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Abstract

Biofabrication and biomedical manufacturing are inherently multidisciplinary, integrating living systems with advanced
manufacturing to create functional products for applications spanning regenerative engineering and medicine, in vitro disease
modeling, drug discovery, and medical devices. As these technologies develop, they are emerging as core enablers of next-
generation healthcare and life-science innovation. In the United States (U.S.), rapid progress across fabrication processes, ma-
terial systems, physics-based modeling, and translation-oriented strategies is expanding the achievable design space and ac-
celerating movement from laboratory demonstrations toward clinical and commercial deployment. We introduce major U.S.
research frontiers and highlight representative advances in this field that support applications including organoids and other
microphysiological systems for in vitro testing, engineered tissue constructs for in vivo use, and medical devices and biohy-
brid platforms. We further provide an outlook on advancing robust, ethical biofabrication and biomedical manufacturing in
the U.S. research ecosystem.
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Bio-Design and Manufacturing

1 Introduction
1.1 Motivation

Technological advances have delivered substantial eco-
nomic and public health benefits across the life science and
biomedical sectors. In particular, biofabrication and bio-
medical manufacturing are rapidly advancing as enabling
foundations for human-based research and next-generation
biomedical products. Progress is increasingly driven by the
convergence of manufacturing-process innovation, materi-
als development, and physics-informed model design,
which together support controlled construction of biologi-
cally relevant living and biohybrid systems with suitable
geometrical structure, material composition, and microenvi-
ronmental cues. These capabilities are reshaping what can
be fabricated (e.g., functional constructs, living tissues, or-
ganoids, medical implants, and surgical devices), how they
can be fabricated (multiprocess, multimaterial, and multi-
scale manufacturing), and how performance can be vali-
dated (quantitative quality and model-informed process).
While sporadic research on biofabrication and biomedi-
cal manufacturing existed in the United States (U.S.), sys-
tematic research efforts and dissemination did not material-
ize until the early 2000s. These efforts were contributed by
various researchers, including Dr. Thomas Boland (Clem-
son University/University of Texas at El Paso), Dr. Vladi-
mir Mironov (Medical University of South Carolina), Dr.
Wei Sun (Drexel University), and Dr. Gabor Forgacs (Uni-
versity of Missouri), to name a few, as well as by Dr. An-
thony Atala at the Wake Forest Institute for Regenerative
Medicine, who led significant translational work. It is noted
that traditional manufacturing also has a good contribution
in biomedical manufacturing, which was led by Dr. Stephen
Malkin at the University of Massachusetts at Amherst in the
1990s and by Dr. Albert Shih at the University of Michigan
at Ann Arbor from the 2000s. Throughout the history of bio-
fabrication and biomedical manufacturing, researchers based
in the U.S., along with many others globally, have been at
the forefront of the field, from some of the earliest develop-
ments in bioprinting [11-13] and tissue-engineered organ
implantation [14] to more recent advances in biofabrication
and biomedical manufacturing approaches. The U.S. Na-
tional Science Foundation specifically dedicated an Additive
Manufacturing (AM) for Health workshop to examining

the current state, gaps, and research needs, and formulating
recommendations related to AM for health, in particular,
hard structure and medical product printing and soft con-
struct bioprinting, in 2016 [15]. Ten years later, this review
serves as a snapshot of current work and innovation being
conducted in the U.S., focusing on frontiers in biofabrica-
tion and biomedical manufacturing research relating to
manufacturing processes, materials, modeling, and applica-
tions, both for in vitro and in vivo applications.

1.2 Background

While the terms biofabrication and biomedical manufactur-
ing are used interchangeably in many research papers, their
definitions have evolved over time, and researchers from dis-
parate disciplines may prefer one term over the other. Gener-
ally, biofabrication broadly describes a fabrication field us-
ing the combination of cells and/or biomaterials to create
complex biological or biomedical products [15-18]. It bears
particular relevance to biomedical engineering, where bio-
fabrication technologies have emerged as promising tools
for tissue and organ recreation. Within the areas of tissue
engineering and regenerative medicine (TERM), biofabrica-
tion can be described as an approach to tissue engineering,
allowing for the creation of cellular constructs with precise
spatial organization [19, 20]. In the context of TERM, bio-
fabrication is defined as the generation of structurally orga-
nized, biologically functional products from living cells, bio-
active molecules, biomaterials, cell aggregates such as mi-
crotissues, and/or hybrid cell-biomaterial constructs through
bioprinting or bioassembly and subsequent tissue maturation
processes [20]. This review mainly focuses on biofabrica-
tion research that has been applied to TERM applications.
Similarly, biomedical manufacturing focuses on improv-
ing health outcomes through an engineering approach but is
often defined as having a wider purview, particularly by
physicists and mechanical engineers. Originally described
more narrowly as primarily concerning biomedical device
manufacturing, the field has since seen its definitions ex-
panded to include the applications of manufacturing tech-
nology to advance the safety, quality, cost, efficiency, and
speed of healthcare service and research [21]. As a result,
the scope includes not only medical devices, but also the
production of engineered tissues and organs, microphysi-
ological systems, cell- and protein-based therapeutics, and

Copyright information for the graphical abstract: “Manufacturing methods” —3D bioprinting (reproduced from [1], with permission from the
American Chemical Society), other processes (reproduced from [2], licensed under CC BY); “Materials” —metals and ceramics (reproduced
from [3], with permission from Acta Materialia Inc.; reproduced from [4], with permission from the American Ceramic Society), composites
and others (reproduced from [5], with permission from Wiley-VCH GmbH); “Physics modeling” —process dynamics (reproduced from [6],
with permission from Wiley-VCH GmbH; reproduced from [7], with permission from the American Chemical Society); “Applications”—in vi-
tro models (reproduced from [8], licensed under CC BY-NC-ND), in vivo constructs (reproduced from [9], licensed under CC BY), translation-

al success (reproduced from [10]).
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Bio-Design and Manufacturing

biomaterials, as well as the application of manufacturing
technology in surgical operations and hospital scheduling
[22]. By this definition, TERM is also strongly related to
biomedical manufacturing, as is TERM-related biofabrica-
tion. Although still largely focusing on biomedical manufac-
turing developments that overlap with TERM applications,
this review also explores a few select developments in bio-
medical device manufacturing research.

While defining biofabrication and biomedical manufac-
turing, it is also beneficial to establish definitions for a few
terms central to these fields: bioprinting, printing, bioink,
and biomaterial ink. While exact definitions of these terms
may vary within the field, a common understanding is estab-
lished for the purposes of this review article. Printing in this
context refers to three-dimensional (3D) printing, the use of
AM technologies to create 3D structures, traditionally in a
layer-by-layer manner. In regard to biofabrication, bioprint-
ing and printing are sometimes used interchangeably, but a
distinction is often used to differentiate the two: bioprinting
is a subcategory of printing, usually defined as the use of
computer-aided transfer processes for patterning and assem-
bling living and nonliving materials with a prescribed orga-
nization to produce bioengineered structures [17, 23], or as
layer-by-layer precise positioning of biological materials,
biochemicals, and living cells with spatial control over the
placement of functional components [24]. Under these cir-
cumstances, bioprinting is also sometimes termed cell print-
ing, cell direct writing, or organ printing. A similar distinc-
tion is often drawn between bioink and biomaterial ink: a
bioink is a formulation suitable for processing by a biofabri-
cation technology that includes cells as a component of the
ink, while a biomaterial ink does not include cells during
the fabrication process, although they can be seeded at a
later point [18]. While these definitions are commonly held,
some ambiguity still exists, particularly in terms of the di-
rect inclusion of living cells/materials during printing. As
such, in this review, these terms have been standardized
where possible for clarity and consistency throughout the
broader discussions, while preserving the terminology cho-
sen by the respective contributing research groups; there-
fore, some terms may still be used interchangeably in cer-
tain cases.

This review synthesizes advances across four tightly
coupled dimensions: (i) biofabrication and biomedical manu-
facturing processes, (ii) enabling material systems, (iii) physics-
based modeling, and (iv) translation-oriented strategies to-
ward clinical and commercial deployment. Manufacturing
processes are the cornerstone of biofabrication and biomedi-
cal manufacturing, serving as the mechanism by which the
desired constructs are realized. Processes have progressed
significantly in recent years, building upon and innovating
existing manufacturing technologies, as well as introduc-
ing novel ones. Particularly, researchers in the U.S. have
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modified and expanded existing 3D printing modalities, such
as extrusion bioprinting, vat polymerization, and inkjetting,
working to enable them to make complex biomimetic and
biological systems [15, 25-27]. Outside of conventional
bioprinting, alternative fabrication technologies, such as
four-dimensional (4D) bioprinting [28], melt electrowrit-
ing (MEW) [29-31], cell spheroid/organoid biofabrica-
tion [32, 33], cryobioprinting [34], and ultrasound-assisted
biofabrication [35], have also been developed and modi-
fied to push further what is possible for biofabrication
and biomedical manufacturing.

Materials represent both a primary limiting factor and a
leading frontier for innovation in biofabrication and bio-
medical engineering. U.S. researchers have been consis-
tently advancing this aspect, expanding the field’s focus
from foundational goals of high structural fidelity, printing
resolution, and in vivo biocompatibility [1, 36] toward the
development of highly dynamic, functionalized matrices
and constructs. Furthermore, current research emphasizes
materials engineered to actively support cell migration [37,
38], seamless scaffold integration [39, 40], and effective
fabrication [1, 41]. The focus is shifting toward fabricating
bioactive microenvironments that not only maintain cell vi-
ability during the mechanical stresses of printing but also
consider physical, chemical, and biological interactions
to direct cell behaviors, tissue maturation, and multiscale
functionalities post-fabrication. These material innova-
tions effectively bridge the gap between printed structures/
constructs and living, active tissue models/replacements.

Physics modeling in biofabrication and biomedical manu-
facturing helps transition research from empirical, trial-and-
error fabrication to repeatable and predictable modeling pro-
cesses. The complexity of biofabrication, which involves
multiphase composites, complex fluid dynamics, and sensi-
tive living cells, demands sophisticated computational mod-
els to ensure reproducibility and physics-based predictabil-
ity. With the multitude of parameters that must be specified
for any biofabrication process, physics-based modeling
offers the opportunity to efficiently realize optimized print
fidelity without time-intensive trial-and-error experimenta-
tion [42, 43]. Leading research groups have been developing
multiphysics modeling to optimize not only the intricate fab-
rication process and fabricated parts’ geometrical/mechani-
cal/rheological properties and performance, but also biologi-
cal interactions [44]. They have also investigated the con-
nection between material properties and bioprinting out-
comes [45] and printing process characterization [7, 46]. An-
other research focus of U.S. researchers is the investigation
and modeling of cells’ complex responses to their physical
microenvironment as well as to biofabrication processes,
which includes the study of cell behavior in embedded print-
ing materials [47], as well as process-induced cell death [48]
and mechanotransduction changes [49].
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Building upon the manufacturing processes, materials,
and modeling-related efforts, U.S.-based researchers have
been able to apply them to a wide variety of purposes,
both in vitro and in vivo. For in vitro applications, research-
ers have been able to fabricate complex heart [50-52],
bone [53], neural [54, 55], vascular [56-58], and breast
cancer [59] models, among others, serving as testing plat-
forms, tissue simulants, and more. For in vivo applications,
bone constructs for regeneration [60—62], intraoperative bio-
printing [9], skin constructs [63], and other complex tissues
for implantation [64] have been developed to improve
health conditions. There has also been significant success in
the development and commercialization of biomedical
manufacturing products, with interventional neurocardiovas-
cular devices [65], advanced resorbable implants [66], and
even biofabricated leather and food. A recent translational
success further illustrates the healthcare impact of U.S.

Manufacturing methods

2.1 Standard 3D bioprinting techniques

' .-."lll i

LS

F £
Matenal jetting

"E-"

Melt electrowrltlng

Material extrusion Vat polymerization

2.2 Other processes

N

Cell spheroid and organoid-
based biofabrication

4D biofabrication

Alternative printing technolog

Physics modeling

4.2 Biomechanical
investigation and
modeling

4.1 Process dynamics modeling

biomedical manufacturing innovation. For example, Am-
plitude Vascular Systems (AVS) was acquired by Stryker
in 2026 [67], and its intravascular lithotripsy platform has
already advanced into a first-in-human coronary clinical
study, demonstrating a clear path from academic innovation
to commercial and clinical deployment [68]. As part of the
“BDM at the Frontiers: Geography and Science” series, and
consistent with previously published regional frontier ar-
ticles, this U.S.-based review is not intended to provide an
exhaustive review of all U.S. biofabrication and biomedical
manufacturing research. Rather, with the aim of being as in-
clusive as possible within the scope of a single review, it of-
fers a structured snapshot of recent, representative, and
high-impact directions being pursued by active U.S. re-
search groups, highlighting themes that collectively define
current research frontiers. The overall framework of this re-
view is shown in Fig. 1.
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duced from [71], licensed under CC BY-NC 4.0), “Alternative printing technologies and other alternative techniques” (reproduced from [2], li-
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permission from Wiley-VCH GmbH; reproduced from [7], with permission from the American Chemical Society); 5.1 “Engineered tissue mod-
els as in vitro platforms” (reproduced from [73], under exclusive licence to Springer Nature Limited); 5.2 “Engineered tissue constructs for in
vivo use” (reproduced from [74], with permission from Wiley-VCH GmbH; reproduced from [75], with permission from Springer Nature
America, Inc.; reproduced from [76], under exclusive licence to the American Association for the Advancement of Science); 5.3 “Clinical and
commercial translational successes” (reproduced from [65], licensed under CC BY 4.0; reproduced from [77])

&) Springer



Bio-Design and Manufacturing

2 Biofabrication and biomedical
manufacturing methods

In order to create functional, biologically active constructs
and devices, ways to specifically and accurately organize
materials and cells are needed. This section introduces some
representative cutting-edge biofabrication and biomedical
manufacturing research being conducted in the U.S. (Fig. 2),
including standard 3D bioprinting techniques as well as
alternative processes, such as MEW, organoid assembly/
biofabrication, and other biofabrication and biomedical
manufacturing innovations, such as 4D biofabrication and
some newly developed biomedical manufacturing techniques.

2.1 Standard 3D bioprinting techniques

Traditional 3D printing is a family of AM processes that
historically involve the deposition of a chosen material,

Material
extrusion

Vat
polymerization

e o o o

layer by layer, to create customized parts [78, 79]. These
processes all allow for the controlled deposition of materi-
als, but the mechanisms behind the techniques in this fam-
ily are highly diverse, as are the requirements for the mate-
rials used. These technologies are generally placed into
seven standard categories [25, 80, 81]: material extrusion,
powder bed fusion, vat polymerization, material jetting,
binder jetting, sheet lamination, and directed energy depo-
sition. Initially, often used for rapid prototyping and spe-
cialized part creation of engineering parts [78], many of
these technologies were later adapted and applied toward
the fabrication of biological constructs and products [15].
In particular, material extrusion, vat polymerization, and
material jetting, often used in bioprinting, have emerged as
burgeoning areas of biofabrication and biomedical manu-
facturing research and innovation. This section highlights
some key U.S.-based bioprinting innovations, and the
overall structure is shown in Fig. 3.
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Fig. 2 Biofabrication and biomedical manufacturing methods
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2.1.1 Material extrusion

Material extrusion bioprinting involves the controlled depo-
sition of the chosen material as a continuous filament
through extrusion and is one of the most commonly used
bioprinting modalities due to its relative ease and cost-
effectiveness [84]. Material extrusion mainly includes fused
filament fabrication (FFF) and direct ink writing (DIW).
FFF involves the melting or plasticization of a thermoplas-
tic polymer to deposit it in layers, and has been broadly ad-
opted for the printing of polymer-based scaffolds. Comple-
mentarily, DIW extrudes viscoelastic and viscoplastic inks
for layer-by-layer deposition, usually at or near room tem-
perature, and is therefore more compatible with biofabrica-
tion. DIW typically favors materials with shear-thinning
properties that enable flow under pneumatic or mechanical
pressure while maintaining shape with an in situ rapid so-
lidification mechanism after deposition. Within DIW, sub-
categories exist, where much research is being conducted.
Most commonly, material extrusion occurs on a build plate,
where the filaments are deposited layer by layer to create
the desired structure, which is referred to as printing in air.
An alternative approach, known as embedded extrusion print-
ing or embedded ink writing, involves the extrusion of a bioink
within a support bath, usually a yield-stress bath [85], allow-
ing for freeform deposition that does not necessarily rely on
in situ rapid solidification and support structures [69, 86].
This section highlights snapshots of work done by re-
searchers from Carnegie Mellon University, the University
of Nevada Reno, and the New Jersey Institute of Technol-
ogy, focusing on developing technology for embedded
printing. Aside from the work featured in this section, many
U.S.-based researchers have made strides in extrusion bio-
printing. For example, the Lewis laboratory at Harvard Uni-
versity has developed a wide variety of extrusion ap-
proaches, from high-density embedded printing [58] to
adaptive multinozzle extrusion [87]; the Burdick laboratory
at the University of Colorado Boulder has explored many
embedded printing approaches [88], including guest-host-
enabled embedded spheroid printing [89]; the Skylar-Scott
laboratory at Stanford University has made strides in multi-
nozzle gradient bioprinting approaches [90, 91]; and the
McAlpine laboratory at the University of Minnesota has de-
veloped technologies to enable soft, integrated biosensor
fabrication [92] and complex extrusion toolpathing [93].
Many others, both in the U.S. and beyond, have made fur-
ther significant contributions to the development of these

technologies.
2.1.1.1 Fused filament fabrication

FFF, also referred to as fused deposition modeling (FDM),
has been used as a practical and highly accessible method

for producing patient-specific porous ceramic bone grafts
for bone tissue engineering. The Bandyopadhyay and Bose
groups at Washington State University have applied the
FFF process to fabricate controlled-porosity alumina bone
grafts as well as polymer-ceramic composite scaffolds and
bone grafts [4, 94-96]. These studies have further evaluated
biocompatibility through cytotoxicity and cell proliferation
using different cell types, and examined the effect of poros-
ity on structural performance. By engineering both uniform
and spatial gradient porosity, their work has demonstrated
the utility of FFF for the fabrication of customized orthope-
dic implants.

2.1.1.2 Embedded printing

2.1.1.2.1 Freeform reversible embedding of suspended
hydrogels (FRESH)

The Feinberg laboratory at Carnegie Mellon University has
focused on the development of embedded printing technolo-
gies, both with a particular emphasis on the creation of fab-
rication approaches and the equipment required to use
them. They developed a microgel-based printing technique
dubbed FRESH, which was one of the first examples of us-
ing a granular support bath to allow for freeform hydrogel
fabrication [97]. While initially using a mechanically blended
gelatin slurry as the support matrix, the process was later
improved by replacing the slurry with granular gelatin par-
ticles generated through coacervation, which significantly
enhanced printing resolution [98]. The Feinberg group has
also developed a number of open-source, accessible ma-
chines to help enable FRESH printing [99-101].

FRESH technology has since been utilized to fabricate
complex biological geometries, notably cardiac tissues [98,
102] and biomimetic hydrogel actuators [103]. Further ad-
aptations have resulted in the inclusion of porogens for en-
hancing transport [104] and the fabrication of microfluidic
devices that can support high cell density and a pancreas-
like glucose-sensitive, insulin-producing environment [105].

2.1.1.2.2 Advanced embedded ink writing of full-scale
human tissue and organ analogs

Embedded ink writing (EIW) has drawn significant atten-
tion due to its exceptional capability of constructing com-
plex architectures as well as strong compatibility with vari-
ous printable biomaterials and cell types. In EIW, a cellular
bioink is extruded through a nozzle within a support bath to
print 3D constructs layer by layer [106]. Despite its advan-
tages, current EIW methods still struggle with two major en-
gineering challenges. The first challenge is the difficulty of
creating large-scale human tissue and organ constructs with
high cell viability. This is because the printing process needs
a long nozzle, which increases shear stress and extends
shear time in the bioink extrusion, thus causing inevitable
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and fatal cell damage. To address this challenge, the Jin
group at the University of Nevada Reno recently developed
a multiscale embedded printing (MSEP) method [107].
The support bath material used in this method is a
stimuli-responsive yield-stress fluid (YSF) consisting of
two components: the thermosensitive Pluronic F127 hydro-
gel and the yield-stress nanoclay additive [108]. The for-
mer enables the fluid to transition between sol and gel
states by regulating the ambient temperatures, while the
latter allows the fluid to exhibit given rheological proper-
ties at higher temperatures for embedded printing. Based
on this fluid, the MSEP method was established, in which a
large-scale human organ construct was segmented into mul-
tiple sections. A short nozzle was leveraged to print each
section within the support bath at 37 °C to ensure cell vi-
ability. Between sections, 4 °C support bath material was
perfused into a stackable container and kept until its tem-
perature increased to 37 °C (Fig. 4a). To explore the funda-
mental physics, the Jin group used small-angle neutron
scattering (SANS) to identify the microstructure evolution

Yield-stress Stackable Adding
support bath container | container
& support
: bath
Heart ¥
printing

Newly added
support bath material

upon temperature change (Fig. 4b). Additionally, four rep-
resentative human tissue and organ analogs (cornea, eye-
ball, aortic heart valve, and full-scale human heart) were
printed by MSEP to demonstrate its excellent printing capa-
bility (Fig. 4c).

The second challenge is the speed barrier (on the order of
10 mm/s) in current EIW methods, which causes one severe
biological issue: cell damage due to prolonged printing
time. The limited printing speed of EIW is primarily due to
the inability of current support baths to provide the desired
rheological properties for high-speed printing. The existing
support bath materials are commonly formulated using a
particulate-dominated method, in which particle additives
are dispersed in an aqueous solvent to prepare YSFs.
Filament defects are observed when printing at high
speeds [109]. To address this challenge, the Jin group re-
cently proposed a particle-hydrogel interactive system to de-
sign YSFs, wherein the interactions between particle addi-
tives and hydrogel solvents were utilized to enhance the
yield-stress level and extend the thixotropic response

Printing
next
sections

il 1
Printed
heart

(b)
., Nanoclay core Regime Ill: . Cornea
g : BCC morphology 1240 <
L <
= 15 " - ts 1230 5
= g ; '/-/'/’/'”/D; S Eyeball
K9} Pluronic F127 shell X - --*- 220 5 =
© 10k -/—4 Pldronic F127 «d %
2 e — micelles - F.&- 60
g 5l ) €gIme I | Nanoclay dy 155 &
g Regime I: —=—t. | Transition 50 g Aortic valye
o Core-shell morphology ~* — =D, —d, {45
0 . . . } . ) | A
5 7.5 10 15 20 25 30 35 40 45

Temperature (°C)

(d)

D

High speed

% “\\. Printing

Printed speed (v,)

structure

Particle-hydrogel
interactive bath

Kidney analog

Fig. 4 Advanced EIW methods. (a) MSEP of multiscale human tissue and organ constructs in a section-by-section manner. (b) Microstructure
evolution in the stimuli-responsive YSF through SANS. (c) Multiscale human tissue and organ analogs printed by MSEP. Reproduced from
[107], licensed under CC BY-NC-ND. (d) High-speed EIW of human kidney analog (reproduced from [69], licensed under CC BY)
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time [110]. Different interaction mechanisms between nano-
clay and diverse hydrogels were systematically studied through
SANS [111] and filament printing experiments [112, 113].
A high-speed EIW method was consequently developed to
print an anatomic-size human kidney analog in only 4.2 h,
which demonstrated a well-defined outer structure and de-
tailed inner structures (Fig. 4d) [69].

2.1.1.2.3 Embedded bioprinting with photocuring for
heterogeneous environment creation

Embedded bioprinting provides a powerful route for depos-
iting cell-only or cell-laden inks within supportive hydrogel
matrices; however, most existing support baths behave as
temporary scaffolds or offer only uniform mechanical and
biochemical properties, limiting their ability to recapitulate
the spatial heterogeneity, dynamic reciprocity, and func-
tional gradients characteristic of native tissues [114]. Over-
coming these limitations is particularly important for engi-
neering complex tissue interfaces, where local variations
in extracellular matrix (ECM) composition, stiffness, deg-
radation, and bioactivity play essential roles in guiding cel-
lular organization and lineage specification. To address
these challenges, the Guvendiren group at the New Jersey
Institute of Technology has reported a versatile embedded
bioprinting platform centered on a photocurable viscous
support layer into which dense multicellular aggregates,
cell-laden bioinks, or sacrificial inks can be printed and
subsequently stabilized through brief light exposure
(Fig. 5a) [86, 115, 116]. This photocurable support con-
cept eliminates the traditional requirement for shear-
thinning and shear-recovery behavior, substantially broad-
ening the range of materials that can serve as support matrices,
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including both temporally stable and permanently crosslink-
able hydrogels [117, 118].

This platform has enabled a suite of advanced biofabrica-
tion capabilities, including printing of complex perfusable
3D channels within cell-laden matrices for nutrient trans-
port and vascularization studies, spatial modulation of
support-bath heterogeneity by locally tuning polymer con-
centration or crosslinking density, incorporation and pat-
terned presentation of biochemical signals such as adhesion
peptides or growth factors, and precise patterning of dense
multicellular structures that mimic developmentally rel-
evant cell—cell interactions (Fig. 5b). These capabilities col-
lectively allow the construction of heterogeneous hydrogel
environments with unprecedented control over local ECM-
mimetic cues.

Using methacrylated hyaluronic acid (MeHA) as a repre-
sentative photocurable support, the Guvendiren group has
demonstrated fine spatial control over human mesenchymal
stem cell (hMSC) behavior by printing dense cellular aggre-
gates into regions that differed in polymer concentration,
Arg-Gly-Asp (RGD) functionalization, or inclusion of os-
teogenic cues such as tricalcium phosphate (TCP) particles
and bone morphogenetic protein-2 (BMP-2). hMSC strands
embedded in less dense (5%) MeHA regions exhibit signifi-
cantly higher cell spreading, elongation, and osteogenic up-
regulation than strands in denser 10%—15% regions, illustrat-
ing how microscale mechanical heterogeneity can be lever-
aged to direct site-specific differentiation. Similarly, TCP-
rich domains or BMP-2-releasing regions further enhance
local osteogenesis, confirming the platform’s ability to en-
gineer biochemical gradients that modulate cell fate with
high spatial precision (Fig. 5b) [115]. Extending this
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Fig. 5 Embedded bioprinting supports dense cellular fabrication and microenvironmental control. (a) Schematic and representative images of an
embedded bioprinting approach for fabricating dense cell-laden and cell-only structures within functional hydrogels. (b) Controlling support ma-
trix heterogeneity spatiotemporally modulates stem cell osteogenesis as demonstrated by calcium deposition after 14 d of culture in osteogenic
induction medium within biphasic MeHA hydrogel supports. Reproduced from [115], with permission from IOP Publishing Ltd.
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framework, the Guvendiren group also demonstrated that
hydrogels embedded with human bone allograft particles
provide intrinsically osteoinductive microenvironments ca-
pable of driving osteogenesis of hMSC strands even under
basal culture conditions, with the magnitude of osteogenic
response strongly dependent on particle concentration [116].
This finding highlights the potential of integrating clinically
relevant biomaterials into printed constructs to better reca-
pitulate native bone matrix cues and accelerate translational
applications.

Collectively, these studies have established a robust and
broadly applicable embedded bioprinting strategy for fabri-
cating densely packed, developmentally inspired multicellu-
lar architectures within cell-instructive, spatially patterned
hydrogel matrices. By enabling precise control over micro-
environmental properties, cellular arrangement, and perfus-
able features, this platform represents a critical step toward
engineering highly heterogeneous tissues, such as osteochon-
dral units, vascularized bone, and complex stromal interfaces,
with the structural and functional fidelity required for next-
generation regenerative medicine and disease modeling.

2.1.2 Vat polymerization

Although one of the first 3D printing methods to be devel-
oped, vat polymerization was not applied to biomedical ap-
plications until the early 2000s [119, 120]. Since then, how-
ever, it has emerged as a manufacturing approach with in-
credible promise in biofabrication due to the relative speed
and feature sizes attainable with these technologies. In gen-
eral, vat polymerization refers to 3D printing techniques that
selectively crosslink a vat of material, often referred to as a
resin. Almost always, light is used as the mechanism of
crosslinking, polymerizing components within the vat, tradi-
tionally layer by layer, to create a 3D structure. In the con-
text of biofabrication and biomedical manufacturing, the ma-
terials used for this printing approach are often biocompat-
ible and can form ultraviolet (UV)-crosslinked hydrogels
upon polymerization. Within this category, there are sub-
categories that use variations of this approach, such as ste-
reolithography (SLA), two-photon lithography (TPL),
and digital light processing (DLP) [119]. Although many
innovations related to vat polymerization have focused on
material modification and optimization, some of the most
significant breakthroughs have occurred as a result of hard-
ware, software, and process developments [121, 122].

In the U.S., vat polymerization-based biofabrication has
evolved from rapid photopatterning of scaffolds to increas-
ingly sophisticated platforms for heterogeneous, high-
resolution, and functionally organized living constructs. The
Chen group at the University of California San Diego has
established this direction by developing projection SLA
approaches for tissue-engineering scaffolds with microscale
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architectural control [123]. Later, the Miri lab, now at
the New Jersey Institute of Technology, along with the
Khademhosseini group, Zhang group, Chen group, and
other colleagues, extended the technology to microfluidics-
enabled multimaterial maskless stereolithographic bioprint-
ing, enabling rapid switching among bioresins for heteroge-
neous hydrogel constructs [124]. The Soman group at Syra-
cuse University has further contributed to process innova-
tion by developing a vat-free droplet DLP bioprinting strat-
egy that reduces bioink waste and cell-settling artifacts
while maintaining high-resolution printing of cell-laden con-
structs [125]. More recently, the Burdick group at the Uni-
versity of Colorado has expanded vat photopolymerization
to microgel-reinforced hydrogels, illustrating how resin de-
sign can broaden the mechanical and processing window of
light-based biofabrication [126]. These efforts illustrate
how U.S. groups have pushed vat polymerization from a
high-resolution shaping method toward a more versatile
platform for multimaterial, microarchitecturally controlled,
and functionally programmed biofabrication. This section
provides some snapshots of the developments in vat polym-
erization for biofabrication in the U.S.

2.1.2.1 Digital light processing

The Chen group at the University of California San Diego
has focused on developing 3D bioprinting technologies
aimed at tackling many key manufacturing challenges, in-
cluding materials synthesis, printer design, light-matter in-
teractions, mechanics of the tissue construct, printing
throughput, reproducibility, and scalability. In their early
work, the Chen group developed a microscale 3D printing
platform for hydrogel biomaterials [127, 128]. In 2006,
they developed a rapid, projection 3D printing method to
produce highly precise, 3D microstructures from a broad
selection of functional materials—a first in the field for
projection 3D printing of hydrogel biomaterials for tissue
engineering [123]. In contrast to a traditional 3D printing
process (e.g., SLA or extrusion-based printing) where a
3D device is fabricated point-by-point or line-by-line us-
ing DLP, this light-projection printing method enables an
entire layer of biomaterial to be fabricated simultaneously,
resulting in a much faster printing speed and better device
integrity.

Building upon this DLP-based 3D printing technique, the
Chen group invented a dynamic optical projection stereo-
lithography method (DOPsL) [129]. This is another first in
the field of dynamic and continuous 3D printing of hydro-
gel biomaterials. DOPsL enables rapid 3D bioprinting that
is 1000 times faster in printing speed and 100 times higher
in printing resolution compared to traditional extrusion-
based 3D printing. This continuous printing approach sig-
nificantly improves the structural integrity of the 3D-printed
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parts since the process does not create artificial interfaces
within the part. More recently, the Chen laboratory in-
vented a high-throughput, direct in-well bioprinting
method for 3D microtissues in a standard multiwell plate
(Fig. 6) [130]. This technique has enabled pharmaceutical
companies to conduct high-throughput drug screening using
bioprinted microtissues with much-needed speed, through-
put, resolution, and well-plate compatibility.

One of the major bottlenecks for future organ manufac-
turing is the ability to print organs with a high cell density
for critical cell—cell interactions to recapitulate physiologi-
cal conditions. The Chen group invented a high cell density
bioprinting method for future organ printing (Fig. 7) [121].
They designed a novel bioink material containing an optical
tuning agent that can minimize light scattering by the cells and
enable printing living materials at high resolution and high cell
viability. This work represents the first DLP-based bioprint-
ing for high-cell-density vascularized tissues in the field.

2.1.2.2 Light-based multimaterial and multiscale fabrication

Nature’s manufacturing capabilities outperform human en-
gineering through hierarchical structuring, resource effi-
ciency, and versatile self-assembly. Man-made methods, in
contrast, are often energy-intensive and create less complex,
single-function materials. To overcome these limitations,
the Soman laboratory at Syracuse University seeks to create
functional structures from soft biomaterials that resemble
the complex, multifunctional designs found in native tis-
sues. Over the years, the Soman group has utilized a mutu-
ally reinforcing positive feedback loop between technology,
scientific discovery, and application to drive sustained sci-
entific impact in the fields of bioprinting [125, 131, 132],
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organ-on-chip [133-136], tissue engineering [137-139],
and microfabrication [140-142].

To shape hydrogel-based bioinks into multiscale and
multimaterial 3D constructs, the Soman group developed
several 3D bioprinting platforms. (1) Hybrid laser platform
(HLP) [82, 143] (Fig. 8a)—HLP can be switched between
three modes of operation, namely (i) additive projection ste-
reolithography mode (PSLA) capable of printing inch-sized
3D constructs with a resolution of approximately 50 pm, (ii)
subtractive multiphoton ablation (MPA) mode, and (iii) ad-
ditive two-photon polymerization (MPP) mode. MPA/MPP
can achieve a resolution of approximately 1 um. By combin-
ing these modes of hydrogel processing into one versatile
machine, HLP can print 3D structures that are not possible
with current technologies. (2) Multipath projection stereo-
lithography (MPS) [144] (Fig. 8b) —inspired by conven-
tional microscopes that can switch objectives to achieve
multiscale imaging, MPS can switch between high- and
low-resolution optical paths, and address the inherent trade-
offs between print resolution, design complexity, and build
sizes. This required the design of two illumination and pro-
jection systems, slicing software, and hardware that seam-
lessly work as a single integrated unit. Using microfluidic
devices with embedded micromixers as a test case, MPS
can print centimeter-sized chips (3 cmx6 cm) with a feature
resolution of approximately 10 pm, which opens doors to
multiscale hydrogel printing. (3) Meniscus-enabled projec-
tion stereolithography (MAPS) [122] (Fig. 8c)—MAPS is a
vat-free method that relies on generating and maintaining
a hydrogel meniscus between a crosslinked structure and
a bottom window to print lateral, vertical, discrete, or gradi-
ent multimaterial 3D structures with no waste and user-
defined mixing between layers. MAPS’s ability to print
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Fig. 6 High-throughput bioprinter system. (a) Schematic of the high-throughput bioprinter, in which digital photomasks projected through a dig-
ital micromirror device photopolymerize prepolymer solutions in a well plate on a motorized stage. (b) Time-lapse schematic depicting synchro-
nized mask projection and stage motion for rapid continuous printing of a single 3D construct. (c) Photograph of high-throughput bioprinter set-
up printing in a standard 96-well plate. Reproduced from [130], with permission from IOP Publishing Ltd.
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Fig. 7 Achieving high fabrication resolution in high-cell-density bioinks. (a) The “impossible trinity” in bioprinting: high cell density, high cell
viability, and high fabrication resolution. Schematics showing light propagation in refractive-index-unmatched (b) and refractive-index-matched
(c) bioinks, showing reduced light scattering in the matched system. (d) Working principle of the DLP-based bioprinter. (e) Printing resolution
comparison among three different bioink compositions: bioink without cells, bioink with 1x10% cells/mL, and refractive-index-matched bioink
with 1x108 cells/mL (scale bars: 500 pm). Reproduced from [121], licensed under CC BY 4.0

hydrogel structures with microscale variations in mechanical
stiffness, opacity, surface energy, cell densities, and mag-
netic properties without requiring specialized hardware,
software, or complex washing protocols provides a generic
method to make advanced materials for a broad range of ap-
plications. In science, new technologies often trigger new
unforeseen lines of scientific inquiry. For instance, the So-
man group discovered that femtosecond (fs) laser ‘densifi-
cation’ can be used to align single cells in user-defined pat-
terns within a 3D hydrogel matrix [145]. The Soman group
also discovered that laser-assisted cavitation can be used to
generate 3D single-cell circuits (Cellnets) in custom archi-
tectures within natural collagen, and its response to stimuli
can be studied in a reproducible manner [146] (Fig. 8d).
The Soman group envisions that Cellnet technology, which
is agnostic of cell types, ECM formulations, 3D cell connec-
tivity designs, and the location/timing of network disrup-
tions, will enable broad adoption in the field to elucidate
higher-level emergent properties.

2.1.3 Material jetting

Material jetting, often implemented using inkjetting and
laser-induced forward transfer (LIFT), uses a similar

‘Fé Springer

approach to two-dimensional (2D) inkjetting, where ink
droplets are ejected from a head onto a substrate, either con-
tinuously or on demand [147]. In particular, inkjetting was
one of the first 3D printing technologies used for tissue
engineering [148]. When applied to biofabrication, the se-
lected inks are often biocompatible materials with encapsu-
lated cells, which are precisely arranged to create layers of a
3D structure. While all material jetting biofabrication ap-
proaches involve the creation of bioink droplets, the mecha-
nisms used to accomplish this can vary widely and depend
on the material systems being used. Droplets can be pro-
duced via piezoelectric actuators, thermal interactions, and
electrostatic interactions, to name a few [147], as well as a
pulsed laser [149]. The strength of material jetting for bio-
fabrication comes from the ability to rapidly and precisely
pattern droplet deposition on the substrate with a large
direct-write height, allowing for spatial control of cells and
materials [150]. Many recent material jetting process inno-
vations relate to optimizing cell distribution and the fabrica-
tion of 3D structures [151, 152].

Material jetting has been shaped by influential U.S. con-
tributions that established droplet-based cell deposition as a
viable biofabrication strategy. In terms of inkjetting, the
Boland group, now at the University of Texas at El Paso,
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Fig. 8 Representative advances in light-based multimaterial and multiscale fabrication. (a) HLP platform: (al) HLP in sequential additive-
subtractive mode; (a2) bright-field image of a four-well polyethylene glycol diacrylate (PEGDA) chip with interwell microchannels (fluores-
cence images show actin (green) and nuclei (blue); MLO-Y4 cells seeded in neighboring wells communicate with each other by extending cell
processes within the ablated channels; white arrows point to communication channels with a diameter of 5 pm); (a3) printing user-defined two-
well PEGDA chips with interconnecting out-of-plane microchannels (side, isometric, and top views of 3D channels spanning multiple crosslinked
layers are depicted); (a4) HLP in sequential macro-additive and micro-additive mode to print three woodpile structures at different depths. Re-
produced from [82], with permission from WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (b) MPS printer with two additive printing
modes similar to those of conventional microscopy. MPS uses flip-mounted mirrors to switch between objectives to print a 3D microfluidic de-
vice with embedded micromixers of various types. Reproduced from [144], licensed under CC BY 4.0. (c) Schematic setup illustrating the
MAPS 3D printing by a continuous flow of resin solution using syringe pumps and an inline micromixer. The programmed updown motion of
the z-stage draws the liquid into the fabrication area, while the projected light crosslinks the resin solution. Gradient property printing of the
twisted tower shows dual-color and compressive modulus gradients with PEGDA resins. Reproduced from [122], licensed under CC BY. (d)
Schematic showing the workflow to generate Cellnets. Representative images show single cells organized within user-defined architectures
(scale bars: 100 pm; actin: red; nucleus: blue). Reproduced from [146], licensed under CC BY 4.0

has expanded thermal inkjet bioprinting by demonstrating
that viable mammalian cells could be dispensed from a
modified commercial printer while retaining short-term
function, laying the foundation for low-cost, computer-
aided cell patterning [153]. The Huang group, now at the
University of Florida, developed scaffold-free and reactive-
material jetting strategies that expanded the process beyond
simple droplet deposition, demonstrating platform-assisted
inkjet printing of 3D zigzag cellular tubes [154]. The Huang
group further developed an intersecting jet-based inkjet bio-
printing method for in situ printing-then-mixing of reactive
and heterogeneous materials [155]. More recently, the Xu

group at Texas Tech University developed circulation-
assisted inkjet bioprinting to mitigate cell sedimentation
and aggregation, improving printing reliability for cell-
laden bioinks [70]. Regarding LIFT, the Chrisey group,
now at Tulane University, has advanced laser direct-write/
matrix-assisted pulsed laser evaporation direct writing
(MAPLE DW) methods, now also known as LIFT, for the
spatially precise transfer of cells and biomaterials [149].
The Huang group further implemented LIFT for 3D con-
struct printing in a support bath by controlling the gelation
rate of deposited cellular droplets [156]. These representa-
tive efforts demonstrate U.S. research progress in material
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jetting-based Dbiofabrication, which enables noncontact
deposition, high spatial precision, and process innovations that
improve structural complexity and bioink handling. Some of
these recent innovations are highlighted in this section.

2.1.3.1 3Dinkjet bioprinting of cell-laden tissue and
tumor microenvironment model

Bioprinting has rapidly evolved as a transformative AM
technology toward the fabrication of functional tissues and
organs. However, cell sedimentation and aggregation have
been widely recognized as significant challenges during the
printing process, which significantly affect cell distribution
as well as corresponding tissue growth and the final func-
tionality of the fabricated tissues and organs.

To address these challenges, the Xu group at Texas Tech
University systematically investigated cell sedimentation and
aggregation mechanisms and their effects on printing perfor-
mance during bioprinting of vascular structures [70, 151,
152, 157-162]. First, the mechanisms of cell sedimentation
Long printing time

(a) Initial printing time Short printing time

and aggregation have been studied by analyzing the forces
on individual cells during inkjet-based bioprinting, including
gravitational force, drag force, buoyant force, and force due
to cell—cell interaction based on the bond model [151, 158].
The sedimentation velocity is almost constant at different
printing times of 0—60 min with an interval of 15 min. In the
bioink with 0.5% and 1% sodium alginate, the fibroblast sedi-
mentation velocities are 1.45 pm/s and 0.65 pm/s, respec-
tively [158]. Second, cell sedimentation and aggregation have
been investigated within the bioink reservoir and the nozzle
during bioprinting and within microspheres after bioprinting
(Fig. 9a) [152]. Within the bioink reservoir, the percentage
of cells forming cell aggregates increased significantly from
3.6% to 54.5% for the bioink with 0.5% sodium alginate and
1.5%10° cells/mL fibroblasts. Inside the nozzle, more than 80%
of cells have formed cell aggregates at a printing time of 15 min,
and the cell aggregates migrated to the nozzle centerline re-
gion due to the weak shear-thinning properties of the bioink.
After bioprinting, approximately 30% of microspheres contain
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Fig. 9 Bioink handling and perfusable tumor models enabled by material jetting. (a) Cell sedimentation and aggregation within the bioink reser-
voir, the nozzle, and microspheres (reproduced from [152], with permission from the American Chemical Society). (b) Active bioink circulation
to reduce cell sedimentation and aggregation (reproduced from [70], with permission from IOP Publishing Ltd.; reproduced from [159], with
permission from the Society of Manufacturing Engineers). (c) 3D-printed perfusable ovarian tumor microenvironment model to study the behav-
ior of chemo-naive and chemo-resistant ovarian cancer cells under dynamic drug delivery and the morphology of low- and high-metastatic po-
tential breast cancer cells (reproduced from [166], licensed under CC BY 4.0; reproduced from [167], with permission from Elsevier B.V.)
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cell aggregates at a printing time of 15 min [157]. Finally, a
novel active bioink circulation-assisted inkjet-based bioprint-
ing has been proposed to mitigate cell sedimentation and ag-
gregation. At both low (1x10° cells/mL) and high (5x10°
cells/mL) cell concentrations, the active circulation system
significantly improves cell distribution uniformity, reducing
large cell aggregates by approximately 50% (Fig. 9b) [70,
163]. A computational model has been developed to predict
the dynamic performance of cell distribution, considering the
influence of cell sedimentation and active bioink circula-
tion [164]. The post-printing cell viability is 60% without ac-
tive circulation and 92%-94% with active circulation [165].
The tumor microenvironment (TME) plays a critical role
in cancer metastasis. Traditional 2D models and 3D spher-
oid/organoid models are limited in capturing cancer migra-
tion and invasive phenotypes due to their limited capacity
to reproduce the native TME. The Xu laboratory developed
a perfusable 3D gelatin methacryloyl (GelMA)-based TME
model to investigate the behavior of chemo-naive and
chemo-resistant ovarian cancer cells under dynamic drug

delivery (Fig. 9¢c) [166]. Under continuous carboplatin per-
fusion, cell migration significantly declines from 29 to 5 pm/
day with predominantly random trajectories, and viability
drops to 5% at 50 umol/L carboplatin. In addition, graded
micropillar substrates have been utilized to study how me-
chanical and topographical cues regulate the morphology of
breast cancer cells with low and high metastatic potential [167].
MDA-MB-231 cells become progressively elongated, while
MCEF-7 cells show minimal morphological changes, demon-
strating that the highly metastatic cells strongly remodel
their morphology in response to ECM topography.

2.1.3.2 Laser direct-write (LDW) bioprinting

Laser direct-write bioprinting (LDW-B), or LIFT, utilizes a
nanosecond pulsed excimer UV-C laser beam focused on a
transparent print ribbon coated with the cells suspended on a
sacrificial matrix hydrogel layer (most commonly gelatin),
resulting in rapid forward transfer of cells while protecting
them from adverse effects of laser radiation (Fig. 10a).
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Fig. 10 Laser direct-write (LDW) bioprinting supports high-resolution cell patterning and disease modeling. (a) LDW bioprinting process (re-
produced from [83]). (b) LDW bioprinted embryonic stem cells maintain pluripotency and differentiation potential: (b1) over 99% of embryonic
stem cells express Oct4 post-printing; (b2) printed stem cells retain the ability to differentiate into cell types expressing markers for ectoderm,
mesoderm, and endoderm. Scale bars: 100 pm. Reproduced from [173], with permission from Elsevier Ltd. (c) LDW bioprinted human breast
cancer cells onto vascular networks recapitulate metastatic processes: (cl) fibroblast-directed migration of printed breast cancer cells toward ar-
eas of high vascular density; (c2) single-cell resolution LDW bioprinting and invasion of breast cancer cells into vasculature (scale bar: 20 pm);
(c3) printed breast cancer cells inducing neoangiogenesis in mesenteric tissue (scale bar: 500 pm). Reproduced from [176], with permission
from The Royal Society of Chemistry. (d) Microbead-encapsulated human breast cancer cells bioprinted on adipose matrix derived from high
body mass index (BMI) patients show invasion (cancer cell outgrowth from microbeads) while those printed on matrix derived from normal
BMI patients or no adipose matrix do not. Top panel scale bar: 500 pm; bottom panel scale bar: 200 pm. Reproduced from [178], with per-
mission from IOP Publishing Ltd. (¢) Immunofluorescence images of developing networks formed by LDW bioprinted primary dorsal root
ganglia (reproduced from [180], with permission from IOP Publishing Ltd.)
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During printing, cell-laden droplets are encapsulated in the
hydrogel, cushioning them from shear stress when the droplet
lands on the harder receiving substrate. This makes LDW-
B gentle on the cells and leads to high post-printing viabil-
ity. Due to the high precision enabled by computer-aided
design and computer-aided manufacturing integration and
in situ, real-time optical imaging of the ribbon and sub-
strate, LDW-B has the capability to better mimic the com-
plexity of native human tissue at the cellular scale, repro-
ducibly pattern multiple cell types with high resolution and
fidelity, and control cell—cell and cell-microenvironment in-
teractions, which could ultimately enable the construction of
tissues in hierarchical units rather than simply growing them.
Additionally, as an automated, noncontact, scaffold- and nozzle-
free bioprinting technique, LDW-B can offer unique advan-
tages for biomedical manufacturing in terms of enhancing
throughput, sterility, and customization [83, 149, 168—171].

The Chrisey group at Tulane University has adapted
direct-write rapid prototyping technologies to develop
gentle and versatile laser-assisted bioprinting techniques,
with the aim of expanding upon traditional tissue engineer-
ing methods to take the next step toward the eventual goal
of printing functional tissues. They have demonstrated the
applicability of gelatin-based LDW-B to engineer disparate
physiologically relevant tissue constructs in vitro, ranging
from the stem cell niche to the breast cancer microenviron-
ment to neuronal networks.

The ability to precisely pattern stem cells into pre-
defined geometries is an important step for engineering the
stem cell niche to facilitate functional tissue regenera-
tion [172]. The Chrisey group has demonstrated the abil-
ity to viably print mammalian embryonic stem cells in
precise spots using LDW-B. The printed stem cells
maintained their pluripotency as well as the ability to
differentiate into ectodermal, mesodermal, and endoder-
mal lineages (Fig. 10b) [173]. Similarly, cancer cell inva-
sion and metastasis are highly dependent on interactions of
cancer cells with the stroma and vasculature [174, 175].
The Chrisey group has demonstrated viable LDW-B of hu-
man breast cancer cells with up to single-cell resolution into
microvascular networks, enabling time-lapse evaluation of
cancer cell dynamics. Printed breast cancer cells exhibited
stromal-directed migration toward denser vasculature,
stromal-mediated invasion into vasculature, and propensity
to induce neoangiogenesis—recapitulating metastatic phe-
nomena observed in vivo and potentially serving as a novel
model to test targeted therapies (Fig. 10c) [169, 171,
174-176]. The research group has also demonstrated the ca-
pability of the LDW-B system to reproducibly fabricate and
pattern cell-laden microbeads [177]. Human breast cancer
cells encapsulated within microbeads showed increased
invasiveness when printed onto adipose matrices derived
from obese patients, compared with adipose matrices derived
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from lean patients (Fig. 10d) [178]. Finally, viable and func-
tional printing of highly sensitive cells, such as neurons,
is extremely challenging with conventional bioprinting
techniques [179]. The Chrisey group has demonstrated vi-
able, accurate, and reproducible patterning of mammalian
dorsal root ganglion neurons and glial cells with LDW-B.
The printed neurons displayed neurite outgrowth, network
formation, and neurotransmitter transporter expression, indi-
cating the potential to model healthy and diseased states for
neurodegenerative disorders in vitro (Fig. 10e) [180].

In addition, the Huang group at the University of Florida
has explored drop-on-demand approaches for biofabrica-
tion, researching both inkjetting for its good jetting and
droplet formation controllability [181, 182] and LIFT for its
orifice-free printing nature in depositing highly viscous
bioinks. Figure 11a shows some inkjet-printed structures
with both horizontal and vertical branching features [181],
without (Fig. 11al) and with (Fig. 11a2) cell-laden bio-
inks, and Fig. 11b depicts a LIFT-printed Y-shaped cellu-
lar tube [156]. Both have utilized a buoyancy support-
assisted approach.

Fig. 11 Representative images of structures printed with drop-on-
demand (DOD) approaches. (a) Inkjet-printed bifurcated structures,
with (al) alginate-only ink, allowing for higher geometric fidelity,
and (a2) cell-laden inks. Scale bars: 3 mm. Reproduced from [181],
with permission from Wiley Periodicals, Inc. (b) Y-shaped cell-laden
alginate tubes printed using LIFT. Scale bar: 5 mm. Reproduced
from [156], with permission from IOP Publishing Ltd.

2.2 Other biofabrication and biomedical
manufacturing processes

Aside from standard 3D printing technologies that have
been applied to biofabrication and biomedical manufactur-
ing, a number of approaches that fall outside these tech-
niques have emerged as effective methods for creating
tissue-engineered constructs. Although they bear distinc-
tions from standard bioprinting modalities, the techniques
in this section are also capable of producing structurally
organized, biologically functional products. Commonly imple-
mented processes within this category include 4D biofabri-
cation and programmable functions [183], cell-spheroid and
organoid-based biofabrication [184], electrodynamic-based
processes, and other printing and alternative manufacturing
processes, such as platforms that address long-standing bottle-
necks in translation, such as cryobioprinting for preservation
and logistics [185, 186], advanced bioink formulations for
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structural stability [187], and precision methods for patient-
specific scaffold fidelity and physiological-material print-
ing [72]. These innovations (Fig. 12) demonstrate how U.S.
groups are pushing biofabrication forward toward engineer-
ing smart, biomimetic, and clinically relevant constructs us-
ing innovative techniques.

2.2.1 4D biofabrication

Despite various advances, conventional 3D bioprinted con-
structs remain geometrically static after fabrication, over-
looking the dynamic morphogenetic processes that drive tis-
sue development in vivo [188, 189]. 4D biofabrication, a
cutting-edge biofabrication technology that incorporates
the temporal dimension, has demonstrated the ability to
create tissue constructs capable of preprogrammed, stimuli-
responsive transformations using cytocompatible and biode-
gradable biomaterials. As an emerging advanced biofabrica-
tion technique, 4D bioprinting shows great promise for cre-
ating “smart” structures with dynamic and programmable
behaviors [183, 190]. By responding to specific external
stimuli, 4D-printed scaffolds can undergo controlled shape
or functional changes, enabling better adaptation to the dy-
namic nature of native tissues.

2.2.1.1 4D printing multiresponsive nano/smart structures

The Zhang group at George Washington University devel-
oped 4D printing multiresponsive nano/smart structures and
explored applications in complex tissue regeneration and
soft biorobotics [28, 71, 190-195]. In this effort, they sys-
tematically investigated the kinetics of shape transforma-
tion [28], refined a series of shape memory polymer (SMP)
formulations [28, 71], and integrated these materials across
extrusion [71, 191], SLA [28, 194, 196], and DLP [197]
printing platforms. Notably, the Zhang group synthesized
natural SMPs derived from soybean oil for 4D bioprinting for
the first time [28]. Using an SLA-based printing technique,
novel multiresponsive 4D structures were created (Fig. 13a),

which exhibited both reversible solvent-induced 4D shape
transformation and a thermoresponsive shape memory ef-
fect [28]. To achieve highly precise and remotely controlled
4D shape transformations, nanomaterials were integrated
with thermal-responsive SMPs to enable reliable near-
infrared (NIR) light-triggered actuation [71, 191]. In a re-
cent study, the Zhang group developed a dual NIR- and
magnetically responsive nanocomposite for 4D printing by
doping polypyrrole (PPy)-coated magnetic iron oxide (Fe>Os3)
nanoparticles into an SMP matrix [71]. The nanocomposite
enabled the fabrication of three smart biorobots with cargo-
delivery capabilities (Fig. 13b), which can be remotely actu-
ated by NIR illumination and an external magnetic field.

Importantly, their 4D bioprinting strategy has advanced
into neural and cardiovascular regeneration. A proof-of-
concept, reprogrammable nerve guidance conduit that pro-
moted neurogenic differentiation of hMSCs highlights its
potential for nerve repair [28]. In another study, the
Zhang group fabricated a 4D self-morphing substrate to
evaluate its feasibility for enhancing the dynamic growth
and differentiation of neural stem cells for the first time
(Fig. 13c) [192]. The 4D culture system exhibited a time-
dependent morphing process that played a critical role in
regulating neural stem cell behaviors in a spatiotemporal
manner, resulting in enhanced neural differentiation and sig-
nificant axonal alignment.

Beyond nerve regeneration, the Zhang group has explored
myocardial regeneration by developing a biomimetic, hydrogel-
based 4D anisotropic cardiac patch capable of achieving su-
perior dynamic integration with the beating heart in a mu-
rine myocardial infarction model (Fig. 13d) [194]. The 4D
cardiac patch demonstrated robust epicardial engraftment,
structural durability, and heart-to-patch blood perfusion for
a 4-month implantation. In addition, the printed cardiac
patch showed the formation of capillary-like endothelial net-
works, and the vascularized structure greatly improved the
viability and functionality of human induced pluripotent
stem cell-derived cardiomyocytes (hiPSC-CMs) [194].

Other biofabrication and biomedical
manufacturing processes

[

4D biofabrication Cell spheroid and organoid- * \velt electrowriting
based biofabrication
Alternative Other
s printing alternative
H H “ “ ' s F[ technologies techniques
e ===

Fig. 12 Alternative biofabrication and biomedical manufacturing processes. Copyright information: “4D biofabrication” (reproduced from [71],

licensed under CC BY-NC)
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Fig. 13 4D bioprinting for biomedical applications. (a) 4D pattern design and shape transformation achieved using multiresponsive SMP and
SLA printing. Scale bars: 2 mm. Reproduced from [28], with permission from WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (b) Smart
crab robot printed with NIR- and magnetically responsive nanocomposite (scale bars: 2 mm). The 4D-printed smart crab can perform cargo de-
livery tasks in a maze. Reproduced from [71], licensed under CC BY-NC. (c) Dynamic 4D self-morphing culture substrate for promoting neural
stem cell function over 1, 3, and 7 d. Scale bars: 800 pm. Reproduced from [192], licensed under CC BY. (d) Bioprinted 4D vascularized cardi-
ac patches with adaptable curvatures for improved tissue engraftment: (d1) schematic showing curvature changes in the human heart; (d2, d3)
fluorescence microscopy images of hiPSC-CMs (green), human endothelial cells (hECs, red), and hMSCs (blue) on the cellularized cardiac
patches after 1 d (d2) and 7 d (d3); (d4) in vivo analysis of the bioprinted cardiac patches. The optical images show firm adhesion following im-
plantation, the H&E image shows densely packed cell clusters, and the fluorescence images show a high engraftment rate (scale bars: 100 pm).

Reproduced from [194], licensed under CC BY-NC

Collectively, these studies have underscored the unique ca-
pability of 4D bioprinting to create dynamic and program-
mable microenvironments that regulate cellular behaviors
and promote tissue-specific differentiation. These advances
offer promising avenues for complex tissue/organ regenera-
tion and various biomedical applications.

2.2.1.2 4D bioprinting for tissue engineering
Native tissues continuously remodel and evolve in shape, adapt-

ing to their microenvironment and providing specialized

‘Fé Springer

functions, such as alveolar branching of the lung for effi-
cient gas exchange [188, 189]. The Alsberg laboratory from
the University of Illinois Chicago and colleagues have mul-
tiple illustrations of advanced 4D biofabrication. For in-
stance, multilayered hydrogels with distinct swelling and/or
degradation profiles have demonstrated the first ultrahigh-
cell-density 4D system (1x10% cells/mL bioink) [198]
and achieved up to five-stage shape transformations
that effectively mimicked lung branching morphogenesis
(Fig. 14a) [199]. Similarly, gradient hydrogel networks have
enabled programmed shape morphing in a one-layer,
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Fig. 14 Representative 4D biofabrication strategies for programmed shape transformation. (a) Five-stage shape transition of a trilayered hydro-
gel construct with distinct degradation and swelling profiles in each layer, demonstrating biomimicry of lung branching morphogenesis (repro-
duced from [199], licensed under CC BY). (b) 3D-to-3D shape transformations in printed constructs with spatially defined gradients in polymer
network density. Scale bars: 5 mm. Reproduced from [202], with permission from Wiley-VCH GmbH. (c) Cell condensation-based 4D engi-
neered cartilage-like tissues with letter “C”’-shaped and helix-shaped morphologies. Scale bars: 10 mm (C shape) or 5 mm (helix shape). Repro-
duced from [203], licensed under CC BY-NC-ND. (d) Cell contractile force (CCF)-induced shape morphing in a cross-shaped cell-laden
(yellow)/cell-free (magenta) bilayer hydrogel and (e) corresponding photomicrographs showing the original (left) and deformed (right) struc-
tures. Scale bar: 5 mm. Reproduced from [205], with permission from Elsevier Inc.

one-step fabrication process using photolithography [200]
or ion transfer printing technology [201], while bioprinting
of jammed microflake bioinks integrated with gradient
networks has supported unique 3D to 3D transformations
that have not been achieved in other cytocompatible cell-
laden systems (Fig. 14b) [202]. The convergence of cell-
only printing, jammed microgels, and gradient network de-
sign has ultimately enabled the first 4D cell-condensate bio-
printing technology, advancing the engineering of
biomaterial-free tissue with well-defined architectures
(Fig. 14c) [203]. To further enhance morphing freedom by
decoupling deformation regions from neighboring units, the
team recently developed the first 4D bio-kirigami system,
which allowed precisely controlled local morphing and en-
abled the engineering of highly curved tissues with complex
architectures [204].

However, these systems, which rely on external stimuli
such as hydrogel swelling, overlook the intrinsic roles of
cells in driving tissue remodeling and morphogenesis in vivo.
To address this limitation, the team harnessed contractile
forces generated by embedded cells within self-softening hy-
drogels to establish cell-instructed, self-powering 4D bio-
printing (Figs. 14d and 14e) [205, 206]. This approach
eliminates the need for external triggers and enables mor-
phogenetic engineering of multiscale tissues with enhanced
adaptability and functionality. This advancement repre-
sents significant progress in 4D bioprinting by harnessing

internally derived stimuli, thereby ensuring excellent cy-
tocompatibility and enhancing accessibility for in vivo
applications.

2.2.2 Cell spheroid and organoid-based biofabrication

2.2.2.1 Aspiration-assisted bioprinting (AAB)

Most efforts in 3D bioprinting involve the use of hydrogel-
based bioinks, which have fundamental limitations. Specifi-
cally, it is challenging to achieve a physiologically relevant
cell density (1x108-5x108 cells/mL) similar to that seen in
native tissues [207, 208]. Indeed, most hydrogel bioinks are
a compromise between cell density and polymer density to
achieve printability, and often neither is ideal for the in-
tended application. In this regard, spheroids with high cell
density (i.e., up to 10* cells/spheroid) are considered prom-
ising candidates. However, spheroid bioprinting has rarely
been applied due to the lack of robust, practical, precise,
and scalable techniques [209, 210]. In 2020, the Ozbolat
laboratory at Penn State University introduced a technique
called “aspiration-assisted bioprinting” [211], which has
enabled the bioprinting of spheroids with an order of mag-
nitude size range (80-800 pm diameter) with minimal cel-
Iular damage (>90% viability) at an unprecedented preci-
sion (approximately 11% with respect to spheroid size)
(Fig. 15a). ABB has also been reconfigured for freeform
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Fig. 15 Aspiration-assisted bioprinting (AAB). (a) Pyramid-shaped AAB-built heterotypic structures using spheroids of different sizes and
types (reproduced from [224], licensed under CC BY-NC). (b) Freeform AAB-generated configurations (reproduced from [211], licensed under
CC BY 4.0). (c) High-throughput AAB for the spheroid lifting and placement process on a hydrogel substrate. Scale bar: 300 um. (d) Compari-
son between bioprinted (right) and manually mixed (left) spheroids of varying size, demonstrating the capability of high-throughput bioprinting.
Scale bars: 500 pm. (e) Schematic of the scalable tissue fabrication via high-throughput bioprinting. Reproduced from [223], licensed under CC

BY-NC-ND

bioprinting [211, 212] (Fig. 15b) and applied in biofabrica-
tion of various tissues, such as cartilage [213], bone [214,
215], osteochondral [216, 217] and bone/vascular tissue
[218] interfaces, and tumor models [219-222]; however, the
process was slow (approximately 30 s/spheroid). In recent
studies [33, 223], the Ozbolat laboratory has advanced the
technology further to facilitate high-throughput spheroid
bioprinting, which enables the fabrication of scalable tissues
(i.e., <3 s/spheroid with a total of <40 min to build cm?
tissue) (Figs. 15¢c—15e).

2.2.2.2 Assembloid biofabrication

While many biofabrication technologies have advanced to
achieve feature sizes on the micrometer scale, direct ma-
nipulation of cells when creating larger structures remains
difficult. One strategy that has emerged to accomplish this
involves utilizing cells themselves as the fabrication tech-
nique, placing cell aggregates, and allowing for self-
assembly. This section highlights a key development in this
area, “‘pick-and-place” biofabrication, using a combination
of self-assembly and AM.

The development of organoids, which are 3D cultures of
multiple cell types that self-pattern into engineered tissues
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with emergent, organ-like properties, has immense promise
for the modeling and replacement of human tissues. To inte-
grate the advantages of emergent, organoid biology with
top-down biofabrication strategies, both new ink materials
and new bioprinting processes need to be developed [225].
Typically, organoids are grown in an animal-derived, decel-
lularized basement membrane that is not suitable for bio-
printing. In response, multiple groups are developing engi-
neered, printable biomaterials with tunable mechanical and
biochemical properties for reproducible organoid develop-
ment [59, 226, 227]. These biomaterials can be designed to
mimic specific biological states, such as healthy and cancer-
ous pancreatic tissue states [228]. More recently, new strate-
gies to modulate biomaterial stiffness have been developed
to investigate the mechanics of matrix stiffness regulating
lipid droplet accumulation in organoid models for nonalco-
holic fatty liver disease [229].

Furthermore, as cell-cell interactions are indispensable
for guiding stem cell morphogenesis, new biomaterials to
mimic cell-cell signaling have been developed [230]. Cur-
rently, an open challenge is the merging of bottom-up emer-
gent tissue structures with top-down biofabricated struc-
tures. To begin to address this need, an emerging concept
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for organoid bioprinting is “pick-and-place” biofabrication
of preformed organoids to form so-called assembloids [225].
While vacuum-assisted movement is quite successful for
cell spheroids, the required pressures can be damaging to
human organoids [32]. The Heilshorn laboratory at Stanford
University has developed magnet-assisted movement of or-
ganoids using temporary magnetic inks, which have been
used to fabricate neural assembloids with specified 3D ge-
ometries (Fig. 16a) [32].

(a) Assembloid biofabrication through organoid bioprinting
| Ring

Linear

500 pm

(b) Lipid imaging to track intestinal organoid development
Overlay Nuclei Lipids

Day 6

Fig. 16 Organoid-based biofabrication and analysis strategies. (a) As-
sembloids can be fabricated into specific geometries using magnet-
assisted “pick-and-place” bioprinting of organoids pre-patterned into
dorsal (red) and ventral (green) forebrain neural tissue (reproduced
from [32], licensed under CC BY 4.0). (b) Organoid development of
human intestinal enteroids can be noninvasively followed by label-
free imaging of lipids using coherent anti-Stokes Raman scattering
(CARS) microscopy, which correlates with mitochondrial polariza-
tion. Confocal microscopy shows actin in magenta, nuclei in blue,
mitochondria in green, and lipid CARS signal in white. Reproduced
from [231], with permission from the American Chemical Society

As organoid production continues to improve in repro-
ducibility and scalability (Fig. 16b) [231], the use of organ-
oids as building blocks for biofabrication will continue to
grow. Future opportunities include integration with real-
time analysis techniques that are nondestructive to track or-
ganoid phenotype over time [232], which will enable even-
tual automation for high-throughput studies.

2.2.3 Melt electrowriting

Although in some ways bearing resemblance to standard
3D printing techniques, electrodynamic processes, such as
electrospinning and MEW, involve material deposition en-
abled by the application of an electric field. MEW in par-
ticular, sometimes described as the missing link between

FFF and electrospinning [233], has emerged as a method of
micron-scale fabrication with tissue engineering applica-
tions. Involving the heating of a thermopolymer and precise
deposition on a collector as a result of an applied voltage
[234], MEW has shown promise for a variety of tissue engi-
neering applications, although due to the relative newness
of the technique, there remains much research and explora-
tion to be done on MEW process dynamics and applica-
tions. Explored in this section are developments in creating
an accessible MEW device for fabricating highly porous
scaffolds, as well as the development of a charge-aware,
data-guided MEW system.

2.2.3.1 Melt electrowriting of highly porous scaffolds

MEW is an electrohydrodynamic-based AM paradigm that
directly writes microscale polymer fibers under a high elec-
tric field. MEW equipment employs a configuration similar
to FFF but exploits electrohydrodynamic stabilization to
prevent jet breakup, enabling continuous molten polymer
jets at low flow rates. Fiber diameters range from 0.35 pm
to 50 um, depending on the processing conditions [235,
236]. This represents a resolution more than two orders of
magnitude smaller than conventional FFF, necessitating sig-
nificantly reduced throughput (2-20 uL/h) to the nozzle.

MEW distinguishes itself through small-diameter microfi-
bers that yield high-porosity scaffolds, typically exceeding
85%. The fiber diameter scales proportionally with the flow
rate [235], allowing the fabrication of multiphasic scaffolds.
These microporous materials, or scaffolds, provide 3D sub-
strates first proposed for tissue engineering [237, 238]
but now applied across cancer research [239], biofabrica-
tion [240], and drug discovery [241]. Unlike matrices, scaf-
folds possess open-pore morphologies that permit cell and
tissue penetration. AM improved reproducibility and ex-
panded the range of achievable scaffold properties, yet most
technologies cannot achieve micron-scale resolution. Addi-
tionally, conventional scaffolds exhibit porosities between
50% and 80%. At these elevated porosities, MEW scaffolds
function as reinforcement structures, imparting program-
mable mechanical properties into otherwise uniform materi-
als such as silicones [242] or matrices [243, 244].

Given MEW ’s configurational similarity to FFF printers,
the Dalton group at the University of Oregon released an
open-source MEW 3D printer (the “MEWron™) in 2023 to
democratize access to this technology (Figs. 17a—17c¢) [29].
Built upon the existing open-source Voron 0.1 FFF printer,
the MEWron employs geared-down motors and half-
stepping to produce microfibers down to 1.5 pm diameter
(Fig. 17d). This modification enabled MEW processing of
polycaprolactone (PCL) and high-density polyethylene into
scaffolds [245] and deposition of nylon-12 onto heated, cy-
lindrical collectors [6]. The Dalton group further modified
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Fig. 17 The MEWTron open-source hardware ecosystem, which is built upon a Voron Design FFF 3D printer. Either filament (a) or syringe (b)
delivery systems are available, and the compact system (c) sits upon a low-current high-voltage supply. It produces small-diameter MEW
fibers, shown in (d) with a 1.5 um diameter fiber layered upon each other 300 times. (¢) A PCL and a silk scaffold, with the latter made using a
modified Voron 0.1 with a =30 °C collector plate. (a, b, d) are reproduced from [29], licensed under CC BY 4.0; (e) is reproduced from [30],

licensed under CC BY 4.0

the Voron platform to jet silk solutions onto a —30 °C collec-
tor plate for cryogenic preservation of the fiber structure [30].
Following lyophilization, the dehydrated silk scaffold was
immersed in ethanol to induce beta-sheet formation, confer-
ring aqueous stability. Silk microfiber scaffolds (Fig. 17e)
demonstrated significantly enhanced cell proliferation com-
pared to dimensionally matched PCL microfiber scaffolds [30].

MEWTron’s rapid build time and low cost ($1200 com-
pared to $50,000+ for commercial systems) facilitate
polymer-specific modifications. For example, polydioxa-
none (PDX)—a clinically relevant yet academically under-
investigated polymer with 3—6-month degradation kinetics
as a suture material—could be processed into microfiber
scaffolds using a MEWron equipped with a filament drying
line. In another iteration, the Dalton group developed a co-
axial nozzle configuration enabling core—shell fiber produc-
tion and dynamic polymer switching by selective extrusion
from either the inner or outer nozzle channel.

These open-source developments demonstrate that micro-
fiber 3D printing will enable the production of biomedical
constructs at resolutions replicating natural tissue ultrastruc-
ture, while maintaining accessibility through democratized
technology platforms.

2.23.2 Charge-aware, data-guided melt electrowriting
for microscale 3D structured engineered tissues

Biofabrication is increasingly constrained not by whether
we can print but rather by whether we can manufacture bio-
logically instructive microarchitectures reproducibly, at scale,
with quantitative quality assurance. The Chang group at the
Stevens Institute of Technology has focused on advancing
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MEW. Because MEW is solvent-free and highly tunable, it
enables high-resolution fibrous 3D structured materials for
engineered tissues, where fiber diameter, spacing, anisotropy,
and stacking define cellular operating length scales, trans-
port pathways, and mechanical cues.

To move MEW beyond trial-and-error parameter tuning
toward quality-by-design, the Chang group has paired
process-physics frameworks with in situ metrology. First,
they advanced a dimensionless “Printability Number” (via
dimensional analysis) to reduce a large, coupled parameter
space (melt flow, electric field, temperature, and stage kine-
matics) into governing groups [246]. This framework has
enabled principled selection of stable free-flow conditions
and translation-speed regimes that improve mesh fidelity
while mitigating instabilities such as coiling, waviness, and
systematic fiber deviation [247]. Second, the Chang group
has developed a real-time, image-based jet-lag tracking
methodology to quantify dynamic jet behavior and connect
jet signatures to fiber-quality outcomes [248]. By measur-
ing deposition lag and transient jet dynamics during print-
ing, this approach has provided a systematic pathway for
rapid parameter optimization, repeatable printing, and on-
ramp to closed-loop control.

A core biomedical manufacturing frontier for MEW is
understanding and controlling electrostatics in multilayer
microstructures. Polymer melts are semiconductive, wherein
printed fibers can retain net residual charge while also polar-
izing in the applied electric field. These coupled effects gen-
erate competing jet—fiber attraction and repulsion that de-
grade lateral placement accuracy and complicate vertical
stacking in 3D builds [249]. To address this, the Chang
group has established charge-aware measurement and
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modeling tools spanning (i) conductivity-dependent fiber
overlap versus divergence behaviors and the resulting attrac-
tion/repulsion signatures, (ii) residual-charge quantification
(nanocoulomb-scale) and parametric studies that reveal how
process choices influence charge entrainment and dissipation,
and (iii) analytical, residual-charge-based models that explain
accuracy loss in multilayer scaffolds through evolving “en-
ergy landscapes” incorporating global fields, local interac-
tions, and polarization effects [250-252]. Together, these tools
have converted electrostatics from an uncontrolled disturbance
into a design variable with actionable manufacturing rules.
These manufacturing advances have enabled healthcare-
relevant biofabrication platforms. The Chang group has es-
tablished the convergence of MEW-produced 3D substrates
designed at approximately 10—100 um cellular operating
lengths with automated confocal imaging and computa-
tional (including machine learning-enabled) metrology to
extract whole-cell morphology and focal-adhesion features,
enabling classification of confinement-driven phenotypes.
This workflow supports biologically qualified scaffold de-
sign, where manufacturing decisions are guided by mea-
sured cell responses rather than geometry-only targets [246,
253]. In parallel, the Chang group has leveraged controlled
fiber sagging and charge-mediated effects to fabricate fi-
brous spindle-like constructs, illustrating how manufactur-
ing physics can be harnessed to create specialized, tissue-
inspired microstructures [252, 254]. Looking forward, the
Chang group envisions a near-term U.S. opportunity in
closed-loop, charge-aware scaffold manufacturing that inte-
grates real-time jet sensing, predictive residual-charge models,
and single-cell biological metrology into a unified digital
thread for scalable, design-qualified tissue constructs with
traceable process—structure—function relationships (Fig. 18).

2.2.4 Alternative printing technologies

2.2.4.1 Cryobioprinting

In conventional bioprinting workflows, biological con-
structs typically must be used immediately after fabrication,
which limits opportunities for long-term storage and trans-
portation to off-site locations. To address this challenge, the
Zhang group at Harvard Medical School has recently devel-
oped a cryobioprinting strategy that integrates standard
extrusion-based bioprinting with a meticulously engineered
cryogenic substrate [185, 186]. In this approach, bioinks de-
posited onto the subzero substrate undergo rapid cooling,
enabling simultaneous bioprinting and freezing of 3D tissue
architectures that are directly shelf-ready (Fig. 19a) [34, 255].
Importantly, the in situ freezing process also mechanically
reinforces the otherwise soft hydrogel-based filaments, en-
abling the fabrication of stable 2D and 3D patterns using single-
or multimaterial formulations. This added mechanical stability

allows for the direct printing of free-standing architectures
in open air (Fig. 19b), which would otherwise be difficult to
achieve using conventional extrusion bioprinting without
embedded support due to gravitational deformation.

To enable the incorporation of living cells into the cryo-
bioprinting process, bioink formulations have been opti-
mized to provide cryoprotective effects and minimize ice
crystal formation during freezing. A combination of perme-
able cryoprotectants, such as dimethyl sulfoxide, together
with nonpermeable cryoprotectants, including disaccharides
or trisaccharides, has demonstrated strong protective effi-
cacy. Using these optimized bioinks, both cell lines and pri-
mary cells have been successfully cryobioprinted and stored
in liquid nitrogen for up to three months. Upon thawing and
subsequent culture, cell viabilities exceeding 80% have
been consistently observed (Fig. 19¢) [34, 255]. Further-
more, when hMSCs have been cryobioprinted and induced
to undergo osteogenic, chondrogenic, or adipogenic differ-
entiation, no noticeable differences have been observed
compared to nonfrozen control constructs, indicating pre-
served stem cell functionality (Fig. 19d) [34, 255].

Beyond conventional extrusion-based approaches, cryo-
bioprinting can be readily adapted to other bioprinting mo-
dalities. For example, a key limitation of traditional droplet-
based bioprinting is the requirement for very low-viscosity
bioinks, which complicates the construction of volumetric
structures unless a support bath is used. In contrast, in cryo-
bioprinting, droplets freeze immediately upon contact with
the cold substrate, providing sufficient mechanical integrity
to enable direct, in-air deposition of complex 3D architec-
tures (Fig. 19e) [2]. Cryobioprinting is also compatible with
coaxial bioprinting, in which multilayer nozzles enable verti-
cal bioprinting of hollow or compositionally distinct filaments
depending on programmed bioink delivery (Fig. 19f) [256].
Using the alternating vertical cryobioprinting strategy, mul-
tiple interfacial tissue types can be engineered, including
musculovascular junctions (Fig. 19g) [256], musculotendi-
nous junctions (Fig. 19h) [256], and neuromuscular junc-
tions (Fig. 191) [257].

2.2.4.2 Ultrasound-assisted 3D biofabrication of
biomimetically organized soft tissue constructs

Recapitulating the hierarchical organization of cells and
ECM that underlies the structure and function of soft tissues
(e.g., musculoskeletal, cardiovascular) remains a central
challenge in biofabrication and biomedical manufacturing.
Typical bioprinting approaches yield constructs where cells
are randomly distributed within micro/meso-scale fibers
(e.g., extrusion bioprinting) or across the bulk structure (e.g.,
vat photopolymerization), but they fail to impart controlled
organization of cells and ECM essential for biomimicry. To
overcome these limitations, the Shirwaiker group at North
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Fig. 18 Advances in melt electrowriting (MEW) for process control, modeling, and biomedical scaffold fabrication. (a) Charge-aware MEW manu-
facturing science spanning physics-informed process design, instrumented MEW platforms for quantitative quality assurance, real-time image-
based jet-lag tracking for parameter optimization, and residual charge-based electrostatic modeling to predict multilayer stacking and fiber place-
ment error. (b) Biofabrication platforms and biomedical metrology connecting MEW process windows to healthcare-relevant fibrous scaffolds, fab-
rication of tissue-inspired spindle-like microstructures, and computational biometrology. Part (a, left) is reproduced from [246], with permission
from the American Society of Mechanical Engineers; Part (a, middle) and Part (a, right top) are reproduced from [248], with permission from Else-
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Carolina State University has developed ultrasound-assisted
biofabrication (UAB) strategies that leverage standing bulk
acoustic waves (SBAWs) to rapidly and noninvasively pat-
tern cells and extracellular constituents within 3D hydrogel
matrices with synergistic crosslinking (Fig. 20). This pat-
ented technology [258] is underpinned by a theoretical
framework coupling process physics with material cross-
linking chemistry, experimentally characterized material—
process—structure—function interrelationships, and transla-
tional workflows that integrate real-time acoustic manipula-
tion with 3D bioprinting to fabricate biomimetic tissue con-
structs [35, 258-265].

At the core of the UAB is the generation of an SBAW
within a bioink matrix by actuating piezoelectric transducer(s)
paired with reflector(s) (Fig. 20a). The interference of the
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emanating and reflected waves creates pressure nodes
(planes in 3D), and the resulting acoustic radiation forces
(ARFs) drive suspended cells and additives (e.g., microfi-
bers) toward nodal planes, organizing them into highly or-
dered arrays [35, 258-265]. These arrays are stabilized
through synergistic crosslinking modalities (e.g., thermorev-
ersible gelation, ionic crosslinking, and UV photocrosslink-
ing) that provide temporal control over matrix viscosity and
enable precise entrapment during gelation. With appropriate
optimization, anisotropic organization can be achieved
within seconds, even in viscous hydrogels, while maintain-
ing high cell viability. Array orientation can be varied layer-
wise by selectively actuating different transducer—reflector
pairs. This mechanism is broadly compatible with vat
photopolymerization and extrusion bioprinting, enabling
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Fig. 19 Representative cryobioprinting strategies for simultaneous fabrication and preservation of cell-laden constructs. (a) Schematic illustra-
tion of cryobioprinting of tissue constructs for simultaneous cryopreservation. (b) Cryobioprinted gelatin and GelMA structures. (c) Quantified
viabilities of NIH/3T3 fibroblasts and human umbilical vein endothelial cells (HUVECs) cryobioprinted and stored in liquid nitrogen for
3 months. (d) Quantified osteogenic (left), chondrogenic (middle), and adipogenic (right) differentiation levels of hMSCs for cryobioprinted
and control constructs. Reproduced from [34], with permission from Elsevier Inc. (e) Droplet cryobioprinting for building free-standing struc-
tures (reproduced from [2], licensed under CC BY). (f) Coaxial vertical cryobioprinting to create frozen hollow and alternating freestanding fila-

ments. (g—i) Vertically cryobioprinted musculovascular junction (g), musculotendinous junction (h), and neuromuscular junction (i) tissues with
quantified corrected total cell fluorescence values. (f-h) are reproduced from [256], with permission from Wiley-VCH GmbH; (i) is reproduced

from [257], licensed under CC BY 4.0

microscale acoustic patterning within tissue-specific geom-
etries without compromising throughput or resolution.

The process physics have been elucidated through ana-
lytical and multiphysics models describing the effects of
ultrasound frequency, wavelength (1), bioink viscosity, and
boundary conditions on nodal spacing and ARF magni-
tude [35, 259-261]. These models accurately predict A/2 inter-
array spacing and nonlinear frequency—pressure relationships

observed experimentally, informing the balance between
ARFs and viscous drag forces that governs patterning kinet-
ics (Fig. 20b). Such mechanistic insights inform the system-
atic design of ultrasound-enabled bioprinting platforms and
actuation schemes for reproducible patterning across bio-
logically relevant geometries.

UAB has been demonstrated across hydrogel systems
(e.g., alginate, GeIMA) and with diverse cell types (e.g.,
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Fig. 20 Highlights of ultrasound-assisted 3D biofabrication. (a) Schematic illustrating process physics where actuation generates an SBAW in
the bioink and ARFs that drive cells and additives toward their nearest pressure nodal planes. (b) Computational modeling of acoustic pressure
fields and ARF magnitudes at different ultrasound frequencies and (transducer) input voltages (reproduced from [35], with permission from IOP
Publishing Ltd.; reproduced from [261], with permission from Elsevier B.V.). (c¢) Simulated SBAW nodal patterns under sequential transducer
actuation and experimental demonstration of a biomimetic knee meniscus construct (reproduced from [35], with permission from IOP Publish-
ing Ltd.). (d) Biological functionality illustrated by a highly organized network of cells (actin, green) and deposited ECM (collagen II, red). (e)

Structure—function relationships highlighted through tunable GelMA stiffness and tensile property improvements with patterned collagen micro-
aggregates and PCL microfibers. Reproduced from [263], licensed under CC BY-NC-ND

adipose-derived stem cells, chondrocytes, fibroblasts, MG63
cells) [35, 258-265]. The ability to generate linear and cir-
cular patterns with uniform orientation or layerwise varia-
tions (e.g., 0°-90°, 0°-45°-90°) supports applications to
anisotropic tissues, including the meniscus, tendon, liga-
ment, annulus fibrosus, skeletal muscle, and cardiac muscle
(Fig. 20c) [35, 259-263]. The interplay between bioink com-
position, UAB parameters, and crosslinking modality gov-
erns emergent structure—function relationships. For example,
in GelMA (80% degree of substitution, 0.05 g/mL), modula-
tion of the pre-photocrosslinking temperature and UV expo-
sure regulates the equilibrium between thermoreversible and
covalent crosslinking, yielding matrices with tunable stiff-
ness (0.25-17 kPa), pore architecture, and degradation pro-
files [262]. Moderately stiff matrices support cellular elonga-
tion, alignment, and ECM deposition (Fig. 20d), whereas
dense networks restrict remodeling. Hybrid GelMA bioinks
further enhance functionality in that patterned collagen mi-
croaggregates improve the tensile modulus and aligned
collagen II deposition during chondrogenic culture, while
patterned PCL microfibers provide uniaxial cues guiding
cellular and ECM alignment (Fig. 20e) [263].
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Collectively, UAB has emerged as a versatile strategy for
engineering anisotropic tissue constructs with structural and
functional biomimicry. Beyond biomedicine, the UAB pro-
cess will also be relevant to cultivated meat applications in
which muscle fiber alignment and structural anisotropy are
essential for texture and the overall sensory experience [266].
Future directions include improving acoustic coupling in
thicker constructs, leveraging dynamic ultrasound stimula-
tion to enhance ECM formation, expanding to diverse hy-
drogel/composite systems for biomedical and food applica-
tions, and developing automated platforms for real-time,
high-throughput manufacturing.

2.2.4.3 Volumetric (bio)printing

Relatedly, the Zhang group at Harvard Medical School and
the Yao group at Duke University have co-developed deep-
penetration acoustic volumetric printing (DAVP), a light-
free volumetric bioprinting strategy that uses focused ultra-
sound to pattern engineered sonoinks through optically
opaque or scattering biological tissues [267, 268]. In con-
trast to conventional optical bioprinting approaches, whose
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penetration depth and spatial precision can be compromised
by material absorption and scattering, DAVP harnesses the
substantially greater tissue penetrability of acoustic energy
to induce localized sono-thermal effects and trigger gelation
only at targeted focal regions. This mechanism enables the
formation of complex 3D hydrogel architectures not only
within transparent constructs but also across thick tissue bar-
riers and at buried anatomical sites, thereby expanding print-
ing from open, surface-accessible fabrication toward mini-
mally invasive and potentially in situ biofabrication. By in-
tegrating acoustic energy delivery with self-enhancing so-
noinks, DAVP provides a general framework for construct-
ing tissue-like structures in environments that are otherwise
inaccessible to light-based printing methods.

On the other hand, volumetric bioprinting (VBP) has
emerged as a powerful light-based manufacturing approach
that creates entire 3D structures by selectively solidifying
photosensitive bioinks throughout a volume, eliminating the
need for conventional layer-by-layer deposition. This en-
ables the rapid fabrication of complex, cell-laden constructs
while reducing printing times from hours to seconds or
minutes. Recent advances have expanded VBP beyond
synthetic hydrogels to include pristine protein-based bio-
inks [269], such as silk fibroin [270] and decellularized
ECM [271] materials, allowing the fabrication of biologi-
cally relevant constructs with improved biomimicry and cel-
lular compatibility.

These developments have demonstrated the potential of
volumetric (bio)printing for tissue engineering and regenera-
tive medicine while also revealing a key limitation of light-
based approaches: their dependence on optical access and
transparency [272]. This limitation motivates the exploration

of alternative energy sources, such as ultrasound, to extend
volumetric fabrication into optically opaque environments
and biological tissues. Collectively, these studies reflect a
broader shift from rapid 3D printing of synthetic materials
toward cell-compatible and clinically relevant bioprinting
platforms. The presentation will frame volumetric (bio)
printing as a next step in this evolution, with potential appli-
cations in tissue engineering, regenerative medicine, and
minimally invasive biofabrication.

2.2.4.4 Robot-assisted precision biofabrication for
patient-specific scaffolds

To recreate complex organ architectures, the Habib group
from the Rochester Institute of Technology and colleagues
have integrated robotics into bioprinting for anatomically
faithful lung model fabrication. The lung’s branching air-
ways and curved surfaces pose a challenge for traditional
three-axis printers, often causing sagging or geometric inac-
curacies [273, 274]. They have overcome this by imple-
menting a six-axis robot-assisted bioprinter that dynamically
orients the print nozzle, enabling accurate deposition on
complex 3D contours. Using an optimized alginate—carboxy-
methyl cellulose (CMC) hydrogel formulation, the system
has successfully printed tubular and bifurcating airway con-
structs that closely replicate patient-specific airway geom-
etries (Fig. 21a) [72]. The printed second-generation lung
lobe has maintained open lumen structures across multiple
branches without collapse and has withstood compression
forces comparable to native lung tissue. Quantitative printabil-
ity analysis (Pr=1.0) has confirmed high pore fidelity
across the constructs, and mechanical tests have demonstrated

Robot-assisted multimaterial bioprinting and cytotoxicity

Fig. 21 Multimaterial and robot-assisted biofabrication strategies. (a) Robot-assisted bioprinting of anatomically inspired constructs, such as
an airway model, alongside mechanical testing (reproduced from [72], licensed under CC BY 4.0). (b, ¢) Multimaterial deposition with gradi-
ent (reproduced from [275], with permission from the American Society of Mechanical Engineers; reproduced from [276], with permission

from the American Society of Mechanical Engineers)
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elastic recovery of the hydrogel airways under repeated
loading [72]. This robotic platform’s precise deposition has
markedly improved geometric fidelity over gantry-based
methods, reducing support needs and maintaining uniform
wall thickness in curved airways. It has also enabled realis-
tic lung scaffolds suitable for preliminary in vitro aerosol de-
position studies, demonstrating their potential for inhaled
drug delivery research. Together, the robot-assisted ap-
proach has advanced next-generation organ models by in-
tegrating precise kinematic control with biofabrication, en-
abling high-fidelity, patient-specific respiratory scaffolds.

2.2.4.5 Tunable rapid assembly of collagenous elements
(TRACE)

The development of biofabrication strategies that utilize
natural, unmodified ECM components is critical for advanc-
ing tissue engineering toward physiologically relevant mod-
els. One notable innovation in this space is the TRACE plat-
form (Fig. 22a) [277] developed by the Mak group at Stony
Brook University. TRACE enables the rapid transition of
collagen I from solution to gel, addressing a longstanding
limitation in the field: the inherently slow gelation kinetics
of collagen under cell-compatible conditions. Typically, neu-
tralized collagen solutions at concentrations of 1-4 mg/mL—
commonly used in live cell applications—require extended
incubation times to form stable gels, which limits compat-
ibility with bioprinting and biofabrication. TRACE circum-
vents this challenge by providing a rapid assembly mecha-
nism, based on macromolecular crowding, that works across
acidic and neutralized, high- and low-concentration collagen
formulations. Importantly, TRACE eliminates the require-
ment of using high-concentration collagen, which needs to
be maintained in acidic buffers for solubility, for extrusion-
based collagen printing [98, 278], thereby enhancing bio-
compatibility and expanding the range of usable conditions.
Beyond collagen I, TRACE has demonstrated versatility

(a) TRACE bioprinting

Collagen
Printing bioink
nozzle

iy

R KT
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Granular support
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assembly
Fig. 22 TRACE biofabrication and bioprinting: (a) TRACE leverag-
es crowding to accelerate collagen and ECM gelation, enabling versa-
tile 3D biopatterning and bioprinting of natural bioinks; (b) Collagen
can be printed with and without living cells into complex physiologi-
cally relevant geometries. Reproduced from [277], under exclusive li-
cence to Springer Nature Limited
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with other ECM sources, including decellularized matrices
derived from specific organs such as the heart, muscle,
liver, and intestine [279]. This adaptability allows the plat-
form to capture tissue-specific biochemical cues, which are
essential for guiding cell differentiation and maturation.

Using native ECM, TRACE has been applied to fabricate
a variety of 3D patterned tissues (Fig. 22b). Examples in-
clude patterned intestinal strips and tubes and bioprinted
cardiovascular vessels, chambers, and rings. These engi-
neered tissues not only replicate physiologically relevant
structural complexity but also exhibit functional matura-
tion. Biopatterned intestinal tissues derived from induced
pluripotent stem cells (iPSCs) progressed to mature
gut-like constructs, expressing appropriate lineage mark-
ers. Similarly, bioprinted cardiac tissues achieved coordi-
nated calcium signaling, resulting in synchronous contrac-
tions and effective fluid pumping—hallmarks of functional
myocardium [277, 280].

These findings underscore the importance of biofabricat-
ing tissues from natural physiological components under cell-
compatible conditions without reliance on artificial modifi-
cations or harsh processing steps. TRACE supports the cre-
ation of tissues that more closely recapitulate native biol-
ogy. Moreover, the platform is inherently scalable: its pro-
grammable, rapid 3D printing capabilities allow for repro-
ducible manufacturing of complex tissues at sizes and for-
mats suitable for research and translational applications.
This scalability positions TRACE as a powerful tool for
drug discovery and development, where human-relevant tis-
sue models are increasingly sought to replace or comple-
ment animal testing.

Overall, TRACE represents a significant advance in the
biofabrication of natural ECM-based tissues. By combining
speed, versatility, and physiological relevance, it facilitates
the production of advanced human tissue models that accel-
erate research and development in non-animal systems. In
doing so, TRACE contributes to the broader goal of estab-
lishing human-centric platforms for understanding disease
mechanisms and developing therapeutic interventions. Its
ability to integrate unmodified ECM components into func-
tional constructs highlights a paradigm shift in tissue engi-
neering—moving away from reliance on synthetic scaffolds
and toward the direct use of natural materials to achieve
maturation, function, and translational impact.

2.24.6 Cell-only embedded bioprinting

The Alsberg group at the University of Illinois Chicago has
developed a cell-only bioprinting strategy, employing living
individual cells or cell aggregates themselves as the bioink
(Fig. 23a) [184]. This advance is enabled by photocurable,
shear-thinning, and self-healing microgels composed of oxi-
dized, methacrylated alginate, which act as a supporting
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bath for freeform deposition of cells. Unique to this ap-
proach is that once printing is complete, the microgel
bath can be photocrosslinked to further stabilize the con-
struct, maintaining cellular architecture during handling
and long-term culture to allow for cell condensation for-
mation. Using this platform, hMSC-based cell-only bio-
inks were printed into complex tissue geometries and suc-
cessfully differentiated, enabling the formation of C-
and femur-shaped bone-like constructs and ear-shaped
cartilage-like constructs (Figs. 23b and 23c). The strategy
has since been adapted to engineer coronary artery mim-
icking constructs with tunable wall thickness using
smooth muscle cells and printing needles of varying di-
ameters [281]. A further advancement has introduced
tissue-specific bioinks comprised of individual cells or cell
aggregates with incorporated growth factor-laden mic-
roparticles, thereby eliminating the need for exogenous
growth factor supplementation and enabling controlled
spatial and temporal presentation of cues during regenera-
tion [282]. This has proved particularly advantageous for
engineering multiphase tissues, such as osteochondral con-
structs composed of integrated bone and cartilage. More
recently, patterned printing of specialized cell-only bio-
inks into preformed, cell-laden microgel constructs has
been demonstrated as a powerful strategy for developing
complex multiphase tissues, such as bone-like constructs
with prevascularized networks that hold strong promise
for clinical translation [283].

2.2.4.7 Intelligent bioprinting for in vivo applications

In the past decade, (bio)printing has emerged as a technol-
ogy that can create highly organized tissue constructs that
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mimic the complex architecture of various organs [75].
3D bioprinters are capable of printing both hard and
soft polymers or their combinations [24]. In the current
(bio)printing paradigm, post-injury or disease, a digital ar-
chitecture of the defect or the diseased tissue is created us-
ing various imaging modalities and image processing
tools. Then, scaffolds are bioprinted from hard or soft
polymers or their combinations [24]. This traditional para-
digm that has been heavily pursued in regenerative medi-
cine has two important limitations, which have limited the
translation of these technologies to clinical practice: (1)
the response time to the injury is long as bioprinters have
been outside of the operating rooms, and the slow printing
process does not allow rapid production of scaffolds
within the timeline of a surgery. This means that a mini-
mum of two major surgeries are required for the treatment
of injuries. (2) Bioinks are typically hydrogel-based, so
they can carry cells and biologics [284].

Hydrogels are difficult to suture and, once fabricated, do
not adhere properly to host tissue [285, 286]. Therefore, the
implantation and presentation of the dislocation become
challenging. An alternative trend that recently has gained
traction is to move from “in vitro bioprinting and subse-
quent implantation” toward direct printing of the bioink in-
side the defect, usually termed “in vivo bioprinting” or “in
situ bioprinting” [287, 288]. The Tamayol laboratory at the
University of Connecticut, along with others, has focused
research on this area. In this alternative paradigm, a 3D
scanner or imaging tool is used to image the defect and then
creates a scaffold within the defect site [289]. In this strat-
egy, the ink and crosslinking process should be nontoxic
and nonimmunogenic. In addition, if proper chemistries
are used, the in situ crosslinked scaffolds can adhere to

(i

Fig. 23 Cell-only bioprinting within a supportive microgel matrix for tissue-specific construct formation. (a) Schematic illustration of cell-only
bioprinting within a photocurable, shear-thinning, and self-healing microgel support bath. Letter “C”-shaped and femur-shaped bone-like tis-
sues (b) and ear-shaped cartilage-like tissues (c) generated through cell-only bioprinting followed by culture in tissue-specific differentiation
media. Reproduced from [184], with permission from the Royal Society of Chemistry
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surrounding tissues. While extrusion-based bioprinters have
been more common for in vivo bioprinting [9, 290], volu-
metric, two-photon, and SLA-based bioprinters have also
been used for in vivo printing of scaffolds [267, 291, 292].
A new alternative to this paradigm is replacing the imaging
modality, image processor, and automated printer with the
surgeon’s eye, brain, and arm. In this way, a handheld de-
vice that can extrude material at a controlled rate can be
used to seamlessly fill the defect site [293, 294]. Perhaps
the resolution of the feature sizes is not comparable to that
of automated bioprinters, but this can easily be integrated
into the surgical workflow [295].

2.2.4.8 Multimaterial printing

Biofabrication and biomedical manufacturing seek to recre-
ate the structural, mechanical, and biological complexity of
native tissues in a scalable and clinically relevant manner.
Recent developments in the field—including embedded
printing, volumetric printing, and continuous liquid inter-
face printing—have made substantial advances in the com-
plexity and speed of biofabrication and biomedical manu-
facturing [88, 97, 296, 297]. However, most advanced pro-
cesses still rely on layer-by-layer or voxel-by-voxel printing
and are often constrained to one material class. This limits
the ability to fabricate cell-laden biomaterials in complex
geometries with mechanical properties that recapitulate fea-
tures of human organs. Many tissues—particularly musculo-
skeletal and interfacial tissues—exhibit multimaterial
composition, graded mechanics, and spatially regulated
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biochemical signaling that exceed the capabilities of single-
material or single-process bioprinting. These tissues in the
body incorporate both soft, cell-laden compartments with
more rigid elements that provide structure or mechanical an-
isotropy [298]. Therefore, biofabrication and biomedical
manufacturing processes that combine rigid and soft materi-
als are needed to engineer self-supporting, anisotropic, and
biofunctional materials.

Multimaterial printing, which includes embedded printing,
offers a solution to manufacture biomaterial implants or tis-
sue scaffolds that combine soft hydrogels with more rigid
supports [58, 75, 90]. A complementary approach, developed
in the Langer laboratory at the Massachusetts Institute of
Technology has exploited the ability to suspend liquid films
using porous materials to rapidly integrate soft, cell-laden hy-
drogels with rigid support materials (Fig. 24) [31]. Surface
tension-assisted AM builds on advances in suspended or open
microfluidics, wherein liquid films can be suspended by rigid
supports [299]. Building on this, the biofabrication approach
leverages liquid surface tension to coat fenestrated rigid ob-
jects with suspended films. When a suitable scaffold is dipped
into a hydrogel precursor solution and withdrawn, surface ten-
sion suspends liquid films across each window. These meta-
stable films are then solidified—via photopolymerization, ther-
mal gelation, or ionic crosslinking—forming continuous hy-
drogel windows that convert the open-frame lattice into a
mechanically integrated multicomponent structure. In this
manner, traditional 3D printing can be used to prepare arbi-
trary support structures that can then be combined with
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Fig. 24 Surface tension-assisted AM. 3D-printed lattice structures are immersed in a liquid precursor solution to suspend liquid films across the
windows that can be transformed into solid hydrogels to fabricate multimaterial biomaterials. Reproduced from [31], licensed under CC BY 4.0
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cell-laden hydrogels in a second step to render the final mul-
timaterial construct. In one example, this has been used to
biofabricate tubular constructs, inspired by the human tra-
chea, with sufficient mechanical rigidity and anisotropic
properties provided by the rigid, 3D-printed support and cell
compatibility provided by soft, hydrogel windows. The con-
structs have supported stromal cells encapsulated within the
hydrogel windows and a cell layer on the lumen of the tubu-
lar constructs.

The ability to exploit the inherent nature of the surface
tension of liquid films to suspend engineered lattices pres-
ents many opportunities in the biofabrication of multimate-
rial constructs. Surface tension-assisted AM has enabled
biofabrication of complex structures with tailored properties
by engineering both the support scaffold and the hydrogel
coating. The accessible and versatile nature of this approach
has provided a platform for use in TERM, especially in the
design of tubular or complex surfaces. Similar approaches
have been extended to the design of multicompartment
in vitro tissue models and layer-by-layer fabrication of so-
phisticated hydrogel scaffolds [300, 301].

2.2.4.9 Hybrid bioprinting for tissue engineering and
regenerative medicine

The Yang group’s research at Stanford University has fo-
cused on the development of hybrid bioprinting strategies
that integrate multiple fabrication modalities, materials,
and biological cues within unified manufacturing plat-
forms. This work establishes hybrid bioprinting as a gener-
alizable approach for engineering mechanically robust,
biologically functional, and spatially complex tissue con-
structs [302-304].

The Yang group has developed hybrid bioprinter systems
that combine complementary AM techniques within a
single coordinated workflow. Early work introduced the
concept of integrating molten material extrusion with light-
based bioprinting to enable seamless fabrication of rigid
scaffolds and cell-laden hydrogels in a layer-by-layer pro-
cess [302]. Building on this foundation, the Yang group
later developed modular hybrid platforms that integrate sy-
ringe extrusion, molten material extrusion, and droplet-
based patterning to enable precise control of both structure
and biological signaling [304]. These systems decouple me-
chanical reinforcement from biological function, allowing
each to be independently optimized while remaining fully
integrated during manufacturing.

Their hybrid biofabrication approach leverages compos-
ite material systems, pairing load-bearing thermoplastics
or rigid scaffolds with viscoelastic, cell-laden hydro-
gels [304-308]. The rigid phase provides immediate struc-
tural integrity and surgical handleability, while the hydrogel
phase supports cell viability, matrix remodeling, and biofac-
tor delivery [308-311]. Importantly, spatial control over

crosslinking density and biofactor localization enables the
generation of continuous mechanical and biochemical gradi-
ents within a single construct. These design considerations
transform hybrid bioprinting from a material-combination
strategy into a predictable and scalable manufacturing para-
digm [304]. Across their work, the Yang group has demon-
strated that interpenetrating or mechanically interlocked
scaffold—hydrogel architectures enhance construct robust-
ness while preserving biological performance. This mate-
rial strategy enables coverage of tissue-relevant mechani-
cal properties spanning multiple orders of magnitude, a
key requirement for engineering heterogeneous tissues and
interfaces [304].

Hybrid bioprinting has been applied to a range of tissue
engineering challenges, including bone, tendon, muscle,
and graded tissue interfaces [302-311]. By enabling simul-
taneous control of mechanics and biology, hybrid constructs
are particularly well suited for regenerative applications that
demand early load bearing alongside long-term tissue re-
modeling. Beyond implantation, these platforms also serve
as advanced in vitro models for studying mechanobiology,
tissue development, and combinatorial biological signaling.
Collectively, their work has demonstrated that hybrid bio-
fabrication represents a unifying framework for biomedical
manufacturing, capable of overcoming key limitations of
conventional bioprinting. Future directions include increased
automation, integration of real-time feedback and modeling,
and expansion toward multitissue and organ-scale systems.
As hybrid bioprinters mature, they are poised to play a cen-
tral role in translating biofabrication technologies from labo-
ratory innovation to clinical and industrial impact [303].

2.2.4.10 Multimaterial gradient printing

The Habib group at Rochester Institute of Technology and
their collaborators have developed multimaterial gradient
scaffold techniques to better tailor constructs to patient
needs. Their custom bioprinting system uses an interchange-
able nozzle to switch bioinks seamlessly during a single
print, enabling continuous material gradients within one
scaffold [275, 312]. This on-demand deposition of multiple
biomaterials with minimal transition distance creates
smooth compositional gradients that are difficult to achieve
with conventional fixed-nozzle setups. In parallel, they lev-
eraged advanced toolpath strategies to vary pore architec-
ture throughout a structure [276, 313]. By varying layer ori-
entations and patterns, they can create scaffolds with region-
specific pore sizes, such as a vertebral construct featuring
larger pores in one area and smaller pores in another, to mir-
ror the heterogeneous architecture of natural bone. Such
graded scaffolds can be customized to match a patient’s
anatomical defect or the transition between tissue types, po-
tentially enhancing biological integration and functional per-
formance post-implantation [314]. By combining precise
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material placement with controlled porosity, this approach
has yielded hierarchical scaffolds that deliver targeted struc-
tural and biological cues, embodying the core principle of
patient-specific design [315, 316]. The Habib laboratory
and their colleagues’ integrated contributions have demon-
strated how materials science, advanced manufacturing, and
design innovation can yield patient-specific constructs.

2.2.5 Other alternative techniques

Some manufacturing processes on the frontier of research
do not fall into the previously described categories. While
different established methods fit into this category, this sec-
tion covers representative alternative processes, with a spe-
cific focus on developments in microchannel generation us-
ing sacrificial meshes, surface tension-assisted multimate-
rial printing, hybrid printing, flash assembly, and nonviral
cell and gene therapy engineering. Beyond the techniques
highlighted in this section, several other researchers have
also made important contributions to the field. For example,
the Shin group and Khademhosseini group at Harvard
Medical School have advanced microfluidic bioprinting by
using coaxial microfluidic printheads to fabricate heteroge-
neous, cell-laden hydrogel fibers and tissue constructs with
controlled composition and architecture, helping bridge mi-
crofluidics and scalable 3D biofabrication [317].

2.2.5.1 Sacrificial microfiber patterning for engineered
capillary-like vessels

The vascular tree contains a diverse range of vessel types,
with each vessel type exhibiting architecture uniquely suited
to its function. For example, larger arteries close to the
heart are highly elastic and help dampen upstream pulsatil-
ity to achieve smoother downstream blood flow, while cap-
illaries exhibit high density, large overall surface area, and
permeable thin walls to support their role as exchange ves-
sels. Given the critical functions of the circulatory system, it
is unsurprising that there has been substantial effort to engi-
neer vascular structures at multiple scales [318]. While larger
tissue-engineered vascular grafts have been explored since
the 1980s [319], efforts to engineer microscale capillary-like
vessels (to support the viability of cells within thick engi-
neered tissue constructs) began in the early 2000s [320-323].

Approaches to engineer capillary-like vessels generally
fall into one of two categories: “bottom-up” approaches
that rely on vasculogenesis or angiogenesis, or “top-down”
approaches that rely on pre-patterned channels. While
bottom-up approaches can yield architecture that closely
mimics that of natural capillary beds, they are often too
slow to form a perfusable network in time to support the im-
mediate metabolic needs of cells within a thick hydrogel
construct. Top-down patterning techniques, however, are
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often incapable of producing channel networks that exhibit
architecture mimicking that of natural capillary beds.

The Bellan laboratory at Vanderbilt University has devel-
oped a top-down patterning approach that employs sacrifi-
cial microfibrous meshes as templates to form complex mi-
crochannel networks with architectures similar to those of
natural capillary beds. Microfibers are spun using a rotary
spinning system not unlike a “cotton candy” machine, col-
lected as a 3D mesh, and used as sacrificial templates
(Fig. 25a). Early work employed microfibers formed from
sugar [324, 325] or shellac [326] to produce microchannels
throughout polydimethylsiloxane (PDMS) or gelatin hydro-
gels, respectively. More recently, microfibers formed from
thermoresponsive polymers exhibiting a lower critical solu-
tion temperature were used [327, 328]; this has enabled non-
cytotoxic liquification of the template by cooling from 37 °C
to 25 °C so that channels could be formed in the presence
of live cells embedded within a hydrogel (Fig. 25b). Charac-
terization of the resulting microchannel network architec-
ture has revealed notable similarity to network parameters
(diameter range, branch length, tortuosity, etc.) describing
natural capillary beds. When perfused with media, these
capillary-like networks significantly enhanced the viability
of cells embedded within thick tissue constructs (Fig. 25¢).
Additionally, these microchannels could be coated with a
confluent layer of endothelial cells (ECs; Figs. 25d-25i).
While the sacrificial microfiber patterning approach forfeits
some control over parameters such as individual channel lo-
cation and exact specification of individual channel diam-
eters, it exhibits a level of scalability, three-dimensionality,
and mimicry of natural capillary architecture that is difficult
to achieve with other patterning approaches. The integration
of this exchange vessel patterning technique with ap-
proaches for producing larger vessel types has the potential
to yield a rapid, robust biomanufacturing platform that
forms immediately perfusable and functional multiscale vas-
culature throughout thick engineered tissues.

2.2.5.2 Flash assembly for scalable nanotherapeutics

Biofabrication has traditionally emphasized the macro-
scopic construction of tissues and microphysiological sys-
tems enabled by 3D bioprinting, but comparable innovation
is needed at the nanoscale to manufacture nanotherapeutics.
Engineered carriers can improve biodistribution, protect la-
bile cargos, and enable tissue- and cell-selective delivery.
For translation, however, these materials must be produced
reproducibly at scale with tightly controlled critical quality
attributes, including size, dispersity, composition, and sur-
face chemistry. Bench methods such as dropwise mixing,
vortexing, and sonication often yield heterogeneous prod-
ucts and substantial batch-to-batch variation. While lipid
nanoparticle manufacturing for mRNA vaccines benefits
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Fig. 25 Sacrificial microfiber templating for perfusable microvascular networks in thick hydrogels. (a) Schematic illustrating the sacrificial ther-
moresponsive polymer microfiber mesh fabrication process: microfibers are (I) spun into a mesh, (II) placed into a PDMS mold, and (IIT) em-
bedded within warm gelatin hydrogel precursor solution and placed in an incubator. When the hydrogel has set, the device is (IV) removed
from the incubator and allowed to cool to room temperature, causing the fibers to liquify. (V) At this point, the sacrificial polymer is removed
by flushing the device, after which ECs (e.g., HUVECs) are seeded into the channels. Once cells have adhered, (VI) the device is attached to an
external pump to perfuse the channel network with cell culture media. (b) Red fluorescent protein-expressing human neonatal dermal fibroblasts
(RFP-HNDFs) were mixed into the hydrogel precursor prior to casting, resulting in these cells being embedded in gelatin surrounding green flu-
orescent protein (GFP)-HUVEC-lined channel networks. (c) Perfusion of the capillary-like microchannel networks dramatically enhances the vi-
ability of fibroblasts embedded within the thick gelatin hydrogel. (d—i) HUVECs lining the walls of the microchannels stained for actin and
PECAM-1 (d—f) or VE-cadherin (g—i). Endothelialized channels smaller than 20 pm can be manufactured via this approach as shown in (f). Repro-
duced from [327], with permission from WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim; reproduced from [328], licensed under CC BY 4.0
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from rapid mixing-driven nanoprecipitation, many nonlipid
carriers remain manufacturing-limited, exemplified by poly-
electrolyte complexes whose assembly is strongly governed
by mixing conditions.

Flash nanoprecipitation is effective for mRNA lipid
nanoparticles (LNPs) because solvent exchange drives lipid
self-assembly. Lipids in ethanol encounter an aqueous
mRNA stream, and millisecond mixing followed by dilu-
tion removes solvent and fixes size and dispersity. Poly-
plexes, in contrast, form through ultrafast electrostatic com-
plexation in fully aqueous media, often on timescales com-
parable to mixing. This motivates a shift to flash nanocom-
plexation (FNC), which uses confined mixers and a tuned
charge ratio, ionic strength, and pH to keep mixing faster
than binding and to minimize aggregation [329]. Under
FNC conditions, rapid turbulent mixing establishes homo-
geneous local environments at the moment of particle for-
mation, enabling kinetic control. Uniformity is achieved
when the mixing time (zp) remains shorter than the as-
sembly time (7a), a criterion rarely met by pipetting or
vortexing [329]. The Leong laboratory at Columbia Univer-
sity has focused on developing FNC approaches for nano-
therapeutic fabrication.

Across vaccine applications, this kinetic control has trans-
lated into improved in vivo performance. In an Enterovirus
71 subunit vaccine model, FINC has produced chitosan—heparin
nanovaccines (approximately 90-130 nm, narrow dispersity)
that were smaller and more uniform than particles made by
manual bulk mixing. These nanovaccines have drained effi-
ciently to proximal and distal lymph nodes, exhibited pro-
longed nodal retention, and enhanced dendritic cell uptake
and maturation, eliciting robust T-helper (Th)l-dominant
and strong Th2 responses and protecting mice and gerbils
from lethal Enterovirus 71 challenge with efficacy compa-
rable to that of an approved inactivated vaccine [330]. FNC
has also enabled scalable fabrication of biomimetic cancer
nanovaccines in which cytosine-phosphate-guanosine (CpG)-
loaded mesoporous silica nanoparticles were uniformly
cloaked with B16-F10 melanoma cell membranes. Com-
pared with bulk sonication, FNC reduced polydispersity and
improved colloidal stability, increasing lymph node accu-
mulation and uptake by dendritic cells and macrophages,
promoting stronger dendritic cell maturation, higher inter-
leukin (IL)-6/IL-12, and greater antigen gpl00-specific T-
cell expansion. These immune gains were accompanied by
superior prophylactic tumor growth inhibition and longer
survival, and by enhanced therapeutic efficacy when
combined with anti-cytotoxic T lymphocyte-associated anti-
gen-4 (CTLA-4), consistent with improved antigen presenta-
tion in draining lymph nodes [331]. In a related SARS-CoV-
2 formulation, genetically engineered membranes display-
ing the receptor-binding domain (RBD) have been used
to cloak CpG-loaded mesoporous silica nanoparticles.
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FNC-fabricated vaccines outperformed bulk sonication, in-
ducing the highest RBD-specific immunoglobulin G (IgG)
titers and elevated serum interferon-y and tumor necrosis
factor-a; sera neutralized SARS-CoV-2 pseudovirus at >80%
(vs. approximately 70% for bulk nanovaccines and approxi-
mately 30% for membrane vesicles), alongside greater
lymph node antigen-presenting cell uptake and stronger T-
helper-associated responses, without detectable weight
loss or organ toxicity [332].

These and other selected examples have demonstrated
FNC as a versatile manufacturing platform for nanomedi-
cine translation by enabling reproducible, scalable control
of critical quality attributes [330-335]. By enforcing milli-
second turbulent mixing in confined geometries, FNC
places nanoparticle formation under kinetic control, improv-
ing size uniformity and limiting aggregation in systems
where electrostatic complexation competes with mixing. This
distinction is central: solvent-exchange nanoprecipitation that
is well suited for mRNA LNPs does not directly extend to
fully aqueous polyplexes and other assemblies whose out-
comes are dominated by mixing-governed kinetics.

2.2.5.3 Nonviral cell and gene therapy engineering

The clinical success of chimeric antigen receptor (CAR)-T
cell therapies and clustered regularly interspaced short palin-
dromic repeats (CRISPR)-based treatments for blood disor-
ders has fundamentally altered the oncology and rare dis-
ease landscapes [336]. However, the field remains con-
strained by manual, bespoke manufacturing steps and the
limitations of viral vectors, which introduce high costs,
safety risks such as insertional mutagenesis, and limited
cargo capacity [337]. There is an urgent need for site-
specific, nonviral genome editing strategies that can be inte-
grated into automated, closed-system bioprocessing work-
flows [338, 339].

At the University of Wisconsin-Madison, the Saha labo-
ratory’s Cas9-CLIPT (Cleaved, Llnearized with Protein
Template) technology has addressed these bottlenecks by
enabling high-efficiency (up to 60%) site-specific integra-
tion of large transgenes (2—6 kb) without the cytotoxicity
typically associated with standard double-stranded DNA
templates [340]. By using circular nanoplasmid templates
linearized in situ by the Cas9-ribonucleoprotein (RNP)
(Fig. 26a), this method masks DNA ends from innate im-
mune sensors and promotes an enriched stem cell memory
phenotype, which is crucial for therapeutic longevity [341].

Beyond ex vivo cell therapy, the research program has
extended to in vivo nonviral gene therapies through the
CRISPR Vision Program. This program has focused on
treating inherited retinal disorders, such as Best disease
and Leber congenital amaurosis (LCA16), using synthetic
nanoparticles [342, 343]. As part of the National Institutes



Bio-Design and Manufacturing

35

of Health (NIH) Somatic Cell Genome Editing (SCGE) con-
sortium, the program has developed new nanoparticle for-
mulations and tools to measure editing outcomes with high
precision for allele-specific editing approaches [344]. These
nonviral delivery systems aim to overcome the immunoge-
nicity and packaging limits of adeno-associated viruses
(AAVs), facilitating the correction of genetic variants di-
rectly within the retinal pigment epithelium (Fig. 26b) [342].
A central frontier is the interface between in vivo and
ex vivo modalities. While the rise of in vivo delivery, ex-
emplified by LNP-mediated editing of the liver [345, 346]
and recent biopharma investment in in vivo CAR-T ap-
proaches [347], has led some to question the long-term util-
ity of ex vivo cell therapies, this view overlooks critical bio-
medical manufacturing advantages. Ex vivo approaches pro-
vide a “gated” control mechanism: they allow for the rigor-
ous selection, expansion, and characterization of edited cells
before they reach the patient, effectively eliminating off-target
variants or translocations that could be deleterious [337, 348].
Furthermore, complex multigenic “logic gate” engineering
in cells remains significantly more feasible ex vivo [349].
The laboratory has accelerated translational programs by
using human microphysiological systems and organoids as
predictive quality-control platforms [348]. These “on-a-chip”
models serve as a surrogate for the in vivo environment and

have allowed researchers to monitor the biological conse-
quences of both ex vivo manufactured cells and in vivo de-
livery vehicles in human-specific genomic contexts [350].
By harmonizing nonviral editing with advanced tissue mod-
els, the program aims to broaden access to scalable, high-
fidelity genetic medicines.

3 Materials for biofabrication and
biomedical manufacturing

Materials lay the foundation of biofabrication and biomedi-
cal manufacturing, determining not only printability and
structural fidelity, but also cell viability, tissue maturation,
and translation-relevant performance [1, 75]. In the U.S.,
frontier material innovation is increasingly oriented toward
the integrated optimization of material properties, process
suitability, and biological compatibility and representative-
ness [245]. Accordingly, rheological behavior, crosslinking
kinetics, mechanical properties, and bioactivity are designed
to be suitable for specific fabrication processes and targeted
functions. This section highlights representative U.S. advances
across widely used polymer-based and cellular-based build-
ing materials that enable high geometrical fidelity and bio-
mimetic and multifunctional biofabrication. Beyond the
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Fig. 26 The spectrum of nonviral genetic medicine. (a) Ex vivo pipeline using Cas9-CLIPT for precise CAR-T biomedical manufacturing (re-
produced from [340], licensed under CC BY-NC-ND). (b) In vivo pipeline showing synthetic nanoparticle delivery to the retina. Red RNA com-
ponents can be tailored to mutant alleles, while green and blue modifications to the delivery vehicle can confer cell type specificity
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biomaterials development highlighted in this section, several
other researchers have also made important contributions to
the field. For example, the Kaplan group at Tufts University
established silk fibroin scaffolds as a versatile biomaterial
platform for biofabrication by developing porous, mechani-
cally robust silk-based constructs for tissue engineering, in-
cluding high-strength bone-regenerative scaffolds [351]. The
Garcia group at Georgia Institute of Technology showed
that integrin-specific synthetic hydrogels can improve trans-
planted hMSC survival, engraftment, and reparative activ-
ity, highlighting how matrix design at the ligand level can
direct regenerative outcomes [352]. The Anseth group at
the University of Colorado Boulder developed photopoly-
merized dynamic hydrogels with tunable viscoelasticity,
providing a synthetic matrix platform that better captures
the evolving mechanics of native tissues and supports more
biomimetic cell culture and organoid engineering [353].

3.1 Polymers

3.1.1 Natural polymers

3.1.1.1 Natural and naturally derived hydrogels

Natural hydrogels, such as collagen, gelatin, alginate, and
hyaluronic acid (HA), are water-swollen, crosslinked polymer
networks that closely resemble key physical and biochemi-
cal features of native ECM, making them one of the most
important material classes in biofabrication for cell culture,
tissue repair, controlled delivery of bioactive cues, and the
construction of engineered 3D tissue models and implants.

The Burdick group at the University of Colorado has
helped define hydrogels, especially HA-based systems, as a
central polymer platform for biofabrication and regenera-
tive medicine [38, 89, 354-365]. Their early work estab-
lished HA as a highly versatile and biologically relevant
backbone that can be chemically modified into “living” hy-
drogel systems suitable for 3D cell culture, injectable deliv-
ery, and tissue repair while preserving the intrinsic advan-
tages of a naturally derived ECM component [364]. Build-
ing on this foundation, his group has shown that hydrogel
design must move beyond simple bulk stiffness to incorpo-
rate cell-mediated remodeling and dynamic mechanics: in
covalently crosslinked HA hydrogels, stem cell fate de-
pends on degradation-enabled traction generation rather
than stiffness alone [359], and sequentially stiffened HA hy-
drogels have revealed how time-dependent matrix mechanics
regulate mesenchymal stem cell spreading, traction, and lin-
eage commitment [359]. Together, these studies have shifted
hydrogel design from passive cell carriers toward dynami-
cally instructive polymer networks that can actively regu-
late cell behavior.

More recently, the Burdick laboratory’s work has ex-
panded the hydrogel toolkit toward materials that are more
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processable, injectable, and architecturally sophisticated. The
group has developed shear-thinning, self-healing, guest—host
HA hydrogels and shown that coupling supramolecular as-
sembly with secondary covalent stabilization enables ex-
trusion printing of stable multilayer structures, illustrating
how polymer chemistry can be tuned simultaneously for
printability and long-term fidelity [358]. In parallel, their
work on hydrogel microparticles and granular hydrogels
has broadened the concept of hydrogels from continuous
bulk networks to modular particulate systems with in-
jectability, microporosity, and tunable cell-instructive
properties [361]. These studies have highlighted how hy-
drogel research has evolved from the molecular design of
biologically relevant polymer networks to dynamic con-
trol of cell-matrix interactions, and further toward pro-
cessable hydrogel systems for advanced biofabrication,
with a sustained emphasis on making hydrogels more
instructive, tunable, and translationally useful for tissue
engineering.

Other natural hydrogels, such as GelMA, are another
widely used modified natural polymer. GeIMA is a semi-
natural (or hybrid) hydrogel that combines a natural back-
bone with synthetic modifications and has been widely used
in biofabrication. Using optimized GelMA-based hydrogels
and DLP bioprinting, the Serpooshan-Bauser group fabri-
cated perfusable, chamber-like microtissues composed of
cardiomyocytes, endocardial, and fibroblast lineages ar-
ranged in physiologically relevant patterns [366, 367].

3.1.1.2 GelMA-based macroporous hydrogel foam bioinks

Hydrogels have been the gold standard biomaterials to gen-
erate bioinks due to their high water content and similarity
to native ECM. Although many of these hydrogels can de-
grade in vivo over time by enzymatic cleavage [368, 369],
cell infiltration from surrounding tissue into the middle of
the bulk-implanted scaffold is severely limited. Researchers
have noticed that hydrogel scaffolds with large pores better
support cell migration and scaffold integration. To this end,
two types of inks have been generated and widely used:
(1) granular inks, which are formed from tightly packed hy-
drogel microparticles [109] and (2) multi-material inks with
a sacrificial component [370]. Granular hydrogels offer in-
terconnected pores that can expedite vascularization and cell
ingrowth. However, the volume occupied by the gel is sig-
nificant, and the limited contact points between particles re-
duce elasticity and deformability. Moreover, their printing
is challenging and requires surface modification. Multi-
material inks are easy to use, but the control over the pore
size and pore geometry is limited. The Tamayol group at the
University of Connecticut Health Center has developed hy-
drogel foams using GeIMA, which are formed by air-hydrogel
precursor emulsions [371]. Hydrogel foams are similar to
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whipped cream in pastries and are easy to manipulate and
print. They are highly porous with a porosity of approxi-
mately 80%, which makes them lightweight and easy to de-
grade for cells [371]. While all these forms of inks have
been used for various tissue engineering applications, hydro-
gel foams and multi-material inks have been successful in
the treatment of highly contractile tissues [37, 371].

3.1.2 Synthetic polymers

3.1.2.1 Modified poloxamer for DLP printing

3D printing/bioprinting continually requires advanced ink/
bioink materials with multifunctionality, high performance,
and/or excellent cell-supporting capacities. The Duan group
from the University of Nebraska Medical Center and their
collaborators have developed and implemented a photore-
active poloxamer derivative, Pluronic F-127 diacrylate
(Fig. 27a), to achieve DLP 3D-printed micelle-based hydro-
gels with high structural complexity, resolution, and preci-
sion (Fig. 27b) [1]. In addition, the dehydrated hydrogels ex-
hibit a shape-memory effect and are conformally attached
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to the geometry of the detection point after rehydration,
which implies the 4D printing characteristic of the fabrica-
tion process (Fig. 27c). The favorable cytocompatibility
and in vivo biocompatibility (Fig. 27d) further highlight
the potential application of poloxamer micelle-based hydro-
gels as a platform for multifunctional wearable systems
(Fig. 27e) and real-time carbon nanotube sensing [36]. The
Duan group has also developed functional bioinks with
antioxidative and therapeutic properties by chemically
modifying or physically blending functional groups and
bioactive components to enhance tissue repair and regen-
eration [372, 373]. Meanwhile, printing support bath mate-
rials have also been developed to improve embedded 3D
printing and enhance the structural fidelity and resolution of
complex constructs [59, 107].

3.1.2.2 Emulsion inks for 3D printing of medical devices
with multiscale porosity

Emulsion inks are a class of printable materials developed
for AM to create customizable geometries with multiscale
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Fig. 27 DLP 4D printing of poloxamer micelles. (a) Chemical structure of Pluronic F-127 diacrylate. (b) 3D-printed gyroid cube, manually com-
pressed gyroid cube, and gyroid cube restored to its original shape. (c) 3D design of a solid object with an open serpentine channel: dehydrated
poloxamer hydrogel with the channel, rehydrated poloxamer hydrogel with the channel after dehydration, and rehydrated poloxamer hydrogel
with the channel visualized with red dye throughout. (d) Poloxamer hydrogel after a 4-week subcutaneous implantation, showing approximately
50% degradation with a minimal foreign body reaction. (e) From left to right: customized and 4D-printed wearable hydrogel; relative capaci-
tance changes of the wearable capacitive strain sensor depending on the different bending angles of the finger (n=3); dynamic response of the
capacitive strain sensor during the bending and straightening of the finger. Reproduced from [1], with permission from the American Chemical
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porosity (Fig. 28) [374, 375]. In these systems, the ink is an
emulsion composed of a photocurable macromer as the con-
tinuous phase and a dispersed internal phase that acts as a
sacrificial template, generating microscale pores upon cur-
ing. The emulsion-templated pore architecture is locked in
during photopolymerization of each layer in both vat stereo-
lithography [376, 377] and paste extrusion setups [374, 378,
379]. The design of the microscale emulsion-templated
pores and the programmed macroscale lattice structure in-
fluence transport, swelling, permeability, mechanical prop-
erties, and biological integration. Dual control over micro-
and macroscale architecture expands the design space of
3D-printed devices beyond what is achievable with nonpo-
rous printed materials.
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Fig. 28 Emulsion inks used in the design of 3D-printed devices with
multiscale porosity for a diverse range of applications, including
bone grafts, soft tissue scaffolds, and wound dressings. Fundamental
design inputs of emulsion inks (e.g., surfactant concentration and
mixing speed) allow for tuning of ink rheology and material microar-
chitecture, yielding printable emulsion inks and tunable device prop-
erties. Reproduced from [40], licensed under CC BY 4.0; reproduced
from [374], with permission from WILEY-VCH Verlag GmbH &
Co. KGaA, Weinheim; reproduced from [379], with permission from
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim; reproduced
from [380], with permission from IOP Publishing Ltd.

The Cosgriff-Hernandez laboratory at the University of
Texas at Austin has developed a versatile suite of emulsion
inks based on high internal phase emulsions (HIPEs), de-
fined as emulsions in which the dispersed (internal) phase
makes up more than 74% of the total volume. HIPEs exhibit
shear-thinning behavior, enabling them to act as elastic sol-
ids at low shear and to flow once a yield stress is reached.
This transition allows them to be readily extruded during
printing while still retaining their form after deposition—
properties that make them well suited for extrusion-based
AM. In the first application of HIPEs as extrudable emul-
sion inks, the Cosgriff-Hernandez group examined how
macromer composition affected low-shear viscosity and,
together with cure-on-dispense UV polymerization, influ-
enced extruded layer fidelity [374]. This work established
the rheological and curing parameters required for maintain-
ing print fidelity, enabling the fabrication of complex
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polyHIPE geometries with multiscale porosity. Building on
this new platform, they have translated this to biodegrad-
able, fumarate-based macromers for application in the 3D
printing of bone grafts [380]. 3D-printed scaffolds gener-
ated from propylene fumarate dimethacrylate HIPE inks
have displayed multiscale porosity—engineered macro-
pores (approximately 250 um) and emulsion-templated mi-
cropores (5-30 um)—and have supported robust hMSC vi-
ability and proliferation. To overcome the trade-off between
porosity and mechanical performance, a multi-material
printing strategy has been developed that combines paste
extrusion of the emulsion ink with thermal extrusion of a
solid polyester shell. These biomimetic constructs have ex-
hibited compressive properties approaching those of tra-
becular bone while maintaining enhanced permeability,
demonstrating how emulsion inks can be integrated into hy-
brid architectures to simultaneously tailor mechanical and
transport properties. Parallel work with cell-releasing hydro-
gel carriers has provided a simple and effective method for
seeding printed scaffolds with hMSCs, further enhancing
their capacity to support bone regeneration [381]. This
group has further extended emulsion inks to hydrogel plat-
forms for printing soft tissue scaffolds [379] and wound
dressings [40]. In contrast to the prior water-in-oil HIPE
inks, these systems employ oil-in-water emulsions with a
continuous phase based on a hydrogel precursor and a
dispersed mineral oil phase. This new class of emulsion
inks has enabled high-fidelity printing of porous hydro-
gels without the need for high polymer concentrations or
rheological additives [379]. These material advances have
translated into a clinically relevant wound dressing, where
the dual porosity facilitated rapid, self-adjusting moisture
control [40]. Collectively, this work has established a
framework for emulsion inks and facilitated their contin-
ued development and application in AM.

3.1.3 Photoinitiators for vat polymerization-based AM

The Narayan group at the University of North Carolina and
North Carolina State University has examined the biological
properties of photoinitiators that have potential use in vat
polymerization-based AM. They studied the polymerization
of GelMA using the free radical photoinitiator lithium phe-
nyl(2, 4, 6-trimethylbenzoyl) phosphinate (LAP) and found
that a 10-min exposure to 405 nm light (9.6 mW/cm?) from
a light-emitting diode led to full crosslinking of 10% (mass
fraction) GeIMA with LAP at concentrations greater than
3.4 mmol/L. This study suggests that although no mutagenic-
ity was associated with the use of LAP under typical bioprint-
ing conditions, free radicals from photoexcited LAP can be
cytotoxic to cells that are undergoing a vat polymerization-
based bioprinting process. In another study, they evaluated
acellular 10% (mass fraction) GelMA hydrogels that were
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crosslinked with various concentrations of LAP and cross-
linking illumination times [382]. They performed the
Alamar Blue viability assay and CyQuant Direct Cell viabil-
ity assay with human primary renal proximal tubule epithe-
lial cells (hRPTECS) that were exposed to extracts of each
formulation and showed that LAP concentration did not
have an effect on extract cytotoxicity via the Alamar Blue
assay but decreased hRPTEC viability via the CyQuant Di-
rect cell assay; in addition, UV light exposure during cross-
linking was not noted to affect extract cytotoxicity levels
via either assay. The differences in the cytotoxicity results
obtained from the two viability assays imply cell membrane
damage and would benefit from further evaluation. They
have examined the use of diphenyl(2,4,6-trimethylben-
zoyl)phosphine oxide (TPO) nanoparticles, which exhibit
increased water dispersibility, as a photoinitiator for polym-
erizing GelMA [383]. Significant cytotoxicity is noted in
cells exposed to GelMA with TPO nanopatrticles; this result
indicates that removal of the photoinitiator may be needed
to utilize GelMA crosslinked with TPO nanopatrticles for
biological applications. In another study, they examined the
photopolymerization of allylated gelatin using three photo-
initiation systems, namely, ruthenium/sodium persulfate (Ru/
SPS; 400-500 nm), Irgacure 2959 (320-500 nm), and LAP
(320-500 nm) [41]. It is noted that photopolymerization us-
ing the Ru/SPS system was significantly more rapid (<5 s)
compared to both Irgacure 2959 (70 s) and LAP (50 s). In
addition, the Ru/SPS was noted to polymerize a thicker al-
lylated gelatin construct compared to Irgacure 2959 and
LAP (Fig. 29). These results support the utilization of the
visible light-based Ru/SPS photoinitiator for allylated gela-
tin constructs since it offers rapid gelation and a good
curing depth. This group has also considered free-radical-
generating molecules that are part of biological systems for
use as biocompatible photoinitiators [384]. They studied
the crosslinking of polyethylene glycol diacrylate with

commercially available photoinitiators (Irgacure 369 and Ir-
gacure 2959) and a riboflavin—triethanolamine mixture. The
comet assay showed that the two tested photopolymers po-
lymerized with the riboflavin mixture, which contained
50% and 66% polyethylene glycol diacrylate by volume,
possessed significantly lower genotoxicity than the photo-
polymers made with Irgacure 2959 and Irgacure 369. The
results of these studies have indicated that novel photoinitia-
tors are needed to facilitate the clinical translation of vat
polymerization-based methods for scaffold fabrication with-
out the use of extensive postprocessing steps.

3.2 Metals and ceramics

Biofabrication enables precise control over pore size, shape,
and spatial distribution in porous metal and ceramic im-
plants, facilitating the creation of structures that mimic tra-
becular bone while matching patient-specific anatomy [4,
94-96, 385]. For porous metals such as titanium (Ti) or
Ti6Al4V, powder bed fusion processes, selective laser melt-
ing/sintering, and directed energy deposition are widely
used to build lattice and triply periodic minimal surface
(TPMS) architectures with uniform and graded porosity,
thereby reducing stiffness to mitigate stress shielding and
promoting bone ingrowth and vascularization in load-bearing
orthopedic and dental implants [386—388]. These metallic
scaffolds can be customized from computed tomography
(CT) or magnetic resonance imaging (MRI) data for seg-
mental defect reconstruction, spinal cages, acetabular com-
ponents, and cranio-maxillofacial implants. For porous ce-
ramics, AM routes such as lithography-based ceramic
manufacturing, binder jetting, and extrusion-based printing
enable the fabrication of interconnected macroporous struc-
tures in hydroxyapatite, tricalcium phosphate, and related
bioceramics for bone grafts, cages, and wedges used in
bone regeneration and defect filling [389, 390]. In these
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Fig. 29 Image of GelAGE cast in a 10-mm mold with different photoinitiators showing distinct heights and volumes (reproduced from [41], li-

censed under CC BY 4.0)
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systems, controlled pore geometry enhances osteointegra-
tion and mechanical performance compared to convention-
ally foamed ceramics. In both metals and ceramics, AM
therefore supports functionally graded porosity, complex in-
ternal architectures, and patient bone defect-specific designs
that are difficult or impossible to realize using conventional
manufacturing methods.

Over nearly three decades, the Bandyopadhyay and Bose
groups at Washington State University have conducted pio-
neering research on first-generation porous metal and ce-
ramic materials for implant applications. Their early efforts
concentrated on designing calcium phosphate-based porous
ceramic scaffolds using AM. They have extensively investi-
gated how dopant chemistry influences the biological prop-
erties of calcium phosphate ceramics for implants and drug
delivery, with particular emphasis on early-stage osseointe-
gration, controlling degradation kinetics, and improving me-
chanical performance [391-393]. Their work on porous
metal implants has highlighted the advantages of AM for
creating uniform or structurally graded implants that pro-
vide superior biological fixation while mitigating stress
shielding [3, 394-396]. Figure 30 summarizes their first-
generation work on porous ceramic and metal implants.
They have also demonstrated that AM can be used to fabri-
cate porous metal implants from Ti, Ti6Al4V, Ta, CoCrMo,
and NiTi alloys, and today, more than 500,000 AM-
processed, Food and Drug Administration (FDA)-approved
devices are implanted each year in the U.S. alone. Their re-
search on 3D printed doped tricalcium phosphate (TCP) in
the presence of ZnO, MgO, and SiO2, and natural medicinal
compounds (NMCs), such as curcumin from turmeric, gin-
gerol from ginger, and allicin from garlic, showed early-
stage bone formation in the rat distal femur model
[397-400]. Curcumin release from 3D printed scaffolds pro-
motes bone formation in a rat distal femur model [397]. Bi-
modal porosity scaffolds show cancellous-cortical bone-like
structures with gradient porosity and a mechanical strength
of approximately 12 MPa, where gingerol/allicin-release ki-
netics are controlled with polymers such as polyethylene
glycol (PEG) and PCL [398]. In addition, they have shown
that AM enables the incorporation of bioactive coatings on
metallic implants to enhance biocompatibility [401] and
that titania nanotubes on AM-processed porous Ti struc-
tures can further improve biocompatibility [402]. Their re-
cent research has focused on alloy design for metallic im-
plants with inherent antibacterial properties to prevent bio-
film formation and reduce the risk of implant failure [39,
403]. Although the application of AM in biomedical device
manufacturing is expanding rapidly, concerns related to
AM’s mechanical properties, particularly fatigue response
and post-processing treatments, are becoming critical to en-
sure reproducibility.
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3.3 Composites and others

3.3.1 Advances in bioink formulation and embedded
bioprinting

One of the central challenges in 3D bioprinting for tissue
engineering is the development of bioinks that simultane-
ously meet the mechanical, biological, and printability re-
quirements needed for tissue reconstruction. The Annabi
laboratory at the University of Los Angeles has been at the
forefront of this effort by engineering biomimetic bioinks
and printing strategies that enable high biomimicry and
print fidelity across diverse tissue types [5, 404, 405]. A ma-
jor advancement has been the development of elastic bio-
inks containing GeIMA and methacryloyl-substituted tropo-
elastin (MeTro), a modified recombinant human protein [5].
These bioinks provide the elasticity needed for dynamic
soft tissues such as the heart and blood vessels. As a proof
of concept, the Annabi laboratory has successfully 3D-
bioprinted vascularized cardiac constructs and demonstrated
their function in vitro and in vivo. Incorporating MeTro im-
parted resilience and cytocompatibility, enabling the forma-
tion of functional vasculature with endothelial barrier func-
tion within contractile cardiac tissue constructs exhibiting
synchronized beating of encapsulated cardiomyocytes
(Figs. 31a-31f) [5]. The constructs also showed minimal in-
flammatory responses and were efficiently biodegraded
in vivo when implanted subcutaneously in rats. Collectively,
this work has highlighted the potential of elastic bioinks for
printing 3D functional cardiac tissues, which can eventually
be used for cardiac tissue replacement. In parallel, the labo-
ratory has developed conductive bioinks by incorporating
poly(3,4-ethylenedioxythiophene):polystyrene sulfonate
(PEDOT: PSS) microparticles into GelMA and other bio-
polymers [405]. By tuning the PEDOT: PSS concentration
and ionic crosslinking density, the Annabi laboratory has
achieved hydrogels with controllable conductivity, mechani-
cal robustness, and excellent print fidelity, supporting the
fabrication of complex, electrically active tissue constructs
(Figs. 31g and 31h).

Despite significant progress in 3D bioprinting, the low
mechanical stability of cell-laden bioinks often compro-
mises print fidelity and limits the fabrication of complex ar-
chitectures. To address this, the Annabi laboratory has ad-
opted FRESH, a support-bath technique that provides tem-
porary mechanical stabilization during deposition [5, 405].
The support bath functions as a Bingham plastic, behaving
as a solid below a critical yield stress and flowing as a liquid
above it [97]. This behavior enables smooth nozzle movement
while preserving the printed structure until crosslinking is
complete. Notably, FRESH printing also reduces shear
stress by allowing the extrusion of low-viscosity bioinks,
improving cell viability. The support bath composition
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Fig. 30 Additive manufacturing of porous ceramic and metallic scaffolds for bone repair. (a) From CT scan to ceramic bone graft using AM (left: a
horse knuckle; middle: a plastic model via FDM; right: a porous patient defect-matched ceramic bone graft printed using FDM). Uniform porosity (b)
and gradient porosity (c) patient defect-matched ceramic bone graft. (d1—d4) Various porosity designs for bone grafts made of ceramic-polymer
composites. (¢) AM porous metal implants made of titanium processed via laser directed energy deposition (DED). (f) Porous metal implants
with varying degrees of porosity manufactured via laser DED. (g) Designed porosity titanium implants for enhanced early-stage osseointegration.
(h) In vitro studies with human osteoblast cells cultured on laser DED-processed porous titanium implants showing porosity bridging abilities re-
flecting the early-stage osseointegration possibility. (i) TCP- and ZnO-SiO;-doped TCP scaffolds using Goldner’s trichome showing mineralized
and new bone formation after 6 weeks in the rat distal femur model. Implants are shown in gray/brown color with mineralized sections in blue and
osteoid formation in orange. (j) H&E-stained images of 3DP TCP and 3DP MgO-SiO;-doped TCP scaffolds showing new bone formation after
16 weeks in the rat distal femur model. Bone marrow (BM) is shown. The asterisk indicates acellular regions derived from the scaffold. Black—
bone marrow, pink/red—new/old bone, yellow—acellular regions derived from the scaffolds. (k) Optical microscopy images of decalcified tissue-
implant specimens showing mineralized bone and osteoid formation after 6 weeks of surgery in the rat distal femur model. (I) Gingerol-allicin in
bimodal porosity 3D printed scaffolds showing early-stage bone formation with respect to TCP control or osteogenesis in an in vivo rat distal fe-
mur model after 4 weeks. For (k, 1): modified Masson Goldner trichrome staining (top) and after hematoxylin & eosin (H&E) staining (bottom).
(a—c) are reproduced from [4], with permission from the American Ceramic Society; (d1, d4) are reproduced from [95], with permission from Else-
vier B.V.; (d2, 1) are reproduced from [398], with permission from the American Chemical Society; (d3, j) are reproduced from [400], with per-
mission from the Biomedical Engineering Society; (e) is reproduced from [3], with permission from Acta Materialia Inc.; (f) is reproduced from
[388], with permission from Acta Materialia Inc.; (g, h) are reproduced from [395], with permission from Acta Materialia Inc.; (i) is reproduced
from [399], with permission from Acta Materialia Inc.; (k) is reproduced from [397], with permission from Elsevier Ltd.
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Fig. 31 Embedded 3D bioprinting of soft and elastic tissue. (a) Schematic illustration of 3D bioprinting of vascularized cardiac constructs using
cell-laden MeTro/GelMA bioinks. (b) A vascularized cardiac construct immediately after printing within the support bath, and (c) following
photocrosslinking and washing steps. (d) Green and red food dyes were incorporated into the MeTro/GelIMA and GelMA bioinks, respectively,
for visualization purposes. (e) Live/Dead staining of the vascularized cardiac construct on Day 10 post bioprinting. (f) Immunostaining of the
vascularized cardiac construct against sarcomeric a-actinin (red), CD31 (green), and DAPI (blue) on Day 10 post bioprinting. Reproduced from
[5], with permission from Wiley-VCH GmbH. (g) Conductive GeIMA/PEDOT: PSS bioink into the support bath. (h) 3D-printed buckyball
structure and left ventricle with the ascending aorta printed using the GeIMA/PEDOT: PSS bioink. Reproduced from [405], with permission

from the American Chemical Society

can be tuned for specific applications; for example, incor-
porating calcium ions improved ionic crosslinking of
conductive GeIMA-based bioinks and enhanced structural
resolution [405].

Building upon these advances, the Annabi laboratory is now
expanding its bioprinting research toward the development
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of next-generation biomaterials for extrusion-based 3D bio-
printing, with the goal of creating constructs that more
closely recapitulate the hierarchical organization of native
tissues. Many biological tissues exhibit layered or gradient
structures, where each layer supports distinct cell populations
and performs specialized physiological functions [406]. To
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mimic this complexity, the laboratory is designing multi-
material bioinks tailored to the specific microenvironmental
needs of individual cell types. A prominent example of this
ongoing work is the fabrication of multilayered urethral
constructs, where the inner layer is optimized to support uro-
thelial cell growth and barrier formation, while the outer
layer is engineered to promote smooth muscle cell growth
and contractility. A similar bilayer strategy is being applied
to the regeneration of vascular tissues, with bioinks de-
signed to sustain cell functions, thereby recreating the struc-
tural and mechanical integration of native vessels.

3.3.2 Hybrid bioinks

Achieving scaffolds that accurately replicate patient-specific
anatomy and function requires precise control of geom-
etry, material composition, and biologically responsive fea-
tures [315, 316]. To meet this need, the Habib laboratory at
Rochester Institute of Technology and their collaborators
have developed bioinks optimized for fidelity and cytocom-
patibility to advance high-fidelity, patient-adaptive scaffold
manufacturing technologies. They formulated a series of hy-
brid bioinks composed of alginate, CMC, 2,2,6,6-tetramethyl-
1-piperidinyloxy (TEMPO)-mediated nanofibrillated cellu-
lose (TO-NFC), polyethylene glycol diacrylate (PEGDA), and
montmorillonite (MMT) nanoclays to enhance the mechani-
cal stability of printed hydrogels [45, 187, 312, 313, 407,
408]. Systematic rheological characterization and filament
fusion/collapse tests guided the optimization of this bio-
ink’s composition, yielding improved viscoelastic properties
for extrusion printing (Figs. 32a and 32b). The optimized
bioink supports the fabrication of intricate 3D scaffold
geometries with minimal deformation, demonstrating excellent

printability and shape fidelity in extrusion-based bioprinting
(Fig. 32c). Importantly, cell encapsulation studies have
shown that a range of 84%-90% of cells (e.g., BxPC3, HEK
293, Porcl, prostate stem, and hMSCs) remain viable up to
21 days post-bioprinting, indicating a highly cytocompat-
ible environment. This balance of print fidelity and cell vi-
ability underscores the hybrid bioink’s promise as a robust
scaffold material. By mitigating the trade-off between me-
chanical strength and biocompatibility, this formulation has
enabled the fabrication of durable, cell-friendly constructs
with reliable shape fidelity.

3.3.3 Yield-stress inks to enable embedded and in-air
extrusion printing

YSFs [85] maintain their shape as elastic solids at rest, but
flow like liquids when the applied stress is higher than
the yield stress. These characteristics can be leveraged to
establish a novel and facile technology for the printing
of low-viscosity, low-modulus, and slow-solidifying inks
in YSF baths, that is, for embedded extrusion printing
as well as printing of YSF-based composite inks in air
(self-supported printing in air). Different from conven-
tional extrusion printing or DIW processes, YSF-enabled
extrusion bioprinting processes decouple the need for
in situ rapid solidification during printing, enabling the
printing-then-solidification modality. A 3D construct can
retain its shape during printing; once the printing process
is completed, it is then subjected to a suitable crosslinking
mechanism for solidification.

The Huang group at the University of Florida has
developed Laponite nanoclay suspensions [411, 412],
gellan microgels [413], gelatin microgel-gelatin solution
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Fig. 32 Rheological and printability characterization of hydrogel bioinks. (a) Hydrogel rheological characterization. (b) Printability and shape fi-
delity tests, including filament collapse, fusion tests, and scanning electron microscopy (SEM) microstructures. (c) Diverse printed geometries
that closely mimic their computer-aided design (CAD) models. Reproduced from [313], with permission from the Society of Manufacturing Engineers;
reproduced from [407], licensed under CC BY 4.0; reproduced from [409], licensed under CC BY 4.0; reproduced from [410], with permission

from the American Society of Mechanical Engineers
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composites [414], and fumed silica suspensions [415] for
embedded extrusion printing applications. During printing,
the printed structure is stabilized by a YSF support bath that
readily flows if an external force higher than its yield stress
is applied. Such an external force can be exerted by a mov-
ing extrusion nozzle. Once the nozzle moves on, the fluid-
ized support material fills any crevasse in its wake and then
returns to its gel-like behavior. This bulk YSF support mate-
rial successfully holds each printed feature in place if the
surface tension and gravitational forces are lower than the
yield stress of the support YSF material. After printing is
completed, the whole liquid structure is solidified in situ by
applying applicable crosslinking mechanisms. Finally, the
solidified structure is harvested from the YSF support bath
for any further processing as needed.

The group has also developed Laponite nanoclay suspen-
sions [412, 416] and gelatin microgel-gelatin solution com-
posites [417] as YSF materials for self-supported printing-
in-air applications. By mixing YSF materials with various
hydrogel precursors or living cells, the Huang group has de-
veloped various hydrogels or cellular composites with self-
supporting capacity, which can be printed into 3D struc-
tures directly in air and retain their shapes before crosslink-
ing. After printing is completed, the whole structures are so-
lidified in situ by applying suitable crosslinking stimuli.

3.3.4 PCL/Bioactive borate glass (BBG) composite
material for bone scaffold

The Leu group at the Missouri University of Science and
Technology has investigated the viability of human adipose
stem cells (ASCs) printed on the PCL/BBG scaffold, aim-
ing to create a highly angiogenic 3D environment required
for complex and dynamic interactions that govern the cells’
behavior in vivo [418]. They have also investigated the vi-
ability of ASCs in alginate-gelatin hydrogel printed with or
without BBG [419]. The BBG (13-93B3), which was used
in their studies, is a highly angiogenic and rapidly dissolv-
ing biomaterial, and its physiologically relevant ionic disso-
lution is known to stimulate cells in vitro and endogenous tis-
sues in vivo. The composite hydrogel was used to suspend
ASCs in the bioink. Scaffolds have been investigated in dif-
ferent material compositions, including bioink only, PCL +
bioink, and PCL + BBG + bioink, to investigate ASC vi-
ability in these various compositions. The viability of ASCs
has been further investigated by depositing ASC-laden algi-
nate—gelatin hydrogel between polylactic acid-BBG composite
filaments [420], with which to measure the weight loss over
time of the composite scaffold, pH change of the surround-
ing media, and mechanical properties. The assessment re-
sults indicated improvement in mechanical properties and
glass dissolution, and showed nonuniform cell viability along
the scaffold thickness, with lower viability in the bottom
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region and higher viability in the top layers of the scaffold.
To address the challenge of slow degradation of melt-
deposited biopolymers in 3D bioprinting, the Leu group de-
veloped a solvent-based 3D printing method for fabricating
cellularized biopolymer-BBG composite scaffolds for bone
repair and other tissue engineering applications [421]. To in-
vestigate the effect of pore architecture and porosity on me-
chanical properties and bone regeneration after implanta-
tion, the Leu group has fabricated and compared scaffolds
with different architectures (cubic, spherical, x, gyroid, and
diamond) at different porosities [422]. Furthermore, they in-
vestigated the fabrication of scaffolds with polymer/bioac-
tive glass composites using near-field electrospinning [423]
to address the issue of how to incorporate glass particles to
achieve a 3D architecture mimicking natural tissues.

4 Physics modeling in biofabrication and
biomedical manufacturing

Physics-based modeling, either from the perspective of pro-
cess dynamics or from the perspective of biomechanics, pro-
vides quantitative insights for guiding biofabrication and
biomedical manufacturing from empirical and experimental
manufacturing toward predictable, controllable, scalable, and
safe production. Based on specific objectives, these processes
usually integrate complex fluid mechanics, transport kinetics,
crosslinking/gelation mechanisms, and cell-material interac-
tions across multiple dimensions and time scales. These
mechanistic models are increasingly essential for predicting
and optimizing printing fidelity, interpreting failure modes,
defining measurable quality attributes, and guiding process
and material design. In the U.S., modeling efforts include
both process-focused frameworks [424], such as deposition
and curing dynamics, stability, and defect formation, and
biofocused biophysics models for emergent phenomena that
arise after fabrication, such as cell migration, aggregation,
and collective mechanics within biofabricated environments.

4.1 Process dynamics modeling

4.1.1 Ink printability study

While bioprinting has been adopted for many biomedical
applications, the printability of various bioinks is still
largely evaluated based on a trial-and-error approach, hin-
dering the wide adoption of bioprinting. The Huang group
at the University of Florida has devoted itself to studying
the droplet formation process during dispensing living cell-
laden viscoelastic complex fluids and further constructing
various phase diagrams to quantify bioink printability. To-
ward this goal, the Huang group has studied the droplet for-
mation physics underlying various printing processes such
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as bubble formation and expansion processes [425, 426]
and cell droplet impact processes [427] during LIFT, and
proposed hydrodynamic and printability phase diagrams for
inkjetting (Fig. 33) [7, 428, 429], LIFT [430-433], and fluid
extrusion [434, 435], respectively, using printing conditions
and material property-related nondimensional numbers. The
Huang group has further studied the upflow and its mitiga-
tion [436] and the deposition volume compensation strat-
egy for enhanced printing fidelity [437] during embedded
printing.

4.1.2 Modeling and connecting material properties and
bioprinting outcomes

At the University of Maine, the Khoda group’s research in
biofabrication and biomedical manufacturing has focused
on the codesign of geometry, materials, and manufacturing
processes to enable scalable, high-fidelity fabrication of liv-
ing and bioactive systems. Their overarching objective is to
establish manufacturing-science-driven frameworks that
connect intrinsic material properties (e.g., rheology, gela-
tion, and transport) with extrinsic biological outcomes (e.g.,
cell viability, proliferation, and structural function).

One thrust of this work has been the establishment of
a design-driven scaffold architecture for extrusion-based
bioprinting, emphasizing continuous deposition, intercon-
nected porosity, and functionally graded internal features.
By integrating computer-aided design (CAD)-based slicing,
deposition path planning, and topology-aware infill strate-
gies, this research has demonstrated how heterogeneous pore
networks can be fabricated reproducibly while preserving
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mechanical integrity and nutrient transport [438-441].
These contributions have advanced the transition from process-
driven to design-centric biofabrication, enabling physiologi-
cally relevant scaffold architectures beyond uniform lattices
(Fig. 34a).

Building on this architectural framework, the laboratory
has developed cellulose-derived and hybrid hydrogel bio-
inks optimized for extrusion bioprinting [313, 407]. Using
alginate, CMC, nanocellulose, and TO-NFC, they demon-
strated that low-solid-content (<8%) bioinks can achieve
high shape fidelity while maintaining long-term cell viabil-
ity (approximately 86%—91%). Systematic rheological char-
acterization, filament fusion and collapse metrics, and print-
ability indices were introduced to quantitatively link bioink
composition with manufacturability and post-print struc-
tural stability [187]. These studies have established
cellulose-based bioinks as scalable, biodegradable alterna-
tives for tissue scaffolding and living material fabrication
(Fig. 34b).

A key contribution of this body of work is the analytical
coupling of nozzle-scale rheology with cell survivability in
extrusion bioprinting. By modeling shear stress as a func-
tion of viscosity, pressure, and nozzle diameter, they identi-
fied critical stress thresholds governing spatial patterns of
cell viability within extruded filaments [45]. This framework
has provided predictive guidance for balancing printability
and biocompatibility across multiple mammalian cell lines,
transforming bioink optimization from empirical tuning to a
physics-informed design process (Fig. 34c).

Most recently, the Khoda laboratory introduced a machine-
learning-enabled framework for bioink precursor optimization,
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Fig. 33 Four pinch-off types during drop-on-demand (DOD) printing: (a) front pinching; (b) hybrid pinching; (c) exit pinching; (d) middle
pinching. The sodium alginate concentration and excitation voltage are listed as follows: (a) 0.30% and 35 V; (b) 0.30% and 42 V; (c) 1.00%
and 50 V; (d) 2.00% and 50 V. Each pinch-off location is marked using a dashed circle. Reproduced from [7], with permission from the Ameri-

can Chemical Society
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Fig. 34 Modeling-assisted scaffold design, material optimization, and post-print biological evaluation. (a) Computer-aided design-driven scaf-
fold architecture. (b) Optimizing printable natural hydrogel material for extrusion-based bioprinting. (c) Post-printing analysis for cell viability.
Reproduced from [45], with permission from the American Society of Mechanical Engineers; reproduced from [187], with permission from the
Society of Manufacturing Engineers; reproduced from [313], with permission from the Society of Manufacturing Engineers; reproduced from
[407], license under CC BY 4.0; reproduced from [438], with permission from the American Society of Mechanical Engineers; reproduced
from [440], with permission from Elsevier Ltd.; reproduced from [444], under exclusive license to Springer Nature Singapore Pte Ltd.

addressing a critical bottleneck in biomanufacturing: the
exhaustive experimental search required to identify viable
multi-material compositions [442]. In this work, they de-
veloped a constraint-based Bayesian optimization approach
to predict and optimize the viscosity of heterogeneous bio-
ink precursors composed of alginate, CMC, and TO-NFC
using sparse experimental data. A novel mask-based con-
straint strategy has been introduced to incorporate domain
knowledge—such as solid-content limits and cell-viability

&) Springer

thresholds—directly into the optimization loop. This ap-
proach enables decoupling intrinsic material properties
(e.g., viscosity) from extrinsic biological constraints while
systematically shrinking the feasible design space. The re-
sulting surrogate model has reduced the experimental
workload by orders of magnitude while accurately identi-
fying compositions that support both printability and cell
viability, establishing a data-driven paradigm for intelli-
gent bioink design. In addition, Dr. Khoda’s laboratory
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has extended these biofabrication principles to green bio-
printing and microalgae-based biomanufacturing, integrat-
ing photosynthetic living cells into 3D-bioprinted hydrogel
scaffolds [443].

Collectively, this research has helped to advance biofabri-
cation as a manufacturing science, integrating digital de-
sign, rheology, and machine learning to enable reproduc-
ible, scalable, and biologically functional biomanufacturing
platforms for tissue engineering and sustainable living
materials [444].

4.1.3 Process dynamics modeling during extrusion
bioprinting

With the multitude of parameters that must be specified for
any biofabrication and biomedical manufacturing process,
physics-based modeling offers the opportunity to efficiently
realize optimized print fidelity without time-intensive trial-
and-error experimentation. The Heilshorn laboratory at
Stanford University has developed numerous process dy-
namics modeling works for bioprinting processes. For opti-
mization of embedded extrusion bioprinting processes, mod-
els that consider the time-dependent properties of the entire
system are essential. As a first requirement, the ink must
yield to enable extrusion. A number of traditional polymer
physics models can be used to manipulate ink parameters,
such as polymer molecular weight and crosslink density, to
create an injectable material [42]. An alternative approach
is to diffuse catalysts and/or crosslinking reactants into (or
out of) the ink to temporarily alter the rheological properties
of the ink [43]. This strategy of “diffusion-enabled bioprint-
ing” allows for two distinct sets of rheological parameters
to be optimized: one set for the fabrication process and a
second set for optimal biological interactions [44]. By mea-
suring and modeling the reaction and diffusion rate con-
stants, the time evolution of the ink rheology and the
final viscoelastic scaffold properties can be accurately pre-
dicted [445]. In addition to modulating the ink rheology,
diffusion-enabled bioprinting can be used to pattern the
final scaffold geometry [446]. This is achieved by modulat-
ing the diffusivity of the support bath to control the reaction-
diffusion time of small molecules and crosslink initiators.
This process is particularly adept at constructing cell-laden,
perfusable networks with complex, branched geometries
that can be accurately predesigned with finite element
models (Fig. 35a) [447]. Currently, new models are being
developed that take into account the effects of shear-
dependent ink viscosity (Fig. 35b). For example, depending
on the rate of ink extrusion, the ink viscosity can be
designed to either promote or prevent local mixing with the
support bath, which can be predictably modeled to create
scaffolds with microscale porosity for enhanced cell spread-
ing [448]. Modulation of the ink extrusion rate can also be

used to predictably align embedded collagen fibers within
printed filaments [449]. Importantly, modeling allowed for
the accurate prediction and fabrication of printed scaffold
regions with alternating fiber orientations (both parallel and
perpendicular to the printing direction), resulting in control
over the orientation of adherent cells. Looking ahead, ad-
vanced methods to characterize and model real-time scaf-
fold viscoelasticity, including scaffold changes caused by
cell-imposed forces [450], will enable more advanced
tissue-like structures.
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Fig. 35 Modeling-guided design strategies in biofabrication. (a) Fi-
nite element modeling accurately predicts the final structure of per-
fusable venous-atrial-like networks fabricated using the GUIDE-3DP
“diffusion out” strategy (reproduced from [447], with permission
from IOP Publishing Ltd.). (b) The log ratio of ink to support bath
viscosity scales linearly with the scaffold void fraction across four
different ink—bath formulations. This simple relationship allows for
the design of microstructure within a printed scaffold to improve cell
spreading (reproduced from [448], with permission from Wiley-
VCH GmbH)

4.1.4 Coaxial extrusion modeling

In native tissues, capillary networks sustain oxygenation
and nutrient delivery, whereas bioprinted constructs lacking
vascularization suffer necrosis due to diffusion limitations.
The inability to maintain large-scale constructs without ad-
equate vascularization has intensified the demand for engi-
neered blood vessels [451]. Although 3D bioprinting can
generate complex and sophisticated structures, it remains in-
efficient in producing hollow vascular channels [452].
Coaxial extrusion provides an effective method for fabricat-
ing tubular structures with internal lumens that function as
vascular conduits [453]. In this technique, two or more con-
centric nozzles are employed: the outer nozzle extrudes
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matrix material to form the vascular wall, while the inner
nozzle delivers crosslinking agents or bioinks to deposit
cells onto the tubular scaffold. Research in coaxial extru-
sion generally falls into two domains [454]: optimization of
the extrusion process to achieve precise dimensions and de-
velopment of bioinks to enhance the functionality of vascu-
lar constructs, including mechanical integrity, cell viability,
and perfusibility [455]. The Chen group at Washington
State University has investigated the flow behavior in co-
axial extrusion, which is more complex than that in single-
nozzle extrusion and depends on parameters such as flow
rate, extrusion speed, material viscosity, and the ratio be-
tween inner and outer nozzle outputs [46]. They have also
studied the modulation effect of the flow rate ratio between
the inner and outer nozzles on the wall thickness of printed
tubular structures [456].

4.2 Biomechanical investigation and
modeling

4.2.1 Process-induced cell injury

Excessive process-induced damage has been found to cause
cell injury and even death during direct bioprinting, and the
cell viability and cell injury of post-printing cells have been
of concern. The understanding of process-induced cell in-
jury during bioprinting will lead to its safe and efficient
implementation, thus enabling its wide application for or-
gan printing and rapid prototyping of cell-based products.
While necrotic cells can be identified using dye inclusion/
exclusion assays to assess membrane integrity, apoptotic
cells cannot be detected by routine inclusion/exclusion cell
viability assays and have been largely ignored in studies to
date. To mitigate printing-induced cell injury, a better un-
derstanding of cellular responses is critical to the success
of printing processes by differentiating between post-printing
apoptotic and necrotic cells. For the robust implementation
of bioprinting, the Huang group at the University of
Florida has estimated the cell mechanical profile experi-
enced by living cells during the cell droplet forma-
tion [425] and cell droplet landing [427] processes in
LIFT, investigated the post-printing cell viability [457],
and modeled the cell membrane stability under external
normal pressure [48].

In addition, the Pei laboratory at Texas A&M University
has begun using 3D printing to recreate extreme environ-
ments to study the responses of human cells, particularly
bronchial cells, to these environments [458, 459]. With an
interdisciplinary team, the Pei laboratory aims to use their
manufacturing background to help evaluate and improve
the health and performance of flight pilots, as well as to
prepare for space travel.
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4.2.2 Cell-level research for understanding bioprinting-
induced mechanotransduction

The role of mechanotransduction—the process by which
cells convert physical forces into biochemical signals—and
the subtle effects of shear stress on long-term cellular fate
remain poorly characterized. Since mechanical cues govern
crucial processes such as embryonic development and wound
healing, understanding these forces is paramount for safe
clinical translation of bioprinting. The work of Dupont iden-
tified the transcriptional coactivators Yes-associated protein
(YAP) and transcriptional coactivator with PDZ-binding
motif (TAZ) as the primary rheostats of the cell [460].
These factors respond to the mechanical properties of the
ECM and fluid flow.

In stiff/stressed environments, YAP/TAZ translocate to
the nucleus, activating pro-proliferative and anti-apoptotic
genes (e.g., CTGF, CYR61); while in soft/protected envi-
ronments, they remain sequestered in the cytoplasm, main-
taining homeostatic cellular states. In the context of cancer
progression, aberrant nuclear localization of YAP/TAZ has
been definitively linked to oncogenic transformation and
the acquisition of chemoresistance. This raises a provoca-
tive question for the bioprinting community: does the tran-
sient but intense shear stress of the printing nozzle inadver-
tently “program” cells toward a pre-malignant phenotype?

Building upon the mechanobiological concerns of bio-
printing, work [461] from the Boland group at the Univer-
sity of Texas at El Paso provides a stark empirical warning
regarding the molecular consequences of the printing pro-
cess. Utilizing RNA-seq and phosphoproteomic analysis,
they demonstrated that thermal inkjet bioprinting (TIB) acts
as a potent mechanical and thermal stimulus that signifi-
cantly alters the transcriptomic profile of human breast can-
cer cells. The Boland group’s findings have revealed “mas-
sive” phosphorylation of critical oncogenic pathways, spe-
cifically triggering the activation of proteins associated with
multidrug resistance (MDR) and survival.

Crucially, RNA-seq data have identified the upregulation
of long noncoding RNAs such as lung cancer associated tran-
script 1 (LUCATI), along with inflammatory and survival
genes such as interleukin-6 (IL6) and C-C motif chemokine
ligand 26 (CCL26). These molecular shifts are not merely
transient; they result in a “primed” cellular state where
printed cells exhibit increased resistance to standard chemo-
therapeutic agents and radiation compared to nonprinted con-
trols. This research underscores that the bioprinting process
itself can induce a phenotypic shift—characterized by them
as a stress-induced “defense mode” —which necessitates a
more rigorous evaluation of how biofabrication parameters
might inadvertently promote cancer progression or thera-
peutic evasion in engineered tissues.
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The mechanical rigors of TIB induce a spectrum of cellu-
lar alterations, ranging from acute transcriptomic shifts to
enduring modifications of the epigenetic landscape [49].
Their immunocytochemical longitudinal study (3 to 72 h
post-print) revealed a distinct, time-dependent divergence in
the localization of the mechanosensitive cofactors YAP and
TAZ. While TIB cells initially showed decreased YAP ex-
pression at 3 h, a significant “rebound” nuclear surge oc-
curred by 48 h (Fig. 36a). Conversely, TAZ has exhibited
consistently elevated nuclear occupancy in printed cells
across all time points, peaking between 24 h and 48 h
(Fig. 36b).

Intriguingly, this nuclear influx appears to be decoupled
from the canonical NUAK2 signaling pathway, which
typically governs YAP/TAZ shuttling. The persistence
of nuclear YAP, despite phosphorylation, suggests that
TIB-induced translocation bypasses standard regulatory
checkpoints. This “leakage” into the nucleus is likely driven
by physical compromise of the nuclear barrier; the Boland
group has observed a significant increase in Lamin A/C at
3h post-TIB—a hallmark of compensatory mechanical
reinforcement—alongside visible nuclear wrinkling in
printed populations. These morphological deformities sug-
gest that the printing process physically “squeezes” or
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stretches nuclear pores, allowing for noncanonical protein
entry.

To counter this mechanical bypass, the Boland group has
integrated YAP antibodies directly into the bioink as a com-
petitive sequestration strategy. Their findings demonstrated
that these antibodies successfully traverse the cell mem-
brane into the cytosol but are size-excluded from the
nucleus (Fig. 36d). Once intracellular, the antibodies act as
cytosolic anchors, binding to and sequestering YAP pro-
teins. By physically impeding the transport of YAP across
the stressed nuclear envelope, this “immuno-bioink™ ap-
proach effectively blocks the downstream activation of on-
cogenic pathways, offering a viable method for maintaining
cellular homeostasis post-fabrication.

In conclusion, the evolution of bioprinting from a struc-
tural fabrication tool to a viable clinical platform depends
entirely on the ability to govern the mechanobiological dia-
log between the printing process and the cell. As evidenced
by the noncanonical nuclear translocation of YAP/TAZ and
the subsequent risk of transcriptomic reprogramming, sub-
lethal printing stress represents a “silent” barrier to safe
tissue engineering and must be considered when designing
bioinks to mitigate this response.
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Fig. 36 Nuclear expression of the transcription factors YAP/TAZ in bioprinted vs. control cells. (a) Averaged fluorescence per pixel of YAP in
bioprinted and control cells post-TIB. (b) Averaged fluorescence per pixel of TAZ in bioprinted and control cells post-TIB. (c) Representative
fluorescent images of cell nuclei at 48 and 72 h post-printing. Images were taken at 40x magnification and created in ImagelJ. Increased YAP
nuclear expression was observed at 48 and 72 h for TIB cells. (d) YAP immunoreactivity in the nucleus in TIB cells at 1 h post-printing. The

image shows no YAP in the nucleus of TIB cells
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4.2.3 Physics of cell migration, aggregation, and complexity of a cell’s response to its physical microenvi-
collective mechanics in 3D embedded bioprinting materials ~ ronment creates the need to study cell behavior in embed-
ded printing materials and related technologies such as cell-
Embedded 3D printing eliminates the need for self- laden injectable biomaterials [466)].
supporting inks, providing stability while printing with soft The physical properties of microgel embedding media
materials and complex fluids including colloids, living  have led to novel mechanisms of cell migration and aggre-
cells, polymer solutions, and silicone [424]. The Angelini  gation in biofabrication contexts (Figs. 37c and 37g). For
laboratory at the University of Florida has developed a di-  example, T cells dispersed in microgel media use pores to
versity of embedding media made from packed microscopic  migrate without rearranging microgels, traversing smaller
hydrogel particles (microgels) that serve as both bioprinting  pores more quickly (Figs. 37d and 37e) [467]. The porosity of
support medium and a 3D culture environment (Figs. 37a  packed microgels also facilitates molecular transport, as found
and 37b). Aqueous microgels can be synthesized from  with albumin secreted by 3D printed liver discoids [468].
charged or uncharged polymers and swollen in liquid  Both migration and molecular transport play roles in 3D-
growth media, enabling biomanufacturing across scales  printed immunotherapy models of glioblastoma where T
down to the single-cell level [462, 463]. Oily microgels  cells migrate in response to signals diffusing from the tumor-
have been used to 3D-print droplet arrays for encapsulating  oid (Fig. 37g) [469]. Microgel reconfiguration, by contrast,
and sequencing individual extracellular vesicles [464]. Mi-  is central to the aggregation of cohesive nonmigratory
crogels’ use in embedded printing applications has led to a  cells, where two aggregation transitions are found:
thorough investigation of their yielding and flow behaviors  dispersed cells form clusters at volume fractions above 4%,
under various solvent conditions [462, 465]. However, the  and a system-spanning percolated cell network emerges at
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Fig. 37 Cell migration, aggregation, and collective mechanics in packed microgel media. (a) Embedded 3D printing enables soft materials includ-
ing cells to be directly printed into packed microgel support materials. (b) The packed microgel media serves as a printing support material and 3D
culture environment. (c) The reconfigurability and porous structure of microgel packs enable single-cell manipulation, migration, and aggregation.
(d, ) T cells migrate through existing pores without rearranging the microgels. (f) MCF10A cells extend long filopodia, reaching through the mi-
crogel media and contacting neighboring cells. (g) In a 3D bioprinted immunotherapy model of glioblastoma, tumor reactive T cells migrate and re-
spond to the nearby tumoroid. (h) Cell length, L, fluctuates dramatically in time, #, and exhibits a strong dependence on the average cell—cell spac-
ing. (i) 3D bioprinted “microbeams” made from collagen filled with contractile cells exhibit instabilities controlled by their composition and the
packing density of the embedding microgel medium (top image in each group: t=0; bottom image in each group: =24 h). (j) A stability diagram
determined from beams made with different collagen concentrations embedded in microgel media prepared at different packing densities. (k) Self-
compaction in 3D bioprinted human liver tissue model correlates with function. (I) Glandular acini develop normally in packed microgel media.
(a, b, k) are reproduced from [472], with permission from Elsevier B.V.; (d, e) are reproduced from [467], with permission from IOP Publishing Ltd.;
(f, h) are reproduced from [471], with permission from the American Chemical Society; (g) is reproduced from [469], with permission from Elsevier
B.V.; (i, j) are reproduced from [47], licensed under CC BY 4.0; (1) is reproduced from [463], with permission from the American Chemical Society
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25% [470]. Here, both transition boundaries can be shifted
by microgel yield stress and cell cohesiveness. The cluster-
ing transition is also set by the amplitude of fluctuations
in cell length that overcome physical barriers created by
microgels. Such fluctuations were found to depend on
cell proximity, reaching a maximum when the average
cell—cell surface spacing was approximately 3.5 cell lengths
(Fig. 37h) [471].

The roles of cell migration and aggregation are lessened
when 3D printing continuously structured cell populations,
where collective mechanical behaviors dominate. For ex-
ample, living “microbeams” made from collagen networks
filled with contractile cells can exhibit mechanical instabili-
ties depending on their composition and the yield stress of
the embedding material (Figs. 371 and 37j). The cell-driven
instabilities include buckling, failure, and axial contrac-
tion [47]. Stable self-compaction was linked to improved
function in 3D-printed human liver discoids, measured
through liver marker secretion, gene expression, and drug
metabolism (Fig. 37k) [472]. The yield-stress threshold for
mechanical stability is very low—Iess than approximately
2 Pa—reducing constraints on potential expansion of me-
chanically stable tissues. Indeed, within such materials,
spheroid expansion was measured [471] and growing glan-
dular acini appeared to develop normally (Fig. 371) [463].

Over approximately 100 years, countless careful micro-
scopic investigations have built understanding of cell me-
chanics on 2D surfaces [473]. Thus, while recent work has
uncovered several new 3D mechanical behaviors in micro-
gel media, researchers are just beginning to understand the
physics of cell migration, aggregation, and collective me-
chanics in new engineering contexts such as embedded bio-
printing materials.

5 Applications

Innovations in the manufacturing process, materials develop-
ment, and process modeling lay the foundation for translat-
ing technological advances into anatomically precise and
biological function-relevant applications [75]. These applica-
tions not only play a role in evaluating the performance of
laboratory-created constructions but also demonstrate mea-
surable progress and impact in biofabrication and biomedi-
cal manufacturing. In the U.S., research teams have
achieved remarkable progress in application-driven research,
which increasingly forms a reverse design logic that starts
from clinical or experimental requirements and then system-
atically optimizes fabrication strategy, material system, and
physics-informed process designs. This section highlights
representative U.S. application frontiers across engineered
tissue models as in vitro platforms for disease modeling and
therapeutic testing, engineered tissue constructs for in vivo

use, and clinical and commercial translational successes,
illustrating how the field is moving from laboratory-scale
proof-of-concept constructs toward reproducible, scalable,
and clinically translational biomedical products and systems.

5.1 Engineered tissue models as in vitro
platforms

Engineered in vitro tissue models are becoming a major
translational module for biofabrication by providing human-
relevant platforms with controlled architecture, perfusion, and
quantitative functional readouts, helping bridge gaps between
2D culture and animal studies. In the U.S., progress is pro-
pelled by the convergence of bioprinting, microfluidics, and
stem-cell biology, alongside imaging-enabled and computation-
enabled patient specificity. In this section, select develop-
ments in the biofabrication and biomanufacturing of cardiac
models, bone models, neural models, vascular models, breast
cancer models, and other in vitro models are highlighted. For
example, Vunjak-Novakovic’s group at Columbia University
developed iPSC-derived cardiac tissues with electromechani-
cal conditioning and multiorgan microphysiological systems
connected by vascular channels to capture organ cross-
talk [52, 73]. The Serpooshan-Bauser group at Emory Univer-
sity has bioprinted perfusable, anatomically faithful cardio-
vascular replicas to model congenital heart disease and re-
lated vascular pathology [366, 474]. Beyond the heart, the
Bertassoni laboratory’s work on mineralized, cell-laden hy-
drogels and precision patterning at Oregon Health and Sci-
ence University has enabled bone-relevant hierarchy and mul-
ticellular complexity [475], while the Ning group at Cleve-
land State University [55, 476] and the Kamm group at Mas-
sachusetts Institute of Technology [477—483] have advanced
embedded and microvascularized cancer and barrier plat-
forms to interrogate tumor microenvironments, metastasis,
and blood-brain barrier transport. Other efforts, including
embedded tumor organoids [59] and tunable ECM architec-
tures that guide cell behavior [484], illustrate a shift toward
standardizable, functionally validated in vitro models suit-
able for mechanistic discovery, therapeutic screening, and
personalized medicine. Beyond the in vitro platforms high-
lighted in this section, there are also some other researchers’
work that is indispensable in this field. For example, Skar-
dal’s laboratory, now at the Ohio State University, devel-
oped an integrated three-tissue organ-on-a-chip platform that
couples bioprinted liver, heart, and lung tissues in a shared
perfusion loop to study interorgan drug responses, illustrat-
ing how biofabrication can enable multi-tissue in vitro physi-
ology [485]. The Raman group, now at Massachusetts
Institute of Technology, has helped establish biohybrid robot-
ics by coupling engineered skeletal muscle actuators with 3D-
printed flexible skeletons, demonstrating optogenetically con-
trolled biological machines that connect tissue engineering
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with responsive soft robotic systems [486]. The Butcher
group at Cornell University developed rapid 3D printing/pho-
tocrosslinking strategies for anatomically accurate and me-
chanically heterogeneous aortic valve scaffolds, helping de-
fine biofabrication routes for structurally complex cardiovas-
cular tissues [487].

5.1.1 Cardiac models

Cardiac tissues are an area of intense research within TERM,
representing an environment with enormous implications for
human outcomes in both healthy and diseased states, but also
one that requires conditions for mature tissue development
that are difficult to recreate in vitro. Work included within
this section highlights some key developments regarding ap-
proaches that researchers in the U.S. have taken for in vitro
cardiac model development, recreating functional tissue.

5.1.1.1 Multi-organ microfluidic devices to recreate
complex tissue niches

The Vunjak-Novakovic group seeks to address TERM needs
with a special focus on utilizing stem cells and organ-on-a-
chip technology to recreate human physiology across differ-
ent scales, for both modeling and personalized medicine ap-
plications. They researched the development of iPSC-derived
cardiac tissue showing mature markers, accomplished in
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only 4 weeks of culture, using a specialized bioreactor de-
signed to provide electromechanical stimulation to early-
stage iPSC-derived cardiomyocytes (Fig. 38a) [52, 488].
The fabricated bioreactor, using an increasing electrome-
chanical stimulation frequency, has been able to create tissue
that did not have mature electrical mechanical coupling, but
did exhibit a positive force—frequency relationship, as well
as adult-like mitochondrial density, sarcomere length, and
ultrastructure, which are all key metrics in mature cardiac
tissue. This approach to culturing mature-marker cardiac tis-
sue has further been used to study more complex cell sys-
tems, such as the effect of macrophages on tissue contractile
force [489], as well as for personalized medicine, simulating
cardiomyopathy using iPSCs derived from patients [490].
Work on accurate cardiac tissue culture has been further
expanded to be used in a multi-organ microfluidic device
with compartments for liver, bone, and skin cultures in
addition to a heart compartment, linked by a vascular chan-
nel to allow for organ crosstalk (Fig. 38b) [73]. Each of these
organ compartments could maintain its respective phe-
notypes for over 4 weeks of culture within the platform
(Fig. 38c) and possessed a high degree of overlap of
expressed genes compared to available data from adult or-
gans (Fig. 38d1) and had expression of proteins of particular
interest for their respective tissues (Fig. 38d2). Furthermore,
these organ recreations were able to exhibit pharmacokinetic
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Fig. 38 iPSC cardiac tissue engineering and incorporation into a matured-tissue multi-organ chip. (a) Approach for culture and maturation of
iPSC-derived cardiac tissue within a bioreactor designed for electromechanical stimulation (reproduced from [488], under exclusive licence to
Springer Nature Limited). (b) Schematic detailing the organization of the multi-tissue chip used to culture liver, heart, bone, and skin niches,
linked by a channel with a vascular barrier. (c) Representative immunofluorescence staining of each organ compartment. (d) Gene expression of
each investigated organ, showing overlap of expressed genes with available adult datasets (d1) and presence of proteins of specific interest for
each organ (d2). Reproduced from [73], under exclusive licence to Springer Nature Limited
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and pharmacodynamic trends resembling what is seen in vivo
in response to the administration of doxorubicin. A modified
version of this bioreactor platform has been utilized to ex-
plore key organ responses to both acute [491, 492] and pro-
tracted [492] neutron radiation, in order to simulate and miti-
gate the impact of radiation on astronauts during space travel.

Both in terms of progress made in recreating in vivo be-
havior and applying this progress to advance medical re-
search, this group works at the cutting edge of iPSC-based
biofabrication.

5.1.1.2 3D bioprinted platforms for modeling heart
development and congenital heart disease

Congenital heart disease (CHD) remains the most common
cause of birth-related mortality, arising from complex
disruptions in cardiac morphogenesis. Understanding these
processes requires experimental models that accurately reca-
pitulate the dynamic and multicellular architecture of the de-
veloping human heart [366, 493—-495]. The Serpooshan-
Bauser group, now at UTHealth Houston, has integrated 3D
bioprinting, patient-specific iPSC technologies, and perfusion
bioreactor systems to engineer next-generation in vitro sys-
tems for modeling heart development and congenital cardio-
vascular disorders (Fig. 39) [51, 366, 367, 474, 496-498].
This laboratory’s research has introduced human iPSC-
derived, bioprinted constructs that emulate early embryonic

heart tube formation [366, 367]. Using optimized GelMA-
based hydrogels and DLP bioprinting, they fabricated per-
fusable, chamber-like microtissues composed of cardiomyo-
cytes, endocardial, and fibroblast lineages arranged in physi-
ologically relevant patterns. These embryonic heart tube
models demonstrate synchronized contraction, lumen for-
mation, and mechano-responsive gene expression (e.g.,
KLF2, KLF4, ITGBS), recapitulating biomechanical signal-
ing central to heart morphogenesis [367]. Integration of mi-
crofluidic perfusion bioreactors enables controlled applica-
tion of shear stress, driving maturation of endocardial-myo-
cardial interfaces and promoting tissue alignment and meta-
bolic switching toward oxidative phosphorylation.

Building on this developmental framework, disease-
specific bioprinted models have been engineered using
patient-derived iPSCs from children with hypoplastic left
heart syndrome (HLHS) and other CHDs [51, 366, 367, 474,
496-498]. These constructs exhibit disease-linked pheno-
types, including altered calcium handling and proliferation,
and reduced contractility, mirroring clinical observations.
High-resolution photon-counting computed tomography
(PCCT) and micro-CT imaging allow nondestructive moni-
toring of bioprinted tissue structure, degradation, lumen pa-
tency, and perfusion [499, 500], while single-cell transcrip-
tomic and immunohistochemical analyses elucidate mo-
lecular dysregulation at cell-type resolution [367, 497].
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Fig. 39 Integrated biofabrication workflow for modeling heart development and congenital heart disease. (a) Clinical imaging and/or histologi-
cal data are processed to generate stereolithography (STL) models of patient-specific cardiovascular structures. (b) The digital reconstructions
inform 3D printing of synthetic models that are used for computational fluid dynamics (CFD) modeling (top), as well as particle—image velo-
cimetry (PIV) flow analysis (bottom), to quantify hemodynamic parameters in 3D. Reproduced from [366], with permission from Wiley-VCH
GmbH. (c) In parallel, age- and/or disease-specific cellular bioinks will be prepared using healthy and diseased human iPSCs encapsulated in
hydrogel solutions. Bioink properties are tuned to optimize biomimetic function. (d) The 3D STL design will be bioprinted using optimized cel-
lular bioinks. The resulting constructs undergo dynamic perfusion culture for functional maturation and studying physiological and pathophysio-
logical processes. Together, these integrated analyses define the relationship between hemodynamic forces and biological endpoints (e) toward
developing functional, patient-specific cardiovascular tissue models
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Together, these approaches have established a pipeline for
genotype-to-phenotype discovery and preclinical drug screen-
ing in personalized congenital disease models.

Complementary to developmental systems, the group has
leveraged bioprinting for vascular disease modeling in CHD.
Using patient imaging and computational design, they have
created perfusable, anatomically faithful replicas of pulmo-
nary veins and arteries to study stenosis, atresia, and surgi-
cal recanalization [51, 474, 496-498]. Endothelialized, bi-
furcated vein constructs cultured under physiologic flow re-
produce the hemodynamic microenvironment associated
with restenosis. By combining particle—image velocimetry
(PIV) and computational fluid dynamics (CFD), they
mapped wall shear-stress distributions and correlated dis-
turbed flow with endothelial-to-mesenchymal transition
(EndMT) and neointimal proliferation [51, 474, 496-498].
Integration of magnetic nanoparticle-mediated drug target-
ing has demonstrated localized delivery of rapamycin to ste-
notic regions, effectively suppressing pathological cell pro-
liferation without systemic toxicity [496].

These patient-specific vascular models provide a control-
lable, high-throughput testbed to evaluate mechanical and
pharmacologic interventions and to refine surgical plan-
ning for pediatric CHD. Beyond vasculature, similar bio-
printing and perfusion strategies are being extended to
fabricate chambered cardiac tissues and organoid-on-chip
systems incorporating vascular, stromal, and neural crest
components [501-503].

Collectively, these efforts position the Serpooshan-Bauser
laboratory for work in biofabrication for cardiovascular de-
velopmental biology. By merging high-fidelity 3D bioprint-
ing, stem-cell biology, and experimental and computational
biomechanics, they are establishing a mechanistically in-
formed platform that bridges in silico, in vitro, and clinical
realms, advancing personalized modeling, regenerative therapy
development, and the future of CHD research.

5.1.1.3 Optimized ECM-based bioinks enable an
advanced human cardiac model

The limited proliferative capacity of adult cardiomyocytes
is a major obstacle in cardiovascular disease modeling and
therapeutic development. While iPSC-derived cardiomyo-
cytes (IPSC-CMs) have emerged as a promising cell source
for in vitro cardiac tissues, engineering living human heart
models with complex geometry and physiologically rel-
evant fluid dynamics has proven challenging. In particu-
lar, the formation of robust cell-cell connections within
high-resolution, 3D constructs is difficult to achieve using
terminally differentiated, nonproliferative iPSC-CMs.

An alternative strategy involves the use of early-stage
iPSCs that are highly proliferative, combined with microen-
vironments that support controlled expansion and lineage
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specification in 3D. Central to this approach is the identifi-
cation of ECM cues that guide cardiac development. Build-
ing on comprehensive analyses of ECM composition during
human development, the Ogle group at the University of
Minnesota has established an integrated biomaterial opti-
mization platform to identify ECM formulations that en-
hance cardiac differentiation [504, 505]. Using ECM-
encapsulated hydrogels and response surface statistical
modeling, optimized ECM compositions have been pre-
dicted and validated. This optimized formulation (opt) sig-
nificantly enhanced cardiac differentiation and improved
calcium dynamics compared to the control group without
ECM and the group with maximized ECM concentrations
(Fig. 40al), underscoring the importance of ECM compo-
sition rather than bulk content.

Using a similar strategy, an optimized ECM formulation
supporting iPSC-derived endothelial differentiation has also
been identified (Fig. 40a2), highlighting the potential to en-
gineer multi-lineage cardiovascular tissues through spatially
controlled ECM deposition [506, 507]. Together, these find-
ings have enabled the development of an ECM-based bio-
ink that supports both iPSC expansion and cardiac differ-
entiation while maintaining printability and structural fi-
delity. This bioink has been subsequently used to fabricate
a chambered structure [50]. The resultant human cham-
bered muscle pump (hChaMP) has exhibited a contiguous
outer muscle layer of approximately 500 um, robust ex-
pression of proteins associated with mature CM phenotypes,
and physiologically relevant pressure—volume dynamics.
Importantly, hChaMPs have responded to pharmacological
stimulation, demonstrating the clinical relevance of the
platform (Fig. 40b).

Despite advances in dynamic culture and cloning reagent
supplementation [508] to promote iPSC expansion in bio-
printed constructs, uniform muscle formation throughout the
chamber wall requires active perfusion. To address this limi-
tation, a 3D-printed perfusion bioreactor has been designed
to deliver nutrients throughout the hChaMP [509]. Perfused
constructs exhibited a 1.9-fold increase in colony density af-
ter seven days compared to static controls, indicating im-
proved nutrient accessibility and cellular uniformity. Further-
more, the bioreactor design has enabled the integration of a
valve system to recapitulate physiological pressure—volume
loops. Preliminary data from the Ogle group have shown im-
proved pressure—volume relationships relative to nonvalved
constructs, suggesting the platform’s potential for modeling
early single-ventricular cardiac diseases (Fig. 40c). Beyond
disease modeling, ECM-based bioinks have been applied
to generate centimeter-scale cardiac testbeds to evaluate
medical device-tissue interactions [510]. When coupled
with hydrogel-based piezoelectric sensors, these constructs
have enabled real-time mapping of contact pressure during
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Fig. 40 Optimized ECM-based bioinks enable advanced human cardiac model systems. (al) Enhancement of cardiac troponin T (cTnT) expres-
sion with optimized ECM formulation (opt) compared to the control (PEG) and the maximized ECM (+++) groups (left); validation of the opt
by calcium dynamics and connexin 43 (Cx43) expression (right). Reproduced from [505], licensed under CC BY 4.0. (a2) Optimized ECM for
endothelial differentiation showing cluster of differentiation 31 (CD31) expression with/without transforming growth factor beta (TGFp) inhibi-
tor (SB) and vascular endothelial growth factor (VEGF). Reproduced from [506], licensed under CC BY-NC-ND. (b) An hChaMP created by
3D bioprinting (top row, left); contiguous muscle formation in the hChaMP, as indicated by cTnT staining (top row middle and right); immu-
nostaining of hChaMP for cardiac maturation markers and calcium dynamics of the hChaMP with drug stimulation (middle row); the setup for
measuring pressure and volume changes generated by the hChaMP and the corresponding pressure—volume loop (bottom row, left and middle);
the ejection fractions of the hChaMP with drug stimulation (bottom row, right). Reproduced from [50], with permission from American Heart
Association Inc. (c) A 3D-printed bioreactor designed for culturing hChaMPs (top row, left); the side view of a bioreactor with a fully perfused
hChaMP (bottom row, left); cell colony distribution in static (top row, middle) and perfused (top row, right) hChaMPs revealed by DAPI stain-
ing; quantified cell colony coverage (middle row, left); theoretical pressure—volume dynamics of hChaMPs with an external valve system (mid-
dle row, right); experimental pressure—volume dynamics of an acellular hChaMP with a valve system (bottom row, right). Reproduced from
[509], licensed under CC BY 4.0. (d) Schematic image showing the process of pulmonary vein ablation and the bionic myocardial testbed with
pressure-sensing capability (top left and middle); a bioprinted cardiac testbed and the corresponding pressure map with normal catheter contact.
The gray-dotted line indicates the area for assessing pressure and cell activity profiles (top right); calcium intensities after cryoablation and re-
corded pressure profiles along the radius of testbeds (bottom left); the cryoablated testbed and the control testbed stained with ¢TnT to reveal
the cryo-damage at the cellular level (bottom right). Reproduced from [510], licensed under CC BY 4.0

cryoablation. Reduced correlations between applied pres-  5.1.2 Bone model

sure and cellular response were observed under failed con-

tact conditions, along with localized cellular damage fol-
lowing ablation (Fig. 40d). Collectively, these platforms
provide critical insights into human cardiac tissue dynam-
ics during therapeutic intervention and offer a translational
framework for bridging device design with clinically rel-
evant use conditions.

Despite promising progress, significant challenges remain be-
fore routine clinical translation can be realized. Achieving
sufficient mechanical strength for load-bearing applications
while maintaining cell viability remains a central hurdle. The
development of gradient and multiphasic constructs that repli-
cate cortical and cancellous bone architecture is an ongoing
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area of investigation. Vascularization strategies must be fur-
ther refined to support nutrient diffusion and integration in
large-scale constructs. Standardization of bioink formula-
tions, scalability of manufacturing processes, and regulatory
considerations also require attention. Future directions in-
clude the integration of bioreactor systems for dynamic con-
ditioning, incorporation of gene-activated matrices, and appli-
cation of artificial intelligence-guided design to optimize
scaffold architecture. Ultimately, the convergence of ad-
vanced biomaterials, stem cell science, and precision bio-
manufacturing positions 3D bioprinting as a powerful plat-
form for next-generation bone regenerative therapies within
the broader framework of regenerative engineering.

Bone cells are predominantly embedded within collagen
fibrils that are mineralized in a highly coordinated manner
at the nanoscale [475]. As a result, osteons, which are the
functional units of bone, are vascularized, innervated, lined
with active osteoblasts and osteoprogenitor stromal cells,
and embedded with osteocytes. Similarly, both native or-
gans and cancers rely on precise spatial organization of mul-
tiple cell types to confer function. In healthy tissues, this or-
ganization enables coordinated cell—cell interactions that give
rise to emergent tissue- and organ-level performance [511].
In cancer, this principle is recapitulated in the tumor micro-
environment, where malignant cells are arranged within
highly structured and heterogeneous cellular neighborhoods
alongside stromal, vascular, and immune cells [512]. Cells
assembled without this spatial and biological organization
are arguably cellular agglomerates that poorly recapitulate
meaningful function or disease behavior.

Historically, recreating the nano-, micro-, and macro-
scale patterns that emerge during native organogenesis us-
ing engineering-inspired biofabrication approaches has re-
quired complementary strategies. The Bertassoni group at
Oregon Health and Science University has progressively ad-
dressed these challenges by tackling ECM complexity, the
fabrication of vascular capillaries, and the development of
methods enabling tissue construction with single-cell spatial
resolution and high heterogeneity.

At the first order of precision, this group has developed meth-
ods to mineralize cell-laden hydrogels to address the nanostruc-
tural hierarchy of cell-laden bone tissue in bioprinted [513],
micropatterned [53, 514], and on-chip tissue structures [515],
enabling bone mimicry with precision down to approxi-
mately 2 nm for individual apatite crystallites (Figs. 41al
and 41a2). Early extrusion-based bioprinting approaches for
fabricating sacrificial channels and cell-laden hydrogels
(Figs. 41b1-41b3) enabled some of the first vascularized tis-
sue constructs (Figs. 41b4—41b7) [516-518], as well as the
biofabrication of simple tissue-like architectures [519, 520].

Recognizing that extrusion bioprinting alone could not
replicate the precise cellular organization of complex or-
gans, research has pivoted to DLP-based printing that offers
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finer resolution (Fig. 41c) [511]. These efforts have lever-
aged studies to define biological requirements for forming
robust, pericyte-supported vascular capillaries within bio-
printed microgels that could be injected with built-in vessels
and rapidly integrate with host vasculature [521, 522] or be
cultured on-a-chip [523]. They have also developed in-
nervated tissue structures that support neurite connectiv-
ity [227, 514]. The microgeometrical control afforded by
vat polymerization further enabled commercial efforts to
translate microgels for dental regeneration [524] and LEGO-
like scaffolds for bone regeneration (Fig. 41d) [525].

5.1.3 Neural models

Neural models are another example of complex environ-
ments with a wide range of cell types and specific environ-
mental demands. Developing in vitro models that recreate
key aspects of different sections of the brain microenviron-
ment poses many challenges, but fortunately, researchers in
the U.S. have been able to develop models for neural stud-
ies, both for healthy and a variety of disease conditions.
Some of these advancements are highlighted within this
section.

5.1.3.1 Establishing effective, high-throughput models
for neural environment modeling

The National Center for Advancing Translational Sciences
(NCATS) 3D Tissue Bioprinting Laboratory (3DTBL) is
a multidisciplinary hub of advanced research technolo-
gies that works with the biomedical community to har-
ness and advance the production, validation, and use of
3D tissue models to accelerate the development of new
medicines. 3DTBL aims to create a versatile platform of
both healthy and diseased 3D tissue models and integrate
their use as predictive assays into biomedical research,
early discovery, and preclinical development pipelines to
enable regulatory filings and make the translational pro-
cess more efficient. The different 3D tissue models are
developed using a fit-for-purpose approach: as physiologi-
cally complex as needed for the intended context of use
of each model, but as simple as possible to ensure practi-
cal assembly and robustness of use. With this approach in
mind, models for varied tissues, such as skin [526-528]
and neural environments [54, 529-532], have been devel-
oped and applied to study disease states.

Some recent work from this group has focused on devel-
oping models that recreate aspects of the neural environ-
ment for disease research. Neural model approaches have
involved the use of spheroids, organ-on-a-chip devices, and
extrusion bioprinting. A method for generating functional
neural spheroids designed for use in high-throughput plat-
forms was used [54, 533]. These models have been effec-
tively used to model neurotropic virus infections and screen
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Fig. 41 Biofabrication of tissue structures using microengineering and bioprinting methods. (al) Micro-molded bone tissue constructs with (a2)
nanometer-scale biomineralization (reproduced from [53], with permission from Wiley-VCH GmbH). (b1) Extrusion bioprinted cell-laden Gel-
MA hydrogels in fibers, (b2) microdot arrays, (b3) MIT logo, and (b4—b7) various formats of vascular patterns (reproduced from [519], with
permission from IOP Publishing Ltd.). (c) DLP vat polymerization for high-throughput biofabrication of cell-laden hydrogels forming vascular
capillaries (reproduced from [522], with permission from Wiley-VCH GmbH). (d) DLP printing of beta tricalcium phosphate LEGO-like scaf-
folds for bone regeneration (reproduced from [525], with permission from WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim)

drugs for their treatment [531], being able to support pro-
ductive infection, demonstrate time- and virus-dependent
changes in disease profiles, and show response to different
therapeutics to gauge potential as a screening platform. Re-
latedly, an organ-on-chip (OOC) approach was used to in-
vestigate the brain microvascular network response to flavivi-
rus infection [530]. Using brain microvascular ECs and peri-
cytes, a perfusable network resembling the blood—brain bar-
rier was created, which was able to demonstrate flavivirus-
induced pathophysiological phenotypes.

Bioprinting has also been used by the 3DTBL to fabri-
cate neural environments, for model establishment and for
investigation into cancer. In one example, bioprinting was
also used to modify a previous approach to neural model
creation [532], where the addition of AM was used to guide
network formation to form a neural circuit [534]. The result-
ing network had significantly enhanced directionality and
activity, demonstrating potential for future use as both a
method of enhancing cell organization and as a testing plat-
form [529, 534]. In another model, the neurovascular
unit was recreated with ECs, pericytes, and astrocytes to
introduce glioblastoma spheroids and examine cancer pro-
gression and response to therapeutics [529]. Using this high-
throughput model, they were able to observe changes in

angiogenesis and gene expression as a result of the glioblas-
toma spheroid, and epithelial-to-mesenchymal transition,
and screen 18 different therapeutics targeting different path-
ways. Overall, 3DTBL has demonstrated effective methods
for creating and testing high-throughput models that have
great potential for rapid preclinical testing and evaluation.

5.1.3.2 Embedded printing to facilitate neuroblastoma
study

At Cleveland State University, the Ning laboratory’s re-
search in biomanufacturing is dedicated to creating human
tissue constructs for regenerative medicine and disease mod-
eling [535-537]. One unique illustration is the effort to
model neuroblastoma (NB), the most prevalent extracranial
pediatric solid tumor [538]. Effective treatment of NB re-
mains elusive, partly due to the limited understanding of
its TME, which plays a critical role in orchestrating dis-
ease progression. Ning and colleagues utilized an embed-
ded bioprinting strategy to develop a human-based in vitro
NB platform that enables systematic interrogation of
TME-mediated effects on tumor behavior [55]. The con-
struct is fabricated using biocompatible, mechanically tun-
able hydrogels to recapitulate key ECM characteristics in
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NB (Fig. 42). Additionally, it incorporates perfusable in-
ner channels with a central cavity engineered to accommo-
date human ECs and patient-derived NB spheroids,
thereby mimicking essential features of NB-EC-ECM in-
teractions. Quantitative analyses demonstrated that under
dynamic culture, the model sustains vigorous NB spheroid
viability and expansion while promoting a more aggres-
sive tumor phenotype. In addition, the platform has en-
abled controlled evaluation of metabolic activity, cytokine
secretion, and gene expression profiles of NB spheroids
across defined microenvironmental contexts. Together,
these findings have established a physiologically relevant
system for dissecting TME-driven cellular and molecular
mechanisms that regulate NB growth, invasion, and thera-
peutic response.

opgonban =] |
Fig. 42 NB model used to investigate how the tumor microenviron-

ment regulates NB progression (reproduced from [55], licensed un-
der CC BY)

5.1.4 Vascular models

The vascular system serves as a “highway” throughout the
body that enables, via advection, the transport of key nutri-
ents, gases, and waste products to support the metabolic
needs of cells within tissue. For in vitro models, recreation
of this system remains one of the most prevalent issues in
the field, as multiscale, hierarchical vasculature is necessary
for effective recapitulation of many tissues. Although many
tissue and organ models include vasculature as a necessity,
this section is dedicated to highlighting platforms that focus
on vascularization, approaching this problem from a variety
of perspectives.

5.1.4.1 Perfusable vascularized tissue biofabrication and
microvascular network engineering

The Lewis group at Harvard University and coworkers have
made foundational contributions to the development of bio-
fabrication strategies for creating perfusable living tissues
with increasing structural, cellular, and manufacturing so-
phistication [58, 539-543]. In early work, they established
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a multimaterial bioprinting approach for fabricating thick
vascularized tissues that exceeded 1 cm in thickness, inte-
grated parenchymal, stromal, and endothelial compartments,
and remained actively perfusable on chip for more than
6 weeks [542]. This study was important not only because it
demonstrated long-term viability in thick constructs, but
also because it showed that embedded vascular channels
could be used as functional conduits for biochemical deliv-
ery and in situ tissue maturation. The Lewis group’s later
work has extended this concept from “cells-in-gels” toward
densely cellular living matrices by introducing sacrificial
writing into functional tissue (SWIFT), in which hundreds
of thousands of organ building blocks are compacted into
high-cell-density tissues and patterned with embedded vas-
cular channels through sacrificial writing [58]. More re-
cently, they have advanced the manufacturing resolution of
perfusable architectures by developing high-resolution DLP
strategies for embedding microchannel networks in cyto-
compatible photoclickable bioresins [540]. Taken together,
these studies define a clear trajectory from centimeter-scale
vascularized tissue printing to dense organ-specific tissue
assembly and, more recently, to finer-feature microvascular
manufacturing.

5.1.4.2 Biofabricating in vitro models for cardiovascular
disease modeling

Pulmonary vein stenosis (PVS) is characterized by abnor-
mal vascular cell proliferation that progressively narrows the
vascular lumen [544]. This life-threatening cardiovascular
disorder can elevate pulmonary venous pressure, induce pul-
monary hypertension, and ultimately lead to heart failure.
Outcomes for PVS interventions remain suboptimal, primar-
ily because the mechanisms governing disease progression
and precipitating its serious complications are not yet fully
elucidated. Therefore, developing physiologically relevant
PVS models that recapitulate its complex pathophysiology
becomes significant. The Ning laboratory at Cleveland State
University and its collaborators have integrated DLP print-
ing, nanoparticles, and bioreactors to develop an in vitro
PVS model [496]. The construct incorporates bifurcating vas-
cular branches to recapitulate the structural features of PVS
and is subsequently seeded with human ECs to mimic pulmo-
nary venous anatomy (Fig. 43). Under perfusion with physi-
ologically relevant flow dynamics, the system supports the
formation of a uniform, confluent endothelium. Computa-
tional analyses have revealed that the bifurcation region ex-
periences significantly more disturbed flow. Consistent with
these predictions, experimental studies have confirmed that
disturbed flow at the bifurcation promotes pronounced EC
overgrowth. To regulate this pathological EC proliferation,
an externally applied magnetic field to direct rapamycin-
loaded superparamagnetic iron oxide nanoparticles was
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designed. This targeted delivery strategy effectively local-
ized the nanoparticles to the bifurcation region, resulting in
a substantial reduction in EC overproliferation without de-
tectable adverse effects. These findings have established a
robust 3D-printed in vitro platform for investigating pulmo-
nary venous homeostasis and disease and highlight its po-
tential for evaluating new or more effective therapies for
PVS and other vascular disorders.
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Fig. 43 PVS model designed to examine how flow dynamics influ-
ence EC function and to support the development of targeted thera-
peutic strategies (reproduced from [496], licensed under CC BY)

5.1.4.3 Vascular, cancer, and blood-brain barrier (BBB) models

Microphysiological systems, including OOCs, hold promise
for improving drug testing and disease modeling. A major
emphasis of the Kamm laboratory at the Massachusetts In-
stitute of Technology is the development of self-assembling
microvascular networks (MVNs) within microfluidic
devices to bioengineer human tissues that advance this
promise. Microfluidic devices, fabricated using soft lithog-
raphy [479], are injected with a mixture of ECs and stromal
cells suspended in fibrin hydrogels [479, 545], and these
cells self-assemble within days into lumenized, perfusable
microvessels via vasculogenesis. Early systems used adja-
cent channels for ECs and stromal cells [477, 478], while
later iterations cocultured them together within one com-
partment (Figs. 44a and 44b) [546] and integrated tissue-
specific cell types [480, 545]. The resulting MVNs retain
physiologically-relevant junctional proteins [547], recapitulate
passive and active transport across the endothelium [546], and
exhibit in vivo-like vascular permeability (Fig. 44c) and
size- and charge-dependent selectivity [547]. These fea-
tures, along with the ability to apply intravascular and trans-
mural flow to recapitulate fluid convection, directly sample
interstitial fluid [546], and visualize transport into the sur-
rounding ECM and cell uptake [548], position MVN tech-
nology as a powerful tool for drug distribution studies. Inter-
stitial flow enhances network formation [57, 549], and con-
tinuous intravascular flow applied using a microfluidic pump

[550] drives vascular remodeling (Figs. 44d and 44e)
[551, 552] and supports long-term culture [553].

To advance disease modeling, the Kamm group has de-
veloped cancer metastasis platforms, in which tumor cells
perfused through MVNs can be visualized in detail as they
recapitulate steps of the metastatic cascade, including in-
travasation, cancer cell arrest, extravasation, and outgrowth
(Fig. 44f) [479, 481]. These systems have been used to
study multiple biological components and mechanisms af-
fecting extravasation, including polyploidy [554], hyperco-
agulability [555], CCL2-CCR2 signaling [482], the glycoca-
lyx [556], luminal and transendothelial flows [557], hy-
poxia [558], neutrophil interactions [559], tumor integrin
beta-1 [481], and A3 adenosine receptors [560]. More re-
cently, tumor spheroids embedded within MVNs further
model the tumor microenvironment (Fig. 44g and 44h), en-
abling studies of cancer-related endothelial dysfunction,
drug delivery, tumor-associated macrophages, therapeutic
antibodies, and patient-specific responses [483, 561, 562].

The Kamm group has also engineered physiologically
accurate and complex models of the BBB to study drug
transport and to evaluate its compromise in neurodegenera-
tive diseases. Initial BBB MVNs incorporating human in-
duced pluripotent stem cell-derived ECs and brain peri-
cytes and astrocytes (Fig. 44i) expressed physiologically
relevant cellular transporters, tight junctional proteins, and
ECM components, and exhibited pericyte and astrocyte
contact with microvessels, along with permeabilities simi-
lar to those of in vivo brain vasculature [480, 545]. Addi-
tional systems have combined neural cells with endothelial
monolayers [563] or MVNs [564] to model Alzheimer’s
disease (AD) BBB dysfunction. The microfluidic device
housing the integrated BBB MVN-neural system features
one compartment for the MVN with a separate central
chamber for the culture of neurons, allowing for separate
seeding and culture of each system in its own optimized
medium (Fig. 44j) [564, 565]. Culture of AD neurospheres
has resulted in impaired vascular morphology and barrier
function, along with beta-amyloid depositions in the vascu-
lature [564]. Further studies have revealed that prolonged
coculture of BBB MVNs with AD neurons in the central
channel resulted in dysregulation of endothelial and peri-
cyte markers and increases in soluble beta-amyloid in
both neuronal and vascular compartments (Figs. 44k and
441) [565]. These studies have established in vitro models
for probing links between vascular dysfunction and neuro-
degenerative disease.

While MVN systems effectively recapitulate salient vas-
cular features in multiple organ systems and disease states,
future efforts focused on incorporating organ-specific
parenchyma through the inclusion of organoids will require
new strategies for organoid vascularization [566] and for
connecting these structures with the surrounding MVNs.
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Fig. 44 Engineered microvascular networks and applications to tissue-specific models. (a) Schematic of a microfluidic device with ECs and fi-
broblasts (FB) suspended within a gel in the central channel, forming a microvascular network (MVN). (b) Confocal image of MVN perfused
with fluorescent dextran. (c) Permeability of MVNs (solid circles) to a range of solutes with different molecular weights compared to permeabil-
ities of other in vitro and in vivo preparations. (d) Schematic of microfluidic pump that circulates flow through MVNs. (e) 3D reconstructions
of MVNs cultured under static conditions or after 48 h of flow (white outlines indicate vascular perimeters from orthogonal sections). (f) Confo-
cal image of perfused MVN with tumor cells. Snapshots over time of cross-sectional views of a single tumor cell as it transmigrates across the
endothelium. (g) Confocal image of a tumor spheroid embedded in MVN that has been perfused with fluorescent dextran (green). (h) Vascular
permeability at increasing distances from the tumor spheroid. (i) Schematic and confocal image of a BBB model composed of ECs (green),
pericytes (red), and astrocytes (magenta). (j) Schematic of microfluidic device with a BBB channel and neural compartment. (k) Confocal im-
age and orthogonal views of an AD vascular model with staining for beta-amyloid (magenta). (I) Beta-amyloid in the BBB vasculature is in-
creased in the AD model compared to the healthy control . (a, c) are reproduced from [547], with permission from Elsevier Ltd.; (b) is repro-
duced from [546], with permission from WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim; (d) is reproduced from [553], licensed under
CC BY-NC-ND:; (e) is reproduced from [551], with permission from Elsevier Ltd.; (f) is reproduced from [479], with permission from Springer
Nature Limited; (g, h) are reproduced from [483], with permission from WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim; (i) is repro-
duced from [480], with permission from Elsevier Ltd.; (j) is reproduced from [564], licensed under CC BY 4.0; (k, 1) are reproduced from [565],
with permission from Elsevier Ltd.

5.1.4.4 Sacrificial biofabrication of complex vascular
constructs

Vascularization strategies historically focused on growth
factor delivery, controlled-release biomaterials, or gene and
cell therapies to stimulate host angiogenesis, but have largely
failed [567-574]. Although the approaches induce vessel
ingrowth, the resulting networks were often disorga-
nized, hyperbranched, and ultimately inadequate to sus-
tain perfusion in large tissue volumes. These experiences
suggested that building effective tissues requires not only
more vessels but also control over the architecture of the
vasculature [567].

To tackle this challenge, the Chen laboratory at Boston
University and the Wyss Institute, along with others, have
developed a class of sacrificial manufacturing tools that use
dissolvable elements to pre-structure vascular conduits within
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natural and synthetic ECMs prior to or in parallel with cellular
organization. Early work showed that 3D-printed sacrificially
cast carbohydrate glass lattices could be embedded in cell-laden
hydrogels and removed to leave behind perfusable vascular
networks, which, when endothelialized, sustained thick con-
structs of highly metabolic parenchymal cells [575]. Extend-
ing this work, they introduced sacrificial percolation of
anisotropic networks (SPAN), in which pipettable alginate
microfibers are mixed into pre-gel solutions, allowed to
form a percolated network at physiologic vascular volume
fractions, and then enzymatically degraded to yield a distrib-
uted, perfusable network in minutes, independent of con-
struct size and compatible with diverse hydrogels and fabri-
cation formats (Fig. 45a) [56]. In SPAN constructs, perfu-
sion through the percolated void network dramatically im-
proves convective and diffusive transport, eliminating hy-
poxia in regions that remain oxygen-limited in bulk gels,
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and providing a platform in which ECs seeded in the bulk
matrix preferentially exit the gel to line the void surfaces,
forming an interconnected endothelialized microvasculature
while perfusion is maintained throughout the construct. The
technique also allows for rapid generation of perfused net-
works, but if combined with 3D printing, can also build
more complex network geometries. Recently, they estab-
lished that subtractive approaches could be extended across
multiple scales to achieve substantially higher resolution
vascular networks than those achieved using typical 3D
printing methods [576]. Using gallium-based engineered
sacrificial capillary pumps for evacuation (ESCAPE) to gen-
erate high-fidelity, hierarchical vascular trees from arteri-
oles down to near-capillary dimensions provides a means to
create multiscalar conduits that can be endothelialized and
integrated into larger tissue platforms (Fig. 45b) [576]. By
enabling the generation of multiscalar trees with precise

al
Fihigia

SQuFo an

"'}!:' Enginaared
norestract

A mivisd e, L1 A0k i

control over branching geometry, caliber transitions, and
alignment, one can study how geometric features regulate
flow distribution, shear stress, and remodeling in engi-
neered networks. Overall, these sacrificial strategies provide
a toolbox for rapidly establishing perfusion and for building
vascular architectures that can support tissue assembly.
These pre-structured vascular architectures have been
shown not only to support perfusion and function of engi-
neered tissues in culture, but also to enhance engraftment
and function following implantation. Micropatterned endo-
thelial cords embedded in fibrin guide host angiogenesis
along predefined trajectories, accelerating host—graft anasto-
mosis and improving perfusion and survival of co-implanted
hepatocyte aggregates compared with unpatterned con-
structs [577]. Building on this principle, 3D-printed vascu-
lar patches with centimeter-scale organized channels direct
host collateral formation and rescue perfusion and function

1-I||||
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Fig. 45 Examples of sacrificial biofabrication of complex vascular constructs. (a) SPAN: percolated network of endothelialized cavities that are
generated by casting and degrading alginate fibers (reproduced from [56], with permission from Elsevier Inc.). (b) ESCAPE: hierarchical vascu-
lar trees that are patterned using gallium (reproduced from [576], under exclusive licence to Springer Nature Limited). (c) Patterned constructs
featuring hepatocyte aggregates (red) and parallel vascular cords (green), upon implantation, enhance engraftment, vascularization, and tissue
function (reproduced from [577], with permission from National Academy of Sciences; reproduced from [579], under exclusive licence to the

American Association for the Advancement of Science
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in hindlimb and myocardial ischemia, whereas randomly
embedded ECs or nonpatterned channels fail to achieve
comparable benefit, emphasizing the importance of vascular
geometry in therapeutic outcomes [578]. These technolo-
gies have also demonstrated benefit in a tissue engineering
context. Synthetic liver “seeds” in which primary human
hepatocytes and stromal cells are organized around parallel
endothelial cords exhibit rapid host vascular invasion, supe-
rior hepatic survival and function, and the capacity to ex-
pand in response to regenerative cues after liver injury,
highlighting how initial vascular patterning and multicel-
lular architecture can program both acute integration and
long-term growth of engineered tissues (Fig. 45¢) [577, 579].
Together, these efforts position sacrificially defined and
pre-organized vasculature as a central design paradigm for
biofabrication and biomedical manufacturing of thick, meta-
bolically demanding tissues.

5.1.5 Breast cancer models

Breast cancer is one of the most prevalent cancer types and
remains a high-mortality condition. It is challenging to faith-
fully recapitulate the breast cancer microenvironment in a
way that supports various cancer-associated cell types and
heterogeneity while effectively reflecting cancer progres-
sion. Highlights within this section are notable advance-
ments in models used to study breast cancer.

5.1.5.1 Embedded bioprinting of breast cancer model

The Duan group at the University of Nebraska Medical
Center has produced embedded, bioprinted breast cancer
cells and tumor organoid models using low-concentration
collagen I-based bioinks [59]. The composition of collagen
I-based bioink is optimized with a thermoresponsive HA-
based polymer to maintain the phenotypes of both noninva-
sive epithelial and invasive breast cancer cells, as well as
cancer-associated fibroblasts. Mouse breast tumor organ-
oids have been bioprinted using optimized collagen bioink
to better mimic in vivo tumor morphology compared to
Matrigel and collagen I alone (Fig. 46a). Adipocytes and
adipose-derived mesenchymal stromal cells (ADMSCs)
also play an important role in breast cancer metastasis and
drug resistance. The Duan group has developed several 3D
bioprinted adipose models [580-582] and cocultured breast
cancer models [583, 584]. In one study, breast cancer cells
were 3D bioprinted within ADMSC layers of varying thick-
ness to mimic obesity and to examine the effects of
ADMSC thickness on doxorubicin (DOX) resistance and ly-
syl oxidase (LOX) secretion (Fig. 46b). In the moderate and
thick-layered ADMSC constructs, significantly more cells
were stained negative for cleaved Caspase-3, indicating less
apoptosis (Fig. 46¢c). Both ADMSCs and breast cancer cells

F e TR
) Springer

intrinsically expressed LOX, regardless of changes in thick-
ness or DOX administration. Notably, treatment with a LOX
inhibitor significantly decreased stiffness in the ADMSC re-
gion but did not affect stiffness in the breast cancer cell
region. In addition, LOX inhibitor treatment enhanced the
DOX sensitivity of breast cancer cells in the bioprinted con-
structs, as seen by a decrease in LOX secretion and down-
regulation of adenosine triphosphate-binding cassette trans-
porter gene expression. Increasing ADMSC layer thickness
also induced the upregulation of hypoxia-inducible factor 1-
alpha (HIFla), indicating hypoxia, which in turn promotes
epithelial-to-mesenchymal transition [584] and vasculature
formation [59]. Taken together, 3D bioprinted breast cancer
models can faithfully reproduce in vivo conditions and pro-
vide improved platforms for studying breast cancer biology
and for drug screening. These models offer the potential to
improve the understanding of tumor—stroma—vessel interac-
tions, therapeutic resistance, and the influence of the TME
on cancer progression.

5.1.5.2 Breast cancer study enabled by single-cell
bioprinting

Despite advances in high-precision biofabrication, recreat-
ing the cell-cell communication that defines complex organ
function and disease states such as cancer requires even
greater control, including precise single-cell placement. The
Bertassoni laboratory at Oregon Health and Science Univer-
sity has adapted microfluidic technologies to enable jetting
of individual cells with <2 pum positional accuracy, incorpo-
rating up to eight distinct cell phenotypes per print. This ca-
pability enabled near-exact phenocopies of patient-derived
TMEs (Fig. 47) [585] and developed methods to study how
spatial organization regulates tumor transcriptomics [586],
opening new avenues for precision biofabrication of tissues
and disease models.

5.1.6 Other in vitro models

Many in vitro models fall outside of the categories that
have already been discussed. This section highlights some
notable developments in the application of biomanufactur-
ing and biofabrication methods for in vitro construct
creation.

5.1.6.1 Engineering physiologically relevant mesoscale
ECM architectures

In stromal environments, collagen fibers are often thick, tor-
tuous, and geometrically diverse, with properties that ex-
tend across subcellular to multicellular scales. Such struc-
tural heterogeneity plays a critical role in shaping cellular
behavior yet has traditionally been difficult to replicate in
tissue model systems. Conventional methods for generating
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Fig. 46 3D-bioprinted breast cancer model to recapitulate the in vivo microenvironment and study the effects of stromal cells on tumor
growth, invasion, and therapeutic response. (a) The bioink consisting of collagen I and HA-poly(N-isopropylacrylamide) (pNIPAM) sup-
ported the growth of tumor organoids with cancer-associated stromal cells. Breast tumor organoids were harvested from the tumor sample
and can be high-throughput bioprinted in the support bath. Morphology of breast tumor organoids in three bioinks on Day 1 is shown. Bio-
printed tumor organoids in the Matrigel and CH models remained in the spheroid structure from Day 1 to Day 7; however, in the collagen,
cells became more invasive and quickly spread to the surrounding area on Day 1, leading to the loss of the original spheroid structure. He-
matoxylin & eosin (H&E) staining of breast tumor organoids on Day 7 in three bioinks is shown (M: Matrigel; C: collagen I only; CH: col-
lagen I with HA-pNIPAM). Immunofluorescence staining of E-cadherin and a-SMA proteins on breast tumor organoids and mouse tumor
samples demonstrated a similar morphology to the bioprinted tumor organoids in the CH model compared to the primary tumor (PT) tissue
based on the cell phenotype and ratio. Quantification of the a-SMA-positive area ratio from organoid samples in three bioinks and the pri-
mary tumor is shown. Scale bars: pink 5 mm; black 250 pm; white 100 pm. These results suggested that the bioprinted tumor organoids us-
ing the CH bioink enabled better spatial organization and phenotype maintenance of both the cancer cells and the stromal cells from the or-
ganoids, resembling the in vivo tumor tissue. Reproduced from [59], licensed under CC BY-NC-ND. (b) 3D-bioprinted breast cancer mod-
els with various ADMSC layer thicknesses; positive cleaved Caspase-3 cell density in the middle region in the bioprinted constructs with
different ADMSC layer thicknesses. (c) Effects of LOX inhibitor on bioprinted construct stiffness and DOX response: quantitative poly-
merase chain reaction (QPCR) analysis of adenosine triphosphate (ATP)-binding cassette transporter genes (i.e., ABCC1, ABCBI, and
ABCG]1) and HIFla expression in bioprinted constructs with and without the LOX inhibitor. Reproduced from [583], with permission from
the American Chemical Society

collagen I hydrogels typically yield networks composed
of relatively thin fibers. While modest tunability in fiber
thickness has been achieved, the resulting range is lim-
ited, generally spanning approximately 100 nm to a few
micrometers [587-589]. Moreover, many collagen gel prop-
erties (e.g., concentration, porosity, and stiffness) are intrin-
sically coupled, restricting the ability to independently tune
scaffold features and posing challenges for engineering tis-
sue models that require precise control over microenviron-
mental cues without relying on artificial crosslinking or
chemical modifications.

Recent advances from the Mak laboratory at Stony
Brook University have introduced new strategies for produc-
ing collagen matrices with robust and tunable mesoscale

architectures. These approaches leverage controlled bio-
physical stimulation during collagen assembly. Upon neu-
tralization, collagen molecules undergo fibrillogenesis; if
mechanical mixing forces are applied during this process, lo-
calized clustering occurs, generating spatially distributed me-
soscopic collagen “islands” (Fig. 48a) [484]. Such clusters
exhibit tunable porosity and size while preserving the inter-
connected network structure and strain-stiffening behavior
characteristic of biopolymer systems. Furthermore, the in-
troduction of macromolecular crowding agents, such as
polyethylene glycol, during mixing promotes additional ar-
chitectural features. Under these conditions, collagen fibrils
bundle into thick, continuous fibers that can exceed 30 pm
in diameter (Fig. 48b) [277]. These fibers can be collected
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Fig. 47 High-precision bioprinting for spatially defined tumor microenvironments. (al) Single-cell resolution mapping of a tumor microenviron-
ment, (a2) printing map, and (a3, a4) printing fidelity plots demonstrating high accuracy of cell positioning via microfluidic dispensing. (b)
Pseudocolored breast tumor cells immediately after bioprinting with high precision, showing time evolution of printed patterns forming an inva-
sive ductal carcinoma-like organization. Reproduced from [585], licensed under CC BY-NC-ND

via centrifugation and resuspended at desired densities or
embedded within alternative ECM backgrounds (e.g., fi-
brin), enabling the construction of hybrid matrices with cus-
tomizable bundle-level concentrations [590].

Importantly, these methods allow key parameters to be
decoupled. For example, network-level porosity can be
tuned independently of local collagen density, permitting
the design of globally soft and porous matrices that contain
locally stiff, dense regions. Such architectures have re-
vealed that cells respond strongly to mesoscale properties,
which can override bulk substrate mechanics. This principle
has been exploited to generate soft collagen gels that pro-
mote osteogenesis, highlighting the importance of meso-
scale architectures in lineage specification [484].

Applications of these tunable architectures extend across
multiple tissue types. Mesenchymal stem cells (MSCs) cul-
tured within clustered or bundled collagen networks have
demonstrated enhanced osteogenic differentiation [277,
484]; iPSCs have been guided toward mesodermal fates
[484]; engineered microvascular networks and vascularized
organoids have been successfully biofabricated with local
guidance by bundle geometries [590]; and tumors or fibro-
sis models with clustered or bundled collagen architectures
have been shown to exhibit alterations in morphodynamics,
spreading, molecular profiles, cell-matrix interactions, and
responses to mechanical stimulation [277, 591-593]. Col-
lectively, these findings underscore the functional signifi-
cance of mesoscale ECM architectures in regulating cell dif-
ferentiation, tissue organization, and critical processes in
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disease and development. By enabling precise control over
structural features that mimic native tissue complexity, these
emerging methods advance the biomimicry of engineered
microenvironments and open new avenues for translational
tissue engineering.

5.1.6.2 Interplay between materials structure and
light-assisted biofabrication parameters for tunable
disease model

Microtissues provide an effective and cost-efficient tool in
personalized medicine [594, 595]. The major design criteria
in making microtissues include controlling ECM morphol-
ogy, establishing quality-control thresholds, and ensuring
the safety of biological cell processing [596, 597]. When ap-
plied to disease modeling, additional challenges arise, in-
cluding uncontrolled spheroid growth, limited real-time
monitoring capabilities, and gaps in understanding the opti-
mal ECM properties needed to support disease-specific cell
functions [594, 598]. The Miri laboratory at the New Jersey
Institute of Technology has addressed some of these chal-
lenges by exploring how 3D bioprinting parameters and
bioink microstructure influence cellular behavior. In the first
step, they developed a custom DLP bioprinting system to
fabricate hydrogel-based microfluidic devices (Fig. 49a) [599].
PEGDA and GelMA were used to demonstrate the poten-
tial of the DLP platform for creating microtissue models
and microfluidic devices (Fig. 49b). GeIMA, compared to
PEGDA, resulted in lower printing resolution [598]. The
DLP bioprinter’s capacity was achieved by using PEGDA
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Fig. 48 Biofabrication of collagen networks with cluster and bundle architectures. (a) Collagen clusters: mechanical mixing forces during colla-
gen gelation led to spatially distributed collagen clusters that formed an intact collagen network. Scale bars from top to bottom: 100, 30, 50, and
20 pm. Reproduced from [484], with permission from Wiley-VCH GmbH. (b) Collagen bundles: macromolecular crowding coupled with con-
trolled mechanical mixing led to thick continuous collagen bundles, including large bundles over 30 pm in diameter. Scale bars: 30 pm. Repro-
duced from [277], under exclusive licence to Springer Nature Limited

(20%—-40% volume fraction) [124] and GelMA (0.03—
0.07 g/mL) to print different shapes and structures. The
stiffness of the resulting printed structures can be controlled
by varying the ink composition, the UV curing process pa-
rameters, and the geometry. LAP was selected as the photo-
initiator, and a concentration of 0.1% (1 mg/mL) LAP was
shown to support cell viability while enabling precise
light-assisted bioprinting [600]. Cell density has also been
optimized in this material system using DLP parameters to
ensure cell viability and biotransport reliability (Fig. 49c)
[601]. The group then developed a reliable protocol for cre-
ating fibrosarcoma cell spheroids as depicted in Fig. 49d
[602]. After three days of spheroid formation in an incuba-
tor, they quantified spheroid diameter and roundness using
Image]. In addition, quantitative reverse transcription
polymerase chain reaction (QRT-PCR) measurements were
used to study the role of bulk stiffness on the gene expression
of tumor cells (Fig. 49¢). Softer GeIMA scaffolds, character-
ized by larger pore sizes (Fig. 49¢), resulted in increased ex-
pression of mesenchymal markers such as cluster of differen-
tiation 44 (CD44) on Day 5 [602]. They also observed that
the ECM microstructure can impact the mesenchymal be-
havior of tumor cells within spheroid-laden GeIMA mi-
crotissues [602]. Similarly, the breast tumor cells formed
spheroids when embedded in a stiffer bioink, characterized
by smaller pore sizes (Fig. 49f), over three weeks [603].
The softer bioink resulted in more elongated tumor cells. In
parallel, the team has developed a real-time monitoring sys-
tem using conductive ink to track spheroid expansion in
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their microfluidic chips [604]. Real-time monitoring enables
the study of cell responses in bioprinted microtissues.

5.1.6.3 Porous and perfusable tissue device creation

The Li laboratory at the University of Texas at Austin has
developed a solvent-free fabrication method for tissue
engineering scaffolds [606]. Traditional scaffold fabrication
methods rely on organic solvents, which can be difficult to
fully remove even after extensive washing and leaching.
The Li laboratory’s method integrates solid-state foaming
with ultrasonic cavitation to create a porous structure using
only inert gas and water, eliminating the need for organic
solvents. Building on this approach, the laboratory has de-
veloped a selective ultrasonic foaming process to fabricate
miniaturized tissue engineering scaffolds on polymeric bio-
chips [607] (Figs. 50a and 50b). This technique bridges the gap
between microfluidic technology and tissue engineering,
enabling the creation of microscale, 3D engineered tissue
model systems essential for human biology research and
drug testing. Two notable examples of these innovative
devices are a 3D microdevice for cell migration study [608]
and a perfusion-based two-chamber tissue model for person-
alized medicine [609].

Cell migration in response to chemoattractants is a key
biological process in cancer metastasis. While numerous
in vitro assays have been developed to investigate the
mechanisms and potential inhibitors of cancer cell migra-
tion, most previous studies have relied on 2D cell cultures,
where cells form a monolayer that does not accurately
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Fig. 49 Biofabricated tumor-on-a-chip platform and cancer models. (a) Schematics of the bioprinter and a zoomed picture of the extrusion
heads (reproduced from [599], with permission from IOP Publishing Ltd.). (b) Examples made by the system: 3D-bioprinted PEGDA-40% (vol-
ume fraction) chip filled with dyed water (reproduced from [599], with permission from IOP Publishing Ltd.; reproduced from [605], with per-
mission from the American Chemical Society). (c) A light microscopy image of the selected area with the spheroid-laden gel (c1), along with
the scanning electron microscopy (SEM) images of the microstructure in GelMA 5% (0.05 g/mL, c¢2) and 10% (0.10 g/mL, c3). Reproduced
from [602], with permission from Acta Materialia Inc. (d) Sarcoma tumor cell (HT1080) spheroid protocol along with creating tumor-on-a-chip.
(e) CD44, MMP2, and MMP9 mRNA expressions in the sarcoma tumor cell (HT1080) spheroids normalized to p-actin expression for different
concentrations of GeIMA. Reproduced from [602], with permission from Acta Materialia Inc. (f) Immunofluorescence images of F-actin (green,
phalloidin) and nuclei (blue, DAPI) for the carcinoma tumor cells (MDA-MB-231) in GelMA 5.7% (57 mg/mL, f1) and 7% (70 mg/mL, f2)

over 21 days (reproduced from [603], licensed under CC BY)

replicate in vivo behavior. Utilizing the selective ultrasonic
foaming process, the Li laboratory has developed a 3D mi-
crodevice to enable cancer cell growth and migration
within a porous channel, closely mimicking the 3D environ-
ment of human biological systems and providing a more
physiologically relevant model for studying cancer metasta-
sis [608] (Fig. 50c).

The perfusion-based two-chamber tissue model system
has been developed as an alternative to animal models for
drug testing. Drug discovery and development is a lengthy
and costly process, with animal testing serving as a critical
yet problematic step due to its inaccuracy in predicting hu-
man responses, high costs, and ethical concerns. A promis-
ing solution is the development of engineered tissue model
systems that more accurately replicate the complex environ-
ment and interactions of human organs. The liver, a key
organ in drug metabolism, contains enzymes that vary sig-
nificantly based on genotype, leading to differing drug re-
sponses. However, current in vitro models fail to effectively
capture these variations. While some research groups have
developed 2D cell culture systems, these models, with cells
growing on flat surfaces, do not sufficiently mimic the
physiological conditions of the human body.

To address this gap, the laboratory has developed a
perfusion-based 3D tissue model system consisting of two
chambers, each containing a tissue engineering scaffold,
connected by a microfluidic channel. One scaffold is seeded

‘Fé Springer

with liver cells and the other is seeded with cancer cells,
both of which can be patient-specific and customized to
individual genotypes. By using genetically similar cells or a
patient’s own cells, this system has enabled the prediction
of individual drug responses, providing critical data for per-
sonalized medicine [610] (Fig. 50d). The Li laboratory has
continued to contribute to the biomanufacturing field, with
current research focusing on high-strength bone implant de-
sign and fabrication [610-614].

5.2 Engineered tissue constructs for in vivo use

Engineered tissue constructs intended for in vivo implanta-
tion impose the most demanding and clinically relevant re-
quirements on biofabrication and biomedical engineering:
constructs must be biocompatible and functional, while
supporting host tissue integration, which needs to meet rig-
orous requirements for cell proliferation, migration, and
differentiation, as well as vascular and neural growth,
appropriate mechanical integrity, and long-term safety [616,
617]. Consequently, U.S. research in this area increasingly
emphasizes application-specific construct designs, in which
the fabrication process and biomaterial system are optimized
to achieve tissue-relevant architecture, appropriate cell orga-
nization, and function with clinical translational consider-
ations. The subsections below highlight representative
advances in major target tissues (notably bone and skin)
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Fig. 50 Porous polymer fabrication and chip-based cell culture platforms. (a) The setup of the selective ultrasonic foaming process (reproduced
from [615]). (b) The scanning electron microscopy (SEM) image of an open-celled polymethyl methacrylate specimen (scale bar: 200 pm).
Reproduced from [607], with permission from the American Society of Mechanical Engineers. (¢) 3D porous cell migration biochip samples
(reproduced from [608], with permission from Springer Science Business Media, LLC). (d) Porous polymer chip used for the study of liver and

cancer cells (reproduced from [609], with permission from Elsevier Ltd.)

and enabling strategies for fabricating complex regenerative
constructs.

5.2.1 Integrated tissue and organ bioprinting for
anatomical recreation

The team at the Wake Forest Institute for Regenerative
Medicine has developed the integrated tissue—organ printer
(ITOP), enabling the simultaneous deposition of multiple
components, including cells, biomaterials, and bioactive

molecules, to generate structurally stable and biologically rel-
evant tissue constructs [75]. The system combines a me-
chanically supportive polymeric framework with precisely
positioned cells, allowing the recreation of native tissue ar-
chitecture. In 2016, ITOP was successfully applied to gener-
ate human-scale tissue constructs, marking a significant ad-
vance toward clinical translation [75]. Since then, ITOP
has been employed to engineer a wide range of tissues,
including shape-defined structures such as bone [618, 619],
cartilage [75], and skin [76]; hollow organs such as blood
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vessels [620], urethras [621], and tracheas [622, 623]; orga-
nized tissues, including skeletal muscle [624, 625], inner-
vated muscle [626], and cardiac muscle [627]; composite
tissues such as osteochondral (bone cartilage) and mus-
culotendinous (muscle-tendon) [562] constructs;
even whole organs, including the kidney [628, 629] and
liver [630] (Fig. 51). This platform allows precise control
over tissue shape, cellular organization, and integration,
offering unprecedented opportunities for complex tissue
engineering.

As bioprinting is increasingly applied to a wider range of
tissues and organs, the demand for advanced bioink systems
continues to grow. These systems must provide high-
resolution fidelity, mechanical stability, and tissue-specific

and

functionality [616]. To accelerate bioink development, the
research team at the Wake Forest Institute for Regenerative
Medicine has previously established a quantitative bioink
artifact designed to assess printability and elucidate the

relationship between rheological properties and printing out-
comes [631-634]. This framework enables predictable per-
formance during bioprinting and supports reproducible
fabrication, which is critical for translational research and
eventual commercialization of bioprinted tissues. To reca-
pitulate tissue-specific microenvironments, they have de-
veloped bioinks incorporating growth factor-mimetic pep-
tide tethering [635] as well as decellularized ECM-
derived components [621, 628, 629, 636]. These formula-
tions closely mimic in vivo conditions, delivering essential
biochemical cues that promote cell survival, engraftment,
and functional maturation.

From a clinical perspective, a comprehensive bioprinting
workflow begins with patient-specific medical imaging, pro-
gresses through computer-aided design/computer-aided manu-
facturing (CAD/CAM)-based tissue design, and culminates
in the automated fabrication of 3D constructs that replicate
native tissue architecture [573]. This workflow has been
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Fig. 51 Wake Forest Institute for Regenerative Medicine (WFIRM) bioprinting applications. 3D bioprinting technology enables the creation of
constructs of various shapes and sizes, including human-scale bone (reproduced from [74], with permission from Wiley-VCH GmbH), ear carti-
lage (reproduced from [75], with permission from Springer Nature America, Inc.), and multilayered skin (reproduced from [76], under exclu-
sive licence to the American Association for the Advancement of Science), as well as hollow tubular structures such as the trachea (reproduced
from [623], with permission from Elsevier Ltd.), urethra (reproduced from [621], with permission from Acta Materialia Inc.), and blood vessels
(reproduced from [620], with permission from IOP Publishing Ltd.). At the tissue organization level, precise cellular alignment is achievable,
particularly in the construction of skeletal tissue (reproduced from [75], with permission from Springer Nature America, Inc.) and cardiac mus-
cle (reproduced from [74], with permission from Wiley-VCH GmbH). Further innovation extends to the fabrication of composite tissues, includ-
ing the osteochondral (bone cartilage) structure (reproduced from [74], with permission from Wiley-VCH GmbH) and the musculotendinous
(muscle tendon) structure (reproduced from [628], with permission from IOP Publishing Ltd.). As the field progresses, the integration of functional
inner structures, including vascularization (reproduced from [630], licensed under CC BY-NC) and functional units (reproduced from [638],
licensed under CC BY-NC), is becoming increasingly essential to meet the demands of whole organ bioprinting
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applied to diverse tissues and organs, enabling the repro-
ducible generation of anatomically precise constructs suit-
able for preclinical evaluation and, ultimately, therapeutic
application [75, 618, 619]. By integrating advanced bioinks,
standardized processes, precise tissue design, and artificial
intelligence (AI) -driven optimization, bioprinting plat-
forms can address the multifaceted challenges of regenera-
tive medicine, paving the way for patient-specific tissue
therapies and functional organ replacement [74, 637]. Con-
tinued innovation in bioink development [638], workflow
standardization, and Al integration will be essential to
fully realize the translational potential of 3D bioprinting,
thereby accelerating the path toward clinical adoption of
regenerative therapies.

5.2.2 Bone

The regeneration of large bone defects in vivo is a complex
process that requires the coordination of numerous cell
types to enable vascularization, innervation, immune cell in-
filtration, and bone ECM deposition and mineralization, es-
pecially in the craniofacial region. For large gaps in the
skeleton, the standard-of-care treatment for a critical size or
larger is either an autologous bone graft or an inert, often
metallic, replacement device. Both types of devices require
at least 2 months of immobilization and have a number of
associated complications, including donor site deficit, pain,
and morbidity. Current metallic skeletal fixation or replace-
ment devices may lead to stress shielding-induced bone loss
and/or stress concentration-induced device failure. The re-
search highlighted in this section is focused on biofabrica-
tion and biomanufacturing approaches that facilitate en-
hanced regeneration of bone defects.

5.2.2.1 Biofabrication for craniofacial bone regeneration

The Grayson laboratory at Johns Hopkins University has fo-
cused on multifunctional biomaterials designed to facilitate
craniofacial bone regeneration. 3D-printed composite mate-
rials are advantageous as the individual components may
target distinct elements of the regenerative cascade. Prior
studies demonstrated that a PCL base is advantageous for
FDM printing, given its low melting point, biodegradabil-
ity, clearance from the body, and amenability to forming
composites. Porous PCL scaffolds can also be 3D-printed
with good mechanical integrity and anatomic fidelity to
reconstruct geometrically complex facial bones [617].
Decellularized bone (DCB) has been used clinically for
dental applications and can be shaped into porous scaf-
folds for bone regeneration. PCL-DCB composite scaffolds
[639-641] have been used to successfully regenerate bone
injuries in pigs [642, 643]. The gross geometry of each
scaffold used to treat 2 cm full-thickness, bilateral injuries

in the zygoma was customized based on CT images of each
pig. A point-of-care surgical process has been adopted to
mimic the proposed clinical scenarios for personalized
treatments. PCL-DCB tabs were used to affix the scaffolds
to the adjacent bone and CT imaging over the course of
1 year demonstrated bone regeneration in and around PCL-
DCB scaffolds (Fig. 52a). Upon harvest, mechanical test-
ing has demonstrated functional integration. Histologic as-
sessment has revealed adequate vascularization and mild
foreign-body response. Data at 1 year in this large preclinical
model have strongly supported the potential for clinical ap-
plication to human patients.

Calcium peroxide (CPO) also enhances bone regenera-
tion capacity when blended with PCL to fabricate PCL-CPO
composites [644]. CPO reacts with water to release oxygen.
Prior studies demonstrated that oxygen-eluting scaffolds sig-
nificantly enhanced mineral deposition in vivo [60]. PCL-
CPO scaffolds provide sustained release of oxygen for more
than 1 week, and scaffolds containing up to 25% by weight
of CPO were made with good structural and mechanical in-
tegrity while also accelerating the degradation rates of the
composites. While oxygen is not directly osteoinductive,
PCL-CPO scaffolds stimulated enhanced osteogenesis fol-
lowing 3 weeks of in vitro culture and led to increased min-
eral deposition relative to PCL-only scaffolds after 8 weeks
when placed in murine calvarial injuries in vivo.

Advanced imaging modalities [645-647] have provided
useful tools to better understand the mechanisms by which
biomaterial implants mediate de novo bone formation. Real-
time multimodal imaging provides unique insight into the
kinetics of vascularization that precedes mineral deposition.
Vascular structure, saturated oxygen levels (Fig. 52b), and
relative blood flow data can be correlated with spatial pat-
terns of mineral deposition, and the data are ultimately used
to guide scaffold design [648]. Alternatively, end-point fluo-
rescent light sheet and micro-CT images reveal the intricate
interplay between the vasculature (Fig. 52c) [644] and min-
erals (Fig. 52d) [642, 643], and the biomaterial implant. Im-
aging data will ultimately feed into design considerations,
leading to additional composites and fabrication techniques
to biomanufacture scaffolds with greater functionality and
versatility.

5.2.2.2 Inductive materials for bone regenerative
engineering

In bone critical size defects, autografts from patients remain
the gold standard, followed by allografts from donors, yet
challenges, including donor site morbidity, limited supply,
secondary infection, and immune complications, create a
clear need for alternative ways to tissue regeneration [650].
Regenerative engineering, a field developed by the Laurencin
laboratory, now at the University of Connecticut [651-656],
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Fig. 52 3D-printed scaffolds for craniofacial bone regeneration. (a) Time course of bone healing in untreated (top) or PCL-DCB-treated (bot-
tom) 2 cm full-thickness zygoma injury in skeletally mature Yucatan minipigs over 1 year. (b) Multimodal real-time imaging in skull injury in a
mouse over 26 days, showing vascular structure and bone healing (top) and corresponding intravascular saturated oxygen levels. (c) Light sheet

microscope image of blood vessels in a murine skull defect growing in the pore spaces and around PCL-CPO struts. (d) Micro-CT image of spa-

tial patterns of mineral deposition relative to scaffolds implanted in the midface of minipigs. (a, d) are reproduced from [642], licensed under
CC BY-NC-ND; (b) is reproduced from [649], with permission from Elsevier Inc.; (c) is reproduced from [644], with permission from Acta Ma-

terialia Inc.

has potential solutions for addressing these issues by
integrating materials science, stem cell biology, and clinical
translation to regenerate complex tissues. Recent work to-
ward addressing these needs in the Laurencin laboratory has
focused on the use of inductive materials for osseous regen-
erative engineering, a class of materials that includes poly-
mers, calcium phosphate ceramics, metals, and graphene-
family materials [657]. They have recently incorporated in-
ductive materials such as graphene oxide [658], calcium
phosphate graphene [8, 659], and magnesium phosphate
graphene [61], as well as small-molecule forskolin [660],
into their matrices, all of which have demonstrated the abil-
ity to significantly impact osteogenic differentiation and the
potential to heal critical-size bone defects.
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5.2.2.3 Novel methods for bone tissue function and
mechanical property regenerative medicine

The Dean laboratory at the University of Wisconsin-
Madison has studied novel biofabrication strategies for
bone and vascular tissue engineering as well as novel de-
sign strategies for personalized skeletal graft, graft fixation,
or replacement device geometry, materials, and location, with
an emphasis on novel point-of-care manufacturing processes.
Together with the Becker laboratory at Duke University,
the Dean laboratory has studied the utility of tethering (con-
jugating) growth factor ligands (i.e., cell-signaling peptides)
to the surface of 3D-printed poly(propylene fumarate-co-
propylene succinate) tissue-engineered bone grafts [661]. To
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provide immediate perfusion to those grafts, the Dean
laboratory is collaborating with the laboratory of Grissel
Trujillo-de Santiago and Mario Alvarez at Tecnoldgico de
Monterrey (Monterrey, Mexico) to conjugate ligands in cha-
otic printed [662] hydrogels to produce microvasculature
appendage sheets (MASs). These MASs have internal chan-
nels formed using a fugitive hydrogel, hydroxyethyl cellu-
lose. This results in channels as thin as the smallest arteries
(150 pm) that then rapidly branch to capillary size and
diameter (i.e., 10-30 pm diameter) (Figs. 53a and
53b) [663]. The Dean laboratory envelopes MAS with re-
sorbable, woven, 10-50 um in diameter, polymer microfibers

produced by MEW [664]. In summer 2025, the Dean labo-
ratory and the Dalton laboratory at the University of Or-
egon, sponsored by the National Science Foundation (NSF)-
supported HAMMER Engineering Research Center, trained
graduate students and postdoctoral researchers to design
MEW weaves, program those designs in G code, and print
them using an open-source MEW machine that they built
for less than $4000 U.S. [665]. For perspective, commer-
cial MEW machines cost $150,000 U.S. or more.

Once placed, bone grafts are typically immobilized by a
metallic (e.g., Grade 23 Ti6Al4V) skeletal fixation device.
Graft healing is intended to restore load-bearing competence.
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Fig. 53 Biofabrication for microvasculature and patient-specific skeletal repair. (a) Biofabrication of microvasculature. Kenics static mixer
(KSM) can create microchannel layers as thin as a single cell thick (i) in a filament or a sheet (ii). (iii) Microchannels formed from fugitive hy-
drogels can be evacuated and used to provide vascular perfusion. (iv) Multiple KSMs can be arrayed to produce rapidly branching channels
that can be as thin as an arteriole or a capillary. (b) (v) A MEW fiber net is used to hold and implant the MAS. (vi) Fluorescent dye injected
(on the right) into rapidly branching channels that release a diffuse (i.e., perfusing) flow at the other side of the MAS (right). Reproduced
from [663], licensed under CC BY 4.0. (c) The steps needed to plan the properties of this personalized mandibular fixation plate (reproduced
from [666], with permission from Acta Materialia Inc.). (d) (vii) Skeletal repair virtual surgical planning begins with segmentation of relevant
anatomy to obtain (viii) a digital model used to design the plate (ix) shape and function. (x) An off-the-shelf plate can be robotically bent to match
that optimal design at the point of care following the (xi) bending angles determined. Reproduced from [670], licensed under CC BY-NC-ND
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To avoid stress shielding or concentration, it is important
that fixation hardware does not interrupt the normal loading
pattern [666]. The Dean group has studied the use of per-
sonalization to optimize skeletal fixation size, shape, loca-
tion, and material properties, especially in areas under the
highest loads, such as the jaws [62] and lower limbs [667]. In
collaboration with the Elahinia Laboratory at the University
of Toledo, the Dean group conducted an in vivo sheep
model study (Fig. 53c) of personalized, 3D printed, super-
elastic NiTi mandibular graft fixation hardware [668]. Sepa-
rately, the Dean laboratory and Luo laboratory at The Ohio
State University have also developed a magnesium-based al-
loy for skeletal fixation devices that is intended to resorb
once the reconstructed bone has healed [669]. Finally, the
Dean laboratory collaborated with the Hoelzle laboratory at
Ohio State University on point-of-care manufacturing strate-
gies to robotically bend off-the-shelf, metallic skeletal fixa-
tion devices (Fig. 53d) [670, 671].

5.2.2.4 Intraoperative bioprinting (I0B)

IOB, also known as in vivo or in situ bioprinting, is an ef-
fective process, in which defect information can be rapidly
acquired via 3D scanning and then repaired by bioprint-
ing, which reduces manual interventions such as culturing
bioprinted constructs or modifying prefabricated constructs
to conform to defect shapes [672, 673]. The Ozbolat labora-
tory at Penn State University has made considerable contri-
butions in the context of IOB. For example, IOB for hard and
soft tissues in a stratified manner precisely to repair com-
posite bone/skin defects in rats has been demonstrated for
the first time in the literature [674]. More recently, genetic
engineering has been utilized to advance the regeneration of
intraoperatively bioprinted bone. In this regard, con-
trolled release of BMP-2 and platelet-derived growth factor
(PDGF) encoding bioprinted plasmid DNA (pBMP-2 and
pPDGEF, respectively) enabled improved bone regeneration
in rat calvarial defects [675]. In another study, the delivery
of pBMP-2 in situ was more effective than transfecting pro-
genitors ex situ and then bioprinting them intraoperatively
in bone regeneration [676]. The Ozbolat laboratory has also
demonstrated adipose-derived extracellular matrix (ad-
ECM) from human liposuction surgeries as a bioink with de
novo adipogenic properties that supports the differentiation
of progenitors into adipocytes, which has enabled the recon-
struction of the adipose layer of skin in calvarial areas in
rats and supported hair follicle downgrowth when the ad-
ECM was cobioprinted with adipose-derived stem cells into
the skin defects intraoperatively [677]. Despite the attempts
made by the Ozbolat laboratory and other researchers, the vi-
ability of IOB-generated thick tissues heavily depends on
effective vascularization. In this regard, IOB has been
recently integrated with a microsurgery technique, called
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“micropuncture (MP),” for rapid and effective vasculariza-
tion of intraoperatively bioprinted thick tissue constructs
(Fig. 54al) [678] along with the successful execution of
IOB (Figs. 54a2 and 54b) in both small and large animal
models [9], validating the translation potential of IOB for
automated surgical interventions. Overall, IOB is unique
in the clinical realm and is expected to have a significant
impact on the reconstructive algorithm for challenging
clinical dilemmas.

5.2.3 Skin

5.2.3.1 Bioprinting for bone and skin tissue engineering

The Leu group at the Missouri University of Science and
Technology has investigated 3D-printed dressings using
clinically relevant hydrogels for wound healing, particu-
larly for healing of deep partial-thickness burn wounds,
notably second-degree burn wounds [63]. Different ratios
of gelatin and alginate mixtures have been printed and ex-
amined in terms of rheological and mechanical properties,
degradation rate, and hydration activity to tune the hydro-
gel composition for the best functionality. The cell-laden
dressings were bioprinted to evaluate the effect of the
gelatin: alginate ratio on the proliferation and growth of
human dermal fibroblasts. Their findings confirmed that
higher alginate content is associated with higher viscosity
and Young’s modulus, while higher gelatin content is as-
sociated with faster degradation and higher cell viability.
Since prolonged healing, pain, and traumatic removal due
to the lack of long-term wound hydration are some of the
main challenges in the treatment of second-degree burn
wounds, they have fabricated 3D-printed dressings with
gelatin, alginate, and BBG, and characterized their me-
chanical properties, degradation rate, hydration activity,
and in vitro cell viability [679]. The in vivo wound heal-
ing functionality of the dressings was investigated with histo-
logical analysis, using a rat model with a second-degree burn
wound. The animal study has shown that the printed dress-
ings with BBG exhibited faster wound closure, nonadhe-
sive contact, noninvasive debridement, and nontraumatic
dressing removal. Additionally, histological analysis results
have demonstrated that printed dressings contributed to more
uniform re-epithelialization and tissue remodeling com-
pared to nonprinted hydrogels of the same compositions.

5.2.4 Others

Outside of the discussed categories, many notable advance-
ments have been made in engineered constructs intended
for in vivo use. Highlights in this section are some notable
developments in the application of biomanufacturing and
biofabrication methods for in vivo construct use.
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Fig. 54 Integration of micropuncture and IOB. (al) Micropuncture was performed on the right femoral artery and vein of rats using a 60-pm mi-
croneedle at 1-mm intervals. (a2) IOB of a collagen-based bioink loaded with or without rat ECs. The presence of MPs and cells yielded four
different groups including (i) Bioink, (ii) Bioink+cells, (iii) Bioink+MP, and (iv) Bioink+cells+MP. (b) Evaluation of vascularization via fluo-
rescence angiography taken of whole-mount constructs. Reproduced from [678], with permission from Elsevier Ltd.

5.2.4.1 3D bioprinting of complex tissues for
regenerative medicine

The Fisher laboratory at the University of Maryland utilizes
bioprinting and bioreactors to create in vitro models or implants,
focusing on bone, cartilage, vascular, soft tissue, placenta,
and thin-membranous tissues, to study biological functions,
disease progression, wound healing, and organ development.
This laboratory has employed bioprinting to engineer a
wide range of clinically relevant tissue constructs, from soft
tissues such as the nipple-areolar complex (Fig. 55a) [64],
periosteum, and placental barrier, to vascular grafts
and musculoskeletal tissues such as bone and cartilage
(Fig. 55b) [64, 680—686]. To support vascularized bone re-
generation, they have developed a toolbox for the design,
characterization, and evaluation of 3D-printed scaffolds,
combining modular design, nondestructive scaffold evalua-
tion, biocompatibility, and mechanical testing and in silico
modeling to predict host vessel integration [64, 680—-687].
To model the placental barrier, they bioprinted a cylindri-
cal GeIMA hydrogel scaffold loaded with relevant placental
cells, ECM components, and growth factors at defined ra-
dial positions. This has allowed them to study tropho-
blast and stem cell migration, maternal-fetal transport, and

pathologies such as preeclampsia (Fig. 55¢) [683, 686]. In
vascular tissue engineering, they have fabricated fully printed,
biodegradable grafts using poly(propylene fumarate) resins
and DLP stereolithography, enabling patient-specific cus-
tomization, controlled microscale architecture, and demon-
strating in vivo functionality (Fig. 55d) [684].

For soft tissue reconstruction, they developed a hybrid
printing strategy combining degradable bioinks,
GelMA, with a nondegradable methylcellulose and poly(eth-
ylene) glycol (MC-PEG) network to fabricate stable, biomi-
metic constructs that support tissue integration and maintain
structural integrity [681, 682]. To advance musculoskeletal
tissue engineering, they have combined computational mod-
eling with extrusion-based printing to create biphasic osteo-
chondral units with mechanically robust interfaces and layer-
specific biomechanical properties [687].

To address the challenge of fabricating thin membra-
nous tissues (Fig. 55e), they have implemented an innova-
tive 4D extrusion-based bioprinting strategy that le-
verages post-printing contraction to produce a biomimetic,
multilayered periosteum with precise architecture and con-
trolled thickness, overcoming the limitations of traditional
approaches [681, 688]. Across all tissue types, the Fisher
laboratory integrates hybrid and multimaterial printing,

such as
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Fig. 55 Biofabricating complex tissues for regenerative medicine. (a) Hybrid nipple-areola scaffolds are created by coprinting GelMA and MC-
PEG bioinks (reproduced from [64], with permission from Wiley-VCH GmbH). (b) Additional hybrid constructs are generated by printing PEG
and GelMA bioinks into complex architectures, including nose, ear, and thyroid cartilage constructs (reproduced from [682], with permission
from WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim). (c) Spiral microchannel structures printed as embedded spirals within transparent
support matrices (reproduced from [683], with permission from the American Chemical Society). (d) Patient-specific vascular grafts are gener-
ated, CAD-refined, then DLP-printed and evaluated for fibrosis after implantation (reproduced from [684], with permission from WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim). (e) Charge-based shrinking of GeIMA allows for the printing of thin membranous tissues (reproduced
from [681], with permission from Wiley-VCH GmbH). (f) Large-scale bone graft fabrication demonstration, including CAD design of the
mold, filling with alginate-encapsulated hMSC, culture in a perfusion bioreactor, and the resulting anatomical femur construct (reproduced

from [690], with permission from Mary Ann Liebert, Inc.)

precise architectural control, and the incorporation of physi-
cal and chemical gradients to produce constructs with en-
hanced cellular responses, tissue integration, and transla-
tional potential for regenerative medicine, disease model-
ing, and patient-specific therapies.

Perfusion bioreactors are valuable tools for culturing
in vitro tissue-engineered constructs, as they enable im-
proved control of oxygen and shear stress, thereby pro-
moting cellular growth and differentiation. Using stereo-
lithography, the Fisher laboratory has manufactured
custom-designed bioreactors to advance research across a
variety of topics, including bone regeneration and extracel-
lular vesicle production (Fig. 55f). They have developed a
tubular perfusion system that promotes osteoblastic differ-
entiation of mesenchymal stem cells cultured in alginate
[689, 690], collagen [691], and biphasic calcium phos-
phate zirconia scaffolds [692]. They utilized a tubular per-
fusion system bioreactor design to culture MSC-laden
poly(lactic-co-glycolic acid)/poly(e-caprolactone) scaf-
folds that promoted in vivo bone regeneration compared to
static and acellular constructs [693]. Additionally, they de-
veloped a large-scale tubular perfusion system bioreactor
and successfully cultured a construct the size of a human
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femur, demonstrating proof of concept for full-scale bone
engineering [690]. Recently, the laboratory has designed
bioreactor systems to enhance mesenchymal stem cell ex-
tracellular vesicle production via mechanical confinement,
resulting in a 40- to 80-fold increase over conventional
cell culture [694]. The extracellular vesicles exhibited
strong wound-healing capacity, opening the door to good
manufacturing practice (GMP)-compliant, scalable produc-
tion of extracellular vesicle therapeutics.

The Fisher laboratory has developed biofabrication strate-
gies using 3D bioprinting and perfusion bioreactors to
address challenges in both soft and hard tissues. Together,
these innovations advance the development of translational
implants and in vitro functional models. Moving forward,
the laboratory plans to use its biofabrication tools to build
GMP-grade nipple-areolar complexes, disease models of the
placental barrier, and bioreactor-based kidney tissue models.

5.3 Clinical and commercial translational
successes

Clinical and commercial translation is the critical test of bio-
fabrication and biomedical manufacturing, requiring that
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laboratory innovations mature into robust, scalable, and
regulatory-aligned products that deliver measurable clinical
or societal value. Key challenges in this area include inte-
grating biofabrication technologies into regulatory frame-
works and ensuring consistency and quality in the resulting
products, especially at the manufacturing process scale.
This subsection highlights representative U.S. translational
successes, including medical devices and interventional car-
diovascular technologies [65, 695, 696], 3D-printed resorb-
able implants and advanced scaffold architectures, including
emerging shape-memory/4D printing strategies and tissue-
mimicking materials [697-699] that support biofabricated
consumer bioproducts such as engineered leather and culti-
vated meat that demonstrate manufacturing scale-up beyond
traditional biomedical markets [700], to name a few. These
examples illustrate how the U.S. efforts are moving from
proof-of-concept demonstrations toward validated products
supported by manufacturability, quality systems, and adop-
tion pathways.

5.3.1 Medical device and impacts on healthcare:
interventional neurocardiovascular devices

Interventional neurocardiovascular devices use blood ves-
sels as corridors to access the brain, lung, heart, kidney,
liver, extremities, and others for minimally invasive diagno-
sis or treatment of conditions without major surgery. Guide-
wire, catheter, balloon, stent, and driveshaft are major com-
ponents of interventional devices, which are inserted
through small incisions in the wrist or groin and guided to
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the target area using medical imaging. The first interven-
tional procedure was performed by a German physician,
Werner Forssmann, in 1929 by inserting a catheter via the
vein in his arm to his heart. In the 1960s, coaxial guide-
wires and catheters were invented, and the first procedure in
a patient to restore blood flow in the leg was performed.
Coronary balloon angioplasty was invented in the 1970s to
restore blood flow in the heart; rotational atherectomy was
invented in the 1980s to remove hardened calcified plaques,
transcatheter aortic valve replacement was first performed
in an animal lab in 1989 and commercialized in 2013, and
mechanical thrombectomy to remove brain clots for stroke
treatment was invented in the 1990s. These inventions have
a significant impact on human health.

In the 2010s, the Shih laboratory at the University of Michi-
gan investigated the fundamentals of diamond grinding of cal-
cified plaque within blood vessels, as shown in Fig. 56a [65,
695, 696, 701-705]. A small, high-speed, rotating diamond
wheel, driven by a motor located outside the body via a
driveshaft, orbits the vessel due to the fluid force providing
the pressure to lift and support the orbital motion [701].
Based on this observation, a two-phase atherectomy device
was proposed. A small diamond wheel first penetrates a hole
in the calcified plaque in the coronary or popliteal artery
and then enlarges using this orbiting motion [696, 702,
703]. A small wheel has less force and heat build-up, which
is safer for patients due to clot generation. This research has
laid the foundation for research on interventional devices.

Based on this concept, the innovation continues to cut
and remove blood clots [65, 706—715]. Due to the thin vessel
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Fig. 56 Interventional neurocardiovascular devices. (a) Device developed for atherectomy (reproduced from [696], with permission from CIRP).
(b) Device developed for thrombectomy (reproduced from [706], with permission from CIRP)
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walls in the brain and lungs, the cutting tool is inside the tip
of the catheter. The soft clot (Fig. 56b) is deformed by
vacuum suction and cut into small pieces, which are re-
moved by the vacuum outside the body. This cutting-based
interventional thrombectomy device is for the treatment of
stroke and pulmonary embolism. A startup, Endovascular
Engineering, has been established and has completed a clini-
cal trial to treat pulmonary embolism.

Another interventional device idea is to oscillate the pres-
sure inside the balloon to fracture and expand calcified
plaque blockages in the knee and coronary arteries. The
pressure from the carbon dioxide canister is converted into
short, high-peak hydraulic pressure waves, which travel
from outside of the body via a small catheter to the balloon
and calcified plaques that have many microcracks as a
source for stress concentration [715]. Amplitude Vascular
Systems was a startup (acquired by Stryker in 2026) based
on this intravascular lithotripsy technique and completed a
clinical trial on calcified plaque in the knee.

5.3.2 Clinical translation of 3D-printed resorbable implants,
4D printing shape memory PGD, 3D printing advanced scaffold
architectures, and 3D printing tissue mimicking materials

The Hollister laboratory at the Georgia Institute of Tech-
nology aims to develop in vitro and in vivo implantable
biologic systems for tissue reconstruction, diagnostics, and
procedural planning, leveraging computational design and
3D biomaterial printing.

The Hollister laboratory has developed and robustly char-
acterized a 3D-printed PCL resorbable airway splint for
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pediatric tracheobronchomalacia (Figs. 57a—57c), used in
over 30 patients with improved clinical outcomes—testored
airway patency, reduced ventilation dependence, and, in
some cases, avoided tracheostomy altogether [697, 699,
716-721]. In porcine models (1-2 years), airway splint
PCL degradation caused elastic stiffening, increased yield
and failure stress, and reduced plastic strain (Fig. 57d), linked
to molecular chain reorganization and hydrolytic embrittle-
ment [722-724]. They further showed that the PCL starting
form (pellets vs. powder) and printing modality (extrusion
vs. laser sintering) significantly influence device properties—
printability, elasticity, plasticity, degradation, and cell inter-
actions [725]. Laser-sintered PCL produced bimodal poros-
ity and permeability, enhancing cell survival and compli-
ance for soft tissue regeneration [66]. Laser-sintering
PCL also enabled the fabrication of complex architectures
(Fig. 57e), including 3D auxetic [66, 726, 727] and topology-
optimized architectures [728-730], which improved tissue
regeneration in preclinical models [726, 729].

Another frontier is 4D printing—shape-changing de-
vices using shape-memory materials supporting minimally
invasive surgery. The Hollister laboratory has developed
poly(glycerol dodecanedioate) (PGD), a photopolymeriz-
able, 3D-printable (DLP, SLA, extrusion) bioresorbable
elastomer for soft tissue reconstruction (Fig. 57f) [698,
721-739]. 4D-printed PGD demonstrated shape transfor-
mation post-implantation and strong tissue integration in
animal models (Figs. 57g and 57h) [737].

Translation of 3D-printed reconstruction approaches re-
quires robust models for bench, preclinical, and clinical trial
testing. Realistic anatomical phantoms can be created using

=i A, Fypdroge!

Fig. 57 Printing, preclinical, and clinical results with 3D- and 4D-printed materials. (a) Patient with malacic bronchial collapse presurgery. (b)
Patient post implantation showing patent bronchi. (c) Implanted 3D-printed PCL splint after 2 years on porcine trachea. (d) Force—displacement
testing of splint retrieved from porcine model showing initial plastic ductility after printing (left, solid black curve), stiffening and loss of plastic
ductility (left, solid red curve) after 1 year, and complete brittleness with damaging behavior at 2 years (right). (e) Example laser-sintered PCL
auxetic structure and resulting permeability at strut level. (f) DLP-printed PGD ear. (g) Delivery of the PGD device in the porcine model. (h)
Resulting integration of the PGD device in the porcine arterial wall at 3 months. (a, b) are reproduced from [719], with permission from the
American Association for the Advancement of Science; (c, d) are reproduced from [722], with permission from Elsevier Ltd.; (e) is reproduced
from [66], with permission from Wiley-VCH GmbH; (f) is reproduced from [698], with permission from Elsevier Ltd.; (g, h) are reproduced

from [737], with permission from Elsevier Ltd.
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tissue-mimicking materials to enhance this testing. The Hollis-
ter laboratory has extensively characterized 3D-printed model
materials and developed algorithms for optimal selection for
mimicking tissue properties [740, 741]. In summary, 3D-
printed biomaterials hold immense promise for clinical transla-
tion and tissue reconstruction. However, achieving this poten-
tial demands a rigorous understanding of input material
properties, printing processes, and comprehensive testing
of three-dimensional printing (3DP) constructs in vitro and
in vivo.

5.3.3 Biomaterial vaccines

The Mooney laboratory at Harvard University has focused
on the innovative use of biomaterials to investigate and
modulate cell behavior on a number of different fronts. This
group was one of the first to investigate 3D material interac-
tions with cell fate and differentiation [742]. Their recent
work has focused on immunomodulatory material fabrica-
tion and development. A recent study, representing the first
clinical trial of a macroscale biomaterial-based vaccine, used
a materials system developed by the Mooney laboratory for
patient-specific treatment of metastatic melanoma [743]. The
vaccine, dubbed WDVAX is created using a poly(lactic-co-
glycolic acid)-based scaffold with immunostimulatory com-
ponents cytokine GM-CSF, CpG oligonucleotides, and au-
tologous tumor lysate. The scaffold functions as a large, de-
gradable, antigen-presenting structure capable of recruiting
and activating dendritic cells to enhance antitumor response.
Having previously been demonstrated to be effective in
treating tumors in mice [744], these scaffolds have been ap-
plied to human trials and implanted subcutaneously in pa-
tients with metastatic melanoma. The WDVAX treatment
was generally able to be manufactured in the target quanti-
ties for almost all patients in this small study, and the
physical properties of the scaffolds were able to be manu-
factured with relative consistency. Although it is difficult to
draw conclusions from a relatively small clinical trial, the
data suggest that the vaccine was able to elicit CD4*" T cell
and innate immune system responses, and 43% of patients
treated with the vaccine exhibited stable disease. Overall,
this trial serves as both a milestone use of biomaterial vac-
cines as well as a promising cancer therapeutic option, espe-
cially if paired with other treatment modalities, such as
checkpoint blockade.

5.3.4 Biofabricated leather and meat

Traditionally, the term biofabrication is used in the context
of tissue engineering and regenerative medicine and refers
to the generation of biologically functional products with
living cells, bioactive molecules, and biomaterials as build-
ing blocks [17]. The Forgacs laboratory at the University of

Missouri and companies launched around the ideas devel-
oped there have demonstrated that methods of biofabrica-
tion apply well beyond tissue engineering and regenerative
medicine. The laboratory’s academic activity in the
early 2000s included the development of extrusion bioprint-
ing [11, 745] that culminated in the launching of the com-
pany Organovo, Inc. [746], the first commercial entity in the
bioprinting space. The company focused on the fabrication
of physiologically relevant 3D human tissue models for
drug development and testing (Fig. 58a) [747]. It was soon
realized that leather and meat originating from two specific
animal tissues could be produced by similar methods. This
led to the founding of Modern Meadow, Inc. [748] in 2011
with the mission to produce leather and meat sustainably,
without slaughter. They recognized that leather and meat, as
consumer products, do not require the full complexity of the
underlying skin and muscle tissue. Leather on a high level
comprises only the collagen ECM, just one compartment of
the hide of the animal. Unstructured meat products, such as
hamburgers, dumplings, and sausages, can also be made us-
ing just components of full meat cuts, such as the muscle
cellular biomass, without the need to engineer, e.g., bone.

By 2013, Modern Meadow successfully produced aes-
thetically appealing leather and edible meat products, nota-
bly the celebrated ‘meat chip’ (Fig. 58b) [749], but the eco-
nomics did not work, especially for the latter category. The
company abandoned working on cultivated meat in 2014
and kept focusing on biofabricated leather. The process has
gone through several iterations [700] to arrive at Innovera, a
truly transformative leather alternative [750]. Innovera is in-
distinguishable from animal-derived leather in regard to ma-
terial properties, but contrary to leather, it can be produced
sustainably and ethically through a process that produces no
waste. Innovera’s true success is demonstrated by the re-
cent announcement that the car maker Mercedes will use it
for the interior of its newest concept car (Fig. 58¢) [10].

For cultivated meat, the number of companies started
massively growing soon after Modern Meadow stopped its
activity in the space. Realizing the value of the earlier les-
sons, in 2018 the project was reignited by some of the Mod-
ern Meadow researchers through a new company, Fork &
Good, Inc. [77], to focus on pork products (Fig. 58d). Mak-
ing cultivated meat economically at scale is truly challeng-
ing. It requires an approach that is not orthogonal to that
practiced by the pharmaceutical industry, except that the
price points are totally different. Whereas pharma can
charge practically any price for its products, cultivated meat
needs to compete with the ‘Walmart” price of meat. To be
successful in this endeavor requires serious innovations in
multiple disciplines, such as cell line development, cell
culture medium production, and bioprocessing. For this
reason, cultivated meat represents one of the latest and most
exciting developments in biofabrication.
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Fig. 58 Translational and commercial successes in biofabrication and biomedical manufacturing. (a) Bioprinted 3D models are physiologically
relevant: (al) schematic of a transwell assay with Organovo’s 3D-printed human liver construct (HC: human hepatocyte; HSC: hepatic stellate
cell; EC: endothelial cell; KC: Kupffer cell); (a2) measurement of secreted albumin in the supernatant of 3D liver tissues treated with two chem-
ically similar antibiotics, showing that Trovafloxacin is hepatotoxic, whereas Levofloxacin is not; (a3) levels of albumin in 3D liver tissues and
standard 2D hepatocyte cultures treated with Trovafloxacin (whereas the 2D cultures do not show toxicity, the 3D cultures do at elevated
concentrations). Reproduced from [747], licensed under CC BY. (b) Modern Meadow ’s meat chip, containing up to 90% bovine muscle
cells (image courtesy of Modern Meadow). (c) The recently introduced Mercedes Concept AMG XX car (c1) whose interior is made fully
of Modern Meadow’s Innovera leather alternative (c2) (image courtesy of Modern Meadow [749]; image courtesy of Mercedes-
AMG [751]). (d) Various unstructured meat products prepared using Fork & Good’s biofabricated cultivated meat (images courtesy of Fork &

Good [77])

6 Outlook

Across the U.S., the future impact of biofabrication and bio-
medical manufacturing depends on addressing a set of tightly
interconnected gaps in process innovation and validation,
biomaterial engineering and cell manufacturing, physics-
informed modeling and control, and application-driven per-
formance assessment and quality control. While these
fields have advanced rapidly, broader and more sustained
translation requires a shift from impressive proof-of-
concept demonstrations to predictable, reproducible, and
scalable manufacturing systems supported by clearly de-
fined quality attributes and translation-aligned workflows.
Addressing these challenging needs requires coordinated
advances in manufacturing science, biomaterials, process
modeling, monitoring, and control, cellular and molecular
biology, and translational infrastructure, along with scale-
up production strategies that improve productivity without
sacrificing functional performance or reproducibility. The
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further development of the field is expected to be acceler-
ated by emerging technologies such as digital twins for the
monitoring of bioprinted living systems and Al for the de-
sign of bioinks for specific printing applications.

6.1 Processinnovation, selection, and validation

U.S. research has greatly expanded the biofabrication and
biomedical manufacturing toolbox through a wide range of
process innovations [752], as highlighted in Section 2. These
advances are opening new possibilities for the fabrication of
biomedical devices and biological systems, ranging from
custom orthopedic implants, stents, tissue/organ constructs,
and drug screening models to integrated wearable platforms
with embedded sensing functions. At the same time, new
process innovations are needed to reliably process difficult-
to-print/fabricate biomaterials and biological materials
while maintaining geometric fidelity, cell compatibility, and
functional performance.
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Despite substantial progress, process selection in biofabri-
cation and biomedical manufacturing remains largely
empirical. The field still lacks robust material-process—
property—functionality relationships [15] that connect
fabrication conditions and material evolution during print-
ing to constructs or device performance. In tissue engineer-
ing using biofabrication, these relationships govern printing
fidelity, transport behavior, and long-term biological func-
tion, especially in thick, heterogeneous, and dynamically re-
modeling systems. In biomedical devices, they similarly con-
trol dimensional precision, interfacial quality, mechanical ro-
bustness, surface characteristics, and operational reliability.
As a result, there are still no well-accepted digital-twin frame-
works for matching specific fabrication modalities and condi-
tions to tissue-, device-, and function-related requirements, or
for defining the trade-offs among process parameters, geo-
metric fidelity, cytocompatibility, throughput, mechanical
performance, and post-fabrication maturation.

Process validation is another important gap, especially for
multimaterial and multifunctional constructs and devices,
where interfacial behavior, feature resolution, and time-
dependent structural evolution can strongly affect perfor-
mance. At the same time, the field still needs more effective
in-line monitoring and feedback-control strategies to correct
printing defects and mitigate printing-induced injuries during
fabrication. More broadly, as in other advanced manufactur-
ing applications, persistent needs remain to reduce cost, in-
crease speed, and improve robustness and part quality.

6.2 Biomaterials engineering and cell
manufacturing

Biomaterials remain one of the main bottlenecks in biofabri-
cation and biomedical engineering. For tissue engineering
using biofabrication, next-generation bioinks must be engi-
neered not only for printability, but also to support cell load-
ing, migration, maturation, and long-term function while
meeting practical demands such as reproducibility, steriliza-
tion compatibility, storage stability, and scalable manufac-
turing. For biomedical devices, material demands include
mechanical compatibility, surface functionality, durability,
and compatibility with the implementing environment. Al-
though many bioinks and printable formulations have been
reported [85, 417, 431], the pool of truly translation-ready
materials remains limited. Major barriers include high cost,
compositional variability, incomplete compatibility with
sterilization and storage, and the lack of standardized refer-
ence materials and formulation protocols, all of which hinder
cross-laboratory reproducibility, meaningful comparison across
fabrication systems, and eventual commercial translation.
More broadly, the field still needs the development and stan-
dardization of a wider range of economically viable, printable
materials for biofabrication and biomedical use, including

new classes of biocompatible polymers that enable ad-
vanced functional biological constructs and medical devices.
Establishing one or more benchmark materials that can
be used across laboratories and fabrication systems would
provide a common baseline for comparing fabrication sys-
tems and material performance, help unify datasets across
the field, and potentially facilitate regulatory evaluation.

Such datasets can also be shared to facilitate the adoption
of Al for bioprinting. Beyond bioink innovations, the inte-
gration of Al and machine learning into bioprinting work-
flows has the potential to emerge as a transformative strat-
egy. Al-driven platforms might enable real-time process op-
timization, automated error detection and correction, and
improved reproducibility.

A particularly significant need in biofabrication is the
scale-up production of living cells as manufacturing inputs,
a challenge fundamentally different from preparing conven-
tional material feedstocks. Bioprinting, particularly for high
cell density and large tissue printing, requires cell produc-
tion and processing workflows that are scalable, cost-
effective, and compatible with GMP [15] and with the in-
tended recipient; however, process development, monitor-
ing, quality control, and supply chain management remain
insufficiently mature when living cells are treated as dy-
namic, heterogeneous materials rather than static inputs. In
addition, the limited shelf life of cell-laden tissue constructs,
especially thick, vascularized tissue models intended to func-
tion as self-sustaining living systems, creates an urgent need
for practical production, preservation, storage, and distribu-
tion strategies. Furthermore, progress remains constrained
by an incomplete understanding of how material composi-
tion, cell type, cell density, and spatial and temporal
cell-material interactions jointly determine construct matura-
tion and function, highlighting the need for better-defined
materials and cellular principles to improve both biological
performance and manufacturing efficiency.

6.3 Physical modeling of printing dynamics
and cell injury

The field needs the development and broader adoption of pre-
dictive digital-twin frameworks that integrate process phys-
ics, material behavior, biological responses, and functional
performance to capture not only how constructs and devices
are fabricated but also how they evolve after fabrication. Ad-
vancing biofabrication and biomedical manufacturing from
empirical optimization toward predictive manufacturing
requires a deeper mechanistic understanding of printing dy-
namics, material behavior, and post-fabrication behavior. For
cell-laden systems, this includes modeling the behavior of
complex fluids, such as viscoelastic polymer solutions, yield-
stress support baths, and soft cell-laden suspensions, as well
as fundamental phenomena such as droplet formation in
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drop-on-demand systems and filament stability in extrusion-
based processes. For biomedical devices, comparable mod-
eling challenges include predicting curing or consolidation
behavior, interfacial integrity, residual stress develop-
ment, dimensional accuracy, and long-term structural and
functional stability. Representative U.S. contributions, as
presented in Section 4, have already demonstrated the value
of such approaches.

At the same time, predictive modeling must extend be-
yond geometric fidelity alone. For bioprinted constructs,
success cannot focus solely on shape fidelity, because
process-induced stresses may compromise cell health and
long-term function even if the printed geometry appears ac-
ceptable. Current assessments often rely on cell viability
and necrotic damage, while apoptotic damage is less investi-
gated. Beyond routine viability assays, future studies should
investigate the cellular and molecular mechanisms underly-
ing fabrication-induced damage and quantify how specific
process exposures, such as stress magnitude and history, ex-
tensional deformation, and thermal or photochemical dose,
affect cell health, phenotype stability, and long-term func-
tion. Such efforts are essential to enable the modeling and
mitigation of bioprinting-induced damage [187, 431, 753].

Predictive frameworks are also needed to capture post-
fabrication properties and biological development. Biofabri-
cated tissue constructs include processes such as tissue fu-
sion, maturation, remodeling, and degradation. Biomedical
devices include the evolution of mechanical integrity, inter-
facial stability, degradation behavior (when applicable),
and long-term functional reliability under physiological
conditions. Such models are essential not only for improv-
ing fabrication strategies but also for determining the level
of structural, material, and biological complexity truly re-
quired to achieve meaningful clinical benefit. A better un-
derstanding is needed regarding how cellular constructs
and implanted devices interact with their host environment
over time, particularly with respect to tissue integration,
chronic inflammation, foreign-body response, infection risk,
and long-term performance. These gaps motivate a tighter
integration of physics-based modeling, biological model-
ing, in situ monitoring, and closed-loop control, enabling
model-informed process windows and more rigorous qual-
ity assurance beyond trial-and-error optimization. A criti-
cal missing component is the establishment of standardized
data infrastructures, including shared databases, metadata
standards, and interoperable formats to enable cross-platform
learning and model development.

6.4 Application-driven construct
performance assessment and quality control

Process performance assessment of biofabrication and bio-
medical manufacturing is still frequently limited by the
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lack of rigorous and standardized performance assessment
frameworks, due to the complex structure of the data col-
lected during fabrication [754, 755]. For biofabricated con-
structs, assessment must extend beyond structural fidelity to
performance metrics, such as mass transport, perfusion,
vascularization and innervation, cell viability, maturation,
and tissue-specific functional and long-term stable perfor-
mance after implantation. These considerations become es-
pecially pronounced in clinically relevant applications and
in physiologically relevant in vitro models, where sus-
tained perfusion and multicellular interactions are essential.
Although fabrication technologies have advanced greatly
in recreating some tissue structures, biomimetic function
evaluation remains elusive in some cases, despite some sig-
nificant progress. To enable meaningful clinical and com-
mercial translation, the field requires more than assessing
anatomical fidelity. Instead, it requires improved patient
specificity, mechanical properties, and standardized meth-
ods to evaluate whether a construct performs as intended.
Related evaluation frameworks should include validated
benchmarks for perfusion efficiency, vascular and nervous
integration, mechanical durability, degradation behavior,
cell viability and maturation, and tissue-specific functional
readouts.

Furthermore, evaluation of printed constructs and devices
remains a major bottleneck. Spatially resolved characteriza-
tion typically has a space-time-varying distribution and is
thus challenging to properly describe and analyze [756,
757], and the incorporation of living cells introduces addi-
tional time-dependent performance dimensions that must be
monitored temporally. Heterogeneous cell populations and
evolving tissue properties demand advanced characteriza-
tion methods capable of quantifying geometry, interfaces,
transport pathways, mechanical behavior, and functional read-
outs over time, mathematically and statistically. The field
would benefit greatly from standardized benchmarks that
connect “as-fabricated” attributes to in vitro and in vivo per-
formance, enabling more rigorous comparisons across plat-
forms and accelerating translation.

Even when constructs or devices are fabricated with
similar initial geometries, their biological outcomes can di-
verge substantially because of differences in cell composi-
tion, organization, remodeling, and maturation. For many
soft tissues, the mechanisms governing tissue fusion, col-
lective cell mechanics, and the evolution of the local micro-
environment, including mechanical conditioning, nutrient
and oxygen transport, and biochemical signaling, remain
insufficiently understood. Addressing these gaps requires
time-resolved experimental and modeling frameworks that
include maturation as an integral part of the manufacturing
process rather than a secondary step, particularly for con-
structs in which vascularization and innervation are critical
to function.
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6.5 Application-oriented design as a priority

A major need in U.S. biofabrication and biomedical manu-
facturing is a shift from technology-first development to
application-driven design [758]. In practice, this means
starting with the intended use, such as a vascularized
implant, organoid model, microphysiological system, or im-
plantable device, and translating that use into a set of quanti-
fiable design requirements, for example permeability, me-
chanical load-bearing needs, anatomical fidelity, electrical
coupling, barrier function, or sterilization constraints. This
design logic can sharpen material development by defining
which properties truly matter and can improve process de-
velopment by clarifying when a specific fabrication process
offers the most appropriate balance of resolution, through-
put, and multimaterial integration [759]. Design does not sit
downstream of process or material selection; rather, it
should provide the mechanism for linking application tar-
gets to material behavior, manufacturing capability, and
validated functional performance.

6.6 Ethical biofabrication and biomedical
manufacturing

Ethical manufacturing has recently emerged as an important
topic with the goal of forming a set of ethical principles that
guide the actions and decisions of individuals and organiza-
tions involved across the product life cycle to deliver both
economic and social values from manufacturing while
maintaining manufacturing legality, integrity, and account-
ability in the age of the internet and Al. The scope of ethi-
cal biofabrication and biomedical manufacturing may be
even broader due to the use of living cells as a starting mate-
rial and the making of living systems as the final product in
many applications.

In addition to the envisioned organ printing application,
biofabricated tissues, organoids, and microphysiological
systems are expected to complement, reduce, and, where
scientifically appropriate, partially replace animal models
in preclinical research [760-762] as recently encouraged
as a type of new approach methodologies (NAMs) in the
U.S. As biofabrication and biomedical manufacturing con-
tinue to advance, additional ethical considerations must
evolve in parallel with technical capabilities, including hu-
man relevance, cell source traceability, fit-for-purpose
validation, patient safety, equitable translation, public ac-
ceptance, and governmental regulations, to name a few.
For soft tissue constructs and other biofabricated systems,
careful ethical attention should be given to cell and tissue
sourcing, donor consent, biomaterial composition, xeno-
derived components, construct safety, intended use, and
accessibility, while ensuring that validation strategies are
selected according to the application rather than defaulting

to conventional fabrication studies without sufficient scien-
tific justification. It is noted that this ethical issue may be-
come even more debatable for increasingly sophisticated
in vitro systems, such as in vitro brain models [763] and
cultivated meat.

6.7 Other directions for U.S. biofabrication
and biomedical manufacturing

Among the many opportunities ahead, two other priorities
appear especially important for the continued development
of U.S. biofabrication and biomedical manufacturing. The
first is scalability: many technologies can now produce so-
phisticated small-scale constructs, but the field still faces
major challenges in scaling construct size, production rate,
and manufacturing robustness while preserving biological
and functional quality [223]. The second is standardization,
including the development of shared material benchmarks,
reproducible process windows, and application-relevant
quality metrics that allow meaningful comparison across
platforms and laboratories.

In summary, the continued advancement of biofabrica-
tion and biomedical manufacturing in the U.S. depends on
coordinated progress in manufacturing processes, materials,
predictive modeling, and application-driven validation within
an ethical framework, together with stronger standards, trans-
lational infrastructure, and workforce development. The field
is now at a stage where future impact will be determined less
by isolated demonstrations and more by the ability to de-
liver predictable, reproducible, scalable, and clinically rel-
evant systems.
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