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Abstract
Biofabrication and biomanufacturing are rapidly transforming how materials, therapeutics, and functional biological constructs 
are produced. These fields integrate developments in sustainable biomaterials, precision fabrication, biological systems, and 
data-driven engineering to produce scalable, efficient, and environmentally aligned production pathways. This review high‐
lights recent scientific advances led by researchers in Singapore, focusing on three interconnected pillars: sustainable bio-
derived materials, enabling fabrication and manufacturing technologies, and emerging applications. We first examine the ex‐
panding use of biomass-derived feedstocks, including human hair keratin, aquaculture side-streams, and plant-derived polysac‐
charides, which support circular and resource-conscious material development. We then present advances in biofabrication 
technologies, including electrospinning, three-dimensional bioprinting, and metal additive manufacturing, that enable im‐
proved control over the structure, function, and manufacturability of biomedical and functional constructs. Emerging applica‐
tions, such as machine learning-assisted additive manufacturing, food biomanufacturing, regenerative cell therapy, mi‐
croneedles, and bioelectronics, exemplify how biofabrication and biomanufacturing are increasingly interrelated across the 
health, materials, and technological domains. These research contributions from Singapore exemplify how sustainable feed‐
stocks, digital and automated fabrication platforms, and biologically driven applications are shaping the evolving landscape 
of biofabrication and biomanufacturing. The convergence of materials science, biological engineering, and advanced manu‐
facturing continues to enable new opportunities for innovation in biomedical, industrial, and societal contexts.
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1　Introduction

Biofabrication and biomanufacturing are closely related, rap‐
idly evolving disciplines at the intersection of materials sci‐
ence, biotechnology, and biomedical engineering. Although 
the two terms are often used interchangeably, they represent 
distinct but increasingly interconnected domains. Biofabri‐
cation is the automated, spatially controlled assembly of bio‐
logical and biofunctional constructs via additive manufactur‐
ing (AM), patterning technologies, and cell-instructive mi‐
croenvironment engineering. Conversely, biomanufacturing 
has conventionally referred to the scalable production of bio‐
logical products, including therapeutic molecules, biomateri‐
als, food components, and engineered tissues, using cells, en‐
zymes, and microbial systems. In modern practice, these con‐
ceptual boundaries are increasingly blurred, as living cells, ad‐
vanced biomaterials, and digital manufacturing technologies 
are integrated to create functional biological products across 
the healthcare, food, and industrial sectors.

Driven by growing global demand for sustainable bioma‐
terials, regenerative cell therapies, and next-generation thera‐
peutic platforms, biomanufacturing has emerged as a central 
pillar of the emerging bioeconomy. This trajectory is evident 
in Singapore, where sustained long-term investments in bio‐
materials research, advanced manufacturing infrastructure, 

and translational life sciences have fostered a highly inte‐
grated research ecosystem. Within this landscape, Singapore-
based research groups have made notable scientific contri‐
butions to the design and manufacture of customizable bio‐
logical constructs, from engineered tissues and therapeutic 
cell systems to hybrid bio-devices and bio-interfaces.

Recently, advances in biomaterials science and AM have 
expanded the scope and sophistication of biofabrication. Plat‐
forms such as electrospinning [1], three-dimensional (3D) 
bioprinting [2], and metal AM [3] are enabling the fabrica‐
tion of multilateral architectures with precisely tailored me‐
chanical, biochemical, and structural properties. These tech‐
nologies provide fine control over spatial organization and 
microenvironmental cues that are critical for applications in 
tissue engineering, soft bioelectronics, and functional food 
design [4–6]. Concurrently, integrating artificial intelligence 
(AI), machine learning (ML), and digital twin frameworks is 
transforming biomanufacturing from predominantly empiri‐
cal, trial-and-error processes into predictive, data-driven pro‐
duction systems [7, 8]. These digital approaches support 
rational material design, real-time process monitoring, and 
closed-loop quality control, laying the foundation for robust, 
automated biofabrication pipelines.

Despite these technological advances, several scientific and 
translational challenges limit widespread adoption. Designing 
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biomaterials that simultaneously demonstrate adequate me‐
chanical performance, biological functionality, sustainability, 
and manufacturability remains a major bottleneck [9]. Achiev‐
ing reproducibility across fabrication platforms requires stan‐
dardized processes, advanced sensing modalities, and inte‐
grated feedback control systems. Furthermore, industrial scal‐
ability is constrained by regulatory considerations, manufac‐
turing costs, and inherent biological variability. Addressing 
these challenges is critical for achieving reliable, sustainable, 
and economically viable biomanufacturing systems. In Sin‐
gapore, these issues are actively being addressed via inter‐
disciplinary research programs that integrate materials sci‐
ence, digital manufacturing, and translational research, rein‐
forcing the country’s growing role within the global biofab‐
rication and biomanufacturing landscape.

Recent regional reviews have highlighted the rapid prog‐
ress in biomanufacturing and biofabrication across major re‐
search hubs worldwide [10–13]. China has emphasized the 
translation of 3D bioprinting for organ regeneration alongside 
regulatory and quality-control framework development [10]. 
Meanwhile, research in the UK and Ireland has focused on 
integrating biofabrication with sustainability, ethical gover‐
nance, and healthcare system requirements [11]. Japanese 
studies have highlighted advances in biomaterials, 3D bio‐
printing, and interdisciplinary biomedical applications within 
the broader context of “Biomanufacturing 4.0” [12], whereas 
work from Israel has demonstrated innovations in peptide-
based bio-inks, soft biohybrid systems, and industrial-scale 
biofabrication [13].

Against this global backdrop, this review highlights re‐
search by Singapore-based investigators across the intercon‐
nected domains of biofabrication and biomanufacturing. We 
first examine advances in sustainable biomaterials that sup‐
port environmentally responsible and functional biofabrica‐
tion. We then discuss enabling manufacturing technologies, 
including electrospinning, 3D bioprinting, and metal AM, 
which are reshaping fabrication capabilities. Finally, we re‐
view emerging applications, including AI/ML-assisted intelli‐
gent manufacturing, regenerative cell therapies, microneedle 
systems, food biomanufacturing, and bioelectronics. This re‐
view offers a perspective on how Singapore-based research 
integrates sustainable materials, advanced manufacturing plat‐
forms, and digital technologies to develop scalable, intelli‐
gent biofabrication systems that address global biomedical, 
nutritional, and industrial needs.

2　Sustainable biomaterials

Biomass waste valorization into functional biomaterials has 
become a central theme in sustainable biomanufacturing, re‐
flecting growing global interest in circular material econo‐
mies and environmentally responsible resource use [14]. As 

biomanufacturing progresses toward integrated, large-scale 
production systems, there is increasing demand for sustain‐
able biomaterials that can be processed under mild condi‐
tions, tailored for specific biological functions, and engi‐
neered into advanced architectures. Within this landscape, 
researchers in Singapore have substantially contributed to 
the development of sustainable materials derived from a va‐
riety of biomass sources, including human hair keratin, aqua‐
culture side-streams, plant-derived polysaccharides, and pol‐
len, which offer abundant, low-cost, renewable feedstocks 
with intrinsic structural and biochemical advantages. These 
materials not only divert significant waste streams away from 
disposal but also provide versatile molecular building blocks 
that can be assembled into hydrogels, fibers, porous scaf‐
folds, and microgels for downstream biomanufacturing ap‐
plications. This section focuses on Singapore-led advances 
in biomass-derived biomaterial extraction, processing, and 
functionalization, highlighting their sustainability attributes, 
physicochemical performance, and potential to facilitate 
next-generation biomanufacturing.

2.1　Human hair keratin

Among waste-derived biomaterials, human hair keratin 
(HHK) is a unique resource due to its global abundance 
(>300,000 tons annually) and lack of established recycling 
pathways [15, 16]. Keratins extracted from human hair con‐
sist of fibrous proteins (~45–50 kDa) containing the leucine-
aspartic acid-valine (LDV) amino acid motif, which confers 
intrinsic cell adhesion via integrin α4β1 recognition. The high 
cysteine content provides abundant free thiol groups, enabling 
diverse chemical modifications and crosslinking chemistries 
that confer HHK with substantial structural and functional 
versatility.

A simple yet effective approach to harnessing HHK is pH-
induced precipitation, in which keratin self-assembles into 
hydrogel networks stabilized by disulfide exchange and hy‐
drogen bonding. These hydrogel networks are cytocompat‐
ible, supporting in vitro fibroblast adhesion and proliferation 
while eliciting a minimal in vivo inflammatory response 
(Fig. 1a) [17, 18]. The naturally occurring high cysteine con‐
tent in HHK enables gelation via metal-thiolate complexation. 
Silver ion ionic diffusion into HHK through a partially per‐
meable membrane results in a hydrogel with a porosity gra‐
dient (Fig. 1b) [19]. Composites made with HHK have ex‐
panded utility; for example, HHK-alginate composites formed 
via amide coupling have exhibited favorable biocompatibility 
in subcutaneous implantation studies (Fig. 1c) [20] and have 
accelerated partial-thickness burn wound healing in porcine 
models [21].

Advanced structuring strategies have enabled increasingly 
sophisticated keratin architectures. Thiol-norbornene “click” 
reactions can produce cytocompatible photo-crosslinking of 
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Fig. 1  Biofabrication with HHKs. (a) HHK hydrogel formed via pH-induced precipitation and stabilization. Reproduced from [18], with permission 
from the American Chemical Society. (b) HHK diffusion-mediated gradient gelation with silver ions forms hydrogels with porosity gradients. Repro‐
duced from [19], licensed under CC-BY-NC-ND. (c) Subcutaneous implantation of a biocompatible HHK-alginate sponge. Reproduced from [20], 
with permission from John Wiley & Sons, Ltd. (d) Cryogelation of HHKs via repeated freeze-thaw cycles to form scaffolds with a well-connected 
pore network. Reproduced from [23], with permission from Wiley-VCH GmbH. (e) HHK scaffolds fabricated via the directed ice templating method 
possess anisotropic microarchitecture. Reproduced from [24], with permission from Wiley-VCH GmbH. (f) In vitro HHK self-assembly into a nanofi‐
brous network through step-down dialysis in acidic buffer conditions (pH 2.9). Reproduced from [26], with permission from the American Chemical 
Society. (g) HHK fiber formation using interfacial polyelectrolyte complexation (IPC), with potential application as medical sutures. Asterisks indi‐
cate the original position of the suture material, whereas black rectangles indicate the region of interest shown in higher magnification hematoxylin 
and eosin images. Black arrows point to fibroblasts, and gray arrows point to neutrophils. Reproduced from [27], with permission from Elsevier Ltd.
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keratin-polyethylene glycol composites, supporting precise 
spatial patterning [22]. Cryogelation via controlled thiol oxi‐
dation produces robust scaffolds with tunable mechanical 
properties (Fig. 1d) [23], whereas directional ice templating 
yields anisotropic porous keratin networks with aligned micro‐
architectures mimicking native fibrous tissues (Fig. 1e) [24]. 
Reinforcement with polydopamine enhances strain-stiffening 
behavior, a key requirement for soft tissue mimicry [24, 25]. 
Keratin can also self-assemble into intermediate filament-
like nanostructures under step-down dialysis (Fig. 1f) [26], 
and interfacial polyelectrolyte complexation (IPC) facilitates 
the fabrication of keratin microfibers that perform compara‐
bly to commercial sutures (Fig. 1g) [27].

Collectively, these diverse keratin-based technologies il‐
lustrate how an abundant and underutilized waste stream 
can be transformed into a high-performance, structurally ver‐
satile biomaterial platform. Keratin’s broad processability 
(from simple hydrogels to engineered microporous networks) 
positions it as an upstream material compatible with mul‐
tiple biofabrication techniques. A practical consideration for 
making keratin valorization commercially viable is cost-
effectiveness within a circular-economy framework, which 
begins with selecting chemicals for extraction. Using expen‐
sive reducing agents such as dithiothreitol, although effective, 
increases the cost of producing usable keratin on a large 
scale. Transitioning away from urea-based reductive extrac‐
tion methods, cheaper alternatives such as deep eutectic sol‐
vents have been explored [28, 29], leading to a significant 
reduction in the cost of extracted keratin [30]. Exploring 
greener, lower-cost extraction methods to obtain keratins 
suitable for biofabrication will be essential moving forward.

2.2　Valorizing aquaculture side-streams

Aquaculture, one of the fastest-growing food sectors world‐
wide, generates large volumes of underutilized byproducts, 
such as fish skin, scales, and bones. These side-streams are 
naturally rich in collagen, minerals, and extracellular matrix 
(ECM) components, offering an abundant, ethical, and non‐
mammalian alternative to bovine or porcine sources. Their 
upcycling not only reduces environmental burden but also 
allows the development of sustainable biomaterials for re‐
generative medicine, including scaffolds, hydrogels, and ad‐
vanced tissue-engineering constructs.

Despite their strong potential, aquaculture-derived side-
streams are influenced by biological variability and seasonal 
fluctuations, which affect collagen yield and composition 
and downstream material performance. This variability pres‐
ents challenges for reproducibility, standardization, and regu‐
latory translation. However, the rapid expansion of inland 
fisheries has significantly reduced these constraints by pro‐
viding tighter control over species selection, diet, growth 
conditions, and harvesting schedules [31]. Integration with 

established tilapia farming within local fishing industries 
provides a stable, traceable supply of raw material, reducing 
dependence on wild-caught fish and improving resilience to 
the supply-chain disruptions commonly associated with ma‐
rine harvesting.

Within this context, tilapia skin has emerged as a highly 
valuable feedstock due to its high type I collagen content and 
well-preserved ECM architecture. Through enzymatic epider‐
mal removal followed by sodium dodecyl sulfate (SDS)-
mediated decellularization, nuclease treatment, and freeze-
drying, tilapia skin can be converted into decellularized tila‐
pia skin (DTS) scaffolds that retain native collagen organi‐
zation and mechanical integrity [32]. DTS has a high dena‐
turation temperature (~68 °C), a favorable Young’s modulus 
(~56 MPa), and slow degradation kinetics, making it particu‐
larly suitable for load-bearing tissue repair. Parallel extraction 
of collagen from tilapia skin with acid solubilization enabled 
the fabrication of electrospun collagen nanofibers that, once 
crosslinked, promoted osteoblast adhesion, mineralization, 
and bone regeneration in rat calvarial defect models [32].

Building on these advances, acid-solubilized tilapia colla‐
gen has also been developed as a platform material for engi‐
neered human skin equivalents (HSEs). Collagen is ex‐
tracted through a controlled sequence of descaling, alkaline 
pretreatment to remove noncollagenous proteins, fat extrac‐
tion with butanol, and solubilization in acetic acid, followed 
by NaCl-induced precipitation, redissolution, dialysis, and 
lyophilization [33]. This method yields a high-purity (~100%) 
collagen product with an extraction efficiency of (42±1)%. 
Although fish collagen preserves the molecular attributes of 
mammalian collagen, its lower thermal stability and softer 
mechanical properties typically require reformulation before 
it can serve as a robust scaffold material. To overcome these 
limitations, collagen has been blended with fibrin to create 
fortified fish collagen (FFC), a hydrogel that enhances matrix 
stability while avoiding the cytotoxicity associated with chemi‐
cal crosslinkers. The optimized formulation (3 mg/mL colla‐
gen + 0.5 mg/mL fibrin) resists fibroblast-induced contrac‐
tion and retains the triple-helical structure of collagen [33]. 
FFC also benefits from a high amino acid content (199/1000 
residues), conferring a favorable denaturation temperature 
(39.4 °C) comparable to mammalian collagen. As a dermal 
matrix for full-thickness HSEs, FFC supports dermal fibro‐
blast and epidermal keratinocyte attachment and prolifera‐
tion, enabling the formation of biomimetic bilayered skin 
constructs (Fig. 2a). These HSEs exhibit excellent barrier in‐
tegrity, demonstrated by the highest transepithelial electri‐
cal resistance among tested skin models. Additionally, the 
platform is readily adaptable to high-throughput 96-well for‐
mats, reducing reagent and cell consumption tenfold.

A complementary valorization approach has addressed 
the intrinsic instability of pure fish collagen hydrogels by 
engineering a piezoelectric composite hydrogel (Col/oxidized 
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Fig. 2  Biofabrication using aquaculture byproducts, such as tilapia skin. (a) A stable dermal scaffold was constructed by optimizing a combina‐
tion of collagen and fibrin, generating 3D human skin equivalents. Reproduced from [33], with permission from Elsevier B.V. (b) A piezoelec‐
tric hydrogel scaffold was developed based on barium titanate-encapsulated tilapia-skin-derived collagen and oxidized gellan gum. When ap‐
plied to a rat wound model, the scaffold promoted wound healing by immune modulation, enhanced angiogenesis, and increased collagen depo‐
sition. Reproduced from [34], licensed under CC-BY-NC-ND
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gellan gum (OG)/barium titanate nanoparticles (BTNs)) for 
advanced wound healing applications [34]. For this purpose, 
tilapia collagen is incorporated into a dual-network scaffold 
with OG and amino-modified BTNs. Schiff-base crosslink‐
ing between OG aldehyde groups and collagen amines es‐
tablishes the primary network; further crosslinking via BTN’s 
amine group conjugation to OG aldehyde groups imparts a 
hierarchical structure, mechanical reinforcement, and piezo‐
electric responsiveness. The resulting hydrogel features a 
highly porous, hydrophilic 3D architecture with a compres‐
sive modulus of 8–18 kPa, like that of native skin. An en‐
hanced hydroxyproline content and dual-network stabilization 
raise the denaturation temperature to 47.1 °C and improve 
biodegradation control. Importantly, the scaffold functions as 
a wireless, ultrasound-activated piezoelectric material (with 
a piezoelectric coefficient of 18.5 pC/N) that converts me‐
chanical stimulation into bioelectrical cues. In vivo, these 
signals shift macrophages from pro-inflammatory M1 to re‐
generative M2 phenotypes while promoting angiogenesis via 
phosphoinositide 3-kinase (PI3K)/Akt activation and tumor 
necrosis factor (TNF) pathway suppression. This mechano-
biologically active environment accelerates wound closure, 
enhances collagen organization, and supports hair follicle 
regeneration, achieving high-quality skin repair (Fig. 2b).

In addition to tilapia-derived biomaterials, integrated valo‐
rization strategies are exploiting other aquaculture side-
streams. For example, collagen from American bullfrog skin 
can be combined with hydroxyapatite (HAp) extracted from 
calcined snakehead fish scales [35]. Collagen is obtained via 
a mechano-chemical process encompassing homogenization, 
alkaline deproteinization, acid solubilization, salt precipita‐
tion, dialysis, and lyophilization; HAp is produced by ther‐
mally converting the calcium-rich matrix of fish scales at 
850 °C into highly crystalline ceramic particles. When blended 
and crosslinked, the resulting composite scaffolds exhibited 
>90% porosity with ~55 µm pores, supporting osteoblast ad‐
hesion, osteogenic gene expression, and mineral deposition. 
These studies highlight the versatility of aquaculture biomass 
as a renewable and scalable feedstock for producing bioac‐
tive, structurally robust materials for both soft- and hard-
tissue engineering applications.

2.3　Plant-derived polysaccharides

Plant biomass provides renewable, nontoxic polysaccharides 
that can be chemically modified to produce functional hy‐
drogels for biomedical applications. Flaxseed gum (FG), a 
water-soluble heteropolysaccharide extracted from a widely 
cultivated crop, has attracted considerable attention due to 
its biocompatibility and scalability [36]. Using an aqueous 
methacrylation process with methacrylic anhydride followed 
by extensive dialysis, FG can be converted into methacrylated 
flaxseed gum (FGMA), a photo-crosslinkable derivative 

prepared without organic solvents. This workflow minimizes 
chemical waste and yields a purified polymer suitable for use 
under physiological conditions.

FGMA hydrogels display impressive mechanical resil‐
ience, including fatigue resistance under cyclical loading and 
prolonged degradation over approximately 66 d. Their vis‐
coelastic properties can be customized by adjusting the con‐
centration and degree of substitution, enabling the design of 
matrices with stiffness profiles tailored to different tissue en‐
vironments. In osteochondral regeneration models, FGMA-
based constructs support mesenchymal stem cell viability 
and promote differentiation toward chondrogenic lineages, 
leading to cartilage repair outcomes comparable to those of 
native tissue. These findings indicate that FGMA can serve 
as a robust, bioactive, and mechanically competent hydro‐
gel system for load-bearing soft tissue applications.

Importantly, FGMA demonstrates how plant-derived poly‐
saccharides can be transformed into high-performance bio‐
materials using green, water-based chemistries. Its renew‐
able origin, food-safe nature, and scalable production make 
it a compelling example of a sustainable polysaccharide plat‐
form that can be integrated into diverse biomanufacturing 
workflows.

2.4　Expanding landscape of sustainable 
biomass-derived biomaterials

Across these examples, a unifying principle is that biomass, 
commonly regarded as waste, can be transformed into high-
value biomaterials suitable for advanced biomanufacturing. 
These systems share common sustainability features, includ‐
ing resource circularity, reliance on abundant feedstocks, 
mild aqueous processing conditions, and reduced dependence 
on synthetic reagents. Their intrinsic biocompatibility and 
structural tunability facilitate seamless integration into down‐
stream fabrication technologies, including hydrogel forma‐
tion, microfabrication, fiber production, and scaffold engi‐
neering. Collectively, sustainable biomaterials lay the up‐
stream foundation for next-generation biomanufacturing.

3　Biofabrication technologies

Advances in biofabrication have enabled biological con‐
struct production across nano-, micro-, and macro-scales, 
supporting increasingly sophisticated applications in tissue 
engineering and regenerative medicine. Among the diverse 
technological platforms available, electrospinning, 3D bio‐
printing, and metal AM form a complementary toolkit en‐
abling precise control over architecture, composition, and 
cellular organization. In this section, we examine critical ad‐
vances across these technologies with a particular emphasis 
on research conducted by the biomanufacturing community 
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in Singapore, whose efforts reflect the nation’s broader stra‐
tegic focus on advanced manufacturing, sustainability, and 
translational biomedical innovation. By summarizing these 
Singapore-led studies, this section highlights their scientific 
contributions to material processing, printing physics, and 
application-driven design.

3.1　Electrospinning

Electrospinning is a versatile, widely adopted technique for 
producing nanofibrous scaffolds. It remains a cornerstone 
of soft-material biomanufacturing. In this process, a high-
voltage electric field is applied to a polymer solution, induc‐
ing the elongation of a charged polymer droplet into a fine 
liquid jet. As the jet accelerates, a Taylor cone forms at the 
spinneret tip, and solvent evaporation solidifies the polymer 
into continuous nanofibers [37]. The resulting fibers possess 
high surface area-to-volume ratios, tunable porosity, and na‐
noscale morphologies that closely resemble the ECM, mak‐
ing them highly conducive to cell adhesion, proliferation, and 
differentiation. Over the years, advancements such as co‐
axial, emulsion, and melt electrospinning have significantly 
expanded the design space of nanofibrous constructs, offer‐
ing sophisticated material architectures for biomedical and 
biomanufacturing applications (Fig. 3) [38].

Electrospun nanofibers have gained substantial traction 
in drug delivery due to their ability to encapsulate bioactive 
compounds and modulate release profiles by controlling fi‐
ber geometry, porosity, and composition. Both natural and 
synthetic polymers, including sodium alginate [39], polyvi‐
nyl alcohol [40], and clay-reinforced nanocomposites [41], 
have been adapted for applications ranging from transdermal 

drug delivery to the controlled release of chemotherapeutic 
agents. More recently, integrating stimuli-responsive chem‐
istries with electrospun matrices has enabled the development 
of “intelligent” nanofiber systems capable of pH-responsive 
drug release with near-infrared real-time monitoring, repre‐
senting a notable step toward clinically adaptable, precision-
controlled therapeutic platforms [42].

In tissue engineering, electrospinning has facilitated bio‐
mimetic scaffold fabrication for multiple organ systems. Ar‐
ginylglycylaspartic acid (RGD)-functionalized nanofibers 
have promoted cardiomyocyte adhesion and maturation for 
cardiac repair [43], whereas aligned nanofiber constructs have 
guided endothelial cell organization in small-diameter vascu‐
lar grafts [44]. Anti-calcification nanofibrous grafts demon‐
strate the potential for long-term vascular transplantation [45]. 
Additionally, conductive polymer nanofibers combined with 
electrical cues have accelerated nerve regeneration [46]. In 
hepatic applications, ECM-inspired nanofiber networks have 
sustained hepatocyte function within bioartificial liver sys‐
tems, offering supportive platforms for end-stage liver dis‐
ease [47]. Coaxial electrospinning further grants spatial con‐
trol over bioactive factor incorporation, enhancing osteogen‐
esis and chondrogenesis in bone and cartilage repair [48]. Par‐
allel advances in wound dressings, including nanofiber sys‐
tems loaded with anti-microbial agents [49], plant-derived 
bioactives [50, 51], or therapeutic polypeptides [52], address 
long-standing challenges in chronic wound management and 
antimicrobial resistance.

The utility of electrospinning extends beyond regenera‐
tive scaffolds into the realm of wearable and implantable 
biomedical devices. The intrinsic flexibility, conductivity, and 

Fig. 3  Schematic of the application of electrospinning in healthcare
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biocompatibility of nanofibrous materials have enabled ap‐
plications such as Janus nanofiber membranes for respiratory 
protection [53], pumpless sweat-sensing yarns for real-time 
glucose monitoring [54], and soft, conformable electrodes for 
continuous physiological monitoring and human–machine 
interfacing [55]. In neural engineering, electrospun conduc‐
tive nanocomposites have enabled the development of bio‐
compatible neural interfaces with high signal fidelity [56], ad‐
vancing the potential of neuroprosthetics and brain–machine 
communication.

Together, these developments highlight the breadth and 
adaptability of electrospinning as a biomanufacturing plat‐
form. Its unique ability to generate biomimetic, functionally 
customizable nanostructures supports a wide variety of ap‐
plications from drug delivery and regenerative medicine to 
wearable systems and neural technologies. As innovations in 
responsive nanofibers, hybrid composites, and integrated sens‐
ing continue to develop, electrospinning is poised to become 
a foundational technique within modern biomanufacturing 
and a key driver of translational soft-material technologies.

3.2　3D bioprinting

3D bioprinting provides the spatially controlled placement 
of cells, biomaterials, and biochemical cues to generate ar‐
chitecturally complex and biologically functional constructs. 
Depending on their underlying deposition mechanism, bio‐
printing technologies are broadly classified into extrusion-
based, jetting-based, and vat photopolymerization-based sys‐
tems, each offering distinct advantages in terms of printing 
resolution, the range of bio-ink viscosities that can be printed, 
and cell-processing conditions. These modalities impose dif‐
ferent requirements on bio-ink rheology, crosslinking kinet‐
ics, and process stability, making the interplay between ma‐
terial design and printing physics a central focus of ongoing 
research. In this subsection, we highlight selected recent ad‐
vances in extrusion, jetting, and vat photopolymerization bio‐
printing, based on studies conducted by researchers in Sin‐
gapore, and illustrate their scientific contributions to improved 
print fidelity, enhanced cell viability, and the broader trans‐
lational potential of 3D bioprinting technologies.

3.2.1　Extrusion-based bioprinting

Extrusion-based bioprinting is widely used to fabricate cell-
laden constructs based on its compatibility with hydrogels 
across a broad viscosity range and its ability to produce clini‐
cally relevant, centimeter-scale architectures. Achieving high-
fidelity printing requires bio-inks with finely tuned rheologi‐
cal properties (most notably shear-thinning behavior, adequate 
yield stress, and rapid structural recovery) combined with 
crosslinking strategies that stabilize deposited filaments while 
preserving cell viability. Recent progress in the field reflects 

concurrent advances in bio-ink formulation, support-bath strat‐
egies, computational modeling of printing physics, and the 
production of structurally complex, functionally graded tis‐
sues, such as osteochondral and cartilage constructs.

A key development in bio-ink design is the emergence of 
physically crosslinked gelatin-based bio-inks, which elimi‐
nates the requirement for photo-initiators or chemical cross‐
linkers while maintaining robust printability. Gelatin formu‐
lated with gellan gum and nanosilicate Laponite XLG (Gel-X) 
forms a reinforced network stabilized via polyelectrolyte com‐
plexation and physical interactions (Fig. 4a) [57]. This non‐
covalent network provides pronounced shear-thinning prop‐
erties, rapid viscoelastic recovery, and improved dimensional 
stability compared to conventional gelatin hydrogels, while 
also slowing degradation under physiological conditions. The 
ability of these physically crosslinked bio-inks to maintain 
high cell viability during extended culture exemplifies that 
noncovalent networks can provide both structural fidelity 
and biological compatibility for extrusion-based bioprinting.

To address the limitations associated with low-viscosity 
bio-inks, particularly filament collapse, support bath-assisted 
approaches have been developed. In these approaches, a 
thixotropic alginate/methylcellulose (Alg/MC) hydrogel func‐
tions as either a co-printed support or as a supporting matrix 
into which gelatin methacrylate (GelMA) is directly ex‐
truded [58]. Electrostatic interactions between the positively 
charged GelMA and polyanionic Alg/MC enhance interfa‐
cial cohesion, whereas the surrounding support matrix con‐
fers geometric stability during printing. A single postprint‐
ing ultraviolet (UV) exposure step then stabilizes the GelMA 
phase, reducing the cumulative phototoxicity associated with 
repeated curing. This strategy enables the fabrication of in‐
tricately shaped, multicellular constructs with high structural 
fidelity and cell viability exceeding 93%. Expansion of this 
concept has led to dual-crosslinkable bio-inks integrating a 
temperature-dependent physical network with a secondary 
UV-induced covalent network (Fig. 4b). These systems le‐
verage complementary sol–gel transitions, such as between 
GelMA and methylcellulose derivatives, to provide yield 
stress and self-healing behavior at physiological tempera‐
tures, followed by photopolymerization for long-term me‐
chanical stability [59]. These dual-network bio-inks support 
the embedded bioprinting of perfusable channels and large 
hydrogel volumes at 37 °C, while maintaining cell viabili‐
ties >90%, addressing a key limitation of conventional single-
network GelMA bio-inks.

In addition to polymeric networks, natural particulate sys‐
tems, like pollen-derived microgels, have expanded the de‐
sign space for extrusion bio-inks. Through an aqueous alka‐
line swelling process, rigid sunflower pollen grains can be 
converted into monodisperse microgels that exhibit viscoplas‐
ticity and shear-thinning behavior suitable for the rheological 
modification of composite bio-inks [60]. When incorporated 
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Fig. 4  Extrusion-based bioprinting. (a) Physically crosslinked bio-ink (Gel-X) comprising gelatin, gellan gum, and Laponite XLG allows multi‐
modal 3D bioprinting. Prepared within 1 h by simple mixing in deionized water, Gel-X offers improved printability, mechanical strength, and 
long-term structural stability under physiological conditions. Reproduced from [57], licensed under CC BY 4.0. (b) Schematic of a dual photo- 
and thermo-crosslinkable bio-ink designed for direct extrusion and for use as a support bath for embedded 3D bioprinting. Reproduced from 
[59], with permission from Elsevier Ltd. (c) One-step hybrid 3D printing of an osteochondral triphasic construct: a PCL/TCP-printed subchon‐
dral bone layer; a calcified cartilage layer co-printed with GelMA/human adipose-derived stem cells (hADSCs) and PCL/TCP for hADSC release 
and bone-layer attachment; a cartilage layer printed using MCMA/GelMA/HCs to preserve the chondrocyte phenotype. Reproduced from [62], 
licensed under CC BY 4.0. PCL: polycaprolactone; TCP: tricalcium phosphate; MCMA: methacrylated methylcellulose; HCs: human chondrocytes
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into alginate-based or hyaluronic acid-based formulations, 
pollen microgels enhance mechanical robustness, improve 
print fidelity, and introduce pH-responsive properties. Con‐
centrated microgel suspensions can also serve as reusable 
support matrices for support bath-assisted bioprinting, en‐
abling the generation of highly complex structures. Their natu‐
ral abundance, sustainable origin, and mild processing re‐
quirements make pollen microgels an appealing class of bio‐
fabrication additives.

Advances in extrusion bioprinting extend beyond ink chem‐
istry to include process-level optimization of the print-head. 
Computational fluid dynamics (CFD) has been applied to 
evaluate the flow behavior, mixing efficiency, and shear pro‐
files within multimaterial print-head geometries [61]. These 
simulations have provided mechanistic insight into how 
nozzle design, flow rate, and shear-thinning rheology influ‐
ence velocity distributions and wall shear stress. Additionally, 
they predict outlet conditions that minimize cell-damaging 
stresses, while ensuring homogeneous material composition. 
Such modeling tools enable the rational optimization of in‐
ternal mixing chambers and coextrusion pathways, support‐
ing hardware design that balances material uniformity, struc‐
tural fidelity, and cell protection.

The convergence of ink engineering and process control 
has enabled the production of functionally graded tissue con‐
structs, including biomimetic osteochondral grafts. Hybrid 
bioprinting strategies combining soft hydrogel-based bio-inks 
with bioceramic-reinforced thermoplastics have enabled the 
creation of triphasic constructs that reproduce the zonal ar‐
chitecture of native osteochondral tissues (Fig. 4c) [62]. In 
these systems, hydrogel regions recapitulate chondrogenic mi‐
croenvironments, whereas composite polycaprolactone (PCL)/
tricalcium phosphate (TCP) layers provide bone-like mechani‐
cal reinforcement and promote integration with mineralized 
tissues. Encapsulated stem cells and chondrocytes respond 
to these printed microenvironments with zone-specific be‐
haviors, including directed migration, appropriate matrix 
deposition, and maintenance of chondrogenic phenotypes, 
underscoring the biological relevance of such engineered 
architectures.

Sustainably sourced polysaccharide-based inks have also 
strengthened the capabilities of extrusion-based bioprinting for 
cartilage applications. FGMA, produced via aqueous-phase 
methacrylation, yields high-strength bio-inks with a compres‐
sive modulus up to 41-fold higher than GelMA and high fa‐
tigue resistance under cyclic loading [36]. These inks main‐
tain favorable shear-thinning behavior for printing, exhibit 
slow degradation over roughly 66 d, and provide mechani‐
cal integrity suitable for load-bearing cartilage applications. 
When printed with mesenchymal stem cells, FGMA con‐
structs promote lineage-specific differentiation and form neo-
cartilage with structural and functional properties comparable 
to those of native tissue.

Overall, advancements in extrusion-based bioprinting high‐
light the field’s multifaceted progression. Modern bio-inks 
integrate physical and covalent crosslinking mechanisms, sus‐
tainable microgel additives, and reinforced polymer networks. 
Support-bath strategies have enabled the direct printing of 
complex geometries, and CFD-guided print-head optimiza‐
tion improves material uniformity and reduces cellular stress. 
Combined with application-driven construct design, these de‐
velopments have yielded structurally and biologically relevant 
osteochondral and cartilage tissues. Collectively, they estab‐
lish extrusion-based bioprinting as a versatile and increasingly 
mature platform for producing high-fidelity, mechanically 
customizable, clinically meaningful tissue-scale constructs.

3.2.2　Jetting-based bioprinting

Jetting-based bioprinting is a contactless drop-on-demand 
(DOD) technology that dispenses subnanoliter droplets with 
high spatial precision, enabling the controlled patterning 
of cells, biomolecules, and bio-inks in a highly automated 
manner [63]. This modality encompasses a broad spectrum of 
actuation mechanisms, including inkjet printing, microvalve-
based dispensing, acoustic bioprinting, laser-induced forward 
transfer, and electrohydrodynamic jetting, each offering dis‐
tinct advantages for achievable resolution, printable viscos‐
ity range, and ease of operation [64]. Together, these jetting-
based approaches offer versatile platforms for fabricating 
finely patterned biological constructs across multiple appli‐
cation domains. This subsection highlights key advances in 
bio-ink formulation, droplet physics, and application-driven 
printing strategies, underscoring the evolving capabilities of 
jetting-based bioprinting.

Bio-ink formulation strategies remain central for enhanc‐
ing both printability and cytocompatibility. One notable ap‐
proach involves modifying GelMA-based bio-inks to per‐
mit reliable ejection during thermal inkjet (TIJ) bioprint‐
ing. A two-step process combining saponification and con‐
trolled heat treatment yields heat-treated saponified GelMA 
(HSP-GelMA), which undergoes a substantial reduction in 
molecular weight (from ~224.3 to ~31.6 kDa) and viscosity 
(from ~17.6 to ~3–4 mPa·s) after two autoclave cycles, support‐
ing stable droplet formation in commercial print-heads [65]. 
Importantly, despite reduced functionalization, HSP-GelMA 
retains its ability to undergo physical gelation and UV-
induced chemical crosslinking, enabling high cell viability 
and proliferation postprinting. However, excessive heat ex‐
posure compromises its photo-crosslinkability and mechani‐
cal integrity, highlighting the need to carefully balance vis‐
cosity reduction with structural robustness. Complementary 
work on polyvinylpyrrolidone (PVP)-based formulations has 
demonstrated how polymer additives can modulate viscosity, 
surface tension, and viscoelastic behavior to improve jet stabil‐
ity and suppress satellite formation [66]. These PVP-enhanced 
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inks also support robust fibroblast proliferation, highlight‐
ing their suitability for applications that require both print fi‐
delity and cell-friendly matrix environments. Collectively, 
these studies establish a growing library of bio-inks optimized 
for the unique rheological and functional requirements of 
jetting-based bioprinting.

Beyond bulk hydrogel inks, cell-laden hydrogel micropar‐
ticle (HMP) development has introduced a modular, highly 
customizable approach to tissue assembly. Using TIJ depo‐
sition into a surfactant-stabilized water-in-oil emulsion, sub-
nanoliter droplets of GelMA-based formulations can be rap‐
idly coalesced and UV-crosslinked to form HMPs with di‐
ameters from ~30 µm to >500 µm [67]. Surfactant concen‐
tration governs the interfacial stability and droplet coales‐
cence, whereas the biocompatible TIJ process preserves ~76% 
cell viability. The platform also enables multimaterial encap‐
sulation, allowing heterogeneous cell types or biomolecules 
to be patterned within single microparticles. These attributes 
position TIJ-mediated HMP fabrication as a high-throughput, 
flexible strategy for producing building blocks for granular 
bio-inks or supporting bath matrices.

Parallel efforts in process optimization have advanced our 
fundamental understanding of droplet physics and its impli‐
cations for cell survival. Systematic studies have revealed that 
both droplet impact velocity and droplet volume are critical 
determinants of cell viability [68]. High-speed imaging re‐
vealed that increasing the cell concentration from 1 million to 
4 million cells/mL increased bio-ink viscosity and reduced 
impact velocity to ~5.77 m/s, significantly limiting impact-
induced mechanical injury. Time-resolved imaging further 
demonstrated that small droplets (20 nL) evaporated far more 
rapidly than larger droplets (40 nL), resulting in hypertonic mi‐
croenvironments that reduced the cell viability from (88.3±
2.45)% to (48.2±3.54)% within 4 min; all droplets fell be‐
low 50% viability by 6 min due to severe evaporation stress. 
These findings reveal a delicate balance between resolution 
(favored by small droplets) and cytocompatibility (favored 
by larger droplets). Consequently, maintaining droplet vol‐
umes ≥20 nL and limiting printing durations to <2 min for 
20–30 nL droplets (and <4 min for 40 nL droplets) is rec‐
ommended to preserve cell viability >85%. Jetting-based bio‐
printing under these optimized conditions supports fibroblast 
proliferation to ~90% confluence by Day 7, confirming that 
careful control of droplet impact velocity and evaporation 
dynamics is essential for ensuring both immediate and long-
term cell function. These insights provide quantitative guide‐
lines for achieving high-precision cell-laden droplet printing.

Finally, advances in jetting modalities have broadened the 
scope of bioprinting applications, particularly for thin, mul‐
tilayered, and physiologically structured tissues. In bioprinted 
human alveolar lung models, jetting-based deposition offers 
a precise spatial arrangement of epithelial, stromal, and endo‐
thelial cells to recreate the delicate multilayered organization 

of the alveolar interface [69]. These constructs display ap‐
propriate barrier formation and cell–cell organization, dem‐
onstrating the ability of inkjet printing to recapitulate com‐
plex microenvironments. Similarly, layered deposition of 
human keratinocytes, melanocytes, and fibroblasts has pro‐
duced pigmented human skin constructs with uniform pig‐
mentation and physiologically relevant epidermal stratifi‐
cation [70]. These studies highlight the precision with which 
jetting platforms can orchestrate multicellular spatial orga‐
nization, a key requirement for dermatological and cosmetic 
applications.

The stringent ink requirements of jetting-based systems 
have traditionally constrained the types of bio-inks that can 
be reliably printed. However, recent innovations in viscosity-
reduced GelMA derivatives and PVP-enhanced formulations 
to modular HMPs have substantially widened the material 
space compatible with DOD actuation. Meanwhile, deeper 
insights into droplet formation dynamics, impact mechanics, 
and evaporation-induced cell stress have enabled rational print‐
ing parameter tuning to enhance both jetting fidelity and cyto‐
compatibility. These material and process advances, together 
with successful demonstrations in retinal, pulmonary, and skin 
tissue models, highlight the growing capability of jetting-
based bioprinting to produce multicellular, multilayered, thin 
tissue constructs that benefit from high spatial precision.

3.2.3　Vat photopolymerization-based bioprinting

Vat photopolymerization encompasses stereolithography 
(SLA), digital light processing (DLP), and related light-based 
bioprinting techniques in which photo-crosslinkable bio-inks 
are polymerized layer by layer using controlled light expo‐
sure [71, 72]. In contrast to extrusion and jetting systems that 
rely on mechanical dispensing, vat photopolymerization pro‐
vides high spatial resolution (~30 μm), rapid fabrication 
speeds, and negligible shear stress on encapsulated cells. 
These attributes make vat photopolymerization-based bioprint‐
ing especially suited for constructing high-resolution microar‐
chitectures, such as perfusable microchannels, vasculature-
inspired networks, and neural guidance structures, in which 
geometric precision and mechanical fidelity are critical. 
Recent developments have focused on engineering photo-
crosslinkable bio-inks with improved mechanical and bio‐
logical performance, expanding process-level control over 
spatial heterogeneity, and demonstrating application-specific 
tissue constructs leveraging the unique capabilities of vat-
based platforms.

Significant advancements have been made in engineering 
composite bio-inks that balance structural robustness with 
cytocompatibility. One key development involves the use 
of poly(ethylene glycol) dimethacrylate (PEGDMA; MW≈
1 kDa) as a more accessible and biocompatible alternative 
to high-molecular-weight poly(ethylene-glycol)-diacrylate 
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(PEGDA) in SLA bioprinting [73]. GelMA alone offers 
limited shape fidelity at room temperature and requires 
high polymer concentrations for stable printing, whereas 
PEGDMA incorporation significantly enhances the me‐
chanical strength and dimensional stability of the resulting 
hydrogels without introducing the cytotoxicity commonly 
associated with short-chain PEGDA. Composite formula‐
tions containing 4% GelMA with 4%–15% PEGDMA gen‐
erate constructs with customizable stiffness (~10–80 kPa) 
and excellent geometric accuracy, enabling the fabrication 
of overhangs, lattices, and other mechanically demanding 
features. These composites maintained high encapsulated-
cell viability (71%–87% over 6 d), demonstrating their suit‐
ability for producing larger, cell-laden constructs via SLA 
while preserving biological function. That work exempli‐
fied how composite ink design can expand the material 
versatility and application range of vat photopolymerization-
based bioprinting.

In addition to material formulation, recent work has dem‐
onstrated novel voxel-level control in the DLP system. A 
composable-gradient DLP strategy was introduced in which 
exposure dose and pixel-wise precursor solution mixing are 
independently modulated, enabling gradients in matrix stiff‐
ness, porosity, cell density, and material within a single con‐
struct (Fig. 5a) [74]. Critically, these gradients are gener‐
ated without altering the underlying ink chemistry, relying 
instead on a microfluidic mixer to produce continuous or 
discrete gradients in real time. This tunable heterogeneity 
offers a powerful route to engineer functionally graded tis‐
sues and biomimetic interfaces.

The strengths of vat photopolymerization are further dem‐
onstrated by its use in neural microchannel fabrication. DLP 
printing of GelMA and GelMA-PEGDA bio-inks provides 
human induced pluripotent stem cell-derived spinal cord pro‐
genitor cell (SCPC) encapsulation within single-layer (2-mm 
thick) microchannel constructs, avoiding the shear stresses 
and prolonged build times associated with extrusion meth‐
ods (Fig. 5b) [75]. The technique achieved highly resolved 
channels (~300 μm diameter) with neck-to-neck spacing as 
low as 50 μm. Moreover, the scaffold stiffness directed SCPC 
lineage specification: stiffer 10% GelMA scaffolds promoted 
motor neuron differentiation (~9.4%), whereas softer 7.5% 
GelMA scaffolds favored interneuron differentiation (~7.3%). 
These findings illustrate how vat photopolymerization-based 
bioprinting can integrate precise architectural control with 
biologically relevant mechanical cues to guide cell fate, high‐
lighting its potential in neural tissue engineering and micro-
physiological model development (Figs. 5c–5g).

These advances highlight the growing utility of vat photo‐
polymerization as a high-resolution biomanufacturing technol‐
ogy. Innovations in bio-ink engineering, such as PEGDMA-
reinforced GelMA composites, along with pixel-level gradient 
control and successful demonstrations in neural tissue model 

fabrication, highlight the ability of vat photopolymerization-
based bioprinting to achieve microscale architectural complex‐
ity and rapid fabrication. As photo-crosslinking chemistries 
continue to evolve and printing platforms become increas‐
ingly modular and programmable, vat photopolymerization 
is poised to play an essential role in producing architectur‐
ally sophisticated tissue constructs that require fine spatial 
control and finely tuned microenvironmental cues.

3.3　Metal additive manufacturing

Metal AM has become a critical pillar in biomanufacturing, 
especially for producing load-bearing, patient-specific im‐
plants that demand high mechanical strength, wear resistance, 
and long-term structural stability. In contrast to polymer-
based biofabrication, metal AM enables the production of 
components with superior mechanical properties, making it 
indispensable for orthopedic, dental, and maxillofacial ap‐
plications. Among the wide range of metallic biomaterials ex‐
plored, both Mg and Ti alloys hold promise due to their bio‐
compatibility, favorable mechanical behavior, and, for Mg, 
the ability to biodegrade in vivo. This subsection highlights 
recent advances in the AM of Mg and Ti alloys, with an em‐
phasis on strategies that address the unique challenges asso‐
ciated with printing and translating these biomaterials.

3.3.1　Magnesium alloys

Mg alloys have emerged as attractive candidates for tempo‐
rary, bioresorbable implants due to their biodegradability, bio‐
compatibility, and mechanical properties that closely match 
those of cortical bone. These attributes allow Mg-based im‐
plants to gradually resorb as new tissue forms, eliminating 
the need for secondary removal surgeries. Despite these ad‐
vantages, clinical translation remains constrained by several 
interrelated challenges, including controlling corrosion rates 
with suitable protective coatings, achieving adequate densi‐
fication during processing, mitigating contamination, and bal‐
ancing porosity with mechanical performance.

Among these factors, porosity is a critical design parameter 
for AM Mg scaffolds. Porous architectures enhance osteointe‐
gration, vascularization, and nutrient transport; however, in‐
creasing porosity inevitably compromises mechanical strength 
and accelerates corrosion. Binder jet printing (BJP) technology 
is particularly effective in enabling controlled porosity levels 
over a wide range. Studies on BJP-fabricated Mg–Zn–Zr scaf‐
folds clearly illustrate this trade-off: increasing porosity from 
13% to 27% results in 40%–70% reductions in tensile strength 
and 11%–30% reductions in compressive strength, alongside 
corrosion rates more than an order of magnitude higher than 
those of cast alloys [76]. These findings highlight the need to 
optimize pore architectures to retain biological functionality 
without sacrificing essential load-bearing capacity.
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Fig. 5  Vat photopolymerization-based bioprinting. (a) Gradient DLP bioprinter integrating a DLP system with a microfluidic mixing chip: (a1) 
photograph of the chip showing blue and yellow inputs mixed into green via a chaotic mixing microchannel and bio-ink vat; (a2) assembly of 
the chip with two inlets, one outlet, and a slanted-rib mixing channel; (a3) gradient DLP printing workflow, involving continuous bio-ink mix‐
ing, photo-crosslinking, and postprinting removal of residual ink for each gradient; (a4) representative 2D and 3D structures produced using 
composable-gradient DLP printing. Reproduced from [74], with permission from Wiley-VCH GmbH. (b) Single-layer DLP printing of GelMA-
based microchannel scaffolds seeded with human induced pluripotent stem cell (iPSC) -derived SCPCs. SCPCs were induced in 2D culture 
(Days −10 to 0), encapsulated on Day 0 in GelMA or GelMA/PEGDA, and printed into 3D scaffolds under 405 nm light (25 mW/cm2). After 
washing, the scaffolds were cultured in motor neuron differentiation medium until Day 7 and in maturation medium until Day 20 to generate 
motor neurons, interneurons, and astrocytes. Representative confocal images of DCX+ and Tuj1+ early neurons (c), ISL1+ and SMI32+ motor 
neurons (d), and Calbindin+ interneurons (e) in G10 and G7.5 scaffolds after 20 d. For (c, d), images were acquired at 20× (the first column) 
and 40× (the remaining columns) magnification. White dashed lines denote the microchannel walls. Scale bars: 50 μm (n=3). (f) Quantitative 
analysis of DCX, Tuj1, and SMI32 expression in G10 and G7.5 after 7 and 20 d. (g) Quantitative analysis of ISL1+, SMI32+, and Calbindin ex‐
pression in G10 and G7.5. Reproduced from [75], with permission from the American Chemical Society
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Encouragingly, recent AM studies have demonstrated that 
carefully optimized BJP parameters yield highly interconnected 
porous Mg-based scaffolds with bone-mimicking properties. 
Mg–Zn–Zr scaffolds with 13% porosity, median pore sizes 
of ~12.7 µm, and interconnectivity exceeding 95% have been 
fabricated, exhibiting a tensile strength of ~130 MPa, an 
elastic modulus of ~21.5 GPa, and a compressive strength of 
~349 MPa, values comparable to cortical bone [77]. In vitro 
assessments have indicated favorable biological responses, 
with BJP Mg–Zn–Zr alloys demonstrating Level 0 cytotox‐
icity and enhanced MC3T3-E1 cell viability, attachment, and 
proliferation relative to cast counterparts (Fig. 6a). Never‐
theless, translating these encouraging results into reliable in 
vivo performance remains uncertain, as degradation-induced 

mechanical property loss under physiological conditions has 
yet to be fully quantified. Long-term in vivo studies correlat‐
ing pore architecture, corrosion behavior, and load-bearing 
capacity, therefore, remain a critical research gap.

To address challenges related to contamination and densi‐
fication during AM, alternative processing strategies are be‐
ing explored. Binderless 3D printing combined with liquid-
phase sintering enables the production of Mg scaffolds with‐
out organic binders, reducing impurity incorporation while 
achieving bone-mimicking porosity and mechanical proper‐
ties [78]. Despite these advances, corrosion remains a key 
limitation: electrochemical testing and hydrogen evolution 
measurements have shown that porous Mg–Zn–Zr scaffolds 
degrade significantly faster than dense counterparts due to 

Fig. 6  Additive manufacturing of magnesium alloys. (a) Achieving the biomimetic porosity and strength of bone in magnesium scaffolds through 
binder jet additive manufacturing. Reproduced from [77], with permission from Elsevier B.V. (b) An end-to-end digital hybrid manufacturing 
process workflow was established to produce personalized Mg implants. Reproduced from [84], with permission from Chongqing University
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localized corrosion along pore walls [79]. Surface engineering 
strategies, including hydroxyapatite impregnation and thin 
polymer coatings, retard corrosion, but their long-term dura‐
bility and effectiveness throughout the entire in vivo degra‐
dation period remain areas of investigation.

Additional improvements in print quality and mechanical 
performance have been achieved through powder engineer‐
ing and microstructural control. Adding 0.2% calcium nanopar‐
ticles (mass fraction) to Mg–Zn–Zr powders enhances sin‐
tering kinetics, increasing densification rates by ~25%, lead‐
ing to significant improvements in tensile strength (~30%), 
compressive strength (~15%), elastic modulus (~18%), and 
elongation (~185%) [80]. Meanwhile, microwave (MW) sin‐
tering has emerged as an efficient consolidation route, pro‐
viding rapid densification with processing time reduced by 
a factor of three compared with conventional sintering, while 
preserving interconnected porosity and bone-like mechanical 
responses [81]. When integrated with binderless AM, MW 
sintering facilitates the fabrication of chemically pure Mg 
components with minimal contamination [82]. At a mecha‐
nistic level, capillarity-driven interparticle bridging is a key 
consolidation pathway during ambient-temperature printing: 
native MgO surface films convert into in situ solid bridges 
and subsequently decompose cleanly during sintering, offer‐
ing a binder-free AM approach for processing Mg and other 
oxidation-prone metals [82, 83].

From a manufacturing perspective, end-to-end digital manu‐
facturing workflows integrating AM with automated dry post-
machining have enabled the creation of near-net-shape Mg 
implants with high dimensional fidelity, reproducibility, and 
surface roughness <1.3 µm after precision milling [84]. Such 
digital workflows reveal a scalable, reproducible route to 
producing patient-specific biodegradable implants with high 
geometric fidelity (Fig. 6b). Nevertheless, dimensional fi‐
delity alone is insufficient to guarantee clinical success, as 
in vivo degradation may alter the implant geometry and sur‐
face conditions over time, potentially compromising func‐
tional performance.

Overall, advances in alloy design, powder engineering, 
consolidation mechanisms, corrosion mitigation strategies, 
and digitally integrated postprocessing have significantly 
expanded the feasibility of using Mg alloys for biomedical 
AM. Together, these developments establish a robust tech‐
nological foundation for the next generation of resorbable 
metallic implants tailored for personalized and regenera‐
tive medicine.

3.3.2　Titanium alloys

Titanium and its alloys remain the gold standard for perma‐
nent orthopedic and dental implants due to their excellent bio‐
compatibility, high strength-to-weight ratio, corrosion resis‐
tance, and compatibility with complex geometries produced 

by AM. However, the commonly used Ti–6Al–4V poses long-
term cytotoxicity risks associated with aluminum and vana‐
dium ion release, motivating the development of safer β-phase 
Ti alloys such as titanium–tantalum (Ti–Ta) [85].

Laser powder bed fusion (LPBF) has played a central role 
in advancing Ti–Ta alloys by enabling in situ alloying, which 
allows precise composition and microstructure tuning during 
fabrication. Using controlled laser processing strategies, Ti–
Ta alloys have been manufactured with significantly higher 
tensile strength and markedly lower Young’s modulus than 
commercially pure Ti or Ti–6Al–4V [85]. This synergistic 
mechanical profile is ideal for orthopedic applications, where 
reducing stiffness mismatch mitigates the stress shielding ef‐
fect while avoiding cytotoxic alloying elements.

Further optimization has expanded microstructural con‐
trol in Ti–50Ta alloys. By systematically mapping process–
structure–property relationships, including laser power, scan‐
ning speed, and layer thickness, comprehensive databases 
have been established that capture the influence of tantalum 
content on mechanical behavior, corrosion resistance, and 
wear performance (Fig. 7a) [86]. These maps support repro‐
ducible fabrication and facilitate patient-specific material 
customization.

At the microstructural level, achieving uniform composi‐
tional distribution remains a key challenge for β-phase tita‐
nium alloys. This has been addressed by intentionally pro‐
moting the formation of orthorhombic αʹʹ martensite during 
rapid solidification (Fig. 7b) [87]. Incorporating this phase 
enhances lattice distortion and strain adaptability, offering 
Ti–30Ta alloys with improved ultimate tensile strength while 
maintaining a consistently low Young’s modulus, an uncom‐
mon but highly desirable property combination for loading-
bearing implants. In vitro assessments further confirmed ex‐
cellent biocompatibility and osteogenic support.

Alongside alloy chemistry, implant geometry and archi‐
tectural design play critical roles in determining mechanical 
performance. Investigations into LPBF-fabricated lattice struc‐
tures revealed strong correlations between strut size and struc‐
tural strength [88]. A regression analysis method provides 
quantitative predictions of these relationships, allowing me‐
chanical behavior to be tuned through precise adjustment of 
process parameters such as laser power and scanning speed. A 
study demonstrated that optimized lattice designs can achieve 
high geometric fidelity and tailored mechanical properties. 
Complementary finite element analysis provides accurate 
elastic modulus predictions across porosities ranging from 
50% to 90%, with excellent agreement with the Gibson–
Ashby model (Fig. 7c) [89]. This combined experimental–
computational framework accelerates lattice optimization 
and enhances confidence in the load-bearing performance 
of implants.

Advances in the AM of Mg and Ti alloys demonstrate how 
material innovation, microstructural engineering, consolidation 
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mechanisms, and computational design converge to produce 
high-performance metallic implants. Whereas Mg alloys 
offer pathways to biodegradable, bone-mimetic scaffolds, 
Ti–Ta systems provide durable and biocompatible solutions 
for long-term implantation. These developments complement 
soft-material fabrication technologies like electrospinning and 
3D bioprinting, forming a multimaterial foundation for future 
biomanufacturing.

4　Emerging applications

As biomanufacturing continues to develop, a diverse set of em‑
erging applications (beyond those traditionally associated with 
biomedical engineering) is reshaping the biomanufacturing 

landscape. These innovations reflect the expanding reach 
of engineered biological systems into therapeutics, food pro‐
duction, and bioelectronics. In this section, we highlight five 
rapidly advancing domains: (1) ML-assisted AM, (2) food bio‐
manufacturing, (3) regenerative cell therapy, (4) microneedle 
systems for therapeutic applications, and (5) bioelectronics 
to illustrate how converging advances in materials science, 
digital design, and biological engineering are defining the next 
generation of biomanufacturing capabilities.

4.1　Machine learning-assisted additive 
manufacturing

ML has emerged as a powerful enabler in AM, offering predic‐
tive insights to complement traditional process optimization 

Fig. 7  Additive manufacturing of titanium alloys. (a) Schematic diagram of the in situ alloying process control for the Ti–50Ta alloy. Repro‐
duced from [86], with permission from Elsevier Ltd. (b) X-ray diffraction (XRD) results of the orthorhombic martensitic structure of Ti–30Ta 
alloy. Reproduced from [87], with permission from Elsevier Ltd. (c) Schematic diagram of stress on the lattice structure under finite element 
analysis. Reproduced from [89], licensed under CC BY 4.0
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and materials engineering [90–92]. As printing systems be‐
come increasingly complex, ML offers the analytical capac‐
ity to model nonlinear behaviors, reduce trial-and-error, and 
provide real-time quality assurance. This subsection high‐
lights how ML is being deployed across different parts of 
biomanufacturing workflows, progressing from soft-material 
bioprinting to alloy design and microstructural interpretation, 
and then to defect detection and forecasting in metal AM.

In bioprinting, a key challenge is the stochastic nature of 
cell distribution during droplet formation, which is difficult to 
capture solely through analytical modeling. To address this, 
ML has been used to predict cell numbers in inkjet-ejected 
droplets by analyzing droplet velocity deceleration across two 
positions [93]. High-speed optical imaging (120,000 frames/s) 
captured trajectories of PVP-based bio-ink droplets contain‐
ing 1–3 million primary human dermal fibroblasts per milli‐
liter, generating 156 annotated trajectories. Five supervised 
learning models were trained on velocity-derived features: the 
random forest model achieved the highest balanced accuracy 
(~82%) for classifying whether the droplets contained cells, 
whereas extra trees provided the most accurate multi-droplet 
cell count estimates, reducing the prediction error to 12% (vs. 
the 23% baseline). These findings highlight the potential of 
ML-enabled droplet-level monitoring systems for real-time 
regulation of cell density in jetting-based bioprinting.

In addition to soft biomaterials, ML has become increas‐
ingly important for accelerating alloy discovery and predict‐
ing mechanical performance in AM-produced metals, where 
complex interactions between composition, thermal history, 
and phase evolution present significant optimization chal‐
lenges. A recent metallurgy-guided ML framework demon‐
strated how the calculation of phase diagrams and thermo‐
dynamic simulations can be coupled with ML to design 
Fe–Cr–Co–C martensitic stainless steel tailored for AM 
(Fig. 8a) [94]. A design-of-experiments sweep across Cr 
(10.0%–14.5%, mass fraction), Co (0%–5.0%, mass fraction), 
and C (0.15%–0.40%, mass fraction) produced simulated 
descriptors including the solidification freezing range (SFR), 
hot cracking susceptibility (HCS), growth restriction factor 
(GRF), and precipitation speed of carbides (PSC). Despite a 
moderate dataset size, ML models achieved high predictive 
accuracy: the random forest model performed best for HCS, 
GRF, and SFR (R2=0.999–1.000), whereas k-nearest neigh‐
bors (KNN) predicted PSC with R2=0.996. Multi-objective op‐
timization using non-dominated sorting genetic algorithm III 
(NSGA-III) generated alloy candidates that were experimen‐
tally validated, exhibiting yield strengths of 1062–1769 MPa 
and uniform elongations of 2.1%–11.7%. A parallel study on 
Ti–Ta alloy development introduced the concept of “in situ 
alloying degree,” a quantitative measure of compositional ho‐
mogeneity during AM (Fig. 8b) [95]. By integrating this metric 
with a comprehensive experimental dataset, ML models iden‐
tified nonlinear correlations between processing parameters 

and microstructural outcomes, accelerating alloy optimization 
and reducing the materials and time cost associated with con‐
ventional trial-and-error strategies.

Complementing alloy discovery, ML has also been ap‐
plied to understand the microstructural influences on me‐
chanical properties in AM-fabricated Ti–6Al–4V. A fuzzified 
ML framework based on an adaptive neuro-fuzzy inference 
system (ANFIS) was trained on 120 LPBF samples with 
densities of 96.1%–98.8%, fabricated across laser powers of 
120–340 W [96]. The measured Young’s modulus served 
as the ground truth, derived from ultrasonic longitudinal and 
shear velocity measurements. ANFIS achieved a validation 
error of only 0.66 GPa, far outperforming the Gibson–Ashby 
model for low-porosity samples. This approach further in‐
troduced a deviation factor (δ) that quantitatively captures 
microstructural effects, such as pore topology and phase dis‐
tribution, that influenced the modulus. A secondary ANFIS 
model predicted δ with a test error of 3.7189 (95% confi‐
dence interval: −1.54 to 1.48), demonstrating its reproduc‐
ibility. Together, these findings highlight how ML can elu‐
cidate structure–property relationships that are otherwise ob‐
scured in complex AM microstructures, strengthening the 
predictive basis for process and material optimization.

As AM advances toward production-scale deployment, 
ensuring build integrity via real-time monitoring has become 
a priority. Spatiotemporal deep learning is particularly effec‐
tive in capturing the melt-pool dynamics during LPBF, where 
defects often arise abruptly. A convolutional recurrent neu‐
ral network (C-RNN) was developed to detect overhanging 
scan vectors—predictive indicators of surface-quality degra‐
dation—using open-access melt-pool videos (10,000 Hz co‐
axial imaging) [97]. The model was trained on the X4 build 
and validated on the independent X16 build. Despite the ex‐
treme class imbalance (~0.65% positive frames), the opti‐
mized C-RNN achieved >99% overall accuracy. On a repre‐
sentative layer, it attained a precision of 0.89 and a recall of 
0.72 with a false-positive rate as low as 0.002. Importantly, 
inference for an entire layer required only 107 s, approach‐
ing near-real-time implementation. These results show that 
incorporating temporal information greatly enhances defect 
detection beyond spatial-only approaches, offering a practi‐
cal pathway for automated in situ quality control.

Although deep learning enables the detection of defects 
that have already emerged, recent advances in time-series 
foundation models extend this capability to predict defects 
before they form, supporting proactive, rather than reactive, 
process control. Their performance was evaluated on two 
real-world AM monitoring datasets [98]. The first dataset 
comprised 24,800 labeled layers from Ti–6Al–4V LPBF 
builds, each containing 60 eddy-current testing (ECT) fea‐
tures, with the porosity determined via metallography. The 
second dataset included 1557 pyrometer images converted 
into directional temperature profiles and labeled via X-ray 
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Fig. 8  ML-assisted AM. (a) Schematic of the AM metallurgy-guided ML framework used for martensitic steel design. Reproduced from [94], 
with permission from Elsevier Ltd. (b) Ti–30Ta in situ alloying process map integrating ML predictions with in situ alloying degree measure‐
ments. Reproduced from [95], with permission from Elsevier B.V.
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computed tomography (XCT). Three foundation models 
(GPT4TS, TimeLLM, and UniTS) were minimally fine-
tuned on patch-embedded time-series inputs for up to 
20 epochs. For ECT-based porosity forecasting, GPT4TS 
achieved the lowest mean absolute error (MAE, 0.1022) 
using only four past layers—outperforming LSTM baselines 
requiring far longer sequences. For pyrometer-based defect 
detection, GPT4TS achieved an F1-score of 97.88%, surpass‐
ing benchmarks such as PyroNet (90.89%) and Res-RCNN 
(94.70%). These findings show that foundation models of‐
fer generalizable, data-efficient predictors that capture subtle 
temporal dependencies and forecast porosity before it mani‐
fests, enabling increasingly autonomous AM systems.

These studies highlight the expanding role of ML as an 
essential component of modern biomanufacturing. From pre‐
dicting cell deposition in bioprinting to guiding alloy de‐
sign, interpreting microstructural effects, and enabling real-
time defect detection and forecasting, ML provides quanti‐
tative insights previously inaccessible using empirical or 
physics-based approaches alone. Looking forward, ML is 
poised to become deeply embedded within closed-loop bio‐
manufacturing pipelines, optimizing biomaterials, processes, 
and quality control simultaneously. Integrating ML across 
soft- and hard-material biofabrication establishes a founda‐
tion for predictive, reliable, and intelligent biomanufactur‐
ing ecosystems that can support next-generation biomedi‐
cal applications.

4.2　Food biomanufacturing

As global demand for sustainable and ethical protein sources 
increases, food biomanufacturing has emerged as an alterna‐
tive approach to producing structured, nutritious, and sus‐
tainable food products. This rapidly expanding field encom‐
passes a continuum of technologies ranging from cell-based 
cultivated meat (CM) to acellular protein scaffolds. Whereas 
CM depends on living cells to generate edible tissues, plant-
derived and hybrid structuring technologies offer complemen‐
tary pathways to fabricate food architectures with customiz‐
able textures, sensory qualities, and nutritional profiles. To‐
gether, these approaches form an integrated biomanufactur‐
ing landscape that can be selectively combined to address 
diverse functional, sensory, and sustainability goals.

A major focus in CM production is developing edible 
scaffolds that support muscle cell attachment, proliferation, 
and differentiation. Electrohydrodynamic printing has been 
applied to produce highly ordered, ultrafine fibrous scaffolds 
suited for CM applications (Fig. 9a). Composite inks formu‐
lated from zein blended with higher-molecular-weight cereal 
prolamins such as hordein (barley) or secalin (rye) provide 
the rheological properties required for stable jetting and fi‐
ber solidification [99]. These plant-derived inks (>90% pu‐
rity) facilitated the fabrication of tessellated scaffolds with 

400-µm pores and mechanical stiffness ~4× that of PCL. 
When seeded with mouse C2C12 myoblasts or porcine skel‐
etal satellite cells (PSCs), the scaffolds supported a 10–30-fold 
increase in cell number over 11 d, with robust alignment along 
the ~20 µm fibers and expression of key myogenic markers 
such as desmin, myogenin (MYOG), and myosin heavy chain. 
A whole-cut CM prototype produced by culturing PSCs on 
zein/secalin scaffolds provided substantial tissue formation, 
shrinking by 28.6% and increasing in mass by 59.3%. Al‐
though prolamins have limited essential amino acid content, 
their edibility, low cost, and degradability make them attrac‐
tive for integration into hybrid CM products.

To further streamline CM bioprocessing, a complementary 
plant-derived biomanufacturing strategy combines edible 
scaffolds with serum-reducing nutrient systems [100]. Plant 
protein hydrolysates derived from enzymatically hydrolyzed 
soy and wheat proteins were incorporated into the culture 
media, reducing fetal bovine serum requirements from 10% 
to 3%–4% while sustaining PSC proliferation and stemness 
(PAX7 expression). Textured plant protein scaffolds derived 
from peanut protein provided a highly porous matrix that 
promoted myotube alignment and cell infiltration. The re‐
sulting cultivated pork prototype had an enhanced protein 
content (~16% for the CM prototype vs. 12% for the scaf‐
fold alone), improved hardness and chewiness, and released 
a desirable meat-like aroma upon cooking, demonstrating 
that plant-derived scaffolds and bioactive media additives 
can together lower costs and enhance CM quality.

Another approach uses decellularized plant scaffolds, ex‐
ploiting naturally occurring plant vasculature to guide muscle 
cell organization [101]. White asparagus stems were decel‐
lularized using SDS and Triton-X, followed by calcium chlo‐
ride and freeze-drying, producing cellulose-, hemicellulose-, 
and pectin-rich scaffolds with intact vascular bundles. These 
structures supported the proliferation and differentiation of 
C2C12 myoblasts and porcine adipose-derived mesenchymal 
stem cells, enabling the formation of cocultured muscle–fat 
constructs with aligned myotubes and lipid-rich adipocytes. 
The uncooked CM prototypes exhibited textural properties 
comparable to pork loin and turned brown upon pan-frying 
due to Maillard reactions.

Beyond cell-based systems, food biomanufacturing also en‐
compasses acellular approaches to producing plant- or marine-
protein food analogs with biomimetic textures. One example 
involves salmon fillet analog formation using extrusion-based 
3D food printing coupled with enzymatic texturization [102]. 
In that study, pea protein emulsions, optimized via high-
pressure homogenization and maintained at ≥30% oil content 
for printability, were printed to replicate salmon’s myosepta 
architecture. Postprinting treatment with transglutaminase en‐
hanced structural cohesion and mechanical strength. The re‐
sulting plant-derived fillet analog reproduced the characteris‐
tic alternating fat–muscle morphology of salmon, offering a 
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Fig. 9  Food biomanufacturing spanning cell-based CM to acellular protein scaffolds. (a) Schematic illustration of the CM model fabricated using 
prolamin-based edible scaffolds produced via electrohydrodynamic printing. Composite plant–protein inks enable the generation of ultrafine fi‐
brous architectures that support muscle cell proliferation and differentiation. Reproduced from [99], with permission from Wiley-VCH GmbH. 
(b) Workflow for generating 3D-printed salmon analogs in the form of sashimi slices. A vector illustration of a salmon fillet cross-section is 
first created and extruded at a defined angle to obtain a 3D fillet segment. A representative sashimi slice is then extracted from this segment and 
processed with commercial slicing software to generate the corresponding G-code. The G-code directs the printer to deposit food ink, with myo‐
meres (muscle structures) indicated in red and myosepta (connective tissues) in white, yielding a biomimetic salmon analog. Reproduced from [103], 
under exclusive licence to Springer Science Business Media, LLC, part of Springer Nature. (c) Spontaneously immortalized, suspension-adapted 
porcine cells are used as biocatalysts to produce authentic meat aroma precursors. Cells expanded in 1% serum are lysed to release proteins and 
lipids that undergo Maillard and lipid thermal degradation reactions when heated in oil at 140 °C, generating a volatile profile closely resembling 
cooked pork. Incorporation of only 1.2% (mass ratio) of this aroma extract into plant-derived matrices yields hybrid pork analogs with a sensory 
similarity score of 78.5%, reducing production costs by ~80% relative to conventional CM. Reproduced from [104], licensed under CC-BY-NC
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nutritional profile influenced by the protein-rich (5.5% protein) 
and lipid-rich emulsion layers. This approach highlights how 
acellular structuring can yield visually and texturally con‐
vincing seafood alternatives without relying on animal cell 
cultures.

In another study, salmon sashimi analogs were manufac‐
tured using extrusion-based 3D printing of hydrogels com‐
posed of fish gelatin and gellan gum (Fig. 9b) [103]. Fish 
gelatin is abundant and inexpensive, with good digestibil‐
ity, whereas gellan gum enhances printability and thermal 
stability. Rheological characterization revealed robust con‐
formity to the Ostwald–de Waele model (R2>0.95) and 
rapid thixotropic recovery, enabling high-fidelity printing. 
After optimization, a 10:1 gelatin:gellan gum formulation 
achieved the best balance of hardness, cohesiveness, and 
chewiness. These material-engineering strategies highlight 
how acellular food inks can be customized to produce re‐
alistic, protein-rich analogs without the technical constraints 
of cell culture.

A distinct yet complementary sensory biomanufacturing 
strategy involves engineering for flavor rather than structure. 
Recent work illustrates that spontaneously immortalized por‐
cine cells can be used as biocatalysts to produce authentic 
meat aromas (Fig. 9c) [104]. Suspension-adapted porcine 
myoblasts and fibroblasts were expanded to high cell densi‐
ties (~(21–29)×106 cells/mL) under 1% serum conditions 
and lysed to release proteins and lipids to serve as precur‐
sors for Maillard and lipid thermal degradation reactions. 
Heating these precursors in oil at 140 °C yielded a volatile 
profile like a cooked meat aroma. Notably, incorporating only 
1.2% (mass ratio) aroma extract into plant-derived matrices 
yielded hybrid pork analogs with a sensory similarity score 
of 78.5%. This approach bypasses tissue production com‐
plexities and reduces cell-related costs by ~80% compared 
to conventional CM, offering a scalable method to enhance 
flavor realism in alternative proteins.

Finally, 3D food printing offers a platform for producing 
personalized, texture-modified foods for vulnerable popula‐
tions, like individuals with dysphagia. Recent studies have 
shown that fresh vegetables (e.g., garden pea, carrot, and 
bok choy) [105] or vegetable food waste streams (e.g., spin‐
ach stems and kale stalks) [106] can be transformed into 
printable food inks using hydrocolloids such as agar, gela‐
tin, xanthan gum, kappa-carrageenan, and locust bean gum. 
These formulations exhibit shear-thinning rheology and struc‐
tural stability compatible with extrusion printing while meet‐
ing International Dysphagia Diet Standardization Initiative 
safety criteria for dysphagia diets. Importantly, using fresh or 
waste vegetables preserves nutritional content, improves vi‐
sual appeal, and reduces food waste. By integrating rheol‐
ogy control with AM, 3D food printing allows the scalable 
production of customized meals that support safety and pa‐
tient acceptance in clinical nutrition.

Together, these examples illustrate the breadth of mod‐
ern food biomanufacturing, spanning engineered cell-based 
tissues, plant-derived scaffolds, acellular seafood analogs, 
flavor-enhanced hybrid foods, and personalized clinical nu‐
trition solutions. By integrating biomaterials science, cell bi‐
ology, and AM, these technologies offer complementary path‐
ways toward sustainable, nutritious, and customized food 
products. Nevertheless, significant challenges remain, par‐
ticularly regarding consumer acceptance of cultivated and 
texture-modified foods and consumer perception related to 
safety, naturalness, and long-term health implications [107]. 
Addressing these challenges via public engagement, transpar‐
ent regulation, and continued technological refinement is es‐
sential for the widespread adoption of food biomanufacturing.

4.3　Regenerative cell therapy

Regenerative cell therapy is increasingly recognized as a 
core pillar of future biomanufacturing, offering the potential to 
restore or replace dysfunctional tissues across many chronic 
diseases. Advances in stem cell biology, human disease mod‐
eling, biomaterials, and biofabrication have collectively ac‐
celerated the development of scalable, regulatory-aligned cell-
based therapies. This subsection highlights two major do‐
mains (diabetes and ocular regeneration) where biological 
systems and engineering innovations are converging within 
the biomanufacturing landscape.

Glucose dysregulation arising from pancreatic β-cell dys‐
function remains a central contributor to the global diabetes 
burden. Donor human islets, human pancreatic β -cell lines 
(e.g., EndoC-βH1) [108], and human pluripotent stem cell 
(hPSC)-derived islet-like cell availability [109, 110] have 
dramatically enhanced the resolution at which human β-cell 
failure has been studied over the past two decades. These 
platforms have permitted the detailed interrogation of mono‐
genic diabetes, including maturity-onset diabetes of the young 
(MODY) subtypes [111–116] and East Asian type 2 diabe‐
tes associated with PAX4 variants [117], elucidating how 
specific mutations impair β-cell function, survival, and insu‐
lin secretion. These insights have expanded our understand‐
ing of diabetes pathogenesis and accelerated therapeutic tar‐
get discovery.

In addition to disease modeling, human pancreatic cell 
models are being utilized for drug studies and therapeutic 
development. hPSC-derived pancreatic cells have been used 
to examine the effects of metformin on early human devel‐
opment [118, 119] and to investigate how the anti-diabetic 
drug imeglimin enhances β-cell health and glycemic control 
in type 2 diabetes [120]. Ongoing efforts are elucidating the 
genetic regulators of insulin secretion using these systems to 
uncover molecular pathways with therapeutic potential [121]. 
Critically, hPSC-derived pancreatic islet-like cells serve as a 
foundation for β-cell replacement therapy in diabetes [122]. 

227



Bio-Design and Manufacturing (2026) 9:206–239

These cells can be integrated with biomaterial scaffolds, vas‐
cularization strategies, and various encapsulation platforms 
to enhance cell survival and immunoprotection [123]. Ad‐
vances in biofabrication, including 3D bioprinting and high-
throughput cell manufacturing, further support future scal‐
ability for transplantation and drug screening [124].

Cell therapy and biomaterial engineering also play a cen‐
tral role in corneal regeneration, addressing critical short‐
ages in donor tissues and limitations of traditional grafting 
techniques. A suite of biofabrication strategies has emerged 
to restore epithelial, stromal, and endothelial function in the 
diseased cornea. Biofabricated epithelial grafts generated 
with accelerated, ice-cold urea-based de-epithelialization of 
human amniotic membranes preserve native basement mem‐
brane cues and enable efficient cell seeding [125]. Autolo‐
gous conjunctival epithelial cells cultured on these scaffolds 
have achieved complete ocular surface epithelialization in 
clinical application [126].

For advanced ocular surface failure, where biological grafts 
are contraindicated, engineered spark-plasma-sintered titania–
graphene oxide composites exhibit high mechanical strength, 
corrosion resistance, and long-term stability. These proper‐
ties have positioned this material as a synthetic keratopros‐
thesis skirt to replace tooth-derived substrates used in osteo–
odonto keratoprosthesis [127]. Keratocyte-based thera‐
pies have shown restoration of stromal transparency and 
ultrastructure after microinjection in preclinical models 
(Fig. 10a) [128, 129]. Complementary strategies repurpose 
the stromal lenticules obtained from refractive surgeries, 
with demonstrated safety and efficacy in primate and kera‐
toconus patient models [130–132]. Establishing a lenticule 
bank supports standardized processing and storage, enabling 
future applications such as presbyopic inlays [133, 134]. 
Electron-beam sterilization further enables room-temperature 
storage of corneal tissues for up to two years [135], whereas 
decellularized lenticules have been used as drug depots de‐
livering bioactive factors like nerve growth factor to pro‐
mote nerve regeneration [136].

Treatment of endothelial dysfunction has advanced with 
two complementary approaches: (1) simple noncultured 
endothelial cell (SNEC) injection, which isolates viable 
corneal endothelial cells (CECs) from donor Descemet’s 
membranes through mild dissociation [137]; (2) tissue-
engineered endothelial keratoplasty (TE-EK) or via corneal 
endothelial cell injection (CE-CI), relying on dual-media ex‐
panded CECs [138, 139]. Both strategies have demonstrated 
corneal clarity and endothelial function restoration in rabbit 
models (Fig. 10b). A first-in-human TE-EK clinical trial 
has been initiated (ClinicalTrials.gov NCT04319848). Ad‐
ditionally, codeveloping Health Science Authority (HSA)-
aligned SNEC and CEC injections broaden delivery options, 
alongside ongoing scaffold material, shipping logistics, and 
manufacturing workflow optimization.

For diabetes and ocular diseases, a unifying theme is in‐
tegrating stem cell biology, biomaterials engineering, and 
biofabrication technologies to create functional cell-based 
therapeutics. These developments reflect a broader shift in 
biomanufacturing toward scalable, automated, and quality-
controlled platforms capable of producing complex biologi‐
cal products. Continued advances in differentiation protocols, 
genetic engineering, biomaterial design, and Good Manufac‐
turing Practice (GMP)-aligned manufacturing will be impor‐
tant for the widespread clinical translation of cell therapies.

4.4　Microneedle systems for therapeutic 
applications

Microneedle (MN) systems have emerged as versatile, mini‐
mally invasive platforms for transdermal therapeutic deliv‐
ery and biomarker extraction [140]. Their microscale archi‐
tecture facilitates painless stratum corneum penetration, al‐
lowing localized delivery of payloads, including small mol‐
ecules, nanoparticles, nucleic acids, living cells, engineered 
bacteria, and catalytic materials, while bypassing physiologi‐
cal skin barriers. Increasingly, MNs are being designed for 
bidirectional functionality, enabling both interstitial fluid 
(ISF) extraction for diagnostics and on-demand therapeutic 
agent release. This subsection highlights recent develop‐
ments in MN technologies spanning scar and scarless wound 
healing, dermatological condition management, biosensing, 
and therapeutic delivery.

Dissolving hyaluronic acid (HA) MNs have been widely 
explored for nucleic acid delivery and scar modulation. One 
platform employed HA MNs fabricated with polydimethyl‐
siloxane (PDMS) micro-molding into a 10×10 array of py‐
ramidal needles (1000 µm height, 300 µm base side, and 
5 µm tip radius) with 700-µm spacing and a 1-mm backing 
layer [141]. The MN tips were loaded with mesoporous silica-
coated upconversion nanoparticles (UCNPs@mSiO2) encap‐
sulating molecular beacons or siRNA. Upon insertion, the HA 
matrix dissolved, releasing nanoparticles to deliver siRNA 
targeting the transforming growth factor-beta type I recep‐
tor (TGF-βR1) deep into the dermis, whereas the UCNP core 
enabled real-time luminescent tracking. The MNs achieved 
full penetration of mouse ear skin (~276 µm depth from 
an 800-µm tip) and sustained release of ~85% of loaded 
beacons over 72 h. A related HA-MN delivered tyramine-
modified gelatin–siRNA nanoplex targeting secreted protein, 
acidic and rich in cysteine to reduce fibrosis [142], achieved 
gene knockdown in vitro and reduced scar formation in full-
thickness excisional wounds in mice. Building on this work, 
a clinical study demonstrated that siRNA-loaded dissolv‐
ing MN patches significantly reduced the postoperative scar 
volume compared to silicone sheets in contralateral controls, 
with high patient acceptability [143]. Together, these plat‐
forms reveal how dissolvable MNs can be engineered for 
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precise, sustained intradermal gene modulation with transla‐
tional potential.

Beyond delivery, MNs can serve as extractive immuno‐
modulatory devices. Heparin-coated porous microneedles 

Fig. 10  Cell therapy approaches for corneal regeneration. (a) Stromal repair using corneal stromal keratocytes (CSKs): (a1) CSKs were expanded 
using a dual-media method, with serum-free medium promoting native marker recovery; (a2) keratocan expression was restored in CSKs but 
not in activated CSKs or fibroblasts; (a3, a4) in a rat stromal injury model, intrastromal CSK injection improved corneal transparency and visual 
function by Day 21 compared with untreated and fibroblast controls; (a5, a6) short-angle X-ray scattering confirmed native stromal ultrastruc‐
ture restoration, accompanied by the recovery of keratan sulfate and dermatan sulfate proteoglycans (represented by lumican and decorin, re‐
spectively). Reproduced from [128, 129], licensed under CC BY 4.0. (b) Endothelial regeneration with CECs: (b1) schematic of the dual-media 
expansion approach; (b2–b6) expanded CECs maintained characteristic gene expression and protein markers (Na+/K+-ATPase, ZO-1, CD166, 
and PRDX-6) and exhibited a normal karyotype; (b7) representative chromosomal analysis revealed a normal karyotype in the cells at passage 3; 
(b8, b9) TE-EK and CE-CI restored corneal clarity in a rabbit bullous keratopathy model. The human origin of the transplanted cells was con‐
firmed with HuNu staining, and imaging (Alizarin red/trypan blue and scanning electron microscopy (SEM)) showed characteristic polygonal 
morphology and surface microvilli. Reproduced from [138, 139], licensed under CC BY 4.0
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(HPMNs) using a poly(lactic-co-glycolic acid) (PLGA)/
CaCO3 composite were molded and etched to create me‐
chanically robust conical MNs with interconnected pores 
of >5 µm (Fig. 11a) [144]. Covalent grafting of a heparin/4-
arm PEG-NH2 (StarPEG) network onto pore surfaces gener‐
ated dense sulfate groups able to bind positively charged 
chemokines, particularly monocyte chemotactic protein-1 
(MCP-1), with high efficiency (81.6%±0.3%). This chemo‐
tactic sequestration recruited monocytes into MN pores, en‐
abling them to be physically extracted upon patch removal. 
HPMNs reduced inflammatory signaling and monocyte bur‐
den in several preclinical models, accelerating diabetic wound 
healing (47.1% reduction in open wound area) in murine 
models, decreasing wound length in porcine models (27.2%), 
and reducing psoriatic inflammation when combined with 
immunosuppressants. These results illustrate a unique drug-
free immunomodulation strategy based on localized chemo‐
kine and cell depletion.

Nanoparticle-based and dry powder-based MNs further 
expand the scope of transdermal bioactive delivery. Dry-
powder dissolving MNs have been developed to co-deliver 
manganese dioxide (MnO2) nanosheets and small-molecule 
anti-inflammatory agents (e. g., resveratrol) in solid-state 
formulations [145]. These MN patches typically comprise ar‐
rays of hundreds of polymeric cones, each several hundred 
micrometers long. Upon insertion into inflamed skin, the 
needles rapidly absorb ISF, dissolve, and then release MnO2 
and drug payloads in situ, enabling local oxidative stress 
and inflammatory pathway modulation. In preclinical skin-
inflammation models, these dry-powder MNs achieved 
marked improvements in clinical scores and histological mark‐
ers compared with topical administration, while minimizing 
systemic exposure.

Cryo-MNs extend the design space from molecular to 
cellular cargo. In one study, cryo-MNs were fabricated by 
stepwise cryogenic micro-molding of an optimized cryopro‐
tective medium containing pre-suspended therapeutic cells 
into predesigned MN molds [146]. The resulting ice-based 
MNs had sufficient mechanical strength to pierce the skin, 
yet melted rapidly after insertion, releasing viable cells di‐
rectly into defined skin layers (Fig. 11b). This platform main‐
tained high post-thaw cell viability and enabled the local de‐
livery of various cell types (e.g., immune or stem cells) in 
small animal models, supporting functional engraftment and 
disease-relevant therapeutic effects. A related cryo-MN sys‐
tem was adapted for ocular use, in which frozen MNs loaded 
with predatory bacteria were applied to the corneal surface 
to treat bacterial eye infections [147]. Upon application, the 
melting needles released bacteria locally onto the infected 
cornea, significantly reducing pathogen burden and improv‐
ing clinical signs relative to conventional topical or injection-
based therapies. Together, these studies demonstrate that MNs 
can be engineered to safely deliver a variety of bioactive 

agents from siRNA and nanoparticles to enzymes, small mol‐
ecules, cells, and even bacteria with spatial precision and 
minimal invasiveness.

In addition to therapeutic delivery, MNs are increasingly 
used for minimally invasive biosensing and sampling. 
Osmosis-powered hydrogel MNs composed of methacrylated 
hyaluronic acid (MeHA) and maltose (Mal) have been engi‐
neered to rapidly extract microliter-scale volumes of ISF for 
downstream biomarker analysis (Fig. 11c) [148]. Fabricated 
by casting photo-crosslinkable MeHA-based precursors into 
molds, these swellable, mechanically robust MNs extracted 
(~7.90±0.92) µL of ISF from ex vivo porcine skin and 
(~3.82±0.60) µL from rat skin within 3 min for glucose 
quantification and other analyses. Complementing shallow 
ISF sampling, a transepidermal microprojection array 
(MPA) was developed to access deeper epidermal regions 
(≤200 µm) [149]. Created via high-resolution DLP printing 
with a Food and Drug Administration (FDA) Class IIa 
resin, the optimized cone-shaped array (22 mm×11 mm×
1.2 mm; 8×4 arrays) demonstrated high mechanical robust‐
ness (>1 N per projection) and superior microbial extraction 
efficiency. Overall, MPA offers a robust, depth-targeted 
complement to existing microbiome sampling tools (such as 
swabs and tape strips), enabling more spatially resolved in‐
vestigation of skin microbial communities.

These studies exemplify the breadth and adaptability of 
MN systems as biofabrication-enabled platforms. By vary‐
ing materials (HA, PLGA, MeHA, and cryoprotectants), struc‐
tural formats (solid, porous, hydrogel, and cryogenic), and 
cargo types (siRNA, nanoparticles, catalytic agents, immune 
cells, and bacteria), MNs can be tailored for applications in‐
cluding scar modulation, immunomodulation, infection con‐
trol, and real-time biomarker sampling. These advances il‐
lustrate how the rational integration of fabrication strategy, 
geometry, and cargo encapsulation allows MNs to function 
as precise, localized, and clinically relevant tools, position‐
ing them as an important component of next-generation bio‐
manufacturing and therapeutic delivery systems.

4.5　Bioelectronics

Bioelectronics has rapidly evolved into a field that merges 
materials science, electronics, and biology to create devices 
capable of sensing, stimulating, and interacting with living 
systems. Unlike conventional rigid electronics, bioelectronic 
devices are designed to match the softness, stretchability, and 
dynamic motion of biological tissues, enabling more intimate, 
stable interfaces. These systems support real-time physiologi‐
cal monitoring, closed-loop therapeutic feedback, and preci‐
sion control of cellular behavior; functions that are increas‐
ingly essential for applications in tissue engineering, neural 
interfaces, wearable health monitoring, and implantable bio‐
medical devices. As 3D tissue constructs and organ-on-chip 
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Fig. 11  Microneedle systems for therapeutic applications. (a) Schematic illustration showing how HPMNs bind and sequester chemokines, re‐
cruit inflammatory monocytes and macrophages, and are subsequently removed from the wound to facilitate tissue healing. Reproduced from [144], 
with permission from Wiley-VCH GmbH. (b) Transdermal delivery of cells with cryo-MNs. Cell-loaded cryo-MNs penetrate the epidermis, 
melt to release encapsulated cells, and enable subsequent cell migration, proliferation, cytokine secretion, and interaction with local skin cells. 
Reproduced from [146], under exclusive licence to Springer Nature Limited. (c) Osmosis-powered hydrogel MNs for interstitial fluid extrac‐
tion. Schematic of fluid extraction driven by osmolyte-containing hydrogel MNs is shown. Reproduced from [148], with permission from 
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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platforms become more physiologically sophisticated, the 
need for equally adaptive and biocompatible electronic in‐
terfaces has never been greater.

Traditional microfabrication strategies, such as photoli‐
thography and templating, have provided major advances in 
bioelectronics but are limited by high costs, rigid substrates, 
and complex cleanroom requirements. Printing-based ap‐
proaches offer a compelling alternative: they enable rapid 
prototyping, geometric customization, the integration of di‐
verse materials, and compatibility with soft and irregular 
substrates. However, with printed electronics, challenges re‐
main, including resolution limits, ink rheology constraints, 
and difficulties in producing free-standing or 3D microstruc‐
tures using conductive materials. Recent advances in AM 
have begun to directly address these limitations, providing 
pathways toward fully printed, conformal, and mechanically 
adaptive bioelectronic systems.

Among these innovations, aerosol jet printing (AJP) has 
emerged as a versatile maskless fabrication method for flex‐
ible multielectrode arrays (MEAs). AJP provides direct de‐
position of gold nanoparticle inks onto ultrathin polyimide 
substrates with microscale precision [150]. By digitally con‐
verting computer-aided design (CAD) designs into printing 
toolpaths, serpentine interconnects, and circular sensing elec‐
trodes, complex trace designs can be rapidly prototyped with‐
out photomasks. Following thermal sintering, the printed 
metal patterns are encapsulated with a UV-curable dielectric 
layer, achieving electrical insulation and electrode defini‐
tion through an additive process. This workflow not only 
shortens the fabrication time and reduces chemical waste but 
also enables the fabrication of conformal MEAs that seam‐
lessly integrate with biological surfaces for electrophysi‐
ological recording and stimulation.

To overcome the challenges associated with printing free-
standing metal structures, a tension-driven conductive high-
aspect-ratio metal 3D printing (CHARM3D) strategy has been 
developed that facilitates oxidation-stabilized deposition of 
molten field’s metal [151]. Unlike pressure-driven direct 
ink writing, which disrupts the oxide layer and leads to un‐
controlled droplet formation, CHARM3D draws continuous 
metal filaments through shear-induced tension at the nozzle–
substrate interface. This fabricates smooth, self-supporting 
metallic architectures with high aspect ratios and tunable line 
widths, even on soft or irregular substrates. These capabili‐
ties open new avenues to rapidly print free-standing 3D struc‐
tures for wearable electronics, fifth-generation (5G) technolo‐
gies, and the Internet of Things.

Complementing these structural and fabrication advances, 
bioelectronics is increasingly being applied for soft, skin-
integrated biochemical sensing. The solid-state epidermal 
biomarker (SEB) sensor exemplifies this shift, employing 
a multilayer screen-printed hydrogel–electrode architec‐
ture engineered for the noninvasive detection of solid-state 

biochemical markers directly from the stratum corneum 
(Fig. 12a) [152]. Its ionic-electronic hydrogel bilayer sol‐
vates and transports surface biomarkers, including hydro‐
phobic cholesterol and hydrophilic lactate, to an enzyme-
functionalized poly(3,4-ethylenedioxythiophene) (PEDOT):
polystyrene sulfonate (PSS) electrode for the electrochemi‐
cal readout. Combined with a flexible printed circuit board 
(PCB) and wireless transmission module, the SEB platform 
provides continuous metabolic monitoring outside clinical 
settings, with detection limits approaching those of mass 
spectrometry. Its low motion artifacts, mechanical robust‐
ness, and strong correlation with clinical gold standards il‐
lustrate the potential of soft bioelectronics for personalized 
and preventive healthcare.

Beyond wearable platforms, bioelectronic devices are ex‐
panding into implantable domains via soft, self-powered in‐
terface development. The tissue-adhesive piezoelectric soft 
sensor integrates a β-phase polyvinylidene fluoride piezo‐
electric film with mussel-inspired adhesive proteins to form 
a conformal, suture-free interface that harvests biomechani‐
cal energy from organ motion [153]. This allows real-time 
monitoring of cardiovascular parameters, including arterial 
blood pressure, heart rate, and respiration, without external 
power sources. Its lightweight structure, strong interfacial 
toughness, and high sensing fidelity during organ motion 
highlight the promise of mechanically compliant, energy-
autonomous systems for intraoperative monitoring and long-
term physiological surveillance.

As for textiles, body-coupled interactive fiber (i-fibers) 
development shows how bioelectronics can be woven di‐
rectly into everyday materials. Through a multilayer coaxial 
fiber architecture containing conductive, dielectric, and elec‐
troluminescent layers, i-fibers harvest ambient electromag‐
netic energy through body coupling, eliminating the need for 
embedded chips or batteries (Fig. 12b) [154]. These fibers 
simultaneously function as optical emitters, sensors, and 
wireless transmitters, enabling applications ranging from as‐
sisted communications to smart homes to virtual reality. Fur‐
thermore, their washability, microsecond response times, and 
preserved softness position them as an integrated platform 
for next-generation wearable computing.

These advances illustrate how cutting-edge fabrication tech‐
niques, from AJP to tension-driven metal deposition, are 
enabling a new class of soft, adaptive, multifunctional bio‐
electronic systems. Whether integrated into tissues, adhered 
to skin, implanted within the body, or woven into fabric, 
these devices reveal the growing convergence of biologi‐
cal materials, soft engineering, and AM. Collectively, they 
highlight the emerging potential of bioelectronics to pro‐
vide seamless, multi-modal monitoring and interaction ca‐
pabilities across biomedical, wearable, and environmental 
applications, delineating an important frontier in bio-design 
and manufacturing.
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Fig. 12  Bioelectronics for epidermal sensing and interactive textiles. (a) Stretchable sensor for SEBs: (a1) a schematic illustrating the diversity 
of biofluids (for example, saliva, sweat, and blood) and solid-state epidermal biomarkers across different body locations, with representative 
sensor placements for each analyte type; (a2) comparison of biomarker accessibility and correlation with blood concentrations across liquids 
(blue), gaseous volatile organic compounds (green), and solid-state biomarkers (pink); (a3) illustration of an SEB sensor applied to the skin and 
a cross-sectional schematic of its multilayer architecture, comprising ionic conductive hydrogel (ICH), electronically conductive hydrogel 
(ECH), and the stratum corneum (the sensing mechanism follows a three-step sequence: solvation of solid-state biomarkers within the ICH, dif‐
fusion of the solvated species toward the ICH–ECH interface, and electrochemical reaction catalyzed within the ECH to generate detectable sig‐
nals; insets depict each step in the process); (a4) photograph of the SEB sensor conformally adhered to human skin; (a5) structural schematic of 
the full device layout, including the SEB substrate, ECH working electrode, stretchable silver interconnections, elastic encapsulation adhesive, 
and the ICH solvation–diffusion layer. Reproduced from [152], under exclusive licence to Springer Nature Limited. (b) Design and operating 
principle of the body-coupled interactive fiber (i-fibers): (b1) conceptual comparison between conventional wireless interactive textiles relying 
on integrated circuit chips (left) and the chipless, body-coupled textile system enabled by the i-fibers (right); (b2) schematic of the body-
coupled energy-harvesting mechanism, in which the i-fibers use the human body as a high-permittivity medium to couple ambient electromagnetic 
energy; (b3) photograph showing the i-fibers powered wirelessly when placed on the hand; (b4) demonstration of embroidered i-fibers generat‐
ing simultaneous optical and electrical outputs upon touch, allowing chipless wireless human–textile interaction. Reproduced from [154], under 
exclusive license to the American Association for the Advancement of Science
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5　Conclusions

Biofabrication and biomanufacturing are increasingly inte‐
grated, with the future shaped by the convergence of sus‐
tainable materials, biological systems, and precision manu‐
facturing technologies. In this review, we focused on ad‐
vances driven by research based in Singapore, highlighting 
how local scientific efforts are contributing to global progress 
in sustainable biomaterials, advanced fabrication platforms, 
and emerging applications. These Singapore-led studies il‐
lustrate how diverse biomass-derived feedstocks, including 
keratin, aquaculture byproducts, and plant polysaccharides, 
are expanding the library of sustainable biomaterials suitable 
for biomedical, food, and industrial applications. Mean‐
while, biofabrication technologies such as electrospinning, 
3D bioprinting, and metal AM are being actively developed 
and refined in Singapore to enable precise control over the 
structure, composition, and function of complex biological 
constructs.

The expanding range of application areas, including ML-
assisted AM, food biomanufacturing, regenerative cell therapy, 
MN systems, and bioelectronics, illustrates the breadth of 
innovation emerging from Singapore’s research landscape. 
These contributions highlight Singapore’s strong emphasis 
on interdisciplinary collaboration, sustainability, and transla‐
tional research. Looking ahead, continued progress in Singa‐
pore’s biomanufacturing and biofabrication ecosystem will 
depend on advances in sustainable biomaterials, scalable bio‐
processing, automated fabrication technologies, regulatory-
aligned manufacturing, and data-driven optimization. As these 
fields become increasingly interconnected, Singapore-based 
research is uniquely positioned to meaningfully contribute 
to global developments in therapeutic, food, and industrial 
biotechnology. Together, these innovations reinforce Singa‐
pore’s role in shaping the future of biomanufacturing and 
evidence how local scientific leadership can advance health‐
care, material production, and societal well-being.
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