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ABSTRACT

Tissue engineering is an exciting field that aims to create regenerative
aternatives to harvest tissues for transplantation. In this move towards
success heeds delivering the tissue progenitor cells over biocompatible
three dimensional (3D) scaffolds (natural or synthetic). It isclear that scaf-
fold design is increasing in complexity and becoming smarter. The only
obstacles to the generation of functional tissues and their widespread
clinical use arerelated to alimited understanding of the regulatory role of
specific physico-chemical culture parameters on tissue development and
the high manufacturing costs of the few commercially available engineered
tissue products. By enabling reproducible and controlled changes of spe-
cific environmental factors, bioreactor systems provide both the techno-
logical meansto reveal fundamental mechanisms of cell functionin a3D
environment and the potential to improve the quality of engineered tis-
sues. In this context we evaluated various sophisticated dynamic
bioreactorsfor fabricating organs of given clinical application. In compari-
son with other bioreactors perfusion systemisamenable to multipletissue
engineered construct production, uniform tissue development, and yet is
simple to operate and can be scaled up for potential clinical use.
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INTRODUCTION

Tissueengineering (TE) representsoneof themgor
promisingfieldsinmodern medicine. Tissueengineering
combinesdifferent disciplinesranging from biology and
materid sciencestoengineeringandclinica disciplines.
Theam of tissueenginearingisthedeve opment of thera-
peuti c approachesto substitute diseased organsor tis-
suesor improvetheir function™. InTissue Engineering
threemgjor strategi esare used to control theregenera-
tion of damaged tissues. First istheimplantation of an

acellular matrix to stimulateformation of new tissue?.
Invivo studieshave shownthat itisdifficult toinduce
cell migrationinto the scaffol d, often resulting in poor
tissueformation. The second ispromotion of the self-
assembly of cdlls, dthough much effort and severd stud-
ies have been carried out, no functiona tissue hasyet
been regenerated with thismethod. A lack of cohesion
between cdlls, dedifferentiation, and aninadequatere-
sulting tissueshapeareamong themainlimits®. There-
fore, thelast strategy consists of using ascaffold that
offersthepossibility of tailoring theinitia propertiesof
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the construct and allows an easier application of me-
chanical constraintson theyoung and fragile construct
at thebeginning of theregeneration. Thisgpproachim-
pliesseeding of gppropriatecellsonto required scaffold
material (natural or manmade, biodegradabl e or not)
shaped to obtain an appropriate geometry.

During the 1990s, TE progressed rapidly and bio-
logical substitutesweredevel oped for severa tissues
and the productsreached the market little over ade-
cade. The present status of research and devel op-
ment (R& D) intissue engineering industry costsover
$3.5 billion worldwide®. However, tissue engineer-
ing industry isnot successful in meeting the needs of
millions of peoplewaiting for transplantsand in | ast
fiveyear gpproximately ten thousand peopledied while
onthewaiting list®.

The growing demand shiftsthe emphasi sfrom or-
gan shortageto scale up of tissuetransplantsand syn-
thesis of bio-inert materialsto regenerate the dam-
aged tissues. Issues of scale-up present additiona chal-
lengesintissue engineering strategiesi.e., 3D scaffold
whichissuccessful insmdl scalemay fail inlarger scde
applicationswherenutrient diffusioninto the center of
an extensive cell based construct may belimited dur-
ingtheinitia stagesof hedling beforeany appreciable
angiogenesig®.

Even themost successful tissue engineering prod-
uctswill need to demongtrate cost-effectiveness& cost-
benefits over existing therapies, must assure complete
safety to the patientsand fulfillment of growing rigid
framework intermsof qudity control and good manu-
facturing practice. Inthese situations bi oreactor-based
tissue constructs are more attractive”. A tissue engi-
neering bioreactor can be defined asatool that uses
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mechanical means to control biological processes.
Bioreactorsintissueengineering arevery efficient in
seadingthecdlson 3D scaffolds, improved masstrander
in 3D cultures and automation of mediaand gas ex-
changein cdl microenvironment®. Bioreactor sysems
aso offer thepossibility toinvestigatecell function, cell
interactions and tissue devel opment within controlled
3D modedls, which may be designed to recapitul ate spe-
cific aspectsof theactual in vivo environment®.

Intissueengineering, goplication of bioreactorsmay
be found in several areas. At the outset, we need
bioreactorsfor expansion of cellsfor direct transplan-
tation at the damaged Site, for example haematopoietic
stem cdlsand mesenchyma stem cellsand maturered
blood cdlls, etd™. Secondly, weusebioreactorsto grow
3D tissuesprior toimplantation, eg skin, cartilage, bone,
blood vesselsetc.

Bioreactor design requirements

Thereare certain principleswhich haveto be ad-
hered when devel opi ng atissue engineering reactor.
Thematerid sdlectionfor reactor designisvery crucia
which ensurethe materialsdo not bring any adverse
reactionsinthe cultured tissues. Any materia whichis
in direct contact with media or tissues must be
biocompatibleor bicinert™. Metdlicaloyslikestain-
less steel best suitsfor reactor design duetoitsresis-
tance against corrosion and leaching. Variouslow cost
plasticsare also found to be very useful in rector de-
sign, but there are certain limitationsin thismaterial
which haveto keepin mind. Thereactor partsmust be
sterilised if they are to bere-used and it is done by
autoclaving or disinfected by sterilantslikea cohal. If
they haveto be autoclaved, material sthat can with-
stand high temperature and pressure must be usedin
bioreactor design. We often seetransparent materials
like glassin bioreactor design, which can be easily
sterilsed by autoclaving or by a cohol swabbing. How-
ever, materialswith diverse propertiesare needed for
various componentsin the bioreactor. For example,
transparent material allowsthe construct to be moni-
tored inthebioreactor during culturewhiledastic tub-
ing can hel p with assembly of the bioreactor.

In recent times, need to cultureparticul ar tissuetypes
have seen the introducti on of more sophisticated reac-
tor systemsfor replicating organsusing biologica scaf-
foldswhich support the cell proliferation. For agiven
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clinica application culture conditionsmay need to be
optimized with respect to cell source, scaffold material,
mediacomposition and fluid dynamics of thereactor
system™, Thuswemust redizethegpplicationof asingle
bioreactor for all cell and tissue culture operationsis
questionable. Inthisreview our intensionisto discuss
varioustailor made culture sysemswhich aresuccess-
fully inproviding environment for specifictissuegrowth.

BIOREACTORSIN TISSUE ENGINEERING

Asanimportant component of tissueengineering,
bioreactor system playsasignificant rolein providing
an optimized environment for functional 3D tissuede-
velopment. Inthisregard, variety of culturesystemshave
been devel oped for supporting engineered tissue con-
gructs. Theseculture systemscan befundamentally di-
videdintotwo main categories.

|. Staicculturesystems
[1. Dynamicculturesystems

Saticculturesystems

Intissueengineering themost common and smplest
culturing strategy isto cultivate acel l-seeded construct
instatic media. Thisstatic culture method isvery con-
ventiond way of culturing cdlsby usng sterile polypro-
pylene petri-dish or well plates. In static cultures ap-
proximately 2X106 cellswere seeded over tissueengi-
neering scaffol dswith the seeding efficiency of 50to
55% and grown in ahumidified CO2 incubator under
dtatic conditions. After seeding, scaffoldsweredlowed
to plungein culturemedium for uniform supply of nutri-
entsand mediahasto change every third day until we
get consstent cell growth over the scaffold surface.

Thistraditiona approach doesnot fulfill all there-
quirementsfor regeneration of every functiona organ.
When 3D scaffoldsweregrown in static culture, cells
ontheouter surface of the construct areviableand pro-
liferate readily while cellswithin the scaffold may be
lessactive or necrotic™, Continuousoxygen levelsin
thestatic 3D culturerevea ed that an oxygen gradient
had formed from the surface of the 3D scaffold towards
the center. After 5 days the oxygen concentration
dropped to 0% inthe center of the scaffoldand 4 %in
the surrounding medium™. In the obscene of vascular
blood supply invitro, gaseous exchange and nutrient
ddivery to the cellsthroughout 3D tissue engineering
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scaffold occur by passvediffuson (upto 100 um only).
Asareaultthintissueslikeskin (100pm thickness) may
bereadily growninvitro than thicker vascular tissues
such asbone. In dynamic culture conditions, the stimu-
lusfrom mechanicd forceslikehydrogtatic pressureand
shear generated by the mediaflow can be more benefi-
cial whichdrivescell constructsto amoreinvivolike
conditions. Thefiguregiven below reved higher num-
bers of dead cells under static conditions compared

with thedynamically cultured scaffold.
Cell Proliferation in Static Culture System  Cell Proliferation in Dynamic Culture System
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Figure 2: Cell growth under static and dynamic culture
systems

Dynamic culturesystems

Despiteburgeoning advancement intissueengineer-
ing, masstransfer limitation remainsaprevalent pre-
dicament!*™. Dynamic culturesystemsusing variousen-
gineered bioreactors can bean aternativefor enhanc-
ing masstransfer and reinstating thein vivo physiologi-
cal fluidicsinvitro*®. Tissue culturereactorsthoseen-
gage dynamic mediaflow for devel oping 3D tissuesas
fdlows
(A) Rotating-wall vessdl bioreactors
(B) Spinner flask bioreactor
(C) Concentric cylinder bioreactor
(D) How perfusion bioreactor

(A) Rotating-wall vessal bioreactors

Rotatingwall bioreactor hasbeenfirst devel oped by
NASA/JSC for growing anchorage dependent cellsin
microgravity environment. Whenthisbioreactor wasfirst
tested on Earth, cdlsstarted aggregating and form struc-
turesresembling tissues. Theseobservationsledtothe
possibility that the bioreactor might be used to study co-
culturesof variouscell typesand theassociation of pro-
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liferationand differentiation during theearly stepsof tis-
sue development™. Rotating wall vessdl bioreactor is
characterized by apermanent rotating culture chamber
with agas exchange membrane, therotation speed of
whichisadjustableto produceafree-faling state. Dur-
ingrotationthecentrifugd force, fluid shear and gravita:
tiond forceactingonthescaffold sumsto zerothat make
the scaffold suspended in the culture medium(®®., This
seemsto encouragethe uniform growth of thetissues,
thuspromoting uniform cdlular interactions. It so pro-
tectsfragiletissuesfrom cracking becauseit decreases
mechanica stresses, including shear stress, and it limits
theimpact of cellson thewallsof thebioreactor.

Theserotatingwall bioreactorsarehorizontaly ro-
tated with fluid filled culture vessel s (zero headspace)
and are oxygenated through a silicone rubber mem-
braneby an air pump that drawsincubator air through
a0.22 um filter. The initial rotation speed of the reactor
was adjusted so that culturemedia, individual cellsand
pre aggregated cells over the scaffold surface rotate
synchronoudy withthevessdl, thus providing efficient
masstransfer and low mediawastage’®. On the other
hand, as cellsgrow and form aggregates, rotation rate
hasto beincreased to maintain cellsin suspensionand
microgravity conditions.

Rotatingwall vessd reactor competently suspends
the polymer construct (typically PGA or PLLA-PGA)
and creates Reynol ds numbers more conduciveto a
minima boundary layer which ultimately boostsmass
transfer inthe constructs??. Cartilage, heart muscle,
skeletal muscle, pancredticidets, liver and kidney are
few of thenormd tissuesbeing growninrotating wall
bioreactor.

Belt Drive

Scaffold Materail

Air Filter

Air Pump

Figure3: Rotatingwall vessel bioreactor

—===> Review
(B) Spinner flask bioreactor

Chondroblast arethe speciaized cellsto construct
cartilaginoustissuewhichisaconnectivetissuefoundin
many areas of human body. Chondroblasts that get
caught in the cartilaginous matrix are called
chondrocytes. These chondrocytes synthesize large
amount of extracellular matrix (ECM) and arevery
different from other living cells. Although autol ogous
chondrocyteimplantation hasaready beeninclinica
application, chondrocyte dedifferentiationisproblem-
atic during proliferation culture?. Only similaritiesthey
sharewith other cellsaretheir basic needs: thedelivery
of nutrientsand theremoval of metabolites. Therefore,
the culture conditions should enable adequate transfer
of nutrientsand oxygen alongwith removal of wastes.
Spinner-flask bioreactor isone such devicethat has
been designed to better control theredifferentiation of
de-differentiated cartilagetissuesinvitro.

Spinner-flask bioreactor is the most common me-
chanically stirred bioreactorsthat can be used for the
seeding of cellson 3D polymer scaffoldsand for subse-
quent cultureof thecongtructs. A spinner flask bioreactor
usesamagnetic gtirrer tomix thecell suspension around
adtatic scaffold, adinginthecdll alocation throughout
the scaffold?. Polymer scaffol ds such as biodegrad-
able PGA arethreaded onto needles, separated by spac-
ers. Theseprovideattachment sitesfor chondrocytesand
promote cell migration and differentiation. In this
bioreactor cellsareamed into thescaffold by convec-
tion. Constant stirring of culture medium overcomethe
diffusonlimit and the scaffol dsareexposed tofresh nu-
trientsand oxygendl thetimes Nutrientmediuminspin-
ner flask hasto exchange every day, for which cell ag-
gregateswere alowed to settleand 50% of the culture
supernatant wascollected and centrifuged. After theex-
hausted mediumwasremoved, the centrifuged cdlsand
fresh mediumwere added to the spinner flasks.

Though spinner flask bioreactor techniqueiseffec-
tivefor cartilagetissue engineering, this strategy does
not appear to provideinterna nutrient gradients con-
duciveto colonization of scaffold interiorsin other tis-
sueengineering areas®.

(C) Concentriccylinder bioreactor

It’s a homogeneous bioreactor system also familiar
asmodified air-lift bioreactor. Concentric bioreactors
arethe object of much attention owingtotheir smple
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Figure4: A and B spinner flask bioreactor

congtruction and low energy consumption, together with
high mass and heat transfer rates. These bioreactors
arevery useful for primary studiesof construct growth
and to assesstheimportance of cell density, nutrients,
and hydrodynamic | oading on cartilage devel opment.
Simpleconcentric bioreactor geometry will ensurelow
shear stressenvironment, uniform nutrient transport and
dynamic seeding of scaffold®®!. The concentric cylin-
der bioreactor consists of astationary inner cylinder
and an outer rotating cup. The gap between theinner
and outer cylindersisvery narrow (2to 3mm). Porous
scaffoldsare positioned ontheinner cylinder and pro-
trudeinto the space between theinner and outer cylin-
der tofacilitate cell seeding and nutrient transport(2,
Scaffold seeding efficiency for thisreactor isd o greater

Figure5: Aand B schematicsof concentric airlift reactor &
diagrammatic explanation of concentricreactor intissueen-
gineering (Source: Timothy M.Wick & Tanya Farooque,
2009); whereasD - Downcomer diameter, d,- Bottom clear-
ance, d,- Top clearance, H - Inner tubeheight, d- Pressure
measur ement distance, H_- External tubeheight, R .- Radius
of internal cylinder, R - Radiusof theouter cylinder.

than 95%within 24 hours.

The concentric cylinder bioreactor isoperatedina
fed-batch mode. Inthisreactor scaffol dswere spaced
uniformly around theinner cylinder inrowsfor uniform
nutrient supply!?®. Later on the bioreactor was as-
sembled on the motor mount and placed in 5% CO,
incubator. Reactor vessel rotationa speed wasadjusted
such that constructs remain suspended closeto asta
tionary point within the vessd, rel ative to an observer
on the ground, dueto adynamic equilibrium between
the acting gravitational, centrifugal, and drag forces.
Medium is exchanged batch wise (at arate of 50%
every 2-3 days or 3 ml per construct per day) and is
equilibrated with gas continuoud 1.

(D) Flow perfusion bioreactor

Thelast decade has seen severa effortsat improv-
ing masstransfer limitationsfor 3D scaffolds. For ex-
ample, cell-seeded porous scaffol ds have been set up
on orbital shakers, spinner flasks and rotating
bioreactors, etc?®. These methodsincrease mediaflow
acrossthesurface of the scaffold, offering animprove-
ment over traditiona static culturetechniques. While
thesetechnol ogies satisfy the exter nal requirement for
medium flow, convection of medium at theexterna sur-
face does not guarantee the mediadistribution within
thick porousscaffoldinteriorg?,

In contrast to past expertise, we would like to
present flow-perfusion bioreactor to meet theinternal
requirement for flow within the porous network of the
scaffold. A flow perfusion culture offerssevera advan-
tages, notably the ability to mitigate both external and
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internd diffusonlimitationsaswdl asto goply mechanicd
stressto the cultured cells. Previous studiesontissue
engineering scaffolds a so proved that enhanced me-
dium delivery, improved oxygenation and controlled
shear may potentidly increasecdll differentiation™. The
amount of shear stressexperienced by cellsculturedin
aflow perfusion system can bevaried smply by vary-
ing theflow ratesthrough the system. Of course, de-
pending onthe porous structure, theloca shear stresses
experienced by individua cellswill bevariableand de-
pend on the scaffold micro architecture®Y.

b

Figure6: Flow perfusion cultureand fluid shear on mono
layer cell culturesin aflow chamber, wheretisshear stress,
Qisflowrate, hisseparation of parallel plates

Inaflow perfusion bioreactor, mediumis pumped
through each scaffold continuously, wheremediumis
ddlivered through each cultured scaffold. FHlow perfu-
sonreactor withwell controlled mechanicd stransand
dissolved oxygen tension provided an environment that
better mimicstheinvivo physiological featuresof the
target tissueand supportscell scattering and growth as
well asthedifferentiation of thecellsinto specialized
lineages®. Thisparticular reactor found very success-
ful inseeding cellsintothick scaffoldswhosecritical
depthismorethan 2mm. Therefore, flow perfusonre-
actor found to be more appropriatefor uniform media
ddiver tothe core of bonetissueengineering constructs
with higher thicknessfor consistent cell growth.

Inthisreactorsmediumisdrawn fromthefirst me-
diumresarvoir by theactionsof theperigdticroller pump
(0.2 ml/min). Themedium isthen pumped downward
through theflow chamber. On exiting theflow chamber
it flowsto the second medium reservair®, Under the
forceof gravity, it then returnsto thefirst medium reser-
voir, completing the cycle. Themediainthereservoir
was changed for every 2-3 days until process is ac-
complished. Diagram of the perfusion bioreactor sys-
temisprovided asasupplementary figure.

The perfusion bioreactor system has superior per-
formanceover thestatic and other dynamic culturesand
yet maintainsthessmplicity for operation and supports
uniform functiona implant devel opment®®. Theimplants

Flow E3
Chamber

Media Reservoirs
Figure7: Flow perfusion system cyclic diagram

grownintheperfusion system haveuniform cdl density
and maintaintheir multi-lineegedifferentiation potentid,
which demonstrate that perfusion reactor system has
imperativegpplicationintissueengineering.

DISCUSSION

Tissue engineeringisaconcept tofabricateautolo-
goustissuecongructssmilar to nativetissuefor replace-
ment and repair of injured tissueand even wholeorgans.
Onebest approach to tissue engineeringisto createan
invitro environment that providesthebiochemica and
mechanica sgnasto control tissuedevelopment andto
createliving constructswith ahigh degree of maturity
beforeimplantation. Theided invitro conditionsfor such
tissue devel opment arenot exactly known, butitiscon-
firmed that optimized cdll digtribution onscaffolds, ahigh
level of Serility, anefficient cell culturemedium and ex-
posureto physica stimuli may bebeneficid for develop-
Ing tissue constructs. In this context we kept our focus
onvarioushioreactorswiththeiridesl conditionsfor fab-
rication of various 3D tissuecongtructs.

Inthisreview wewould liketo assert that rotating
wall bioreactor isbest suited for growing fragiletissue
duetoitslower shear stressand providesmoreinvivo
likeconditionsinthereactor. Thefluid flow inrotating
drum reactor can be tuned both to enhance nutrient
transport to the growing tissueand to control the shear
stresses experienced by thetissues. On the other hand
spinner flask bioreactor can induce thefabrication of
mechanically tough cartilage (chondrocyte aggregates)
duetoitsrecirculating flow patterns. Spinner flask re-
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TABLE 1: Advantagesand limitationsof varioustissueengineeringreactors

SNo Bioreactor Advantages Limitations

Rotating Wall a. Reduces the shear and turbulence  a. The growth of heart and bone tissues found to be not

Bioreactor generated by conventional stirred uniform due to varying shear gradient across the rotating
bioreactors. drum.

1 b. Effective for culturing difficult b. Rotating-wall reactors need control systemsto vary the
primary cell lines which arefragile. rotation speed of the vessel in function of the tissue size.
c. Culturecellsinamoreinvivo like c. Changein gravity also makes theterm” micro gravity”
environment. open to question. Since, rotating wall bioreactor was
designed to perform best in space.

Spinner Flask a. Much easier to clean and sterilize  a. Recirculating flow patterns exerts centrifugal force that

Bioreactor the wholereactor setup. drives the suspended cells againgt the vessel wall, this
b. Through transparent reactor vessel, hydrodynamic forces can damage the cells.
it is very much possible to monitor b. Addition of gases (oxygen) isinevitable for large scale

2 each and every step in the reactor spinner flask, which can damage the cells dueto cell-

closely. bubble attachment.
c. Dueits small size (100ml-5lit),
media requirements and process cost
can be minimized.

Concentric a. The ability to seed scaffolds with a. Culturing of metabolic very active and sensitive cell

Cylinder cells under dynamic conditions. types such as hepatocytes is difficult.

Bioreactor b.Well-defined, uniform

3 hydrodynamic loading of scaffolds.
c.Reactor handling is uncomplicated,
no other manipulations except media
exchange.

Flow a. Perfusion bioreactor system is
Perfusion helpful for supporting long-term
Bioreactor development of 3D engineered tissue

constructs using porous scaffolds.
b. The perfusion bioreactor offers

& metabolites due to effective media

percolation through the interconnected

pores of the scaffolds.

¢. Themodular design of the perfusion

system facilitates multiple tissue-
engineered construct production.

enhanced transport of nutrients, gases

a. Though dynamic flow perfusion allows the mediato
percolate through the core of construct. The cells on
construct surface experiences greater shear than the cells
at inner core, creating a pressure gradient across the
construct, which is typically not experienced by cellsin
vivo.

actor systemisaso easily scalable and could be useful
for large-scal e culture of chondrocytesfor clinicd ap-
plications. Likewise concentric cylinder bioreactor is
developed to culturetissue engineered cartilage under
hydrodynamic loading conditions. When compared to
spinner flask, concentric cylinder bioreactor operates
at low shear stress and has alarger growth areafor
construct synthesiswhich ultimately creating morein
vivo likeenvironment for cartilage synthess.

Though the abovedi scussed reactorsare successful
insynthesisof few tissuestypes, masstransfer isone of
the major concernsthat have been an obstacleto pro-
ducethicker tissuecongtruct invitro. Theflow perfusion
reactor have promisestoimprovethe quality of tissue
congructsinvitrosuchascell distribution and extracel -

lular matrix (ECM) deposition dueto improved mass
transfer with continuousflow of medium that increases
convectivetrangport. Inflow perfusonsysemadongwith
continuesflow of mediathereisanother variable play
vitd roleisoxygenation of tissueconstructs. Sinceoxy-
genissparingly solubleinwater, oxygen supply would
bealimitationin larger tissueconstruct without vascular
network. Inthiscasebioreactorswith flow perfuson sys-
tem were used to improve oxygenation of thick tissue
which ultimately yie dshigh qudity tissueconstructs.

CONCLUSION

Sincethedesign of thefirst bioreactor, tissueengi-
neering hasreached greater stature. Inthisreview, we
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discussed the design and operation principlesof vari-
ous dynamic tissue engineering bioreactorsfor thecul -
tivation of engineered tissues over 3D biodegradable
scaffolds. When we monitor the construction of vari-
ousreactorsindetail weredizethat specificdesignre-
quirements depend on thedimensi ons, complexity and
application of thetissueto beengineered. Since, physi-
ca and mechanicd forcesplay crucia roleintissuede-
vel opment, designing of novel reactor toimpart more
sophisticated environment to cellsand tissuesin vitro
offerssignificant optionsto improvefunctional tissue
engineering constructs.
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