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Diffusion-Based 3D Bioprinting Strategies

Betty Cai, David Kilian, Daniel Ramos Mejia, Ricardo J. Rios, Ashal Ali,
and Sarah C. Heilshorn*

3D bioprinting has enabled the fabrication of tissue-mimetic constructs with
freeform designs that include living cells. In the development of new
bioprinting techniques, the controlled use of diffusion has become an
emerging strategy to tailor the properties and geometry of printed constructs.
Specifically, the diffusion of molecules with specialized functions, including
crosslinkers, catalysts, growth factors, or viscosity-modulating agents, across
the interface of printed constructs will directly affect material properties such
as microstructure, stiffness, and biochemistry, all of which can impact cell
phenotype. For example, diffusion-induced gelation is employed to generate
constructs with multiple materials, dynamic mechanical properties, and
perfusable geometries. In general, these diffusion-based bioprinting strategies
can be categorized into those based on inward diffusion (i.e., into the printed
ink from the surrounding air, solution, or support bath), outward diffusion
(i.e., from the printed ink into the surroundings), or diffusion within the
printed construct (i.e., from one zone to another). This review provides an
overview of recent advances in diffusion-based bioprinting strategies,
discusses emerging methods to characterize and predict diffusion in
bioprinting, and highlights promising next steps in applying diffusion-based
strategies to overcome current limitations in biofabrication.

1. Introduction

The demand for highly specific in vitro models of human tis-
sues, as well as tissue replacements for regenerative medicine,
has necessitated new techniques to fabricate constructs recapit-
ulating the structure and function of native tissues. As an exten-
sion of conventional additive manufacturing or 3D printing, 3D
bioprinting has emerged as a promising method to pattern bio-
materials and living cells into tissue-like constructs. The main
classes of bioprinting strategies include microextrusion, inkjet,
laser-assisted methods (e.g., two-photon polymerization), and
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stereolithography,[1] each with unique
features and capabilities in fabricating
constructs of various materials, geome-
tries, and length scales. Furthermore,
emerging technologies, such as volumetric
bioprinting,[2,3] have been developed with
the potential to rapidly fabricate large-scale
tissue constructs. In this review, we will
focus on microextrusion bioprinting, as
it is the most common and adaptable
approach for the generation of scaffolds
and cell-laden hydrogel constructs.[4,5]

In microextrusion bioprinting, a bioink,
which consists of a mixture of polymeric
materials and living cells, or a biomate-
rial ink, which consists only of acellular
material components, is deposited layer
by layer to generate a 3D construct.[6] The
compatibility of microextrusion bioprinting
with a wide range of ink materials, coupled
with its low cost and accessibility, makes
it especially suitable for fabricating con-
structs with freeform designs and tunable
mechanical and biological properties.[5,7]

While diffusion within extrusion-based,
bioprinted constructs has been studied,[8,9]

more recently, a variety of extrusion-based bioprinting strategies
have been developed that leverage diffusion as a fabrication pa-
rameter to modulate the properties and geometry of printed con-
structs. In general, diffusion is a naturally occurring physical
process that describes the mass transfer of a molecular species
toward a more homogeneous distribution. Historically, studies
of such phenomena in biofabrication have been focused on the
diffusion of oxygen to encapsulated cells.[8–11] Diffusion within
the aqueous environment of a printed hydrogel construct is cru-
cial for the supply of oxygen, nutrients, and growth factors to
encapsulated cells, both for ensuring cell survival and for driv-
ing cells toward desired phenotypes. Besides designing for cer-
tain diffusional properties, however, bioprinting approaches are
emerging which actively utilize diffusion mechanisms to mod-
ulate the properties and geometry of printed constructs. Such
strategies represent a paradigm shift from considering diffusion
as a design parameter for sufficient oxygen and nutrient supply to
leveraging diffusion mechanisms as a key part of the fabrication
process. These strategies may employ the diffusion of functional
molecules, such as crosslinkers, catalysts, or viscosity-modifying
agents, either into or out of printed inks to modulate their chem-
ical, structural, or mechanical properties. Besides altering con-
struct properties, diffusion-based methods have been developed
to expand the capability of 3D bioprinting to generate biological
structures with complex architectures, including multi-material

Adv. Sci. 2024, 11, 2306470 © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH2306470 (1 of 30)

http://www.advancedscience.com
mailto:heilshorn@stanford.edu
https://doi.org/10.1002/advs.202306470
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadvs.202306470&domain=pdf&date_stamp=2023-12-25


www.advancedsciencenews.com www.advancedscience.com

Figure 1. Summary of diffusion-based bioprinting approaches and applications. Diffusion-based bioprinting strategies can be subcategorized into those
leveraging diffusion 1) into the printed ink, 2) out of the printed ink, and 3) within the printed construct. Applications of diffusion-based bioprinting
include 4) generation of multi-material constructs via the interfacial diffusion of crosslinkers, and 5) generation of self-supporting perfusable structures
via diffusion-induced gelation. For such approaches and applications, control of mass transport according to Fick’s second law of diffusion (central
schematic) is a key requirement.

constructs as well as perfusable networks mimicking those in the
vascular, lymphatic, or gastrointestinal systems.

Taking into account these recent developments, our review
provides a novel perspective on this emerging category of bio-
printing technologies, which we define as diffusion-based bio-
printing. This includes strategies to modulate ink printability and
stability, to design functional bioinks and bioprinted constructs,
as well as to create more complex and specialized structures us-
ing internal or interfacial diffusion patterns. First, we identify and
summarize three fundamental strategies to modulate the prop-
erties of printed constructs based on the direction of diffusion:
1) strategies leveraging diffusion into the printed ink to mod-
ify construct properties and to stabilize the printed structure; 2)
strategies leveraging diffusion out of the printed ink to engineer
time-dependent properties, and 3) strategies leveraging diffusion
within the printed construct to establish localized gradients. Ap-
plying these fundamental strategies, we then discuss two types

of applications leveraging diffusion-based bioprinting to shape
zonal interfaces and architectures in the fabrication of 4) multi-
material tissue constructs and 5) perfusable networks (Figure 1).
For each strategy and each application, we highlight recent ad-
vances, with a focus on novel ink formulations for extrusion-
based bioprinting that allow control over construct properties.
As diffusion-based bioprinting is a rapidly evolving strategy, we
have not limited ourselves to examples that include living cells,
but also highlight unique approaches which hold potential for
live-cell printing. In all of these approaches, understanding and
controlling diffusion phenomena are key. Therefore, we next de-
scribe a variety of methods that have emerged to experimentally
quantify diffusional properties as well as to predict and model dif-
fusion processes in bioprinted constructs. Finally, we end with a
discussion of how future advances in diffusion-based bioprint-
ing can help to overcome current limitations in biofabrication.
Overall, we demonstrate why these advances in diffusion-based
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Figure 2. Bioprinting strategies involving the inward diffusion of crosslinkers for in situ gelation. A) Extrusion bioprinting into a crosslinker-containing
medium results in crosslinker diffusion into the printed ink, facilitating in situ gelation. B) A section of a human coronary arterial tree was fabricated by
extruding alginate into a calcium ion-containing support bath. Reproduced under terms of the CC-BY license.[25] Copyright 2015, The Authors, published
by AAAS. C) Stable hydrogel fibers can be formed via coaxial bioprinting of a bioink in the inner nozzle and a crosslinker-containing solution in the outer
nozzle. Reproduced with permission.[16] Copyright 2016, Wiley-VCH. D) Scaffolds with different patterns were fabricated by coaxial printing of a GelMA-
alginate ink and calcium chloride solution. Reproduced with permission.[18] Copyright 2017, Elsevier. E) A GelMA-alginate scaffold containing endothelial
cells (cytoskeleton in green; nuclei in blue) was fabricated by the coaxial extrusion of an endothelial cell-laden GelMA-alginate bioink and calcium chloride
solution. Reproduced with permission.[18] Copyright 2017, Elsevier.

bioprinting enable the fabrication of more complex and special-
ized tissue constructs and thus deserve strong recognition for fu-
ture development.

2. Diffusion Into the Printed Ink: Controlling
Printability and Construct Properties

The most common application of diffusion in bioprinting in-
volves the inward diffusion of specialized molecules, such as
crosslinkers, into printed inks. Such approaches have been de-
veloped to modify the properties of bioinks during or after the
printing process, thus ensuring both bioink printability and con-
struct stability. In extrusion-based bioprinting, the bioink is re-
quired to possess certain rheological properties, such as paste-
like, shear-thinning behavior enabling adequate extrusion.[12] On
the other hand, the final scaffold requires a different set of me-
chanical properties, such as a specific stiffness range or stress
relaxation timescale, to regulate cell behavior in its intended
application.[13,14] For instance, the stiffness of tissue constructs
must be optimized to provide suitable biophysical cues guiding
cell behavior, often similar to the stiffness of the native tissue to
avoid mechanical mismatch for in vivo applications.[15] To gen-
erate constructs with the desired properties while maintaining
bioink printability, a variety of bioprinting strategies have been
developed that leverage diffusion from solutions, support baths,
or air into the printed ink to alter bioink properties.

2.1. Inward Diffusion for In Situ Gelation

In in situ gelation, the diffusion of molecules into the printed ink
is employed to induce gelation during the printing process. Such
methods may involve the extrusion of initially uncrosslinked or
partially crosslinked inks into a crosslinker-containing medium,
allowing the diffusion of crosslinkers into the printed ink and
thus an increase in the degree of crosslinking. Alternatively,
a bioink and crosslinker solution may be extruded simultane-
ously using concentric nozzles.[16–21] Apart from methods involv-
ing crosslinker diffusion, we discuss other mechanisms for in
situ gelation, such as self-assembly or catalyst diffusion into the
printed ink.

2.1.1. Extrusion of Bioinks into Crosslinker-Containing Medium

In one diffusion-based strategy, bioinks are printed into a
crosslinker-containing medium (i.e., air, solution, or support
bath) for in situ crosslinking (Figure 2A). During the printing
process, crosslinkers present in the surrounding medium diffuse
into the deposited filament, facilitating bioink gelation and con-
ferring stability to the printed construct. In such cases, bioinks
can either be printed in an uncrosslinked form or be partially
crosslinked inside the print syringe prior to printing. For the
printing of uncrosslinked bioinks, embedded bioprinting is com-
monly employed, in which inks are extruded into a viscoelastic

Adv. Sci. 2024, 11, 2306470 © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH2306470 (3 of 30)

 21983844, 2024, 8, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/advs.202306470 by Stanford U

niversity, W
iley O

nline L
ibrary on [28/02/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advancedscience.com


www.advancedsciencenews.com www.advancedscience.com

support bath to improve ink printability and print fidelity.[22–24]

A notable example of this is the Freeform Reversible Embedding
of Suspended Hydrogels (FRESH) method, where bioinks are ex-
truded into support baths consisting of jammed gelatin micropar-
ticles. In FRESH printing, alginate bioinks were printed into sup-
port baths supplemented with calcium ions for diffusion-based
ionic crosslinking. Diffusion of ionic crosslinkers from the sup-
port bath into the bioink occurred during printing as well as sub-
sequent incubation at 37 °C, through which the gelatin micropar-
ticle support bath was melted and removed (Figure 2B).[25,26]

As compared to solution-phase bioinks, bioinks that are in the
gel phase both in the syringe and after printing may prevent cell
sedimentation while reducing extrusion-induced shear stresses
by undergoing plug flow.[27,28] In such cases, bioinks may be ex-
truded in a partially crosslinked form, then subjected to a sec-
ondary diffusion-based crosslinking step immediately after the
filament is deposited. As compared to first-stage crosslinking,
second-stage crosslinking can occur by either identical or dis-
tinct crosslinking mechanisms. Dual-stage crosslinking by a sin-
gle mechanism may be performed with alginate, since it exhibits
varying degrees of crosslinking based on the concentration of di-
valent cations. In one example, an alginate bioink containing a
low concentration of calcium cations was extruded into a gelatin
support bath with a higher calcium concentration.[29] While
the first-stage-crosslinked alginate may be readily extruded, sec-
ondary crosslinking based on calcium diffusion stabilized the
construct, increasing the bioink stiffness by over one order of
magnitude. This dual-stage crosslinking system enabled neural
progenitor cells (NPCs) within the bioink to be mechanically sup-
ported during printing while producing a stable construct suit-
able for NPC expansion and stemness maintenance.

Besides the dual-stage ionic crosslinking of alginate, bioinks
with two distinct crosslinking mechanisms, for which second-
stage crosslinking is based on diffusion from the surround-
ing medium, have been developed. In one demonstration, a
Recombinant-protein Alginate Platform for an Injectable, Dual-
crosslinked (RAPID) bioink was created by mixing alginate mod-
ified with proline-rich peptide (P) domains together with an en-
gineered protein, C7, which contained seven repeats of a com-
plementary peptide (C) to enable first-stage physical crosslink-
ing. After extrusion into a calcium-rich bath, second-stage ionic
crosslinking of alginate occurred based on the inward diffusion
of calcium, leading to a stiffness increase of over two orders of
magnitude.[30]

As opposed to crosslinker diffusion from a solution or sup-
port bath, in situ crosslinking can also be achieved via the di-
rect extrusion of bioinks in air. The diffusion-induced crosslink-
ing of bioinks from crosslinker-containing aerosols may enable
greater oxygen transfer while allowing for lower crosslinker con-
centrations as compared to diffusion from solution, as shown
for cell-laden alginate bioinks crosslinked via diffusion from cal-
cium chloride aerosols.[31] A similar aerosol-based crosslinking
strategy was employed in a coaxial bioprinting system, where a
cell-laden collagen core was extruded simultaneously with an al-
ginate sheath. The outer alginate layer was crosslinked in situ
using a calcium chloride aerosol, serving to stably retain the
collagen bioink within the printed structure.[32] While aerosol-
assisted bioprinting enables effective crosslinking, it is less com-
monly employed compared to solution- and support bath-based

approaches due to the need for specialized, custom-designed
equipment.

Among the various printing media, bioink extrusion into a
support bath possesses unique advantages, for instance enabling
high shape fidelity with a variety of bioinks and providing greater
control over the diffusion rates of encapsulated crosslinkers. In in
situ crosslinking, the diffusion rate of crosslinkers into the bioink
must be controlled to prevent overly rapid gelation, which may
lead to issues such as clogging of the print nozzle or delamina-
tion between layers due to insufficient adhesion.[33] While dif-
fusion from solutions or aerosols is primarily influenced by the
crosslinker concentration, the diffusional properties of crosslink-
ers within support baths can be controlled based on the sup-
port bath composition, porosity, and microstructure. In addition
to bulk hydrogel materials, granular hydrogels, which consist of
jammed microparticles, have been employed as support baths to
allow greater control over their mechanical properties and mi-
crostructure. In such granular support baths, parameters such as
microgel size, shape, and concentration can be varied to alter so-
lute diffusivity.[23] While embedded 3D printing enables greater
control over crosslinker diffusion, careful consideration must be
given toward possible interactions between crosslinkers and sup-
port materials, which may interfere with bioink crosslinking or
alter the support bath rheological properties. For instance, multi-
valent cations such as calcium react with Carbopol, a support bath
material composed of crosslinked acrylic acid polymers, greatly
reducing its viscosity and storage modulus.[34] As a result, the
support bath for in situ crosslinking must be designed specifi-
cally for each bioink-crosslinker combination to provide optimal
rheological properties to support printed filaments as well as op-
timal diffusional properties to enable crosslinking.

2.1.2. Coaxial Bioprinting of Bioinks with Crosslinker-Containing
Solution

Another common in situ crosslinking strategy is coaxial bioprint-
ing, where a bioink and a medium containing crosslinkers are
extruded simultaneously using a coaxial nozzle. This approach
circumvents the challenges associated with crosslinker diffusion
from a bulk medium by bringing the ink and crosslinker into
direct contact during extrusion. To fabricate solid constructs,
the bioink is extruded in the inner nozzle while the crosslink-
ing solution is delivered in the outer nozzle, enabling in situ
crosslinking of the bioink filament via inward diffusion of the
crosslinker (Figure 2C). This strategy has been widely employed
using alginate-containing bioinks, which are extruded coaxially
with a calcium chloride solution. During printing, alginate within
the bioink is crosslinked via the inward diffusion of calcium
ions. This in situ crosslinking mechanism increases bioink vis-
cosity and prevents the collapse of printed filaments, produc-
ing constructs with precise patterns and high shape fidelity
(Figure 2D). Furthermore, the diffusion of calcium ions across
interfaces between filaments ensures cohesion between adja-
cent layers, thus enhancing the structural integrity of bioprinted
constructs.[16] In this strategy, alginate is typically combined
with photo-crosslinkable hydrogels, such as gelatin methacryloyl
(GelMA), which are crosslinked by exposure to UV light, thus
constituting a matrix for encapsulated cells (Figure 2E). This
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Figure 3. Bioprinting strategies involving the inward diffusion of molecules that trigger crosslinking or self-assembly. A) A bioink containing polymers
with phenolic hydroxyl moieties (polymer-Ph) and horseradish peroxidase (HRP) was printed into air containing vaporized H2O2. During printing, H2O2
diffused into the ink and induced HRP-catalyzed crosslinking, enabling the formation of stable constructs with a variety of geometries (left). Bioinks
composed of hyaluronic acid (HA) and gelatin, both possessing phenolic hydroxyl (Ph) moieties, were printed using this peroxidase-catalyzed technique.
A 3D reconstruction of fluorescently labeled mouse fibroblasts encapsulated within the composite bioink showed cell spreading within the 3D matrix
after three days of culture (right). Reproduced with permission.[35] Copyright 2018, IOP Publishing. B) A Pluronic F127-dimethacrylate ink was mixed
with an initiator (APS) and extruded into a support bath containing a catalyst (TEMED). The diffusion of catalyst into the printed ink enabled in situ
polymerization inside the support bath, allowing the fabrication of complex 3D constructs with high stability and shape retention. Reproduced with
permission.[36] Copyright 2017, American Chemical Society. C) A solution of amphiphiles in DMSO was extruded into a water bath. The diffusion of
water into the printed ink facilitated rapid self-assembly of amphiphiles into fibers, thus stabilizing the ink filament. Reproduced with permission.[38]

Copyright 2020, Elsevier.

diffusion-based coaxial bioprinting strategy has been employed
with a variety of cell types, including endothelial cells and car-
diomyocytes, myoblasts, and bone marrow-derived mesenchy-
mal stromal cells to fabricate cardiac-, muscle-, and cartilage-like
constructs, respectively.[16–21] In addition to solid structures, a
similar coaxial bioprinting strategy, with the outer nozzle con-
taining the bioink and the inner nozzle containing the crosslink-
ing solution, has been applied to fabricate perfusable structures.
Such methods are discussed in Section 6.1.

2.1.3. Other In Situ Gelation Mechanisms

In addition to the diffusion of crosslinking reaction-initiators,
the in situ gelation of bioinks can be triggered by the diffusion
of other molecules that facilitate crosslinking or self-assembly.
One common example is the gelation of collagen, which is sol-
uble at low pH (i.e., below 5) but self-assembles into fibers at
neutral or basic pH (i.e., 6.5–8.5). Due to this pH sensitivity,
the gelation of collagen bioinks can be induced via inward diffu-
sion of a neutralizing buffer such as HEPES (4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid). This was demonstrated in em-
bedded bioprinting using the FRESH technique by extruding a
collagen bioink into a HEPES-containing gelatin microgel sup-
port bath (pH 7.4). Printed structures were incubated at 37 °C

for at least 1 hour, enabling the inward diffusion of HEPES and
resultant gelation of the collagen bioink.[25,26]

Furthermore, in situ crosslinking can be induced via the in-
ward diffusion of catalyst molecules. In one example, a bioink
composed of polymers with phenolic hydroxyl (Ph) groups
was extruded into air containing hydrogen peroxide (H2O2)
(Figure 3A). During printing, H2O2 diffused into the bioink and
was consumed by peroxidase within the bioink to catalyze the
crosslinking of Ph moieties. When combined with mouse fibrob-
lasts, bioinks containing derivatives of hyaluronic acid (HA) and
gelatin, both possessing Ph moieties, exhibited >90% cell via-
bility as well as cell migration and spreading after three days of
culture.[35] In another case of catalytically induced crosslinking, a
Pluronic F127-dimethacrylate bioink loaded with an initiator, am-
monium persulfate (APS), was extruded into a support bath con-
taining a catalyst, tetramethylethylenediamine (TEMED). After
printing, the catalyst was allowed to diffuse into the bioink, ini-
tiating free-radical polymerization to form a robust 3D construct
(Figure 3B).[36] Overall, these catalytically induced gelation meth-
ods enable the bioprinting of a wide array of polymers, which can
be combined to produce bioinks with multiple functions.

Another mechanism for in situ gelation involves the self-
assembly of amphiphilic molecules, which has been demon-
strated for the case of peptide amphiphiles in ionic solution.[37]

In one example, self-assembly of the printed ink was employed
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in the bioprinting of small amphiphiles whose gelation is trig-
gered in contact with water. In this method, a solution of small
amphiphiles in dimethylsulfoxide (DMSO) was extruded into a
water bath, leading to rapid in situ gelation by diffusion of wa-
ter into, and DMSO out of, the printed ink (Figure 3C).[38] De-
spite the variety of gelation mechanisms used, all of these ap-
proaches enabled the design of highly extrudable inks as well as
stable printed constructs with suitable mechanical properties for
cell culture.

2.2. Inward Diffusion to Alter Crosslink Formation Post-Printing

To enable a greater variety of crosslinking patterns than is possi-
ble with in situ crosslinking, strategies involving the crosslinking
of constructs after printing have been developed. In single-stage
crosslinking, uncrosslinked or partially crosslinked structures
may be crosslinked post-printing by immersion in a crosslinker
solution, such as a calcium chloride solution in the case of
alginate.[39] This approach requires bioink formulations with ad-
equate mechanical properties to form a robust, self-supporting
structure for transfer into, or addition of, a crosslinker solution.
Due to these material requirements, the post-printing, diffusion-
induced gelation strategy is widely employed with composite
bioinks, which are supplemented with viscosity enhancers such
as hydroxyapatite and nanofibrillated cellulose.[40] In such ap-
proaches, open porous lattice structures are typically printed to
ensure the homogeneity of crosslinker diffusion, which is al-
lowed to occur into each individual filament instead of into a
larger bulk structure.

Furthermore, multi-component bioinks can be formulated
to allow for first- and second-stage crosslinking using sepa-
rate mechanisms. For example, alginate has been combined
with thermoresponsive materials, such as gelatin,[41,42] agar,[43]

or Pluronic.[44] The resultant bioink exhibits first-stage thermal
gelation, enabling initial stabilization of the construct, and is then
subjected to second-stage ionic crosslinking to enhance its me-
chanical properties (Figure 4A). As an alternative to thermal gela-
tion, first-stage covalent crosslinking can be employed in combi-
nation with second-stage crosslinking through inward diffusion.
In one demonstration, bioinks composed of amine-containing
polymers were covalently crosslinked within the print car-
tridge through the inclusion of a polyethylene glycol crosslinker
(PEGX) that reacts with amines. After printing, second-stage
crosslinking was performed via treatment with solutions con-
taining EDC (N-(3-Dimethylaminopropyl)-N-ethylcarbodiimide)
and NHS (N-Hydroxysuccinimide) for covalent crosslinking
of gelatin-containing bioinks, thrombin and calcium chloride
for enzymatic crosslinking of fibrinogen-containing bioinks,
and calcium chloride for non-covalent crosslinking of peptide
amphiphile-containing bioinks.[45] Another interesting example
of first-stage non-covalent crosslinking used a bioink composed
of ɑ-cyclodextrin (ɑ-CD), polyethylene glycol (PEG)-grafted chi-
tosan, and gelatin, which exhibited guest-host interactions be-
tween ɑ-CD and PEG side chains. After printing, a second
crosslinking step was performed in which the construct was
treated with 𝛽-glycerophosphate, which forms ionic and hydro-
gen bonds with chitosan and gelatin (Figure 4B). While con-
structs with only first- or second-stage crosslinking were un-

able to maintain their shape after 30 min, constructs with both
crosslinking steps remained stable in cell culture medium for at
least 21 days.[46]

While the post-printing gelation approach enhances the sta-
bility and mechanical properties of printed constructs, it may
produce dimensional changes that must be considered in the
print design. For example, the ionic crosslinking of alginate
post-printing may result in a loss of print definition due to
swelling and deswelling behaviors.[47] When immersed in cal-
cium chloride solutions, printed alginate-agar constructs were
found to deswell, with the extent of shrinkage dependent on
the calcium chloride concentration.[43] In another study, alginate-
nanocellulose scaffolds crosslinked in calcium chloride solution
exhibited swelling toward empty holes in the scaffold without sig-
nificantly altering the overall print dimensions, indicating that
dimensional stability upon crosslinking post-printing is strongly
influenced by the geometry of the printed construct.[48]

As opposed to facilitating crosslink formation, diffusion into
printed constructs can also be used as a means of crosslink
disruption. In the case of alginate bioinks, this is commonly
performed via immersion of printed constructs in a solution
containing calcium chelators such as ethylenediaminetetraacetic
acid (EDTA). In one demonstration, alginate microfibers were
formed through the coaxial extrusion of alginate with calcium
chloride solution, then encapsulated into a photo-crosslinkable
GelMA scaffold. After photo-crosslinking of GelMA, the hydro-
gel was immersed in EDTA solution, resulting in the dissolution
of alginate microfibers and thus the formation of interconnected
microchannels.[49] In addition to alginate, diffusion-induced
crosslink disruption has been applied for gelatin-chitosan con-
structs, which were immersed in sodium hydroxide to hydrolyze
the gelatin or immersed in acetic acid to protonate and solubilize
the chitosan.[50] This diffusion-based strategy opens up opportu-
nities for the design of sacrificial inks to fabricate perfusable or
hollow structures, although many of these crosslink disruption
strategies have limited cell compatibility.

2.3. Inward Diffusion to Introduce Additional Functionality

Apart from modulating the degree of crosslinking, inward diffu-
sion has been employed to alter the shape, biofunctionality, and
morphology of printed constructs. These strategies are consid-
ered as a subset of 4D bioprinting, where time is employed as
the fourth dimension to enable stimuli-responsive transforma-
tions. For instance, the immersion of printed constructs in aque-
ous solution has been used to transform 2D architectures into 3D
morphologies based on their anisotropic swelling behavior.[51] In
such strategies, ion diffusion can be employed to modulate the
shape-morphing behavior of printed structures. In one demon-
stration, printed alginate-methylcellulose structures were de-
signed to deform upon immersion in calcium chloride solution
due to a combination of differential swelling and crosslinking.[52]

Furthermore, ion diffusion has been used to alter the swelling be-
havior of printed methacrylated alginate (AA-MA) or methacry-
lated hyaluronic acid (HA-MA) films. In this strategy, printed
films were photocrosslinked and then immersed in an aqueous
medium, leading to self-folding into tubes due to a crosslink-
ing gradient along the film thickness. As compared to water,
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Figure 4. Bioprinting strategies involving post-printing gelation through the inward diffusion of crosslinkers. Examples: A) A gelatin-alginate bioink was
extruded onto a cooled printing platform for the diffusion-independent thermal gelation of gelatin. The construct was then transferred into a calcium
chloride (CaCl2) solution, where the inward diffusion of Ca2+ led to second-stage ionic crosslinking of alginate to form open-porous scaffolds with varying
infill patterns (strand-to-strand distances, DL: 2–4 mm). Reproduced under terms of the CC-BY license.[42] Copyright 2016, The Authors, published by
Springer Nature. B) Bioinks composed of ɑ-cyclodextrin (ɑ-CD), pegylated chitosan (CS-mPEG), and gelatin formed a supramolecular hydrogel inside
the print syringe. After printing, constructs were transferred into a 𝛽-glycerophosphate (𝛽-GPS) solution for second-stage crosslinking. Dual-stage-
crosslinked lattices retained their shape for 21 days, while lattices with only one stage of crosslinking (by either 𝛽-GPS or ɑ-CD) collapsed within 30 min.
Reproduced with permission.[46] Copyright 2020, KeAi Publishing.

immersion of printed films in phosphate-buffered saline (PBS)
greatly reduced swelling due to charge screening by diffusing
sodium ions, driving the formation of smaller tubes. For AA-MA
films, immersion in calcium chloride solution led to further re-
ductions in swelling due to second-stage ionic crosslinking. Fur-
thermore, AA-MA films can be designed to unfold when treated
with calcium chloride solution and subsequently re-fold when
treated with the chelator EDTA, thus producing a reversible actu-
ation behavior (Figure 5A).[53]

Apart from anisotropic deformation, inward diffusion has
been employed to induce isotropic shrinkage of printed con-

structs. In one demonstration, constructs composed of a hy-
drophilic polyionic polymer were immersed in a solution of op-
positely charged polyions that diffuse into the construct to in-
duce shrinkage through charge complexation (Figure 5B). Rapid,
controllable shrinkage was demonstrated by immersing HA-MA,
HA-MA–GelMA, or alginate constructs in chitosan solution, and
the cytocompatibility of this process was demonstrated by the via-
bility and proliferation of MCF-7 breast cancer cells encapsulated
in HA-MA–GelMA constructs.[54]

In addition to altering construct geometry, inward diffusion
has been used to alter the composition and microstructure of
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Figure 5. Bioprinting strategies leveraging inward diffusion to introduce additional functionality. A) Printed methacrylated alginate (AA-MA) films were
crosslinked by light irradiation, then transferred into an aqueous medium with or without ions for spontaneous folding into tubes. For printed AA-MA
films, reversible folding/unfolding behavior was achieved by immersion in calcium chloride solution to trigger unfolding, followed by immersion in EDTA
to trigger re-folding. Reproduced with permission.[53] Copyright 2017, Wiley-VCH. B) The diffusion of chitosan into printed methacrylated hyaluronic
acid (HA-MA) constructs resulted in shrinkage due to charge complexation. The degree of shrinkage was dependent on the immersion time in chitosan
solution. Reproduced under terms of the CC-BY license.[54] Copyright 2020, The Authors, published by Elsevier Nature. C) The diffusion of citrate ions
into printed sacrificial gelatin-chitosan inks was used to form a non-sacrificial double-network hydrogel. An inverted hollow pyramid was fabricated
by sequentially patterning gelatin-chitosan and citrate inks. Reproduced with permission.[50] Copyright 2020, IOP Publishing. D) Printed constructs
composed of peptide-conjugated HA were treated with complementary peptides, which diffused inward and subsequently associated with the hydrogel.
To enable biomineralization, constructs were first incubated with a biotin-labeled peptide (JR2KK-Biotin), which recruited avidin-modified proteins, then
exposed to streptavidin-modified alkaline phosphatase (streptavidin-ALP) for ALP functionalization. The resultant ALP-containing constructs exhibited
mineral deposition in the presence of Ca2+. Reproduced under terms of the CC-BY license.[55] Copyright 2020, The Authors, published by IOP Publishing.

printed constructs. In one example, a polyacrylamide (PAAm)
network was introduced into printed alginate-agar hydrogels by
immersion in a solution containing the monomer acrylamide,
crosslinker NN′-methylenebisacrylamide, and catalyst APS. Af-
ter 24 h, the polymerization of acrylamide was allowed to oc-
cur via addition of the catalyst TEMED. Through the diffusion of
monomer, crosslinker, and catalysts into the construct, a PAAm-
alginate double network was formed, enhancing hydrogel tough-
ness by reinforcing the interfaces between printed stripes.[43]

Using a similar mechanism, a printed gelatin-chitosan sacri-
ficial material was converted into a non-sacrificial double net-
work hydrogel through the inward diffusion of citrate ions, which
crosslinked chitosan electrostatically. Stable 3D constructs were
formed by depositing an ink composed of sodium citrate and xan-
than gum on top of printed gelatin-chitosan layers (Figure 5C).
After citrate crosslinking, the microstructure of the chitosan
network was further modified via immersion in sodium hy-
droxide, which hydrolyzed gelatin and neutralized chitosan, re-
configuring the chitosan crosslinks to form crystalline network
junctions.[50]

Besides crosslinkers, the diffusion of peptides has been em-
ployed to alter the mechanical properties and biofunctionality of
printed constructs, thus affecting cell-hydrogel interactions. In
one example, hyaluronic acid (HA) was conjugated with a pep-
tide designed to fold into a helix-loop-helix motif and dimerize
into four-helix bundles in the presence of Zn2+. These prop-
erties enabled the dynamic modulation of crosslinking density
and hydrogel functionality via peptide folding. For instance,
peptide-conjugated hydrogels were printed into gelatin micropar-
ticle support baths with or without Zn2+, where peptide dimer-
ization upon inward diffusion of Zn2+ drove the formation of
more robust structures. Furthermore, the conjugated peptide
is able to dimerize with complementary peptides with differ-
ent functionalities, thus enabling the dynamic biofunctional-
ization of hydrogels. To control biomineralization, printed con-
structs were incubated with a biotin-labeled complementary pep-
tide, which was then associated with the construct through a
diffusion-limited process. The biotin-labeled peptide in turn re-
cruits and sequesters the enzyme alkaline phosphatase (ALP),
facilitating biomineralization of the construct in the presence
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of Ca2+ (Figure 5D). This peptide-mediated strategy was fur-
ther generalized to a wider array of peptides, including those
that include cyclic RGD peptide motifs to tune cell-hydrogel
interactions.[55]

Altogether, the above approaches highlight the versatility of in-
ward diffusion to alter ink gelation and to introduce new func-
tionalities. Examples of both of these categories of approaches
are summarized in Table 1. In bioprinting strategies based on
inward diffusion, the compatibility of the biofabrication process
with living cells is a key consideration. In some cases, the diffus-
ing molecules may be harmful to cells encapsulated inside the
printed ink, thus only allowing cells to be seeded onto the printed
construct following removal of the diffusing species. A promising
area of future development is to improve the cytocompatibility of
diffusion-based strategies through the design and incorporation
of more cell-friendly chemistries, enabling a wider variety of cell-
laden constructs to be fabricated.

3. Diffusion Out of the Printed Ink: Engineering
Time-Dependent Properties Post-Printing

Another way to tune the characteristics of bioprinted constructs
is the diffusion of ink components out of printed strands, zonal
compartments, or the entire construct. This outward diffusion
strategy is commonly used to serve at least one of two func-
tions: 1) tuning the mechanical properties of bioinks following
extrusion, and 2) modulating biological functionality dynamically
within the printed construct. Often these functions are achieved
by designing diffusible ink components that either temporar-
ily enhance or inhibit crosslinking. Alternatively, the diffusing
component may modify the ink properties temporarily during
the printing process without interfering with the crosslinking of
other components. This category includes the release of tempo-
rary thickening agents that ensure stable strand deposition dur-
ing bioink extrusion, maintain bioink homogeneity, and prevent
premature gelation of the bioink in the print cartridge. Finally, the
outward diffusion of bioactive molecules from the printed con-
struct can be used to introduce biofunctionality to printed con-
structs in a time-dependent and/or spatiallydefined manner.

3.1. Mechanical Properties

For extrusion-based bioprinting without a support bath, high-
viscosity bioinks are needed to prevent filament deformation
and collapse during printing. However, a high polymer content,
which enables adequate viscosity, may result in final construct
mechanical properties that are detrimental to cells during 3D cul-
ture. The constant need to balance the printability of the bioink
and the cytocompatibility of the resulting environment has been
summarized as the quest to identify an ideal “biofabrication
window”.[56]

To provide suitable mechanical properties for both printing
and cell culture, the outward diffusion of temporarily viscosity-
modifying agents has been employed (Figure 6A). In one exam-
ple, suitable rheological properties for printing were achieved for
an alginate bioink by blending in methylcellulose as a tempo-
rary viscosity-enhancer. This was necessary as the included con-
centration of alginate (3%) is highly cytocompatible but, due to

its low viscosity, does not allow the bioprinting of volumetric
constructs without additional technical means such as a sup-
port bath or in situ crosslinking. In this strategy, methylcellu-
lose stabilized the extruded bioink and diffused out to a large
extent (>40%) after crosslinking the alginate using calcium chlo-
ride solution, leaving behind a micro-porous, cytocompatible al-
ginate network (Figure 6B). While it enables high printability,
a key disadvantage of this approach is that the high viscosity
of the bioink during extrusion leads to mechanical stresses on
encapsulated cells. As a result, human mesenchymal stromal
cells (hMSCs) encapsulated within the bioink exhibited a rela-
tively low early viability (60–70%),[57] while similar results were
achieved for a comparable alginate-methylcellulose blend with
pre-crosslinked alginate.[58] To improve cell viability and spread-
ing, the supplementation of alginate bioinks with human blood
plasma,[59] fibrillised collagen, or egg white-derived albumin[60]

has been demonstrated. As opposed to methylcellulose as the
viscosity-enhancer, a similar approach employed Pluronic F127
in an alginate-based bioink for the printing of hMSC-laden
bone and cartilage tissue substitutes. During and after crosslink-
ing of alginate with calcium ions, Pluronic diffused out of the
ink, leaving behind a microporous 3D alginate network with
anisotropic microchannels generated by the inward diffusion of
calcium.[44]

Although alginate is commonly used as a non-sacrificial ink
component, the outward diffusion of calcium ions may reduce
ink stiffness and stability unless counteracted by the supple-
mentation of calcium in the surrounding medium.[61] Making
use of the reversibility of ionic crosslinking, another study uti-
lized alginate as a temporary thickening agent in a dual-stage-
crosslinked alginate-GelMA bioink. Alginate within the bioink
was crosslinked in situ via coaxial extrusion of the bioink with
a Ca2+ crosslinker solution, after which GelMA within the bioink
was crosslinked using UV light. Alginate was then gradually
released from the composite scaffold through the diffusion of
calcium ions into the surrounding medium, resulting in pores
that promote the spreading and proliferation of encapsulated
endothelial cells.[16] This combined inward-outward diffusion
strategy exemplifies how outward diffusion can be used to al-
ter the microstructure and mechanical properties of constructs
crosslinked based on inward diffusion.

As an alternative to bioinks crosslinked through reversible
electrostatic bonds, bioinks with dynamic covalent bonds also
possess viscoelastic properties similar to those of human tissue.
Since these bioinks are already crosslinked inside the print sy-
ringe, the mechanical properties of the final construct are de-
rived directly from the bioink. As a result, a key challenge for
dynamic bioinks is to achieve suitable rheological properties for
printing while producing constructs with sufficient stability for
long-term culture. In one example, both printability and stability
were achieved for a dynamic HA and Elastin-Like Protein (HELP)
bioink through the use of small molecule modulators that diffuse
out of the bioink after printing. In this system, a small molecule
catalyst was included to increase the rate of dynamic bond ex-
change, while a small molecule competitor was used to reduce
crosslinking by capping the chemical functional groups present
in the bioink (Figure 6C). The inclusion of competitors and cat-
alysts reduced bioink stiffness and increased shear-thinning, re-
spectively, enabling the extrusion of continuous filaments. After
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Figure 6. Methods leveraging outward diffusion to alter the properties of bioprinted constructs post-printing. A) A temporary viscosity modifier can
be included to improve ink printability and stability. After crosslinking of the printed ink, the viscosity modifier diffuses out of the construct. B) The
diffusion of methylcellulose (MC) out of an alginate-MC construct over time was observed by staining MC (dark violet) using a chlorine-zinc-iodine
solution. Reproduced with permission.[57] Copyright 2017, Wiley-VCH. C) The mechanical properties of bioinks were modulated using small molecule
catalysts and competitors, which diffused out of the bioink after printing to stabilize the printed construct. Hyaluronan and Elastin-Like Protein (HELP)
inks containing competitor and catalyst were printable while maintaining stability over two weeks. Reproduced under terms of the CC-BY license.[62]

Copyright 2023, The Authors, published by AAAS.

printing, the competitor and catalyst diffused out of the bioink,
increasing the stiffness and stability of the construct.[62]

Overall, the kinetics of outward diffusion are strongly influ-
enced by the mesh size and microstructure of the bioprinted con-
struct. The mesh size and pore size of the hydrogel network are
defined by the bioink morphology, which can be solid, fibrous, or
granular (i.e., microgels), as well as the bioink composition, in-
cluding the ratio of stable network component to diffusing com-
ponent. The microstructure of the printed construct in turn deter-
mines its diffusional properties. Given these properties, quantita-

tive experiments and computational models of outward diffusion
(see Section 7) can be employed to predict the time-dependent
properties of the printed construct.

3.2. Bioactivity

Beyond the mechanical properties of printed constructs, biologi-
cal activity is a property crucial to the functionality of bioprinted,
cell-laden tissue mimics. Diffusion can be leveraged to either

Adv. Sci. 2024, 11, 2306470 © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH2306470 (11 of 30)
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induce or alter the bioactivity of printed constructs. As described
in Section 2.3, printed constructs may be exposed to bioactive
molecules that diffuse into the construct to induce certain bio-
logical functionalities. In contrast, the diffusion of enzymes out
of printed constructs can be used to impart bioactivity to con-
structs after printing. In one example, the enzyme thrombin was
entrapped in a photo-crosslinked polyethylene glycol diacrylate
(PEGDA) bioink. After printing, diffusion of thrombin out of
the construct led to the formation of a cell-laden fibrin biofilm
upon contact with a cell-laden fibrinogen solution.[63] While the
base structure was printed by digital light processing (DLP) in
this example, this novel, diffusion-based strategy could be read-
ily applied to extrusion-printed scaffolds. As an example of 4D
printing, these systematic alterations to the scaffold structure
over time introduce an important dimension to the bioprinting
strategy.

While inward diffusion has been widely employed to modulate
the properties of bioinks, substantially fewer examples of out-
ward diffusion have been reported. As shown by the examples
listed in Table 2, outward diffusion can be employed with a vari-
ety of bioprinting methods and diffusing species to alter mechan-
ical properties or introduce additional biofunctionality. Further-
more, these strategies are simple and typically do not introduce
additional steps to the biofabrication process. Due to its ability to
achieve time-dependent properties, diffusion out of printed inks
holds enormous potential in a variety of biological applications,
including studies of the effects of microenvironmental changes
on cell behavior.

4. Diffusion within the Printed Construct:
Establishing Defined Spatial Gradients

Apart from modulating construct properties through inward or
outward diffusion, diffusion within a construct can be employed
to generate defined spatial gradients (Figure 7A). For example,
morphogens, which are signaling molecules that induce a cellu-
lar response,[64] are often incorporated into bioprinted constructs
to direct cell behavior and phenotype with high positional speci-
ficity. While most bioprinting studies to date have focused on
the direct patterning of morphogen gradients, leveraging diffu-
sion to generate the desired spatial and temporal profiles has
immense potential. Diffusion-based strategies enable the gener-
ation of continuous morphogen gradients, which cannot be pat-
terned directly through layer-by-layer bioprinting. By engineering
specific diffusional patterns within bioprinted constructs, spatial
gradients of morphogens can be established. In one instance, dif-
fusion was employed to generate a continuous gradient of growth
factors along the sensory and motor branches of a 3D-printed
nerve guidance conduit. To pattern two distinct morphogen gra-
dients, GelMA hydrogels loaded with nerve growth factor (NGF)
or glial cell line-derived growth factor (GDNF) were printed at dis-
crete points along the sensory and motor branches, respectively.
A gradient of increasing concentration was generated by printing
the morphogen-loaded hydrogels more closely together toward
the distal ends of each branch. After printing, diffusion within
the construct enabled the formation of a continuous gradient of
growth factors, which was predicted with finite element model-
ing (Figure 7B). The diffusive NGF gradient acted as a chemoat-

tractant for sensory axons, while the GDNF gradient acted as a
chemokinetic cue for enhanced Schwann cell migration.[65]

Diffusion within the construct can also be used to trigger bio-
logical functionality in bioprinted cells by ensuring a localized re-
lease of drugs or differentiation factors. In one strategy, the zone-
to-zone diffusion of differentiation factors was used to support
cell fate in a core-shell-printed osteochondral tissue model. Dif-
ferentiation factors encapsulated within the core depot diffused
into the cell-laden shell, initiating the zonally defined differenti-
ation of cell types encapsulated in the respective shell regions.[66]

This strategy ensures that active concentrations of differentia-
tion factors can be kept within a zonally defined compartment
of a multi-layered and multi-cellular scaffold, for instance induc-
ing chondrogenic and osteogenic differentiation of chondrocytes
and osteoblasts by the diffusion of transforming growth factor-
𝛽3 (TGF-𝛽3) and bone morphogenetic protein-2 (BMP-2), respec-
tively (Figure 7C). A Laponite nanoclay was used as a strong bind-
ing agent for differentiation factors to enable sustained release,
resulting in a sustained effect over three weeks of culture. Differ-
ent concentrations of Laponite led to adjustment of the release ki-
netics. While other approaches rely on inward diffusion of differ-
entiation factors through capillary forces,[67] this concept mainly
relies on diffusion within the printed construct.

As an alternative to the direct patterning of morphogens, mor-
phogen gradients can be generated within an initially homoge-
neous construct by designing specific diffusional patterns. In one
demonstration, a gradient in 𝛽-tricalcium phosphate (𝛽-TCP) was
formed over time by bioprinting a layered scaffold with a gradient
in porosity. In porosity-graded constructs with a uniform initial
𝛽-TCP concentration (10%), regions with higher porosity exhib-
ited enhanced mineralization after four weeks. This enhanced os-
teogenic differentiation at later stages was hypothesized to occur
due to the preferential diffusion of 𝛽-TCP into higher-porosity
regions.[68] By tailoring construct architecture to control diffu-
sional patterns, such diffusion-based approaches open up new
opportunities for the generation of tissue constructs with hetero-
geneous cell populations.

Looking ahead, understanding and controlling diffusional pat-
terns will be crucial to achieving temporal control of morphogen
gradients. For in vivo tissue regeneration, the exposure of cells
to morphogens at high doses may reduce therapeutic efficacy
or even cause adverse effects, as documented for the osteoin-
ductive growth factor BMP-2.[69] As a result, sustained spatial
gradients in bioprinted constructs over days or weeks are often
desirable. To engineer persistent gradients, the initial gradient
magnitude, dimensions and architecture of the construct, and
interactions between diffusing agents and printed inks must be
optimized. For instance, the diffusion of growth factors can be
slowed through the addition of binding agents, such as Laponite
or nano-hydroxyapatite, to the bioink.[70] Alternatively, the onset
of diffusion can be delayed by encapsulating molecules in de-
livery vehicles, such as polymeric microspheres.[71] As a com-
plicating factor, diffusion kinetics may be influenced by degra-
dation or remodeling of the construct in vivo. Furthermore, the
effects of bioink components on diffusion kinetics must be care-
fully evaluated, as common viscosity-modifying agents, such as
methylcellulose, have been shown to accelerate growth factor dif-
fusion by increasing the extent of swelling.[71] With an improved
understanding of diffusion within complex environments, we
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Figure 7. Bioprinting strategies leveraging diffusion within a printed construct. A) The diffusion of morphogens encapsulated within printed inks can
be used to generate defined spatial gradients, which are initially discrete and become increasingly continuous over time within the printed construct.
B) Spatial gradients of nerve growth factor (NGF) and glial cell line-derived growth factor (GDNF) were generated by printing growth factor-loaded
hydrogels along a 3D-printed nerve conduit (left). Diffusion of growth factors over time enabled the formation of continuous growth factor gradients,
which were predicted by finite element modeling (right). Reproduced with permission.[65] Copyright 2015, Wiley-VCH. C) The differentiation factors
transforming growth factor-𝛽3 (TGF-𝛽3) and bone morphogenetic protein-2 (BMP-2) were included in zonally defined core compartments of a core-
shell-printed structure to induce chondrogenic and osteogenic differentiation of shell-encapsulated human chondrocytes (hChon) and pre-osteoblasts
(hOB), respectively, by diffusion from the core depot to the shell. Using this locally restricted diffusion strategy, the co-differentiation of different cell types
in multi-zonal constructs can be achieved. Reproduced under terms of the CC-BY license.[66] Copyright 2022, The Authors, published by IOP Publishing.

anticipate that diffusion-based methods will be applied to gen-
erate heterogeneous constructs with increasingly complex mor-
phogen patterns to guide cell behavior in vitro and in vivo.

In addition to morphogen gradients to direct cell behavior,
emerging approaches have employed diffusion within printed
constructs to generate gradients of biomolecules to provide spe-
cialized functionalities. In one example, functional living scaf-

folds were fabricated by printing inks containing two types of
core-shell microgels, each encapsulating a different type of mi-
crobe. To generate specialized functionalities, such as ethanol fer-
mentation, synergistic microbe types were employed, in which
the conversion product of one microbe can be further processed
by the other. Through the diffusion of this intermediate con-
version product between the microgel cores, localized gradients
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were generated, leading to enhanced functional capabilities com-
pared to direct mixing of the two microbe types.[72] Looking be-
yond microbial interactions, the use of diffusion within printed
constructs as a means to control interactions between multiple
cell types holds promise for a wide range of biofabrication appli-
cations.

5. Generation of Multi-Material Constructs

To fabricate more complex and functional constructs, a variety of
3D bioprinting strategies have been developed to pattern multiple
materials and cell types into a single construct. Native tissues are
dynamic composites of cells surrounded by a complex extracel-
lular matrix (ECM), which provides physical scaffolding as well
as signaling cues essential to cellular function. To mimic the het-
erogeneity of native tissues, each bioink should ideally be tailored
for the cell type incorporated such that it presents the appropriate
biochemical and biomechanical cues to promote cellular func-
tion. To achieve this goal, multi-material bioprinting strategies
enable the patterning of multiple cell types using customizable
bioinks that guide cell-material interactions post-printing, pro-
moting the dynamic biological evolution of printed constructs.

For example, multi-material constructs can be fabricated by
the diffusion of enzymes between different regions of the print
to facilitate crosslinking. In one strategy, a cell-laden gelatin-
fibrinogen ink was printed along with a sacrificial vascular ink,
and a cell-laden gelatin-fibrinogen matrix containing the enzy-
matic crosslinkers thrombin and transglutaminase was then de-
posited onto the printed inks (Figure 8A). Following diffusion
into the printed cell-laden ink, thrombin facilitated rapid poly-
merization of fibrinogen into fibrin, while transglutaminase en-
abled gradual crosslinking of both fibrinogen and gelatin. Fur-
thermore, the outward diffusion of thrombin in the sacrificial ink
led to increased crosslinking in regions surrounding the ink fil-
ament, thus enhancing the stability of the vascular-like network
formed upon sacrificial ink removal. The embedded vascular net-
work could then be injected with a suspension of endothelial
cells, which lined the hollow channels. By including fibroblasts in
the cast matrix, hMSCs in the printed cell-laden ink, and endothe-
lial cells within the vascular-like network, constructs containing
three different cell types were fabricated (Figure 8B).[73]

While the bioprinting of constructs with multiple cell types
has been demonstrated, patterning multiple biopolymers into
a single construct remains challenging due to the incompati-
ble crosslinking mechanisms typically involved for different ink
materials. Despite this challenge, the incorporation of different
biopolymers in multi-cellular constructs is necessary for tailor-
ing bioinks to fulfill the matrix requirements of different cell
types. To generate constructs from biopolymers with different
crosslinking mechanisms, strategies employing the diffusion of
multiple crosslinkers into printed inks have been proposed. In
one example, a support bath composed of hydrophobically mod-
ified hydroxypropylmethyl cellulose and Pluronic F127 was em-
ployed for multi-material bioprinting using multiple crosslinking
mechanisms (Figure 8C). The support bath was designed such
that the inclusion of various crosslinkers, including calcium chlo-
ride, sodium hydroxide, and transglutaminase, did not adversely
affect its rheological properties. In contrast, the addition of PEG
400, a strong hydrophilic polymer, could be used to compromise

the hydrophobic and hydrophilic associations between compo-
nents, facilitating removal of the support bath from the printed
construct. As an exemplary multi-material construct, a tri-layer
hollow tube comprising an alginate inner layer, gelatin middle
layer, and GelMA outer layer was fabricated via extrusion into
a support bath containing calcium chloride and transglutami-
nase. Upon diffusion of crosslinkers into the printed inks, the
alginate ink was crosslinked by calcium ions, while the gelatin
and GelMA inks were crosslinked using transglutaminase. This
approach was shown to be cell-compatible, with endothelial cells
encapsulated in printed GelMA structures exhibiting high viabil-
ity (85–90%) and proliferation over ten days of culture.[74]

Apart from embedded bioprinting, coaxial bioprinting, as de-
scribed in Section 2.1 above, can be used to generate dual-
material constructs by extruding a core containing a crosslinker
that diffuses into the surrounding shell. In one example, a
GelMA bioink containing calcium chloride was printed in the
core and an alginate ink was printed in the shell. After crosslink-
ing by calcium chloride diffusion, the alginate shell served to sup-
port and confine the core bioink, allowing for subsequent UV
crosslinking. Various cell types, including breast cancer cells, fi-
broblasts, and endothelial cells, were encapsulated in the GelMA
core with viabilities of 65–89% achievable.[75]

In integrating different biopolymers within a single construct,
another key challenge is to ensure cohesion at the interface be-
tween different ink materials. This can be achieved by design-
ing a universal crosslinking method compatible with multiple
bioink materials, as opposed to using bioinks with different
crosslinking mechanisms. Such crosslinking strategies would al-
low different bioinks to be crosslinked together at their inter-
face, enhancing the structural integrity of the multi-material con-
struct. To achieve this goal, a UNIversal Orthogonal Network
(UNION) crosslinking strategy was developed, where a small
molecule crosslinker was encapsulated inside a support bath and
diffused into bioinks conjugated with complementary bioorthog-
onal groups (Figure 8D). UNION bioinks were created with
gelatin, HA, recombinant Elastin-Like Protein (ELP), and PEG
as backbone polymers. Due to their common crosslinking chem-
istry, multiple materials could be integrated into a unified, cohe-
sive construct, as demonstrated for the combinations of PEG with
gelatin and HA with ELP. Furthermore, the UNION crosslinking
strategy is compatible with a variety of cell types due to its bio-
orthogonality. Cell types with different matrix requirements, in-
cluding matrix-adherent human corneal MSCs and non-matrix-
adherent human induced pluripotent stem cell (hiPSC)-derived
neural progenitor cells, exhibited high viability and maintained
their phenotype when cultured within UNION bioinks. Alto-
gether, these results demonstrate the utility of the UNION strat-
egy in fabricating multi-material, multi-cellular constructs with
customizable bioink properties.[76]

As an alternative to the diffusion of crosslinkers, the diffu-
sion of crosslinkable polymers into a cell-laden matrix repre-
sents another strategy to generate multi-material constructs dy-
namically during culture. In one demonstration, the bioprint-
ing of dual-material constructs was enabled by the diffusion
of a photocrosslinkable gel precursor into a cell- or organoid-
containing Matrigel matrix. In this approach, termed hydrogel-
in-hydrogel live bioprinting, two-photon irradiation was used to
initiate crosslinking of the gel precursor, enabling the creation
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Figure 8. Bioprinting approaches leveraging diffusion to generate multi-material constructs. A) Constructs with multiple cell types were fabricated by
depositing a sacrificial (vascular) ink and a cell-laden gelatin-fibrinogen bioink, then casting a gelatin-fibrinogen matrix over the printed inks. Crosslink-
ing was facilitated by the diffusion of thrombin and transglutaminase from the cast matrix into the cell ink as well as the diffusion of thrombin from
the vascular ink into the cast matrix. Reproduced with permission.[73] Copyright 2016, National Academy of Sciences. B) A construct demonstrated
the patterning of three different cell types, including human umbilical vein endothelial cells (HUVECs), human neonatal dermal fibroblasts (hNDFs),
and human mesenchymal stromal cells (hMSCs) within the printed vasculature, cast matrix, and cell ink, respectively. Reproduced with permission.[73]

Copyright 2016, National Academy of Sciences. C) Multiple crosslinkers were included in a single embedding medium, allowing the fabrication of con-
structs integrating biopolymers with different crosslinking mechanisms. Reproduced with permission.[74] Copyright 2022, IOP Publishing. D) UNIversal
Orthogonal Network (UNION) bioinks enabled multi-material bioprinting based on the diffusion of a small molecule crosslinker from a support bath
into the printed structure. Cohesive structures composed of gelatin (red) and PEG (blue) were fabricated using the UNION strategy. Reproduced with
permission.[76] Copyright 2021, Wiley-VCH.

of complex 3D patterns within the Matrigel construct. After this
crosslinking step, the uncrosslinked gel precursor then diffuses
out of the construct. This combined inward-outward diffusion ap-
proach enables dual-material constructs to be generated dynam-
ically during culture, facilitating studies of the effect of matrix
architecture and mechanical properties on cell behavior.[77]

Due to their ability to integrate multiple biopolymers into a
single construct, diffusion-based bioprinting strategies open up
opportunities for the customization of bioinks for specific cell
types. We anticipate that these strategies will be generalized to-

ward new materials and crosslinking chemistries, thus expand-
ing the library of compatible bioinks for creating more heteroge-
neous and biofunctional constructs.

6. Generation of Self-Supporting Perfusable
Structures

While the human body contains a variety of hollow struc-
tures, such as vascular networks, lymphatic vessels, and the gas-
trointestinal tract, the complexity of such structures has been
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Figure 9. Diffusion-based coaxial bioprinting strategies to fabricate self-supporting perfusable structures. A) Perfusable channels were generated by
co-extruding a crosslinker solution in the inner nozzle and a hydrogel precursor in the outer nozzle. Reproduced with permission.[78] Copyright 2014,
Elsevier. B) Coaxial printing of a CaCl2-containing core and an alginate shell was used to fabricate structures perfusable with yellow food dye. Both single-
and multi-layered perfusable structures were fabricated through continuous coaxial extrusion. Reproduced with permission.[79] Copyright 2013, IOP
Publishing. C) Channels incorporating two cell types were fabricated via the co-extrusion of a core sacrificial ink containing crosslinker and endothelial
cells (HUVECs, red) and shell bioink of catechol-modified GelMA (GelMA/C) containing smooth muscle cells (HCASMCs, green). Reproduced with
permission.[81] Copyright 2019, IOP Publishing.

challenging to replicate using biofabrication techniques. Over the
past decade, diffusion-based bioprinting methods have emerged
that are uniquely capable of generating self-supporting per-
fusable structures with high geometric complexity, precision,
and tunability. These methods overcome key challenges associ-
ated with layer-by-layer extrusion, which typically results in hol-
low constructs that have an uneven surface prone to leakage
due to gaps or delamination. To fabricate perfusable structures,
two main classes of diffusion-based bioprinting methods have
been proposed: 1) coaxial extrusion of gel precursor shells and
crosslinker-containing cores; and 2) diffusion-induced gelation
at interfaces of printed inks with the surrounding medium. In
this section, we provide case studies of such methods and their
emerging applications.

6.1. Coaxial Printing of Perfusable Channels

Coaxial bioprinting is an elegant method to induce in situ
crosslinking of a bioink by simultaneous co-extrusion with a
crosslinking-containing medium, as described in Section 2.2
for the fabrication of solid fibers. To achieve coaxial printing
of perfusable channels, the core-shell nozzle is used to ex-
trude a filament with a hollow lumen, and the diffusion of
crosslinker is used to stabilize the resulting channel. Diffusion
may be designed to occur either within the print nozzle or
within the filament immediately after extrusion. For example,
coaxial bioprinting may be used to fabricate perfusable channels
by extruding a gel precursor shell and a crosslinker-containing

core (Figure 9A). This strategy is commonly applied by the co-
extrusion of an alginate shell with a calcium chloride-containing
core for in situ crosslinking.[78,79] Immediately after printing, cal-
cium ions diffuse outward across the core-shell interface, thus
forming a crosslinked alginate shell (Figure 9B). The alginate
ink can be doped with additives, such as carbon nanotubes[80] or
methacrylated HA,[54] to modify the mechanical properties of the
crosslinked channels.

In addition to utilizing the core compartment to deliver a
crosslinker solution, the core can also be designed as a sacri-
ficial bioink that includes cells along with the crosslinker. In
one approach, a Pluronic F127 sacrificial ink containing an ox-
idative crosslinker was extruded in the core, and a catechol-
functionalized GelMA bioink was extruded in the shell. Diffu-
sion of the crosslinker into the shell resulted in rapid oxidative
crosslinking of the catechol-modified bioink. During culture, the
sacrificial ink in the core was gradually dissolved, thus deposit-
ing the cells contained within the core onto the channel sur-
face. By including endothelial cells in the sacrificial core and
smooth muscle cells in the gel precursor shell, vascular-like con-
structs with encapsulated smooth muscle cells and a surround-
ing endothelium were fabricated (Figure 9C). As compared to
coaxially printed alginate channels, the catechol-modified GelMA
channels exhibited greater cell adhesion and proliferation as well
as enhanced structural stability after two weeks of perfusion.[81]

These results demonstrate the potential of diffusion-based coax-
ial bioprinting strategies not only for the generation of perfusable
channels, but also for the fabrication of patterned, multi-cellular,
tissue-mimetic models.
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6.2. Diffusion-Induced Interfacial Gelation

While coaxial bioprinting can be used to fabricate channels with
hollow lumens, the inner and outer diameters of printed struc-
tures are set by the nozzle geometry, precluding the fabrication
of branched structures. To overcome this challenge, alternative
strategies leverage diffusion mechanisms to generate perfusable
structures without a core-shell nozzle, with the print dimensions
determined solely based on the printing parameters and diffu-
sion time. In such strategies, diffusion at the liquid-liquid, gel-
sol or gel-gel interface of a printed structure and its surround-
ings is employed to enable gelation. In an early demonstration
of this diffusion-induced gelation concept, a sacrificial core of
gelatin or Pluronic F127 loaded with Ca2+ was fabricated using a
3D-printed mold, before multiple layers of alginate were formed
by successive immersion into alginate solutions. GelMA inner
layers were formed by including GelMA in the gel core; upon
immersion of the gel core in an alginate solution containing a
photoinitiator, a photo-crosslinkable layer was formed via diffu-
sion of the photoinitiator into the gel core. This method allows
the freeform fabrication of perfusable multi-layered vessels with
up to seven layers, but requires manual post-processing of the
printed filament.[82]

Recently, diffusion-induced interfacial gelation has been ex-
tended to bioprinting to generate perfusable networks with com-
plex and customizable geometries. In one example, an inter-
facial diffusion printing (IDP) strategy was used for the one-
step fabrication of tubular vessels for application in cardiovascu-
lar tissue engineering. To enable in situ gelation, an ink com-
posed of sodium alginate, bacterial cellulose, and acrylamide
was extruded into a solution of calcium chloride and TEMED.
Upon filament deposition, calcium chloride and TEMED dif-
fused into the printed ink, initiating the ionic crosslinking of
alginate and the free radical polymerization of acrylamide, re-
spectively. After a set time for gelation, the uncrosslinked ink
at the center of the filament was expelled to form a contin-
uous, perfusable channel. The fabricated channels possessed
suitable mechanical properties for implantation, demonstrating
resistance against arterial pressure in a rabbit carotid artery
model.[83]

In addition to small molecule crosslinking, the diffusion-
induced gelation method can also be applied to photo-
crosslinkable ink systems. In one study, channels with
tunable diameters and wall thicknesses were fabricated by
extruding a bioink composed of hyaluronic acid glycidyl
methacrylate (HAGM) and PEGDA into a flavin mononu-
cleotide/triethanolamine (FMN/TEOHA) photoinitiator solution
(Figure 10A). This technique, termed diffusion-limited photo-
fabrication, was based on the diffusion of free radicals generated
by scanning a 450 nm laser beam across the photoinitiator
solution. Upon bioink extrusion, the free radicals diffused from
the solution into the filament, forming a crosslinked shell. The
uncrosslinked bioink at the center of the filament, which has
not been in contact with photoinitiators, can then be removed,
leaving behind a hollow channel. While the outer diameter of
the hollow fiber was controlled by the nozzle diameter, the inner
diameter was adjusted via the amount of uncrosslinked bioink,
which was defined by the light exposure dose and time. Human
keratinocytes loaded in the bioink maintained high viability

(>95%), thus demonstrating the cytocompatibility of the ink
components and the fabrication process.[84]

Diffusion-induced gelation can also be employed with self-
assembly processes to generate high-resolution, perfusable chan-
nels. In one example, capillary-like structures were produced
based on the diffusion of graphene oxide (GO), which self-
assembles with an elastin-like recombinamer, ELK1. A bioink
consisting of ELK1 was extruded into a GO solution, resulting in
the formation of a multi-layered membrane upon spontaneous
self-assembly of the two components. The cytocompatibility of
the material system was demonstrated using HUVECs seeded
on sections of printed ELK1-GO tubes.[85]

More recently, another aqueous-in-aqueous embedded bio-
printing strategy leveraging the diffusion of an ink component
was proposed for the generation of tailorable, branched network
structures. In this approach, a polylysine (PLL)-based bioink was
printed into an aqueous solution of oxidized bacterial cellulose
(oxBC) nanofibrils (Figure 10B). Through the outward diffusion
of PLL, a complex coacervate membrane was formed at the inter-
face between the ink and support bath due to the complexation of
PLL, a weak polyanion, with oxBC, a polycation. HUVECs encap-
sulated within the bioink formed a confluent endothelial mono-
layer at the coacervated membrane, reducing the permeability of
the vascular-like network.[86]

While this complex coacervation approach demonstrates the
potential of embedded bioprinting to fabricate complex perfus-
able networks, it is limited to material systems that have comple-
mentary charge. To overcome this challenge, a versatile strategy,
termed Gelation of Uniform Diffusant in Embedded 3D Print-
ing (GUIDE-3DP), was developed for the fabrication of com-
plex branched networks using a wide range of material sys-
tems (Figure 10C). In this approach, a sacrificial ink loaded
with a crosslinking reaction-initiator was extruded into a gel
precursor support bath, which both stabilizes the printed fil-
ament and serves as the material eventually comprising the
channel walls. After printing, the reaction-initiator in the sac-
rificial ink diffuses uniformly into the surrounding gel precur-
sor, forming a shell of crosslinkable material around the ink
filament. Once crosslinking is complete, the sacrificial ink can
then be removed, leaving behind a self-supporting, hollow struc-
ture. This system was applied to a library of seven gel pre-
cursor support materials utilizing the diffusion of photoinitia-
tors, enzymatic crosslinkers, or small molecules. Importantly, the
GUIDE-3DP strategy enabled precise control over the shell thick-
ness by leveraging the predictable diffusion kinetics of reaction-
initiators. Separation of diffusion and crosslinking was achieved
in the case of photo-crosslinking, allowing the fabrication of
more complex structures. Furthermore, GUIDE-3DP allowed for
the integration of cells in the fabricated structures, as demon-
strated by the endothelialization of a branched, GelMA-based net-
work. Altogether, GUIDE-3DP enabled the fabrication of com-
plex perfusable networks based on commonly applied materials
and equipment while enabling precise control over the channel
dimensions.[87]

As summarized in Table 3, perfusable structures can be
generated by either coaxial extrusion or diffusion-based inter-
facial gelation using a variety of bioinks and diffusants. In
coaxial extrusion strategies, a core-shell nozzle is necessary to
form a hollow structure, whereas in diffusion-induced interfacial
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Figure 10. Diffusion-based interfacial gelation methods to fabricate self-supporting perfusable structures. A) Hollow structures were generated by ex-
truding a photo-crosslinkable bioink into a photoinitiator solution. Free radicals produced by a laser beam diffused into the printed filament, crosslinking
an outer shell of the filament. Reproduced under terms of the CC-BY license.[84] Copyright 2021, The Authors, published by Frontiers Media S.A. B) A
branched, perfusable network was fabricated by extruding a polylysine (PLL) ink into an oxidized bacterial cellulose (oxBC) solution. PLL diffused across
the interface between the ink and oxBC solution, enabling the formation of complex coacervates. Reproduced with permission.[86] Copyright 2023,
Wiley-VCH. C) In the GUIDE-3DP strategy, a sacrificial ink containing a reaction-initiator was extruded into a gel precursor support bath, after which the
reaction-initiator diffused into the gel precursor to enable crosslinking. GUIDE-3DP is compatible with a variety of materials and enabled the fabrication
of complex perfusable networks, such as a model of the coronary vasculature. Reproduced with permission.[87] Copyright 2023, Wiley-VCH.

gelation, hollow structures are generated solely by diffusion into
or out of a printed ink filament. In both cases, the kinetics of
diffusion are central to determining the dimensions of the tubu-
lar structures generated. Methods to examine and model diffu-
sion are necessary to enable greater control over diffusion pat-
terns and thus the dimensions of bioprinted perfusable struc-
tures. Examples of such methods are described in the following
section.

7. Strategies to Characterize Diffusion in
Bioprinting

With the growing complexity of diffusion-based bioprinting
methods, diffusion characterization and prediction have become
increasingly crucial to controlling the properties and geometry
of printed constructs. While the fundamentals of mass transport
due to Fickian diffusion are well known and commonly taught
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within an engineering curriculum, how these fundamentals can
be applied to bioprinting is a newly emerging topic. In this sec-
tion, we will briefly provide an overview of some of the key funda-
mental concepts and then describe recent efforts to experimen-
tally measure and computationally predict diffusion within bio-
printed constructs.

7.1. Diffusion Fundamentals

Diffusional properties are commonly described by the character-
istic diffusion coefficient D (also termed diffusivity), which corre-
sponds to a specific diffusant-environment combination. Histor-
ically, diffusion has typically been evaluated by creating a concen-
tration gradient and measuring the resulting material flux. For a
steady-state system with a linear concentration gradient that does
not change over time, the diffusion coefficient (often reported in
units of μm2 s−1) can then be calculated using Fick’s first law of
diffusion:[88]

J = −D
(
𝛿C
𝛿x

)|||| p, T (1)

where J is the diffusion flux and 𝛿C/𝛿x is the induced concentra-
tion gradient (at constant pressure, p, and temperature, T).

More frequently, the experimental system is not at steady state,
resulting in a flux that changes over time. For these systems, one
can track the concentration over time and/or at different locations
and fit to Fick’s second law of diffusion to determine the diffusion
coefficient:[88]

𝛿C
𝛿t

= D𝛿2C
𝛿x2

(2)

according to which the change in concentration C over time t is
proportional (by the diffusion coefficient D) to the change in con-
centration C at a given position x.

The diffusivity of a diffusing species through a bioink (or a sup-
port bath) will depend on the size of the diffusant and the prop-
erties of the surrounding medium. The diffusivity is commonly
estimated using the Stokes-Einstein relationship:[89]

D =
kBT

6𝜋𝜇Rh
(3)

where kB is Boltzmann’s constant, T is temperature, 𝜇 is the vis-
cosity of the surrounding medium, and Rh is the hydrodynamic
radius of the diffusing molecule.

While the Stokes–Einstein relationship is based on diffusion
through a liquid medium, in bioprinting, the medium is com-
monly a hydrogel. For these types of materials, the diffusivity is
strongly influenced by the hydrogel morphology, which can take
a variety of forms, including homogeneous, fibrous, or granular.
For efficient diffusion through a homogeneous, continuous hy-
drogel, the diffusing species must be smaller in hydrodynamic
radius than the mesh size of the polymeric hydrogel. This mesh
size will depend on the polymer chain stiffness, polymer chain
interactions with the solvent that may cause swelling, and the
concentration of hydrogel crosslinks. The interested reader is di-
rected to several excellent reviews and articles that discuss diffu-

sion through homogeneous hydrogels.[90–92] For granular hydro-
gels, the material is composed of jammed microparticles that are
surrounded by a continuous network of voids. In these types of
systems, the diffusing species will often move more efficiently
through the solvent-filled void space than through the gel-based
microparticles. As a result, the diffusivity within granular hydro-
gels is often controlled by altering the shape, size, and volume
fraction of the microparticles, which in turn alters the geometry
of the void space.[93] Microgels are capable of enhancing diffu-
sion substantially over bulk gels, as demonstrated for injectable
GelMA microgels[94] and norbornene-functionalized hyaluronic
acid microgels.[95]

In addition to hydrogel morphology, physicochemical interac-
tions between the diffusant and the surrounding medium will
also impact diffusivity. For example, designing electrostatic inter-
actions, hydrogen bonding, or molecular recognition elements
into a hydrogel can significantly slow down the rate of diffu-
sion. These types of interactions have been widely used within
the drug delivery community to achieve the controlled diffu-
sion of many different bioactive molecules, and the interested
reader is directed to several excellent reviews that describe these
strategies.[96–98] More recently, the use of dynamic covalent chem-
istry has also been used as a way to transiently tether diffusing
species into a hydrogel.[99,100]

Given the complexity of material and microenvironmental fac-
tors, characterization of diffusional parameters and properties
is crucial to leveraging diffusion patterns for the fabrication of
structures with defined architectures and specialized functional-
ities. In the next two sections, we describe both empirical and
computational methods to characterize diffusion and highlight
case studies of diffusion characterization and modeling in bio-
printing.

7.2. Experimental Approaches

In the majority of diffusion-based bioprinting studies, printed
constructs are evaluated primarily based on their stabil-
ity, measured in terms of their mechanical and physical
properties,[16,74,76] and their print fidelity relative to the in-
tended structure.[12,101] For a thorough mechanistic understand-
ing of diffusive effects, accurate measurements of the diffu-
sional properties of printed constructs are crucial, although
few bioprinting studies to date have incorporated this type of
characterization.[87,102]

The concentration of a diffusant is commonly determined us-
ing fluorescence-based techniques. In one example, the diffusion
coefficient of a rhodamine-based dye in a crosslinked Pluronic
F127-diacrylate hydrogel was measured by injecting the dye into
3D-printed microchannels. Fluorescence imaging was used to
determine the fluorescence intensity around the channel lumen
over time, normalized to a starting time point after dye injection.
The spatial peak variance, 𝜎2, equal to the square of the diffu-
sion length, was calculated from the diffusion profiles, and the
diffusion constant was determined from a plot of 𝜎2 versus time
(Figure 11A).[102]

As an alternative to creating an experimental system, such
as a microfluidic device, to create a macroscopic concentra-
tion gradient, modern techniques frequently use microscopic
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Figure 11. Experimental and computational characterization of diffusion in bioprinting. A) Fluorescence imaging was used to characterize the diffusion
of a rhodamine-based dye through a crosslinked Pluronic F127-diacrylate hydrogel. The spatial peak variance 𝜎2 was calculated based on fluorescence
intensity profiles, while the diffusion coefficient was determined from the slope of 𝜎2 as a function of time. Reproduced with permission.[102] Copyright
2011, Wiley-VCH. B) Finite element modeling was used to predict the diffusion of core and sheath inks inside a coaxial nozzle. The concentration profiles
of GelMA, which diffused outward from the core to the sheath, and glycerol, which diffused inward from the sheath to the core, were determined at
varying distances along the nozzle. Reproduced with permission.[118] Copyright 2021, American Chemical Society. C) Finite element models were used
to predict the diffusion of a photoinitiator from ink filaments printed into a GelMA support bath. The predicted concentration profiles were correlated
with experimental results for a crosslinked bifurcated channel. Reproduced with permission.[87] Copyright 2023, Wiley-VCH.

gradients to measure diffusive properties.[103] A common mi-
croscopic method is fluorescence recovery after photobleaching
(FRAP), which has been employed in bioprinting to evaluate dif-
fusion within a variety of inks and support materials (Table 4). In
this method, a fluorescent molecule is incorporated into the sam-
ple, and a defined region is bleached by high-intensity light irradi-
ation. The rate of return of fluorescence signal, caused by the dif-
fusion of unbleached molecules into the bleached region, is then
measured to determine the diffusion coefficient according to
Fick’s second law. For example, FRAP was recently used to mea-
sure the diffusion coefficient of model FITC-dextran molecules
encapsulated in a printed ink within a GelMA support bath. The
FRAP-calculated diffusion coefficient was validated by measur-
ing the diffusion profile in situ and comparing with predicted
diffusion profiles.[87]

While direct fluorescence imaging is the most common
method to determine diffusivity in bioprinting studies, other in
situ approaches to measure diffusivity within hydrogels have
been developed. Another fluorescence-based technique is fluo-
rescence correlation spectroscopy (FCS), which measures the flu-
orescence intensity fluctuations induced by solute diffusion and
quantifies the diffusion time based on an autocorrelation func-
tion. This method is able to measure the diffusivity of solutes at

low concentrations, facilitating its use for studies of expensive
solutes such as growth factors.[104]

Besides evaluating diffusion properties in the final construct,
fluorescence-based techniques have been applied to evaluate the
diffusion behavior of crosslinkers in bioinks and support baths
(Table 4). Within a certain medium, characteristic diffusion co-
efficients for the diffusing crosslinkers can be calculated to de-
termine diffusion and crosslinking rates in the resulting bio-
printed constructs. To study diffusion kinetics in the design of a
new bioprinting strategy, termed UNION, diffusion coefficients
of relevant molecules in gelatin microgel and Pluronic support
baths were determined by FRAP or dialysis chamber methods,
respectively.[76] For a fluorescein (FITC)-conjugated diazide-PEG
crosslinker (600 Da), similar diffusion coefficients were mea-
sured for gelatin microgel (87 μm2 s−1) and gel-phase Pluronic
(90 μm2 s−1) support baths. With increasing molecular weight,
the diffusion coefficients of diffusants are expected to scale with
the inverse of their hydrodynamic radius Rh. Accordingly, diffu-
sants with higher molecular weights (20 kDa and 40 kDa) ex-
hibited significantly reduced diffusion coefficients (33 and 18
μm2 s−1) in a gelatin microgel medium due to their larger Rh (3x
and 5x, respectively). As a complicating factor, the mesh size and,
therefore, diffusivity can change during gradual crosslinking of
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Table 4. Experimentally determined diffusion coefficients for representative inks and support materials in bioprinting.

Material Diffusant Diffusion coefficient
[μm2 s-1]

Characterization
method

Ref.

Matrigel FITC-dextran (40, 500 kDa) 2.5 ± 0.4,
1.4 ± 0.1

FRAP [77]

𝜅-carrageenan microgel
(CarGrow)

FITC (376 Da)
Albumin-FITC (66.4 kDa)

≈150
≈30

FRAP [115]

Cellulose nanofibers FITC-dextran (10, 20, 40, 70,
150, 250, 500 kDa)

130 ± 9,
105 ± 2,
82 ± 2,
85 ± 3,
82 ± 2,
63 ± 2,
39 ± 1

FRAP [116]

Gelatin microgel
(LifeSupport)

Diazide-PEG-FITC (600 Da)
FITC-dextran (20 kDa, 40 kDa)

87 ± 3
33 ± 2,
18 ± 2

FRAP [76]

Pluronic F127 (26%) Diazide-PEG-FITC (600 Da) 90 ± 40 Dialysis chamber [76]

Gelatin-BCN (6%) FITC-dextran (10 kDa) ≈50 FRAP [76]

PEG-BCN (6%) FITC-dextran (10 kDa) ≈65 FRAP [76]

PEG-BCN (8%) FITC-dextran (10 kDa) ≈65 FRAP [76]

Abbreviations: FITC, fluorescein; PEG, polyethylene glycol; BCN, bicyclononyne; FRAP, fluorescence recovery after photobleaching.

an extruded filament or a printed structure by diffusion from the
surrounding medium.[91,105] This can make it more difficult to
predict the resulting pattern or gradient. However, in the UNION
bioinks, the mesh size was still sufficiently large after crosslink-
ing to allow unhindered diffusion of molecules in the size of the
crosslinkers (10 kDa dextran, Rh ≈ 2.3 nm; D ≈ 50–65 μm2 s−1 in
different inks).[76]

In addition to measuring the diffusion coefficient, fluores-
cence imaging has been employed to assess the permeability
of bioprinted channels with lumens seeded with endothelial
cells. To assess the endothelial barrier function, the diffusion
profile at various times after dye injection is determined us-
ing fluorescence imaging, and parameters such as the diffu-
sional permeability[73] or extent of diffusion into the surrounding
hydrogel[106] can be calculated based on changes in fluorescence
intensity over time.

For all fluorescence-based methods, a fluorescent diffusant
is required. Since diffusion depends on the size of the solu-
ble molecule,[107] fluorescence approaches commonly employ a
model molecule of a defined size (i.e., hydrodynamic radius) to
mimic the dimensions and physical properties of the molecule
of interest. Fluorescently tagged dextran polymers are often used
as neutral model diffusants, since they are readily available in a
range of sizes (i.e., molecular weights).[108] Alternatively, if the
size distribution of the molecule of interest is very wide, as is of-
ten the case for naturally derived biopolymers such as methylcel-
lulose, the molecule of interest itself can be fluorescently tagged.
However, control studies must be performed to ensure that the
fluorescent probe does not significantly affect the diffusional
properties. When the diffusant is expected to have strong in-
teractions with the surrounding medium (e.g., through electro-
static interactions or hydrophobic interactions), a characteriza-
tion method that does not rely on fluorescence may be preferred.

For additional understanding of binding characteristics, zeta po-
tential measurements and Langmuir binding models can be valu-
able tools.[90,109]

Dynamic light scattering (DLS) is another powerful method
to study the diffusion behavior of macromolecules in aque-
ous surroundings without the use of fluorescent molecules.
For instance, it has been applied in hydroxyethycellulose gels
to identify the diffusive patterns of sodium dodecyl sulfate
(SDS) micelles.[110] For larger-volume samples requiring the
non-destructive bulk quantification of non-fluorescent diffu-
sants, newer methods have been developed that allow real-time
3D monitoring of diffusion by optical coherence tomography
(OCT),[111] a combination of OCT and DLS,[112] or indirectly by in-
corporating diffusant-sensitive nanoparticles that can be tracked
as components of the bioink.[9]

In some bioprinting methods, the outward diffusion of bioink
components, drugs, or bioactive molecules is designed to occur
into a surrounding medium over time. These methods allow di-
rect assessment of the concentration of molecules released and
thus their diffusional properties. Here, one can borrow the long-
standing techniques and analytical methods used by the drug de-
livery community. The direct assessment of drug release from hy-
drogels is especially beneficial since the diffusion kinetics often
do not follow Fickian behavior.[113] Unlike fluorescence imaging
and DLS measurements, which are performed over short time-
frames, these measurements can be used in long-term release
studies to determine transport kinetics over several weeks by
spectroscopic methods, chromatographic methods, or enzyme-
linked immunosorbent assays.[114]

Depending on which diffusion-based bioprinting strategy is
being used, one may want to measure the diffusive properties of
several different components within the system, and each mea-
surement may require a slightly different technique. For exam-
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ple, diffusion through a biomaterial ink may change before and
after crosslinking, since crosslinking typically results in a smaller
mesh size that can hinder diffusion. Similarly, the speed that the
nozzle travels through a support bath will alter the local viscosity,
which may impact the local diffusion rate. In the case of zone-
to-zone diffusion within multi-material bioprinted constructs,[66]

the composition and morphology of each zone must be consid-
ered, since they may lead to significantly different diffusion rates.
To improve our understanding of such complex bioprinted con-
structs, we expect that the use of existing techniques and the de-
velopment of new methods to characterize diffusion within bio-
printed systems will become more commonplace.

7.3. Computational Modeling

In addition to experimental methods to study diffusion charac-
teristics, computational methods have been developed to predict
and control diffusion in bioprinting. Besides the size and con-
centration gradient of the diffusing molecule, diffusion in bio-
printed constructs is crucially dependent on the mesh size, mor-
phology, and composition of the crosslinked hydrogel. The effects
of these parameters can be predicted using multiscale models
that account for different diffusion mechanisms depending on
the scale of the solute (i.e., larger, similar, or smaller in size than
the hydrogel mesh size).[90]

In bioprinting systems, diffusing molecules that are much
smaller than the hydrogel mesh size are often of interest. In
such cases, the resultant diffusion patterns are similar to those
in other aqueous solutions and can be described by Fickian dif-
fusion principles. Depending on the boundary conditions, con-
struct geometries, and concentration gradients driving diffusion,
Fickian-based mass transport equations may be used to describe
several diffusion scenarios encountered in bioprinting. When an-
alytical solutions to Fick’s laws of diffusion are not possible, fi-
nite element modeling (FEM) can be employed to understand
and predict diffusion in bioprinting systems.[117] In one exam-
ple, the diffusion of core and sheath inks in coaxial bioprint-
ing was assessed using a model coupling fluid flow and diffu-
sion kinetics. In this system, a GelMA bioink was extruded in
the core, while a glycerol solution was extruded in the sheath
to confine the extruded GelMA filament. During extrusion in-
side the nozzle and before photo-crosslinking, GelMA within the
core diffused outward into the glycerol sheath, while glycerol dif-
fused inward into the GelMA core. Accounting for these diffu-
sion behaviors, FEM was used to determine the concentration
profiles of GelMA and glycerol along the nozzle during extrusion
(Figure 11B). The effects of different core and sheath concentra-
tions and flow rates on the predicted concentration profiles were
investigated to determine optimal printing parameters for stable
filament formation.[118]

Besides diffusion inside coaxial nozzles, FEM has been em-
ployed in extrusion bioprinting to predict diffusion-induced gela-
tion. In one demonstration, the diffusion of graphene oxide (GO)
into an elastin-like recombinamer (ELK1) ink at different time
points after extrusion was predicted using FEM. The predicted
concentration profiles were used to validate the experimental re-
sults, which showed an increasing thickness of self-assembled
ELK1-GO membranes with increasing diffusion time.[85] In a

more complex example, FEM was used to predict the diffusion
of a photoinitiator contained within a gelatin microparticle ink
into a photo-crosslinkable GelMA support bath (Figure 11C). In
this model, the concentration profiles of photoinitiator at differ-
ent time points after extrusion were determined using diffusion
coefficients obtained from experimental FRAP analysis. With in-
creasing photoinitiator concentration or with increasing diffu-
sion time, the thickness of the resultant crosslinked shell was
predicted to increase. These FEM predictions were used to design
a bioprinting process that could fabricate a bifurcated channel
where the different channel branches had different shell thick-
nesses. The FEM-predicted bioprinting strategies were then val-
idated with experimental results. Altogether, these models serve
to provide increased control over bioprinting processes and re-
duce the trial and error required for print optimization.[87]

In addition to predicting diffusion during the bioprinting
process, computational modeling may be applied to predict
time-dependent changes in diffusion within bioprinted hydro-
gels, such as due to material degradation. As demonstrated for
a non-printed, protein-loaded, degradable 4-arm PEG acrylate-
dithiolglycolate hydrogel, Fickian diffusion during degradation
can be modeled by considering how swelling and degradation
affect the mesh size of the system. By fluorescence correlation
spectroscopy, diffusion coefficients were determined in response
to varying mesh sizes, enabling prediction of diffusibility for two
model proteins, bovine serum albumin (BSA; 66 kDa) and im-
munoglobulin (IgG; 150 kDa).[104] The complexity of such meth-
ods can be further enhanced by considering the contributions to
degradation by encapsulated cells. For example, the diffusion of
ECM components secreted by cells during tissue growth and sub-
sequent enzymatic degradation was modeled in an artificial 3D
tissue model based on an 8-arm PEG-norbornene hydrogel.[119]

In another study, time-dependent diffusion properties were con-
sidered during four weeks of culture in tissue-engineered car-
tilage consisting of alginate, agarose, gelatin, or fibrin gels for
molecules with sizes of 3–500 kDa.[120]

In practice, experimental and computational methods are in-
tricately linked: Experimental results provide input parameters
for computational models, while computational methods can
be used to predict and improve experimental outcomes. Novel
software solutions, such as the open-source package PyFRAP,
are able to bridge the gap between experimental and computa-
tional approaches by fitting numerical simulations to experimen-
tal data.[121] These efforts give rise to a new generation of charac-
terization techniques as combinations of both experimental and
computational methods.

8. Future Perspectives

Diffusion mechanisms have become an integral part of many bio-
printing strategies, serving to increase the tunability and com-
plexity of printed constructs. Such diffusion-based strategies not
only provide the basis for the crosslinking and stabilization of
bioinks, but also can be leveraged to control structural features
and to tailor the architecture of printed constructs. The diffusion
phenomena involved in such processes occur on different time
scales: Some strategies depend on diffusion-based stabilization
or softening within seconds or minutes[45,46] or use the diffusion
time to define certain characteristics (e.g., channel thickness),[87]
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while others rely on a sustained release over several weeks, as in
the case of bioactive components (e.g., differentiation factors).[66]

With the varying time scales, functions, and applications of dif-
fusing molecules, it may be possible to combine several dis-
tinct strategies into a single diffusion-based biofabrication pro-
cess. Looking forward, we expect that exciting developments in
diffusion-based bioprinting, including advancements in exist-
ing techniques and the development of novel strategies, will en-
able the fabrication of more complex and specialized tissue con-
structs. Quantifying and understanding diffusion mechanisms
will be key to further leveraging diffusion kinetics in bioprinting
strategies.

8.1. Leveraging and Controlling Diffusion Dynamics to Enhance
Complexity in Biofabrication

Beyond advancements in existing bioprinting techniques, the
complexity of printed constructs may be enhanced by integrat-
ing multiple diffusion strategies into a single fabrication pro-
cess. Such hybrid diffusion strategies pave the way toward the
fabrication of more complex tissue mimics. Through the care-
ful design of diffusion strategies, complicated printing processes
with multi-channel extrusion systems, sophisticated technical
equipment, or external stabilization techniques may be avoided.
This was demonstrated in the case of diffusion-induced inter-
facial gelation to fabricate perfusable networks, which removes
the need for specialized equipment such as coaxial nozzles while
maintaining control over channel patterns. Similarly, diffusion
strategies may be used to generate mechanical or biochemical
gradients in bioprinted constructs without the use of multiple
extruders. The development of new cell-compatible crosslinking
strategies and material systems will undoubtedly contribute to
the advancement of these approaches.[76]

As applied previously with the inward diffusion of crosslink-
ers coupled with the outward diffusion of a temporary vis-
cosity enhancer,[57] a combined inward-outward diffusion ap-
proach has more recently been employed for tailoring cell- and
organoid-laden bioprinted constructs.[77] Such strategies will en-
able the fabrication of constructs with enhanced biological func-
tionality and geometric complexity. Furthermore, control over
the mechanical properties of printed constructs can be im-
proved by utilizing a wider library of crosslinkers, adjusting
the crosslinker concentration and diffusion time, and applying
secondary crosslinking steps. These strategies enable the me-
chanical properties of printed constructs to be modulated for
mechanobiology studies of encapsulated or seeded cells in bio-
printed constructs.

In addition to altering bioink properties, diffusion can be lever-
aged to introduce time-dependent features to cell-laden scaffolds
for application as 3D in vitro models and implantable grafts. For
example, diffusion enables the generation of defined gradients
of growth factors and other biochemical or biomechanical cues
within bioprinted constructs. This opens up opportunities for
the creation of customized in vitro models to study cell behav-
ior in response to signaling cues, as well as the incorporation
of novel therapeutic features in implantable constructs. Further-
more, the outward diffusion of molecules within multi-layered
constructs can be designed to either 1) induce dynamic bioactive

effects through the diffusion of bioactive molecules or 2) visual-
ize material degradation through the diffusion of colored or flu-
orescently tagged diffusants. As a result, transferring previously
described diffusion principles to multi-layered constructs would
be highly beneficial with potential applications in implantable
constructs.[122]

In addition to extrusion-based bioprinting, diffusion holds
promise to become a key component of other bioprinting ap-
proaches, such as inkjet printing, volumetric printing, and DLP.
These approaches can sidestep several of the limitations of mi-
croextrusion bioprinting, such as the confounding effects of in-
fill patterns and outer geometries on diffusion kinetics. As a
promising but less widely used approach, inkjet bioprinting en-
ables cells, drugs, and growth factors to be patterned with high
spatial precision.[123] In inkjet printing, the diffusion of drugs
or growth factors between droplets or zones can be employed
to introduce biological functionality. In advanced light-based ap-
proaches, such as volumetric bioprinting and DLP, the rapid dif-
fusion and reaction of active species are requirements for the
fabrication process. The viscosity of the photopolymer affects the
diffusion of polymer chains to the interface, with a reduction in
photopolymerization rate being observed above an optimal vis-
cosity due to diffusion-limited propagation.[124] While the major-
ity of these studies have not yet included cells, they hold great
promise for future bioprinting advances. For example, volumet-
ric bioprinting may be combined with microextrusion bioprint-
ing for the fabrication of complex constructs such as perfusable
channels[3] and multi-material structures.[125] Gradients in light
intensity can lead to gradients in crosslinking density within a
construct,[124] which could be used to design complex diffusion
patterns in the future. To date, research on these emerging bio-
printing modalities has mainly been focused on the characteriza-
tion of diffusion during printing and within printed constructs,
rather than utilizing diffusion as a fabrication parameter. How-
ever, diffusion-based approaches hold great potential to be com-
bined with these bioprinting modalities for the generation of
constructs with controlled diffusion patterns or time-dependent
properties.

To better predict and tailor the structure and properties of bio-
printed constructs, control over diffusion patterns is critical. Typ-
ically, diffusion occurs wherever a concentration gradient is gen-
erated, frequently at the interface of a bioink with a surround-
ing medium (i.e., air, solution, or support bath). The diffusion
kinetics can be altered using various strategies, the simplest be-
ing altering the polymer content or mesh size. To provide greater
control, diffusion-selective hydrogels can be applied to induce di-
rectional diffusion.[126] Another strategy to control diffusion is to
employ diffusion barriers, such as a non-diffusive material ex-
truded from an additional cartridge, to prevent or reduce diffu-
sion. Such barriers would enable concentration-dependent prop-
erties, such as zonally defined mechanical,[127] conductive,[128] or
paramagnetic[129] characteristics, to be maintained over time.

Alternatively, diffusion may also be controlled by encapsulat-
ing molecules in vesicles such as liposomes or polymeric micro-
gels. For instance, active molecules such as growth factors are
commonly encapsulated in liposomes to delay the onset of dif-
fusion and thus improve therapeutic efficacy in vivo.[130] Sim-
ilar approaches may be applied in bioprinting to design sys-
tems that delay diffusion, for instance enabling diffusants to be
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released in response to an external stimulus such as UV light.
This could be particularly beneficial in diffusion-induced gelation
processes to avoid the immediate diffusion of reactive molecules
during printing. Such strategies would enable the diffusion of
active molecules to be initiated after the printing process is com-
plete, such that a homogeneous diffusion pattern is achieved
throughout the construct. If a heterogeneous yet defined diffu-
sion pattern is preferred, the stepwise release of active molecules
may be designed using multiple triggered systems.

In all of these developments, characterization and modeling
of diffusion processes will facilitate the transfer of concepts to
practice. By tuning the porosity, composition, viscosity, and in-
termolecular interactions, the diffusional properties of inks and
support materials can be optimized. In addition to controlling
the diffusional properties, a key next step is to obtain a better
understanding of the diffusion kinetics across interfaces of inks
with different media, such as solutions or support baths. Phase-
to-phase diffusion can be enhanced using novel approaches such
as chaotic bioprinting, which increases the interfacial area be-
tween compartments of different inks by simultaneous extrusion
through a static mixer.[131] To further enhance diffusion control,
the adaptation of more advanced modeling approaches that have
so far only been described for non-printed tissue models to bio-
printing will be critical.[90,121,132]

8.2. Biological and Clinical Applications of Diffusion-Based 3D
Bioprinting

By applying the diverse toolbox of diffusion-based bioprinting
strategies, highly specific in vitro tissue constructs may be gen-
erated to model disease mechanisms under defined conditions.
To create more complex and functional in vitro models, a key
aim is to design new methods of incorporating cells into bio-
printed constructs. Currently, cells may be either encapsulated
within the printed bioink or seeded onto the surface of constructs
post-printing. In the former case, which is desirable to achieve a
homogeneous cell distribution, both the materials and crosslink-
ing methods used must be compatible with living cells. Toward
this end, bio-orthogonal crosslinking strategies are being devel-
oped that are highly cell-friendly and enable the recapitulation of
cell-cell interactions found in human tissue.[76]

One promising in vitro application of diffusion-based bioprint-
ing is the fabrication of perfusable structures to study the effect of
vessel architecture (e.g., branching and curvature) on endothelial
cell function. For instance, a diffusion-induced interfacial gela-
tion strategy has been employed to fabricate complex, endothelial
cell-laden networks mimicking vasculature.[87] Such constructs
can potentially be used as in vitro models of diseases such as vas-
cular stenosis to study the impact of altered fluid dynamics on cell
morphology and function. Furthermore, structures with patient-
specific geometries may be generated based on clinical imag-
ing data,[133] enabling the creation of bioprinted in vitro models
or blood vessel substitutes. In addition to vascular mimics, the
structures of all tubular organs of the lymphatic system, respi-
ratory system, or gastrointestinal tract may be replicated using
diffusion-based interfacial gelation strategies.

Beyond in vitro models, some diffusion-based bioprinting
strategies have proven their suitability for in vivo environments.

For instance, perfusable structures fabricated using diffusion-
based strategies have been investigated for use as small-diameter
vascular grafts. In one study, alginate-based tubular structures
fabricated using an interfacial diffusion strategy were implanted
in a rabbit carotid artery by end-to-end anastomosis, leading to
successful inflammation-mediated integration.[83] In such appli-
cations, a key challenge is to fabricate constructs with adequate
mechanical properties for surgical handling and implantation
(e.g., suturing). In addition to vascular grafts, the diffusion-based
generation of perfusable structures may be applied to fabricate
other hollow implants, such as nerve guidance conduits.[134] Fur-
thermore, diffusion-based bioprinting holds potential to enhance
the therapeutic effect of such implantables by introducing fea-
tures such as drug delivery, biodegradability, and patient-specific
and/or furcated geometries.

As bioprinted constructs become increasingly complex, inter-
facial tissue interactions are expected to become more common-
place. As a result, cell-to-cell and cell-to-matrix signaling are ex-
pected to become increasingly important, engendering increased
demand for complex diffusion models involving various trans-
ported and interacting bioactive factors. On the other hand, het-
erogeneous, anisotropic structures are required to mimic inter-
faces between different tissue types with individual histologies,
mechanical properties, and cell types. Such challenges can be
readily solved by applying diffusion-based strategies to generate
growth factor gradients and intersectional tissue characteristics.
As such, diffusion-based bioprinting methods hold immense po-
tential for a variety of tissue engineering applications.

9. Conclusion

While diffusion mechanisms play an important role in extrusion-
based bioprinting, the significance of diffusion phenomena has
often not been fully acknowledged. Our review identifies three
categories of diffusion-based fabrication strategies based on di-
rectionality of diffusion and highlights two emerging applica-
tions for leveraging diffusion to fabricate more complex and spe-
cialized tissue constructs. In bioprinting approaches, the diffu-
sion of specific molecules can be designed to occur either into or
out of printed inks to modulate the structure, mechanical prop-
erties, or biological functionality of printed constructs. Moreover,
diffusion can occur within the printed construct to shape its in-
ternal morphology and structural characteristics. These diffu-
sion strategies have greatly expanded the applications of bioprint-
ing, including the fabrication of more complex shapes, multi-
material constructs, and perfusable structures mimicking hu-
man tissues. Looking forward, advancements in bioprinting tech-
nologies, such as coaxial or multi-material printing systems,
open up new opportunities for leveraging diffusion to enhance
the functionality of printed constructs. The development of new
methods to control diffusion patterns, such as diffusion-selective
barriers or triggered release systems, will be crucial to i the ca-
pability of diffusion-based bioprinting strategies. Furthermore,
improvements in the characterization and modeling of diffusion
patterns will allow the properties and geometry of bioprinted con-
structs to be more precisely controlled. Altogether, the use of
diffusion in bioprinting holds great promise for the fabrication
of complex tissue constructs with tailored architectures and dy-
namic functionalities.
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