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Abstract

The growing demand for sustainable materials has intensified research on biodegrad-
able polymers, particularly poly(e-caprolactone) (PCL), poly(lactic acid) (PLA), and their
blends. PLA and PCL offer biocompatibility and biodegradability, making them attractive
for biomedical, packaging, and agricultural applications; however, their practical utility
remains limited owing to intrinsic drawbacks. PLA has low impact strength and poor
thermal resistance, while PCL suffers from low tensile strength and slow degradation
kinetics. Blending PLA with PCL can complement their properties, providing a tunable
balance of stiffness and flexibility. Further improvements can be achieved through the incor-
poration of micro- and nanocellulose (NC), which act as reinforcements, nucleating agents,
as well as compatibilizers. We critically examine fabrication strategies for NC-reinforced
PLA, PCL, and their blends, highlighting NC extraction, surface modification, processing
strategies, and dispersion techniques that prevent agglomeration and facilitate uniform
distribution. Comparative insights into composite and nanocomposite systems reveal
that NC incorporation significantly enhances mechanical properties, thermal resistance,
crystallization, and biodegradation kinetics, particularly at low filler loadings, owing to
its high surface area, specific strength, and hydrophilicity. The review underscores the
potential of PLA /PCL-based nanocomposites as eco-friendly biomaterials with tunable
properties tailored for diverse sustainable applications.

Keywords: poly(e-caprolactone); poly(lactic acid); nanocellulose; processing; PLA /PCL
blends; nanocomposites; biodegradable; mechanical reinforcement

1. Introduction

Biodegradable polymers, including poly(lactic acid) (PLA) and poly(e-caprolactone)
(PCL), have gained significant attention. On one hand, PLA is derived from renewable
resources such as corn starch, which provides degradation under specific conditions. On
the other hand, PCL, despite being a synthetic polymer, also offers biodegradable charac-
teristics. These polymers offer an alternative to petroleum-based plastics and align with
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the increasing demand for sustainable materials. However, both PLA and PCL exhibit
limitations that restrict their wide-scale use. As summarized in Table 1, PLA and PCL
exhibit contrasting properties. PLA, despite its high tensile strength and rigidity, is brittle
and prone to fracture [1,2], while PCL, known for its flexibility, suffers from low mechanical
strength [3]. The combination of these polymers in blends aims to balance these properties,
though the immiscibility of the two remains a challenge [4]. To address these limitations,
different kinds of fillers, such as inorganic nanoparticles, carbon-based fillers, metal and
metal oxides, bio-based nanofillers, and cellulose-based nanofillers, have been explored for
the enhancement of PCL and PLA properties [5-13]. In particular, nanocellulose (NC) has
emerged as an attractive nanofiller for these polyesters and their blends in the development
of fully biodegradable nanocomposites. Beyond its inherent biodegradability, biocompati-
bility, and non-toxicity, NC exhibits high specific strength and tunable surface chemistry,
setting it apart from inorganic, carbon-based, and metal-based fillers that may pose po-
tential health or environmental concerns. These features, combined with their renewable
origin, make it a promising and sustainable alternative for designing high-performance
bio-nanocomposites. Recent research has focused on reinforcing these polymers and their
blends with NC, either in the form of cellulose nanocrystals (CNCs), cellulose nanofibrils
(CNFs), or bacterial nanocellulose. In PLA-based systems, NC has been shown to enhance
tensile strength, Young’s modulus, and crystallinity [14-19]. This is due to its ability to act
as a nucleating agent and reinforce the polymer structure at the nanoscale. For instance,
studies have reported up to 40-60% improvement in tensile strength with the addition
of well-dispersed CNCs at low loadings (1-5 wt.%), along with improved thermal stabil-
ity [16]. Similarly, PCL-based systems exhibited increased stiffness and biodegradation
rate [20-22], especially when surface-modified NC is used to improve interfacial adhe-
sion with the more hydrophobic PCL matrix [23]. Beyond individual matrices with NC,
research has also focused on PLA/PCL blend-based nanocomposites, where NC plays
a dual role: reinforcing the polymer network [24] and acting as a compatibilizer [25-30].
Generally, in immiscible polymer blends, nanocellulose localizes at the interface between
PLA and PCL phases, reducing interfacial tension and promoting stress transfer across both
phases. This results in finer phase morphologies and an improvement in the mechanical
synergy and dimensional stability. In some studies, the use of NC has yielded PLA /PCL
blend composites with balanced toughness and strength, improved elongation at break
and enhanced thermal behavior [24,27,31,32]. Moreover, techniques such as melting extru-
sion and blending, solvent casting, injection molding and 3D printing have been used to
optimize dispersion and alignment of NC within the matrix, directly influencing composite
performance [24-27,31-34]. Table 1 presents the summary of some of the PCL and PLA
properties, such as tensile strength, elongation at break, melting temperature and glass
transition temperature. It also presents the processing methods, approximate degradation
under different composting conditions and applications of PCL and PLA.

This review provides a comprehensive overview of the synthesis and properties of PCL,
PLA, and their blends, with a particular focus on the incorporation of different forms of NC
as reinforcements to enhance their mechanical, thermal, and biodegradation performance.
It is structured to first discuss the individual characteristics of PCL and PLA, followed by
NC extraction and characterization, and then details the preparation, properties, and appli-
cations of PCL/NC, PLA/NC, and PLA /PCL blend-based bio-nanocomposites, including
hybrid reinforcements.
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Table 1. Comparison of properties of poly(e-caprolactone) and poly(lactic acid) [35-38].
Tensile Elongation Melting Glass DeAfaIer:t)i(:)r:a"lE:me
Polymer Strength at Break Temperature  Transition Processing Method Unger Composting Applications
(MPa) (%) €O €O Conditions (Months)
Extrusion, injection
PCL 10-40 200-600 58-64 650 —60 _Molding compression >24 Drug delivery
molding, solvent casting, sutures
electrospinning
Extrusion, injection Suroghogfac}l;n d
PLA 50-70 36 173178 60-65 molding, compression 6to 12 e il
molding, solvent casting surgery

2. Synthesis and Properties of Poly(e-caprolactone)

Poly(e-caprolactone) (PCL) is an aliphatic polyester that is widely recognized for
its biodegradability, biocompatibility, and ease of processing, making it a material of
interest in both biomedical and environmental applications. According to literature, PCL
is synthesized via (i) ring-opening polymerization (ROP) (ionic- or metal-catalyzed, and
coordination insertion method) of the cyclic monomer e-caprolactone, (ii) cyclic ketene
acetals using radical ring-opening polymerization (rROP), and (iii) 6-hydroxycaproic acid
polycondensation, as shown in Figure 1 [39]. ROP remains the most widely used method
due to its high efficiency, ability to control molecular weight, and compatibility with
large-scale production. Moreover, the ROP of e-caprolactone process is highly sensitive
to the choice of catalysts, which include stannous octoate, aluminum alkoxides, as well
as zinc-based and tin-based complexes. The choice of a catalyst affects the molecular
weight distribution of the resulting PCL, which in turn influences its mechanical and
thermal properties [40]. For example, the zinc—cobalt double-metal cyanide complex
[Zn-Co(IlT) DMCC] produced higher molecular weight PCL, which exhibits better tensile
strength and elongation at break, but may compromise processability due to its increased
viscosity [41]. The recent literature has increasingly focused on alternative synthesis routes,
including enzyme-catalyzed and organo-catalytic polymerization, to address concerns
about the residual toxicity of tin-based catalysts such as stannous octoate in biomedical
applications [42—44]. In one study, the role of steric hindrance in the catalytic efficacy
during polymerization was investigated. For this purpose, tin(IV)-based catalysts such as
tetramethyltin, dimethyldiphenyltin, triphenyltin chloride and tetraphenyltin were utilized
and compared. The latter was reported to be effective in promoting propagation and thus
produce PCL with high molecular weight, narrow dispersity, and low oligomer content.
The resulting polymer exhibited superior tensile strength and elongation at break compared
to the PCL synthesized using other catalysts [44].

In terms of properties, PCL is semi-crystalline, with spherulites consisting of lamel-
lae oriented in parallel and separated by amorphous regions with a reported degree of
crystallinity of ca. 40%, a melting temperature in the range of 58-64 °C, and a glass tran-
sition temperature in the range of —65 to —60 °C (see Table 1) [35,46,47]. These thermal
properties contribute to its high flexibility and low-temperature processability. Mechanical
studies have shown that PCL typically exhibits moderate tensile strength (10-40 MPa) and
remarkable elongation at break (up to 600%), depending on the molecular weight, degree
of crystallinity, and the processing conditions [32,48]. While its mechanical properties are
suitable for applications requiring ductility, the softness of the materials and low modulus
have motivated the use of PCL in blends or composites to improve structural performance.
From a degradation standpoint, PCL undergoes slow hydrolytic degradation of its ester
linkages, followed by microbial action, especially under composting or enzymatically active
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conditions [39]. PCL degrades quickly, within months, under conditions such as warm tem-
perature (~30-40 °C), active microbial community, moisture, and slightly acidic conditions
(pH ~5-7). However, it takes years to degrade under conditions such as limited microbial
activity and low temperature. High crystallinity and hydrophobicity of PCL also slow the
degradation rate [6,49]. While this slow degradation rate is beneficial for long-term biomed-
ical uses such as scaffolds and drug delivery systems, it limits the effectiveness of PCL in
short-lifespan packaging or agricultural applications unless it is blended with polymers
with fast biodegradation kinetics or reinforced with hydrophilic fillers. The literature also
highlights the limited polarity and hydrophobic nature of PCL, which often leads to poor
compatibility with polar fillers and polymers. This has driven a considerable amount of
research into surface modification, grafting, and compatibilization strategies to enhance its
interfacial interactions in composites. Recent efforts include the functionalization of PCL
chains and incorporation of nanofillers, such as NC, to improve both the mechanical and
thermal performance of PCL-based materials while retaining biodegradability [23].
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e-caprolactone

CH,

/U\ 04/
? ] (i) rROP \H(\/\/\ "
) PCL

2-methylene-1,3-dioxepane

o
6-Hydroxycaproic acid

Figure 1. Various synthetic routes for the production of PCL (Adapted from [45], Open Access).

3. Synthesis and Properties of Poly(Lactic Acid)

Poly(lactic acid) (PLA) is one of the most extensively studied biodegradable aliphatic
polyesters due to its bio-based origin, good mechanical strength, and biocompatibility.
According to Farah et al. [50] and Luyt et al. [51], PLA is primarily synthesized via (i) direct
polycondensation of lactic acid, (ii) azeotropic dehydrative condensation, and (iii) ROP of
lactide, as illustrated in Figure 2. The ROP method is more favorable industrially due to the
ability to achieve high molecular weight polymers and control over stereochemistry [51].
The synthesis process is typically catalyzed by tin(Il) octoate, which allows for tuning of
the molecular architecture of the polymer [52,53].
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Figure 2. Different synthetic methods for the production of PLA (Adapted from [54], Open Access).

In general, PLA consists of crystalline domains formed by thin plate-like stacks of
folded polymer chains, connected to amorphous zones by chain folds and tie molecules [55].
However, its physicochemical properties are closely linked to its stereochemistry. Research
highlights that poly(L-lactic acid) is semi-crystalline with the degree of crystallinity of ca.
20—40% and exhibits a higher melting point (~170-180 °C), while poly(D,L-lactic acid) is
mostly amorphous with the degree of crystallinity of ca. 0-10% and is more ductile [53].
These differences influence mechanical and thermal performance, with poly(L-lactic acid)
showing higher tensile strength and modulus, whereas poly(D,L-lactic acid) offers better
flexibility. The mechanical properties of PLA are well-established. Woodruff et al. [35]
reported tensile strengths in the range of 50-70 MPa. However, the inherent brittleness
and low impact resistance of PLA are frequently cited drawbacks, prompting research into
plasticization, copolymerization, and blending with more ductile polymers such as PCL
or poly(butylene adipate—co—terephthalate) (PBAT). PLA is biodegradable, primarily via
hydrolysis followed by microbial action. However, it is worth noting that biodegradation
rates are significantly influenced by crystallinity, molecular weight, and environmental
conditions. While industrial composting can achieve efficient biodegradation, PLA tends
to persist under ambient conditions, raising concerns about its suitability in certain applica-
tions without additional modifications [53,56].

4. Nanocellulose: Extraction Methods and Characterization Techniques

Nanocellulose (NC) is a renewable and biodegradable nanomaterial typically derived
from lignocellulosic biomass [57]. It has emerged as a promising reinforcing agent in
biopolymer composites due to its high mechanical strength, low density, and ease of sur-
face modification. Studies in the literature have identified three main types of NC, namely
cellulose nanocrystals (CNCs), cellulose nanofibrils (CNFs), and bacterial nanocellulose
(BNC), each with distinct structural and physical characteristics [21,32,36]. Extraction
typically begins with chemical pre-treatments of the starting biomass, such as alkaline
delignification and bleaching to remove lignin and hemicellulose, yielding purified cellu-
lose suitable for nanoscale processing. Figure 3 provides extraction methods, highlighting
how they lead to different types of NC, namely CNCs (Figure 3a) and CNFs (Figure 3b).
Each method has distinct effects on the properties of the resulting NC, which can further
influence the performance of the final bio-nanocomposites. CNCs (Figure 3a) are mainly
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obtained via acid hydrolysis, with sulfuric acid being the most commonly used reagent. It
breaks the amorphous cellulose regions and crystallizes the cellulose into highly ordered
crystalline structures. However, this method can compromise thermal stability, prompt-
ing interest in alternative acids or enzymatic hydrolysis to mitigate such effects. CNFs
(Figure 3b), on the other hand, are extracted through mechanical fibrillation methods in-
cluding high-pressure homogenization and grinding, often aided by chemical or enzymatic
pre-treatments such as 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO)-mediated oxidation
to enhance fibrillation efficiency and reduce energy demand [58—60]. In contrast, BNC is
biosynthesized by microbial fermentation and is valued for its ultrafine network structure,
high purity, and superior water-holding capacity, which make it especially suitable for
biomedical applications [32]. The characterization of NC has been reported in the literature,
with various studies highlighting how morphological, structural, and thermal properties
influence their performance in polymer nanocomposites [58,59,61]. Transmission electron
microscopy (TEM) and scanning electron microscopy (SEM) are frequently used to evaluate
NC dimensions and morphology. According to the literature, sulfuric acid-derived CNCs
typically appear as rigid, rod-like particles with lengths ranging from 100 to 300 nm and
diameters between 5 and 20 nm, while CNFs exhibit entangled fibrillar structures several
microns in length. X-ray diffraction provides insights into crystalline and polymorphic
forms. CNCs extracted via acid hydrolysis typically exhibit higher crystallinity indices
(ca. 60-90%) due to removal of amorphous regions [62,63]. Such high crystallinity enhances
stiffness and thermal resistance, making CNCs suitable for reinforcing semi-crystalline
polymers such as PCL and PLA.

(a) Crystalline region ~ Amorphous region

Cellulose fibrils Cellulose chain CNCs

(b) Crystalline region ~ Amorphous region

=0 e ===
9 " Process
Cellulose fibrils Cellulose chain

Figure 3. Schematic of the extraction of (a) CNCs and (b) CNFs from cellulose fibers via acid
hydrolysis and mechanical process, respectively. The right-hand side represents a magnified view of
the boxed region on the left to show cellulose at nanoscale (Adapted from [64], Open Access).

Fourier transform infrared spectroscopy (FTIR) is widely used to confirm chemical
composition and surface functional groups. The literature reports characteristic cellulose
bands at ~3340cm~! (O-H stretching), ~2900 cm™! (C-H stretching), and ~1050 cm ™!
(C-O-C stretching), with additional peaks in modified NC, indicating successful surface
functionalization [23,60]. For instance, esterification with citric acid or silanization with
organo-silanes leads to peak shifts or the appearance of new bands, reflecting changed
interfacial behavior. Thermogravimetric analysis (TGA) has been used to evaluate ther-
mal stability, showing that CNCs produced via sulfuric acid hydrolysis degrade at lower
temperatures (~180-250 °C) due to the presence of sulfate ester groups [65]. Differential
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scanning calorimetry (DSC) is used to observe transitions such as glass transition tempera-
ture (Tg) and to evaluate the influence of NC on the thermal behavior of polymer blends.
The literature shows the importance of applying multiple complementary techniques to
fully characterize NC and predict its behavior in specific composite applications. Without
such a comprehensive understanding, optimizing its reinforcing potential in PLA, PCL,
and PLA /PCL blend matrices remains a challenge.

5. Poly(e-caprolactone)/nanocellulose Bio-Nanocomposites: Preparation
and Property Enhancements

The incorporation of NC into PCL matrices has gained significant attention in recent
years. This is mainly because of its potential to address the limitations of neat PCL, such as
low stiffness and moderate thermal resistance. The literature highlights various preparation
techniques for PCL/NC bio-nanocomposites, with melt blending and solution casting being
the commonly used (see Table 2). Melt blending offers the advantage of scalability and
solvent-free processing, although achieving uniform NC dispersion remains a challenge
due to its hydrophilic nature and tendency to agglomerate within the hydrophobic PCL
matrix [21,66]. On the other hand, solution/solvent casting, often using chloroform or
dichloromethane as solvents, facilitates better initial dispersion but is limited by environ-
mental and processing drawbacks [20,22,23,36,67,68]. Electrospinning has emerged as an
effective technique for fabricating nanofiber-based PCL/CNCs scaffolds [69]. In these
systems, CNCs were well-aligned within the fibers, contributing to anisotropic mechanical
enhancement. For example, electrospun mats containing CNCs from cotton waste fiber
demonstrated up to 50% tensile strength improvement at 1 wt.% CNCs loading. How-
ever, at concentrations beyond 4 wt.%, CNCs tend to agglomerate, adversely affecting
elongation at break and reducing toughness. Therefore, an optimal loading of 2-3 wt.% is
often recommended to balance strength and flexibility [69]. To overcome dispersion issues,
research has shown that surface modification strategies such as acetylation, silanization, or
surfactant treatment of NC can be useful. PCL-grafted CNCs, obtained via ring-opening
polymerization of caprolactone monomer using the “grafting from” approach, have also
been reported [70]. For example, Avella et al. [66] demonstrated that treated CNCs im-
proved interfacial adhesion and dispersion within PCL, resulting in enhanced mechanical
performance compared to unmodified fillers. In another study, grafting CNFs with PCL
(CNFs-g-PCL) improved the dispersibility of CNFs in the PCL matrix, which led to im-
proved mechanical properties. Melting temperatures of the composites also increased,
which improved the thermal processability of PCL [71].

In terms of property enhancements, numerous studies confirm that the addition of NC
significantly improves the mechanical performance of PCL. The tensile strength, Young’s
modulus, and elongation at break have all shown measurable increases at low NC loadings
(typically < 5 wt.%) [21-23,36,67]. These improvements are attributed to the high aspect
ratio and rigidity of NC, which contribute to effective stress transfer at the filler-matrix
interface when dispersion is well controlled. In one study, N'Gatta et al. [72] designed
3D-printed bioactive composite scaffolds for bone tissue engineering using fused deposi-
tion modeling, incorporating PCL, CNCs, and silver nanoparticles (AgNPs). The binary
PCL/CNCs composite displayed significantly higher stiffness and ductility compared to the
ternary PCL/CNCs/AgNps system, highlighting CNCs’ role in enhancing the mechanical
performance of the composite scaffolds. In another study, Chanthavong et al. [73] fabri-
cated green composites based on PCL and polyvinyl alcohol (PVA) blend reinforced with
polyethylene oxide (PEO)-modified cellulose microfibers. Interestingly, the incorporation
of just 1 wt.% cellulose into the PCL-PVA blend significantly increased the tensile strength.
The observed enhancement in tensile strength underscores the reinforcing ability of cellu-
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lose on the mechanical properties of these composite materials. Thermal behavior has also
been positively affected; TGA and DSC analyses from multiple studies indicate that NC can
enhance the thermal stability and crystallinity of PCL composites, although this effect is
strongly dependent on the type of NC and its dispersion quality [22,66—-68]. Moreover, NC
acts as a nucleating agent, promoting faster crystallization kinetics, which is particularly ad-
vantageous for applications requiring rapid processing or dimensional stability [22]. From
a biodegradation point, incorporation of hydrophilic NC into PCL increases the hydrophilic
character of PCL/NC composites, potentially enhancing water penetration, hydrolysis of
ester bonds, and access for microbial /enzymatic attack. Factors such as dispersion of NC on
the PCL matrix and the reduced crystal size of NC contribute to increasing the degradation
rate. Poor dispersion reduces water uptake, which hinders biodegradation. If the addition
of NC significantly increases the crystallinity of the composite, the biodegradation rate
decreases since the crystalline domains are less accessible to microbes and water compared
to amorphous regions [74,75]. To summarize, the literature shows that NC is an effective,
bio-based reinforcement for PCL. It offers multifunctional improvements that broaden the
applicability of PCL in biomedical, packaging and environmental contexts, provided that
interfacial compatibility and dispersion are properly managed.

Table 2. Summary of poly(e-caprolactone)/nanocellulose bio-nanocomposites with source, structure,

and application insights.

Fabrication

Application

Composite Source Filler (wt.%) Method Enhanced Properties Area References
Tensile modulus, storage modulus,
Sugarcane 2.5,5.0,7.5, biodegradability properties, and moisture
PCL/CNCs bg 10.0,12.5,and  Solution casting barrier. Maximum increase in Young's Food packaging [36]
agasse 15.0 modulus was about 77%, and it was
achieved at 12.5 wt.% CNCs loading.
PCL/CNCs  Commercial 10 Melt blending Rheological performance, crosslinking, Shape-memory [66]
and pressing and thermal stability. applications
Marine e ,
PCL/CNCs algae 0.5,1.0, and Solvent casting Thermal stablhty,l Young’s 1:1110dulus, and Packaging [67]
biomass 2.0 tensile strength.
1.0,3.0,5.0, . Nucleation and crystallinity for all
PCL/CNCs  Purchased and 7.0 Solvent casting composites. Energy storage [68]
Susarcane Heterogeneous nucleation, crystallization
PCL/CNCs bg asse 2.0 Solution casting  rate, and improved tensile strength of PCL Packaging [22]
agass from 16.5 MPa to 17.8 MPa.
Orange . . Heterogeneous nucleation, crystallization .
PCL/CNCs peel 20 Solution casting rate, and improved tensile strength of PCL. Packaging (221
PCL/micro- . . Heterogeneous nucleation, crystallization .
cellulose Wheat bran 20 Solution casting rate, and improved tensile strength of PCL. Packaging (221
Tearing strength increased by 68%, and
1.0.3.0. and oxygen transmission rate (from 1740 to Packagin
PCL/CNCs Starch e Solution casting 1250 cm®/m? per day) and gas sing [23]
5.0 s . membrane
permeability were improved for the
composite with 1.0 wt.% CNCs.
Ca APlig:I/ICNCs Cotton 1.0and 5.0 Solution casting Degradation rate and hydrophilicity. Wound dressing [20]
Tensile strength and Young’s modulus
. increment of 7.5% at 10 wt.% CNFs and .
PCL/CNFs  Rice straw 18'8’ ;I’?Ci 51;) ’0 hz/ilrilt blzrsfiﬁlg 76% at 15 wt.% CNFs, respectively. Pﬁlé?;ig?;?d [21]
" ’ P & Hydrophilicity at 15 wt.% CNFs.
Nucleated crystallization.
Cotton 05.1.0,15 Hydrophilicity and crystallization Tissue
PCL/CNCs waste fiber 2'5’ aﬁ é 4 0’ Electrospinning activation energy at 1.0 wt.% CNCs engineering and [69]

content.

wound dressing
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Table 2. Cont.
. . o Fabrication . Application
Composite Source Filler (wt.%) Method Enhanced Properties Area References
Young’s modulus and rigidity improved
PCL/CNFs- Hardwood  10.0,20.0, and 3D printin for all samples. Melting temperature Sustainable (71]
g-PCL kraft pulp 30.0 P & increased. Tensile strength enhanced by products
45.5% at CNFs-g-PCL 30.0 wt.% loading.
1.0.2.0. and Balanced tensile strength and flexibility on. inE:rS;e and
PCL/CNCs  Purchased PPN Wet spinning (Young’s modulus of 0.27 GPa). i & e [76]
3.0 wt.% anterior cruciate

Biocompeatibility. ligament

Note: PCL = polycaprolactone; CNCs = cellulose nanocrystals; CNFs = Cellulose nanofibrils;
wt.% = weight percentage.

6. Poly(Lactic Acid)/nanocellulose Bio-Nanocomposites: Preparation and
Property Enhancements

The integration of NC into PLA has been extensively studied as a strategy to overcome the
inherent drawbacks of PLA, such as brittleness, low impact strength, and slow crystallization
rate. The literature presents a variety of preparation methods for PLA /NC bio-nanocomposites,
such as solvent casting, injection molding, melt blending, electrospinning, and extrusion.
Solvent casting, often used in early-stage studies, enables good initial dispersion of NC in
PLA due to solvent-assisted mixing [15,17,37,65,77]. However, industrial relevance has driven
growing interest in melt processing techniques, which are environmentally favorable and
scalable [14,18,19,78]. Despite its advantages, melt processing poses challenges related to the
incompatibility between hydrophobic PLA and hydrophilic NC, often leading to agglomeration.
Relative to PLA, unmodified NC has a higher surface energy owing to its polar nature at
ambient conditions. A direct consequence of the surface energy difference is poor compatibility
and thus weak interfacial adhesion between the two components, leading to a non-uniform
distribution of the nanofiller in the polyester matrix. Surface modification of NC has been
shown to lower its surface energy, improving the polymer-filler interaction and thus achieving
uniform dispersion [79]. To address this, researchers have investigated surface modification
techniques, such as grafting with glycidyl methacrylate, to enhance interfacial adhesion and
dispersion of NC in PLA [18]. Grafting of PLA chains onto NC surfaces results in more ho-
mogeneous composites and superior mechanical behavior [80]. For example, incorporation
of poly(ethylene glycol) (PEG)-grafted CNCs into PLA through electrospinning enhanced
mechanical properties such as tensile strength and elongation at break. Properties such as
thermal stability, hydrophilicity, and enzymatic degradation rate were also enhanced by CNCs-
g-PEG incorporation [81]. Incorporation of CNFs-g-PLA to PLA through 3D printing improved
thermal stability and mechanical properties such as Young’s modulus and tensile strength [71].
Significant mechanical property enhancements have been reported with the addition of NC to
PLA (Table 3). As highlighted in the literature [14-19], tensile strength and Young’s modulus of
PLA composites increased notably with the incorporation of well-dispersed CNCs or CNFs,
even at low filler contents (<5 wt.%). These enhancements are largely due to the high stiffness
and aspect ratio of NC, which enable efficient stress transfer across the matrix—filler interface.
However, a trade-off in elongation at break is often observed, attributed to restricted polymer
chain mobility, unless plasticizers or compatibilizers are introduced. Beyond mechanical im-
provements, thermal stability and crystallization behavior of PLA are positively influenced
by NC [82]. Studies using DSC and TGA show that NC can act as a nucleating agent, acceler-
ating PLA crystallization and enhancing its thermal resistance [14,16,17,65]. These effects are
especially pronounced with CNCs due to their high surface area and crystalline nature.

From the biodegradation point, well-dispersed hydrophilic CNCs on the PLA matrix
improve water uptake and increase the accessibility of ester bonds to microbes and hy-



Materials 2025, 18,5172

10 of 23

drolysis, which speeds up the degradation rate [83]. Biodegradation is slowed by poor
dispersion of CNCs on the PLA matrix or strong CNCs-PLA interfacial adhesion, which
lowers water penetration and polymer chain mobility [84]. For example, Manzano et al.
reported that the incorporation of CNCs alone into PLA decreases the degradation rate of
the PLA /CNCs composite by 20%, but incorporating CNCs with micro-fibrillated cellu-
lose into PLA increased the biodegradation of the composite by 60% under composting
conditions. This might be due to the increased crystallinity of PLA by the high crystalline
CNCs, which hinders microbial access and reduces water uptake. On the other hand, the
inclusion of micro-fibrillated cellulose improved water uptake [85]. The literature confirms
that NC is a highly effective, renewable nanofiller for PLA. It enables the development
of biodegradable composites with tailored mechanical and thermal properties for use in
biomedical, packaging, and environmental applications.

Table 3. Summary of poly(lactic acid)/nanocellulose bio-nanocomposites with source, structure, and
application insights.

Composite Source Filler (wt.%) Fi\l/);:tc;:;n Enhanced Properties Application Area  References
Acid hydrolysis of cellulose was
performed by sulfuric acid (S-CNCs) and
phosphoric acid (P-CNCs). Both P-CNCs
Sugarcane and S-CNCs improved thermal stability
PLA/CNCs bagasse 10.0 Solvent casting of PLA Packaging [65]
fiber TGA results had shown that PLA /P-CNCs
exhibited higher thermal stability than
PLA /S—-CNCs nanocomposites.
Improvement in water resistance, thermal
stability, and mechanical properties such
Sugarcane 1.0,2.0, 3.0, .. . as tensile and flexural strength, impact Sustainable
PLA/CNFs bagasse 4.0, and 5.0 Injection molding resistance, and fracture toughness was products 16l
observed in nanocomposites with 2 wt.%
CNFs loading.
Sugarcane 5.0,10.0, and . Improved thermal stability and tensile .
PLA/CNCs bagasse 15.0 Solvent casting strength at 10.0 wt.% Packaging [17]
Softwood 1.0,2.0,3.0, Solution casting . o Packaging,
PLA/CNCs pulp and 5.0 and co-extrusion Improved storage moduli at 3.0 wt.%. Medical [77]
1.0, 3.0, and . . . o .
PLA/CNCs  Purchased 50 Melt blending Improved tensile properties at 3.0 wt.%. Packaging [18]
Neptune . . o .
PLA/CNCs grass 1.0 and 3.0 Solvent casting Accelerated degradation at 3.0 wt.%. Food packaging [37]
Melt blending Tensile strength increased from 57.9 to 79.6
PLA/CNCs  Wood pulp 0.5 and injection MPa. Crystallinity increased from 35.9 Packaging [19]
molding to 42.5%.
. Thermal stability increased at 2.0 wt.% . .
PLA/CNCs Purchased 0'7(5:1’ 218 ’ Sln%(le serew CNCs, and tensile strength increased by 3D b;omte'zdlcal [14]
and 2. extrusion 18.2% at 1.0 wt.% CNCs. applications.
Solvent-free cast Reduced microbial growth, therefore,
PLA/CNCs  Purchased 2.0 extrusion increased the shelf life of food that is Food packaging [78]
oxygen sensitive.
Tensile strength and elongation at break
improved by factor of 2.8 and 1.9,
respectively, at 4.0 wt.% CNCs-PEG
0.5,1.0,2.0 loading, while thermal stability increased .
PLAP/ECGNCS_ Cotton and 4.0, and Electrospinning with increasing CNCs-PEG content. Sui;a‘;ﬂige [81]
8.0 Hydrophilicity and enzyme degradation P

rate increased for all
CNCs-PEG-containing samples compared
to neat PLA.
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Table 3. Cont.
Composite Source Filler (wt.%) Fi&::;:;n Enhanced Properties Application Area  References
Young’s modulus significantly increased at
20.0 wt.% CNFs-g-PLA loading. Tensile
PLA/CNFs- Hardwood  10.0,20.0, and 3D printin strength increased by 20.8% at 20.0 wt.% Sustainable (71]
g-PLA kraft pulp 30.0 P & CNFs-g-PLA loading. Thermal stability is products
also enhanced by 20.0 wt.%
CNFs-g-PLA loading.
Enhanced crystallinity, biodegradation rate
. . under soil burial, and mechanical Agriculture and
PLA/MCNCs  Purchased 1.25 Solution casting properties (tensile strength by 34.6% and packaging [86]
elongation at break by 84.3%).
PLA/CNCs Melt blending CNCs-g-ECO improved dispersion, acted .
and and (solvent b h Sustainable
Purchased 1.0 . as a nucleating agent, increased [87]
PLA/CNCs- casting followed crystallinity, and thermal stabilit products
¢-ECO by melt blending) b ¥ Y-

Note: PLA = poly(lactic acid); CNCs = cellulose nanocrystals; MCNCs = Mineralized cellulose nanocrys-
tals; PEG = poly(ethylene) glycol; ECO = Epoxidized canola oil TGA = Thermogravimetric analysis;
wt.% = weight percentage.

7. Poly(Lactic Acid)/poly(e-caprolactone) Biopolymer Blends:
Morphology, Compatibility and Properties

PLA and PCL blends have attracted considerable interest in the literature to synergis-
tically combine the desirable properties of both polymers, thereby overcoming individual
limitations. Table 4 summarizes the key findings from studies on PLA /PCL blends pre-
pared mainly via melt blending, which remains the most widely used method due to its
industrial relevance and scalability. PLA, characterized by high stiffness and brittleness, and
PCL, known for its flexibility and toughness, are inherently immiscible due to differences
in polarity and crystallinity, which results in phase-separated morphologies [26,27,88,89].
Morphological studies using SEM and TEM consistently reveal a dispersed droplet-matrix
or co-continuous phase morphology, depending on the blend composition and processing
conditions [88]. The degree of miscibility dictates the extent of molecular-level interactions
between the polyesters, which in turn strongly influences the development of the blend
morphology, and thus the mechanical properties and thermal behavior of the blends [90,91].
In one study, incorporating 10 wt.% of PCL in the blends improved the crystallinity of
PLA, and the highest crystallinity was achieved at 20 wt.%, owing to the nucleating effect
of PCL, which promotes the crystal formation of PLA. Interestingly, the crystallinity was
significantly decreased with the utilization of higher PCL content (i.e., > 20 wt.%). This was
attributed to the disruption of the PLA crystal structure by excess PCL, which hinders the
effective chain arrangement [92]. In contrast, Ivanov et al. [93] reported that an increase in
PLA crystallinity was not observed until the PCL content in the blends reached ca. 40 wt.%.
The relatively low crystallinity of PLA at lower PCL loadings was attributed to the char-
acteristic sea—island morphology observed in these immiscible blend systems (Figure 4).
The study further demonstrated that the optimum size of the PCL (i.e., dispersed phase)
was strongly dependent on the crystallinity of the PLA (i.e., continuous phase). Indeed, the
low PLA crystallinity resulted in the formation of larger PCL spheres (=1 um), whereas
higher PCL crystallinity promoted finer phase dispersion, leading to smaller PLA droplets
(~0.5 um) in the 30PLA /70PCL blend (Figure 4). In other studies, this PLA/PCL blend
ratio (i.e., 80/20) was also used to fabricate the blends and it was found that both the
mechanical and thermal properties of the resulting 3D printed scaffolds were significantly
improved [94,95]. Vala et al. [90] reported the preparation of PLA /PCL blends using PCL
derivatives, where PCL was chemically modified with either maleic anhydride or glycidyl
methacrylate. It was shown that he functionalization of PCL enhanced interfacial adhesion
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and consequently led to improved thermal stability of the blends. In general, at low PCL
content, PCL droplets are dispersed within the PLA matrix, which typically leads to im-
proved impact resistance but limited enhancement in ductility. At higher PCL loadings
(>30 wt.%), co-continuous morphologies can form (Figure 4), resulting in balanced stiffness
and toughness [89]. The major challenge reported in the literature is the limited compatibil-
ity between PLA and PCL. This is evident in blends with 30/70 and 80/20 PLA /PCL ratios,
which exhibit uneven dispersion of PLA phases [26,88]. This leads to weak interfacial adhe-
sion and poor stress transfer, resulting in compromised mechanical performance [26,88].
To address these compatibility challenges and further enhance the mechanical, thermal and
functional properties of PLA /PCL blends, recent research has focused on reinforcing these
systems with NC, ushering in a new generation of bio-nanocomposites with improved
interfacial interactions and sustainability performance.

Table 4.
(e-caprolactone) blends.

Processing methods and performance outcomes of poly(lactic acid)/poly

Blend Composition Fabrication Key Processing Findings/Impact on Composite Avplications References
(PLA/PCL wt.%) Technique Characteristics Performance PP
Hich temperature Incompatible blends; poor interface
30/70 Melt blending &l per: ! adhesion; uneven PLA Not reported [26]
direct mixing . .
phase dispersion.
Stiffness, strength, elongation at break,
100/0,90/10, 80/20, thermal stability, and activation energy
70/30, 60/40, 50/50, Melt blendin High temperature, balancing were enhanced for (60/40) Packaging, [89]
40/60,30/70,20/80, g direct mixing PLA/PCL blend. However, other blends Biomedical
10/90, and 0/100 showed poor compatibility and
mechanical properties.
80/20 Melt blending ngh temperature, Large, dlsperse.d particle sizes; poor Not reported 58]
irect mixing mechanical properties.
All blends showed poor compatibility.
100/0,90/10, 80/20, Melt blendin High temperature, Based on results, blend containing 30% Packaging, [27]
70/30, and 0/100 & direct mixing PCL had superior thermal properties Biomedical

compared to other blend ratios.

Note: PLA = Poly(lactic acid); PCL = Poly(e-caprolactone).
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Figure 4. SEM micrographs of PLA /PCL blends at 95/5, 70/30, 60/40, and 30/70 w/w blend ratios
at low (20 pm) and high (5 um) magnifications. Arrows guide the reader to the PLA and the PCL
phases. (Reproduced from [93], Open Access).

Property-wise, PLA /PCL blends exhibit a unique balance of mechanical, thermal, and
barrier characteristics that can be tailored by adjusting the blend ratio and compatibilization
approach. The literature reports that the addition of PCL generally improves the elongation
at break and impact strength of PLA, mitigating its brittleness, while the stiffness and
tensile strength tend to decrease proportionally with increasing PCL content [89]. Thermal
analysis via DSC shows that blending can modify the crystallization behavior of both
polymers, sometimes resulting in separate melting peaks indicative of phase immiscibility,
although compatibilized blends can exhibit enhanced crystallinity due to improved phase
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interactions [27]. Furthermore, PLA /PCL blends maintain biodegradability and have been
investigated for applications in packaging and biomedical devices [27,89].

8. Poly(Lactic Acid)/poly(e-caprolactone)-Based Composites Hybrid
Reinforcements: Processing and Performance

The development of PLA /PCL-based composites reinforced with fillers, such as NC
and other bio- or inorganic reinforcements, has emerged as a promising approach to si-
multaneously enhance mechanical and thermal properties beyond what is achievable with
single fillers. The literature shows that reinforcement strategies improve interfacial ad-
hesion, dispersion, and composite functionality [24,27,31-34,89]. Processing methods for
these nanocomposites typically involve melt blending, solvent casting, extrusion, injection
molding, and 3D printing, with melt blending being the most industrially viable. However,
achieving uniform dispersion and strong interfacial bonding remains a major challenge [96],
often addressed through surface modification of fillers or compatibilizers tailored to interact
with both the polymer matrix and the various fillers [25,32]. Performance-wise, studies sum-
marized in Table 5 report that composites of PLA /PCL exhibit improved tensile strength,
modulus, and toughness compared to neat PLA /PCL blends [24,25,31,32]. For example,
the PLA /PCL/TEMPO-oxidized bacterial cellulose (TOBC) composite, manufactured via
3D printing and using TEMPO oxidation surface modification, showed a 17.4% increase in
tensile strength, alongside a 208% increase in elongation at break. This indicates improved
ductility and strength, making it well-suited for biomedical applications where flexibility
and resilience are important. The enhanced crystallinity (~60%), associated with TOBC, also
supported better structural integrity [32]. In contrast, the PLA/PCL/microcrystalline cellu-
lose (MCC) composites demonstrated improved hydrophilicity and accelerated biodegra-
dation, valuable attributes for a sustainable packaging solution. The melt extrusion and
blending fabrication technique ensures effective dispersion of MCC at 1.0-3.0 wt.%, con-
tributing to a moderate crystallinity (~45%) that balances mechanical performance and
environmental degradability [33]. Interestingly, MCC composites did not report addi-
tional surface modification, suggesting a natural compatibility between MCC and the
PLA /PCL matrix. Incorporation of 1.0 wt.% CNCs, as well as CNCs-g-PCL and CNCs-g-
PLLA nanofillers, into the PLA /PCL matrix via melt-blending-accelerated biodegradation,
improved compatibility, which enhanced mechanical properties such as elastic modulus
and tensile strength [97]. CNCs, PCL-PEG-PCL tri-block copolymer (BCP), and BCP-CNCs
were incorporated into the PLA /PCL (60/40) matrix for phase compatibility improvement.
BCP10-CNCs1.0 enhanced interfacial interaction, 10.0 wt.% BCP enhanced the crystallinity
of PCL, and the porosity increased with CNCs content in the blend [28].

The “optimal” NC content largely depends on the polyester (i.e., PLA or PCL), blend
ratio (for PLA /PCL blends), morphology, and chemical modification of NC, the presence or
absence of a compatibilizer, processing method, as well as target properties. For example,
in one study, 3 wt.% NC was found to be optimal for dispersion and overall properties in
PLA [98]; however, another study reported an optimal NC content of 4 wt.% in PCL [5].
Although the optimal values are system specific, relatively low nanofiller contents (<5 wt.%)
lead to substantial enhancements in mechanical properties. Since NC has a high surface
area, low concentrations permit even distribution within the matrix, promoting effective
stress transfer. However, at high loadings, the filler particles aggregate, owing to strong
intermolecular hydrogen bonding. These agglomerates no longer reinforce, but rather act
as stress concentrators, initiating cracks and thus weakening the mechanical properties
of the composites. Concerning the plastic deformation mechanism, PLA, being glassy at
ambient conditions, is dominated by crazing and crack propagation. In contrast, PCL shows
ductile behavior, allowing shear yielding and necking. However, in PLA/PCL blends,



Materials 2025, 18,5172

15 of 23

the deformation mechanism largely depends on interfacial adhesion, blend composition,
and temperature [99]. Blending PLA with PCL, as well as the incorporation of CNCs into
either matrix, can significantly influence the phase composition of these polyesters. For
instance, CNCs have been shown to enhance the crystallinity of PCL [21,22,68,69]. Similarly,
it has been reported to accelerate the crystallization kinetics of PLA, thereby increasing
its overall crystallinity [19,86,87]. These observations clearly highlight the role of CNCs
as an effective nucleating agent within these matrices, promoting a more ordered and
less amorphous polymer structure. Nevertheless, this nucleating effect is not exclusive to
CNCs; as the dispersion of PCL in PLA (continuous phase) has also been found to facilitate
faster crystallization kinetics, while the incorporation of PLA into PCL (continuous phase)
similarly contributes to an increase in crystallinity [93].

Concerning the mechanism of biodegradation, warm and moist conditions are essen-
tial, and hydrolysis is central to, and thus the initiating and rate-determining step in the
process. Both PCL and PLA are aliphatic polyesters, comprising ester linkages along their
backbones. It therefore logically follows that they are both susceptible to hydrolytic cleav-
age, albeit to varying degrees, depending on factors such as crystallinity, molecular weight,
and hydrophobicity. Relative to NC, which is rich in hydroxyl groups, both PCL and PLA
are hydrophobic; therefore, incorporation of cellulose nanofiller in either polyester’s matrix
reduces the lipophilic-to-hydrophilic ratio of the resulting composite material, enhancing
the water uptake and thus promoting hydrolysis. In the case of blends, the PCL-PLA
interface is typically a region of structural discontinuity, owing to the immiscibility between
the two polyesters. In addition, NC has been shown to often localize in these regions and
compatibilizes the two components. Therefore, given the fibrous and porous nature of
cellulose, these weak interfacial areas increase water diffusion into the blend composites
and accessibility for microbial attack.

Nanoclay fillers such as montmorillonite (MMT) and organo-modified MMT (O.MMT)
enhance the mechanical performance of the composites primarily by improving the in-
terface interaction between the PLA and PCL phases. Surface functionalization of MMT
nanoclay promotes better polymer compatibility and increases tensile strength, essential for
applications like printing plates [25]. The O.MMT variant notably doubles the indentation
modulus compared to neat PCL, indicating a significant increase in stiffness, which is
desirable for rigid packaging materials [34]. These composites were typically prepared via
melt blending, a method that effectively distributes nanoclay particles within the polymer
matrix. Synthetic additives such as Pluronic and triallyl isocyanurate (TAIC) serve as
compatibilizers that enhance mechanical properties by improving the miscibility of PLA
and PCL. TAIC, added via melt blending, not only increases strength and modulus but also
reduces phase separation in PLA /PCL blends, expanding its use in both packaging and
biomedical fields [31]. Pluronic, incorporated at 2.5 to 7.5 parts per hundred and processed
through melt blending, improves tensile strength at optimal blend ratios, targeting pack-
aging applications [24]. Additionally, the inclusion of natural biopolymer reinforcements
such as SFNPs improves the thermal stability and compatibility of PLA /PCL composites
without the need for surface modifications. Melt blending these SENPs at 1.0 wt.% offers
benefits suitable for food packaging, where thermal resistance and safety are priorities [27].
Meanwhile, higher loading of natural fibers, such as flax fiber, at 20 wt.%, significantly
enhances mechanical properties through extrusion and injection molding, demonstrating
their potential for robust packaging materials [24]. In general, this diverse range of fillers
and fabrication methods highlights the adaptability of PLA/PCL composites. NC and natu-
ral fibers contribute to environmental sustainability and biodegradability, while nanoclays
and synthetic compatibilizers address mechanical performance challenges related to phase
incompatibility. The choice of surface modification, filler loading, and processing technique
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is crucial in tuning the final properties for targeted applications, whether in packaging,
biomedical devices, food packaging, or printing technologies.

Table 5. Overview of poly(lactic acid)/poly(e-caprolactone)-based composites with various fillers.

Composite PLA/PCL

Filler Type and Filler Content Fabrication Application

Name Ratios Source (wt.%) Method Enhanced Properties Area References
10% PCL content increased tensile
100/0,95/5 strength and elongation at break by
2 ', PRES T ) 0,
PLA/PCL/TOBC 90/10,85/15, g EMP.OI OXllld‘lzed 15 3Dprinting /% /f)i’f 208% comp a’g’d to tlkl‘?t."f Biomedical [32]
nd 80,20 acterial cellulose neat LA, respect.lve_ y. ry_sta inity
a increases with increasing
PCL content.
Micro-crystalline . R
90/10and Melt extrusion Enhanced hydrophilicity and .
PLA/PCL/MCC 80/20 celflulose (MCC) 1.0 and blending accelerated biodegradation. Packaging 33
Tom cotton
Enhanced shape-memory response,  Biomedicine
PLA/PCL/CNCs 70/30 (;rltlfgl\?gs ?S-_I%LPLC AL 1.0 Melt blending accelerated biodegradation, elastic and food [97]
8 modulus, and tensile strength. packaging
Cellulose
Enhanced water uptake for all
PLA/PCL/CNCs, nanocrystals CNCs (0.5,1.0 samples. BCP10-CNCs1.0 enhanced
PLA/PCL/BCP, (CNCs) from cotton . S - o
and 2.0) . interfacial interaction. 10.0 wt.% BCP . . N
and 60/40 and Solvent casting L Biomedical [28]
BCP (5.0,10.0 enhanced crystallinity of PCL.
PLA/PCL/BCP- PCL-PEG-PCL o :
) and 20.0) Porosity increased with CNCs
CNCs (BCP) tri-block .
content in blend.
copolymer
PLA/PCL/MMT Montmorillonite . Higher tensile strength and Printing
nanoclay 80/20 (MMT) 20,40,and 6.0 Meltblending compatibility at 4.0 wt.% MMT. plates 23]
PLA/PCL/Silk  100/0,90/10, Silk fibroin Enhanced thermal stability and Food
fibroin 80/20, and b 1.0 Melt blending compatibility for 70/30 blend by X [27]
nanoparticles 70/30 (SFNPs) from 1.0 wt.% SFNPs packaging
P silkworm cocoons ’ ’ ’
100/0,90/10, .
/ ¢ . Improved tensile strength for blends
PLA/PCL/— 85/15,80/20, Synthetic 25,50,and75  Meltblending  with10,15,and 20 wt.% PCLcontent  Packaging [24]
Pluronic 75/25,and Pluronic 5 h
70/30 at 2.5 parts per hundred.
80/20,60/40, Triallvl Improved strength, modulus, and Packaging
PLA/PCL/TAIC  40/60,and isoc anuratZ (TAIC) 3.0 Melt blending hindered phase separation for and [31]
20/80 4 20PLA/80 PCL. Biomedical
o Solvent casting, = Improved PLA phase dispersion and . .
PLA/PCL/MMT 70/30 Montmorillonite 1.0 Melt blending better interface interaction. Biomedical [26]
Organophilic . .
PLA/PCL/ S . Improved indentation modulus by . ,
OMMT 20/80 Montmorillonite 2.0 Melt blending 50% compared to that of PCL. Packaging [34]
(O.MMT)
1.0,2.0,3.0, Melt extrusion Improved compatibility and Various
PLA/PCL/CNCs 70/30 CNCs (purchased) and 5.0 and blending mechanical properties. applications (1001

Note: CNCs = cellulose nanocrystals; MCC = Microcrystalline cellulose; O.MMT = Organo-modified montmoril-
lonite; PCL = Poly(e-caprolactone); PLA = Poly(lactic acid); SENPs = Silk fibroin nanoparticles; TAIC = Triallyl
isocyanurate; TEMPO = 2,2,6,6-tetramethylpiperidine-1-oxyl; TOBC = (TEMPO)-oxidized bacterial cellulose.

9. Conclusions, Challenges, and Future Perspectives

The incorporation of nanocellulose (NC) into biodegradable polymers such as PLA
and PCL has gained considerable attention in overcoming the inherent limitations of PLA
and PCL. This includes the brittleness of PLA and the weak thermal and mechanical sta-
bility of PCL. This study focuses on the structure-property correlations and performance
factors of PLA/NC, PCL/NC, PLA/PCL, and PLA/PCL/NC systems. The addition of
NC functions as a reinforcing and nucleating agent, increasing stiffness, modulus, and, in
some circumstances, biodegradation rate, depending on dispersion and surface functioning.
Surface modification of NC (e.g., acetylation, silanization, or grafting with compatibilizers
such as PLA or PCL chains) was found to be the most efficient in improving interfacial
adhesion and dispersion inside hydrophobic matrices. For PLA /PCL composites, compati-
bilization with reactive agents and optimal blend ratios (usually 70/30 or 60/40 PLA/PCL)
were discovered to be crucial for balancing stiffness, ductility, and biodegradability. The
addition of NC to the PLA/PCL matrix increased mechanical reinforcement, crystallinity
control, and interphase stability, provided that good dispersion was achieved. Key pa-
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rameters influencing overall blend performance include NC surface chemistry, dispersion
uniformity, blend content, degree of crystallinity, and processing technique and conditions.
A synergistic balance between hydrophilic NC and the immiscible PLA /PCL phases can be
achieved through appropriate compatibilization or surface functionalization, resulting in
better structural integrity and adaptable degradation profiles. The cost of NC production,
energy-intensive extraction and modification processes, and dispersion issues in polymer
matrices continue to be barriers to large-scale implementation from an industrial and eco-
nomic standpoint. However, the increasing demand for bio-based, compostable materials,
as well as advancements in reactive extrusion and continuous NC manufacturing technolo-
gies, make these systems more and more viable for packaging, biomedical scaffolds, and
agricultural films. Overall, the integration of NC into PLA, PCL, and their blends provides
a viable pathway toward high-performance, biodegradable composites.

Despite the promising potential of bio-nanocomposites, several challenges must be ad-
dressed to facilitate their widespread adoption and further advancement. These challenges
include processing, interface compatibility, environmental assessments, and application
enhancements. One significant challenge is based on optimizing the processing techniques
for bio-nanocomposites to ensure consistent material properties and performance. Factors
such as physical, chemical, and mechanical characteristics of the constituent materials
must be carefully considered to prevent variations that could render the nanocomposite
unsuitable for its intended use. Interface compatibility between polymer components, par-
ticularly in blends such as PLA and PCL, presents another hurdle. Immiscibility and weak
interface interactions can limit the overall performance of the composite, necessitating the
development of effective compatibilizers to enhance toughness and ensure homogeneity.
Another challenge is industrial scalability, NCs” high cost and restricted availability, mostly
due to energy-intensive extraction and purification, continue to be major challenges to
commercialization. NC production costs typically vary from ZAR 173.16 to ZAR 346.32 per
kg, whereas commodity fillers like CaCOs cost less than ZAR 34.63 per kg. Furthermore,
establishing uniform dispersion of NCs inside hydrophobic polymer matrices necessitates
surface modification or solvent-assisted compounding, which increases processing steps
and costs. Regulatory aspects include adhering to food-contact requirements in packaging
applications. PLA is already certified for food packaging, but NCs must adhere to purity
and migration standards, particularly if made from plant sources containing residual lignin
or hemicellulose. In biomedical applications, both PLA and PCL are approved by the
Food and Drug Administration for specific implantable and drug-delivery applications;
nevertheless, NCs must demonstrate biocompatibility and cytotoxicity before being inte-
grated into medical devices. Comprehensive life cycle assessments (LCAs) are essential
for evaluating the overall environmental impact of bio-nanocomposites. Assessments
should cover the entire life cycle from component extraction to final disposal. This will
ensure that bio-nanocomposites contribute positively to environmental sustainability and
economic efficiency. Enhancing the properties and applications of bio-nanocomposites
requires ongoing research and innovation.

Despite higher raw material costs, CNCs-reinforced PLA and PCL composites can
reduce environmental impact through renewable sourcing and faster biodegradation, en-
abling compliance with extended producer responsibility and biodegradability certification
frameworks. As NC production becomes more cost-effective, industrial adoption is ex-
pected to advance in specialized high-value industries such as biomedical scaffolds or
biodegradable barrier films before spreading to commodity sectors. Future research should
further explore the design, processing, and characterization of NC-reinforced PLA /PCL
blend nanocomposites to improve breakage resistance, hydrophilicity, and water barrier
properties in food packaging applications, as well as enhance cell attachment and drug
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release kinetics in biomedical applications. Key areas of focus should include optimizing
dispersion methods, tailoring surface chemistry for interfacial compatibility, and under-
standing the synergistic effects of ternary systems on biodegradation, crystallinity, and
functional performance. Exploring new applications in electronic devices, energy produc-
tion, and environmental remediation will further expand the scope of bio-nanocomposites
and contribute to sustainable technologies. Addressing the aforementioned challenges
and advancing this line of investigation holds substantial promise for developing high-
performance, scalable, and truly sustainable materials for packaging, agriculture, biomedi-
cal devices, and other environmentally critical sectors.
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Abbreviations

The following abbreviations are used in this manuscript:

AgNPs Silver nanoparticles

CNCs Cellulose nanocrystals

CNFs Cellulose nanofibers

DSC Differential scanning calorimetry
FTIR Fourier transform infrared spectroscopy
MCC Microcrystalline cellulose

MMT Montmorillonite

NC Nanocellulose

O.MMT Organically modified montmorillonite
PBAT Poly(butylene adipate—co-terephthalate)
PCL Poly(e-caprolactone)

P-CNCs  Phosphoric acid cellulose nanocrystals
PEG Poly(ethylene) glycol

PEO Poly(ethylene oxide)

PVA Poly(vinyl alcohol)

PLA Poly(lactic acid)

ROP Ring-opening polymerization

rROP Radical ring-opening polymerization
S-CNCs  Sulfuric acid cellulose nanocrystals
SEM Scanning electron microscopy

SFNPs Silk fibroin nanoparticles

TAIC Triallyl isocyanurate

TEM Transmission electron microscopy
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TEMPO 2,2,6,6-Tetramethylpiperidine-1-oxyl

TGA Thermogravimetric analysis
TOBC (TEMPO)-oxidized bacterial cellulose

References

1.  Wang, W.; Niu, B,; Liu, R.; Chen, H.; Fang, X.; Wu, W.; Wang, G.; Gao, H.; Mu, H. Development of bio-based PLA /cellulose
antibacterial packaging and its application for the storage of shiitake mushroom. Food Chem. 2023, 429, 136905. [CrossRef]

2. Widjaja, T.; Rohmah, A.A.Z.; Nurkhamidah, S.; Ni‘'mah, H.; Wardhono, E.Y.; Saputra, B.Y.E.; Sari, C.Y. Effectiveness study
of Cellulose Nanocrystal (CNC) filler usage on polylactic acid (PLA) properties through plasticizer addition optimization:
Application in paper-coated tableware. Case Stud. Chem. Environ. Eng. 2025, 11, 101186. [CrossRef]

3.  Kurakula, M.; Rao, G.K.; Yadav, K.S. Fabrication and characterization of polycaprolactone-based green materials for drug delivery.
In Applications of Advanced Green Materials; Elsevier: Amsterdam, The Netherlands, 2021; pp. 395-423.

4. Fernandez-Tena, A.; Otaegi, I; Irusta, L.; Sebastidn, V.; Guerrica-Echevarria, G.; Miiller, A.J.; Aranburu, N. High-Impact PLA in
Compatibilized PLA /PCL Blends: Optimization of Blend Composition and Type and Content of Compatibilizer. Macromol. Mater.
Eng. 2023, 308, 2300213. [CrossRef]

5. Vidakis, N.; Petousis, M.; Michailidis, N.; David, C.; Mountakis, N.; Papadakis, V.; Sfakiotakis, E.; Sagris, D.; Argyros, A.
Optimization of cellulose nanocrystal (CNC) concentration in polycaprolactone bio-composites for bio-plotting: A robust
interpretation of the reinforcement mechanisms. Cellulose 2024, 31, 3657-3680. [CrossRef]

6. Ghanem, A.F,; Yassin, M.A.; Cosquer, R.; Gouanvé, E; Espuche, E.; Rehim, M.H.A. Polycaprolactone composite films infused
with hyperbranched polyester/reduced graphene oxide: Influence on biodegradability, gas/water transport and antimicrobial
properties for sustainable packaging. RSC Adv. 2024, 14, 5740-5753. [CrossRef]

7. Carotenuto, M.R,; Cavallaro, G.; Chinnici, I.; Lazzara, G.; Milioto, S. Thermomechanical properties of bionanocomposites based
on polycaprolactone and halloysite clay nanotubes. J. Therm. Anal. Calorim. 2025, 150, 7519-7528. [CrossRef]

8.  Hou, Y,; Wang, W.; Bartolo, P. In vitro investigations on the effects of graphene and graphene oxide on polycaprolactone bone
tissue engineering scaffolds. Bio-Des. Manuf. 2024, 7, 651-669. [CrossRef]

9.  Wang, Z.P; Ruan, WH.; Rong, M.Z.; Zhang, M.Q. Injection molding of highly filled microcrystalline cellulose/polycaprolactone
composites with the aid of reversible Diels-Alder reaction. J. Mater. Sci. Technol. 2024, 170, 246-254. [CrossRef]

10. Xiao, Y.; Ding, Y.; Qiu, J.; Zhang, X.; Zheng, Y.; Huang, C.; Zhao, L.; Tang, Z.; Chen, Y.; Liu, Y. Treatment effects of 3D-printed
PCL/Fe304@ ZIF-8 magnetic nanocomposite on infected bone defect. Int. |. Bioprinting 2024, 10, 2271. [CrossRef]

11. Soriano-Cuadrado, B.; Fontecha-Céamara, M.A.; Mafias-Villar, M.; Delgado-Blanca, I.; Ramirez-Rodriguez, M.D. Mechanical,
Thermal and Morphological Study of Bio-Based PLA Composites Reinforced with Lignin-Rich Agri-Food Wastes for Their
Valorization in Industry. Polymers 2024, 16, 2462. [CrossRef] [PubMed]

12.  Sen, I; Sever, K. Production and characterization of agricultural waste natural fiber-filled polylactic acid composites. Polym. Bull.
2025, 82, 4051-4074. [CrossRef]

13. Nitrivala, M.A; Pitsavas, A.C.; Lazaridou, K.; Baziakou, Z.; Karavasili, D.; Papadimitriou, M.; Ntagkopoulou, C.; Balla, E.; Bikiaris,
D.N. Polycaprolactone (PCL): The biodegradable polyester shaping the future of materials—a review on synthesis, properties,
biodegradation, applications and future perspectives. Eur. Polym. J. 2025, 234, 114033. [CrossRef]

14. Ahmad, N.D.; Wildan, M.W. Preparation and properties of cellulose nanocrystals-reinforced Poly (lactic acid) composite filaments
for 3D printing applications. Results Eng. 2023, 17, 100842. [CrossRef]

15. Gond, R.; Gupta, M. Development of PLA Based Nanocellulose Film for Packaging Applications. J. Indian Chem. Soc. 2020, 97,
1621-1625.

16. Gond, R.; Naik, T.P; Gupta, M.K,; Singh, I. Development and characterisation of sugarcane bagasse nanocellulose/PLA
composites. Mater. Technol. 2022, 37, 2942-2954. [CrossRef]

17.  Khoo, R.Z.; Chow, W.S.; Ismail, H. Tensile, thermal and ultra-violet shielding enhancement of poly (lactic acid) bionanocomposite
film using cellulose nanocrystals extracted from sugarcane bagasse. J. Thermoplast. Compos. Mater. 2023, 36, 2543-2561. [CrossRef]

18.  Pracella, M.; Haque, M.M.-U.; Puglia, D. Morphology and properties tuning of PLA /cellulose nanocrystals bio-nanocomposites
by means of reactive functionalization and blending with PVAc. Polymer 2014, 55, 3720-3728. [CrossRef]

19. Wu, J.4.; Gao, N,; Jiang, L.; Zhong, G.j.; Deng, C.; Gao, X. The coupling effect of cellulose nanocrystal and strong shear field
achieved the strength and toughness balance of Polylactide. Int. ]. Biol. Macromol. 2022, 207, 927-940. [CrossRef]

20. Rashtchian, M.; Hivechi, A.; Bahrami, S.H.; Milan, P.B.; Simorgh, S. Fabricating alginate/poly (caprolactone) nanofibers with
enhanced bio-mechanical properties via cellulose nanocrystal incorporation. Carbohydr. Polym. 2020, 233, 115873. [CrossRef]

21. Qiao, X.; Wang, Z.; Sun, K. Renewable rice straw cellulose nanofibril reinforced poly (e-caprolactone) composite films. Mater.
Chem. Phys. 2022, 292, 126879. [CrossRef]

22. Chen, J; Huang, Y,; Deng, L.; Jiang, H.; Yang, Z.; Yang, R.; Wu, D. Preparation and research of PCL/cellulose composites:

Cellulose derived from agricultural wastes. Int. J. Biol. Macromol. 2023, 235, 123785. [CrossRef]


https://doi.org/10.1016/j.foodchem.2023.136905
https://doi.org/10.1016/j.cscee.2025.101186
https://doi.org/10.1002/mame.202300213
https://doi.org/10.1007/s10570-024-05851-7
https://doi.org/10.1039/D3RA08948G
https://doi.org/10.1007/s10973-025-14178-9
https://doi.org/10.1007/s42242-024-00280-8
https://doi.org/10.1016/j.jmst.2023.07.017
https://doi.org/10.36922/ijb.2271
https://doi.org/10.3390/polym16172462
https://www.ncbi.nlm.nih.gov/pubmed/39274096
https://doi.org/10.1007/s00289-025-05698-3
https://doi.org/10.1016/j.eurpolymj.2025.114033
https://doi.org/10.1016/j.rineng.2022.100842
https://doi.org/10.1080/10667857.2022.2088616
https://doi.org/10.1177/08927057221098972
https://doi.org/10.1016/j.polymer.2014.06.071
https://doi.org/10.1016/j.ijbiomac.2022.03.172
https://doi.org/10.1016/j.carbpol.2020.115873
https://doi.org/10.1016/j.matchemphys.2022.126879
https://doi.org/10.1016/j.ijbiomac.2023.123785

Materials 2025, 18, 5172 20 of 23

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.
45.

Xu, C.; Chen, C.; Wu, D. The starch nanocrystal filled biodegradable poly (¢-caprolactone) composite membrane with highly
improved properties. Carbohydr. Polym. 2018, 182, 115-122. [CrossRef]

Rytlewski, P.; Gohs, U.; Stepczyniska, M.; Malinowski, R.; Karasiewicz, T.; Moraczewski, K. Electron-induced structural changes
in flax fiber reinforced PLA /PCL composites, analyzed using the rule of mixtures. Ind. Crops Prod. 2022, 188, 115587. [CrossRef]
Rao, R.U.; Venkatanarayana, B.; Suman, K. Enhancement of mechanical properties of PLA/PCL (80/20) blend by reinforcing with
MMT nanoclay. Mater. Today Proc. 2019, 18, 85-97.

Zhu, B.; Wang, Y.; Liu, H.; Ying, J.; Liu, C.; Shen, C. Effects of interface interaction and microphase dispersion on the mechanical
properties of PCL/PLA/MMT nanocomposites visualized by nanomechanical mapping. Compos. Sci. Technol. 2020, 190, 108048.
[CrossRef]

Dadras Chomachayi, M.; Jalali-Arani, A.; Beltran, ER.; De la Orden, M.U.; Martinez Urreaga, ]. Biodegradable nanocomposites
developed from PLA /PCL blends and silk fibroin nanoparticles: Study on the microstructure, thermal behavior, crystallinity and
performance. J. Polym. Environ. 2020, 28, 1252-1264. [CrossRef]

Salmani, M.R.; Shirazi, F.; Goodarzi, K.; Noormohammadi, F.; Nourany, M. Improving phase compatibility of PLA-PCL Matrix-
Droplet blend using CNC/PCL-PEG-PCL triblock copolymer to prepare porous 3D osteoinductive scaffolds. J. Polym. Environ.
2024, 32, 6405-6424. [CrossRef]

Nourany, M.; Makaremy, A.; Bazrpash, S.; Hosseini, S. Bimodal macroporous 3D scaffolds based on compatibilized PCL and
PLA blend using PCL-PEG-PCL block copolymers and cellulose nanocrystals for osteogenic differentiation of hMSCs. Int. ]. Biol.
Macromol. 2025, 299, 140149. [CrossRef]

Haghgoo, G.; Dadashi, P; Babaei, A. Effects of Cellulose Nanocrystals Localization on Compatibility Between Polylactic Acid and
Polycaprolactone: Correlating the Microstructure and Mechanical Performance. Polym. Adv. Technol. 2025, 36, €70113. [CrossRef]
Malinowski, R. Mechanical properties of PLA/PCL blends crosslinked by electron beam and TAIC additive. Chem. Phys. Lett.
2016, 662, 91-96. [CrossRef]

Chen, Y.; Lu, T; Li, L.; Zhang, H.; Wang, H.; Ke, E. Fully biodegradable PLA composite with improved mechanical properties via
3D printing. Mater. Lett. 2023, 331, 133543. [CrossRef]

Kalita, N.K.; Bhasney, S.M.; Mudenur, C.; Kalamdhad, A.; Katiyar, V. End-of-life evaluation and biodegradation of Poly (lactic
acid)(PLA)/Polycaprolactone (PCL)/Microcrystalline cellulose (MCC) polyblends under composting conditions. Chemosphere
2020, 247, 125875. [CrossRef] [PubMed]

Slouf, M.; Ujcic, A.; Nevoralova, M.; Vackova, T.; Fambri, L.; Kelnar, I. Monitoring of morphology and properties during
preparation of PCL/PLA microfibrillar composites with organophilic montmorillonite. Front. Mater. 2020, 7, 188. [CrossRef]
Woodruff, M.A.; Hutmacher, D.W. The return of a forgotten polymer—Polycaprolactone in the 21st century. Prog. Polym. Sci.
2010, 35, 1217-1256. [CrossRef]

Hassan, M.L.; Bras, J.; Hassan, E.A.; Fadel, S.M.; Dufresne, A. Polycaprolactone/modified bagasse whisker nanocomposites with
improved moisture-barrier and biodegradability properties. J. Appl. Polym. Sci. 2012, 125, E10-E19. [CrossRef]

Luzi, E; Fortunati, E.; Puglia, D.; Petrucci, R.; Kenny, ].M.; Torre, L. Study of disintegrability in compost and enzymatic
degradation of PLA and PLA nanocomposites reinforced with cellulose nanocrystals extracted from Posidonia Oceanica. Polym.
Degrad. Stab. 2015, 121, 105-115. [CrossRef]

Ruz-Cruz, M.; Herrera-Franco, P.J.; Flores-Johnson, E.A.; Moreno-Chulim, M.; Galera-Manzano, L.M.; Valadez-Gonzélez, A.
Thermal and mechanical properties of PLA-based multiscale cellulosic biocomposites. . Mater. Res. Technol. 2022, 18, 485-495.
[CrossRef]

Guarino, V.; Gentile, G.; Sorrentino, L.; Ambrosio, L. Polycaprolactone: Synthesis, properties, and applications. Encycl. Polym. Sci.
Technol. 2002, 1-36. [CrossRef]

Chaipakdee, N.; Hemvichian, K.; Lertsarawut, P.; Rimdusit, S.; Tiptipakorn, S. Effects of molecular weight of polycaprolactone on
the thermal properties of V-fa/PCL blends added with cross-linking agent. IOP Conf. Ser. Mater. Sci. Eng. 2025, 1325, 012003.
[CrossRef]

Liu, Z.-H,; Li, Y;; Zhang, C.-J.; Zhang, Y.-Y.; Cao, X.-H.; Zhang, X.-H. Synthesis of high-molecular-weight poly (e-caprolactone) via
heterogeneous zinc-cobalt (III) double metal cyanide complex. Giant 2020, 3, 100030. [CrossRef]

Dias, ].R.; Sousa, A.; Augusto, A.; Bartolo, PJ.; Granja, P.L. Electrospun polycaprolactone (PCL) degradation: An in vitro and
in vivo study. Polymers 2022, 14, 3397. [CrossRef] [PubMed]

Fernandez-Tena, A.; Pérez-Camargo, R.A.; Coulembier, O.; Sangroniz, L.; Aranburu, N.; Guerrica-Echevarria, G.; Liu, G.; Wang,
D.; Cavallo, D.; Miiller, A.]. Effect of Molecular Weight on the Crystallization and Melt Memory of Poly (e-caprolactone)(PCL).
Macromolecules 2023, 56, 4602-4620. [CrossRef]

Gong, C.; Li, ], Yi, C.; Qu, S. Catalytic regulation of oligomers in polycaprolactone. Mol. Catal. 2021, 508, 111594. [CrossRef]
Meneses, J.; van de Kemp, T.; Costa-Almeida, R.; Pereira, R.; Magalhaes, F.D.; Castilho, M.; Pinto, A.M. Fabrication of poly-
mer/graphene biocomposites for tissue engineering. Polymers 2022, 14, 1038. [CrossRef]


https://doi.org/10.1016/j.carbpol.2017.11.001
https://doi.org/10.1016/j.indcrop.2022.115587
https://doi.org/10.1016/j.compscitech.2020.108048
https://doi.org/10.1007/s10924-020-01684-0
https://doi.org/10.1007/s10924-024-03392-5
https://doi.org/10.1016/j.ijbiomac.2025.140149
https://doi.org/10.1002/pat.70113
https://doi.org/10.1016/j.cplett.2016.09.022
https://doi.org/10.1016/j.matlet.2022.133543
https://doi.org/10.1016/j.chemosphere.2020.125875
https://www.ncbi.nlm.nih.gov/pubmed/32069712
https://doi.org/10.3389/fmats.2020.00188
https://doi.org/10.1016/j.progpolymsci.2010.04.002
https://doi.org/10.1002/app.36373
https://doi.org/10.1016/j.polymdegradstab.2015.08.016
https://doi.org/10.1016/j.jmrt.2022.02.072
https://doi.org/10.1002/0471440264.pst658
https://doi.org/10.1088/1757-899X/1325/1/012003
https://doi.org/10.1016/j.giant.2020.100030
https://doi.org/10.3390/polym14163397
https://www.ncbi.nlm.nih.gov/pubmed/36015652
https://doi.org/10.1021/acs.macromol.3c00234
https://doi.org/10.1016/j.mcat.2021.111594
https://doi.org/10.3390/polym14051038

Materials 2025, 18, 5172 21 of 23

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Kumalo, EI; Malimabe, M.A.; Mosoabisane, M.E.T.; Gumede, T.P. Development and Characterization of PBS/EA Cellulose and
PCL/EA Cellulose Biocomposites: Structural, Morphological, and Thermal Insights for Sustainable Applications. Polymers 2025,
17,971. [CrossRef]

Selikane, D.G.A.; Gumede, T.P; Shingange, K.; Malevu, T.D.; Ngwenya, M.; Kumalo, F. Characterization of Polycaprolac-
tone/Eucomis autumnalis Cellulose Composite: Structural, Thermal, and Mechanical Analysis. |. Biomim. Biomater. Biomed. Eng.
2024, 65, 45-58. [CrossRef]

Ikhtiarini, N.; Kamil, M.Z.; Bukit, B.F,; Juliadmi, D.; Prasetiyo, K.W.; Fransiska, D.; Sedayu, B.B.; Subiyanto, B.; Sulastiningsih, LM.;
Rochima, E. Biocompatible composites based on alginate, polycaprolactone, and nanocellulose-A review. Int. . Biol. Macromol.
2025, 311, 143423. [CrossRef]

D’Amario, J.; Limsukon, W.; Bher, A.; Auras, R. Impact of hydrolysis pretreatment on the compostability of biodegradable poly
(caprolactone) and poly (lactic acid) films. RSC Appl. Polym. 2025, 3, 711-721. [CrossRef]

Farah, S.; Anderson, D.G.; Langer, R. Physical and mechanical properties of PLA, and their functions in widespread applications—
A comprehensive review. Adv. Drug Deliv. Rev. 2016, 107, 367-392. [CrossRef]

Luyt, A.S.; Malik, S.S. Can biodegradable plastics solve plastic solid waste accumulation? In Plastics to Energy; Elsevier:
Amsterdam, The Netherlands, 2019; pp. 403—423.

Widjaja, T.; Hendrianie, N.; Nurkhamidah, S.; Altway, A.; Yusuf, B.; Rohma, A.A.Z.; Pahlevi, A. Poly lactic acid production using
the ring opening polymerization (ROP) method using Lewis acid surfactant combined iron (Fe) catalyst (Fe(DS)3). Heliyon 2023, 9,
€17985. [CrossRef] [PubMed]

Yamane, H.; Sasai, K. Effect of the addition of poly (D-lactic acid) on the thermal property of poly (L-lactic acid). Polymer 2003, 44,
2569-2575. [CrossRef]

Refinetti, D.; Sonzogni, A.; Manenti, F.; Nascimento Lima, N.M. Modeling and simulation of poly (I-lactide) polymerization in
batch reactor. In Chemical Engineering Transactions; AIDIC: Milan, Italy, 2014; pp. 691-696.

Saeidlou, S.; Huneault, M.A.; Li, H.; Park, C.B. Poly (lactic acid) crystallization. Prog. Polym. Sci. 2012, 37, 1657-1677. [CrossRef]

Karpova, S.G.; Olkhov, A.A_; Varyan, L.A,; Khan, O.1; Botin, A.A.; Naletova, A.V.; Popov, A.A.; Iordanskii, A.L. Electrospun
Polylactide—Poly (e-Caprolactone) Fibers: Structure Characterization and Segmental Dynamic Response. Polymers 2024, 16, 1307.
[CrossRef]

Sikhosana, S.T.; Gumede, T.P.; Malebo, N.J.; Ogundeji, A.O.; Motloung, B. Medicinal plants as a cellulose source for the fabrication
of poly (lactic acid) composites: A mini-review. Polym. Renew. Resour. 2023, 14, 44-57. [CrossRef]

Chitbanyong, K.; Pisutpiched, S.; Khantayanuwong, S.; Theeragool, G.; Puangsin, B. TEMPO-oxidized cellulose nanofibril film
from nano-structured bacterial cellulose derived from the recently developed thermotolerant Komagataeibacter xylinus C30 and
Komagataeibacter oboediens R37-9 strains. Int. . Biol. Macromol. 2020, 163, 1908-1914. [CrossRef]

Mokhena, T.; John, M. Esterified cellulose nanofibres from saw dust using vegetable oil. Int. ]. Biol. Macromol. 2020, 148, 1109-1117.
[CrossRef]

Motloung, B.; Pfukwa, R.; Klumperman, B. Ion-Mediated Gelation of Thermo-Responsive Cellulose Nanofibril/Poly (N-
isopropylacrylamide) Hybrid Hydrogels with Tunable De-Swelling Kinetics. Macromol. Mater. Eng. 2024, 309, 2300457.
[CrossRef]

Kurniawan, T.W,; Sulistyarti, H.; Rumhayati, B.; Sabarudin, A. Cellulose nanocrystals (CNCs) and cellulose nanofibers (CNFs) as
adsorbents of heavy metal ions. J. Chem. 2023, 2023, 5037027. [CrossRef]

Kusmono, K,; Listyanda, R.F.; Wildan, M.W.; Ilman, M.N. Preparation and characterization of cellulose nanocrystal extracted
from ramie fibers by sulfuric acid hydrolysis. Heliyon 2020, 6, €05486. [CrossRef]

Mohomane, S.M.; Motloung, S.V.; Koao, L.F.; Motaung, T.E. Effects of acid hydrolysis on the extraction of cellulose nanocrystals
(CNCs): A review. Cellul. Chem. Technol. 2022, 56, 691-703. [CrossRef]

Phanthong, P.; Reubroycharoen, P.; Hao, X.; Xu, G.; Abudula, A.; Guan, G. Nanocellulose: Extraction and application. Carbon

Resour. Convers. 2018, 1, 32-43. [CrossRef]

Gan, L; Chow, W.S. Synthesis of phosphoric acid-treated sugarcane bagasse cellulose nanocrystal and its thermal properties
enhancement for poly (lactic acid) nanocomposites. J. Thermoplast. Compos. Mater. 2019, 32, 619-634. [CrossRef]

Avella, A ; Idstrom, A.; Mincheva, R.; Nakayama, K.; Evends, L.; Raquez, ] -M.; Re, G.L. Reactive melt crosslinking of cellulose
nanocrystals/poly (e-caprolactone) for heat-shrinkable network. Compos. Part A Appl. Sci. Manuf. 2022, 163, 107166. [CrossRef]

Mondal, K.; Bhagabati, P.; Goud, V.V.; Sakurai, S.; Katiyar, V. Utilization of microalgae residue and isolated cellulose nanocrystals:
A study on crystallization kinetics of poly (e-caprolactone) bio-composites. Int. J. Biol. Macromol. 2021, 191, 521-530. [CrossRef]

Li, J.; Wu, D. Nucleation roles of cellulose nanocrystals and chitin nanocrystals in poly (e-caprolactone) nanocomposites. Int. J.
Biol. Macromol. 2022, 205, 587-594. [CrossRef]

Hivechi, A.; Bahrami, S.H.; Siegel, R.A; Siehr, A.; Sahoo, A.; Milan, P.B.; Joghataei, M.T.; Amoupour, M.; Simorgh, S. Cellulose
nanocrystal effect on crystallization kinetics and biological properties of electrospun polycaprolactone. Mater. Sci. Eng. C 2021,
121, 111855. [CrossRef] [PubMed]


https://doi.org/10.3390/polym17070971
https://doi.org/10.4028/p-pt5cSD
https://doi.org/10.1016/j.ijbiomac.2025.143423
https://doi.org/10.1039/D5LP00041F
https://doi.org/10.1016/j.addr.2016.06.012
https://doi.org/10.1016/j.heliyon.2023.e17985
https://www.ncbi.nlm.nih.gov/pubmed/37520956
https://doi.org/10.1016/S0032-3861(03)00092-2
https://doi.org/10.1016/j.progpolymsci.2012.07.005
https://doi.org/10.3390/polym16101307
https://doi.org/10.1177/20412479221146249
https://doi.org/10.1016/j.ijbiomac.2020.09.124
https://doi.org/10.1016/j.ijbiomac.2020.01.278
https://doi.org/10.1002/mame.202300457
https://doi.org/10.1155/2023/5037027
https://doi.org/10.1016/j.heliyon.2020.e05486
https://doi.org/10.35812/CelluloseChemTechnol.2022.56.61
https://doi.org/10.1016/j.crcon.2018.05.004
https://doi.org/10.1177/0892705718772866
https://doi.org/10.1016/j.compositesa.2022.107166
https://doi.org/10.1016/j.ijbiomac.2021.09.114
https://doi.org/10.1016/j.ijbiomac.2022.02.123
https://doi.org/10.1016/j.msec.2020.111855
https://www.ncbi.nlm.nih.gov/pubmed/33579488

Materials 2025, 18, 5172 22 of 23

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Ye, G,; Yu, Y.; Wu, C.; Zhang, H.; Zhao, Y.; Bi, H.; Xu, C. Molecular engineering of nanocellulose copolymer by grafting from
homopolymerization of caprolactone: A revisit to temperature condition. Ind. Crops Prod. 2025, 235, 121699. [CrossRef]

Ma, R.; Zhang, Q.; Wang, S.; Li, B.; Ma, L.; Zhang, L.; Yu, J.; Fan, Y.; Wang, Z. One-pot cellulose nanofibrillation, surface-
modification and grafting by deep eutectic solvent towards high performance 3D printing nanocellulose-enriched bionanocom-
posites. Ind. Crops Prod. 2024, 210, 118134. [CrossRef]

N’Gatta, K.M.; Assanvo, E.F; El Hayek, J.; Masquelez, N.; Kamgang Syapnjeu, P.; Deabate, S.; Bonniol, V.; Soussan, L.; Zamora-
Ledezma, C.; Elango, J. 3D-Printed Polycaprolactone Scaffolds Reinforced with Cellulose Nanocrystals and Silver Nanoparticles
for Bone Tissue Engineering. ACS Appl. Mater. Interfaces 2025, 17, 41028-41043. [CrossRef] [PubMed]

Chanthavong, V.; Cabo, M., Jr.; Prabhakar, M.; Woo, L.D.; Song, J.i. Fabrication of polycaprolactone/polyvinyl alcohol green
composite film by reinforcing extracted micro cellulose fibers for food packaging applications. Polym. Eng. Sci. 2025, 65, 3673-3686.
[CrossRef]

Jeon, H.; Kim, M.-S; Park, S.B.; Kim, S.; Lee, M.; Park, S.-A.; Hwang, S.Y.; Koo, ].M.; Oh, D.X,; Park, J. Improved mechanical
properties of biodegradable polycaprolactone nanocomposites prepared using cellulose nanocrystals. Cellulose 2023, 30, 11561—
11574. [CrossRef]

Hong, J.K.; Cooke, S.L.; Whittington, A.R.; Roman, M. Bioactive cellulose nanocrystal-poly (e-caprolactone) nanocomposites for
bone tissue engineering applications. Front. Bioeng. Biotechnol. 2021, 9, 605924. [CrossRef]

Rocha, ].M.; Sousa, R.P,; Sousa, D.; Tohidi, S.D.; Ribeiro, A.; Fangueiro, R.; Ferreira, D.P. Polycaprolactone-based fibrous scaffolds
reinforced with cellulose nanocrystals for anterior cruciate ligament repair. Appl. Sci. 2025, 15, 2301. [CrossRef]

Miao, C.; Hamad, W.Y. In-situ polymerized cellulose nanocrystals (CNC)—Poly (l-lactide)(PLLA) nanomaterials and applications
in nanocomposite processing. Carbohydr. Polym. 2016, 153, 549-558. [CrossRef]

Wongthanaroj, D.; Jessmore, L.A.; Lin, Y.; Bergholz, T.M; Stark, N.M.; Sabo, R.C.; Matuana, L.M. Sustainable and eco-friendly
poly (Lactic acid)/cellulose nanocrystal nanocomposite films for the preservation of oxygen-sensitive food. Appl. Food Res. 2022,
2,100222. [CrossRef]

Khoshkava, V.; Kamal, M. Effect of surface energy on dispersion and mechanical properties of polymer/nanocrystalline cellulose
nanocomposites. Biomacromolecules 2013, 14, 3155-3163. [CrossRef] [PubMed]

Ye, G.; Yong, Q.; Hu, L.; Rosqvist, E.; Peltonen, J.; Hu, Y.; Xu, W.; Xu, C. Molecular engineering of nanocellulose-poly (lactic
acid) bio-nanocomposite interface by reactive surface grafting from copolymerization. Int. J. Biol. Macromol. 2025, 306, 141371.
[CrossRef]

Gong, W,; Li, M.; Sun, J.; Zhang, F; Tian, T.; Yin, Y.; Wang, C. Enhancement of Mechanical and Thermal properties of PLA
Electrospun Films based on PEG-Grafted Cellulose Nanocrystals. Compos. Commun. 2025, 58, 102501. [CrossRef]

Islam, M.S.; Elahee, G.F; Fang, Y.; Yu, X.B.; Advincula, R.C.; Cao, C.C. Polylactic acid (PLA)-based multifunctional and
biodegradable nanocomposites and their applications. Compos. Part B Eng. 2025, 306, 112842. [CrossRef]

Trivedi, A.K.; Gupta, M. PLA based biodegradable bionanocomposite filaments reinforced with nanocellulose: Development and
analysis of properties. Sci. Rep. 2024, 14, 23819. [CrossRef]

Kelnar, I.; Kapréalkova, L.; Krej¢ikova, S.; Dybal, J.; Vyroubalovd, M.; Abdel-Mohsen, A. Effect of Polydopamine Coating of
Cellulose Nanocrystals on Performance of PCL/PLA Bio-Nanocomposites. Materials 2023, 16, 1087. [CrossRef]

Galera Manzano, L.M.; Ruz Cruz, M.A.; Moo Tun, N.M.; Valadez Gonzélez, A.; Mina Hernandez, J.H. Effect of cellulose and
cellulose nanocrystal contents on the biodegradation, under composting conditions, of hierarchical PLA biocomposites. Polymers
2021, 13, 1855. [CrossRef]

Wu, C.; Wu, B,; Abdalkarim, S.Y.H.; Wang, M.; Zou, Z.; Jin, M.; Yu, H.-Y. Synergistic enhancement and spherulite growth
mechanism of PLA composites by multi-dimensional mineralized cellulose nanocrystals. Carbohydr. Polym. 2025, 366, 123926.
[CrossRef]

Wahbi, M.; Wen, Y.; Kontopoulou, M.; De France, K.J. Modification of cellulose nanocrystals with epoxidized canola oil for
enhancing interfacial compatibility with poly (lactic acid). Carbohydr. Polym. 2025, 370, 124471. [CrossRef] [PubMed]

Shin, B.Y.; Han, D.H. Viscoelastic properties of PLA /PCL blends compatibilized with different methods. Korea-Aust. Rheol. ].
2017, 29, 295-302. [CrossRef]

Botlhoko, O.J.; Ramontja, J.; Ray, S.S. A new insight into morphological, thermal, and mechanical properties of melt-processed
polylactide/poly (e-caprolactone) blends. Polym. Degrad. Stab. 2018, 154, 84-95. [CrossRef]

Vala, N.S.; Bavaliya, K.J.; Raj, M.; Raj, L. Compatibilization Strategies for PLA/PCL Blends: Tuning Thermal, Mechanical, and
Biodegradation Properties via Functionalized PCL Derivatives. Polym.-Plast. Technol. Mater. 2025, 64, 2713-2734. [CrossRef]
Gumede, T.P.; Shingange, K.; Mbule, P.; Motloung, B. Miscibility effect of biodegradable aliphatic poly (butylene succi-
nate)/aromatic polycarbonate blends. Polym. Renew. Resour. 2022, 13, 28-43. [CrossRef]

Eryildiz, M.; Karakus, A.; Demirci, M.; Altintas Kadirhan, O.; Eksi Altan, M. Optimization of Thermal, Mechanical, Biodegradation,
and Shape Memory Properties in 4D-Printed PLA /PCL Blends for Spinal Cages. Polym. Adv. Technol. 2025, 36, €70133. [CrossRef]


https://doi.org/10.1016/j.indcrop.2025.121699
https://doi.org/10.1016/j.indcrop.2024.118134
https://doi.org/10.1021/acsami.5c06504
https://www.ncbi.nlm.nih.gov/pubmed/40613608
https://doi.org/10.1002/pen.27241
https://doi.org/10.1007/s10570-023-05615-9
https://doi.org/10.3389/fbioe.2021.605924
https://doi.org/10.3390/app15052301
https://doi.org/10.1016/j.carbpol.2016.08.012
https://doi.org/10.1016/j.afres.2022.100222
https://doi.org/10.1021/bm400784j
https://www.ncbi.nlm.nih.gov/pubmed/23927495
https://doi.org/10.1016/j.ijbiomac.2025.141371
https://doi.org/10.1016/j.coco.2025.102501
https://doi.org/10.1016/j.compositesb.2025.112842
https://doi.org/10.1038/s41598-024-71619-5
https://doi.org/10.3390/ma16031087
https://doi.org/10.3390/polym13111855
https://doi.org/10.1016/j.carbpol.2025.123926
https://doi.org/10.1016/j.carbpol.2025.124471
https://www.ncbi.nlm.nih.gov/pubmed/41116582
https://doi.org/10.1007/s13367-017-0029-8
https://doi.org/10.1016/j.polymdegradstab.2018.05.025
https://doi.org/10.1080/25740881.2025.2560913
https://doi.org/10.1177/20412479221109912
https://doi.org/10.1002/pat.70133

Materials 2025, 18, 5172 23 of 23

93.

94.

95.

96.

97.

98.

99.

100.

Ivanov, E.; Kotsilkova, R.; Georgiev, V.; Batakliev, T.; Angelov, V. Advanced rheological, dynamic mechanical and thermal
characterization of phase-separation behavior of pla/pcl blends. J. Manuf. Mater. Process. 2025, 9, 35. [CrossRef]

Eryildiz, M.; Karakus, A.; Altan Eksi, M. Development and characterization of PLA/PCL blend filaments and 3D printed scaffolds.
J. Mater. Eng. Perform. 2025, 34, 14043-14054. [CrossRef]

Kiani, P,; Sedighi, M.; Kasaeian-Naeini, M.; Jabbari, A. Investigation of mechanical integrity and high-cycle fatigue behavior of
3D-printed PLA /PCL blend after exposure to a physiological environment. J. Mater. Res. Technol. 2025, 36, 3671-3683. [CrossRef]
Ilhan, R.; Gumus, O.Y.; Lekesiz, H. Biodegradable Nanocomposite Filament Based on PLA /PCL/CNCs for FDM 3D Printing:
Production, Characterization and Printability. Polym. Compos. 2025, 0, 1-23. [CrossRef]

Sessini, V.; Navarro-Baena, I.; Arrieta, M.P.; Dominici, E; Lépez, D.; Torre, L.; Kenny, ].M.; Dubois, P.; Raquez, J.-M.; Peponi, L.
Effect of the addition of polyester-grafted-cellulose nanocrystals on the shape memory properties of biodegradable PLA /PCL
nanocomposites. Polym. Degrad. Stab. 2018, 152, 126-138. [CrossRef]

Sikhosana, S.; Gumede, T.; Malebo, N.; Ogundeji, A.; Motloung, B. The influence of cellulose content on the morphology, thermal,
and mechanical properties of poly (lactic acid)/Eucomis autumnalis cellulose biocomposites. Polym. Eng. Sci. 2023, 63, 1411-1422.
[CrossRef]

Batakliev, T.; Georgiev, V.; Ivanov, E.; Angelov, V.; Kotsilkova, R. Tailored Polylactic Acid/Polycaprolactone Blends with Excellent
Strength-Stiffness and Shape Memory Capacities. Processes 2025, 13, 1328. [CrossRef]

Motloung, M.P; Gjijo, V.; Bandyopadhyay, J.; Ray, S.S. Morphological characteristics and thermal, rheological, and mechanical
properties of cellulose nanocrystals-containing biodegradable poly (lactic acid)/poly (e-caprolactone) blend composites. J. Appl.
Polym. Sci. 2020, 137, 48665. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3390/jmmp9020035
https://doi.org/10.1007/s11665-024-10247-6
https://doi.org/10.1016/j.jmrt.2025.04.082
https://doi.org/10.1002/pc.70459
https://doi.org/10.1016/j.polymdegradstab.2018.04.012
https://doi.org/10.1002/pen.26293
https://doi.org/10.3390/pr13051328
https://doi.org/10.1002/app.48665

	Introduction 
	Synthesis and Properties of Poly(-caprolactone) 
	Synthesis and Properties of Poly(Lactic Acid) 
	Nanocellulose: Extraction Methods and Characterization Techniques 
	Poly(-caprolactone)/nanocellulose Bio-Nanocomposites: Preparation and Property Enhancements 
	Poly(Lactic Acid)/nanocellulose Bio-Nanocomposites: Preparation and Property Enhancements 
	Poly(Lactic Acid)/poly(-caprolactone) Biopolymer Blends: Morphology, Compatibility and Properties 
	Poly(Lactic Acid)/poly(-caprolactone)-Based Composites Hybrid Reinforcements: Processing and Performance 
	Conclusions, Challenges, and Future Perspectives 
	References

