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Harnessing Macromolecular Chemistry to Design Hydrogel

Micro- and Macro-Environments
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Yu Shrike Zhang, Tim B.F. Woodfield, and Khoon S. Lim*

Cell encapsulation within three-dimensional hydrogels is a promising
approach to mimic tissues. However, true biomimicry of the intricate
microenvironment, biophysical and biochemical gradients, and the
macroscale hierarchical spatial organizations of native tissues is an unmet
challenge within tissue engineering. This review provides an overview of the
macromolecular chemistries that have been applied toward the design of
cell-friendly hydrogels, as well as their application toward controlling
biophysical and biochemical bulk and gradient properties of the
microenvironment. Furthermore, biofabrication technologies provide the
opportunity to simultaneously replicate macroscale features of native tissues.
Biofabrication strategies are reviewed in detail with a particular focus on the
compatibility of these strategies with the current macromolecular toolkit
described for hydrogel design and the challenges associated with their clinical
translation. This review identifies that the convergence of the ever-expanding
macromolecular toolkit and technological advancements within the field of
biofabrication, along with an improved biological understanding, represents a
promising strategy toward the successful tissue regeneration.

1. Introduction

The concept of tissue engineering was first
coined in 1970 to describe the research field
focused on recapitulating the complexity of
native tissues for therapeutic purposes by
combining cells, biomaterials and biolog-
ical stimuli.l!! Since then, there has been
an overwhelming focus on identifying the
ideal combination of these three elements
to engineer functional tissues analogues. It
is now appreciated that the intrinsic proper-
ties of the native cellular microenvironment
(i-e., physico-chemical properties and archi-
tecture) play a crucial role in guiding cel-
lular behavior.?* This has driven the de-
velopment of strategies to engineer three-
dimensional (3D) microenvironments with
characteristics similar to physiological in
vivo environments, in order to influence bi-
ological responses such as cell migration,

proliferation and differentiation.l' !

A promising approach to direct cell
fate is tailoring the properties of bioma-
terials to mimic specific characteristics
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of native tissues. Among the different biomaterials used for
tissue engineering applications, hydrogels have attracted consid-
erable attention to fabricate biomimetic constructs.?! Hydrogels
are highly hydrated, 3D networks of cross-linked hydrophilic
polymers.[>*”) Owing to their high-water content, they naturally
resemble the native extracellular matrix (ECM) better than other
polymeric biomaterials.>®1 As the network is permeable for
oxygen, nutrients and other water-soluble metabolites, hydrogels
are particularly appealing for the encapsulation of a range of
different cell types.>#11] Hydrogels are tuneable and relatively
easy to functionalize, offering great spatiotemporal control over
their chemical, mechanical and biological properties.l}] The hy-
drogel microenvironment is defined by 1) the chemical structure
and properties of the polymer(s) chosen for the 3D network,
by 2) the type of crosslink used to form the polymer network
(i-e., collectively termed macromolecular chemistry), and by
3) the presence of any additional bioactive components. The
optimization of these parameters through rational design of the
hydrogel and its macromolecular chemistry enables fabrication
of hydrogels with a wide range of design features, permitting
the fabrication of diverse and complex microenvironments.[?!
For instance, hydrogel platforms with different characteris-
tics have been successfully employed to guide encapsulated
cells to form a variety of tissues including, cartilage,®12]
bone,>131 vasculature,['*1*15]  innervation, "1 liver and
heart.>17:18]

The aim of this review is to specifically highlight how macro-
molecular chemistry can be employed as a tool to design
hydrogels with specific biomimetic properties that guide cell
behavior. It is imperative to understand the hydrogel’s design
criteria imposed by the native microenvironment. As microen-
vironmental features vary across different organs, the native
microenvironments of a range of human tissues are initially
described. Factors that define the macromolecular chemistry
of hydrogels and how they can be exploited to meet the design
criteria of these microenvironments are reviewed, and then
the relevant interplay between microscopic and macroscopic
environmental features in shaping a cell-instructive tissue sub-
stitutes is discussed. Finally, biofabrication technologies used to
include both micro- and macroscale cues in engineered tissue
substitutes are reviewed, followed by a future outlook and trans-
lational perspective of rational hydrogel design in guiding tissue
regeneration.

2. Microenvironmental Features of Native Tissues

Native tissues are defined by their 3D hierarchical spatial organi-
zation that result in unique tissue properties and permit them to
execute high-order functional roles within the body.>***°l Under-
standing the role of stimuli in native tissue physiology and during
tissue healing provides crucial information for the design of ad
hoc regenerative strategies. To that effect, a plethora of biochemi-
cal and physical cues that are critical to replicate the native tissue
physiology and homeostasis when engineering hydrogel-based
tissue substitutes. The heterogeneity that is inherent to native tis-
sues is exemplified by highlighting the variation in biochemical
and biophysical cues within bone, cartilage, and vascular tissues
(Table 1).

Macromol. Biosci. 2024, 24, 2300457 2300457 (2 OfZG)

www.mbs-journal.de

2.1. Biochemical Cues

Tissue development, homeostasis, and healing after injury, are
processes which are all orchestrated by specific biochemical cues
present in the tissue ECM, and which guide cell behavior.[2-%"]
These biochemical cues can be of organic or inorganic origin, and
can be conjugated to ECM macromolecules or present as soluble
cues.[?3% Growth factors are the most well-known class of bio-
chemical cues which can influence a variety of cellular processes,
including cell survival, proliferation, migration, differentiation
and multicellular morphogenesis during development, injury, re-
generation and aging.3!l These molecules are key regulators of
cell-to-cell communication and can be secreted by cells and either
present in soluble forms within the microenvironment, or se-
questered among ECM proteins including glycoproteins such as
fibronectin, fibrous proteins such as collagen and glycosamino-
glycans (GAGs) such as heparan sulfate.’'*? As a reflection of
the precise spatial organization of cells within native tissues, bio-
chemical cues are often compartmentalized in specific areas, cre-
ating tightly localized gradients.?***] For example, within the car-
tilage growth plate, chondrocytes in different areas express di-
verse levels of bone morphogenic protein (BMP) type 2 (BMP-
2) and type 6 (BMP-6), creating a feedback cycle that regulates
their proliferation and differentiation.?334] The spatial compart-
mentalization of biochemical cues is also essential for processes
like angiogenesis. Vascular endothelial growth factor (VEGF), a
growth factor that is secreted in response to increases in hy-
poxia within the tissue microenvironment, plays a major role in
guiding angiogenic sprouting.**>7] In response to VEGF secre-
tion, nascent sprouts can be observed in neighboring capillaries
that progress toward the hypoxic site by adopting a tip or stalk
phenotype.3®] Notably, growth factor presentation in native tis-
sues is dynamic with marked temporal changes in growth factor
concentrations. For example, in response to bone injuries (e.g.,
fractures), BMP-2 levels in the bone microenvironment fluctu-
ate, increasing the first day after the trauma occurs, and again
between 14 and 21 days post trauma.l*! Similarly, VEGF concen-
trations during wound healing varies, reaching a peak between
3 and 7 days after injury, after which concentrations decrease.*”]
There are several other tissues that demonstrate hierarchical vari-
ations in ECM proteins that are key to their overall function. The
blood vessel’s tunica intima for instance contains high elastin
and collagen IV levels that provide the internal layer of the ves-
sel with elasticity, the tunica media contains smooth muscle cells
that inhabit an ECM composed of elastin sheets, collagen fibers
and GAGs and the fibroblast-laden tunica adventitia owes its stiff-
ness to its high collagen content.>2¢ The cardiac wall is com-
posed of a range of ECM proteins, including a variety of colla-
gens, aggrecan, fibronectin, and fibrillin. The orientation of these
fibrillar proteins vary between the different regions of the car-
diac wall (i.e., the epicardium, myocardium and endocardium),
which is crucial for the overall mechanical function of the car-
diac muscle.[***!] In another example, the pericentral region of
the liver (i.e., the area close to the central hepatic lobule vein) is
rich in fibronectin and collagen I for mechanical strength, whilst
the periportal region (i.e., the area surrounding the hepatic lob-
ule vessels) is rich in laminin, collagen III, collagen IV and GAGs
that provide elasticity to these regions.[*?]
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In addition to biological macromolecules, inorganic compo-
nents present in the microenvironment assist in regulating tissue
homeostasis. Phosphates play a crucial role in regulating calcifi-
cation and bone resorption, inhibiting the recruitment and dif-
ferentiation of osteoclasts and promoting cellular apoptosis.[*344]
Oxygen also plays a key role in regulating tissue homeostasis.
Within the human body, the oxygen tension is typically between
1% and 14% partial oxygen pressure, however this varies both be-
tween tissues type and within regions of tissues.[*’] For instance,
articular cartilage is generally considered a physiologically hy-
poxic tissue, which presents a gradient of oxygen tension rang-
ing from <10% at its surface to <1% in the deepest layers.[?!] In
comparison, bone is a highly vascularized tissue, where oxygen
tension varies from 5% to 10%.[2!] Hypoxia is a potent driver of
cellular functions, influencing progenitor cell differentiation and
the maintenance of the acquired phenotype, as well as ECM pro-
duction in cartilage and other tissues.[*! Additionally, variation
in levels of hypoxia levels within the tissue microenvironment
can induce neo-angiogenesis and vasculature remodeling.[*748]

2.2. Biophysical Cues

Biophysical cues, such as mechanical load and ECM stiffness,
are recognized as key regulators of the tissue microenviron-
ment. Changes in the mechanical load tissues experience can
have a significant impact on musculoskeletal tissue architecture,
both at the macroscopic level and microscopic level. Reduced
loading induces rapid bone loss and cartilage atrophy, whereas
high-impact loading can lead to stress fractures and cartilage
degradation.[*-2] Cells can locally sense mechanical stress lev-
els through mechanosensors that are present on the cell mem-
brane. The activation of these sensors directly influences cell dif-
ferentiation and ECM protein synthesis.>3>>¢! In addition to me-
chanical loading, resident cells are also highly responsive to vari-
ations in local ECM stiffness.l’”8 Each tissue is characterized
by a specific ECM stiffness, which varies from soft (e.g., brain
and liver, 0.1-10 kPa), moderate (e.g., muscles, 50-500 kPa) or
stiff (e.g., bone 900-20%10° kPa).>}] Cell-substrate interactions
are mediated by integrin receptors, triggering the formation of
focal adhesions across the cell surface and the reorganization
of their cytoskeleton.l>*>°! Cell adhesion to softer or stiffer sub-
strates can induce the formation of stable or dynamic focal ad-
hesions, which in turn influences cell migration, differentiation,
spreading and proliferation.[®”] Durotaxis, stiffness-sensitive cel-
lular movement, is highly cell-dependent and the absolute stiff-
ness values that trigger cell migration may vary between cell
types.[®!] It has been shown that when exposed to stiffness gra-
dients, fibroblasts and mesenchymal stromal cells (MSCs) prefer
to migrate toward regions of increased stiffness (stiffness gradi-
ent ranging up to 12-34 kPa).[>>6263] Furthermore, there is a large
body of evidence to suggest that ECM stiffness influences cell dif-
ferentiation toward several lineages, including neuro- (<1 kPa),
adipo- (~3 kPa), myo- (=12 kPa), chondro- (<20 kPa), and os-
teogenic (<30 kPa) cells.[5357:64-67]

In addition to local changes in mechanical loading and stiff-
ness, other biophysical cues influence cell responses within the
microenvironment. ECM viscoelasticity, a time-dependent re-
sponse to loading or deformation, plays a crucial role in driv-
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ing broad changes in gene expression, proliferation, migration
and differentiation, independently from matrix stiffness.[*%¥] Fur-
thermore, changes in local viscoelastic behavior has been asso-
ciated with the progression of pathological conditions, such as
tissues fibrosis,[%®! atherosclerosis,!®! osteoporosis,/’?! and can-
cer metastasis.’!) The spatial organization of molecules within
the ECM also regulates tissue development and homeostasis.
Alignment of ECM nanofibrils directs the migration of differ-
ent cell types (including fibroblasts, endothelial cells, and MSCs)
through a process known as contact guidance.[’>73] Specifically,
contact guidance triggers a reorganization of the cell cytoskele-
ton, which promotes alignment and migration along the to-
pographical cue and inhibits orthogonal movements.[”>~77] Fi-
nally, microenvironment permeability, defined as the accessibil-
ity to different molecules (e.g., nutrients and oxygen), regulates
hypoxia-related cellular responses and cell metabolism.!”®]

2.3. Physico-Chemical Gradients across Native Tissues

To allow complex biological functions to take place, different
tissues interact and communicate through distinct tissue inter-
faces. Transitional areas such as the cartilage-to-bone transition
in the osteochondral unit, or the tendon/ligament-to-bone inter-
face at the muscle insertion sitel! are highly heterogeneous mi-
croenvironments, presenting gradients of biophysical and bio-
chemical cues.”!l The osteochondral interface gradually transi-
tions from stiff, highly vascularized bone tissue to viscoelastic,
avascular cartilage tissue.[! The various zones of tissues such as
cartilage and blood vessels are also defined by the varying align-
ment and composition of the ECM that results in zonal variations
in oxygen levels, porosity, and stiffness.217?] Similarly, the liver
lobule naturally contains an oxygen gradient between the liver
lobule’s central vein and peripheral vessels that is thought to play
a key role in its physiological function.[®] Injury sites such as a
border zone after myocardial infarction also present biophysical
gradient.l8)

Overall, the large range and spatial-organization of physico-
chemical cues across a wide range of tissues play a key role in
the functionality of these tissues.[3?] It is therefore essential to de-
velop and exploit tools that allow us to mimic these complex mi-
croenvironments, including spatial control over the various cues
(i-e., biological, biophysical and ECM-based).

3. The Toolbox to Tailor Microenvironment Cues in
Hydrogels

Recent developments in macromolecular chemistry has enabled
the design of hydrogel microenvironments that possess a range
of biophysical and biochemical cues, mimicking properties of na-
tive tissue niches.®! To understand how spatiotemporal control
over these cues can be achieved within cell-laden hydrogels, the
relative contribution of each component and fabrication process
of hydrogel precursors should be considered. The tools at our
disposal that define hydrogels properties include the 1) choice
of polymer, 2) grafting of functional end-groups on polymers
to enable the use of specific crosslinking chemistries, 3) initia-
tion mechanism of crosslinking, and 4) chemical incorporation
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Natural
Collagen, gelatin, fibrin, silk, hyaluronic acid,
GAGs, agarose, chitosan, alginate
Synthetic
PEG, PVA, PLA, PGA, pNIPAm, pHEMA

Polymer source
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Physical
Hydrogen, hydrophobic, electrostatic, metal
chelation, ionic, guest-host

Chemical
Shiff base, aryl-boronic ester, disulphide

exchange, diels-Alder, vinyl, thiol-ene, phenol

Crosslinking chemistry

Hydrogel
microenvironment
Crosslinking initiators / Functionalization
//
Enzymatic " Organic
Transglutaminase, tyrosinase, phosphatase, ECM molecules, immunomodulatory molecules,
horseradish peroxidase growth factors, peptides
Redox-mediated Inorganic

TEMED

Photo-initiated
Irgacure2959, LAP, Eosin Y, Ru(bipy)s, riboflavin,
rose Bengal, VA-086

Hydroxyapatite, tricalcium phosphate, bioactive
glass, nanocomposites

Figure 1. Schematic of parameters that influence hydrogel microenvironments, which can be tailored to achieve biomimicry. By selecting different poly-
mer sources, crosslinking chemistry, initiators and functionalization, it is possible to reproduce specific physico-chemical properties of native tissues.
2,2'-Azobis[2-methyl-N-(2-hydroxyethyl) propionamide]; VA-086, glycosaminoglycan; GAG, 2-hydroxy-4'-(2-hydroxyethoxy)-2-methylpropiophenone; Ir-
gacure2959, lithium phenyl-2 4 6-trimethylbenzoylphosphinate; LAP, N,N,N’,N’-Tetramethylethylenediamine; TEMED, Tris(bipyridine)ruthenium(ll);

Ru(bipy);.

of bioactive molecules (Figure 1). In this section, the relevance of
each factor on the biophysical and biochemical properties of the
hydrogel microenvironment is discussed using key examples.

3.1. Polymer Source

Hydrogels can be fabricated using polymers from biological or
synthetic origin, each possessing different characteristics which
can be exploited to trigger specific biological effects.’] Bio-
logical polymers, such as collagen, gelatin, silk fibroin, chi-
tosan, alginate, and hyaluronic acid (HA) are attractive op-
tions, as these molecules are already part of the native ECM
microenvironment.[®¥] They are inherently cytocompatible and
bioactive as they contain cell-adhesive moieties and enzyme-
degradable bioactive sequences which will become part of the hy-
drogel backbone, and they exhibit viscoelastic properties which
resembles those of native tissues.!®3] However, biological poly-
mers present several limitations, including low mechanical stiff-
ness and batch-to-batch variability which translates to poor ex-
perimental reproducibility.>84 While addition of engrafted func-
tional groups can alleviate the low mechanical stiffness of these
polymers, this process is limited by the availability of pendent
reactive sites on the polymer backbone.[®!

Synthetic polymers, such as poly(ethylene glycol) (PEG),
poly(vinyl alcohol) (PVA), poly(lactic acid) (PLA), and
poly(glycolic acid) (PGA), provide more controlled and re-
producible biophysical and chemical properties (i.e., chain size,
structural composition and availability of functional groups).!
Nevertheless, they are often bioinert as they lack sites for cell
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adhesion and migration, potentially hindering their integration
with the host tissues.®] For this reason, synthetic polymers
are further modified to incorporate network characteristics
which are typical of biological polymers, like enzyme-specific
degradation sequences and cell adhesive motives.[#-%]

Biological and synthetic polymers can be combined to form
multipolymer networks, also known as hybrid networks. Hybrid
networks combine the advantages of both polymer types, while
mitigating their disadvantages.!®}] For instance, incorporation of
a small percentages of gelatin within a PVA polymer network
significantly improves cellular interaction, without compromis-
ing the tailorable degradation profile and biophysical character-
istic of the hydrogels.®”) PVA hydrogels containing chondroitin
sulfate (CS) and collagen II had demonstrate enhanced integra-
tion in osteochondral defects and influences hydrogel degrada-
tion rates.>]

3.2. Crosslinking Chemistry

Polymer crosslinking is essential to achieve hydrogel formation,
converting the soluble polymers into a more stable network,
with high water content. Crosslinking density represents the
number of crosslinks per unit volume in a polymer network
and is a major factor influencing hydrogel properties across all
crosslinking methods. The crosslinking density influences the
hydrogels porosity, pore size, and effective hydrogel stiffness (as
higher crosslinking densities restrict polymer network swelling,
providing the hydrogel with higher overall stiffness).>?!l These
properties are known to significantly impact cellular behavior,
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influencing migration, metabolism and differentiation.[®>?* The
method utilized for hydrogel fabrication defines the nature of
these crosslinks, and together with the crosslinking density
defines biophysical properties of the hydrogel and therefore
the engineered microenvironment. Crosslinking methods can
be grouped into two main categories, biophysical and chemi-
cal/covalent crosslinking, described below.

3.2.1. Physical Crosslinking

Physical crosslinks within hydrogels are reversible and are in-
duced by environmental factors, such as temperature, pH, and
ions.[*l Variations in these factors trigger the formation of non-
covalent interactions, such as ionic interactions, hydrogen bond-
ing, hydrophobic association, and van der Waals attractions or
chain entanglement. The resulting supramolecular hydrogels
are dynamic in nature, as the bonds that constitute the poly-
mer network are reversible and are characterized by an equi-
librium association constant (K,,) and binding kinetics related
to the rate constants of association and dissociation.®*! These
constants influence hydrogel attributes, including stress relax-
ation (i.e., breakage of dynamic bonds under stress) and self-
healing (i.e., recovery of dynamic bonds after stress recovery).!
The K,, defines the overall hydrogel physico-chemical and me-
chanical properties, including hydrogel porosity and stiffness.
Stable hydrogels formed through reversible physical interactions
are known as supramolecular hydrogels and the considerable
flexibility and versatility they offer are particularly appealing for
TE applications.l?] The self-assembly and gelation processes of
supramolecular hydrogels is often reliant on the simultaneous
action of multiple synergistic non-covalent interactions, with key
examples below.

Peptide amphiphiles are small peptides that consist of an
amino acid sequence that is bound to a terminal fatty acid,
and exploit hydrophobic interactions.®! In aqueous solution
peptide amphiphiles self-assemble, orientating their hydrophilic
amino acids toward the solvent while the fatty acids face inward,
forming a fatty acid core.®! An interface is formed between
the solvent and the peptide amphiphiles s which results in the
formation of a hydrogel network made of nanofibrils with sizes
that can be tailored through adjusting the peptide amphiphiles
sequence and size, but generally falling within 5-8 nm in di-
ameter. Due to nanofibril formation, peptide amphiphiles-based
hydrogels have the potential to mimic the fibrillar nature of
the native ECM.I””] Bulk hydrogel properties can be adjusted by
altering the bulk solution ionic strength and concentration, or
by adjusting the peptide amphiphiles hydrophilic amino acid
length.[%8%]

Elastin-like proteins (ELPs) are characterized by repeating
VPGXG sequences (wherein X is an undefined amino acid
residue) and rely on hydrogen bonding to form a crosslinked
hydrogel network.['%! As hydrogen bonds are weak, ELP-based
hydrogels are generally soft (<1 kPa) and are mainly applied
for soft tissue engineering (i.e., neural engineering), but their
use has been explored for cartilage engineering.'°“1%1 Due
to the inherent low stiffness of ELP-based hydrogels, they
often demonstrate limited structural fidelity, which can be
overcome by combining ELPs with other polymers. ELPs have
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been modified with hydrazines and used as crosslinkers for
aldehyde-modified HA, resulting in stable hydrogel formation
through a Schiff base reaction which supported fibrocartilage
formation.[1%]

Chitosan and alginate are biomaterials which use electrostatic
and ionic interactions to fabricate hydrogels. The electrostatic
interactions of chitosan, a polycationic polysaccharide, arise
from its amino groups and forms low mechanical stability
hydrogels.['] For this reason, electrostatic interactions are
often exploited to form a network between chitosan and anionic
groups present on secondary synthetic polymers (such as PVA
and PEG) or biological polymers (such as collagen).l1%3-1%] Al.
ginate hydrogels are formed through ionic interactions between
guluronic acid blocks on the alginate backbone and cations
such as calcium, barium, and zinc.'%) Alginate and chitosan
are particularly attractive biomaterials when aiming at tailoring
the cellular microenvironment of hydrogels for engineering
purposes, as their physical properties can be tailored by simply
by varying the extent of electrostatic and ionic interactions.[1%!
The biological and physical properties of chitosan hydrogels can
also be adjusted by altering the isolation protocol of the polymer
from the shells of sea creatures through the deacetylation of
chitin. By adjusting the extent of deacetylation, hydrogel proper-
ties such as cell adhesiveness, degradation profile and stiffness
can be customized for specific applications.'?”1%] Similarly,
stiffness and viscoelasticity of alginate hydrogels can be tailored
through adjusting the molecular weight of the polymer and the
type or concentration of the cations taking part in the gelation
process.[109:110]

Supramolecular hydrogels can also be fabricated exploiting
guest-host interactions, which entails the presence of struc-
turally well-defined guest molecules, which is included within
the “cavity” of the host molecule. The host molecule typically
contains a recognizable supramolecular motif and the interac-
tions between the two components are often of a hydrophobic
nature.[''"112] Guest and host molecules can be natural (i.e.,
cyclodextrin) or synthetic (i.e., ureidopyrimidinone, cucubtrils,
and benzene-tricarboxamides) and are commonly grafted to
backbones of polymers such as PEG, alginate and HA to fab-
ricate hydrogel networks.'"¥] The stiffness and viscoelasticity
of the resulting hydrogel is dependent on the affinity between
guest and host as evidenced by a study in which the physico-
chemical properties of hydrogels containing a cucubtril-based
host molecule and a range of guest molecules were probed.
The guest-host pairs with a high binding affinity (higher K,)
lead to the fabrication of hydrogels with higher stiffness and re-
duced viscoelasticity."'*! High binding affinity results in slower
stress relaxation and self-healing, as a result of the reduced
dissociation rates of the guest-host complex.''*l The stiffness
of supramolecular hydrogels fabricated exploiting guest-host
interactions can be further tailored by using multivalent guest
crosslinkers that interact with multiple host molecules grafted
on the polymer backbone. Cyclodextrin has been used as host
molecule on an alginate backbone, with adamantane as a guest
molecule. Bi- or multifunctional PEG molecules for instance
were functionalized with adamantane to generate multivalent
guest crosslinkers, which resulted in an increase in both K,
and hydrogel stiffness as a function of increasing crosslinker
functionality.'?]
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3.2.2. Chemical Crosslinking

Covalent bonds are characterized by their irreversibility and ex-
cellent bond strength (220-570 k] mol~' bond energy). Hydrogels
formed though rigid covalent bonds generally possess higher me-
chanical properties and stability compared with hydrogels based
on physical interactions.['1®117] They therefore achieve more sta-
ble hydrogel shapes and provide structural support to the encap-
sulated cells during long-term cell culture. Several strategies can
be exploited to fabricate hydrogels via covalent crosslinking, in-
cluding homo-polymerization of vinyl groups (i.e., acrylates or
methacrylates) and the interactions between thiols and alkenes,
through thiol-ene click chemistry.[10:118-120]

The homo-polymerization of vinyl groups occurs through a
process known as chain-growth polymerization, where free radi-
cal species are typically utilized for the initiation of the crosslink-
ing (i.e., free-radical chain-growth polymerization). Free radi-
cals react with vinyl groups on the polymer backbone to form a
carbon-centered kinetic chain that propagates along further vinyl
residues.!''8] As the reaction proceeds and more reactive inter-
mediate centers are formed, random radical chain termination
can occur when two chain ends meet. As chain-growth poly-
merization is a thermodynamically driven process where ran-
dom chain termination can occur, hydrogels formed through
this mechanism are generally heterogeneous in their crosslink-
ing density.1?% Different initiation mechanisms exist for chain-
growth polymerization that involve the photolysis of an anionic
initiator into a Lewis base, or cationic initiator into a Lewis acid,
to initiate crosslinking."?!l These processes, termed anionic and
cationic chain-growth polymerization respectively, are neverthe-
less less compatible with cells, as they generally require strong
acids/bases and/or polar solvents for hydrogel formation.!22]

Thiol-ene click chemistry proceeds through a different
crosslinking mechanism, known as step-growth polymerization.
In this reaction, alternating propagation and radical chain trans-
fer steps result in the formation of thioether bonds.['?)] Conse-
quently, termination does not occur during step-growth polymer-
ization, thereby making this process not susceptible to the same
random variations in crosslinking described for chain-growth
polymerization. The uniformity of crosslinking is dependent on
the structure of the polymer, functional groups and crosslinker,
as well as the location and availability of functional groups./'?]
The impact of polymer network homogeneity on cell behavior
has been recently investigated by comparing cellular morphology
in chain-growth polymerized PEG-methacrylate (PEG-MA) and
step-growth polymerized norbornene-terminated PEG (PEG-
NOR) hydrogels with similar bulk mechanical properties.[*?*] The
crosslinking method results in significant variations in the mi-
croscale hydrogels physico-chemical properties, with high local
stiffness variations and the formation of local hydrophobic pock-
ets in chain-growth polymerized hydrogels—leading to reduced
cell attachment and spreading.'?*] Nevertheless, contrasting ev-
idence suggests that network heterogeneity can be beneficial for
tissue formation, as local variations in the microenvironment
can induce cellular traction and phenotypical changes. While it
is thus clear that the crosslinking mechanism crucially affects
the resulting microenvironment that encapsulated cells observe,
debate remains as to which mechanisms are best suited toward
replicating specific tissue types.
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3.2.3. Dynamic Covalent Bonds

Dynamic covalent bonds are an intermediate form of bond,
which present properties that are typical of both physical and
covalent bonds. Specifically, dynamic covalent bonds are gener-
ally less strong than rigid covalent bonds but higher bond en-
ergies can be achieved compared to those observed for physi-
cal bonds.!'?’! Similar to the supramolecular bonds, dynamic co-
valent bonds demonstrate non-constant bond kinetics, charac-
terized by a K, and association/dissociation constants. Hydro-
gels crosslinked using dynamic covalent bonds therefore have
stress relaxation and self-healing properties, which are depen-
dent on the bond kinetics.['?>126] However, the selection of the
dynamic bond greatly influences hydrogel properties such as hy-
drogel stiffness, viscoelasticity, self-healing, cell morphology, and
printability.['26] By exploiting different imine-type dynamic co-
valent chemistries to crosslink aldehyde-modified alginate hy-
drogels, oxime, semi-carbazone, and hydrazine bonds can be
achieved. Hydrogel stiffness and K,, varied by bond type—
oximes > semi-carbazone > hydrazone,!'?1?7] and differences
in viscoelasticity and in stress relaxation were observed, with
the oxime-crosslinks most stable and showing reduced stress
relaxation.['?’] Similarly, the association rate (through condensa-
tion) is reduced in oxime bonds, reducing the rate of self-healing,
or preventing self-healing from occurring at all.[?%] Interestingly,
these difference in physical properties led to changes in cell mor-
phology, with fibroblasts spreading in hydrazine-crosslinked hy-
drogels, but not in oxime-crosslinked hydrogels.[12¢]

3.3. Crosslinking Initiators

Crosslinking can be initiated through three main mechanisms, 1)
enzymatically, 2) through the use of redox reactions, or 3) through
photoinitiation. The selection of different initiators influences
hydrogel stiffness, swelling and long-term stability.[?5-13% These
properties can be spatially controlled to different various degrees,
favoring the fabrication of hydrogels with homogeneous or het-
erogeneous properties. Importantly, understanding the impact of
initiators and by-products of the crosslinking reaction on cell vi-
ability and behaviors is an important consideration in the design
of cell-laden hydrogels.

3.3.1. Enzymatic Crosslinking

Enzymatic crosslinking of hydrogels is popular due to rela-
tively fast gelation times, excellent biocompatibility and the
possibility of triggering in situ polymerization.'*!] Enzyme-
mediated crosslinking usually triggers the formation of cova-
lent bonds between residues, which are commonly found on
specific biological polymer backbones.'*!] Transglutaminases fa-
cilitate covalent bond formation between glutamines (carbox-
amides) and lysines (primary amines), whereas tyrosinases, ly-
syl oxidases and horseradish peroxidases induce the crosslink-
ing between tyrosine/lysines and lysines and hydroxyphenyls,
respectively.'7:132133] Fibrin, for instance, has been studied widely
within tissue engineering as a biopolymer that can be crosslinked
enzymatically through the formation of fibrin polymers from
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cleavage of fibrinogen by the enzyme thrombin!"**l and can sub-

sequent be crosslinked by transglutaminase to form a fibrin
hydrogel.['*) The main disadvantage of enzymatic crosslinking
of natural polymers is the variable physical properties of the re-
sulting hydrogel, as the extent of crosslinking is dependent on
the abundance of specific amino acids on the polymer back-
bone, which may vary between sources and batches of polymers.
To achieve enhanced control and reproducibility over the hydro-
gel physico-chemical properties, natural and synthetic polymers
have been functionalized with known amounts of specific moi-
eties for enzymatic crosslinking. Tyramine-functionalized colla-
gen I aided in tailoring the mechanical properties and hydrogel
degradation rates, and promoted chondrocyte differentiation and
matrix deposition for cartilage engineering.['*?] Similarly, PEG
and chondroitin sulfate can be functionalized with transglutam-
inase factor XIII specific substrate sequences to allow controlled
crosslinking between macromolecules, forming a hydrogel with
defined properties and localized release of biological cues for
bone engineering applications.!133]

3.3.2. Redox/Photo-Mediated Crosslinking

Redox- and photo-initiators are able to initiate crosslinking
through the generation of free radicals.*"3%] Common systems
that exploit redox crosslinking use N,N,N’N’tetra- methylene-
diamine, which accelerates the decomposition of peroxydisul-
fates such as ammonium persulfate and leads to the forma-
tion of sulfate radicals that can initiate chain- and step-growth
polymerization.['”] Photo-initiators provide rapid formation of
free radicals in response to photon-induced excitation of photo-
initiators. While redox- and light-based initiators are more widely
applicable compared to enzymatic initiators, radical-induced cy-
totoxicity can occur if the free radical generation and radical con-
sumption are not carefully matched.[6138139]

In recent years, photo-polymerization has attracted much
attention within the engineering sphere for the formation
of hydrogels, owing to the enhanced spatiotemporal control
provided compared to redox- and enzymatic initiators.['**] For
that reason, photo-based initiation is the most attractive option
when looking to design a covalently crosslinked microenvi-
ronment that mimics the spatial variations present in native
tissue. Photo-initiators need to satisfy several criteria, such as
solubility in aqueous solvent, cytocompatibility and the ability
to absorb photons and produce initiating radicals.[%!*] Sev-
eral photo-initiators have been adopted for the formation of
cell-laden hydrogels, including 2-hydroxy-4'-(2-hydroxyethoxy)-
2-methylpropiophenone (Irgacure 2959),[1401 lithium phenyl-
2,4,6-trimethylbenzoylphosphinate,['*!]  camphorquinone,!1#?!
Eosin Y] and co-initiator triethanolamine,l®) and Tris(2'-2'-
bipyridine)ruthenium(Il) and co-initiator sodium persulfate.[*4]
The absorbance wavelength of the photo-initiator is a key
consideration and typically lies within the ultraviolet (UV) (200
400 nm) or visible (400-800 nm) light spectra.[®l An upper limit
in applicable wavelengths exist due to light absorption by water
(>900 nm).l*] Visible light is generally preferred given that
UV exposure can cause chromosomal and genetic instability
in cells and may consequently result in cytotoxicity.!®!38146]
It has also been suggested that heat-induced cytotoxicity can
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occur due to light irradiation, but to date the interplay between
irradiation wavelength and heat generation and the downstream
implications on cell viability and cell behavior has not been fully
characterized.'*] One of the most important considerations
when selecting photo-initiators is their final intended applica-
tion. If aiming at engineering large constructs or at transdermal
photo-polymerization (i.e., photo-polymerization of a hydrogel
precursor solution after injection under a skin layer), light
penetration depth should be considered. Higher wavelength
light travels further through tissues and larger engineered
constructs,[*$1%]  demonstrating that visible light-sensitive
photo-initiators are preferred over UV-light sensitive ones to
ensure complete crosslinking and the formation of hydrogels
with homogeneous physical properties.[148-1>1]

3.4. Functionalization with Bioactive Molecules

Incorporating bioactive cues within the hydrogel microenviron-
ment can promote several biological effects.l'>?) Depending on
the final application, various cues can be integrated into the
polymer networks, including ECM proteins, peptide sequences
that mediate cell adhesion or activate enzyme-mediate degrada-
tion, growth factors, and immunomodulatory molecules and in-
organic components (i.e., hydroxyapatite).'>21] The simplest
method to incorporate bioactive cues is through direct loading,
whereby macromolecules of interest are physically entrapped in
the polymer network and the duration of their biological effect is
dependent on their passive diffusion out the hydrogel.['”] This
can be tailored to a certain extent by changing the crosslinking
density and the pore size of the network or by exploiting inter-
molecular interactions like electrostatic and hydrophobic inter-
actions between the polymer and the bioactive cue.[*”1>8] Cova-
lent incorporation strategies are used to achieve additional spatial
and temporal control over the cell exposure to biological cues,
through the use of spacer molecules or direct binding to the
polymer backbone.[1*1%%] A common example of this conjuga-
tion modality is the use of methacrylated gelatin and acrylated
or methacrylated primary amines of growth factors, which un-
dergo free radical polymerization in the presence of a photo-
initiator and UV irradiation.['**1%!] PEG hydrogels can be pro-
duced by photoinitiated step-growth polymerization by reacting
PEG-NOR with a dithiol PEG crosslinker. Thiolated transform-
ing growth factor f1 (TGF-$1) can then be conjugated to PEG-
NOR by thiol-ene click reaction.['®?] Nevertheless, chemical mod-
ification of biological macromolecules can affect their function-
ality, either through cross-reactive reagents using during the pro-
cess or due to alteration of protein 3D structure.l*1%1 To over-
come this challenge, methods to functionalize synthetic or nat-
ural polymers networks with pristine ECM molecules or growth
factors have been developed. Ruthenium and sodium persulfate-
mediated visible light crosslinking has been used to enable
the formation of bi-phenol crosslinks between tyraminated PVA
and growth factor tyrosine groups in a rapid and controllable
manner.3") Nevertheless, all immobilization strategies inhibit
macromolecules internalization which promotes the sustained
activation of intracellular signaling pathways. However not all
growth factors act in the same manner and in some cases growth
factors internalization is required in order to properly exert their
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Figure 2. Examples of biochemical and biophysical cues which are mimicked and controlled in specific gradients within tissue engineered constructs
through manipulating macromolecular chemistry. Biochemical cues include A) growth factor gradients. Adapted with permission.['%] Copyright 2016,
American Chemical Society. B) Oxygen gradients. Adapted with permission.l'7%l Copyright 2014, Springer Nature Limited, while biophysical cues include
C) dynamic stiffness gradients. Adapted with permission.l'”'l Copyright 2018, Tsinghua University Press and Springer-Verlag GmbH Germany, part of
Springer Nature. D) Tunable stress relaxation. Adapted with permission.['®®] Copyright 2015, Springer Nature Limited. Bone morphogenic protein type
2; BMP-2, fibroblast growth factor type 2; FGF-2, poly(ethylene glycol)-maleimide; PEG-Mal.

effects.['>2] An alternative strategy to ensure prolonged and con-
trolled release of bioactive molecule is to exploit affinity seques-
tration, where ECM molecules, or mimetics, are incorporated in
the polymer network and act as a reservoir of growth factors.
Heparin, fibronectin and collagen are among the most studied
ECM molecules for this application, as they have shown the abil-
ity of binding a wide range of growth factors and immunomodu-
latory molecules, including BMP-2, TGF-p1 and platelet-derived
growth factor (PDGF), making them particularly versatile for
musculoskeletal tissue engineering applications.[152166-168]

4. Macromolecular Chemistry to Achieve
Microenvironment Biomimicry

Biomimetic hydrogels can be fabricated as tools in fundamen-
tal studies which explore the effects of specific stimuli on native
tissue physiology and tissue healing, and provide critical infor-
mation for the rational design of ad hoc regenerative strategies.
This section provides specific examples of where precise com-
binations of polymers, crosslinking strategies, crosslinking ini-
tiators and network functionalization result in the successful re-
capitulation of specific physical and/or biochemical properties
of native tissues microenvironments, with either homogeneous
properties or heterogeneous interfaces (Figure 2).

4.1. Biomimicry of Biochemical Cues

Biochemical cues, such as growth factors, are commonly present
in the native microenvironments to guide cell behavior and
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are often compartmentalized, especially at tissue interfaces.>”]
Crosslinking chemistries can be combined to recapitulate the het-
erogeneous distribution of biochemical factors, recreating phys-
iological gradients.[3169172]

During tissue healing, MSCs are commonly recruited to the
injury site and to promote this step in tissue-engineered con-
structs several studies have focused on the design of specific gra-
dients to attract MSCs. Atallah etal. developed a PEG-GAG hydro-
gel with tuneable GAG sulfation patterns, which was exploited
to sequester PDGF. Gradual release of PDGF into a neighbor-
ing MSC-laden hydrogel resulted in a PDGF gradient that in-
duced changes in MSC morphology and demonstrated a chemo-
tactic effect.1”2] More complex gradients have been designed to
trigger multiple biological effects at the same time. To promote
both cell recruitment and mimic spatially organized gradients
of osteogenic growth factors for bone regeneration, Guan et al.
employed click chemistry reactions triggered by different con-
ditions (i.e., thiol-ene or copper-free alkyne and azide reaction)
to engineer two reverse gradients of fibroblast growth factor 2
and BMP-2 (Figure 2A).'% These two counter-current distribu-
tions of growth factors induced adipose-derived stem cell (ASC)
proliferation on half of the construct and osteocalcin expression
and tissue mineralization on the other.'®) However, both the
spatial confinement of growth factors and their controlled tem-
poral release is crucial for triggering the desired biological ef-
fect. Lienemann et al. evaluated the effect of simultaneous or
sequential release of PDGF-BB and BMP-2 on bone formation
and found that when both growth factors were released at the
same time, PDGF inhibited BMP-2-mediated osteogenesis both
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in vitro and in vivo.'73] Utilizing a two-way dynamic release sys-
tem with fast-release of PDGF and sustained delivery of BMP-2
(which was immobilized within the polymer network) enhanced
healing in bone defects. The generation of biochemical gradi-
ents with temporal control have also been established through
development of hypoxia-inducible hydrogels, which are formed
with in situ oxygen consumption via a laccase-mediated reaction
(Figure 2B).['70.174175] Oxygen levels can be accurately predicted
by mathematical models and exploited for fundamental studies
or to promote vascular infiltration during wound healing for tis-
sue engineering applications.[}7%174]

4.2. Biomimicry of Biophysical Cues

As detailed in Section 2.2, key physical properties of tissue mi-
croenvironments include mechanical stiffness, ECM viscoelas-
ticity, ECM alignment and matrix permeability. Diverse microen-
vironment stiffnesses can be achieved in several ways; for exam-
ple, by combining multiple polymers to form an interpenetrat-
ing network or by increasing the polymer density, crosslinking
conditions and initiator concentrations.>128176177] Hydrogel stiff-
ness plays an important role in driving differentiation of MSCs
and ASCs toward osteogenic or chondrogenic lineage, for bone
and cartilage tissue engineering applications, respectively.[178-181]
Furthermore, local tuning of microenvironment stiffness cre-
ates gradients which can be exploited to influence cell migra-
tion through durotaxis and promote cell recruitment within
the engineered tissues (Figure 2C).['>*17!] Early hydrogel mod-
els with engineered stiffness gradients were fabricated simplis-
tically by mixing soft and stiff pre-hydrogel formulations, cre-
ating poorly characterized stiffness gradients. To achieve more
defined and controlled stiffness gradients, light irradiation can
be manipulated in photo-polymerizable hydrogels using a slid-
ing mask to form variable crosslinking densities.['*2] More re-
cently, a double-layered polyacrylamide gradient hydrogel also
showed tuneable gradient strengths with high reproducibility.l’]
The rate of durotaxis increases in hydrogels with soft initial stiff-
ness and in gradient hydrogels with steep stiffness steps.[62183-18]
To study the direction of cell migration, Ehrbar et al. investi-
gated the rational design of hydrogels to identify the type of
migration occurring on different substrates.'>}] Stoichiometri-
cally balanced ([lysine]/[glutamine] = 1) 8-arm PEG macromers,
containing pending factor XIIla substrate peptides, were enzy-
matically crosslinked with/without a metalloproteinase-sensitive
linker. Non-proteolytic migration was predominant in matrices
of low stiffness, while proteolytic migration was observed in ma-
trices of higher stiffness.

The viscoelasticity of hydrogels can be tuned by varying poly-
mer source or modifying crosslinking conditions, with natu-
ral polymers often more viscoelastic than synthetic polymers.!
Chaudhuri et al. investigated the effect of viscoelasticity on os-
teogenic differentiation in MSCs by manipulating alginate hy-
drogel design to tailor the stress relaxation of the polymer net-
work without affecting hydrogels overall stiffness (Figure 2D).[1%!
Polymers of different molecular weights with varied crosslink-
ing densities were manufactured using calcium ions and cova-
lent coupling short PEG spacers, demonstrating that rapid stress
relaxation promoted osteogenesis.['®] Tt is therefore important
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to consider how different polymer networks respond to cell-
mediated stress, which can proceed through storage of stress in
purely elastic hydrogels, or dissipation of stress in viscoelastic
hydrogels.[109:186]

Polymer alignment and matrix permeability can also be tuned
by tailoring different parameters within the macromolecular
chemistry toolbox presented in Section 3. Anisotropic fibers and
pore alignment have been achieved in type I collagen hydro-
gels by combining controlled fibrillogenesis and freeze casting
methods, introducing ice crystals to guarantee a macro-porous
structure.'¥”] The achieved alignment influences myoblast
and fibroblast orientation and migration.['®¥”] and Paracrine
signaling and the extent of cell-to-cell contact is also depen-
dent on polymer alignment and porosity, which can affect
differentiation.

4.3. Biomimicry of Complex Microenvironments

While specific biochemical and biophysical cues have been in-
corporated and temporally/spatially controlled within tissue en-
gineering constructs, the native microenvironment constitutes
multiple cues, which act synergistically to drive complex cell re-
sponses. Rational design of hydrogel properties can be employed
to mimic this complexity in vitro and to study the hierarchical im-
portance of these cues for regenerating precise tissue. Stiffness
gradients have durotactic effects on vascular smooth muscles
cells, however this process is substrate dependent with migration
observed on fibronectin-coated polyacrylamide hydrogels, but not
on laminin-coated hydrogels.['®8] Additionally, the durotactic ef-
fects observed in fibroblasts can be overruled by topological cues,
migrating along convex features preferentially.'®! Perpendicular
biological gradients can be engineered within a singular hydro-
gel and used as a screening tool for identifying synergies between
peptides. Vega et al. utilized thiol-norbornene light-mediated re-
actions to crosslink norbornene-functionalized HA (HA-NOR)
macromers with di-thiol crosslinkers to understand the effects of
cellcell (histidine alanine valine; HAV peptide) and cell-matrix
(arginine glycine aspartic acid; RGD peptide) signals on MSC
chondrogenesis.') High HAV and low RGD levels increased
the expression of chondrogenic markers (Sox9 and Aggrecan)
and promoted the production of GAGs and collagen I1.1% Fi-
nally, orthogonal gradients of mechanical and biochemical cues
(i-e., RGD peptide) can be created using a photocontrolled thiol-
ene radical reaction and photomasks that adjust the dose of UV
light in each crosslinking step to decipher cell-niche interactions
(Figure 3).1191

5. Beyond the Microenvironment: Macroscopic
Tissue Organization

While at the microscale, tissue physiology and homeostasis are
preserved by a plethora of cellular, biochemical and biophysi-
cal cues, macroscale organization of tissues is also essential to
drive function.>*1%82] Advancements in the field of biofabrica-
tion have meant that mimicking the macro-architecture of na-
tive tissues is more feasible, with different techniques offering
varying degrees of spatial control over patterning of 3D cell-
laden hydrogels (Figure 4A).[82192193] By rationally designing the
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Figure 3. Complex microenvironments fabricated to mimic physiological conditions by incorporating both variations in mechanical stiffness and RGD
sequence density. A) Overview of the fabrication procedure and B) difference in cellular morphology observed in the gradients. Reproduced with

permission.l’®1 Copyright 2016, American Chemical Society.

macromolecular chemistry underlining the development of
biomimetic hydrogel bioinks and compatible biofabrication tech-
nologies, it is now increasingly feasible to reproduce proper-
ties within the micro- and macro-environment of native tissues
(Figure 4B). In this section, examples are presented wherein
macromolecular chemistries of bioinks has been considered
within biofabrication-driven approaches to achieve hierarchical
tissue biomimicry.

Macromol. Biosci. 2024, 24, 2300457 2300457 (11 Of26)

5.1. Extrusion-Based 3D Printing for Biomimicry of Tissue
Hierarchy

Extrusion-based printing is the most adopted biofabrication tech-
nology and involves the deposition of a bioinks in a layer-by-layer
fashion to build up a 3D construct. The major appeal of extrusion-
based bioprinting is the relative ease of combining multi-
ple bioinks that represent different physico-chemical properties
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or encapsulating several cell types.213] This approach al-

lows replication of multiple properties from native microenvi-
ronments (i.e., tissue interfaces) in the same engineered con-
struct. Motealleh et al. 3D-printed nanocomposite-laden alginate
inks to achieve three separate zonal compartments with varying
nanocomposite content.”®! The step-wise nanocomposite gradi-
ent guided fibroblast migration toward the construct layer with
the highest nanocomposite content and promoted the migra-
tion and osteogenic differentiation of MSCs, where mineralized
matrix deposition was evident in areas with high nanocompos-
ite content.l%! Byambaa et al. created specific vasculogenic and
osteogenic niches within the same construct by combining mi-
croscopic cues with precise macroscopic tissue organization to
achieve functional vasculature within osteon-like structures com-
posed of gelatin-methacryloyl (Gel-MA).[*”] The Gel-MA concen-
tration and the degree of functionalization were tuned within a
pyramidal structure. The inner part of the construct was com-
posed of a fast-degrading, soft (5%) Gel-MA with encapsulated
human umbilical vein endothelial cells (HUVECs) and MSCs
which formed vascular structures. The outer layers were com-
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posed of stiffer (10%) Gel-MA loaded with silicate nanoplatelets,
to promote MSCs osteogenic differentiation, and with a gra-
dient of covalently conjugated VEGF, to promote vascular
infiltration.['”]’ Fabricating heterogeneous microenvironments
within macroscopic constructs is important for promoting vas-
cular networks within 3D-printed bone tissue analogues.[1?7-1%]
Similarly, hydrogel architecture (i.e., pore orientation) guides
the self-assembly of microcapillaries which has been inves-
tigated by manipulating different design parameters within
gelatin-norbornene (Gel-NOR)-based 3D-printed constructs.!*")
While extrusion-based bioprinting technologies provides poten-
tial for combining micro- and macro-environmental cues, there
are a range of design factors and challenges which need to
be considered. Bioinks used for extrusion-based bioprinting
need to conform to precise printability criteria, including ad-
equate (high) viscosity (10>~10° mPa s) to prevent sedimenta-
tion prior to extrusion, shear-thinning properties that allow the
bioink to flow through the needle while limiting shear-induced
cell death, and rapid recovery of viscous properties to main-
tain print fidelity post-extrusion.?®?! This imparts limitations
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on the biofabrication window and the available chemical toolkit
that exists for designing hydrogel-based bioinks and, as a conse-
quence, for mimicking cellular microenvironments.

The rheological demands of extrusion-based requires bioink
formulations to high polymer fractions, thereby limiting the use
of more cell-permissive low polymer density bioinks. The concept
of the “biofabrication window,” introduced in 2013, describes bal-
ancing the cell-permissive nature of bioinks and the rheological
profile required for extrusion-based bioprinting, and it has been a
major focus of research in extrusion-based bioprinting since.[2?!]
Viscosity modulators can be used to alter the flow properties dur-
ing extrusion and/or affect shape recovery post extrusion.[202-205]
Alternatively, controlling the timing of crosslinking can allow
modulation of bioink printability. Ouyang et al. exposed a bioink
to light while it was extruded through a transparent nozzle, ini-
tiating a partial crosslinking process and rendering the bioink
printable before being fully crosslinking after printing.?%! Simi-
larly, enzymatic crosslinking can be used prior to extrusion to in-
crease the bioink viscosity, after which photo-initiated crosslink-
ing post-fabrication can be applied to provide further shape
stability.[2] The recent emergence of embedded bioprinting has
also allowed the expansion of the biofabrication window. By print-
ing bioinks into a bath of support material, that ensures shape re-
tainment of the printed construct, bioink viscosity can be decou-
pled from shape retention capability, allowing the printing of low-
viscous bioinks.[?®! Jammed printing, wherein a bioink is com-
posed of densely packed small pre-crosslinked microgels, is an-
other method that enabled printing due to the attractive forces be-
tween the microgels that provides the ink with solid-like charac-
teristics that can be made to print through applying pressure./2%!
While these are all elegant strategies, each presents advantages
and disadvantages for fabrication of constructs. The use of vis-
cosity enhancers is limited as their inclusion affects not only the
rheological profile of the bioink, but also the physical properties
of the hydrogel. Consequently, it is challenging to simultaneously
achieve adequate bioink printability and the formation of a tissue-
specific and cell-instructive hydrogel. Light-based or enzymatic
pre-crosslinking, as well as embedded bioprinting and jammed
printing techniques, are technology-based approaches which re-
quire specialized equipment which currently limits their wide
application. Sacrificial printing is an alternative strategy that cir-
cumvents the need of bioinks to adhere to the biofabrication win-
dow. This process involves the printing of a sacrificial template
composed of cell-free or cell-laden sacrificial (bio)inks, the em-
bedding of sacrificial templates within bulk hydrogels and finally
the removal of the sacrificial template to leave open microchan-
nels. The ability to engineer spatially defined microchannel struc-
tures within bulk hydrogels has gained interest within vascular
tissue engineering, but it must be noted that this method pro-
vides limited opportunity to design spatial heterogeneity in the
composition of the bulk hydrogel, thus hampering the ability to
mimic the required micro- and macroscale arrangements of tis-
sues surrounding the microchannels.[?*]

5.1.1. Exploring Different Macromolecular Chemistry to Design
Novel Bioinks

To date, a limited number of macromolecular chemistries have
been utilized for extrusion-based bioprinting, with covalently
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crosslinked bioinks a primary focus (e.g., vinyl-based crosslink-
able systems like Gel-MA in combination with viscosity en-
hancers such as gellan gum and collagen, and thiol-ene clickable
systems such as allyl-functionalized gelatin).[14118119.197.203] phyg.
ical crosslinking has also been exploited in printable bioinks,
such as ionically crosslinked alginate.[2!'-213] Despite the wide
range of macromolecular chemistries available, a limited num-
ber of these chemistries have been translated to extrusion bio-
printing which reduces the flexibility in tailoring the hydrogel
microenvironment. Exploiting smart bioink crosslinking chem-
istry represents an additional, promising opportunity to expand
the biofabrication window, achieving controlled biomimicry over
both micro- and macroenvironment.

Bioinks with dynamic bonds can generate extrudable bioinks
due to the rapidly reversible nature of bonds, which provide
shear-thinning and self-healing properties.[*>?14-21¢] Reversible
shear-thinning was for instance observed in guest (adamantane)—
host (#-cyclodextrin) HA bioinks that could be used for extrusion.
This bioink was blended with methacrylated HA (HA-MA) to en-
able in situ crosslinking (i.e., photo-initiated crosslinking of the
bioink through a transparent nozzle during extrusion) which in
turn allowed multilayer printing (Figure 5A). Wang et al. synthe-
sized aldehyde- and hydrazide-modified HA separately and com-
bined them to allow the formation of hydrogels containing hydra-
zone (Schiff base) dynamic bonds.?'>] Upon extrusion through
the nozzle, the rapid bond breakage allowed the deposition of fil-
aments, while the rapid bond recovery post-extrusion provided
shape stability (Figure 5B).2®] Gradual (<10 min) self-healing
then allowed associations to be formed between separately ex-
truded biomaterials, which could be beneficial when printing
multiple ink formulations.[?"*] To ensure long-term shape fidelity,
a second photocrosslinkable interpenetrating network composed
by HA-NOR was used for orthogonal photo-stiffening and photo-
patterning through a thiol-ene reaction with a thiol-containing
rhodamine.[?]

Supramolecular bioinks possessing shear-thinning and self-
healing properties have also been used for extrusion-based 3D
printing applications.[?7-22% Loebel et al. designed a supramolec-
ular bioink made from a HA polymer backbone with grafted
adamantane or f-cyclodextrin, which allowed crosslinks to form
by guest-host interactions. The developed bioink had rapid self-
healing capability and could be extruded with spatial control
through extrusion-based 3D printing.[?'®! Due to the weak nature
of dynamic and supramolecular bonds, constructs crosslinked
purely through these types of bonds often demonstrate lim-
ited stacking and printed constructs often demonstrate limited
shape and mechanical stability during culture. Further function-
alization of the macromer with methacrylate group, permitted
a secondary crosslinking step which aids in improving shape
and mechanical stability in more complex 3D geometries.[?8] In
a similar approach, a dual crosslinking method was employed
to 3D print a supramolecular hydrogel-based bioink composed
by PEG-grafted chitosan, a-cyclodextrin and gelatin.[*'”] Primary
crosslinking occurred through the aggregation of the pseudo-
polyrotaxane-like side chains, which were formed from the host—
guest interactions between a-cyclodextrin and PEG side chains,
while the secondary crosslinking was mediated by the immersion
of the construct in a solution containing p-glycerophosphate.
Fibroblasts embedded in the bioink displayed high viability
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Figure 5. Dynamic and supramolecular hydrogels used in biofabrication. A) Printing of guest—-host modified HA bioinks that demonstrated shear-
thinning and self-healing (filament recovery) under multiple cycles of shear (simulating printing) without loss of bioink moduli. Reproduced with
permission.[2'®] Copyright 2016, American Chemical Society. B) Rapid de-assembly of dynamic bonds in hydrazine/aldehyde-modified HA under shear
stress, and self-healing properties allowed for extrusion of dynamic bioinks allowing printing, post-printing photocrosslinking for stiffening and photo-
patterning. Reproduced with permission.[213] Copyright 2018, Wiley Periodicals, Inc.

after printing and increased proliferation and cadherin expres-
sion over time. Additionally, by tuning the g-glycerophosphate
concentration, different stiffnesses could be achieved, which in-
fluenced MSCs differentiation.!?!”! The secondary photo- or en-
zymatically initiated crosslinking may be necessary to stabilize
the weak dynamic and supramolecular bonds in printed con-
structs by introducing stable covalent bonds. Nevertheless, dual
crosslinking could reduce the contribution of dynamic cova-
lent bonds on bulk hydrogel characteristics, such as stimuli-
responsivity and viscoelasticity, and the influence of dynamic
bonds on cell behavior within printed constructs could be made
redundant by the presence of stiffer covalent bonds. Thus, while
tailoring the secondary crosslinking might represent a promising
strategy to further tune the microenvironment and guide biolog-
ical processes, this crosslinking interplay needs to be explored
further.
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5.2. Lithography-Based Bioprinting and Bioresin Properties

Stereolithographic bioprinting exploits light to cure a photosensi-
tive resin (i.e., bioink specifically designed for lithography-based
bioprinting), which typically contains a photo-initiator as well
as reactive monomers and/or macromers (Figure 4A). By pre-
cisely exposing specific zones of the print area with the appropri-
ate wavelength and intensity of light, resin crosslinking can be
achieved with high spatial control (25-30 um in resolution).[%%]
Light is introduced into the bioresin by using a laser (stere-
olithography; SLA), by projecting a light pattern onto the bioresin
(digital light processing; DLP) or by a high-energy femtosecond
laser (two-photon polymerization). Similar to extrusion-based
bioprinting, there are distinct compatibility criteria for bioinks
that can be used in lithography-based bioprinting, limiting the
flexibility in the bioink design. The ideal bioresin should be of
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low viscosity (0.25-10 Pa s) as a new volume of material needs to
easily flow under the building platform after each layer is cross-
linked, even in the absence of a mixing mechanism.[?2!] The high-
resolution spatial control in lithography-based printing necessi-
tates the prevention of unwanted crosslinking surrounding the
point of light exposure and it is thus crucial to optimize the pho-
tocuring and light penetration depth.[®2?2] Additionally, inherent
light scattering during the crosslinking steps poses a significant
challenge in forming high-fidelity structures with fine-scale fea-
tures. To improve printability, bioresin formulations therefore of-
ten include photo-absorbers that are generally composed of food
colorings such as Ponceau 4R. Novel photoinhibiting additives
are also being developed in an attempt to widen the biofabrica-
tion window for lithography-based printing. In a recent exam-
ple, He et al. showed that curcumin-Na could be used as a pho-
toinhibiting complex, increasing the printing resolution and fi-
delity significantly and allowing the fabrication of complex con-
structs featuring intricate micro-sized channels and thin-walled
networks.[?23] Still, bioresin development generally requires ex-
tensive trial and error efforts to optimize both the printing pa-
rameters (e.g., light intensity) and bioink formulation (e.g., con-
centration of the different components) to achieve the desired fi-
delity for certain geometries.[22+22]

Compared to extrusion bioprinting, a key limitation with
lithography-based printing is the challenges of processing of
multiple bioresins within a singular printed construct, limiting
the ability to create different microenvironment niches within
constructs. Additionally, fabricating 3D constructs utilizing soft
bioresins (i.e., polymer content < 10 wt%) has proved to be chal-
lenging, due to an insufficient integrity to retain shape upon mov-
ing of the collecting plate. Layer stacking can also be challeng-
ing in soft, low polymer content (<10 wt%) bioresins due to in-
sufficient crosslinking at the layer interface, meaning that those
reported are limited to patterned structures with no structural
variation in the Z-axis.[??”:28] As the fabrication of 3D geometries
can be a lengthy process in SLA and DLP printing, depending on
the constructs size, cell sedimentation in low viscosity bioresins
represents another challenge.???) To address it, advancements in
bioresin design have seen the introduction of viscosity modula-
tors, such as colloid polyvinylpyrrolidone-coated silica particles,
which can induce neutral buoyancy to match the density between
components in the bioink and allow cells to float in solution.[23]
While this approach successfully reduces cell sedimentation, it
also induces unwanted crosslinking and therefore consideration
of the final application (i.e., the resolution required for mimick-
ing relevant features of the target tissue) is necessary when de-
signing bioinks for lithography-based bioprinting.

The development of volumetric bioprinting, a novel light-
based printing method where whole objects are generated in a
layerless fashion, allows the printing of clinically relevant sized
constructs possessing complex architectures within seconds.
This speed overcomes the challenges associated with cell sedi-
mentation without compromising the printing resolution, and al-
lows the precise imprinting of biochemical or biophysical cues in
specific areas of large 3D constructs, creating heterogeneous mi-
croenvironments which can direct cell behavior.[*1-233] Falandt et
al. exploited this technology to spatially pattern VEGF-rich areas
within a centimeter-scale, thiol-ene photo-crosslinkable 5 wt%
Gel-NOR bioresin.[**] By exploiting thiol-ene chemistry, accu-
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rate control over the crosslinking kinetics and reaction termina-
tion upon removal of light irradiation could be achieved, mak-
ing it possible to contextually control the amount of unreacted
norbornene groups. These unreacted groups were exploited for a
secondary reaction, which allowed VEGF conjugation which pro-
moted endothelial cell migration and a higher number of vascu-
lar junctions.[234]

5.3. Microfluidic-Driven Biofabrication for Complex
Microenvironment Design

Microfluidics is a widely used technique focusing on the con-
trolled introduction and combination of multiple fluids within
micro- to millimeter-sized channels. The geometric constraints
of these channels create an environment in which the material’s
rheological properties (e.g., viscosity and surface tension) affect
fluid flow more than gravitational forces, which often affects lam-
inar flow when introducing multiple fluids within a channel.[?]
Microfluidics can be used for the fabrication of cell-laden hy-
drogels with well-defined physical properties, as well as hydro-
gels with complex spatial arrangements due to the well-defined
fluid flow regimes that exist within the microfluidics channels
(Table 2).12%6] This level of complexity can be achieved by intro-
ducing multiple hydrogel precursor solutions in laminar flow
within microfluidic channels, prior to crosslinking of the hydro-
gels through ionic crosslinking or photo-initiated crosslinking.
Microfluidics has been merged within top-down biofabrication
techniques to generate spatial control of engineered microen-
vironments (Figure 4A). The majority of these approaches im-
plement various microfluidics chip designs into printhead de-
sign in extrusion-based printing. By controlling the flow of var-
ious fluid phases into a singular printhead, thereby exploiting
the microscale control provided through microfluidics, simulta-
neous control over the tissue microenvironment and macroscale
construct geometry is possible. Co-axial printheads provide a
promising microfluidics-assisted printing platform, whereby two
or more concentrically orientated fluids are introduced into a sin-
gular outlet in laminar flow.[>**] These flow patterns result in
a core-sheet morphology, allowing diffusion-driven movement
of molecules across the fluid interface. By tailoring the com-
positions of each of these fluids, smart use of macromolecular
chemistry in combination with co-axial printheads has resulted
in several notable advancements, including the printing of oth-
erwise unprintable bioinks. Low-viscous alginate bioinks can be
printed as the alginate and calcium chloride (CaCl,) phases meet
in the tip of the co-axial needle whereby crosslinking occurs, al-
lowing the deposition of high shape fidelity alginate filaments
without the use of a support bath. This approach has been used
to fabricate alginate-based cartilage bioinks!?* and various other
photo-polymerizable biomaterials. Alginate has also been com-
bined with other bioinks to form printable hybrid bioinks.[246:247]
For instance, low polymer density Gel-MA and alginate have
been combined in core fluid flow, with the core including a UV-
sensitive photo-initiator to allow photo-polymerization and the
sheath flow containing CaCl,.[2*¢2*’] While otherwise unprint-
able, rapid CaCl,-mediated ionic crosslinking of alginate at the
nozzle tip provides extruded bioinks with sufficient structural in-
tegrity to enable the stacking of printed filaments, after which UV
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Table 2. Overview of various designs for multiphasic cell-laden patterned filaments. Endothelial cell; EC, fibroblast; FB, gelatin-methacryloyl; Gel-MA,
human umbilical vein endothelial cell (HUVEC), poly(ethylene glycol); PEG, poly(ethylene glycol)-diacrylate; PEG-DA).

Schematic Component A Component B Outcome Ref
A Alginate + glioma stem cells Glioma cell line Mimicry native glioma cell [237]

orientation
B 2% alginate + FBs 2% alginate + HUVECs Biomimicry blood vessel, [238]

4% alginate + 0.8%
PEG-fibrinogen + C2C12

B cells

3% collagen + HepG2 cells

7% Gel-MA + 2%
alginate + 2%
B PEG-DA + C2C12 cells

®:

2% alginate

4% alginate + 0.8%
PEG-fibrinogen + FBs

3% collagen + ECs

7%s Gel-MA + 2%
alginate + 2%
PEG-DA + FBs

3% Gel-MA + 1%
alginate + C2C12 cells

functional output lacking

Proof-of-concept Janus with cells [239]
Biomimicry hepatic lobe [240]
Cytocompatibility cells in hollow [247]

bilayer tubes

[242, 243]

photo-polymerization induced Gel-MA crosslinking permits the
formation of a construct that was stable during culture at physio-
logical conditions. When human umbilical vein endothelial cells
(HUVECs) were incorporated into the hybrid bioink, lattice struc-
tures could be printed which showed cell migration to the exte-
rior of the construct filaments to form an endothelium.[?*6] Mul-
tiple bioink formulations can also be used in the sheath of the
co-axial filaments to fabricate filaments in rings of spatially pat-
terned anisotropy, and sacrificial inks can be used within a multi-
material setting to create hollow regions within a filament upon
sacrificial ink dissolution. Using Pluronics F-127 as a sacrificial
ink in the filament core and endothelial progenitor cell-laden
bioinks in the outer layer, hollow filaments can be printed that
support endothelialization of the internal and external filament
surfaces over 7 days of culture.’*¥] Anisotropic environments
have been created within alginate (core) and collagen (shell) fil-
aments in printed lattice structures.?*! The alginate and colla-
gen areas were clearly distinguishable through scanning electron
microscopy, with the recorded stiffness of alginate and collagen
at 11.2 and 1.32 MPa, respectively prior to filament generation.
Cells can also be spatially compartmentalized in core—shell algi-
nate bioinks to better mimic the tumor microenvironments.[2%’]

Hollow filaments can be extruded with walls composed of al-
ternating single- or double-layered biomaterials by switching the
feeding of the singular material or both materials, respectively
(Figure 6A). These filaments were used to pattern HUVECs in
the inner sheath, while smooth muscle cells were encapsulated
in the outer sheath, demonstrating endothelium formation over a
period of 14 days.[>°° Nevertheless, the effects of varying the one-
and two-layered filament wall across the filament length has not
been investigated. While most co-axial printheads use circular
sheaths, other shapes can be used to further adjust the spatial pat-
terns of separate bioinks.?**] By increasing the number of feeds
into the printhead, this technique can be expanded to include
threel?!l or even seven!?*!l separate bioinks with smooth tran-
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sitions between bioinks in extruded filaments. Using this tech-
nique, discrete regions can be fabricated by varying HA concen-
trations within hydrogel discs or sheets.[**!) Native blood vessel
architecture can be mimicked by creating cell-laden, two-layered
filaments, with a HUVEC-laden inner sheath and fibroblast-
laden outer sheath.[?*®] While fibroblasts migrated into the inner
HUVEC-laden sheath, collagen and fibrin were required within
the inner sheath to encourage HUVEC growth.[?3] The authors
also demonstrated proof-of-concept for generating more complex
microenvironments through the formation of tri-layer hollow fil-
aments using sequential introduction of alginate bioinks, albeit
without the inclusion of cells. These strategies illustrate the po-
tential of compartmentalizing cells in multi-layered filaments,
but also highlights the importance of optimizing bioink formu-
lations for specific applications.

In another type of strategy, two separate bioinks can be com-
bined using a simple Y-shape channel to fabricate a Janus-like fil-
aments. In one example, bioinks composed of Gel-MA/alginate
were combined in this way and subsequently fed into a co-axial
needle with an introduced laminar CaCl, flow to crosslink the
filament.[23%233] By varying which bioink is printed during fab-
rication, multi-layered constructs with alternating layers of the
two bioinks could be fabricated from the singular co-axial needle
(Figure 6B).[253-2] A similar setup was used in combination with
a microfluidic mixer to generate gradient structures. In this sys-
tem, the relative flow rate of two alginate-based bioinks was var-
ied during the printing process wherein the microfluidic mixer
enabled mixing of the two inks in flow rate-defined ratios prior
to extrusion through the co-axial nozzle (Figure 6C).['2]

Rather than homogeneously mixing inks, partial chaotic mix-
ing can be used to form unique patterns within bioinks.[242243] Se-
quential static mixer elements have been used to mix two bioinks,
creating a chaotic pattern within the filament cross-section. Us-
ing alginate/graphite bioinks, 35-500 um striations could be pat-
terned within the filaments, which in turn could be printed into
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Figure 6. Co-axial and microfluidics-based printing of multiphasic cell-laden filaments. A) Introduction of alginate-based bioinks or blend bioinks in-
cluding alginate in co-axial flow. Control of bioink flow regimes allowed for smooth switching of single- and bi-layered hollow filaments. Reproduced
with permission.[20] Copyright 2018, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. B) Introduction of alginate-based bioinks through Y-shaped
channels followed by co-axial introduction of CaCl, prior to printing. Reproduced with permission.!?3° Copyright 2015, WILEY-VCH Verlag GmbH &
Co. KGaA, Weinheim. C) Microfluidics-assisted efficient mixing of two bioinks within a microfluidic mixer to generate gradient printed scaffolds. Repro-
duced with permission.['2] Copyright 2019, IOP Publishing, Ltd. D) Partial mixing of two bioinks can lead to chaotic bioink patterns within biofabricated
constructs. Reproduced under the terms of the Creative Commons CC-BY 4.0 License.l?#2] Copyright 2020, The Authors(s). Published by IOP Publishing
Ltd. E) In situ crosslinking of photo-polymerizable bioinks in laminar flow. Printing of helical structures of photo-polymerized bioinks within alginate
sheaths, owing to the flow rate differences between alginate and bioink phases after in situ crosslinking. Reproduced with permission.[2°2] Copyright
2018, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

lattice macrostructures (Figure 6D). With cell-encapsulation, ad-
dition of Gel-MA into one of the two bioinks resulted in fila-
ment striations with evidence of cell spreading.*? Evidently,
microfluidics-driven extrusion-based printing provides a promis-
ing opportunity for improved spatial patterning of biophysical
cues, whilst also allowing spatial control over the physical ar-
chitecture of fabricated constructs. However, developments have
been highly technology-focused and most reports have utilized
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rapid ionic crosslinking in alginate prior to extrusion. This high-
lights a clear area for further development: expanding the li-
brary of biomaterial which are compatible with microfluidics-
assisted printing. In situ photo-crosslinking (i.e., exposing bio-
materials to light during extrusion) is one strategy to achieve this
in microfluidics-assisted printing (Figure 6E), enabling printing
of a range of materials including PEG-diacrylate, HA-MA, HA-
NOR and Gel-MA.[2%] However, in situ crosslinking of the core
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biomaterial can alter the viscosity of inks, leading to altered
flow speed of the core and sheath phases and coiling of the
core biomaterial. This has been exploited to fabricate heli-
cal filaments,?>?] which have then further been incorporated
within larger filaments.> In the wider scope of biofabrica-
tion, the convergence of microfluidics and other biofabrication
platforms might provide an alternative avenue toward expand-
ing the macromolecular toolkit for bioink design. To exemplify,
microfluidics has been combined with lithograph-based bio-
printing to allow multi-material light-based patterning of photo-
polymerizable bioinks. Bioinks were introduced within the mi-
crofluidics chip chamber and exposed to defined light patterns
before rapidly (<5 s) washing away the bioink to allow inflow of
the next bioink.[25¢] More recently, microfluidic mixers have also
been incorporated within the microfluidic-driven lithography-
based printing approach to enable the formation of well-defined
multi-material, cellular, growth factor, stiffness and porosity
gradient.[?”] Areas of future work in microfluidics-driven biofab-
rication should be directed toward understanding the biological
effects of spatially patterning cells, multiple bioinks and spatial-
patterning of inks through chaotic mixing. By adjusting the for-
mulations of these various bioinks, it could be possible to pattern
different regions within filaments to provide cell-specific niches.
For example, multi-layered filaments could incorporate tissue mi-
croenvironments conducive to formation of native tunica intima,
media and externa for blood vessel formation. Similarly, the mul-
tiple layer gradients present in cartilage and subchondral bone
could be reproduced by optimizing bioink mixing and by varying
cell concentrations throughout printing.

6. Temporal Control over Physico-Chemical Cues
within the Micro- and Macro-Environment

Native tissue formation, maturation and homeostasis are com-
plex processes whereby the physical properties vary throughout
tissues, as well as vary dynamically during these processes. Bio-
fabrication platforms, such as extrusion-based 3D printing, are
predominantly used to spatially pattern inks to generate specific
physical architectures; however they also allow temporal con-
trol over the presentation of biophysical cues within cell-laden
hydrogels and tissue substitutes. Four-dimensional (4D) print-
ing, a subsection of 3D printing, involves temporally controlled
manipulation of construct shape post fabrication.[*>?*%2%] These
printed materials undergo changes alongside variations in exter-
nal stimuli that are introduced with temporal control, such as
temperaturel?®® and magnetic fields that affect their shape./?6!]
The majority of 4D printable inks however are not compatible
with cells. The operating window of these external cues are for
instance often outside of the window compatible with cell cul-
ture conditions. In addition, 4D printable inks often need to be
printed at high temperatures which are not cell permissive. Con-
sequently, identifying 4D printing methods that are compatible
with physiological temperature, humidity and pH, to allow the
incorporation of cells within these constructs, will be vital for the
development of this technology.

There has been progression in the development of 4D
bioinks that can operate at physiological conditions (i.e., condi-
tions that could be compatible with the introduction of cells).
These approaches generally involve blending multiple inks that
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swell to varying degrees, wherein macroscale temporal struc-
tural changes are driven by anisotropic swelling of the printed
constructs that leads to folding of the printed structures. In
an example, nanofibrillated cellulose was combined with N-
isopropylacrylamide (NIPAm). Extrusion-induced shear stress
causes cellulose fibril alignment and this fibril arrangement
is subsequently preserved upon NIPAm photo-polymerization.
The cellulose alignment along the extruded filaments results in
anisotropic swelling which can be used to fabricate intricate 3D
architectures.?%2] Simple multi-layered hydrogel sheets can be
also be generated through photolithography, involving 4D fab-
rication of a bottom layer that swells and folds in response to
changes in pH!?%] or temperature.[?* As the top sheet does not
fold, the bottom sheet folds into a bilayer tube and if a sacri-
ficial material is used as the top layer, the pH or temperature-
induced generation of hollow tubes is possible. Furthermore,
nano-topological features can be patterned on the inside of the
tubes by using soft lithography stamps to pattern structures
onto the layer prior to folding. An MSC-encapsulated methacry-
lated alginate and HA blend bioink was printed into filaments,
which self-folded into tubes due to the presence of a crosslink-
ing gradient from light attenuation. The softer, deeper areas of
the bioink swelled more due to the lower crosslinking density.
This folding technique is particularly attractive due to the size
of the tube inner diameters, which can be made smaller than
with conventional 3D printing, with outer and inner diameters
as small as 200 and 20 pm, respectively.l?®] Near-infrared (NIR)
light can also be used to induce folding of polydopamine/alginate
blends, as NIR-light absorbance of polydopamine causes dehy-
dration. This attribute can be exploited to cause shrinkage of poly-
dopamine/alginate regions, resulting in folding of those areas.
This material blend has been used within extrusion-based print-
ing, wherein spatial enabled the spatial patterning of folding poly-
dopamine/alginate regions with unfolding Gel-MA/alginate re-
gions, containing encapsulated embryonic kidney cells, resulted
in light-sensitive shape-changing structures.[2%¢!
Supramolecular bioinks may be well-suited as stimuli-
sensitive hydrogels for 4D printing as inks that respond to exter-
nal cues, e.g. pH, temperature, electricity, mechanical, and light.
pH-sensitive hydrogels are commonly used as drug-delivery
vehicles, exploiting (de)protonation of acrylic and methacrylic
acid linkers, and exploiting the natural pH-sensitivity of bio-
materials (e.g., chondroitin sulfate,?®’] peptide amphiphiles
and ureidopyrimidinone guest-host interactions!?%]) to induce
changes in hydrogel equilibrium swelling.**°1 While cell-laden
hydrogels are limited to a narrow pH range, local or bulk pH
changes can still be leveraged within tissue engineering.[?’")
Other stimuli which have been exploited include temperature
(e.g., in the context of sacrificial printing), electricity!?’!] (e.g., to
make conductive hydrogels), magnetic fields and mechanically
responsive hydrogels.[22] While viscoelastic hydrogels are inher-
ently mechanically responsive, due to processes such as stress
relaxation, incorporation of mechanoresponsive molecules
can provide further spatial control. PEG-MA crosslinked with
methacrylated di-hydrolipoic acid allows the formation of hy-
drogels that responded to strain by forming disulfide bond
links between lipoic acid residues.’”?] Light-sensitive hydro-
gels are especially interesting within 4D printing, as they
provide further spatial control over hydrogel properties. A
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Figure 7. Light-responsive patterning in 3D hydrogel structures. A) Multiphoton patterning of open lumen within MSC-laden PEG hydrogels that are
subsequently seeded with HUVECs. Endothelialization (red) of hydrogels (green) is observed and endothelization is partially observed (F-actin). Repro-
duced with permission.[281] Copyright 2017, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. B) Sequential grafting of proteins with red, green and
blue fluorescent tags by repetitions of photopatterning process; proteins are grafted to PEG hydrogel through oxime ligation, and then removed in parts
of the constructs by further light exposure. Reproduced with permission.[?82] Copyright 2019, The Author(s), under exclusive license to Springer Nature

Limited.

common strategy involves the incorporation of light-sensitive
moieties, such as fumaric amide,?*] dithienylethene
tripeptide,[?””!  azobenzene,?°l  coumarin!?’’l and ortho-
nitrobenzyl (O-NB). These photo-responsive molecules can
be used as photodegradable linkers.?”®! O-NB was used to
uncage alokxyamines on a PEG-peptide hydrogel, which sub-
sequently reacted with aldehyde-modified proteins in solution.
By spatially controlling light exposure, vitronectin can be
grafted onto the polymer backbone, promoting osteogenesis
within these exposed regions.[?”! Aldehyde-modified multi-arm
crosslinkers have been photo-patterned to increase local hydrogel
stiffness, ! generate open channels within hydrogels through
multiphoton photodegradation (Figure 7A),!8!) and sequential
reversible protein binding (Figure 7B).[?82] Reversible protein
binding allowed continuous protein gradients to be patterned
into hydrogels dynamically during cultivation. Dynamic hydro-
gels have also been generated by incorporating coumarin (guest)
and cucurbit (host). Upon light exposure, coumarin dimers can
be generated which increase hydrogel stiffness and switch the
hydrogel phenotype to a covalently crosslinked hydrogel.l?””] To
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improve the temporal control provided by biofabrication tech-
niques, future work should be directed at further incorporation
of stimuli-sensitive motifs within bioinks.

While some advancements have been made toward achiev-
ing temporal control over the presentation of biophysical cues
within printable (i.e., cell-free) inks, the temporal control that can
be achieved for cell-laden bioinks is limited. This is surprising
given that spatiotemporal control is one of the main pillars of
biofabrication. Further development of biofabrication platforms
which enable both spatial control over the presentation of bio-
physical cues in cell-laden hydrogels and also temporal control
over the presentation of such cues is necessary. Harnessing so-
phisticated macromolecular chemistries (e.g., for the incorpora-
tion of stimuli-sensitive motifs) is a promising path to achieving
this goal. Overall, biofabrication platforms have enabled the spa-
tiotemporal control over the placement of cell-laden hydrogels
to varying degrees. There are clear challenges of the resolution
scales at which popular biofabrication platforms operate (i.e., 20—
200 um), which are insufficient to enable adequate spatiotempo-
ral control over the presentation of biophysical cues within the
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direct micro-environment of encapsulated cells. Therefore, con-
trolling the physical properties of the bioinks themselves by har-
nessing macromolecular chemistry is crucial for the fabrication
of tissue substitutes that adequately mimic the multi-scale com-
plexity of native tissues.

7. Translational Considerations

Engineering constructs that replicate specific physical properties
from native tissues has proven to be effective in tailoring cell be-
havior in vitro.>?83] However, it is still unknown to which proper-
ties of native tissue, and to what degree they need to be mimicked,
to achieve successful regeneration in vivo. Mechanisms through
which biomimetic cues affect in vitro cell migration, proliferation
and differentiation has been investigated,’] however the transla-
tion of these findings to in vivo models is difficult. While bio-
logical effects are commonly observed in well-controlled in vitro
models with only a few variables present, these same findings
may not always translate to more complex in vivo models where
more variables are present. For instance, the relevance of durotac-
tic effects in predicting or affecting cell behavior in vivo is still un-
der debate.l>®234] Moreover, while biomimetic tissue substitutes
are generally developed to mimic the properties of native tissues
under physiological conditions,] these engineered constructs
are usually implanted at injured sites undergoing wound heal-
ing events.[132%] This may trigger different biological effects from
what was predicted. Exploring the targeted cellular response to
hydrogel physico-chemical cues during the wound healing cas-
cade, such as the introduction of immune cells and an inflam-
matory response, is a valuable area of research.[?85256]

A key consideration for preclinical translation of engineered
constructs is the appropriate selection of in vivo model. Ectopic
models provide valid information about biocompatibility and, to
some extent, the capability of the constructs to induce new tissue
formation.[?”288] Nevertheless, since the microenvironment of
tissue substitutes has been tailored to match the unique charac-
teristics of a specific host tissue, and to trigger effects on specific
host resident cells, it is crucial to evaluate the regeneration in-
duced in orthotopic models.[?”-2%] Increasing complexity in the
rational design of micro- and macro-environments needs to be
critically evaluated to ensure there is a benefit from a biological
perspective.?®?] It is important to define whether increased de-
sign complexity, fabrication time, costs and post-fabrication mod-
ifications significantly enhance tissue regeneration compared
with simpler strategies, as this influences the clinical feasibil-
ity of engineered tissue substitutes.!?8%2%] Similarly, the dynamic
nature of tissue maturation, and the benefit of mimicry of these
dynamics through temporal control over the micro- and macro-
environments of engineered tissues, should be considered.

8. Conclusions

Native tissue microenvironments are characterized by their spe-
cific physico-chemical properties which drive tissue function.
There has been a huge body of work focused on exploiting macro-
molecular chemistry for the rational design of hydrogels that
mimic specific properties of the native microenvironment, to pro-
mote tissue regeneration. Nevertheless, there is still no consen-
sus on which native properties are essential in order to trigger
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specific biological responses. As the physico-chemical proper-
ties of hydrogels (i.e., crosslinking density, mesh size, pore size,
porosity, and stiffness) are interrelated, it is challenging to sys-
tematically investigate the effect of individual parameters on cell
behavior. Future work should focus more comprehensively on
harnessing macromolecular chemistry to allow the decoupling
of individual biophysical and chemical cues, to identify those
that are essential for designing biomimetic and regenerative tis-
sue constructs. Additionally, generating complex microenviron-
ments with multiple cues distributed in a controlled fashion will
allow conclusions to be formed on their hierarchical relevance.
Combining the identified key physico-chemical cues present in
the microenvironment, with a biomimetic macroenvironment
represents a promising strategy for the successful tissue regen-
eration.
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