

  polymers-16-01765




polymers-16-01765







Polymers 2024, 16(13), 1765; doi:10.3390/polym16131765




Article



Degradation Behaviors of Polylactic Acid, Polyglycolic Acid, and Their Copolymer Films in Simulated Marine Environments



Zeyu Chen 1, Xi Zhang 1,*, Ye Fu 1, Yujuan Jin 1, Yunxuan Weng 1,*, Xinchao Bian 2 and Xuesi Chen 2





1



College of Light Industry Science and Engineering, Beijing Technology and Business University, Beijing 100048, China






2



Changchun Institute of Applied Chemistry, Chinese Academy of Sciences, Changchun 130022, China









*



Correspondence: zhangxi2021@btbu.edu.cn (X.Z.); wyxuan@th.btbu.edu.cn (Y.W.)







Citation: Chen, Z.; Zhang, X.; Fu, Y.; Jin, Y.; Weng, Y.; Bian, X.; Chen, X. Degradation Behaviors of Polylactic Acid, Polyglycolic Acid, and Their Copolymer Films in Simulated Marine Environments. Polymers 2024, 16, 1765. https://doi.org/10.3390/polym16131765



Academic Editor: Sabrina Carola Carroccio



Received: 11 May 2024 / Revised: 13 June 2024 / Accepted: 14 June 2024 / Published: 21 June 2024



Abstract

:

Poly(lactic acid) (PLA) and poly(glycolic acid) (PGA) are extensively studied biodegradable polymers. However, the degradation behavior of their copolymer, poly(lactic-co-glycolic acid) (PLGA), in marine environments has not yet been confirmed. In this study, the changes in macroscopic and microscopic morphology, thermal properties, aggregation, and chemical structure of PLA, PGA, PLGA-85, and PLGA-75 (with 85% and 75% LA content) in simulated marine environments were investigated. Results revealed that degradation occurred through hydrolysis of ester bonds, and the degradation rate of PGA was faster than that of PLA. The amorphous region degraded preferentially over the crystalline region, leading to cleavage-induced crystallization and decreased thermal stability of PLA, PLGA-85, and PLGA-75. The crystal structures of PLGAs were similar to those of PLA, and the higher GA content, the faster was the degradation rate. This study provides a deeper understanding of the seawater degradation behaviors of PLA, PGA, and their copolymers, and provides guidance for the preparation of materials with controllable degradation performance.
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1. Introduction


Over the past thirty years, there has been a significant increase in the production and usage of synthetic polymers [1,2,3]. These polymers have a profound impact on engineering and commercial applications due to their stability towards chemicals, hydrolysis, temperature, light, microorganisms, and other factors [4]. However, this inherent characteristic of polymers poses a challenge to society in managing plastic waste that enters the environment [5,6]. According to statistics, currently, humans produce approximately 430 million tons of plastic annually, two-thirds of which quickly become waste. Each year, 19 to 23 million tons of plastic waste flow into aquatic ecosystems, particularly marine environments, causing significant harm to aquatic ecosystems [7,8]. Therefore, it is imperative to find reliable methods to address marine plastic pollution. To achieve sustainable long-term development, starting from the material itself and researching plastic materials that can rapidly self-degrade in seawater is the most fundamental and effective approach to solving this problem [9,10,11].



Biodegradable polymer materials are an important type of synthetic biomaterials that are widely used in medical fields such as trauma repair and tissue regeneration [12,13,14]. Among the developed biodegradable polymers, aliphatic polyesters have attracted attention due to their good melt processability, mechanical strength, and excellent degradability. Poly(lactic acid) (PLA), poly(glycolic acid) (PGA), and their copolymer poly(lactic-co-glycolic acid) (PLGA) are typical representatives of aliphatic polyesters, which are widely applied in bone tissue engineering scaffolds, drug release systems, surgical sutures, and other fields due to their good biocompatibility and controllable degradation [15,16,17,18,19].



PLA is renewable aliphatic polyester resultant from the lactic acid monomer unit (LA). It is a semi-crystalline polymer with a glass transition temperature (Tg) of 55 °C and a melting point (Tm) of 165 °C [20]. It possesses several excellent properties, such as strength, stiffness, biocompatibility, thermoplasticity, monomer recyclability, and good processability [21,22,23,24]. However, PLA exhibits weak nucleation ability and a low crystallization rate under homogeneous conditions. Conventional processing methods produce products with low crystallinity or even in an amorphous state, leading to a significant reduction in mechanical and thermal resistance properties. Additionally, PLA has poor hydrophilicity and long degradation cycles, which partially limit its applications [25,26,27]. PGA is another semi-crystalline, biodegradable polyester with excellent mechanical strength and barrier properties. The gas barrier property of PGA is 1000 times higher than PLA and 100 times higher than PET. It can completely degrade within 1–3 months. However, it also has disadvantages such as difficulties in processing and insufficient toughness [28,29,30,31].



PLGA, synthesized through direct condensation of lactic acid and glycolic acid or ring-opening polymerization of lactide and glycolide, can fully utilize the advantages of PLA and PGA, such as good biodegradability, biocompatibility, outstanding mechanical properties, thermal resistance, and controllable degradation [32]. Shuai et al. [33] incorporated PGA into hydroxyapatite/poly l-lactic acid (HAP/PLLA) scaffolds, which accelerated the degradation rate of the HAP/PLLA scaffolds, improved the hydrophilicity of the scaffolds, and fully demonstrated the bioactivity and osteoconductivity of HAP. Miller et al. [34] studied the difference in degradation rates between pure PLA, PGA, and their copolymers with different monomer ratios. A comparison was made between PLGAs with LA/GA ratios of 75:25, 50:50, and 25:75, as well as pure PGA. Samples were extracted from implanted bones and soft tissues of rats at 1, 2, 3, 5, 7, 9, and 11 months for testing. The results indicated that the addition of PLA slowed down the degradation rate of PGA, and the higher the proportion of PLA, the lower was the degradation rate of the copolymer. However, most studies on the degradation behavior of PLGA have been conducted in the human body fluid environment, with limited research on its degradation behavior in the marine environment.



This study investigated the degradation behavior of PLA, PGA, and PLGA with different monomer ratios in marine environments. Considering that most plastic waste in marine environments is located in coastal areas and biodegradable polymers have a higher density than seawater, they sink into the seabed after being immersed and penetrated with seawater. Therefore, the biodegradation of materials in coastal marine areas can be simulated as aerobic biodegradation at the seawater/sediment interface (intertidal zone or coastal zone) [35]. Based on this, a simulated marine environment degradation model was constructed to examine the variations in macro and micro-morphology, thermal properties, aggregation state, and chemical structure, as well as degradation rate.




2. Experimental


2.1. Materials


The thin film samples of PLA, PGA, and their copolymers used in this experiment were prepared using Shenhua Corporation’s (Beijing, China) raw materials through a solvent casting process with a thickness of 0.25 ± 0.05 mm and were placed in a 40 °C vacuum oven for 24 h to remove organic solvents. PLA (Mn = 76,344) and PGA represent the pure samples of PLA and PGA. PLGA-x (x = 85 or 75) (PLGA-85: Mn = 98,994; PLGA-75: Mn = 42,022) represents the PLGA copolymers, where x is the mass fraction of LA in the copolymer.



The collected sediment below the low-water line from Ningbo–Zhoushan Port, Zhejiang was stored at 4 °C and used within 4 weeks after sampling. The total organic carbon (TOC), pH value, and nitrogen content of the sediment were 0.77 mg/g, 8.0, and 0.16 mg/L, respectively. Artificial seawater with a salinity of 34.0 PSU was used, and marine organisms, sea anemones, and clownfish were introduced into the simulated environment. Meanwhile, algae were not removed.




2.2. Biodegradation in Simulated Marine Environment


The biodegradation experiments with different thin films were conducted in a simulated marine environment at 25 °C. The film samples were cut into 5 cm × 5 cm sizes and placed at the interface between seawater and sediment. Samples were collected periodically for testing.




2.3. Characterization


2.3.1. SEM


The surface microstructure of the samples during degradation was observed using a scanning electron microscope (SEM, Quanta FEG, FEI, Eindhoven, The Netherlands) under an acceleration voltage of 10 kV. Before the measurement, a gold layer was uniformly sputtered on the surface of the samples.




2.3.2. TGA


Thermogravimetric analysis (TGA) (TA Universal V4.5A, TA Instruments, New Castle, DE, USA) was used to characterize the thermal decomposition mass loss of the samples. Samples of approximately 5–10 mg were assayed in an aluminum crucible and tested at temperatures ranging from 40 °C to 500 °C under a nitrogen atmosphere, with a heating rate of 20 °C/min.




2.3.3. DSC


The thermal properties of the degraded sample were obtained using a Q100 instrument (TA Instruments, New Castle, DE, USA) through differential scanning calorimetry (DSC). Samples of about 5–8 mg were sealed in an aluminum crucible and were then heated from room temperature to 250 °C at a rate of 10 °C/min and held at a constant temperature for 5 min to eliminate thermal history. Then, they were cooled to 0 °C at a rate of 10 °C/min under a nitrogen atmosphere and re-heated to 250 °C at a heating rate of 10 °C/min.




2.3.4. XRD


The crystalline structure before and after degradation was measured via X-ray diffraction (XRD, Rigaku Smart Lab SE, Tokyo, Japan) at a scanning speed of 5°/min and a scanning angle range of 10~50°. The crystallinity was estimated using the following formula:


   X c  =    A c     A c  +  A a     



(1)




where Ac and Aa are the areas of crystalline and amorphous regions, respectively. The interplanar distance (dhkl) was calculated using Bragg’s law:


   d  h k l   =  λ  2 sin θ    



(2)




where λ represents the wavelength of X-rays and θ represents the diffraction angle.




2.3.5. FTIR


Fourier-transform infrared spectroscopy (FTIR) analysis was conducted using an ATR-FTIR spectrometer (Thermos Fisher Scientific, Waltham, MA, USA) with a scanning range from 4000 cm−1 to 400 cm−1 at room temperature. The resolution was set at 8 cm−1 and each spectrum was scanned 32 times.




2.3.6. XPS


Chemical elements on the surface of the thin films were investigated using X-ray photoelectron spectroscopy (XPS) on K-ALPHA+ with an Al Kα X-ray source (Thermos Fisher Scientific, Waltham, MA, USA).




2.3.7. GPC


Changes in molecular weight and polydispersity index during the degradation process were tested using gel permeation chromatography (GPC-20A, Shimadzu Corporation, Kyoto, Japan) with tetrahydrofuran as the mobile phase, and calibration was performed using polystyrene standards. The sample concentration was 0.2 mg/mL, and the corresponding injection volume was 10 μL. After the samples were completely dissolved, the test was performed with the chromatographic column and detector running at 25 °C and the flow rate set to 2 mL/min. The chain scission concentration in the amorphous phase was calculated using the following equation [36]:


   S  a m o r p h o u s   =  1  1 −  X c    × (  1   M n    −  1   M   n 0      )  



(3)




where Mn and Mn0 represent the number-average molecular weight and initial number-average molecular weight and Xc is the crystallinity of the specimen.






3. Results and Discussion


3.1. Apparent and Microscopic Morphology of Degraded Samples


The appearance changes of PLA, PLGA-85, PLGA-75, and PGA before and after degradation in seawater for several days are shown in Figure 1a. With the increase of degradation time, different samples degraded at different rates. Regarding pure PGA, its surface quickly cracked and decomposed into small fragments as the degradation proceeded. After 15 days, the PGA specimen broke completely and could not be collected, indicating it had the fastest degradation rate. Meanwhile, pure PLA underwent significant changes in the marine environment only after 120 days, turning brown with decreased transparency and toughness, eventually fracturing into small pieces. PLGA samples displayed a combination of the degradation behaviors of pure PLA and PGA. The higher the GA ratio in the blend, the faster was the degradation rate and the earlier the decomposition into small fragments. Therefore, both PLA and PGA are considered degradable in marine environment, with PGA exhibiting a more prominent degradation rate. A controllable degradation rate can be achieved by adjusting the copolymerization ratio of the two monomers.



Further studies on the microstructural evolution of PLA, PLGA-85, PLGA-75, and PGA samples before and after degradation were carried out through SEM. As shown in Figure 1b, the surface of the PGA was rougher than that of the pure PLA, PLGA-85, and PLGA-75 samples. As the degradation time increased, various degrees of corrosive cavities were observed on the sample surface, which were attributed to the water penetration and polymer chain breakage. Considering that the degradation of polyester materials usually occurred first in the amorphous region, followed by seawater gradually penetrating into the interior of the crystal, cracks and dissolution cavities appeared on the surface of the sample in the later stage of degradation. As the degradation progressed, the amorphous region continuously decreased, leaving irregular protrusions and deepening grooves. Large particles fragmented into smaller ones, accompanied by changes in crystallinity and molecular weight, as discussed in the following sections.




3.2. Changes in Thermal Properties and Aggregation Structure


Evaluation of the thermal stability of the sample was performed using thermogravimetric analysis, via measuring the initial decomposition temperature at which a 5% mass loss was observed. The weight loss curves of PLA, PLGA-85, PLGA-75, and PGA films with different degradation times are shown in Figure 2a–d. For all samples, the onset decomposition temperature (Td) at 5% mass loss shifted to lower temperatures after degradation, which can be attributed to the decrease in molecular weight caused by chain scission. The downward shift in the thermal decomposition temperature of PLA after degradation was less significant compared with PGA, indicating the faster chain scission of PGA. For PLGA-85 and PLGA-75, only one broad step was observed in the TG curves before degradation, while there were two distinct steps after degradation. It is speculated that this was due to the different thermal stability of different molecular chain segments in the copolymer. In the later stage of degradation, as the GA units preferentially degraded, the molecular chain segments tended to be homogeneous and the thermal stability became a broad step again. Compared with PLGA-85, the higher GA content in PLGA-75 led to a faster degradation rate and a more significant reduction in thermal stability.



The aggregated structures of PLA, PLGA-85, PLGA-75, and PGA before and after degradation were further studied through DSC analysis. Figure 3a–d shows the DSC second-heating curves of the film samples before and after degradation. For pure PLA, the melting temperature (Tm), cold crystallization temperature (Tcc), and Tg shifted towards lower temperatures, this can also be observed from Table S1, which is believed to have been due to the enhanced mobility resulting from the breakage of molecular chains during degradation. For PGA, Tm and Tg also decreased after degradation; however, no cold crystallization was observed. Due to the different crystal structures of PLA and PGA, there were significant differences in their melting and crystallization behaviors. As for PLGA-85 and PLGA-75, no obvious crystalline peaks and melting peaks were observed in the DSC curves before degradation, indicating that neither of them were able to crystallize during the DSC experiment. As degradation progressed, the breakage of molecular chains led to cleavage-induced crystallization [37], resulting in the appearance of melting and crystallization peaks. The observed melting and crystallization peaks were close to those of PLA, indicating that the crystalline structure of the PLGA was closer to PLA when the LA content was high.



To further investigate the evolution of crystal structure during the degradation process, XRD results are displayed in Figure 4a–f. For PLA, the diffraction peak at 2θ = 16.7° corresponded to the (110)/(200) crystal plane, while the peak at 2θ = 19.1° corresponded to the (113)/(203) crystal plane. For PGA, the diffraction peaks at 2θ = 22.4° and 2θ = 29.1° corresponded to the (110) and (020) crystal planes, respectively [38]. The diffraction peaks of PLGA-85 and PLGA-75 were similar to those of PLA, and the presence of bimodal diffraction peaks can be attributed to the coexistence of less ordered α′ and ordered α crystal forms [39]. As shown in Figure 4e, the crystallinity of PLA, PLGA-85, and PLGA-75 gradually increased in the early stage of degradation, and then continuously decreased, while the crystallinity of PGA continued to decrease with the extension of degradation time. It can be considered that PGA has a linear structure and simple repeating unit, so it directly undergoes the hydrolysis of the ester bond in seawater. In addition, due to the high GA content, it has higher hydrophilicity, making it more susceptible to erosion by water molecules, ultimately leading to faster decomposition of PGA molecular chains to reduce crystallinity. As for PLA, PLGA-85, and PLGA-75, the amorphous region degraded first in the initial stage of degradation. During this process, the fractured molecular chains reorganized to form crystalline structures, commonly referred to as cleavage-induced crystallization and typically resulting in the formation of smaller-sized defective crystalline lamellae [12,40,41]. When the degradation of the amorphous region was complete, the crystalline region began to degrade, leading to a decrease in crystallinity. In addition, there was no significant change in the interplanar distance d110 before and after degradation, indicating that degradation had little effect on the interlayer spacing of crystals.




3.3. Changes in Chemical Structure of Degraded Specimens


Chemical structural changes caused by the degradation of PLA, PLGA-85, PLGA-75, and PGA were analyzed through FTIR spectroscopy. As shown in Figure 5a–d, for pure PGA, the peak at 1745 cm−1 and the shoulder peak at 1635 cm−1 were attributed to low molecular weight esters and their free carbonyl groups, which gradually weakened and broadened during the degradation process. The peak at 1416 cm−1 can be attributed to the bending vibration of saturated C-H absorption in CH2; the peak intensity gradually decreased after degradation. The peaks at 1296 cm−1 are attributed to the C-O bonds of aliphatic groups, which gradually weakened during degradation and combined with C-O stretching vibration to form broad peaks. This was a result of ester bond breakage and hydrolysis forming hydroxyl radicals [42]. For PLA, the intensity of absorbance at both 1750 cm−1 and 1182 cm−1 corresponding to strong C=O stretching and C-O stretching vibration from the ester group decreased as degradation time increased. The decreased intensity reflected that the degradation of PLA occurred at the ester group in the long molecular chains [43]. For PLGA-85 and PLGA-75, the peaks at 1452 cm−1 and 1422 cm−1 represent the bending vibrations of CH3 and CH2 absorbed from LA units and GA units, respectively. To measure the relative content changes of LA and GA units during the degradation process, the absorbance intensity ratios of characteristic peaks at 1452 cm−1 and 1422 cm−1 are compared in Figure 5e. It can be seen that with the increase of degradation time, the absorbance intensity ratios of both PLGA-85 and PLGA-75 showed an increasing trend, indicating that the degradation occurred preferentially in the GA units; similar results have also been reported in other studies [44].



Figure 6a–c shows the C1s core level spectra of PLA, PLGA-85, and PLGA-75 before and after degradation. The C1s core level spectra can be fitted into three peaks, with the peak values at 284.6, 286.3, and 288.6 eV representing the C-C, C-O, and -COO- groups, respectively. The peak of -COO- represents the ester bonds and carboxyl groups in the hydrolysis products, while the peak of C-O is contributed by the ester bonds, hydrolysis products, and terminal hydroxyl groups. To evaluate the degradation rates, the relative peak area ratios of C-O to -COO- are compared in Figure 6d. The corresponding peak area ratios of PLA and PLGA-85 increased from 1.3 to 2.22 and 1.0 to 2.48 after 300 days, while the value of PLGA-75 increased from 1.15 to 2.31 after 120 days. Since a larger relative peak area ratio indicates a higher degradation rate in the film samples, it can be concluded that the degradation rate of PLGA-75 was the highest, whereas the degradation rate of PLA was the lowest.




3.4. Changes in Molecular Weight and Polydispersity Index of Degraded Specimens


Since PGA is insoluble in conventional organic solvents, only the number-average molecular weight (Mn) and polydispersity index (PDI) of PLA, PLGA-85, and PLGA-75 during degradation were measured via GPC. As shown in Figure 7a, the Mn values of these three samples all decreased after degradation, and PLGA-75 decreased the fastest, followed by PLGA-85, and then PLA. In a marine environment, the LA/GA ratio determines the extent of Mn changes. A higher proportion of LA units in the polymer main chain slows down hydrolysis, while GA units can promote hydration and the diffusion of water, thereby accelerating the hydrolysis process [45,46,47]. Regarding the PDI values shown in Figure 7b, those of PLA and PLGA-85 increased first and then decreased during degradation, while the values of PLGA-75 continuously decreased, the molecular weight distribution curve of Figure S1 also demonstrates this point. These results indicate that the higher GA content of PLGA-75 can cause a more uniform breakage of molecular chains. In addition, the concentration of chain scission in the amorphous phase (Samorphous) is further compared in Figure 7c. When hydrolysis occurred, chain breakage first took place in the amorphous phase due to the looser molecular chains facilitating the entry of water. For all these three samples, the values of Samorphous during degradation all showed a trend of initially increasing and then maintaining a constant. Among them, at the same degradation time, PLGA-75 possessed the largest value, followed by PLGA-85, and PLA displayed the smallest value, which further confirmed that higher GA content led to a faster degradation rate.




3.5. Structural Evolution Discussion


Summarizing the above TG, DSC, XRD, FTIR, XPS, and GPC results, the structural evolution of PLA, PLGA, and PGA films during hydrolysis were analyzed. The schematic diagram shown in Figure 8 describes the structural changes during degradation. The degradation of PLA, PGA, and PLGA in the simulated marine environments mainly involved the hydrolysis of ester bonds. For PLA, the chain scission caused by hydrolysis first occurred in the amorphous region, and due to the enhanced mobility of fractured molecular chains, cleavage-induced crystallization was generated. As the degradation time extended, the crystalline region gradually underwent degradation, generating fragments with low molecular weight. Therefore, during the degradation process, the molecular weight of the PLA gradually decreased, while the crystallinity first increased and then decreased. The PGA, due to its linear structure and simple repeating units, directly underwent hydrolysis of the ester bond in seawater. In addition, due to its higher hydrophilicity than PLA, the PGA molecular chains decomposed faster, thereby reducing the crystallinity. As for the copolymers, due to the superior hydrophilicity of GA units compared with LA units, the hydrolysis of GA units took place preferentially, and cleavage-induced crystallization also appeared, making the crystallinity first increase and then decrease. Regarding the PLGA-85 and PLGA-75 with high LA content, their crystal structures were similar to PLA and contained less ordered α′ and ordered α crystal forms. In addition, the higher the GA content, the faster was the degradation rate of PLGA.





4. Conclusions


In this work, the degradation behaviors of PLA, PGA, and their copolymers PLGA-85 and PLGA-75 in simulated marine environments were investigated. Polyester materials underwent degradation in marine environments primarily through the hydrolysis of ester bonds, with PGA degrading faster than PLA. During the degradation process, the molecular chains broke, leading to a decrease in molecular weight and a reduction in the thermal stability of the materials. The crystal structures of PLGA-85 and PLGA-75 were similar to that of PLA, and the higher the GA unit content, the faster was the degradation rate, which could be attributed to the superior hydrophilicity of GA units compared with LA units. Meanwhile, PGA, due to its linear structure and simple repeating units, directly underwent hydrolysis of the ester bond in seawater and the molecular chains broke down to reduce the crystallinity. This study provides a deeper understanding of the seawater degradation behaviors of PLA, PGA, and their copolymers, and provides guidance for the preparation of materials with controllable degradation performance.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/polym16131765/s1, Figure S1: Signal strength versus retention time change curves (a) PLA, (b) PLGA-85, (c) PLGA-75; Table S1: Changes of Tg, Tcc, and Tm during different degradation times.





Author Contributions


Conceptualization, X.Z., Y.F., Y.J., Y.W., X.B. and X.C.; Investigation, Z.C.; Data curation, Z.C.; Writing—original draft, Z.C.; Writing—review & editing, X.Z., Y.F., Y.J., Y.W., X.B. and X.C.; Visualization, Y.W.; Funding acquisition, X.Z., Y.F. and Y.W. All authors have read and agreed to the published version of the manuscript.




Funding


This work is supported by the National Key Research and Development Program of China (Project No. 2022YFC2104600, 2021YFB3801902), the R&D Program of Beijing Municipal Education Commission (general project: KM202310011006), the National Natural Science Foundation of China (Grant No. 52073004, 52203115), and the Beijing Natural Science Foundation (Grant No. 2222053).




Data Availability Statement


Data are contained within the article and Supplementary Materials.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Ciuffi, B.; Fratini, E.; Rosi, L. Plastic pretreatment: The key for efficient enzymatic and biodegradation processes. Polym. Degrad. Stab. 2024, 222, 110698. [Google Scholar] [CrossRef]

	



Gan, H.; Okada, T.; Kimura, S.; Kasuya, K.-I.; Iwata, T. Manufacture, physical properties, and degradation of biodegradable polyester microbeads. Polym. Degrad. Stab. 2023, 208, 110239. [Google Scholar] [CrossRef]

	



Muthuraj, R.; Mekonnen, T. Recent progress in carbon dioxide (CO2) as feedstock for sustainable materials development: Co-polymers and polymer blends. Polymer 2018, 145, 348–373. [Google Scholar] [CrossRef]

	



Da Costa, J.P.; Nunes, A.R.; Santos, P.S.M.; Girão, A.V.; Duarte, A.C.; Rocha-Santos, T. Degradation of polyethylene microplastics in seawater: Insights into the environmental degradation of polymers. J. Environ. Sci. Health Part A 2018, 53, 866–875. [Google Scholar] [CrossRef] [PubMed]

	



Kim, J.; Park, S.; Jung, S.; Yun, H.; Choi, K.; Heo, G.; Jin, H.-J.; Park, S.; Kwak, H.W. Biodegradation behavior of polybutylene succinate (PBS) fishing gear in marine sedimentary environments for ghost fishing prevention. Polym. Degrad. Stab. 2023, 216, 110490. [Google Scholar] [CrossRef]

	



Kakoria, A.; Chandel, S.S.; Sinha-Ray, S. Novel supersonically solution blown nanofibers from waste PET bottle for PM0.1-2 filtration: From waste to pollution mitigation. Polymer 2021, 234, 124260. [Google Scholar] [CrossRef]

	



Urbanek, A.K.; Rymowicz, W.; Mirończuk, A.M. Degradation of plastics and plastic-degrading bacteria in cold marine habitats. Appl. Microbiol. Biotechnol. 2018, 102, 7669–7678. [Google Scholar] [CrossRef]

	



Wang, J.; Zheng, L.; Li, J. A critical review on the sources and instruments of marine microplastics and prospects on the relevant management in China. Waste Manag. Res. 2018, 36, 898–911. [Google Scholar] [CrossRef]

	



Ariza-Tarazona, M.C.; Villarreal-Chiu, J.F.; Barbieri, V.; Siligardi, C.; Cedillo-González, E.I. New strategy for microplastic degradation: Green photocatalysis using a protein-based porous N-TiO2 semiconductor. Ceram. Int. 2019, 45, 9618–9624. [Google Scholar] [CrossRef]

	



Koike, T.; Hikima, Y.; Muranaka, Y.; Maki, T.; Ohshima, M. Kinetic models for water sorption and a hydrolysis reaction with poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) (PHBH). Polym. Degrad. Stab. 2023, 218, 110583. [Google Scholar] [CrossRef]

	



Cheng, J.; Eyheraguibel, B.; Jacquin, J.; Pujo-Pay, M.; Conan, P.; Barbe, V.; Hoypierres, J.; Deligey, G.; Ter Halle, A.; Bruzaud, S.; et al. Biodegradability under marine conditions of bio-based and petroleum-based polymers as substitutes of conventional microparticles. Polym. Degrad. Stab. 2022, 206, 110159. [Google Scholar] [CrossRef]

	



Dong, Z.; Miao, Y.; Cui, H.; Huang, Q.; Li, Y.; Wang, Z. Structural Evolution of Polyglycolide and Poly(glycolide-co-lactide) Fibers during the Heat-Setting Process. Biomacromolecules 2021, 22, 3342–3356. [Google Scholar] [CrossRef] [PubMed]

	



Dodda, J.M.; Remiš, T.; Rotimi, S.; Yeh, Y.-C. Progress in the drug encapsulation of poly(lactic-co-glycolic acid) and folate-decorated poly(ethylene glycol)–poly(lactic-co-glycolic acid) conjugates for selective cancer treatment. J. Mater. Chem. B 2022, 10, 4127–4141. [Google Scholar] [CrossRef] [PubMed]

	



Hogan, K.J.; Mikos, A.G. Biodegradable thermoresponsive polymers: Applications in drug delivery and tissue engineering. Polymer 2020, 211, 123063. [Google Scholar] [CrossRef]

	



Bae, S.; DiBalsi, M.J.; Meilinger, N.; Zhang, C.; Beal, E.; Korneva, G.; Brown, R.O.; Kornev, K.G.; Lee, J.S. Heparin-Eluting Electrospun Nanofiber Yarns for Antithrombotic Vascular Sutures. ACS Appl. Mater. Interfaces 2018, 10, 8426–8435. [Google Scholar] [CrossRef] [PubMed]

	



Maeda, T.; Kitagawa, M.; Hotta, A. Degradation of thermoresponsive laponite/PEG-b-PLGA nanocomposite hydrogels controlled by blending PEG-b-PLGA diblock copolymers with different PLGA molecular weights. Polym. Degrad. Stab. 2021, 187, 109535. [Google Scholar] [CrossRef]

	



Walejewska, E.; Idaszek, J.; Heljak, M.; Chlanda, A.; Choinska, E.; Hasirci, V.; Swieszkowski, W. The effect of introduction of filament shift on degradation behaviour of PLGA- and PLCL-based scaffolds fabricated via additive manufacturing. Polym. Degrad. Stab. 2020, 171, 109030. [Google Scholar] [CrossRef]

	



Yu, L.; Liu, Y.; Feng, P.; Shuai, C.; Peng, S.; Min, A. Organically modified montmorillonite improves interfacial compatibility between PLLA and PGA in bone scaffold. Polym. Degrad. Stab. 2020, 182, 109394. [Google Scholar] [CrossRef]

	



Khan, A.; Hadano, Y.; Takehara, H.; Ichiki, T. Effects of physico-chemical treatments on PLGA 50:50 electrospun nanofibers. Polymer 2022, 261, 125400. [Google Scholar] [CrossRef]

	



DeStefano, V.; Khan, S.; Tabada, A. Applications of PLA in modern medicine. Eng. Regen. 2020, 1, 76–87. [Google Scholar] [CrossRef]

	



Zaaba, N.F.; Jaafar, M. A review on degradation mechanisms of polylactic acid: Hydrolytic, photodegradative, microbial, and enzymatic degradation. Polym. Eng. Sci. 2020, 60, 2061–2075. [Google Scholar] [CrossRef]

	



Zhu, L.; Qiu, J.; Liu, W.; Sakai, E. Mechanical and thermal properties of rice Straw/PLA modified by nano Attapulgite/PLA interfacial layer. Compos. Commun. 2019, 13, 18–21. [Google Scholar] [CrossRef]

	



Marin, E.; Rondinella, A.; Bin Idrus, D.M.; Lanzutti, A.; de Leitenburg, C.; Danielis, M.; Zhu, W.; Xu, H.; Pezzotti, G. Non-destructive spectroscopic diagnostic tools for the assessment of the mechanical strength of 3D-printed PLA. Polym. Degrad. Stab. 2023, 216, 110506. [Google Scholar] [CrossRef]

	



Zhao, X.; Pelfrey, A.; Pellicciotti, A.; Koelling, K.; Vodovotz, Y. Synergistic effects of chain extenders and natural rubber on PLA thermal, rheological, mechanical and barrier properties. Polymer 2023, 269, 125712. [Google Scholar] [CrossRef]

	



Rosli, N.A.; Karamanlioglu, M.; Kargarzadeh, H.; Ahmad, I. Comprehensive exploration of natural degradation of poly(lactic acid) blends in various degradation media: A review. Int. J. Biol. Macromol. 2021, 187, 732–741. [Google Scholar] [CrossRef] [PubMed]

	



Vaid, R.; Yildirim, E.; Pasquinelli, M.A.; King, M.W. Hydrolytic Degradation of Polylactic Acid Fibers as a Function of pH and Exposure Time. Molecules 2021, 26, 7554. [Google Scholar] [CrossRef] [PubMed]

	



Iñiguez-Franco, F.; Auras, R.; Burgess, G.; Holmes, D.; Fang, X.; Rubino, M.; Soto-Valdez, H. Concurrent solvent induced crystallization and hydrolytic degradation of PLA by water-ethanol solutions. Polymer 2016, 99, 315–323. [Google Scholar] [CrossRef]

	



Yang, F.; Zhang, C.; Ma, Z.; Weng, Y. In Situ Formation of Microfibrillar PBAT in PGA Films: An Effective Way to Robust Barrier and Mechanical Properties for Fully Biodegradable Packaging Films. ACS Omega 2022, 7, 21280–21290. [Google Scholar] [CrossRef] [PubMed]

	



Low, Y.J.; Andriyana, A.; Ang, B.C.; Abidin, N.I.Z. Bioresorbable and degradable behaviors ofPGA: Current state and future prospects. Polym. Eng. Sci. 2020, 60, 2657–2675. [Google Scholar] [CrossRef]

	



Samantaray, P.K.; Little, A.; Haddleton, D.M.; McNally, T.; Tan, B.; Sun, Z.; Huang, W.; Ji, Y.; Wan, C. Poly(glycolic acid) (PGA): A versatile building block expanding high performance and sustainable bioplastic applications. Green Chem. 2020, 22, 4055–4081. [Google Scholar] [CrossRef]

	



Niu, D.; Xu, P.; Li, J.; Yang, W.; Liu, T.; Ma, P. Strong, ductile and durable Poly(glycolic acid)-based films by constructing crystalline orientation, entanglement network and rigid amorphous fraction. Polymer 2023, 264, 125532. [Google Scholar] [CrossRef]

	



Dai, J.; Liang, M.; Zhang, Z.; Bernaerts, K.V.; Zhang, T. Synthesis and crystallization behavior of poly (lactide-co-glycolide). Polymer 2021, 235, 124302. [Google Scholar] [CrossRef]

	



Shuai, C.; Yang, W.; Feng, P.; Peng, S.; Pan, H. Accelerated degradation of HAP/PLLA bone scaffold by PGA blending facilitates bioactivity and osteoconductivity. Bioact. Mater. 2021, 6, 490–502. [Google Scholar] [CrossRef] [PubMed]

	



Miller, R.A.; Brady, J.M.; Cutright, D.E. Degradation rates of oral resorbable implants (polylactates and polyglycolates): Rate modification with changes in PLA/PGA copolymer ratios. J. Biomed. Mater. Res. 1977, 11, 711–719. [Google Scholar] [CrossRef] [PubMed]

	



Briassoulis, D.; Pikasi, A.; Briassoulis, C.; Mistriotis, A. Disintegration behaviour of bio-based plastics in coastal zone marine environments: A field experiment under natural conditions. Sci. Total Environ. 2019, 688, 208–223. [Google Scholar] [CrossRef] [PubMed]

	



Deshoulles, Q.; Le Gall, M.; Benali, S.; Raquez, J.-M.; Dreanno, C.; Arhant, M.; Priour, D.; Cerantola, S.; Stoclet, G.; Le Gac, P. Hydrolytic degradation of biodegradable poly(butylene adipate-co-terephthalate) (PBAT)—Towards an understanding of microplastics fragmentation. Polym. Degrad. Stab. 2022, 205, 110122. [Google Scholar] [CrossRef]

	



You, Y.; Min, B.-M.; Lee, S.J.; Lee, T.S.; Park, W.H. In vitro degradation behavior of electrospun polyglycolide, polylactide, and poly(lactide-co-glycolide). J. Appl. Polym. Sci. 2005, 95, 193–200. [Google Scholar] [CrossRef]

	



Tsuji, H. Quiescent Crystallization of Poly(Lactic Acid) and Its Copolymers-Based Materials. In Thermal Properties of Bio-Based Polymers; Di Lorenzo, M.L., Androsch, R., Eds.; Springer International Publishing: Cham, Switzerland, 2019; pp. 37–86. [Google Scholar]

	



Zhang, X.; Yang, B.; Fan, B.; Sun, H.; Zhang, H. Enhanced Nonisothermal Crystallization and Heat Resistance of Poly(l-lactic acid) by d-Sorbitol as a Homogeneous Nucleating Agent. ACS Macro Lett. 2021, 10, 154–160. [Google Scholar] [CrossRef] [PubMed]

	



Zong, X.-H.; Wang, Z.-G.; Hsiao, B.S.; Chu, B.; Zhou, J.J.; Jamiolkowski, D.D.; Muse, E.; Dormier, E. Structure and Morphology Changes in Absorbable Poly(glycolide) and Poly(glycolide-co-lactide) during in Vitro Degradation. Macromolecules 1999, 32, 8107–8114. [Google Scholar] [CrossRef]

	



Fredericks, R.J.; Melveger, A.J.; Dolegiewitz, L.J. Morphological and structural changes in a copolymer of glycolide and lactide occurring as a result of hydrolysis. J. Polym. Sci. Polym. Phys. Ed. 1984, 22, 57–66. [Google Scholar] [CrossRef]

	



Tan, H.Y.; Widjaja, E.; Boey, F.; Loo, S.C.J. Spectroscopy techniques for analyzing the hydrolysis of PLGA and PLLA. J. Biomed. Mater. Res. Part B Appl. Biomater. 2009, 91B, 433–440. [Google Scholar] [CrossRef] [PubMed]

	



Lv, S.; Liu, X.; Gu, J.; Jiang, Y.; Tan, H.; Zhang, Y. Microstructure analysis of polylactic acid-based composites during degradation in soil. Int. Biodeterior. Biodegrad. 2017, 122, 53–60. [Google Scholar] [CrossRef]

	



Vey, E.; Rodger, C.; Booth, J.; Claybourn, M.; Miller, A.F.; Saiani, A. Degradation kinetics of poly(lactic-co-glycolic) acid block copolymer cast films in phosphate buffer solution as revealed by infrared and Raman spectroscopies. Polym. Degrad. Stab. 2011, 96, 1882–1889. [Google Scholar] [CrossRef]

	



Selmin, F.; Blasi, P.; DeLuca, P.P. Accelerated Polymer Biodegradation of Risperidone Poly(d, l-Lactide-Co-Glycolide) Microspheres. AAPS PharmSciTech 2012, 13, 1465–1472. [Google Scholar] [CrossRef] [PubMed]

	



Chor, A.; Gonçalves, R.P.; Costa, A.M.; Farina, M.; Ponche, A.; Sirelli, L.; Schrodj, G.; Gree, S.; de Andrade, L.R.; Anselme, K.; et al. In Vitro Degradation of Electrospun Poly(Lactic-Co-Glycolic Acid) (PLGA) for Oral Mucosa Regeneration. Polymers 2020, 12, 1853. [Google Scholar] [CrossRef]

	



Tian, W.; Tu, Z.; Liu, L.; Wei, Z. A comparative study of glycolic acid and L-lactic acid on modification of poly(butylene succinate). Polym. Degrad. Stab. 2022, 206, 110194. [Google Scholar] [CrossRef]








[image: Polymers 16 01765 g001] 





Figure 1. (a) Apparent morphology changes and (b) SEM images of PLA, PLGA-85, PLGA-75, and PGA before and after degradation. 
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Figure 2. TG curves of (a) PLA, (b) PLGA-85, (c) PLGA-75, and (d) PGA before and after degradation. 
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Figure 3. DSC second heating curves of (a) PLA, (b) PLGA-85, (c) PLGA-75, (d) PGA. 
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Figure 4. XRD curves of (a) PLA, (b) PLGA-85, (c) PLGA-75, (d) PGA, and changes in (e) crystallinity and (f) d110 before and after degradation. 
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Figure 5. FTIR spectra of (a) PLA, (b) PLGA−85 ((b’) is the enlarged spectra of PLGA−85), (c) PLGA−75, (d) PGA before and after degradation, and (e) absorbance intensity ratio of characteristic peaks at 1452 cm−1 and 1422 cm−1 as a function of degradation time. 
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Figure 6. XPS C1s core-level spectra of (a) PLA, (b) PLGA-85, (c) PLGA-75, and (d) the corresponding peak area ratios of -C-O- and -COO- bonds before and after degradation. 
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Figure 7. Changes in the (a) number-average molecular weight (Mn), (b) polydispersity index (PDI), and (c) chain scission concentration in the amorphous phase of PLA, PLGA-85, and PLGA-75 as a function of degradation time. 
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Figure 8. Schematic models of microstructure evolution during degradation in a marine environment: (a) PLA, (b) PLGA, (c) PGA. 
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