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HIGHLIGHTS ABSTRACT

· Renewable and biodegradable polymer     

· Derived from starch-based feedstocks      

· Degrades through ester-bond cleavage      

· Crystallinity affects degradation rate    

· Diverse applications across industries

Introduction: Polylactic acid (PLA) is an economically important bio-based and 

biodegradable polyester increasingly used as an alternative to conventional 

petroleum-derived plastics. Its renewability, biocompatibility, biodegradability, and 

mechanical properties comparable to conventional plastics make it valuable for 

sustainable material development. PLA can be produced from renewable agricultural 

resources, including starch and cellulose, through physical, chemical, and biological 

processing. Its environmental degradation is influenced by several intrinsic and 

extrinsic factors, including crystallinity, pH, temperature, and hydrophilicity. Aim & 

Objective: This review aimed to summarize the chemical composition and 

physicochemical characteristics of PLA, describe its production from starch-based 

renewable feedstocks, evaluate its degradation mechanisms, and highlight its major 

applications in different sectors. Materials & Methods: A narrative review approach 

was adopted to examine available scientific literature concerning PLA production, 

properties, biodegradation, degradation mechanisms, and applications. Relevant 

information on renewable feedstocks, processing methods, ester-bond cleavage, 

catalytic and hydrolytic degradation, and environmental factors affecting degradation 

was synthesized. Results: PLA is primarily produced from renewable carbohydrate-

rich materials such as starch and cellulose. Its degradation occurs through both biotic 

and abiotic pathways. Biotic degradation involves microbial and enzymatic activity, 

whereas hydrolytic degradation involves cleavage of ester bonds in the polymer 

backbone. Abiotic processes can facilitate subsequent mineralization under suitable 

environmental conditions. The degradation rate is strongly influenced by polymer 

crystallinity, molecular structure, hydrophilicity, pH, temperature, and environmental 

conditions. PLA demonstrates diverse applications in packaging, agriculture, 

biomedical materials, food-related products, and other industrial sectors. Conclusion: 

PLA represents a promising sustainable alternative to conventional plastics because of 

its renewable origin, biodegradability, biocompatibility, and favorable mechanical 

properties. Understanding its production and degradation mechanisms is essential for 

optimizing performance, improving environmental degradation, and expanding its 

applications across various sectors.
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INTRODUCTION

Polylactic acid (PLA) is an aliphatic homopolymer of lactic acid 

has emerged as one of the most economically and commercially 

successful bioplastics explored because of its renewable origin, 

excellent mechanical properties, biocompatibility, and industrial 

processability [1]. PLA is primarily synthesized from renewable 

agricultural biomass and agro-industrial waste feedstocks, 

especially starch-rich crop residues. The starch-based resources 

are hydrolyzed to produce fermentable sugars, which are 

subsequently converted into lactic acid through microbial 

fermentation. This biopolymer has a spectrum of applications in 

the field of packaging, biomedical devices, textiles, and 

consumer products due to its biodegradability [2]. Despite its 

biodegradable nature and renewable origin, the degradation of 

PLA under natural environmental conditions is relatively slow 

compared with other biodegradable polymers due to its both 

intrinsic and extrinsic factors. Intrinsic factors include the degree 

of crystallinity, molecular weight, stereochemical composition, 

and hydrophobicity, which render the water penetration and the 

accessibility of ester bonds to hydrolytic attack [3]. While, 

extrinsic factors include environmental conditions such as 

temperature, pH, photo-oxidation and moisture content (Figure 

1). The crystalline part of the polymers is more resistant than the 

amorphous region. The rate of degradation of PLA decreases with 

an increase in crystallinity of the polymer [4]. Highly ordered 

crystalline domains influence the polymer's thermal stability, 

mechanical strength, rigidity, and resistance to degradation. Neat 

PLA generally exhibits a glass transition temperature (Tg) of 

approximately 55–65 °C and a melting temperature (Tm) of 

about 130–170 °C. These thermal characteristics, together with 

its relatively high tensile strength of up to 50 MPa, contribute to 

PLA's transparency, rigidity, and suitability for various applicati-

ons, including food packaging [5]. The composites containing 

thermoplastic starch (TPS) and incorporation of nanofillers 

enhanced mechanical performance, making them promising 

materials for biodegradable packaging applications. The starch 

serves as an inexpensive, renewable, and widely available natural 

filler, making starch-based PLA composites economically 

attractive [6]. Consequently, these composites have significant 

potential to serve as cost-effective, biodegradable replacements 
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for conventional synthetic plastics, reducing dependence on finite 

fossil resources, minimizing plastic waste accumulation, lower-

ing greenhouse gas emissions, and supporting the transition 

toward a sustainable circular bioeconomy. The starch was 

modified using vinyl benzoate through a base-catalyzed transes-

terification process revealing an overall improved thermal 

stability and hydrophilicity. The hydrophobicity of modified 

starch was measured by calculating the contact angle 99° was 

much larger value compares to typical for unmodified starch 

40–60° indicates a considerable increase in water resistance. 

Whereas for thermal stability of benzoylated starches stand at 

361°C was much higher as compared to 315°C for native starch. 

The measured biodegradation for native starch after 28 days was 

81±6% while benzoylated starch was remarkably found to be 

degraded 86±2%, suggesting benzoylated starches maintain the 

comparable biodegradability potential of native starch [7]. 

Starch-based bioplastics, derived from corn, potatoes, or other 

starch-rich plants are marking a significant material in the 

packaging industry [8]. These bioplastics are often used to create 

films, bags, and containers. Their biodegradable nature allows 

them to decompose more easily than conventional plastics, 

making them versatile for various packaging needs [9]. A well-

established two-stage abiotic-biotic process typically governs the 

breakdown of bioplastics. During the biotic process, water 

molecules diffuse into the polymer matrix hydrolyzing the ester 

bonds and causing chain scission and a gradual decrease in 

molecular weight. This process produces lactic acid, low-

molecular-weight oligomers, and other soluble breakdown 

products [10]. Microorganisms, such as bacteria and fungi, 

metabolized these hydrolysed products ensuing biotic stage. 

Ultimately, the breakdown products are converted into end 

products carbon dioxide, water, and biomass [3, 11]. 

Chemical Structure of Starch 

Starch (C H O )  is the primary storage polysaccharide in plants 6 11 5 n

and one of the most abundant renewable natural polymers. 

Chemically, it is composed of α-D-glucose monomeric units 

linked through glycosidic bonds [12]. Depending on the 

arrangement of these glucose residues, starch is categorized into 

two structurally and functionally distinct polysaccharides: 

Figure 1: Factors affecting the biodegradation of biopolymer
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amylose and amylopectin. Typically, starch contains 20–30% 

amylose and 70–80% amylopectin, although the ratio varies 

among botanical sources [13, 14]. Amylopectin consists of α-D-

glucose molecules linked by α-(1→4) and α-(1→6) glycosidic 

bonds (Figure 2A), with branching occurring approximately 

every 6 to 100 monomers. In contrast, amylose comprises 

glucosyl units linked to α-D-glucose units linked by α-(1→4) 

glycosidic bonds (Figure 2B). The length of these chains 

typically ranges from about 600 to as many as about 18,000 

glucose units [15]. The internal organization of starch is 

characterized by a hierarchical radial structure consisting of 

alternating concentric rings of amylose and amylopectin. Within 

these rings, amylopectin forms two-fold helices, known as 

crystalline lamellae, while amylose forms tightly packed single 

helices, forming amorphous lamellae [16, 17]. 

Chemical Structure of PLA

Lactic acid (C₃H₆O₃), also known as 2-hydroxypropanoic acid, is 

the fundamental monomeric unit used for the synthesis of 

polylactic acid (PLA), one of the most widely studied 

biodegradable and bio-based polymers. The molecule contains 

one asymmetric (chiral) carbon atom, giving rise to two optically 

active stereoisomers: L-(+)-lactic acid and D-(−)-lactic acid. 

These stereoisomers possess identical molecular formulas but
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differ in the spatial arrangement of the hydroxyl (–OH) group 

around the chiral carbon (Figure 3A) [18]. The stereochemical 

composition of lactic acid plays a crucial role in determining the 

crystallinity, thermal stability, mechanical properties, biodegra-

dation behaviour, and processing characteristics of the resulting 

PLA. L-(+)-lactic acid is the naturally predominant isomer 

produced through microbial fermentation and is commonly 

employed for the manufacture of poly(L-lactic acid) (PLLA), a 

highly crystalline polymer exhibiting excellent mechanical 

strength and thermal resistance. In contrast, D-(−)-lactic acid 

forms poly(D-lactic acid) (PDLA). The mixture of both 

stereoisomers yields poly(D,L-lactic acid) (PDLLA), an amor-

phous polymer with lower crystallinity, which is associated with 

a faster biodegradation rate [19]. The purified lactic acid under-

goes polymerisation through two main pathways: direct conden-

sation polymerization or ring-opening polymerization of lactide. 

The industry prefers the latter method to achieve a higher degree 

of polymerisation, thereby yielding greater molecular weight 

and superior mechanical properties [9]. The lactic acid is conver-

ted into lactide (C₆H₈O₄), a cyclic diester consisting of two lactic 

acid molecules, which undergoes catalytic ring-opening polym-

erization (ROP) at approximately 180–220°C under vacuum to 

remove volatiles, commonly using stannous octoate as a catalyst 

to improve efficiency and limit racemization (Figure 3B) [5, 18]. 

Figure 3. (A, B) Optically active stereoisomers of lactic acid that are condensed into cyclic dimer lactide, 

further polymerized into high-molecular-weight polymers through ring-opening polymerization. 

Figure 2. (A, B) Two structurally distinct starch molecules: amylopectin and amylose. Circular units represent 

glucose molecules linked to glycosidic bond. 
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Synthesis of Starch-Based Polylactic Acid (PLA)

Starch is one of the most abundant, renewable, biodegradable, 

and cost-effective natural biopolymers, synthesized through 

photosynthesis and stored as the primary energy reserve in the 

tissues of plants such as corn, potato, cassava, wheat, and rice. 

Because of their widespread availability, low cost, and environ-

mentally friendly characteristics, starch has become an attractive 

feedstock for the production of biodegradable plastics [6]. After 

surplus starch consumption, the remaining starch-rich biomass 

residues and agro-industrial wastes can be efficiently utilized as 

renewable raw materials for the production of polylactic acid 

(PLA). These biomass wastes are first hydrolyzed into fermen-

table sugars, which are subsequently converted into lactic acid 

through microbial fermentation. The lactic acid is then purified 

and polymerized to produce PLA. Further, it converts into 

thermoplastic starch (TPS) through addition of plasticizers using 

the blending techniques under controlled thermo-pressure 

conditions (Figure 4) [20]. The unmodified starch-PLA blends 

often display weak interfacial adhesion and diminished mechan-

ical strength because of their reconciling the hydrophilic- 

hydrophobic mismatch [21]. 

The addition of standard industrial processing techniques such 

as extrusion, injection molding, and thermoforming improves 

the structural and functional properties of thermoplastic starch, 

allowing it to meet the performance of conventional synthetic 

polymers. Thereby, biodegradable polyester performs excellent 

mechanical properties, dimension-al stability, and product 

quality, enabling the performance of broad industrial applicati-

ons [20]. Thus, utilization of starch-derived biomass waste for 

PLA production not only reduces agricultural waste accumula-

tion but also promotes a circular bioeconomy by converting 

renewable biomass into high-value biodegradable plastics, 

thereby reducing dependence on fossil fuel–based polymers and 

minimizing environmental pollution [22].

Catalytic Hydrolysis of ester bond

The principal functional group in PLA is the ester bonds 

(–CO–O–), which are derived from polymerization of 

carboxylic acid and hydroxyl groups. The ester linkage in PLA is 

prone to both biotic and abiotic cleavage due to the availability of 

moisture in the atmosphere. The nucleophilic attack of water 

molecules cleaves the ester linkage and generates hydroxyl and 

carboxyl chain ends, resulting in polymer chain scission, 

International Medical Publishing Group

Kumar   et al.,  JBMB:  Journal  of  Biology,  Medicine  &  Biomedicine. 2026;1(1):1-8

4

formation of low-molecular-weight oligomers, lactide, and lactic  

acid (Figure 5) [23]. This mechanism is accelerated in the 

presence of depolymerase enzymes. The esterase-type enzymes 

like proteinase K and lipase correspond to serine-dependent 

hydrolase activity. The catalytic serine residue acts as a nucleo-

phile, attacking the carbonyl carbon of the ester bond and 

forming a transient enzyme–substrate intermediate, resulting in 

cleavage of the ester linkage and release of oligomeric and 

monomeric units (Figure 6). Similarly, lipase-type PLA-

degrading enzymes possess substrate-binding regions that 

facilitate interaction with the ester linkage appropriately within 

the active site. These structural and catalytic features enable 

enzymatic chain scission of PLA and contribute to its subsequent 

biodegradation [11]. Serine-mediated hydrolytic cleavage by the 

enzyme has been reported elsewhere, highlighting alteration of 

enzyme configuration under varying pH conditions [24]. 

Functional stability of the enzyme corresponds to conforma-

tional changes of the active sites of the enzyme at multiple pH 

values, influencing the rate of hydrolysis. The result was further 

confirmed by high-performance liquid chromatography indicate 

intense peaks at a lower retention time in the degraded specimen 

after 6 days, while the peak at higher retention time disappeared 

completely after 9 days, indicating the absence of longer PLA 

chains [25]. Moreover, the catalytic efficiency of enzymes is 

influenced by pH of medium that changes the conformation of 

the enzyme and influencing the rate of biodegradation. More 

degradation was observed in alkaline range and vice versa. 

Hydrolytic degradation of D, L-lactic acid oligomers under 

alkaline conditions predominantly occurs through random 

cleavage of ester bonds along the polymer backbone. The overall 

degradation rate is governed by several interrelated factors, 

including the hydrolysis rate constant, amount of water absorbed 

by the polymer matrix, diffusion coefficient of the resulting chain 

fragments, and solubility of the degradation products [23]. Thus, 

the catalytic process of PLLA degradation involves four stages: 

(a) substrate binding, (b) nucleophilic attack, (c) protonation, and 

(d) ester hydrolysis [11].   

Applications of PLA

Polylactic acid (PLA) composites have emerged as promising 

biodegradable materials due to their renewable origin, excellent 

biocompatibility, biodegradability, and low environmental 

impact. PLA composites have found widespread applications in 

Figure 4. Conversion of renewable biomass into bioplastics.  
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food packaging, agriculture, biomedical engineering, pharmace-

uticals, and tissue regeneration [26]. PLA has been approved for 

its intended use in food packaging by the Food and Drug 

Administration (FDA). Ghasemlou et al. [27] explored that PLA 

derived from fermented plant sugars is commonly utilized in 

products such as food containers, drink bottles, and disposable 

cutlery. PLA is gradually moving towards becoming a 'green' 

food packaging material for goods under the trade name Biota™ 

[18]. Due to their non-toxicity and bioresorbable nature, PLA 

composites are extensively investigated for surgical sutures, 

scaffolds and wound dressings. The resorbable graft is 

hydrolyzed into lactic acid and metabolized in the form of water 

and CO  without toxic tissue accumulation. PLA polymers are 2

widely employed as biodegradable carriers for controlled and 

targeted drug delivery. Polylactide membrane (OrthoMesh; 

DePuy Synthes) shows promising results for treatment of 

segmental bone defects [28]. A PLA nanoparticle-based drug 

delivery system was developed in which the active pharmaceu-

tical ingredients were associated with the polymer through ionic  
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interactions, enabling their incorporation and controlled delivery 

[29]. Preparation of modified polylactic acid melt-coated urea 

enables slow and sustainable release of urea in the agricultural 

sector [30]. 

CONCLUSION

Starch-based polylactic acid (PLA) composites represent a 

scientifically robust and environmentally sustainable approach 

to developing biodegradable alternatives to conventional 

petroleum-based plastics. Their biodegradability is primarily 

attributed to the hydrolytic susceptibility of the ester bonds 

present in the PLA backbone. The incorporation of starch not 

only reduces the overall production cost but also enhances the 

hydrophilicity of the composite, facilitating water uptake into the 

polymer matrix. The water diffusion accelerates the nucleophilic 

attack of water molecules on the ester linkages, thereby 

promoting the catalytic hydrolysis of the polymer chains. The 

starch-based PLA composites could be cost-competitive 

replacements for conventional synthetic plastics and reduce the 

dependence on fossil resources.

Figure 6. Catalytic hydrolysis of ester linkage in presence of enzymes

Figure 5. Catalytic process of PLA degradation and microbial assimilation. 
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Count  85 85 

Mean 56 58.8 

Std Dev 8.9 7.2 

Min 46 46 

25% 50 54 

Median  52 59 

75% 61 64 

Max 81 78 

P-Value  0.024  
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CLINICAL  SIGNIFICANCE 

The clinical significance of this study lies in its potential to bridge 

the gap between research findings and practical health-.care, 

diagnosis, and treatment outcomes. By highlighting real-care 

applications. It emphasizes the importance of translating scientific 

observations into meaningful improvements in patient world 

relevance, the study contributes to evidence based medical practice 

and supports informed clinical decision making. Ultimately, the 

findings aim to enhance patient quality of life, optimize therapeutic 

strategies, and promote better disease management in clinical 

settings. 

ABBREVIATIONS

PLA: Polylactic Acid

TPS: Thermoplastic Starch

Tg: Glass Transition Temperature

Tm: Melting Temperature

CO₂: Carbon Dioxide
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