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v' Development of an Anti-Inflammatory Drug-Incorporated
Biomimetic Scaffold for Corneal Tissue Engineering’
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FICs. 1. Phowwograph of
blank or MNS-loaded PLGA
scaffolds: (a) PLGASO-B. (b)
PLGASO-INS, (c) PLGATS-
B, and (d) PLGATS-INS. NS,
NAPTOXen sodinrm; PG,
polyv(lactide-co-glvcolide).

FIG. 2. Cross-sectional SEM images of blank or NS-loaded PLGA scallolds; (Aa) PLGASO-BR, (Ab) PLGASD-B-K, (Ac)
PLGAS0-B-L; (Ad) PLGASO-NS, (Ae) PLGASO-NS-K, (Af) PLGAS0-NS-L; (Ba) PLGAT5-B, (Bb) PLGAT5-B-K, (Be)
PLGATS-B-L; (Bd) PLGATS-NS, (Be) PLGATS-NS-K, and (B) PLGAT3-NS-L. SEM, scanning clectron microscope,
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FlG. 3. FTIR

ion specira ol (a) collagen, (b)) poly-L-lysine, () PLGASO-B, (d) PLGATS-B, (e) NS, () PLGAS(O-

NS, (g) PLGASO-NS-K, (h) PLGASO-NS-L., (i) PLGATS-NS, (j) PLGATS-NS-K, and (k) PLGAT5-NS-L. FTIR, Fourcr

transform infrared.

TasLe 1. FormurLaTioNn Copes, PORE DIAMETERS, AND TENSILE STRENGTHS
OF POLY(LACTIDE-CO-GLYCOLIDE) SCAFFOLDS

Formulation Code Pore diameter (um)* Tensile strength | N/m?) (= }'(J'r’)

Blank (without drug) scaffolds
PLGA (50:50) PLGAS0-B 173.3£17.3 0.246 £+ 0.001
PLGA (50:50) coated with collagen PLGAS0-B-K 168.7+21.0 0.270+£0.012
PLGA (50:50) coated with poly-L-lysine PLGAS0O-B-L 169.5+20.6 0.219+0.011
PLGA (75:25) PLGA75-B 168.3+20.4 0.553 £0.056
PLGA (75:25) coated with collagen PLGA75-B-K 168.7+20.9 0.476+0.026
PLGA (75:25) coated with poly-L-lysine PLGA75-B-L 169.44+20.5 0.457 +0.047

NS-incorporated scaffolds
PLGA (50:50)—NS PLGAS0-NS 164.2+11.9 0.343 +0.077
PLGA (50:50) coated with collagen—NS PLGAS0-NS-K 163.8+11.8 0.156 £0.016
PLGA (50:50) coated with poly-L-lysine—NS PLGAS0-NS-L 164.1 £12.0 0.222+0.038
PLGA (75:25)—NS PLGAT75-NS 163.9+11.7 0.3124+0.252
PLGA (75:25) coated with collagen—NS PLGA75-NS-K 163.34+11.7 0.155+0.037
PLGA (75:25) coated with poly-L-lysine—NS PLGA75-NS-L 163.8+11.9 0.134 £+ 0.040

*Mean + standard deviation (n=23).

NS, naproxen sodium; PLGA, poly(lactide-co-glycolide).
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FIG. 5. (A) Fluorescence microscope photographs of comeal epithelial cells stained with cytokeratin 14, (B) Optical
microscope photographs of NS-loaded PLGA scaffolds stained with Giemsa; (a) PLGASONS, (b) PLGASO-NS-K, (c)
PLGASO-NS-L, (d) PLGAT3-NS, (e) PLGAT5-NS-K, and () PLGAT5-NS-L.

FIG. 4. Water uptake (a, b), degradation test (e, d), and cumulative drug release study (¢) resulis of PLGA 50 or PLGA 75
scallolds (n=0).



FIG. 6. SEM photographs ot corneal epithelial cells grown in the interiors of NS-loaded PLGA scaffolds at 3 days atter
culture (arrow indicates cells attached); (a) PLGAS0-NS, (b) PLGASO-NS-K, (¢} PLGAS0O-NS-L, (d) PLGA7TS5-NS, (e)
PLGATS-NS-K, and () PLGATS-INS-L.
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FIG. 7. Cytotoxicity of PLAGA scaffolds against the cormeal epithelial cells 2= 6) (a, b). Proliferation profiles of cormnecal
epithelial cells grown on PLGA scaffolds (ir—=6) (c, d).



v" 3D printing of biomimetic vasculature for tissue regeneration?
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Fig. 1 Design and fabrication of PHMs. {(a) Schematic illustration of the fabrication process. (1) 3D printing of the caramel-based termnplate using fused
deposition modeling. (I} Thin polymer coating on the template wa solution casting. (IIl) Modulation of the microstructure of the polymer coating based
on phase separation during solvent volatilization. (IV) PHM formation upon rermoval of the template. (b) Schernatic diagrams of the PHMs with hierarchical
architectures. (I} Primary structure: multilayered network on the macro scale provided tailorable and scalable scaffolds. () Secondary structure:
interconnected polymeric channels with smooth junctions facilitated the mass transportation in the whole scaffold. (Ill) Tertiary structure: porous
channel walls enabled mass exchange inside and outside of the channels. (c) Top view of the crisscross caramel-based ternplate. (d) Optical images of
templates with different filament diameters. () The filament diameters were well controlled by the nozzle travel speed in an exponential relationship. (f) A
sophisticated template with multi-branched and curving filaments could be 3D-printed. (g) Top view of the magnified 3D caramel-based template. (h)
Distilled water added from one side of the polymer (PCL) coated temmplate could quickly dissolve the caramel filaments and went through the whole
template leading to interconnected polymer channels in minutes. (i} The optical microscope images of the resultant PHMs. (j) CAD/CAM process for
tailoring PHMs imitating a specific tissue or organ exemplified by a human ear. A 3D CAD model offered the visualized motion path to precisely control
the macro-framework and micro-structure of the caramel-based template, The reverse molding fabricated PCL PHMs in an ear-shape frameworlk
constructed by an interconnected hollow channel network with efficient long-term rmass transportation ability demonstrated by the perfusion of red dye.



Permeable channel walls

Fig. 2 Morphology and mass exchange ability of PCL PHMs, Optical image (a) and SEMs {b—d) of HMW-PCL PHMs in top view, Diagram (e) and SEMs
(f—h] of the side view in the radial direction. Diagram (i) and SEMs {j—[) of the side view in the axial direction. PHMs showed hierarchical structures
including multiple layered networks (b, f and | primary structure), interconnected hollow tubular channels with smooth junctions (c, g and k; secondary
structure) and porous structures throughout the channels walls (d, h and [; tertiary structure; external surface, inside of wall and lumen surface). (m) The
pores of PHMs from HMW-PCL were relatively larger than those from LMW-PCL. (n) PHMs made from higher concentrations exhibited thicker walls. (o)
The pores of PHMs from HFIP solution casting were relatively larger than the pores of PHMs from THF and smaller than the pores of PHMs from DCM. (p)
Time-lapse microscope images of the perfusion of red dye fluid through the branching channels of PHMs upon injection from one end. (g) Time-lapse

External Wall Lumen
4% 1 :
l B, I
g—= .

- THF HFIP DCM

um) =
- 1

=

o

Wall thickness (

images of absorbing red dye fluid of outside blotting paper from lumens of PHMs through the porous channel walls,
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Fig. 5 PHMs sustained cellular metabolic function at high cell densities, (a-1) Engineered cardiac tissue constructs. PCL PHMs were encapsulated in
alginate hydrogels along with [wing rat cardiomyocytes (e-h, PHMs-fydrogels}, compared with monolithic cell-laden alginate hydrogels (a-d) and typical
30-printed solid PCL scaffold within cel-laden gels (i-1, scaffold-hydrogels). Representative fluorescence microscopic images (b, f and j} of live-dead
staining right after cell seeding visualized the uniform distribution of cells in all three types of scaffolds. After 5 days culture, confocal micrographs of ive-
dead staining in monolithic bulk el (¢ and d), PHM-hydrogels (g and h) and scaffold-hydrogels (i and () in top view and representative cross-sectional
views, Final images were stitched from multiple images of a confocal z-stack montage. (m) Cell survival rate in different groups and areas on days 5
faverage £ 5d, n = 4). {n) CCK-8 assay demonstrated PHMs promoted cell viabillty and proliferation (average < sd. n = 6. * Statistically significance,
*p <005 *p <001
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Fig. 4 PHMs facilitated angiogenesis and tissue integration in subcutaneous implantation and myocardial patch application, PHMs and typical 3D printed
scaffolds (control group) in the same size (6 mm length x 6 mm width x 2 mm thickness) were implanted in subcutaneous (a-d) and myocardial regions
(e=]) of Sprague Dawley rats. H&E staining (a) at predetermined time points (14 days post-implantation; n = 3). Immunchistochemical staining (b} of vWF
for new vessels 14 days after implantation. Statistic quantification (c) of tissue integration rate of the PHMs group (average £ s.d. n = 6]. Comparison of
vessel regeneration rate (d) of PHMs and control groups (average + s.d., n = 6) 14 days after implantation. Schematic diagram (e) of using PHMs as a
myocardial patch. Masson staining (f) of ischemic heart, typical scaffold treated heart, PHMs patched heart and normal hearts at 4 weeks post-
implantation (scale bar, 5 mm). The evaluation of fibrosis degree (g) in the myocardial area. Immunofluorescence staining of «-SMA (green), CD31 (red)
and DAPI (blue) in the PHMs (h) and control group () for new vessels at 14 days post-implantation. The quantification of a-SMA and CD31 pasitive vessels

(j). *Statistically significant, *p < 0.05



v' Mesenchymal stem cell 3D encapsulation technologies for
biomimetic microenvironment in tissue regeneration3
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» MSC encapsulation technology
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Table 1 Summary of encapsulation technologies with diverse materials and MSC types For different tanget tissues
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Fig. 1 Technical history and principal description of the technologies developed 1o achieve coll encapsulation, by year. a Micromolding was used
in a variety of fields, but not for cell encapsulation until the early 1980s. Lithography based on micromolding was founded by Broers et al 192)
whereas techniques using replica (93] and capillary molding [94] were developed in 1996, and MSC encapsudation began in 2002. b Nawab and
Mason suggested liquid droplets under electrostatic fields, which formed the principle of electrostatic droplet extrusion in 1958 [95]. For col
encapsulation using this technology, Goosen et al proposed cedl immobilization within a semipermeable membrane 96, Moreover, Bugarskd ot
al. proved the mechanism of polymer droplet formation with electrostatic droplet extrusion in 1994 [42]. Finally, MSC encapsulation was

conducted in the late 20005 [97, 98] ¢ Schmidt et al. intreduced a microfludic device in 1990 [99), and the cell encapsulation was studied by
Sugiura in 2005 [100]. Zhang et al. generated microgel particles with a capsular structure [101]. Microfluidic emulsification, achieved by Edd et al,
offered enhanced controls over a number of encapsulated cells [102]. In 2010, MSC encapsulation was beginning 1o be studied. d The 3D printey
wiass invented by Charles W, Hull in 1983 [103]. The inkjet 3D printing-based hard tissue scaffold was developed by Gima et al in the carly 19905
[104], which was an earlier step for applcation into soft tissue engineering [105). CelHaden and MSC-encapsulated 30 bioprinting was attempled
form the 20005 onward after the development of the cell-free printed scaffold [74]. Finally, 4D biogrinting was developed as an advanced bioprinting
technigue for next-generation technology in the biomedical fiekds [106]



> Applications of cell encapsulation as regenerative medicine
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Fig. 2 MSC encapsulation technologies. The techniques for encapsulation of MSCs to maintain their viability, proliferation, and differentiation
function to deliver the cells into damaged tissues in a 3D microenvironment are achieved through a micromolding (reproduced with permission
from Reference [38]. Copyright 2013 John Wiley and Sons), b electrostatic droplet extrusion, € microfluidics (reproduced with permission from
Reference [87]. Copyright 2013 Springer Nature and reproduced with permission from Reference [65). Copyright 2017 1OP Publishing), and d
bioprinting (reproduced with permission from Reference [107]. Copyright 2018 10P Publishing) technologies. These technologies create various
types of cell encapsulation platforms (e.g., microbeads, bulk matrices, and fiber) and specific shapes
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Fig. 3 Application of MSC encapsulation for cartilage regeneration. A (a) Cell-encapsulated nanofibrillated cellulose bioprinting gel. (b) Chondrocyte
proliferation in 3D-bioprinted scaffold with hNCs and hBMSCs at day 30 (left) and day 60 (right) after subcutaneous implantation. Reproduced with
permission from Reference [83). Copyright 2017 PLOS. B (a) The periodontal ligament stem cells (PDLSCs), gingival mesenchymal stem cells (GMSCs),
and hBMSC-encapsulated RGD-coupled alginate microbeads with TGF-31 by microfluidic device. (b) MSC-encapsulated microbeads stained safranin-O
and toluidine blue that indicates proteoglycans, significantly. Reproduced with permission from Reference [84]. Copyright 2013 Elsevier
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Fig. 4 Effective MSCs delivery for bone regeneration. A (d) Release of ADSCs from alginate microbeads with different concentration of alginate-
Iyase by electrostatic droplet extrusion. () ADSC-encapsulated alginate-lyase microbeads revealed high expression of BMP-2 and FGF-2 that regulates
bone regeneration. Reproduced with permission from Reference [85]. Copyright 2013 Elsevier. B (a) Printed agarose—collagen 3D columns and rings

using inkjet bioprinting. (&) Alizarin red staining for hBMSC-loaded agarose-collagen hydrogel scaffold. Reproduced with permission from Reference
[B6]. Copyright 2016 John Wiley and Sons
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- A () Primtability test of dECM bicink through the production of
heterogeneous structure by modeling. (Bioink A: cell-free S-dECM biocink was stained with rhodamine (red): bicink B: cell-free S-dECM biocink was
stained with trypan blue(blue). (&) The images of wound healing for 21 days
Elsevier. B Schematic diagram illustrating

full-thickness skin wounds

. Reproduced with permission from Reference [89]. Copyright 2018
an approach to bioprinting ammniotic fluid-derived stem (AFS) cells to increase the

healing of
. Reproduced with permission from Reference [90]. Copyright 2012 John Wiley and Sons
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Fig. 6 Blood vessel regeneration by MSC encapsulated 3D construction. A (@) The 3D co-culture system of mesenchymal and endothelial cells in

the micropatterned hydrogel. HUVEC- and MSC-loaded micropatterned fibrin channels with the distances between channels of 500

, 1000, and
2000 pm, (b) Encapsulated HUVECs (left

channel: red) and MSCs (right channel: green). (¢) MSCs sprouted to HUVEC with distance-dependent
response (scale bar,100 mm). Reproduced with permission from Reference [36]. Copyright 2009 John Wiley and Sons. B (a) Schematic diagram of
microfiber generation and principle of gelation and actual shape. (b) MSCs with VEGF and FGF were effective for angiogenesis in microfiber over
14 days. Scale bar, 200 um. Reproduced with permission from Reference [65]. Copyright 2017 10P Publishing



v" Bioinks and bioprinting technologies to make heterogeneous and
biomimetic tissue constructs*
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Fig. 1. Schematic representation of the procedure for design and biofabrication of tissue
constructs from bioinks mimicking the native tissue parts of figure are reproduced from
Zhang et al. [20] with permission from Elsevier.



» Multicomponent bioinks
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» Alginate with gelatin/fibrin:

» Silk fibroin with gelatin:

» Agarose with collagen

» Chitosan with gelatin

» Cellulose with alginate

» Hyaluronan with cellulose
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Fig. 3. (A) Schematic illustration of droplet-based fabrication process for lattice structure made
of human adipose tissue-derived stem cells encapsulated in alginate and (B) the resulting cell
viability as a function of bioink parameters. Alginates with medium viscosity resulted in
higher cell viability owing to limited nutrition transfer at high and low concentrations.
Reproduced from Jia et al. [48] with permission from Elsevier. (C) Representation of 3D
printed alpha tricalcium phosphate (a-TCP)falginate core/shell scaffolds (i) before and (ii) after
crosslinking, (iii-iv) fiber cross sections demonstrating the core/shell structure of alginate and
calcium-deficient HAp. Scale bar = 100 ym. Reproduced from Raja et al. [49] with permission
from the Royal Society of Chemistry. (D) Three-dimensional printing of a porous scaffold
consisting of alginate, mesenchymal stem cells and, calcium phosphate particles using
extrusion printing. Scale bar = 500 um. Reproduced from Loozen et al. [50] with permission
from the Royal Society of Chemistry. Hap, hydroxyapatite; RGD, Arg-Gly-Asp.
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Fig. 4.(A) Wood pulp CNC distribution in the aqueous inks (scale bar = 500 nm) and
photograph of the printed cellular constructs based on CNC inks. (B) Shear-thinning was
induced to the ink slightly at 1% CNC concentration and increased significantly at around 10-
20% as the viscosity decreased with shear rate. Reproduced from Siqueira et al. [65] with

permission from Wiley-VCH Verlag GmbH & Co. (C) The printed constructs for a grid design
obtained by using (1) 3% alginate, (ii) 2.5% NEC, or (ili) lginate/NFC inks. Combining the inks
resulted in successful and structurally integrated (fully cured) constructs. (D) i-1ii) Mechanical
recovery of the meshes and (iv) human ear model obtained by the use of alginate/NFC inks.
Reprinted from Markstedt [67] with permission from the American Chernical Society. CNC,
cellulose nanocrystals; NEC, nanofibrillated cellulose.



2. Bioinks comprising natural and synthetic components: &&=l MM Moo,
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3. Bioinks comprised of synthetic biomaterials: PEGE= +=&40|H =%t PEGE

3D Hio| Z&Ig0o| He5HA| H2 =EO[X|E bioinkZ Arﬂ +7| 2|50
poly(ethylene glycol) diacrylate (PEGDA) K & methacrylate (PEGI\/IA ni;
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4. Bioinks comprised of hydrogels and particles: 87t&l Lt 322 124}
ArEes 28AI7| S0|E2 29| 7[AH =& dAZ]7] 6] 7tud =

AEE = /UAF0| EAEL AN 3D HIO|L Z2IEE F2F9 7[AH, stety,
71 Ed&5 26| ?l6l Lie ARE E7ISHY bioink M=l A M=
HEO| CHok B2 S77F 20 AS.
» Silicates
» Hydroxyapatite
» Tricalcium phosphate
» Bioactive glass
» Carbon nanomaterials
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Fig. 5. Characteristics of printed constructs based on HA modified inks. (4) ) Chemical - Fig. 6, (4) 3D bioprinting of bioinks composed of cells and GelMA. (B) Low concentration 3D
structure of methacrylated HA obtained by reacting HA with methacrylic anhydride in an , , oo ,
, GelMA structures were fabricated by taking advantage of sher-thinning properties of Ge[MA,

aqueous environment and (ii) printability of methacrylated hyaluronic acid (MeHA) at

different concentrations (scale bar = 500 ym) The best printability was attained st MeHA {g cooling down the structures to maintain their structural integrity. Reproduced from Liu
concentration of 3%. Reproduced from Poldervaart et al. [71] (B) Compressive elastic properties

of HA methylcellulose as a function of methylcellulose at different time points. Reproduced etal [78] vith PETmIssion from WILEY-VCH Vﬁﬂag GmbH & Co. (C) Ilustration of

from Law et a.[74]with permission from Elsevier (C) Conparing cell response in two GeIMAfalginate microftbers with coresheath architecture forming bioprinted constructs
different culture media (expansion and adipo), for cells seeded on either 2D surface or . o . o .
encapsulated in alginate, HA, or in collagen gels. Promoted cell differentiation and through extrusion 3D bioprinting (D) Alginate sheath allows printing of 3D structures using

prohijer.atlon were seen in HA a‘nd collagen I gels (scale bar = ?0 um; nuclei, actin filaments, low concentration GelMA ODWEI than 2%) Repm duced from Lig et 2l Wﬁ] with pETII]iS sion
and lipid droplets were shown in blue, green, and red, respectively). Reproduced from

Henriksson et al. [75] with permission from IOP Publishing Copyright 2016. HA, hyaluronan. from [P PllthhlIlg GEIMA, gElHtiIl methacry]o L
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Fig.7. (A) Different types of polymer chain, crosslinker, and cells for developing cell- Fig. 8. (A) Nanoengineered ionic-covalent entanglement (NICE) bioinks developed by taking

incorporated inks based on PEG. (B) Ink configuration after lightly and heavy crosslinking of advantage of nanoparticle ingredients: (1) Kappa-Carrageenan (kCA) for ionic crosslinking, (2)
GelMA for covalent crosslinking, tissue adhesion, and biodegradability, and (3) 2D

nanosilicates for having shear-thinning properties. (B) The NICE-based printed constructs
exhibit promising mechanical recovery behavior (scale bar = 1 mm). (C) High printing fidelity

PEG. (C) Three-dimensional printing strategy of developed PEG ink. Secondary crosslinking
may be applied for heavily crosslinking the polymer chains after the 3D printing process was
completed. (D) Photograph of 3D printed structures using PEG-gelatin bioinks (scale bar =
500 pm). (E) Examples of combined 3D bioprinting of PEG-gelatin (red) and PEG-fibrinogen
(blue) bioinks in spheroidal and grid designs and (F) cell viability results associated with using

was achieved by the NICE ink because of versatile printing of complex 3D structures and
human organs. Reprinted with permission from Ref. [92]. Copyright 2018 American Chemical
Society. (D) Porous constructs fabricated by gelatin methacrylamide-gellan gum MSC-laden

3 w/v¥% fibrinogen in PEG, PEG-PEG, and PEG-gelatin (scale bar = 200 pm). Human umbilical  biginks: (1) MSC-laden layer (scale bar = 400 pm), (ii) GeIMA-gellan gum layer (scale bar = 400
vein endothelial cells (HUVECs) seeded with human MSCs, which filled the pore spaces in the  m), and (iii) perspective photograph of the bilayered GelMA-gellan gum cylindrical

internal structure. Reproduced from Rutz et al. [87] with permission from WILEY-VCH Verlag  osteochondral graft model (scale bar = 4 mm). Reproduced from Levato et al. [91] with

GmbH & Co. PEG, polyethylene glycol; MSC, mesenchymal stem cell. permission from IOP Publishing. GelMA, gelatin methacryloyl, MSC, mesenchymal stem cell.



5. Bioinks for 4D printing: 4D HIO|Q ZZIE S Egf & X329 {20
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. Multicellular and stem cell-based bioinks: 8¢ Z=Zx2 QHIMOZ [
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» Dynamic hydrogels for multicellular 3D bioprinting

Biomolecule-contained bioinks: 3D +Z2=0A MZ 7[5 Z=Et
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» Bone morphogenetic proteins

» Vascular endothelial growth factor

» Fibroblast growth factor

» Transforming growth factor

» Stromal cell-derived factor

» Extracellular matrix

» Peptide motifs

» Platelet-rich plasma

» Stem cell secretomes and other molecules



> Methods to fabricate heterogeneous constructs: &5 Ql MA| 28 O|F 7
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Fig. 11. Schematic illustration of different 3D printing systems that have been used to produce

multimaterial constructs.

Fig, 12. Three-dimensional printing with (A) single and (B, C, and D) multiprint head systemns
[175). BCL, polyfe-caprolactone); dECM, decellularized ECM



> 3D printing for tissue engineering application®
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» IMAGING & DESIGNING TISSUES
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Figure 1. Modelling tissue for 3D printing [6].
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Figure 2. Schematic representation of inkjet printer methods.
The figure on the left shows thermal inkjet
bioprinter. The figure in the middle shows
piezoelectric bioprinter. The figure on the right  Figure 3. Microextrusion bioprinting systems [2].
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Figure 4. Schematic laser-assisted bioprinting setup [17].




» MATERIALS & BIOINK
- Bioink printing &2 & 7K
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Figure 5. Chart diagramming natural and synthetic polymer I«igure 6. Spheroids are primed into
distributions for use as bioinks compiled from
relevant literature [19]

“‘biopaper’” which is a
layer of hydrogel [23].
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Figure 8. Schematic procedure for dECM bicink bioprinting
[27].



Table 1. Biocompatible polymers used as bioinks for stem cell, cell delivery, and scaffold materials are presented along with
their crosslinking features and application in bioprinting stem cells [20].

BIOINK PROPERTIES
[nexpensive, natural polysacchande denved from algae. Bioinert, which may lead to anoikis and 1s
often modified with RGD or additives such as hydroxyapante Crosshinking occurs rapidly hence

alzinate is very popular as a bionk.

ALGINATE

CROSSLINKING FEATURES

Instant gelation in Ca* solution

EXAMPLES
Fabrication of osteochondral tissue equivalents

Biomert. Forms cytocompatable and structurally stable hydrogels, Sobdifies slowly, resulting in

AGAROSE biomk spreading Not biodegradable in mammals,

Themal gelation, cells mixed at 40 +C
and gelates at 32 +C. No other
olymenzers needed

Priniting of bone marow stromal cells in agarose
has been assessed.

A non-sulfated glycosaminoglycan, usually used for producing soft issue like hydrogels rather
than ones confenng structural stability. Often mixed with gelatin, dextran or other polymers to
overcome biomnertness and mechanical weakness,

HYALURONIC
MA

UV triggered free radical
polymenzation,

Adipose stem cells pnnted in Gel MaHA Ma
hydrogel, confenng high cell viability detected
after | week (97%)

WNatural protein comprised of cross-linked fibnnogen, has quick crosshnking rate and is glue like in

FIBRIN form. The mechamical stiffness is low, so often used in conjunction with other polymers.

Crosslinks through the thrombin
cleavage of fiban,

Blended with collagen to deliver stem cells by
inkjet with the application of skin regeneration

Good biocompatability and mechanical properties. Mixed with gelatin to prevent nozzle clogging

SILK FIEROIN

Crosslinked with tyrosinase or by
sonification

Silk fibrom-gelatin biomnk used to pnnt human
nasal infenor turbinate tissue denved MSC that
supports multi ineage differentiation

Formed from pamally hydrotysed collagen More soluble than collagen. Melt/gelation temperature
30 =C=35 +C, requires secondary crosslinking for applications at physiclogical temperatures,

GELATIN Matrix can be remodelled by cells,

Crosslinked using ghuteraldehyde,
carbodimande or transghutaminase. UV
irradiation of the methyerylated form

BMSCs pnnted in gelatn MA with BAMP2 or
osteogeme medium

Rich m the intergnn binding RGD motif. The ionic or pH changes involved in gelahon are usually
not gentle enough to allow cell bioprinting, however water soluble forms do exist. Collagen
hvdrogels are formed at low concentration. That confer for low elastic modulus. Unfortunately a
100% collagen hydrogel may not be ideal as a cellulanzed construct due to water exclusion and
contraction induced by hydrophobic peptde residues

COLLAGEN-

Grels through hydrophobic bonding
with a slow rate of crosslinking, so
can be blended with faster
erosshnkang polymers such as
alginate or fibrin,

MSCs in collagen hydrogel differentiate
towards chondrocytes, expressing cartilage
proteins,

Supplies a natural like ECM niche for the stem cells. The stem cells seeded in dECM scaffold show|
greater degree of differentiaiton than cells seeded in collagen,

Can form a bioink that remains as a
solution below 15 =C and gels after 30
min at 37 «C

Adipose, cartilage, and heart dECM used as cell
prnting biomk for adipose denved SCs and
human infenor turbinate tissue denved MSC,

CM like hydrogel nich in laminin, collagen and heparan sulfated proteoglycan. Has been used

LN 04 [ P e xtensively for 3D cell culture

Thermal gelation.

Not widely employed for bioprinting. used for
printing Hep(2 cells by temperature comtrolled
syringe.

METHYL
CELLULOSE

Can be used to aid pnnting of another polymer and 15 then released Enhances pnnt viscosity and
orosity followmng release.

Thermal gelation

Blended wath alginate to print MSCs mto a low
concentration alginate hydrogel.

Biownert, vanable molecular weight allows tunable properties, altering stiffness can aid stem cell
differentiation. Can easily joned to other molecules. Requires modification to allow erosslinking

" |

LUV initiated photocrosslinking of the
PEGDMA

Bone mamrow detived MSCs printed for
osteogenic and chronogentic differentiation
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