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1. Introduction

The need for artificlal argans amd implaris
to repair andjor replace damagsd organs
and o comredl congenial disabilises of
patients i increasing!" " ¥ Gbricted
hamman-like argans or tissues are o be
effective and o fumction optimally, they
I have o follow dhe hierarchical striscture,
which is a preveguisite o mimic the com-
phex fundctions of the organs and fissues
s : fouind i natare!™ The hierarchical srac-
i mres of fisue are the neture of hving
arganisies, and the sizes of such strucures
rafige from manometers o mdcromeierns;
furthermare, the definitive grometries of
artificia] organs and tisues ge them
tmaty aclvaiages. such a8 strength and bio-
logical inferactions among subhieranchy
levels ™ Interactions between cells and
af cells with the matris surrounding them
hl.'!Pf"n freely and on all sides in the hier-
archical congtruct systern” Becaise the structures and fusctions
of that construc system are essential, hunanddke artificis
organs and tssues fabricabed and ised for regenerative medicine
must e that hierarchical stmuchare,

The fimal goal of Hssue engineering is o create artibcial Hsoe
with the sbility & perform bolegical functions. Monetheless,
materials are a critical part of successful tissue enginesring
for regenerative medicine. The matersls’ propersies. such s
sipe, #lillness, biocompatibility, and biodegradability, lave w
be considersd during material selection for tissue engineering.
Seaffokls have been described as in essential armpopen vnder-
lying the successful formation of functional artificial tissues ™Y
Therelare, with a proper seaffokl material, an sdequate meroen-
viroament for oell profiferation, cell adhesion, and cell-cel inter-
sctions can be achievs] "™ Mareover, a suitable combmation of
seaffoll materials and cells defines the fanctionality of the hier-
archical tssue complex. The embodiment of cells during the fab-
rcation process for cell-laden scaffokls and the mcorporation of
live cells into the fabricated scaffolds ase integral pans of the
organization of fenctionalized artificial tissoes. For tissue regen-
eratbon, & scallold, as the framework b lssue eogmeer i, has bo
provide the features that can indwce cellular and bophysical
responses through the diemical compositions, elasticity, peom:
etry, and ligand spaang of the bomatedals to modulabe the
belsminr -nrn:rlls.“ ! The signaling cues from a symthetic pohamer
cin be increased by prosein moorporation ime and addinon of
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bismimetic fBctors from the exracellular matris (ECM) 1o scal-
fodds fabricated using synthetic polymers.'™ The eellular physi-
clogy, including survival, migration, growth, and differentiation,
& determined by the micreenvisonment provided by the cells”
scaffold 'Y The biological interactions between the cells and
the scaffold are combinatons of receptor-medised amd
mechanicalmedated signals, soalled mechanotransdisction.
that pegulste the phenotype and the fasction of e cells
Druring this process. the cells will respond by comverting mechan-
kcal stipmib bivle the ECM'S biochensicsl signals @ #he cells”
nuckel, ™™ Mechanosensitive molecules in ol recognize thase
mechanical stimuli and initiste the mechanstransduction pro-
cess " Funthermare, bochernical molecules are symhesized
in e q"hplnm:l alter mechanosensitive myodeciles bind o receps
wrs. Thersfore, mechanotransduction, inchelmg mechanosens-
ing and mechanesignaling, is the core af cell-ECM interaciions
ghat muast be mimicked during Ssnie engineering for regenera-
tive medicine,

Far the enginesring of tissues for the parposes of regenerative
medictne, Tabrication (s an essental part of comerucing & nam-
ral hierarchical structure, and mamy methods, for instance,
milcrofluldics for onpam-oan-achip () and sdditive -
facturing |AM) strategies, inchadmg inkjet-based. extruson-
based, Laer-amited-hased, amnd sterealithography-based 30 o
printing, have been used. The microfhddscs for O0C faboication
provides the minimal Amction of o e or organ and allows
tissue and organ constnics o be ﬂ'pl.urncl. under minamal con-
ditions. This microfluidic approach to Gbeication allows mico-
etwircnment tsmie-haeed sigraling i be somdated o3 30
tiszue culbure in a similar way as in in vive applications. In con-
wasl, 30 bicprnting yields improved cell coganizabion with
respect o clasical tissue engireering with matrices throughouat
the scalfall and ultimaely produces artificial tesues snd organs
witly reafistic, natural, hisrarchical structures; moreover, 10 bio-
printing allows those natsral structieres to be mimicked layes-by-
Layer, leading to the Gbrcation of differem structiones and differ-
ent compositions of materials and cells in the different Lyers of
the cell-laden scafllfolde Howeer, the 30 Woprmbing process
requires a hioo ible imk that contains biclogical materials
for the cells’ scaffold and bving cells for Gesue Rbraton ™
If the complex, natural, hierarchical stnsceures of tissues and
argans are o be minvcked, the ultimaie strawgies, induding
maderial sebection, the fabncation method, and the mimicking
of their microenvironment, must be ully understood. Thus, a
comprehensive  discussion of this topic would inchade the
materials o be used. the fabrication method, and the engineering
af the fabricated scaffold 1o achieve the proper hierarchical
structure so that the fabmicted tssne or organ can be wsed
for togeneratve hiedichne.

2. Hierarchical Tissues

Living arganisms are highly coganized and stractured, following
a hierarchy that can be samimed on & scale froem single mohe-
culs o multicellular aggrepates. " The defntion of biemnchy
encormpasses oljects with different dimersions and scales with
amisptropic links between them. For instance, as the hody's larp-
ext organ, skin comprises three layers, the epidermis, dermis,
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and the hypodermis, that vary significantly in their anatoonies
and functions, ™ The epiderniis layer incorporates sevesal livers,
the stratum comeum, statom ocidem, stamm granulesem,
stratumm spinesum, and the sratum basale or gesminativim,
a5 well as several residing cells, suich s melanocyies, beraime
cytes, Merkel's cells. and Langerhans” cells ™' Tightly conmected
1o the epldermal basement membrane, the dermis conssis of
papillary and reticular regions that comprise an inkerconnected
tetwork of collagen and elsstn Abers produced by Fhroblss
cells™ Deep in the dermis, the hypodermis, as the deepest layer
of skin, connects the skin 1o the bones and the muscles’ under-
Tving fascia,”" Mimicking the hierarchical and uniqise stmiciure
of an organ iz essental if an artificial organ with functions and
characteristics similar to those of 2 real @l is o be comsiced
while comsidering the hinlogical tissue requirements and the
techmical strutegies |Figure 1).

The ceder of the highly stnscnered, comple: system of cells,
the ECM. and cell signaling is the basis of the 3D micreenviron:
ment in naniral Gsmees ™ From the 1D biological bulding
backs to the 20 monoliver culiure model of cells, the orlenta-
tions of the cells in the ECM on the substrate’s surface and of the
cell-to-cell adhesions in the harizonal and the verics] planes lead
to @ complex 30 structure. In 30, cells can initiate adbesions on
#ll suirfioes, it the ssrrounding imatrls consirasms cell migra-
tion." In wive, culbured 10 celfls show more relevant bebhaviors
and condittons, inclsding cell adhesion, migration, mechanics,
proliferation. differentiaion, and responses o signaling male-
cules, than they do in the 2D cell model ™Y Due 1o cells'
dimensiomality, different native hierarchical levels need to be
imiiated astificially by contrallmg the funchons] melecular sub-
wmnits that dffer in sme from nanometer bo micron scale. o adds.
tham, time is considersd an influential Gotar in e reacthons of
the properties of artifictal tiasies to allerstions and (nteractions
with the environment of the native tissue """

In thee hierarchical system of natural Hssues, cells ineract with
similar and different oells 1o form communication between oells,
amdl 1h-u{‘pla:.' cesenitial robes in lissue morphogenesis snd fune-
tion." " Cells mtemct with neighbaring cells through diveay
andl bt mechanisms. Direct cell eommumication or cell-cell
intrractions  oooer through oell junctions and | stance
mechanical communication through the ECM " Indirect
cell-vell communication is condiscted by schibde faciors m the
cell's microenvironement, such as basic nutrienis and cell dgmal
ing encdecibes ™" The ECM, which sumrounds the cells in abun-
dance, provides various ool adheron Egands that will bind with
the receptors on the cells” surfaces for transgdiscing micreenviron-
mental signals from ar medisted by the ECM."* The ECM pro-
vides cells with biophbyssal peoperties and cues, incliding the
structural mesh, the mechanical stiffnes of the petwork, and
varigtions in the macromaleouls, The odls’ belaviar, perfor-
mance, and hmcions in tisswes are afeded by the strucharal fea.
tuees of the ECM. siuch ag 18 hierarchical order and the
arrangement of the ECM fibers and pores that are formed in
ihe peciigy g {nterstioes of the BCM petwarks™ " From tzsue
to Hsaue, the amsotrope structures of BCM fbers, which are
hierarchically organieed, can differ wemendoush.

Cell dfferentiation toward functional tisues, such as skin,
b, meural tesues, cordiomyocytes, eic. & modulated by the
presence of cell signating biomolecules (2., growih Gcors,
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Figuira 1. An llustration of hierarchical neperanti L s, Shin g an cbmphe of 8 mubtilayesed b o with higesrcsios] archaeounes: i) Stradrs oofmdum,

1] afrastome spingsam. (i) Resdum peermined g, and iv) ECM fbers. Techracal stratepies capable of satisBing biologaal requiremends must be develoged
wntl unfized cornplermeriaily.

tratisforning growd Eactor beta, chemokines, eywkines, avd
penes) and by physical stimuli jeg. physical forces, as well a
cell-ECM and cell-cell phvescal contact.™! In tisswe engineer-
ing, if the hierarchy ol IJil:hgi.ﬁ.l fizsur is o be fabricated, the
signaling molecules. f.e., biomaterials with or without synthetse
mateals, st be incorporated through biofshrcation bo forma
well-defined, bicdegradable, porous, polymeric seaffeld 1o induce
desiived cell respomnses from the seeded cells, leading to engi-
neered tssues and ergans. "™ SeafTolds play a vitsl rale in this
approach as they provide support for cell adhesion, and the celis
prodifesste, differentiabe, and grow 1o form new tkssnes of angans.
Tdeally, scaffolds should possess a specihc pore size that allows
cells o spread. be biologically degradable and compatibde, and
have mechanical featuwres ™ Another way is to incosporate on
a mai af mkcrsiale 3 sbighe wit that can be utiized a8 a buaikd-
ing block s construct tissue an 3 larger scale " These modu-
lar umits can be made wsing baoihrication methods, such as self-
msemled aggregation, cell sheeting, microfabrication of cel-
laden scafolds, or 1D direct c=ll Fri.nh'ng.'”"“

The husman body has the capability to regenerate it damaged
teswe, bul il drs_rn- Jﬂ‘grml‘iﬂll Is Emsed due o several
factors, including the type ol teae and i omplexity, as well
as the wound's size and severity*™ A antificial tisswe in regen-
erative medicine & a tisue made Fom a single bismaterial or
from & combinstion of Mamaterials and symthetic maierials that
systermically mimics the native tissue and is used for therapeutic
applications to substitute for or restore the native tissne’s fume-
ton i the damaged ares. The comstraction of sraficial tsaues
with hicmimets forms and designs that aim to recapfure the
camplex hderarchy and bolunctienaliy of luman tesue s nee-
esmary if regenerative medicine is to be sdvanced and dmg
soreening and disesse models are to be developed 7 An
OOC using human cells is a pn:rrni:;ing development in regen-
crative medicine for recphuring e human  physiclogical
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ol i mivd For inbegrating mare than aie Hesie type ta bivves-
tigste a drug's efficacy and safery. ™™ Farthermare, artificial tis
ses are bested im anirmal models as a preclingcal test bifone being
implanted in humans ™ Therefore, materials with regenerative
properties need to be made at different hierarchical levels.
Hecause an organ-like micraaschisecre mass replicate the
organ's struciure, geometry, and functionadity, both mdiscale
strsctural desigrs and functionad building blocks are critical.

3. Fabrication Tools and Technigues
1.1 Effects of AM on Tissue Engineering

The fabrication sechnsgque playe an essential robe 0 the auocess of
hierarchical tissue engineenng for regenerative medicine purs
poses. Several strategies, such as electrowriting, electrospinning,
and AM. have beens developed and beding utilized to model bier-
archicl tissue engineerimg, ™ " Bedrowriting and electrospin.
ning use an applied voliage to indwce the collection of & stable
fisd on 8 collocior plate. The main difference beraren these
twio meethods s the ebecirical instabilities cansed by the applied
valtage, In decoresriting, the function of the elecinical instabil-
ities i& o penerate a3 continuoes fuid with a low fow rate on the
illecing plate, Hewewer, in the electrospinning methed, elecin-
il instabilities are used i drag 3 Bber onto the callectar plake.
Even though baoth methods imalve the deposition of 3 fluid, nes
ther ks consldered to be an AM process because of the dynamics
of fiber deposition.™! This dymamic process causes a fber depo
sitsan hatbily i com parsen with the AM proosss and diffess
from the AM process.

The AM process, or 30 printing technolegy, 15 o sandand
method for fabricating hierarchical tissees or rfgeﬂrral:'m med-
icine, The 30 printing method provides not only high precision
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but also high cell organization in the scaffold. Moreover, m
regenerstive medicine wedinedogy, 3D printing s commenly
used for scalfold construction to facilitate cell growth to replace
arul repair tigsues or organs darmaged by an acoident or congenl-
ual disabilisies. The 3D priming process not only provides the
scafbald for cell profiferation but ko constrcts 3 cell-laden scaf-
fiodd, Such & printing process that uses 8 blocompatibde ink with &
hicdogical material and Bving cells is callsd 10 bioprnting '™
The ink used in 3D bioprinting is a makerial consetng of living
cells and 3 hsaomaterial or material with properties similar 1o
those af the ECM components ™ Layerbylayer fabsication
usitg 30 biaprinting can mimic a ieaee's or organ's hierarchical
stracture, &0 an artificial tissue o oegan can hrtl.rﬂp;mdh‘u.ﬂiﬂg
a pormnputerized 1D designer application to duplicate the complex
structure of that tissue of ongan hisrarchically, Moreover, the
integration between desirable and specific material properties
has become a favorable approach for sesue engineering ard
repeierstive  madicine wechislogy. Four b approaches,
which are discussed in the following sections | are commaenly
used in Moprinting fabeicstion: inkjelt-based, extnstbon-based
laser-assisted-based, and sterealithography-based bioprinzing,
which are shewn in Figure 2 and Table 1.

31,1, Inkjes Bioprinting

Inkjet bioprinting = a necessary bioprinting technology with the
s basic principle as the convermsonal inkiel pranting method
Init with a bicenaterial s the bioink, which is used in plece of the
cnaveromal il TP The printing device iiself st ako be
miodified 1o inclhuxle a heater or presoelectric aduatar, which will
allew the device bo create & pulse that causes liquid from the

B Esirusion Biogrinting

A inkjet Biaprintieg

Figure 1. Different 30 Bioprinting techniquen: A) Inkjet-based, B} extrnionbpeed, C) lever-avsinted, 0f ateealithogr
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cartridge 1o drop onto the substrate, thereby starting the fabrica-
tiam of a specific scaffold hased an the desived design ™" Inkjet
baoprinting, which i% commondy used m s engineering and
fabrication, is & fast printing process that B costeffective, has
ligh cell viability, and can prodisce several designs: ina shos
time. However, this process has several problems: the size of
the droplet k& not uniferm, the Moink can clog the noese,
amd emperamire and pressure can place mechanical stress oo
thie cells: these sre summarized in Table 179

Artihical cartilage can be fabricated using inkjet-based biopring.
ing with a compasite amk made frorn pelyethylene gleool dime-
thacrylate (PEGDMA}] combined with gelatin  methacrylol
(Gedbd )™ This comaposite bioink provides a suitable microeni-
toetment for huiman mesendyenal stem cells (R SCs) and allows
the dnu-h[mwu af orll differentistion during the inital stage,
Harmessing the crosslinking sbep io mimic the specific mecha nical
srength of natural bone and canilage tissue s improse the
mechanical properties of the 30-bioprinted cartilage Sswe's saf
fobd. increase the scalfold s steergth through layer-y-laer phobo-
cnosslinking. and enhanoe the differentiafion of osteogenesis and
chomdmgenesis in the hMSCs The cells are well distribued
throughost e scaffold when using inkies biopringing ™"

Artificial blood vessels were suctesdully created using the k-
jet Iopinting methed. The speal of the priating procss was
fourd i play an essential mole berause a specific prining speed
ig requiired wo crese a fine line ™™ Collagen has also been used in
hdninks for arificial skin Gbrication osing inkjet biopriming.
Autolegous fibroblass are used in the oink because they per-
farm better during therapy and cause neither infectom nor com-
plin ticns. Such cells can reduce comiraction and mduce dermis
epithelialization, leading to wound heating!®' The in s#tu inkjs
bioprinting process, which holde potential for fabricating the

G Lsser-Agaisted Biopinting D Stemolirography
Binpriniing

LIV or

‘ol Sor hicink

wed, and E] in sty inkpet

biopriating processes. Reprodicoed wnder the i and conditions of tee Creative Commons Alribubion loerae anlt Copyright 2019, The Authors,
pubiiibed by Spnnrr Natwre, F) Morphalogical and | [ d o of artihgial dRin fabricabed ujing edruiion-haied 10 bisprsting Repraduded
with permiszon ' Copyright 2017, '.l:l'lﬂ NCHL ) M:ﬁul beone disk fabwicated wsing the in sdu LAB process. Reproduced urder the berms and
conditisny of the Creativs Cammans Altribution Boense 4.0 ™ Capyright 7017, The Authers, published by Spanger Mature, H) Artifcial waicalar praft
fabricaied wsing sevectthographybazed 10 boprinting. Repoduced with permission " Copyright 2008, W iepWCH,
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Table 1. Bioprnting characienstics i hierarchical tissue -ergimeering applications.
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of the droplet size, and capability o produce specific designs, &
shown in Figure 1A

3112 Extruion-Based Biapriniing

Extrusion-based bioprinting, o fabrication strategy 1o construct o
D stracture layer:by-laver both in the vertical and the horizantal
directions, is the most popular bioprinting technique used in ti-
sue  enginecring i repenerative  medicine™  Maoreaver,
extrusion-based 30 bioprinting = well known to be 3 promising
approach for fabricating hiersrchical dsase, Due 1o i ability e
use different bivink materials o fabricate tsoe stoctures kyer-
by-layer. tissue comtnscts with different ghapes and tssee scal
falds can be fabricated. However, a printable bioink with favar
able propertes. suwch = suinbl viscosity and medhanical
propertes. mais be used o fabricste AD-boprinied tissee with
peod physiomechanical and biologecal propersies so that cells can
sdapt and supvive. Low stilfvess ig also o mus for cell growth,
and the degree of crosslinking must be sufficent bath 1o support
cell proliferation during the fbrication of pew tissue and w
transport oxygen ard mutrienis o e n,'glI:.'"" Howewer, when
using extrusion-based bioprinting, several issues. such as low cell
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viahility when high pressuse s wsed, can cocur, moreover, the
imterplay betwesn speed and pressure is not easy to control.
These characteristics are surmmarized in Table 1. That exmusian-
based 3D binprinting has been used o bicenginesr several
parts of the keman bedy, ez, bone™ " skin™ " carilage 7
and adipose™ and peural tssues ™™ s poeworthy.

Aruificiad bone and borwe scaffolds have been oengineered
through  extrusion-basex] 5D Woprinting  with  several
bomaterizls, amd synthetic pn'l]rmﬂl. such as Pu]}{arl.'in:
::ill—h';:ﬂmm]nme (PLA-HA™  amd  polyeaprobicione
(PCLLY " are common polymers used as hioinks. Artificisl bone
was fabricated through indirect 30 bioprinting via a molding
process, " with the mold being Bbricated using extrusion-
baged 30 privding and the artificial bone being fbricated using
the molding process. Perfusion & an additonal step introduced
in produce a highly, evenly porous scaffold o genersie higher
el distribution, cell proliferation, and cell viability. PCL with
demetliy sulloxide (DM30) a2 o selvent has also been wsed a8 8
bioink because DMED can increde the porosity of PCLspas o
increase cell adlwesion, migration, and proliferaton. Different
campositons of PCL and DMSO have been used bo produce
I-hinprinted celldaden scaffolds exhibiting different oell vis-
bilities, mechanical properties, and cell adhesions.™"|
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Alginate, gelatin,™" and silk fibroin (SF)™ have been used as
bicinks for skin engineering wia 3D hloprinting with an
extruxion-based approach beciuse this method, as compared
with an In vive gestem, can generate the hlerarchical stmiciure
and the composttion of artificial skin by creating a dermis system
with & compeoeikon and crganization similar bo these of 8 mature
tissue's cellular strschure, as shown in Figure 2F7 and Table 1.
This AD-beprinbed aifica] skn was first bicengineersd as
scaffold-free skin o have the full thickmess with hunan skin
cells. With this technmique, argficial skin an be fGbricated
cuasckly. and the cells can be evenly spread over the 30-bioprinted
artificial skin.”" In addition o the sforementioned, pelatin-
sulforate-5F bicink was used o 30 bioprint artificial skin with
the foreskin fibroblasts from a child incorporated.”™

Morbormene-tnodified hyaluronic acid [NorHA)™ GelMA
ol potvetylene ghool-methacndate qrE:;-u-ﬂ.F" arf alginate
amd poly [ethylene glycal) diacrdate (PEGDA)™ are genemally
used &5 biolnks dunng exirusion-based 50 bioprinting becase
they have adequate properties for fabricating artificial cartilage.
Furthermore, i regenerative mxleine, esmision-based mobsol-
assisted 30 hioprinting with binactive materials was used for car-
tilage bore restoration via an in situ printing mechaismn.™ (o
adidition, MarHA composite ink is a material that can potentially
be used for the fabricstion of artificial cartilage because HA is
the natural mawral in carti . Morenwer, M situ phu'u-
croeedinking with vizible lsght = benehcal for the fabrication
of a dense cartilage strscture, and a uniform srength is achieved
because the erosslinking tkes place in every layer. This fabrica-
ticn methed can produce high optocanpatibiliey with 2 high and
even distribution of cell viability in the 3D-bioprinted cartibage
scaffold ™ The GelMA and the PEGMA in ID-bioprinted carti-
bage suppon the creatan of Tyabine-lle canilage, which allows
the formation of fibrocartilage.” ™ A combinstion of callagen and
wabcular eidothelial growih Gcies WEGF) win ased 1o Bbieake
synthetic neural tissue via an extresion-based 3D bioprinting
technigque. ™ The 30-bioprmied VEGF with Alrin gel supported
the growth factor in the saffold from colfagen. Furthenmeee,
newural stem cells (WSO8} were incarporated into o pohurethane
comipasite hicink for neural tissue engineering.™ The hicde-
gradability ol polyurethane makes it a potensally good choice
for peural Bssue enpinesring. Becase polyurethane can be gyn-
thesived in different ways, bow it & synthesized can affect the
proliferation of N5Cs. In vivo spplication to animal wounds
showed that when the 3D-bioprnted NSCladen pohurethane
scaffold was wsed, the ecovery was beter than @ was withou
that scaffokl

A3 Laser-Assieted Brprinting

laserassisted bioprinfing [LAR) i generally known to be 2
nozzbedres bioprinting method that uses a high-intensity laser
e cell patterning ™ with high speed and resalution while avoid-
ing nozrde clogging.™! In this method, which has four mam
companenis, the laser, the target a biologicsl companent ard
the mubstrate on which the bioprinied materials are 1o be cal-
becved, the laset is used as the sounce of enengy requared o print
the hinmaterish an the substrste ™ The components used in 10
LAR bioprinting are two glass stides, one with a laver of 2 lser
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abzocking substance and the other with a Liper composed of the
hiomaterial The Liser light passes through the laser absorbang
material and causes it 1o evaporate locally so that the pressure
drives 4 emall smaant of Bomakenal anto the glass dide, A spe-
abic biomaterial pattern is genersted by repeatedly moving the
glass elides, oone and then the other, 1o create 3 30 stracture.™
The characteristics of LAB and the issues encountered during the
fabrication process ate sumitarised i Table 1. The wwo nsost
camma issees fsosd during LAR héoprinting are the possibility
of inxicity due fo the photninitiator and the Bmatations of print
able muaierials.

Different cefl types can be constrcted in one 30 patbern when
usting thiz LAR method becanse cells can be deposited with
micrasiruciure  resolstion through computer control.  This
method was successfully used for tissue empmesning in artibcial
skin Gbrication,™ and multilsyer skin for patients with skin
darmage was fabricsted by combining colbgen, HIHITI Ahro-
blasts, and HatCat keratinocytes. This Boprinsed ekin was applied
in vivo to form new skin Gesues. Mot only skin bus alsa bane has
bty Mabibcated sishing the LAB methedd. In arificial beae Gl
cation. a hioink, which is laden with mesenchymal stromal cells
(MSCH), eoflagen. and nane-HA oz Momaterlals, is ueed, o
shown in Figure 2G.M MESCs are wsed because these cells
are miltipotent progenitors that ean differentiate between
varimae cell Types,

1.1.4 Swemolithogmphy-Bossd Boprirting

Ancther wellknown type of poezlefoee  bioprinting s
stereolithography-based bioprinting. which wtilizes a digital
imcramirror to conteod the Bght intensity ot a specific prlnu‘u&
ames lo polymerize a Hphtsensitive polymer material
Stereclithography-besed bioprinting uses an epoxy resin. a ther-
moplastic clistomer, & Mamateriabhased hydrogel, and some
synthetic polymers modibed to increase biocompatibility and
Wiedegradability, ™" Because this bioprinting methad uses UY
iradiation, damage v the tell is posible. The debils of
stereadithography-based bloprinting are summarized in Table 1.
Sterealithography is a bottomeup 30 fabrication method com:
monly wsed in dentistry, where siereolithogrsphy -hased 30 e
printing is penenlly used to form an artificial demture base,
Hewewer, nowadsves, even artificial teeth are bemng fbricated
by umng this method to yowerize a methacrylate-based
biomaterial resin™ The botom-up byerby-layer deposition
of the material is :&quﬂr!ﬂrqmmltﬁqhhina rchical struc:
ture af 2 woth, and such artificial teeth show good frachore resis-
tanee because the layes-by-layer photopolymerization that ocours
throughout the 30 Waprinteg increases the binding strength of
the methacrylabe. The quality of 30-bioprinted artificial feeth is
comparable 1o the of weth fabricsed using iradidonal methods,
Astificial bome was fabricated using sterealithography-based
Ioprinting with a polypropylens fismarate resin,™ However,
this bioprinting method requines a postcuring step that may
cause the printed product to shrink. In thie method, the size
and the shape affect the iD-bioprinted scafiold because the hier-
archical shape and stnecture are vital aspects in determining the
mechanical characteristics of artificial bone. Palyprapylens fumis-
rate can also be wed & an ink in vascular grafi flbrication via
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stereography-based 3D bioprinting, as shown i Figure 2H. 7 4
ir-bapprinted vasculir graft was tesied i vive for seveml
months @ shown in Table 1, and & monmths after implantation
in mice, the anificial vascular grali showed sunerabiling and

adequacy.

3.2 Microfluidics for Tisswe Engineering

Because hin-[rlrm.n' provides an excellent avenue for Ssae con-
siructs, researchers around the globe are expending much effort
ta imvestigate ofler methods fo provide sdwinced spproaches e
tissue modeling for regenermtive medicine. Microffuidics was
devebaped iomanipualabe fiuids on o microliier scale by using cap-
illary action, pumping, and electrowetting. Microfuidics has
bstsern wtsoed] fior labv-cm-a-chap (LOC) applications ta deliver reagents
and analytes for various assay delection profomls™ After the
firsl sttempis o use microfhidics w fbricse a oell caltre pla-
form, it hegan io be used o fabricate platforms for Bssue engi-
neering ™ For Heue modeling foward regenerative medicine,
racrofindics uses OO0C, which can be used For 30D tissue cul-
tires that canm capiire cerlain aspects of entire organs and orgai
systeme™ | However, microfuidic technalogy is not currently
capable of buikling whole or hierardhical Bssse; nevertdoeles, it
i a promising ool for modeling rative rissues ar organs with
minimal function and provides researchers with the freedam
to develop drig and tisse consnacts, iw:rr Im por@nt step for-
ward in regenerative medicine in vitre ™ Cracial features of
mscroflisidics that are the keys b Besse construction ard
regenerative medicine are the ability to be used for culturing cells
i a 30 struchee and 1o simubite microetivitomments for cell
development™ ™ Mdthough micofluidic  echnolegies  have
mlvanced the study of hsmuee engireering mdorofsbrication
thraugh the use of microfiuidics is a pricrity step that stll needs
to b addressed,

127, Migrafluidicy m Higmvchico! Trnee Fabrication

Microfabrication wsing microfluidics was initiated by the sec
tronics industry to find a way 1o Gbrcae micoeecrontc chips,
The most common method and material used in D micnofhs-
dics to fabricate 3D cell cultures are photolithegraply and poly-
dimethybdoxane [PODMS), respectively. Photolithagraphy is a
very reliable meethed for precisely creating a microstrisctune: ow-
ever, it imenbves many processes, such as making & mastes, clean-
ing, depositing a thin film photoresiat. and eiching. wich mus
be performed in clean ream Gcilites, The use of PDMS in
microflisidics has various advantages, such as transparency,
which allows the bomaterial inside 5 microfluidic chanmel e
b aptically observed, and gas permeabidlity, which allows ghe oy
gen bension inside & mucrofluldic chanmd 0 be precisely
cartrolled. ™

The functianal ity of the device that & stdy requires for spedic
3D timsue miodeling has to be @ken imto acoount when desigrming
the microfluidics. Alse, the microenviromment mus be con-
trolled, hiophysical stimuli must be inchuded, 2nd the plysiology
of the Bsse cell miust be captured ™" For example, for micro-
Firdics to be wsed do Ghncais a ﬁr.la_lr-nrpn culiure, such as a
beart, bver, kidney, lung, gut skin, or lram culbore, the
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mierofluidic systermn requires sane (mportant components for
inducing Maphysical stimndi, such as hydrechmamic, electrical,
and mechanical samule, and for controffing the micreenviron-
meril of the tigmee being studicd. The design of 3 miaafuidics
gystem for fabricating o mulbiple-organ oulture {blood-brain,
beart-hieart,  put-liver, amd lver-kidney-lung-neural) varies
berause the designed system must allow connections and crass
talk beetwaeen the organs, as well as the imegration of boplyeicsl
stimnadi. As 3 result, the design of 3 mkroffuidic system for
multiple -organ imteraction studies can be tegorized into three
bpes: static, unsdirectional sirgle-pass. ard recineulaton ™

The disign of 3 microfuidic systemn for fabricating 4 statie s
sae cuhiure '&::l.mph becanse & micraffuidic chanee! for the Row
of 3 comman mediam ks not needed, but 3 chamber for soring
cubtured tissue 4 Ths multiorgan cell cishare platform comsists
of shallow microwells that are used to culnere cells for multiple
organs, such as the lver-kidney-tung, and for blood vessels. ™™
In comirasi, another cultuse sysiemn, the unidirectional single-
pass tsue cubture system, i designed for the purpose of connect:
ing one organ chamber o apother wa miceofliddic dhansnes,
These microflaid clhannels enable cross talk between the argans
thiough perfised microvessss, Howewer, cross Bk is only pesss-
be for organs lomied downsiveam. ool organs  bocabed
vpstremn,™ The micraffuidic recirculstion tisssie culture sysien
is designed 1o have continuows cirmulation of 3 commean medhom
through mideiple crgans, mimicking the flow of blood through
blood vessels (Figure 343, ™" Comapared fo the static and und-
dinsctional single-pass tismie culhare system, this system has a
well-estabilished external pumping system and micmiluidic chan-
reeds 1o contral the hydrodynamics and the dmig transpoet. T addi-
ticm, the fuids efffuent fmm the upper and the lower parts of
a ofgan can be divectly transportsd s ancther ogan and
collected for further analysis (Figure 38-0y™

Aldisisgh PDMS is 8 commmon maberial et s been used for
the fabricaton of microtluidic channels because of #s optical
transpanency. durability, auteclve sierlity, snd bioompatibality,
the pristine surface of FDMS has to be modified i make the
surface suitable for culturing the cells becatise the surface of
POMS i bydrophobic wheneas it should be lydrophilic for hetter
ell agachment. The bydrophilic surfaice modificstion of PDMS
@n be done by wsing & physisorpibon, oxypen plisma) physisorp-
tiat, byerdy-layer, or immobiization method to coat the PDMS
with a functional msterial ™ Another issue with e use of
PDMS is its high permesbility, which allows bormones and
snall molecules, such & drugs, to be absorbed This issue
cin be addressed by coating PIXME with a low-permesbility mate-
tial. such as a lipid-based or polyighesdy] methacrylate) (PGRMAJ
mmaberial or a maberial containing silics mnoparacke "™ "™ In
sdditon to PDM S, other materials, such asa hﬂnﬂuurnrm:ﬂnm
propylene [FEPM) and styrene—ethylenebutlene—styrene [SEBS)
elastomer, have been 1med Tor microfluidic Bhrication 1o resolve

121 Micreenwiremimenl Shimulaien in Micnfluidis
Convenfionally, cells are oultured = cedlculire dighes.

However, the microenviranment ones in that platform cannot
e commalled properly 1o establish a specific microemdronmeis
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Figure 3. A B} Scheenatics of 4 microlluidics

[: S

A cerialatian of teenmaor e Thrawgh the syilen snd oo lecticn of the fuid

efluent from organs. where alllood refers 1o arifioal biood and aCSF refers bo artificial cerebral spenal flud. ©) The 3D pevicytes. sswocytes. and endo-
thelial crlls am cubtured ina ml:ruﬂud:lqnlllm D}Cnnhi Nuarevceras micropraph of neurons JfHillpubaling end sitmcyies ||Fm|’|hrllr|l astrecytic
peniein, GFAF) that are odured together. The newoes and the strocytes are green and blue, respecovely. Reproduced with permission.™ | Copymght
2NA, Spanpir Makue

in which cells cn grow and develop imo mature cells, Mareower,
this cultire method Eils o capture organ- level functions in vitm,
which is coucial for Gcilimang dmg.:lﬂﬁmnwu for regenera-
five medicine. In contrast, micrathaidics can provide the feaatres
needed W omimic mative tissie constructs and o comiral the
micrcervironment s that the physiclogical (hydrodynamic,
mechanical, and electricad) and the chemical maremwirmnments
needed to foster the function of natve tsswes can be simu-
ht'd.:\l'\'ll LSRR

Hidrodyrasnke stinmili, sisch a8 a fluid shear force and a Biaid
ghear stress, can be generated in microfluidic systems by using
external pumping 1 a specific Bow rate " The microfuidic
channels act a5 vasculsr networks to produce sclubility gradients,
as well a2 autocrine and paracrine signals. The fAuid shear forceis
wery Empor@n for the correo biokogical fncioning of endathe-
bal oells becaese 11 actimies surf3ce receploss and assoniaied sig-
naling cascades!""""*™ Fluid shear stress, in confrast, is a
periedic mechanical stress that can be enabled o mbcrofluidsc
systerns’ 7 and is a kev differentition parameler during the
physiclogical process, The fAuid shear stres was applied 1o
mirmic e enviromment of stemn cells and o regalate their func
tion and fate. ™" Jang etal, used fuld shear stress © control
the mcroemaronemnent o investigate fts influence on both the
fluid reshsorption of sguaparin? smd the oreemation of sctin
eytoskeleton, ™™ They induced this stmulus by using a syringe

Aok NamaBisned e 01, 1 MOWOEE 20000EE (B of 20)

purnp o cause the medivm o fAow throogh 3 PDMS-based
micraffiadic system that had been integrased with a microponous
prd!.\-ur-r imerisheane,

An electrical stimulus can be induced in 2 microflindic system
by USNE cooperating condisctive eledrode arrays in this pla
Form M1 iy and Munes engineered a systemn to stizoulae
an electrical microenvironmen! by Inbegrating two platinm
wires connected to twe carbon roda ™ Sich g system llows
s v mature in vitre Another electrical microemironment
was constriected in o8 microfidic system for continosly
regulating the diferentiation of neursepithelial sem cells
fram patients. "™ The monitoang of the electrical micromyiron-
ment was achieved by using a proprammabde system e differen-
tiate buman neurcepithelal sem cells (RKNESCs) inte 3D
networks of dopammergic neurons on a microfedec titer plate.
Orakl ot al bl 3 microfuidic system for the consmictan of
30 musde bundes so that drag candidates can be tested amd
fenursd tha pu:lmEmmB of amyotrophic biteral sclerass (ALS)
(Figure d44-D)." ™ They wsed electrical signals at different fre.
quencies o stimulate iniescle contractions W snely e perfon-
mance and the charscteristics of motor newuron epheroids in 3
micraftisdic sysem (Figure 46"

Chemical mieroenvironmens are crucial foc the development
and fumction of cells amd tisoes. Microfhsidics can be used far
the precise delivery of a lbquid volume so that chenmical gradiens
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Figare 4. A) A mcrollusde sysiem for 2 30 muscle call culnre in wiech the
micnfluidas suface & stmactured by using micopilan 15 3 micmendon-
mend o which cells can aflach. The muscle bundle was grown 0 a micne
fluidcs vpsien, and the e Shee s amached ®a pilars on B) the 7is day
wndl ) ghe 2 ¥k dap Scale bar = 200 prm B Convdecal Auomicente micre
graph of a musce bundls showing the pattern of the cell amd their sams
mans gruchees Godle bae = 50 pm, EF) The wangions wigh Bre of rascl
CoFERCtoes postred by vadout micreenvineemnent fimuli such o dean
cal jot df¥ererdt freguencies) and chemical [plutamic acif of the 1dth day)
stierdi, respectively. Reproduced froe "™ Copwight 2008, The Authoms,
some rghts meervsd exhonve Bienser AMAS Dsinbubed wunder 2
Creative Commons Atirbubion MosCommencial Licerse 4.0 [CC BY.NG),

can be madeitalied under the specific comditions mequined for tis-
sue development ! ™ 'Y For smmiple, muscle contractions were
prodisced by adding gluamic acid to a muscle cell culhure that
had been fabricaved using microflusdics {Figure +F) 1 -
tiom, the chemical concentrations in microfhuidic systems can be

commolled by reducing the permseability of the microfuidic
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maberial MRS B immtamce, Gikaltun et al. reduced
thae pr-rmra.lu.lll'p al POMS by comilbiming it with pn]',.'r'dl.yh—nr gl
ool (PEG). ™ Also, their modifed POMS channel had a biocom:
patibde, hydrophilic surface  with long-werm  sability, The
sdhesive surfaces for the stem cell niche were prepared by pat-
erning arrays of sdlieste microwells. The sibesive surfaces
were produced by wsing & programeable CO, liser o nemnove
the coated polyvimd aloahal ' ™ Chigbh et al. improved cell adbe.
gon by oating polydopamine with collagen in 3 DM 5-hased
microd uadic channe] to give long 4erm stahility to a booe marnow

stroenal-cell culiure 7

4. Materials for Hierarchical Tissue Fabrication

Materials have critical roles in the sucoess of hierarchical tissue
engineering. The varistions of materiale characieristice. sudh a8
sire, nocompatibility, stiffness, and bodegradability, st be con-
didered in matedal casting for Hsee egineering purpodes. A
wanbination of and a correlaton between scalfold materiaks
and cells define e positioning of a tnlnplﬁ_ hiemrchical tissue
systern. A scaffiild made of sutable materials exhibits an adequaie
i peervaranement for the [n'nﬁ&f::m ol cells and ErneTaleR cell
sdhesion and cellcell imeractions "™ The varios materials that
are essemtial I hierarchical tesue engineering, such as symtletc
materials, biomaterials, and cells, will mow be discussed.

4.1, Beomaberials

The biccompatibility and biodepradabulity of hicmaterials Tfor a
scaffold are critical aspects in tissue engineering. The chermical
mmparbion, the struchre, and the [u'nperrir-; of @ hoamaterial
underlie the cell imegraton inside the scaffold and fcilitate
the scaffold’s fabmicstion. Sewnl kinds of biomsterials for
imstance. matural pobmers and decellularmeed estracellular mate-
ces [dECMs). are uped for tissue-engineening applications,
Gﬂhﬁn. 1% |II| a i al:'.|ll.l_l.il I'I]: I'J'Ii'II:ElI'I.I“I 1+ 51—. (EEWE Y
and collagen’ "™ '™ are common natural pelymers with high
ocompatibility am! bBodegradability that can be wed for
welscalfold purposes. Tle similar properties of pelato amd nat-
ural ECM provide the right conditiors for cell migrabon and
make gelatin an excellent natural polymer for the oell’s scal:
Fold "9 The subile behuavior of gelstin in mimicking the
ECM imitiates cell profiferation, imcresses cell atachahality,
and generates high cell viability in the scaffobd " *" Moceover, pel-
st is abundantly avadlablde in nature "™ Rased on the prpse,
gelatin can be begrated with 5F in the engineening of skin tHs-
s with properties that resemble those of naniral skin, a5 showm
il Figure 5E.! Imtegration between the properties of gelatin and
the gpecific Gsbrcation processes will create a hiemarchical nes-
wark inside the gelatin scaffold and allow the fsbrication of a
poraus stnsctire 1o support ool prolfemtion "

The gelatin process with algmate can be eagily custambzed and
muodibed so that ofher materials @n be used. The lack of sgnih:
canit bty makes alginabe a blomaserial with bigh beocompatibed-
ity For use in scaffald fabrication ™ In mammals. due o enzyme
deficiencies, alginate does not easlly degrade. which can be over-
coamee by using eresslinking modifications '™ The use of 2 lybd
material alginate modified wming 2 dECM and methacrdaie
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Figure % Biomatenals and sypnthetic masedals for tissue engimeerng. A] The 10 scaffold from a2 POLbased matenial for Bore tissue erqlﬂmnrg
Bependuced with parmisien 7' Copright 1000, RCS Publishing. B) The IDbegrinted micropares af HA lor bore tiisue sng R

with perression.” ' Copyeight 2007, Elsesier. ) The B soprinted algnate and alprate/ 2ia-dECM-based bioink Reproduced with pﬂrﬂmm ks
Capyright 1030, Eksvier. 0] Difares cells cublured an dilfersm 10 biopeimed L TCPHA seaffalds: cdonsel af human bone-msirems-devived mesenchy.
mal stem cells [HEMSC) {square ). HUAVECS [paralielograms), human umbilical vein smoodh musde cells (MUY SMCs) {irangies). and hisman dermual
fibroblawis [HOF ) [rectargles) after 1 and 7 dips. Beproduced froen =% Copyright 1020, The Auibors, seme rights maereed. Publisked by Elsevies LTD

on behal of Chinese Academy of Engineenng and Higher Edication Press Limited Compary. Distributed onder a

Creatre Commons Attribution

MonCommercil-MoDerrates Licease 40 (00 EY-MC-MND). E] T 30-bopanied tgﬂ seaffold [(ADG), SFcoated IDboprinted pelatin scafisld

[FDG-5F), and SF-decrativecomted JD-boprinted gelatin scaffeld (MDG-5F-50,)

under the jevra and conditions of the Creatve

Cammans Amvibution bornse 4.0/ Copyright 2017, The Authers, publkshed by Springer Mature

resction, keads o maoimal mechanbcl properties, provides forcell
praliferation, and makes fabrication easy {Fguare 50).

In the fabrcation stestegy for anifickal bone tesee, natiral
materials, for mstance HA and chitosan, are widely used o con
struict thoe lderarchical sructure. HA edhsbits a proper pare size
for the growth of bone cells and has sufficient mechanical
strength for bone engineering"™™ A suitable pore size can be
achieved using sintering.*" Figure 5B shows a HA scaffold
achirved by sintering for bone tsmsee engineering applications.
PTCP-modified HA exhibis good biccompatibilaty with several
cells in the cell culbure and has safficien porossty for Hssue engi-
neerirg, a8 el in Figuee 50, In contrast, chitesan is @ sutural
bicmaterial tha & eamsdy extracied from the shells of shrimps and
crupsoeans. 1is exoellent characwenstic, such ag good mechani-
cal strength, hiocompatibdlity, and biodegradability, s well as
nontaxicity, make chitosan a perfect candidate for medical and
Hesueengiteering spplications " 1y the fbrbeation of arti-
ficial skin, a natural polymer with excellent bocompatibiity,
ervirenmental stability, and nomoxic respodise mist be wsed
Thiss, natuiral pobaners with these characieristics. such a2 5F.
are suitabile for skin tissue engineering "™ A scaffold made from
a gelatin-5F hybrid material exhibits better wound healing due to
the properses of SF, ard the cells can be distributed evenly along
the scaffold, Fusthermare, 5F is biodegradable and provides an
adequate micreenvironment for chondrocyte growth i cartikige
tasue engineering applications. ™" The high rejection rase dur-
ing the imphnttion process is the major drewback in SFbased
testie engineenng" ™ Because collagen & often found in skin,
connectve Hssue, carlilage, and bone as the BCM's main proiein
and provides an adequate microenwirsmment for cell prolifera-
ton" ™ it i widely used in tisueengineering applications MY
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4.2 Synthotic Materials

Because of the properties of natuml polymers, with some mod.
ifications during synthesis, synthetic materials are excellent can
diddates for hisrarchscal tesue engineering. One of the common
symthetic pohmers with pood becompatibiity and biode grad-
ahility B PLA. [t is sustable in seaffald hierarchical tissue eng-
neering of bone, meunal, cardiosasmoler, and  cutaneous
taser™ "™ PLA is commonly used in artificial bone tissue
engineermg o fabricate a seaffold with a modified geometrical
struchire, The scaffold’s pore size, which was between 002 and
0.35 mm. was sufficient for cell proliferstion while still providing
pood mechamical properties for bane Hsmie engineering™
However, PLA-based materials have fower sies for cell sttach-
ment and are, therefore, inadequate for cell adhesion, "™
Surface modifcation of PLA by using a plasma treatment can
increase the attachment of cells o PLA™™ Polyflactic-co-gheealic
acid) [PLGA) has adequate properties for dentl treabment pur-
proses and is weed ot anly n dentisiry buit adso Bor tmswe gralis,
sutures, bone scaffolds, and drug defivery systems ™™™ Wapg
and colleagues enhanced the bioactivity of PLGA by coating il
with a nano-HA material. They found the el viability and pro-
liferation fo be higher than ey were for PLGA without a nango-
HA mating "™ PEG can madify PEGDA. which is commonly
uaed for body implants duse o s biocompanbility and nonsos-
icity, for dneg delivery, and for regenerative medicne purposes,
by adding acrylate groaps!"™ "% PECDA has 1 low in vivo bio.
degradaklity, so a copolymer of 'EG DA with polyglyeensd seba-
cate] acrylate [PLA} increases the degradation rate significantby
compared with PEGDA withant any modification.™™ POL has
amn essential stuctre for bone tsue engineering and bas goodd
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bicompatitelity amd momoxicty for medical implamt por-

SR The pood mechanical properties fhigh srengsh)
and the large biodegradation rate of PCL allow its use for bone
fabrication in tissue engineering |Figure 5A). ITthe PCL surface
I melified ueing & plasma treatment and other polymers, such
as callagen and poly{methacrylic scdj (PMAA), the sttachment of
oella on the PCL surfsce and the coll profiferation e will be
enhanced 747

4.3, Cells in Tissue-Engineering Applications

Cells are esential in hierarchical tissae-engineering applications,
andd cellcell and cell-pmifold intemctions are critical for tissue-
engineerng success. Suitahle cells and microenvronmment sup-
pot far cell proliferaison aee 3 maist, Varioas cell ypes luee been
wsed 8o fabricabe gkin, neunoms, @rdiac Ssee, lver tssue, blood
vempehs, and musculoshebetd temes """ The responee of fibro-
bbists during ECM synthesis and their roles in controlling cell
mgestion or eellement slong the specific 3D structare of argans
make them popular in tissue-sngineenng regenerative medone
applications. Incorporation of fibroblast cells with endothelial cells
i% a strabagy for ki (seie regeneration, aid auiclogeas and alle-
peneic filobasts are frequently used for that purpose. However,
carmgared i allogenese ibmblaes, stologous Fhroblasts sre asso-
cizted with better results, such as the low risk of rejection ar cross
infection amd impreved skin regeneration™™ A hierarchical
mechanism mediated by a transcription Bctor convents fibrahlasts
ingo induced penml cells™™ Fibroblasts in cardiac Hssue
engmesring mairtain the ECM and provide a scafold for candiz
cell prolifertion and bomeostask. ™ Ongnally desved from
liver tissue through the stem cell procedure, hepatocytes can
potertially be used in liver regeneration therapy ™™ A 30 hepa-
tooyte culture was able to maintain the lver's metsholic system as
it an in vivo emviraement.” ™ Human umbilical vein endothelial
cells (HUVECs), which originally come fram endothelial veins in
thie winlilical cord, are generally used for vasoulatame sid anghoe-
genesis stdies. ™ HUVECs are generally wed for in vitro stud-
ies becwuse they are rebtively exsy io isolaie!'™ Moneover,
cambining HUVECs with a sultable bomateral is 3 promising
tu.qw-mpmm:g strmiegy for regememtve madicine purpases

5. Biophysical Cell Responses in Tissue
Engineering

The hierarchacl scaffold in engineersd tissue ks nmpartant o
provide the cells’ microenvironmesnt, nchiding the BECM, o
chemical salsble feciors, & biophysical hield, and surrcunding
cells, o give mechanical stimuli to the cells that elaborate mainy
aspocis of celhular physiclogy. such as migration. growh, differ-
entiatian, and survival """ The scaffold, regardless of whether it
1% & syithetic of & Rataral xaﬁiﬂd inadislates oell behaviars for
Functional tissue regeneration.™ Mechanotransduction is a
eenialng aid responding process of cells b mechamcal sibmdh
that eceur when cells atiach b a beomaterial substrate’s surface.
The mechanical stimuli are converted mio binchemical signals
from ECM to the nucleus. This procesa fivelves a comibination
of recEping- and mechanicalmediated signals that will regnalates
the cell's phenotype amd Runction '
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5.1. Mechanotransduction and Mechanosignaling

Mechanotransduchon starts when imtegrin recephors e the ool
membrane aitich to the ECM componets in the scaiffold
Integrins, a superfamily of cell adhesion recepiors. are hetero-
et mialecides assemibbed in a and ) swbunits (hat are nosce-
valenily Bnked t© warious ECM compomems, and  the
oxmbinstbon ol those subunits defines the BOM oommpsiim
and the cell type"™"™ The extracellular domain af an fmegrin
receptar linds to an ECM molecule while the intracelhalar
dommain interacts with optoskelem] actin in the cvoplasm,
Cellular lerding o the evracellular domain of an integrin mwoep-
tor = medisted by direct Bgation fo a specibcally defed
segquence of BCM maoleoibes.

Integring that bind to appropriste protein sequences tend i
duster an the cell membrane, which has & positive effect on link-
ape formation with the BCM and leads o concenrated configu-
ratian regions of inbegrins adjacent fo the ECM. These links ane
krwwn as Focal sdhestons (FAs), and they allow communication
betwesn the extracellular and the infraceliulr environments. The
FA mm'iﬂ: has two classes of mechanomansduction proteins
that cobrcide ag follows: proteins scting a2 mechanosensars by
wrerting the conformation in respense fo mechamicsl stimmndi
and proteims acting as mechanosffectons by recnuting down-
stream effeciors in tesponse to mecharical sl /™
Afber integring bind to BECMW maolecules, theey bind 1o the cyoeke-
eton and promate intracelular resrganization, thus maintaming
the cell’s shape and memal achissoure,™ Inegrin binding
with the oomiractile actamyosin machinery is crucial o the sub-
straie’s mechanics and mechanosensing ™" Om the basis of
modecular nteractions, the wpeptide, arginine-glycine-aspartate
{RGD-binding integrin chusters in which B integrin binds o s
mitaleer of components in the BCM and a2 imegrin binds o
GFOGER, an aming SEQUETIOR mostly contzining milarn -
ecules, were very extensively studied, and in tissue engineering,
incar porating those integrin dusiers imo the scffold was found
i be o strategy with potential for enhancing cell adbesion, "™ 1%

In the cytoplasm, fintegrins bind tothe globular bead domain
of talin. & mechanosensor that acivabes tabn's mechansrespan-
sive properties by introdiuscing ayptic vinculin bisding sites and
medisting the formation of an Facin and wincalin com-
plex ™! Thiz activation process stimulates the association
of cyimskelmal proteins, induding vinoufin, talin, l]plu. actmin,
the Src family of knases, and FA kinase [FAK), to form a FA
mmplec ™" Auphosphorlation activates FAK, which exerts
its signaling functions via phosphorylation of desnsiream tas-
gets, mich as the Src family of kinases and paxilling resulting
in the regulation of mechanowamsducson and the dynamics
of FA turnover " "™ The dynamic tarmover of Glin and vincu-
lim b regulated by thelr aclivation stabes, thus activating down-
stream signafing o Rho-family GTPases. The activation of
Bho leads o higher contractility and FA growth whereas the
Rac sctivity inoresses the sitin polymerization st the leading
edge "™ Call adhesion through vinculin activabes madlear locali.
waflon of & YAP [ves-associabed proteln 1) and s coactivabar
PDZ-binding matif (TAZ), which is regulated by the substrate’s
stiffness and the cell's peometry. Onee this compler is activated
and translocated to the nucewss, i@ modulses aumeous gene
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wrammeriptions."™ The YAP/TAZ complex has been extensvely
studied 55 a critial regulsion of siem-cell differentiation ard cell
proliferation, & well as cogan evergrowth and survival, by pairing
i with DMAbinding factars of the TEA domain (TEAD) Bon-
iy 1 tissue engineering, the effed of the scaffold on cel.
hular belavior ls mestly concemed with YAP/TAZ complex
regulation in the cells

Even though imtegrin & responsible for te adhesion of cells Lo
the surrounding ECM, growth facors have been found 1o b=
imvalved i1 these integrin-depeident processes."™ The sum
af cell respanses arising from growth Gotors depends not only
ot the type ol growth receptor but also on the cell, the recepior
e, and the imtraoe by ler rece phar n'.mu.'lmg pilﬂlm]l. The sarme
growth facior molecule binding o the sime recepior may mdisce
different celhedar responses in different o=l fypes™™" Cellular
reapanses triggered by growth facior signaling inchede cell sur-
wival. migration. proliferation, and differentiation inta a specific
cell lineage,™ "™ A& certaln type of growth factor melecule rep
resents a heparin-binding domain, which exhibits ECM hinding
through  mwegrn 1o el g specific  cellular  resporse
Interestingty, the optimal stmulation of 3 growth facdor mestly
depends ain integrn-mediabed cell adbesion o e approprake
ECH. Many studies have revealed bow 1o modielase the miegnns
anil grewth Bctor recepiors i a bidirectional way, lor instance.
1 imtegrin and epithelial growth facior receplor mieractions
epithelisl colls. ™" Cros wlk betwesn integring and growth Fac.
tar recepines (Figure &) is crucial for sustaining and determining
normal development and pathalogical processes i vasoular bial-
opy. Growih facors. such as epldermal growth Betor, Rbroblast
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growth facior, plaielet-derived growth facior, insulin-like growth
facior, Abroblist bone morplogenetic protein-d, and VEGF, have
been extensively developed h;inr.m'p-ur.ltha thern with biomate-
rials for tissue engneering.! "™

5.2 Chemical Compaiitions and Manipulating Cell Responses

The chemical properiies of the scaffold affect the behados of
siem cells o determine ghe ooll's fie. LM-1 & collagen-E scaf-
fold was found to induce moose embirpanic stem cells to differ-
entiabe imo anBormpocdes with or without 2 RGD peptide and
in combination with laminin™ ™ |y contast, when that scaf-
fold was combined with fibronectn or laminan, embryonic stem
cells were srongly driven to endothelial cell differentiabon and
vascularization.!™ On a symthetic polymer scaffold, sach = 5
bukrste-cohydrosyhexancate {PHB8H Hap or an alginse saffold,
the RGD peptide is conjugated to enhance cell atachment and to
twi e chondrogenic differemistion of bone marrow-denved
W S The comblnation of 8 natueal BCM and a synthetic
scaffold, such as a collagen nanofibrous and PLGA scafiold with
recamthinant fibeonectin and cadbern 11 incorporated. was
fourd to enhance the proliferation of M5Cs, msdoce asteopenic
gene expresdan (alkaline phesphatase, RUNNZ, and oateocalen)
amd hald potential for bone tissue engineering. " If desirable cell
behiaviors are to be achieved, control of the chemical composition
of the scalfold is 3 cuclal facier for providing biophysical cues ta
celle during functional kierarchical tssue assembly.

Every tissue has its own stiffness as defmed by Young's mod-
wlus er s own elastici: thue, in bHssoe engineening matns

Fgures. Schemaic representation of tne mechanotraraducions signaling paifevay wvalved in oell-acafold eversctions. This process staris @ the P uie
whan idegrin erg g the scaffold with verying #tifaess and chemical compedihorn (o.g. collapen, laminin, fhmcecin and growh fceor) 80 aisemble
other proters, such a3 talin, weculin, FAK, and pailks. This comples directly regulabes Factm assembly and dynamics and further activates YAPTAZ

pleaes, Thade complimes then inte the rochiud 1o slimulite dowrridnees gene TEnied phion with TEAD eoactivatar transs iption, This
sgraling propagates when the growth fector receptor dieectly bnks 10 mtegnn,
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stiffmess s important for determining cell responses to mimic
the real conditions of tesee, The offectz of substrate stiffness
va cell migeation and FAs were exensively studied to reveal
the mechanical properties of the cell's response™-*-0%
Cells can migrate sgier on 2 saft or bess-siff substrate tham
on @ sifT substraie, ™" Cell-scaifold binding generates a huge
farce from the cimkeleton via an actin-myosin complex and
gades musture FA and (he high organization of the oyteskeleton
on 3 stiff substrate {Figure b). In contrest, on a soft substrate,
cells canil gemerale enough counterbalince o devsop sress
fbers "™ Matrix stiffness influences cell marphology due 1o
cytoskelston orgamization: on 3 soft scaffold, cels are rowund
while an a stiffer saffold, cells end o :!.'|u'r.l.|:|. The cellular
responses o sl fness are clearly obeerved through nuclear ans-
Iocagon of the YAP TAZ compha. The higher the ECM stifmess
i#, the larger the YAP TAZ wansiocation fothe micleus via active
transcription 5" [n a stiff 2D hydrogel, the YAPTAZ nuclear]
Lg'l;ﬂuslm: ratio = larger whereas i ks sraller for 8 =il 30
el

Geosisetry and lgand spacing contral play essential rales in
ocrchestraiing mechanotranschection, mimicking the tssoe's
lemygths scale and directing stem cell differentiagon.™" Gell geom-
eiry controds the nuclear imnslo@tion of the YAPTAZ complex
ter activate the transcription of some genes, and in the interme-
dizte adhesion area, it can also direct the differentiation of
MECs "™ Dixreasing fee gize of MSCs by modulsting the sur-
face rnpn-gnph:.' vis |unn|'n:m:'miug was (ound to induce differ-
entiation inte an adipogenic linsmge by increaging the FA and the
YAPRITAZ mchrar warskcation™ @Rfs with reciangle and siar
shapes preferred cell osteogenesis, In contrast, cells with square
aned Rower shapes Mvored sdipogenesis. ™™ [T the tasue’s phys-
iological length scale is o be mimicked, the spacing between
slhesive moleculs in ithe BECM mdcropaticrn needs in be pro-
cisely controfled ™ A larger micropstterning space [=73 nm)
redices cell spresing and atischment, significamly limitng
the configuration of FAs and actin stress fibers' ™" Mareaver,
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another study showed that the local oeder of lgand arangemen
influenoed the imegrin :Ius:ﬂ'iu.g arsd e cell adlesaan induced
by RGD ligands. When the subgrale spaang arrangement is
wider than Fnm, cell adbesion |8 mactivared by the RGT nane-
pattern order while it is activabed by the RGD nanopattern
dissrdes ™

Taken all wogether, the cellular response i the microenyinon-
ment via mechancsignaling has been found to induce imegrin
berscling e the scaffold. 1n tssue engineening. this bophysicsl
respanse is increased by selecting a biomaterial with an appros
peiate cherical compesstion for scaffold fabricatson, by modify-
ing incorporsted hiological constineents. andfor by wsing the
mechanical propesties of the scaffold, such 28 ils geometry,
sriffness, and iopography. Cufingedpe work on scaffold
development addresses the faleication of a controllalde ouahi-
mmponent struchire thal mimics a bologies] cell-derreed
e ikl ™™ 1o suppon cell growth and comirel diferemtiation,
Therefare, controlling all those fachors to achieve the desired gaal
in crucial in tsase enginerring.

5.3, Micro and Macroenvironmenis for Cellular Responses

Since the beginning of the tisspe-engineering em, researchers
e tricd o develop materiale with uniform microscale or nano-
sale structures. Albough these can induce the cell migration
and profiferation required for tissue repair, their efficencies
were guite inferior compared to those of scafodds with hierarchi-
i@l sraciures that consist of Both microslze and manosize snac-
tures, as shown in Figure 74" In fac, overall celluler
whivites, including oell migration, erentation. profiferaton,
and differentiation, have been shown b be dramatically
enhanoed when scaffolds fabricited with & lerarchical strsoure
are used. (ne reason bor that better perfformance is the effective
distribution of the sress over a lange area. thin increasing the
saflodd s toughness in g-.-rrm].'“:' Moreover, the hierarchical
organization has heen adopted in nature by many spedes o
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Figaré 7, A} Schemtahe dhistraton al the efect of surlscs lmpegraphy (e, micne, ning, and Rweckhca) on oellulic ripansss. Rigraduced with gar.
rﬂmm."n'l:mr-gh D04, WiepWCH. B) Increased immrane responses of cefls in a hieranchical meopochansel scaffold in vwor ) SEM mmages of cells
piller) st b be dcaMeldy w1 34 kil Nueieusrce rnage s &l e ricel lular DNA dRaiced wilth SYTON (frpen) and auils dtained with DAP] [blug], andii)
rabio of bue/green luorescence intensites from mage (1), Bepmduced with permission.™"™ Copynght 2020, Bseer
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prevent the acaummudation af somatic mutations ® " This empha-
sizes the influence of hierarchical-based scaffolds oo cell peolid-
eration and differentiation during teEsee healing,

Despate all the benefits af hierarchial struciures, their mang-
facture is still a chalenge to tissue engineers™ ™ One must have
a fair armount of knowdedge about the structine of the anget tis
sue 1o be able o mimic B hieraschical desipn from the molecu-
bir o the macroscopic level. A common example is the structure
of bone in which nanescale aitributes aifect cell binding, micro-
scabe components aftect oedll migration, and macroscale strucs
mires allect the mechanical anlsotropy of e bowe, ™ One
method 1o enhance the hierarchical struchure o mimic the
Haversian canals in bone is o use electrophoretic deposition
of a positive replica of chitos am bisactive-glass scaffolds to create
similar micropores, thus augmeming  osteconchection* "
Takcing a feriher siep based on recent technical advancements,
resexichers have suceessfully manofactured hierarchically struc-
fured 30-printed scalfolds called “pCh. """ The inerconnected
10 hierarchica] strictiere in the micochannels can provide moee
space for efficdent nutrient transport and metabalic wase dis
posal, thus enhancing csteogeness ™" Moreover, hberarchical
structures with appropriste micropatierns can efficiently manipe
ulabe macrophage respanse by alber noreasing of reducing the
mucrophage polarization, thus :Jherlna_'lh:nrlmgrm: differenti-
ation of human booe marrow stromal celle 7 These special
scafbalds were also reporied to enhance bone regeneraton signif-
icantly inan ey stage by reducing the fornation of newtrophils
{Fignare TBi) while increasing cell marvival a5 well a5 praoliferation
within e wounded tissue in an early stage (Figure 7Bii-iif).* ™
This is a step claser to reprodhucing the matural bone—tissue seuc-
fure and even further eshancing its functional activities,

Other targets of saffalds based on hierarchical struchures
have also been exiensively  sesearched inoorecemt years
Presious studies showed that hierarchical micra/nanofibrous
siruiciures can weaken the differemtision of fibreblasis imio myo-
fibroblists, decreasing the excessive formation of the ECM amd
promnting the production of 4 congmeous neadura tesue with
characteristics similar o those of mtive skin tisme ™ Tisue
engineering of shebetal nuscles has also achieved good results
by incorporating micro/nanofibers into the hieranchical scad
folds. Such a struciure was shown o encousage fiber alignment
by affecting the expression of variows myogenic geses. such as
WhyoD, myagenin, and roponin T, leading w increased myoldast
proliferstion and myotube foemation.!™ Swem-cell engineering
hae abso had noticeable success in cresting microporous chitin
micrespheres (PCMSs) that contain imerconnected nanopores,
milcropores, and macropores in a hierarchical porous simichure.
thereby creating interconnected manalibril networks to retain the
miegriry af the PCMS. This lesds bo 5 remarkabdy u'rlpru'n:d#m-
Eiferation and adhesion of human embryonic stem cels.

6. Implementation of Hierarchical Tissue
Constructs

Tisswe engineering has been contmuously developing over the
past decades Technical slvances, & well as knowledge Fom
relaied fields, such as materials science and mpjurﬂ'ing,“'m
3D printing sechrology,™ nanotechnobogy, and celbular and
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developmental bislogy, ™ huve been assimilated and have
led 1 the promising implemenation of both artificial tiseue
for drug development and disease modeding and personalized
tissee  engineering  therapies in regenerative  medicine
Howeser, o of the common obstacles in developing and using
artificial tissue is the current lackof shility to mimic the complex:
iy of the tssue's struchite and bx namirsl mlcroemvinon:
ment S Therefore, in this articke, we discussed recent
developmens and applications of fabricated antificial tissues with
2 hierarchical eoncept for regenerative medicne. mecluding is
wiilization m pharmaceutical ard lephﬁmlupu.l research,

The inabiliey of a 20 renalaver cell culire 1o resemble acew-
ratedy and rellabdy a disease model has led to the emergemne of
micrafuidic cell culture systems The incorparation of a 2D cell
culfure o a microfuidic device has lad to 30 approaches with
saphisiicaied designg that mimic the mechanical and dynamic
emvironments of native tissue, "™ Fabrication of complex, amiso
tropic. heerarchical misroatnatures has been schleved by coin-
bideng amd integrating different technologhes and materials,
Bahmaee et al. used a fabricaticn method based on a pohmenzed
lgh-tmernal-phase  emulzion  (polyHIPE) to  advance an
osieogenesis-on-s-chip device that incorpomated a 30 envizom.
ment and fhad shear stresses ™ The channels inside the
paly HIPE introdhsce a multiscale porasity in the device, which
due ta the hierschicl and intercormeced parosity of
palyHIPE, can support profiferation, differentiation. and ECM
praduction,

As an implant, artificial tissue is continuously or sporadically
in contact with body tssiee or Fubds o replace ard resiore the
fumethon of S native tasiee the his been damagad. An implant-
ahle, multilayered jepidermis to dermis), and vascularized bioen.
ghineered skin gralt for vse with nonbealing cutaneous uloers was
fabricated using 30 bioprinting™™ and showed g vascular bed
selFasseamiblied froen laeman endothelial cells with or withoud
hairman placental pericybes in the dermal laver. Vascularization
inz perfused implant is a sign of an arifcial issee thatcan adapt
10 it surrsanding envronment because the impregnated cells
are mapplied with nutriests wat Wl ingrowth of fumctional
ool wessels from the surrounding hest tissue b2 achieved ™™
Comparably, Kim et al primted a vasculsrized skin patch from
parcime-skin-derved JECM on immmunodeficient mice by using
both the extrusion and the inkjef printing methods '™
Muareover, Cul &t al. developed a cardiac patch with a 4D physi-
olegically sdaptable design, which mduded hssrarchical macro
and microstructural marsformations tased o the dynamic,
mechanbcal process of a beating heart ™" Recemtly, the first
inbuman cardiac bicimgplant, named PeriCord, was implanted
35 an advanced-therapy medicinal prodhict in injusesd myvocar-
divm  dinical  triak ™™ The bioimphnt incorporates
Wharton's elly-M5SCs Fros the wmhllical cord as the acisve ingre-
dient and human decellularized, bophilized. and sterilized peri:
cardium as the supporting cell material {vehicle} for surgical
implantation. Decelhilsrized Hamies of orgais contain mahiral
hierarchical nano, micre, ard macrostnctures of endogenous
tmswes that do not require Turver bofincionabization, M
Differently from the implant constructed w=ming a baoprinting pro-
e, decellularized matrices represent the closest constrcts o
matural ones.
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7. Present Challenges and Perspectives

Ideally, the 3D microarchitecture and the mechanical and bio-
chemical cues of tiser of imerest have o be emulaied in i
fabrication of tissue-engineesed constructs if the implant & o
be inbegrated strsctirally and functionally in de bady ™
Among the preparation methods o set up a biomateriad based
scalfeld, microfluidics ad 3D biopriating techbology exce
dhee oy their precision, controflahility, and versatility in preparing
perscnalized Momaserials and complex (e forgans. Advanioes
in 1 printing have increased the feasibility of fabricating hier-
archical tissues. For that reason, optimizing the microarchitee-
tures of biopolymers and improving the efficacy of bicprimting
aret areas of sctive research. Furthermore, hydrogels and biopal-
ymers that ase hiocompatible may not slways be suitable for use
with conventional bioprinting methods =™ and the delivery of o
partcular number af cells may not be comsbent fos many ssee
tpes!™ Ome possible approach to addressing these issues
imeolves combining substanoes o maximize the utlity of each
and o yield mechanical properties that can maintain the cell’s
functions under the medhanical and physical fosces imposed
b the printmg and the postprinting proceses.

Similarly, the identification of alternative materials for OO
devices i@ emenping 48 an imporant area of research, vl
PIMS is bBecoming the most commnanly wsed material in micoo
Bisidic systems; however, it his drawbacks as the resultant film
% thicker than the in viva rrh:\q'pl'l.nhgg.'. the absorbance champes
of small hydrophobic malecubes influence the efficscy of the wal-
vent, and the material is toxic,™ Hierarchical construct
approaches in microflsidic technologies can provide the minimal
function of a native ss0e or organ 1o iransform pharmaceutical
preciinical examinstion by mereasing throughput while minimiz-
iing the ethical and the financal conoerns associated with in vive
assessment. The 3D bioprinting fabrication process for creating
the cormpbex structure of & nanaral argan andfor tissoe and the
macrofheidic system fo provide a oucroenyironment for the cell
are the critical points in swecess ful kleranchical tssueengimeering.
Accordmgly, anm adsptable microeswvironment throogh  the
sedection and the modification of swimble biormaierials i needed
ta medulate the behavicrs of cells during tissue regeneration '

For the purpose of constructing a hiemrchcal tigsde in negin-
erative medicne, 3 comprehensive undesstanding of the matenals,
the Gbricatiom method, the microemaronment, and the imerac
tions hetween cells and scafolds i fundamentall Moseower, the
scaffold’'s mechanical properfies, such as sfiffness, gromety,
aned topogmphy, which can indlisce bophysical sesponses, neal
to be mnsidered. In addition, the moterd's degmdation time
and the contrdled relesse of Mochemical spraling moleades
can afert the attificial ts=oe's celhthr response. Thus, efforts i
optimize the hicmaterials utilizaben, the microarchiechare af
the artficial tssue, and the :H'tm:)' ol the Ehriction method
are crucial for schising mose practical. hierarchical, adsplable,
inrrgﬂ,-d ecafbnld—<ell constructs for medical .le.ii.':ﬁmsl.
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