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ABSTRACT

Collagenisthemostabundantproteininthehumanbodyandservesmanyfunctions,frommechanical
stabilityandelasticityintendonsandbone,toopticalproperties,suchastransparencyandafinetuned
refractiveindexinthecorneaoftheeye.Collagenhasinterestedhumankindforcenturies:Leonardo
DaVincistudiedanddrewthetendonsinthehumanbodypreciselyinthe15thand16thcentury.A
lookattheliteraturerevealseasily>200,000papers.ThisarticlereviewsorientedtypeIcollagen
artificialalignmentstrategies.
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1. INTROdUCTION

1.1. Background
1.1.1 Collagen Basics
The most abundant protein in mammals, collagen, exists within the extracellular matrix (ECM)
providingstructureandsupporttoconnectivetissue.Collagenplaysanimportantroleintheformation
oftissueandorgans(Abrahametal.,2007).Itcanbefoundintendons,ligaments,skin,bone,teeth,
cartilage,bloodvessels,nervesandorgancapsules.Collagenissurfaceactive,biodegradableand
excellentlybiocompatible,evenwhenretrievedfromanimalresources,makingitacandidatematerial
forvariousbiomedicalapplications(Lee,2001).Collagenaccountsforapproximately20-30%ofthe
totalproteininahumanbody(Harkness,1961;Shoulders,2009).Currently,over28distinctcollagen
typeshavebeendiscovered,withvariousproperties, and fromvariousbody regions (Shoulders,
2009;Gelse,2003;Kühn,1986;Sherman,2015).Complexityandstructuraldiversity,splicevariants,
presence of non-helical domains, assembly and function are factors considered in collagen type
classification(Gelse,2003).Thegeneralgroupsofcollageninclude:fibrillarcollagens,FACIT(Fibril
AssociatedCollagenswithInterruptedTripleHelices)andFACIT-likecollagens,beadedfilament
collagens,basementmembranecollagens,shortchaincollagens,transmembranecollagens,andothers
withuniquefunctions(Gelse,2003;Sherman,2015).Themostcommongroupinthehumanbody,
makingupnearly90%ofthetotalcollagen,isthefibrillarcollagens,consistingofTypesI,II,III,
VandXI(Gelse,2003;Hulmes,2008;Ottani,2002).Themostcommonforminmammaltissueis
typeI(Hulmes,2008).Collagens,typeIinparticular,aremostcommonlyusedinresearchdueto
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theirabilitytoformhighlyoriented,structuralhierarchiesoffibrilsandtheirprevalenceinhuman
tissue(Gelse,2003).

ThisarticlefocusesontypeIcollagenonly.Inanevaluationandratingfreefashionitreviews
the diverse methods demonstrated to fabricate artificial type I oriented collagen in 1D, 2D and
3Darchitectures,mimickingnaturalstructuresandtheachievedorientation,aswellasorientation
distributionand/ororder.InthefollowingtypeIcollagenwilloftenbereferredtoasjustcollagen.

1.1.2. Collagen Hierarchy 
TypeIcollagenmoleculesconsistoftwoα1chainsandoneα2chainthatformaright-handedtriple
helixaroundanaxis(Figure1aandb)(Gelse,2003,Sherman,2015;Ottani,2002;Kadler,1996;
Chattopadhyay,2014).Thesethreepolypeptidechainsconsistofnearlyonethousandresidueswhereby
glycineoccursaseverythirdresidue(Gelse,2003;Ottani,2002;Kadler,1996;Chattopadhyay,2014).
The“collagenous”structureofaminoacidsiscommonlyexpressedasarepeatingtripletofGly-
X-Y,whereXandYcanbeanyaminoacid;however,ithasbeenreportedthatthemostfrequently
occurringaminoacidsinthetripletareprolineandhydroxyproline(Kadler,1996;Chattopadhyay,
2014;Ramshaw,1998).Atthebeginningofthein-vivosynthesis(Figure1b),theproteinexistsas
procollagen,withatriplehelixandtwoglobularterminals.Theterminalsarecleavedbyspecific
proteases,whichleaveatriplehelixwithsometerminalnon-helicalportions(Figure1candd).The
assemblyisnowcalledtropocollagen(molecule).Ithasadiameterof~1.6nmandalengthof~300
nm,andcanbeviewedasananoscopicrod.Itcanundergospontaneousfibrillogenesis(Ottani,2002;
Olsen,1963)viaanentropy-drivenself-assemblyprocessofthetropocollagenintofibrils(Ottani,
2002;Kadler,1996).

ThetypeIcollagenassemblytoformfibrillarcollagenisuniquebecauseitpossessesastaggered,
quasi-hexagonalarrangement(Vuorio,1990).Thetropocollagen,staggeredbymultiplesof68nm,
iscalledaD-period(Vuorio,1990).WithinoneD-period,therearefivemoleculesincross-section:
eachmoleculestaggeredbyoneD-period(Figure1e)(Sherman,2015;Ottani,2002;Olsen,1963).
WithineachD-period,thereisagapof~36nm,andanoverlappingregionof31nmbetweenadjacent
molecules(Figure1e)(Vuorio,1990).Followingtheself-assemblyintotheD-period,thetropocollagen
becomescross-linkedin-vivobyanenzyme.Thisenzymeundergoesareactionwiththeamineside
chainsoflysineandhydroxylysineandconvertstheresiduesintoaldehydes(Smith,1968;Pinnell,
1968;Kruger,2013).Afterahydration reaction the twocollagenmoleculesarecross-linkedvia
peptidebonds.Thesecollagenmicro-fibrilsfurtherself-assembleintofibrils,andfinallyintolarger
macroscopicunitscalledfibers(Figure1f).

1.1.3. Mechanical Properties 
Thepackingoffibrilsinafibermayvaryfromonetissuetoanotherandinfluencesthemechanical
properties.Theinternalstructureofthecollagenfibrilsandfibersishighlyordered,thushashighly
anisotropicphysicalproperties.Onedistinctpropertysetisthemechanicalcharacteristics,whichare
usedbynatureinconnectivetissue.Numerousstudiesonmechanicalpropertiesofcollagenhave
beenperformed:bothexperimentallyand theoretically (Fratzl,2008).Collagenexhibits strength
andelasticitythatvarywithrespecttoorientationwhenaconstantforceisapplied.TheYoung’s
modulusforcollagenfibrilshasbeenmeasuredalongthefibrilsandvaluesfrom0.2MPato12GPa
werefounddependingonthesourceofthefibrils(e.g.rattail,tendon,fishscales,bone,animal,
human,etc),theirdehydrationstate,thedegreeofcross-linkingandtheirmultiplehierarchicallevels
(molecular,fibril,fiber,tissue)(Sherman,2015;Wenger,2007;Hamed,2010).TheYoung’smodulus
inthedirectionperpendiculartothefibrilswasnotmeasuredsatisfactorilyyet,duetoexperimental
uncertaintiesandtheinterferencebetweenthemechanicalmeasurementtoolsaswellastheinternal
structureofthefibrils(Sherman,2015;Annaidh,2012).Indirectmeasurementshavebeenperformed
withtissue,e.g.withhumanskin,selectingsamplesorientedperpendicularandparalleltotheLanger
lines(Annaidh,2012).Langerlinescorrespondtothenaturalorientationofcollagenfibersinthe
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dermis.Adifferenceintheelasticmoduliofthetwodirectionsofroughly50%(arelativelylarge
error)wasfound(Annaidh,2012).

Allcollagen-basedtissuesexhibitnon-linearvisco-elasticproperties,reflectedbya“J”-shaped
stress-straincurve:collagenexhibitsgreatercomplianceatlowstressesthanathigherstresses.This
enhancestheenergyabsorptioncapacityatlow-stresslevels.Agreatercomplianceattheonsetof
loadingincombinationwithsomeviscousdampingarethemainpropertiesofcollagenreducingthe
susceptibilitytodamage(Fratzl,2008).

2. ALIGNEd COLLAGEN IN NATURE: THE dIFFERENT 
ALIGNMENTS ANd CORRESPONdING ORGANS

Collagenasahighlyanisotropicmaterialcanbeassembledintissuebyconservingthehighanisotropy
via the alignment of all fibrils and fibers in parallel. However, the fibers can also be randomly
associatedresultinginamorehomogeneoustissue;orapreferentialfiberorientationcanchangefrom
layertolayerinatissue.Wovenstructures,wherefibersmimicawovenfabric,arealsoassembled.

Theformofalignmentwithinatissuedependsonthetissues’functionandmechanical(and/
oroptical)demand.Avarietyofalignmentstrategiesarefoundinthehumanbody:parallel,woven,
interwoven,plywood-like,radialandcircumferential(Fratzl,2008).Sometimestwoormoreorientation
motivesarepresentatcloseproximity(Fratzl,2008).

Figure 1. Type I collagen consists of a) two identical α1(I) and one α2(I) peptide chains; b) self-assembly to form procollagen; c) 
in vivo procollagen peptidase removes the loose termini creating, d) type I tropocollagen. Tropocollagen undergoes a second 
self-assembly process, e) forming collagen fibrils with a D-period, and f) by yet another self-assembly process, collagen fibrils 
form a collagen fiber (Kruger, 2013). This work is licensed under Creative Commons Attribution 3.0 Unported). 
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2.1. Parallel: Tendon, Ligament, Bone
Tendons and ligaments are dense, regular connective tissue structures (bands, cords, or straps)
(Weintraub,2003).Ligamentsconnectbonetobone,whiletendonsconnectmusclestobone.Tendons
containcompletelyparallelbundlesofcollagenfibers,whichprovidehighunidirectionalstrength.
Ligamentsexhibitnearlyparallelorientedbundlesofcollagenfiberswithawavypattern(crimping),
whichmakesthemabletowithstandloadsindifferentdirectionsandallowselongationoffibersbefore
tensilestressesareexperienced.Tendonsshowlargercollagenfibersthanligaments(Simon,1994).

However,thereisalargetendon-to-tendonvariabilityandtendonsite-to-sitevariation:some
tendonsalsoexhibitwavypattern(Kannus,2000;Amiel,1988),butwithtypicallylongercrimping
periodsincomparisontoligaments(Amiel,1988).Collagenfibrilsaresometimesorientednotonly
longitudinallybutalsotransverselyandhorizontally,withthelongitudinalfibrilsalsocrossingeach
other,thusformingspiralsandplaits.Thiscomplexultrastructureoftendonsprovidesagoodbuffer
capacityagainstlongitudinal,transversal,horizontal,aswellasrotationalforcesduringmovementand
activity.Thefrequentlyobservedtwistsandintertexturesofthetendonfibersarerelatedtooptimal
transmissionoftheforcesincertainanatomicpoints.

Duetotheirhighlyorientedfiberarrangement,tendonsandligamentsareparticularlyadaptedto
resisttensileloads.Ligamentsandtendonsexhibitvisco-elasticity.Similartopurelyelasticmaterials,
theycanregaintheiroriginalshapefollowingdeformation,afterremovalofthedeformingload.When
anelasticmaterialisstretched,workhasbeendoneonit,whichincreasesitsenergy.Thematerial
storesthisenergyandkeepsitavailable,enablingittorecoilbacktoitsoriginalshape(Figure2).

BonesconsistmainlyoftypeIcollagenfibrils,dahllite(carbonatedapatite)orhydroxyapatite
crystals,andwater.Inbonethemineralizedcollagenfibrilsarealmostalwayspresentinbundlesor
arraysalignedalongtheirlengths.Thecollagenfibrilsinbonearegenerallyabout80–100nmin
diameter.Thecrystalsofboneareplate-shaped,withaveragelengthsandwidthsof50x25nm,and
areverythin,withthicknessesappearingtoberemarkablyuniform.Theirsmallestdimensionsvary
fromjust1.5nmuptoabout4nmforsomematurebonetypes.Waterislocatedwithinthefibril,
inthegaps,andbetweentropocollagen.Itisalsopresentbetweenfibrilsandbetweenfibers.The
threemajorcomponentsofbonehavecompletelydifferentproperties,thereforeboneisacomposite.
Thehostisthecollagenfiber,formedbyfibrilswithaninternalcrystallinestructureoforthotropic
symmetry(Weiner,1998).Themineralislocatedmainlywithinthegapregionsofcollagenfibrils.
Arraysofparallelfibrilsarefoundinthemicronandevenmillimeterscalesizerangesinparallel-
fibered bone(Weiner,1998,Feng,2010).

Figure 2. Collagen assembly hierarchy in tendons, including typical sizes and suitable imaging technologies, the crimp waveform 
is shown at the fibre level as well as cell presence in fascicles. PGs are proteoglycans which hold water with the help of negative 
charges and the hydrophilicity of their polysaccharide side-chains (Harvey, 2009): courtesy of Sir Michael Brady). 
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However,lamellar bone and fibrolamellar bonealsocontainparallelarrangementsofcollagen
asdepictedinFigure3.Heretheinternalstructureofcollagenwithinalamellaisparallel,butfrom
lamellatolamellathereisadistinctanglebetweencollagenorientationdirections(Marlow,2007;
Currey,2002).Inosteons,whicharecylindricalaggregatesofbonelamellaearoundbloodvessels
(Figure 3), the twisted plywood motif results in a spiraling of the fiber orientation around the
centralbloodvessel.Analogoustoaspringconstruction,thisstructurehasbiophysicalsignificance
inabsorbingmechanicalenergyandprotectingthesensitiveinnerbloodvesselfromcracksinthe
interstitialbone(Fratzl,2008).

2.2. woven and Interwoven: Healed Bone, Juvenile Bone, Skin, Scelera
Inwovencollagenstructures(Figure4),thefibrilsarearrangedintobundleswithlargevarietyin
diameter.Thefibrilbundlesarelooselypackedandpoorlyoriented.Thesestructuresoccurin healing 
boneafter fracture (Fratzl,2008), fetus (growing)bones (Weiner,1998)and inpartsof theskin
(Ramachandran,1976;Brown,1972),displayingalargemultidirectionaldeformability.

Thesclera(thewhitepartoftheeye)isatoughconnectivetissueandisconnectedwiththe
cornea.Scleralcollagenis,incompositionandarrangement,similartothatpresentinskin,withwider
fibrilsandaninterwovenstructure(Fratzl,2008).Interwovenmeansstructureswherethecollagen
fibrilsandbundleshaveconnectivepointsvialoops(likeknittingoramesh)and/orarearranged
likeinathreadofspanwool.

Figure 3. Part of the hierarchical structure of collagen in cortical bone: a) Lamellas folded around a Haversian canal (containing 
blood vessels) forming spiraling fiber orientation with a plywood motive in osteons. b) Cortical bone formed by parallel aligned 
osteons (Feng, 2010).
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2.3. Plywood-Like: Cornea 
Mostcollageninthecorneaisfoundinthestroma.Inthecorneal stroma,collagenispositioned
withinstructures–so-calledlamellae(Figure5)–thatoccurparalleltothetissuesurfaceandshow
acollagenorientationparalleltothelamella(withaslightangletoneighboringlamella),producing
aplywood-likestructure.Lamellaevaryinsize,buttheyaretypicallyabout2μmthickandupto
0.2mmbroad(Komai,1991;Polack,1961).Theselamellae,exceptofoutermostlayers,runinbelts
acrossthecorneafromlimbus(borderofthecorneaandthesclera)tolimbus((Fratzl,2008).See
alsoFigure3:osteonandrelatedtext.

2.4. Radial and Circumferential: dentin
Inthecaseofradialandcircumferentialorientationoneneedstobeverycarefulwiththenomenclature,
which seems tobedifferent in thecollagen sub-communities (bones, arteries, cartilage, etc.).A
quasicircumferentialfibrilarrayisfoundindentin:thefibersrunaroundtheholes(circumferential),
butnotinaperfectcircle(Weiner,1999).Dentinisacalcifiedtissueandformsteethtogetherwith
enamel,cementum,andpulp.IntheoriginalpaperofWeineretal.(1999)thecollagenorientation
isnamedradial.

Arterial wallsarecomposedofthreemayorlayers(frominsideout):intima,mediaandadventitia.
Themediaconsistsofacomplexthree-dimensionalnetworkofbundlesofcollagenfibrils,which
areorganizedinavaryingnumberofmediallamellarunits,eachofwhichabout10μmthick.The
orientationofthecollagenfibrilsconstitutesacontinuousfibroushelix(likeascrew).Thehelixhas
asmallpitchleadingtoanalmostcircumferentiallyorientation.

Figure 4. Scheme of woven collagen structure
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Thesubendothelium of an artery(aconnectivetissuebetweentheendotheliumandinnerelastic
membraneintheintimaofarteries)consistsofamultilayeredfabricofcollagenwithlargervariations
inradialbutalsolongitudinalorientations(Fratzl,2008).

Figure 5. Sketch of the cross-section through five lamellae of a human cornea. Fibrils in adjacent lamellae align in large angles 
to one another: fibrils are seen in cross-section (dots) and in transverse section (elongated). For an electron microscopy image 
of human cornea see (Fratzl, 2008).
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Collagenfibresinthescleraattheopticnerveheadintheeye(Figure6)arrangeintotwomain
orientations:circumferentialfibres(~)aroundtheopticalnerveheadandradialfibres(+)pointing
outradiallyoftheopticnervehead(Figure6)(Gogola,2018).

3. ARTIFICIALLy ALIGNEd COLLAGEN TECHNIQUES

In recentdecades, scientistsandengineershavebeenverycreative indevelopingaphysicaland
chemical approach-based process spectrum, implementing various environments, for fabricating
collagen constructs in 1D, 2D or 3D that mimic nature’s collagen orientations and orientation
distributions.Forprovingevidenceonthesuccessofthesealignmentstrategiesandforquantitative,
comparable data on collagen alignment, various methods have been employed: polarization
microscopy, polarization depended absorption spectroscopy, x-ray analysis, small angle x-ray
scattering(SAXS),scanningelectronmicroscopy(SEM),transmissionelectronmicroscopy(TEM),

Figure 6. Circumferential (~) and radial (+) fibres at the optic nerve head. (Gogola, 2018): This work is licensed under a ).
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atomicforcemicroscopy(AFM),confocalreflectancemicroscopy(CRM),secondharmonicgeneration
(SGH)microscopy.QuantitativedatafromimageswereoftenaccomplishedbyFourieranalysis(e.g.
FastFourierTransformanalysis(FFT))bydetermininganorderparameter.

Earliestattemptsoffabricatingscaffoldsfromcollagenwithanintrinsicorientationdateback
to1964byBenjaminetal.(1964)whoimplementedanelectricalfield.

3.1. 1-dimensional Threads and Tubes
1Dalignedcollagenconstructsinformofthreads,nano-threadsandtubeswithanalignmentorientation
alongthethread/tubedirectionhavebeenfabricatedbyavarietyoftechniques,suchasisoelectric
focusinginanelectrochemicalcellandbyextrusion.

3.1.1. Electrochemical
ELACis theabbreviationforelectrochemicallyalignedcollagen.ThegroupofOzanAkkushas
contributed substantially in this field.Chenget al. (2008)havedevelopedamethod to fabricate
short threatsofcollagen inanelectrochemicalcell.Afullydialysed tropocollagen(bovinehide)
solutionwasplacedbetweentwoelectrodesabout1mmapartonaglassslide.Avoltageof6Vwas
appliedyieldingacurrentthroughthecollagensolutionof3.5mA.Thehalf-reactionsresultingin
theelectrochemicalcellgeneratedapHgradientbetweentheelectrodes:theanodicsolutionwas
acidic,thecathodicsolutionbasic,whichhadapronouncedeffectonthecollagen.Thecollagenin
thesolutioncollectedinaparticularpHregionviaisoelectricfocusing.Theaggregatedcollagen
moleculeswereorientedparalleltotheelectrodes(perpendiculartotheelectricalfieldlines)and
closelypackeduniformlyacrosstheentirethicknessofthethread.Bundlesseveralincheslongwith
diametersbetween50-400μmcouldbefabricatedbyadjustingtheelectrodelengthandgap,aswellas
thecurrentdensity.Treatmentofthebundleinphosphatebufferedsaline(PBS)at37°Cforactivation
offibrillogenesisandcrosslinkingingenipinsolutionwasthelaststepofpreparationandprovided
thefinalstrength(Cheng,2008).ThemechanicalpropertiesoftheELACfibersweresystematically
enhanced(Kishore,2011)byaddinginter-fibercrosslinkersdrivingthebundlestrengthtovalues
similartoatendon’sstrength(Uquillas,2012).

Nguyenetal.(2016)investigatedtheinfluenceofelastinincorporationintoELACthreads,a
compositeforwhichalowerYoung’smodulusisachievedthanthatfortendons.Theywereinterested
inmimickingthemuchmoreflexiblearterywalls.Byusingamixtureofcollagen/elastin(60/40
(w/w))inanelectrochemicalcelltheywereabletodecreasetheYoung’smodulustotherequiredlevel.
TheycouldalsoshowthatsmoothmusclecellswereorientedalongthefiberdirectiononpureELAC
collagen,howevernoorientationofthecellswasfoundonthemixedELACmaterial.Nevertheless,
after14daysofcellculturingcellorientationhadtakenplaceduetoremodellingofthematrixand
becausethecellsweresensingtheunderlyingcollagenorientation.

Younesi et al. (2014) improved themethod for the fabricationof continuousELAC threads
exhibitinganexcellentcollagenorientationalongthethreaddirection.Thethreadswerefabricatedwith
thehelpofarotatingelectrodeelectrochemicalalignmentdevice(REEAD).Thebasiccomponents
oftheREEADareasyringepump,arotatingelectrodewheelandacollectionspool.Thesyringe
in thepumpwas loadedwith thedialyzedcollagensolution.Therotatingelectrodewheelhada
circumferentialgroovehousing twoparallel electrodewiresprovidingaquasi infinite electrode-
lengthwhilerotating.Thesyringepumpappliedthetropocollagensolutionatthetopofthewheel.
Thesolutionwastrappedinthegrooveandbetweentheelectrodeswhilerotatingwiththewheel.
Duringrotationintheelectricalfield,thecollagencollectedandaligned,resultingintheformation
oftheELACthreadbythetimethedrumcompleted1/3ofaturn(∼60s).Thethread,afterthe120
degreeturn,wasfreedfromthewheelandcollectedontoaspool.Thediameterofthreadscould
becontrolledbytherotationalspeedofthewheel:higherspeedswithlesscollagenledtothinner
threads.Threediameterswerefabricated: thin(0.10±0.03mm),medium(0.13± .04mm)and
thick(0.15±0.05mm).AfterthreadformationthesampleswereincubatedinPBSfor6hat37°C
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toinducefibrilformationandthentreatedwith2-propanolsolutionfor12h.Crosslinkingofthe
ELACthreadswasperformedasthelaststep.Thesethreadswerestableenoughtotwistintoyarns
andweaveintoscaffolds.

In2012Kishoreetal.(2012)demonstratedthatartificialtendons,basedontheELACmethod
implantedintoarabbit’slimbcausedonlylowinflammatoryresponse,werestableenoughtoserveas
animplantandweredegradingfastenoughtoallowthebody’sowntendonstotakeover.Therefore,
the ELAC material seems to be biocompatible and biodegradable and opens the possibility of
implementationintendontissueengineering.

3.1.2. Extrusion
RattailcollageninHClwascoextrudedwithamixtureofphosphatePBSandsodiumphosphate
ina2syringesystembyPinsetal.(1997).Thetwoliquidswerecombinedattheendoftheneedle
tipsandforcedthroughFEP(fluorinatedethylenepropylene)tubingforextrusionintoaflowing
PB1bathat37°C.Longthreadswereallowedtoformviaself-assemblybyimmersionfor48hin
PBS.Afterrinsingindistilledwaterthethreadsweredriedinairandstored.Beforemountingofthe
threadsinacustommadestretchingdevice,thethreadswerere-immersedinPBandthenstretched
in5%incrementsupto50%oftheiroriginallengthandheldatthatextendedlengthfor24hinPB
at37°C.Somestretchedthreadswerecross-linkedbydehydrationat110°Cin5days.

Thevariousthreadsweretestedwithrespecttotheirmechanicalbehaviour.Usingpolarization
microscopy,thedegreeoffibrilorientationwithinthethreadswasinvestigated.Stretchedandun-
stretchedfibresshowedaslightpreferentialalignmentofthefibrilsparalleltothethreaddirection.
Withincreasingstressloadtheorderofthealignmentincreased:forthenon-cross-linkedsamplesonly
verylittle,forthecross-linkedsamplessubstantiallyupto30%stretching.Beyondthe30%stretch,
thecross-linkedsampleslostsomealignmentandshowedbirefringenceretardationvaluessimilarto
originalrattailtendons.Encouragedbytheseresults,FreemanandSilver(2005)studiedtheeffectof
the30%stretchingonthemineralizationbycalciumphosphate.Theyfoundthatthehigherorderof
thecollagenfibrilsinthethreadsledtoachangeinthecalciumphosphatenucleationandgrowth,and
thatahigherorganizationwithcollagen-collageninteractionsledtoabetterelasticenergystorage.

In2011Laietal.(2011)implementedanextrusionprocesswithaspecialsyringe,formingan
extrudedthintubewithalengthintheorderof20mm.Forthatrattailcollageninaceticacidwasused.
Thecollagensolutionwasextrudedwithaflowrateof~0.124cm3/scorrespondingtoashearrateof
thewallof~220s–1inthethinannulusregionofthesyringe.Ascollagenwasextrudedthroughthe
annulustheinnerrodbecamecoatedwitha0.5mmthicklayerofcollagen.Therodwiththecollagen
layerwasimmediatelyimmersedinPBSat37°Cfor5mininducingfibrillogenesis.Cross-linking
wasperformedbyeitherriboflavaninitiatedUVphotocrosslinking,bydimethylsuberimidate,bya
combinationofboth,by1-ethyl-3-(3-dimethylaminopropyl)carbodiimidehydrochloride(EDC)or
byglutaraldehyde.ElectronmicroscopyandFFTanalysisrevealedapreferentialcollagenfibriland
fibrilbundleorientationinthetubesalongthetubeaxiswitharippleformation.Theelasticmoduli,
themaximumextensibilityandtheburstpressurewerestudiedandfoundtobepartiallydepending
onthecross-linkingmechanism.TheEDCcross-linkingyieldedanelasticmodulusinthedirection
ofthefiberorientation(alongtheaxisofthetube)wasintheorderof0.1-0.35MPa,themaximum
extensibilitywas~0.14andtheburstpressure12-28kPa.Humanfibroblastcellsculturedonthe
collagentubesshowedaclearcellbodyorientationwiththeorientationofthecollagensubstrate
indicatingcontactguidanceinducedbytheanisotropyofthecollagen.

3.2. 2-dimensional Arrays (Sheets and Films)
2D collagen constructs with a single collagen orientation (e.g. samples with defined collagen
orientationdistributionsinformofmatsorsheets)havebeenfabricatedbyavarietyoftechniques:
forexample,byelectrospinningandsuccessivecollectionwitharotatingwheel,byextrusion,byflow
andevaporationinducedorientation,stretching,AFM,Langmuir-Blodgetttechnology,electrostatic
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interactiononmica,andbyvariousprocessesinducingshearstress.Thereisacommercialproduct
available from Advanced BioMatric, Inc., San Diego, US, called AlignCol® which consists of
aligned-crimpedtypeIcollagenfibrilsprintedontoborosilicateglasswithathicknessof~1μm,
mimickingcollagenfibrilbundlesrepresentedintendon,ligament,heartandotherconnectivetissues.

3.2.1. Electrospinning
Electrospinningisaprocedurethatimplementsanelectricfieldtomanipulatethearrangementof
polymersina1Dthreadanddepositthethreadsontoa2Dsubstrate,randomlyororiented.Apolymer
insolutionormelted isejectedfromapolymerreservoirwithanozzle,keptatahighelectrical
potentialtocreateachargeimbalance,andcapturedonagroundedsubstrate.Atacriticalvoltage,the
surfacetensionatthenozzleisovercomebythechargeimbalanceleadingtoajetofchargedpolymer.
Duetotheelectricalfield,thejetisdirectedtowardthegroundedsubstrate.Inthecaseofapolymer
solution,thejetalsoallowssolventevaporationandfiberformation.Theelectrospinningprocedure
createsasinglecontinuousstring.Whenchoosingtherightconditionsinthepolymersourceandthe
electrospinning,themainchainsarepreferentiallyorientedalongthethreaddirection.Thesubstrate
canbeagroundedflatpieceofmaterial(2D)orarotatingspoolthatcollectsthethreadlikeayarn
role(additional1Dmethods).

In2001,Matthewsetal.(2002)employedelectrospinningforfabricationoforiented2Dcollagen
nonwovenfabricsonarotatingsubstratespool.Theyusedcollagenfromcalfskinandhumanplacenta
inacidsoluble,lyophilizedform.Collagenwasdissolvedatvariousconcentrationsin1,1,1,3,3,3
hexafluoro-2-propanol(HFP).Usingasyringepump,thecollagensolutionwasdeliveredatvarying
rates (0 to25ml/h).Anelectricpotentialdifference(15-30kV)waskeptbetween thecollagen
sourceandthegroundedrotatingspool(~500rpm)onwhichthecollagenwascollected.Theywere
abletofabricatecollagenmatswithfibrilsaligninglinear,inparallelarrays.Theyfoundthatthe
morphologyofthecollagenstructurewasdependedonthechosencollagensource,butalsoonall
fabricationprocessparameters.

In2006,Zhongetal.(2006)reportedonthefabricationofalignednanofibrouscollagenthreads
viaelectrospinningofcalfskincollagendissolvedinHFP.Thecollagensuspensionfilledinasyringe
withaG27needlewasreleasedataspeedof1ml/hviaasyringepump.Avoltageof15kVwas
appliedbetweenthesolutionandthecollectingspinningwheel(diameter:0.2m,grounded),which
hadadistanceof0.15mfromeachother.Thecollagenfiberstringapproachingthecollectorwheel
wasattractedelectrostaticallytoaglasscoversliponthewheel.Thefiberswherecollectedonthe
2D-coverslipspinningwithaspeedof15m/satthecollectingrim.Thefiberswerealignedmainly
alongtherotationdirection,clearlyevidentinSEMimages.Thesamplesonthecoverslipweredried
atroomtemperatureforsolventremoval.Thecollagenwascross-linkedinglutaraldehydevaporfor
48h,thenimmersedinaqueousglycinesolution,rinsedwithwater,andfinallydriedinavacuum.
Thespinningspeedofthewheeliscriticalforthefiberalignment:toolowaspinningspeedsleadto
poororientation,toohighaspinningspeedsresultinexcessiveforcesandfibrilrupture.

The density of these aligned collagen samples was systematically larger in comparison to
unalignedelectrospunsamplespreparedunderidenticalconditions.Theporesin-betweenindividual
fibers were much smaller in the aligned scaffold in comparison to non-aligned samples. Rabit
conjunctiva fibroblasts showedadecrease incelladhesiononalignedsamples,butan increased
proliferationincomparisontorandomcollagen.Theelongatedproliferationpatternmatchedwell
withthecellmorphologyfoundinnativetissue(Zhong,2006).

Dong et al. (2009) used a similar rotating wheel electrospinning approach but substituted
thecorrosiveandtoxicHFPbya1/1(v/v)mixtureofPBSandethanol.Theyusedbovinedermis
tropocollagen. They found a dependency of the fiber diameter and its distribution on the salt
concentration. With increasing salt concentration, the individual fiber diameter in the sheets
decreased as well as the diameter distribution. Cross-linking was performed with 1-ethyl-3-(3
dimethylaminopropyl) carbodiimide hydrochloride and hydroxylsuccinimide in ethanol. Aligned



International Journal of Surface Engineering and Interdisciplinary Materials Science
Volume 9 • Issue 2 • July-December 2021

107

collagenwasachievedbyadjustingtherotationspeedofthewheelontowhichthecollagenfiberswere
collected.Undertheseconditions,thecollagenorientationalignedparalleltothespinningdirectionof
thewheel,andparalleltothewheelsurface.Anorderparameterof0.97wasachieved(Dong,2009).

3.2.2. Extrusion
Amodifiedextrusionapparatus,equippedwithtwocounterspinningconesbetweenwhichcollagen
suspensionswereextruded,wasusedtofabricatetubularcollagenconstructsbyHoogenkampetal.
(2015).Thesetubularconstructscoulddeliverrelativelylargecollagensheets.Theyexploitedbovine
hidesplitcollageninanacetic/lacticacidmixture.Theextrudedfilm,stilllocatedontheinnercone,
wasimmersedinNaClsolutionforstabilizationandstorage(Hoogenkamp,2015).

Todefinethezeroangle(paralleltotheextrusiondirection,alongtheaxisofthecones)for
alignmentstudieswithSHGmicroscopyandFFTanalysis,and to test the influenceof thecone
spinning,acontrolsamplewasmadewithnon-rotatinginnerandoutercones.Itwasfoundthatthe
fibersinthecontrolsamplewereorientedparalleltoeachotherwithanorientationparalleltothe
extrusiondirection(0°),throughouttheentirefilm(Hoogenkamp,2015).

Thesamplespreparedwithrotatingconesshowedadistributionofalignmentanglesthroughout
thefilm.Thealignmentangleofthefiberslocatedclosetotheouterconerangedfrom30°to45°,
changingto0°withinthecentralpartanddecreasedto-20°to-35°atlocationsclosetotheinner
cone.Mechanicalpropertiesdependingontheextrusionconditionswerestudied(Hoogenkamp,2015).

3.2.3. Magnetics
ThediamagneticanisotropyinproteinswasdescribedbyWorcester(1978)in1978.Itresultsfrom
thediamagneticanisotropyoftheplanarpeptidebondsoftheproteinsandhasanegativevalue.This
phenomenondrivesthecollagen-duetoatorqueappearinginamagneticfield-intoanalignment
perpendiculartothemagneticfield.ThisbehaviourwasfoundbyMurthy(1984)forcollagenfromrat
tailtendoninaceticacid.Thesolutionwasconcentratedbyevaporation.Collagenfilms(0.15-0.25
mmthick)wereproducedviaprecipitationofcollagenfibrils.Orientedcollagenfilms(analyzedby
polarizationmicroscopy)wereachievedbyprecipitatingcollagenfibrilswithinamagneticfieldof
2-10Twithafiberorientationperpendiculartothemagneticfield(Murthy,1984).

Torbetetal.(1984;1986)foundthatcollagenfibrils,preparedfromlathyriticratskincollagen
inpotassiumphosphatebuffer(pH7.04)andheat-induced-reassembledinmagneticfields(1.9and
5.6T),werealsoorientedperpendicularlytothemagneticfieldandhighlyuniaxial.Theyassumedan
enhanceddiamagneticanisotropyduetothelargenumberofrepeatingunitsinthepolymericcollagen,
aprocessleadingtoasufficientorientationenergytoovercomekT,andtheBrownianmotion.In
addition,theysuspectedfurtherinfluenceonthehighorientationbythequartzcellsurfaceholding
thecollagensample.

3.2.4. Flow and/or Evaporation
Floworientationofcollagenduringfibrillogenesiswasusedasearlyas1972byElsdaleetal.(1972).
Theymixedcollagenfromrattailtendontoasolutionofserum,Eagle’smediumandNaOHatpH
7.6.Thesolutionwascastontoatiltedsubstrateallowingthesolutiontodrainduringfibrilformation.
Theresultingfibrilswereorientedpreferentiallyparalleltothedrainingdirection.Humanembryonic
lungfibroblastsculturedonthesealignedcollagensamplesshowedasignificantspindleformand
alignedwiththecollagenorientation.Adoublelayersamplewasfabricated.Thefirstlayerofcollagen
wasdrainedinonedirectionandfibroblastsculturedontopshowingtheircharacteristicshapeand
orientation.Asecondlayerofcollagenwaspreparedontopoftheorientedcells(fibroblasts),and
drainedunderanangleof90°tothefirstdrainingdirection.Asecondfibroblastculturingleadtoa
samplewithcrossedfibroblastorientationswithinthelayers(Elsdale,1972).

A simplistic approach of using moving magnetic beads (iron oxide) to introduce a flow
environmentwasappliedbyGuoandKaufman(2007).Thebeadswereplacedinafibrogeniccollagen
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gelanddrivenbyaverysmallmagneticfieldfromamagneticstirbar.Thisideaofflow-inducedorder
originatedfromcellculturingapproaches(Swartz’sgroup(Ng,2003;Ng,2006)),implementingflow
andleadingtoalignedcellscaffolds.10-20μmthinfilmsofcollagen(Vitrogen100)inPBSwith
NaOHatpH7.2-7.4wereplacedbetweenamicroscopeslideandacoverslip.Vitrogen100(Collagen,
PaloAlto,CA)wasapepsin-solubilizedcollagenfrombovinedermiswhichallowedtocontrolthe
fibrillogenesispreciselywithinthenecessarytimewindowforalignment(Torbet,1984).Magnetic
beadswithanaveragesizeintheorderof2.5μmandvarioussurfacefunctionalizationsweremixed
intothecollagensolutionatconcentrationsbetween0.01and0.1mg/ml.Amagneticstirbarwas
placedontopofthecoverslip(nomotion).Fibrillogenesiswastheninitiatedbyheatingthesamples
to37°Cinanincubator.WiththehelpofCRMcollagenfibrilalignmentwasenvisioned.Samples
preparedwithoutbeadsorwithoutstirbar,andalsofabricatedwithunmodifiedbeadsandthestirbar,
showedrandomlyorientedfibrils.However,samplespreparedwithstreptavidin-functionalizedbeats
andthestirbarpresentdepictedexcellentlyhighorientedfibrils.Allothersurfacefunctionalitiesled
tolessorientation.Theamountofbeadsandthestrengthofthemagneticstirbarplayedaroleinthe
process.Theorientationofthefibrilswasfoundtobeparalleltothemagneticstirbarand,therefore,
paralleltothemagneticfieldlinesofthebar.Themagneticfieldofthestirbaritselforthestirbar
andthemagneticbeadstogetheraretoosmalltoalignthecollagenmagnetically.Thealignmentwas
realizedviathemovementofthebeadsalongthemagneticfieldlinesthroughthecollagenmaterial,
ontowhichthebeadsadheredviatheirsurfacefunctionalization,andwasinfluencedbythebinding
capabilitiesofthebeadstothegrowingfibrils.Themechanicalmodulimeasuredforthesesamples
weresimilartomodulioforientedcollagensampleswithoutbeads.EmbeddedC6Gliomacellsin
thickcollagensampleseitherwithoutorwithironoxidemagneticbeadsinthematrix,andabead
concentration of up to 0.2 mg/ml showed similar cell survival. The streptavidin-functionalized
beadswerenontoxic.Thecellsfirstalignedwiththecollagen,butthenre-alignedthecollagen,and
decreasedtheorder.

In2009,KirkwoodandFuller(2009)employedaflowandevaporationschemewitharobotic
armcarryingasyringe.Thesyringewasfedwithacollagensolutionviaasyringepump.Therobotic
armwasprogrammedtofollowparticularpathsonsilicaglasssubstrateswhileprintingcollagen
solutionfromrattailcollageninaceticacid.18-27gaugeneedleswereused,bentinsuchaway
thattheliquidwasdispensedparalleltothetargetsurface.Themovementspeedwaschosenbetween
20-100mm/sandtheflowrateofthecollagensolutionwasadjustedbetween0.05-0.5ml/min.

The orientation of the printed collagen was characterized via AFM (tapping mode) and
polarizationmicroscopy.Twotypesofmorphologywerefabricatedwithinasingleprintedstripe.
Themiddleofthecollagenstripeshowedisotropiccollagenwhereasbothsidesofthestripeindicated
clearcholestericliquidcrystallinefingerprintsinformofparallelbanding(polarizationmicroscopy).
However,thebandingpatternfoundtherewascontrarytothebandingoccurringduetoshearflow.In
shearflowthebandingofcholestericliquidscrystalsappearedperpendiculartotheflowdirection,but
herethecollagenshowedthebandingparalleltotheflowdirection.Thebandingstructuredescribed
a parallel collagen fibril orientation, which rotated helicoidally by moving perpendicular to the
bandstructure,theso-calledcholestericaxis.Thedistanceunderwhichthecollagenfibrilsundergo
a360°rotationiscalledthecholestericpitchandisindicatedbyachangebetweendark/bright/dark
positionsinthepolarizationmicroscopyimage(Kitzerow,2001).Therefore,thecollagenfibrilsare
alwaysoriented(withrespecttothesubstrate)inaplaneperpendiculartothesubstrateandwiththis
planeperpendiculartotheflowdirection.Atwistedplywoodstructureperpendiculartothesurface
isfabricatedwiththecholestericvectorpointingperpendiculartotheflowdirection.Aboundary
condition isnecessary todrive thesysteminto thecholestericphase, in theprocessof flowand
solventevaporation,andalsotoavoidthesystemtoundergoaphasetransitionintoanematicphase.
Thecontactlinebetweentheglassandthecollagensolutionoffersthiscondition.Thesystemcanbe
tunedbyexperimentalparametersincludingthecollagenconcentration.AFMimagesconfirmedthe
highparallelalignmentofthecollagenfibrilsinindividual“layers”oftheliquidcrystal.Adulthuman
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fibroblastswereculturedontopofacholestericcollagenconstruct.Thecellsorientedthemselves
parallel to thebandingstructureandgrewfilopodiaonto individualbands.The twistedplywood
collagenstructurehastwophysicalfeatures,whicharepossiblereasonsforcontactguidance:there
aredifferentheightsbetweenbandsandthecollagenfibrilorientationchangesperiodically.

Anapproach,whereonlyevaporationwasimplementedtofabricateacholesteric,twistedplywood
structure,wasdiscussedbyMosseretal.(2006).Theyconstructedglasscuvettesthatallowedthe
formingofacollagenconcentrationgradientbyslowlydeliveringfreshcollagensolutionononeside
andsimultaneousevaporationononeortwosidesofthecuvette.Onecuvettewasfedatthebottomvia
asmalltubewithcollagensolutionandallowedforevaporationattheopentop.Collagenconcentration
enhancementwastherefore,foundatthetopofthecuvette.Thesecondcuvettewasconstructedasa
wedgeoutoftwoglassslideswithadistancechangingfrom1mmtoafewmicrometersalongthe30
mmside.Thesolutionwasdeliveredatthe1mmopening.Evaporationoccurredonbothtriangular
sidesofthewedge.Herethecollagenwasconcentratedintheareaofthesmalldistance.Collagenfrom
rattailtendonsinaceticacidwasusedandfibrillogenisiswasinducedbyammoniavaporleadingtoa
collagengel.Inthefluidstate,atransitionofthecollagenorganisationwasfoundwithanincreasein
collagenconcentration,likeisotropiccollagen,spherulitesoflocalcholestericorganisation,aggregated
spherulitesformingaloosecholestericorganisation,largeraggregateswithfewdefects,andfinallya
phasewithahomogeneousunstructuredbirefringentresponse(Mosser,2006).Thefibrillarycollagen
gelswerefixedwithglutaraldehyde,uranylacetateandosmiumtetraoxide.Dehydrationwasperformed
inethanol.Sampleswerethenembeddedinaralditeandsubjectedtoultramicrotomeslicing.The
sliceswerestainedwithtoluidineblue(opticalmicroscopy)orphosphotungsticacid(TEM).After
fibrillogenisisthefollowingstructureswerefoundwithincreasingcollagenconcentration:individual
fibrilswithtwistedaggregatedfibers,cholestericspherulites,interconnectedcholestericdomains,
andlargecholestericdomainswithacholestericpitchandbanded.Theconcentrationofthecollagen
solutionhadaninfluenceonthecholestericpitch.

Inthiscaseofimplementinganevaporationstrategyforalignment,thesurfaceofthecuvettealso
playedanimportantrole.Theauthorsalsofoundthenecessaryboundaryconditionofconstrain;the
cholestericaxiswasalwaysperpendiculartotheinterfacewiththeglassortheair(Mosser,2006).

3.2.5. Mechanical Stretching 
MechanicalstretchingwasusedbyFalinietal.(2004)incollagenfilmsmadefromequineArchilles’
tendoninaceticacid.NaOHwasaddedtothecollagensolutiontoachievepH5,whereprecipitationof
fibrilsoccurred.Filmswereformedfromdriedprecipitateoncentrifugation.Foruniaxialstretching,
filmswerecutinto6x25mmpieceswithathicknessof0.1mm.Forstretching,thepieceswere
first immersedfor24h inwater,and thendried inair for24hwhilesubjected to4,8and12%
ofstrain.Thestraineddrycollagensampleswerecomparedtothenaturaltendonwithrespectto
mechanicalcharacteristics,denaturingtemperatureandstructure.Strainedsampleswerekeptdry
forallinvestigationsbecausehydrationcausedswellingwhichledtoalossofthestrainingeffects.
Inaddition, indrysamplescross-linkingof thefibrilsseemednot tobenecessary.TheYoung’s
modulusincreasedfrom~1GPafortheunstretchedsampleto1.8GPaforthe12%stretchedsample,
whereasthenaturaltendonshowed~5GPa.Thedenaturetemperatureincreasedbythreedegrees
fromtheunstrained(98°C)tothe4%-strainedsample(111°C).Furtherstretchingledtoanother
degreeoftemperatureincrease,whilenaturaltendonshowed113°C.SEMimagesindicatedafibular
arrangementparalleltothestraindirection.X-raydiffractionconfirmedthesedataandexhibiteda
preferentialorientationparalleltothestraindirectionof0%forunstrainedsamples,78%forthe4and
8%-strainedsample,and83%forthe12%strainedsamplewhichwasclosetothe89%forthenatural
tendon.Withthissimpletechnique,theauthorsachievedcollagensampleswithsimilarattributesto
thenaturaltendonmaterial(Falini,2004).
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3.2.6. Langmuir-Blodgett-Technique
ThefirstapproachtodepositcollagenbymeansoftheLangmuir-Blodgett(LB)technologywascarried
outbyUshaetal.(2004)in2004withthehelpofdifferentstructuremodifierslikeformaldehyde
andbasicchromiumsulfate.Theyusedrat-tailtendoninasolventmixtureofn-propanol/aceticacid.
Followingthespreadofthesolutionontheair-water-interfaceoftheLB-trough,thearea-pressure-
isothermwasstudied.Nativecollagenandcollagen treatedwith formaldehydeshowednophase
transitions(gas-analogtoliquid-analogtosolid-analog)onthetroughduringcompressionwhereas
treatmentwithbasicchromiumsulfateledtoacollagenphasetransitionbehavior.LB-transfertook
placeonfreshlycleavedmica.AFMinvestigationsdidnotshowalignment.

However,in2010Tenbolletal.(2010)showedthatalignedcollagendepositiononhydrophobic
glassandquartzwasfeasibleviathestandarddippingprocedureoftheLangmuir-Blodgetttechnology
withafilmlift.Theyusedcollagenfromrat-tailtendoninthen-propanol/aceticacidsolventmixture
usedbyUshaetal.(2004).Theyfirstconfirmedthenon-denaturedstructureoftropocollageninthe
usedsolventmixturebycirculardichroismspectroscopy.TheLBfilms, fabricatedwith the film
lift,consistedofamatrixofalignedtropocollagencontainingembeddedfibrillaryaggregates.The
orientationofthecollagenwasparalleltothedippingdirectionoftheLB-depositionprocess.The
LB-filmswererelativelythick;theydidnotdepictmonolayerformat.Thefibrillaraggregatesformed
duringcompressiononthetrough;fibrillogenesiswasnottriggeredonpurpose.Incontrast,Langmuir-
SchaefferdepositionofLBfilmsontheair-water-interfacedidnotleadtoalignedcollagen,asSorkio
etal.(2015)demonstrated.Inaddition,Tenbolletal.(2010)showedthatthestandardLB-deposited
tropocollagen (without fibrilar aggregates) indicated a sin2 - behavior of a particular absorption
featureinaseriesofabsorptionspectra(takenwitharotatingpolarizationfilter),clearlydepictingthe
orientationofthetropocollagenalongthedippingdirection.AFMandSEManalysisconfirmedthe
alignmentofthetropocollagenmatrixandthefibrillaraggregates.Acornea-likecollagenstructure
(plywood)wasfabricatedbyadoubleLB-depositionexperimentwitha90°rotationofthesubstrate
afterthefirstdeposition.

In2013,thesamegrouplookedintothedistributionofcollagenorientation(tropocollagenand
embeddedfibrillaraggregates)andtheorientationdistributiononhydrophobicglasssubstratesusing
‘unusual’shapes(squares,triangles,circles,diamonds).Naharetal.(2013)foundthatthealignment
ofthecollagenisdictatedbyaconvergentflowofthecollagenlayeronthetroughtowardsandonto
thesubstrate.Inaddition,theboundariesofthesubstratecontributetotheorientationdistribution
ofthecollagenonthesubstrate.TheyalsofoundthattheseLBtransferredstructuresarestableover
extendedperiodsoftimeat37°C.

Ambrocketal.(2018)investigatedthecapacityoffreshlypreparedandagedcollagensolutions
toformorientedlayersviaLB-transferonbothhydrophobicandhydrophilicglasssubstrates.The
pressure-areaisothermsofthefreshandagedsolutionsshowedsome,butnotsubstantialdifferences.
Bothmaterialsformedalignedlayers(tropocolagenmatrixwithembeddedfibrillaraggregates)on
hydrophilicandhydrophobicsubstrates.Thereplacementofn-propanolasastabilizerbyPBSinthe
subphaseoftheLB-troughledtonearlyidenticalresults.Smallvariationsinfilmstability(possible
rupturesduring film transfer onto the substrate) occurredonvery fewof thedifferent collagen/
stabilizer/substrateformulations.

Ambrocketal.(2019)alsoinvestigatedthealigneddepositionofcollagenontosubstrateswith
patterns.Patternswerecreatedbye.g.smallhydrophobicareasinahydrophobicsubstrateandvice
versa.Smallandlargeobstacleswereformedbyasolidifyinggelplacedontothesubstrates,onallof
thesepatternedsamples,theLB-transferproducedhomogeneouslyalignedcollagensamples.Only
incasesofadenserowofsmallobstaclesoraverylargeobstacleinthemiddleofthesample,the
convergentflowofthecollagenontothesubstratewasdisruptedandledtoanincompletecoating
withflowalignmentaroundtheobstacles(quasicircumferential).Theinnercohesionoftheformed
collagenLB-filmonthetroughisveryhigh,evenwithoutpurposely-triggeredfibrillogenesis,so
thatrelativelargeforcesarenecessarytodisruptthefilm.ThisisavaluableinsightintotheLB-
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filmbehavior,asthemethodshouldallowforcoatingmoresophisticatedsubstrates,forexample
3D-implantswithirregularshapesorstructureswithholes.

In2013,Pastorinoetal.(2014)usedLB-technologyforfilmproductionusingalayer-by-layer
approachofalternatingcollagenandhyaluronicacid.Theyimplementedcollagenfromcalfskininan
n-propanol/aceticacidsolution.Thepressure-areaisothermforcollagenwasfeaturelessaspreviously
reported(Tenboll,2010;Nahar,2013;Ambrock,2018).Thecollagenwastransferredtoasilicon
substrateviaLangmuir-Schaefertransfer.UsingAFMtheyfoundalignedcollagenpatchesinsizes
of>(10μmx10μm),theorientationdirectionwasdifferentforeachindividualsample.Theyclaim
thisisduetooperator-dependenceoftheLangmuir-Schaefertransfer.Sorkioetal.’s(2015)results
showedorientationinaligneddomains,butanoverallstatisticalprocess.3T3mousefibro-blastcells
wereculturedonthecollagencoatedandun-coatedsiliconsubstrates.Thecollagencoatedsubstrates
showedexcellentlyadheringcellswhereasonsilicononlyafewcellsadhered.Dependingonthe
precisecollagendepositionprotocol (withandwithouthyaluronicacidandamountofdeposited
layers),cellsshowedno,someorgoodalignmentoverareas>(200μmx200μm).

3.2.7. Electrostatic Interaction on Mica 
The strong Coulomb interactions between collagen and mica was used by Sun et al. (2008) in
fabricatingalignedcollagenfibrilsalongaspecificcrystallographicaxisofmica.Theyfirstmixed
collagen(Vitrogen)inHClsolution.Thecollagenwasthenfurtherdissolvedinsodium-containing
phosphatebufferbeforedepositionon freshlycleavedmica.Followinga15min incubation, the
micasampleswere rinsedwith thebufferand then incubatedagainovernight inbuffersolution.
Analogsampleswerefabricatedusingapotassium-containingphosphatebuffer.TheAFMimages
ofthesesamplesshowedcollagenfibersallalignedparalleltoeachother,butindicatingdifferent
individuallength(intheμmregime)andfibrildensity.Thesefibrilswerefoundonsampleswiththe
bufferpresentandinthedriedstate.Lauediffractionexperimentsshowthatthefibrilswerealigning
paralleltothedirectiononthereconstructedmicalattice.Thesamplesfabricatedwiththesodium
buffershowedsignificantlybetter-alignedfibrilsthansamplestreatedinthepotassiumbuffer.The
authorsconcludedthatbesidestheelectrostaticinteractionbetweenthefreshlycleavedmicaandthe
tropocollagen,sodiumionsplayaroleinthealignmentprocessofthefibrils.

3.2.8. AFM
Jiangetal.(2004a)achievedsimilarresultsasSunetal.(2008)bypre-growingcollagensampleson
mica.TheyuseddermalcollagenfrombovineinPBSandflushedit,creatingahydrodynamicflow,
overfreshlycleavedmicafor10minbeforerinsing.UsingAFM,theyfoundalignedfibrilsonmica,
withanalignmentdirectionparalleltotheflowdirection.ThepHofthecollagensolutionwasvaried
frompH5.5topH9.5.ItwasfoundthattheorientedcollagenfibrilsstartedtoformatpH6.5.Above
pH8.5thefibrildensityonthemicadependsonthepHvalue.AbovepH10.5,andbelowpH6.5
nofibrillarstructureswereobserved.Acloserlookatsomestructuresformedonthemicarevealed
fibrilswithawidthlargerthan20nm,andwerethereforecalledribbons(Jiang,2004a).

After pre-growth of the oriented fibrillar structures on mica, Jiang et al. manipulated the
orientationofthecollagenfibrilsbyanAFMtipviascanningadefinedareawithinthesampleusing
ahighloadof300pNunderbuffer.ThefibrilswerethanscannedwiththeAFMbyalowload(100
pN).Inthemanipulatedareas,thecollagenfibrilorientationwasparalleltothescanningdirectionof
thehighloadAFMtip.Themanipulationofthecollagenfibrilswaspossibleinanydirectionrelative
to thestartingorientation.Heightmeasurementsconfirmednochanges in the fibrilsbesides the
orientation,howeversometimesadecreaseinfibrillarydensitywasobserved.ThisAFMmanipulation
ofcollagenorientationwaspossibleonlywithfreshcollagensamples.After4-5h,manipulation
wasimpossible,evenwithextremeloadsof2000pN.Thefreshlymanipulatedsamplesandtheir
orientationpatternswerestableoveratleast8weeks.
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Bychoosing thepH (2.5 -10.5) anddifferent salts (MgCl2,NaCl,KCl) andconcentrations
thereofinthecollagensolution,thefibrildensity,theself-assemblyofthecollagenfibrils,andtheir
orientationcouldbecontrolled(Jiang,2004b)directlyonmicabyflowinduction.Potassiumionsin
thecollagensolutionledtoaperiodicpatternof~66nmrepetitionlengthincollagenribbons.Jianget
al.(2004b)proposethatacorrectlateralassemblingofcollagenfibrilsformsaD-periodintheribbon.

Later,Pooletal. (2005)createdAFMorientedcollagenwithandwithoutD-periodicityand
showedthatmousedermalfibroblastcellsgrewinanorientedfashiononlyonthecollagenwith
theD-periodicity.If,inaddition,anRGDpeptidewithasinglebindingmoietywasusedduringcell
culturing,cellbindingwas,ingeneral,notjeopardized,butalossinorientationalongthecollagen
fibrilsoccurred.Individualmotilecellsshowedapreferentialmovementparalleltothecollagenfibril
alignmentonlyincaseswhereaD-periodwaspresentinthealignedcollagenstructures.

3.2.9. Spin-Coating – Flow Induced Shear Forces
Lee et al. (2006) and Saeidi et al. (2009) performed collagen alignment studies based on flow
inducedshearforcesinamicrochannelonglasssubstrates.Theypreparedamonomericsolution
ofatelocollagenatpH2,(collagenfromBiomaterials,Fremont,CA)dilutedinPBS.Theyfound
collagen fibril alignment mainly parallel to the flow direction depending on the shear rate. For
modeling the collagen behavior in the microchannel, collagen molecules were treated as semi-
flexiblepolymerchains.Theauthorsdistinguishedbetweennon-tetheredchainsflowinginthebulk
solution,andtetheredchainsimmobilizedatthecuvette’ssurfaceunderPoiseuilleflowconditions.
Thesimulationsconfirmtheexperimentalresults.D-bandedfibrilswereonlyfoundunderno-flow
conditions.Basedontheseresults,Saidietal.(2011)introducedthespin-coatingtechnique,known
foralongtime,toproduceanisotropicpolymerorientationwithapreferentialalignmentparallelto
thesubstrate(Paul,1996)andaradialdistributionwithinthesubstrateplane,asatrue2Dcollagen
filmfabricationmethod.Theyfedthecollagensolutionwithcontrolledflowrates(0.3-1ml/min)
centrallyandinacontinuousfashionontothesurfaceoftherotatingdiscplacedontherotationaxis
ofthespincoater.Thespinspeedwasadjustedbetween750and3000rpm,andthecoversliptobe
coatedwasmountedoff-axisontotherotatingdisctoachieveacollagenorientationinasemi-radial
fanlikeway.Thisapproachdeliveredlocallyalignedcollagenfibrilsunderverydistinctconditionsof
feedflowrateandspinningspeed.Bestorientationresultswereachievedat1000rpm.Atthehighest
spinspeed,noself-assemblyofthecollagenoranyaggregationwasfoundoversubstantialareasof
thecoverslips.Theauthorsfoundthatalignmentofspin-coatedcollagenfibrilswashighlydependent
onboththehydrodynamicshearstressandthehydrodynamicconfinement(thicknessofrotating
collagensolution).Tomimiccornea,whichexhibitsanorthogonalpatternofparallelalignedcollagen
fibrillayerswith90°rotationsbetweensuccessivelayers(plywood),thecoverslipswererotated90°
betweenindividuallayerformation.Theauthorsdiscusstheadvantagesbutalsotheproblemsarising
usingspin-coating:thestabilityofthespinningfluidfilmplayedakeyroleintheuniformityofthe
collagendepositionandtheoverallorientationdistributionoftheself-assembledcollagenfibrils.
Instabilityoftherotatingfluidfilmcouldbeduetoanunstablerotatingdisc,andvibrationsresulting
inunevendepositedcollagenamountscausingasymmetricshearrates.Thedepositionofstablethin
filmsviaspin-coatingontosolidsubstratesisahighlycomplexphenomenon.

3.2.10. Shear Forces on Collagen in Liquid Crystalline Form 
InaseriesofpatentsPaukshtoetal.(2009;2001;McMurtry,2011)showedthataceticacidcollagen
solutionwith andwithout additives couldbe concentrated to form liquid crystal, eithernematic
orcholesteric.Theliquidcrystalwasusedforcoatingofsolidsubstratesurfaces(glass,polymers,
semiconductors,andbiomaterials).Thecoatingwasconductedbyapplyingashearforcetotheliquid
crystalusingtheslotdietechnologyoraliquidfilmapplicatorassembly(McMurtry,2011),which
typicallyaligns thecollagen in thedirectionof thecoating.However,byfine-tuning thecoating
conditions(substrate,collagenconcentration,gapbetweensurfaceandflatphaseofcoatinghead,
andcoatingspeed)wovenstructureswerealsopossible.
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3.2.11. Inkjet Printing
Deitchetal.(2008)hadimplementedaninkjetprinterforprintingalignedcollagenontoglass.To
accomplish that task, rat-tailcollagen(inacid)wasused.AHPDeskJet500(C2106A,Hewlett-
Packard)wasoperatedinanincubatorforhumiditycontrol.Itwasmodifiedwithnewgearmount
pillarspossessingincreasedtolerances.Athoroughlycleanedinkcartridgewasusedtoprintapattern
of8parallel20μmwidehorizontallines.Bystainingwithmousemonoclonalanti-collagentype1
(anantibodythatdidnotbindtodenaturedcollagen),intact,non-denaturedcollagenwasprovenin
theprintedlines.Polarizationmicroscopyconfirmedfibrilformationandcollagenorientationalong
thelinedirection.Cellexperimentswithneonatalratcardiomyocytesdeliveredelongatedcellsin
rod-likeshapesparalleltothearraysofmyofibrilsintheprintedlines.

3.3. 3-dimensional Gels
Afewattemptsweremadetocreate3Dcollagensampleswithcollagenfibrilorientation.Duetothe
3Dnaturenotonlyparallelalignmentswithinasheetorathreadwereachievedbutalsocircumferential
andradialorientationtypicallybymagneticforcesorbyshear.WaltersandStegemann(2014)givean
overviewongeneral3Dalignmentapproaches,includingmolding,electrospinning,andmechanically
controlledflow.In3Dcollagensamples,typicallyhydrogelsofcollagenwerefabricated.Ahydrogel
isamaterialthatabsorbslargequantitiesofwaterbutstillactsasasolid.Thecollagenphaseof
thehydrogelisonlyatinyportionofthetotalmassandvolume,however,maintainsthehydrogel
structureinawater-basedenvironment.Incollagenhydrogels,fibrilsencapsulatewaterandavoid
dissolutionandswelling.Thus,thefibrilsneedtobeentangledorchemicallybondedtoeachother.
Fibrillogenesis is therefore necessary for forming a 3D-hydrogel. Besides the established routes
describedbyWaltersandStegemann(2014)thereareacoupleofotherapproachestofabricate3D
orientedcollagenconstructs.

3.3.1. Magnetic
Girtonetal.(1999)haveusedahollowcylinderconstructtofabricate3Dbulkcollagensampleswith
circumferentialorparallelarrangementbycombininginterfacialalignmenteffectswithmagnetic
alignment.Thecollageninacollagengelwillbeorientedinthemagneticfieldduringfibrillogenesis,
which iscontrolledby temperature,pHandsolventconcentration.TheauthorsappliedVitrogen
100.Forthecircumferentialsamples,theyusedanoutercylinderofpolypropylenethatcontaineda
Teflonrod.TheHEPES-bufferedcollagensolutionwasfilledintothespacebetweentheinnerand
outercylinderandpositionedinthemagneticfieldwiththelongaxisofthecylinder-rodconstruct
paralleltothemagneticfield.Thecollagenalignsperpendiculartothemagneticlinesandparallel
totheTeflonsurfaces.Therefore,analignmentofthecollagenfibrilscircumferentialaroundthe
Teflonrodisproduced.Withouttheinnerrod,whichselectsthealignmentdirectionfromtheplane
perpendiculartothemagneticfield,radialorientationwouldbeexpected.Forparallelalignment,
Girtonetal.(1999)usedasimpleTeflontubefilledentirelywiththecollagenHEPES-buffersolution.
Thetubewasplacedinthemagneticfieldwiththetube’slongaxisperpendiculartothemagnetic
field.Aparallelcollagenfibrilorientationalongthetubesaxisoccurred.Byincreasingthemagnetic
field,thebirefringenceofthecollagensamplesincreased(Dubey,1999).

Encouragedbytheachieved3Dorientedsamples,Dubeyetal.(1999)studiedneuriteelongation
into themagneticallyalignedcollagen rods.Thedepthofneuriteelongation fromchickembryo
neuronsintotheserodswassignificantlylargerthanincontrols(withoutmagneticalignment)and
increasedwithincreasingmagneticfield.

GuoandKaufman’s2Dapproach(Guo,2007)ofmovingmagneticbeadswithvarioussurface
functionalizationsinasmallmagneticfieldcaneasilybeexpandedinto3D.A1cmdiametercylinder
withaheightof1cmwasfilledwithcollagen(Vitrogen100)solutioncontainingPBS,DMEM
(modifiedbasaleaglemedium),fetalbovineserum,antibiotics,NaOHandironoxidebeads.Astir
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bar,slightlystrongerthaninthe2Dcase,wasplacedclosetothefilledcylinder.Fibrillogenesisis
triggeredbyheatingthesamplesto37°C.Theresultswerecomparabletothe2Dapproach:streptavidin
coatedbeadsledtothebestalignment,paralleltothemagneticfieldlinesofthestirbar.SpreadC6
Gliomacellsalignedwellwiththecollagenalignment.

In 2018, Betsch et al. (2018) described a collagen-agarose hydrogel with embedded iron
nanoparticles.Thishydrogelwasusedina3Dprinterwithanincorporatedmagneticfieldtoproduce
macroscopic3Dscaffoldswithunidirectionalalignedcollagenfibers.Theorientationofthecollagen
wasintroducedbythemovingmagneticbeadsinthehydrogelalongthemagneticfieldlines.Therefore,
collagenfibrilswerealignedparalleltothemagneticfieldlines.Themixture’sconcentrationhad
alargeinfluenceonthealignmentduetoavaryingviscosity.Bothoptical(SHG)andmechanical
experimentsconfirmedthealignment.Theaimwastoproduceacartilagesimilartissue.Therefore,
human chondrocytes were successfully cultured inside the artificial tissue. The chondrocytes
producedaglycosaminoglycan-andproteoglycan-richmatrix,whichexpressedcharacteristicmarkers.
Constructsfabricatedwithtwolayers,onelayerwithcollagenalignmentandthesecondlayerwith
arandomcollagendistribution,showedincreasedmarkerexpression.

3.3.2. Temperature Gradient-Guided Thermal-Induced Phase-Separation Technique
In2015Chenetal.(2015)usedpigtendoncollageninaceticacidtofillaroundmoldwhichconsisted
ofacold(-20°C)outercylinderwallmadefrommetalandawarmerinnerpolymer-rod.Lidand
capwerealsomadefrompolymerforthermalinsulation.Lettingthecollagensolutionfreezefrom
outsidetoinside(30min)resultedinaradial-orientedcrystallizationofthecollagen.Afterstoring
thematerialat-80°Cformorethan4h,thecrystallizedmaterialswereremovedfromthemold
andlyophilized.Aftercuttinginto5mmthickcylinderstheywerethermallycross-linked.Electron
microscopyrevealedanexcellentradialcollagenfibrilarrangement(fibrilorientationfromtheinside
ofthecylindertotheoutside).

3.3.3. Pneumatic Membrane Generating Vibrations
Hsuetal.(2015)implementedatwochambercuvettewithaflexiblePDMSmembraneseparating
bothchannels.Onechannelwasusedforpressuredandfrequencycontrolledairflowcontinuously
relaxingandbulgingthePDMSmembraneintothesecond,thecollagenchannel.Integratedintothe
cuvettesystemwasanindium-tineoxidebasedheatertoallowtemperaturecontrol(37°C).200μlof
bovinskincollageninacidicacidwasusedtofillthecollagenchamber.Thecollagenwasvibratedat
airpressuresbetween~13-68kPa,withfrequenciesfrom2-20Hzforupto45minat37°C.After
vibrationsstopped,thecollagenwaskeptat37°Cfor4h.Thefabricatedcollagengelsshowedparallel
alignedcollagenfibrils.Theorderparameterwasdependingonallparametersthatweresystematically
changedinthestudy,andontheconcentrationofthecollagensolution.Thebestdegreeoforderin
asamplewasreceivedwith20Hzvibrationsatapressureof~13kPa.Unfortunately,theauthorsdo
notmentioninwhichdirectiontheorientationappearedwithinthesample:parallelorperpendicular
tothebulgingdirectionofthemembrane!

A7r5cells,culturedbyHsuetal.(2015)onorderedandrandomcollagensamples,showeda
similargrowthrateandmorphology.Cellsdidnotshowanyfavoreddirectionontherandomoriented
samples;however,cellsontheorientedcollagenfollowedthealignment.Expressionofproteinswas
studiedtoo.Theexpressionofα-actinandsmoothelinproteinswasverydifferent.α-actindidnotshow
adifferentexpressionlevelonorientedandrandomsamples;however,theexpressionofsmoothelin
fromcellsonalignedmatriceswashigherthanfromcellsonrandomlycollagen.

3.3.4. Flow Orientation
Rat-tailcollagensolutioninaceticacidwasusedbyIsobeetal.(2012)andpushedthrougharobot-
controlledpolymerneedlewhichwasmountedtoejectparalleltothedepositionsurfaceintoaPBS
solutionforfibrillogenesis.Theneedlemovedwithaspeedof550mm/s,whilethePBSsolutionflow
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wasinoppositedirection.Thisproceduredeliveredstringsofcollagenroughly1mmindiameter
withafibrilorientationparalleltothe“extrusion”direction,paralleltothestring’slongaxis.After
fibrillogenesis,thefiberswererinsedwithwaterandarrangedas(a)1dimensionalbundlesofstrings,
(b)2dimensionalsheetswithstringspositionedsidebysideonasubstrate,and(c)3dimensional
blocksbypositioningthestringslayer-by-layerontopofeachother.Tubesweremanufacturedaswell.
Themanufacturedscaffoldsweredriedinairandremovedfromthesubstrate.Theauthorswereable
totransplantamultilayeredcollagentubeasabloodvesselgraftforthecarotidarteryintoarabbit.

3.3.5. Centrifugation
Zhangetal.(2017)centrifugedcollagenfromLeiocassislongirostris’skininaceticacidusingdifferent
forces,differenttemperaturesanddifferentdurations.Thecentrifugetubeswerestoredverticallyfor
24hinanincubatoratvarioustemperatures.Afterhydrogelformationthesamplesweretreatedwith
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide(EDC)inPBSfor24handthendried.Thecollagen
wasaligneduniaxialalongthelongaxisofthecentrifugetubes.BothSEMinvestigationandX-ray
clearlyshowedtheanisotropyoftheartificialscaffold.TEMinvestigationsshowedaclearD-banding.
Fibroblastswerecultivatedonthescaffold(orientedandnotorientedbyomittingthecentrifugation
step).Morphology,proliferationandmigrationweretestedonorientedandrandomscaffolds.With
phase-contrastmicroscopythespindle-shapedmorphologyofthefibroblastswasdetected,however,
onboththealignedandrandomsamples.

3.3.6. Rotation of an Acupuncture Needle
In2008,Juliasetal.(2008)haveusedastainlesssteelacupunctureneedleunderrotationtoform
acircumferentialcollagenorientationaroundtheneedleinacollagengel.Theyusedlyophilized
collagen(ElastinProducts,Owensville,MO)toformgelfilmswiththicknessesof2-6mm.For
assuringfibrilformation,thesampleswerekeptat37°Cfor2h.Cross-linkingwasachievedwith
formalin.SomesamplesstainedwithFITC-labeledcollagenwereusedforconfocalmicroscopy.The
collagengelswerepenetratedwiththeneedletoinsertiondepthsof1.5to4.5mm,correspondingto
apenetrationdepthtothicknessratiosfrom25-75%.Theorientationexperimentwasconductedin
aninvertedpolarizationmicroscopeundercrossedpolarizersbyrotatingtheneedlemotor-controlled
witharotationspeedof0.3rev/sfor2,4and10rotations.Inordertokeeptheneedlepositionstable
andavoiditsback-rotationafterdecouplingtheneedlefromthemotor,aPDMSsheetwasinstalled
ontopofthecollagensamplewhichwaspenetratedbytheneedleaswell.

Thekineticpolarizationmicroscopyyieldedanincreaseinbirefringence,anincreaseinalignment,
withincreasingamountofrevolutionsuntilthecollagengelfailed(ruptures,creatingaholebesidesthe
needle)andthebirefringencedecreases.Thebirefringencepatternsshowacircumferentialalignment
ofthecollagenaroundtheneedleandtransitionsintoaradialalignmentwithcollagenrupture.The
rupturehappenedalwaysinthechangeoverzonebetweencircumferentialandradial.Thenumber
ofrotationsnecessaryforgelrupturedidnotdependonthecollagenconcentration,butstronglyon
cross-linking.Cross-linkedsamplesrupturedatsmallerrevolutionnumbersthannon-cross-linked
samples.Confocalmicroscopyrevealedacollagendensityenhancementaroundtheneedleanda
clear circumferential alignment close to the needle with a changeover to radial orientation with
increasingdistancetotheneedle(alsobeforerupture).Thebirefringenceincreasewaslargerinnon-
cross-linkedsamplesandscaledwiththecollagenconcentration:highercollagenconcertationled
tohigherbirefringence.Alsothinnergelsshowedmorerupturestabilityandhigherbirefringencein
comparisontothickergels.Bothstorageandlossmodulusincreasedsignificantlywithbothcollagen
concentrationandcross-linking.
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4. BRIEF OVERVIEw ON APPLICATION

Thereare studiesconductedonvariouskindsofartificiallyalignedcollagenscaffolds, trying to
mimicnaturaltissueofavarietyoforgans.Asapplicationsofalignedcollagenisnotthescopeof
thisreviewonlyafewexamplesarementioned.

Fotticchiaetal.(2018)usedelectrospinningtofabricatealignedtendon-likecollagentissuewith
alimitedinflammatoryresponseinacellculture.Johnsonetal.(2019)implementedamagnetically
inducedorientationofelectrospuncollagenfibersinahydrogelinordertomanufactureascaffold
forneuronguidance.Yaoetal.(2015)usedalongitudinallyorientedcollagenconduitcombinedwith
anervegrowthfactorfornerveregenerationinadogmodel.Zhouetal.(2018)createdartificial
“bone”byutilizingelectrospuncollagenasahostandprecipitatedhydroxyapatitenano-rodswithin
thealignedcollagen.Thehydroxyapatitenano-rodswereorientedalongthecollagenalignmentand
enhancedthemechanicalpropertiesofthescaffoldsignificantly.Ozasaetal.(2018)fabricatedaligned
collagenconstructsona surfaceby inkjetprintingandculturedundifferentiatedhuman induced
pluripotentstemcells(hiPSCs)onit.Osteogenicdifferentiationwasinducedduringculturingtoobtain
osteoblasts(hiPSC‐OBs)orientedparalleltothealignedcollagen.Thecollagenmatrixsecretedby
thehiPSC‐OBcellswasparallelyalignedwiththecellularorientation.Thefollowingmineralization
processofhydroxyapatitedeliveredcrystalswithanorientationparalleltothecollagenmatrixandthe
cells,respectively,mimickingbone.Usingelectrospinning,Sunetal.(2018)manufacturedoriented,
randomand90°crossedalignedcollagenscaffolds.Thethreekindsofscaffoldswerecutintocircular
patches,sterilizedandfinallyappliedtoartificially-madecircularskinwoundsofthesamesizein
ratmodels.Clearlywoundhealinghappenedquickerforthealignedand90°-cross-alignedscaffolds.
Torbetetal.(2007)usedmagneticcollagenalignmenttocreatea3Dscaffold.Byallowingacid-soluble
collagentogelinamagneticfieldandbycombiningaseriesofgelation–rotation–gelationcycles,a
scaffoldoforthogonallamellaecomposedofalignedcollagenfibrilswasformed.Thescaffoldhas
beenclaimedtobeasignificantsteptowardsthecreationofacornealsubstitute.

5. CONCLUSION

Collagenisoneofthemostunderstoodproteinsandhastriggeredahugeinterestinengineeringand
designingartificialscaffoldsandtissuesfromanimalcollagenforbiomedicalapplications.Dueto
self-assemblybehaviourintofibrousscaffolds,itmakestheconstructionandfabricationoffibrous
tissuesrelativelyeasy.Therefore,avarietyofdifferentapproachesforalignmentin1D,2Dand3D
havebeendevelopeddeliveringnearlyallkindsofcollagenarchitectures,orientationsandorientation
distributions,asnaturallyfoundinhumanorgans.Evenmicellarstructuresinsolutionwerereported
(Zhangetal.,2017).

Theuseoflivingcellstoorientand/orre-orientcollagenfibrils,fromrandomtoorientedorvice
versaisnotsubjectofthisreview,butanotherlargefieldintissueengineeringtoapproachnatural
collagenorientationsandorientationdistributions(Mandal,1987;Walters,2014;Abraham,2007;
Torbet,2007;Iordan,2010).

Despiteofthemanydifferentmethodsappliedforfabricating1D,2Dor3D-orientedmacroscopic
collagensamples,onemainphysicalmechanismisapplied:shearstress.Onlymagneticorientation
perpendicular to the magnetic field lines, ELAC orientation and the electrostatics on mica are
exceptions.Mainlyparallel,uniaxialarrangementshavebeendescribed.Naturemimicking,more
sophisticatedstructuresaredemonstrated,buttheyarestillrare;e.g.circumferentialstructuresand
radialpatternswerepresentedinafewcasesonly.Theparameterspectrumforfabricatingtheoriented
scaffoldsisenormous:thesourcesofthecollagenrawmaterialsvarybyanimalsandtheirorgans,the
temperaturerangesfrombelowzeroto37°C;thecollagenmediaitselfvariesinconcentrations,solvent
mixtures,additivesandpH,andthefibrillogenesisandcross-linkingaretriggeredbymanystimuli.
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Itisnotclearatthispointwhichofallthereportedstrategieswillleadtoimplantabledevices
andwheretheprosandconslieineachmethodasonlyafewattemptswerefollowedthroughtothe
implantstage.Nodiscussionsaboutup-scaling“theproductionofalignedcollagenconstructs”are
tobefoundyet,andnocostanalysishasbeenconducted.

Although many successful attempts using cell cultures, and in-vivo applications of aligned
collagen samples in animal models are found, neither standardized sterilization methods nor
standardizedproceduresfortestingkeyphysical,biologicalandmedicalpropertieswithrespectto
tissueengineeringandimplanttechnologyarereportedintheliterature.However,oneshouldexpect
moresuccessful implementationofalignedcollagenin thefuture,particularly inanimalmodels.
Immunereactionanalysisandlong-termstudiesneedtobeconducted.Inaddition,regulationabout
collagenrecoursesneedstobeestablished.Despitethepromisesandattractivenessofcollagenous
artificialalignedscaffolds,thereisstillalongwaytogountilorientedcollagenscaffoldswillbe
usedregularlyandinavarietyoftissuesformedicaltreatmentsinhumans.
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