimental
2.1. Material

Ferric nitrate (Fe(NO3)3.9H2O) (Vetec, Brazil), 
poly(vinyl alcohol) (PVA; MW 146,000-180,000 88-89% 
hydrolyzed) (Aldrich,USA), Pluronic F-68 (Sigma-Aldrich, 
USA), Poly-lactic-co-glycolic acid with a monomer ratio 

of 50:50 (Resomer RG 502, Boehringer Ingelheim, 
Germany) (PLGA-R), ethyl acetate (99% – Panreac, Spain), 
dichloromethane (99% – Merck, Germany) sodium citrate 
tribasic dehydrate (ACS 99% – Sigma Aldrich, USA), 
sucrose (Fragon, Spain). All organic solvents used were of 
analytical grade, without previous purificaton.

2.2. Methods
2.2.1. Synthesis of maghemite nanoparticles (Mag)

The maghemite nanoparticles (Mag) were synthetized by 
a modified sol-gel method3. Aqueous diluted PVA (10% w/v) 
and saturated ferric nitrate solutions were separately prepared 
and then mixed at specific metallic ion/monomer unit ratios. 
The solutions were maintained at room temperature under 
stirring for 2 h and then heated under vigorous stirring until total 
water evaporation. The temperature was maintained at 150 °C 
for thermal degradation of the polymer. The nanostructured 
material was obtained after calcination of the material under 
air atmosphere at 400 °C for 4h for elimination of residual 
organic materials from PVA.

2.2.2. Preparation of maghemite loaded-PLGA 
nanospheres (PLGA-Mag) and PLGA hollow 
nanospheres (PLGA-H)

The preparation of the PLGA magnetic nanospheres 
(with maghemite entrapment) (PLGA-Mag) or PLGA 
nanospheres (hollow spheres) (PLGA-H) was performed by 
using single emulsion method4. The maghemite nanoparticles 
were dispersed in organic solvent by sonication for 1 min. 
Then, the dichloromethane PLGA solution was added and 
this organic mixture was emulsified by sonication in 3 mL 
of aqueous PVA solution in an ice bath. After emulsion, the 
organic solvent was evaporated under magnetic stirring. After 
solvent removal, the emulsion was centrifuged at 1000 rpm 
for 20 min at 4 °C to precipitate the magnetic nanoparticles 
not entrapped. In these conditions free maghemite could 
be separated from the composite nanoparticles. Then, 
the formed composite nanoparticles were separated by 
ultracentrifugation at 17000 rpm for 10 min and freeze-dried. 
Sucrose 5% (w/v) was added as a cryoprotectant to preserve 
the particle properties during freezing step. These tests were 
performed in triplicate.

The mean hydrodynamic diameter and the zeta potential 
of nanoparticles were determined by photon correlation 
spectroscopy (PCS) and electrophoretic laser Doppler 
anemometry, respectively, using a Zetamaster analyzer 
system (Malvern Instruments, UK). For this purpose, samples 
were diluted with deionized water and measured at 25 °C 
with a scattering angle of 90°. The magnetic measurements 
(magnetization versus applied magnetic field curves, M-H 
and magnetization versus temperature, M-T) were performed 
in a Quantum Design MPMS XL-7 SQUID. Particles were 
also examined by using a Field Emission Scanning Electron 
Microscope (SEM) (Carl Zeiss Ultra Plus, Germany). In this 
case, samples were mounted on Carbon coated copper grids 
(carbon films on 3 mm 400 mesh grids, Agar Scientific) and 
placed in a desiccator in order to evaporate water. Finally, 
the grids were adhered with a double-sided adhesive tape 
onto metal stubs for SEM visualization.
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Thermogravimetric measurements of PLGA-Mag, 
PLGA-H and unprocessed PLGA (PLGA-R) were performed 
in duplicate on a Shimadzu TGA 50 instrument, operating 
in dynamic mode under flowing nitrogen (50 mL.min–1) 
atmosphere at heating rates of 2.5, 5, 10 and 20 °C.min–1. 
Samples of 6 mg and platinum pans were used. The TG 
curves obtained at different heating rates provided data 
for apparent activation energy computation through the 
Vyazovkin method24 as summarized below.

2.2.3. Kinetic procedure
For the thermal decomposition of the solid, it was assumed 

that the reaction rate can be described as

/ ( )aE RT
0

d k e f
dt

−=
α α  (1)

in which dα/dt is the reaction rate, Eα the activation energy 
as function of the degree of conversion (α), f(α) a function 
dependent on the reaction model, k0 the rate constant at 
infinite temperature, T the temperature and R is the gas 
constant.

Under non-isothermal conditions in which a sample is 
heated at a constant rate, the explicit temporal dependence in 
Equation 1 is eliminated through the trivial transformation:
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β is the constant heating rate, β = dT /dt and k(T) = k0e
–Ea/RT .

Reordering Equation 2 it can be written as
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Integrating Equation 3 between the limits α = 0 and α = α 
and the corresponding temperatures T = T0 and T = T:
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If Ea/2RT » 1, Equation 4 can be rounded to
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Arranging Equation 5 and taking ln, we obtain
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Equation 6 can be used to calculate the associated 
activation energy Eα for every conversion if at least three 
dynamic measurements with different heating rates are 
available. To use the applied kinetics (simulation, conversion 
plot, isoconversion plot), this new formulation requires no 
knowledge of the reaction model (f(α) or g(α)). With these new 
kinetics, selection a priori of the model with all its associated 
errors is no longer necessary. This leads to improved results 
as experience has shown that the known models correctly 
mirror reality only in isolated cases25.

3. Results and Discussion
PLGA composite nanoparticles and hollow PLGA 

nanospheres size, polidispersity and zeta-potential data were 
shown in Table 1. The hydrodynamic diameters of the samples 

have values similar to those already described for PLGA 
nanospheres obtained by emulsion method26 and polydispersity 
index (which indicates the size distribution of the nanoparticles, 
with values lower than 0.3 normally considered satisfactory). 
All the parameters were slightly modified after freeze-drying 
but without any significant difference (data not shown); with 
respect to PLGA-H, maghemite entrapment did not alter them 
in a significant manner. Figure 1 shows the morphological 
characterization of nanospheres by SEM. Mag-loaded PLGA 
nanospheres were found to be spherical with an average size 
of about 200 nm; similar to the size determined by photon 
correlation spectroscopy. The maghemite nanoparticles 
encapsulated in nanospheres appeared to be well dispersed 
inside the PLGA nanospheres.

Figure 2 shows TG and Figure 3 shows DTG curves for 
PLGA-R, PLGA-H and PLGA-Mag. PLGA-R presents only 

Table 1. Hydrodynamic diameter, polydispersity and zeta surface 
potential of PLGA-Mag and PLGA-H samples.

Sample Hydrodynamic 
diameter (nm)

Polydispersity 
index

Zeta surface 
potential (mV)

PLGA-Mag 201.7 ± 0.8083 0.070 ± 0.012 –4.34 ± 0.13
PLGA-H 248.1 ± 8.556 0.247 ± 0.042 –4.91 ± 0.21
For average diameter measurements the error indicates the width of the 
distribution and for the PDI and zeta potential measurements, the error 
indicates the standard deviation calculated from three measurements.

Figure 1. SEM micrograph of PLGA-Mag nanospheres.

Figure 2. TG curves for PLGA-R, PLGA-H and PLGA-Mag. N2 flow 
rate 50.00 mL.min–1, heating rate of 2.5 °C.min–1.
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one step of weight loss between 170 °C and 370 °C and 
Tmax (maximum rate of decomposition temperature) near to 
275 °C. This behavior is in agreement with the literature27,28.

The degradation products of PLGA are similar to those 
of the neat poly(lactide) (PLA) and poly(glycolide) (PGA) 
polymers. It has been reported28,29 that this kind of polyesters 
exhibits a degradation mechanism that could involve a random 
chain scission at the beginning of the decomposition and 
specific chain scission at the end. At lower temperatures, the 
main degradation mechanism for neat PGA and PLA involves 
a nonradical, backbiting ester interchange reaction involving 
the OH chain ends, leading mostly to cyclic oligomers rather 
than linear, with also monomer, acetaldehyde (for PLA), 
methyl glycolate (for PGA), and carbon dioxide, the latter 
obtained by decarboxylation of terminal carboxyl groups 
in the chains. As the temperature is raised, the release of 
carbon monoxide, methylketene (in the case of PLA), ketene 
and formaldehyde (for PGA) is produced as a consequence 
of a radical chain scission mechanism. No weight change 
was observed near to 500 °C for PLGA-R. On the other 
hand, PLGA-H and PLGA-Mag present two mainly steps 
of thermal degradation: the first step, with maximum rate 
of decomposition at the temperature of 205 °C, and the 
second step, showed by a broad peak in DTG curves near 
to 280 °C. This first step is referred to thermal degradation 
of sucrose, with 40% of weight loss. Before this step, only 
overlapped peaks occur, indicating a number of parallel 
and/or consecutive reactions. This behavior is related to the 
thermal degradation of PLGA. After 635 °C, PLGA-H shows 
100% of weight loss, whereas PLGA-Mag maintains 2% of 
residual mass, related to entrapped maghemite. Iron oxides 
such as maghemite are thermally stable at temperatures up to 
800 °C[30]. The present results indicated that the decomposition 
temperature of PLGA-R is higher than that of both PLGA-H 
nanospheres and PLGA-Mag nanospheres. This can be 
attributed to the high surface area of the nanospheres and the 
presence of iron oxide nanoparticles that could increase the 
thermal conductivity of the composites31, as seen in Figure 2.

The data of Ton (decomposition onset temperature) and 
Tmax for the four studied rates of thermal degradation are 
shown in Table 2. Similar values of Ton and Tmax were reported 
by Palacios et al.28. As the heating rate increased there was 
a lateral shift towards higher temperatures for Ton and Tmax 
for all samples. This behavior was previously described for 
other materials in the literature32.

The apparent activation energy (Eα) of PLGA-R, PLGA-H 
and PLGA-Mag thermal degradation reactions under inert 
atmosphere was computed by the Vyazovkin isoconversional 
method (results in Figure 4).

In the beginning of thermal degradation (percent 
decomposition below 5%), there is a variation in Eα values, 

which are attributed to low energy processes such as the 
elimination of low molar weight compounds (CO2, H2O, etc.). 
PLGA-R presents negative value of –50 ± 4.5 kJ.mol–1 for 
activation energy below 35% of decomposition, indicating that 
the reaction is getting slower as the temperature is increased, 
whereas PLGA-Mag has activation energy of 114 ± 9.1 kJ.mol–1 
for the same range of decomposition. For PLGA-H, there 
is not a range of constant energy activation throughout the 
entire process of thermal degradation. Previous studies 
presented activation energy of 115 kJ.mol–1 for bulk PLGA 
50:50[18], 116 kJ.mol–1 for dexamethasone loaded PLGA 
microspheres33 indicating that the activation energy value 
found for PLGA-Mag is close to that demonstrated in these 
studies. In a general way, both PLGA-H and PLGA-Mag show 
higher values of activation energy than those of PLGA-R. 

Figure 3. DTG curves for PLGA-R, PLGA-H and PLGA-Mag. N2 
flow rate 50.00 mL.min–1, heating rate of 2.5 °C.min–1.

Figure 4. Variation of activation energy versus decomposition rate 
obtained by Vyazovkin method.

Table 2. Data of Ton and Tmax for PLGA-R, PLGA-H and PLGA-Mag at the four heating rates used on Vyazovkin method (Ton and Tmax in °C).

2.5 °C.min–1 5 °C.min–1 10 °C.min–1 20 °C.min–1

Ton Tmax Ton Tmax Ton Tmax Ton Tmax

PLGA-R 220 275 239 296 242 310 258 330
PLGA-H 185 205 190 218 213 227 226 242

PLGA-Mag 191 201 197 210 212 220 214 230
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This behavior is due to the nanoparticles formation during 
the emulsion process, leading to higher thermal stability. 
Furthermore, for PLGA-Mag, activation energy is higher 
than that of PLGA-H, indicating that entrapped maghemite 
contributes to thermal stability. In addition, studies show 
that the presence of inorganic material in PLGA polymer 
causes an increase in the activation energy of the composite, 
as observed in this study28.

The magnetic property of PLGA-Mag was determined 
by M-H hysteresis loop behavior at 20 and 300 K by 
cycling the field between –10 and 10 kOe. Results from 
these studies showed that the PLGA-Mag exhibited 
typical superparamagnetic properties, with a saturation 
magnetization of 0.37 emu.g–1, because of the negligible 
values of remanence and coercivity in the M-H curve 
(Figure 5). Moreover, the superparamagnetic behavior of 
PLGA-Mag was confirmed from the SQUID measurement 
by recording field-cooled (FC) and zero-field-cooled (ZFC) 
magnetization under an applied field of 2 kOe in a temperature 
range between 5 and 300 K (Figure 6). The maximum value 
of magnetization was obtained at blocking temperature (TB), 
at which the iron oxide spins were able to rotate. Beyond TB, 
the ZFC magnetization curve nearly overlapped with the FC 
curve, indicating superparamagnetic behavior. The TB was 
determined to be 71 K. Notably, the blocking temperature 
was corroborated by the values found in the literature 
for superparamagnetic iron oxide nanoparticles34,35. Such 

superparamagnetic property has demonstrated to be critical 
to the successful application of magnetic nanospheres in 
areas such as T2-weighted magnetic resonance imaging, 
drug delivery and magneto-hyperthermia36.

4. Conclusion
Thermogravimetry is an important method for 

determination of materials thermal properties, allowing 
the measurement of thermal stability during the variation 
of physical/chemical properties. It can be concluded that 
although unprocessed PLGA (PLGA-R) undergoes thermal 
degradation at higher temperatures than processed materials 
(PLGA-H and PLGA-Mag), the latter present higher thermal 
stability, with higher values of activation energy measured 
by Vyazovkin method. Maghemite presence increases the 
Eα of PLGA nanospheres and allows superparamagnetic 
behavior at room temperature, showing that this magnetic 
material is a good choice for the production of magnetic 
PLGA nanocomposites with increased thermal stability.
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Figure 5. The magnetic property of the superparamagnetic PLGA-Mag 
nanospheres showing magnetization-applied magnetic field (M–H) 
magnetization curve.

Figure 6. Superconducting quantum unit interference device 
(SQUID) measurement of Mag-PLGA recorded at 2 kOe showing 
divergence of magnetization curves corresponding to zero field 
cooled (ZFC, shown in black) and field cooled (FC, shown in white) 
plots, indicating superparamagnetism.
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