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SUMMARY

Three-dimensional (3D) bioprinting has emerged as a class of promising tech-
niques in biomedical research for a wide range of related applications. Specif-
ically, stereolithography apparatus (SLA) and digital light processing (DLP)-based
vat-polymerization techniques are highly effective methods of bioprinting, which
can be used to produce high-resolution and architecturally sophisticated struc-
tures. Our review aims to provide an overview of SLA- and DLP-based 3D bio-
printing strategies, starting from factors that affect these bioprinting processes.
In addition, we summarize the advances in bioinks used in SLA and DLP, including
naturally derived and synthetic bioinks. Finally, the biomedical applications of
both SLA- and DLP-based bioprinting are discussed, primarily centered on regen-
erative medicine and tissue modeling engineering.

INTRODUCTION

Three-dimensional (3D) bioprinting accurately patterns biochemicals, biological materials, and/or
following computer designs to recapitulate the native tissues, aiming to provide cellular, structural, and
environmental cues facilitating biomedical applications.'” Although the emergences of the few pioneering
bioprinting demonstrations were quite close to each other, extrusion bioprinting was arguably the first mo-
dality showcased by Miilhaupt et al. (2002),° followed by inkjet bioprinting (2003)" and stereolithography
apparatus (SLA)-based bioprinting (2004),”® both by Boland's team.

Now through two decades of development, primary bioprinting approaches have emerged to particularly focus
on the extrusion-based technique driven by the mechanical or pneumatic force.” Extrusion bioprinting utilizes
the deposition of filaments of cell-laden bioinks, and builds the designed constructs driven in a layer-by-layer
manner. However, the limited resolution (>100 pum) of the extrusion approach as well as its generally slow fabri-
cation process impede its capacity to recapitulate the sophisticated tissue microenvironments.'®"" On the other
hand, vat-polymerization (VP) methods, including the aforementioned SLA and the more recently popularized
digital light processing (DLP),'”"* have attracted increasing attention in tissue biofabrication. VP-based bio-
printing harnesses high-resolution photopolymerization for the creation of 3D constructs when exposing the
liquid bioink to patterned light.'*'> Although SLA and DLP are both layer-by-layer fabrication approaches,

the latter uses projected planner light patterns and hence, faster than SLA that relies on raster scans.'®

VP-based bioprinting has been extensively investigated for fabricating in vitro microtissue models for drug
discovery and functional tissues for regenerative medicine.'”'® Further development of biomaterials enables
successful incorporation of living cells and bioactive agents into printable bioinks specifically designed for VP
applications.'”?' Herein, we first provide a brief overview on the SLA and DLP bioprinting principles. State-of-
the-art bioinks used for building tissue constructs are subsequently reviewed. Finally, we highlight the biomed-
ical applications on tissue model engineering and regenerative medicine of VP-based bioprinting. At the end,
a perspective on the outlook of these technologies is presented. Of note, while we mostly focus on bioprinting
(i.e., printing in the presence of living cells), certain examples that have reported on post-printing cell seeding
are also included due to their potential for adapting to bioprinting.

SLA

SLA is a conventional VP process, which has been demonstrated as one of the most common 3D printing
technologies, exhibiting exceptional precision to spatially fabricate 3D constructs. The working mechanism
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Figure 1. Schematic of SLA-based bioprinting
Laser provides light for the photopolymerization of bioink in vat through a computer-controlled moving laser beam.

When a layer is completely bioprinted via point-by-point curing, the build platform will lift up (left) or move down (right) in
the z-direction until the bioprinted object is finished line-by-line and layer-by-layer.

of SLA-based 3D bioprinting is no different from 3D printing, and is dependent on a computer-controlled
laser beam to cure a liquid photocrosslinkable bioink (Figure 1).7> Upon exposure to the raster-scanning
laser, the liquid bioink can be cured onto a vertical-driven (z-direction) build platform. After photocrosslink-
ing of the first layer, the platform is moved away from the printing position to refill fresh liquid bioink for
photocuring of the second layer. As such, with repetition of this iteration, 3D-bioprinted constructs with
specific characteristics can be eventually obtained.” When the entire process is finished, the bioprinted
sample may require extra post-polymerization processing, such as heating or additional photocuring.?>*

One of the main advantages of SLA is that the printing resolution, which aside from dependence on printing
speed, direction, and volume, can be enhanced by lowering the spot size of the laser, reaching up to
10 um?*?”-?8 Even though most protocols for SLA include non-water-soluble photoinitiators, which are typically
inappropriate for bioprinting, and that ultraviolet (UV) light is not the best option for cells, some reports have suc-
cessfully bioprinted cells using properly engineered bioinks.”*” Chan et al. encapsulated NIH/3T3 cells, a
mouse fibroblast cell line, into poly(ethylene glycol)-diacrylate (PEGDA, molecular weight, M,, = 700 to 10,000
Da) using an SLA method.® From the results of 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium (MTS) assay, they demonstrated that the cells exhibited long-term metabolic activ-
ities up to 14 days of culture by increasing the Mw of PEGDA. Meanwhile, adding the Arg-Gly-Asp-Ser (RGDS)
peptide was able to enhance the cell viability compared to PEGDA of the same Mw but without RGDS. However,
the study only evaluated the metabolic activities of NIH/3T3 fibroblasts. More investigations are needed to assess
additional cellular functions, not only for cell lines, but also for primary cells and stem cells that are likely more
important cell sources in tissue regeneration and organ modeling.

DLP

DLP is another type of VP printing that is quite similar to SLA, but the major difference between the two
systems is the light patterning style. SLA is associated with raster laser scanning, whereas DLP is based
on the two-dimensional (2D) photopolymerization using a digital mirror device (DMD) or a liquid crystal
display (LCD) projection system.>' DMD is an array containing up to several millions of micromirrors that
switches positions between ‘on’ and ‘off', and only reflects the light in the ‘on’-state mirrors.'**? The bioink
is photocrosslinked by projecting the light from the aforementioned digital mask with a complete 2D layer
in individual light exposure.*® Therefore, a faster build time in general, is provided by DLP compared to the
SLA approach, the former of which only depends on the height of the 3D constructs in the z-direction.™

DLP bioprinting can further be classified into two sub-types according to the moving directions in the z axis:
top-down and bottom-up (Figure 2)."® In the top-down configuration, the build platform is submerged and
covered with the bioink, and moved further down to the next photopolymerization layer.>> This method
benefits the bioprinting of soft materials because it lacks the requirement of the pulling-up force of hydro-
gels. Nevertheless, it might generate irregular layers as the filling bioink cannot settle evenly on the surface
owing to surface tension. Also, submerging bioprinted structures in liquid bioink during the printing pro-
cess demands a larger bioink volume to keep the bioink refill to the top surface. On the other hand, the
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Figure 2. lllustrations of DLP-based bioprinting systems (bottom-up (left), top-down (right))

The light pattern projected by DMD or LCD is focused by lens to reach the vat bottom (bottom-up) or liquid surface (top-
down). The bioink held in the vat is photocrosslinked by a 2D image at a single printing time, followed by the repeated
process of lifting up (bottom-up) or moving down (top-down) of the build platform until the entire object is bioprinted
layer-by-layer.

bottom-up DLP bioprinter consists of the platform suspended over the bioink vat and moved up after each
layer of photopolymerization. For this type of bioprinting, a transparent anti-adherent bottom, such as a
thin film made by polydimethylsiloxane (PDMS) or Teflon membrane, is required.’®*® The bottom-up
configuration shows numerous advantages in bioink-saving because the construction height does not
depend on the vat depth, and continuous bioprinting can be achieved to obtain 3D constructs with flat
sidewalls.”” As a result, the bottom-up DLP system serves as a widely used DLP bioprinting technique. It
is extensively applied in various biomedical fields, providing a novel strategy to fabricate 3D structures
with sophisticated geometries and good surface qualities in a time-saving and bioink-saving manner.

Although SLA/DLP-based bioprinting endows the benefits of high resolution and fast speed, these tech-
niques suffer from some limitations because of the requisites of bioink properties for printability. For
example, the bioink must be readily photocrosslinked through light-irradiation and must possess relatively
low viscosity, so that the uncured bioink continuously interfaces with the cured layers beforehand. In addi-
tion, SLA/DLP-based 3D bioprinting has been largely restricted to building planar but not truly volumetric
structures; it is oftentimes difficult to address the issue in bioprinting with ultra-soft bioinks because the
force exerted onto the fabricated constructs can result in deformation or even collapse during the layer-
by-layer bioprinting process.

FACTORS AFFECTING SLA/DLP-BASED BIOPRINTING

Photopolymerization, also known as photocuring or photocrosslinking, is the main principle underlying the
SLA/DLP-based bioprinting. By exciting a photoinitiator via appropriate light, free radicals are generated
to promote the chain growth of monomers or oligomers.*® In SLA/DLP-based bioprinting, optimizing the
laser scanning setups of SLA methods and projection systems in DLP approaches, the selection of the suit-
able light source as well as the photoinitiator are crucial to ensuring effective printing, allied to the addition
of the photoabsorber that assists proper resolution-achievement. This section will discuss these factors
influencing the processes associated with SLA/DLP-based 3D bioprinting. Moreover, another element,
the mechanical properties of the crosslinked hydrogels, cannot be overlooked when SLA/DLP-based bio-
printing is applied to fabricate tissue-specific mimics. Overall, the polymerization efficiency, printing reso-
lution, and accuracy are critical indexes to evaluate the 3D bioprinting results.

Laser/projection system

The lateral resolution of SLA or DLP bioprinting is limited by the laser size or pixel size provided by the
DMD.* In the SLA method, a laser beam (minimum ~1 um) is focused through a high-magnification
objective lens to induce polymerization of the bioinks,"” fabricating structures at a submicron resolution.
For the DLP system, reducing the pixel size of DMD (an increase of the pixel numbers in the same
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projection area) benefits to the finer light spot projected. In addition, the setup of a DLP bioprinter also
involves the magnifications/demagnifications of projection area onto bioinks by placing lenses. The pro-
jection area then gets larger/smaller, accompanied by the pixel size increase/decrease, which leads to a
trade-off between the projection area (printing scale) and pixel size (xy resolution). The home theater
projector with a display resolution of 1920 x 1080 pixels,*’ and the Optical Engine (1280 x 800 pixels
or 1920 x 1080 pixels) based on DMD chips have been widely used in the DLP-base 3D bioprinting
to achieve the finest xy resolution of 10 pm and the projection area 96 x 54 mm."? Applying 4K
(3840 x 2160 pixels) DMD chips may provide the possibilities to obtain resolutions while maintaining
a large building area.”® Moreover, the light wavelength will also influence the optical resolution, where

shorter wavelengths deliver better optical resolution.*

Photoinitiator

Photoinitiator is the key element in photopolymerization because it determines the efficiency of polymer-
ization, resulting in the various printing times and resolutions in the SLA/DLP-based method. Photoinitiator
is commonly composed of the photosensitive molecule with a relatively high molar extinction coefficient.
Once excited by light, it generates free radicals or cations to cleavage the covalent bonds presented in

functional groups, triggering polymerization.®

Depending on the chemical structure of the photoinitiator, the irradiation requires the use of light with a
specific wavelength and intensity that ensure the desirable polymerization rate and efficiency.”® There-
fore, the first consideration in choosing an appropriate photoinitiator is determining the light wavelength
applied in the printing procedure. The most common UV- or near-UV-sensitive photoinitiator systems
employed in SLA/DLP-based bioprinting are 1-[4-(2-hydroxyethoxy)-phenyl]-2-hydroxy-2-methyl-1-
propane-1-one (Irgacure 2959) and lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP)."® LAP pos-
sesses a much better molar absorptivity (e=200M~'cm™") than Irgacure 2959 (e=10M~'em™"), contrib-
uting to more efficient photoinitiation and can be used at lower concentrations. However, there is a
concern when applying UV irradiation to bioinks encapsulating cells. Although it has been demonstrated
that the low dose of UV (365 nm)-exposure shows no influence on the apoptosis and proliferation of NIH/
3T3 fibroblasts and human mesenchymal stem cells (MSCs),*“further studies on more cell types and other
functional cellular activities are needed to fully conclude the cytocompatibility of UV wavelengths in
bioprinting.

More recently, visible-light photoinitiators have attracted increasing attention because of their good biocom-
patibility and low phototoxicity. Eosin Y can be activated by the wavelengths between 490 and 650 nm
(e=100,000M'cm™"), but the generation of free radicals requires both coinitiator (triethanolamine (TEOA))
and comonomer (1-vinyl-2 pyrrolidinone (NVP)).*” Of note, LAP, a UV-sensitive photoinitiator discussed above,
can also be utilized as a photoinitiator under a 405-nm blue light source. However, the limited molar absorp-
tivity of LAP in this visible light range (e=30M~"cm™") leads to high concentrations to fabricate hydrogels.
Another emerging visible-light initiating system, tris(2,2-bipyridyl)dichloro-ruthenium(ll) hexahydrate/sodium
persulfate (Ru/SPS), has shown promising results in SLA/DLP-based bioprinting. The excited Ru?* is oxidized
into Ru®* and provides electrons to SPS at a high molar absorptivity (e = 14,600M~'em™"). SPS then divides into
sulfate anions and sulfate radicals for photocrosslinking by propagating of functional groups, including meth-
acryloyl groups. In addition, the oxidized Ru®* can further oxidize aromatic residues, such as tyrosine. As a
result, the oxidized tyrosine groups are further converted into tyrosyl free radicals, and then form covalent
di-tyrosine bonds with the other tyrosine moieties.”*>° Indeed, it has been demonstrated that the Ru/SPS sys-
tem could be applied to facilitate crosslinking of bioinks composed of or containing tyrosine-carrying proteins
(e.g., decellularized extracellular matrix (dECM))."?

Photoabsorber

In the SLA/DLP-based bioprinting method, the lateral resolution is defined by the laser beam spot diam-
eter (SLA) or the size of pixel being projected (DLP) onto the printing area, whereas the axial resolution is
influenced by the movement resolution of the vertical build platform.”’ Moreover, the light can penetrate
some distance into the bioink and decay exponentially in the propagation direction. Thus, the penetration
depth of light also plays a pivotal role in determining axial resolution.

More specifically, the cure depth, also recognized as the light-penetration depth, is defined as the depth
to which a 3D construct is photopolymerized to influence the vertical resolution and printing time of
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SLA/DLP-based 3D printing.'® When the cure depth is higher than the selected printing layer thickness, the
out-of-focus plane will be over-crosslinked, leading to the inaccuracy of printing in the axial direction. To
improve the axial resolution and adjust the desired printing thickness, light-absorbing additives, often
known as photoabsorbers, are added for the absorption of excess crosslinking light. By incorporating pho-
toabsorbers, the cure depth can be effectively decreased and tightly controlled.”

The most wildly used UV-absorbers are benzotriazole-derivatives, brilliant blue, and quinoline yellow.53’55
For visible light, the general food dyes, such as tartrazine, curcumin (from turmeric), anthocyanin (from
blueberries), acid red, and phenol red, have been applied in bioprinting, considering their known biocom-
patibility, low toxicity, as well as hydrophilic characteristic that enables for convenient elution after bio-
printing.”® Miller et al. selected tartrazine, a yellow food dye with an absorbance peak at 405 nm, in a
405-nm-light-enabled DLP system, to fabricate complex multivascular networks using PEGDA/gelatin
methacryloyl (GelMA) bioinks.*? They printed an alveolar model topology featuring perfusable open chan-
nels with 300-um-diameter, which could not be achieved without the tartrazine additive. The authors also
compared the results of other food dyes. Curcumin is more lipophilic than others, so it could not be effi-
ciently removed and caused staining of the printed structures; whereas, anthocyanin with a peak absor-
bance far from the 405-nm printing light, required high concentrations to achieve targeted light-attenua-
tion. Our recent study applied Ponceau 3R, a water-soluble food dye to print sophisticated 3D constructs
using PEGDA, GelMA, or allylated gelatin (GelAGE)-based (bio)inks.** The absorbance peak of 507 nm
enabled efficient light-absorption in our visible-light DLP 3D (bio)printing method.

Mechanical properties

The photocrosslinked hydrogel biomaterials for the DLP-based 3D bioprinting method need to be strong
enough to support their structural fidelity against gravity, which is particularly true in the bottom-up config-
uration. The higher mechanical property oftentimes favors the printing procedure, but the obtained denser
hydrogel constructs can negatively influence cell viability, spreading, and functionalities. A recent study
developed a fluid-supported liquid interface polymerization (FLIP) 3D printing platform based on the buoy-
ancy-assisted continuous DLP printing method.”’ It applied a support fluid immiscible with the inks to
provide extra buoyant forces, allowing one to produce hydrogel constructs with stiffness values from
approximately 7 kPa to more than 4 MPa. The buoyancy-assisted approach overcame the gravity requisi-
tions in DLP-based 3D printing, enabling to print complex geometries with soft biomaterials. Besides
the printing method modification, advances in bioink development also provide potential in DLP bio-
printing of soft tissues. By modifying the GelMA concentration, the degree of substitution, and the photo-
crosslinking time, Sun et al. successfully controlled the degree of photocrosslinking and the corresponding
mechanical properties of DLP-printed constructs.”® The mechanical properties of the bioprinted tissue-
mimics were varied from 6 to 8 kPa (liver) to 0.3-0.4 MPa (skin). Recently, we proposed a molecular cleavage
approach, where hyaluronic acid methacrylate (HAMA) was mixed with GelMA to facilitate high-perfor-
mance DLP bioprinting, followed by selectively enzymatic digestion of HAMA to achieve tissue-matching
mechanical properties.”” The stiffnesses were precisely tuned by adjusting the enzymatic digestion. We
bioprinted multiple tissues from the muscles (42.9 kPa) to the brain (1.3 kPa), the softest organ of the human
body, which displayed tissue-mimic architectures and tissue-matched stiffnesses with specific cell func-
tions. It is important to be able to achieve a wide range of mechanical properties of bioprinted constructs,
replicating tissue-specific mechanical features, potentially paving the way for broad applications in tissue
and tissue model engineering.

BIOINKS

The selection of bioinks applied toward SLA/DLP-based bioprinting depends on several factors. The
biomaterials need to solidify quickly under the patterning light, and thus the bioinks are limited to the pho-
tocurable biomaterials that are functionalized with photocrosslinkable groups. In addition, as the light
penetration affects bioprinting resolution, the opacity of the bioink requires to be considered. Moreover,
more viscous bioinks usually result in longer fabrication times because they are slower to refill between the
adjacent layers. Bioinks can be classified into two categories: natural bioinks and synthetic bioinks (Table 1).
To build bioscaffolds for tissue regeneration and in vitro modeling applications, natural bioinks may have
advantages because of their intrinsic properties recapitulating the native ECM.” However, natural bioinks
possess unpredictable variations among batches and are often too soft in mechanical properties to be bio-
printed into 3D structures when used alone.®”
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Table 1. Typical bioinks used in SLA/DLP-based bioprinting

Biomaterials

Key advantages

Key disadvantages

Natural bioinks

GelMA

GelAGE

HAMA

dECM
Sil-MA

Intrinsic RGD motifs

Fast reaction speed
No oxygen-inhibition
A component of ECM

Tissue-specification

Amino acids

Thermogelling property
Oxygen-inhibition
Heterogeneous polymer networks
Fast degradation

Disulfide bond formation

Oxygen-inhibition
Heterogeneous polymer networks
Weak mechanical properties

Poor mechanical properties

Synthetic bioinks

PEGDA
PVA-MA

PGSM

Proper mechanical properties
Low toxicity

Hydrophilic property
Inexpensiveness

Elastomeric nature

Limited cell-binding sites

Lack of cell-binding ligands

Limited mechanical properties

Rapid degradation

Natural bioinks
GelMA

GelMA is one of the most widely used biomaterial ink derived from the natural source, which is synthesized
by conjugating methacryloyl groups to gelatin, the hydrolysis product from collagen.®’ The synthesis pro-
cess of GelMA includes the direct reaction of gelatin with methacrylic anhydride to substitute amine and
hydroxyl groups with methacryloyl groups.®' GelMA exhibits advantages in bioactivity and cell adhesion
owing to the presence of intrinsic RGD motifs. The mechanical properties of GelMA can be adjusted by
varying irradiation dose and its concentration during light-based crosslinking.®” Taking advantage of the
tunable mechanical properties, GeIMA enables the fabrication of scaffolds with a wide range of stiffness
values, mimicking a variety of tissues from the brain to liver and cartilage, and provides biomechanical
guidance for cell migration and cell fate.®® In DLP-based 3D bioprinting, to mimic the native stiffness of liver
tissue, Ma et al. built the constructs with 5 w/v% GelMA encapsulating human induced pluripotent stem cell
(hiPSC)-derived hepatic cells, where the matrix stiffness strongly influenced the hepatocytes functions.®* In
addition, applying GelMA in visible light-based DLP bioprinting with eosin Y as the photoinitiator, Wang
et al. demonstrated that increasing GelMA concentration or Eosin Y concentration enhanced the mechan-
ical properties of the fabricated NIH/3T3 hydrogel (Figure 3A), as well as improved cell attachment, but
resulted in lower cell viability.®® Therefore, the proper adjustments of construct stiffnesses are crucial to
maintaining cell adhesions and viabilities of bioprinted cells and promoting stem cell differentiations.

GelMA also endows the thermogelling property, which benefits extrusion bioprinting due to the increased
viscosity at low temperatures, allowing thermal crosslinking of the liquid bioink for keeping the 3D struc-
tural fidelity during extrusion.”® However, the SLA/DLP method relies on the photopolymerization of liquid
bioink within the vat in a layer-by-layer manner. It therefore requires that the bioink remains in the liquid
state during the entire bioprinting process; this period varies from minutes to hours in SLA/DLP-based
3D bioprinting. Providing a thermostatic environment via a thermo-controlling system or reducing the
GelMA concentration is possible to offset the thermogelling problem. Besides, fish-derived GelMA could
be a promising material considering its lower gelling temperature and comparable physical properties with
pork GelMA.”"73 The high-resolution DLP printing of fish-derived GelMA (low-temperature-soluble
GelMA) has been extensively illustrated in our study without temperature controls, allowing one to fabri-
cate 3D structures embedded with complex channels and replicating anatomical 3D branches.”*

However, as a protein from the natural source, uncertainty remains as to the features of GelMA including
generally insufficient stiffness and fast degradation limit its use in SLA/DLP-based bioprinting. Therefore,
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Figure 3. Natural bioinks employed in SLA/DLP-based bioprinting
(A) Strain-stress curves and Young's moduli of bioprinted GelMA constructs with varied (1) GelMA concentrations or (2) Eosin Y amounts (2). Reproduced with

o 6
permission from.“®

(B) Alkaline phosphatase (ALP) staining of MSCs in 3D GelMA/PEGDA hydrogel with a single channel cultured in osteogenic medium for 14 days.
Reproduced with permission from.*?

(C) Constructs fabricated by (1) 10 w/v% GelAGE and (2) 20 w/v% GelAGE using the visible light-initiated DLP platform. Reproduced with permission from.*®
(D) Bioprinted hepatic structure of hiPSC-HPCs (green, i and iii) in 5 w/v% GelMA and HUVECs and adipose-derived stem cells (red, i and iii) in 2.5 w/v%
GelMA with 1 w/v% HAMA. Reproduced with permission from.**

(E) dECM-based bioprinting of liver model with varied mechanical properties. Fluorescence and bright-field images showing the distribution of HepG2/C3A
cells assigned to hexagonal regions. Red indicates soft, green indicates medium, and yellow indicates stiff condition. Reproduced with permission from.®’
(F) Bioprinting of 5 wt % dECM/GelMA (5/5 w/v%) constructs with heart and liver patterns. Reproduced with permission from.%®

(G) 3D-bioprinted objects with Sil-MA (i-iv) and cell distributions in each object (v-viii). Reproduced with permission from.”

other components are combined with GelMA bioinks to increase the mechanics, which facilitates print-
ability and pattern fidelity. For instance, PEGDA, as one of the most popular synthetic non-degradable ma-
terials used in tissue engineering, has been used in combination with GelMA to enhance the stiffness and
structural integrity of bioprinted constructs. The hybrid bioink of GelMA/PEGDA (8/12 w/v%) successfully
enabled DLP bioprinting of an MSC-laden hydrogel containing a single channel in the middle (Figure 3B).*”
The other photocrosslinkable and non-biodegradable materials, including alginate-methacrylate and car-
boxymethyl cellulose-methacrylate, which have been employed in the composites with GelMA for skeletal
muscle engineering, could also be candidates in DLP 3D bioprinting with increased stiffness values and
slower degradation profiles compared to pure GelMA.”*

GelAGE

GelAGE is another gelatin-derived material with multifunctional thiol crosslinkers via the thiol-ene click
reaction. Thiol-ene-based click reaction starts with the dimerization of thiols and carbon-carbon double
bonds, followed by the step-growth manner with a high yield of functional groups, which enables low-
initiator-concentration demands and fast reaction speeds.”> Meanwhile, compared with the free-radical
chain-growth photo-polymerization involved in methacrylate-functionalized biomaterials, the thiol-ene-
based click reaction of GelAGE could overcome the obstacles in oxygen-inhibition and the formation
of heterogeneous polymer networks.”> However, the free thiol groups could undergo disulfide bond for-
mation, which may compete with the thiol-ene click reactions in photopolymerization.”® Bertlein et al.
synthesized GelAGE through reacting gelatin with allyl glycidyl ether (AGE) by investigating different
alkaline conditions, AGE concentrations, and reaction times.’?® The mechanical properties of the
GelAGE hydrogel were changed significantly with varying synthesis conditions or adjusting the ratio of
allyl and thiol from dithiothreitol (DTT). Furthermore, the DLP bioprinting system was utilized to fabricate
3D constructs with GelAGE via two different photoinitiators, Irgacure 2959 initiated by UV wavelength
and Ru/SPS sensitive to the visible light. 10 and 20 w/v% GelAGE, synthesized with a medium concen-
tration of NaOH (2.0 mmol) and medium concentration of AGE (12 mmol) in 8 h, printed porous con-
structs with 250-um strands (Figure 3C). It is worthwhile mentioning that the lack of thermogelling feature
of 10-20 w/v% GelAGESMM at room temperature is important for SLA/DLP-based 3D bioprinting, which
enables the bioink to maintain the liquid state. In addition, 20 w/v% GelAGETMM displayed its biocom-
patible ability in bioprinting of human articular chondrocytes. Compared to the damage from UV irradi-
ation during the crosslinking process, the cell viability was significantly increased with the visible light-
based method.®®

Methacrylated hyaluronic acid (HAMA)

Hyaluronic acid (HA) is a non-sulfated glycosaminoglycan, which is the component of ECM widely existing
in epithelial, connective, and neuronal tissues.”” HA can also be modified by conjugating methacrylate
groups to form HAMA, which can be used for creating photocrosslinkable bioink formulations.”® In combi-
nation with different materials, either natural or synthetic polymers, HAMA has been extensively used to
enhance their printability and biological properties.”” Using an SLA bioprinting system, HAMA was used
as the bioink to encapsulate chondrocytes, where the cells remained viable and were able to differentiate
into cartilage-mimicking tissues after 14 days.®’ A recent study conducted by Ma et al. with DLP bioprinting,
showed that a mixture of HAMA (1 w/v%) and GelMA (2.5 w/v%) served as the bioink encapsulating endo-
thelial cells and mesenchymal cells in a liver model because HAMA was capable of promoting the prolif-

eration of endothelial cells and vascularization (Figure 3D).**

8 iScience 26, 106039, February 17, 2023



iScience

dECM

ECM is the 3D extracellular network in the body and is mainly composed of collagen, glycoproteins, and
enzymes to support cellular functions in both structural and biochemical manners.®' As the ECM is specific
for the different tissue types, the dECM obtained from tissue digestion is an ideal material to recapitulate
the complex microenvironment of the target tissue.?* To harvest tissue-specific dECM, the desired tissue
needs to be processed by physical breakdown, enzymatic digestion, and chemical wash to collect the ECM
without cells.®* Various studies verified that the bioengineered dECM was able to fabricate scaffolds with
enhanced biological performances. For example, Ma et al. bioprinted the dECM constructs with varied
stiffness through modulating the different exposure times (Figure 3E).” This bioprinted in vitro model
was applied to mimicking liver cancer under the fibrotic environment and to investigate cell invasion
and growth. Further study was conducted by Yu et al. using the heart or liver dECM loaded with hiPSC-
derived cardiomyocytes or hepatocytes to fabricate the corresponding tissues.®® However, none of these
studies can solve the weak mechanical issue of dECM, resulting in poor bioprinting fidelity and limiting its
application on SLA/DLP bioprinting. To overcome this problem, Yu et al. prepared the modified bioink by
adding 5 w/v% GelMA into 5 w/v% dECM to produce tissue scaffolds using the DLP system. They success-
fully bioprinted constructs encapsulated with hiPSC-derived cardiomyocytes or hepatocytes with tunable
mechanical properties by modulating the crosslinking time (Figure 3F).®

Methacryloyl-modified silk (Sil-MA)

Silk fibroin, derived by silkworm Bombyx mori, is a natural fibrous protein and contains a repeating pattern
of amino acids. It has been used in biomedicine as the material for wound dressing, implants, and vascular
prostheses, among others.®” Most of the silk-derived materials have displayed poor mechanical properties
compared to native silk fibers owing to the degumming and dissolution processes. Through covalent
conjugation of methacryloyl groups to amines of silk fibroin, Sil-MA could be photocrosslinked and showed
enhanced mechanically after photopolymerization.®” Kim et al. utilized Sil-MA as the bioink to fabricate
porous constructs via the DLP bioprinting method (Figure 3G).*” Rapid fabrication times guaranteed the
cells to remain undamaged and well-distributed with further proliferation. Moreover, mechanical proper-
ties of Sil-MA hydrogels could be tuned by changing the methacrylation degrees and the macromer
concentrations.

Other potential photocurable bioinks

Collagen is the ECM protein abundantly distributed in tissues and is beneficial for cell proliferation, differ-
entiation, and adhesion in tissue engineering.®’ Drzewiecki et al. proposed collagen methacryloyl (ColMA)
by reacting with methacrylic acid and collagen using N-hydroxysuccinimide (NHS) and 1-ethyl-3-[3-
(dimethylamino)propyl] carbodiimide (EDC). ColMA has been proven to be photocrosslinked when
exposed to the 365-nm UV light and could maintain its thermogelling property.®® In addition, alginate is
obtained from the alginate salt collected from brown algae.?” To achieve the light-based printability, meth-
acrylated alginate is prepared by the reaction with 2-aminoethyl methacrylate. Methacrylated alginate was
photocured by UV irradiation and showed biocompatibility with chondrocytes.” Its mechanical properties
and degradation rates varied with different methacrylation degrees. Furthermore, chitosan, derived from
chitin, is a natural polysaccharide distributed widely in the exoskeleton of crustaceans and insects.”" With
the introduction of the allyl group, the modified chitosan was crosslinked under the UV light in less than a
minute.”” These photocurable materials demonstrated the potential capability of applications on SLA/
DLP-based 3D bioprinting, enabling them to fabricate complex constructs with higher resolution
effectively.

Synthetic bioinks
PEGDA

Poly(ethylene glycol) (PEG), as a hydrophilic, biocompatible, and water-soluble polymer, has been investi-
gated in numerous biomedical and clinical applications.”’PEGDA-based biomaterial bioink is the most
commonly used system to fabricate high-resolution constructs with SLA/DLP because of its ability to un-
dergo rapid light-induced photopolymerization and assume proper mechanical properties.”’ However,
the limited protein binding sites on PEGDA leads to poor cell attachment on the printed PEGDA scaffolds,
hindering its application in biomedicine. To overcome this obstacle, strategies of modifying PEGDA with
cell-adhesive components are proposed, for example, with hexapeptide and RGD peptides, which have
been shown to enhance cell survival, attachment, and spreading on the printed PGEDA scaffolds.”
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The other biomaterials possessing cell-adhesive properties, such GelMA, are also utilized to incorporate
with PEGDA for DLP-based bioprinting.” Koffler et al. bioprinted the 3D spinal cord using the DMD-
based microscale continuous projection (WCPP) platform.” The bioprinted construct containing channels
with 200-pm-diameter provided biological guidance for the axon growth. The scaffold fabricated by the
GelMA/PEGDA (7.5 w/v%/25 v/v%) bioink encapsulating neural progenitor cells (NPCs) was proven to
well-integrate into the injury site. In this study, it was also claimed that the GelMA/PEGDA-bioprinted
construct exhibited the slower degradation in vivo, compared with the HA-based scaffold, which was
necessary for axon regeneration and could provide long-term physical support in vivo. In addition, Miller
and co-workers used PEGDA to build sophisticated 3D constructs with the DLP approach.*” They suc-
cessfully printed an acellular vascularized alveolar unit that enabled mimicking the breath function (Fig-
ure 4A). By mixing GelMA (7.5 w/v%) with PEGDA (7.5 w/v%), they also bioprinted the functional hepatic
tissue-mimic containing hepatocyte aggregates and endothelial cells for in vivo implantation and
regeneration.

Poly(vinyl alcohol) methacrylate (PVA-MA)

Poly(vinyl alcohol) (PVA) is advantageous in terms of low toxicity and the hydrophilic nature, which is also
easily modified with various functional groups because of the abundant hydroxyl groups on PVA.” Lim
et al. utilized the photocurable PVA-MA to bioprint 3D constructs with the high resolution of 25-50 um
via the visible light-based DLP approach (Figure 4B).”” In this study, GelMA was integrated into the PVA-
MA bioink for the purpose of enhancing the biocompatibility and cell-attachment of PVA. The results
confirmed that bioprinted scaffolds with GelMA/PVA-MA (1/10 w/v%) supported the encapsulated endo-
thelial cell spreading and promoted osteogenic and chondrogenic differentiations of MSCs.

Poly(glycerol-co-sebacate) (PGS)-methacrylate (PGSM)

PGS is the copolymer of sebacic acid and glycerol, which is broadly applied for use in numerous US Food
and Drug Administration (FDA)-approved medical devices.'”’ PGS displays good biocompatibility and
rapid degradation under physiological conditions.'”" It has been demonstrated by many studies that
PGS is a promising material in biomedical applications, including cardiac tissue engineering, fabrication
of vascular conduits and retinal implants, as well as skin, cartilage, and neural regeneration.’?"'%? PGSM
is a PGS-derivative and photocrosslinkable with light-based printing systems.”® Singh et al. utilized
PGSM synthesized by reacting with methacrylic anhydride, to fabricate the 3D nerve guidance conduits
through the DLP method.” The mechanical properties and degradation rates of the printed PGSM could
be adjusted by varying concentrations of methacrylic anhydride during PGSM synthesis. To achieve the tis-
sue-matching mechanical property with natural nerve and obtain a slow degradation, the formulation of
75% as a degree of methacrylation was selected to print conduits with stiffness of approximately 3 MPa.
The following in vivo implantation studies revealed that the printed conduits promoted axon regeneration
in the mouse fibular nerve injury model (Figure 4C).

APPLICATIONS OF SLA/DLP-BASED BIOPRINTING

The combinations of viable cells and proper biomaterials have been used as the bioinks in 3D bioprinting
because the distribution of cells can be precisely controlled to gather complex and heterogeneous struc-
tures with cell-cell and cell-matrix interactions.” It allows us to replicate biological tissues and mimicking
specific functions for diverse biomedical purposes. Given the favorable properties of bioprinting solution
and capacities of fabricating highly complex constructs, SLA/DLP-based 3D bioprinting holds great value
in tissue modeling and regenerative medicine aspects.'’

Tissue modeling

3D in vitro models have been extensively investigated in the biomedical field due to their potentials in the
studies of cell interactions, understanding of pathogenesis, as well as utilities in drug screening.’®* They
have been extensively developed over the past decade attributed to improvement in bioprinting tech-
niques, as a means for supplementing or replacing animal models in the preclinical drug-development
phases, the latter of which oftentimes feature high costs and uncertainties in bridging with the human phys-
iology.'® It is noteworthy to mention that the SLA/DLP-based bioprinting methods have increasingly
contributed to fabricating a range of biomimetic human tissue models (Table 2), replicating the delicate
architectures, complex compositions, and functions of the relevant in vivo counterparts.
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Figure 4. Synthetic bioinks applied in SLA/DLP-based bioprinting

(A) i-ii, non-cellular 3D constructs printed with PEDGA, including (i) entangled vascular networks and (i) vascularized
alveolar unit. (iii) Prevascularized hepatic hydrogel bioprinted using GelMA/PEGDA presenting HUVECs (red) in the
vascular network and hepatocyte aggregates (Hep, green). Reproduced with permission from.*”

(B) Fabrications of PVA-MA constructs with a high resolution. The 50-um voxel step size showing in enlarged images.
Reproduced with permission from.”’

(C) PGSM-printed nerve guidance conduit (NGC) in blue, and the dorsal root ganglion (DRG) seeded on the NGC, where
Schwann cells labeled with anti ST00B in red, neurites with anti g-lll-tubulin in green. Reproduced with permission from.”®

The co-culture systems within 3D-bioprinted structures encapsulating different cell types have been
widely established using the SLA/DLP approaches, aiming to reveal cellular interactions. Zorlutuna
et al. developed oxidized methacrylated alginate hydrogel combined with PEG-methacrylate (OMA-
PEGDA) to examine the interactions between primary hippocampus neurons and skeletal muscle myo-
blasts (Figure 5A)."% Bioink containing skeletal muscle myoblasts was bioprinted under UV light using
the SLA method in a torus form, and the hippocampus neuron-encapsulating bioink was subsequently
fabricated inside the hydrogel of skeletal muscle myoblast torus. The functionality of neurons within
the hydrogel was verified through their choline acetyltransferase (ChAT) activities over 10 days of culture,
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Table 2. Selected applications of SLA/DLP-based bioprinting in tissue modeling
Cells

Modeltype Printing system Biomaterials Reference

UV-enabled SLA

Advantages

Co-culture of neurons Zorlutuna et al.'%

and muscle myoblasts

Oxidized methacrylic
alginate (OMA)-PEGDA

Primary hippocampus
neurons and skeletal
muscle myoblasts

Functionality of neurons
was promoted in 3D when
co-cultured with skeletal

muscle myoblasts

UV-enabled SLA GelMA and nHA MSCs or human Zhou et al.'”’

osteoblasts, and

Breast cancer model Post-metastatic breast cancer

progression in the bone
BrCa cells microenvironment

| 108

Multi-material GelMA and HAMA Interactions between tumor

UV-enabled DLP

GBM environment model GSCs, macrophages, Tang eta

and immune cells
Tri-regions of GBM, brain
parenchyma, and surrounding

NPCs, and astrocytes

Multi-material GelMA and HAMA GBM cells and HUVECs

UV-enabled DLP

Tri-regional GBM model Tang et al.”””

capillaries with regional

stiffnesses

3D triculture liver model ~ UV-enabled DLP  GelMA; hiPSC-HPCs; Liver model with hepatic Ma et al.®*
GelMA and HAMA adipose-derived stem lobule structure presented
cells and HUVECs hepatic functions
Liver model of HCC UV-enabled DLP  dECM HepG2/C3A cells HCC model with tailorable Ma et al.’
mechanical properties
Cardiac model UV-enabled DLP  GelMA NMVCMs NMVCMs bioprinted in linear  Liu etal.'"®

patterns aligned as myofibril

where the highest expression was detected in the scaffold of 3D co-cultured with skeletal muscle
myoblasts.

In the tumor microenvironment, cancer progression and metastasis involve complex interactions between
tumor cells and the surrounding stromal compartment. The SLA/DLP bioprinting procedures have been
employed to study the crosstalk among stromal cells, tumor cells, and/or immune cells, understanding
stromal-tumor signaling in tumor cell behaviors and metastasis. For example, the bone matrices composed
of MSCs or human osteoblasts in GelMA mixed with nanocrystalline hydroxyapatite (nHA) were bioprinted
using UV light-based SLA method (Figure 5B).'%” The breast cancer (BrCa) cells seeded onto these bio-
printed GelMA scaffolds implied the enhanced cell metabolic activities and the increased secretion of
vascular endothelial growth factor (VEGF). Meanwhile, the cell proliferation and alkaline phosphatase ac-
tivities of osteoblasts/MSCs were inhibited by the BrCa cells. Thus, it was concluded that the 3D-bioprinted
scaffolds containing BrCa cells and bone stromal cells provided an in vitro model for studying post-meta-
static breast cancer progression in the bone microenvironment. Additionally, a 3D glioblastoma (GBM)
microenvironment model was created using the two-step multi-material DLP-based bioprinting (Fig-
ure 5C)."% The GelMA/HAMA (4/0.25 w/v%) bioink encapsulating GBM stem cells (GSCs) and macro-
phages were bioprinted as the tumor core, whereas the bioink containing NPCs and astrocytes was applied
to construct the peripheral region. The HA-based bioink supplied microenvironmental cues, together with
multiple cell components, which allowed one to render a highly reproducible model for GBM biology.
More importantly, applying this rapid DLP bioprinting platform, the functions of macrophages in GBM,
as well as the cell interactions between tumor and immune cells, were convenient to be investigated
through adding or removing macrophages from the bioink, which could not be easily achieved in conven-
tional xenograft or genetically modified mouse models. The results demonstrated from this in vitro model
where the addition of macrophages activated the invasive behaviors of GBM served as a more practical
platform for drug testing. Meanwhile, the polarization of macrophages to the protumoral M2 macrophage
phenotype was enhanced, suggesting the bidirectional crosstalk within the 3D GBM microenvironment
model. Furthermore, the same group used the similar DLP technology by sequentially adding multiple
bioinks. A biomimetic tri-regional GBM model consisted of tumor region, acellular ECM region, and endo-
thelial region with regional stiffnesses patterned regarding GBM, brain parenchyma, and surrounding cap-
illaries was fabricated (Figure 5D).'%’ To obtain the regionally varied biophysical properties, the tumor re-
gion of GBM cells was bioprinted with 5 w/v% GelMA and 1 w/v% HAMA, the endothelial part was
fabricated using 2.5 w/v% GelMA and 0.5 w/v% HAMA, and the ECM was patterned by 5 w/v% GelMA
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Figure 5. Applications of SLA/DLP-based bioprinting for cell-interaction studies

(A) 3D-bioprinted construct to mimic the interactions between primary hippocampus neurons and skeletal muscle myoblasts. Reproduced with
permission from.'%

(B) A 3D-bioprinted bone matrix as a biomimetic model. (i) Schematic showing 3D-bioprinted bone construct for breast cancer metastasis study. (i) Confocal
images showing osteoblasts and BrCa co-cultured in the bioprinted scaffold after 1, 3, and 5 days. (iii) Confocal images showing MSCs and BrCa cells co-
cultured in the bioprinted scaffold after 1, 3, and 5 days. Reproduced with permission from.'?’

(C) 3D-bioprinted GBM model through DLP method. (i) Schematic showing the in vitro 3D-bioprinted GBM model containing macrophages, GSCs,
astrocytes, and NSCs. (i) Brightfield and immunostaining result of the tri-culture and tetra-culture 3D GBM models. (iii) Gene set enrichment analysis (GSEA)
of multicancer invasiveness pathway in the GBM model with tetra-culture and tri-culture conditions. (iv) The mRNA expressions of M1 and M2 macrophage
phenotype markers in different culture conditions. Reproduced with permission from.'%®

(D) 3D bioprinting of GBM in vitro model. (i) Bioprinter schematic and design of 3D-bioprinted GBM model with regionally varied biophysical properties. (ii)
ki6é7 immunostaining (up) and invasion patterns (down) of TS576 cells in different stiffness of bioprinted constructs. (iii) Invasion patterns of TS576 cells in 3D
co-culture models. (iv) mRNA expressions of angiogenesis markers of TS$576 cells in different culture conditions. Reproduced with permission from.'®”
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Figure 6. Applying SLA/DLP-based bioprinting for liver and cardiac microtissues modeling

(A) Characterizations of 3D-bioprinted in vitro hepatic model. (i) Fluorescence images showing cell distributions at day 0 and day 7. (i) Brightfield and
confocal images revealing albumin and E-cadherin, and nucleus staining of hiPSC-HPCs cultured in HPC-only scaffolds and 3D triculture samples. (iii) Mean
diameters of hiPSC-HPCs spheroids cultured in HPC-only and 3D triculture constructs at day 0 and day 7. Reproduced with permission from.**

(B) DLP-based bioprinting of 3D cardiac tissue. (i) Design of 3-layered bioprinted scaffold for cardiac tissue supporting. (i) Compaction and a-actinin staining

of bioprinted cardiac tissues. Reproduced with permission from.""”

and 0.5 w/v% HAMA (stiff) or 2.5 w/v% GelMA and 0.5 w/v% HAMA (soft). The two ECM formulations with
different stiffness (stiff and soft) were designed for replicating the conditions of healthy brain parenchyma
or GBM-remodeled stroma. They demonstrated increased cell proliferation and expansion in the soft ECM,
but the stiff model promoted the malignant phenotypes, such as hypoxia, stemness, and angiogenic po-
tentials. Integration of vascular component enabled them to observe the sprouting and proliferation of
endothelial cells in the GBM model, where the human umbilical vein endothelial cells (HUVECs) prolifera-
tion was apparent on the soft substitute, and both sprouting and proliferation were presented in the stiff
scaffold. In this study, the DLP-based bioprinting platform allowed to fabricate of GBM models with bio-
physical heterogeneity in a rapid, flexible, and reproducible manner, which could be employed as a poten-
tial system for the patient-specific GBM modeling and drug screening.

DLP-based bioprinting has also been applied toward creating tissue mimics possessing organ-specific ge-
ometries, such as liver and cardiac tissues,' """ "? attributing to the reproduction of sophisticated architec-
tures. Ma et al. utilized hiPSC-derived hepatic progenitor cells (hiPSC-HPCs) and bioprinted the liver model
with a UV-enabled DLP bioprinting system (Figure 6A).** They bioprinted hiPSC-HPCs with 5 w/v% GelMA
as the liver lobule structure and adipose-derived stem cells and HUVECs embedding in 2.5 w/v% GelMA
and 1 w/v% HAMA to be the vascular pattern. The hepatic functions were further evidenced by liver-specific
gene expressions, hepatic functional indicators, including albumin and urea secretions, and the cyto-
chrome P450 induction. Compared to the 2D-cultured hiPSC-HPCs and the 3D-bioprinted liver model
without vascular components, the developed 3D triculture liver model presented the promoted pheno-
typic and functional behaviors, suggesting that the 3D biomimetic liver model could be potentially applied
for disease modeling and drug screening studies. The same team also built a liver model using the dECM
with DLP approach, which featured tailorable mechanical properties for the model of hepatocellular carci-
noma (HCC).®” HepG2/C3A cells encapsulated in bioprinted dECM-scaffolds possessing a cirrhotic range
of stiffness exhibited reduced cell growth as well as increased invasion markers compared to healthy con-
trols. Besides the geometric replication, the cirrhosis-relevant stiffness could be obtained by adjusting the
exposure time of bioprinting, further promoting the cell behaviors of disease conditions.

In another example, Liu et al. bioprinted the in vitro cardiac model by the three steps of the method (Fig-
ure 6B)."'° The base layer of this design was patterned with 2 w/v% HAMA and 2 v/v% PEGDA, followed by
the bioprinting of pillar structure using 15 w/v% GelMA. Finally, the neonatal mouse ventricular cardiomyo-
cytes (NMVCMs) were incorporated into 5 w/v% GelMA and bioprinted by the line pattern. The designed
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Table 3. Selected applications of SLA/DLP-based bioprinting in regenerative medicine

Modeltype Printing system Biomaterials Cells Advantages Reference

Cartilage tissue DLP with blue light GelMA or HAMA Chondrocytes GelMA scaffold facilitated chondrocyte Lam et al.®°
phenotype

Cartilage tissue UV-enabled DLP Silk-GMA Chondrocytes Cartilage tissue repair of partially defected Hong etal.'"?
trachea rabbit model

Vascularized UV-enabled DLP GelMA and HAMA, HUVECs; Anastomosis between host circulation and Zhu etal.'™

liver tissue GelMA hiPSC-HPCs bioprinted scaffold

Spinal cord UV-enabled DLP GelMA/PEGDA Seeding NPCs Spinal cord with patient-specific shape Koffler et al.”

presented in vivo integration

model enabled to achieve an asymmetric, multi-material, cantilever-based construct, allowing one to produce
and transmit force onto a single deformable pillar. Therefore, the encapsulated NMVCMs in linear patterns
with geometric cues formed rod-shaped morphology and aligned as myofibril phenotypic of the myocardium.
In comparison to the 2D-cultured cells, the aligned NMVCMs bioprinted within 3D hydrogel displayed nearly 2
times of forces in mechanical evaluations, as well as increased characteristic calcium transient waveforms. This
study generated the myofibril alignment phenotype by tuning the scaffold microarchitectures, providing phys-
iologically relevant models for cardiac disease modeling and drug development.

Regenerative medicine

The SLA/DLP-based bioprinting methods enable the construction of complex geometries with high reso-
lutions for producing implantable scaffolds and advanced tissue replacements ranging from the vascula-
ture to the neural networks (Table 3), with tunable physicochemical properties that are highly applicable
for clinical applications. The 3D-bioprinted constructs serve as biomimetic scaffolds with the desired phys-
icochemical features and cellular components to support functionality reconstructions.

To create artificial cartilage in vitro, Lam et al. bioprinted the cartilage-mimic structures with GelMA or
HAMA-based bioink by the DLP-based process.?® Scaffolds made of GelMA or HAMA supported cartilage
ECM formation and the viability of chondrocytes over 14 days of culture. GelMA-bioprinted samples ex-
hibited a higher level of alpha-1 type | collagen (COL1A1) expression compared to HAMA-bioprinted scaf-
folds, suggesting the more premature chondrocyte phenotype facilitated by GelMA (Figure 7A). Moreover,
silk fibroin functionalized with glycidyl methacrylate (silk-GMA) was also used to encapsulate chondrocytes
and build cartilage tissue by Hong et al. using DLP-based bioprinting.'"* Cell-laden silk-GMA hydrogels
displayed good cell viability, proliferation, and chondrogenic differentiation after 4 weeks of culture. More-
over, the bioprinted scaffolds were transplanted to the partially defected trachea rabbit model, which
achieved excellent cartilage tissue formation over é weeks (Figure 7B). Therefore, the DLP technique could
be applied to producing cartilage tissue substitutes to treat articular cartilage defects utilizing selected
bioinks and patient-specific shapes.

Given the observed successful reconstruction of solid tissues with DLP bioprinting, the extension of its
application for constructing vascularized tissues should also be taken into account. Vascular networks
play a pivotal role in tissue engineering due to their capacities to transport nutrients and oxygen, as well
as in eliminating metabolic wastes. To incorporate vasculature into tissue scaffolds, DLP-based bioprinting
was applied to build a vascularized liver tissue, where a mixture of 2.5 w/v% GelMA and 1 w/v% HAMA was
bioprinted into the vascular region containing HUVECs, and 5 w/v% GelMA with hiPSC-HPCs was utilized to
construct the surrounding region.'' These lumen-like structures formed in the vascular areas were verified
both in vitro and in vivo (Figure 7C). Meanwhile, anastomosis between endothelial networks in the bio-
printed scaffold and the host circulation was observed by perfusable blood vessels featuring red blood
cells. The advanced approach of introducing vascular structures with faster bioprinting speed and complex
geometries can be widely employed to fabricate diverse functional tissues.

As one of the most critical tissues, bioprinting studies related with the central nervous system (CNS) are
limited because of the complexity of CNS architectures. Taking advantage of the high resolution of
DLP-based 3D bioprinting, a spinal cord scaffold was fabricated and verified by implanting into rats with
T3 complete the spinal cord transection.”® Facilitated by the digital images obtained from processing

iScience 26, 106039, February 17, 2023 15



¢? CellPress

OPEN ACCESS

iScience

A
gelatin hyaluronic acid
(A) . B—
gt
/
B) ow (E) S
density
© high (F)
- 500um density
S}y (H)- T [ — @41 (K)
) g 3 /';- "ﬁ“*(
e [
;: foA
L 2 BLE
K F O
§ % of T g A
AR —’\jf ¥y o Y d
100pm y £ :4 ‘N/xy,’(' _,310(me‘
no cells low density  high density no cells low density  high density
(o D |

Agarose

Biomimicry
approach

Figure 7. The SLA/DLP-based bioprinting facilities regenerative medicine

(A) Expressions of proteoglycans in bioprinted constructs with different chondrocyte densities after 14 days of culture. Reproduced with permission from.*

(B) In vivo histological assessments of chondrocyte-laden silk-GMA constructs for cartilage tissue regeneration after 1, 2, 4, and 5 weeks of implantation in

dorsal subcutaneous part of mice. Reproduced with permission from.'"?

(C) Endothelial network formation of GelMA/HAMA constructs after 1-week culture in vitro. Reproduced with permission from.""*

(D) The 3D-printed scaffold for spinal cord regeneration. (i) Schematic of DLP printing process and spinal cord scaffold design. (ii) Cross-section of the

implanted scaffold labeled with axons (green). (iii) Niss| staining indicating the cell layer at the region of implantation. (iv) Toluidine blue stain (asterisks
indicate vessels) (right) and RECA-1 immunolabeling (left) showing the vascularization of implanted scaffolds. (v) Host axons did not enter the agarose

scaffold, whereas they could enter the 3D-printed GelMA/PEGDA scaffold. Reproduced with permission from.”

the cross-sectional images of the spinal cord, the gray matter was printed as solid with 7.5 w/v% GelMA and
25 w/v% PEGDA, and the channels of 200 um in diameter were fused into the white matter to implement
linear administration for the axonal reconstruction (Figure 7D). After 1 month of transplantation, NPCs
loaded to the printed scaffolds directly after implantation could survive and completely fill the printed
channels to support axon regeneration. Meanwhile, the host axons near the grafts regenerated into 3D-
printed scaffolds and the implanted NPCs in turn extend axons out of the scaffold into the host spinal
cord. These scaffolds can be scaled to any patient-specific lesion shape and length, providing great poten-
tial to repair and regenerate these injuries tailored to personalized patient requirements.

FUTURE PERSPECTIVES

In biomedicine, SLA/DLP bioprinting exhibits unique advantages such as the faster fabrication speeds, the
accurate control over scaffold geometries, and preferrable resolutions. Utilizing the clinically relevant
graphical information to create patient-specific anatomical, combined with the stem cell technology,
advanced SLA/DLP bioprinting systems hold the potential of developing tissue replicates and disease
models for the development of therapeutic approaches that are possibly personalizable.

Drug discovery is both capital- and time-intensive, yet the failure of therapeutic development involves the
poor transition of in vitro screenings and preclinical animal models to human translations. 3D-bioprinted
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engineered tissue constructs have gained increasing attention for in vitro modeling in recent years. SLA/
DLP bioprinting offers the potential to approach the complexities of tissue architectures in an effective
and repeatable manner. Besides the biomimetic macrostructures attainable from SLA/DLP bioprinting,
challenges remain in simultaneously incorporating all physiologically relevant features, such as electrical
conductivity. Qi and colleagues presented a hybrid multi-material 3D printing system by combining the
DLP method and direct ink writing (DIW) printing.' "> The conductive inks were printed via DIW, whereas
the acrylate-based materials were printed through DLP, which enabled fabricating of composite structures
with conductivity. Future advancements in printing techniques and materials will expand the capacity of
fabricating physiologically relevant physical, chemical and biological features.

Moreover, the potential high throughput is another promising advantage that DLP bioprinting can
contribute to drug screening. Chen and colleagues extended the DMD-based DLP method to rapidly fabri-
cating sophisticated 3D microtissues in the multi-well plate format, including those of hepatocellular car-
cinoma and human iPSC-derived cardiac microtissues, which is potentially beneficial in preclinical drug
screening and disease modeling."'®""” However, advancements in both in vitro maintenance and analysis
systems will be needed to fully realize the potential of 3D bioprinting in developing in vitro disease models
and precision medicine. Bioreactors and microfluidic devices provide possibilities for culturing bioprinted
3D microtissues, promoting nutrient supplement and functional maturation, especially for the volumetric
tissues. In addition, based on the imaging and analyzing tools developed in the planar organ-on-chip sys-
tems, further advances of in situ assays of drug responses of organ-on-chips will facilitate to monitor of
metabolism and many other key physiological parameters in real-time. The dynamic circulation technique
will also be in high demand to connect multiple organ-mimics, eventually approaching the human-on-a-
chip and serving as a class of new higher-throughput drug development platforms to study the interdepen-
dent effects of different organs.

Finally, surgical procedures usually result in several inherent drawbacks, such as extended hospitaliza-
tion, anesthetic use, pain, swelling, and prolonged recovery. Therefore, developing minimally invasive
or noninvasive approaches is a notable trend of clinical interventions. As the technology continues to
develop, it can be predicted the minimally invasive 3D bioprinting can be achieved to directly pattern
in living tissues. Recently, a digital near-infrared (NIR) photopolymerization system was developed to
minimally invasively fabricate 3D constructs in vivo through DLP-based bioprinting.'"® Without needing
open surgery-enabled implantation, the subcutaneously injected bioink could be noninvasively
patterned layer-by-layer into personalizable structures in vivo for tissue repairing. In vivo bioprinting
opens new avenues for the clinical translations of DLP bioprinting for producing patient-specific con-
structs and beyond.
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