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Abstract
Slow crystallization of poly(L-lactic acid) (PLLA) limits the widespread applications of PLLA because of its insufficient
thermal and mechanical properties. In this study, a biobased filler, silk fibroin nanodisc (SFN), has been included in the
PLLA matrix with the aim of accelerating the crystallization process of PLLA. Detailed investigation of the effect of SFN
inclusion on the crystallizability of PLLA has been performed by polarizing optical microscope (POM) observations and
differential scanning calorimetry (DSC) measurements. For isothermal crystallization studies by DSC, extremely quick
cooling (~300 °C/min) from the melt to the crystallization temperature was conducted in order to avoid nucleation during
the cooling process. The experimental results show that the small amount of SFN (only 1%) can significantly enhance the
crystallizability of PLLA. The glass transition temperature and the melting temperature of PLLA were not influenced by the
inclusion of SFN. However, the nucleation rate and the final degree of crystallinity were significantly enhanced. The effect of
optical purity on the acceleration ability of SFN was examined in this research by utilizing two different types of PLLA
having different contents of the D moiety (0.5 and 1.4%). As a result, it was found that the extent of enhancement is much
larger in the case of highly optical pure PLLA (0.5% D moiety).

Introduction

Poly(L-lactic acid) (PLLA) is one of the most popular bio-
based polymers. It is synthesized from the monomer L-lactic
acid, which is obtained from 100% natural resources. Over
the past decades, PLLA has become an impressive material
as a potential replacement for petroleum-based polymers.
PLLA is advantageous due to its high mechanical strength;
however, its industrial applications are limited because of its
inferior properties such as slow nucleation and crystal-
lization rate, low degree of crystallinity, and low thermal
stability. The study of PLLA crystallization is of great
importance as improved crystallization may be able to
enhance its thermal and mechanical properties, including
the gas-barrier properties as a notable example [1].

To accelerate the crystallization of PLLA, several stra-
tegies have been employed by researchers [2–9]. The
addition of a nucleating agent is one of the simplest, yet
most effective, methods. Most of the nucleating agents
reported for PLLA (talc, carbon nanotubes, graphene, and
clay [2–6]) are inorganic materials that are nonbiodegrad-
able in nature.

The nucleation ability of a filler is highly related to the
chemical and crystallographic matching between the filler and
the matrix polymer. Therefore, it is meaningful to look for
fillers with a chemical structure similar to PLLA. In this regard,
poly(L-alanine) is a good candidate because of the similarity in
chemical structure, as shown in Fig. 1. The size of the filler
also plays a key role in the enhancement of the nucleation of
polymers. Conventional fillers, such as talc, are usually in the
micrometer range. Nanoscale fillers have gained significant
interest recently, as only a small amount of the filler is required
to be included in the polymer matrix [5–7].

Natural silk consists of a β-sheet crystalline domain,
which contains a significant amount of poly(L-alanine),
depending on the animal species that produces the silk [10].
In case of the muga silk, the L-alanine content is ~33.3%
[11] and the other amino acids present are serine (13.2%)
and glycine (30%). After completing acid hydrolysis, the
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amorphous part of the silk fibroin was removed and only the
amino acids that were present in the crystalline domain (β-
sheet) remained. Thus, the obtained extract is composed of
83.8% L-alanine, 6.8% serine, and 6.1% glycine [11].

Very recently, Patwa et al. [12, 13] reported that the silk
fibroin nanodisc (SFN) has the potential to increase the
crystallizability of PLLA. They attempted to study the
effect of SFN on the crystallization behavior of PLLA.
In their study, specimens were prepared by using melt
extrusion at high temperature (210 °C), which unfortu-
nately resulted in the degradation of PLLA due to such
high temperature and mechanical shearing during the
processing. This is a very severe drawback for the study of
the crystallization of PLLA that has been identified by
other researchers as well [14]. Due to thermal degradation,
the molecular weight is decreased, which affects the
crystallization behavior. Although they concluded that the
crystallization behavior was improved by SFN, their
results may have suffered from the effects of the degra-
dation due to the specimen preparation method (the melt
extrusion). Thus, the effect of SFN is still unclear. To
clearly examine the effect of SFN, we prepared specimens
by the solution casting method. Although the solution
casting method is not industrially feasible, this technique is
much more favorable than melt extrusion for the funda-
mental study of crystallization.

Experimental section

Specimens

The PLLA used in this study was obtained from Nature-
Works LLC, USA. The sample characteristics are sum-
marized in Table 1. SFN is a nanoparticle that was prepared
in the laboratory from the waste of the muga silk (Anther-
aea assama) cocoon by the acid hydrolysis method [11–13].
The crystalline portion (the β sheets of the silk fibroin) was
isolated, and well-defined disc-like particles were obtained.
Such morphology and dimensions have been reported pre-
viously [11–13], as 20–80 nm in diameter (with an average

diameter of ~45 nm) and 2–5 nm in thickness. The degree of
crystallinity in SFN was calculated from X-ray diffraction
data as ~93.7%. The SFN is thus hydrophobic and bio-
compostable [11–13].

Preparation of PLLA/SFN specimens

Prior to the solution casting, PLLA pellets and SFN powder
were dried in a vacuum oven at 50 °C for 24 h. The dried
SFN was dispersed in dichloromethane (DCM). After 1 h of
mixing by magnetic stirring, the SFN dispersion was soni-
cated at RT for 30 min and 40 kHz by using an ultrasonic
water bath sonicator (VS-25, Velvo-Clear Ltd, Osaka,
Japan). Since the water bath temperature increased during
the sonication process, which may cause evaporation of
DCM (boiling point= 39.6 °C), the water in the ultrasonic
bath was refreshed every 5 min to maintain the bath tem-
perature. Next, PLLA was added to the SFN dispersion to
make the PLLA concentration 5% (w/v). After complete
dissolution of PLLA, the solution was poured in a glass
Petri dish for solvent evaporation at RT. After complete
evaporation of the solvent, the films were further dried in a
vacuum oven at 50 °C for 24 h. Films with a thickness of
≈100 μm were obtained. The specimens were labeled
as D1.4/SFN(x) or D0.5/SFN(x), where the numbers after
the D denote the % of D moiety in PLLA, and x stands for
the percent of SFN inclusion. The color and transparency
of the films are shown in Fig. 2. The film with 2-wt%
inclusion of SFN shows the aggregation of SFN (Fig. 2c, f)
with a typical aggregation size of 5–35 µm in diameter.
Since the SFN aggregates in the as-cast PLLA film for the
case of 2-wt% inclusion, the current study mainly focuses
on the case of 1-wt% SFN inclusion. It should be noted,
however, that a few aggregates with 10–20-µm diameters
are discernible in Fig. 2e even for the case of the 1-wt%
SFN inclusion, although they are far fewer in quantity.

Differential scanning calorimetry (DSC)
measurement

DSC measurements for nonisothermal crystallization were
performed by using a Shimadzu DSC-60 Plus instrument
(Shimadzu, Kyoto, Japan), under nitrogen purge (50mlmin−1).
First, the specimens were melted at 200 °C for 5min to erase
thermal history and then cooled to RT at the rate of 10 °C/min

O

O

CH3H

n

Poly(L-lactic acid)

N
H

O

CH3H

n

Poly(L-alanine)

Fig. 1 Chemical structures of poly(L-lactic acid) and poly(L-alanine).
L-Alanine is the main component (83.8%) of the silk fibroin nanodisc

Table 1 Sample characterization

Sample code Abbreviation D content Number-average
molecular weight (Mn)

PLLA 4032D D1.4 1.4% 1.66 × 105

PLLA 2500HP D0.5 0.5% 1.74 × 105
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or 5 °C/min. The second heating run was conducted from RT
to 200 °C at the rate of 10 °C/min.

As for the isothermal crystallization study by DSC, the
cooling of the specimen from the melt to a given crystal-
lization temperature is required to be performed as quickly
as possible. For this purpose, the conventional DSC appa-
ratus is useless because of the moderate cooling rate
available. We used a special type of DSC apparatus
(DSC214 Polyma, NETZSCH, Germany) equipped with a
liquid nitrogen cooling system. The DSC was calibrated
with an Indium standard for the temperature and heat flow.
First, specimens were melted at 200 °C under nitrogen
purge for 5 min and quickly cooled (the cooling rate was
300 °C/min) to a given isothermal crystallization tempera-
ture (90, 100, 105, 110, 120, 125, and 130 °C) and the
DSC measurement was continued until the crystallization
was complete. After the isothermal crystallization, the
specimens were heated to 200 °C with a heating rate of
10 °C/min to measure the melting temperature of the PLLA
crystallites formed in the isothermally crystallized
specimens. Note that a fresh specimen was used for each
measurement in order to eliminate unfavorable thermal
degradation.

POM observation

POM observations were conducted by using a Nikon
Eclipse Ci-POL POM equipped with the Linkam THMS600
hot stage (Linkam Scientific, UK) to observe spherulites
and to evaluate the growth rate of spherulites. The speci-
mens were sandwiched between two cover slips. Next, the
specimens were melted on a hot stage at 200 °C for 3 min,
then quickly cooled (cooling rate= 150 °C/min) to the
isothermal crystallization temperature (Tiso) of 120 °C, and

then kept isothermally until the completion of the crystal-
lization process. The POM images were taken under crossed
polarizers with a 530 nm optical retardation plate inserted in
the optical path.

Results and discussion

Nonisothermal crystallization by DSC

Figure 3 shows the DSC cooling and reheating thermo-
grams of the D1.4 neat, D1.4/SFN(1.0), D0.5 neat and
D0.5/SFN(1.0) specimens. The DSC results are summarized
in Table 2. As shown in Fig. 3a, upon cooling from 200 °C
to RT at a rate of 10 °C/min, no crystallization exothermic
peak was observed for the case of the D1.4 specimens.
However, the D0.5 specimens show an exothermic peak
around 102 °C during the cooling scan (10 °C/min). This is
due to the difference in the optical purity of the specimens.
It is well known that the presence of the D moiety decreases
the crystallizability of PLLA [1]. In the subsequent heating,
the glass transition temperature (Tg) was observed clearly
around 60 °C (Table 2). The Tg values for the D1.4 speci-
mens and D0.5 specimens are almost the same. This indi-
cates that the Tg of PLLA does not significantly depend on
the D moiety [1]. The result that Tg does not change with the
inclusion of SFN is also noteworthy.

Since the cooling rate of 10 °C/min is too fast for the
D1.4 specimens to crystallize, we conducted nonisothermal
crystallization with a slower cooling rate (5 °C/min) to
induce crystallization during the cooling scan from the melt.
The results are shown in Fig. 3c. For this condition, the
exothermic peak appears at 97.8 °C for the D1.4 neat spe-
cimen and 98.0 °C for the D1.4/SFN(1.0) specimen.

Fig. 2 Color and transparency of
specimens a D1.4 neat b D1.4/
SFN(1.0) c D1.4/SFN(2.0).
d–f Showing magnified
images of the same specimens
for (a)–(c)
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Although there is no clear effect of SFN on the value of Tc,
a 4.5-fold larger ΔHc was attained by loading SFN. For the
results of the subsequent heating after the cooling at a rate
of 10 °C/min (Fig. 3b), the lower Tcc (cold crystallization
temperature) for the 1% SFN loading sample indicated
improved crystallizability. Furthermore, the larger ΔHcc

values are noteworthy.
It is notable to observe that for the case of the D0.5 neat

and D0.5/SFN(1.0) specimens an exothermic peak (peak area
= 4.3 J/g) was observed (Fig. 3b) at 161.4 °C just before the
endothermic melting peak. No such peak was observed for
the case of the D1.4 neat and D1.4/SFN(1.0) specimens.
These results indicate the transition of the α′-to-α phase
during the heating scans [15–17]. For the D1.4/SFN(1.0)
specimen, double melting peaks were observed. The low and
high temperature melting peaks (164.5 and 168.5 °C) corre-
spond to the melting of α′ and α crystals, respectively. Such
distinct melting behavior of the specimens can be explained
by taking a look at Tcc in the heating scans. According to

references [15, 18, 19], mainly α crystals of PLLA are
formed when the Tiso is higher than 120 °C. At 100 °C < Tiso
< 120 °C, both α and α′ crystals are formed. In case of Tiso <
100 °C, mainly α′ crystals are formed. As shown in Fig. 3b,
for the D0.5 neat and D0.5/SFN(1.0) specimens, the Tcc
values are 101.9 °C and 97.2 °C, respectively. Therefore, α′
crystals are formed for these specimens. Upon heating, the α′
crystals are subjected to transformation into α crystals. As a
matter of fact, such transformation was seen at 161.4 °C by
observing the exothermic peak for both the D0.5 neat and the
D0.5/SFN(1.0) specimens. In contrast, the Tcc of the D1.4
neat specimen (130.7 °C) is higher than 120 °C so that α
crystals are formed. The fact that there is no exothermic peak
due to the α′-to-α transition for the D1.4 neat specimen
confirms the direct formation of the α crystals during the
heating scan. For the D1.4/SFN(1.0) specimen, the Tcc value
is 118.9 °C, and therefore, a mixture of α′ and α crystals is
formed. This may be the reason why double melting peaks are
observed around 165 °C with endothermic peaks appearing in

Fig. 3 DSC curves of a cooling
scans with a rate of 10 °C/min b
the subsequent heating scans
with a rate of 10 °C/min, and c
the independent cooling scans
with a rate of 5 °C/min

Table 2 DSC results for the nonisothermal crystallization

Specimens Heating scan Cooling scan
(10 °C/min)

Cooling scan
(5 °C/min)

Tg (°C) Tcc (°C) ΔHcc (J/g) Tm (°C) ΔHm (J/g) Tc (°C) ΔHc (J/g) Tc (°C) ΔHc (J/g)

D1.4 neat 59.6 130.7 16.6 166.5 16.8 – – 97.3 1.1

D1.4/SFN (1.0) 60.1 118.9 35.1 164.5, 168.5 38.2 – – 98.0 4.6

D0.5 neat 60.6 101.9 36.5 175.5 44.3 102.4 2.4 – –

D0.5/SFN (1.0) 60.7 97.2 37.2 175.2 48.5 101.6 5.9 – –
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a lower and a higher temperature being assigned to α′ and α
crystals, respectively.

POM observation

POM observations were conducted to evaluate the spher-
ulite growth rate and the nucleation density as a function of
time. The representative images of the evolution of spher-
ulites for the D1.4 neat and D1.4/SFN(1.0) specimens at
120 °C as a function of time are shown in Fig. 4. First,
negative spherulites were observed for both of the D1.4 neat
and D1.4/SFN(1.0) specimens, indicating that SFN has no
effect on the formation of negative spherulites without the
extinction ring. As shown in Figs. 4a and 5b, the number of
spherulites increases as a function of time for the D1.4 neat
specimen below 14 min, suggesting homogeneous nuclea-
tion. In contrast, for the case of D1.4/SFN(1.0), the number
of spherulites first rapidly increases and then becomes
constant after 3.9 min (Fig. 5b), suggesting heterogeneous
nucleation due to the nucleation effect of SFN. The slope of
the plots in Fig. 5b can be considered as the rate of
nucleation (N). Judging from the slope, it was found that in
the early stage, N increases from 0.36 to 3.9 with the
inclusion of 1% SFN. Furthermore, at any particular time
during the crystallization, the number of spherulites for
D1.4/SFN(1.0) is always larger than that of the D1.4 neat
specimen (Fig. 5b). The total number of spherulites
increased ~4.7 times (from 9 to 42). In addition, the

induction period was shortened from 101 to 39 s (Fig. 5a).
However, the growth rate of the spherulites was unchanged
(5 µm/min) by the addition of SFN (Fig. 5a). These results
clearly show that SFN can enhance nucleation. SFN is
considered to provide sites for easy formation of PLLA
nuclei.

Determination of the equilibrium melting
temperature (T0

m)

The equilibrium melting temperature ðT0
mÞ is defined as a

melting temperature (Tm) of infinitely thick lamella. T0
m is

one of the most important thermodynamic parameters
for determining the driving force (quench depth, ΔT =
T0
m � Tc) for the crystallization of polymers. T0

m values of
the D1.4 neat, D1.4/SFN(1.0), D0.5 neat, and D0.5/SFN
(1.0) specimens were evaluated by the Hoffman–Weeks
plot [20]. As mentioned in the experimental section, the
melting temperature was measured in the heating scan
(heating rate= 10 °C/min) after crystallizing the specimens
at the different isothermal temperatures. As shown in Fig. 6,
the obtained melting temperature was plotted as a function
of the crystallization temperature. The T0

m values for the
D1.4 neat and D0.5 neat specimens were 180.7 °C and
193.3 °C, respectively. The lower value of T0

m for the D1.4
neat specimen is due to the presence of the D moiety, which
causes the impurity effect for PLLA crystallization,

Fig. 4 POM images as a function of time for crystallization at 120 °C
for a D1.4 neat b D1.4/SFN(1.0) specimens

Fig. 5 a Spherulite diameter and
b the number of spherulites
formed during isothermal
crystallization at 120 °C
evaluated from the POM images
shown in Fig. 4

Fig. 6 Hoffman–Weeks plots for the determination of the equilibrium
melting temperature
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resulting in the melting point depression. For the effect of
SFN, there is a trivial difference in T0

m.

Isothermal crystallization by DSC

Figure 7 shows the DSC results of the isothermal crystal-
lization of neat and 1% SFN included specimens at 110 °C.
In Fig. 7a, the heat flow as a function of time at the Tiso of
110 °C is plotted. Adding 1% SFN, the crystallization iso-
therm curves were shifted to shorter times, showing an
enhancement in the crystallization speed. Figure 7b shows
the plots of the degree of crystallinity (ϕDSC) as evaluated
based on the heat flow results using the following equation

ϕDSCðtÞ ¼

Rt
0
HðtÞdt
ΔH0

m

;
ð1Þ

where t denotes time, and ΔH0
m is the enthalpy of fusion for

the 100% crystal of PLLA. The value of ΔH0
m is taken as 93

J/g, following reference [21].
Figure 7b clearly indicates that the induction period was

reduced and the final degree of crystallinity was increased
by the presence of SFN. Maximum achievable crystallinity
was found in the case of D0.5/SFN(1.0). In Fig. 8, the
induction period is plotted as a function of the crystal-
lization temperature. The graph shows a parabolic curve
thereby producing a minimum induction period, t0,min. t0,min

was found at a temperature of 107.2 °C for the
D1.4 specimens and 107.0 °C for the D0.5 specimens. The
induction period was significantly reduced with the inclu-
sion of SFN at all the crystallization temperatures investi-
gated in this study. However, the temperature at t0,min was
not affected by the inclusion of SFN.

Judging from the slope of the plot in Fig. 7b at t0.5 (the
crystallization half-time where the crystallinity reaches half
of the final crystallinity), it was found that the crystallization
of PLLA was accelerated by the addition of 1% SFN. The
inverse t0.5 can be used for the discussion of the crystal-
lization rate, which is plotted as a function of the crystal-
lization temperature in Fig. 9. As shown in Fig. 9, the
overall crystallization growth rate was significantly

Fig. 7 a Heat flow as a function
of time during isothermal
crystallization at 110 °C and b
degree of crystallinity (ϕDSC) as
a function of time, which was
evaluated based on the heat flow
results

Fig. 8 Plots of the induction
period as a function of
crystallization temperature for a
D1.4 specimens and b
D0.5 specimens

Fig. 9 Inverse of the crystallization half-time (t0.5) as a function of the
crystallization temperature, calculated from the DSC results (Fig. 7b)
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increased by the inclusion of SFN. Similar to the results
of Fig. 8, a maximum crystallization rate, 1/t0.5,max, was
observed at 107.2 °C for all of the specimens.

It should be noted that for both specimens D1.4 and
D0.5, the crystallization rate and the induction period
showed the same tendency, as the most effective tempera-
ture is ~107 °C, although the T0

m differs. Similar results have
been reported in a review paper [1], where they explained
the effect of the D moiety on the crystallization rate of
PLLA. They reported that the crystallization of PLLA from
the melt reaches a maximum in the temperature range of
105–110 °C, irrespective of the D moiety. This fact clearly
indicates that the crystallization of PLLA is mainly gov-
erned by the kinetic driving force (T − Tg) rather than the
thermodynamic driving force (T0

m − T). It should be noted
here that the spherulite growth rate does not change in the
presence of SFN (Fig. 5a), while 1/t0.5 is increased. The
reason for the enhancement of 1/t0.5 can be attributed to the
increased number of nuclei due to the addition of SFN
(Fig. 5b). The enhanced nucleation of PLLA by SFN may
be ascribed to the plausible formation of hydrogen bonding
between the C=O group in PLLA and the N–H group of
poly(L-alanine) (see the chemical structure in Fig. 1).

The kinetics of isothermal crystallization are described
by the well-known Avrami theory [22–24], according to
which the degree of crystallinity as a function of time [ϕ(t)]
can be expressed as:

ϕðtÞ
ϕ1 ¼ 1� exp �kðt � t0Þn½ � ð2Þ

log �ln 1� ϕðtÞ
ϕ1

� �� �
¼ n logðkÞ þ n logðt � t0Þ: ð3Þ

Here, ϕ∞ denotes the degree of crystallinity after the
complete crystallization, t0 is the induction period for the
crystallization, n is the Avrami exponent, which represents
the dimensionality of growing crystallites, and k is the
crystallization rate constant, which contains contributions
from the nucleation and growth of crystal. The Avrami plots
for the D1.4 neat, D1.4/SFN(1.0), D0.5 neat, and D0.5/SFN

(1.0) specimens are shown in Fig. 10. As shown in Fig. 10
a, b, the initial slopes of the Avrami plots were different
from those of the later stages, suggesting a change in the
mode of crystallization. The crossover time is earlier for the
D0.5 neat specimen than the D1.4 neat specimen. However,
in the case of the D0.5/SFN(1.0) specimen, such crossover
behavior was not observed.

In the early stage of the crystallization, the Avrami
exponents (n) for the D1.4 neat specimen and for the D0.5
neat specimen were both n= 1.5–1.6. As shown in Fig. 5b,
in the early stage of crystallization for the D1.4 neat and
D1.4/SFN(1.0) specimens, the number of spherulites
increased more or less linearly with time. Note here that the
vertical broken lines shown in Fig. 10a indicate crossover
times from homogeneous to heterogeneous nucleation based
on the results shown in Fig. 5b after the subtraction of t0.
Therefore, homogeneous nucleation can be considered. Then,
n= 1.6 or n= 2.0 suggests a somewhat one-dimensional
crystal growth. In the later stages of crystallization, the
Avrami exponent n was increased to n= 2.5 for the D1.4
neat specimen, or n= 3.0 for the D1.4/SFN(1.0)
specimen. The former result (n= 2.5 for the D1.4 specimen)
may suggest between one-dimensional and two-dimensional
crystal growth because of homogeneous nucleation (see
Fig. 5b for t < 14min). In contrast, the latter result (n= 3.0
for the D1.4/SFN(1.0) specimen) indicates almost three-
dimensional crystal growth because of heterogeneous
nucleation (see Fig. 5b for t > 3.9 min) due to the effect of
adding SFN. Such a crossover was also confirmed for the
D0.5 neat specimen, although the value of n is slightly
smaller (n= 2.5). For the D0.5/SFN(1.0) specimen, no such
crossover may suggest that the crystal growth is between
two-dimensional and three-dimensional from the beginning
of the crystallization where heterogeneous nucleation is
dominant due to the effect of adding SFN.

Conclusions

The crystallization behavior of neat PLLA and PLLA/SFN
(1%) specimens was investigated using POM and DSC. The

Fig. 10 Avrami plots at 110 °C
based on DSC results for a
D1.4 specimens and b
D0.5 specimens
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bionanocomposites of PLLA and SFN were prepared by
solution casting. The results showed that SFN loading caused
the acceleration of nucleation and an increase in the ultimate
degree of crystallinity. Furthermore, the induction period was
shortened and the spherulite density was increased. In con-
trast, there was no influence on the growth rate of the spher-
ulites. The equilibrium melting temperature was unchanged.
The dimensionality of the crystal growth was increased due to
the inclusion of SFN. The temperature at which the crystal-
lizability was the best did not change for any of the specimens
examined in this study (D0.5 and D1.4, irrespective of SFN
loading). From these results, we concluded that the driving
force for the crystallization of PLLA is ascribed to kinetics
(T −Tg) rather than thermodynamics (T0

m − T).
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