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Abstract: The transition from petrochemical plastics to renewable bio-based polyesters is central to reducing carbon 

emissions, mitigating plastic pollution, and advancing circular economy goals in the packaging and printing sectors. This 

review summarizes recent progress in bio-based polyester systems derived from carbohydrate-, lignin-, and oil-based 

monomer platforms, with particular emphasis on polybutylene succinate (PBS), polyethylene furanoate (PEF), thiophene-

based aliphatic–aromatic copolyesters, and related materials tailored for functional packaging applications. We first out-

line the main bio-based monomer classes and synthetic strategies, including melt polycondensation, transesterification, 

and ring-opening polymerization, highlighting how monomer structure and processing routes control molecular archi-

tecture. We then discuss structure–property relationships, focusing on thermal stability, mechanical performance, barrier 

properties, and biodegradability, and provide quantitative comparisons between polyethylene terephthalate (PET), PEF, 

and representative thiophene-containing copolyesters in the context of packaging performance requirements such as gas 

barrier thresholds, heat resistance, and mechanical robustness. Particular attention is given to the design of copolyesters 

that balance rigidity and flexibility, enabling tunable stiffness and elongation while maintaining compostability or 

enzyme-mediated degradability. Finally, we examine established and emerging applications in food and cosmetic pack-

aging, printing substrates, and 3D-printed packaging prototypes, and identify key challenges related to feedstock sus-

tainability, cost, regulatory compliance, and end-of-life management. By linking monomer and molecular design to 

functional performance and application demands, this review aims to guide the development of next-generation bio-based 

polyesters for sustainable packaging and printing.

Keywords: renewable bio-based polyesters, bio-based monomer platforms, structure–property relationships, barrier pack-

aging, printing substrates, 3D printing, biodegradability.

Introduction

The urgent need to mitigate plastic pollution, reduce carbon 

emissions, and manage waste accumulation has driven the shift 

from petroleum-based plastics to renewable bio-based polyes-
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ters. Global plastic production exceeded 400 million metric 

tons in 2023, with packaging materials accounting for approx-

imately 40% of this total, yet less than 10% of plastic waste is 

effectively recycled.1,2 This linear “take-make-dispose” model 

contributes significantly to greenhouse gas emissions (estimated 

at 1.8 Gt CO2-eq annually from plastic production and incin-

eration), resource depletion, and environmental contamination. 

Bio-based polyesters offer a strategic pathway to address these 

challenges by reducing dependence on fossil feedstocks, low-

ering carbon footprints through renewable carbon integration, 

and enabling improved end-of-life management through bio-

degradation or chemical recycling.3–5 These materials align with 

circular economy principles, offering sustainable alternatives 

for packaging engineering, additive manufacturing, and print-

ing applications.

Bio-based polyesters, such as poly(butylene succinate) (PBS)

and its copolymer poly(butylene succinate-co-adipate) (PBSA), 

and polyethylene furanoate (PEF), are derived from renewable 

feedstocks like corn starch, sugarcane, and lignocellulosic bio-

mass through environmentally benign fermentation and cata-

lytic conversion processes. Life cycle assessments (LCAs) 

indicate that bio-based polymers can achieve 30–70% reduc-

tions in global warming potential compared to their petrochem-

ical counterparts when sourced from sustainably managed biomass, 

although challenges related to agricultural land use, produc-

tion-phase emissions, and infrastructure development remain.6,7

Their tunable properties encompassing mechanical strength, 

barrier performance, antimicrobial functionality, and controlled 

biodegradability make them particularly well-suited for advanced 

food packaging solutions.1,8 Recent advancements in bio-based 

unsaturated polyester resins have further improved processability 

and safety by replacing hazardous fossil-derived components, 

enhancing sustainability without compromising performance.3

Effective end-of-life management is pivotal to maximizing 

the environmental benefits of bio-based polyesters. Studies on 

PBS/PBSA blends demonstrate their potential for industrial 

composting and biodegradation in soil and marine environments, 

providing viable disposal pathways that close material loops 

and recover bio-based monomers for reuse. However, LCAs 

reveal persistent challenges, including high production-related 

emissions, underdeveloped recycling infrastructure, and variable 

biodegradation rates across environmental conditions, which 

hinder scalability.3,6,9 Concurrently, additive manufacturing, partic-

ularly 3D printing, is enabling innovative packaging design by 

producing lightweight, customizable, and low-waste solutions. 

Bio-based resins, including polylactic acid (PLA) and cellulose 

derivatives, are increasingly utilized in 3D-printed composites, 

extending their applications from sustainable packaging to 

healthcare and biomedical fields.10–12 Beyond environmental 

advantages, bio-based polyesters enhance food safety, brand 

differentiation, and consumer engagement. Superior barrier 

properties minimize contamination risks and extend shelf life, 

while compatibility with high-resolution printing supports smart 

labeling, traceability, and interactive packaging designs. Despite 

these advancements, challenges such as chemical safety for food 

contact applications, cost competitiveness relative to conventional 

plastics, regulatory harmonization across jurisdictions, and the 

environmental impact of agricultural resource use impede 

widespread adoption.9,13

This review critically evaluates recent progress in renewable 

bio-based polyesters (Figure 1), focusing on their functional 

design, structural properties, and technological adaptability in 

packaging and printing applications. By addressing both opportu-

nities and persistent barriers including the need for quantitative 

performance benchmarks against established materials like 

polyethylene terephthalate (PET), it underscores their potential to

meet global sustainability goals and advance innovative pack-

aging solutions aligned with circular economy principles.

Biobased Monomer Platforms

Renewable Platform Compounds Classification. Renew-    

able platform chemicals are low-molecular-weight compounds 

derived from biomass that serve as versatile building blocks for 

synthesizing high-value products, including bio-based polyes-

Figure 1. Annual number of publications on renewable bio-based 
polyesters from 2016 to 2025 (Data sourced from Web of Science).
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ters.14 These compounds are typically produced through chem-

ical, enzymatic, or microbial conversion of renewable feedstocks 

such as lignocellulosic biomass, sugars, starches, and vegetable 

oils. Characterized by functional groups like hydroxyl, carboxyl, 

and carbonyl moieties, these molecules are ideally suited for 

polymerization reactions. Key examples include succinic acid, 

2,5-furandicarboxylic acid (FDCA), lactic acid, and glycerol, 

which are pivotal in producing polyesters like PBS, PEF, and 

PLA.4,15,16 Renewable platform compounds are classified based 

on three primary criteria: (i) biomass origin (lignocellulosic, 

saccharide, or lipid-based), (ii) functional role in polymer syn-

thesis (diols, diacids, or hydroxyacids), and (iii) chemical structure 

(aliphatic, aromatic, or heterocyclic).15,17 Renewable platform 

compounds are classified based on three primary criteria: (i) 

biomass origin (lignocellulosic, saccharide, or lipid-based), (ii) 

functional role in polymer synthesis (diols, diacids, or hydroxyacids), 

and (iii) chemical structure (aliphatic, aromatic, or heterocy-

clic).15,18,19 For instance, succinic acid, derived from microbial 

fermentation of sugars, serves as a diacid for PBS synthesis, while 

FDCA, obtained from lignocellulosic biomass, is a heterocyclic 

diacid used in PEF, offering superior barrier properties com-

pared to petrochemical-based PET.20,21

As illustrated in Figure 2, bio-based polymers are catego-

rized by feedstock origin and degradability. It is important to 

distinguish among three categories: (i) fully bio-based polymers 

(PBS, polylactic acid (PLA)), derived entirely from renewable 

feedstocks; (ii) partially bio-based polymers (PEF, which is 

synthesized from bio-based FDCA and typically petrochemical 

ethylene glycol), where only some monomers originate from 

biomass; and (iii) biodegradable but predominantly petro-based 

polymers (poly(butylene adipate-co-terephthalate) (PBAT), which 

is biodegradable but commonly synthesized from petrochemical 

terephthalic acid). While PBAT is valued for its biodegradability 

(Figure 2), it does not meet the strict definition of a bio-based 

polymer unless bio-derived terephthalic acid is used. This clas-

sification not only highlights the diversity of renewable mono-

mers but also underscores their potential to tailor polymer 

properties for specific applications in packaging and print-

ing.3,22 The present review focuses primarily on polymers with 

significant or full bio-based content, recognizing that the bound-

ary between “bio-based” and “biodegradable” is application- 

and feedstock-dependent.

Carbohydrate-derived, Lignin-derived, and Oil-derived   

Monomers. Carbohydrate-derived diacids, such as FDCA, suc-     

cinic acid, and adipic acid, are pivotal in the synthesis of sustainable 

bio-based polyesters. FDCA, produced from 5-hydroxymeth-

ylfurfural (HMF) via oxidation of fructose or other C6 sugars, 

serves as a renewable aromatic diacid, offering a greener alter-

native to petroleum-derived terephthalic acid. Polyesters such 

as PEF, synthesized from FDCA, exhibit superior gas barrier 

Figure 2. Classification of bio-based polymers with permission from 2021 Elsevier.22
 Polym. Korea, Vol. 50, No. 3, 2026
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properties and thermal stability compared to PET, making them 

ideal for food packaging applications requiring extended shelf 

life.15,23,24 Succinic acid, obtained through microbial fermenta-

tion of glucose or lignocellulosic hydrolysates, is a versatile 

aliphatic diacid used in PBS synthesis. PBS offers robust ther-

mal and mechanical properties, suitable for both rigid and flexible 

packaging.15,25,26 Similarly, bio-based adipic acid, derived from 

glucose or lignin intermediates, enhances polyester flexibility and 

is often incorporated into copolymers like poly(butylene suc-

cinate-co-adipate) (PBSA) to balance stiffness and toughness.27,28

Bio-based diols are equally critical for tailoring polyester 

properties. Ethylene glycol (EG), produced from bio-ethanol, 

is a key component in PEF and bio-based PET, contributing to 

flexibility and crystallinity.23,25,29 In contrast, 1,3-propanediol 

(PDO), synthesized via microbial fermentation of glycerol or 

glucose, imparts greater hydrophobicity and flexibility, making 

it a preferred diol for poly(trimethylene terephthalate) (PTT) in 

applications requiring elasticity.30,31 Isosorbide, derived from 

sorbitol, introduces rigidity, enhancing thermal resistance and 

mechanical strength while reducing crystallinity, which improves 

transparency for transparent packaging films.15,32 Additionally, 

2,3-butanediol, an emerging bio-based diol, enables the synthesis 

of semi-crystalline polyesters with tunable melting points and 

biodegradability, expanding applications into biomedical fields 

such as drug delivery systems.12,33 Lignin-derived monomers, 

including vanillic acid, syringic acid, and p-hydroxybenzoic acid, 

are obtained through lignin depolymerization and offer sustainable 

alternatives to petroleum-based aromatic acids. These bio-aro-

matics enhance polyester rigidity and thermal stability, making 

them suitable for high-performance packaging and printing 

substrates.22,34,35 Meanwhile, oil-derived monomers, such as 

ricinoleic acid from castor oil, provide versatile functionaliza-

tion options. These can serve as linear diacid precursors (azelaic 

or sebacic acids) or polyfunctional branching agents, enabling 

the design of aliphatic or branched polyesters with tailored 

mechanical properties for flexible packaging.24,29 Figure 3 

illustrates the structural diversity and sources of carbohydrate-

derived, lignin-derived, and oil-derived monomers, highlight-

ing their role in expanding the design space for bio-based poly-

esters with customized properties for packaging and printing 

applications.24,27

Structural Design and Synthesis

Aliphatic-aromatic Copolyester Structures. Aliphatic-aro-   

matic copolyesters combine renewable monomers to achieve 

Figure 3. Carbohydrate-derived, Lignin-derived, and Oil-derived monomers: (a) carbohydrate-derived diacids and diols; (b) Lignin-derived; 
(c) Oil-derived.
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enhanced biodegradability, functional performance, and reduced 

dependence on petrochemical feedstocks. These materials are 

synthesized through polycondensation of bio-based diols and 

dicarboxylic acids, with the length of aliphatic diol spacers 

(ethylene glycol, 1,4-butanediol) enabling precise control over 

macroscopic properties such as flexibility, thermal stability, and 

degradation rates.24,36 Novel structural units have been developed 

to further tailor these properties. For instance, the diol monomer 

M [7-(2-hydroxyethoxy)-3-(4-methyl vanillate)-4H-chromen-

4-one], derived from hydroxyethylation of daidzein (a lignin-

derived isoflavone), introduces aromatic rigidity and biode-

gradability.37 Similarly, the diester monomer N-[dimethyl 4,4'-

((1,4-phenylenebis(methylene))bis(oxy))bis(3-methoxybenzo-

ate)], synthesized via Williamson etherification of methyl vanil-

late from plant sources like Hovenia dulcis, enhances thermal 

and mechanical properties.37,38 The synthesis of copolyesters, 

as depicted in Figure 4(a)-(b), was conducted with monomer 

M, monomer N as aromatic diesters backbone, and aliphatic 

diols (EG, 1,4-butanediol, 1,6-hexanediol, or 1,8-octanediol) as 

aliphatic spacers in a molar ratio of 1:2.2:1. The synthesis strat-

egy enables the design of copolyesters with balanced mechanical 

strength and biodegradability, making them suitable for sus-

tainable packaging films and printable substrates.39,40

These aliphatic-aromatic copolyesters are synthesized through 

a two-step melt polymerization process, reacting bio-based 

monomers like Monomer M and Monomer N with aliphatic diols 

such as EG, 1,4-butanediol, 1,6-hexanediol, or 1,8-octane-

diol.27,41 The resulting materials exhibit favorable biodegrad-

Figure 4. (a) Synthetic route to diol monomer M; (b) Synthetic route to diester monomer N; (c) Synthetic route to copolyesters P1–P4 Repro-
duced with permission from Refs. 26, 37, Xu, H. et al., Chinese J. Polym. Sci., 2025, 43, 1320. ©2025, Chinese Chemical Society. Zhang, 
L. et al., Ind. Eng. Chem. Res., 2024, 63, 13445. ©2024, American Chemical Society.
 Polym. Korea, Vol. 50, No. 3, 2026
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Figure 5. (a) Reported strategies for the synthesis of aromatic polyesters via Lewis pair-mediated ring-opening polymerization. Reproduced 
with permission from Ref. 36, Wang, Z. et al., J. Appl. Polym. Sci., 2023, 140e, 54439. ©2023, Springer Nature; (b) Synthesis of bare aromatic 
polymers enabled by dendrimer support using Pd-catalyzed polymerization. Reproduced with permission from Ref. 41, Fujiki, S. et al., Nat. 

Commun., 2022, 13, 5358. ©2022, Springer Nature.
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ability and low ecotoxicity, positioning biomass-derived feedstocks 

as sustainable alternatives to petrochemical-based polymers.42,43

Their abundant, renewable, and cost-effective nature enhances 

scalability for industrial applications, including medical devices, 

flexible packaging films, textile fibers, and agricultural mulch 

films.17,44,45 Notably, the tunable mechanical and thermal prop-

erties of these copolyesters make them particularly suitable for 

high-resolution printing substrates and smart packaging solu-

tions, aligning with the growing demand for eco-friendly mate-

rials in these sectors.

Aromatic copolyesters are synthesized through a carboxyl-

ester exchange reaction, combining aromatic polyester feedstocks 

with aliphatic dicarboxylic acids under controlled heat and 

pressure in a single-pot process.46,47 A notable advancement in 

this field is the facile synthesis of aromatic polyesters with 

high molecular weights via Lewis pair-mediated ring-opening 

polymerization of salicylic acid-derived O-carboxyanhydrides, 

a novel class of 100% renewable polyesters synthesized by 

copolymerizing variable amounts of 1,3-bis(2,6-diisopropyl-

phenyl)imidazole (NHC-1)/N-[3,5-bis(trifluoromethyl)phenyl]-

N′-cyclohexyl thiourea (TU-1) and2-tert butylimino-2-diethyl-

amino-1,3-dimethyl-perhydro-1,3,2diazaphosphorine(BEMP)/

TU-1 (Figure 5(a)). Similarly, bare aromatic polymers enabled 

by dendrimer support were synthesized using Pd-catalyzed polym-

erization with monomers bearing no solubilizing substituents 

to furnish bare aromatic polymers such as polythiophenes and 

poly(para-phenylene)s, as illustrated in Figure 5(b),41 fully aro-

matic polyesters, which offer superior thermal and mechanical 

properties but lack biodegradability,2,29,48 these furanic-lactyl 

copolyesters combine enhanced material performance with the 

biodegradability of renewable monomers, making them suitable 

for sustainable packaging and biomedical applications.24,32,49

Figure 6. (a) Key routes for the synthesis of polyesters; (b) Synthesis of FDCA-based polyesters from melt polymerization, solution polym-
erization, and ROP. Reproduced with permission from Ref. 16, Fei, X. et al., Polymers, 2022, 14, 625. ©2022, MDPI.
 Polym. Korea, Vol. 50, No. 3, 2026
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This approach exemplifies the potential of furan-based monomers 

to bridge the gap between high-performance and eco-friendly 

materials, aligning with the growing demand for biodegradable 

printing substrates and smart packaging solutions.

Synthetic Strategies. The synthesis of bio-based polyesters      

is primarily achieved through three established methods: melt 

polymerization, solution esterification, and ring-opening polymeriza-

tion (ROP), as illustrated in Figure 6(a). Melt polymerization, 

a versatile and widely adopted technique, proceeds via two 

routes depending on the starting materials: direct esterification 

of diacids such as FDCA or transesterification of its ester deriv-

ative, dimethyl furan-2,5-dicarboxylate (DMFD).16,24,40 Direct 

esterification is favored in industrial-scale production for its 

efficiency and scalability, particularly for producing PEF and 

PBS. In contrast, transesterification is commonly used in lab-

oratory settings to synthesize polyesters with novel architectures, 

offering precise control over molecular weight and chain struc-

ture.16,17 Solution esterification, though explored in early research,

has been largely phased out due to its limitations, including com-

plex multi-step isolation and purification processes, low yields, 

and restricted molecular weights. However, it remains relevant 

for monomers or polymers with high melting points that are 

incompatible with melt polymerization.50,51

Ring-opening polymerization (ROP), a more recent innova-

tion, involves the polymerization of cyclic monomers such as 

lactides or anhydrides, offering precise control over polymer 

microstructure and molecular weight.4,37,50 ROP has been adopted 

as the industrial standard for producing PLA, a biodegradable 

polyester widely used in packaging and biomedical applica-

tions. This technique enables the synthesis of polyesters with 

tailored properties, such as enhanced mechanical strength and 

controlled degradation rates, making it suitable for applications 

including 3D-printed packaging substrates and high-resolution 

printing films.26,52 Figure 6(b) summarizes these synthetic strat-

egies, highlighting their reaction conditions, advantages, and 

suitability for bio-based polyester production in packaging and 

printing applications.

Structure-Property Relationships

Thermal Properties. The thermal stability of bio-based      

copolyesters is critical for their application in packaging and 

printing, with onset decomposition temperatures assessed to 

evaluate their performance under elevated conditions.53,54 Thio-

phene-aromatic copolyesters, for instance, exhibit exceptional 

thermal stability, maintaining structural integrity at high tem-

peratures before degradation, making them suitable for durable 

packaging films and printable substrates (Djouonkep et al., 2022; 

Wandji et al., 2022). Differential scanning calorimetry (DSC) 

analysis reveals their semi-crystalline nature, with glass transition 

temperatures (Tg) ranging from 70 to 100 °C (Figure 7((a)). These 

Tg values, measured from a quenched amorphous state during 

the first heating cycle for optimal clarity and reproducibility, 

are influenced by diester composition and backbone flexibility 

introduced by aliphatic spacers like 1,6-hexanediol.57,58 Increas-

ing the rigid aromatic content, such as dimethyl 2,5-thiophenedicar-

boxylate (DMDMT), elevates Tg, with the copolymer PHS50 

achieving a maximum of 100 °C due to enhanced chain rigid-

ity and crystallinity.22,59 However, further increases in DMDMT 

content (PHS70 and PHS90) disrupt chain regularity, leading 

to a decline in Tg, highlighting the delicate balance between 

aromaticity and structural order.51,60 The incorporation of 1,6-

hexanediol enhances crystallinity by providing flexible spacers, 

which counteract steric hindrance from rigid aromatic units like 

DMDMT, thereby optimizing thermal properties for high-Tg

polycondensates35,49,52 (Table 1).

Thermogravimetric analysis (TGA, Figure 7(b)) under a 

nitrogen atmosphere revealed that the thermal stability of thio-

phene-aromatic copolyesters increases with higher thiophene 

(THH) unit content, as evidenced by elevated degradation tem-

peratures: Td,5% (325–366 °C), Td,50% (365–400 °C), and Td,max

(388–432 °C).45,56 This enhanced stability is attributed to the 

rigid phenyl (BHB) and thiophene (TDCA) units, which restrict 

chain mobility and enhance thermal resistance.24,45 The incor-

poration of 1,6-hexanediol (1,6-HDO) provides chain flexibility, 

enabling copolyesters like poly(thiophene-based) copolyester 

with 50 mol% hexanediol segment (PTB50H50) to achieve 

thermal properties (Tg = 79.0 °C, Td,5% = 407.3 °C, Td,max = 440.0 °C) 

comparable to PET, due to the synergy between rigid aromatic 

rings and pliable aliphatic segments (Wang et al., 2020). Com-

pared to furan-based polyesters like PEF and PBF (Td,5% = 315–

367 °C; Td,max = 378–405 °C), thiophene-based copolyesters exhibit 

superior thermal stability, attributed to the structural constraints 

of furan rings and the longer C–S–C bond in thiophenes.4,61,62

In dTG curves (Figure 7(c)), the ether series displayed a slightly 

double transient region of thermal decomposition, as compared 

to single-step smooth decomposition curves for the ester series. 

The near-identical areas of crystallization and melting peaks in 

DSC analysis confirm that the high Tg of PHS50 (100 °C) results 

from chain flexibility rather than residual crystallinity. The supe-

rior Tm of PHS50 (183 °C), comparable to other thiophene-

based copolyesters, stems from enhanced intermolecular inter-
폴리머, 제50권 제3호, 2026년
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actions and crystalline perfection, making it a strong candidate 

for heat-resistant packaging films and printable substrates in 

industrial applications.51,61,63 Additionally, molecular chain model-

ing revealed that polymers with internal oxygen-rich groups, 

like ether linkages, exhibit longer repeat unit distances than poly-

esters (Figure 7(d)). This extended repeat unit length reduces 

chain packing efficiency, leading to lower crystallinity and 

decreased Tg and Tm, which explains the less pronounced ther-

mal stability in these polymers compared to the ester series.22,43,64

These tailored thermal properties make thiophene-aromatic 

copolyesters ideal for applications requiring thermal resistance, 

such as food packaging films and 3D-printed packaging pro-

totypes.

Mechanical Properties. The mechanical properties of bio-     

based copolyesters, including Young’s modulus (E), tensile strength 

(σm), and elongation at break (εb), are significantly influenced 

Figure 7. (a) DSC; (b) TGA; (c) DTG of poly(ether-ester)s; (d) Correlation between Tg, Tm, and composition. Reproduced with permission from Ref. 
45, 56, Djouonkep, L.D.W. et al., Molecules, 2023, 28, 1825. ©2023, MDPI. Djouonkep, L. D. W. et al., Molecules, 2022, 27, 325. ©2022, MDPI

Table 1. Comparison of Thermal Parameters of Varying Bio-based Copolyesters

Copolyesters Td,5% (°C) Td,50% (°C) Td,max (°C) Tm (°C) Tg (°C) ∆Hc (J/g) R700 (wt%)

PHS50 331 419 426 183 100 −56.8 3.5

PTHH 325 365 388 177.0 22.1 8.0 17.7

PTBB 334 374 402 148.1 76.6 15.3 15.4

PTB50H50 366 400 432 194.2 105.5 25.5 4.9

Parameters include melting temperature (Tm), normalized melting enthalpy (∆Hm), crystallization temperature (Tc), normalized crystallization    

enthalpy (∆Hc), and glass transition temperature (Tg)
 Polym. Korea, Vol. 50, No. 3, 2026
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by the molar ratio of flexible poly(propylene succinate) (PS) to 

rigid poly(propylene terephthalate) (PTF) units, as illustrated in 

Figure 8. Over the temperature range of 0–250 °C (Figure 

8(a)), all copolyesters exhibited two distinct decreases in stor-

age modulus, with the magnitude of these decreases following 

the order P1 > P2 > P3 > P4. A significant transition occurs at 

the Tg, where the material shifts from a glassy to a rubbery 

state, marked by a sharp decrease in rigidity due to increased 

molecular chain mobility and curvilinear rotational motion.24,65

A further transition occurs near the Tm, where the material 

changes from a solid to a liquid state, disrupting intermolecular 

forces and altering chain arrangements, as observed in DSC 

thermograms (Figure 8(a)). Additionally, stress-strain curves 

(Figure 8(b)) reveal that copolyesters with cyclic segments, such 

as thiophene or phenyl rings, exhibit significantly higher tensile 

modulus and yield strength compared to those with linear alkyl 

segments. This enhancement is attributed to the synergistic inter-

play between the rigidity of cyclic units and the flexibility of 

aliphatic chains, optimizing mechanical performance for appli-

cations like flexible packaging films and printable substrates.29,33

Moreover, further analysis of the homopolymer poly(propyl-

ene terephthalate) (PPTF, Figure 8(c)) exhibits characteristics 

of a hard, brittle thermoplastic, with a high E (~1 GPa), σm

(~34 MPa), and low b (~5%).54,66 In contrast, the homopoly-

mer poly(p-phenylene sulfide) (PPS) displays poor mechanical 

performance, with significantly lower E and σm values, limiting 

its suitability for demanding applications. Incorporating 10–70 

mol% of flexible PS units into the PPTF structure systemati-

cally tunes the mechanical behavior by disrupting chain reg-

ularity and enhancing chain flexibility.24,53 This results in a 

broad range of properties, with E varying from 5.2 to 903.2 MPa 

and m from 0.3 to 26.9 MPa, enabling tailored performance 

for applications such as flexible packaging films and printable 

substrates. Notably, the copolymer poly(propylene succinate-

co-terephthalate)-70 (PPSTF70) exhibits a higher m than PPSTF80, 

despite the trend of decreasing σm with increasing PS content. 

This anomaly is attributed to PPSTF70’s higher molecular 

weight, which enhances chain entanglement and mechanical 

Figure 8. (a) Storage modulus; (b) tensile curves for copolyesters P1–P4; (c) mechanical properties of PPS, PPSTF copolyesters, and PPTF. 
Reproduced with permission from Refs. 26, 54, Xu, H. et al., Chinese J. Polym. Sci., 2025, 43, 1320. ©2025, Chinese Chemical Society. Tian, 
S. et al., Biomacromolecules, 2023, 24, 2998. ©2023, American Chemical Society.
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strength. Crystallinity also plays a critical role in mechanical 

behavior. For instance, PPSTF20, with a Tg below room tem-

perature, exists in a rubbery state, displaying the tensile behavior 

of an amorphous polymer with low E and σm but high εb. Sim-

ilarly, PPSTF10 exhibits a lower E and m but significantly higher 

b compared to PPS, owing to its reduced crystallinity.54,65

These tunable mechanical properties make PS-PTF copolyes-

ters ideal for applications requiring a balance of flexibility and 

strength, such as food packaging films and 3D-printed pack-

aging prototypes, aligning with the demand for sustainable, 

high-performance materials.

Biodegradability. Bio-based aliphatic-aromatic polyesters are    

a promising class of sustainable polymers, offering a balance 

of biodegradability and tunable mechanical and thermal prop-

erties for applications in packaging and printing.31,48,57 Their 

degradation behavior is strongly influenced by chemical struc-

ture, particularly the ratio of aliphatic to aromatic monomers, 

which affects chain flexibility and susceptibility to hydrolysis.30,67

Biodegradability is governed by intrinsic material properties, such 

as molecular weight and crystallinity, as well as external fac-

tors, including moisture, temperature, and microbial activity.54,55,68

Evaluating the biodegradability of thiophene-based copolyes-

ters, such as those containing TDCA, under varied conditions 

is critical to understanding the factors driving their degradation 

and optimizing their use in sustainable applications.

As shown in Figure 9(a)-(d), the homopolymer poly(1,4-

bis(2-hydroxyethyl)benzene thiophenedicarboxylate) (PTBB) 

exhibits limited biodegradability, with surface cracks attributed 

to its high aromatic content, which imparts stiffness and restricts 

enzymatic access.56,62 In contrast, poly(hexylene 2,5-thiophenedi-

carboxylate) (PTHH) and the copolymer poly(hexylene 2,5-

thiophenedicarboxylate-co-bis(2-hydroxyethoxybenzene)) (PHB-

co-TDCA) demonstrate progressive degradation through microcav-

ities and surface erosion, resulting from abiotic and biotic hydrolysis 

over time. Enzymatic degradation, facilitated by porcine pancreatic 

lipase (PP-L), cleaves ester bonds via microbial-substrate inter-

actions, leading to deterioration of the polymeric network.68

Scanning electron microscopy (SEM) analysis reveals micropores 

Figure 9. Degradation mechanisms and Biodegradation behaviors of biobased biodegradable copolyesters: changes in residue weights in (a) 
PBS solution; (b) PBS/CALB solution; (c) intrinsic viscosities; (d) Mw of samples before and after degradation in freshwater and PBS solution 
with their respective SEM images; (e) Degradation mechanisms for ester and ether linkages of the copolyesters. Reproduced with permission 
from Refs. 35, 36, 70, Li, S. et al., J. Polym. Environ., 2025, 33, 4147. ©2025, Springer Nature. Wang, Z. et al., J. Appl. Polym. Sci., 2023, 140, 
54439. ©2023, Springer Nature. Guo, Z. et al., Angew. Chem. Int. Ed., 2025, 64, e202418157. ©2025, German Chemical Society.
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and cavities on copolyester surfaces, which deepen as degrada-

tion progresses, confirming PP-L’s high affinity for these mate-

rials and its efficacy in breaking polymeric bonds. This progressive 

deterioration reflects a transition from micro-scale enzymatic 

activity to macro-scale network breakdown, enabling the recov-

ery of bio-based monomers for reuse in new polymers. Such 

closed-loop processes reduce environmental waste and align 

with circular economy principles, supporting sustainable pack-

aging solutions like biodegradable films and printable sub-

strates.12,69 Mechanistically, water acts as a nucleophile, attacking 

the electrophilic carbonyl carbon of the ester and ether group, 

leading to the formation of a tetrahedral intermediate, which 

subsequently collapses to release a carboxylic acid and alcohol 

fragment, as shown in Figure 9(e). However, it is difficult to 

quantitatively determine hydrolytic susceptibility solely based 

on surface observations, so further analysis on this will be 

demonstrated in our next work.

Comparative Performance: Polyethylene Terephthalate   

(PET), Polyethylene Furanoate (PEF), and Thiophene-     

based Copolyesters. To contextualize the functional design      

of bio-based polyesters for packaging and printing applications, 

a systematic comparison of key material properties is essential. 

Table 2 presents a quantitative comparison of thermal, mechanical, 

and barrier properties among conventional PET, partially bio-

based PEF, and representative thiophene-based aliphatic-aro-

matic copolyesters.17,45 From the results; PEF and thiophene-

based aliphatic-aromatic copolyesters represent promising bio-

based alternatives to PET in packaging and printable substrates, 

each offering distinct advantages tailored to specific applica-

tion needs. PEF exhibits a Tg 5–15 °C higher than PET, pro-

viding enhanced dimensional stability at elevated temperatures 

that benefits hot-fill applications and thermal processing during 

printing, alongside superior gas barrier properties with oxygen 

permeability roughly 10-fold lower and CO₂ permeability 5–7-

fold lower than PET making it ideal for high-barrier uses such 

as carbonated beverage bottles and oxygen-sensitive food pack-

aging where extended shelf life is critical; however, like PET 

(which is non-biodegradable and relies on mechanical or chemi-

cal recycling), PEF shows only limited biodegradability under 

standard composting but supports chemical recycling.21,23,30,71

In contrast, thiophene-based copolyesters display a tunable Tg

range of 70–105 °C depending on aromatic content, with com-

positions like PHS50 reaching Tg  100 °C comparable to PET 

and thus suitable for rigid packaging, though their melting

temperatures (Tm 148–194 °C) are generally lower than those 

of PET and PEF, potentially restricting high-temperature ster-

ilization applications while remaining adequate for ambient 

and mild heating conditions common in food packaging and 

label substrates. Mechanically, PET and PEF deliver robust m

of 50–80 MPa appropriate for bottles and rigid trays, whereas 

thiophene-based homopolymers show lower m (26–34 MPa) 

but exceptional b tunability (5–397%), allowing materials to 

span rigid to highly flexible profiles.72–74 recent composites 

incorporating these copolyesters have achieved m of 76–101 

MPa, rivaling PET while preserving biodegradability, a key 

advantage for single-use flexible packaging films and printable 

substrates requiring controlled end-of-life degradation. Barrier 

properties for thiophene-based copolyesters remain less char-

acterized, with their aliphatic-aromatic structure implying 

intermediate performance that warrants further permeability 

studies to determine suitability for demanding applications. A 

major differentiator lies in biodegradability: thiophene-based 

copolyesters undergo enzyme-mediated degradation (via lipase), 

with rates adjustable through aliphatic/aromatic ratios, position-

ing them well for compostable packaging where recycling infra-

structure is limited.18,20,52 Overall, PEF serves as a high-

Table 2. Comparative Properties of PET, PEF, and Thiophene-based Copolyesters Relevant to Packaging Applications

Property PET PEF Thiophene-based copolyester Packaging requirement

Tg (°C) 70–80 85–90 79–105 >60 (rigidity at room temp.)

Tm (°C) 250–260 210–220 148–194 >130 (heat resistance for sterilization)

σ (MPa) 50–70 60–80
26–34 (homopolymer); 

up to 76–101 in composites
>30 (durability)

ε (%) 50–150 50–100 5–397 (tunable) >50 (flexibility for films)

O2 permeability 
(cm3·mm/m2·day·atm)

3–5 0.3–0.5 (10× lower)
Data limited; 

typically intermediate
<1 for high-barrier packaging

CO2 permeability
(cm3·mm/m2·day·atm)

15–20 2–3 (5–7× lower) 3–4 (3–5× lower) <5 for carbonated beverages

Biodegradability Non-biodegradable
Limited under standard 

conditions
Moderate to high

(enzyme-mediated)
Depends on end-of-life pathway
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performance, partially bio-based drop-in replacement for PET in 

barrier-critical and thermally demanding applications, while 

thiophene-based copolyesters excel in offering highly tunable 

thermal and mechanical properties combined with superior bio-

degradability, making them particularly attractive for flexible 

packaging, compostable films, and printable substrates; the opti-

mal material choice ultimately hinges on balancing performance 

requirements (barrier, strength, heat resistance), sustainability pri-

orities (bio-content, end-of-life options), and economic factors.

Packaging and Printing Applications

Functional Requirements for Packaging. Bio-based poly-     

esters are emerging as essential sustainable alternatives for 

packaging, delivering performance on par with conventional 

plastics while promoting environmental benefits through enhanced 

end-of-life options and reduced fossil dependency. Key func-

tional requirements mechanical strength and durability, trans-

parency, barrier properties for shelf-life extension, thermal 

resistance, and surface adaptability for printing are effectively 

met by materials like PEF and thiophene-based copolyesters. 

For mechanical demands in films and containers, which require 

m exceeding 30 MPa and b over 50% to endure handling, 

transport, and stacking without tearing while maintaining con-

formability, recent thiophene-aromatic copolyester composites 

achieve m of 76–101 MPa and elongations up to 397%, rival-

ing or surpassing PET in durable applications;8 PEF, with m

of 60–80 MPa (often reported around 50–80 MPa), adequately 

supports rigid formats such as bottles.69 Optical clarity remains 

vital for product visibility and branding in food and cosmetic 

packaging, where PEF and certain PBS-based copolymers deliver 

low haze (<5%) alongside good ink compatibility for superior 

labeling. Barrier performance critically influences shelf life, 

particularly for oxygen-sensitive or carbonated products need-

ing oxygen transmission rates below 1 cm3·mm/m2·day·atm; 

PEF excels here with oxygen permeability reduced up to 10-fold 

compared to PET (typically 0.3–0.5 vs. 3–5 cm3·mm/m2·day·atm) 

and strong CO2 barriers, ideal for extended preservation, while 

thiophene-based variants show promising high gas barrier poten-

tial in recent developments, often outperforming counterparts 

in O2 and CO2 metrics.51,64 Thermal resistance supports hot-fill, 

heat-sealing, and sterilization processes, demanding Tg above 

60 °C for room-temperature rigidity and Tm over 130 °C; PEF 

meets this with Tg of 85–90 °C and Tm of 210–220 °C, and 

thiophene copolyesters like PHS50 offer Tg around 100 °C and 

Tm near 183 °C, suiting rigid or high-heat needs, though lower-

Tm compositions fit ambient uses. Surface properties for print-

ing and coatings benefit from treatments like plasma, corona, 

or chemical grafting to boost wettability and ink adhesion via 

functional groups, improving abrasion resistance for high-res-

olution designs, barcodes, and smart labels without compromis-

ing bulk integrity.30,61 Collectively, these attributes bolstered by 

innovations in composites and additives for UV stability and sol-

vent resistance position bio-based polyesters as versatile platforms 

for advanced smart packaging, including active and intelligent 

systems, balancing high performance with sustainability.

Printing Adaptability. Printing adaptability is a cornerstone     

of functional packaging, driven by surface properties, compat-

ibility with printing techniques, and targeted surface modifi-

cations. Surface energy and wettability, critical for effective ink 

adhesion, are enhanced through treatments like plasma, corona 

discharge, and chemical grafting, which introduce functional 

groups (hydroxyl, carboxyl, amine) to improve ink receptivity 

without altering bulk material properties.47,75 Bio-based poly-

esters, such as PBS and PEF, are compatible with digital, flex-

ographic, and offset printing, with additives like cellulose derivatives 

and nanoclays enhancing print sharpness and smudge resistance. 

These surface modifications also improve abrasion resistance, 

enabling high-resolution printing for intricate designs and bar-

codes essential for packaging applications.1,24,75

Beyond conventional graphic printing, bio-based polyesters 

support advanced additive manufacturing techniques, including 

3D bioprinting, for next-generation packaging solutions.11,69 As 

illustrated in Figure 10, printing modalities such as inkjet, extrusion, 

and vat polymerization, commonly used in packaging, are adapted 

for depositing bio-inks containing bioactive compounds (anti-

microbials, antioxidants) onto or within polyester-based sub-

strates. This enables the development of active and intelligent 

packaging, where printed elements enhance food safety, extend 

shelf life, and support traceability.52,75 By integrating functional 

printing with bio-based polyesters, these technologies contrib-

ute to circular economy goals, reducing waste and enabling 

sustainable packaging solutions like compostable films and 

recyclable printing substrates.

3D-Printing. Bio-based polyesters, such as PLA and poly-     

caprolactone (PCL), have shown significant promise in 3D-

printing applications, particularly through melt-based Extrusion-

based Hierarchical Deposition and Printing (EHDP). This tech-

nique enables the fabrication of intricate, customized structures 

for both biomedical and packaging applications.19,62 For instance, 

Liu’s group utilized EHDP to engineer PCL/gelatin (PCL/Gel) 

scaffolds for nerve repair, leveraging PCL’s flexibility to con-
 Polym. Korea, Vol. 50, No. 3, 2026
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Figure 10. Modalities for bioprinting technologies. (a) Extrusion-based bioprinting; (b) Scaffold-free bioprinting; (c) Inkjet bioprinting; (d) 
Laser-induced forward transfer bioprinting Reproduced with permission from Ref. 65, Aliotta, L. et al., Polymers, 2022, 14, 844. ©2022, MDPI.

Figure 11. Architectures of multi-layered and composite scaffolds for tissue engineering: (a) A triple-layered PCL/Gel-based neural conduit 
(outer, middle, inner layers) fabricated via EHDP76 (b1-b2) PVP/PCL-based rings with an 800 μm radius, demonstrating high printing pre-
cision.66 (c1) Comparison of a rabbit tibia and a 3D-printed PCL replica; (c2) SEM image of the scaffold's surface; (c3) Assembly of the 
printed tibia section on electrospinning supports; (c4) SEM of electrospun PCL microfibers.79 (d) A PCL-based vascular scaffold; (d1) FDM-
printed 3D patch and strands (6 mm scale); (d2) Microscopic image revealing the electrospun nanofiber matrix. Reproduced with permission 
from Refs. 66, 76, 79, 80, B.V. Tian, X. et al., J. Pain, 2021, 22, 180. ©2021, Elsevier. Liu, S. et al., Int. J. Biol. Macromol., 2021, 166, 1280. ©2021, 
Elsevier. B.V. Rosales-Ibáñez, R. et al., Polym. Bull., 2023, 80, 2533. ©2023, Springer Nature. Knospe, P. et al., J. Coat. Technol. Res., 2022, 
19, 1799. ©2022, Springer Nature.
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struct precise, complex conduits with tailored architecture,76 as 

shown in Figure 11. Similarly, Qin and Rafiqah’s group devel-

oped composite scaffolds from polyvinylpyrrolidone (PVP) 

and PCL using EHDP, demonstrating high-resolution printing 

for tissue engineering.28,77 These studies highlight EHDP’s ver-

satility in producing scaffolds with controlled porosity and 

mechanical properties, advancing tissue regeneration applica-

tions. Beyond biomedical applications, EHDP’s precision and 

adaptability make it suitable for fabricating bio-based polyester 

structures for advanced packaging, such as customizable con-

tainers and protective films.10,34 The ability to tailor filament 

properties, such as flexibility and biodegradability, supports the 

development of sustainable 3D-printed packaging prototypes 

that align with circular economy principles. By integrating bio-

based polyesters with EHDP, these advancements enable inno-

vative applications in active and intelligent packaging, where 

printed structures can incorporate functional elements like anti-

microbial coatings or sensors, enhancing food safety and shelf 

life.23,78 By integrating bio-based polyesters with EHDP, these 

advancements enable innovative applications in customizable, 

lightweight packaging prototypes that align with circular econ-

omy principles, supporting the development of sustainable pack-

aging solutions.

Challenges and Future Prospects

The advancement of bio-based polyesters relies on leverag-

ing lignocellulosic resources as renewable, cost-effective alter-

natives to fossil-based feedstocks. However, significant challenges 

hinder their widespread adoption. A key issue is balancing material 

performance with environmental benefits. Aliphatic polyesters 

offer biodegradability and biocompatibility but often lack the 

mechanical strength and thermal stability needed for broad 

applications.5,36 Incorporating lignin-derived aromatic monomers, 

such as 4-hydroxybenzoic acid, enhances the properties of ali-

phatic-aromatic copolyesters, but longer aliphatic spacers increase 

biodegradability at the expense of Tg, Tm, and thermal stabil-

ity.37,81 Low crystallinity compared to conventional plastics like 

PET further limits performance, making it critical to optimize 

durability and degradability without compromising sustainabil-

ity. Future research should focus on innovative design strategies 

to enhance performance, sustainability, and economic viability. 

Utilizing diverse biomass feedstocks and bio-based reactive 

diluents can support carbon-neutral production and circular 

economy models.67,70 Developing biodegradable polyesters from 

renewable raw materials, recycled plastics, or hybrid blends offers 

pathways to accelerate degradation in natural environments.18,82

Aliphatic-aromatic copolyesters, combining the thermal stability 

of aromatic units with the biodegradability of aliphatic chains, 

are promising for sustainable packaging. Novel biomass-derived 

monomers, such as 2,4-dihydroxyacetophenone, can expand 

structural diversity and functionality.63,83 Minimizing ecotoxicity 

is also essential to ensure safe environmental discharge.36,48

Additionally, additive manufacturing (3D printing) enables the 

production of lightweight, customizable packaging with minimal 

material waste, aligning with circular economy principles.10,11

These advancements position bio-based polyesters as promising 

sustainable alternatives for innovative packaging and printing 

applications, although further research is needed to address 

cost competitiveness, scalability, and standardization of degra-

dation and recycling protocols.

Conclusions

Bio-based polyesters, derived from renewable monomer plat-

forms such as carbohydrate-based diacids (FDCA, succinic acid), 

lignin-based aromatics, and plant-oil-derived polyols, have emerged 

as promising alternatives to petrochemical plastics by combin-

ing tunable thermal and mechanical properties, barrier perfor-

mance, and, in many cases, biodegradability suitable for packaging 

and printing applications. Through careful control of aliphatic–

aromatic balance, chain flexibility, and crystallinity via melt 

polycondensation, enzymatic routes, and ring-opening polym-

erization, these materials can be engineered to match or approach 

the performance of conventional polymers like PET, while par-

tially or fully decoupling carbon feedstocks from fossil resources 

and enabling more sustainable end-of-life options such as industrial 

composting and chemical recycling. Quantitative comparisons 

indicate that partially bio-based polyesters such as PEF offer 

significantly improved gas barrier properties and higher Tg than 

PET, supporting high-barrier bottle and film applications, 

whereas thiophene-based aliphatic–aromatic copolyesters pro-

vide a broad window of stiffness, extensibility, and thermal 

resistance combined with enzyme-mediated degradability, which 

is attractive for compostable flexible packaging and printable 

substrates. Nonetheless, widespread adoption is constrained by 

challenges including the need to balance performance with 

rapid and predictable biodegradation across different environ-

ments, reduce production costs and process energy demand, 

ensure regulatory compliance and food-contact safety, and build 

circular infrastructure for collection, recycling, and composting 

tailored to these new materials. Future progress will depend on 
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expanding the library of bio-based monomers, designing multi-

functional composites and active/intelligent packaging systems, 

integrating additive manufacturing for customized low-waste 

formats, and conducting robust techno-economic and LCAs, 

so that renewable bio-based polyesters can transition from 

promising research targets to practical, scalable solutions that 

support carbon neutrality and circular economy goals in the 

packaging and printing sectors.
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