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Integrating Engineered Living Materials with 3D Bioprinting

Tae Seok Moon and Kyungsuk Yum*

Engineered living materials (ELMs) are an emerging class of biohybrid
materials with genetically programmable functionalities. Integrating ELMs
with 3D bioprinting synergizes their biological programmability with the
geometry-driven functionality of 3D-printed constructs, transforming these
materials into practical products and engineering solutions. This integration
also introduces a new paradigm in additive manufacturing that harnesses the
“livingness” of encapsulated microorganisms as an active element in the
fabrication process to create adaptive and evolving 3D constructs. This
Perspective presents recent advances in 3D bioprinting and discusses current
developments at the intersection of 3D bioprinting and ELMs. It highlights

and repairing material damage through
self-healing.”1%l These unique features
unlock exciting opportunities for techno-
logical applications of ELMs, including
wearable devices,['"1?] chemical and bi-
ological sensing,**' living textiles and

coatings,['!  material ~ production,!1®'7]
bioremediation,™®2°1  living  building
materials,?'?2l  and  biomedicine.[?3-2¢]

However, to realize the full potential of
ELMs, a critical next step is to integrate
them with manufacturing technologies that

opportunities at the interface of these two emerging fields, including
understanding the interactions between living and nonliving components of
ELMs for bioink design, incorporating synthetic biology into bioprinting
workflows, utilizing microbial growth as a postprinting fabrication process,
and integrating shape-morphing materials to enable the 4D printing of ELMs.

1. Introduction

Engineered living materials (ELMs) are an emerging class of ma-
terials that integrate living cells with nonliving matrices, cre-
ating biohybrid systems with programmable functionality.!'-¢]
The living cells are engineered with synthetic genetic circuits to
perform user-defined tasks, while the nonliving matrices act as
structural frameworks, providing a protective environment for
the cells to grow and function. This synergy between living and
nonliving components generates mechanically stable materials
with adaptive and responsive functions similar to those of living
organisms—features difficult or impossible to achieve with syn-
thetic materials.

Synthetic biology enables the programming of cells within
ELMs to execute diverse functions, such as sensing and re-
sponding to the environment, producing high-value compounds
and materials, biocomputing, remediating harmful substances,
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can process and transform them into me-
chanically robust constructs with desired
geometries for intended applications.

3D Dbioprinting offers a promising
platform for this integration. This tech-
nology builds 3D living constructs with
customized geometries by depositing
materials containing living cells, called
bioinks or bioresins, layer by layer while
maintaining cell viability.[?”>*] The integration of 3D bioprinting
and ELMs can merge the geometry-driven functionality of 3D-
printed structures with the genetic programmability of ELMs,
transforming these materials into practical products and engi-
neering systems.

Traditional 3D bioprinting typically produces static constructs
that support the viability of encapsulated cells and regulate their
behavior within the constructs, primarily with one-way signal
transfer from the printed materials to the cells. Beyond this ca-
pability, 3D bioprinting of ELMs enables dynamically evolving,
adaptive constructs that leverage the “livingness” of the materi-
als to grow, transform, reinforce, and repair printed materials.
This feature fosters dynamic interplay between the printed ma-
terials and the encapsulated cells, enabling new capabilities for
3D printing. This bidirectional interaction can not only enhance
the functionality of ELMs but also introduce a new paradigm for
3D printing that utilizes cellular processes in living materials as
part of the fabrication process. This capability can enable the con-
cept of “living” manufacturing, in which printed constructs grow
toward predesigned forms or evolve in response to environmen-
tal stimuli.

Here, we present recent advances in 3D bioprinting and dis-
cuss current developments at the intersection of 3D bioprint-
ing and ELMs. We provide our Perspective on future directions
and opportunities at the interface of these two emerging tech-
nologies, highlighting key areas of interest. These include under-
standing the interactions between living and nonliving compo-
nents of ELMs for bioink design, incorporating synthetic biology
into bioprinting workflows, utilizing microbial growth as a post-
printing fabrication process, and integrating shape-morphing
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Figure 1. 3D Printing modalities for fabricating 3D structures of ELMs. a) Extrusion-based 3D printing. Reproduced with permission.!?’! Copyright 2013,
Wiley-VCH. b) Embedded 3D printing in supporting baths. Reproduced under terms of the CC-BY license.[>>] Copyright 2015, The Authors, published
by The American Association for the Advancement of Science. c) Digital light processing 3D printing. Reproduced under terms of the CC-BY-NC-ND
license.l87] Copyright 2021, The Authors, published by American Chemical Society. d) Volumetric 3D printing. Reproduced with permission.!8% Copyright

2019, The American Association for the Advancement of Science.

materials with the 3D bioprinting of ELMs for their 4D printing.
This Perspective focuses on ELMs composed of genetically en-
gineered microorganisms, such as bacteria, fungi, and microal-
gae, embedded in hydrogel matrices. Accordingly, we emphasize
the 3D bioprinting of ELMs using hydrogel-based bioinks, either
hydrogel precursors or preformed hydrogels encapsulating engi-
neered microbial cells. For a more comprehensive discussion on
synthetic biology, genetically engineered microorganisms, and
ELMs, we refer interested readers to other excellent reviews.['")

Table 1. Comparison of 3D bioprinting techniques.

2. 3D Bioprinting of Engineered Living Materials

3D bioprinting modalities that can be used to create 3D struc-
tures of ELMs include extrusion-based bioprinting, embedded
bioprinting in support baths, light-based bioprinting, and volu-
metric bioprinting (Figure 1, Table 1).27-3#] Although initially de-
veloped to fabricate living tissues with mammalian cells, these
techniques have been adapted to produce 3D constructs of ELMs
(Table 2). Two essential components of 3D bioprinting are the

Extrusion-based printing

Embedded printing in support baths

Digital light processing printing Volumetric printing

Printing process Serial (layer by layer)

Printing speed Slow (depends on structural
complexity) complexity)
Printing resolution
limited by nozzle size and
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Table 2. Representative studies on 3D bioprinting of ELMs.
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Printing techniques Bioinks Postprinting crosslinking Microbial cell functions Refs.
Microbial cells Hydrogel matrices
Extrusion-based E. coli F127-DA Photocrosslinking Sensing AHL, IPTG, Rham, and aTc 1
bioprinting S. elongatus Alginate lonic crosslinking Laccase enzyme expression to decolorize a textile [20]
dye pollutant (indigo carmine), inducible cell
death
B. subtilis spores Agarose Physical crosslinking Sense or kill S. aureus [26]
P. putida, A. xylinum (G.  HA (or GMHA), k-CA, and Physical crosslinking Phenol degradation (P. putida), in situ formation of ~ [41]
xylinus), B. subtilis FS (“Flink”) (HA), BC (A. xylinum)
photocrosslinking
(GMHA)
S. cerevisiae F127-DMA Photocrosslinking Ethanol production using glucose [45]
S. cerevisiae PEGDA and nanocellulose Photocrosslinking Ethanol production using glucose [46]
(freeze-dried)
G. lucidum Agar with k-CA and Physical crosslinking Self-repair, regeneration, self-cleaning [47]
cellulose-based
thickener
E. coli Alginate lonic crosslinking Fluorescence [48]
B. subtilis TasA amyloid fusion Physical crosslinking Secretion of TasA amyloid proteins with functional [49]
proteins with functional domains to degrade MHET and pesticide
domains (amino acids) paraoxon
E. coli Curli nanofibers (CsgA-af; Physical crosslinking Release of an anticancer drug (azurin), [57]
microbial ink) sequestration of a toxic chemical (BPA),
regulation of cell growth
S. cerevisiae, S.boulardii Acrylamide with CNC and Photocrosslinking Proliferation in response to target amino acids [52]
BIS (L-leucine, L-tryptophan, and L-histidine) and
nucleotide (uracil)
Embedded G. xylinus CNF In situ biosynthesis of BC In-situ biosynthesis of BC [53]
bioprinting in Support bath material: networks
support bath PTFE microparticles
G. xylinus Xanthan gum In situ biosynthesis of BC In-situ biosynthesis of BC, self-healing through [54]
Support bath material: networks self-regeneration of BC
silicone microparticles
and silicone
Digital light E. coli, C. crescentus PEGDA Photocrosslinking Rare earth metal absorption and uranium sensing [67]
processing (C. crescentus)
bioprinting E. coli, S. cerevisiae BSA conjugated with Photocrosslinking Production of L-DOPA, naringenin, and [68]
PEGDA betaxanthins
S. cerevisiae PEGDA Photocrosslinking Betaxanthin production [69]

Microbial cells: Ganoderma lucidum (G. lucidum), Saccharomyces boulardii (S. boulardii), Staphylococcus aureus (S. aureus), Synechococcus elongatus (S. elongatus).Chemicals and
materials: anhydrotetracycline (aTc), bisacrylamide (BIS), bisphenol A (BPA), cellulose nanocrystal (CNC), fumed silica (FS), glycidyl methacrylate hyaluronic acid (GMHA),
isopropyl f-D-1-thiogalactopyranoside (IPTG), x-carrageenan (k-CA), MHET (mono(2-hydroxyethyl) terephthalic acid), N-acyl homoserine lactone (AHL), Pluronic F127-

diacrylate (F127-DA), Pluronic F127-dimethacrylate (F127-DMA), rhamnose (Rham).

printing system and the bioink. Bioinks for ELMs primarily con-
sist of microbial cells, such as bacteria, yeasts, and microalgae,
and precursors for hydrogel matrices based on natural or syn-
thetic polymers. An ideal 3D bioprinting platform would gener-
ate mechanically robust 3D constructs with high shape fidelity
while providing a protective environment where microbial cells
can thrive and function during and after printing. Additionally,
due to the small size of microbial cells and their weak adhesion to
hydrogel matrices, bioink design for ELMs needs to consider the
physical containment of microbial cells to prevent unintended
cell leakage from printed materials.[35-%]
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2.1. Extrusion-based 3D Bioprinting

Extrusion-based 3D bioprinting is the most commonly used
method for creating 3D living constructs (Figure 2).3*3* This
printing method builds 3D structures by extruding continu-
ous filaments of bioinks through a print nozzle and depositing
them into pre-designed geometries layer by layer (Figures 1a
and 2). The printed structures are typically further stabilized
through postprinting crosslinking, such as photocrosslinking,
ionic crosslinking, and enzymatic crosslinking, which provides
long-term structural stability and determines the mechanical
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Figure 2. Extrusion-based 3D bioprinting. a) Gel-phase bioinks compared with liquid-phase bioinks. Reproduced with permission.[>*] Copyright 2021,
Wiley-VCH. b) Shear-thinning (top) and self-healing (bottom) properties of gel-phase bioinks. b, top) G’ and G” of bioinks on oscillatory strain sweeps.
HA1: 1 wt% methacrylated hyaluronic acid (HAMA) bioink; H1G1: T wt% HAMA and 1 wt% gelatin methacryloyl (GelMA) bioink; H1G2: 1 wt% HAMA
and 2 wt% GelMA bioink; H1G3: T wt% HAMA and 3 wt% GelMA bioink; Gel5: 5 wt% GelMA bioink; Gel7.5: 7.5 wt% GelMA bioink. b, bottom) Step-
strain measurement of a 1 wt% HAMA bioink with oscillatory strain steps between 0.5% and 250%. Solid and open squares represent the shear storage
modulus G’ and shear loss modulus G”, respectively. c) 3D bioprinting using universal fugitive network bioinks. (b,c) Reproduced with permission.[4C]

Copyright 2024, American Chemical Society.

properties of the final printed materials.**] The advantages over
other bioprinting modalities include ease of operation and cost-
effectiveness.**) Although the increasing accessibility to afford-
able extrusion-based bioprinters has driven advancements in this
printing method over the past two decades, the limited availabil-
ity of bioinks remains a critical barrier to progress.34%]
Designing bioinks for extrusion-based 3D bioprinting has
proven challenging, as they must satisfy several competing
requirements.[32-3+39401 To achieve 3D printability, a bioink must
be extrudable, form continuous filaments, and maintain the
structural integrity of these filaments after deposition, requir-
ing contradictory characteristics during and after extrusion. To
ensure the functionality of printed living constructs, a bioink
must protect cells throughout the printing process and provide an
environment for cell growth and function within the printed
materials. These requirements for 3D printability and cell com-
patibility oppose each other, introducing the concept of a “bio-
fabrication window” (Figure 3).[72] For instance, high-viscosity
bioinks, which typically have a high polymer content, are pre-

Adv. Funct. Mater. 2025, 2500934

2500934 (4 of 18)

ferred for 3D printability. However, such bioinks form dense
polymer networks within printed materials, which can limit cell
proliferation and functionality. As a result, conventional 3D bio-
printing often compromises either 3D printability, including
shape fidelity and resolution, or cell compatibility, affecting cell
viability and functionality (Figure 3). This tradeoff occurs with
both mammalian cells and microbial cells.[?*!] For example,
a study on the 3D printing of ELMs composed of Acetobacter
xylinum (A. xylinum) in hyaluronic acid (HA)-based hydrogels
showed that increasing the polymer concentration of bioinks
improved 3D printability.*!] However, the resulting dense net-
works of the printed hydrogel matrices reduced the proliferation
of A. xylinum and its cellulose production due to limited oxygen
availability.*!]

A promising strategy to address this challenge for bioink de-
sign involves creating gel-phase bioinks with shear-thinning and
self-healing properties, which are essential for achieving high-
resolution and high-fidelity 3D printing (Figure 2a,b).343940]
The shear-thinning behavior allows bioinks to transition from a
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Figure 3. Concept of biofabrication window. Reproduced with
permission.!?’] Copyright 2013, Wiley-VCH.

solid-like (shear storage modulus G’ > shear loss modulus G”)
to a liquid-like state (G’ < G”) under applied stress (e.g., pres-
sure), facilitating bioink extrusion (Figure 2b, top). The self-
healing behavior enables the bioinks to recover their solid-like
state after shear-thinning-induced extrusion, preventing their
spreading upon deposition and thus resulting in high printing fi-
delity (Figure 2b, bottom). In contrast, liquid-phase bioinks often
spread on a substrate upon deposition, impairing printing fidelity
and resolution. Additionally, shear-thinning allows for the use of
microscale nozzles with low applied stress. This ability is crucial
for high-resolution printing and high cell viability and function-
ality. Printing microscale filaments (e.g., <400 pm) is vital for the
viability and functionality of microbial cells due to the limited dif-
fusion of oxygen and nutrients through hydrogel matrices. This
is particularly important for printed constructs with high-density
aerobic cells. Moreover, lower applied stress for extrusion can en-
hance the viability of encapsulated cells by reducing the stress
exerted on them during bioink extrusion.?334#243] The plug-like
flow driven by shear-thinning can further protect cells, reducing
damage during bioink extrusion (Figure 2a).3**4]

The strategies for designing bioinks with shear-thinning and
self-healing behavior include using physical crosslinking, partial
pre-crosslinking, and rheology modifiers.??34] These approaches
have broadened the range of 3D-printable, cell-compatible ma-
terials, which are also potentially applicable to the 3D printing
of ELMs.[114145-47] For example, gel-phase bioinks with shear-
thinning and self-healing behavior have been used for 3D print-
ing ELMs, such as Pseudomonas putida (P. putida) and A. xylinum
in HA-based hydrogels,*!! Escherichia coli (E. coli) and Saccha-
romyces cerevisiae (S. cerevisiae) in Pluronic F127 hydrogels,!11:45]
and mycelium hydrogels.*’] Although these studies have demon-
strated 3D printability, they have not yet incorporated deliberate
approaches to customize the physical and biochemical environ-
ments within the printed materials for cell functionality and over-
all ELM performance. Additionally, some studies have demon-
strated bioink extrudability without achieving full 3D printabil-
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ity, resulting in low-resolution or non-self-supporting ELM struc-
tures, mainly suitable for 2D printing or 3D printing of vertically
stacked structures.[20-26:48-52]

These conventional strategies for bioink design, which directly
modify the rheological properties of bioink hydrogel precursors,
often link these modifications to the physical and biochemical
properties of the final printed materials, limiting control over
them.3%41 Moreover, these methods typically require customiza-
tion for each bioink formulation or only work with specific ma-
terial systems, hindering the development of bioinks tailored for
specific cell types and applications.[>**]

Generalizable 3D bioprinting strategies are promising for
achieving both 3D printability and cell compatibility (Figure 2c).
A generalizable approach involves a universal bioink platform,
such as complementary network bioinks!**! and universal fugi-
tive network bioinks,[*] applicable to a broad range of hydrogel
systems. These bioinks are prepared by loading cells and hydro-
gel precursors into a 3D-printable fugitive carrier.3**% To achieve
3D printability, these approaches rely on the rheological proper-
ties of the fugitive carriers, which are removed after printing,
rather than those of bioink hydrogel precursors as in conven-
tional bioinks.3%*%! This decoupling of 3D printability of bioinks
from the rheological properties of bioink hydrogel precursors ex-
pands the applicability of these approaches to a range of hydro-
gels, including those traditionally considered non-3D-printable
and those with low polymer concentrations.3*%! The decoupling
also enables the bioink design for the physical and biochemi-
cal properties of the final printed hydrogels—and, therefore, the
functionality of the printed living constructs—without compro-
mising 3D printability.?*#%] Because they use a gel-phase car-
rier with shear-thinning and self-healing properties, these ap-
proaches share the advantages of gel-phase bioinks regarding 3D
printability and cell viability, as discussed above (Figure 2). Other
strategies for achieving both printability and cell compatibility in-
clude embedded 3D bioprinting in support baths, which utilizes
sacrificial support materials instead of sacrificial printable carri-
ers, as described in Section 2.2.

Previous studies on the 3D bioprinting of ELMs have demon-
strated high viability (e.g., >95%)1'*!] and sustained prolifera-
tion (e.g., metabolically active for up to 4 months)!*®! of microbial
cells within printed constructs, including Gram-positive bacteria
(e.g., Bacillus subtilis (B. subtilis)), Gram-negative bacteria (e.g.,
P. putida), and yeast cells.[1120414546] Thege results indicate mi-
crobial cell compatibility with commonly used bioink composi-
tions and bioprinting conditions, many of which were initially
optimized for mammalian cells. These conditions include print-
ing pressures (below 300 kPa) for bioink extrusion and ultravio-
let (UV) light exposure (365 nm for up to several minutes) for
crosslinking.[112041:4546] Furthermore, microbial cells with pro-
tective cell walls, such as bacteria and yeast, are more resilient
to relatively harsh environments, including shear stress during
bioink extrusion and UV irradiation during crosslinking, com-
pared to more susceptible mammalian cells./'!]

2.2. Embedded 3D Bioprinting in Support Baths
Embedded 3D bioprinting in support baths offers an alterna-

tive to conventional extrusion-based printing for fabricating 3D
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Figure 4. Embedded 3D bioprinting in support baths for the fabrication of BC structures via the in situ biosynthesis of BC by G. xylinus within printed
filaments. a) Optical microscopy image of polytetrafluoroethylene (PTFE) microparticles used as a support medium with an inset showing an electron
microscopy image. Scale bars: 500 um; 100 um (inset). b) Schematic of embedded 3D bioprinting using air-permeable microparticle matrices as the
support medium. c) 3D models used for printing (top) and 3D-printed structures of cellulose nanofiber (CNF)/BC (bottom). CNF was used as the main
component of the matrix in the bioinks. Scale bar: 1 cm. d) Schematic of a hollow BC tube (left) and image of bacteria (green) near the surface of a
printed filament after 7 days of incubation (right). Scale bar: 50 pm. e) CNF/BC tubes filled with fluorescent particles (left) and hollow CNF/BC tubes
showing the flow of red-colored liquid (right, top) and yellow and blue liquids (right, bottom). Scale bars: 1 cm. Reproduced under terms of the CC-BY

license.[33] Copyright 2019, The Authors, published by Springer Nature.

constructs of ELMs (Figure 4).534] This approach prints bioinks
into a yield-stress medium (support bath) that temporarily
supports the printed structures until postprinting crosslinking
(Figures 1b and 4a,b).[>>-%] The yield-stress behavior allows for
the movement of the print nozzle through the medium for
bioink extrusion while maintaining the structural integrity of
the printed structures. After bioink extrusion, the medium re-
forms around the printed filaments, supporting their structural
integrity during and after printing. The printed structures are
then mechanically stabilized within the support bath through
crosslinking or reinforcement processes. For ELMs, stabilization
can also be achieved through in situ biosynthesis of polymer net-
works, such as biofilms, by microbial cells.>3**] Once stabilized,
the constructs are extracted from the support bath.

This approach eliminates the need for printed structures to
be self-supporting before postprinting crosslinking, reducing the

Adv. Funct. Mater. 2025, 2500934

2500934 (6 of 18)

rheological requirements for bioinks. This feature broadens the
range of printable materials, including low-viscosity ones that
are typically unsuitable for 3D printing. Furthermore, printing
in supporting baths allows for the creation of more sophisticated
structures with enhanced resolution, as the support medium en-
ables nonplanar layer-by-layer printing and freeform printing,
which is challenging for conventional extrusion-based printing
in the air (Figure 4c). Additionally, the water-rich, biocompatible
environment of the support medium can support cell viability,
thereby extending printing time and enabling the fabrication of
larger and more complex structures.

Although printing into a support medium reduces the print-
ability requirements for bioinks, the support medium itself must
have well-controlled rheological properties for bioink extrusion
and deposition, such as yield-stress and self-healing behavior.
The medium must also allow for postprinting crosslinking and
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Figure 5. Digital light processing 3D bioprinting of ELMs. a) Top-down view image of a 3D-bioprinted grid structure with E. coli. b) Side view confocal
z-stack image of the grid structure in (a) with encapsulated E. coli expressing green fluorescent protein (GFP). c) Rotated-view confocal z-stack image
of a 3D-bioprinted grid structure with two types of E. coli expressing either GFP (green) or mCherry (red). d) Top-down view of the grid structure in
(c) with side view insets. e) Viable biomass accumulation in ELMs printed using a mixture of low- and high-molecular-weight (MW) PEGDA (BLEND-
MW, red) and low-MW PEGDA (LOW-MW, blue) as the hydrogel matrix over time, measured by changes in GFP intensity from E. coli expressing GFP.
f) Fluorescence images of E. coli (green) encapsulated in LOW-MW (left) and BLEDN-MW (right) PEGDA for 72 h. Reproduced under terms of the
CC-BY-NC-ND license.l8’l Copyright 2021, The Authors, published by American Chemical Society.

the extraction of printed constructs without compromising their
structural integrity or damaging cells. In some applications, the
medium must be air-permeable to support oxygen-dependent
cells, for example, when in situ aerobic biosynthesis is used for
postprinting mechanical stabilization within the support bath be-
fore extraction (Figure 4b).>*>* For instance, embedded 3D bio-
printing has been used to fabricate bacterial cellulose (BC) struc-
tures via the in situ biosynthesis of BC by Gluconacetobacter xyli-
nus (G. xylinus) within printed materials, using air-permeable mi-
croparticle matrices as the support medium (Figure 4).53%* In
one study, G. xylinus produced BC near the surface of printed
filaments—at the interface between the filaments and the air-
permeable medium—where oxygen levels are high, enabling the
fabrication of hollow tubular cellulose structures (Figure 4d,e).1>*]

Beyond fabricating 3D constructs, this technique can also be
used to create structures with channels by removing the printed
filaments but retaining the support medium.5¢573%61] This can
be achieved by printing a sacrificial ink into a crosslinkable
support medium to define channel networks. After printing, the
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support medium is crosslinked to form a bulk structure, and
the sacrificial ink is removed, leaving channels within the struc-
ture. Such vascularization strategies are particularly beneficial
for large living constructs, where diffusion alone cannot ade-
quately supply oxygen and nutrients to cells throughout the con-
structs. Although conventional extrusion-based 3D printing can
also form channels using sacrificial inks,[%2%*] embedded 3D
printing in support baths enables the creation of more complex,
biomimetic channel networks through omnidirectional printing
aided by the support medium.[>7>961]

2.3. Light-based 3D Bioprinting

Digital light processing (DLP) 3D bioprinting is a promising
technique for fabricating complex 3D constructs of ELMs with
high throughput and resolution (Figure 5). DLP bioprinting uses
patterned light (digital light projection) to selectively crosslink
light-sensitive liquid Dbioinks, or bioresins, transforming
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them layer by layer into cell-encapsulated 3D structures
(Figures 1c and 5).5%’1 DLP enables high-resolution print-
ing down to the micrometer scale, superior to the typical
resolution of extrusion-based printing (above 100 pm). This
feature allows for the fabrication of intricate architectures that
are challenging to achieve with conventional extrusion-based
bioprinting.

Unlike extrusion bioprinting, which serially deposits contin-
uous bioink filaments using a print nozzle, DLP prints en-
tire layers simultaneously, rapidly fabricating multiple structures
in parallel. This nozzle-free process reduces print time, poten-
tially improving the viability of encapsulated cells during print-
ing. However, DLP requires photocrosslinkable bioinks with
rapid crosslinking capabilities and low viscosity (less than 10
Paes) %8691 which limits the range of printable materials and com-
patible crosslinking mechanisms.

DLP bioprinting has been applied to fabricate 3D con-
structs of ELMs,!7-%! including engineered Caulobacter crescen-
tus (C. crescentus) embedded in poly(ethylene glycol diacrylate)
(PEGDA),I”] E. coli and S. cerevisiae in bovine serum albumin
(BSA) conjugated with PEGDA,[%®) and S. cerevisize in PEGDA
(Figure 5).11 Other light-based bioprinting methods applicable
to ELB fabrication include stereolithography,’®’!] two-photon
polymerization,”?74 and laser-assisted bioprinting.l”>”7?] These
methods, such as stereolithography and two-photon polymeriza-
tion, can achieve even higher resolution than DLP. However, they
rely on serial, point-by-point photocrosslinking processes, result-
ing in slower printing speeds.

2.4. Volumetric 3D Bioprinting

Volumetric additive manufacturing (VAM) is an emerging light-
based printing technology that concurrently produces entire 3D
objects using optical tomographic projection rather than the
layer-by-layer deposition of bioinks (Figure 6).88!1 VAM illumi-
nates a rotating volume of a photosensitive material with a se-
ries of 2D light patterns, cumulatively delivering the computed
3D light dose required to form the target geometry (Figures 1d
and 6).[8%81 This layerless approach offers several advantages
over traditional layer-based 3D printing methods. These advan-
tages include rapid and scalable printing (e.g., 30 to 120 s for
centimeter-scale objects), printing 3D structures around preex-
isting objects, printing hollow or overhanging features without
support structures, and smooth surface finishes.[**8!] However,
because the volume of bioink must exceed that of the final printed
construct, VAM requires a large volume of bioink. This limitation
restricts its application with high-cost materials or the fabrication
oflarge constructs, which are constrained by the size of the bioink
container.

Building on VAM, volumetric bioprinting (VBP) has been de-
veloped to create hydrogel-based constructs containing cells and
organoids (Figure 6).182%] Furthermore, because VBP uses a
bioink bath, it can be seamlessly integrated with embedded 3D
bioprinting in support baths, enabling the fabrication of multi-
material constructs (Figure 6).5¢%7] This integration allows the
encapsulation of 3D structures printed by extrusion bioprint-
ing within a VBP-formed 3D object. VBP offers the potential
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to rapidly produce geometrically complex, large-scale ELM con-
structs, complementing other 3D bioprinting methods.
Chemicals and materials: anhydrotetracycline (aTc), bisacry-
lamide (BIS), bisphenol A (BPA), cellulose nanocrystal (CNC),
fumedsilica (FS), glycidyl methacrylate hyaluronic acid (GMHA),
isopropyl g-D-1-thiogalactopyranoside (IPTG), k-carrageenan (k-
CA), MHET (mono(2-hydroxyethyl) terephthalic acid), N-acyl ho-
moserine lactone (AHL), Pluronic F127-diacrylate (F127-DA),
Pluronic F127-dimethacrylate (F127-DMA), thamnose (Rham).

3. Current Challenges and Potential Opportunities

3.1. Understanding the Interactions between Living and
Nonliving Components of ELMs for Bioink Design

Advancing 3D printing of functional ELMs requires cohesive
integration of their living (microbial cells) and nonliving (hy-
drogel matrices) components. This integration demands two
critical efforts: (1) understanding the interactions between
microbial cells and hydrogel matrices and (2) designing
bioinks based on this knowledge to ensure both the 3D
printability of bioinks and the functionality of printed ELM
constructs.

Understanding how hydrogel matrices influence microbial be-
havior is crucial for achieving the desired functionality of ELMs.
The physical, structural, and biochemical properties of hydrogel
matrices affect not only the viability and proliferation of microbial
cells but also their behavior, including motility, morphology, orga-
nization, signaling, metabolism, and responsiveness.[+520.53:88-91]
For example, the densities of polymer networks and crosslinks
regulate the diffusion of nutrients and oxygen through hydrogel
matrices, controlling microbial growth and metabolism .[“1%] In
one study, as the density of hydrogel matrices increased, ELMs
composed of A. xylinum encapsulated in hyaluronic acid-based
hydrogels showed decreased proliferation, cellulose production,
and growth depth due to limited oxygen availability.*!] Similarly,
another study using betaxanthin-producing S. cerevisiae encapsu-
lated in PEGDA hydrogels reported that increasing the PEGDA
concentration reduced the number and density of colonies,
thereby decreasing the production of betaxanthins.[*”] Increas-
ing the concentration of cellulose nanofiber, the primary matrix
component, in bioinks also reduced the bacterial cellulose pro-
duction of G. xylinus.>3] Moreover, E. coli cells encapsulated in a
mixture of low- and high-MW PEGDA formed larger, overlapping
colonies and exhibited higher proliferation, whereas those in low-
MW PEGDA formed smaller, discrete colonies (Figure 5e,f).[”]

More importantly, the material properties of hydrogel ma-
trices can influence the gene expression profiles, metabolic
pathways, adaptive activities, and intercellular interactions of
microbial cells—factors that remain largely unexplored.>?2-4
Understanding the interplay between encapsulated cells and
their local environments could make the nonliving compo-
nent of ELMs (hydrogel matrices) an effective tool for con-
trolling the behavior of their living component (microbial
cells) and, consequently, the overall functionality of these
materials.

Building on this understanding, the next step is to design
bioinks capable of creating physical and biochemical environ-
ments tailored to specific cell types and their functionality within
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Figure 6. Volumetric 3D bioprinting. a) Sequential suspension bath printing (embedded printing in support baths) and volumetric printing. b) Schemat-
ics (top) and images (bottom) of multimaterial constructs printed via sequential embedded and volumetric printing: acellular construct (left) and cellular
construct (right) containing methacrylated hyaluronic acid (MeHA, purple) and gelatin methacryloyl (GelMA, green) regions. Mesenchymal stromal cells
(MSCs) are encapsulated in the construct (right). Scale bars: T mm (left); 2x: 1 mm, 20x: 150 um (right). (a,b) Reproduced with permission.[] Copyright
2024, Wiley-VCH. c) 3D construct fabricated by sequential embedded and volumetric printing: (i) 3D model, (ii) stereomicrograph image, and (iii) light-
sheet scan reconstruction. Scale bars: 4 mm (ii); 6 mm (iii). Reproduced under terms of the CC-BY license.[®¢] Copyright 2023, The Authors, published

by Wiley-VCH.

printed ELMs. As discussed earlier, developing such bioinks for
extrusion-based bioprinting is challenging due to conflicting re-
quirements for 3D printability and cell compatibility. A promis-
ing strategy is generalizable 3D bioprinting using a universal
bioink platform (Figure 2c).3**0 This approach decouples the
printability of bioinks from the rheological properties of bioink
hydrogel precursors, allowing independent control over their
compositions and, thus, the physical and biochemical proper-
ties of the final printed matrices. Its generalizable printability
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can also facilitate high-throughput screening of bioinks (hydro-
gel base materials) with varying chemical compositions, polymer
network densities, and crosslinking structures, enabling the de-
sign of bioinks customized for specific functional needs within
printed ELMs.

Furthermore, the integration of machine learning/®>-%
and high-throughput experimentation®'%) has the po-
tential to shift the paradigm in bioink design. This data-
driven approach can significantly enhance the prediction of
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Figure 7. Synthetic biology for 3D bioprinting of engineered living constructs. a,b) Synthetic biology for bioink design and production. Examples include
microbial biofilm-based inks produced using (a) CsgA fusion proteins secreted by genetically engineered E. coli and (b) TasA amyloid fusion proteins
secreted by genetically engineered B. Subtilis. c,d) Synthetic biology for bio-augmented 3D bioprinting. (c) Genetic design of E. coli (PQN4-BPA) engi-
neered to produce CsgA nanofibers with BPA-binding peptides (CsgA-BPABP) (top left), an image of a printed living material (top right), and a microbial
bioink containing CsgA-BPABP biofilm to print a living material for sequestering BPA (bottom). Scale bar: 5 mm. (d) Transmission electron microscopy
(TEM) images of TasA nanofibers conjugated with gold nanoparticles (top) and digital photographs of printed B. Subtilis biofilms with three types of
immobilized quantum dots (QDs) under UV light: (1) blue QDs, (2) green QDs, and (3) red QDs (bottom). Scale bars: 5 mm (bottom). (a,c) Reproduced
under terms of the CC-BY license.[3 Copyright 2021, The Authors, published by Springer Nature. (b,d) Reproduced with permission.[4?! Copyright 2018,

The Authors, under exclusive license to Springer Nature America, Inc., published by Springer Nature.

interactions between microbial cells and hydrogel matrices
and facilitate the design of bioinks tailored to specific cell
types, their functions, and the target properties and applica-
tions of ELMs. However, the small size of available datasets
remains a key obstacle. To accelerate progress, future ef-
forts must focus on establishing standardized experimental
and data collection protocols, advancing high-throughput
methodologies, and generating high-quality, standardized
datasets.

3.2. Synthetic Biology for 3D Bioprinting of Engineered Living
Constructs

3.2.1. Synthetic Biology for Bioink Design and Production

Beyond enabling the programmable functionalities of ELMs, syn-
thetic biology offers transformative potential in bioink design
(Figure 7). By harnessing the ability of microbial cells to produce
extracellular polymeric substances for biofilm formation,9394102]
novel bioink base materials for hydrogel matrices can be devel-
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oped. These bioinks are particularly advantageous as they provide
a native extracellular matrix (ECM)-like environment for micro-
bial cells within printed materials.

The examples include extrudable microbial inks prepared en-
tirely from biofilms produced by genetically engineered E. coli
(Figure 7a).1!] This was achieved using two types of E. coli cells
engineered to secrete CsgA fusion proteins with the alpha-chain
(“knob”) and gamma-chain (“hole”) domains of fibrin.[25:51:102.103]
In co-culture, the secreted CsgA-a and CsgA-f proteins self-
assembled into curli nanofibers (CsgA-ap), crosslinked through
noncovalent interactions between the knob and hole domains.
These nanofibers formed shear-thinning hydrogels suitable for
extrusion. Compared with hydrogels formed with either CsgA-
a or CsgA-p alone, the CsgA-af hydrogels exhibited improved
mechanical properties and printability. Microbial bioinks incor-
porating genetically engineered microbial cells within these hy-
drogels were subsequently used to print functional living con-
structs capable of releasing an anticancer drug (azurin), seques-
tering a toxic chemical (BPA), and regulating cell growth within
the structures. Another study utilized the TasA amyloid machin-
ery of B. subtilis to develop biofilm-based bioinks (Figure 7b).[*"]
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In this case, B. subtilis was engineered to express TasA amy-
loid fusion proteins with diverse functional domains. The se-
creted proteins self-assemble into fibrous networks integrated
with microbial cells, forming biofilms with shear-thinning be-
havior. Genetic engineering of TasA fusion proteins also enabled
tuning the viscoelastic properties of the biofilms, enhancing their
printability.

Although further advancements are needed to improve the
3D printability of these microbial bioinks, these approaches hold
significant potential for bioink development. Unlike traditional
bioinks based on synthetic or nonmicrobial natural polymers,
biofilm-based bioinks can create ELMs with microbial cells em-
bedded in native ECM-like matrices, potentially enhancing cell
growth and functionality. Moreover, this design approach could
enable bioinks with tunable material properties and functions
through genetic engineering, support on-demand bioink produc-
tion in resource-limited environments, and promote sustainable
additive manufacturing.**>1)

3.2.2. Synthetic Biology for Bio-Augmented 3D Bioprinting

In addition to the design and preparation of microbial bioinks,
the ability of engineered microbial cells to produce materials in-
troduces novel manufacturing capabilities for 3D bioprinting.
Genetically engineered microbial cells encapsulated in bioinks
can form secondary polymer networks of extracellular polymeric
substances within 3D-printed ELMs, augmenting their material
properties. This in-situ production can enhance the mechanical
properties of 3D-printed ELMs, enable stimuli-responsive control
of their physical characteristics, and introduce advanced func-
tionalities, such as self-healing. Furthermore, pre- or postprint-
ing production of fusion proteins (e.g., CsgA and TasA) with
functional peptide domains can impart nonbiological functional-
ities to 3D-printed ELMs (Figure 7c,d).[549°1.102.103] Eor example,
these proteins can interface with inorganic nanomaterials, such
as gold nanoparticles and quantum dots, to provide additional
capabilities, such as electrical conductivity and environmentally
responsive electrical switching (Figure 7d).[*9192]

Beyond biofilm engineering, other chemical substances pro-
duced by microbial cells can incorporate new properties and
functions into ELMs. For instance, L-DOPA produced by engi-
neered E. coli within 3D-printed ELMs increased their mechan-
ical stiffness, while betaxanthins secreted by S. cerevisiae en-
hanced resistance to enzymatic degradation.[®® These examples
of postprinting bio-augmentation illustrate the potential of syn-
thetic biology to expand the functional versatility of 3D-printed
ELMs.

3.3. Postprinting Growth of 3D-Printed Living Constructs as a
Fabrication Process

Incorporating microbial growth into 3D bioprinting enables post-
printing manufacturing processes that leverage the “livingness”
of encapsulated microbial cells (Figure 8). Unlike traditional 3D
printing, which produces static structures, these processes al-
low printed constructs to evolve or grow over time, modifying
their properties and morphology in response to environmental
conditions.
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A notable example is the 3D printing of fungal mycelium hy-
drogels that support postprinting mycelial growth (Figure 8a).[*”]
After printing, the mycelium grows, colonizing the printed
construct, filling gaps, and reinforcing its structure (Figure 8b,c).
This growth process dynamically adapts to environmental factors
such as nutrient availability. In nutrient-rich environments, the
mycelium shows a slow, highly branched growth pattern (pha-
lanx strategy), while in nutrient-poor environments, it shifts to
an exploration growth pattern, extending its networks to seek
resources (guerrilla strategy). Beyond geometrical modification
and mechanical reinforcement, postprinting growth introduces
self-healing capabilities, as the mycelium can grow across cracks
or damaged areas in printed constructs, restoring mechanical in-
tegrity without external intervention (Figure 8d).

Incorporating microbial growth as a manufacturing process
could introduce a new paradigm in 3D bioprinting by enabling
the fabrication of evolutionary living constructs. These constructs
can grow and adapt to their environments, offering autonomous
features such as mechanical reinforcement, environmental re-
sponsiveness, and self-healing.

3.4. Integration of Shape-Morphing Materials with 3D
Bioprinting of ELMs

Integrating shape-morphing materials with 3D bioprinting
can create living constructs with adaptive and dynamic mor-
phologies. This approach, known as 4D printing, involves
printing 2D or 3D structures that transform into programmed
3D shapes over time (Figure 9). Initially introduced with a
focus on building design and construction,!'® this concept has
been adapted for 2D and 3D printing of stimuli-responsive
hydrogels, facilitating the fabrication of bioinspired 3D
structures.[105-109)

A pioneering study in biomimetic 4D printing used extrusion-
based 3D printing to fabricate bilayer hydrogel structures with
localized anisotropic swelling (Figure 9a,b).['%] The anisotropic
swelling and stiffness were achieved by aligning cellulose fibers
in the inks along the printing direction (Figure 9a, left). In a
bilayer structure, differential swelling between the top and bot-
tom layers, controlled through 3D printing, enabled independent
manipulation of the Gaussian and mean curvatures, transform-
ing the structure into a target 3D shape upon swelling in wa-
ter (Figure 9a, right). This study demonstrated the potential of
4D printing to create biomimetic structures with intricate mor-
phologies, such as plant-inspired 3D constructs (Figure 9b).[*%]
Another example using extrusion-based 3D printing leveraged
anisotropic hydrogel elements—analogous to biological linear
contractile elements—as building blocks to fabricate 3D con-
structs with programmed morphology and motion.'%! The met-
ric incompatibility of an orthogonally growing bilayer structure
composed of anisotropic hydrogel elements induced a saddle-like
shape. This shape transformation was further harnessed to gen-
erate diverse bioinspired morphologies and motions, including
bending, coiling, and twisting, mimicking those observed in bi-
ological organisms.

Inspired by biological morphogenesis, another approach for
4D printing has encoded thin hydrogel sheets (2D hydro-
gels) with spatially controlled in-plane growth (expansion or
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Figure 8. Postprinting growth of 3D-printed living constructs. a) 3D printing of living mycelium structures that support postprinting mycelial growth
through the phalanx or guerrilla strategy, depending on nutrient availability. b) Growth of 3D-printed mycelium structures over growth days. c) Cross
section of the printed structure after two and ten-day incubation. d) Livingness and self-generation of mycelium structures: microscopy images of mycelia
(green) growing between two printed filaments over growth days. Reproduced with permission.[*’] Copyright 2022, The Authors, under exclusive license

to Springer Nature Limited, published by Springer Nature.

contraction) through photopatterning (Figure 9¢).1-1% The
internal stresses generated by differential growth drive the
transformation of encoded 2D hydrogels into programmed
3D shapes with defined Gaussian curvatures via out-of-plane
deformation.l'7-1%1 This approach has enabled the fabrication of
hydrogel structures with complex, doubly curved morphologies
observed in living organisms, which are challenging to achieve
using conventional methods (Figure 9c). The approaches men-
tioned above could be extended to the 4D printing of ELMs by
utilizing stimuli-responsive hydrogel matrices as active shape-
morphing components.

In addition to hydrogel matrices, microbial cells within ELMs
can function as active components for shape transformation in
4D printing (Figure 10). For instance, the proliferation of S.
cerevisiae or S. boulardii within ELMs induced volume changes,
enabling shape morphing.[5211% Spatial regulation of cell pro-
liferation via photopatterning with UV light (Figure 4a,b) or
extrusion-based printing (Figure 4c,d) led to differential volume
changes, resulting in controlled 2D-to-3D shape transformations.
Genetic engineering of these yeast cells also enabled volume
changes in response to specific amino acids, nucleotides, or
blue light, supporting spatiotemporally controlled molecule- and
light-responsive shape transformations.’211% These yeast cells
proliferated and functioned for up to 120 h in a medium contain-
ing yeast extract, peptone, and D-glucose (YPD) at 30 °C.52110]
Integrating genetically engineered microbial cells as active com-
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ponents allows shape-morphing constructs to exhibit highly spe-
cific and sensitive responses to diverse physical and biochem-
ical stimuli—capabilities that are difficult to achieve with syn-
thetic stimuli-responsive materials.l''!l Likewise, mammalian
cells have been utilized as active components in shape-morphing
constructs, such as soft robots, by harnessing their contractile
forces to generate movement and shape change.[112-116]

The 4D printing of ELMs can utilize microbial cells or hydro-
gel matrices as active components for shape transformation, in-
troducing bioinspired morphologies and shape-morphing capa-
bilities into ELMs. These developments could expand the appli-
cations of ELMs to dynamic, responsive engineering systems, in-
cluding specific-molecule-responsive drug delivery systems and
soft biohybrid actuators and robots.52110.111]

4. Outlook

The integration of ELMs with 3D bioprinting can transform these
materials into living constructs with customizable geometries
and programmable functionalities while introducing new man-
ufacturing capabilities for 3D bioprinting. Research at the inter-
face of these two emerging technologies can synergize the bio-
logical programmability of ELMs with the geometry-driven func-
tionality of 3D-printed constructs, significantly expanding their
technological applications. This convergence can also enable a
new paradigm of “living” additive manufacturing that leverages
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Figure 9. 4D printing. a) Schematic of extrusion-based biomimetic 4D printing. The shear-induced alignment of cellulose fibers leads to anisotropic
stiffness E and swelling strain « (left). Differential swelling in bilayer structures enables independent control of the Gaussian K and mean H curvatures,
transforming these structures into programmed 3D morphologies (right). b) Complex flower morphologies generated by biomimetic 4D printing in (a).
Scale bars: 5 mm, 2.5 mm (inset). (a,b) Reproduced with permission.['%] Copyright 2016, Springer Nature. c) Digital light 4D printing: 2D material
programming for 3D shaping. This approach translates a 3D target shape M into 2D growth Q via conformal mapping f of M to the plane C (f M — C)
(top, left) and encodes 2D hydrogels with Q using digital light projection grayscale lithography (top, right). The 2D hydrogels encoded with Q transform
into programmed 3D shapes (bottom). Scale bars: 4 mm (left), 5 mm (right). Reproduced under terms of the CC-BY license.l'%] Copyright 2021, The

Authors, published by Springer Nature.

the “livingness” of microorganisms as an active element in the
manufacturing process. Such an approach can create 3D living
constructs capable of growing or evolving in response to external
environments, akin to biological organisms.

Emerging studies on the 3D bioprinting of ELMs have demon-
strated enhanced functionality for potential biomedical,[2641:>3]
environmental,12#1%7] and industrial biomanufacturing!*®! appli-
cations. In biomedicine, customizable 3D-printed ELMs enable
the creation of personalized constructs, such as artificial blood
vessels, tissue scaffolds, and wound-shaped, antibiotic-producing
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patches.[264153] For environmental applications, printed grid ge-
ometries of ELMs improve bioremediation efficiency, such as
phenol degradation, metal sequestration, and pollutant decon-
tamination, by increasing the surface area-to-volume ratio and
enhancing mass transport, outperforming bulk ELMs.[2041.67]
In industrial biomanufacturing, 3D-printed lattice structures of
ethanol-producing yeast ELMs, featuring microscale filaments
and channels, significantly improve mass-transfer efficiency, in-
cluding nutrient supply and waste removal, and increase the
surface area at the ELM-medium interface, both of which are
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Figure 10. Integration of shape-morphing materials with 3D bioprinting of ELMs: 4D printing using microbial cells within ELMs as active components
driving shape transformation. a) Volume expansion of an ELM induced by the proliferation of S. cerevisiae. b) Shape morphing of a flat ELM into a hat-
like structure, driven by spatially controlled cell proliferation. The spatial control of cell proliferation was achieved using patterned UV light irradiation,
which selectively kills cells. Scale bar: 5 mm. (a, b) Reproduced under terms of the CC-BY license.[''%l Copyright 2020, The Authors, published by The
American Association for the Advancement of Science. c) Printing of a multimaterial shape-morphing ELM. d) Shape morphing of an ELM composed
of a cell-containing inner area and a cell-free outer area. The ELM transforms into a hat-like structure driven by cell growth within the inner area. Scale

bars: 10 mm. Reproduced with permission.[>2] Copyright 2021, Wiley-VCH.

critical for high-cell-density ELMs.[*6] These geometries result
in a several-fold increase in ethanol production compared to
solid constructs.[*l Moreover, multimaterial bioprinting enables
the fabrication of multifunctional ELMs with advanced capabil-
ities, such as logic gate-based computation and spatiotemporal
responses to multiple molecular signals.[!!]

As the unique features of ELMs primarily rely on viable cells,
addressing two critical challenges is essential for real-world ap-
plications: maintaining cell viability within 3D-printed ELMs and
ensuring their safety during and after use. Overcoming these
challenges will require convergent approaches that integrate the
living and nonliving components of ELMs, building on recent
advances in synthetic biology, materials science, and 3D bioprint-
ing. Cell viability can be improved by engineering robust micro-
bial strains through synthetic biology. In addition, designing ma-
trices or bioinks tailored to specific cell types and applications
can protect cells in target environments while supporting their
growth and functionality. These efforts can be further facilitated
by leveraging extensive research in 3D bioprinting with mam-
malian cells, tissue engineering, and polymeric materials over
the last decades. Biosafety can be addressed through robust con-
tainment strategies that combine biochemical and physical mea-
sures. Biocontainment strategies, such as the use of genetically
engineered kill switches, can prevent the unintended propaga-
tion of genetically engineered cells in the environment.[!V7-119]
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Physical containment, achieved by encapsulating microbial cells
within ELM matrices, can provide additional safeguards against
microbial escape.>38] This strategy can be further enhanced by
integrating recent advancements in the bioink design for mam-
malian cells and hydrogel matrices into the 3D bioprinting of
ELMs.

Early developments have demonstrated the effectiveness of
these strategies, primarily within the distinct domains of syn-
thetic biology, materials science, and 3D bioprinting. Moving for-
ward, interdisciplinary collaboration among synthetic biologists,
materials scientists, and additive manufacturing researchers will
be crucial to overcoming cell viability and biosafety challenges
and unlocking the full potential of 3D bioprinting of ELMs for
practical applications.['?]

Moreover, several broader challenges must be addressed to
enable the successful commercialization of ELM technologies.
First, the biocontainment of genetically modified organisms
(GMOs) or engineered microbiota must be ensured to prevent
any unintended environmental or health impacts from their re-
lease. Second, live cells must maintain their viability and func-
tionality throughout material processing and at the application
site. Third, while proof-of-concept demonstrations have been
achieved at the laboratory scale, the scalable production of ELMs
for commercial deployment remains unrealized, requiring con-
sideration of both economic and environmental factors.
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Finally, as the adoption of ELMs continues to grow, establish-
ing comprehensive regulatory frameworks will be critical to man-
aging their technological, social, ethical, and environmental im-
pacts. These frameworks will foster the responsible innovation
of ELMs and ensure their secure and sustainable application.
Given the involvement of live cells in ELMs, often genetically en-
gineered, governments are likely to apply regulations similar to
those for GMOs, although commercialization of ELMs is still in
its early stages. Because the release of GMOs into the environ-
ment is a major concern, robust biocontainment strategies must
be integrated into ELM development. In addition, the stability
of engineered cells and their functions within materials must be
maintained in a reproducible and economically viable manner to
successfully translate this nascent technology into the market.
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