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Regulated assemblies and crystallization of polymers
having a well-defined nanostructure are attractive not
only for expanding the functional capabilities of the
polymers but also for investigating novel characteristics
of the polymers assembled. The formation of racemic
crystals (so-called stereocomplex) between poly(L-lac-
tide) (PLLA) and poly(D-lactide) (PDLA) with 1:1 stoi-
chiometry, in which both polymers are alternately
packed with â-form 31-helices of the opposite absolute
configuration (left- and right-handed, respectively) side
by side with van der Waals contact, has been previously
investigated.1 Since poly(lactide)s (PLAs) can be hydro-
lyzed to obtain lactic acid under biological conditions,
differences in the hydrolytic activities between the
stereocomplex and homogeneous crystals with R-form
103-helices were of interest for potential biomedical
applications. Li and Vert demonstrated that stereocom-
plexes were formed during hydrolysis of poly(L-lactide-
co-D-lactide) films (size 10 × 10 × 2 mm) in a phosphate
buffer solution, resulting in greater hydrolysis of rela-
tively random monomer unit sequences, which did not
join stereocomplexes.2 Tsuji also demonstrated that the
stereocomplex film (size 1.8 mm × 3.0 mm × 50 mm or
25 µm) was stable in a phosphate buffer solution, and
its hydrolytic rate was less than that of homogeneous
PLA crystals.3 Since it is difficult to obtain highly
crystalline stereocomplex films, the difference in hydro-
lytic properties between the stereocomplex and the
homocrystals of PLAs has not been conclusively dem-
onstrated. Although the previous studies discussed the
hydrolysis of PLAs using thick specimens, the difference
might be potentially demonstrated using ultrathin
assemblies with a regularly conformational structure.

Layer-by-layer (LbL) assembly promises stepwise
deposition of interactive polymers having cationic and
anionic charges to produce ultrathin polymer films by
alternate immersion of substrates into the polymer
solutions.4 Not only electrostatic interactions but also
other interactions (hydrogen bounds, charge transfer,
and van der Waals) have been utilized for LbL as-
sembly.5 We have applied stereocomplex formation of
enantiomeric PLAs to LbL assembly to produce regu-
larly conformational ultrathin polymer films.6 Quantita-

tive detection of amounts assembled and the presence
of a melting point at approximately 230 °C provided
evidence of complex formation. Since the LbL assembly
of the PLAs involved monolayer deposition of the
interacting polymer with the polymer already deposited
at each step, almost all of the polymers potentially
participated in the complex, indicating a macromolecu-
larly regulated structure. Furthermore, PLLA and
PDLA can be epitaxially grown on the outermost surface
of PDLA and PLLA, respectively, to produce heteroge-
neous assemblies, when the stereocomplex films were
immersed in solutions of each enantiomer.6 Accordingly,
these assemblies might facilitate study of the hydrolytic
properties of the PLA stereocomplex.

In the present study, PLA stereocomplexes prepared
by the stepwise LbL assembly of PLLA and PDLA from
their acetonitrile solutions on a solid substrate were
hydrolyzed under concentrated alkaline conditions as
an acceleration test. The assembly and hydrolysis
processes were quantitatively analyzed using a quartz
crystal microbalance (QCM) as the gold substrate. The
complex hydrolyzes faster than crystals of each con-
stituent enantiomer.

PLLA and PDLA with average number molecular
weights (Mn) of 27 700 and 30 800 and distributions
(Mw/Mn) (Mw: average weight molecular weights) of 1.51
and 1.55, respectively, were prepared following methods
in previous studies.7 An AT-cut quartz crystal with a
parent frequency of 9 MHz was obtained from USI
(Japan). The crystal (9 mm in diameter) was coated on
both sides with gold electrodes 4.5 mm in diameter. The
PLA stereocomplex has been previously deposited on a
QCM silver electrode, as reported.6 To obtain a QCM
with a smoother surface, a QCM with a gold electrode
and a mean roughness of 1.8 nm was applied. Enantio-
meric PLAs were deposited from their acetonitrile
solutions at concentrations of 10 mg mL-1 at 50 °C by
alternate immersion of the QCM for 15 min in each
solution. After rinsing with acetonitrile and drying with
N2 gas at each deposition step, a frequency counter
(Iwatsu model SC7201) analyzed the frequency decrease
of the QCM (∆F) to estimate the amount of polymer
deposited (∆m) from Sauerbrey’s equation8

where F0 is the parent frequency of the QCM (9 × 106

Hz), A is the electrode area (0.159 cm2), Fq is the density
of the quartz (2.65 g cm-3), and µq is the shear modulus
(2.95 × 1011 dyn cm-2). The present assembly started
with PLLA; however, the starting polymer did not affect
the assembly process. The deposited or spin-coated
amount of PLA was approximately -4000 Hz/QCM,
which corresponded to 3500 ng/electrode (11 µg cm-2).
It took approximately 42 LbL steps for the assembly of
the appropriate amount. On the other hand, PLLA was
grown for 12 h on the 16-step LbL assembly with a
PDLA surface to deposit the given amount. In addition,
spin-coated films of PLAs were also prepared by the
conventional method. For crystallization of the film, the
spin-coated film was annealed at 200 °C for 10 min and
then gradually cooled at ambient temperature in the
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oven. To prepare amorphous films, the annealed film
was rapidly cooled at 0 °C. When we assume the
molecularly smooth assemblies and their densities to
be 1 g cm-3, the apparent thickness of these films was
approximately 90 nm based on the frequency decrease.
Atomic force microscopic (AFM) images were obtained
using a Digital Instruments NanoScope III that was
operated in a tapping mode in air at ambient temper-
ature. We did not perform any image processing other
than flat leveling. The mean roughness (Ra) in a given
area of observation was estimated from the following
equation:

where F(x,y) is the surface relative to the center plane,
which is a flat plane parallel to the mean plane, and Lx
and Ly are the dimensions of the surface.

To analyze whether PLA stereocomplexes can be
deposited on a QCM with a gold electrode, the stepwise
shift of frequency was analyzed by alternate immersion
of a QCM into acetonitrile solutions of PLLA and PDDA
(original QCM data not shown). The ratio of total
amounts between PLLA and PDLA assembled (PLLA/
PDLA) was 0.94, which was consistent with the value
estimated from bulk stereocomplex analyses (PLLA/
PDLA ) 1). A profile of the frequency shift against step
number showed an exponential curve. AFM observation
revealed the surface topology to be a dotted structure
with a mean roughness of 33 nm (Figure 1a). These
observations are similar to those obtained from as-
sembly onto a QCM with a silver electrode,6 indicating
stepwise formation of stereocomplex on the present
QCM surface. The dot size is apparently greater than a
macromolecular size. The PLAs possibly rearranged to
form greater aggregates after stereocomplex formation

on the surface. Heterogeneous LbL assembly of enan-
tiomeric PLAs was also performed. The PLLA deposition
for 12 h after the 16-step LbL assembly with a PDLA
surface resulted in deposition of approximately -4000
Hz (11 µg cm-2 deposition). The AFM image indicated
a different assembly with a mean roughness of 73 nm
(Figure 1b) compared to the LbL assembly (Figure 1a).
The AFM images of spin-coated films of PLLA in
crystalline (Figure 1c) and amorphous (Figure 1d) states
were also obtained and revealed different surface to-
pologies. It is necessary to consider the surface area of
the assemblies in order to analyze the hydrolytic
properties. Percent increments of surface areas of Figure
1a-d, which derived from the formation of dotted
structures on the substrate surface, were 8.5, 16, 1.1,
and 0.6%, respectively. The individual surface areas of
the films were estimated by using the percent incre-
ments. Accordingly, the surface areas normalized the
following hydrolytic data.

Figure 2 shows the remaining weight of the as-
semblies and spin-coated films on the QCM surface
against time, when the QCM was immersed in an
aqueous 0.01 N NaOH solution at 37 °C. Each plot was
ex situ monitored by measuring the frequency in air
after rinsing with water and drying. The profiles of spin-
coated films of PDLA were the same as those of PLLA,
since alkaline hydrolysis did not differ between enan-
tiomeric PLAs. The initial hydrolytic rates normalized
by the individual surface areas are summarized in Table
1. The profiles clearly indicated faster hydrolysis of the
LbL assembly (Figure 2a). The rate of hydrolysis of the
LbL assembly was more than 7 times greater than that
of the crystallized film (Figure 2c) and was equivalent
to that of the amorphous film (Figure 2d), although the
PLLA in the amorphous film may be partially crystal-
lized during the cooling process. The PLAs form â-form
31-helices and R-form 103-helices in the stereocomplexes

Figure 1. AFM images of (a) a 42-step LbL assembly of enantiomeric PLAs, (b) the heterogeneous assembly (12-step LbL assembly
and subsequent growth of PLLA), (c) crystallized PLLA, and (d) amorphous PLLA on a QCM substrate.
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and in the crystals, respectively. This difference in
crystalline structure governs the alkaline hydrolysis of
PLAs. In other words, the 31-helices might be more
readily hydrolyzed in alkaline conditions compared to
the 103-helices. Furthermore, the heterogeneous as-
sembly was hydrolyzed at a rate similar to that of the
LbL assembly (Figure 2b). Analysis revealed that the
PLLA was epitaxially grown on the LbL assembly
possibly forming 31-helices,6 suggesting greater hydroly-
sis of the 31-helices. On the other hand, a certain
percentage of the polymer usually remained even after
lengthy immersion in NaOH. This is possibly due to
direct influence of the gold substrate, and the polymers
directly adsorbed on the gold substrate seemed not to
be hydrolyzed or desorbed under the present conditions.
When PDLA with a greater molecular weight (Mn
69 000) was used for the LbL assembly, the hydrolytic
rate decreased slightly, indicating that desorption of
PLAs can be controlled by the molecular weight.

It was possible to prepare assemblies comprised of the
initial stereocomplex assembly and then spin-coated
with an outer layer of PLLA. The assembly was ther-
mally treated for 10 min at 200 °C, at which the spin-
coated PLLA melted and the stereocomplex did not melt,
and then slowly cooled, to obtain an assembly having
two layers comprised of a stereocomplex under layer and
a crystallized outer PLLA layer. The hydrolysis profile
of these assemblies can be divided into two steps: the
initial slow hydrolysis of the PLLA crystals and then
the rapid hydrolysis of the remaining stereocomplex
(Figure 3). The ratio of PLAs deposited as stereocom-
plexes and homocrystals could be altered to obtain
different hydrolytic profiles. These observations suggest
that PLA was hydrolyzed from the surface of the

assembly and that the present process may be used to
prepare stepwise hydrolyzable ultrathin PLA films with
variable crystal structures (103- or 31-helix) on material
surfaces. Regulation of the layer structure as well as
the crystal structure in turn permits control of the
hydrolytic rate.

Alkaline hydrolysis of stereocomplexes of enantio-
meric PLAs prepared by LbL assembly was quantita-
tively analyzed using a QCM substrate. The stereocom-
plex was readily hydrolyzed compared to crystalline
PLAs, and the hydrolytic rate was similar to that of
amorphous PLAs, even though there was a slight
difference in crystal structure between the complex and
the homocrystals. This is the first report of the greater
rate of hydrolysis of PLA stereocomplexes. Manipulation
of the layer structure within the assemblies also permits
regulation of the hydrolysis rate. A variety of enzymes
hydrolyze PLLA, and further research regarding enzy-
matic hydrolysis is now in progress.
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Figure 2. Alkaline hydrolysis of (a) the LbL assembly, (b)
the heterogeneous assembly, (c) crystallized PLLA, and (d)
amorphous PLLA.

Table 1. Initial Hydrolysis Rates of Various PLA Filmsa

filmsb
hydrolysis rates

(weight loss % h-1 cm-2)

stereocomplex PLAs 11.7 ( 0.9
heterogeneous PLAsc 13.9 ( 0.1
crystallized PLLA 1.9 ( 0.3
amorphous PLLA 10.8 ( 0.4

a The rates were estimated from a slope between 3 and 6 h of
the hydrolysis profiles and then normalized by the individual
surface areas. b The amounts of PLAs assembled were approxi-
mately -4000 Hz (11 µg cm-1) in all cases. c The assembly of the
initial stereocomplex layer (-1000 Hz) and the subsequent deposi-
tion of PLLA (-3000 Hz).

Figure 3. Alkaline hydrolysis of assemblies comprised of an
inner layer of stereocomplex and outer PLLA crystal layers.
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