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A B S T R A C T   

The hydrolytic degradation behavior of stereocomplex polylactide (SCPLA) with distinct polymorphisms (α, αʹ, 
SC) and SC fractions (the ratio of SC crystallinity to total crystallinity) was first investigated in the present study. 
The evolution of three-phase crystalline compositions was quantified using modulated differential scanning 
calorimetry. Hydrolytic degradation commenced in the mobile amorphous fraction (MAF), while both the crystal 
(CF) and rigid amorphous fraction (RAF) began degradation on Day 3. By the 26th day, the MAF was consumed 
entirely, followed by the CF and RAF degraded at similar rates, primarily through the cleavage of chains with free 
ends on the folding surface of the remaining lamella. This work further discussed the influence of polymorphism 
on homochiral (HC) and SC crystal degradation during hydrolysis. Given racemic helices’ participation in SC 
crystallization, SC-crystal lamellae may possess a higher number of amorphous chains with free ends than HC- 
crystals. This attribute could account for the faster degradation of HC-crystals in samples with a higher SC 
fraction.   

1. Introduction 

Polylactide (PLA) is a biobased polyester with ester groups suscep-
tible to hydrolysis, leading to PLA degradation under humid conditions 
[1,2]. While this characteristic poses challenges to the storage [3] and 
processing of PLA, [4] also presents opportunities by offering sustain-
able attributes applicable in packaging industries and biomedical do-
mains due to its commendable biocompatibility [5,6]. The hydrolytic 
degradation of PLA proceeds via water diffusion into the matrix, 
resulting in chain cleavage into PLA oligomers. The resulting oligomers, 
rich in carboxyl and hydroxyl end groups, enhance the hydrophilicity of 
the system, facilitating water attraction and creating an acidic envi-
ronment for autocatalytic hydrolysis [7]. On the other hand, as a 
semicrystalline polymer, the crystalline regions of PLA play a pivotal 
role in its degradation behavior. A higher crystallinity can inhibit water 
diffusion, enhancing hydrolytic resistance [8]. However, other works 

indicate that end groups accumulated on the folding surface of crystal 
lamellae, intensifying the autocatalytic hydrolysis, thereby inducing 
greater degradation with increased crystallinity [9-12]. The recent dis-
covery of stereocomplex PLA (SCPLA), with an SC-crystal having a 
melting temperature 50 ◦C higher than HC crystals, grants PLA-based 
materials exceptional properties [13-16], including enhanced hydro-
lytic resistance [17,18]. Tsuji has undertaken a series of works 
comparing the degradation behavior of PLA with α and SC-crystal forms 
[12,17,19,20]. However, investigations into the degradation behavior of 
individual SCPLA across different crystal forms or polymorphisms 
remain scarce but are crucial for designing SCPLA-based materials for 
practical applications. 

The degradation process of semicrystalline polymers is initiated by 
the random hydrolytic scission of ester bonds in the amorphous regions, 
given their primary susceptibility to water diffusion with higher free 
volume than the crystalline regions [2]. Recent works, however, have 
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also reported the importance of interfacial amorphous regions - referred 
to as rigid amorphous regions (RAF) - between the amorphous and 
crystalline regions [21-23] on the hydrolytic degradation behavior [24]. 
The RAF consists of chains with free ends, tie molecules, and folding 
chains that hold different conformations compared to the random coil 
chains in the mobile amorphous regions (MAF) [21,25]. Consequently, 
RAF exhibits a higher free volume than MAF [26,27], rendering it more 
susceptible to water diffusion [24,28]. Moreover, given the enrichment 
in free ends, chains in RAF are rich in the carboxyl groups and ester 
groups in end chains, which are more easily hydrolyzed [29]. The 
three-phase crystalline composition’s evolution has yet to be quantified 
[24] since comprehending the three-phase crystalline composition 
evolution is crucial for designing semicrystalline polymers with tailor 
resistance to hydrolysis. 

In the present work, we investigated the hydrolytic degradation of 
SCPLA. The three-phase crystalline compositions were quantified, and 
the influence of polymorphism (α, αʹ, and SC-crystal) on hydrolytic 
degradation for 90 days were examined. A layered double hydroxide 
(LDH) filler was introduced into SCPLA, serving as a comparative plat-
form and validating the observed correlation between degradation and 
structure in SCPLA nanocomposites. LDH, with its brucite-like layered 
structure, is defined by the chemical formula [M1− x

2+ Mx
3+(OH)2]x+⋅Ax/ 

n
n− ⋅mH2O, where M2+ and M3+ represent metal cations, and An− de-

notes exchangeable interlayer anions [30]. Being biocompatible and low 
cytotoxic clay, incorporating LDH into a PLA-based matrix could render 
promising applications in food packaging [31] and biomedical fields 
[31]. Degradation characteristics of PLA through hydrolysis in the 
presence of LDH and consequent impact on material properties are 
essential to determine. Several works have focused on the effect of LDH 
on PLA hydrolytic degradation at high loading (> 1 wt%). For instance, 
Oyarzabal et al. [32] studied the impact of 5 wt% LDH on PLA hydro-
lysis. It was concluded that the barrier effect of LDH might retard olig-
omer diffusion in the early stage of degradation, which catalyzes the 
degradation of PLA in the later stage of hydrolysis. Iozzino et al. [33] 
found that 3 wt% LDH loading could slow down the rate of molecular 
weight reduction during hydrolysis of PLA. However, the effect of LDH 
on SCPLA hydrolysis, particularly, at low LDH loading (≤ 1 wt%) has not 
yet been investigated, even though such low content of LDH (≤ 1 wt%) 
has demonstrated a significant effect on crystallization and barrier 
properties of SCPLA in previous works [30,34]. More research is needed 
to identify the factors and mechanisms that are associated with 
PLA/LDH degradation. Often this knowledge provides flexibility in 
controlling hydrolysis thus customizing the design of composite mate-
rials specific to their application. 

2. Experimental section 

2.1. Raw materials 

PLLA, brand name Luminy® L130, with d-lactide content < 1 %, and 
PDLA, brand name Luminy® D120, with l-lactide content < 1 % were 
purchased from TotalEnergies Corbion (Gorinchem, Netherlands). LDH, 
trade name DHT-4A, chemically represented as Mg4.3A-
l2(OH)12.6CO3⋅mH2O, and containing less than 4 % fatty acid modifi-
cation, was generously provided by Kisuma Chemicals (Veendam, 
Netherlands). 

2.2. Film preparation 

Pellets of PLLA and PDLA were mixed and fed into a Process 11 
Parallel Twin-Screw Extruder with a 40/1 L/D ratio (Thermo Fisher 
Scientific, Massachusetts, USA) to produce pellet-form SCPLA blends 
(with a PLLA/PDLA weight ratio of 1:1). The SCPLA/LDH composites 
containing 0.5wt% LDH were prepared by feeding LDH powder with 
PLLA and PDLA pellets and then extruding the blend. The temperature 
profile of the extruder, from feeder to die, was set as 180, 220, 220, 230, 

230, 240, 240, and 230 ◦C, and the screw speed was established at 100 
rpm. The pellets of extruded neat SCPLA and SCPLA/LDH composites 
were subsequently compression molded utilizing a YLJ-HP300 heat 
press (MTI Corporation, California, USA) at 225 ◦C and 10 MPa for 5 
min, a temperature higher than the melting temperature of SC-crystal 
[18]. The produced films were immediately pressed between two 
stainless steel sheets at room temperature, with a top weight of 1 kg. The 
films were further treated by compression molding at 80, 140, and 200 
◦C and 10 MPa for 30 min to produce annealed films with various 
polymorphisms. Specifically, crystallization during annealing at 80 ◦C 
results in the formation of αʹ-crystal, while annealing at 140 ◦C leads to 
generation of α-crystal [34]. Crystallization at 200 ◦C produces exclusive 
SC-crystal because such temperature is higher than the melting tem-
perature of HC-crystal [18]. Films treated solely at 225 ◦C for 5 min were 
denoted as T225, and films that underwent the additional treatment at 
80, 140, and 200 ◦C for 30 min were labeled as T80, T140, and T200, 
respectively. 

2.3. Hydrolysis experiments 

The hydrolysis test was derived from ASTM D4754–18 (34) and was 
carried out under unbuffered conditions in water at 60 ◦C for 90 days 
[35]. The hydrolysis procedure involved using a 4 mL glass vial equip-
ped with a Teflon-lined cap. For both neat SCPLA and SCPLA/LDH 
composite, two rectangular film pieces from each treatment in di-
mensions 0.5 cm × 2 cm were cut and then placed in the vial containing 
3 mL of Milli-Q water for the experimental setup. For each treatment, 3 
vials containing 2 film pieces each were prepared. One piece from each 
vial (3 replicated for each film treatment) was collected at pre-
determined time points throughout the hydrolysis experiment, Day 
0 (before hydrolysis), and Day 1, 3, 7, 14, 26, 40, 60, and 90. 

2.4. Modulated differential scanning calorimetry 

Modulated Differential Scanning Calorimetry (MDSC) was utilized to 
study the three-phase crystalline composition of the annealed films 
using a Q2000 instrument (TA Instruments, New Castle, USA). The 
measurements were conducted employing a modulation amplitude of 
±0.318 ◦C, a period of 60 s, and a heating rate of 2 ◦C/min. Calibration 
of the instrument was conducted using indium and sapphire standards. 

2.5. Small- and Wide-Angle X-ray scattering 

The polymorphism and crystalline structure of the annealed SCPLA 
and corresponding LDH composite films were examined using Small- 
and Wide-Angle X-ray Scattering (SWAXS), facilitated through a Nano- 
inXider (λ = 0.154 nm, Xenocs, Sassenage, France) operating at 50 
kV, 0.6 mA, and a beam size of 800 μm within a q range from 0.01 to 4 
Å− 1. 

3. Results and discussions 

Table 1 summarizes the melting temperatures and crystallinities of 
HC and SC in the SCPLA and SCPLA/LDH composites before the hy-
drolysis experiments. A clear relationship was identified between the 
annealing temperature and the generated polymorphism, evidenced by 
the WAXS pattern in Fig. 1S of the supplementary materials. Annealing 
at 225 ◦C (T225) and 200 ◦C (T200) produced exclusive SC-crystals, as the 
temperature is too high for HC-crystal to develop. The α-crystals were 
produced at an annealing temperature of 140 ◦C (T140), whereas αʹ- 
crystals were derived from annealing at 80 ◦C (T80), indicated by the 
shift in the diffraction peak at 16.6◦ and 19.0◦ and the disappearance of 
diffraction peaks at 14.8◦ [36]. This is aligned with the experiment 
observations that αʹ-crystals preferentially developed at a crystallization 
temperature lower than 120 ◦C [37,38]. Besides the polymorphism, it is 
essential to note the variation in the SC fraction present in T140 and T80, 
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where a higher SC fraction was obtained in T80 samples probably due to 
the higher rate of SC-crystallization at 80 ◦C than 140 ◦C. A minimal 
alteration in the SC fraction was observed in the SCPLA with the addi-
tion of 0.5 wt% LDH. This finding deviates from previous works where 
LDH demonstrated selective enhancement in SC crystallization [30]. A 
plausible explanation for this discrepancy could be the slower cooling 
procedure employed in the current study after the thermocompression. 
This procedure potentially facilitated a higher development of SC crys-
tallization during cooling, as seen in the exceptional SC development in 
the SCPLA at T80 and T140, thereby diminishing the selective SC nucle-
ation effect associated with LDH. The similarity in polymorphism and SC 
fraction between SCPLA and SCPLA/LDH provides opportunities to 
explore the influence of LDH on the hydrolysis of SCPLA and testify to 
the observed mechanism in both neat and LDH-filled SCPLA systems. 

Upon hydrolysis, Fig. 1 provides selective DSC traces of SCPLA up to 
Day 90. The corresponding DSC traces of SCPLA/LDH composites can be 

found in Fig. 2S. On Day 0, the samples annealed at 225 ◦C (T225) 
exhibited pronounced cold crystallization peaks, primarily due to their 
low initial crystallinity, which enabled crystallization during DSC 
scanning. In contrast, the cold crystallization peaks were minimal or 
negligible for the remaining samples (T200, T140, and T80), owing to their 
high initial crystallinity, as seen in Table 1. As hydrolysis progresses, 
these cold crystallization peaks have diminished quickly since Day 1, 
probably due to the crystallization occurring during water immersion at 
60 ◦C (above the glass transition temperature) [11,40]. Subsequently, 
there is a considerable decrease in both HC and SC melting temperatures 
(Tm, HC and Tm, SC). The rate and extent of this decrease varied and are 
investigated closely in the later sections. The reduction in the Tm, HC, and 
Tm, SC could be ascribed to the decreasing lamellar thickness due to the 
hydrolysis of crystals [10,41]. This can be generally observed during the 
latter stages of hydrolysis, following the degradation of amorphous re-
gions [42], detailed in the later section. Two distinct melting 

Table 1 
HC (Tm, HC) and SC (Tm, SC) melting temperatures, HC (Xc, HC) and SC (Xc, SC) crystallinities, total crystallinity (Xc) and SC fraction (ratio of Xc, SC to sum of Xc, HC and Xc, 

SC) of SCPLA and SCPLA/LDH composites films before hydrolysis degradation.  

Sample Annealing temperature ( ◦C) Tm, HC ( ◦C)a Tm, SC ( ◦C)a Xc, HC (%)b Xc, SC (%)b Total Xc (%)b SC fraction (%)b 

SCPLA 225 173.2 ± 0.3 224.1 ± 0.2 0 4.1 4.1 100 
200 172.2 ± 1.1 225.9 ± 0.6 0 35.6 35.6 100 
140 175.0 ± 0.3 225.0 ± 0.2 25.0 9.1 34.1 26.6 
80 173.8 ± 0.3 225.4 ± 0.1 17.7 14.3 32.0 44.6 

SCPLA/LDH 225 172.8 ± 0.3 222.7 ± 0.3 0 5.3 5.3 100 
200 172.1 ± 0.5 224.2 ± 0.5 0 29.2 29.2 100 
140 174.0 ± 0.2 223.6 ± 0.2 20.1 10.0 30.1 33.3 
80 173.0 ± 0.3 222.3 ± 0.2 16.4 12.1 28.5 42.4  

a Tm are reported as average of three replicates with ± standard deviation. 
b Determined via WAXS by the ratio of the area of the crystalline peaks to the total area of the diffraction pattern. The crystalline peak areas were obtained by 

subtracting the amorphous halo from the total peak areas [39]. 

Fig. 1. DSC traces of SCPLA prepared from annealing at (A) 225 ◦C, (B) 200 ◦C, (C) 140 ◦C, and (D) 80 ◦C during hydrolytic degradation.  
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temperatures were identified for the SC-crystals. Given that the WAXS 
pattern (Fig. 1S) did not display any diffractions other than those cor-
responding to SC-crystals, it can be deduced that the higher SC melting 
peak may correspond to the formation of thicker lamellar crystals, which 
can result from the recrystallization or annealing processes occurring 
during the DSC scanning [24]. 

To foster an understanding of the variation in Tm decrease during 
hydrolysis, Fig. 2 provides an evolution of Tm, HC and Tm, SC on various 
days of hydrolysis. In general, both Tm, HC and Tm, SC followed a 
downward trend over the hydrolysis, attributing to the degradation of 
crystals as mentioned above. Interestingly, this Tm reduction was not 
observed within the first three days, implying that degradation during 
the first three days predominantly occurred within amorphous regions 
rather than within the crystals. Another observation is the increase of 
Tm, SC during the first three days (Fig. 2C and D), which might be 
ascribed to the post-SC crystallization taking place during water im-
mersion at 60 ◦C, where the plasticized chain with higher mobility can 
crystallize into crystals with higher lamellae thickness [10]. Compared 
with SCPLA, SCPLA/LDH composites (Fig. 2B and D) displayed slower 
changes in both Tm, HC and Tm, SC, indicating that LDH may inhibit not 
only the crystallization process (up to Day 3) but also the degradation 
process (after Day 3). It is noted that a higher amount of LDH (≥ 1 wt%) 
has been found to facilitate the degradation of PLA by its metal ions; 
[43-45] therefore, such observed inhibition effect of LDH on SCPLA 
degradation might be associated with its lower loading level (0.5 wt%) 
in the present study. Furthermore, a correlation was evident between the 
reduction in Tm, HC, and polymorphism (Fig. 2A and B). To be specific, 
HC-crystals in T140 samples with α + SC polymorphism exhibited su-
perior resistance to hydrolysis among other polymorphisms. On the 
other hand, HC-crystals in T200 samples with exclusive SC polymorphism 
displayed the least hydrolytic resistance. The possible mechanism is 
discussed in a later section with more details on the structural devel-
opment during the hydrolysis. 

Before elaborating on the different trends of Tm, HC, and Tm, SC across 
the hydrolysis experiments, it is crucial to understand the structural 
changes of materials, particularly the changes in crystalline and amor-
phous fractions. The melting enthalpies of both SCPLA and SCPLA/LDH 
samples during hydrolysis are summarized in Fig. 3A and B. It reveals 
that the total enthalpies, representing the sum of HC and SC enthalpies, 
experienced a rise on 90 days of hydrolysis as compared to them before 
hydrolysis. This crystallinity increase can also be verified by the WAXS 
patterns of samples before and after hydrolysis in Fig. 3S, which also 
demonstrated that the T80 samples still maintained the αʹ + SC-crystal 
polymorphism after hydrolysis for 90 days. While the increase in total 
enthalpy corresponds to the increase in crystallinity, it should be noted 
that crystallinity is the numerical weight or volume ratio of the crystal 
region to the amorphous region. Therefore, total enthalpy increase can 
be ascribed to the combined consequence of crystallization or degra-
dation of the amorphous region during the hydrolysis. Remarkably, 
unlike the changes in Tm (Fig. 2), such increases in total enthalpy pri-
marily ceased after Day 26. The minimal changes in enthalpy after Day 
26 but the continued changes in Tm (Fig. 2) suggest the absence of 
amorphous regions and the degradation may solely occur within the 
crystal structures after Day 26. Compared to SCPLA, the SCPLA/LDH 
demonstrated slower changes and reduced final enthalpy values, sug-
gesting an inhibition effect of LDH at low content (0.5 wt%) on both 
degradation and crystallization. 

Based on the observations drawn from the changes in Tm and 
enthalpy during the hydrolysis, it can be concluded that degradation 
during Day 0 to 3 occurred exclusively in the amorphous regions, 
causing increases in crystallinities. From Day 3 to Day 26, degradation 
took place in both the amorphous and crystalline regions, which led to 
the continued increase in crystallinity but a decrease in lamellae thick-
ness (as indicated by Tm). From Day 26 onwards, only the crystal 
structure was subjected to degradation, and is discussed in later sections. 
This sequence of structural evolution is illustrated in Fig. 3C The 

Fig. 2. Melting temperatures of HC (A-B) and SC-crystals (C-D) of SCPLA and SCPLA/LDH prepared from annealing at different temperatures (as marked in legend) 
during hydrolytic degradation. 
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variations in lamellar thickness during the hydrolysis process are further 
verified by the SAXS patterns shown in Fig. 4, where the shift of peaks to 
lower q values was only observed after Day 3. This shift is indicative of 
an increase in long spacing, which resulted from the reduction in 
lamellar thickness and expanded spacing between neighboring lamellas. 
Noted that the T80 samples exhibited less pronounced peaks, attributed 
to the conformational disorder [34]. However, it still needs to be made 
clear how crystallization proceeded during hydrolysis. Meanwhile, an 
interesting observation is that while the lamellar thickness (Tm) of the 
crystal diminished due to degradation within the crystal structure, the 
crystal enthalpies maintained a constant level after Day 26, as summa-
rized by the evolution of crystal fraction (CF), amorphous fraction and 
lamellae thickness in Fig. 3C. Those questions will be discussed in the 
following section. 

To understand the crystallization progress and lamellar thickness 
changes during hydrolysis, the MAF and RAF were estimated based on 
methods described in previous work [30]. Briefly, the MAF can be 
calculated by the ratio of the heat capacity change of a sample at the 
glass transition to the heat capacity change of the fully amorphous 
sample. RAF can be estimated from the equation of RAF = 1 – CF – MAF 
[30]. Fig. 5 presents the progression of MAF and RAF up to Day 26. The 
90-day evolution of MAF and RAF is presented in Fig. 4S. Fig. 5A and B 
depict that the MAF quickly dropped in the initial three days. This can be 
attributed to the combined effect of amorphous region degradation and 
water-facilitated crystallization at 60 ◦C. Simultaneously, the RAF’s 
evolution, demonstrated in Figs. 5C and 4D, experienced a sharp in-
crease until Day 3. This increase in RAF appeared to cease after Day 3, 
while MAF continued to decrease at a slower rate. The RAF represents 
the interface between the crystal lamellae and the MAF region or 
neighboring lamellae; the rise in RAF is believed to be associated with 

the crystallization process. This suggests that the crystallization stopped 
after Day 3. Therefore, the continued decrease in MAF (Fig. 5A and B) 
and the increase in crystallinity (Fig. 3A and B) observed from Day 3 to 
Day 26 were attributed solely to the degradation of the MAF rather than 
crystallization. 

The three-phase crystalline composition evolution can be summa-
rized in Fig. 6A. Between Day 0 and Day 3, degradation and crystalli-
zation of amorphous regions took place concurrently, leading to an 
increase in enthalpies (Fig. 3A and B), a decrease in MAF (Fig. 5A and B), 
and an increase in RAF (Fig. 5C and D). From Day 3 to Day 26, crys-
tallization ceased. Still, degradation occurred in both the crystal and 
amorphous regions. However, the amorphous regions degraded more 
quickly, resulting in a decrease in Tm (Fig. 2), an increase in enthalpies 
(Fig. 3A and B), and a slower decrease in MAF than that in Day 0–3 
(Fig. 5A and B). This deceleration of MAF may be attributed to the 
remaining amorphous regions being protected by the crystal regions 
against water diffusion. After Day 26, all MAF regions had degraded, and 
only the crystal and RAF regions continued to degrade, leading to a 
sustained decrease in Tm (Fig. 2) but constant levels of enthalpies 
(Fig. 3A and B) and RAF (Fig. 5C and D). Such consistent RAF and 
enthalpy levels after Day 26 might indicate that the crystal lamellae and 
its associated RAF degrade at similar rates, otherwise causing changes in 
RAF or enthalpies. Fig. 6B selectively shows the typical photos of T225 
samples captured during the hydrolysis, and photos for other samples 
are shown in Fig. 5S. All samples remained in their original shape and 
dimension in the vial till Day 90 while getting too brittle to be washed 
out on Day 7. Therefore, the hydrolysis degradation of samples in the 
present study adopts a bulk erosion mechanism [46,47], which can also 
be confirmed by the unchanged film thickness during hydrolysis up to 
Day 7 in Table 1S. Importantly, the bulk degradation of the films during 

Fig. 3. Total melting enthalpies (melting enthalpies of HC-crystal + SC-crystal) of (A) SCPLA and (B) SCPLA/LDH prepared from annealing at different temperatures 
(as marked in legend) during hydrolytic degradation. (C) Schematic diagram of amorphous, crystalline fraction, and lamella thickness evolution during hydrolytic 
degradation. 
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hydrolysis, accompanied by the increased crystallization till Day 7, 
resulted in mechanically less integrated films with increased brittleness 
as indicated by Fig. 5S. Future research could focus on establishing a 
correlation between the degradation process and changes in mechanical 
performance. On the other hand, it indicates that after the total con-
sumption of MAF regions (Day 26), the remained RAF and CF can still 
maintain the sample shape, which may be attributed to the presence of 
SC-crystal networking structure [48-51]. Such SC-crystal network is 
comprised of SC-crystal lamellas connected by the tie molecules and 
entangled chains, which have been found to retain their structural sta-
bility after solvent dissolution [48,49]. 

To understand the role of polymorphism on the above-discussed 
structure changes, Fig. 7 presents the evolution of HC and SC melting 
temperatures (A-D) and enthalpies (E-H) from Day 0 to Day 26. As 
previously mentioned, in general, T140 samples containing α + SC 
crystals provided HC-crystals with the greatest resistance to hydrolysis, 
while T200 samples containing exclusively SC-crystals demonstrated HC- 
crystal with the least hydrolytic resistance, as shown in Figs. 7A and B. 
At the same time, T80 samples with αʹ + SC crystals showed HC-crystals 
with degradation resistance comparable to those samples with initially 
low crystallinity exclusive SC crystals (T225). However, this 
polymorphism-dependent degradation behavior was observed only after 
Day 3, once crystallization was completed. Fig. 7E-H show the evolution 
of HC and SC melting enthalpies from Day 0 to Day 26. On Day 3, T200 
and T140 samples retained their initial HC crystallinity but achieved 
higher SC crystallinity due to crystallization. On the other hand, T225 
samples attained a similar HC and SC crystallinity to T80 samples after 
Day 3. As a result, after Day 3, T225 samples displayed similar SC frac-
tions to T80 samples, while T200 samples had the highest SC fraction and 
T140 samples had the lowest. This trend seems to correlate with the 
degradation behavior of HC-crystals, where a high SC fraction appeared 
to negatively influence the degradation of HC crystals, as shown in 
Fig. 7A and B. Hydrophilicity and hydrophobicity play a significant role 
in the hydrolytic degradation of PLA [52]. To evaluate the effect, the 

contact angle of samples from Day 0 to Day 7 with similar crystallinity 
but varying SC-crystal fractions were measured and shown in Fig. 6S. 
The contact angle measurements for films with different SC fractions 
(annealed at 200 ◦C, 140 ◦C, and 80 ◦C) before hydrolysis are compa-
rable, indicating that the initial hydrophilicity of the samples is similar. 
In contrast, the hydrophilicity increased with extending hydrolysis days 
for all samples (lower reported water contact angle), probably due to 
increased surface roughness due to degradation. Therefore, surface hy-
drophilicity and hydrophobicity of the film might not be attributed as 
the significant cause of the different hydrolysis behaviors observed 
among those samples. On the other hand, Tsuji and coworkers previ-
ously suggested that the end groups linked to the lamellar surface might 
adversely affect hydrolytic resistance [11]. It is possible in the present 
study that more end groups were associated with SC crystals due to the 
involvement of two PLA chains in the unit cell of the SC-crystal. 
Consequently, enrichment of these end groups introduced by 
SC-crystals could have created autocatalytic conditions [53] conducive 
to the degradation of HC crystals. Furthermore, the observation that 
crystals and their associated RAF degraded at similar rates supports this 
premise, as RAF may mainly comprise amorphous chains with free ends 
[41], and the cleavage of these chains could be the cause of the parallel 
degradation of RAF and crystal. 

Compared with HC-crystals, the changes in Tm, SC (Fig. 7C and D) 
were less noticeable until Day 7 for SCPLA and Day 26 for SCPLA/LDH. 
This demonstrated that SC-crystals has superior resistance to hydrolysis 
compared to HC-crystals, which is consistent with earlier studies and can 
be attributed to the stronger intermolecular interaction between paired 
racemic helices in the unit cell of SC-crystal [17]. SC crystals in T140 
samples with the lowest SC fraction maintained the greatest resistance to 
hydrolysis, suggesting that the end group that comes with the 
SC-crystals promoted overall degradation. However, SC-crystals in T200 
samples, despite having the highest SC fraction, also showed high 
resistance. This could be due to the networking structure [48,49] of 
SC-crystals that might inhibit water diffusion, but further research is 

Fig. 4. SAXS patterns of SCPLA obtained from annealing at (A)225 ◦C, (B) 200 ◦C, (C) 140 ◦C, and (D) 80 ◦C during hydrolytic degradation.  
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needed to elucidate this mechanism. The introduction of LDH has 
demonstrated delays of changes in previously discussed structural pa-
rameters, indicating a protective effect of the low-content LDH against 
degradation. This is also evidenced by Fig. 7S, which illustrates the 
relative changes in the weight-average molecular weight of SCPLA and 
SCPLA/LDH during hydrolytic degradation in the first 14 days. More-
over, Fig. 7S shows that variations in polymorphism did not significantly 
affect the decrease in molecular weight. Conversely, LDH-filled com-
posites displayed slower overall degradation than the neat SCPLA. This 
suggests that, in contrast to its adverse impact on thermal degradation 
with high-content LDH (≥1 wt%) [44,45] the lower content LDH (0.5 wt 
%) could have potentially inhibited the hydrolytic degradation of PLA in 
this study. This inhibition effect by LDH on PLA hydrolysis was reported 

elsewhere and attributed to the suppression of the autocatalytic degra-
dation effect by the neutralization effect with carboxyl groups by the 
ionic surface of LDH [32,33,54,55]. Contrarily, at higher content of LDH 
(≥1 wt%), the catalyzed depolymerization effect by the Mg and Al ions 
of LDH [45,56] might dominate. 

4. Conclusions 

This work aimed to comprehend the evolution of the three-phase 
crystalline structure of SCPLA during hydrolytic degradation, with 
particular attention given to the influence of polymorphism on these 
processes. Degradation and crystallization occurred simultaneously 
during hydrolysis. Specifically, all MAFs were degraded by Day 26, 
degradation of CF commenced after Day 3, and crystallization was 
limited to the initial three days, increasing both CF and RAF fractions. 
The degradation rate of RAF was similar to CF, as RAF may primarily 
consist of amorphous chains with free ends; therefore, the degradation 
of these chains led to concurrent reductions in RAF and CF. Poly-
morphism significantly influenced the degradation behavior of the CF. 
Samples with a high SC fraction displayed quicker degradation of the 
HC-crystal, probably due to the unfavorable impact of amorphous chains 
with free ends associated with the SC-crystal, thereby intensifying the 
autocatalytic hydrolytic degradation. This phenomenon also applies to 
the SC-crystal degradation, except for instances where T200 samples with 
a high-to-exclusive SC fraction demonstrated remarkable resistance of 
SC-crystal to hydrolysis. This may be implied by the networking struc-
ture of SC-crystal inhibiting water diffusion. The introduction of LDH 
into SCPLA followed a similar degradation pattern as the neat SCPLA, 
albeit at a slower rate. This may be due to the neutralizing effect of the 
basic surface of LDH on the carboxyl groups which was responsible for 

Fig. 5. Mobile amorphous fraction of (A) SCPLA and (B) SCPLA/LDH prepared from annealing at different temperatures (as marked in legend) during hydrolytic 
degradation. Corresponding rigid amorphous fraction of (C) SCPLA and (D) SCPLA/LDH during hydrolytic degradation. 

Fig. 6. (A) Schematic diagram of three-phase crystalline composition changes 
during hydrolytic degradation. (B) Photos of SCPLA films prepared from 
annealing at 225 ◦C during hydrolytic degradation. 
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Fig. 7. (A-D) Melting temperatures of HC and SC-crystals of SCPLA and SCPLA/LDH prepared from annealing at different temperatures (as marked in legend) during 
hydrolytic degradation. (E-H) Melting enthalpies of HC and SC-crystals of SCPLA and SCPLA/LDH prepared from annealing at different temperatures (as marked in 
legend) during hydrolytic degradation. 
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the autocatalytic hydrolysis degradation. In conclusion, this study 
revealed the multi-step evolution of the three-phase crystalline structure 
of SCPLA during hydrolysis and the influence of SC fraction on the 
degradation of SC and HC crystals under hydrolytic degradation con-
ditions. These findings could serve as a preliminary guide for future 
work aimed at modulating the degradation behavior of SCPLA or other 
semicrystalline polymers. 
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