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Abstract: Despitemanyadvancesn tissueengineeringtherearestill significantchallenges
associatedavith restructuringrepairing,or replacingdamagedissuein thebody.Currently,
a major obstaclehasbeentrying to developa scaffoldfor cartilagetissueengineeringhat
providesthe correctmechanicalpropertiesto endurethe loads associatedvith articular
joints aswell aspromotecell-scaffoldinteractiongo aid in extracellularmatrix deposition.
In addition,adipogenidissueengineerings widely growing dueto anincreasecheedfor
more innovative reconstructivetherapiesfollowing adiposetissuetraumasand cosmetic
surgeriesRecently lipoaspirateissuehasbeenidentified asa viable alternativesourcefor
mesenchymasdtemcellsbecausét containsa supportivestromathatcaneasilybeisolated.
Adiposederivedstemcells (ADSCs)candifferentiateinto a variety of mesodermalineages
includingthe adipogenicandchondrogeniphenotypesBiodegradablgolymericscaffolds
have beenshownto be a promisingalternativeand stemcells have beenwidely usedto
evaluatethe compatibility, viability, andbioactivity of thesematerials.Polycaprolactonés
a bioresorbablepolymer, which has been widely used for biomedical and tissue
engineering applications. The fundamental concept behind successful synthetic
tissueengineeredcaffoldsis to promoteprogenitor cell migration,adhesionproliferation,
andinducedifferentiation extracellularmatrix synthesisandfinally integrationwith host
tissue.In this study, we investigatedthe adhesion proliferation, and chondrogenicand
adipogenicdifferentiation of ADSCs on nanowire surfaces. A solverftee gravimetric
template technique was used to fabricate polycaprolactanewiressurfaces.The results
indicatedthat during the growth periodi.e,, initial 7 daysof culture,the nanowire surfaces
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(NW) supportedadhesiorand proliferation of the cells that had elongatedmorphologies.
However, cell on surfaceswithout nanowireshad non-elongatedmorphologies Further,
immunofluorescencemaging of marker proteinsshowedthat the nanowiressurfacesdid
not appear to support chondrogenic differentiation whereas supported adipogenic
differentiationof ADSCs.

Keywords: nanowiresurfacespolycaprolactoneadiposederivedstemcells chondrogenic
differentiation adipogenidifferentiation

1. Introduction

Stem cells possesghree unique characteristicsseltrenewal capacity, long-term viability, and
multilineagepotential[1,2]. Therearetwo typesof stemcellsthatexistin the body: somaticstemcells
andembryonicstemcells. The ability of somaticstemcells andembryonicstemcells to differentiate
into variouscell phenotypefiasbeenstudiedextensively. Embryonicstemcells are pluripotentcells
which have the ability to differentiateinto all derivativesof the three germ layers. Although they
possesgreat multilineage potential, researchassociatedvith embryonicstem cells is accompanied
with many ethicaland political issueq 1,2]. Due to that fact, mulitpotentsomaticstemcells from the
bonemarrow stromahave beenproposedas the bestalternativesourcefor researchin the pastfew
decadesTheseadultstemcellsfrom thebonemarrowstromaareclassifiedinto two groups:hematopoietic
stemcells (HSCs)andmesenchymastemcells (MSCs).Originally, MSCswereidentified asa source
of osteoprogenitocells, howeverit hasbeenshownthat they can also differentiateinto adipocytes,
chondrocytespsteoblastsandmyoblastg3i 8]. Their ability to differentiateinto differentphenotypes
makesthem promising candidatedor mesodermatefectrepair and diseasemanagementHowever,
clinical useof MSCsin regardsto tissuerepair has presentedoroblemsincluding pain due to the
invasivenes®f the procedureof isolation,morbidity, andlow cell numberuponharvest.This hasled
manyresarcherdo investigatealternatesourcegor MSCs

Recently, studieshave shown that adiposetissueis believedto contain an abundantsourceof
multipotent progenitor cells [9]. Subcutaneousadiposetissue is a highly abundantand readily
accessibleissuesourcein thebody[10]. Thousand®f liposuctionsurgeriesareperformedn theU.S.
eachyear and theseproceduresyield anywherefrom 100 mL to >3 L of lipoaspiratetissue[11]].
Adiposetissue,like bonemarrow,is derivedfrom the mesenchymand containsa supportivestroma
that can be easilyisolated.Although it remainsto be determinedvhetheradiposederivedstemcells
(ADSCs)meetthe samepotentialasthat of MSCs, it is knownthat ADSCsare multipotent,available
in largenumbersfrom the adiposetissue,andproliferaterapidly in culture,makingtheman attractive
cell sourcefor tissue engineering.In vitro, adiposederived stem cells (ADSCs), like MSCs, can
differentiateinto multiple cell lineagesncluding osteogenicchondrogenicmyogenic,adipogenicand
evenneuronalpathways[9]. In addition, ADSCs havealso demonstrated substantiain vitro bone
formationcapacity similar to thatof MSCsfrom bonemarrow,with mucheaseof culture[2,12,13].

In tissueengineeringMSCs or ADSCs are often implantedor seededonto artificial biomaterials
knownasscaffolds which providethe necessargtructurefor growth, maintenanceanddifferentiation
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of the cells in the early stages of tissue repair. In regards to polymer scaffold matasiaégprplactone
hasemergedas a promisingimplant materialdue to the fact that it is biodegradableolyesterwith

good mechanicaktrengthand a low degradatiorrate [14]. It alsohaslow melting point between60
and65 €, and is derived by chemicalnthesis from crude oil and can be prepared by ring opening
polymerizationof caprolactoneusing a catalyst[14]. It has good water, oil, solventand chlorine
resistanceébut can be degradedoy hydrolysisof its esterlinkagesin physiologicalconditionsand its
degradatiorproductsare easily bioresorbedor removednaturally in metabolicpathwayssuchasthe

citric acid cycle [14]. Its efficacy hasresultedin US-FDA approvalfor a numberof medicaldevices.
Recently,it hasreceiveda muchattentionfor useasanimplantablebiomaterialfor tissueengineering

and drug delivery applications[15i 18]. Studieshave shownthat polycaprolactonas biocompatible

in vitro andin vivo [19]. For example, it is regarded as a soft and hard tissue commdi#sorbable
material[20] and has been considered as a potential substrate for wide applications such as drug delivery
systems|[21], tissueengineeredskin [22] axonal regeneration[23] and scaffolds for supporting
fibroblastsandosteoblastgrowth[24].

It is importantto mimic the in vivo environmentof cells when designingscaffoldsfor tissue
engineeringThe motivationto usenanostructuredurfacesasscaffoldsfor tissueengineerings driven
by previousstudiesthathaveshownthat nanoscalenaterialsaffect cell behaviorsuchasmorphology,
functionality and ceicell interactiong25i 27]. In natural tissues, cells are surrounded by an extracellular
matrix, which consistsof featuresangingfrom nanometerso micrometersFurthermorestudies have
shownthatnanoscalesurfacescontributedto improving cell behaviorsuchasfibroblastadhesior{2§],
neuronaldifferentiation[29], and osteoblasphenotypicactivity [30,31]. Therefore,nanotopography
may resultin improvedcellularadhesiorandthus enhanceadnatrix depositionon the surfacefor other
cell typessuchas chondrocytesand adipocytes.t could also be possiblethat thesenanostructured
surfaces,which are not able to allow cellular in-growth due to their size, will instead,provide a
biomimetictemplatefor matrix deposition.

Cartilage tissue possesses a unique nanostruc
chondrocytesare naturally accustomedo interactingwith a well-organizednanostructureatollagen
matrix [32]. The uniquemicroarchitecturef extracellularcartilagematrix facilitatesthe load transfer
and providesresistanceo tensile,compressiveand shearstresseslUnlike other tissues,in hyaline
cartilage, roughly 85% consistsof extracellular matrix materials while only 15% are taken by
chondrocyteg33]. The extracellularmatrix overtakeshe biomechanicafunction of the cartilageand
the small number of cells only responsiblefor its preservationand regeneration33]. Similar to
osteoblastinteraction with surroundingsurfacesin vitro, chondrocytefunctionality is also heavily
regulatedby surfacemicro andnanotopographyin vitro. The mostcommonnanostructureanaterials
developedfor chondrogenidissue engineeringapplicationsare nanofiberscaffolds. Recentstudies
have usedsyntheticpolymerssuchas polycaprolactonend poly (lactic-co-glycolic acid) to develop
nanofibrousscaffoldsof electropunnanofibersto differentiateMSCsto chondrocytesand maintain
their maturefunctionality [34]. In addition, polycaprolactonenanofiberscaffoldshave beenusedin
conjunctionwith submersionn a dioxane/watemixture and phaseseparatedo createa nanoporous
structure[35]. Thesepolycaprolactonaanoporouscaffoldsdemonstratedhigherin vitro expression
of chondrogenicmarkers and had higher histological scored in comparisonwith commercially
availablecollagenscaffoldstypically usedfor cartilagerepair[35)].
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In additionto osteogenicand chondrogenidifferentiation,adipocyte differentiationis a complex
process regulated by many transcriptional cascades and hormonal §@hdlb]. One important aspect
of adipocytedifferentiationis the role of extracellularmatrix proteinsand cytoskeletorproteins[41].
Becausetheseproteinshave a unique structure,it is very likely that extracellularmatrix micro and
nanoscale topography would affect adipogenesis witro culture conditions on a biomimetic scaffold.
Previousstudieshave demonstratedhat adipogenicdifferentiaton can be upregulatedto a certain
extentby changingthe geometryto the scaffoldto featuressuchasnanogroove$4?]. Cells seeden
nanogroovesurfacegenetratednto the grooveswith the actin cytoskeletorbeingmorealignedalong
the groovessuggesting that cetb-surface interactions as characterized by contact guidance are closely
relatedto the adipogenesi$42]. In addition, studieshave shownthat tailored electroactivenanorods
and hydrophobicnanopillarshave beensuccessfuin not only differentiatingMSCs into adipocytes,
butactuallyincreasingherateof differentiationin comparisorwith flat surface§43,44].

In this study,we usea solventfree gravimetrictemplatemethodto physicallymodify the surfaceof
polycaprolactonavith controlledarraysof high aspectratio substrateboundperpendiculananowires.
In this study,thesenanowiresurfacesvere usedastemplatedor growth and maintenancef ADSCs,
and their potentialto supportdifferentiatedstatesof thesecells. Specifically, this study focuseson
characterizinghe ability of ADSCsto differentiateinto chondrogeni@and adipogenicphenotypeon
nanowiresurfaces.

2. Results and Discussion

Despite many advances in tissue engineering, there are still significdl@nges associated with
restructuring, repairing, or replacing damaged tissue in the body. Currently, a major obstacle has beer
trying to develop scaffolds for cartilage tissue engineering that provides the correct mechanical
properties to endure the laadssociated with articular joints as well as promotescalifold interactions
to aid in extracellular matrix deposition. In addition, adipogenic tissue engineering is widely growing
due to an increased need for more innovative reconstruction theralfpesig adipose tissue traumas
and cosmetic surgeries. Recently, lipoaspirate tissue has been identified as a viable alternative sourc
for MSCs because it contains a supportive stroma that can easily be isolated. ADSCs can differentiate
into a variety ofmesodermal lineages including the adipogenic and chondrogenic phenotypes. This
study is aimed at determining the effects of substrate bound nanowires surfaces on the viability and
differentiation potential of ADSCs into chondrogenic and adipogenic liseage

Prior research with polycaprolactone NW surfaces have shown the ability of stem cells to differentiate
into osteogenic lineagg45]. In this study, a similar sintering and solwémee nanotemplating method
was used to fabricate both PCL and NW. SHENWages confirmed the presence of substrate bound
perpendicular nanowires as well as the absence of residual alumina membrane (Figure 1). SEM image
also indicated randomized microchannels between the groups of nanowires due to static surface charg
and suréce tension following expansion of the nanowires after membrane dissolution. DSC determined
that the melting temperature of 50,000 Da polycaprolactone powder was 61.12 € (Figure 2). To ensure
there would be adequate extrusion of the polymer throughutreraim oxide membrane during nanowire
fabrication, the polymer was melted slightly above the melting temperature at 70 € for 20 min when
the formation of a clear melt interface was present between the bulk material and the membrane.
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Figure 1. Representative SEM images of polycaprolactone discs (PCL) and
polycaprolactone nanowire surfaces (NW). The high magnification SEM images of NW
show the nanoarchitecture as well as presence of randomized microchannels.

PCL

Figure 2. Differential scanning cafimetry (DSC) of polycaprolactone displaying the
melting temperature of 61.12 C.
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ADSC adhesion and proliferation were investigated for up to 7 days of initial culture in growth
media by staining the cells witbellTrackef Green CMFDA(5-Chloromethylfuorescein Diacetate),
Rhodaminephalloidin and DAPI (Figure 3). CMFDA fluorescent probes are FITC labeled which
causes them to fluoresce green as they freely pass through the membranes of viable cells. Once the:
probes reach the cytoplasm, the probescareerted to celimpermeant reaction products which are
present throughout the cell. Once this reaction takes place, the cells can be fixed using a formalin
solution. Rhodaminghalloidin is a high affinity Factin probe coupled with a redange fluoresent
dye called tetramethylrhodamine (TRITC). DAPI is a DNA stain which binds to the adbgmee
rich regions and causes the nuclei of the cells to fluoresce blue. After 1 day of culture, both surfaces
supported similar cell adhesion with different asibrphologies. On PCL, the cells appear to have
Aroundo morphol ogies due to the actin fil amen:
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cells have elongated morphologies because the actin filaments of each cell appear to align in a specifi
direction with the nanowires. After 4 and 7 days of culture, both surfaces support cell proliferation
with the slightly more cells on PCL as compared to NW (Figure 3). However, although NW have
lesser number of cells, their extended morphologies appearnonfetworks with neighboring cells

using cellular extensions.

Figure 3. Representative fluorescence microscopy images of ADSCs on PCL and NW
after 1, 4, and 7 days of culture; cell count after 1 and 7 days of cultelitenuclei were
counted using DAPI fluorescence and ImageJ software [45].

PCL NW

Day 1

Day 4

Day 7

80
opcL
70 | BNW
°
o
]
E 60
»
wn
]
2 50
°
3
o
'S 40
I+
o
<30
=
5
38 I
= 20 J_
S I
10 I L
0
Day 1 Day 7

The cell morphology was partially quantified by calculating the cell shape factor using
10x rhodaminephalloidin stained images after 7 days of culture (Figure 4). The shape factor is an
important quantitative parameter that indicates the whether the cell is spherical or elongated. A shape
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f a c tlandicated that the cell has sphericairphology, whereas shape faat ¥ indicated that the

cell has elongated morphology. The shape of the cell is important since it not only affects cell
migration and communication, but also the cell differentiation. The results indicate that the cell on
PCL have shape factor higher ththat on NW. This indicated that the cells have spherical morphology
on PCL compared to elongated morphology on NW.

Figure 4. Shape factor approximations Aflipose derived stem cel{dDSC9 after 7 days
of culture on PCL and NW. Asterisks (*) above thairp of data indicate statistical

significance using-v al ue | ess than U = 0.05.
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The cell viability on all the surfaces was investigated using MTT assay after 1, 4, and 7 days of
culture in growth media conditions (Figure 5a). MTT activity is measucelbfiability by quantifying
the absorbance of mitochondrial activity. During the first 4 days of culture, mitochondrial activity is
most likely directed at increasing the proliferation of cells across the surfaces. After 1 day of culture,
the results ingtate approximately an equal amount of MTT activity on both surfaces. Although both
surfaces continue to have steady and significant increases from day 1 to day 7, there appears to b
more MTT activity on the PCL in comparison with NW which confirms thsults from the
fluorescence microscopy images and cell courtte. number of cells that initially attatth PCL after
one day of culture is doubie comparison with NW and this correlates witle MTT results.

In addition to observing cell viability, isialso essential to determine whether the surfaces have any
cytotoxic effects that may be inhibiting cell adhesion or proliferation. Material cytotoxicity was
determined throughreLDH assay (Figure 5b). LDH is an enzyme located inside the cytoplasmf cel
that is released upon cell death. This assay measures the amount of formazan followirsjea two
reduction, where LDH catalyzescotinamide adenine dinucleotid®AD+) to nicotinamide adenine
dinucleotidehydride (NADH) and H+ by oxidation and a subsequent catalyst reaction by diaphorase
converting tetrazolium salt to a colored formazan. Measurements using spectrophotometery determine
the concentration of LDH released into the culture medium, or in otbefswdetermine the level of
cell death due to possible cytotoxic effects from the substrate. From day 1 to day 4, there is an increas
in LDH absorbance, due to initial cell death and detachment from the surfaces in the first 4 days of the
growth period However, this absorbance level decreases from day 4 to day 7, which means that both
surfaces, PCL and NW, are not cytotoxic to the cells over time.
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Figure 5. (a) ADSC viability after 1, 4and 7 days of culture using MTT absorbance. Data
indicates increasl MTT activity on all surfaces with significant increases on ;PCL
(b) Cytotoxicity of the surfaces after 1, 4, and 7 days of culture using LDH absorbance.
Asterisks (*) above the pairs of data indicate statistical significance yswvajue
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To visualize the morphological changes in the cells on different surfaces, SEM images were taken
after 1, 4 and 7 of culture (Figure 6). In addition to morphology, SEM also allows for visualization of
the interaction of the cell processes with the surfem@oarchitecture as well as amongst cells. The
SEM results support the results from fluorescence microscopy indicating higher number of cells on
PCL than NW, as well as elongated cell morphologies on NW. The cells on PCL seem to spread in all
directions wih limited interaction with other cells. In contrast, the cells on NW have longer cellular
extensions that seem to be involved in cell to cell communication. High magnification SEM images of
cells on NW show that the cellular extensions are interactirfgtihvt nanowire architecture after 1 day
of culture. These extensions seem to be longer after 7 days of culture showing the interaction of the
cells with the nanowire architecture as well as form a complex cellular network.

For surfaces cultured under choogenic differentiation conditions, ADSCs on the different
surfaces were immurlabeled for sox9 and col2 (collagen type Il) (Figure 7a,b). Sox9 is a protein
transcribed by the sox9 gene within the nucleus and is an early marker for differentiation asavell
marker for mature chondrocytes. Although sox9 is present during most of the chondrogenic differentiation
process, it is not expressed by cells undergoing hypertrophic chondrogenesis. Col2 is the basis for al
articular cartilage and is a marker foaturing chondrocytes. Intracellular sox9 and intra/extracellular
col2 was detected by FIF@abeled immunofluorescence after 1, 2 and 3 weeks ADSCs culture under
chondrogeniconditions.

The percentage of FITC detected during immunofluorescence was rmmunaly the number of
cells on the particular image (Figure 7a,b). For sox9 expression, the protein was present on both
surfaces during all three weeks of differentiation. However, ADSCs on PCL saw an increase from
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week 1 to week 3 whereas ADSCs on NW she same amount of expression. Even though the
percentage of FITC does not increase from week 1 to week 3 on NW, the amount of sox9 protein
increases because the number of cells on the surfaces increased. A similar trend is observed for col
expression ondth surfaces. However, for both sox 9 and collagen 2, this increase protein expression
on NW is significantly smaller in comparison to the cells on PCL. It appears that the nanotopography
of NW does not have a significant effect on chondrogenic diffetertiaf ADSCs.

Since the chondrogenic differentiation media was supplemented with a high concentration of
TGFb 1, there was increased proliferation on bo
The proliferation ratio for PCL during initial growtlperiod (D7/D1)is lower to that during the
differentiation period (W3/W1) (Figure 8b). Further, the proliferation ratio of NW during growth
period (D7/D1) is also lower than that during the differentiation period (W3/W1) (Figure 8b). This
increase in proleration is due the presenceof TBFL i n t he di fferentiati on

Figure 6. Representative SEM images of ADSCs on PCL and NW after 1, 4, and 7 days of
culture. The high magnification images on NW show cell extensions and adhesion sites
between the ADSCand the individual nanowires.
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Figure 7. (a) Representative immunofluorescence images of ADSCs on PCL and NW for
sox9 (green), actin (red) and nuclei (blue) after 1, 2, and 3 weeks of culture in chondrogenic
conditions; b) Representative immunofluorescence images of ADSCs on PCL and NW for
col2 (green), actin (red) and nuclei (blue) after 1, 2, and 3 weeks of culture in chondrogenic
conditions. Percentage of Flfl@beled sox94d) and col2 p) were normalized by total
numbe of cells within a particular image.
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Figure 8. (a) Average cell counts on PCL and NW after 1 and 3 weeks of culture in
chondrogenic conditions. Cell nuclei were counted using DAPI fluorescence and ImageJ
software [45]; b) Comparisons of proliferation ratios between the growth period (D7/D1)
and the differentiation period (W3/W1). Asterisks (*) above data pairs indicate statistical

significance using-val ue | ess than U = 0.05.
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In addition to observing protein expressiaa immunofluorescence, ADSCs were stained using
alcian blue for early differentiation and extracellular matrix production (Figure 9). Alcian blue is a
polyvalent dye that is used to stain for acidic polysaccharides such as glycosaminoglycans (GAGSs) anc
sulfated glycosaminoglycans (sGAGs). These polysaccharides are widely present in all connective
tissues and especially in both articular and hyaline cartilage tissue. After 1 week in chondrogenic
differentiation conditions, both surfaces had little to reonstg of alcian blue, however it is evident
after 3 weeks in chondrogenic differentiation conditions, both surfaces showed alcain blue staining
indications that GAGs were expressed on the surface. alcian blue staining followed the same trend tha
was obseved during sox 9 and col2 immunofluoresnce. Although both surfaces showed that GAGs
were present, the PCL had much more alcian blue absorption than NW and therefore, more GAG
production. Although the photos give a comparable qualitative measure of ithettstaalcian blue
was solubilized in 1% SDS to give a quantitative measure of the dye using spectrophotometry.
As expected, both surfaces saw an increase in alcian blue absorption from week 1 to week 3, but the
adsorption on NW was less than PCL.

To further understand the behavior of the ADSCs as they are subjected to chondtifigeaitiation
it is important to look at the role of cytoskeletal organization and cytoskeletal stress. Although
spreading and aligning of the actin filaments of cells &N Bnd within the NW microgrooves is
advantageous for osteogenesis to odd6r47], typical culture methods for inducing chondrogenic
differentiation are done in suspension which involves little stress on the [@&|49. Unlike the
method used in thigwedy, the cells pellets do not endure high cytoskeletal tensile stresses like they do
on NW surfaces. Since the cells are more isotropic on the PCL, there is chnmmdrogenic
differentiatian than the cells that have aligned filaments on the NW.
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Figure 9. Alcian blue (GAG) staining of PCL and NW after 1, 2 and 3 weeks of culture in
chondrogenic conditions as well as quantification of alcian blue absorbance after 1
and 3 weeks of culture. Asterisk (*) above Week 3 indicates statistical significance from
Weelusingpval ue | ess. than U = 0.05
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The cell morphology after 1 and 3 weeks of chondrogenic differentiation was investigated using
SEM imaging (Figure 10). The results indicate higher number of cells on both PCL and NW, however,
cells on NW have extendemorphologies with cellular extension that interact with the individual
nanowires. In the higher magnification images of cells on NW, it is evident that the cells were
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attaching with individual nanowires that allows them to stretch long distances awitvaje across
the surface. In addition, some of the ADSCs interact with the nanowires by embedding themselves
between the grooves of grouped nanowires.

Figure 10.Representative SEM images of ADSCs on PCL and NW after 1, 2, and 3 weeks
of culture in chondogenic conditions.

For surfaces cultured under adipogenic differentiation conditions, ADSCs on different surfaces
were immune abel ed for PPAROD andPRARKmoeguator of fatty &cleli g u
storage and glucose metabolism. It also is known to stimulate lipid uptake and adipogenesis by fat
cells. Adiponectin is a protein hormone secreted by mature adipocytes that regulates the metabolism o
lipids. Adiponectin is &o involved in regulating glucose metabolism and the breakdown of fatty acids.
PPAR2 and adiponect i dabeledk immunoflumreseende edaringthe 3 WeelRsC
ADSCs were cultured under adipogenic conditions.

The percentage of FITC detected dgrimmunofluorescence was normalized by the number of

cells on the particular i mage (Figure 1l1la, b).
was present on both surfaces during all three weeks of differentiation with very low levelsfiost the
we ek . Both surfaces saw a significant increas

average expression on NW, however, not enough for it to be statistically different from PCL. Adiponectin
had a very simil ar b entexressionrwag detectedoh Raih. surfAcds dpriogn e
the first week even though the amount of Hi&Beled adiponectin is relatively low. After the third
week of culture, both surfaces saw a significant increase in adiponectin with slightly more on NW even
though PCL and NW are not statistically different.



