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Effect of the Molecular Weight on the Physicochemical Properties of Poly(lactic
acid) Nanoparticles and on the Amount of Ovalbumin Adsorption
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Nanopartículas de poli(ácido lactico) (PLA) foram preparadas para serem usadas como
plataformas potenciais em sistemas de vacinas. PLA comercial de elevado peso molecular (PLAHMW)
com Mw 1,5 × 105 e PLA de baixo peso molecular (PLALMW) com Mw 9,3 × 103 foram obtidos por
policondensação direta a partir de D,L ácido lático e usados para preparar nanopartículas pelo
método de deslocamento de solvente. O efeito do peso molecular nas propriedades físico-químicas
dos polímeros, nas dispersões das nanopartículas e na quantidade de adsorção de ovalbumina
(OVA) foi estudado. PLAHMW e PLALMW foram caracterizadas por espectroscopia de infravermelho
com transformada de Fourier (FTIR), análise termogravimétrica (TGA), calorimetria diferencial
de varredura de temperatura modulada (MTDSC) e cromatografia de permeação de gel (GPC).
A distribuição do tamanho das partículas e potencial-ζ das dispersões obtidas foram medidas por
espalhamento de luz dinâmico (DLS) e espectroscopia eletroacústica, respectivamente. A adsorção
de ovalbumina em nanopartículas foi avaliada pelo método de Bradford. A dispersão de PLALMW
mostrou menores valores de potencial-ζ e tamanhos maiores comparados à dispersão de PLAHMW.
Uma menor adsorção de OVA foi alcançada por PLALMW.
Poly(lactic acid) (PLA) nanoparticles were prepared to be used as potential platform for vaccine
systems. Commercial high molecular weight PLA (PLAHMW) with Mw 1.5 × 105 and low molecular
weight poly(lactic acid) (PLALMW) with Mw 9.3 × 103 were obtained by direct polycondensation
from D,L lactic acid and used to prepare nanoparticles by solvent displacement method. The effect
of the molecular weight on the physicochemical properties of the polymers, on the nanoparticles
dispersions and the amount of ovalbumin (OVA) adsorption was studied. The PLAHMW and PLALMW
were characterized by Fourier transformed infrared spectroscopy (FTIR), thermogravimetrical
analysis (TGA), modulated temperature differential scanning calorimetry (MTDSC) and gel
permeation chromatography (GPC). The particle size distribution and ζ-potential of the obtained
dispersions were measured by dynamic light scattering (DLS) and electroacoustic spectroscopy,
respectively. The ovalbumin adsorption on nanoparticles was evaluated by the Bradford method.
PLALMW dispersion showed lower ζ-potential values and larger sizes compared to PLAHMW
dispersion. A minor OVA adsorption was achieved for PLALMW.
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Introduction
Polymeric nanoparticles have revealed to be a
promising way to delivery and transport many kinds
of therapeutic agents in vaccination, as well as in the
introduction of broad and potent immune responses, long
lasting antibodies, cytotoxic T lymphocythes and mucosal
immunity.1-4 The nanoparticles may control and target the
release and can be used to deliver or transport hydrophilic
*e-mail: juli.pb@gmail.com

and hydrophobic drugs, nucleic acids, proteins, peptides
and ions.5-8 The advantages of using nanoparticles in these
applications are the small size, surface characteristics, the
controlled and sustained release during the transportation
and the protection of the therapeutic agent against
degradation (thus maintaining the bioactivity before the
drug reaches the target).5,9,10
The surface nature of the nanoparticles can be easily
tailored for improving intracellular uptake and targeting.
The polymeric nanoparticle systems display more
biological and dilution stability compared to liposome and
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micelle systems, which are very sensitive to concentration
changes and chemical surroundings. Hence, polymeric
nanoparticles are more suitable for scaling-up.9
According with the application needs, i.e. the desired
delivery route and the physicochemical characteristics
of the therapeutic agent, it is possible to choose the
most suitable polymer and the preparation method. 5,7
Due to the nanoparticle applications depicted above,
they must be biocompatible and biodegradable. 5,9,11
Synthetic materials,12,13 proteins14,15 and other natural
macromolecules16,17 have also been used.
Poly(lactic acid) (PLA) and its copolymers with
poly(glycolic acid) (PLGA) and poly(ethylene glycol)
(PLA-PEG) have received much attention for the
preparation of nanoparticles for drug delivery or for
controlled administration of different therapeutic agents.
PLA is a linear aliphatic polymer derived from lactic acid.
These structures consist of L-, D- and D,L-lactic acid, in
which the D,L-polymer is amorphous and more rapidly
degradable than their L- or D- isomers. This polymer is
biocompatible and biodegradable, undergoing scission
in the backbone during the degradation. The monomeric
units of lactic acid are released as a natural intermediate in
carbohydrate metabolism. This material has been approved
by the U. S. Food and Drug Administration.7,11,12,18-21
Several methods have been used for the synthesis
of PLA including direct polycondensation, azeotropic
condensation and ring opening polymerization.11,22,23 PLA
obtained by polymerization of lactic acid in presence
of catalysts at reduced pressure presents low molecular
weight. This happens since an equilibrium condensation
is established due to the difficulty of removing water as
by-product.24,25 Low molecular weight PLA is generally
preferred than high molecular weight PLA in biomedical
applications, where fast degradation into the human body
is required.23,26 High molecular weight PLA polymers
are usually obtained from ring opening polymerization
of lactide and azeotropic condensation. Ring opening
polymerization of lactide uses stannous, zinc or tin as
catalyst and other heavy metal and protic acids, like
p-toluenesulfonic and boric acid. These catalysts favor
the reaction progress because of their ability to form
metal-oxygen bonds and their free p and d orbitals.22
A protic acid favors the polycondensation, increases
the kinetics and the yield of the reaction and prevents
degradation.27-29
The azeotropic condensation is carried out without any
chain extender or adjuvant. In this process, the lactic acid and
catalyst are azeotropically dehydrated in a refluxing
high‑boiling point aprotic solvent under reduced pressure.
This polymerization leads to a polymer with considerable
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catalyst impurities and may cause many problems such as
unwanted degradation, non-reproducible hydrolysis rates and
catalyst toxicity in medical applications.22,23
There are several methods for preparing nanoparticles
from preformed polymers as PLA such as emulsification/
solvent evaporation, solvent displacement, emulsion/solvent
diffusion and salting out.9,10,30-32 The solvent displacement
method has several advantages. Since the procedure is easy
and straightforward to perform, the nanoparticle formation
is instantaneous and the entire procedure is carried out in
one step. The use of surfactants is optional and does not
limit its application in medicine. Besides, this method
reports high yields and allows scalling-up.18,33-36
PLA nanoparticles are advantageous because they
may provide controlled and sustained release. They
are biocompatible, biodegradable, non-thrombogenic,
non‑immunogenic, non-inflammatory and non-toxic. They
favor the uptake of reticule endothelial system without
activating neutrophils.7 Controlled release can be readily
modulated through particle degradation by choosing the
constituents of the matrix.31 The targeting can be achieved
by attaching ligands to the particle surface.37 They have
long term stability38 and can be administrated by oral, nasal,
parenteral and intra-ocular ways.7,9,30,39
Some parameters, such as polymer composition,
hydrophobicity/hydrophilicity balance, surface charges,
concentration and molecular weight of the polymer,
influence the drug absorption, encapsulation, biodistribution,
elimination10 and in vivo performance.5,7,11
The preformed polymer molecular weight is very
important because influences the particles size and the
drug or therapeutic agent encapsulation, adsorption or
physicochemical interaction and release rate.7,17 Some
authors have reported a direct relationship between polymer
molecular weight and particle size for nanoparticles
prepared from PLGA 40-43 and chitosan. 17,44 Different
behavior has been reported for nanoparticles prepared from
PLA where a low molecular weight polymer produces
bigger nanoparticles compared to nanoparticles prepared
from a higher molecular weight PLA.36,39,45
The ovalbumin (OVA) is a globular glycoprotein,
which is readily available in large amounts. It has been
well studied and completely characterized to be used as
model antigen. The amino acid sequence of hen egg-white
ovalbumin comprises 386 amino acids and the relative
molecular weight is 45 kDa.46 In addition, the synthesis
of ovalbumin by hen oviduct and its regulation by steroid
hormones have provided a model system in studies of
protein synthesis and secretion.
This article studies the effect of poly(lactic acid)
molecular weight on polymeric nanoparticle size,
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ζ-potential and amount of ovalbumin adsorption. The
nanoparticles were prepared from a commercial PLA of
high molecular weight (PLAHMW) and a low molecular
weight PLA (PLA LMW ) obtained by synthesis via
polycondensation of D,L lactic acid. The ovalbumin was
used as model antigen.

Experimental
Materials
D,L lactic acid (98%) and ovalbumin were obtained
from Sigma-Aldrich, stannous octoate (Sn(Oct) 2 )
supplied from MP Biomedicals Inc. Ethanol, methanol
and p-toluenesulfonic acid, were purchased from Merck.
Phosphate buffered saline (PBS) was obtained from Gibco.
The injection grade poly-(D,L-lactic acid) (PLAHMW) was
supplied by Jamplast Inc (Ellisville, USA). Acetone was
received from J.T. Baker. Ultrapure water with a resistivity
of 18.2 MΩ cm was used (Nanopure system). The Bradford
Assay Kit containing a Coomassie assay reagent was
obtained from Fluka Chemika AG.
Synthesis of low molecular weight PLA
Low molecular weight poly(lactic acid) (PLALMW) was
synthesized by direct polycondensation of D,L lactic acid
by using p-toluenesulfonic acid and stannous octoate as
catalysts, as described by Orozco et al.23 Briefly, lactic acid
was kept at continuous reﬂuxing, under reduced pressure,
with permanent magnetic stirring for 3 h at 60 °C in
order to remove water, prevent degradation of the formed
oligomers of poly(lactic acid) and of the sublimation of
lactide, which may be produced during this step. Then,
0.5 wt.% Sn(Oct)2 and 0.5 wt.% p-toluenesulfonic acid
were added at the beginning of the polycondensation step.
The system was heated up gradually to 160 ºC and the
temperature was kept constant for 10 h. The polymeric
product was purified by dissolving it in acetone and
precipitated in water. Finally, the PLA was ﬁltered and
dried under reduced pressure.
Polymer characterizations
Fourier transformed infrared (FTIR) spectra of films of
same thickness and amount of PLAHMW and PLALMW were
recorded in a FTIR spectrometer Perkin Elmer Spectrum
One model on a SeZn cell. Every spectrum was normalized
for comparison purposes.
Thermogravimetric analysis (TGA) was carried out
with a TA Instruments Q500. Each sample was run from
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25 to 700 ºC at a heating rate of 10 ºC min-1 under nitrogen
atmosphere. Afterwards, the temperature was increased to
800 ºC using the same rate in air atmosphere.
Modulated temperature differential scanning calorimetry
(MTDSC) was performed in a TA Instruments Q100 to
determine glass transitions (Tg), melting points (Tm) and
crystallization temperatures (Tc). The thermal history was
erased during the first run at a high heating rate up to 190 ºC,
followed by a fast cooling to −50 ºC. Then, the heating rate
was modulated ± 1.0 ºC min-1 with a ramp 2.0 ºC min-1
to 200 ºC. Tg was evaluated base on ASTM D 3418 and
calculated as the midpoint temperature.
The molecular weights were determined by gel
permeation chromatography (GPC) on a Waters equipment
with a quaternary pump controller model 600 and
differential refractometer as a detector. Two columns
type Waters Styragel HT 6E and HR 4E were used for
the assessment of the molecular weights of PLAHMW and
PLALMW, respectively. This system was operated at flow
rates of 0.6 and 0.4 mL min-1, according with each column
optimal operation conditions. The molecular weights were
calculated by using calibration curves prepared from
polystyrene standards in tetrahydrofurane at 31 °C on the
range of each column.23,47
PLA nanoparticle preparations
PLA nanoparticles were prepared by solvent
displacement technique.18,19,34,47 Briefly, 50 mg of PLA
polymer were completely dissolved in 10 mL of acetone.35
The organic solution was introduced drop by drop in 20 mL
of ultrapure water using a syringe under moderate magnetic
stirring at room temperature, allowing the acetone to rapidly
diffuse into the aqueous phase. The acetone was evaporated
by continuous stirring during 24 h inside a laboratory
hood, and the aqueous phase became opalescent due to
formation of the nanoparticles. The prepared nanoparticles
dispersions were storage at 4 ºC.
Nanoparticle characterizations
The particle size analysis of the aqueous dispersions was
carried out in a Horiba LB 550 dynamic light scattering
(DLS) equipment at room temperature.
The ζ-potential of the PLA nanoparticle dispersions
was measured using the electroacoustic colloidal vibration
current (CVI) technique (DT 300 equipment, Dispersion
Technology). The default frequency was 3 MHz.
ζ-potential measurements were performed in aqueous
phase at pH 6.5, as reported by Orozco et al.47 for polymeric
nanoparticles.

Vol. 22, No. 12, 2011

Palacio et al.

Ovalbumin adsorption
500 µL of 0.5 wt.% PLA nanoparticles dispersion
were mixed with 500 µL OVA solution of 600.0 µg mL-1
in PBS 10 mmol L-1 (pH 7.2). The adsorption procedure
on the PLA nanoparticle surfaces was performed at room
temperature and by continuous shaking in a Hiedolph
vortex mixer at 250 rpm for 24 h. Then, the PLA-OVA
nanoparticle dispersions were centrifuged for 20 min
at 9000 rpm. The supernatants were drawn out and the
amount of non-adsorbed OVA was quantified. Afterwards,
the nanoparticles were resuspended in an ultrasound bath
for 10 min, then centrifuged, washed and resuspended as
the former step. On this step, the amount of OVA which
remained in solution was quantified again.4
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is clear the large difference in molecular weight between
the samples, allowing further analysis based on molecular
weight differences.
Fourier transformed infrared spectroscopy characterization
Although both structures PLALMW and PLAHMW are
very similar, there are some differences on the FTIR
spectra (Figure 1), which correspond to the differences on
molecular weight of the samples, as shown in Figure 1c.
The main differences on the spectra must be related
to the amount of end functional groups and the ester
bonds, because PLALMW has more carboxylic acid and
alcohol groups per mass of sample compared to PLAHMW.

Ovalbumin quantification
The amount of adsorbed OVA on the surface of
nanoparticles was indirectly determined by measuring the
amount of free protein in the supernatant after centrifugation
via Bradford method (595 nm). The difference between
the initial amount of OVA and the final amount in the
supernatant allowed to calculate the amount of adsorbed
OVA on PLA nanoparticles.

Results and Discussion
In order to remove residual monomer, catalysts
and impurities, which may affect further processes,
the synthesized polymer (PLALMW) and the pellets of
commercial PLAHMW were purified, as it was depicted
above. After purification, PLALMW looks as a white fine
powder and PLAHMW as white fibrous material.
Gel permeation chromatography characterization
Since the molecular weight has great influence in the
colloidal stability, size, morphology, degradation time,
surface functionalities and interaction with active agents,
it was measured by gel permeation chromatography
(GPC). Table 1 shows the number average molecular
weight (Mn), weight average molecular weight (Mw) of
PLALMW and PLAHMW and polidispersity degree (PD). It
Table 1. Molecular weight of high molecular weight poly(lactic acid)
(PLALMW) and low molecular weight poly(lactic acid) (PLALMW)
PLA

Mw / (g mol-1)

Mn / (g mol-1)

PD

PLALMW

9.3 × 10

7.6 × 10

3

1.2

PLAHMW

1.5 × 105

7.7 × 104

1.9

3

Figure 1. FTIR spectra of PLAHMW (dash line) and PLALMW (solid line):
(a) 3800 to 2700 cm-1, (b) 1900 to 1300 cm-1 and (c) 1300 to 550 cm-1.
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Conversely, PLAHMW has higher amounts of ester bonds
compared to PLALMW, since the enlarging the polymeric
chain is given by reactions of carboxylic acids and alcohol
functionalities, producing ester bonds.
According with these assignments, for PLALMW, −OH
stretch band coming from alcohol and carboxylic acid
located at ca. 3500 cm-1 is more intense. The sharp band
at 2996 cm-1 corresponding to the –C–H asymmetric
stretch is less intense compared to the corresponding
bands of PLAHMW, as can be confirmed on the spectra in
Figure 1a.22,48,49
The vibrational frequencies for the stretching of the
carbonyl group also showed some differences. They appear
at 1750 cm-1 for carboxylic acid and at 1758 cm-1 for ester
group for PLALMW (see the inset) and two resolved signals
at 1715 and 1758 cm-1, respectively for PLAHMW, as shown
in Figure 1b.
The asymmetric and symmetric bendings for –CH3
group are found at 1455 and 1383 cm -1, respectively.
The vibration of –CH group at 1360 cm-1 is sharper for
PLALMW than for PLAHMW due to the differences on chain
conformational arranges in each polymer.
Figure 1c shows the 1300-550 cm-1 range. The bend of
carbonyl ester group appears at 1268 cm-1. This is stronger
for PLAHMW compared to PLALMW due to the difference
on the amount of ester links. The band at 1211 cm-1
corresponds to –OC–O stretching of carboxylic group.
This band is more intense for PLALMW than for PLAHMW
because of the higher relative amount of carboxylic groups
with respect to ester bonds in the same amount of sample.
The bands at 1183, 1130 and 1092 cm-1 correspond to
the –OCC-related to ester functionalities. They present an
opposite behavior due to the differences already depicted
on the amount of functional groups.
Thermogravimetric analysis and modulated temperature
differential calorimetry characterization
Table 2 presents thermal decomposition temperatures
and thermal transitions of PLA samples. Both polymers
presented only one weight loss. The PLALMW starts to
decompose at lower temperature than PLAHMW. This
behavior is explained by the large difference on the
molecular weight.50
The thermal behavior of PLALMW and PLAHMW is similar
and shows the same thermal events. A typical PLA MTDSC
thermogram is presented in Figure 2 and the thermal transitions
are summarized in Table 2. On the reversible cycle, glass
transition (Tg) and a broad endothermic peak corresponding
to the melting point (Tm) are observed. The temperatures are
lower for PLALMW than for PLAHMW, as expected. A sharp
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Table 2. Thermal stability and thermal transition of PLA samples
Thermal transitions / ºC

Type of
polymer

Decomposition
temperature / ºC

Tg

Tc

Tm

PLALMW

281

45

84

127

PLAHMW

382

60

110

147

Figure 2. Typical modulated temperature differential scanning calorimetry
of PLA (PLALMW).

exothermic peak of the crystallization temperature (Tc) appears
on the non-reversible cycle. The lower value of Tc for PLALMW
is due to the facility that the shorter chains have to orient and
fit into a crystalline matrix.33,42,43,51
Nanoparticle preparations
The used process for nanoparticle preparation is based on
the Marangoni effect, an interfacial turbulence phenomenon
triggered by surface tension gradients, which are induced
by gradients in temperature, concentration and surface
charge through the interface.52,53 Hence, the rate of the mass
transfer across the interface determines how fast the water
miscible solvent diffuses to the non-solvent and controls
the nanoparticle size. Therefore, it would be expected that
a less viscous polymer solution would produce smaller
nanoparticles compared to a more viscous polymer solution.
The viscosity of a polymer solution is a function of the
concentration and the molecular weight of the polymer.
Therefore, it is expected that higher molecular weight
polymer solutions lead to larger nanoparticle sizes at
a constant concentration of the same polymer.33,54 This
behavior has been reported for chitosan17,44 and PLGA.40,41,43
Nanoparticle characterization
All the size distributions were calculated as intensity
of scattered light and monomodal size distributions were

Vol. 22, No. 12, 2011

Palacio et al.

obtained. Figure 3a shows the size distribution of the
initial systems of OVA, PLAHMW and PLALMW before and
after pH adjustment and Table 3 summarizes the size
of OVA, PLAHMW and PLALMW nanoparticles, as well as
the ζ-potential. As can be seen, the size of polymeric
nanoparticles increases along with the decreasing of
molecular weight. That is according with the literature
reports for PLA,36,39,45 but contrary to the reported behavior
for chitosan and PLGA, as mentioned above.
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in Figure 3a. The pH of the PLALMW after the nanoparticle
preparation was 3.9 and the mean size of the particles was
higher than 450.0 nm. The pH for the dispersion of the
PLAHMW after the nanoparticle preparation was 6.5 and
the size was 111.0 nm. In order to study the pH effect, the
PLALMW dispersion was adjusted to 6.5 and the nanoparticle
size was reduced to 235.0 nm, as can be seen in Table 3 and
compared in the inset in Figure 3a.
The unexpected increase on the nanoparticle sizes with
the decrease of molecular weight can be explained as follows.
Since the PLA nanoparticle stabilization is more electrostatic
than steric, and this electrostatic stabilization is given
by the repulsion of the negative charges of deprotonated
carboxylic acid groups, the pH of the dispersion is a very
important parameter that governs colloidal stability. Thus,
low pH favors aggregation processes, increasing the size
of nanoparticles. This happens because of diminishing of
the deprotonated end groups and of the increase of the
probability of hydrogen bond formation among hydroxyl
groups coming from acid groups and carbonyl groups of the
ester group on polymer backbone.
Similarly, the molecular weight affects the ζ-potential
of the prepared dispersions. This ζ-potential decreases
along with the increase of the molecular weight due to
the differences in the physicochemical characteristics of
each polymer. Shorter chains mean more carboxylic acid
end groups per mass, therefore more carboxylate groups
or negative charges. Hence, dispersions prepared from
PLALMW are more acid than those prepared from larger
polymers. This behavior has been reported before by
Orozco et al.47 Both polymers produce colloidal dispersions
with excellent stability before and after OVA adsorption.
Ovalbumin adsorption

Figure 3. Size distribution of the PLA nanoparticle dispersions of
(a) OVA (solid line), PLAHMW (solid circle on dash line) and PLALMW (open
circle on solid line) after pH adjustment, inset PLALMW (open circle on
solid line) before pH adjustment and (b) PLAHMW/OVA and PLALMW/OVA.
Table 3. Average size and ζ-potential of the nanoparticles and dispersions
before and after OVA adsorption
Sample
OVA
PLALMW
PLAHMW

Size / nm
(pH 6.5)
12.0 ± 4.0
235.0 ± 58.0
111.0 ± 32.0

z-potential /
mV
−12.0± 0.3
−51.0± 0.3
−41.0± 0.3

Size / nm
(adsorbed)
−
281.0 ± 95.0
118.0 ± 40.0

The influence of the pH dispersion was studied
since this parameter affects the size, ζ-potential and
colloidal stability. As expected, the pH of the nanoparticle
dispersions prepared from PLALMW was lower than the
dispersion prepared from PLAHMW, as shown in the inset

Adsorption is a surface process wherein the main
interactions between nanoparticles and protein should be
electrostatic and hydrophilic/hydrophobic.45,55 Figure 3b
presents the particle size distributions of the dispersions
after the OVA adsorption, small increments in particle
size can be observed. This is probably associated to the
OVA adsorption. Table 4 shows the amount of adsorbed
OVA for each sample, as well as the calculated specific
surface area for each sample. The specific surface area
was calculated from the mean sizes of the dispersions and
assuming spherical shape of the nanoparticles.
The OVA adsorption for PLAHMW nanoparticles is higher
than the nanoparticles prepared from PLALMW. As depicted
above, nanoparticles prepared from a high molecular weight
commercial polymer are more hydrophobic due to longer
aliphatic chains. In addition, the less negative ζ-potential
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Table 4. Adsorbed ovalbumin and calculated specific surface area of
nanoparticles prepared from PLAHMW and PLALMW
OVA adsorption /
Specific surface area /
(µgOVA mgPLA-1)
(m2 g-1)a
PLALMW
18
21
PLAHMW
47
42
a
Specific surface area calculated from the average size of the nanoparticles.
Sample
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