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Abstract:

Additive manufacturing of biepolymer composites is rapidly advancing biomedical engineering. By
combining synthetic polymers with-natural biopolymers, inorganic ceramics, nanomaterials, and bioactive
molecules, additive manufacturing enables patient-specific constructs with high geometric precision and
tunable biological performance. These materials support applications in hard and soft tissues, including
bone regeneration, cartilage repair, wound healing, vascular grafts, and cancer modeling. Despite this
progress, major challenges remain, including mechanical-degradation mismatches, limited vascularization
in thick constructs, photoinitiator-relateds cytotoxicity, and inter-laboratory variability that reduces
reproducibility and delays clinical translation. Broadersimplementation is further constrained by the lack of
standardized protocols and clear regulatory pathways. This/review compares additive manufacturing
modalities, including extrusion, vat photopolymerization, and powder-bed processes, through a cost-benefit
perspective to identify the optimal balance among resolution, throughput; sterility, and cell compatibility.
Recent studies from 2020-2025 demonstrate a transition from- static”scaffolds toward adaptive and
sustainable platforms through 4D printing, nanotechnology-enabled reinforcement, artificial intelligence-
driven design optimization, and environmentally friendly biopolymers. Recent reports on multi-material
bioprinting for neural tissues also show improved print fidelity and bioactivity, enabling more realistic
microvascular networks and neural interfaces. Overall, this review highlights current limitations, and
proposes strategic directions for clinically relevant and sustainable additive manufacturingtechnolegies in

regenerative medicine.
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1. Introduction

Additive_manufacturing (AM), also referred to as 3D printing, has revolutionized the field of
biomedicalengineering with respect to producing patient-specific scaffolds, implants, and tissue constructs
with precise design‘and flexibility [1-7]. Unlike traditional fabrication techniques, AM makes it possible to
control layer-by-layer, integrate different biomaterials, and generate architecturally complex shapes [2],
[3], [7-10]. In this aspectycompositexmaterials based on biopolymers have emerged as prominent materials,
thanks to their biodegradability, biocompatibility, and the ability to be reinforced with ceramics, various
nano materials, and bioactive agents{11], [12].

Biopolymer-based composites have gained considerable attention due to their biodegradability,
biocompatibility, and ability to be reinforced withsceramics, nanomaterials, and bioactive agents, making
them ideal for a variety of biomedical applications [3], [13-18]. For example, hydrogel-ceramic composites
are widely used in bone tissue engineering, providing stiffness and osteoconductivity essential for bone
regeneration [19-21]. In cartilage repair, GelMA-nanocellulose hybrids improve the mechanical tunability
of scaffolds, promoting cell proliferation and tissue integration J22], [23]. Alginate- and chitosan-based
systems, on the other hand, are utilized in wound healing applications, offering antimicrobial properties and
promoting skin regeneration [24-26]. For vascular grafts, PEGDA-based constructs are particularly
effective, as they offer tunable stiffness and bioactivity needed ‘for tissue integration [27], [28].
Furthermore, in cancer modeling, PEGDA-based tumor-on-chip models have:been developed, providing a
controlled environment for studying cancer biology and testing drug responses [29]; [30]. Despite these
advances, significant challenges remain, including mechanical-biological mismatch, poor vascularization,

and reproducibility issues, all of which hinder the clinical translation of these technologies/[31-36}«

Central to the success of AM in biomedical applications is the development and optimization‘of

biomaterials. Among the various candidates, biopolymer-based composites have gained significant



attention because of their biodegradability, biocompatibility, and functional adaptability [36], [37].
Synthetic biopolymers such as polylactic acid (PLA), polycaprolactone (PCL), and polyethylene glycol
diacrylate (PEGDA) offer favorable mechanical strength and tunable degradation rates, although they have
traditionally been classified as bioinert because of their limited intrinsic bioactivity [38]. However, recent
studies reported in 2024 demonstrate that surface-engineered and peptide-grafted variants of PLA and PCL
can exhibit significantly‘enhanced bioactivity. In contrast, natural biopolymers such as alginate, chitosan,
collagen, and gelatinsmethacrylate (GelMA) provide superior biological cues that promote cell adhesion,
proliferation, and differentiation, yet they typically suffer from weak mechanical robustness [39].
Consequently, hybrid composites that'.combine natural and synthetic biopolymers, often reinforced with
ceramics, nanoparticles, orbioactive.agents, have emerged as a promising solution to overcome these
individual limitations [10-15]. Building on these applications, table 1 summarizes the most common

biopolymer-based composites, their reinforcements,.and key biomedical applications.

However, obstacles include mechanical/robustness; vascularization, reproducibility, and clinical
translation [43]. Novel paradigms, such as 4D printing and Al-algorithm-driven optimization [21], [44],
[45], are expected to yield adaptive and smart scaffolds, which could_potentially redefine the perspective
of biomedical applications. A schematic overview is illustrated.in Figure 1.

Table 1. Overview of Biopolymer-Based Composites and Their Biomedical Applications

Biopolymer Matrix Re'mg{:ﬁgem Apﬂ'rce?on Key Features Reference
Polylactic Acid (PLA), Hydroxy_apau_te Bone High stiffness,
Polycaprolactone (PCL) (HAp), Tricalcium scaffolds osteaconductivity [19]
Phosphate (TCP)
Polylactic Acid (PLA), Hydroxyapatite Bone Mechanlcal
Polycaprolactone (PCL) (HAp) scaffolds re”?forc?”?e”" [20]
bioactivity
Polylactic Acid (PLA), Tricalcium Bone Osteoconduction, [21]
Polycaprolactone (PCL) Phosphate (TCP) regeneration bioresorbability
Silver Wound
nanoparticles healing and Antimicrobial
Alginate, Chitosan (AgNPs), Gelatin skin properties, enhanced [31]
Methacrylate cell adhesion

(GelMA)

regeneration



Silver

Antibacterial

Alginate, Chitosan nanoparticles (;Yr\g:i?]d performance, [35]
(AgNPs) g moisture retention
. Cartilage and High
(S(téi‘“\r/llpl\\/)letclgl;i;y:aarfe Nanocellulose soft-tissue biocompatibility, [32]
' g engineering tunable mechanics
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(GelMA)yCollagen (GO) regeneration remforce_mgnt, [32]
: conductivity
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Pol()l/Dth%oge::E?OnS:ate Bioactive ceramics Va?;::t’sar controlled [20]
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Gelatin Methacrylate
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chip systems

matrix interaction

Table 1 provides a systematic overview of the most commonly used biopolymer-based composite
systems and their corresponding biomedical‘applications. The table highlights the strategic pairing of
polymer matrices such as PLA, PCL, alginate/ chitosan;” GelMA, collagen, and PEGDA with functional
reinforcements including hydroxyapatite, tricalcium phosphate (TCP), nanocellulose, graphene oxide, and
metallic nanoparticles. These combinations are designed to tailor"mechanical performance, biological
activity, and degradation behavior according to the requirements of specifictissues. For instance, PLA/PCL
reinforced with ceramic fillers is mainly applied in bone scaffolds due_to their enhanced stiffness and
osteoconductivity, while alginate—chitosan systems containing silver nanoparticles offer antimicrobial

functionality that is critical for wound healing and skin regeneration.
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Fig. 1. Schematic representation of AM of biopolymer-based composites for biomedical
applications.

Figure 1 schematically illustrates the additive manufacturing (AM) workflow for biopolymer-based
composites and their biomedical outputs. The figure presents how various biopolymer matrices and
reinforcement materials are processed through a printing platform to generate functional constructs,
including bone scaffolds, cartilage patches, skin‘and.woeund constructs, vascular grafts, and tumor models.
The visual representation emphasizes the central role of material selection and reinforcement strategies in
determining the biological and mechanical characteristics ofithe printed structures. Furthermore, the lower
part of the figure highlights future research directions such as4D printing, artificial intelligence—assisted
fabrication, and the development of safer, more bioactive bioinks, indicating the forward-looking trajectory

of this field.

2. Materials Landscape in Biopolymer-Based Composites

Biopolymers employed in AM can be generally categorized into synthetic and natural, types and
are frequently reinforced with ceramics, nanomaterials, and bioactive molecules to enhance mechanieal and
biological behavior. Processable and stiff synthetic polymers, such as PLA and PCL, are cammaonly used
for load-bearing scaffolds, but they are bioinert. Natural polymers such as alginate, chitosan, collagenyand

GelMA have high biocompatibility and biofunctionality but are prone to lack mechanical stability [37<40].



Hybrid techniques aim to leverage the advantages of both classes. For example, hydroxyapatite
(HA)/tricalcium phosphate (TCP)-reinforced PLA/PCL is osteoconductive for bone scaffolds, and
collagen-nanocellulose composites enhance viscoelasticity and mechanical fidelity for cartilage repair , In
addition, nanofillers like graphene oxide or silver nanoparticles with antimicrobial and electrical stimulation

properties forthe wound healing and nerve regeneration are also prepared [40-43].

Sustainable replacements such as polyhydroxyalkanoates (PHA) and cellulose-based plastics are
also attracting interest as they feature biodegradability and correspond with circular global manufacturing.
These materials demonstrate the ongoing paradigm shift towards green biomaterials in AM [44-49].

A brief description_of the most common biopolymers, composites, and some pros and cons are
summarized in Table 2, and an illustrative classification of the materials landscape is shown in Figure 2.

Table 2. Classification of‘biopolymers and their composites in additive manufacturing

Class Represen_tanve Reinforcement: B|orr]ed|_cal Advantages References
Materials Application
High stiffness,
Synthetic PIF‘,?GE%L HA, TCP Bone scaffolds enhanced [[EE)S?L]] [[%g]]
printability
Alginate, Excellent
Natural Chitosan, Nanocellulose; Cartilage,skin, biocompatibility, [63][64],
GelMA, AgNPs, GO vascular promotes cell [65]
Collagen adhesion
Balanced
Hybrid PLA/PCL + HA, Osteochondral, mechanical [66], [67],
GelMA nanoparticles skin properties and [68]
bioactivity
Sustainable PHA, Cellulose, Bioactive Vascular i:;gg?{:g?géi’ [23], [59],
Nanocellulose ceramics grafts, wound [69]

manufacturing

Table 2 classifies biopolymers and their composites in additive manufacturing‘basedon material
type and biomedical applications. Synthetic classes such as PLA and PCL are used for bone scaffolds, with
advantages in high stiffness and good printability. Natural biopolymers like alginate and chitesan are more
suitable for soft tissue applications due to their excellent biocompatibility. Hybrid classes combine synthetic
and natural materials, offering a balance of mechanical properties and bioactivity for applications such as

osteochondral and skin. Sustainable materials like PHA and cellulose support environmentally friendly



production and are used in vascular grafts and wound care. Each class has its own advantages that support

specifie biomedical applications.
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Fig. 2. Classification of biopolymer-based:composites in AM and their applications for bone

engineering, cartilage, vascular.grafts, and tumor models.

Figure 2 categorizes polymers into synthetic and.natural groups, emphasizing their mechanical
strength and biocompatibility. Synthetic polymers like PLA (Polylactic Acid) and PCL (Polycaprolactone)
are often used in combination with natural polymers like GelMA (Gelatin.Methacryloyl) to form hybrid
composites. These combinations aim to optimize mechanical properties and biocompatibility for various
biomedical applications, such as bone scaffolds, cartilage repair,/and tumor” models. Additionally,
sustainable materials like PHA (Polyhydroxyalkanoates) and cellulose are increasingly explored for their

biodegradability and green manufacturing benefits.

3. Additive Manufacturing Techniques for Biopolymer-Based Composites
The potential of AM in biomedical applications relies heavily on the selection of printing.strategy,

since each strategy has its own pros and cons when it comes to processing of biopolymer-based compasites.



The most popular methods are extrusion bioprinting, light-assisted printing, and powder-based techniques,
each designed to process restricted material classes and applications [40], [41], [50-52].

Among them, The two most common approaches, including extrusion-based printing and light-
assisted printing, are presented here, both of which have potential applicability for biomedical engineering.
It is simple, cost-effective and versatile, however, is challenged by poor resolution and shear-mediated cell
damage in biofabrication. Light-triggered printing processes, such as stereolithography (SLA) and digital
light processing (DLP);7alsoenable better resolution and accurate crosslinking for photocurable bioinks
such as GelMA and PEGDA. These approaches allow for the production of intricate vascular structures and
patient-specific implants, altheugh the issues of photoinitiator toxicity and light penetration depth still
remain [53-58].

Powder-based AM (e.g.,'SLS) is commonly used for ceramic- and polymer-based composites (e.g.,
PLA-HA, PCL-TCP), producing high-strength porous structures suitable for bone scaffolds. However,
traditional methods require high temperatures’and subsequent post-processing, limiting the incorporation
of biological molecules or live cells. Recent advancements, such as low-temperature variants of SLS
introduced in 2024, now enable cell integration, addressing this limitation. Additionally, hybrid methods
like multi-material printing, 4D printing, and Al-based parameter optimization are expanding the design
possibilities for personalized biomedical solutions [58-60]. T:able 3 summarizes the main AM techniques,

and their biomedical importance is depicted graphically in Figure 3.

Table 3. Comparison of major AM techniques for biopolymer-based composites

. M ial . S Bi i Referen
Technique aterlgs Resolution Advantages Limitations |orr_1ed|_cal eterence
Compatible Applications S
Extrusion-
PLA, PCL V il L
based . CL, ersatile, on Bofe, [78][82].
(FDM, alginate, sub-50 um cost- resolution, cartilagenskin  [83], [84]
pneumatic GelMA effective shear stress ge; ’
)
ight- IMA High Photoiniti
nght GelMA, 9 ot0|_n|_t|ato Vascular [36], [46],
assisted PEGDA, ~10-100 precision, r toxicity, rafts, micro-  [85], [86]
(SLA, photocurable pm vascular shallow grars, i ’

. ) tissues 87
DLP) resins structures penetration [87]
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Table 3 proyvides, a detailed comparison of each technique, showing the compatible materials,

resolution, advantagesy“limitations, and biomedical applications of each method. The extrusion-based

technique is known for itsdow cost and flexibility, but it has limitations in terms of resolution and material

stress. Light-assisted printing offers high accuracy and the ability to create microstructures, but it is limited

by penetration depth and the potential hazards of chemical materials. Powder-based printing produces

stronger scaffold structures, although it requires high temperatures for processing and more complicated

post-processing. The hybrid/multi-material methodsoffers more advanced multifunctional designs but

comes with higher costs and more complex equipment. The combination of the advantages and

disadvantages of each technique highlights the‘need forsselecting the appropriate technology for specific

biomedical applications.
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Fig. 3. Schematic illustration of AM techniques for biopolymer-based composites.



Figure 3 shows four main techniques: extrusion-based, light-assisted, powder-based, and hybrid.
The extrusion-based technique uses materials such as PLA and PCL with a resolution of around 100-500
pm, producing bone scaffolds with porosity. Light-assisted printing uses GelMA and PEGDA with a higher
resolution (10100 um), enabling the creation of highly precise vascular structures, although it is limited
by the potential toxicity of photoinitiators. The powder-based technique (SLS) uses materials like PLA-HA
and PCL-TCP to create strong, porous scaffolds with a resolution of 50-200 um, ideal for bone and load-
bearing implants, altheugh ‘it requires high temperatures and post-processing. Hybrid/multi-material
printing combines different materials, allowing for more functional and adaptive designs, but it is more

expensive and requires more complex equipment.

4. Biomedical Applications of Biopolymer-Based Composites

The use of biopolymer-based composites in additive manufacturing has tremendously improved
the field of regenerative medicine. Such materials can be designed with properties that can be tailored to
the mechanical and biological specifications of various tissues (from hard bone to soft cartilage or vascular

structures) [92], [93].

Bone tissue engineering is one of the most advanced fields<in regenerative medicine. Blends of
PLA or PCL with hydroxyapatite (HA) or tricalcium phosphate (TCP) are commonly used to enhance
mechanical stiffness and osteoconductivity, facilitating bone defect repair and providing load-bearing
scaffolds [94], [95]. However, more recent strategies have evolved to integrate’multi-material printing
techniques, which enable the development of osteochondral interfaces that bridge hard and soft tissue zones
[96], [97], [98]. These advancements are further enhanced by the addition of immunomodulatory materials,
such as magnesium (Mg) particles, which promote better bone regeneration by modulating the local
inflammatory environment [99]. These innovations aim to improve the overall “performance ‘and

biocompatibility of the scaffolds for more effective bone repair [100], [101].



Cartilage or soft tissue engineering has been centered on natural polymers (for example, GeIMA,
collagen, and chitosan), paired with nanocellulose or graphene oxide for reinforcing the mechanical
properties [102], [103]. These bioinks facilitate cell adhesion and proliferation, enabling constructs that

resemble cartilage viscoelasticity [47], [103-105].

Alginate and chitosan-based systems have also been applied for skin regeneration and wound
healing systems, .especially for their antimicrobial property and hydrogel-forming capacity. Silver
nanoparticles combined with growth factors speed up wound healing and induce angiogenesis [67], [69],

[103], [106-109].

High-resolution printing techniques such as Digital Light Processing (DLP) and Stereolithography
(SLA) are crucial for creating microvascular channels in the context of vascular tissue engineering.
Hydrogels such as PEGDA (Polyethylene Glycol Diacrylate) and GelMA (Gelatin Methacryloyl) are
commonly used in these applications due to theirability to support endothelialization and enable perfusion,
both of which are key factors in generating functional=vascular tissue constructs. Although PEGDA is
recognized for its potential in facilitating perfusion,the risk of.thrombosis remains a concern that is often
overlooked. The biocompatibility of PEGDA can sometimes lead to blood clot formation in vascular
applications, which can reduce the efficacy of the" tissue constructs. To address this issue,
immunomodulatory strategies should be implemented. Recent studiesshave explored the use of bioactive
peptides, anticoagulant agents, or surface modifications to PEGDA, aiming to enhance its anticoagulant
properties and reduce the risk of thrombosis. Techniques such as functionalizing the PEGDA surface with
heparin or other anticoagulant molecules have shown promise in improving its ability to support long-term
perfusion without triggering blood clotting. By incorporating these strategies, the functional performance
of PEGDA in vascular engineering can be significantly enhanced, making it a saferand more effective

material for creating vascular structures. [27], [90], [103], [106], [110].

Cancer and disease modeling utilize tunable bioinks, such as PEGDA, GelMA, and collagen; to

fabricate 3D tumor microenvironments that more closely resemble in vivo cultures compared to traditional



2D cultures. These advanced platforms enable more accurate drug screening and facilitate the development
of personalized medicine applications. However, it is essential to address the limitations of the extracellular
matrix (ECM) in cancer models, which have not been discussed in detail. The ECM plays a crucial role in
mimicking the'tumor microenvironment by providing both structural and biochemical cues that influence
the behavior.of cancer cells. The lack of a complex ECM in many 3D cancer models can result in impaired
cell migration, invasion,and drug response, which limits the model’s accuracy in predicting treatment
outcomes. Recent studies have explored the inclusion of ECM components such as fibronectin, collagen,
or laminin, or the use of«decellularized ECM scaffolds to improve the biomimicry of these models.
Including these ECM considerations will enhance the relevance of the tumor models and improve their

utility in drug discovery and.cancer research, [30], [103], [106], [111], [112].

Table 4 provides a summary of the.applications, composite systems, and outcomes, and Figure 4 is

an integrated schematic.

Table 4. Biomedical applications of biopalymer-based composites in AM

Application Area Composite System Functional Role References
Mechanical stiffness,
Bone scaffolds PLA/PCL + HA or TCP ) [94], [95]
osteoconductivity
Osteochondral PLA/PCL + GelMA Hard—soft tissue interface [100], [101]
) ) GelMA, Collagen + Viscoelastigity,
Cartilage repair ) - [102-105]
Nanocellulose biocompatibility
Skin & wound Alginate, Chitosan + Antimicrobial activity, [67], [69], [103],
healing AgNPs angiogenesis [106-109]
PEGDA, GelMA + Microvascular channels; [271,-190], [103],
Vascular grafts ) ]
endothelial cells perfusion [106], [120]
PEGDA, Collagen + Tumor microenvironment, [30], [103], J206],
Cancer models ] )
nanoparticles drug testing [111]7[112]

Table 4 presents various biomedical applications of biopolymer-based composites/in additive

manufacturing (AM), in which each material system is engineered to meet specific functional requirements



of different body tissues. In bone engineering, PLA/PCL composites combined with hydroxyapatite (HA)
or B-tricalcium phosphate (TCP) are utilized to enhance mechanical stiffness and osteoconductivity, making
them suitable for bone scaffolds. For osteochondral applications, the integration of PLA/PCL with GeIMA
enables the formation of a hard—soft tissue interface necessary for joint repair. In cartilage regeneration,
materials such as GelMA and collagen supplemented with nanocellulose provide high viscoelasticity and
biocompatibility, allowing them to mimic the properties of native cartilage. Meanwhile, in skin and wound
healing, alginate and-ehitosan combined with silver nanoparticles (AgNPs) offer antimicrobial activity
while promoting angiogenesis. Additionally, PEGDA and GelMA integrated with endothelial cells are
widely used for vascular graft fabrication because they can form microvascular channels and support blood
perfusion. Finally, in cancer modeling,, PEGDA and collagen-based composites enhanced with
nanoparticles are capable of replicating the tumor microenvironment, enabling more realistic drug-testing

applications.
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Figure 4 shows a visual representation of 3D bioprinting applications for various medical needs,
such asbone scaffolds, skin patches, osteochondral constructs, and vascular channels. Each application uses
different_ composites, such as PLA/PCL + HA/TCP for bone, which focuses on mechanical strength and
osteoconductivity, and Alginate/Chitosan + AgNPs for skin patches, which have antimicrobial properties.
Additionally,this 3D bioprinting technique is also potentially useful for drug screening and tumor models,
using composites like PEGDA/Collagen + Nanoparticles to assist in testing cancer models and drug
development.

5. Cost-Benefit Analysis of Manufacturing Processes for Biocomposites

Additive manufacturing has brought significant advancements in the production of biocomposites
for medical applications, enabling the<Creation of more complex, patient-specific structures with greater
precision compared to traditional manufacturing methods. However, despite its many advantages, this
technology still faces challenges in terms of cost, scalability, and production capabilities. Therefore, it is
crucial to conduct a cost-benefit analysis of the main manufacturing techniques for biocomposites, such as
Fused Deposition Modeling (FDM), Stereolithography (SLA)/Digital Light Processing (DLP), and
Selective Laser Sintering (SLS), to determine the most suitable technology for specific medical applications

[113], [114].

Fused Deposition Modeling is one of the most affordable<and widely used manufacturing
techniques in AM. The cost of FDM equipment is relatively lower compared to other technologies, making
it ideal for research and development that require low costs and flexibility [115]; [116]. Additionally,
materials like PLA and PCL are more affordable, facilitating large-scale production[117]. FDM offers high
flexibility, as it allows for the use of various materials, including renewable biopolymers and
biocomposites. Its simple printing process also does not require special treatments in terms of temperature
or environmental settings [60]. However, FDM has a significant drawback in that its print resolution is
relatively low, which can reduce the level of detail in microstructures needed for medical applications, such

as microvascular networks. Moreover, the FDM printing process can generate shear stresses on cells and



biomaterials, which becomes a problem when printing structures that involve cellular interactions or tissue

formation [116], [118], [119].

SLA/DLP offers very high print resolution, allowing for the creation of highly detailed structures,
such as microvascular networks and complex tissues [87] [120], [121]. This makes it highly useful in tissue
engineering and tumor _modeling for medical applications. With the ability to print with high precision,
SLA/DLP enables'the production of medical models that closely resemble native human conditions [27],
[119]. However, this technology.is more expensive in terms of both equipment and materials compared to
FDM, and it requires careful consideration of the potential toxicity of photoinitiators, the chemicals used
to harden the resin. The toxicity of photoinitiators presents a challenge, especially in medical applications
that involve direct interaction'withsbiological cells. Additionally, limited light penetration can affect the

accuracy of prints in thicker structures, especially for deeper layers [122].

Selective Laser Sintering (SLS) is better suited for applications requiring high mechanical strength,
such as the creation of bone scaffolds or medical-devices'that need load-bearing capabilities. SLS enables
the printing of structures with extremely high strength, making it ideal for applications involving bone and
hard tissue [99], [123]. However, SLS equipment is considerably more expensive, and the process requires
very high temperatures to melt the powder material and form’solid structures [124]. The post-processing
steps are more complex, requiring cooling and further handling, which'adds 10 the production time and cost.
Furthermore, this technique is also more expensive in terms of raw materials‘and requires additional
processing to achieve perfect prints. Nevertheless, the mechanical strength achieved by SLS is crucial for

medical applications that require high durability and structural integrity [125], [126].

The choice of the right technology for specific medical applications depends,on various factors,
including cost, print quality, and the ability to meet specific application requirements. FDM is the best
choice for initial development or prototype production due to its low cost and flexibility, although its

resolution is lower. SLA/DLP is ideal for applications requiring high micro-details and precision, but the



costs and potential toxicity of photoinitiators need to be considered [127], [128]. SLS, with its mechanical
strength and durability, is highly suitable for applications requiring high load-bearing capacity, though its
higher costs and more complex process may present barriers. Therefore, the decision to select a
manufacturing technology should consider the specific needs of the medical application, including the
materials used, the level of structural detail desired, and the ability to minimize costs without compromising
the final product's quality.[129], [130]

Table5. Comparison of 3D Printing Techniques for Biocomposites

Printing Technique Cost Advantages Disadvantages A Me:dlcgl References
pplications
Prototypes,
Low cost, high  Low resolution, large-scale
Fgel\go(sli:tlijg?]d Low f|exibi|ij[y in potential cell app_lications [114],
Modeling) mater_lal damage due to with less [116]
selection shear stress complex
structures
High . Tissue
SLA/DLP resolution Photoinitiator engineering,
(Stereolithography/  Medium- itabl fo’r toxicity, limited tumor [120],
Digital Light High SuiggeTe light modeling, [121]
Processing) MICrOStrUgILLES penetration vascular
and fine details
structures
High
mechanical Requires high  Bone scaffolds,
SLS (Selective Laser Hiah strength, ideal temperatures, applications [123],
Sintering) g for load- complex'post-  requiring high [124]
bearing processing durability
structures

Table 5 summarizes the main differences between FDM, SLA/DLP, and<SLS, highlighting their
respective costs, advantages, and disadvantages. It also helps in understanding which technique is most
suitable for various medical applications, depending on factors such as material\needs, structural detail, and
cost constraints.

6. Challenges and Limitations
Despite the remarkable achievement of AM of biopolymer-based composites, there are still several
obstacles that must be addressed to enable meaningful clinical translation. These barriers include material

constraints, biological challenges, technology limitations, and regulatory considerations [36], [46], [50].



Material limitations are among the most immediate concerns. Artificial polymers, like PLA and
PCL, are mechanically strong and durable in a slow-resorption manner, causing them to be unsuited for the
tissue healing process. By contrast, natural polymers, such as alginate or collagen, degrade rapidly with
insufficient mechanical integrity, necessitating reinforcement strategies that confound processing [69],
[701[77-79]:

Vascularization and immune rejection are significant biological challenges in tissue engineering.
Printed structures hawvertraditionally faced limitations in supporting long-term perfused tissue, which
impedes the development of thick'tissues. However, recent advancements in multi-vessel bioprinting have
addressed this issue by enabling the fabrication of complex vascular networks within tissue constructs.
These innovations allow for, the creation of multi-layered structures that can support thicker tissues by
improving nutrient and oxygen. delivery, /essential for tissue viability and long-term function. By
incorporating multi-vessel networks into bioprinted, scaffolds, it has become possible to support more
complex tissue structures, opening new possibilities for vascularized tissue engineering. Additionally, some
bioinks induce inflammatory response or display photoinitiator cytotoxicity in light-assisted printing,
diminishing cytocompatibility [50], [78], [134], [135].

Limitations of technology include resolution and reproducibility, and scalability. Extrusion-based
methods, including liter deposition systems, are generally low cost but lew resolution (~100-500 um),
preventing production of microvascular networks. Light-based techniques reach smaller structures but
suffer from insufficient light penetration and material compatibility. Furthermoreymultimaterial and hybrid
printing raises complexity and cost, and reproducibility among labs still presents a major hurdle [46], [78].

Regulatory and translational issues are also significant barriers to pregress.-Standardization in
protocols, variability among bioink preparation, and scarcity of long-term clinical data are obstacles,to the
possibility of approval pathways. Ethical issues of patient specific bioprinting and liability for uncertainty
are also present as clinical challenges to the technology [78]. A tabulated summary of these hurdles can be

found in Table 6 and an integrative sketch is given in Figure 5.



Table 6. Key challenges and limitations in AM of biopolymer-based composites

Category Specific Issues References

) Slow degradation (PLA, PCL), rapid degradation (alginate, collagen);
Material ] [46]
poor mechanics of natural polymers
o o . L . [46], [50],
Biological Lack of vascularization; immunogenicity; photoinitiator toxicity 78]

g Low resolution in extrusion (~100-500 pum); light penetration limits;
Technical . [46], [78]
poor reproducibility

Regulatory Lack-of standards; limited clinical data; ethical and liability concerns [78]

Table 6 outlinesthe specific challenges in each category. Material-related issues include slow
degradation in PLA and PCliand rapid degradation in alginate and collagen, which can affect the long-
term performance of the materials. Additionally, the low mechanical strength of nanoparticles (NPs) is also
a concern. Biological challenges,include<the lack of vascularization, potential immunogenicity, and
photoinitiator toxicity, all of which can impact thessurvival and functionality of printed tissues. Technical
challenges focus on issues such as low resolution in extrusion-based methods (around 100-500 pum), limited
light penetration, and reproducibility problems, whichscan hinder the accuracy and consistency of prints.
Regulatory challenges include the lack of clear standards, limited clinical data, and ethical and legal liability

concerns, which can slow down the adoption of this technology inithe medical sector.
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Fig. 5. Schematic overview of challenges and limitations in AM of biopolymer composites.
Figure 5 identifies four main categories of challenges: Material, Biological, Technical, and
Regulatory, all of which can impact the successful use©f biopolymer composites in the medical field. This
figure provides a clear visual explanation of how these various factors are interconnected and serve as
barriers to the clinical translation of biopolymer AM technoelogy.-The combination of material, biological,
technical, and regulatory challenges requires comprehensive solutions_in order for this technology to be

effectively applied in medicine and tissue engineering.

7. Future Directions and Emerging Trends

The future of AM in biopolymer-based composites, based on the current developments, is no longer
limited to static tissue scaffolds but is transcending to adaptive, intelligent, and clinically translatable
systems. A number of industry-shaping paradigms - 4D printing, nanotechnology, embedding, “Al,
sustainability, and regulation harmonisation - are anticipated to transform the space [36], [46],/]49], [50],

[78], [136].



In 4D printing, the temporal dimension is exploited, and the fabricated structures transform over
time in.a desired way in response to an external stimulus (e.g., thermal, pH, or biochemical). Chemically
stimulated composites, such as shape-memory polymers and hydrogel-nanoparticle hybrids, are under
design for self-adjusting implants and dynamic tissue regeneration. These intelligent scaffolds could
respond to the local'environment or even degrade so that no secondary intervention is required [36], [46],

[136].

Integration of nanotechnology is expected to overcome the mechanical and biological limitations.
Introduction of nanocellulose, carbon nanotubes, and graphene oxide enhances strength, electrical
conductivity, and antimicrobial efficacy, and widens application in nerve regeneration and bioelectronics.
Moreover, nanoscale reinforcement™ also promoted angiogenesis and cell signaling in vascularized

constructs [27], [37], [40], [58], [81-83].

Process optimization is being radically transformed by artificial intelligence (Al) and machine
learning. In silico algorithms are used to predict/print fidelity, optimize processing parameters, and design
biomimetic architectures that cannot be realized by.trial-and-error approaches of traditional methods. It is
anticipated that the incorporation of Al into real-time feedback systems will normalize printing outputs

between labs [37], [84-86].

Sustainability becomes an emerging key aspect. Green alternatives like PHA and cellulose
derivatives are in line with circular economy principles, giving biodegradable.and renewable products,
while functionality is retained. Next-generation AM systems will likely include recycling loops for

biomaterial not used, which will reduce waste [37], [58], [80-86].

Regulatory convergence will be critical for clinical translation. As such, standardized parameters
for characterizing bio-inks, long-term in vivo safety testing, and clear ethical guidelines to.convey-patient-

specific constructs will be required to expedite approvals from the FDA and EMA. Cooperation among the



world will facilitate commercializing [46], [78], [136], [138], [141], [142]. A summary of these directions
is listed in Table 7, and a strategic roadmap is shown in Figure 6.

Table 7. Future directions in AM of biopolymer-based composites

Emerging Trend Focus Area Potential Impact References
4D Printifig Stlmull—responswe Self—adapt!ve sca_ffolds, [46], [78], [136]
composites dynamic healing
Nanocellulose, graphene, Enhanced mechanics, [36], [46], [49],
Nanotechnology CNTs vascularization, bioelectronics  [78], [135], [137]
Al & Machine Predictive design, Standardization,
Learning parameter optimization reproducibility [46], 78], [136]
Sustainability PHA,_ceI_Iquse Green biomaterials, circular [46], [78], [138]
derivatives economy
. FDA/EMA approval Clinical translation, ethical
Regulation P . [46], [78]
pathways compliance

Table 7 emphasizes that key trends such as 4D printing, nanotechnology, artificial intelligence,
sustainability, and regulatory harmonization will serve as the foundation for the development of biopolymer
composites. The use of stimulus-responsive composites in 4D printing holds the potential to create scaffolds
that can dynamically adapt during the healing process. The integration of nanotechnology through
nanocellulose, graphene, and CNTSs is projected to enhance.material strength, facilitate vascularization, and
open up opportunities in bioelectronics. Meanwhile, Al and machine learning play a role in predictive
design and parameter optimization to improve standards and reproducibility of processes. Sustainable
material approaches such as PHA and cellulose derivatives are driving the creation of environmentally
friendly biomaterials that align with the circular economy. Finally, advancements in.FDA/EMA regulatory

pathways are key to ensuring clinical translation and ethical compliance.
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Fig. 6. Roadmap of future directions.insAM of biopolymer composites.

Figure 6 presents the technology development roadmap.for AM from 2025 to 2035. This roadmap
highlights the acceleration of innovation, starting with the/widespread adoption of hydrogel-ceramic
composites and Al-based process optimization in 2027, followed by the expansion of 4D printing with
responsive scaffolds and the integration of nanotechnology, and culminating in the harmonization of
regulations and the approval of large-scale AM implants by the FDA in‘2030. In the:subsequent phase, the
emergence of sustainable AM platforms supporting the circular economy and smart scaffolds for
personalized medicine is projected for 2035. This roadmap illustrates that biopelymer composite-based AM

is progressing toward a system that is intelligent, adaptive, regulatory-compliant, and sustainable.

7. Conclusion

Additive manufacturing (AM) of biopolymer composites represents one of the mast exciting

frontiers in biomedical engineering. AM offers the possibility of designing a third generation of scaffolds;



blending the mechanics of synthetic polymers with the biofunction of natural matrices, combined with
ceramics, nanomaterials, and bioactive agents, and which do not suffer the same restrictions of conventional
biomaterials. Such a convergence has created a new route of transformative capability in the areas of
orthopaedics, soft tissue engineering, vascular regeneration, and disease modelling, and placed AM as a

key technology for regenerative medicine.

However, the road to the full clinical adoption of nutrition-based approaches is complicated.
Remaining challenges, such as mechanical-biological mismatch, lack of vascularization, cytotoxicity, and
inter-laboratory reproducibility, reinforce the importance of rigorous standardization and scalable
reproducibility. No less important are regulatory and ethical infrastructures that can develop in step with

technological innovation and facilitate safe, equitable, and sustainable translation to the clinic.

Going forward, a paradigmeshift is on the horizon for the field. 4D printing and Al -directed
biofabrication propose these adaptive, intelligent structures that can dynamically reshape in the human
body. Concurrently, the integration of nanotechnology.reinforced composites and sustainable biopolymers
in biomedical AM provides an interesting link between biomedical AM and larger societal objectives such
as personalized medicine and environmental responsibility. The path_of this field seems to be that within
the next decade, AM will not just be an add-on for standard manufacturing, but will be the game-changing

method of how to think about and to design and to deliver biomedical solutions.

In conclusion, biopolymer-based composite AM is more than an incremental technological
innovation; it is the convergence point of materials science, digital manufacturing, and regenerative
biology. Continuous advancement in this area will rely on interdisciplinary collaboration, cross-
jurisdictional regulatory harmonization, and the application of intelligent and sustainable design. Should
these obstacles be overcome, the dream of patient-specific, adaptive, clinically approved.biofabricated
implants should rapidly go from dream to reality, transforming healthcare in a systemic manner insthe

future.
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