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Summary

Poly(vinyl alcohol) (PVA) layers of different thicknesses were intercalated into
stereocomplex films composed of poly(L-lactide) and poly(D-lactide). The immersion
of composite films into boiling water selectively extracted the water-soluble PVA
components, resulting in porous stereocomplex films. The hydrolytic properties of the
porous films under alkaline conditions were then quantitatively analyzed. It was
observed that the hydrolytic rates decreased with increasing pore sizes.

Introduction

Poly(lactide)s (PLAs) are well-known as biodegradable polyesters, and are frequently
used for biomedical applications [1,2]. A significant requirement for PLA materials in
the biomedical fields is to control their biodegradability, because crystalline o-form
PLAs are barely hydrolyzed under physiological conditions. A decrease in the
crystallinity of the PLA materials is a simple method to accelerate the degradation
rates. However, PLA crystals gradually grow in materials at ambient temperature,
resulting in changes in their hydrolytic properties. Hydrophilic monomers were
copolymerized with lactic acid to accelerate their water penetration and to decrease
their crystallinity. However, the original mechanical properties of the PLA materials
would be changed.

In our previous studies, stereocomplex films composed of poly(L-lactide) (PLLA) and
poly(D-lactide) (PDLA) [3-11] were prepared by layer-by-layer (LbL) assembly,
which is commonly used for the preparation of polyelectrolyte multilayers based on
the alternate soaking of solid substrates into polymer solutions [13]. These films
showed considerably higher crystallinity, with more than 90 % B-form content [14].
Although it was believed that the degradation rates of the PLA stereocomplexes were
almost the same as those of PLA crystals, we first demonstrated that stereocomplex
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films are rapidly hydrolyzed under alkaline conditions, the same as amorphous PLAs
films [15]. Therefore, the next target would be the control of hydrolytic rates using
LbL assembled PLA stereocomplex films.

LbL assembly can essentially deposit polymers when the polymers are stably bonded
on the surfaces due to adequate interactions after rinsing with the same solvent. To
generally extend this concept, we previously demonstrated that poly(vinyl alcohol)
(PVA) [16] and poly(vinylamine) [17] were homogeneously deposited by repetitive
adsorption and drying cycles for solid substrates. These polymers in the dried state
formed strong intra- and intermolecular hydrogen bonds, and the generated surface
could function as substrates.

It has been demonstrated that a single component in LbL assembled films can be
selectively extracted by good solvents, resulting in porous films [18]. In cases of
stereocomplex films composed of isotactic poly(methyl methacrylate) and
syndiotactic poly(methacrylic acid), the resulting porous films were utilized as
stereoregular polymerization templates [19,20]. When hydrophilic polymers
intercalated into PLA stereocomplex films are selectively extracted, the hydrolytic
properties of the porous stereocomplex films might be modulated.

In this study, PV A-intercalated PLA stereocomplex films were prepared by LbL
assembly, and the PLA components were selectively extracted in boiling water to
prepare porous stereocomplex films. Then, alkaline hydrolyses of the PLA
stereocomplex films with various porous ratios were analyzed with regard to the PVA
layer numbers previously deposited. This study is schematically shown in Figure 1.
The assembly and hydrolysis of the films were quantified by quartz crystal
microbalance (QCM) substrates, which can detect the mass of the substrate from
a frequency shift [21].
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Figure 1. Schematic representation of this study.

Experimental

PVA (degree of polymerization 2000) and acetonitrile were purchased from Nacalai
Tesque (Japan). PLLA and PDLA with average number molecular weights (M) of
27700 and 30800, and the distributions (M,/M,) (M,: average weight molecular
weights) of 1.51 and 1.55, respectively, were prepared following methods reported in
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previous studies [22]. Ultra distilled water (17.8 QM cm™') was provided by the
MILLI-Q labo system.

An AT-cut quartz crystal with a parent frequency of 9 MHz was obtained from USI
Systems (Japan). The crystal (9 mm in diameter) was coated on both sides with gold
electrodes 4.5 mm in diameter. After rinsing with their solvents and drying with N,
gas at each deposition step, a frequency counter (Iwatsu Model SC7201) analyzed the
frequency decrease of the QCM (AF) to estimate the amount of polymer deposited
(Am) from Sauerbrey’s equation:

2F,’

A‘\j PyHy

where F, is the parent frequency of the QCM (9x10° Hz), A is the electrode area
(0.159 cm?), 0, 1s the density of the quartz (2.65 g cm™), and M, is the shear modulus
(2.95x10" dyne cm™). Before the assembly measurements, the QCM electrodes were
treated twice with a piranha solution (H,SO4:H,0,=3:1) for 1 min each time, followed
by rinsing with pure water and drying with N, gas, to clean the surface.

Enantiomeric PLAs were assembled from their acetonitrile solutions at concentrations
of 10 mg ml™" at 50 °C by the alternate immersion of QCM substrates for 15 min in
each solution, following our previous studies [12]. For PVA assembly, the substrate
was immersed into aqueous PV A solutions at concentrations of 0.02 unitM containing
2 M NaCl for 15 min at 25 °C, rinsed with solvent, and dried by a N, blast, following
our previous study [16]. The frequency decreases were then measured. For every
3 cycles of the stereocomplexes ((PLLA-PDLA);), 1-3 PVA layers were deposited.
The total assembly amounts were constant at 3500 ng/QCM, which corresponded to
11 pg cm™, by changing the total assembly number. Assuming the films to be smooth
and the densities to be 1 g cm™, the apparent film thickness was estimated to be
approximately 90 nm. For PLA extraction, the composite films were immersed into
boiling water.

For alkaline hydrolyses, QCM substrates coated with composite films was immersed
into an aqueous 0.01-N NaOH solution at 37 °C, rinsed with solvent, and dried by N,
blasts. The frequency decreases were then measured.

Attenuated total reflection (ATR) spectra were obtained with a Parkin-Elmer
Spectrum. QCM electrodes with a refractive surface were used directly to observe the
ATR spectra. The interferograms were co-added 16 times and Fourier transformed at
a resolution of 4 cm™.

—AF = X Am

Results and Discussion

Figure 2 shows the frequency decreases of the QCM, corresponding to the amount of
assembled polymer, against the assembly step. In all cases, the frequencies decreased
in a stepwise fashion without frequency increases, indicating that polymers were
assembled at each step. It is reasonable to assume that the interactions between PLLA
and PDLA are stereocomplex formation, and that those between the PVAs are
hydrogen bonds, as shown in previous studies [16]. Although there is no specific
interaction between PLAs and PVA, hydrogen bonds between the ester groups of
PLAs and the hydroxy groups of PVA might be formed, followed by stepwise
polymer assembly.
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Figure 2. Frequency shift of the QCM against the assembly step for: (a) (PLLA/PDLA),, (b)
((PLLA/PDLA)3;/PVA)),, (c) (PLLA/PDLA);/PVA,),, and (d) (PLLA/PDLA);/PVAj), films.
The open and closed circles indicate PLLA and PDLA steps, respectively. The triangular

symbols indicate PV A steps.

The ATR spectra for the composite films in Figure 3 showed OH vibration bands at
around 3100-3600 cm™ as well as carbonyl vibration bands for the ester groups of
PLAs at around 1750 cm™, indicating that the PVA was really assembled with PLA
stereocomplexes. Increases in the number of PVA assembly steps slightly increased
the area for the OH vibration bands, suggesting that greater amounts of PVA were
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Figure 3. ATR spectra of: (a) (PLLA/PDLA),, (b) (PLLA/PDLA)y/PVA,),,
(¢) (PLLA/PDLA)y/PVA,),, (d) (PLLA/PDLA)y/PVA;),, and (¢) PVA films.
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assembled with increasing step number. It is noted that the aforementioned
wavenumber of the carbonyl vibration bands is the same as that for the
stereocomplexes [23], suggesting that stereocomplexes were formed between the PVA
layers. Accordingly, different amounts of PVA were successfully assembled between
(PLLA-PDLA); stereocomplex films.

Figure 4 shows the remaining weights of polymers analyzed by the QCM, when PLA
stereocomplex films co-assembled with a single step PVA were immersed in boiling
water. After 5 minutes of immersion, approximately 15 % of the total polymers
desorbed, and almost reached equilibrium. The desorbed amount was significantly
consistent with the amount of assembled PVA. The ATR spectra after 5 min of
immersion in the inset of Figure 4 showed the absence of OH vibration bands. These
observations indicate that the assembled PVA was quantitatively extracted from the
PLA stereocomplex films, thus forming porous stereocomplex films. Other composite
films were also immersed into boiling water for 5 min to extract the PLA. The films
may collapse after PVA extraction. However, since the PVA layers prepared by
3 assembly steps should not fully cover the stereocomplex surface, a stereocomplex layer
would contact the next complex layer. This is one possible reason why pores are stably
formed. As a consequence, PVA was successfully extracted from the composite films.
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Figure 4. QCM analysis of the selective extraction of PVA from ((PLLA/PDLA);/PVA,),
films. The inset shows the ATR spectra before (upper) and after (lower) PV A extraction.

Alkaline hydrolyses of the resulting stereocomplex films were analyzed quantitatively,
as shown in Figure 5. PLAs desorbed with time, indicating that the PLAs were
hydrolyzed and desorbed from the substrate. The rates were dependent on the PVA
amounts previously assembled, and increased remarkably with increasing PVA
amounts. It is reasonable to consider that the PVA extraction formed pores in the
stereocomplex films. Pore sizes should increase upon increasing the number of PVA
assembly steps. Therefore, these observations suggest that the formation of pores with
greater sizes within PLA stereocomplex films resulted in lower hydrolytic rates.
Accordingly, it was observed that porous stereocomplex films prepared by LbL
assembly were more slowly hydrolyzed than non-porous films, and that the hydrolytic
rates of these stereocomplex films were controlled by the amount of previously
assembled PVA.
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Figure 5. Alkaline hydrolysis of: (a) (PLLA/PDLA),, (b) (PLLA/PDLA)/PVA,),, (c)
((PLLA/PDLA)y/PVA,),, and (d) (PLLA/PDLA):/PVA;), films.

It is well-known that porous PLA materials are slowly hydrolyzed as compared to
non-porous materials [24]. Lactic acid and lactic acid oligomers generated by these
hydrolyses can be readily desorbed from porous materials. On the other hand, they are
very slowly desorbed from non-porous materials. The carboxyl groups of the lactic
acid and lactic acid oligomers remaining in the non-porous materials behave as
hydrolytic catalysts against other PLAs, resulting in an acceleration of the hydrolytic
rates. In our system, the pores prepared by selective PVA extraction from thin PLA
stereocomplex films also decreased the hydrolytic rates. Greater numbers of pores
seemed to be prepared in stereocomplex films by increasing the number of PV A steps.

Conclusions

Composite films composed of PLA stereocomplexes and PVA were prepared by LbL
assembly for the first time. The PVA amounts were changed upon changing the
number of assembly steps. Water-soluble PVA components were successfully
extracted in boiling water, resulting in porous stereocomplex films. The porous films
were more slowly hydrolyzed under alkaline conditions as compared to non-porous
films. The hydrolytic rates decreased with increasing PVA amounts, possibly due to
the greater number of pores in the stereocomplex films. It is significant that the
stereocomplex films were prepared on variously shaped substrates using LbL
assembly. Molecularly porous films have the potential for loading and releasing
functional molecules. We are further characterizing these porous PLA stereocomplex
films.
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