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Preparation of Hybrid Fe;0,/Poly(lactic-co-glycolic
acid) (PLGA) Particles by Emulsion and Evaporation
Method. Optimization of the Experimental

Parameters

A. Pérez, C. Mijangos, R. Herndndez*

Summary: The incorporation of iron oxide nanoparticles into poly(lactic-co-
glycolic) (PLGA) particles was carried out with an emulsion and evaporation method.
To optimize the mean size and the particle size distribution of the particles, the
following parameters were modulated: the molecular weight and the hydrolyzation
degree of the surfactant, the concentration of the aqueous phase and the stirring
rate. Samples were characterized by means of scanning electron microscopy (SEM),
transmission electron microscopy (TEM), dynamic light scattering (DLS) and

thermogravimetric analysis (TGA).
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Introduction

During the last years, poly(lactic acid)
(PLA), poly (glycolic acid) (PGA) and more
specifically its co-polymers poly(lactic-co-
glycolic acid) (PLGA) have been investi-
gated for applications in controlled drug
delivery[H] due to their biocompatibility
and their biodegradability.[¢]

Different methods can be used to
prepare PLGA particles: emulsion and
evaporation,”’g] emulsion and diffusion,!
nanoprecipitation'”! and salting out.!'!-1}
Among these methods the emulsion and
evaporation method is the most commonly
employed and the easier one.'>'*l The
emulsion evaporation method involves a
surfactant agent like poly(vinyl alcohol)
(PVA), poly (ethylen-alt-maleic acid)
(PEMA)™! or Span 801" to ensure the
stability of the polymeric droplet in the
liquid medium. Although a wide variety of
surfactants have been reported, poly (vinyl
alcohol) (PVA) is the most commonly used
in the preparation of PLGA particles.!'7'8]
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When PLGA particles are synthesized
by the emulsion and evaporation method,
some amount of surfactant remains on their
surface even after several washing steps.
This fact could represent a drawback since
chemical surface properties can be modi-
fied." However, when poly (vinyl alcohol)
is used as the surfactant, it remains on the
surface on a very small amount which is
the so called residual PVA.?

The incorporation of iron oxide nano-
particles (Fe;O4 nanoparticles) into PLGA
particles provides a further functionaliza-
tion for these particles to be employed in
biomedical applications. As iron oxide
nanoparticles are able to respond to an
external permanent magnet, hybrid PLGA
particles are potential candidates for mag-
netic controlled drug delivery[zl] or for
magnetic hyperthermia.??!

In this paper, we report on the prepara-
tion of Fe;O4/PLGA particles by an
emulsion and evaporation method using
PVA as a surfactant mixed with an aqueous
ferrofluid containing Fe;O, nanoparticles.
As a first stage, different experimental
parameters including the molecular weight
and hydrolyzation degree of the PVA
used as surfactant, stirring rate and
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concentration of the aqueous solution were
evaluated in order to control the particle
size, particle size distribution and amount of
residual PVA of the hybrid materials.

Experimental Part

Materials

The poly(lactic-co-glycolic acid) Resomer
RG 504 (PLGA) used in this study was
purchased from Boehringer-Ingelheim.
According to the manufacturer, the ratio
of lactic: glycolic is 50:50 and the molecular
weight ranges between 38000 and 54000 g/
mol. Three poly (vinyl alcohol) (PVA) with
different molecular weights and hydro-
lyzation degrees were employed as surfac-
tants to prepare PLGA particles and their
properties are summarized in Table 1.
Chloroform was purchased from SDS.
Oleic-acid-coated iron oxide particles dis-
persed in water as a ferrofluid, NGAP FeO-
05#4, were provided by Nanogap Sub-
nmparticles, Spain. According to the man-
ufacturer, the crystalline form is magnetite,
Fe;0, and the average size is 18.55 £2 nm.
The ferrofluid has a 10% magnetite and a
density of 1.08g/mL. Milli-Q (18.3 MQ)
water was used in all experiments.

Preparation of PLGA Particles

PLGA particles were prepared by an oil-in-
water (o/w) emulsion solvent evaporation
method. To prepare PLGA particles by this
method, an organic phase containing the
polymer (PLGA) dissolved in chloroform
(solvent immiscible with the aqueous
phase) and an aqueous phase (continuous
phase) containing the surfactant (PVA) are
needed. The organic phase (SmL) was
slowly added to the aqueous phase (50 mL)

Table 1.
Pharmaceutical grades of PVA used in this study.

Sample Molecular weight Hydrolyzation
(g/mol) degree %
PLGA_PVA_A 89000-98000 99
PLGA_PVA_B 31000-50000 99
PLGA_PVA_C 31000-50000 89
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under mechanical stirring (UltraTurrax
T25, IKA, Germany) at a defined stirring
speed. In order to remove the organic
solvent, the emulsion was maintained under
magnetic stirring at room temperature
during 48 hours. After that, the particles
were collected by centrifugation (Heraeus-
Megafuge 1.0) and washed twice with
distilled water to eliminate the excess of
the surfactant. Finally, washed particles
were freeze-dried and stored at room
temperature. Samples with the same PLGA
concentration (0.2 (%w/v)) and different
surfactant concentration (1, 0.5, 0.25 (%w/
v)) were prepared at the same stirring rate
(10000 rpm). Samples were designated as
PLGA_PVAC_1%, PLGA_PVAC_0.5%
and PLGA_PVAC_0.25%, respectively.

PLGA particles with iron oxide nano-
particles (magnetite) were prepared by an
emulsion solvent evaporation method as
previously described for raw PLGA par-
ticles. PVA_C was used as the surfactant. In
the aqueous phase PVA_C was dissolved at
1%wt. in water (0.5g in 50mL of water)
at 80°C under stirring. Then, 0.25mL of
magnetite nanoparticles were added to the
aqueous phase. So, magnetite nanoparticles
in the aqueous phase were at 0.05%wt
of concentration (0.025g in 50.25mL of
water). The PVA-to-magnetite nanopar-
ticles mass ratio is [1:0.05].

Scanning Electron Microscope (SEM) and
Field Emission Scanning Electron

Microscopy (FESEM)

The morphology of the polymeric particles
was observed by scanning electron micro-
scope (ESEM, XL30 Philips). Each sample
was dispersed with distilled water at 0.1 mg/
mL and a drop of the sample was deposited
onto a cover glass. The dried sample was
coated with an ultrathin coating of gold
deposited on the sample by high-vacuum
metallization. The morphology of the
hybrid PLGA particles was investigated
with a FESEM Hitachi model SU8000 with
TE detector (FESEM-TE) which afforded
ultra-low voltage imaging resolution of
1.3nm at 1.0kV operating at 25-30kV. A
drop of particles solution diluted with water
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was deposited on a copper grid (Electron
Microscope Science, CF-400-Cu grids)
which was dried at room temperature.

Dynamic Light Scattering (DLS)

Dynamic Light Scattering (DLS) experi-
ments were performed in a Malvern
Zetasizer Nano S instrument equipped
with a 633 nm laser diode. Previous to each
measurement, the dispersed samples in
water were filtered using a 0.80 um Millex-
AA filter. Measurements were done at
20°C in water solution placed in folded
capillary cells (Malvern ®) with a volume
of ImL.

Thermogravimetric Analysis (TGA)
Thermogravimetric analysis (TGA) data
was recorded on a TA Q-500 analyzer
under nitrogen atmosphere at flow of
60mL/min, using platinum pans where
approximately Smg of each sample was
deposited. The samples were heated from
20°C to 800°C at 10 °C/min.

Results and Discussion

The effect of the molecular weight (Mw)
and the hydrolyzation degree of the PVA
employed as the surfactant on the size and
size distribution of PLGA particles, was
determined for the three samples prepared
using three commercial grades of PVA
(PVA_A,PVA_B and PVA_C) asshown in
Table 1. The concentration of PVA in the
aqueous phase was 1 wt% and the concen-
tration of PLGA in the organic phase was
0.2 wt%. The stirring rate was maintained at
10000 rpm.

Figure 1.
SEM images: (a) PLGA_PVA_A (b) PLGA_PVA_B (C) PLGA_PVA_C.
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The particle size as determined through
DLS was 13+04, 12+£05 and
1.1+£0.2um for samples PLGA_PVA_A,
PLGA_PVA_B and PLGA_PVA_C, re-
spectively which implies that the particle
size obtained is independent from the
molecular weight and the hydrolyzation
degree of the PVA. However a narrower
particle size distribution is obtained when
PVA_C is employed as compared to
the particle size distribution obtained for
PVA_A or PVA_B. This is further con-
firmed by SEM microscopy as shown in
Figure 1 which also shows lower aggrega-
tion for samples prepared with PVA_C.

As previously reported,”*! PVA inter-
acts with PLGA through hydrophobic
bonding so that a large number of hydroxyl
groups of PVA are located on the surface of
the particles. PVA_A and PVA_B present
a higher number of hydroxyl groups
because of their higher hydrolyzation
degree. Therefore, the formation of inter
or intra hydrogen bonds via hydroxyl
groups of PVA is favoured thus promoting
the aggregation among PLGA particles. On
the contrary, PVA_C in which the hydro-
lyzation degree is lower presents a higher
number of acetyl groups on the surface of
the PLGA particles. These groups would
hinder the formation of hydrogen bonds of
the hydroxyl groups.

Moreover, Figure 1 shows the presence
of film residues for the samples PLGA_
PVA_A and PLGA_PVA_B indicating
that during the washing process the PVA
cannot be completely removed when
PVA_A and PVA_B are employed as
surfactants. The amount of PVA can be
obtained from thermogravimetric analysis
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Table 2.
Onset degradation temperature and mass loss of
raw materials.

Samples Step (1) Step (1)
Temperature Mass Temperature Mass
°C loss % °C loss %
PVA_A 252 80.5 467 3
PVA_B 249 70.9 400 14.9
PVA_C 293 77.7 419 13.5
PLGA 324 97.8

and the results corresponding to the starting
polymers, PLGA and PVA are reported
in Table 2.

The thermal degradation of PVA occurs
in two stages. The first degradation step is
due to the scissions of lateral hydroxyl
groups which are able to generate intramo-
lecular water at 252°C for PVA_A, at
249°C for PVA_B, and at 293°C for
PVA_C with a mass loss of 80.5%, 70.9%
and 77.7% respectively. The second is
associated to the decomposition of the
polymer backbone for the three PVA under
consideration ranging from 400°C to 470°C
with a mass loss from 11.3% to 13.5%.24
The degradation of PLGA proceeds in a
single step at 324°C. It is related to
transesterification reactions with produc-
tion of cyclic degradation products.[zsl

Figure 2 shows the thermogravimetric
results obtained for the three samples under
study. For PLGA_PVA_A and PLGA_
PVA_B, two mass loss steps are detected.

The first degradation step for PLGA_
PVA_A, PLGA_PVA_B and PLGA_
PVA_C corresponding to the major weight
loss appears at 197°C, 192°C and 216°C,
respectively. The fact that the degradation
temperature corresponding to PLGA_
PVA_C is slightly higher than the corre-
sponding to the samples PLGA_PVA_A
and PLGA_PVA_B might be related to the
shell protection provided by the acetyl
groups in PLGA_PVA_C. For the three
samples under study, there is a decrease of
~100°C with respect to the first weight
loss observed for raw PLGA (T=324°C,
Table 2). This fact can be attributed to the
freeze-dried process which is carried out in
order to stabilize the samples and store
them to avoid any degradation process.
Small water crystals are formed during pre-
frozen step at low temperature and disrupt
the stabilizer shell around the particle which
results in a break of chemical bonds. As a
consequence, the thermal stability of the
sample is disrupted.[%]

The second degradation step occurs at
463 °Cfor PLGA_PVA_A and at399 °C for
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Figure 2.

Weight loss as a function of temperature for (a) PLGA_ PVA_A, (b) PLGA_PVA_B and (c) PLGA_PVA_C.

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.ms-journal.de

les



66|

Macromol. Symp. 2014, 335, 62-69

PLGA_PVA_B and can be assigned to the
decomposition of the PVA backbone.*”)
This step allows to determine the amount of
PVA which is not eliminated during the
washing process being 7.8% and 4.3% for
samples PLGA_PVA_A and PLGA_
PVA_B. No second degradation step is
observed for the sample PLGA_PVA_C
which suggests that for this sample the PVA
which is not linked to the PLGA surface can
be eliminated during the washing step.
Therefore, only PVA linked to the PLGA
spheres and that can not be detected
through TGA the so called ‘residual
PVA’ remains for the sample PLGA_
PVA_C. The presence of PVA on the
surface of PLGA spheres allows for the
stability of aqueous dispersions of PLGA
spheres up to concentrations of 5 wt%.

Considering the results obtained regard-
ing the residual PVA and the particle size
distribution for the three surfactants under
study, we chose PVA_C as the surfactant to
carry out the study about the effect of the
concentration of the surfactant and stirring
rate on the size and size distribution of
PLGA particles.

Figure 3 shows the SEM images corre-
sponding to PLGA particles prepared
with different concentrations of PVA in
the aqueous phase.

As can be observed, the polydispersity
increases with the decrease of PVA con-
centration in the aqueous phase. This result
could be related to the decrease in the
viscosity of the aqueous phase and, as a
consequence, to a decrease in the system
stability due to a lower PVA concentration
at constant PLGA concentration and stir-

Figure 3.
Scanning electron microscopy images of (A) PLGA_PVAC_1%, (b) PLGA_PVAC_0.5% and (c) PLGA_PVAC_0.25%.
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ring rate.[*>'® The concentration of PVA in
the continuous phase promotes the coagu-
lation of the particles!'*?®! being higher
when the concentration of PV A is lower, so
the amount of aggregates in the sample will
also be higher. Interestingly, the size of the
PLGA particles does not change in the
range of PVA concentrations under study
which is further supported by results
obtained from DLS experiments. The parti-
cle size for PLGA_PVAC_1%, PLGA_
PVAC_05% and PLGA_PVAC_0.25%
is 1.11+£027pm, 0.89+034pm and
0.86 £ 0.26 wm, which represents a polydis-
persity of 24%, 38% and 30% respectively.

The effect of the stirring rate on the
particle size and particle size distribution
was studied for samples prepared at the
same concentration of PVA in the aqueous
phase (1wt %) and PLGA in the organic
phase (0.2wt %). As the stirring rate
increases from 4000rpm to 10000rpm a
decrease of the particle size and particle size
distribution was achieved. DLS revealed a
change in the particle size from 1.9 £+ 0.5 pm
to 1.1+ 0.3 pum when the stirring rate was
varied from 4000 to 10000. These results
were further corroborated by SEM micro-
scopy (Figure 4).

As it has been previously reported, as
the stirring rate increases, an increased
shear stress is provided to the oil-in-water
emulsion which results in smaller droplets
formed in the process of preparation of
PLGA particles.[")

The incorporation of iron oxide particles
was carried out by an emulsion and
evaporation method with the experimental
parameters: concentration of PVA=1%
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Figure 4.

Scanning electron microscopy images of PLGA particles (1 wt% Pva, 0.2 wt% PLGA) obtained at different

stirring rates. a) 10000 rpm, b) 8000 rpm c) 4000 rpm.

wt, concentration of PLGA =0.2% wt and
stirring rate = 10000 rpm. Figure 5 shows
the SEM and FESEM microscopy corre-
sponding to samples PLGA_PVA_C and
PLGA_PVAC_NPFe respectively.

As can be observed iron oxide NPs are
well incorporated into the spherical PLGA
particles. The particle size determined by
DLS for the sample PLGA_PVAC_NPFe
was 226.5 £ 1.4nm which is in good agree-
ment with the size of the particles observed
in Figure 5b. It is important to note that the
particle size highly decreases for the sample
PLGA_PVAC_NPFe with the introduction
of iron oxide particles with respect to
sample PLGA_PVA_C. Given the fact that
the experimental parameters employed are
the same for both samples this might
indicate that the iron oxide NPs exert an
additional stabilization to the emulsion thus
minimizing coalescence and resulting in a
smaller particle size. This effect would be
similar to the effect that nanoparticles exert
on the so-called Pickering emulsions or
solid-stabilized emulsions.

Figure 5.

TGA results corresponding to the samples
PLGA_PVA_C and PLGA_PVAC _NPFe
are shown in Figure 6.

The thermal degradation of PLGA_
PVA_C particles occurs in one step at
T=216°C with a mass loss of 92.5% and
it is related to the main degradation of
PLGA due to transesterification reactions
with production of cyclic degradation
products.”>!  The thermal degradation
of PLGA_PVAC_NPFe also occurs in
one step at a T=263°C with a mass loss
of 66.5%. This result reveals that the
incorporation of magnetite particles into
PLGA spheres significantly enhances their
thermal stability in agreement with previ-
ous studies.?*>% TGA can be employed to
determine the amount of magnetite par-
ticles on hybrid polymer materials as
previously reported.*!] The residual weight
at 800°C increased from 4.5wt% for
PLGA_PVA_C to 33.5wt% for PLGA_
PVAC_NPFe. Considering that PLGA_
PVA_C almost decomposes completely
at this temperature, the difference in

SO0 NI e

(a) SEM image corresponding to PLGA_PVA_C and (b) FESEM image corresponding to PLGA_PVAC_NPFe.
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Figure 6.

Weight loss as a function of temperature for a) PLGA_PVA_C and b) PLGA_PVAC_NPFe.

residual weight between both samples can
be taken as an indication of the iron oxide
content in PLGA_PVAC_NPFe sample
being 29 wt%.

Conclusion

This study investigates the use of an
emulsion and evaporation method for
preparing PLGA particles. The preparation
of PLGA particles are more effectively
determined by the hydrolyzation degree
than by the molecular weight of the
surfactant. Most favourable results regard-
ing particle size distribution and amount of
residual PVA were obtained using polyvi-
nyl alcohol with lower molecular weight
and lower hydrolyzation degree. Moreover
a high stirring rate (10000 rpm) and a 1%
concentration of PVA were proven as
the best conditions to achieve a narrow
particle size distribution. These parameters
were suitable to prepare PLGA particles
with iron oxide nanoparticles by emulsion
and evaporation technique.The obtained
hybrid PLGA particles present a higher
thermal stability than raw PLGA particles.
More experiments are currently into prog-
ress to assess the suitability of these
materials for applications in magnetic
hyperthermia.
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