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ABSTRACT: Biodegradable polymeric microspheres can
be used to deliver drugs through controlled rate and tar-
geted processes. The drug is released from the particles by
drug leaching or degradation of the polymeric matrix.
Crystallinity can play a very important role in the degra-
dation of polymeric matrixes; it can affect the drug-release
rate, especially in chemoembolization. Most commercial
embolic agents have a low degree of crystallinity, and the
correlation between the drug-delivery rate and the degree
of crystallinity is not fully understood. This study presents

the appropriated synthesis conditions for the preparation
of highly crystalline poly(vinyl alcohol) and poly(vinyl
alcohol)/poly(vinyl acetate) microspheres and physico-
chemical characterizations by scanning electron micro-
scopy, X-ray diffraction, differential scanning calorimetry,
and cross-polarization/magic angle spinning nuclear mag-
netic resonance. VC 2011 Wiley Periodicals, Inc. J Appl Polym Sci
121: 1417–1423, 2011
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INTRODUCTION

The decodification of the human genome and the rapid
technological advancement in nanotechnology has cre-
ated the ability to design patient-specific drugs that
can alter the cellular machinery at the genetic level in a
way that controls or treats a specific disease. Designing
nucleic acid drugs and engineering novel delivery
vehicles that encapsulate and effectively transport
genetic materials into cells provides an opportunity to
enhance the understanding of disease mechanisms
and may help treat or cure these diseases.1 There has
been considerable research effort into the search for
novel families of nonviral vectors that can be

assembled with entities, such as small molecules of
drugs, peptides, proteins, and nucleic acids, to be used
as a new class of therapeutic entities for targeted can-
cer treatment.1 Polymeric particles with a controlled
size and morphology associated with appropriate
chemical properties, such as hydrophilicity, sorbabi-
lity, bioaffinity, and biodegradability, have been
widely used in several biomedical applications,2,3

especially in embolization and chemoembolization.4–7

Embolizations are defined as therapeutic vascular
occlusions that are used to prevent or treat patholo-
gical conditions in situ. The intravascular interven-
tional procedures that produce artificial emboli-
zations can be useful in mammals for controlling
internal bleeding, blocking the blood supply to
tumors, and relieving pressure in vessel walls near
aneurysms. Chemoembolization advantageously
combines arterial embolization of the vascular sup-
ply of a neoplasm with the controlled intra-arterial
infusion of chemotherapeutic drugs.8–14 Currently,
some of the most commonly used embolic agents
are particles made of poly(vinyl alcohol) (PVA), and
their use is directly related to their biocompatibility,
good elasticity, high compressibility, and effective
chemical resistance to acids, bases, and detergents.6

PVA particles are divided into two classes of par-
ticles: nonspherical PVA foams or sponges and
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spherical particles. Traditional nonspherical PVA
foams or sponges are irregularly shaped and gener-
ally contain a range of pore sizes that are produced
during the manufacturing process by the whipping of
air into the PVA solution before crosslinking. The dis-
advantages of these particles include their imprecise
size and the open edges on the particles, which can
cause them to clump together and subsequently plug
up delivery catheters or become occluded at a site next
to the target site. Usually, the undesirable characteris-
tics related to nonspherical PVA particles can be mini-
mized by the use of spherical particles. Spherical
particles can penetrate more deeply into the vascu-
lature than traditional particles because of their uni-
form shape, and they are rarely reported to occlude
delivery catheters.

Calibrated particles have drastically changed the
conditions of embolization because the radiologist
may adapt the size of the vessels to be occluded so
that accurate targeting can be achieved. Trisacryl
gelatin microspheres (Embosphere Microspheres,
Biosphere Medical, Rockland, MA) were the first
commercially approved in Europe (approval by CE
(European Community)) in 1997 and in the United
States (approval by the U.S. Food and Drug Adminis-
tration) for general embolization in 2000 and, specifi-
cally, for uterine fibroid embolization in 2002.
Thereafter, two PVA-based microspheres, named Con-
tour PVA Embolization Particles (Boston Scientific,
Natick, MA) and Bead Block (Biocompatibles, Farnham,
United Kingdom), have been developed; both
were approved in 2007 in Europe and in the United
States.15

PVA cannot be prepared by directed polyme-
rization because of the tautomerism of the vinyl
alcohol monomer, and it is usually obtained
by the saponification of poly(vinyl esters), such as
poly(vinyl acetate) (PVAc) and poly(vinyl pivalate),
although PVAc is the most common precursor of
PVA. Commonly used polymerization methods for
the monomeric precursors of PVA are bulked, solu-
tion, emulsion, and suspension polymerizations.
Nevertheless, the suspension polymerization method
is the most used method because it has several advan-
tages, including the easy removal of the heat pro-
duced by the strong exothermic reaction, a high rate
of conversion, and the formation of polymer particles
with diameters of 30–1200 lm.16,17 Several authors
have shown that particles with a regular spherical
morphology and size could be obtained with the sus-
pension polymerization technique instead of particles
with irregular shapes and sizes,5,18 as are usually
found in many commercial embolization products.
However, a careful and critical analysis of the poly-
meric crystalline structures of the synthesized par-
ticles showed that there was no improvement in the
crystallinity of the synthesized microspheres.

In general, a typical X-ray diffraction (XRD) pat-
tern of the PVA microspheres synthesized by the
suspension method is characterized by a broad dif-
fraction peak. For chemoembolization with PVA
microspheres, it is important to consider not only
the size distribution of the polymeric particles and
their well defined morphology but also their crysta-
lline structures. Several authors have investigated
drug–polymer interactions using different polymeric
matrixes carried or loaded with different drugs.2,3

The authors concluded that the crystallinity of the
polymeric matrix could affect the release rate of the
drugs through the degradation rate of the chain. It
was observed that degradation first occurred in the
amorphous region of the polymeric matrix followed
by a slower degradation in the crystalline regions.
Therefore, the drugs located or loaded in the amor-
phous region were released more quickly than those
located or loaded in the higher crystalline region.2,3

In this article, we present our preliminary results
by reporting an experimental methodology capable
of producing PVA/PVAc microparticles with a
controlled size and spherical morphology and also
with a higher crystallinity molecular structure com-
pared to commercially available PVA particles.

EXPERIMENTAL

Materials

All chemicals were used without purification. Vinyl
acetate (minimum purity ¼ 99.9%), benzoyl peroxide
(minimum purity ¼ 99%), and PVA (average mole-
cular weight ¼ 78,000 Da, degree of hydrolysis ¼
85%) were supplied by Vetec Quı́mica Fina (Rio de
Janeiro, Brazil). Sodium hydroxide (NaOH; mini-
mum purity ¼ 99%) was supplied by Aldrich–Fluka
(Steinheim, Germany). Distilled water was used as
the suspending medium.

Synthesis of the PVA/PVAc microspheres

PVA/PVAc microspheres were synthesized from
modified procedures reported in the literature.5,6 In a
typical reaction, the suspending agent, PVA (0,07 g),
was dissolved in water (100 mL) under a nitrogen
atmosphere and with constant stirring in a 250-mL
homemade reactor fitted with a condenser. After
degassing, 25 mL of the solution of the vinyl acetate
monomers and 1 g of the initiator, benzoyl peroxide,
were added all at once at a fixed polymerization
temperature of 70�C. The system was kept under
isothermal conditions with an agitation speed of
700 rpm. The reactions were interrupted after 5 h, and
the particles were filtered, washed with distilled water,
and then submitted to the saponification procedure.
For the saponification reaction, a flask equipped

with a reflux condenser, a thermocouple, a dropped
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funnel, and a stirring device and an alkali solution
of NaOH at different concentrations (see Table I)
were used. The PVAc microspheres were slowly
added to the flask with stirring, and the time for
saponification reaction varied from 2 to 6 h at 35�C.
After the saponification reaction, the particles were
poured into cold distilled water and kept there
for approximately 12 h to separate and sink the
PVA/PVAc microspheres. The final products were
dried in vacuo at 37�C for 1 day before characteri-
zation by XRD, solid-state cross-polarization/magic
angle spinning nuclear magnetic resonance (CP–
MAS NMR), differential scanning calorimetry (DSC),
and scanning electronic microscopy (SEM).

PVA/PVAc microsphere characterization

The XRD patterns of the synthesized polymeric
particles were collected with a Rigaku RotaFlex
RU200B (Tokyo, Japan) on a rotating anode source
with a flat-plate Bragg–Brentano geometry, operating
with Cu Ka radiation (wavelength ¼ 1.5418 Å) at 50
kV and 100 mA, and equipped with a graphite
monochromator. The powder diffraction patterns
were recorded in the range 2y ¼ 5–80� with a scan
step of 0.02� and at a rate of 10 s/step. NMR meas-
urements were performed with a Varian Inova spec-
trometer (Palo Alto, California) operating at 400 and
100.5 MHz for 1H and 13C, respectively. A 5-mm
magic angle spinning probe (Jackobsen design) was
used in the measurement. The CP–MAS method
with a linear amplitude variation of the 1H pulse
was used.19–21 The strength of the 1H decoupling
field applied during the signal acquisition was
60 KHz. A contact time of 1 ms, a spinning fre-
quency of 10 KHz, and recycle delays of 3 s were
used. SEM images were recorded with an XL30 FEG
instrument, and before the analysis, a thin coating of
gold was deposited onto the samples. Small amounts
of dried polymeric particles (2.2 mg) were characte-
rized by DSC (DSC 404C controlled by TASC 424/
3A, Netzsch 404C controlled by TASC 424/3A, Selb,
Germany) between 25 and 300�C with a platinum
crucible. The equipment was calibrated against an
indium standard (melting temperature ¼ 158.5�C). A

constant heating rate of 10�C/min and a flux of 0.50
cm3/min of nitrogen were used.

RESULTS AND DISCUSSION

The XRD data shown in Figure 1 provide strong
evidence that the crystalline structures of the
synthesized polymeric particles changed with the
increasing NaOH concentration used during the
saponification process. It is clear from Figure 1 that
the saponification reactions performed with NaOH
concentration of 4 and 8M resulted in polymeric
particles whose XRD patterns were characterized by
very broad Bragg diffraction peaks in the region 2y
¼ 7–30�. The absence of well-defined and intensive
Bragg diffraction peaks for these samples revealed
their amorphous nature. On the other hand, when
the NaOH concentration was increased from 12 to
25M, the XRD patterns of the resulting polymeric
particles showed a completely different spectrum. It
was evident from the XRD patterns that the new
diffraction peaks were an indication that novel
crystallographic arrangements were formed with the
addition of high-concentration NaOH solutions. The

TABLE I
Saponification Conditions and Degree of Crystallinity

of the PVA Microspheres

Sample
NaOH

concentration (M)
Degree of

crystallinity (%)

1 25 87.5 6 2.1
2 20 78.4 6 11.5
3 16 65.8 6 7
4 12 56 6 3.6
5 8 19.6 6 0.2
6 4 14.3 6 4.6

Figure 1 XRD patterns of the laboratory-made polymeric
particles. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com]
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most striking case occurred for the sample prepared
with a 25M NaOH solution (sample 1) because its
XRD pattern showed four distinct Bragg diffraction
peaks at 2y values of 11.5, 19.5, 23.0, and 40.5�.
The breadth and peak shape of this sample in
comparison with the other ones clearly indicated
that sample 1 was more crystalline than the
other samples prepared in this study and the other
PVA/PVAc polymeric particles previously reported
in the literature.5,6,16

Figure 2 shows a detailed XRD pattern of sample 1
compared with the XRD pattern of the commercial
PVA sample available on the market (Boston Scien-
tific). The well-defined and strong Bragg diffraction
peaks of sample 1 compared to the broad Bragg
diffraction peak of the commercial one indicated that
sample 1 was more crystalline than its counterpart.
Most of the XRD patterns of the PVA microspheres
reported in the literature were similar to the XRD pat-
tern of the commercial sample,5,6,16 and to the best of
our knowledge, this was the first XRD pattern of a
highly crystalline PVA microsphere reported up to
this point. PVA is a semicrystalline synthetic polymer
whose structure is characterized by chains in trans-
planar conformation packed in a monoclinic unit cell
with a ¼ 7.81 Å, b ¼ 2.52 Å (chain axis), c ¼ 5.51 Å,
and b ¼ 91.42� and containing single monomer units
of two chains (a, b and c are the unit cell parameters
and b is the angle of the monoclinic unit cell parame-
ters). The strongest PVA crystalline reflections
occurred at 2y ¼ 19.4 and 20.1�; these reflections cor-
respond to the superposition of the equatorial (101)
and (101) reflections, respectively.22–24

On the basis of the unit cell proposed by Bunn22

and other more recent crystallographic studies on
the structures of PVA hydrogels,25,26 PVA micro-
fibrils,27,28 and PVA films,29 it was possible to assign

the diffraction peaks of sample 1 observed at 2y
values of 11.5, 19.5, 23.0, and 40.5� to the (100), (101),
(200), and (201) reflections, respectively.
Figure 3 shows the degree of crystallinity of the

PVA particles calculated from the DSC data with the
following correlation:

Crystallinity ð%Þ ¼ DH
DH0

� 100

where DH is the change in the heat of fusion and
DH0 is the change in the heat of fusion of 100% crys-
talline PVA (this can be obtained directly from DSC
plots and is usually considered to be 150 J/g).27,30–32

The calculated degrees of crystallinity are listed
in Table I. It was evident from the data that the
degree of crystallinity of the samples increased
with the concentration of the NaOH solution (see
Fig. 3). Sample 1 presents the highest degree of crys-
tallinity (87.5 6 2.1%) compared with the other
samples, and the commercial sample (PVA Foam
Embolization Particles, Cook Medical (Bloomington,
Indiana)) presented the lowest degree of crystallin-
ity, which was calculated to be around 5.7 6 0.3%.
Although the syntheses conditions described in

Table I affected the degree of crystallinity of the
PVA particles, in terms of morphology, we did not
notice any significant difference. All of the samples
prepared according to the conditions described in
Table I presented a spherical morphology, unlike the
commercial samples (Fig. 4), and the main diffe-
rences among them, besides the degree of crystalli-
nity, were related to their color and stickiness.
Sample 1 (Fig. 5) was reddish, and the particles
were free-flowing spheres with a very small amount
of debris. Samples 2–5 were yellowish, sample 6
(Fig. 6) was white, and the particles were sticky
spheres that easily could form aggregates.

Figure 2 XRD patterns of the commercial and highly crys-
talline polymeric particles. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com]

Figure 3 Comparison of the degree of crystallinity
(obtained by DSC) for the commercial (Com) and labora-
tory-made polymeric particles.
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To gain a better insight into the structural diffe-
rences among the samples prepared in this study,
solid-state CP–MAS NMR experiments were per-
formed. CP–MAS 13C-NMR is a powerful tool for
studying the miscibility and phase structure of poly-
mer blends and for detecting specific intermolecular
interactions.33–35 Figure 7 shows the CP–MAS 13C-
NMR spectra of the commercial sample (Boston
Scientific) and samples 1 and 6. The spectra of
samples 2–4 were very similar to the spectrum of
sample 1, and the spectrum of sample 5 was very
similar to the spectrum of sample 6. Therefore, only
the spectra of samples 1 and 6 are shown.

The CP–MAS 13C-NMR spectrum of sample 6 had
some features that were very interesting: there were
two sharp peaks to the far left and to the right with
chemical shift values of 171 and 21 ppm, respec-
tively, and these two peaks were assigned to PVAc,
according to the literature.34–36 The CP–MAS 13C-
NMR spectrum of PVAc in the solid state presented
four distinct and well-characterized chemical shifts:
40, 67, 171, and 21 ppm, whereas that of PVA in
the solid state showed three distinct chemical shift
values of 77, 71, and 65 ppm.34,37 Therefore, on the
basis of these values reported in the literature, we

concluded that the two broad peaks in the region
30–80 ppm were a peak overlap of the chemical
shifts of PVAc and PVA and indicated a blend of
the two polymers.
The CP–MAS 13C-NMR spectrum of the highly

crystalline sample 1, on the other hand, showed splits
for the chemical shift peak in the regions 65 and
71 ppm. It was proposed in the literature that the
chemical shifts at 77, 71, and 65 ppm observed for
solid PVA originated from the intramolecular and
intermolecular hydrogen bonding of the CH carbon
to the hydroxyl groups.36–38 The chemical shift at
77 ppm was assigned to the CH carbon with two
intramolecular hydrogen bonds with the hydroxyl
groups. The chemical shift at 71 ppm was assigned to
the CH carbon with one intermolecular hydrogen
bond with the hydroxyl group, whereas the chemical
shift at 65 ppm was not assigned or related to any
hydrogen bond with the hydroxyl groups in the cross-
linked region. A theoretical model based in the litera-
ture for these assignments is shown in Figure 8.37

A comparison between the CP–MAS 13C-NMR
spectra of the commercial sample and the highly
crystalline sample 1 showed that, qualitatively, the
commercial sample was greatly enriched with

Figure 5 SEM images of the PVA/PVAc microspheres prepared by polymerization and saponification (sample 1).

Figure 4 SEM images of the commercial PVA particles: (a,b) Cook Medical and (c) Boston Scientific.
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intermolecular hydrogen bonds because it presented
a very intense peak at 71 ppm. However, the chemi-
cal shift characteristic of intramolecular hydrogen
bonds (77 ppm) was not present, and the chemical
shift at 65 ppm was present only as a small
shoulder. On the other hand, for sample 1, the situa-
tion was quite different because this sample pre-
sented two relatively intense chemical shift peaks
(71 and 65 ppm) and a small peak at 77 ppm. The
CP–MAS 13C-NMR spectrum of the highly crystal-
line sample 1 was very similar to the spectrum of
PVA in the solid state, with a predominant syndio-
tactic configuration, as reported in the literature.37

On the basis of both the CP–MAS 13C-NMR and
XRD data, one possible explanation or reason for the

formation of highly crystalline PVA microspheres is
the excess of strong base (25M NaOH) used in the
saponification step of the reaction. The excess of
strong base induced the formation of intermolecular
hydrogen bonds, which were formed because of the
chemical bonding of the CH carbon of the polymer
interchains with the hydroxyl groups in the cross-
linked region; this resulted in highly crystalline
samples and also increased the intensity of the peak
at 65 ppm, which is a chemical shift characteristic of
a syndiotactic configuration (see Fig. 8).
At this time, chemoembolization studies with

these new highly crystalline microspheres are being
performed to examine the drug–polymer interactions
and release rate of the loaded drugs in vitro and
in vivo with the highly crystalline polymeric matrix.
The results of this ongoing research will be reported
in future publications.

CONCLUSIONS

Highly crystalline and spherical PVA particles were
prepared through a controlled polymerization reac-
tion followed by a saponification process. Several
syntheses were made. However, the best results were
obtained when NaOH solutions at high concentra-
tions were used during the saponification process.

Figure 6 SEM images of the PVA/PVAc microspheres prepared by polymerization and saponification (sample 6).

Figure 7 13C CP–MAS NMR spectra of the commercial sam-
ple, sample 1, and sample 6. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com] Figure 8 Theoretical model of the hydrogen bonds in PVA.
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The crystallinity of the PVA microspheres obtained
through this procedure was superior to commercially
available ones. Correlations between the XRD and
CP–MAS 13C-NMR data indicated that the high crys-
tallinity of the samples was due to the presence of
the intermolecular hydrogen bonds, which were
formed by the chemical bonding of the CH carbon of
the polymer interchains with the hydroxyl groups in
the crosslinked region.
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