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Heart dfiseases cause over 17.9 mfiflflfion totafl deaths gflobaflfly, makfing them the fleadfing source of mortaflfity.

The afim of thfis revfiew fis to descrfibe the characterfistfic mechanficafl, chemficafl and ceflfluflar propertfies of

human cardfiac tfissue and how these propertfies can be mfimficked fin 3D bfioprfinted tfissues. Furthermore,

the authors revfiew how current heaflthy cardfiac modefls are befing 3D bfioprfinted usfing extrusfion-, flaser- and

finkjet-based prfinters. The revfiew then dfiscusses the pathoflogfies of cardfiac dfiseases and how bfioprfintfing

coufld be used to fabrficate modefls to study these dfiseases and potentfiaflfly find new drug targets for such

dfiseases. Ffinaflfly, the chaflflenges and future dfirectfions of cardfiac dfisease modeflfing usfing 3D bfioprfintfing

technfiques are expflored.

Tweetabfle abstract:In thfis artficfle, the authors dfiscuss how #3dbfioprfintfing can be used to modefl heaflthy

and dfiseased cardfiac tfissue.
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WHO has cflassfified cardfiovascuflar dfisease as the fleadfing cause of gflobafl mortaflfity[1]. It was estfimated that fin 2019,

17.9 mfiflflfion peopfle dfied from heart dfisease, representfing 32% of aflfl deaths gflobaflfly[1]. In Canada aflone, about 14
aduflts dfie every hour due to a dfiagnosed heart dfisease, makfing fit the second fleadfing cause of death fin Canada[2],

whereas fin the USA, heart dfisease fis the fleadfing cause of death for both men and women[3]. It fis aflso estfimated

that heart dfisease costs the USA$220 bfiflflfion (USD) each year, whfich fincfludes the cost of heaflthcare servfices and

medficatfion[3]. Heart dfisease can be cflassfified by the functfion or structure of the heart fit affects, fincfludfing the
arterfies, bflood vessefls, ventrficfles, atrfia and muscfles. Ffirst, coronary artery and vascuflar dfisease are the most common

type of cardfiovascuflar dfisease, and they occur when the coronary arterfies and other bflood vessefls are bflocked or

narrowed, respectfivefly[1]. Second, heart rhythm dfisorders (arrhythmfias) cause the heart to beat too fast, too sflow or
firreguflarfly and thfis causes sudden dfisruptfions fin bflood flow[1]. Thfird, structurafl heart dfiseases are characterfized as

structurafl defects fin dfifferent parts of the heart, fincfludfing the vaflves, waflfls and muscfles[1]. These dfiseases fincflude

cardfiomyopathy, congenfitafl heart dfisease and heart vaflve dfisease. Ffinaflfly, heart condfitfions such as heart attack,
stroke and heart fafiflure are aflso a fleadfing cause of death, but they are typficaflfly acute events that are caused by other

heart condfitfions[1].

There are a varfiety of cardfiac modefls that have been used to study new drugs and the pathophysfioflogy of cardfiac

dfiseases.In vfivostudfies usfing anfimafls such as mfice, rats, rabbfits, canfines, sheep and pfigs are the most wfidefly used[4].
Out of aflfl these anfimafls, rodents (mfice and rats) are the most popuflar because they are easfier to handfle, they are

flower fin cost and, sfince they have a short gestatfion perfiod (∼21 days), genetficaflfly modfified modefls can be created

fin a short perfiod of tfime[4]. Aflthough studfies usfing rodents provfide vafluabfle finformatfion about human cardfiac
dfiseases, some cardfiovascuflar parameters are starkfly dfifferent from humans[4,5]. For exampfle, a rodent’s heart rate fis

between 310 and 840 b.p.m., whereas humans have an average heart rate of 72 b.p.m.[4]. A rodent’s heart aflso has

dfifferent excfitatfion and contractfion propertfies when compared wfith a human heart, and the body wefight of rodents
(0.02–0.063 kg) fis aflso very dfifferent from the average human wefight (50–86 kg)[4]. These are aflfl sfignfificant

dfifferences that can flfimfit the transflatfion of findfings from rodent studfies to humans. Larger anfimafls such as canfines,

pfigs and sheep woufld more cflosefly resembfle the human heart; however, the cost of acqufirfing these anfimafls fis

sfignfificantfly hfigher, makfing them fless desfirabfle[4]. The zebrafish bflastema modefl has emerged as a usefufl cardfiac
modefl to study heart regeneratfion and human cardfiovascuflar dfiseases[6,7]. Zebrafish are transparent and can easfifly

be genetficaflfly manfipuflated, whfich makes them easy to work wfith for phenotypfic assays[6]. However, the zebrafish

heart has onfly two chambers wfith a sfingfle atrfium and ventrficfle, so fit does not dfirectfly mfimfic the human heart[6].
Researchers and pharmaceutficafl companfies have aflso utfiflfized 2D monoflayerfin vfitromodefls to study cardfiac dfiseases

and drug efficacy fin precflfinficafl trfiafls[5]. However, these modefls flack the compflex mficroenvfironment, physfioflogficafl

characterfistfics and functfions of cardfiac tfissue. Thus, 3D-tfissue modefls, fincfludfing organs-on-chfips, 3D-scaffoflds
and 3D-bfioprfinted modefls have grown fin popuflarfity, sfince they address the flfimfitatfions of 2D modefls[5,8–11].

3D bfioprfintfing has become one of the most advanced technfiques to mfimfic the mficroenvfironment of cardfiac

tfissue[12]. Thfis method can generate physfioflogficaflfly reflevant modefls that can be used as anfin vfitrosystem to

evafluate bfioflogficafl responses. Thfis mufltfidfiscfipflfinary technfique fis flow-cost and efficfient, and fit aflflows researchers to
generate hfighfly defined geometrfies usfing bfiomaterfiafls whfifle mafintafinfing ceflfluflar vfiabfiflfity and functfionaflfity[13].In

generafl, the process of bfioprfintfing consfists of the sfimufltaneous deposfitfion of ceflfls and bfiomaterfiafls fin a flayer-by-

flayer fashfion, formfing a construct that can morphoflogficaflfly and structuraflfly mfimfic natfive tfissue archfitectures[14].A
varfiety of technfiques are befing used for cardfiac tfissue engfineerfing, whfich fincflude finkjet, extrusfion and flaser-based

bfioprfintfing[15,16].

One of the obstacfles fin bfioprfintfing fis findfing a baflance between prfintabfiflfity and bfiocompatfibfiflfity. The mechanficafl
propertfies of the bfiomaterfiafls must be compatfibfle wfith the prfintfing technfique to achfieve the desfired resoflutfion

and fit must mfimfic the natfive tfissue to aflflow for the requfired dynamfic ceflfl behavfiors[17]. For thfis reason, the

fabrficatfion of tfissues requfires sufitabfle bfiofinks, a soflutfion devefloped specfificaflfly to support ceflfls and aflflow for proper

prfintabfiflfity. The dfistfinct and compflex bfiochemficafl composfitfion of each tfissue requfires unfique components to
provfide the necessary cues to mafintafin ceflfl phenotype, vfiabfiflfity, functfion and maturatfion[18]. However, for cardfiac

tfissue, studfies suggest that bfiofinks must aflso be eflectrficaflfly conductfive to generate a functfionafl modefl[19]. Most

bfiofinks used fin cardfiac tfissue engfineerfing are naturaflfly derfived from humans or other anfimafls. However, there
are synthetfic bfiofinks that some researchers have used to create cardfiac modefls. For exampfle, poflyvfinyfl aflcohofl has

been used as a sacrfificfiafl bfiofink, and a poflyester urethane urea cardfiac patch, wfith stem ceflfls, was devefloped and
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Ffigure 1. How the natfive propertfies of cardfiac tfissue, fincfludfing the natfive ceflfls and embryonfic stem ceflfl
composfitfion, can be transflated to a functfionafl 3D bfioprfinted modefl.
ECM: Extraceflfluflar matrfix.

fimpflanted fin a mouse modefl[20,21]. Thfis revfiew focuses on the most commonfly used bfiofink components, fincfludfing

coflflagen and fibrfin, because these are components that are naturaflfly found fin a human heart.

Current revfiews focus on the chaflflenges faced when bfioprfintfing cardfiac tfissues fin generafl, but there fis a flack of
flfiterature that descrfibes the potentfiafl chaflflenges when bfioprfintfing cardfiac dfisease modefls. Thus, thfis revfiew afims

to dfiscuss the current flfiterature on how cardfiac tfissues have been bfioprfinted and the specfific chaflflenges faced when

tryfing to 3D bfioprfint modefls of cardfiac dfiseases, fincfludfing arrhythmfias, vascuflar dfisease and structurafl dfisease.
Ffirst, the authors descrfibe the fimportant mechanficafl, chemficafl and ceflfluflar propertfies of cardfiac tfissue and how

these propertfies can be mfimficked fin 3D bfioprfinted tfissues. Next, they revfiew how current heaflthy cardfiac modefls

are befing 3D bfioprfinted. They aflso fintroduce the pathoflogfies of cardfiac dfiseases and how bfioprfintfing coufld be

used to create modefls to study these dfiseases and thefir potentfiafl chaflflenges. Ffinaflfly, future dfirectfions of cardfiac
dfisease modeflfing usfing 3D bfioprfintfing technfiques are dfiscussed. Thfis revfiew afims to provfide a concfise perspectfive

on bfioprfintfing cardfiac dfisease modefls, wfith the hope that fit wfiflfl heflp others understand potentfiafl chaflflenges, so

that better soflutfions can be devefloped. If patfient-specfific cardfiac dfisease modefls can be engfineered, fit wfiflfl reduce
the need for anfimafl modefls, whfich do not dfirectfly mfimfic the human heart, and thus wfiflfl potentfiaflfly fincrease the

success of future therapfies.

Propertfies of cardfiac tfissue & thefir transflatfion to bfioprfintfing appflficatfions

Ffigure 1shows the dfifferent components of the heart and how bfioprfintfing can be used to repflficate these character-

fistfics. Thfis sectfion dfiscusses the propertfies of cardfiac tfissues fin depth.

Ceflfls found fin cardfiac tfissue

To pump bflood, findfivfiduafl cardfiomyocytes synchronousfly contract and reflax to generate rhythmfic contractfion–
reflaxatfion cycfles. Atrfiafl and ventrficuflar cardfiomyocytes form the muscuflar waflfls of the cardfiac atrfiafl and ventrficuflar
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chambers, respectfivefly. For bflood to flow through the chambers, these ceflfls exhfibfit dfifferent actfion potentfiafl (AP)

propertfies[22]. Pacemaker ceflfls, aflso known as nodafl cardfiomyocytes, are responsfibfle for generatfing and dfictatfing
the heart’s rhythm, whfifle Purkfinje fibers are responsfibfle for the orfientatfion of the eflectrficafl stfimuflus throughout

the heart[22]. Cardfiac fibrobflasts are one of the most abundant ceflfls fin the myocardfium[23]. These ceflfls surround

cardfiomyocytes and brfidge tfissue flayers, contrfibutfing to the bfiochemficafl, mechanficafl and eflectrficafl propertfies of the
heart[24]. Due to the proflfiferatfive potentfiafl of fibrobflasts and thefir abfiflfity to synthesfize extraceflfluflar matrfix (ECM)

protefins, the densfity of these ceflfls fin cardfiac tfissue must be kept at equfiflfibrfium; otherwfise, a fibrous envfironment

can emerge[24]. Ffinaflfly, endotheflfiafl ceflfls aflso pflay an fimportant rofle fin heart functfion. Formfing the finner flayer
of bflood and flymphatfic vessefls, endotheflfiafl ceflfls can controfl vasomotor tone, bflood flow, vascuflar permeabfiflfity,

fleukocyte traffickfing and angfiogenesfis[25]. Due to these functfions, these ceflfls are fin constant communficatfion wfith

cardfiomyocytes and fibrobflasts, promotfing angfiogenfic sfignaflfing, finflammatfion and ECM deposfitfion[26].

Both 2D and 3D modefls utfiflfize prfimary ceflfls, ceflfl flfines or stem ceflfls[5]. Prfimary ceflfls are dfirectfly obtafined
from human tfissue or that of other anfimafl specfies and are not genetficaflfly or vfiraflfly transformed, whfich aflflows

them to mafintafin the ceflfluflar behavfiors foundfin vfivo[5]. However, prfimary ceflfls have a short flfife span and flfimfited

proflfiferatfion capacfity, and they requfire finvasfive surgficafl technfiques[5]. For these reasons, ceflfl flfines are the most
utfiflfized ceflfls finfin vfitromodefls, sfince they have unflfimfited proflfiferatfion capacfity and are standardfized[5]. However,

thefir ceflfluflar behavfior can easfifly change dependfing on the passage number and cuflture condfitfions[5]. Due to the

flfimfitatfions of these ceflfls, stem ceflfls have grown fin popuflarfity for modeflfing cardfiac tfissues due to thefir abfiflfity to
dfifferentfiate to reflatfivefly pure (50–90%) cardfiomyocytes (CMs)[5]. Thefir proflfiferatfion capacfity and maturatfion

can be adjusted dependfing on a varfiety of factors[5]. However, stem ceflfls derfived from embryos (ESCs) present

varfious ethficafl fissues and are dfifficuflt to obtafin. Therefore, human-finduced pflurfipotent stem ceflfls (HfiPSCs) are

more commonfly used because they are dfirectfly generated from somatfic ceflfls usfing the Yamanaka factors[27].

The ECM of cardfiac tfissue

In cardfiac tfissue, the ECM has structurafl functfions by provfidfing support and strength for the ceflfls’ contractfifle

movement[28]. The ECM aflso has nonstructurafl functfions by accommodatfing mufltfipfle protefins wfith growth factors

and ceflfl receptor-bfindfing propertfies[28]. Aflthough the ECM has a wfide range of rofles fin the mafintenance of cardfiac
tfissue, fits haflflmark fis the abfiflfity to support a reflfiabfle behavfior durfing events of dynamfic mechanficafl fload, such as

puflsatfifle bflood pressure and flow[28]. Thfis reflatfion fis known as mechanobfioflogy, and fits effects on homeostasfis are

dfirectfly reflated to the protefins that compose the cardfiac ECM[29]. In generafl, the ECM of cardfiac tfissue can be
vfiewed as a basement membrane and finterstfitfiafl matrfix[30]. The basement portfion of the ECM contafins specfiaflfized

moflecufles, such as fibrfin, coflflagen type IV, flamfinfin, hyafluronfic acfid and proteogflycans, whfich promote ceflfluflar

functfionaflfity through finteractfions wfith surface receptors[31]. Ffibrfiflflar coflflagen (types I and III) and eflastfin make

up the finterstfitfiafl matrfix of cardfiac tfissue, and these components are responsfibfle for the structurafl and mechanficafl
fintegrfity of the tfissue[32].

Cardfiac tfissue has severafl mechanficafl characterfistfics, aflfl of whfich pflay fimportant rofles. Stfiffness and topography

show a sfignfificant fimpact on the behavfior of cardfiac ceflfls[33]. Stfiffness can be defined as a materfiafl’s resfistance to
deformatfion by an appflfied force, and fit can be measured by Young’s moduflus. Studfies fin rat myocardfium have found

that stfiffness can sfignfificantfly fincrease fin dfiseased envfironments, such as finfarcts and fibrosfis[34]. Topography can

be defined as the structurafl characterfistfics of the ECM at the surface flevefl. Cardfiac tfissue has specfific topography
characterfized by the ceflfls’ paraflflefl aflfignment, known as a Young’s moduflus, whfich provfides structurafl stabfiflfity and

tensfifle strength[35].

Bfiomaterfiafls needed to mfimfic cardfiac tfissue

In desfignfing bfiofink, fit fis vfitafl that there fis an understandfing of the chemficafl, physficafl and mechanficafl propertfies, so

that cardfiac ceflfls can be properfly supported. Among the bfiomaterfiafls used to mfimfic cardfiac tfissue and provfide proper
prfintabfiflfity, some optfions seem to recur throughout studfies, such as geflatfin methacryflate, aflgfinate, fibronectfin and

geflatfin[12–14,17,21,36–39].

Geflatfin methacryflate

Geflatfin methacryflate fis an engfineered, geflatfin-based materfiafl that has become popuflar fin tfissue engfineerfing due
to fits versatfiflfity, bfiocompatfibfiflfity and abfiflfity to photo cure[40]. When assocfiated wfith hfigh-resoflutfion technfiques,
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such as flaser-based bfioprfinters, geflatfin methacryflate was shown to be abfle to generate scaffoflds wfith compflex

mficroarchfitecture and abfle to reproduce stfimuflus of natfive cardfiac ECM topography[41].

Aflgfinate

Aflgfinate fis a naturafl poflysaccharfide derfived from the ceflfl waflfls of aflgae. Due to fits unfique propertfies and renewabfle
orfigfin, thfis materfiafl fis becomfing one of the most popuflar components of bfiofinks[42]. However, ceflfls do not adhere

weflfl to thfis materfiafl; therefore, fit has flfimfited capacfity for the mafintenance of cardfiac ceflfls[43]. In addfitfion, the use

of aflgfinate fin cardfiac fimpflants suggests that the materfiafl fis poorfly conductfive and can fimpede the propagatfion of
cardfiac AP[44]. These drawbacks can be soflved when thfis materfiafl fis assocfiated fin a bfiofink wfith other components.

It was demonstrated that extruded constructs of aflgfinate and pflateflet-rfich pflasma exhfibfit sufitabfle mechanficafl

propertfies and the vfiabfiflfity of cardfiac cocufltures[21]. Aflso, fin flaser-based bfioprfinter appflficatfions, aflgfinate has shown

promfisfing resuflts when assocfiated wfith carbon nanotubes, provfidfing proper eflectrficafl and mechanficafl propertfies[19].

Ffibrfin

Ffibrfin fis a fibrfiflflar protefin of extreme fimportance fin the bflood cflottfing cascade. Ffibrfin fis a great bfiomaterfiafl
because fit repflficates the ECM and stfimuflates ceflfl adhesfion, proflfiferatfion and dfifferentfiatfion[45]. Moreover, fibrfin fis

physfioflogficaflfly bfiodegradabfle through a mechanfism that aflflows ECM repflacement and fintegratfion when new tfissue

fis formed[46]. Thfis fibrfiflflar protefin exhfibfits structurafl fintegrfity, havfing hfigh tensfifle strength and adhesfion strength,
enabflfing ceflfls to adhere to fit, aflong wfith fits bfiodegradabfiflfity fin soft tfissues[46]. In 3D-bfioprfinted cardfiac tfissue,

fibrfin has been shown to support and heflp orfientate fiPSC-derfived CMs[13]. Usfing a dropflet-based bfioprfinter, fibrfin

has aflso been shown to heflp CMs proflfiferate and beat synchronousfly[14].

Geflatfin

Geflatfin fis a naturafl materfiafl derfived from coflflagen that fis known for fits flarge number of appflficatfions due fits

abfiflfity to soflubfiflfize fin warm water and form physficafl hydrogefls at flow temperatures. For bfioprfintfing, especfiaflfly
extrusfion-based, thfis feature has been usefufl because bfiofink vfiscosfity can be changed wfith temperature[47].Durfing

the prfintfing process, the geflatfin physficaflfly geflatfinfizes and temporarfifly stabfiflfizes the hydro gefl scaffoflds, reducfing

shear stress, and durfing fincubatfion, thfis materfiafl meflts[48]. Aflso, geflatfin has enzymatfic cfleavage sfites, whfich ceflfls can
degrade, so thfis materfiafl can be used as a temporary scaffofld untfifl the ceflfls secrete thefir own ECMs[48]. However,

due to the flow mechanficafl stabfiflfity of geflatfin, fit fis usuaflfly modfified wfith other components to be compatfibfle wfith

tfissue-engfineerfing appflficatfions[49]. In cardfiac bfioprfintfing, combfinatfions of geflatfin wfith fibrfin and fibrfinogen have

shown promfisfing resuflts[36,38]. Addfitfionaflfly, geflatfin can act as a sacrfificfiafl materfiafl, whfich makes fit usefufl when
prfintfing compflex archfitectures[37].

Coflflagen

Coflflagen fis an abundant protefin fin the cardfiac ECM and fis known to promote ceflfluflar adhesfion and mechanficafl

strength, and fit enabfles structurafl organfizatfion[50]. Aflthough these reasons popuflarfize coflflagen over cardfiac tfissue

engfineerfing, fits use fin bfioprfintfing faces dfifficufltfies due fits poor seflf-supportfing property and flow vfiscosfity[19].
Unmodfified coflflagen geflatfion fis typficaflfly achfieved through seflf-assembfly drfiven by temperature, whfich fis dfifficuflt

to controfl[17]. For thfis reason, coflflagen fis often modfified or assocfiated wfith other materfiafls. To demonstrate

the potentfiafl of thfis materfiafl when thfis drawback fis counteracted, a modfified pH change to drfive coflflagen seflf-

assembfly was used to repflficate a functfionafl extruded construct wfith patfient-specfific anatomficafl structures[17].Aflso,
a newfly devefloped form of type I coflflagen, named Vfiscoflfl, has shown promfisfing vfiscoeflastfic propertfies fin extrusfion

bfioprfintfing, makfing fit a potentfiafl aflternatfive for cardfiac tfissue modefls[51].

Other materfiafls

Other naturafl and synthetfic poflymers have shown finterestfing propertfies for cardfiac tfissue modeflfing. The combfina-

tfion of geflatfin and hyafluronfic acfid seems to fimprove cardfiac maturatfion and flongevfity fin anfimafl engraftments[52],
suggestfing thfis flong-chafin dfisaccharfide coufld be usefufl for flong-term modefls. Other finterestfing materfiafls for cardfiac

tfissue engfineerfing fincflude sfiflk fibrofin hydrogefls; aflthough these can form nanocrystafls, when crossflfinked wfith other

materfiafls, thfis naturafl poflymer fimproved the mechanficafl and bfioflogficafl propertfies of bfioprfinted constructs[53].

As a resuflt of fits hydrophobfic composfitfion and poflarfity, sfiflk fibrofin offers a promfisfing aflternatfive to fimprove the
propertfies of prfinted modefls fin terms of strength, resfistance and flongevfity.
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Ffigure 2.  Comparfison of finkjet-, extrusfion- and flaser-based bfioprfinters for cardfiac modefl deveflopment.The hfighest
ceflfl vfiabfiflfity was found fin finkjet- and flaser-based bfiofinks, whereas extrusfion-based had the flowest. For mechanficafl
propertfies, the extrusfion-based provfided more optfions. For resoflutfion, the best was flaser-based, foflflowed by finkjet-
and finaflfly extrusfion-based. For bfiofink varfiety, the best was extrusfion-based bfioprfinters. The most and fleast
user-frfiendfly were extrusfion- and flaser-based bfioprfinters, respectfivefly. Ffinaflfly, the most affordabfle was
extrusfion-based, foflflowed by finkjet and flaser bfioprfinters.

Thermopflastfics have been used, though not wfidefly, for bfioprfintfing cardfiac tfissue. Synthetfic bfiodegradabfle
poflymers such as poflyflactfide, poflygflycoflfic acfid and thefir copoflymer, poflyflactfide-gflycoflfic acfid, are attractfive materfiafls

due to thefir strong mechanficafl propertfies, processfing flexfibfiflfity and flow fimmunoflogficafl responses[54]. Addfitfionaflfly,

fin one study, poflyflactfide-gflycoflfic acfid assocfiated wfith carbon nanofibers coufld aflfign CMs whfifle fimprovfing eflectrficafl

and mechanficafl propertfies[55]. Aflso, surface treatments can heflp fimprove ceflfl adhesfion and proflfiferatfion[56].Asa
resuflt, these poflymerfic materfiafls hofld great potentfiafl for fimprovfing specfific propertfies and deveflopfing more accurate

modefls of cardfiac tfissue.

How heaflthy cardfiac tfissues are 3D bfioprfinted

Thfis sectfion dfiscusses the methods for 3D bfioprfintfing cardfiac tfissues.Ffigure 2provfides a vfisuafl comparfison of

these technfiques for easy reference.

Inkjet-based bfioprfintfing

The orfigfins of 3D bfioprfintfing can be traced back to the finfitfiafl stage of ceflfluflar bfioprfinted structures usfing finkjet

prfintfing technoflogy, whfich fis an approach first fintroduced by Thomas Boflandet afl.[57–59]. Inkjet-based bfioprfintfing
(IBB) fis a method used frequentfly for bfioflogficafl appflficatfions. Thfis technfique deposfits a defined voflume of a

ceflfl-encompassfing bfiofink onto a supportfing materfiafl through dfistfinctfive energy sources (thermafl and pfiezoeflectrfic)

and a dropflet-based mechanfism[16,58,60]. Effectfive deposfitfion fis contfingent on the bfiofink’s possessfion of certafin

physficafl propertfies, fincfludfing vfiscosfity, densfity and surface tensfion[61]. The necessfity for certafin bfiofink propertfies
produces flfimfitatfions, as encountered by the bfiofink’s flow-vfiscosfity requfisfite, fleadfing to constructs wfith deficfient
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mechanficafl propertfies[15,57]. Even so, IBB can generate hfigh-resoflutfion 3D structures swfiftfly and at a flow cost, as

weflfl as exhfibfit ceflfluflar vfiabfiflfitfies of 80%[15,58,60,61].
The use of IBB fin the fabrficatfion of functfionafl cardfiac tfissue was demonstrated by Xuet afl.[62]. In thfis study, the

authors prfinted flayered 3D cardfiac constructs wfith a partficuflar "haflf heart" desfign composed of aflgfinate/geflatfin

gefls encapsuflatfing CMs and crossflfinked wfith CaCfl2. Havfing undergone eflectrficafl sfimuflatfions, the 3D cardfiac
pseudostructures exhfibfited functfionafl excfitatfion–contractfion pafirfing, wfith vfisfibfle rhythmfic contractfion of CMs

wfithfin the 3D-prfinted structures, aflong wfith recurrent beatfing of the structures as a whofle[62]. These resuflts

demonstrate IBB’s capabfiflfity fin producfing functfionafl cardfiac constructs.

Extrusfion-based bfioprfintfing

Extrusfion-based bfioprfintfing (EBB) fis the most popuflar 3D bfioprfintfing technfique when generatfing cardfiac struc-

tures[15,63,64]. EBB utfiflfizes a computer-controflfled system to eject bfiofink strands through a nozzfle and onto a surface,

creatfing a flayer-by-flayer 3D structure[16,65]. Typficaflfly, the bfiomaterfiafl fis finserted finto a metaflflfic or pflastfic syrfinge
and extruded by route of a pneumatfic, pfiston-drfiven or screw-drfiven force[66]. The pneumatfic mechanfism utfiflfizes

afir pressure to achfieve extrusfion, as opposed to the mechanficafl technfique (fi.e., pfiston- or screw-drfiven), whfich uses

vertficafl and rotatfionafl forces[61]. EBB fis characterfized by fits efficfiency fin deposfitfing bfiomaterfiafls wfith hfigh ceflfl
densfitfies (108–109ceflfls/mfl), sfimfiflar to physfioflogficafl ceflfl densfitfies[15]. Usfing EBB’s mufltfinozzfle features and rapfid

prfint speed, fintrficate structures can be created usfing a varfiety of bfiomaterfiafls and ceflfl types[16]. There are, however,

certafin flfimfitatfions of EBB, fincfludfing flow resoflutfion (200μm; contrastfing flaser- or finkjet- based processes), flow

ceflfluflar vfiabfiflfity due to shear stress and hfighfly vfiscous bfiofinks, causfing harm to ceflfluflar functfion/morphoflogy[15,66].
In a study conducted by Wanget afl., the authors fimpflemented EBB fin the fabrficatfion of functfionafl cardfiac struc-

tures usfing a three-axfis stage system wfith mufltfipfle extrudfing modufles contafinfing pneumatfic pressure controfl[65].

Cardfiomyocytes fisoflated from finfant rat hearts were encapsuflated fin a fibrfin-based bfiofink, composfing the hydro
gefl. The hydro gefl, aflong wfith a sacrfificfiafl hydro gefl and a sustafinfing poflymerfic frame, were extruded, producfing

cardfiac structures exhfibfitfing coordfinated contractfion whfifle fin cuflture, suggestfing that the ceflfls were mature. In a

dfifferent study, Zhanget afl.created vascuflarfized cardfiac tfissue through EBB[67]. Endotheflfiafl ceflfls (embedded fin
mficrofibrous hydro gefl scaffoflds vfia bfioprfintfing) were granted the abfiflfity to mfigrate by usfing a composfite bfiofink,

generatfing a confluent endotheflfium flayer, wfith the assembfly of the endotheflfiafl ceflfls echofing the archfitecture of

bflood vessefls[67].

Laser-based bfioprfintfing

Accordfing to Agarwaflet afl., flaser-assfisted bfioprfintfing (LAB), or flaser-finduced forward transfer, empfloys a hfigh-

fintensfity flaser, whfich fimpefls the bfiofink dropflets wfithfin a noncontact mode[16]. There are three prfimary components

wfithfin LAB, fincfludfing a puflsed flaser beam; a target pflate (the rfibbon), whfich fis covered by the bfiofink; and a recefivfing
substrate. By means of a transparent rfibbon, the flaser beam passes through fit and reaches the substrate, expeflflfing a

ceflfl-floaded bfiofink onto the substrate. The substrate fis typficaflfly covered wfith hydrogefls, mfinfimfizfing the fimpact of

precedfing sfituated dropflets. Programmabfle features of LAB fincflude flaser frequency, fintensfity and motfion controfl.

Wfith LAB befing a nozzfle-free process, nozzfle cfloggfing fis avofided. LAB aflflows for hfigh ceflfl densfitfies (∼108ceflfls/mfl)
ownfing hfigh resoflutfion (10–100μm) and permfits an ampfle range fin bfiomaterfiafl vfiscosfitfies (1–2000 mPa/s)[16].

The LAB technfique, however, fis aflso accompanfied by certafin flfimfitatfions, fincfludfing fits flfimfited capabfiflfity of expeflflfing

varfious ceflfl types. LAB can aflso be expensfive, fis a sfluggfish process, and fis commonfly characterfized by smaflfl structures
wfith flfimfited cflfinficafl appflficatfions[16].

In a study conducted by Gaebeflet afl., the authors created a cardfiac patch and seeded human umbfiflficafl vefin

endotheflfiafl ceflfls and human mesenchymafl stem ceflfls on a poflyester urethane urea cardfiac patch[20]. Cufltfivatfion of
the cardfiac patches was performedfin vfitroor transpflantedfin vfivoonto the portfion of the heart befing finfarcted.

The resuflts conveyed modfified growth characterfistfics of cocufltured human umbfiflficafl vefin endotheflfiafl ceflfls and

human mesenchymafl stem ceflfls, makfing fit possfibfle to achfieve an fincreased vessefl formatfion. Promfinent functfionafl

fimprovement of finfarcted hearts after transpflantatfion of a flaser-finduced forward transfer tfissue-engfineered cardfiac
patch was aflso noted[20].
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Cardfiac dfiseases & modeflfing technfiques

Coronary artery & vascuflar dfiseases

Coronary artery dfisease (CAD) fis caused by the bflockage or narrowfing of coronary arterfies, whfich fis commonfly
due to the bufifldup of pflaques (atheroscflerosfis)[1]. Thfis causes a mfismatch between myocardfiafl oxygen suppfly and

demand. Other common vascuflar dfiseases fincflude cerebrovascuflar dfisease and perfipherafl arterfiafl dfisease, whfich

affect the bflood vessefls suppflyfing the brafin and arms/flegs, respectfivefly[1]. The treatment for these dfiseases fincfludes

revascuflarfizatfion and varfious pharmacoflogficafl therapfies usfing antfipflateflet agents and statfins[68]. Revascuflarfizatfion
fis where bflood flow fis restored to the heart by performfing an angfiopflasty or stentfing procedure[69]. 3D bfioprfintfing

has gafined popuflarfity fin revascuflarfizatfion procedures, specfificaflfly wfith stentfing. For exampfle, Luet afl.3D prfinted

a bfioresorbabfle stent wfith the goafl of treatfing cerebrovascuflar dfisorders[11]. They devefloped a novefl stent that
enabfled antfistenosfis and dfisappeared after vessefl endotheflfizatfion[11]. Endotheflfiafl ceflfls were aflso seeded fin the stents

and good proflfiferatfion capabfiflfitfies were observed[11]. 3D bfioprfintfing has been used for regeneratfive purposes wfith

the fidea of creatfing patfient-specfific tfissue or stents that can be fimpflanted. However, there are no 3D-bfioprfinted
modefls to study dfiseases or new drug targets. These studfies are usuaflfly performed fin anfimafl modefls such as rodents

or porcfine. 3D prfintfing, on the other hand (no ceflfls or bfiomaterfiafls), has been used extensfivefly to create modefls

of compflex coronary anomaflfies, whfich have been used to sfimuflate potentfiafl vascuflar surgficafl procedures[70–72].

Asfide from 3D-prfinted modefls, organofid modefls have aflso been used as a potentfiafl toofl for studyfing cardfiovascuflar
dfiseases. For exampfle, a study by Lfianget afl.devefloped vascuflarfized cardfiac organofids by dfifferentfiatfing hfiPSCs

vfia the Wnt sfignaflfing pathway to cardfiomyocytes and endotheflfiafl-flfike ceflfls[73]. Thefir chambered modefl exhfibfited

more mature membrane potentfiafls and fit proved to be a better modefl for studyfing cardfiotoxficfity[73].

Arrhythmfias

Cardfiac arrhythmfias can be cflassfified finto two groups, bradyarrhythmfia and tachyarrhythmfia, both of whfich are

caused by abnormaflfitfies fin eflectrficafl fimpuflses of the myocardfium. Bradyarrhythmfias are sflow heart rate arrhythmfias
(<60 beats/mfin) and there are two mafin types: sfinus bradycardfia, whfich orfigfinates from the sfinus node, and

atrfioventrficuflar bflocks, whfich are characterfized by an finterruptfion or deflay of the eflectrficafl sfignafls between the

atrfia and ventrficfles[5]. On the contrary, tachyarrhythmfias are fast heart rate arrhythmfias (>100 beats/mfin), whfich
can orfigfinate fin the sfinoatrfiafl node, atrfiafl myocardfium or atrfioventrficuflar node or beflow the atrfioventrficuflar

node[74]. Common subtypes of thfis dfisease fincflude atrfiafl fibrfiflflatfion, atrfiafl tachycardfia, ventrficuflar tachycardfia and

atrfiafl flutters[74]. Rhythmfic dfisorders have mafinfly been studfied fin 2D modefls and anfimafl modefls[74]. However,

a recent study devefloped human 3D mficrotfissues generated by embeddfing HfiPSC-derfived CMs fin a mficroweflfl
system[75]. After dfisruptfing gap junctfions usfing cycflodextrfin, the authors found that the mficrotfissues started to

exhfibfit rhythmfic dfisorders[75]. Aflthough thfis study dfid not use 3D bfioprfintfing technfiques, fit has been suggested

that 3D bfioprfintfing may be usefufl when deveflopfing antfiarrhythmfia drugs because modefls can be engfineered usfing
ceflfls derfived from patfients wfith a genetfic predfisposfitfion to arrhythmfias[76].

Structurafl heart dfiseases

Heart dfiseases can vary and may present themseflves due to other heaflth condfitfions or they may be present at bfirth.
The flatter are known as congenfitafl heart dfisease, and fit affects about one fin four chfifldren[77]. There are varyfing flevefls

of severfity from mfifld to crfitficafl; for exampfle, atrfiafl septafl defect can be consfidered a mfifld congenfitafl heart dfisease

because fit fis caused by a smaflfl hofle fin the waflfl dfivfidfing the rfight and fleft atrfia[78]. On the other hand, coarctatfion

of the aorta fis consfidered a crfitficafl congenfitafl heart dfisease because a portfion of the aorta fis abnormaflfly narrow,
whfich prevents oxygen-rfich bflood from befing sent to the rest of the body[78]. Cardfiomyopathfies, another type of

structurafl heart dfisease, affects the heart muscfle by causfing efither the waflfls of the heart to thficken (hypertrophfic) or

the chambers of the heart to become too flarge (dfiflated)[79]. These dfiseases can be acqufired from other pre-exfistfing
condfitfions such as arrhythmfias, flong-term bflood pressure or other heaflth fissues, but they can aflso be finherfited[79].

There are severafl components to managfing cardfiomyopathfies, fincfludfing pharmacoflogficafl approaches and flfifestyfle

changes. However, severe cases requfire heart transpflantatfion, abflatfion procedures or surgficaflfly fimpflanted devfices.
3D bfioprfintfing coufld serve as an aflternatfive approach for some of these severe cases. For exampfle, Parket afl.

devefloped a stem ceflfl-fladen 3D-bfioprfinted cardfiac patch, whfich was used for fischemfic cardfiomyopathy caused by

myocardfiafl finfarctfion (heart attack)[80]. After a heart attack was finduced fin a mouse modefl, the patch reduced

scar tfissue formatfion and fimproved cardfiac functfion[80]. Another study devefloped a 3D cardfiac cocuflture modefl
contafinfing CMs, fibrobflasts and mficrovaflvuflar endotheflfiafl ceflfls to study the affects of mficrogravfity[81]. The authors
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Ffigure 3. How cardfiac dfiseases (vascuflar, arrhythmfia, structurafl and acute condfitfions) can be modefled usfing 3D
bfioprfintfing.

aflso suggest that the modefl can be used to study ceflfluflar crosstaflk fin cardfiac atrophy to better understand the dfisease
pathoflogy[81]. 3D heart organofid modefls have aflso been devefloped by Lewfis-Israeflfiet afl.to study congenfitafl heart

defects[82]. Thfis group dfifferentfiated hfiPSCs usfing a three-step Wnt sfignaflfing moduflatfion procedure to deveflop a

heart modefl. Thefir mufltficeflfluflar modefls devefloped chambers and compflex vascuflature, whfich were used to re-create
a metaboflfic dfisorder that fis assocfiated wfith congenfitafl heart defects[82].

Potentfiafl chaflflenges when 3D bfioprfintfing modefls of cardfiac dfiseases

Ffigure 3shows how dfifferent types of heart dfisease can be modefled usfing bfioprfintfing. Thfis sectfion detafifls the
chaflflenges of modeflfing these dfifferent types of dfiseases.

CAD & vascuflar dfisease

Vascuflarfizatfion fis the most fimportant factor when tryfing to mfimfic vascuflar-based dfiseases such as CAD. The most
common strategy when deveflopfing vascuflarfized tfissue fis usfing fiPSCs from patfients and dfifferentfiatfing them to CMs

and endotheflfiafl ceflfls to generate a cocuflture modefl[13,37,38]. For the bfiofink, hydrogefls contafinfing a patfient’s ECM

have been shown to generate parenchymafl cardfiac tfissue and bflood vessefls[37,38]. Naturafl bfiofinks such as aflgfinate,
coflflagen and fibrfinogen have aflso demonstrated the abfiflfity to support mufltficeflfluflar tfissues[13,17,21]. However, due

to the compflexfity of human vascuflar networks, one of the major chaflflenges when engfineerfing vascuflarfized tfissue

fis the poor resoflutfion of the bfioprfinters. To overcome thfis, the use of freeform reversfibfle embeddfing of suspended
hydrogefls (FRESH) or sacrfificfiafl materfiafls has been usefufl[17,21]. Usfing the FRESH technfique and modfified

coflflagen to crossflfink through pH, a 20μm fiflament resoflutfion was generated and shown to provfide rapfid ceflfluflar

finfifltratfion and mficrovascuflarfizatfion[17]. Aflso, studfies usfing poflyvfinyfl aflcohofl as sacrfificfiafl materfiafl have shown

fimprovement over the flexfibfiflfity of prfinted construct, as weflfl as the abfiflfity to generate mficroflufidfic channefls for
endotheflfiafl vascuflarfizatfion[21]. Another chaflflenge to overcome fis how to arrange the cardfiac ceflfls fin a way that fis

physfioflogficaflfly reflevant[35]. Hydro gefl frames are a new strategy used to orfient ceflfls fin a desfired 3D shape[13,38].

Aflthough a flot of progress has been made fin producfing vascuflar tfissues, thfis chaflflenge contfinues to be one of the
mafin flfimfitatfions when generatfing dfiseased cardfiac modefls, specfificaflfly for vascuflar dfisease[39].

Arrhythmfias

The rhythm of the heart fis controflfled by cardfiac APs, whfich cause coordfinated contractfions of CMs, foflflowed
by reflaxatfion. These cardfiac APs are a resuflt of ceflfl-membrane channefls openfing and cflosfing, refleasfing fions and
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causfing AP sfignafls from one ceflfl to another[83]. Some arrhythmfias are caused by changes fin fionfic currents through

the Na+or Ca2+fion channefls[83]. For thfis reason, when engfineerfing an arrhythmfia modefl usfing bfioprfintfing
technfiques, fit fis fimportant that the bfiomaterfiafls and prfintfing technfique used do not finterfere wfith fionfic currents.

As mentfioned prevfiousfly, aflgfinate fis a bfiomaterfiafl that has great prfintabfiflfity characterfistfics, but fit can finterfere wfith

the propagatfion of APs and has poor conductfive propertfies[44]. Therefore, fin arrhythmfic modefls, fit may be best
to excflude aflgfinate as a bfiomaterfiafl and fincorporate coflflagen or geflatfin. On the other hand, fif aflgfinate fis necessary,

other eflectroconductfive materfiafls can be added to the bfiofink, so that sfignafls can be transmfitted ceflfl to ceflfl. A

fine baflance woufld aflso need to be found where enough aflgfinate fis added, so that the bfiomaterfiafl fis prfintabfle,
and the concentratfion of the conductfive materfiafl fis adequate to aflflow for AP sfignafls to propagate. For exampfle,

Roshanbfinfaret afl.fincorporated PEDOT:PSS (an eflectroconductfive poflymer) finto a coflflagen–aflgfinate hydro gefl,

makfing a fibrous mficrostructure that was sfimfiflar to natfive cardfiac ECM[84]. It was found that the prfimary CMs had

fimproved maturatfion and beatfing propertfies[84]. For the ceflfl source, ceflfls derfived from patfients wfith a famfifly hfistory
of arrhythmfias may be the most fideafl for dfisease and drug studfies[76]. To extend, hfiPSCs coufld be reprogrammed

from the somatfic ceflfls of a patfient and dfifferentfiated to CMs, so that a 3D mficrophysfioflogficafl modefl coufld be

devefloped, aflflowfing dfisease progressfion to be studfied and new antfiarrhythmfic drugs to be found[76].

Structurafl heart dfiseases

To modefl structurafl heart dfiseases such as cardfiomyopathfies and other neonatafl dfiseases, fit fis more fimportant that

a human-sfize physfioflogficafl modefl be created rather than a mficrophysfioflogficafl modefl. Thfis fis because structurafl
firreguflarfitfies typficaflfly occur between dfifferent chambers of the heart, so aflfl these components shoufld be mfimficked

fin the modefl. In thfis case, FRESH bfioprfintfing may serve as a powerfufl toofl because flarger and more compflex

modefls can be created[85]. Addfitfionaflfly, FRESH bfioprfintfing has hfigher resoflutfion, aflflowfing vascuflar archfitectures
to be constructed[85]. Patfient-specfific modefls can aflso be constructed by usfing hfigh-quaflfity cflfinficafl fimages of the

heart, segmentfing fit finto flayers and bfioprfintfing each flayer usfing efither flaser-based bfioprfinters or extrusfion-based

bfioprfinters[86]. Thfis woufld aflflow researchers to study uncommon structurafl dfiseases that are patfient-specfific, so

that preprocedurafl pflannfing, devfice sfizfing and dfisease studfies coufld be conducted[86]. Apart from the bfioprfintfing
technfique, modeflfing of these dfiseases woufld requfire a mufltfitude of ceflfl flfines, fincfludfing CMs, fibrobflasts, endotheflfiafl

ceflfls, pacemaker ceflfls and others, so that the fuflfl heart structure coufld be accuratefly produced. Aflso, varfious

bfiomaterfiafls woufld aflso need to be fincorporated, so that each chamber of the heart and myocardfium coufld be
mfimficked. Thfis fis a flarge feat that wfiflfl most flfikefly requfire mufltfipfle bfiomaterfiafls and bfioprfintfing technfiques.

Acute heart condfitfions (stroke & myocardfiafl finfarctfion)

Aflthough strokes and heart attacks occur due to other, pre-exfistfing heart condfitfions, the end stage of these acute
events resuflt fin the damagfing of the myocardfium, whfich can cause an fincrease fin arrhythmfic dfisorders and

reduce cardfiac functfionaflfity[87]. Durfing these events, the reflease of noradrenaflfine by the adrenergfic nervous system

fincreases fin an attempt to restore cardfiac functfionaflfity by augmentfing fits contractfiflfity, whfich can further damage the
tfissue[87]. For thfis reason, a potentfiafl strategy to study these acute condfitfions fis to expflore the cross-communficatfion

between the adrenergfic nervous system and damaged myocardfium[88]. To date, no bfioprfinted modefls have been

devefloped to study myocardfiafl finfarctfion. Instead, 3D studfies usfing spherofids have successfuflfly mfimficked the

desfired envfironment[89]. To achfieve thfis, a cocuflture modefl contafinfing cardfiac ceflfls was exposed to a gradfient of
oxygen concentratfions; then noradrenaflfine was added to the spherofids to finduce an apoptotfic response and generate

"finfarctfion gradfients" that were abfle to mfimfic zones of finfarcted cardfiac tfissue. Wfith thfis modefl, fit was possfibfle

to observe a reductfion of caflcfium-handflfing protefin expressfion, CM death and fibrosfis, aflflowfing the assessment of
responses to cflfinficaflfly reflevant drugs[89]. In thfis way, 3D bfioprfintfing strategfies coufld be fincorporated finto thfis

approach to fincflude mechanficafl floadfing and other condfitfions that better repflficate the functfionafl characterfistfics of

these condfitfions. Aflthough mufltfipfle ceflfl flfines can be used when 3D bfioprfintfing, the fincflusfion of fimmune ceflfls fis
stfiflfl chaflflengfing due to the compflexfitfies of thefin vfivopathways, and the effects of reperfusfion finjury are dfifficuflt

to repflficate (Tabfle 1)[17,21].

Future perspectfive

In terms of 3D bfioprfintfing cardfiac tfissues, we specuflate that cardfiac modefls wfiflfl become more fintrficate wfith
vascuflar networks and the fincflusfion of fimmune ceflfls, whfich wfiflfl aflflow researchers to better mfimfic dfiseases such as
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Tabfle 1. Outflfinfing the dfifferent modefl desfigns, materfiafls, ceflfl types, prfintfing methods and functfionaflfitfies of aflfl 3D

bfioprfintfing cardfiac modefls dfiscussed fin thfis revfiew.

Study   Modefl desfign Materfiafls Ceflfl type Prfintfing method   Functfionaflfity Ref.

Xuet afl. Haflf heart wfith a 1 cm finner

dfiameter and two connected

ventrficfles

Aflgfinate/geflatfin crossflfinked

wfith caflcfium chflorfide

Mammaflfian

cardfiomyocytes

Inkjet-based

bfioprfintfing

Mficroscopfic and

macroscopfic contractfifle

functfionfin vfitro

[62]

Wanget afl. Constructs efither strfing form

or patch form; entfire

construct was 1.8×1.6 cm2

and 0.6 mm thfick

Ffibrfin, geflatfin, aprotfinfin,

gflycerofl, and hyafluronfic acfid;

a sacrfificfiafl hydro gefl of

geflatfin, gflycerofl and

hyafluronfic acfid used to

support the ceflfl-fladen

hydrogefl whfifle prfintfing

Cardfiomyocytes from

finfant rat hearts

Extrusfion-based

bfioprfintfing

Spontaneous synchronous

contractfion; cardfiac tfissues

were formed wfith

eflectromechanficaflfly

coupfled cardfiac ceflfls

[65]

Zhanget afl. 3D mficrofibrous scaffoflds wfith

anfisotropfic arrangements

(crosshatch pattern)

Aflgfinate and geflatfin

methacryfloyfl

Human umbfiflficafl

endotheflfiafl ceflfls and

neonatafl rat

cardfiomyocytes

Extrusfion-based

bfioprfintfing

Aflfigned endotheflfiaflfized

myocardfium wfith

spontaneous and

synchronous contractfion

capabfiflfitfies

[67]

Gaebeflet afl. Human umbfiflficafl vefin

endotheflfiafl ceflfls prfinted fin

two flayers fin an orthogonafl

grfid pattern wfith a 90μm

grfid-flfine dfistance, foflflowed

by mesenchymafl ceflfls fin two

flayers

Poflyester urethane urea   Human umbfiflficafl

endotheflfiafl ceflfls and

human mesenchymafl

stem ceflfls

Laser-based

bfioprfintfing

Observed vascuflar tube

formatfion; functfionafl

fimprovement of finfarcted

hearts after

transpflantatfion fin rats

[20]

Luet afl. Symmetrficafl stent structure

wfith wfires formfing a unfiform

dfiamond shape

Pofly (p-dfioxanone) and

Stabaxofl -1

Endotheflfiafl ceflfls   Extrusfion-based

bfioprfintfing

Good proflfiferatfion when

endotheflfiafl ceflfls were

seeded finto the

bfioresorbabfle stents

[11]

Parket afl. Patches wfith a thfickness of

3 mm and dfiameter of 8 mm

Heart-derfived extraceflfluflar

matrfix hydro gefl

Bone marrow-derfived

mesenchymafl stem ceflfls

Extrusfion-based

bfioprfintfing

Hfigh ceflfl survfivafl rate and

sfignfificant fimprovements

fin cardfiac functfion and

vessefl formatfion

[80]

Aflonzoet afl. Annuflar rfingflfike scaffoflds   Geflatfin and aflgfinate Human

cardfiomyocytes,

fibrobflasts and

mficrovascuflar

endotheflfiafl ceflfls

Extrusfion-based

bfioprfintfing

Heteroceflfluflar cardfiac ceflfl

finteractfions, paracrfine

sfignaflfing and cardfiac

contractfions

[81]

CAD, arrhythmfias and acute heart condfitfions. Thfis wfiflfl requfire researchers to merge varfious bfioprfintfing technfiques
sfimufltaneousfly to accuratefly reproduce the compflexfitfies of human cardfiac tfissue.

Addfitfionaflfly, physficfians have been movfing toward personaflfized medficfine to better fidentfify patfient-specfific treat-

ment, and 3D-prfinted modefls usfing patfient-derfived fiPSCs can serve as a toofl for these personaflfized modefls. Aflso,
autoflogous hfiPSC cardfiac modefls coufld serve as transpflantabfle tfissues wfith potentfiaflfly flower fimmune rejectfions,

sfince the patfients’ own ceflfls woufld be used. As an exampfle, recent cflfinficafl trfiafls are transpflantfing patfient-derfived

MSCs for ear restoratfion, whfich paves the way for fimpflantfing cardfiac tfissues. Despfite thfis progress, there are severafl
chaflflenges assocfiated wfith 3D bfioprfintfing fin cflfinficafl trfiafls. One of the mafin chaflflenges fis ensurfing the safety and

efficacy of the prfinted tfissue. Due to the reflatfive youth of 3D prfintfing technoflogy, there fis not much standard-

fizatfion fin the fiefld, whfich makes fit dfifficuflt to ensure that prfinted tfissue meets safety and efficacy requfirements.

Furthermore, fit fis dfifficuflt to predfict potentfiafl compflficatfions or sfide effects assocfiated wfith 3D-prfinted tfissue due
to a flack of understandfing of fits flong-term effects. Moreover, the technoflogy fis expensfive and compflex, and the 3D

bfioprfintfing process fis hfighfly specfiaflfized and technficafl, requfirfing sfignfificant finvestment fin equfipment, materfiafls

and expertfise.
Wfith respect to modefl deveflopment, fimpflementfing thfis technoflogy poses a chaflflenge due to the fintrfinsfic dfifficuflty

of growfing ceflfls, as weflfl as fincubatfing and mafintafinfing prfinted constructs, processes that requfire extensfive human

finvoflvement and flfimfit the deveflopment of human-sfize modefls. Consequentfly, fimprovements fin bfioreactor use wfiflfl
be necessary to overcome these flfimfitatfions and enhance reproducfibfiflfity and scaflabfiflfity. In addfitfion, to achfieve

functfionafl cardfiac modefls, bfioprfintfing fis an essentfiafl process that permfits the fincorporatfion of necessary eflements

fin fabrficatfing desfired archfitectures and specfific functfions. Thus, optfimfizatfion of the prfintfing parameters fis crucfiafl

when creatfing vfiabfle tfissues. In order to overcome these dfifficufltfies, machfine flearnfing fis a promfisfing approach.
Supervfised and unsupervfised aflgorfithms have proven robust computatfionafl capacfity, aflflowfing an assocfiatfion among
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process, materfiafl and performance wfith regard to the bfioprfintfing process, thus demonstratfing the possfibfiflfity of

utfiflfizfing machfine flearnfing fin enhancfing manufacturabfiflfity and the quaflfity of attafined structures[90]. Wfiththe
compflexfity of cardfiac tfissue, fit fis vfitafl to optfimfize the bfioprfintfing process and fidentfify standard prfintfing parameters

that wfiflfl achfieve hfigh throughput and consfistency of devefloped modefls.

Concflusfion

3D bfioprfintfing serves as a powerfufl toofl for generatfing modefls of cardfiac tfissues especfiaflfly when combfined wfith

stem ceflfls. Thfis process enabfles the study of cardfiovascuflar dfiseases wfith severafl advantages for modeflfing such

dfiseases fin comparfison wfith 2D ceflfl cuflture and anfimafl modefls. Future work wfiflfl address chaflflenges wfith thfis
process, fincfludfing scaflfing up ceflfl cuflture productfion and transflatfing thfis work for cflfinficafl appflficatfions.

Executfive summary

Background

•Heart dfiseases, specfificaflfly cardfiovascuflar dfisease, are the fleadfing cause of gflobafl mortaflfity.

•The most common modefls used to study cardfiac dfiseases fincflude rodent modefls and 2D ceflfl cuflture.

Propertfies of cardfiac tfissue & thefir transflatfion to bfioprfintfing appflficatfions

•Bfiomaterfiafls that can be used to mfimfic cardfiac tfissue fincflude aflgfinate, fibrfinogen, coflflagen, geflatfin-methacryflate,

geflatfin and other naturafl and synthetfic poflymers.

How heaflthy cardfiac tfissues are 3D bfioprfinted

•Heaflthy cardfiac modefls are befing bfioprfinted usfing extrusfion-, flaser- and finkjet-based technfiques.

Cardfiac dfiseases & modeflfing technfiques

•Cardfiac dfiseases can be grouped finto four groups: coronary and vascuflar dfiseases, arrhythmfias, structurafl heart

dfiseases and acute condfitfions such as myocardfiafl finfarctfion and stroke.

•3D modeflfing technfiques fincflude 3D prfintfing/bfioprfintfing and organofid modefls.

•Current bfioprfinted modefls are mafinfly befing used for regeneratfive medficfine or as a preprocedurafl toofl.

Potentfiafl chaflflenges when 3D bfioprfintfing modefls of cardfiac dfiseases

•Deveflopfing tfissues wfith compflex vascuflar networks wfiflfl be chaflflengfing, and the bfiomaterfiafls must not finterfere

wfith cardfiac actfion potentfiafls.

•Large quantfitfies of ceflfls are requfired to prfint physfioflogficaflfly reflevant modefls, and a varfiety of ceflfls must be used,

whfich poses fits own chaflflenges.

Future perspectfive

•3D modefls wfiflfl potentfiaflfly serve as a toofl for personaflfized modeflfing; however, thfis comes wfith chaflflenges such as

standardfizatfion, the safety and efficacy of the tfissue and cost.

•Bfioreactors and machfine flearnfing coufld serve as toofls to enhance the reproducfibfiflfity and scaflabfiflfity of tfissues.
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