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Superior sequence-controlled poly(L-lactide)-based bioplastic with tunable 
seawater biodegradation 
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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• PLA-based bioplastic with tunable ma
rine biodegradability. 

• Exploring PEG-PLA with alternating or 
random structures impacts its 
performance. 

• Alternating PEG-PLA showed superior 
mechanical properties in dry and wet 
states. 

• The introduction of PEG promoted PLA 
biodegradation in proteinase K and 
seawater. 

• PEG-PLA exhibited the fastest degrad
ability in reported marine-degradable 
polymers.  
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A B S T R A C T   

Developing superior-performance marine-biodegradable plastics remains a critical challenge in mitigating ma
rine plastic pollution. Commercially available biodegradable polymers, such as poly(L-lactide) (PLA), undergo 
slow degradation in complex marine environments. This study introduces an innovative bioplastic design that 
employs a facile ring-opening and coupling reaction to incorporate hydrophilic polyethylene glycol (PEG) into 
PLA, yielding PEG-PLA copolymers with either sequence-controlled alternating or random structures. These 
materials exhibit exceptional toughness in both wet and dry states, with an elongation at break of 1446.8% in the 
wet state. Specifically, PEG4kPLA2k copolymer biodegraded rapidly in proteinase K enzymatic solutions and had a 
significant weight loss of 71.5% after 28 d in seawater. The degradation primarily affects the PLA segments 
within the PEG-PLA copolymer, as evidenced by structural changes confirmed through comprehensive charac
terization techniques. The seawater biodegradability, in line with the Organization for Economic Cooperation 
and Development 306 Marine biodegradation test guideline, reached 72.63%, verified by quantitative 
biochemical oxygen demand analysis, demonstrating rapid chain scission in marine environments. The capacity 
of PEG-PLA bioplastic to withstand DI water and rapidly biodegrade in seawater makes it a promising candidate 
for preventing marine plastic pollution.  
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1. Introduction 

Plastic production has surged since 1950 to reach 460 million metric 
tons (MT), with packaging waste accounting for 1.41 MT in 2019. About 
50% of plastics are discarded after a single use, resulting in an annual 
average of 4.8 to 12.7 MT of plastic waste entering marine ecosystems 
[1,2]. This has significant implications for human health, as micro
plastics may accumulate in the human body through the food chain 
[3–5]. Unless practical innovations in global plastic production and 
waste management are implemented, approximately 53 MT of marine 
plastic waste will be generated by 2030 [6,7]. Thus, it is imperative to 
develop sustainable and marine-biodegradable alternatives [8]. 

Conventional biodegradable polymers, such as bio-based poly(lactic 
acid) (PLA) [9,10], have garnered significant attention as biodegradable 
material over the past half-century due to their desirable properties, 
including heat resistance, excellent mechanical strength, and high 
transparency compared to several common plastics. However, their 
biodegradation requires specific compost conditions, which means they 
cannot biodegrade in all natural environments [2]. The degradation rate 
of these polymers decreases significantly in seawater due to limited 
marine microbial community and low temperatures [11]. The weight 
loss of PLA is only approximately 1% after 400 d in seawater [12], 
attributed to its high glass transition temperature (Tg) [9,13]. 

Given the presence of complicated and uncontrollable external fac
tors, researchers have focused on the intrinsic degradation factors of 
polymers in marine environments [14–16]. A practical approach 

involves blending or copolymerizing hydrophilic materials with biode
gradable plastics to achieve higher seawater degradability and avoid the 
formation of microplastics. Huang et al. [17] enhanced the degradation 
of PLA in seawater by introducing water-soluble polyvinyl alcohol as a 
filler. Chen et al. utilized the readily degradable property of poly 
(lactic-co-glycolic acid) (PLGA) to improve the degradation efficiency 
of PLA in seawater by blending PLGA with PLA [18]. In these compos
ites, the hydrophilic domains degrade predominantly due to the incor
porated material, while the matrix polymer remains stable. In addition, 
marine degradable polymers can be chemically modified to enhance 
their hydrolytic or enzymatic degradation rates, affecting their crystal
linity and mechanical properties [13,19–21]. Rheinberger et al. intro
duced hydroxyethoxy side group phosphate esters to serve as “breaking 
points” in PLA through an RNA-like endoester exchange reaction to 
improve the degradation of PLA [22]. The integration of hydrophilic 
aliphatic units proved efficient in enhancing degradability. Poly
hydroxyalkanoates (PHAs) are the most well-known marine biode
gradable biopolymers, as they can be degraded by many bacteria and 
fungi, resulting in a relatively fast degradation rate. They are suitable for 
reducing the long-term impact of marine plastic waste [23]. However, 
PHAs are typically produced through bacterial fermentation, which 
leads to high production costs. Low heat distortion temperature and 
poor gas barrier properties limit their development [24]. Thus, 
improving the hydrophilicity and enzyme affinity of materials plays a 
crucial role in their seawater-biodegradability. 

Polyethylene glycol (PEG) is widely used for its hydrophilic, flexible, 

Scheme 1. Schematic representation of the synthesis of PEG-PLA (a) alternating and (b) random multiblock copolymers and (c) films created through sol
vent casting. 
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and biocompatible properties, and it has been approved by the FDA for 
use in biomedical applications [25]. Wolf et al. demonstrated that the 
degradation of poly(alkylphosphate) modified with PEG was accelerated 
under artificial seawater conditions [26]. Therefore, incorporating PEG 
may generate more potential “breaking points” in the backbone and 
increase the hydrophilicity of the copolymer, thus leading to a rapid 
seawater degradation rate. Also, it can help improve the inherent brit
tleness and low toughness of PLA [27]. Additionally, PEG-PLA amphi
philic block copolymer nanoparticles and multiblock systems have been 
extensively studied, such as drug carriers in biomedical fields, and have 
demonstrated their enzymatic biodegradability [28–30]. Our group 
recently reported that PEG-PLA copolymers present superior water ab
sorption and durability in DI water, which are considerably influenced 
by the PEG content [31]. To the best of our knowledge, there are some 
studies about new seawater-degradable polymers, but few employ nat
ural seawater for the microorganisms. Importantly, no research utilizes 
the features of PEG-PLA copolymers for marine biodegradability. 

In this research, due to improving the degradation of a material often 
compromises its mechanical properties, the primary goal was to enhance 
and tunable the biodegradability of PLA in seawater and maintain their 
superior toughness even in DI water. PEG-PLA copolymer bioplastics 
with sequence-controlled alternating or random structures and PLA 
homopolymer were synthesized with high yields and purity through a 
robust ring-opening (ROP) and coupling process comprising PLA and 
PEG as building blocks. The effect of the PEG content in the alternating 
and random molecular chain structures on the hydrophilic, thermal, and 
mechanical properties of PLA-based bioplastics was investigated. The 
dynamic degradation behavior of PEG-PLA in Tris-HCl buffer solution, 
proteinase K solution, and seawater was also carefully explored. A 
biodegradability of 72.63% was obtained through a quantitative 
biochemical oxygen demand (BOD) analysis [32]. This confirmed that 
the PEG incorporated in the PLA backbone accelerated the chain scission 
of the material in seawater within 28 d for the adjusted and readily 
biodegradation. The PEG-PLA alternating copolymers showed a balance 
between performance retention and marine biodegradability in practical 
applications. The biodegradation prioritized the PLA segments within 
the PEG-PLA copolymer, as evidenced by structural changes verified 
through comprehensive characterization techniques. The rapid seawater 
biodegradation rate and superior mechanical properties of PEG-PLA 
make it a prime candidate for seawater-biodegradable polymers, 
providing a new perspective for its use in the packaging, medical, and 
agricultural industries. 

2. Materials and methods 

2.1. Materials 

Poly(ethylene glycol) (PEG, Mn = 4000 Da, GR grade), aniline (GR 
grade), proteinase K, diethyl ether (DE, GR grade), chloroform (CHCl3, 
GR grade), toluene (super dehydrate, organic synthesis grade), and tin 
(II) 2-ethylhexanoate (Sn(Oct)2, > 95%) were supplied by Wako Pure 
Chemical Industries (Osaka, Japan). PLA-diol (Mn = 2000 Da, 3000 Da) 
was purchased from HighChem Co., Ltd. (Tokyo, Japan). 1,6-Hexam
ethylene diisocyanate (HDI, >98%) was obtained from the Tokyo 
Chemical Industry Co., Ltd. (Tokyo, Japan). A pH 8.5 buffer solution of 
1 mol L-1 Tris hydrochloride (Tris-HCl) was provided by Sigma-Aldrich 
(Massachusetts, U.S.A.). All reagents were used as received unless 
otherwise stated. Sn(Oct)2 was diluted in dry toluene and stored in a 
glass volumetric flask under a nitrogen atmosphere before use. Deion
ized (DI) water purified using a Milli-Q system (Millipore Inc., Milford, 
MA, USA) was used for all experiments. 

2.2. Synthesis of PEG-PLA multiblock copolymers with alternating and 
random structures 

A series of PEG-PLA alternating multiblock copolymers with various 

compositions were prepared via a facile bulk polymerization technique 
(i.e., ROP and coupling process), as shown in Scheme 1a. Further in
formation is provided in our previous study [31]. The synthesis pro
cedure for the PEG-PLA random multiblock copolymers is shown in 
Scheme 1b. A 200 mL three-necked round-bottom flask was filled with 
PLA-diol and PEG-diol at a molar ratio of 2:1 under a nitrogen atmo
sphere. The mixture was stirred for 3 h at ambient temperature under a 
vacuum of less than 30 Pa to remove water and oxygen. Subsequently, a 
toluene solution containing Sn(Oct)2 equivalent to the 1 mol% of the 
PEG-diol component was injected. The resultant system was then stirred 
under vacuum at ambient temperature for 1 h to ensure complete mix
ing, followed by heating to 160 ◦C. A fixed 1:1.2 molar ratio of total 
PLA-diol to PEG-diol was used, and HDI was added to the reaction 
system dropwise. Vigorous mechanical stirring was performed for 1 h to 
confirm that the coupling reaction was completed. Meanwhile, the 
procedure for the random sequence was also used to synthesize PLA 
homopolymers (Fig. S1). To purify the PEG-PLA alternating and random 
multiblock copolymers and PLA homopolymers, the crude products 
were first dissolved in CHCl3, precipitated by DE, and dried under vac
uum for 24 h at ambient temperature to remove residual solvents, and 
kept well for characterization. The nomenclature for all the synthesized 
copolymers and homopolymers is given as PEGxPLAy-a/r/h, where ’x’ 
and ’y’ represent the molecular weights of PEG and PLA chain segments, 
respectively; the suffixes ’a’, ’r’, and ’h’ denote alternating copolymers, 
random copolymers, and homopolymers, respectively. 

2.3. Preparation of PEG-PLA multiblock copolymer films 

PEG-PLA multiblock copolymer films with thicknesses of 
0.3–0.4 mm were fabricated by solvent casting from the purified prod
ucts in a horizontal Teflon mold using CHCl3. In a fume hood, the solvent 
was evaporated naturally at ambient temperature for 2–3 d. The ob
tained films (Scheme 1c) were moved to an oven at 25 ◦C for 24 h and 
carefully sealed for testing. 

2.4. Water uptake ratio (WUR) of PEG-PLA multiblock copolymer films 

The water uptake ratio (WUR) was evaluated using Milli-Q water. 
Dry film samples (2 × 2 cm) were prepared in quintuplicate, and their 
initial dry weights (Wd) were recorded. The samples were fully 
immersed in water at 25 ◦C. After a predetermined period, the samples 
were carefully extracted using tweezers. The extra surface water was 
gently blotted off with tissue paper, and the wet weights of the samples 
(Ws) were promptly measured. The WUR was calculated based on the 
initial dry weight of the film samples using Eq. (1). 

WUR (%) =
Ws − Wd

Wd
× 100% (1) 

Based on Eq. (1), the WUR was calculated for the five samples and 
averaged. This approach ensured quantification of the water durability 
of materials, facilitating a comparison of the hydrophilic properties of 
different films. 

2.5. Degradation of PEG-PLA multiblock copolymer films in different 
conditions 

2.5.1. Hydrolytic degradation and enzymatic biodegradation 
The degradation of PLA is facilitated by proteinase K [33,34]. Thus, 

the enzymatic degradation behavior of PEG-PLA films was characterized 
by proteinase K. The initial weights of the films were recorded (W0), and 
the films were then immersed in 25 mL of 0.05 mol L-1 Tris-HCl buffer 
solution (pH 8.5) containing proteinase K. The procedure was carried 
out over 120 h at 37 ◦C to evaluate the degradation behavior compre
hensively. After incubation, the films were carefully removed from the 
solution and gently rinsed with DI water to remove any residual enzyme 
solution. The films were then lyophilized and weighed (Wt). The 
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enzymatic biodegradability of the multiblock copolymers was quanti
tatively assessed using Eq. (2). 

Residue weight (%) =
Wt

W0
× 100% (2) 

Degradation tests were conducted in quintuplicate to ensure statis
tical relevance, and the results are presented as mean values. 

2.5.2. Marine biodegradation in seawater based on BOD analysis 
A natural seawater sample was collected near Koshien Hama in 

Osaka Bay (N34◦42′20.36′, E135◦21′12.44′) on October 29, 2023; the 
seawater temperature was 21.7 ◦C. The water was then transferred to a 

cleaned 5 L plastic jerry can wrapped in aluminum foil to keep out light 
and delivered to the Uyama laboratory at the Suita campus of Osaka 
University within 4 h (Fig. S2). 

Closed-bottle tests were performed in a temperature-controlled BOD 
reactor (Velp Scientifica™ RESPIROMETRIC Sensor System 6, Italy) 
according to the Organization for Economic Cooperation and Develop
ment Marine biodegradation test guideline (OECD 306) [35]. This 
technique quantifies the aerobic biodegradation capability of organic 
substances by tracking the oxygen uptake of microorganisms at 20 ◦C in 
the dark, which was achieved by covering the reactors with aluminum 
foil for 28 d under constant stirring (Fig. S2). Automatic pressure results 
from conversion in BOD data. The RESPIROMETRIC Sensor transmits 

Fig. 1. (a) Chemical structural units of PEG-PLA multiblock copolymers with alternating (i) and random (ii) structures. Original (b) and enlarged (c) 1H NMR spectra 
of PEG-PLA copolymers and PLA homopolymers. (d) FT-IR spectra of PEG-PLA copolymers and PLA homopolymers. (e) GPC profiles of PEG-PLA copolymers and PLA 
homopolymers. (f) Corresponding macro appearance. 
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data directly to the PC, enabling real-time monitoring of the analysis 
curve. 

Each film sample and an aniline reference (approximately 10 mg 
each) were weighed (W0) and placed separately in a 300 mL BOD 
reactor, and test water (100 mL) was poured into the reactor as an 
inoculum. Subsequently, mineral supplements of 25 mg NH4Cl, 5 mg 

NaHPO4, 0.5 mg N-allylthiourea, and 0.1 mL of a buffer solution were 
added to the test water. The buffer solution comprised 33.30 g of 
NaHPO4⋅2 H2O, 21.75 g of K2HPO4, 8.50 g of KH2PO4, and 0.50 g of 
NH4Cl per liter. Then, BOD data were recorded and processed using a 
computer system at regular intervals (day). The BOD biodegradability of 
the films was calculated using Eq. (3) [36]. 

Fig. 2. (a) Schematic illustration of the water uptake process of PEG-PLA and PLA films. (b) WUR profile of PEG-PLA and PLA films within 72 h. (c) WUR distri
butions of all samples after different immersion periods. (d) Water contact angles of PEG-PLA and PLA films. (e) Appearance and microstructures of PEG-PLA and PLA 
films after 6 months DI water soaking. 
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BOD Biodegradability (%) =
BODt − BODb

ThOD
× 100% (3) 

where BODt is the BOD of the test solution, BODb is the BOD of the 
control blank, and ThOD represents the theoretical oxygen demand. An 
organic microelemental analyzer (MT-6, Yanaco Co., Ltd., Kyoto, Japan) 
was used to determine the C, H, N, and O contents of the samples. The 
obtained results were then used to calculate the ThOD. Two samples 
were evaluated in each BOD test. The BOD biodegradability of each 
sample was calculated as the average of the three results. 

After incubation for 28 d, the films were carefully removed from the 
solution and gently washed with DI water to remove any residual 
seawater. The films were then lyophilized and weighed again (Wt). The 
dried films were used for characterization and testing. After seawater 
degradation, the residual weights of the samples were calculated using 
Eq. (2). Moreover, the Mn, chemical structure, composition, and thermal 
properties were evaluated using corresponding methodologies. 

The characterization and measurements are described in more detail 
in the Supporting Information (Experimental Techniques Section). 

3. Results and discussion 

PEG has been reported to produce PLA-PEG-PLA triblock copolymers 
via ROP, progressing rapidly. However, studies on the reaction between 
PLA-PEG-PLA short-chain segments (PLA units < 50) and isocyanate to 
generate polyurethane are limited. Scheme 1 illustrates our develop
ment of PEG-PLA multiblock copolymers with short PLA chain segments. 
This approach aimed to reduce marine pollution by enhancing abrasion 
resistance and durability under daily use and wet environments while 
facilitating rapid degradation in marine environments. By manipulating 
the copolymer structure and composition, we intended to balance me
chanical properties and DI durability with rapid and controlled seawater 
biodegradability. 

This study is expected to design a PLA-based bioplastic capable of 
rapid marine biodegradation while maintaining exceptional DI dura
bility for various daily applications. Achieving a balance between 
toughness, flexibility, and hydrophilicity is crucial. This was accom
plished by incorporating hydrophilic and flexible PEG into PLA by 
tailoring the EG/LA feed ratio. The flexible PEG enhanced copolymer 
hydrophilicity and toughness. Additionally, specific crystallization 
ability was required to enhance mechanical properties. Thus, we focused 
on PEG-diol with 4000 g mol-1 to meet these design requirements. 

3.1. Chemical structures of PEG-PLA multiblock copolymers 

The different constitutive repeating units of the PEG-PLA copolymers 
are depicted in Fig. 1a, illustrating alternating (i) and random (ii) blocks. 
1H NMR spectroscopy was used to verify the chemical structures and 
segment compositions. Table S1 lists the corresponding L-lactide con
version, Mn, and weight fractions (F). Typical 1H NMR spectra of PEG- 
PLA and PLA are shown in Fig. 1b, where several signals can be distin
guished. The strong proton peaks appearing at a (CH, δm ¼

5.10–5.20 ppm) and b (CH3, δd ¼ 1.45–1.60 ppm) are attributed to 
the methine and methyl protons of PLA, respectively. The chemical shift 
of d (CH2, δt ¼ 3.60–3.70 ppm) is assigned to the methylene protons on 
the backbone of PEG. Peak f (CH2-CH2-CH2-NH-CO, δq ¼

3.10–3.20 ppm) is related to the methylene in the isocyanate after the 
coupling reaction, which implies the formation of a urethane linkage in 
the PEG-PLA and PLA. In addition, it is apparent in Fig. 1c that distinct 
chemical shifts of corresponding samples are observable in the magni
fied 1H NMR spectra. Specifically, peaks i+j (-O-CH2-CH2-CH2-CH2-O-, 
δt ¼ 4.13–4.17 ppm) are exclusively present in the random-structure 
PEG-PLA copolymers and PLA homopolymer. This specificity is attrib
uted to the PLA segments, which undergo direct ring-opening poly
merization initiated by 1,4-butanediol and are subsequently terminated 
with butanediol [37]. The presence of the c, a’, and e signals are 

associated with the alternating PEG-PLA copolymer structures. Detailed 
peak assignments are provided in Table S2. 

The chemical structures of PEG-PLA and PLA were further elucidated 
using FT-IR analysis (Fig. 1d). The resulting spectra displayed all the 
characteristic absorption bands associated with the PLA and PEG com
ponents, such as the vC-H of the PEG block at 2876–2882 cm-1 and the 
vC––O of the PLA block at 1729 cm-1. Essentially, the amide bond of the 
polymers was confirmed by distinct peaks at 3500 cm-1 and 1529 cm-1, 
which correspond to the vN-H and δN-H of the -NH group, respectively. 
Moreover, the signals at 3350–3450 cm-1 almost disappeared, implying 
a positive reaction between the terminal -OH and -NCO of the HDI 
coupling agent. These results support the successful synthesis of PEG- 
PLA and PLA, consistent with the 1H NMR results. For more details on 
FT-IR absorption, please refer to our previous study [31]. The Mn, Mw, 
and Đ of all resulting samples were determined by GPC, with Mn ranging 
from 56,300–91,400 g mol-1 and Đ of approximately 1.6, thus con
firming the successful synthesis of high Mn PEG-PLA and PLA bio
plastics. The controlled composition was efficiently tailored by altering 
the feed ratio, and as shown in Fig. 1e, the retention time of each 
copolymer and homopolymer was recorded by GPC as only a single 
narrow retention peak in the uniform GPC retention time profiles. Thus, 
combined with the 1H NMR and FT-IR spectra, PEG-PLA copolymers 
with sequence-controlled alternating and random structures and 
different compositions were confirmed, and a series of designed co
polymers and homopolymers were fabricated as expected. 

The macroscopic appearance of the specimens is shown in Fig. 1f. 
Random PEG-PLA copolymers and PLA homopolymers showed better 
transparency. UV-Vis spectroscopy demonstrated the transmittance 
values (Fig. S3), consistent with the macroscopic appearances of the 
samples. 

3.2. Water durability of PEG-PLA multiblock copolymer films 

Water and microorganisms predominantly attack hydrophilic mo
lecular chains [38]. Therefore, increasing hydrophilicity can accelerate 
polymer biodegradation in marine environments by enhancing water 
absorption. PEG is crucial in the molecular design of PLA-based co
polymers to transition from hydrophobic to hydrophilic, increasing 
potential “breaking points” [22]. To ensure PEG-PLA copolymers remain 
stable and durable in DI water, their behavior affected by hydrophilic 
components should be prioritized. This study explored the effects of 
alternating and random structures of PEG-PLA copolymers on their 
performance. As shown in Fig. S4, we compared the WUR of copolymers 
with different PLA chain segments. PLA segments shorter than 
1000 g mol-1 gradually disintegrated in water after more than 4 h, while 
segments longer than 4000 g mol-1 exhibited WUR of less than 30%, 
potentially limiting their biodegradation. Copolymers with PLA chain 
lengths of 1500 and 2000 g mol-1 showed comparable WUR of approx
imately 180%. Considering the mechanical strength provided by longer 
PLA chains, PEG-PLA copolymers with PLA segments of 2000 and 
3000 g mol-1 were chosen for a comparative study to identify the impact 
of sequence control. 

Fig. 2b shows that copolymers with random structures and shorter 
PLA chain lengths show more rapid and higher water absorption, sug
gesting that the irregular arrangement of random chains and lower 
content of hydrophobic PLA facilitates water molecule diffusion. The 
corresponding data is summarized in Table S3. In contrast to PLA-h, 
PEG-PLA increased the water sensitivity, absorption rate, and capacity 
(Fig. 2c). The water contact angle (WCA) measurements (Fig. 2d) 
aligned with these results. The addition of PEG increased the density of 
polar ether bonds in the molecular chain compared with neat PLA-h. The 
oxygen atoms are highly electrophilic and can interact with water 
molecules through hydrogen bonding, thus improving the hydrophilic
ity of the PEG-PLA copolymer, resulting in a significant decrease in the 
WCA from 80.9◦ ± 2.3◦ (PLA3k-h) to 38.3◦ ± 7.2◦ (PEG4kPLA2k-r). 
Further, we studied the materials after soaking in DI water at 22 
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± 0.5 ◦C for 6 months. The macroscopic appearance and microscopic 
morphology, as shown in Fig. 2e, indicate that all films remained almost 
complete. The chemical structure and molecular weight changes of the 
materials were further characterized using 1H NMR, FT-IR, and GPC, 
with corresponding results added in the Supporting Information (Fig. S5, 
Table S4), and except for PEG4kPLA2k-r, the Mn of PLA-h decreased very 
small, while the remaining PEG-PLA copolymers maintained the Mn 
above 15,000 g mol-1. The characteristic δN-H in FT-IR revealed that 
amide bonds were still present. Other results also confirmed that the 
stability of the materials in DI water is considerable. 

3.3. Thermal properties and crystallinity of PEG-PLA multiblock 
copolymer films 

The thermal and crystallization properties of the PEG-PLA co
polymers and PLA homopolymers were investigated by DSC and XRD, 
respectively. The corresponding data are presented in Table 1. The 
integration of PEG into PLA decreased the rigidity of the copolymer 
because of the flexible ether bond and lower steric hindrance of PEG 
compared with the ester bonds and -CH3 group of PLA, enhancing the 
mobility and arrangement of the molecular chains for increased crys
tallinity. Copolymers with alternating structures exhibited stronger 
crystallization, which is attributed to their high regularity and homo
geneity. As displayed in Fig. 3a,b, PEG-PLA with an alternating structure 
showed a clear crystallization–melting transition compared with the 
amorphous thermal behavior of PLA-h, which showed no corresponding 
crystallization–melting transition, different from the amorphous ther
mal behavior of PLA-h. Introducing PEG units disrupts the PLA ar
rangements, with longer PLA units promoting better copolymer 
crystallization [39]. This effect increased the crystallization temperature 
(Tc), melting temperature (Tm), and enthalpy (ΔH) of the copolymers, 
especially with PLA3000. In addition, polymers with random structures 
showed lower Tc, Tm, and ΔH than those with alternating structures, 
with crystallization occurring during heating due to insufficient chain 
flexibility for crystalline stacking during the cooling process. This sug
gests that the random copolymer segments have poorer mobility and 
crystallization rates. As shown in Fig. 3c, the Tg of copolymers gradually 
decreased from 50.4 ◦C to − 42.5 ◦C with increasing PEG, allowing 
flexibility and low-temperature resistance. The crystallinity of biode
gradable polyesters with relatively low Tg enables their development as 
thermoplastics. Blends of immiscible polymers showed two Tg values, 
while miscible polymers exhibited a single, composition-dependent Tg, 
indicating compatibility in amorphous regions [40]. These features 
suggest that short PLA chains could reduce PEG crystallinity while 
maintaining compatibility in the amorphous areas. 

The XRD patterns in Fig. 3d show the diffraction peaks of the crystal 
structure of the samples with different compositions, further verifying 
the effect of PEG on the crystal structure of the copolymers. For PLA2k-h 

and PLA3k-h, broad diffraction peaks are present at 10–25◦ because of 
the scattering of molecular chains. In contrast, the PEG-PLA copolymers 
show sharp diffraction peaks typical of PLA at 16.60◦, corresponding to 
the (110) or (200) planes of the orthorhombic crystals of the α-crystal
line phase of PLA [41]. The intensity of the peaks indicates the intro
duced PEG induced an α-crystalline structure and improved the 
crystallinity of PLA. In contrast to PEG4kPLA3k, characteristic diffraction 
peaks of the PEG phases appear at 19.10◦ and 23.25◦ in PEG4kPLA2k 
owing to the increase in the relative content of PEG; these peaks are 
attributed to the lattice planes of (115) and (016), respectively [42,43]. 
In conclusion, the diffraction peak locations did not change with the 
introduction of PEG, and the copolymers exhibited features of 
semi-crystalline polymers with similar crystal structures. The intensity 
of the corresponding peaks decreased, demonstrating that the alter
nating structure had stronger crystallizability than the random struc
ture. Moreover, 2D WAXS analysis was utilized to illustrate the 
difference between the alternating and random structures of the co
polymers (Fig. 3e), and the results were consistent with the XRD results. 
Considering the above DSC analysis, copolymers with random structures 
presented crystallization peaks during the second heating scan because a 
weaker crystallization capacity is required for a slower cooling rate. This 
supported the conclusions drawn from the XRD patterns. 

To fully understand the crystallinity growth and spherulite size of 
PEG-PLA and PLA, POM was employed to monitor in situ crystal growth 
during the isothermal process. Optical micrographs were obtained after 
melting specimens and rapidly cooling them. Fig. 3f(a’-c’) shows the 
isothermal crystallization of PEG4kPLA3k-a at 100 ◦C, where only PLA 
spherulites can grow. Initially, PLA nucleation occurred, forming tiny 
spherical crystals (Fig. 3f(a’,b’)). Over time, these crystals grew, but 
most remained imperfect at the end of crystallization (Fig. 3f(c’)). In 
PEG4kPLA2k-a (Fig. 3f(d’)), no crystals formed due to shorter PLA chains 
and higher PEG content. PEG4kPLA3k-r and PEG4kPLA2k-r showed 
similar results due to random chain segment arrangements (Fig. S6a-c). 
At 55 ◦C, PEG4kPLA3k-a showed smaller and densely arranged spherulite 
nuclei (Fig. 3f(e’,f’)). This rigidity promoted PEG nucleation but 
restricted the rate. Initial crystallization was attributable to PEG, with 
separate crystallization of PEG and PLA chains observed (Fig. 3f(f’)). 
This indicates that the crystallization of the PEG and PLA chains 
occurred separately, which is consistent with the findings on diblock 
copolymers reported by Arnal et al. [44]. PEG4kPLA3k-a displayed the 
most rapid spherulitic growth, superior to that of PEG4kPLA2k-a (Fig. 3f 
(g’,h’)), PEG4kPLA3k-r (Fig. S6d-f), and PEG4kPLA2k-r (Fig. S6g-i), 
consistent with DSC results. 

As a result, PEG4kPLA2k-a and PEG4kPLA3k-a displayed noticeable 
crystallization behaviors. The compatibility in the amorphous region 
and mutual restriction during crystallization were verified; alternating 
structures led to a lower WUR and superior mechanical properties, 
which were attributed to their strong crystallization ability and uniform 
molecular structure. Moreover, their crystallization behavior was 
strongly affected by the chain segment length, chain sequence distri
bution, and copolymer composition during the adjusted transition from 
amorphous to semi-crystalline structures, ultimately affecting their 
WUR ability and mechanical properties. The microstructure can be 
precisely controlled by tailoring the feed ratio and synthesis procedures, 
striking a balance between mechanical properties and biodegradability 
for DI water durability and tunable rapid biodegradability in seawater. 

3.4. Thermal stability and dynamic viscoelastic properties of PEG-PLA 
multiblock copolymer films 

The thermal stability of the PEG-PLA copolymers under a nitrogen 
atmosphere was evaluated using TGA, as shown in Fig. 4a. The DTGA 
curves are presented in Fig. S7. The corresponding data, such as the 
temperature of 5 % weight loss (Td, 5 %) and maximum decomposition 
temperature (Td, max), are listed in Table S5. The thermal decomposition 
profiles of the PEG-PLA copolymers and PLA homopolymers displayed 

Table 1 
Characteristic data of conventional DSC analysis.  

Samples Tg
a 

(◦C) 
Tc 

(◦C) 
ΔHc 

(J g-1) 
Tm 

(◦C) 
ΔHm 

(J g-1) 
Xc 

(%) 

PEG4kPLA2k-a – 42.5 22.1 9.23 61.1 10.94 10.76c 

PEG4kPLA3k-a – 36.3 42.9 16.40 82.3 15.92 40.18d 

122.2 4.87 
PEG4kPLA2k-r – 30.6 25.1b 3.82b 57.5 3.85 3.83c 

PEG4kPLA3k-r – 18.5 31.8b 6.16b 65.6 6.53 13.07d 

PLA2k-h 45.6 -e -e -e -e -e 

PLA3k-h 50.4 -e -e -e -e -e  

a Obtained from the second heating scan. 
b Cold crystallization temperature and enthalpy obtained from the heating 

scan. 
c The Xc was calculated by ΔH0

m, PEG of 196.8 J g-1 [45]. 
d The Xc was calculated by ΔH0

m, PLA of 93 J g-1 [46]. 
e No thermal transition was detected in the cooling or heating process. 
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Fig. 3. DSC curves of PEG-PCL and PLA during the (a) first cooling and (b) second heating scan. (c) Transition of Tg with various structures and PLA contents. (d) 1D 
XRD and (e) 2D WAXS patterns of PEG-PLA and PLA. (f) POM images of PEG4kPLA3k-a (a’-c’) and PEG4kPLA2k-a (d’) crystallized isothermally at 100 ◦C; POM images 
of PEG4kPLA3k-a (e’, f’) and PEG4kPLA2k-a (g’, h’) crystallized isothermally at 55 ◦C. 

M. He et al.                                                                                                                                                                                                                                      



Journal of Hazardous Materials 474 (2024) 134819

9

Td, max values comparable to those of the prepolymers. With PEG 
incorporation, the curves showed a dual-stage thermal degradation 
corresponding to the distinct components. A slight decrease in Td and max- 

PLA compared with that of PLA-h was observed with longer PLA chain 
segments. In contrast, the PEG component remained stable and unaf
fected by the presence of PLA. The Td max values of the random co
polymers were slightly higher than those of the alternating copolymers, 
possibly owing to longer chain segments in the random copolymers. All 
the copolymers demonstrated thermal stability up to 240 ◦C, with Td, max 
surpassing 400 ◦C, providing enhanced thermal stability for a wider 
processing window. 

The variation in tan δ with temperature for the PEG-PLA and PLA was 
evaluated using DMA. In Fig. 4b, only a single relaxation peak on each of 
the tan δ curves was observed in the temperature range of − 80 ◦C to 
40 ◦C, which was related to the Tg in the amorphous region of polymers. 
The introduction of PEG improved the mobility of PLA, and the α 
relaxation peak shifted to lower temperatures. In contrast to the alter
nating structures, the random structures presented higher Tg, corre
sponding to the DSC analysis results. 

Dynamic viscoelastic parameters are essential for polymer 

processing techniques like melt spinning, injection, and extrusion 
molding [47]. The complex viscosity (η*), dynamic storage modulus 
(G’), and dynamic loss modulus (G") curves were measured using a 
rotational rheometer at 130 ◦C. As shown in Fig. 4c-e, all samples 
exhibited pseudoplasticity shear thinning behavior. The rheological 
properties varied with composition, with the low-frequency region 
reacting to large-scale rearrangements of the chain conformations and 
the high-frequency region reacting to limited chain segments [48]. The 
incorporated PEG may moderate shear thinning at high shear rates by 
reinforcing intermolecular interactions within the copolymer matrix. 
The minimal decrease in complex viscosity over time demonstrated good 
PEG-PLA and PLA thermal stability during early shear stages, which is 
crucial for processing applications (Fig. 4f). 

3.5. Mechanical properties of PEG-PLA multiblock copolymer films 

The mechanical performance of PEG-PLA copolymers is crucial for 
their practical application. Therefore, it is essential to understand their 
mechanical behavior under both dry and wet conditions based on the 
need for DI water durability. Similarly, we compared PEG-PLA with 

Fig. 4. (a) TGA curves of PEG-PLA and PLA. (b) Tan δ as a function of temperature for PEG-PLA and PLA recorded by DMA. (c) Dynamic storage modulus, (d) 
dynamic loss modulus, (e) complex viscosity, and (f) time-oscillation scanning curves of PEG-PLA and PLA at Tr = 130 ◦C. 
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Fig. 5. Typical engineering stress–strain curves of PEG-PLA copolymers and PLA homopolymers with PLA 2k (a) and PLA 3k (b) chain segments in dry and wet states. 
(c) εb, (d) σm, (e) E’, and (f) toughness of PEG-PLA and PLA in dry and wet states. (g) Comparative totalization of the mechanical properties of whole systems. (h) 
PEG4kPLA3k-a immersed in DI water at ambient atmosphere for 2 months and utilized for wet strength tests, as indicated by the green dotted line. 
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alternating structures and varying PLA chain lengths to tailor the PEG 
content. Typical engineering stress–strain curves are shown in Fig. S8, 
revealing that the mechanical properties of the copolymers with PLA 
chain lengths of less than 2000 g mol-1 were fragile in the wet state, 
which is inadequate to support the application requirements. Hence, 
copolymers with PLA chain lengths of 2000 and 3000 g mol-1 were 
selected for further comparative studies with alternating and random 
structures for a trade-off between biodegradability and mechanical 
properties. As illustrated in Fig. 5a, b, and data listed in Table 2, all PEG- 
PLA copolymers exhibited substantially improved flexibility and 
toughness compared to PLA-h. Despite a reduction in Young’s modulus 
(E’), the mechanical requirements of various applications were satisfied. 
Detailed mechanical characteristics describing the mechanical attributes 
of copolymers in both dry and wet conditions, including the elongation 
at break (εb), maximum stress (σm), E’ and toughness, are presented in 
Fig. 5c-f, respectively. An increase in PLA chain length from 2000 to 
3000 g mol-1 produced a transition in the copolymer state from rubber- 
like to plastic-like, with a corresponding rise in E’, possibly attributable 
to enhanced crystallization ability. 

In the dry state, alternating copolymers tend to have a more regular 
structure, leading to better crystallinity. This results in well-defined 
crystalline regions for the lower Tg that enhance mechanical strength 
and toughness [49]. However, in the wet state, the alternating-structure 
copolymers retained considerable mechanical properties, presenting 
increased εb and toughness, while the strength did not decrease signif
icantly. This reinforcement might be due to water diffusion, resulting in 
an amorphous state of the PEG and PLA segments, which exhibit 
excellent compatibility and mobility, particularly for shorter PLA chain 
segments. This uniform dispersion of the chains prevents stress con
centration, thereby enhancing the stretchability of the copolymers. This 
is also attributed to the regularity of crystallization and the formation of 
hydrogen bonds between water and the PEG in the chain segment, thus 
strengthening the intermolecular chain forces and supporting the me
chanical strength. 

A comprehensive summary of the mechanical behavior in various 
states is depicted in Fig. 5g, demonstrating the alternating structure with 
superior properties, and the introduction of PEG into PLA allows the 
bioplastic to develop sufficient potential for applications even in moist 
environments. As shown in Fig. 5h, PEG4kPLA3k-a was immersed in DI 

water at room temperature (22 ± 0.5 ◦C) for 2 months and still dis
played exceptional wet strength. The Supporting Information (Video 1) 
demonstrates the corresponding wet strength in water. 

Supplementary material related to this article can be found online at 
doi:10.1016/j.jhazmat.2024.134819. 

3.6. Hydrolytic and enzymatic degradation of PEG-PLA multiblock 
copolymer films 

Since this research aims to enhance the biodegradability of co
polymers in marine environments, we must address the challenge of low 
microbial concentrations in seawater. If the PEG-PLA copolymer can 
undergo enzymatic biodegradation at lower enzyme (or microorgan
isms) concentrations, the possibility of marine biodegradation will 
significantly increase. Therefore, before conducting marine biodegra
dation experiments, we performed enzymatic degradation experiments 
with proteinase K. In our previous study, PEG-PLA copolymers with 
specific compositions exhibited pH-dependent degradation [31], spe
cifically under alkaline conditions (pH 9). Because of its serine protease 
activity and broad substrate specificity, proteinase K effectively cata
lyzes PLA hydrolysis, similar to peptide bond cleavage in alanine-like 
PLA monomers. This enzymatic degradation, which is influenced by 
pH and temperature, occurs primarily through the interaction of 
nucleophilic residues of serine with ester bonds [50,51]. Such in
teractions lead to rapid and random ester bond cleavage in PLA. Given 
the similarity of the ester and amide bonds in PEG-PLA and PLA to 
peptide bonds, they are likewise susceptible to degradation, particularly 
in weakly alkaline marine environments. Consequently, we conducted 
hydrolytic (as a blank control group) and enzymatic degradation ex
periments of PEG-PLA and PLA without proteinase K in Tris-HCl buffer 
(pH = 8.5) at 37 ◦C for 120 h. The degradation tests in Tris-HCl buffer 
without proteinase K showed noticeable weight loss (<5%), except for 
the PEG4kPLA2k copolymer. Fig. S10b and Fig. S9 show the corre
sponding microscopic results and hydrolytic degradation mechanisms. 
As polyurethanes are recognized to possess the structural characteristics 
of polyesters and polyamides, their sensitivity to hydrolytic degradation 
is identical to that of polyesters and polyamides. The urethane bond is 
also hydrolyzed with the facile hydrolysis of the ester group, but it is less 
susceptible, resulting in organic fragments (carboxylic acids, amines, or 
alcohols) [52,53]. 

0.2 mg mL-1 of proteinase K is typically used for enzymatic degra
dation reactions [54]. We first observed the behavior of the samples 
under this enzymatic degradation condition; however, all the samples 
dissolved in the buffer solution within 24 h. Hence, we adjusted the 
proteinase K concentration to an optimal concentration of 
0.0125 mg mL-1, considering the hydrophilic nature of the samples. This 
optimization was crucial because higher concentrations led to complete 
dissolution within 24 h, which overwhelmed the comparative analysis. 
The effects of the appropriate enzyme concentration on the degradation 
behavior are listed in Table S6. As shown in Fig. 6a and Fig. S10a, except 
for PLA-h, only PEG4kPLA3k-a still retained a minor residual weight. As a 
semi-crystalline copolymer, the reduced crystallinity and crystal size 
caused by the random structure promotes penetration of water mole
cules into the molecular chain to contact the ester and amide bonds, 
facilitating proteinase K access. Moreover, the WAC of PEG-PLA grad
ually decreased with shorter PLA chains, causing stronger interaction 
forces between the molecular chains and water. Consequently, both 
PEG4kPLA2k copolymers were degraded entirely within 72 h, resulting in 
a transparent solution. In contrast, PLA2k-h showed a weight loss of 
approximately 30 % compared to PLA3k-h, which was attributed to its 
amorphous nature, increased WCA, and hydrophilicity. Fig. S10b shows 
the corresponding microscopic changes of materials after enzymatic 
degradation, consistent with the residue weight results. Fig. 6b shows a 
possible enzymatic degradation mechanism. Overall, enzymatic degra
dation by proteinase K was significantly faster than the slower hydro
lytic degradation in the Tris-HCl buffer solution. The PEG units 

Table 2 
Mechanical properties of PEG-PLA copolymers under different conditions.  

Samples Films 
state 

Young’s 
Modulus 
E (MPa) 

Toughness 
(MJ/m3) 

Tensile 
Strength 
σm (MPa) 

Elongation 
at break 
εb (%) 

PEG4kPLA2k- 
a 

Dry 21.5 ± 1.8 125.3 
± 11.5 

21.4 
± 5.1 

1659.3 
± 110.4 

PEG4kPLA3k- 
a 

Dry 91.9 ± 5.7 85.0 ± 6.6 9.2 ± 1.0 1236.7 
± 66.5 

PEG4kPLA2k- 
r 

Dry 17.2 ± 2.3 71.3 ± 8.3 7.8 ± 0.8 1734.0 
± 93.2 

PEG4kPLA3k- 
r 

Dry 23.2 ± 4.5 57.7 ± 7.1 7.1 ± 0.5 1428.6 
± 58.2 

PLA2k-h Dry 726.2 
± 47.6 

23.9 ± 4.6 12.9 
± 1.6 

272.7 ± 4.4 

PLA3k-h Dry 1253.1 
± 102.0 

6.2 ± 2.1 42.6 
± 4.0 

15.1 ± 3.7 

PEG4kPLA2k- 
a 

Wet 9.2 ± 1.2 59.4 ± 4.3 8.3 ± 2.1 1446.8 
± 89.8 

PEG4kPLA3k- 
a 

Wet 16.5 ± 2.9 68.0 ± 4.8 8.4 ± 1.7 1277.3 
± 45.6 

PEG4kPLA2k- 
r 

Wet 6.0 ± 0.8 5.6 ± 1.6 2.2 ± 0.2 283.8 
± 21.9 

PEG4kPLA3k- 
r 

Wet 21.8 ± 6.3 22.6 ± 7.0 3.0 ± 0.5 1254.2 
± 80.5 

PLA2k-h Wet 238.5 
± 38.6 

17.9 ± 3.8 4.5 ± 1.6 406.8 
± 52.3 

PLA3k-h Wet 715.0 
± 133.4 

25.4 ± 4.4 13.9 
± 1.3 

282.5 
± 23.5  
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enhanced the hydrophilicity and promoted the biodegradability of the 
PEG-PLA copolymers. 

3.7. Marine biodegradation of PEG-PLA multiblock copolymer films with 
seawater based on the BOD analysis 

Inspired by the above results of the hydrolysis and rapid enzymatic 
degradation of PEG-PLA, we further assessed the biodegradability of the 
PEG-PLA copolymer and PLA homopolymers in seawater collected from 
Osaka Bay using the BOD analysis. In the standardized test set-up, ani
line was used as a reference owing to its well-characterized biodegra
dation profile. The validity of the experimental approach against the 
OECD 306 [55] and ISO 18830:2016 [56] would be confirmed when the 
biodegradation tests conducted under these conditions yielded a 
half-life (t50) of aniline of approximately 2–12 d and a final degradation 
rate of approximately 80 %, which is direct evidence of the biodegrad
ability level of the target materials [57,58]. As shown in the curve for 
aniline degradation shown in Fig. 7a, the validity of the test results was 
verified based on the above theoretical considerations. 

The corresponding test results are also shown in Fig. 7a. After 3 d, in 
addition to neat PLA-h, the consumption of O2 started to increase 
gradually. Further, the biodegradation rate increased significantly after 
approximately 13 d. After 28 d, the biodegradation rates of PEG4kPLA2k- 
r, PEG4kPLA3k-r, PEG4kPLA2k-a, and PEG4kPLA3k-a were 72.63 %, 

65.47 %, 60.61 %, and 53.11 %, respectively, which revealed that PEG- 
PLA was readily biodegradable in marine environments [59]; these re
sults also markedly exceeded that of neat PLA-h. PEG-PLA, with a 
disordered structure and shorter PLA chain segments, showed a faster 
degradation t50 and higher biodegradation performance, which could be 
attributed to its lower crystallinity and higher hydrophilicity. The 
PEG4kPLA2k copolymer with higher hydrophilicity also showed higher 
sensitivity in the initial stage of the degradation test (Fig. 7b). The 
degradation behavior was related to the Tris-HCl buffer and enzyme 
solutions, as described above. In addition, we compared the losses 
before and after degradation for all samples (Fig. S11). These results 
were consistent with the biodegradation performance, such as the 
weight loss of PEG4kPLA2k-a was 71.5%. Fig. 7c,d show the corre
sponding macroscopic and microscopic changes before and after the 
degradation of the samples, respectively. These results are consistent 
with the weight loss results, indicating that the improvement in the 
seawater biodegradation of PLA by the introduction of PEG was signif
icant. Regarding the changes in Mn, it is evident from Fig. 7e that the 
retention time of PEG-PLA drastically increased with low Mn after 28 
d of degradation in seawater. The signal of the random structure 
changed from a single peak to a triple peak because of the less regularity 
of the chain segments caused by the random copolymerization. The 
corresponding data are listed in Table S7. For example, the Mn of 
PEG4kPLA3k-a was reduced from 53,765 to 8733 g mol-1, while Đ 

Fig. 6. (a) Enzymatic biodegradation of samples in proteinase K solution at 37 ◦C for 120 h. (b) Mechanism of proteinase K action on the PEG-PLA copolymer.  
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decreased from 1.48 to 1.11. This further demonstrates that introducing 
PEG as a hydrophilic group into the backbone of PLA can improve its 
seawater biodegradability. 

To understand the structure and composition, thermal properties, 
changes in thermal stability after degradation, and degradation mech
anism of PEG-PLA, PEG4kPLA3k-a, and PEG4kPLA3k-r are considered as 

examples, FT-IR and 1H NMR were carried out, and the detailed data are 
summarized in Table S7. In addition, there was a higher weight loss in 
the PLA component, causing severe degradation of the PLA chain 
segment from the side in seawater. Further, FT-IR was used to charac
terize changes in the functional groups of PEG-PLA (Fig. 7f). A distinct 
terminal hydroxyl peak appeared at 3391 cm-1 (both the end and 

Fig. 7. (a) Comparison of the biodegradability of all samples after 28 d of seawater degradation. (b) Biodegradability of all samples in the initial stage of seawater 
degradation. After 28 d of seawater degradation, (c) macroscopic morphological changes of PEG-PLA and PLA films; (d) microscopic morphological changes of PEG- 
PLA and PLA films. recorded by SEM; (e) the retention time of all samples, the changes in the chemical structures and thermal stability of PEG4kPLA3k-a and 
PEG4kPLA3k-r demonstrated by (f) FT-IR, (g) 1H NMR and (h) TGA, respectively. 
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intramolecular ester exchange reaction of PLA resulted in increased -OH 
end groups, a detailed process referred to in Fig. S9) [52]. An over
lapping peak corresponding to the stretching vibration of the amino 
group was observed at 3238 cm-1. The carbonyl peak at 1750 cm-1 split 
into two stretching vibration peaks, and a new peak appeared at 
1645 cm-1, confirming the presence of free carboxyl groups after 
degradation. The disappearance of the bending vibration peak corre
sponding to the amide bond at 1533 cm-1 indicates that the ester and 

amide bonds that serve as the attack sites of water molecules were 
destroyed during the seawater degradation process, and the PEG-PLA 
bioplastic was rapidly degraded. In addition, as shown in Fig. 7g, the 
protons on the PEG methylene groups in the copolymer (d) were used as 
a reference to observe the change in the proton content of the PLA 
methine groups (a). The intensity ratio Id/Ia of EG/LA changes from 
5.17 to 8.34 and 5.49 to 9.85, respectively, implying that the PLA chain 
segments preferentially hydrolyzed in seawater. In contrast, the higher 

Fig. 8. (a) The proposal schematic illustration of the seawater biodegradation mechanism of PEG-PLA copolymers. (b) Comparison of the toughness, strain, water 
uptake ability, water durability, seawater weight loss, and seawater degradation rate with current research. 
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increase in the random copolymer suggested that it was readily 
degraded, consistent with the results comparing the biodegradation 
properties and residual weight described above. This is consistent with 
the report by Feng et al. that during the degradation of poly 
(3-hydroxybutyrate-co-3-hydroxyvalerate), the amorphous region of 
the copolymer began to degrade first, followed by the crystalline region 
[60]. It can be seen in Fig. 7h that both alternating and random PEG-PLA 
had a sharp drop in their thermal stability after suffering from seawater 
degradation. The Td of the PLA segment decreased by approximately 
80 ◦C. Numata et al. identified that altering the ratios of the incorpo
rated components in the copolymer chain affected their crystallinity and 
degradation rate [61]. Similarly, as shown in Fig. S12, for PEG4kPLA3k-a, 
the PLA crystallization peak appeared in the DSC cooling curve after 
degradation, and the ΔHm corresponding to the melting peak increased 
from 4.87 to 19.75 J g-1. While both the Tc and Tm of the PEG decreased, 
ΔHc and ΔHm increased, which suggests that after biodegradation, the 
molecular chains of the residue product were shorter. The mutual re
striction between PEG and PLA weakened, allowing the latter to rear
range to increase the crystallinity. This implies that the degradation of 
seawater destroyed the chemical structure of PEG-PLA and modified its 
crystallization behavior. Table S8 presents comprehensive data on the 
thermal properties. Combining the stability of the chemical structure, 
microstructure, and molecular weight changes after soaking the mate
rial in DI water at 22 ± 0.5 ◦C for 6 months further demonstrates that 
incorporating PEG enhances the biodegradability of PLA in marine 
environments. 

Fig. 8a presents a schematic of the hypothesized marine biodegra
dation mechanism for PEG-PLA copolymers [62,63]. The added PEG 
units in the PLA chain expand the interaction area between the ester and 
amide bonds and water molecules. This promotes the hydrogen bonding 
that accelerates the nucleophilic attack of water in marine environments 
with low temperatures, limited microorganisms, and high salinity. 
Consequently, this leads to an effectively tunable biodegradation rate of 
PEG-PLA containing varying EG/LA ratios. The superior overall per
formance of the PEG-PLA copolymers with elaborate alternating struc
tures is demonstrated compared to reported marine-degradable 
polyesters [17,64–71] shown as radar plots (Fig. 8b); the specific data 
are summarized in Table S9. The alternating PEG-PLA structure pro
vided a particularly outstanding marine biodegradation rate, has 
excellent stretchability both in wet and dry states, and shows simple, 
cost-effective manufacturing processes suitable for scaling up, making it 
a favorable alternative for marine-biodegradable polymers. 

4. Conclusions 

This study proposed the design of sequence-controlled PEG-PLA 
copolymer bioplastics with exceptional durability in DI water and rapid, 
tunable biodegradability in marine environments. The PEG-PLA co
polymers were synthesized by ROP and coupling techniques with PLA 
and PEG as building blocks, achieving Mn exceeding 53,000 g mol-1. The 
impact of the PEG content on the properties of PLA-based bioplastics 
was investigated. PEG-PLA exhibited tunable hydrophilicity (WAC from 
80.9◦ ± 2.3◦ to 38.3◦ ± 7.2◦) and water absorption (180.22% ± 0.21% 
to 5.11% ± 0.17%). PEG4kPLA2k-a presented excellent mechanical 
properties in both wet and dry states, with a maximum elongation at 
break and strength of 1446.8% ± 89.9% and 8.3 ± 2.1 MPa, respec
tively. The introduction of PEG increased the flexibility of the PLA 
molecular chain, reducing Tg from 50.4 ◦C to − 42.5 ◦C. With its well- 
organized chain structure, the alternating structure exhibited a lower 
Tg and stable rheological properties suitable for processing. In addition, 
PEG-PLA showed enhanced biodegradability with the incorporated PEG; 
PEG4kPLA2k was biodegraded entirely in 120 h, even at a low proteinase 
K concentration of 0.0125 g mol-1. The degradation mechanism priori
tized the PLA segments within the PEG-PLA copolymer, as confirmed by 
comprehensive characterization techniques, including FT-IR, 1H NMR, 
SEM, and GPC. The biodegradability by the OECD 306 reached 72.63%, 

as verified by quantitative 28-day BOD analysis. This proves that bio
plastic has the potential for rapid chain scission in marine environments. 
Consequently, this study illustrated the trade-offs between PEG as a 
building unit in modifying PLA regarding thermal behavior, mechanical 
properties, DI water durability, and marine biodegradability. Elaborate 
PEG-PLA bioplastics can shed light on developing the next generation of 
tunable, fast marine-biodegradable, and renewable high-performance 
green materials for packaging, medical, and agricultural applications 
and address marine plastic pollution. 

Environmental impliation 

Emerging high-performance marine-biodegradable plastics are 
widely considered the ideal strategy to address marine plastic pollution. 
However, the complex and harsh conditions of the marine environment 
severely inhibit the biodegradability of plastics. To accelerate polymer 
degradation in the ocean, bioplastics have been designed by structurally 
incorporating hydrophilic PEG units into bio-based PLA, yielding PEG- 
PLA copolymers with either sequence-controlled alternating or 
random structures. These copolymers exhibit tunable and superior me
chanical properties, and undergo rapid yet tunable biodegradation in 
seawater within 28 days, offering a potential solution for tackling ma
rine plastic pollution. 
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