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ABSTRACT The most promising strategies in tissue
engineering involve the integration of a triad of biomaterials,
living cells, and biologically active molecules to engineer
synthetic environments that closely mimic the healing milieu
present in human tissues, and that stimulate tissue repair and
regeneration. To be clinically effective, these environments
must replicate, as closely as possible, the main characteristics
of the native extracellular matrix (ECM) on a cellular and
subcellular scale. Photo-fabrication techniques have already
been used to generate 3D environments with precise
architectures and heterogeneous composition, through a
multi-layer procedure involving the selective photocrosslinking
reaction of a light-sensitive prepolymer. Cells and therapeutic
molecules can be included in the initial hydrogel precursor
solution, and processed into 3D constructs. Recently, photo-
fabrication has also been explored to dynamically modulate
hydrogel features in real time, providing enhanced control
of cell fate and delivery of bioactive compounds. This paper
focuses on the use of 3D photo-fabrication techniques to
produce advanced constructs for tissue regeneration and
drug delivery applications. State-of-the-art photo-fabrication
techniques are described, with emphasis on the operating
principles and biofabrication strategies to create spatially
controlled patterns of cells and bioactive factors. Considering
its fast processing, spatiotemporal control, high resolution,
and accuracy, photo-fabrication is assuming a critical role in
the design of sophisticated 3D constructs. This technology
is capable of providing appropriate environments for tissue
regeneration, and regulating the spatiotemporal delivery of
therapeutics.

KEYWORDS 3D photo-fabrication, biomaterials, tissue
engineering, drug delivery

1 Introduction

In the past two decades, the field of tissue engineering has

experienced significant advances in multiple areas (e.g., isola-
tion of novel cell sources, synthesis of advanced biomaterials
with high levels of biomimicry, discovery of new drugs, and
development of high throughput biofabrication strategies),
resulting in the development of innovative clinical therapies
to stimulate the repair and regeneration of injured tissues
with better clinical outcomes [1-7]. Current therapies in tis-
sue engineering and regenerative medicine can be broadly
categorized into three main groups: @ cell-based therapy,
@ acellular or cell-seeded scaffold therapy, and @) the im-
plantation of cell-laden constructs/matrices (Figure 1).

In cell-based therapy, autologous, allogenic, or heterolo-
gous cells are harvested from the patient (autologous) or a
donor (allogenic, heterologous), and submitted to a set of
processing steps (e.g., cell sorting, in vitro expansion) for sub-
sequent implantation into the lesion [8]. Despite the relative
simplicity of this therapy, it faces major difficulties in main-
taining the administered cells in the desired location for clini-
cally relevant periods of time, without a decrease of cell via-
bility post-injection. Alternatively, cells might be immobilized
within polymeric vehicles in order to improve the residence
time in the target, and enhance the clinical efficacy [9]. De-
pending on the dimension of the injury and the biomechani-
cal characteristics of the tissue, the implantation of a scaffold
material may be the best option, as it provides a temporary
environment that guides the infiltration, colonization, attach-
ment, and proliferation of either seeded or host cells, promot-
ing the synthesis of new extracellular matrix [1, 10]. To stimu-
late the reparative process in an appropriate way, scaffolds
must fulfill a series of classical physicochemical, mechanical,
and biological requisites, including biocompatibility, biore-
sorbability, non-cytotoxicity, appropriate stiffness, elasticity,
and surface properties [1, 10, 11]. Scaffold characteristics are
primarily determined by the nature and chemistry of the
selected biomaterial. Natural and synthetic polymers are the
most widely used biomaterials, allowing the fabrication of
scaffolds with a wide range of bioactivity, biomimicry, bio-
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Figure 1. Main therapies for tissue engineering and regenerative medicine. (a) Cell-based therapy; (b) scaffold-based therapy; (c) therapy based on the
implantation of cell-laden 3D constructs. In scaffold-based therapy, scaffolds can be implanted without cells (Strategy 1), after cell seeding (Strategy 2), or upon in
vitro culture (Strategy 3). For simplicity, traditional biofabrication techniques to produce 3D scaffolds were not considered in this work.

degradation, and cell interactive properties [12]. For certain
applications, such as bone or osteochondral tissue engineer-
ing, polymeric scaffolds are usually reinforced with bioac-
tive ceramic materials (e.g., hydroxyapatite or p-tricalcium
phosphate), in order to achieve better mineralization and
integration into the host [13, 14]. In addition to the nature of
the biomaterial, the biofabrication technique also determines
key features of the scaffold (e.g., pore size, shape and inter-
connectivity, internal architecture, micro and macroporosity,
surface topography, and spatial distribution of pores) at a
macro, micro, and nanometric scale, strongly influencing the
in vitro cell behavior and the in vivo tissue formation [15-17].
To date, a multitude of biofabrication techniques is available
to produce two-dimensional (2D) and three-dimensional (3D)
matrices for scaffold-based therapy. Traditional biofabrica-
tion techniques, such as solvent casting, freeze drying, or gas
foaming, are still applied in the fabrication of porous scaf-
folds from a variety of biomaterials. This continued use is
mainly due to their simplicity and low cost, since they do not
require any sophisticated machinery. However, they provide
limited control over the internal architecture (e.g., porosity,
pore size, spatial distribution, and interconnectivity of pores),

imposing severe restrictions on the introduction of spatial
variations of biomaterials throughout the scaffold [10, 18].
Another important limitation is the impossibility of including
living cells and signaling molecules during fabrication, due to
the presence of non-compatible solvents, lengthy timescales,
and harsh conditions [18]. In contrast, additive biofabrication
techniques, such as stereolithography (SLA), selective laser
sintering (SLS), melt extrusion or fused deposition model-
ing (FDM), and inkjet printing or 3D printing (3DP), enable
the fabrication of scaffolds with enhanced accuracy, resolu-
tion, and reproducibility [1, 19]. Using these techniques, 3D
scaffolds are automatically generated through a layer-by-
layer approach, remarkably increasing the complexity and
heterogeneity of the fabricated structures. Additive technolo-
gies allow for integration with medical-image systems, and
provide better control over scaffold properties. However,
major drawbacks still persist in these technologies regarding
the non-homogeneous seeding of cells, insufficient vascu-
larization, and heterogeneous tissue growth [20]. Therapies
based on the implantation of cell-laden matrices appear to be
promising alternatives to address the limitations of cell- and
scaffold-based modalities, through the direct fabrication of
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heterogeneous 3D environments organized at different length
scales [21]. In these therapies, a group of biofabrication tech-
nologies capable of manipulating a plethora of biomaterials,
cells, and signaling molecules are employed to generate spe-
cialized environments that recapitulate the native ECM of the
target tissue, not only from a structural point of view but also
from a biochemical perspective [20, 22]. These technologies,
known as bioprinting, are recognized as a key tool in tissue
engineering. They enable the rapid fabrication of complex
constructs through a controlled layer-by-layer deposition of
prepolymer solutions, suspended cells, cell aggregates, and
biologically active molecules (referred as “bioink”) onto a re-
ceiving substrate (known as “biopaper”) [18, 22]. Bioprinting
has been successfully applied in the fabrication of cell-laden
constructs with enhanced levels of heterogeneity, which si-
multaneously act as scaffolds to accommodate embedded
cells and platforms for the delivery of therapeutic molecules
[23].

Among the biofabrication techniques currently being ap-
plied to produce 3D constructs for biomedical applications,
photo-fabrication technologies have been attracting increas-
ing interest, due to their excellent resolution, accuracy, and
ability to precisely manipulate biomaterials, cells, and thera-
peutic molecules in 3D environments [24]. In photo-fabrica-
tion technologies, a variety of light-induced reactions, such
as photopolymerization, photopatterning, and photodegra-
dation, are employed to promote the synthesis of hydrogels
(photopolymerization) and/or to introduce biochemical or
mechanical changes in the hydrogel network (photopat-
terning and photodegradation). The light-induced reactions
involved in photo-fabrication allow in situ crosslinking of
photosensitive polymers in the presence of cells and bioactive
molecules, providing great control over the spatiotemporal
formation of the hydrogel [25, 26]. These technologies are also
very attractive due to their ability to manipulate hydrogel
features in real time with micron-scale resolution (e.g., alter-
ing gel crosslinking density, locally cleaving photosensitive
bonds, and patterning biological functionalities), provid-
ing further control over cell functions (e.g., migration and
proliferation) and the release of biochemical ligands [24, 27,
28]. This review paper focuses on recent developments in 3D
photo-fabrication strategies for tissue regeneration and the
delivery of therapeutics. The next section describes the key
elements of light-sensitive systems, focusing on photopoly-
merization schemes, photoinitiators, and strategies to intro-
duce reactive functional groups into the polymer chain. Sub-
sequent sections emphasize the photo-fabrication techniques
used to engineer 3D constructs for biomedical applications.

2 Engineering photosensitive systems for
biofabrication

Photosensitive systems can be defined as polymer-based for-
mulations that respond to an external light stimulus, through
a series of changes in their physical, chemical, or mechanical
characteristics. Photopolymerization and photodegradation
reactions are commonly used to trigger changes in a photo-
sensitive system and to produce 3D structures.
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Photopolymerization is one of the most explored methods
of creating covalently crosslinked hydrogels, through the ex-
posure of a photosensitive system composed of unsaturated
prepolymers, photoinitiators, and other compounds such as
cells and therapeutic molecules, to ultraviolet (200-400 nm)
or visible light (400-800 nm) [25, 29]. The use of light energy
affords the rapid in situ formation of hydrogels (occurring in
timescales of seconds to a few minutes), under biocompatible
reaction conditions and low initiating radical doses. This rap-
id formation provides facile control over the spatiotemporal
formation of the gel at relevant length scales [25, 30, 31]. The
resolution and spatiotemporal control conferred by the light
are important not only to induce the hydrogel crosslinking,
but also to D promote the local cleavage of photosensitive
bonds [32], @ introduce specific biochemical functionalities
in 3D environments [27], and (3 assist in the printing of cel-
lular bioinks [33].

2.1 Photopolymerization reactions

Photopolymerization reactions used for the synthesis of bio-
compatible hydrogels can be classified into free-radical-initi-
ated chain polymerization and bio-orthogonal click reactions
[34].

Free-radical photopolymerization, based on (meth)acrylate
functionalized prepolymers and occurring through a chain-
growth mechanism (Figure 2), is the most popular method
for producing hydrogels. The incident light energy (photons)
that is absorbed by the photoinitiators triggers the formation
of free radicals that react with the vinyl bonds present in the
prepolymer, promoting the establishment of chemical cross-
links between the polymer chains [35]. This polymerization
reaction permits the synthesis of hydrogels from a variety of
natural and synthetic polymers, resulting in hydrogels with
tunable mechanical, degradation, and biological proper-
ties. Hydrogels can also be further functionalized with cell
adhesive moieties and degradation sites in a relatively easy
and reproducible manner [36, 37]. However, radical-initiated
chain-growth polymerization has several limitations, includ-
ing: @ relatively poor control over the crosslinking kinetics,
@ oxygen inhibition, 3 the presence of unreacted double
bonds that might potentially react with biological substances,
and @ the generation of heterogeneities within the polymer
network, due to the random chain polymerization [30, 34,
38, 39]. On the other hand, bio-orthogonal click reactions are
characterized by orthogonal reactivity and the step-growth
mechanism of the polymerization reaction, enabling the
fabrication of structurally uniform hydrogels with minimal
network defects [30, 34, 38, 39]. In addition, click chemistry is
insensitive to water and oxygen, and can proceed under mild
reaction conditions with higher efficiency, selectivity, and
faster kinetics when compared to free-radical polymerization
[27, 39, 40].

Among the myriad of existing bio-orthogonal click
schemes, the thiol-norbornene (thiol-ene) photoclick reac-
tion has emerged as a powerful method for engineering bio-
compatible hydrogels. This reaction involves light-mediated
orthogonal reactions between multifunctionalized mac-
romers that are end-capped with norbornene functionalities
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Figure 2. Light-mediated polymerization reactions to engineer hydrogels for tissue engineering.

and sulfhydryl-containing linkers, in the presence of low
amounts of photoinitiator [34, 39-41]. Under UV or visible
light irradiation, the thiol-ene reaction promotes the rapid
radical-mediated addition of thiols (e.g., bis-cysteine peptides
and dithiothreitol) to carbon-carbon double bonds within
functionalized prepolymers (e.g., norbornene-functionalized
four-arm poly(ethylene glycol) (PEG)), yielding thioether
bonds without inducing cytotoxic effects to the encapsulated
cells (Figure 2) [27, 42, 43]. Like free-radical polymerization,
the thiol-ene reaction is photochemically controlled and af-
fords the localized covalent tethering of pendant matrix me-
talloproteinase (MMP)-degradable and/or adhesive peptide
sequences, resulting in enhanced control of hydrogel deg-
radation, cell fate, and cell-matrix interactions [27]. Radical-
mediated thiol-norbornene photopolymerization can also be
performed in both acellular and cell-laden hydrogels, for ma-
nipulating the biomechanical and biochemical characteristics
of the hydrogels [44].

2.2 Cytocompatible photoinitiators

The selection of a suitable photoinitiator is a prime requi-
site to ensure an adequate polymerization rate and to avoid
cytotoxic effects for both embedded cells and surrounding
tissues. When selecting a photoinitiator, key characteristics
should be considered, including water solubility, stability,
absorption spectrum, molar absorptivity, and efficiency in
generating free radicals [25, 43]. Currently available photo-
initiators can be divided into two main categories: radical or
cationic [45]. Radical photoinitiators are the most used, due
to their superior biocompatibility. On the other hand, the use
of cationic photoinitiators results in the formation of protonic
acids, making these photoinitiators less useful in biomedical
applications [25]. According to the mechanism involved in
the generation of free radicals, radical photoinitiators can be
further categorized as photo-cleavable photoinitiators (type I)
or bimolecular photoinitiators (type II). Upon light exposure,
type I photoinitiators (e.g., benzoin derivatives, benzyl ke-
tal, acetophenone derivatives, hydroxyalkylphenones, and
acylphosphine oxides) absorb incident photons and decom-

pose into two primary radicals that initiate the crosslink-
ing, whereas type II photoinitiators (e.g., benzophenone,
camphorquinone, and thioxanthone) abstract the hydrogen
from a co-initiator to generate secondary radicals for cross-
linking [43, 45]. Although type I initiators are usually the
first choice because of their superior initiation efficiency
[39], recently there has been an increasing interest in type II
initiators for visible-light-mediated polymerization (Table 1).
The main concern associated with the use of light-mediated
polymerization for cell encapsulation is the potential cyto-
toxicity of free radicals generated by photoinitiators. During
photopolymerization, free radicals can react with cellular
components (e.g., cell membrane, nucleic acids, or proteins)
via either direct contact or the formation of reactive oxygen
species, which may compromise the viability of embedded
cells, and even lead to DNA damage [26, 46]. The cytotoxic
effects of several photoinitiators on both primary cells
and cell-lines are well-documented in the literature, and
strongly depend on the photoinitiator type and concentra-
tion, exposure time, and light intensity [26, 46-49]. Irgacure
2959 (1-[4-(2-hydroxyethoxy)-phenyl]-2-hydroxy-2-methyl-1-
propane-1-one) is the most commonly used photoinitiator,
due to its moderate water solubility and low cytotoxicity.
However, its low molar extinction coefficient in the UV-A
spectral range, and its low initiation efficiency, boosted the
research on alternative photoinitiators exhibiting enhanced
biocompatibility and/or efficiency, such as 2,2"-azobis[2-meth-
yl-N-(2-hydroxyethyl)propionamide] (VA-086) and lithium
phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) [47, 50-52].
In parallel to this work, researchers concentrated efforts on
the formulation of photopolymerizable systems containing
visible-light-sensitive photoinitiators (e.g.,, camphorquinone,
riboflavin, and Eosin-Y), in order to mitigate potential delete-
rious effects of UV light on the encapsulated cells [43, 53].

2.3 Designing advanced biomaterials for light-mediated reactions

The design of hydrogel precursors for light-mediated reac-
tions, including photopolymerization, photodegradation, and
photopatterning, involves the consideration of a plethora of
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physicochemical, mechanical, and biological features that de-
termine the processing and performance of the hydrogel, as
shown in Figure 3 [29, 59].

Hydrogels have been extensively explored in tissue en-
gineering and drug delivery, due to the availability of nu-
merous crosslinking schemes and to the unique ability of
hydrogels to resemble some features of natural ECM [31,
60]. Cell-compatible hydrogels can be prepared using poly-
meric materials of natural or synthetic origin [60]. Naturally
derived polymers retain inherent biochemical similarities
with the natural ECM matrix, providing biological recogni-
tion properties, cell-triggered degradation, and remodeling;
however, major concerns arise from the complex purifica-
tion processes, batch-to-batch variability, limited mechani-
cal properties, and potential immunogenicity [35]. On the
other hand, synthetic polymers are assuming a central posi-
tion in modern healthcare therapies because of their con-
trollable properties, superior mechanical performance, and
possibility for obtaining multifunctional hydrogels with
tunable properties [61]. However, pure synthetic polymers
often exhibit limited biocompatibility, biodegradability, and
cell-interaction properties [35]. To circumvent these limita-
tions, synthetic polymers are usually functionalized with a
number of biological motifs (e.g., cell-proteolytic domains
and/or cell adhesion sites) that provide control over the
hydrogel degradation, cell fate, and tissue remodeling [27].
Although polymers, whether natural or synthetic, have
several functional groups (e.g, COOH, NH,, and OH) in

3D Printing—Review [R{ERLEI(H 1

their chemical structure, most do not contain photoreactive
moieties, which precludes the occurrence of light-mediated
reactions [62]. Thus, the design of hydrogel precursors for
light-mediated chemistries primarily involves the chemical
modification of prepolymers with reactive pendant groups
(e.g., acrylates, methacrylates, or norbornene), which must
be selected according to both the photopolymerization
scheme to be used and their inherent cytotoxicity, reactiv-
ity, and biodegradability. The type and number of reactive
groups to be introduced into the polymer backbone should
also be carefully optimized, to prevent dramatic changes
in the physicochemical properties of the polymer (e.g., hy-
drophilicity, charge, water solubility, elasticity, mesh size,
and diffusivity), which may ultimately impair the hydrogel
cytocompatibility, biodegradability, and bioactivity. In the
next sections, we briefly describe the most common reactive
groups and chemical pathways for engineering hydrogel
precursors for light-mediated reactions.

2.3.1 Hydrogel precursors for free-radical polymerization

Hydrogel precursors for free-radical polymerization are syn-
thetized by introducing vinyl groups into the backbone of
natural and synthetic polymers, via chemical modification
with acrylates, methacrylates, fumarates, and vinyl esters,
as summarized in Table 2. It is widely accepted that acry-
lates possess the highest reactivity, followed by vinyl ester,
vinyl carbonate, vinyl carbamate, methacrylate, and fuma-
rate derivatives [63, 64]. Although the reactivity of acrylates

Light-sensitive system

= Polymer origin (natural or synthetic) and
properties (e.g., solubility, charge, stability)

= Biocompatibility, biodegradability, cell-
interactive properties

= Photoinitiator characteristics (e.g., type,
cytocompatibility, water solubility, efficiency)

= Cells, biochemical cues, therapeutics,
degradable domains, cell-adhesion moieties

Hydrogel microenvironment

= Incorporation and release of biochemical cues
(e.g., growth factors, cell adhesion moieties,
cell-proteolytic domains, photolabile sites)

= Effects on cell fate—adhesion, spreading,
migration, proliferation, differentiation

= Dynamic manipulation of hydrogel properties
(e.g., stiffness, crosslinking density,

Biofabrication technology

'’
‘m- = Traditional or additive biofabrication

processes
Resolution, accuracy and reproducibility
Construct complexity, shape and architecture
Biofabrication in presence of living cells
Fabrication time

Processing of multiple biomaterials and cell

topography) types
Hydrogel network properties
= Mesh size, porosity and crosslinking density
= Swelling behavior
= Mass transport
= Matrix mechanics (e.g., stiffness, elasticity,
shear modulus)
= Degradation pathways (e.g., hydrolytic,
enzymatic, photolysis)
' Hydrogel Gel backbone @ Crosslinking Degradable moiety Cell-adhesion site 'y Cell membrane receptor @\~ Cell

Figure 3. Design considerations when engineering biocompatible and biodegradable hydrogels through light-mediated polymerization reactions.
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enables high reaction kinetics and double-bond conversion,
the cytotoxicity and skin irritancy of acrylates still remain as
major pitfalls for biomedical applications [64]. On the other
hand, the main limitation of methacrylates is their limited
reactivity, as a result of the sterical hindrance and inductive
stabilization of radicals from the methyl group [65]. The skin
irritancy can be significantly reduced by ensuring an al-
most complete consumption of double bonds, avoiding non-
specific reactions with the amino or thiol groups in proteins.
Cytotoxicity has been mainly addressed by the development
of alternative monomers, particularly those based on vinyl
esters [63, 65]. Photopolymerizable monomers based on vinyl
esters were synthetized by Heller, exhibiting superior bio-
compatibility in the presence of the MC3T3-El1 cell line, when
compared to acrylate- and methacrylate-modified polymers.
These researchers also showed that susceptibility to in vitro
degradation occurs in the following order: vinyl ester > acry-
late > vinyl carbonate > methacrylate > vinyl carbamate [63,
65].

One of the most widespread chemical modifications con-
sists of the (meth)acrylation of polymers, through a reaction
with glycidyl methacrylate, methacrylic anhydride, or acry-
loyl chloride. Depending on the polymer chemistry and reac-
tive agent, the esterification reaction proceeds predominantly
through the primary hydroxyl groups [66], carboxylic groups
[67], and amine side groups [54] of the polymer, under either
homogeneous or heterogeneous conditions. Although homo-
geneous conditions are usually the first choice for the modi-
fication of natural polymers, because of their hydrophilic
nature [47, 50], reactive agents easily hydrolyze under these
conditions. Alternatively, natural polymers can be converted
to a tetrabutylammonium (TBA) salt in order to allow dis-
solution in organic solvents [68], or reacted under heteroge-
neous conditions by using a co-solvent mixture that reduces
the hydrolysis of functionalizing agents and enhances the
degree of modification [69].

2.3.2 Hydrogel precursors for thiol-ene click polymerization
Radical-mediated thiol-ene reactions also require the func-
tionalization of naturally derived or synthetic polymers
with reactive side groups. According to Tasdelen and Yagci
[41], the rate of thiol-ene conjugation is determined by
the chemical structure of alkenes, and the reaction with
electron-rich and/or strained alkenes is faster than with
electron-poor alkenes, following the order norbornene >
vinyl ether > alkene > vinyl ester > allyl ether > acrylate >
N-substituted maleimide > methacrylate > conjugated di-
enes. Due to their superior reactivity and ideal step-growth
polymerization, norbornene monomers are the most popu-
lar reactive groups for photoinitiated thiol-ene reactions.
Contrary to the step-growth polymerization of norbornene,
reactive groups like acrylates and methacrylates result in
the formation of hydrogel networks by a combination of
chain- and step-growth polymerization, due to competing
reactions between acrylate groups and thiol-ene coupling.
However, a recent work argued that the formation of thiol-
acrylate bonds predominates over the chain-growth homo-
polymerization of acrylate groups [56].
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2.3.3 Hydrogel precursors for photodegradation and pho-
topatterning reactions

Rather than simply triggering the establishment of chemical
bonds between polymer chains to induce hydrogel formation,
light-mediated reactions are also very attractive for promot-
ing the spatiotemporal degradation of crosslinks (e.g., releas-
ing therapeutics and reducing crosslinking) and inducing the
real-time patterning of biochemical cues within hydrogels
with micrometer-scale resolution.

The most common method of designing hydrogel precur-
sors for photodegradation is based on the use of molecules
containing nitrobenzyl ether moieties (e.g., o-nitrobenzyl
ether), which undergo photolysis through the absorption of
light in the UV and low visible light region, typically in the
range of 280-450 nm [32, 70, 71]. However, the photolysis
of nitrobenzyl moieties yields a nitroso ketone group and
a carboxylic acid group capable of reacting with the amine
moieties of proteins [32, 72]. This drawback was recently ad-
dressed through the use of coumarins as photodegradable
motifs; these undergo photolysis under both single- and two-
photon polymerization (2PP) irradiation, leading to the for-
mation of a less-reactive alcohol as a byproduct [72].

The simpler approach for engineering hydrogel precur-
sors for photopatterning reactions starts with the introduc-
tion of reactive functional groups into the polymer backbone
according to the aforementioned strategies. Next, the func-
tional groups that remain available (non-reacted) upon the
hydrogel formation are exploited for secondary reactions (e.g.,
light-mediated peptide coupling), thereby avoiding complex
and time-consuming chemical modifications [55]. In more
complex approaches, hydrogel precursors can be specifically
designed to incorporate photolabile, caged moieties (e.g.,
bone morphogenic protein-2 (BMP-2) and BMP-7 covalently
modified with photocleavable azides) that remain unaltered
(inactive) during the gel formation. Upon localized light ex-
posure, the cages are released and the moieties reactivated
for subsequent biomolecule tethering [28, 73]. Although this
approach involves additional, complex chemical reactions,
especially for the synthesis of caged moieties, it provides the
possibility of engineering environments with site-specific
tethering of fragile biochemical cues, placed in predefined 3D
spatial locations within the gel, which react at a desired time.

3 3D photo-fabrication: From acellular scaffolds to
spatiotemporally manipulated cell-laden constructs

3D photo-fabrication comprises a group of techniques that
use light energy to trigger a series of chemical reactions in
a photosensitive system, including single and 2PP stereo-
lithography [10]. In a different approach, laser direct-write
techniques, such as laser-guided direct write (LGDW) and
modified-laser-induced forward transfer (modified-LIFT),
employ light energy to generate radiation forces or local heat-
ing, respectively, that promote the ejection of bioinks toward
a substrate [79, 80]. In both approaches, photo-fabrication en-
ables the fabrication of personalized, complex 3D structures
through a multi-step protocol that is fully implemented in
additive biomanufacturing technologies, and starts with the
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generation of a computer solid model. This model can be obtained by computer-
aided design (CAD) software or medical imaging techniques (e.g., computer tomog-
raphy and magnetic resonance), the latter allowing the generation of patient-specif-
ic implants. The model is subsequently tessellated as an STL file that represents the
3D model by a number of three-sided planar facets (triangles), each facet defining
part of the external surface of the object. Finally, the STL model is mathematically
sliced (SLI model) into thin layers (typically 25-100 pm thick) by using either uni-
form slicing (where layer thickness is constant throughout the model) or adaptive
slicing (where layer thickness changes according to the model surface geometry)
model methods [1, 19, 81].

Photo-fabrication technologies are currently used for several applications, such
as D generating 3D structures by inducing the establishment of crosslinks between
prepolymers in solution (“additive mode”), @ promoting the local cleavage of
photosensitive moieties, leading to a spatiotemporally controlled disruption of the
polymer network (“subtractive mode”), 3 assisting the 3D printing of bioinks (“ad-
ditive mode”), or @ mediating the patterning of biomolecules (“additive mode”).
In the following sections, we describe the principles of the photo-fabrication tech-
niques and strategies that are used to engineer 3D constructs for tissue engineering
and drug delivery applications.

3.1 Single- and two-photon stereolithography

Stereolithography is an additive biofabrication technique that produces 3D solid
objects in a layer-by-layer procedure through the selective photo-initiated curing
reaction of a liquid photosensitive material. The curing reaction is triggered by the
incidence of light with an appropriate wavelength (UV, visible, or near-infrared
[near-IR]), intensity, and duration, resulting in two distinctive processes: single-
photon polymerization or two-photon polymerization. Although the chemical
principle of these processes is similar, single-photon polymerization involves the
absorption of a sole photon, while in 2PP, the molecule simultaneously absorbs two
photons with relatively low intensity, and is excited to a higher singlet state. As the
probability of the electronic excitation of a molecule by simultaneous absorption
of two photons depends quadratically on the incident light intensity, 2PP allows a
submicron 3D resolution (~200 nm) with greater depth and ultrafast fabrication [45,
81].

Stereolithographic processes produce 3D structures in a layer-by-layer fashion
using two fundamental irradiation approaches: O direct or laser writing and
@ mask-based writing (Figure 4). The first employs a focused laser beam to selec-
tively induce the polymerization of a liquid photopolymer, while the second trans-
fers an entire image to a liquid prepolymer by irradiating through a patterned
mask that contains transparent zones corresponding to the sections of the model to
be built. The major advantage of the mask-based approach lies in the fast process-
ing and the low-density flux of light over the prepolymer, which avoid undesirable
polymerizations [81, 82].

Traditional stereolithography apparatus consists of a vat loaded with prepoly-
mer, a computer-controlled platform in which the model is built, a light source,

Laser-writing approach Mask-based writing approach

Scanner system —> g

< DMD device

Laser source —> ¢ <— Laser light P

/ 3D scaffold

Fabrication >
platform

Light-sensitive
polymer

Figure 4. lllustration of light irradiation approaches in stereolithography.
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and a system that projects light over
the prepolymer. In the laser-writing ap-
proach, a computer-controlled dynamic
mirror system guides and projects the
laser beam in a point-by-point scan-
ning manner over the photosensitive
prepolymer. In contrast, in the mask-
based approach, liquid crystal display
panels and digital micromirror devices
(DMDs) are used to quickly generate
the masks with precise alignment to il-
luminate a pattern on the prepolymer
surface. Once one layer is solidified,
the platform dips into the polymer vat
and the cured layer is recoated with a
uniform layer of the liquid prepolymer
for subsequent irradiation. The process
is sequentially repeated until the 3D
structure is complete. Post-processing
steps are usually required to remove
the non-polymerized prepolymer and,
for some applications, to promote the
post-curing of the structure [81, 82].
Although conventional stereolithog-
raphy has superior resolution and accu-
racy to other additive biomanufacturing
techniques (e.g., melt extrusion or inkjet
printing), advances in engineering and
photonics have led to the development
of alternative processes with higher
resolution, such as microstereolithogra-
phy and 2PP stereolithography. In mi-
crostereolithography, the laser beam is
more precisely focused, which reduces
the spot size to a few micrometers in
diameter, improving the resolution
of the process. For example, in DMD-
based microstereolithography, the
achievable lateral and vertical resolu-
tions are ~2 pm and ~1 pm, respectively
[83]. To date, 2PP stereolithography is
the most advanced technique, allowing
the ultra-fast fabrication of constructs
with 3D submicron resolution (> 65 nm)
by using a focused femtosecond near-
IR (~800 nm) wavelength to induce
polymerization [84]. In 2PP, the polym-
erization can occur under the material
surface, but it is limited to the focal
point of the femtosecond laser, due to
the strong decrease in the number of
excited molecules as the distance from
this region increases. As a result, 2PP
stereolithography allows for a fine con-
trol over polymerization in a 3D envi-
ronment [84]. Although this technology
possesses numerous advantages, 2PP
systems are still very expensive and



operate with a single material, which precludes the fabrica-
tion of multi-material constructs [45, 79]. To circumvent these
limitations, Bartolo and coworkers developed a mask-based
multi-photon and multi-material stereolithographic system,
designated as micro stereo-thermal-lithography (LSTLG)
[85]. This system can operate in three distinct modes by
using UV and near-IR radiation effects, alone or simultane-
ously, to generate free radicals for polymerization (Figure
5). Rather than processing one material at a time, the uSTLG
apparatus includes a multi-vat system that enables the fab-
rication of multi-material constructs [79, 86, 87]. Projection-
based stereolithography represents another useful variant
of traditional stereolithography, in which 2D patterns gen-
erated by DMDs are projected over the liquid resin through
a transparent, non-adhering plate. In this setup, the support
platform dips into the resin, and the structure is not ex-
posed to oxygen during light irradiation, significantly re-
ducing the oxygen inhibition [81, 88]. Recently, Tumbleston
et al. [89] developed a new variation of traditional stereo-
lithography that allows the rapid (minutes instead of hours)
and continuous fabrication of 3D structures with resolution
below 100 um. In this process, termed as continuous liquid
interface production (CLIP), a continuous sequence of im-
ages generated by a UV digital light-processing imaging
unit is projected through a UV-transparent and oxygen-
permeable build window, above which the object is built.
The oxygen-permeable window permits the formation of
an oxygen-containing “dead zone,” that is, a thin uncured
liquid layer, between the build window and the surface of
the crosslinked structure. The thickness of the thin uncured
liquid layer (in the range of tens of micrometers) can be ad-
justed by optimizing the operating parameters, preventing
the adhesion of the structure to the transparent window,
and allowing the continuous drawing out of the object from
the vat during the fabrication. The elevation of the object
from the resin vat generates suction forces that continu-
ously renew the photosensitive polymer in the surface of
the structure, precluding intermediate, time-consuming
re-coating and re-positioning operations. Since the slicing
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thickness does not affect the fabrication speed, the CLIP
process allows the rapid fabrication of smooth structures
without increasing the fabrication time, which is impos-
sible in conventional stereolithography. The resolution and
rapid fabrication of the CLIP process make it very attractive
for engineering complex constructs with clinically relevant
dimensions, and intricate architectures for biomedical ap-
plications.

3.1.1 Stereolithography for scaffold-based therapies
The fabrication of 3D scaffolds with intricate microarchitec-
tures is one of the most explored applications of stereolithog-
raphy in the biomedical field. In scaffold-based therapies,
stereolithographic processes are applied to produce scaffolds
that can be directly implanted into the lesion, or seeded with
cells for later implantation. As the prepolymer solution con-
tains neither living cells nor therapeutic molecules, the range
of processable biomaterials is not limited to natural and
synthetic hydrogels [90-92], but also includes biodegradable
thermoplastic polymers, such as propylene fumarate (PPF)
[93], poly(e-caprolactone) (PCL) [94], poly(D,L-lactide) (PDLLA)
[95], and poly(trimethylene carbonate) (PTMC) [96]. After
modification with light-reactive groups, these prepolymers
are usually mixed with reactive (e.g., diethyl fumarate [DEF])
or non-reactive (e.g., propylene carbonate) diluents to reduce
the viscosity and provide enhanced control over the degree
of crosslinking and the mechanical properties of the scaf-
folds [81, 96, 97]. Alternatively, solvent-free approaches have
also been developed to suppress the use of non-degradable
diluents in order to allow the fabrication of constructs with
enhanced biodegradability and biocompatibility [90, 95]. A
residual amount of Orasol Orange dye is commonly added
to the resin formulation in order to precisely control the pen-
etration depth of the light into the liquid prepolymer [96, 98].
Most of the studies involving the stereolithography of acel-
lular scaffolds are devoted to assessing the applicability and
cytotoxicity of the developed resins, rather than demonstrat-
ing their efficacy in vivo [90, 93, 95, 97, 99, 100]. In one example,
Leigh et al. [90] developed a series of inhibitor- and solvent-

3D scaffold Star

Gear-wheel

Figure 5. Micro stereo-thermal-lithography system and examples of produced 3D structures.
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free PEG-based resins, and demonstrated their processing
into porous 3D scaffolds using a microstereolithography
device. After 1 week of culture, the scaffolds supported the
adhesion and proliferation of human bone-marrow-derived
MSCs. In a similar work, flexible and elastic scaffolds based
on three-armed methacrylated PTMC resins were prepared
by stereolithography for cartilage tissue engineering applica-
tions [96]. Bovine chondrocytes covered the scaffold surfaces
and secreted sulfated glycosaminoglycans and fibrillar col-
lagens during 6 weeks of culture, leading to a significant in-
crease in the compressive modulus of the constructs. More re-
cently, Gongalves et al. [101] synthetized a series of biobased
unsaturated polyesters through the bulk polycondensation of
biobased aliphatic diacids (succinic, adipic, and sebacic acid)
and two different glycols (propylene glycol and diethylene
glycol), using fumaric acid as a photoreactive group. Cyto-
compatible resin formulations were successfully processed in
3D scaffolds using the pSTLG system.

Although these works demonstrate the ability of 3D scaf-
folds to support cell functions, the lack of biological func-
tionality in synthetic polymer networks is still an important
limitation on optimal cell guidance and new tissue forma-
tion. To address these issues, the surfaces of 3D scaffolds can
be treated with cell-adhesive peptides or calcium-phosphate-
based coatings to improve cell adhesion and integration into
the host tissue [102, 103]. A recent study showed that the
surface modification of porous PPF scaffolds with calcium-
phosphate-based coatings combined with the delivery of
recombinant human bone morphogenetic protein-2 (rhBMP-2)
is an effective approach to promote in vivo bone healing [102].
Using a different strategy, Elomaa et al. [104] explored the
copolymerization of e-caprolactone and L-alanine-derived
depsipeptide in order to tailor the properties of synthetic
polymers. The incorporation of depsipeptide increased the
hydrophilicity, hydrolytic degradation, and compressive
strength of 3D scaffolds, without compromising the viability,
proliferation, and differentiation of cells seeded in photo-
crosslinked films. One alternative strategy to overcome the
limited cell-interactive properties of synthetic polymers and
to avoid time-consuming, expensive surface-modification
pathways consists of engineering photopolymerizable natu-
ral polymers for stereolithography. Gauvin et al. [105] dem-
onstrated the feasibility of mask-based stereolithography to
produce complex porous scaffolds based on gelatin meth-
acrylate, which naturally contains cell adhesion sites and
degradable moieties. Dynamically seeded human umbilical
vein endothelial cells (HUVECs) adhered and proliferated on
the scaffolds, maintaining the characteristic phenotype.

For applications in load-bearing tissues with heteroge-
neous composition, such as bone, thermoplastic polymers are
usually reinforced with ceramic-like materials. These formu-
lations not only combine the best properties of each material,
but more importantly enable the fabrication of scaffolds that
mimic the organic and non-organic phases of bone tissue.
Particular attention has been paid to the influence of ceramic
particles on the viscosity of prepolymers and the bioactivity
of 3D scaffolds [106-108]. For example, bioactive glass S53P4
and methacrylated PCL prepolymer were combined to pro-
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duce 3D scaffolds with gyroid pore network architecture.
Bioactive glass was homogeneously dispersed throughout the
scaffold, allowing the formation of calcium phosphate depos-
its on the scaffold surface, and stimulating the proliferation
of fibroblasts [107]. Alternative biofabrication strategies have
also been reported in producing ceramic scaffolds through
stereolithography. In general, these strategies involve the po-
lymerization of a polymer/ceramic slurry, followed by the re-
moval of the polymer (via thermal or dissolution treatment),
and the sintering of ceramic particles [88].

2PP stereolithography is an attractive technique to produce
3D scaffolds with enhanced resolution, using natural and
synthetic polymers [92, 109-112]. Kufelt et al. [110] explored
the use of 2PP stereolithography to produce 3D scaffolds
based on hyaluronic acid and PEG diacrylate. To demonstrate
the potential of this formulation for the delivery of relevant
factors, they conjugated epidermal growth factor (EGF) to
the functionalized hyaluronic acid, and assessed the effects
of EGF release on cell density. In a similar work, gelatin was
chemically modified with methacrylamide side groups, and
subsequently processed into 3D scaffolds capable of promot-
ing the adhesion, proliferation, and differentiation of mes-
enchymal stem cells [92]. Despite growing interest in 2PP
stereolithography, the number of suitable prepolymers and
two-photon photoinitiators is still a major limitation of this
technology [84].

In one of the few examples demonstrating the capability of
stereolithography to engineer 3D scaffolds for the delivery of
growth factors, Lee et al. [16] employed a microstereolithog-
raphy system to polymerize a resin formulation composed
of PPF/DEF photopolymer and BMP-2-loaded polylactic-
co-glycolic acid (PLGA) microspheres. To assess the in vivo
bone formation, BMP-2-loaded scaffolds produced by either
microstereolithography or particulate leaching/gas foaming
(a conventional scaffold for comparison) were implanted into
a rat cranial defect. After 11 weeks of implantation, results
showed a significant increase in new bone formation on the
defects treated with the scaffold produced by microstereo-
lithography, which reveals the positive effect of growth-
factor release and the influence of biofabrication techniques
on bone healing (Figure 6). Later, the same research group
reported the superior performance of PPF scaffolds contain-
ing BMP-2-loaded PLGA microspheres, and seeded with hu-
man adipose-derived stem cells, for promoting in vivo bone
formation in rat crania over acellular scaffolds [113]. In an-
other study, porous 3D PPF scaffolds were coated with both
rhBMP-2 (at different doses in collagen) and calcium phos-
phates, and their ability to promote in vivo bone regeneration
was evaluated over 6 weeks in a bone-defect rabbit calvarial
model [101]. Results showed that the synergetic effect be-
tween rhBMP-2 release and calcium phosphate coatings (in
particular magnesium-substituted p-tricalcium phosphate
and carbonated hydroxyapatite) promoted the new bone
formation. Stereolithography was also applied to create bio-
degradable PTMC networks for drug delivery applications
[114]. Fumaric acid monoethyl ester-functionalized PTMC
oligomers were copolymerized with hydrophilic N-vinyl pyr-
rolidone (NVP) and hydrophobic vinyl acetate (VAc) at dif-



ferent ratios in order to obtain networks exhibiting different
ranges of hydrophilicity. PTMC networks were loaded with
vitamin B12 as a model drug, and crosslinked by exposure to
UV light. In vitro release studies showed that PTMC networks
allow the sustained release of vitamin B12 during 23 weeks,
while the release kinetics can be controlled by changing both
the hydrophilicity and the crosslinking density of polymer
networks.

10 kV. *x700 20 ym

Figure 6. (a) SEM images of BMP-2-loaded PPF scaffold produced by
microstereolithography; (b) showing the embedded PLGA microspheres;
(c) Micro-CT images of bone regeneration after 11 weeks of implantation:
negative control; (d) BMP-2-unloaded conventional scaffold;
(e) BMP-2-unloaded microstereolithography scaffold; (f) BMP-2-loaded
microstereolithography scaffold [16].

Due to its unique resolution and ability to create small-
scale devices, stereolithography has also been widely ex-
plored to fabricate microneedles for the delivery of drugs
into and through the skin. Gittard et al. [115] combined 2PP
stereolithography and polydimethylsiloxane (PDMS) micro-
molding technologies to fabricate microneedle arrays from
a photosensitive polymer system composed of poly(ethylene
glycol) 600 diacrylate, gentamicin sulfate, and Irgacure 369 as
the photoinitiator. 2PP stereolithography was used to create
solid microneedle arrays, which were subsequently applied to
generate negative molds through PDMS micromolding. Then
the PDMS molds were used to obtain microneedle arrays by
molding and curing the photosensitive polymer system. Mi-
croneedles with base diameters of 150 pm, lengths of 500 pm,
tip angles of 45°% and >10 pm tip diameters were successfully
obtained by the stereolithography-micromolding method.
Agar plating assay showed that gentamicin was released
from the microneedles, inhibiting the growth of Staphylococ-
cus aureus bacteria. In another work, visible-light dynamic-
mask microstereolithography and pulsed laser deposition
were combined to produce antimicrobial microneedles for
the local treatment of skin infections. Microstereolithography
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was explored to create microneedles using a photosensitive
acrylate polymer (eShell 200), which were then coated with
silver or zinc oxide thin films using pulsed laser deposition.
Microneedles penetrated into porcine skin, exhibiting re-
markable antimicrobial activity against Staphylococcus epider-
midis and Staphylococcus aureus [116].

3.1.2 Stereolithography of cell-laden hydrogels

A distinctive feature of stereolithographic processes is their
ability to process living cells and sensitive molecules embed-
ded in hydrogel precursors under biocompatible conditions
with high resolution and accuracy. These capabilities have
been explored as a way to engineer complex 3D microenvi-
ronments in vitro that resemble the structural and composi-
tional characteristics of the natural ECM. Such environments
are fabricated by the selective photopolymerization of cell-
laden hydrogel precursors, and play a key role in the study
of cell response to biochemical cues and the elucidation of
mechanisms underlying cell-cell and cell-material interac-
tions [117, 118]. The direct fabrication of 3D poly(ethylene gly-
col) diacrylate (PEGDA) constructs with RGDS (Arg-Gly-Asp-
Ser) functionalization and embedded NIH/3T3 fibroblasts
was realized in a modified stereolithography system by ex-
ploring both top-down and bottom-up approaches. Although
2 mm thick constructs were produced through a top-down
approach without impairing cell viability, a heterogeneous
distribution of cells was observed as a result of cell settling
on the bottom of the reservoir. In contrast, the bottom-up
approach allowed the fabrication of constructs with homog-
enous cell distribution, although this approach involved the
manual delivery of cells. Using the latter approach, Chan et
al. demonstrated the feasibility of their strategy to engineer
multilayer 3D constructs with labeled cells placed in pre-
designed spatial locations, as shown in Figure 7(a) [119]. A
similar strategy was recently explored by the same research
group to create complex 3D constructs containing multiple
cell types encapsulated within hydrogels at specific locations,
for the purpose of studying reciprocal interactions between
two cell types (Figure 7(b)). Results clearly showed that fac-
tors secreted by skeletal muscle myoblast cells enhanced the
neuronal functionality of primary hippocampus neurons (a
2.5 times increase) through co-encapsulation, which proves
the usefulness of stereolithography for such applications
[118]. In another study, a projection stereolithography system
emitting visible light was employed to fabricate 3D hydrogel
scaffolds using human adipose-derived stem cells suspended
in PEGDA, with LAP as the photoinitiator, and Percoll to pre-
vent cell settling. Cells encapsulated within porous 3D scaf-
folds remained viable (> 90%) throughout the construct for 7
days post-fabrication [120]. Recently, 2PP stereolithography
was explored for the first time to generate 3D constructs in
the presence of living cells. An initial screening was first car-
ried out to assess appropriate 2PP photoinitiators, followed
by the suspension of human osteosarcoma cells in methacryl-
amide-modified gelatin and subsequent photopolymeriza-
tion. Findings revealed that reactive species produced during
2PP might be the cause of the observed cell damage, since
the operating parameters do not impair the viability of cells.
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Figure 7. Cell-laden hydrogel constructs produced by stereolithography. (a) 3D hydrogels fabricated by the layer-by-layer irradiation of PEGDA prepolymer
containing fibroblast cells, exhibiting uniform layer thickness (scale bars represent 1 mm) [119]; (b) fabrication of co-culture environments of skeletal muscle myoblast
cells and primary hippocampus neurons to assess the effects of proximity between cells on the functionality of the neurons quantified by measuring their choline
acetyltransferase (ChAT) activity after 10 days of culture [118].

Cells encapsulated within the matrices
and cultured for 3 weeks were able to
proliferate and migrate to the empty
spaces within the construct [121].

3.2 Laser direct-write techniques: 3D
printing of cells through light-mediated
effects

Laser direct-write techniques employ
light energy to precisely print biomate-
rials, cells, and therapeutic molecules
onto a receiving substrate. Although
the purpose of these techniques is not
to trigger photopolymerization reac-
tions, they can be coupled to stereo-
lithographic processes in order to engi-
neer complex constructs that have cells
placed in specific 3D locations within
photocrosslinked gels [122]. Laser
direct-write techniques afford the fab-
rication of complex 3D environments
with high resolution and accuracy in
a multi-layered printing procedure by
using computer-controlled substrates.
Since the resolution provided by these
processes cannot be achieved by other
bioprinting techniques, they are very
attractive for the engineering of ECM-
like environments.

3.2.1 Laser-guided direct writing
(LGDW)

Laser-guided direct writing (LGDW)
is an orifice-based biofabrication tech-
nique that uses optical forces from
the scattering of energetic photons in
a weakly focused continuous near-IR
laser to directly propel cells onto re-
ceiving surfaces (e.g., collagen or matri-
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gel) with micrometer resolution. The incident photons are focused through a low-
numeric-aperture lens, generating radiation forces that trap and guide cells onto
the target based on the differences in the refractive index between the cells and the
surrounding medium (Figure 8) [123]. LGDW apparatus consists of a weakly fo-
cused beam, a suspension containing the cells, a receiving substrate, and a comput-
er-controlled moveable system to control the cell deposition [124]. A conventional
system affords the guidance of cells over a distance of ~300 um due to the laser
beam divergence and convective fluid flow forces. In more advanced apparatus, the
inclusion of a hollow optical fiber allows cell transport over distances up to 7 mm
with increased quality of deposition [125]. LGDW has been used to print several
cell types in 2D and, to a limited extent, 3D patterns without compromising the cell
viability [123, 125, 126]. Although LGDW was a pioneer technology in patterning
living cells, its low cell throughput (2.5 cellsmin™) and poor reproducibility, along
with the development of more effective techniques, have significantly limited its
usage in tissue engineering [124].
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Figure 8. Typical apparatus of a LGDW system. (1) Focusing lens; (2) right-angle mirror; (3) sealed glass
chamber-slide; and (4) optional side-on imaging lens [123].

3.2.2 Laser-induced forward transfer (LIFT)

Techniques based on laser-induced forward transfer (LIFT) make use of a high-
energy pulsed laser to induce local melting of a liquid suspension, leading to its
ejection towards a receiving substrate. In contrast to LGDW, the orifice-free nature
of LIFT-based processes precludes issues related to clogging, viscosity, and con-
tamination; however, specific conditions must be satisfied in order to achieve drop-
let formation and ejection. The droplet formation mainly depends on laser and bio-
ink properties (e.g., laser fluency, bioink viscosity, and film thickness) and includes
three distinct modes: sub-threshold (no material deposition), jetting (well-defined
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jet formation), and plume (formation of atomized droplets) [127].

Conventional LIFT was originally applied in the direct writing of metals, but its
unique resolution and patterning capabilities have also been explored for biomedi-
cal applications by introducing several modifications to the traditional apparatus.
For example, modifications were done on the laser source and the composition of
printing ribbon in order to prevent damage to biological materials and to improve
the printing reproducibility. Potential deleterious effects to cells during printing
can also be significantly reduced, or even eliminated, by carrying out a careful
optimization of the processing parameters, such as the laser pulse characteristics,
viscosity of the bioink, thickness of the absorbing layer, and substrate properties
[128-130]. Modified-LIFT techniques for biofabrication can be classified into two
categories, according to the composition of the print ribbon: matrix-assisted pulsed
laser evaporation direct writing (MAPLE DW) and biological laser processing
(BioLP). Despite minor differences, the common setup for both techniques consists
of a pulsed laser source, a donor slide or print ribbon from which the biological
material is printed, and a collector substrate located a few hundred micrometers
from the donor slide that receives the printed droplets [124].

MAPLE DW uses a low-powered, pulsed laser operating in the UV or near-UV
wavelength (typically 193 nm) that is focused by a microscope objective at the in-
terface between the print ribbon and the optical absorbing material, resulting in
local heating, vaporization of the biopolymer layer, and ejection of the cell suspen-
sion (Figure 9). The print ribbon is a laser-transparent quartz disk that is coated
with a sacrificial biopolymer layer, which contains the cells [131]. The biopolymer
layer, usually composed of gelatin, or Matrigel, provides initial cell attachment,
absorbs the incident laser light, and promotes the energy transfer to generate the
droplet ejection. However, this layer does not eliminate the interaction between the
incident light and the cell suspension. MAPLE DW can achieve a spatial resolution
of less than 10 mm [131].
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Figure 9. Schematic illustration of the MAPLE DW apparatus. (Adapted from Ref. [132])

The capability of MAPLE DW to pattern mammalian cells into arbitrary sub-
tracts in an organized manner while exhibiting high post-printing viability was
demonstrated by several research groups [133-136]. Schiele et al. [135] developed a
novel strategy to print viable cells involving the use of gelatin to coat the print rib-
bon and the receiving substrate; in this way, they avoided the presence of factors
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that might interfere with the cell fate.
Human dermal fibroblasts were printed
through this strategy, and exhibited
high viability and an absence of DNA
damage. This strategy was further ex-
plored in order to recreate a stem cell
niche by precisely patterning embry-
onic stem cells onto a gelatin-coated
substrate. Printed cells remained vi-
able (~87%) and undifferentiated upon
deposition, forming embryoid bodies
after 7 days in culture. Furthermore,
the differentiation ability of embryonic
stem cells was not compromised by the
printing process [132]. MAPLE DW was
also explored for the co-patterning of
MG 63 osteoblast-like cells in the pres-
ence of hydroxyapatite, demonstrating
the possibility of printing composite
bioinks [137].

Biological laser processing (BioLP),
also referred as laser-assisted bio-
printing (LaBP), represents the most
advanced laser-assisted technique
currently available. In this technique,
a biocompatible laser-absorption inter-
layer (1-100 nm) is included between
the print ribbon and the cellular layer
(Figure 10), providing numerous advan-
tages over its MAPLE DW counterpart:
@ eliminating interaction between the
laser and the biological material, (2 re-
ducing heating, 3 allowing more effi-
cient droplet ejection, and @ providing
superior reproducibility [80, 127]. Drop-
let formation and ejection is achieved
by focusing a high-powered laser pulse
(usually a near-IR laser) onto the ab-
sorption layer, generating local heat-
ing and vaporization with consequent
vapor bubble formation and expansion
[127].

In the context of tissue engineer-
ing, BioLP has been explored to fab-
ricate cell-laden constructs for tissue
regeneration and 3D environments to
elucidate interactions between cells
and biomaterials [33, 139-141]. A good
demonstration of the capabilities of
BioLP to engineer complex, organized
cell-laden matrices for tissue regenera-
tion was realized by the fabrication of
bilayered 3D skin substitutes. In this
study, fibroblasts and keratinocytes
were separately embedded in collagen,
and subsequently printed onto a slide
coated with Matriderm. After 10 days
of culture, the constructs maintained
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Figure 10. BioLP apparatus. (Adapted from Ref. [138])

the structural organization, and functional cell-cell junctions
were detected between the cells [140]. The resolution and
multi-cell printing capabilities of BioLP were also explored
in an attempt to mimic vascular networks through the print-
ing of branch/stem structures of human umbilical vein en-
dothelial cells (HUVEC) and human umbilical vein smooth
muscle cells (HUVSMC) [141]. In addition to the printing of
cells embedded in polymers, BioLP enables the patterning of
composite bioinks made of biopolymers, cells, and ceramics,
opening promising perspectives for applications in the tissue
engineering of mineralized tissues. Guillemot et al. [33] dem-
onstrated the printing of human endothelial cells suspended
in sodium alginate and nano-sized hydroxyapatite. Droplets
with diameters of 70 um and containing 5-7 cells per drop
were patterned onto a quartz disk, and cells remained viable
for up to 11 days post-printing. Recently, the same research
group reported the sequential printing and assembly of
nano-sized hydroxyapatite and human osteoprogenitor cells for
engineering 2D and 3D constructs [138]. In a combinatorial
biofabrication strategy, the unique resolution of BioLP was
explored in order to pattern multiple cells in specific spatial
locations of PEGDA hydrogels that were produced by 2PP
stereolithography. 3D cellular constructs were fabricated by
precisely seeding vascular smooth-muscle-like cells into the
outer scaffold area, and endothelial cells into the inner scaf-
fold area, demonstrating the advantages of integrating photo-
fabrication techniques [122].

Although most of the available studies involving BioLP are
focused on the printing parameters and their influence on
cell fate in vitro, it was possible to identify impressive works
dealing with the in vivo evaluation of 3D cell-laden matrices
for skin tissue engineering and the in vivo biofabrication of
implants for bone healing. In the first case, 3D skin substi-
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tutes containing fibroblasts and keratinocytes arranged in
two separate regions were implanted in full-thickness skin
wounds created in nude mice. Results indicated the forma-
tion of a thin stratified tissue in the epidermal region and the
presence of new collagen secreted by fibroblasts, evidenc-
ing the formation of new skin-like tissue [142]. In the second
case, BioLP was employed to print nano-hydroxyapatite
directly onto a mouse calvaria defect model in vivo (Figure
11). Despite the heterogeneity of the results, it was possible
to implement a biofabrication strategy that allowed, to some
extent, the formation of new bone in vivo, as indicated by the
analysis of decalcified histological sections and micro-com-
puted tomography data [143]. In fact, BioLP is one of the few
additive biofabrication techniques that is already employed
to produce implants in vivo, which represents a great advance
toward clinical translation.

3.3 Photodegradation and photopatterning reactions: Moving to in
situ engineering of dynamic 3D microenvironments
Biofabrication strategies, based on photopatterning and pho-
todegradation approaches, are assuming a pivotal role in
tissue engineering and cell biology, as they provide spatio-
temporal control over the grafting/cleavage of biochemical
entities in a 3D environment, without altering neighboring
structures. Most importantly, these technologies enable dy-
namic changes in 3D environments, with submicron resolu-
tion at micro- and nano-scales, opening new opportunities
for engineering synthetic niches that resemble natural ECM.
When contrasted with traditional synthetic environments,
natural ECMs are complex and dynamic milieus that provide
specific spatiotemporal cues to the cells, determining cell
functions such as adhesion, proliferation, differentiation,
and morphogenesis. In a similar way, cells sense such bio-
chemical and biomechanical cues via surface receptors, and
respond in a dynamic manner through ECM remodeling [28,
61]. Accordingly, our ability to recreate this complex and in-
teractive 3D environment in the laboratory is essential for the
development of more effective therapies for tissue repair and
regeneration.

3D photopatterning is an exciting strategy for the engi-
neering of dynamic ECM-like environments by using laser or
lamp light irradiation to promote the controlled addition of
multiple biological entities, either inside or at the surface of
a substrate (e.g., hydrogels and nanofibers), with spatial and
temporal control. These techniques afford the engineering

Figure 11. In vivo bioprinting using a BioLP system. (a) lllustration of operating setup; (b) mice placed in a specific holder; (c) the bioprinting process.

(Adapted from Refs. [143, 144])
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of biomimetic constructs containing multiple cells in specific
3D locations, and simultaneously regulate the presentation
of biochemical and/or biomechanical cues that influence cell
functions in real time and in three dimensions [27, 28, 55, 145-
147]. In a typical setup, a cytocompatible photoinitiator and
the target molecule are incubated in the presence of the hy-
drogel, to allow their diffusion inside the polymer network.
The desired pattern is then created by irradiating the swelled
hydrogel at specific regions, resulting in the anchorage of the
desired molecules to the unconsumed photoreactive moieties
that were originally introduced in the hydrogel precursor.
Light energy from 2PP irradiation is usually preferred, owing
to its very small focal volume, fabrication depth, and biocom-
patibility with biological tissues.

DeForest et al. [27] employed 3D photopatterning to intro-
duce biochemical functionalities within cellular hydrogels
that were obtained by reacting a four-arm PEG tetra-azide
with bis(DIFO3) di-functionalized polypeptide in the pres-
ence of fibroblasts, through a copper-free click chemistry.
Upon hydrogel formation, orthogonal thiol-ene photocou-
pling chemistry was used to pattern peptides at specific loca-
tions within the hydrogels, by the establishment of covalent
bonds with the photoreactive allyl ester incorporated into the
crosslinking peptide. The exact location where the photocou-
pling reaction occurred was easily controlled, by selectively
exposing specific regions within the hydrogel to incident
light irradiation, either single or 2PP. The authors showed
that their approach allows the facile patterning of a cysteine-
containing fluorescently labeled RGD (Arg-Gly-Asp) amino
acid sequence within the gels, which locally influences cell
attachment and migration (Figure 12). A similar strategy
was recently used by Wylie et al. [145] to engineer 3D biomi-
metic hydrogels with spatial control over the presentation
of growth factors (sonic hedgehog and ciliary neurotrophic
factors) to stem cells, in order to spatially guide cell fate. This
work and others also indicate the ability of 3D photopattern-
ing to realize concentration gradients of proteins that influ-
ence cell migration, highlighting the possibility of recreating
the gradients of signaling molecules in natural ECMs [145,
148]. In a different approach, Mosiewicz et al. [28] explored
the spatiotemporal control conferred by light energy to lo-
cally promote the photoactivation of enzyme-mediated
bioconjugation reactions, toward the selective tethering of
biomolecules. The feasibility of this light-activated enzymatic
approach regulates the 3D invasion of mesenchymal stem
cells in MMP-sensitive PEG hydrogels, through the selective
patterning of the fibronectin-derived adhesion peptide RGD,
the recombinant fibronectin fragment FN9-10, and platelet-
derived growth factor B.

In addition to its use in the coupling of biochemical entities,
photopatterning was also exploited to improve the mechani-
cal properties of 3D hydrogels in space and time. Gramlich et
al. [55] applied photopatterning to enhance the mechanical
properties of hyaluronic acid hydrogels by means of thiol-
norbornene chemistry. Hyaluronic acid was first function-
alized with norbornene groups, and subsequently reacted
with di-thiols to allow hydrogel formation in a way that left
unreacted norbornene groups in the polymer backbone upon
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Figure 12. Examples of 3D patterning within hydrogels. (a) Patterning of
fluorescently labeled peptide sequences within a hydrogel using photomasks
and a thiol-ene reaction; (b) 3D micrometer-scale spatial patterning using a
confocal microscope; (c) confocal microscope image of human dermal fibroblasts
migrating within a RGDS-patterned region inside a collagenase-sensitive PEG
hydrogel; (d—f) effect of RGD patterning on the attachment of fibroblasts within
3D hydrogels, where (d) has no patterning, (e) has full patterning, and (f) has a
confined patterning region. (All images were reproduced from Ref. [27], with the
exception of image (c), which was reproduced from Ref. [147])

photocrosslinking. Next, secondary photopolymerization re-
actions between unreacted groups and a di-thiol crosslinker
allowed an over two-fold increase in the compressive moduli
as compared to the initial value. The authors also demon-
strated the ability of the thiol-norbornene pathway to allow
the sequential photopatterning of fluorescent dyes within
the gel with precise spatial and temporal control. Recently,
Mosiewicz et al. [149] developed an alternative approach
based on photo-labile caging groups to improve hydrogel
stiffness. In their strategy, photo-labile caging groups are
employed to temporarily mask one of the functional groups
involved in hydrogel crosslinking. Upon light irradiation,
the functional groups are reactivated, leading to the forma-
tion of local patterns of increased stiffness. This approach
was employed to tailor the matrix stiffness of PEG hydrogels
synthetized by Michael-type addition chemistry in the range
of 3.3-8.2 kPa, and to assess its effects on the migration of hu-
man mesenchymal stem cells. Owing to their versatility, pho-
topatterning technologies have also been employed in other
substrates, including the immobilization of vascular endo-
thelial growth factor in 3D scaffolds with a patterning depth
of 500 um [150], and the creation of RGD peptide patterns in
nanofibers produced through electrospinning with the pur-
pose of guiding cell behavior [151]. Photopatterning was also
applied for the immobilization of growth factors (bFGF and
BMP-2) in PCL/gelatin fibrous scaffolds, in order to regulate
the osteogenesis of human mesenchymal stem cells (hMSCs)
[152]. In this strategy, bFGF was loaded onto the fibers and
BMP-2 was immobilized within the PEG hydrogel patterns in
order to afford the sequential delivery of low doses of bFGF
during the early stages, and the sustained release of BMP-2
over long periods. Cell culture studies showed the positive
contribution of controlled and sequential delivery of growth
factors on the osteogenic differentiation of hMSCs compared
to the individual release of both factors (Figure 13). In another
work, thiol-ene chemistry was explored to immobilize thio-
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lated transforming growth factor-p1 (TGF-P1) in step-growth
PEG hydrogels for the local presentation of the growth factor
to embedded chondrocytes [153]. This approach was suc-
cessfully applied to covalently bound TGF-p1 throughout
the hydrogel in a homogenous manner, without altering its
bioactivity. Local and sustained delivery of TGF-p1 resulted
in increased DNA content, glycosaminoglycan, and collagen
secretion by chondrocytes within the hydrogel over 4 weeks,
when compared to the cells in the presence of soluble growth
factor delivered in the media. Together, results demonstrated
the usefulness of light-mediated reactions for tethering and
releasing growth factors to enhance cartilage tissue regenera-
tion.

Photodegradation is emerging as a powerful tool to ma-
nipulate cell environments in real time by altering hydrogel
features in a subtractive manner, rather than through the
addition of biological cues or biomaterials. Therefore, these
reactions are capable of mimicking, to some extent, some
key events of natural tissues, including ECM remodeling
and proteolysis during wound healing. Increasing interest
in photodegradation for biomedical applications has boosted
research on novel photodegradable hydrogels [78, 154-156].
The merits of photodegradation have been explored for a
variety of applications, including the manipulation of cell
behavior in 3D environments and the control of the release of
therapeutics. The basic concept of photodegradation involves
the use of localized light irradiation to trigger the photolysis
of photosensitive moieties (o-nitrobenzylether, biaryl-substi-
tuted tetrazole, and coumarin-based moieties), which leads to
the spatiotemporal cleavage of polymeric crosslinks and/or
to the release of therapeutics [72, 157-159]. In contrast to other
degradation mechanisms such as hydrolysis and enzymatic
degradation, in light-mediated degradation the extent of pho-
tolysis is easily controlled in real time by changing the light
intensity, exposure time, and wavelength [158, 160].

One of the most useful applications of photochemistry
involves the real-time manipulation of matrix elasticity in
order to investigate the effects of dynamic changes in cell
response or to direct cell phenotype [155, 161, 162]. Kloxin et
al. [161] developed photodegradable PEG-based hydrogels ca-
pable of encapsulating living cells and undergoing controlled
degradation upon light irradiation. This dynamic system was
explored as 2D culture platforms of variable elasticity in or-
der to assess the influence of matrix elasticity (~32 kPa to ~7
kPa upon 5 min of light irradiation) and gradients of elastic
modulus on the fibroblast-myofibroblast differentiation pro-
cess. Another relevant application of photodegradation in-
volves the localized photocleavage of hydrogel crosslinks in
order to guide cell functions in either 3D or 2D environments
[32, 71, 160, 163]. This approach was elegantly demonstrated
by DeForest and Anseth, who used multiple wavelengths of
light to independently control the functionality and architec-
ture of four-arm PEG-based hydrogels produced by a copper-
free, strain-promoted azide-alkyne cycloaddition (SPAAC)
reaction [160]. The functionality of the hydrogels was tailored
by means of thiol-ene photoconjugation reactions in the pres-
ence of visible light (490-650 nm for single-photon, 860 nm
for 2PP), while the 3D architecture was changed through
photocleavage reactions of photodegradable o-nitrobenzyl
ether moieties upon the exposure of UV light (365 nm for
single-photon, 740 nm for 2PP). A thiol-ene photocoupling
reaction of peptide ligands and photolysis can be performed
in cell-laden 3D hydrogels without cytotoxic effects to the
cells (> 95% viability). The authors also showed that these
reactions permit spatiotemporal control over the migration of
fibroblasts within hydrogels by eroding migration channels
in 3D and by decorating their surfaces with a RGD adhesive
motif (Figure 14). Recently, Tsang et al. [32] used a similar ap-
proach to direct cardiomyocyte organization and alignment
in gelatin-based photodegradable hydrogels. Gelatin meth-
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Figure 13. (a) Combinatorial biofabrication strategy used to prepare a dual growth factor-loaded scaffold using electrospinning and patterning techniques; (b) in vitro
release of growth factors from the scaffolds; (c) their effects on the ALP activity of cultured hMSCs [152].
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acrylamide was crosslinked with a photodegradable PEG
crosslinker containing both terminal o-nitrobenzyl ester and
methacrylate moieties to afford photolysis and crosslinking
(via redox-initiated polymerization or visible light photo-
polymerization). Upon exposure to light irradiation (5 min,
320-500 nm, 20 mW~cm’2), well-defined microsized patterns
were created in the surface of hydrogels in order to control
the alignment of seeded neonatal rat cardiac fibroblasts and
cardiomyocytes. Photodegradation is also very attractive
for the controlled delivery of therapeutics from different ve-
hicles, including nanoparticles, microspheres, and gels [73,
164-169]. In one example, a series of photodegradable poly-
urethane polymers was synthetized, and exhibited the ability
to be assembled into nanoparticles containing encapsulated
water-insoluble drugs. In this work, the most promising for-
mulation was loaded with drugs and used for drug delivery
studies in the presence of cells. Drug-loaded nanoparticles af-
ford uptake by macrophages and are able to release the drug
in the cells upon exposure to external light irradiation [166].
In another work, Azagarsamy and Anseth [73] developed a
novel strategy involving the use of two photocleavable units
in order to afford the selective and sequential release of mul-
tiple proteins (BMP-2, BMP-7) from the same hydrogel. Pro-
teins were covalently conjugated to the hydrogel networks
through photocleavable units based on nitrobenzyl ether
(photolysis at 365 nm) and coumarin methylester (photoly-
sis at 405 nm), and their temporal release was regulated by
varying the wavelength of light, and the intensity and time
of light exposure. No modifications on the bioactivity of re-
leased proteins were detected through osteogenic differen-
tiation assays involving hMSCs. The spatiotemporal control
conferred by light energy was also explored to control the
intracellular release of an anti-cancer drug, paclitaxel, in-
side of human fibroblasts and liver cells [167]. Paclitaxel was
loaded in gold nanoparticle-capped mesoporous silica nano-
spheres (PR-AuNPs-MSN), which were rapidly endocytosed
by both cell types. After exposure to UV irradiation (365 nm)
for 10 min, a significant decrease in the cell viability was ob-
served for liver (44.2%) and fibroblast (43.5%) cells containing
drug-loaded nanospheres. In contrast, PR-AuNPs-MSN with-
out the drug was not cytotoxic for the cells, either before or
after UV light irradiation. Collectively, these results highlight
the potential of light-mediated reactions for the controlled
release of anti-cancer drugs in chemotherapy. In a similar
approach, UV light was applied to trigger the delivery of an
anti-cancer drug (5-fluorouracil) covalently linked to mi-
celles functionalized with coumarin [poly(ethylene oxide)-
b-poly(n-butylmethacrylate-co-4-methyl-[7-(methacryloyl)
oxyethyloxy]-coumarin)] [168]. Micelle-drug conjugates with
diameters of 70 nm and exhibiting excellent biocompatibility
for L929 cells were obtained through exposure to UV light ir-
radiation of wavelength 350 nm. The release of 5-fluorouracil
from the micelle-drug conjugates was achieved by using UV
light irradiation of wavelength 254 nm to cleave the photola-
bile linkers between drug and polymer chains. In vitro tests
revealed that 68% of the drug was released from the micelle-
drug conjugates within 12 h without burst release effect.
Although the penetration of UV light into the skin is limited,
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thereby precluding the application of micelle-drug conju-
gates for cancers located in deep tissues, this approach can
be translated for light wavelengths with higher skin penetra-
tion.

(b)

(d

Figure 14. (a) Photopatterning of red- and green-labeled patterned peptides
within 3D hydrogels using multiphoton laser light (A = 860 nm); (b) 3D
photodegradation reaction performed in specific locations with micrometer-
scale resolution by using multiphoton laser light (A = 740nm); (c) manipulation of
cell motility within hydrogels containing 3T3-fibroblast-laden clot surrounded by
hMSCs cells by combining photodegradation reactions to create channels and
photopatterning reactions to decorate the channels with the RGD moiety; (d)
cells migrate throughout the construct channels functionalized with RGD [160].

4 Concluding remarks

Photo-fabrication technologies are one of the most promising
biofabrication strategies for engineering 3D microenviron-
ments for tissue regeneration and the delivery of therapeu-
tics. The multitude of light-mediated reactions currently
available permits the fabrication of highly complex matrices
with micro- and nano-scale resolution, exhibiting architec-
tural and compositional features that resemble some of the
properties of natural ECM. Reactions mediated by light can
proceed under biocompatible conditions and in the presence
of sensitive compounds such as cells and biochemical signals,
allowing the precise positioning of biomaterials and cells
in 3D environments. As a result, the fabrication of dynamic
3D constructs containing multiple cell types and decorated
with a plethora of biochemical entities such as cell-adhesion
motifs, proteolytic domains, and relevant growth factors is
now a reality. However, spatiotemporal coordination of the
presentation of these factors to the cells at the desired site,
concentration, and doses still remains one of the biggest chal-
lenges for this technology. In the last decade, these issues
have been fully investigated through combinatorial or indi-
vidual strategies, resulting in significant advances regarding
the development of advanced biomaterials, more efficient
photochemical reactions (e.g., orthogonal click reactions, pho-
toinitiators, and photoreactive moieties), and biofabrication
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technologies with improved resolution. These progresses
allowed the in vivo 3D printing of bone substitutes through
photo-fabrication technologies, which clearly demonstrates
the potential of these technologies in the biomedical field.
Despite these encouraging advances, systematic in vivo stud-
ies detailing the effects of newly developed 3D constructs on
biological systems, and the interactions of these constructs
with biological systems, are still scarce.
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