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Abstract:Volumetricmuscleloss(VML)isassociatedwithirreversiblyimpairedmusclefunctiondue

totraumaticinjury.ExperimentalapproachestotreatVMLincludethedeliveryofbasicfibroblast

growthfactor(bFGF)orrehabilitativeexercise.Theobjectiveofthisstudywastocomparetheeffects

ofspatiallynanopatternedcollagenscaffoldimplantswitheitherbFGFdeliveryorinconjunction

withvoluntaryexercise.AlignednanofibrillarcollagenscaffoldbundleswereadsorbedwithbFGF,

andthebioactivityofbFGF-ladenscaffoldswasexaminedbyskeletalmyoblastorendothelialcell

proliferation.ThetherapeuticefficacyofscaffoldimplantswitheitherbFGFreleaseorexercisewas

examinedinamurineVMLmodel. OurresultsshowaninitialburstreleaseofbFGFfromthe

scaffolds,followedbyaslowerreleaseover21days.ThereleasedbFGFinducedmyoblastand

endothelialcellproliferationinvitro.After3weeksofimplantationinamouseVMLmodel,twitch

forcegenerationwassignificantlyhigherinmicetreatedwithbFGF-ladenscaffoldscomparedto

bFGF-ladenscaffoldswithexercise.However,myofiberdensitywasnotsignificantlyimprovedwith

bFGFscaffoldsorvoluntaryexercise.Incontrast,thescaffoldimplantwithexerciseinducedmore

re-innervationthanallothergroups.TheseresultshighlightthedifferentialeffectsofbFGFand

exerciseonmuscleregeneration.

Keywords:volumetricmuscleloss;basicfibroblastgrowthfactor;nanofibrillarscaffold;collagen;

rehabilitativeexercise;regeneration;mouse

1.Introduction

Volumetricmuscleloss(VML)ischaracterizedbyirreversibledamageinskeletal

musclestructureandfunctionduetothelossofasignificantportionofskeletalmuscle.

TraumaticinjuriesleadingtoVMLareassociatedwithimpairedendogenousmuscleregen-

eration,long-termdisability,andcosmeticdeformities[1,2].Currentsurgicalapproachesto

treatVMLbymuscleflapgraftingorscartissuedebridementareassociatedwithsignificant

donorsitemorbidityandfunctionaldeficiency[1,3–5].

Skeletalmuscleisgenerallycomposedofbundlesofparallel-alignedmyofibers,inter-

spersedwithbloodvesselswithincloseproximity[6]thatprovidenutrientsandoxygen

tothemyofibers. Muscleregenerationisahighlydynamicprocessthatinvolvestheor-

ganizedorchestrationofgrowthfactorelaboration.Amongthegrowthfactorsinvolved

inmuscleregeneration,basicfibroblastgrowthfactor(bFGF)iselaborateduponinjury

tostimulatetheactivationandproliferationofmusclesatellitecellstoorchestratemuscle
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regeneration[7,8].GiventheimportanceofbFGFtomuscleregeneration,theprovisionof

bFGFmaybeanimportantcomponentofthetreatmentstrategyforVML.

Thepromiseofregenerativemedicineisthefullregenerationofdamagedtissues,

eitherbypromotingrepairfromendogenousstemcellsorbythetransplantationofcellsto

enhanceregeneration[9].Todate,onlyalimitednumberofbiologicalapproacheshave

beenemployedforthetreatmentofVML.Implantationofdecellularizedscaffoldsinto

sitesofVMLhasbeenshowntoinducedenovoformationofskeletalmuscle,inpart

duetothestructuralsupportprovidedbythescaffold[1].Theadditionofmyogenic

cellsseededindecellularizedextracellularmatrix(ECM)scaffoldswasshowntoimprove

forcegenerationandmuscleregenerationatthesiteofVML[10,11].Althoughdecellu-

larizedscaffoldsarecommerciallyavailableandhavebeenshowntobesafeinclinical

studies[12],amajordisadvantageofdecellularizedscaffoldsisthelimitedtunabilityof

theirmechanicalpropertiesandlimitedefficacytodate.Incontrast,scaffoldsderivedfrom

reconstitutedECMproteinsorsyntheticpolymersoffergreatertunabilityofmechanical

properties,includingcontrollableporosity,scaffoldstructure,andadegreeofcrosslinking.

Scaffoldsderivedfromreconstitutedcollagenorfibrinhavebeenpreviouslytestedfor

safetyinthesettingofVML[13–15].Topromotemuscleformationthatrecapitulatesthe

highlyorganizednativemusclestructure,wepreviouslyshowedthatspatiallypatterned

scaffoldsprovidephysicalguidancecuestodirectmuscleorganizationandfunction[16].

Parallel-alignednanopatternedcollagenscaffoldsnotonlymodulatedcellularorganization

butalsobiologicalprocessesthatincludecellmigration,angiogenesis,proliferation,and

cellsurvival[17–21].InthesettingofVML,spatiallynanopatternedcollagenscaffolds

guidedtheorganizationofnewlyformedmyofibersthat,inparallel,bettermimicsthe

physiologyofnativemuscle[16].Thesefindingsconcurwithotherpublishedstudies

statingthatspatiallypatternedbiomaterialsregulatecellularalignment,function,and

tissuemorphogenesis[21–24].

Recentstudiessuggestthatrehabilitativeexercisemaybebeneficialforthetreatment

ofVML[13,25].Inparticular,voluntarywheelrunningexercisewasshowntoimprove

forcetransmissioninregeneratedmuscleafterVML[25]. Wehavepreviouslydemon-

stratedthatavoluntarywheelexerciseregimenaftertheimplantationofdecellularized

scaffoldsseededwithmusclesatellitecellsresultedintheformationofmorematureneu-

romuscularjunctions,greaterforceproduction,andincreasedrevascularization,when

comparedtoimplantationsofbioconstructsintheabsenceofexercise[26]. Decellular-

izedscaffoldimplantationintoinjuredhumanmusclewithexerciseinterventionshowed

improvedfunctionaloutcomesinstrengthandrangeofmotion[27]. Morerecently,we

havedemonstratedthattheimplantationofoff-the-shelfspatiallynanopatternedcollagen

scaffolds,inconjunctionwithvoluntaryexercise,couldstimulatevascularperfusionand

neuromuscularjunctionformation[13].Furthermore,weshowedthatthecombinationof

implantednanopatternedscaffoldswiththepro-regenerativereleaseofinsulin-likegrowth

factorsinconjunctionwithrehabilitativeexercisecouldpromotebothrevascularization

andre-innervation[28].Basedonthesestudies,rehabilitativestrategiesappeartoprovide

importantmechanicalsignalingcuestoenhanceaspectsofmuscleregenerationafterthe

implantationofbiomaterialsandsolublegrowthfactors.

SincerehabilitativeexerciseandbFGFelaborationaretwopotentialstrategiesforthe

treatmentofVML,theobjectiveofthisstudywastocomparetheeffectsofimplantedspa-

tiallynanopatternedbFGF-releasingscaffoldstothatofimplantedscaffoldsinconjunction

withvoluntarycagedwheelexercise.Byevaluatingmusclephysiologyandtissuehistology

inamousemodelofVML,weshowthatbFGFandvoluntaryexercisehavedifferential

therapeuticbenefitsforthetreatmentofVML.
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2. MaterialsandMethods

2.1.FabricationofAlignedNanofibrillarCollagenScaffolds

Alignednanofibrillarcollagenscaffoldswerefabricatedasdescribedinourprevious

work[13,16,28].Inbrief,rat-tailcollagen-typeI(Corning,Corning,NY,USA)wasdialyzed

to30mgmL−1in0.02Ninaceticacid(pH3.5)andthenextrudedfroma22Gblunt

tipneedleontoglassslidesthatweresubmergedinphosphate-bufferedsaline(10×PBS,
pH7.4)at37◦C,leadingfibrillogenesisalongthedirectionofextrusion.Tofabricateparallel-

aligned3Dscaffoldbundles,16scaffoldsstripswereintrinsicallystickyandadheredin

paralleltooneanotherbeforeimmobilizingthescaffoldbundleontosurface-reactive

NexterionH(Schott,Jena,Germany)slides.Thescaffoldswerewashedwith1×PBS,dried
overnightinalaminarflowhood,andthendisinfectedwith70%ethanol.

Inordertopreparegrowthfactor-ladenscaffolds,thescaffoldsweresubmergedwithin

asolutionofrecombinanthumanbFGF(100µgmL−1,Peprotech,Cranbury,NJ,USA)

overnightat37◦Cand5%CO2.Controlscaffoldswereincubatedin0.1%bovineserum

albumin(BSA,Sigma,St.Louis,MO,USA).Afterovernightincubation,scaffoldbundles

wereremovedfromtheNexterionHSlidesandthentrimmedto4mm×3mm×2mm
scaffoldsforimplantationorinvitrostudies.Thesurfacetopographyofthescaffoldswas

assessedbyroutinescanningelectronmicroscopy,basedonpreviousmethods[20,29,30].

2.2.QuantificationofbFGFRelease

TodeterminethekineticsofbFGFreleasefromthescaffoldsovertime,thebFGF-

ladenscaffoldsorcontrolscaffoldswereincubatedin0.1%BSA.Attimepointsover

21days,thesupernatantwassampledandthenreplacedwithfreshBSA.Thereleaseof

bFGFwasquantifiedbyanenzyme-linkedimmunosorbentassay(ELISA)usingaHuman

bFGFQuantikineELISAKit(R&DSystems,Minneapolis,MN,NY,USA)accordingtothe

manufacturer’sinstructions.Readingsweretakenat10minfollowingtheadditionofthe

stopsolutionatawavelengthof450nmwithcorrectionat540nm(n=5–6).

2.3.BioactivityofbFGF-LadenScaffolds

TodemonstratethebioactivityofbFGF-releasingscaffolds,themitogeniceffectof

bFGFwasquantifiedbytheproliferationofmousemyoblasts(C2C12,ATCC,Manassas,VA,

USA)andhumanendothelialcells(HMEC-1CDC,Atlanta,GA,USA).Eachcelltypewas

culturedonbFGF-ladennanofibrillarscaffoldsorcontrolnanofibrillarscaffoldsingrowth

media(Dulbecco’sModifiedEagle’sMedium,supplementedwith10%fetalbovineserum

and1%penicillin/streptomycin).After4days,thecellswerefixedin4%paraformaldehyde

forimmunofluorescencestainingoftheS-phasecellcyclemarker,Ki67.Immunofluores-

cencestainingwascarriedoutbasedonpreviouslypublishedmethods[20,30,31].Inbrief,

thesampleswerepermeabilizedin0.5%Triton-X-100andthenblockedin1%BSA.Ki67

primaryantibody(EMDMillipore,Burlington,MA,USA)wasincubatedontosamples

overnight,followedbytheadditionofAlexaFluor-488and-594secondaryantibodies

(FisherScientific,Hampton,NH,USA).TotalcellnucleiwerevisualizedbyHoechst33342

(FisherScientific).Imagesweretakenbyconfocalmicroscopy(ZeissLSM710,Oberkochen,

Germany).ToquantifythepercentageofKi67-expressingcells,theimageswerefirstcon-

vertedtograyscaleandthenwatershedsegmentationwasappliedtoseparatetouching

cells.TheKi67+cellsandtotalcellswerecountedusingtheparticlecountingtool(ImageJ,

NIH,Bethesda,MD,USA).TheKi67+cellswereexpressedasapercentageofthetotalcells

(n=3).
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2.4.bFGF-LadenScaffoldsandExerciseinaMouseFull-ThicknessVMLModel

C57BL/6mice(male,8weeksold,JacksonLaboratories,BarHarbor,ME,USA)under-

wentabilateralinductionofVML.Theanimalswereanesthetizedwithisoflurane(2–3%)at

anoxygenflowrateof1L/min.Alongitudinalincisionwasmadeintheskindirectlyabove

thetibialisanterior(TA)toexposethemuscle.TheTAwasdissectedfromtheextensor

digitorumlongus(EDL).AspatulawasplacedinbetweentheEDLandTAmuscles,and

thena2-mmdiameterbiopsypunchwasappliedtoproducetwoadjacentholesinthe

centralregionoftheTA,creatinga4mm×4mm×2mmfull-thicknessdefectthatwas
approximately20%oftheweightoftheTA.Immediatelyaftertissueablation,scaffold

bundlesthatcontainedeitherbFGForvehiclecontrol(BSA)wereplacedintothedefect,

andthesidesoftheablationwereapproximatedusingan8–0suture(S&T).Theskinwas

thenclosedwithan8–0nylonsuture.Animalswereplacedinacageontopofawarming

padtorecover.Theanimalsreceivedsustained-releasebuprenorphine(0.6–1.0mg/kg,

Zoopharm,Laramie,WY,USA)foranalgesiaalongwithantibiotics(5mg/kg,Enroflox,

NorbrookInc.,OverlandPark,KS,USA).

AfterinductionofVML,themicewereallowedtorestfor7daysbeforefurtherran-

domizingtoreceivenon-exerciseorexerciseregimens,leadingtofourtreatmentgroups

withthefollowingdenotations:(1)scaffold(control),(2)bFGF-ladenscaffold(bFGFscaf-

fold),(3)scaffoldwithvoluntarycagedwheelexercise;or(4)bFGF-ladenscaffoldwith

cagedwheelexercise.Themiceinexercisegroupswereplacedintorunningwheelcages

(ScurryMouserunningWheel80820S,LafayetteInstrumentCo.,Lafayette,IN,USA)from

days7through21post-surgeryforvoluntaryexercise.Totrackrunninghabits,each

cagedwheelwasattachedtoanelectroniccounterthatrecordedthetimeanddistance

traveledevery15s(Scurry17.9software,LafayetteInstrumentCo.),aswasconducted

previously[13,28].Thenon-exercisegroupsremainedinregulargrouphousing.At21days

afterinductionofVML,themiceunderwentmuscleforcemeasurementsbeforeeuthanasia.

TheTAmuscleswereexplantedforcryosectioningandhistologicalanalysis.Allanimal

studieswereapprovedbytheInstitutionalAnimalCareandUseCommitteeattheVeterans

AffairsPaloAltoHealthCareSystem.

2.5.OptimizationoftheDelayedExerciseRegimen

ToidentifyanoptimaltimeafterinductionofVMLtoadministerrehabilitativeexercise,

aseparateanimalstudywasperformedinwhichC57BL/6micewereallowedtorunon

cagedwheelsstartingfromthedayofVMLinduction(n=6).Therunningdistancesof

themicewererecordedfor2weekstoevaluatethepost-injurytimepointinwhichrunning

habitsreachsteady-statelevels.

2.6.MusclePhysiology

Onday21,afterinductionofVML,themiceunderwentTAforcemeasurement

testing.Anincisionwasmadelongitudinallyintheskinofthelowerlegtoexposethe

TA.ThedistaltendonoftheTAwassevered,andthemusclewaspartiallydissectedso

thatthesurroundingmusclesdidnotcontributetothemeasurements.Thedissectedend

ofthetendonwasattachedtoa5–0sutureandsecuredtothetransducer(WholeAnimal

System—RatandMouse,AuroraScientific,ON,Canada).Aneedlewasplacedthrough

thelegabovethepatellatosecuretheknee.Twoelectrodeswereplacedtouchingbut

notpenetratingtheTAtostimulatethemuscledirectlyforisometriccontraction.The

InstantstimfunctionfromDynamicMuscleControl(DMC)LabBooksoftware(Aurora

Scientific,ON,Canada)wasusedtostimulatetwitchcontractionsintheTAmuscleusinga

pulseof0.2msandatrainfrequencyof0.5Hz. Whilethemusclewasbeingstimulatedat

2sintervals,thecurrentwasslowlyincreaseduntiltheTAachievedmaximalstimulation.

Afterthecurrentwasoptimized,thelengthofthemusclewasslowlyincreaseduntilthe

optimalrestinglengthwasobtained.Asingletwitchforcewasthenperformedwitha

pulsewidthof0.2msperlegforanalysis(n=7–8).
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2.7.ImmunofluorescenceStainingandQuantificationofTissueCrossSections

TheTAmuscleswereexplantedforroutinecryosectioningandhematoxylinand

eosin(H&E)staining.Immunofluorescencestainingoftissuesampleswascarriedoutby

fixationin4%paraformaldehyde,followedbypermeabilizationin0.5%Triton-X-100[32,33].

Forvisualizingmyofiberbordersandneuromuscularjunctionformation,sectionswere

blockedin1%normalgoatserumandthenincubatedinprimaryantibodiesforlaminin

(Abcam,1:100,Cambridge,UK)andα-bungarotoxin(Invitrogen,1:100, Waltham,MA,

USA),respectively.AlexaFluor488or594secondaryantibodiesweredilutedata1:100ratio

andsubsequentlyincubatedwithtissuesamples. Totalnucleiwerevisualizedusing

Hoechst33342dye.Tiledimagesusing20×objectivesweretakenusinganepifluorescence
microscope(Keyence,BZ-X700,Osaka,Japan)under20×objectives.

Toquantifymuscleregenerationattheperipheryofthescaffoldimplants,thetotal

numberoflaminin+myofiberswithcentrallylocatednucleiwithin500µmradialdistance

fromtheimplantedscaffold’speripherywasquantified.Thedatawereexpressedasregen-

eratingmuscledensity(#/mm2,n=5).Forthequantificationofneuromuscularjunction

formation,thetotalnumberofα-bungarotoxin-expressingjunctionswerequantifiedwithin

a500-µmradialdistancefromthescaffoldandexpressedasneuromuscularjunctiondensity

(#/mm2,n=5).

2.8.StatisticalAnalysis

Statisticalanalysiswasperformedusinganunpairedt-testforcomparisonsoftwo

groups.Forcomparisonsofthreeormoregroups,aone-wayanalysisofvariance(ANOVA)

withposthocTukey’sadjustment(GraphPadPrism,SanDiego,CA,USA)wasper-

formed.Dataareshownasamean±standarddeviation(SD).Significancewasacceptedat
p<0.05(*).AllgraphswerecreatedinMicrosoftExcel.Samplesizereflectsperoperated

legunlessotherwisenoted.

3.Results

3.1.CharacterizationofbFGF-LadenNanofibrillarScaffolds

Alignednanofibrillarscaffoldswerefabricatedbyafacileshear-basedextrusiontech-

nique,inwhichmonomericcollagenwasextrudedfromasyringeneedleintoapHneutral

saline,leadingtorapidfibrillogenesis.Theresultantcollagenscaffoldswerelongand

thin,withascaffoldwidthofapproximately300µm.Tocreateascaffoldbundle,16strips

wereimmobilizedadjacenttooneanotherontoaglasssubstrate(Figure1A).Owingto

theapplicationofshearduringtheextrusionprocess,fibrillogenesisofthemonomeric

collagenfollowedthedirectionofshear,leadingtotheformationofhighlyorientedcolla-

genstripscomprisingnanoscalecollagenfibrils(Figure1B)asshownbyscanningelectron

microscopy.Thespatiallyorganizedcollagennanofibrilstructureisconsistentwiththe

findingsfromourpreviouspublications[13,16,20,28].FortargetedlocaldeliveryofbFGF

fromthescaffolds,wechosethestrategyofdirectlyabsorbingthebFGFintothescaffolds

withovernightincubation,asthiswaspreviouslyshowntobeatherapeuticstrategyforthe

incorporationofothergrowthfactors[28].Furthermore,absorptionapproachesmayhave

amorestraightforwardregulatorypathwayforclinicaltranslationcomparedtocomplex

conjugationstrategies.AdsorptionofbFGFfromthescaffoldsledtoaninitialburstrelease

ofbFGFcourseduringthefirstday,followedbyaslowerreleaseofbFGFfortheremaining

20days(Figure1C).
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Figure 1. Aligned nanofibrillar scaffold fabrication and characterization. (A). Gross image of aligned 

nanofibrillar collagen scaffold bundle extruded and adhered onto a glass substrate. (B). Scanning 

electron microscopy image of aligned collagen scaffolds show organized nanofibrils in parallel. (C). 

Cumulative bFGF release from aligned nanofibrillar scaffolds over 21 days. Data are shown as mean 

± SD (n = 5–6). Scale bar: 10 µm. 

To confirm the bioactivity of bFGF upon release from the scaffolds, we performed in 

vitro experiments to characterize the mitogenic response of skeletal muscle myoblasts or 

endothelial cells to bFGF stimulation. Skeletal myoblasts or endothelial cells were seeded 

onto the bFGF-laden scaffolds for 4 days before fixing the samples for immunofluores-

cence staining of the S-phase cell cycle marker, Ki67 (Figure 2A). Quantification of the 

percentage of total proliferating cells demonstrated a significant induction of cell prolifer-

ation upon culture on the bFGF-laden scaffolds. In particular, human endothelial cells 

showed a five-fold increase in cell proliferation in response to bFGF-releasing scaffolds, 

compared to scaffolds without bFGF (Figure 2B, p < 0.05). Additionally, skeletal myoblasts 

showed nearly a five-fold increase in proliferation on bFGF-laden scaffolds, compared to 

scaffolds without bFGF (Figure 2C, p < 0.05). These studies demonstrated that the bFGF 

released from the scaffolds were bioactive in inducing cellular proliferation. 

Figure1.Alignednanofibrillarscaffoldfabricationandcharacterization.(A).Grossimageofaligned

nanofibrillarcollagenscaffoldbundleextrudedandadheredontoaglasssubstrate.(B).Scanning

electronmicroscopyimageofalignedcollagenscaffoldsshoworganizednanofibrilsinparallel.(C).

CumulativebFGFreleasefromalignednanofibrillarscaffoldsover21days.Dataareshownasmean

±SD(n=5–6).Scalebar:10µm.

ToconfirmthebioactivityofbFGFuponreleasefromthescaffolds,weperformed

invitroexperimentstocharacterizethemitogenicresponseofskeletalmusclemyoblastsor

endothelialcellstobFGFstimulation.Skeletalmyoblastsorendothelialcellswereseeded

ontothebFGF-ladenscaffoldsfor4daysbeforefixingthesamplesforimmunofluorescence

stainingoftheS-phasecellcyclemarker,Ki67(Figure2A).Quantificationofthepercentage

oftotalproliferatingcellsdemonstratedasignificantinductionofcellproliferationupon

cultureonthebFGF-ladenscaffolds.Inparticular,humanendothelialcellsshoweda

five-foldincreaseincellproliferationinresponsetobFGF-releasingscaffolds,compared

toscaffoldswithoutbFGF(Figure2B,p<0.05).Additionally,skeletalmyoblastsshowed

nearlyafive-foldincreaseinproliferationonbFGF-ladenscaffolds,comparedtoscaffolds

withoutbFGF(Figure2C,p<0.05).ThesestudiesdemonstratedthatthebFGFreleased

fromthescaffoldswerebioactiveininducingcellularproliferation.
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Figure 2. Bioactivity of bFGF-laden nanofibrillar scaffolds based on cellular mitogenic response. (A). 

Mouse myoblast (C2C12) and human endothelial (HMEC-1) cell lines cultured on the bFGF-laden 

scaffold or control scaffold for 4 days were immunofluorescently stained for Ki67. (B,C). Quantifi-

cation of % Ki67+ endothelial cells (B) or myoblasts (C) show significant induction on the bFGF-

laden scaffolds. Data are shown as mean ± SD (n = 3). * indicates p < 0.05. 

3.2. Implantation of Aligned Nanofibrillar Scaffolds into the Site of VML 

Upon validating the bioactivity of the bFGF-laden scaffolds in vitro, we next tested 

the therapeutic efficacy of bFGF-laden scaffolds in a murine model of VML. The bFGF-

laden scaffolds were manually detached from the glass substrates to form a delaminated 

bundle of 16 scaffolds. The mice underwent bilateral full-thickness ablation of the TA 

muscle, followed by acute implantation of the bFGF-laden scaffold or the control scaffold 

into the site of muscle ablation (Figure 3A,B). The muscle was then sutured closed to im-

mobilize the scaffold implant. To compare the efficacy of bFGF release to that of voluntary 

caged wheel exercise, additional animals received control scaffold implants and were al-

lowed voluntary running in caged wheels at 7 days after scaffold implantation. Finally, to 

assess for interaction effects between bFGF and exercise, one treatment group received 

both bFGF-laden scaffold implants as well as rehabilitative exercise. All animals under-

went terminal muscle physiology and tissue harvest 21 days after VML induction (Figure 

3A). 

The selection of a 7-day delay for voluntary caged wheel running was based on a 

study in which animals were allowed to undergo caged wheel running immediately after 

VML induction. Based on their daily running habits, we observed an unusually high de-

gree of running distance on day 1, presumably due to the effect of post-surgery analgesics 

that masked the pain associated with running (Figure S1). Starting from day 2 after induc-

tion of VML, we observed an expected decline in running distance relative to day 1 and 

Figure2.BioactivityofbFGF-ladennanofibrillarscaffoldsbasedoncellularmitogenicresponse.

(A).Mousemyoblast(C2C12)andhumanendothelial(HMEC-1)celllinesculturedonthebFGF-

ladenscaffoldorcontrolscaffoldfor4dayswereimmunofluorescentlystainedforKi67.(B,C).

Quantificationof%Ki67+endothelialcells(B)ormyoblasts(C)showsignificantinductiononthe

bFGF-ladenscaffolds.Dataareshownasmean±SD(n=3).*indicatesp<0.05.

3.2.ImplantationofAlignedNanofibrillarScaffoldsintotheSiteofVML

UponvalidatingthebioactivityofthebFGF-ladenscaffoldsinvitro,wenexttestedthe

therapeuticefficacyofbFGF-ladenscaffoldsinamurinemodelofVML.ThebFGF-laden

scaffoldsweremanuallydetachedfromtheglasssubstratestoformadelaminatedbundle

of16scaffolds.Themiceunderwentbilateralfull-thicknessablationoftheTAmuscle,

followedbyacuteimplantationofthebFGF-ladenscaffoldorthecontrolscaffoldintothe

siteofmuscleablation(Figure3A,B).Themusclewasthensuturedclosedtoimmobilize

thescaffoldimplant.TocomparetheefficacyofbFGFreleasetothatofvoluntarycaged

wheelexercise,additionalanimalsreceivedcontrolscaffoldimplantsandwereallowed

voluntaryrunningincagedwheelsat7daysafterscaffoldimplantation.Finally,toassess

forinteractioneffectsbetweenbFGFandexercise,onetreatmentgroupreceivedbothbFGF-

ladenscaffoldimplantsaswellasrehabilitativeexercise.Allanimalsunderwentterminal

musclephysiologyandtissueharvest21daysafterVMLinduction(Figure3A).
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treated with the bFGF-laden scaffold (152 ± 72 mN) was significantly higher than in ani-
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Figure3.Overviewofexperimentaldesignandsurgicalprocedure.(A).Timelineofthestudy

showinginductionofVMLandscaffoldimplantationonday0.Onday7,specifiedtreatmentgroups

receivedcagedwheelvoluntaryexercisefor2weeks.Onday21,thetissueswereharvestedfor

histology.(B).SurgicalimagesshowfullthicknessVML,scaffoldimplantation,andmuscleclosure

overthescaffold.Arrowdenotesscaffold.Scalebar:2mm.

Theselectionofa7-daydelayforvoluntarycagedwheelrunningwasbasedona

studyinwhichanimalswereallowedtoundergocagedwheelrunningimmediatelyafter

VMLinduction.Basedontheirdailyrunninghabits,weobservedanunusuallyhighdegree

ofrunningdistanceonday1,presumablyduetotheeffectofpost-surgeryanalgesicsthat

maskedthepainassociatedwithrunning(FigureS1).Startingfromday2afterinduction

ofVML,weobservedanexpecteddeclineinrunningdistancerelativetoday1andthen

aprogressiveincreaseinthetotalrunningdistancepersubsequentday.However,after

7daysfromthetimeofVMLinduction,theprogressiveincreaseintherunningdistance

becamelesspronounced,whichsuggestedthattheanimalswereapproachingaplateauin

theirrunningdistance.Forthisreason,weselected7daysasthetimetoreachequilibrium

runningdistance.

3.3.bFGF-LadenScaffoldsInducedMuscleFunctionImprovement

After21daysofscaffoldimplantation,terminalmusclephysiologywasperformedto

assessthemusclefunctioninalltreatmentgroups.Intriguingly,thetwitchforceinmice

treatedwiththebFGF-ladenscaffold(152±72mN)wassignificantlyhigherthaninani-
malstreatedwiththecombinationofthebFGF-ladenscaffoldwithexercise(69±52mN),
whereasexercisealoneappearedtonothaveledtosignificantimprovementsintwitchforce

(Figure4A,p<0.05).Toassessfordifferencesinrunninghabitsofanimalswithimplants

ofthecontrolscaffoldorbFGF-ladenscaffolds,thedailyrunningdistancewasrecorded

for21daysafterinductionofVML.Thevoluntaryrunninghabitsshowedacumulative

increaseinrunningdistanceoverthecourseof21daysforanimalstreatedwithcontrol

scaffoldsorbFGF-ladenscaffolds,butnosignificantdifferencesbetweenthesetwoexercise
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To further examine the effect of bFGF or exercise on muscle regeneration by tissue 

histology, the TA muscles were explanted after 21 days for routine cryosectioning, fol-

lowed by hematoxylin and eosin (H&E) staining. From the H&E staining, the partially 

degraded collagen scaffold could be observed within the ablated muscle region, based on 

its characteristic ribbon-like fibrillar appearance (Figure S2). Regardless of bFGF incorpo-

ration, the scaffolds attracted cellular infiltration at the periphery of the scaffold, and to a 

lesser extent, less cellular infiltration in the center of the scaffold bundle. Immunofluores-

cence staining was next carried out to quantify the effects of bFGF or exercise on muscle 

myogenesis. Using an antibody directed against laminin that outlines the borders of my-
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fold-mediated bFGF release led to localized effects on tissue myogenesis, we quantified 
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Figure4.FunctionaleffectsofbFGForvoluntaryexerciseonmusclephysiologyorrunningdistance.

(A).Twitchforcemeasurementsofindividuallegsat21daysafterinductionofVML(n=7–8).

*denotesastatisticallysignificantrelationshipbetweenbFGFscaffoldvs.bFGFscaffold+exercise

treatmentgroups(p<0.05).(B). Meancumulativerunningdistancestartingfrom7daysafter

inductionofVML(n=4animals).Dataareshownasmean±SD.

TofurtherexaminetheeffectofbFGForexerciseonmuscleregenerationbytissue

histology,theTAmuscleswereexplantedafter21daysforroutinecryosectioning,followed

byhematoxylinandeosin(H&E)staining.FromtheH&Estaining,thepartiallydegraded

collagenscaffoldcouldbeobservedwithintheablatedmuscleregion,basedonitscharac-

teristicribbon-likefibrillarappearance(FigureS2).RegardlessofbFGFincorporation,the

scaffoldsattractedcellularinfiltrationattheperipheryofthescaffold,andtoalesserextent,

lesscellularinfiltrationinthecenterofthescaffoldbundle.Immunofluorescencestaining

wasnextcarriedouttoquantifytheeffectsofbFGForexerciseonmusclemyogenesis.

Usinganantibodydirectedagainstlamininthatoutlinesthebordersofmyofibers,we

visualizedthenewlyformedmyofibersbasedontheappearanceofcentrallylocatednuclei

withlaminin-expressingborders(Figure5A).Todeterminewhetherscaffold-mediated

bFGFreleaseledtolocalizedeffectsontissuemyogenesis,wequantifiedthedensityof

newlyformedmyofiberswithin500µmradialdistancesfromthescaffoldbundle’spe-

riphery(Figure5B).Histologicalanalysisofregeneratingmyofiberdensitycomposedof
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laminin+bordersandcentrallylocatednucleididnothaveasignificanteffectamongthe

treatmentgroups.Together,thesedatasuggestthatalignednanofibrillarscaffoldspromote

cellularinfiltration,butonlybFGF-releasingnanofibrillarscaffoldssignificantlyimproved
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Figure 5. Effect of bFGF or exercise on myogenesis, based on tissue histology. (A). Fluorescence 

microscopy images adjacent to the site of scaffold implantation depict myofibers based on laminin 

(red) peripheral staining. (B). The regenerating muscle fiber density adjacent to the scaffold implant 

is quantified as the number of laminin+ myofibers with centrally located nuclei within 500 µm from 

the periphery of the scaffold. The density is expressed as the # of myofibers/mm2. Shown are mean 

± SD (n = 4–5). Scale bar: 50 μm. 

3.4. Scaffold Implantation with Exercise Promotes Re-Innervation 

Since innervation is an important component of muscle regeneration, we quantified 

the density of neuromuscular junction formation by fluorescence staining (Figure 6A). 

Treatment of scaffold implantation with exercise led to the highest density of neuromus-

cular junctions (5 ± 2/mm2), compared to the scaffold treatment group (1 ± 1/mm2, p < 0.05). 

Interestingly, the combined treatment of bFGF-laden scaffold with exercise did not show 

any significant difference compared to the control group (Figure 6B). This data suggests 

that exercise, rather than bFGF, was a potent inducer of re-innervation. 

musclefunctioninafull-thicknessmuscleablationmodel.

Figure5.EffectofbFGForexerciseonmyogenesis,basedontissuehistology.(A).Fluorescence

microscopyimagesadjacenttothesiteofscaffoldimplantationdepictmyofibersbasedonlaminin

(red)peripheralstaining.(B).Theregeneratingmusclefiberdensityadjacenttothescaffoldimplantis

quantifiedasthenumberoflaminin+myofiberswithcentrallylocatednucleiwithin500µmfromthe

peripheryofthescaffold.Thedensityisexpressedasthe#ofmyofibers/mm2.Shownaremean±SD

(n=4–5).Scalebar:50µm.

3.4.ScaffoldImplantationwithExercisePromotesRe-Innervation

Sinceinnervationisanimportantcomponentofmuscleregeneration,wequantified

thedensityofneuromuscularjunctionformationbyfluorescencestaining(Figure6A).

Treatmentofscaffoldimplantationwithexerciseledtothehighestdensityofneuromuscular

junctions(5±2/mm2),comparedtothescaffoldtreatmentgroup(1±1/mm2,p<0.05).
Interestingly,thecombinedtreatmentofbFGF-ladenscaffoldwithexercisedidnotshow

anysignificantdifferencecomparedtothecontrolgroup(Figure6B).Thisdatasuggests

thatexercise,ratherthanbFGF,wasapotentinducerofre-innervation.
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4. Discussion 

The salient findings of this research are that (1) bFGF and voluntary caged wheel 

exercise have differential effects on the treatment of VML; and (2) treatment of scaffolds 

releasing bFGF significantly improved muscle physiology after 3 weeks, whereas caged 

wheel exercise promoted neuromuscular junction formation. VML is a traumatic injury in 

which improved treatment strategies are in high demand. The delivery of pro-regenera-

tive factors such as bFGF is a promising off-the-shelf therapy that can be applied in even 

austere settings. Since bFGF has been demonstrated to be safe in clinical trials for other 

indications such as wound healing and peripheral arterial disease [34,35], it is likely that 

bFGF will be safe for clinical treatment of VML. 

Figure6. EffectofbFGForexerciseonre-innervationatthesiteofVML.(A).Representative

microscopyimagesadjacenttothesiteofscaffoldimplantationdepictnerveregeneration,based

onα-bungarotoxin(αBTX)staining(red).InsetshowsamagnifiedviewofαBTXstaining.(B).

Quantificationofneuromuscularjunctiondensityasthetotalnumberofneuromuscularjunctions

(αBTX)dividedbytheareaformedbya500-µmradialdistancesurroundingthescaffold.Shownare

mean±SD(n=5).#denotesstatisticallysignificantcomparisontoallothergroups(p<0.05).Scale

bar:50µm.

4.Discussion

Thesalientfindingsofthisresearcharethat(1)bFGFandvoluntarycagedwheel

exercisehavedifferentialeffectsonthetreatmentofVML;and(2)treatmentofscaffolds

releasingbFGFsignificantlyimprovedmusclephysiologyafter3weeks,whereascaged

wheelexercisepromotedneuromuscularjunctionformation.VMLisatraumaticinjuryin

whichimprovedtreatmentstrategiesareinhighdemand.Thedeliveryofpro-regenerative

factorssuchasbFGFisapromisingoff-the-shelftherapythatcanbeappliedinevenaustere

settings.SincebFGFhasbeendemonstratedtobesafeinclinicaltrialsforotherindications

suchaswoundhealingandperipheralarterialdisease[34,35],itislikelythatbFGFwillbe

safeforclinicaltreatmentofVML.
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Toaccountforthelargevolumeofmuscledefect,analignednanofibrillarscaffold

wasimplantedtothescaffoldforthespatiallycontrolledreleaseofbFGFaswellasfor

promotingcellularinfiltrationintoornearthescaffold.Collagenwasselectedbecauseof

theeaseoffabricatingalignednanofibrillarscaffoldbundlesusingahighlyfacileextrusion

process[19,20,29].Nanofibrillarcollagenscaffoldswithparallel-alignedorientationcan

withstandhigherloadingwhencomparedtoconventionalscaffoldsthatlackanisotropic

collagenfibrilorganization[13].Inpreviousresearch,wefurtherdemonstratedtheability

ofalignednanofibrillarcollagenscaffoldstopromotelongitudinallyalignedmyofiber

formationafterinductionofVML[16].Forthesereasons,alignednanofibrillarcollagen

scaffoldsarewell-suitedforthetreatmentofVML.

Inrecognitionthatrehabilitativestrategiescanaugmentthebenefitsoftissueregener-

ation,wecomparedtheeffectofvoluntarycagedwheelrunningtothatoflocalizedbFGF

releasefromnanofibrillarcollagenscaffold.Similartoourpreviousfindingsusingapartial

thicknessTAmuscleablationmodel,voluntarycagedwheelrunningstimulationandthe

implantationofalignednanofibrillarscaffoldspromotedneuromuscularjunctionforma-

tion[13].Ourfindingagreeswithalargerbodyofworkthatphysicalexercisepromotes

re-innervationupontraumaticmuscleinjury[26,36].

OurresultsalsoshowthattheinteractionbetweenbFGFandvoluntarycagedwheel

exerciseiscomplex.Forexample,theimplantationofbFGF-releasingscaffoldssignifi-

cantlyincreasedtwitchforcegeneration(Figure4A)comparedtothecombinationofthe

bFGF-releasingscaffoldwithexercise.Conversely,thenanofibrillarscaffoldimplantwith

exercisepromotedneuromuscularjunctionformation(Figure6),butthecombinationof

bFGF-releasingscaffoldandexerciseshowednoimprovedre-innervation.Thesefind-

ingssuggestthatthetiming,dosing,anddurationofexerciseandbFGFtreatmentsmay

needtobefurtheroptimizedforatherapeuticbenefit.Therefore,itispossiblethata

longerdurationofexercisemightbenecessaryforobservingtherapeuticbenefitsinmuscle

regeneration.Additionally,publishedfindingssuggestthatpropertuningofsignaling

pathwaysmediatedbybFGFandexercisearenecessary.Forexample,althoughbFGFand

exercisecaninducemusclesatellitecellproliferationbytheactivationofsignaltransducer

andactivatoroftranscription3(STAT3)signaling[37,38],thetuningofSTAT3expression

iscriticallyimportant,asprolongedSTAT3expressionhasopposingeffectsofinducing

muscleatrophy[39,40].Thesepointswarrantfurtherfutureinvestigation.

AlthoughbFGF-releasingscaffoldscouldsignificantlyimprovemusclephysiology,his-

tologicalanalysisofregeneratingmyofiberdensitydidnotrevealastatisticallysignificant

increaseinregeneratingmyofiberdensity.Sincethetwitchforcemeasurementsquantita-

tivelyreflecttheglobalfunctionoftheentiremuscle,whereashistologicalmethodssemi-

quantitativelyreflectmuscleregenerationinsmallerregionsofinterest,itisplausiblethat

thefindingsbetweenbothassaysmightcontrast.However,theglobalnatureofmuscleforce

quantificationpossiblysuggestsamorereliablemetricthantissuehistologicalquantification.

5.Conclusions

Insummary,wedemonstratedthatbFGF-ladenalignednanofibrillarcollagenscaffolds

forthetreatmentofVMLinfull-thicknessmuscleablationmodelledtosignificantly

improvedmusclephysiology,whereascollagenscaffoldimplantswithvoluntarycaged

wheelexercisepromotedgreaterneuromuscularjunctionformation.Intriguingly,the

combinationofbFGF-ladenscaffoldswithrehabilitativeexerciseshowednotherapeutic

effectonthetreatmentofVML.Furtherstudiestoexploretheoptimaltiming,dosing,and

durationofexerciseandbFGFtreatmentsfortherapeuticefficacyarewarranted.Thisstudy

highlightsthedifferentialtherapeuticbenefitsofthesetwotherapiesseparately,butnot

whenprescribedincombination.

SupplementaryMaterials:Thefollowingareavailableonlineathttps://www.mdpi.com/article/10.3

390/bioengineering9010037/s1,FigureS1:Voluntarycagedwheelrunningdistanceinmicestarting

onday0afterinductionofVML.FigureS2:RepresentativehistologicalimagesofbFGFscaffold

implantsat3weeksafterinductionofVML.
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