A Method For Promoting Stem Cell Chondrogenesis Technical Field The present invention
generally relates to a method 5 for promoting stem cell chondrogenesis. The present invealso relates
to a cartilage graft. Background Research effortshavebeen focused onthe 10 development of tissue
engineering as an alternative to drug therapy; gene therapy or even whole organ transplant. In
particular, one areafofMisshe@rifhredtngiotdses G e §aldoshendsratncalMatrices, i.e., the
creation of artificial scaffolds to support cells as 15 they grow. These artificial supports have become
more complex with technological developments, transforming them from simple polymer films to
fibrous matrices with decreasing fiber-sizE8ssehel&dd dB4ighed to closely resemble the natural

extracellular matrix(ECM), whichi 20, Supports tissye qrowth andLepaire s + I schepgingering
methods, the tissues used are usually comprised of an assembly of cells entwined or supported by the

ECM. I parfiedlar, BRE Bl of tissGE Foundin VerteBrates s iRciide nefE mESde 2B epithelial,

and connectjvg lissues etg 1 Althqugh-these tissues, i damaged gt-impaired, may be restored via
ex-vivo methods, such treatment methods of defective tissues still remain a significant clinical
challenge. To illustrate further, some of these tissues may possess 30 poor self-regenerative capacity
due to low cellular mitotic activities, low suppi ekgregentor cells and its avascularization. Other
ex-vivo methods explored to overcome the above issues, such as using culture-expanded autologous

cells for defective tfs2883reatmentofETEE notFrofide Kifident dEMSHGF fepaiThe ifitil cells used
for cultwring qeayealsprhe diffieisit te extraet. Ruithermore rex-Vivp expansiai:methadssmay-also result

in the loss of . the cells' functional phenotype 5 which is undesirable.

drug therapy, gene therapy or even whole organ
transplant. In particular, one area of tissue engineering
focuses on the development of artificial matrices, i.e.,
the creation of artificial scaffolds to support cells as

15 they grow. These artificial supports have become more
complex with technological developments, transforming
them from simple polymer films to fibrous matrices with
decreasing fiber-size-scale and designed to closely
resemble the natural extracellular matrix (ECM), which

20 supports tissue growth and repair.

In such engineering methods, the tissues used are
usually comprised of an assembly of cells entwined or
supported by the ECM. In particular, the types of tissue
found in vertebrates may include nerve, muscle,

25 epithelial, and connective tissues etc. Although these
tissues, 1if damaged or impaired, may be restored via ex-
vivo methods, such treatment methods of defective tissues
still remain a significant «c¢linical <challenge. To
illustrate further, some of these tissues may possess

30 poor self-regenerative capacity due to low cellular
mitotic activities, low supply of progenitor cells and
its avascularization. Other ex-vivo methods explored to
overcome the above issues, such as using culture-expanded

autologous cells for defective tissue treatment often do



An alternative approach to defective tissue repair cell substitutes to replace those damaged cells
or 10 tissue-inducingsubstances,suchas growthand differentiation factors, supported on scaffolds may
overcome the limitations mentioned above. It is to be noted that the use of isolated cells, cell
substitutes or tissue-inducing substances alone can 15 only be used when the tissue defects are small
and well containedpThe inwitrecaffroachnite., gedwing dells isalatedifrom thiee origirial bidlogical

surroundings on.suppaorting scaffolds, has become increasingly popular. In.such an integrated
approach, thcéetg/%%s of EC uggg forbzlﬁ)ﬁc%&lazfﬁ%%he ‘Sedffold ?%%Detﬁ%er Wif#%gls% (gic%ong%?cells and
the topographytofdhé scaffold canmptayea pwstal tole iregpigingicellste ghow ssymthesizé sxtracellular
matrix and other biological molecules as well as facilitating the formation of functional tissues. 25 On
top of that, tﬁg]silcll\% ety STmi Cvtjﬁ%h S interz ©

gny! L . : L Lt Na . puehiO CLYD
used for coating may determine how the cells interact within the
micro-ehvironmeant bysallendeg spedifie cell-cell or cell-matrix interactions to occur. In addition, the right

lection of cell types f 2ad t f extraction, high.30 proliferai ity al ith
selection o1 Cel IyPER l‘%#?&%@é%% Oa‘é% o%lc% 2 'OBﬁ'%'QQé”w%ro g‘i@é'{?g ?%%%X@O”Q Wi

the ability of further cel erentiation. In particular, such cells may also respon topographical
cues of the seziffold>suppart thialt sabséguresntly infigencesscelinrolifefationidn differehtiation. Lastly,

the topography, of fhe scaffold suppogtmay,also affectithe cellresponses,iaceq cells,

cell substitutes to replace those damaged cells or

10 tissue-inducing substances, such as growth and

differentiation factors, supported on scaffclds may
overcome the limitations mentioned above.

It is to be noted that the use of isolated cells,

cell substitutes or tissue-inducing substances alone can

15 only be used when the tissue defects are small and well

contained. The in-vitro approach, i.e., growing cells

isolated from their original biological surroundings on

supporting scaffolds, has become increasingly popular. In

such an integrated approach, the types of ECM used for

20 coating the scaffold, together with the selection of

cells and the topography of the scaffold can play a

pivotal role in guiding «cells to grow, synthesize

extracellular matrix and other biological molecules as

well as facilitating the formation of functional tissues.

25 On top of that, the ECM used for coating may determine

how the cells interact within the micro-environment by

allowing specific cell-cell or cell-matrix interactions

to occur. In addition, the right selection of cell types

for use can lead to ease of extraction, high

30 proliferation capacity along with the ability of further

cell differentiation. In particular, such cells may also

respond to the topographical cues of the scaffold support

T

hat subsequently influences cell proliferation and



With regard to the last factor, some important scaffold design principles that have been widely
accepted 5 may include high surface area, biodegradability and biocompatibilitv of the material,
mechanical integrity to maintain the predesigned tissue structure and enable positive interactions with
cells (enhanced cell adhesion, growth, migration, and differentiated function). Several 10 known
scaffold fabrcatiormaethogs; such dsaptiase, separatiamebentegpspinnifg, phierod4opdgraphical effects

on micro-beads prepared by gel formation _have been proposed to improve the positive interactions.
Yet, the proﬁl%?r'}lggfipr%an%%% ?c%)%argpn}ﬁ%/egcth%éleed f;\crel%F%)hepl?rr%ﬁgéLl igsd'egree of spatial control still

persis_ts. Consequéntlyi varigiere withincthe filbeous. ststictu feroftthe ,scaﬁcidemake@ﬁﬁtf_EMt to
investigate the resanse.atite gels ta andom surface tapearaphy, Accordinglyhera s aneed to

develop a 20 topographical sc or tisSue engineering that integrates the“selectio ell types
and ECM used/for coatingithe rar@htopegraphical seaffold solasadenitigatethe dimitatiemsidiscussed

above.  ,Thersisanead tadevsion.ametiod that allows far.25 . seletiye actyafiop and

differentiation of cells on various'topological surfaces. Summary According to a first aspect, there is
provided a 3Gv¥etifodfor Premoling St ceft @hohdpgenesBt EompHsng theStearéulttiring a

population of sterp cells on a-plyralifyatimprints dispesed n g-subsate. saidJmprintsheing _
configured to selectively promote chondrogenesis of the stem cells. Advantageously, by selecting
the type of ifipPititsen theEibsirate, i actidatidreand Biffrrestiafivh of stam cellsfrier 1

chondregeniccanditions may-he selegtively-gentralled..Repending onsthedype,af imprints on the
substrate surface, the chondrogenesils of the stem cells may be increased as compared to that of

identical stefitB&IISGH 8 onfparathvecsutistrate: REt hdWing any fRGHs Rheredh. T &drtirogenesis
of the stem gells may also-be increasedas-ecompared tga surtacerthat bas randem 1 een

nanotopography (that is, a surface in which the nanotopography cannot be predicted or formed
according tPZ deSRES orSrediBRIEF&term)S  PARdVahtagedlsy T &ty TonttSlled nah6-imprints on
a substrate filnyear ke uged agasseaffaldapgheosted achieved and the limited

15 degree of spatial control still persists. Consequently,
variation within the £fibrous structure of the scaffold
makes 1t difficult to investigate the response of the
cells to random surface topography.

Accordingly, there is a need to develop a

20  topographical scaffold for tissue engineering that
integrates the selection of cell types and ECM used for
coating the nano-topographical scaffold so as to mitigate
the limitations discussed above.

There i1s a need to develop a method that allows for

25 a selective activation and differentiation of cells on

various topclogical surfaces.

Summary
According to a first aspect, there is provided a
30 method for promoting stem cell chondrogenesis, comprising
the step of culturing a population of stem cells on a
plurality of imprints disposed on a substrate, said
imprints being configured to selectively promote

chondrogenesis of the stem cells.



15 with an extra-cellular matrix of chondroitin sulfate (CS) for enhancement or promotion of in-vitro
stem cell chondrogenesis for effective cartilage tissue engineering. Specifically, certain types of
nano-imprints enhanced stem cells chondrogenesis while another type of 20 nano-imprints exerted
minimum effects on stem cells chondrogenesis as compared to that grown on a non-imprinted surface
under the same chakdrageaigscanditionsby sMarscadvantageouslyy ¢heofiroviston af-rraneaimprints
induces the gg%chseuclg%tgrrn ells tgggondq:og\gggiignevggén Sg%/o-dimens'onal cor}ditisotn. This is

g ate . Ca iffere on .o m
surprising becausé Stem cells, in particular, mesenchymal stem cells { 3); do ot Gndergo

chondrogenicedifferentiafion indivordimensional condifionieven thesprovisionseffaltt ively

chondrogenicmedia(sychasdexamethasoneand 30 transforming growth factar beta), unlegs
maintained in a format ﬁ1at is coﬁgucwe ?or precartilage efd%densatlon, guéh asina three-almensmnal

pellet célturessysteme Henee)the erethddimay bptidrallycexciude thé stepeof cudturingethe population
of stem cells,gn a flree-dimensional B%”%BHJ%%%@%IS“E@- £ 4%908@‘”9&88‘%%%% d aspgct, there is
all C

provided a cartilage graft comprising a population of stem cells differentiate ondrocytes disposed
on a pluralitgeflikspripis én & substrate v&id smprntsadeing aradgedinancarderetomamier and

configured tq selectively pramaie chongragenesis ofithe,ster cells. Advantageously, the jmprints can

be arranged in an 10 ordered manner, in which the imprints are spaced apart from each other
according tola@emstdalud Son SRS Baitige Giraft, SuckFHaERAs nowWgdssibleso predietaand clearly

define the eggﬂggfogg%%!hg}won(jrggggesisi@gt wauld gegLi onthe cartilage graft. Hence, this 15

ensures that the extent of stem cell chondrogenesis can be selected and reproducible,leading to

greater certalAfAVREP R RANNG ataPilade gRIFEB IR e Wehree sf stehféslBcHondrogenesis.

20Definitiong gesired or predictive pattern).

Adwvantageously, spatially-controlled nano-imprints
on a substrate film can be used as a scaffold and coated

15 with an extra-cellular matrix of chondroitin sulfate (CS)
for enhancement or promotion of Iin-vitro stem cell
chondrogenesis for effective cartilage tissue
engineering. Specifically, certain types of nano-imprints
enhanced stem cells chondrogenesis while another type of

20 nano-imprints exerted minimum effects on stem cells
chondrogenesis as compared to that grown on a non-
imprinted surface under the same chondrogenic conditions.
More advantageously, the provision of nano-imprints
induces the attached stem cells to chondrogenesis even in

25 two-dimensional condition. This is surprising because
stem cells, in particular, mesenchymal stem cells (MSCs),

do not undergo chondrogenic differentiation in two-
dimensional condition even with the provision of full
chondrogenic media (such as dexamethasone and
30 transforming growth factor beta), unless maintained in a
format that is conducive for precartilage condensation,
such as 1in a three-dimensional pellet culture system.

Hence, the method may optionally exclude the step of



The following words and terms used herein shall have the meaning indicated: The expression
"oromoting stem cell chondrogenesis" as used herein, is to be interpreted broadly to refer to 25 an
increase in the differentiation of stem cells, such as mesenchymal stem cells, into chondrocytes. This
enables increased cartilage formation, enhanced production of cartilage matrix and/or increased
cartilage repaidl Theitepm "stem celigdus &abeinterpretestiroadhye=30 to refer toaundifiereatiated cells

that have thgipnc%%rmsti{até fo iﬁeéelrltiea%e (i:nl'ﬁ dm:eeregt ceclletlxpes. The stem cells are able to self-renew in
7 X

the sense that they can mlgr%te to areas of injury t%sgenerate daughter cells that can undergo terminal
differentiation into Aorethiiim@né distincteslbplienstypecAs sttty stem eellscanieihdnce the

regeneration. ot fepaic.af a diseased oy damaged tissue ofintetest, The gem.eallmay e g pluripotent
stem cell or a mu tipo?ent emcell. ~ “The term "mesench stem cell" refers o a muﬁipotent stem cell
that can différenfiatesinto astedblastsrchondrdcyte- AyerytesiandadipocytesrwWhierreferfing to bone
or cartilage, MSCs,are cammonly, knawn,as osteoehondrageni.osteqgenic, chondrogeng, Or 10
osteoprogenitor cells, since a single MSC has shown the ability to differentiate into’chondrocytes or
osteoblasts ddependingoh themediumnd  Thefégivretbndfocyese referstotes eapare found in

cartilage. C@{gg{ggggglpégq%eoapdcg{@irgg@ghgelﬁ%artilaginous matrix, which consists mainly of

collagen and proteoglycans. From least to terminally 'diff'erentiated, the chondrocytic lineage is (i)
Colony-forming un®HbrEBIASIICERLE); (ihMeseRBRYMEFstERtellihardhAstEsttal €8Il (MSC); (iii)

chondj@cytgb@@gl%h (i\’r)a_!i%)@fi,r()pﬂff‘ CJ;}Q@@@@CM{QJ%M&EQO@{%Qegggi&;E@fee(%ggft}be formation
of new cartilage from cartilage forming or chondrocompetent cells.

Theterm"biotbRipatiiématerraiGstoEintarpidtad Broadly t6'féferfsia matetal thafwotidthot

cartilage graft, such that it is now possible to predict
and clearly define the extent of stem cell chondrogenesis
that would occur on the cartilage graft. Hence, this
15 ensures that the extent of stem cell chondrogenesis can
be selected and reproducible, leading to greater
certainty when fabricating a cartilage graft to have a

desired degree of stem cell chondrogenesis.

20 Definitions
The following words and terms used herein shall have
the meaning indicated:
The expression “promoting stem cell chondrogenesis”
as used herein, 1s to be interpreted broadly to refer to
25 an increase in the differentiation of stem cells, such as
mesenchymal stem cells, into chondrocytes. This enables
increased cartilage formation, enhanced production of
cartilage matrix and/or increased cartilage repair.
The term "stem cells" is to be interpreted broadly
30 to refer to undifferentiated «cells that have the
potential to differentiate into different cell types. The
stem cells are able to self-renew in the sense that they
can migrate to areas of injury to generate daughter cells

that can undergo terminal differentiation into more than



25 induce an immune response (such as excessive fibrosis or rejection reactions) if transplanted or
introduced into a biological system. The term "selectively" refers is the ability to select or choose the
extent or degree of stem cell 30 chondrogenesis by adjusting the topography or imprints that the stem
cells are grown on. The extent or degree of stem cell chondrogenesis may be one of high
chondrogenicrpotedtialtairiow chendrogehierpotenttal, when comparedstoeidentieallstenceells grown on

a sgbstrate ré(?’%gar\l/i@ ag¥h top}ggraen@rpé/rorgmcgﬁintsé ;[:h_erggna'jlige_t%rgn "gan%ignspégléigg IithOolgraphy" IS to
be interprete roa%lry no ihiudé a y met 6d Tor printing o?creatmg a pattern or structure on the
micro/nanosdalegrethe surfacesof @ Substratertmsapplyifigea nsdldwithra defined ympriat Pattern or

e o S EUECR LTI o o el el pognomoning oo

5 The term Tmesenchymal stem cell” refers to a

multipotent stem cell that can differentiate into

osteoblasts, chondrocytes, myocytes and adipocytes. When

referring to bone or cartilage, MSCs are commonly known

as osteochondrogenic, osteogenic, chondrogenic, or

10 osteoprogenitor cells, since a single MSC has shown the

ability to differentiate into chondrocytes or
osteoblasts, depending on the medium.

The term "chondrocytes" refers to cells that are

found in cartilage. Chondrocytes produce and maintain the

15 cartilaginous matrix, which consists mainly of collagen

and proteoglycans. From least to terminally

differentiated, the chondrocytic lineage is (i) Colony-

forming unit-fibroblast (CFU-F); (ii) mesenchymal stem
cell/marrow stromal cell (MSC); (iii) chondrocyte; and
20 (iv) hypertrophic chondrocyte. The term "chondrogenesis"

refers to the formation of new cartilage from cartilage
forming or chondrocompetent cells.
The term “biocompatible material” is to be
interpreted broadly to refer to a material that would not
25 induce an immune response (such as excessive fibrosis or
rejection reactions) 1if transplanted or introduced into a
biological system.
The term “selectively” refers to the ability to
select or choose the extent or degree of stem cell
30 chondrogenesis by adjusting the topography or imprints
that the stem cells are grown on. The extent or degree of
stem cell chondrogenesis may be one of high chondrogenic
potential or low chondrogenic potential, when compared to

identical stem cells grown on a substrate not having any



10 include any dimensions that are in the range of about I ifimi to about 200 Rm. The term.
"microstructures” as used herein, refers to imprint structures comprising "microscale” features. The
term "nanoscaie” i.s to he interpreted to in 15 any dimensions that are below about 1 rim. The term
"nanostructures” as used herein, are inorint structures comoishrp vnanescale" or "submicron"” features.
Theword"substantialy’dgesnotexclude: tcompletely’re. u. atBcmphifionwhich ks *sulbbshngoup’ 20

free" from Y.may be completely free from 1. Where necessary, the word "substantia be omitted from
om Y May 9€ COMPIGLEL. om 1, Where necessaty, the word ANna .
the definition b?ﬁ%glﬁ%n on.° %ﬁlesé5 spl(?m ied 5tﬁe?W|se, the terms 'Qco'F“nanflsTilngea and ycomprlse",

and grammaticahvdridits thereof; ang 251intended topepreserit epen'cor "#iclusiedangurage such
that tney incg{gee r c{tgg Oe)g%gggscglitealsgrpergﬂgnc%&r%ggadgi%iongl, @Jﬁgk}%%g ments. As used
: S .

herein, the term "about", in the context of concentrations of components of the formulations, 30
typicallyp meaps +1-55% of the staletl vatdémore typicallpef 4%af therStaterhvalasrmoretypically +1-

3% of the stated yalue more typigally. £(; 224 0 the stated. yalye, even more typically +/;,4% of the

stated
pressure. A method of nanoimprinting lithography can be

referred from US Patent Number 5,772,905.
The term “microscale” 1s to be interpreted to

10 include any dimensions that are in the range of about

w 144

1 {(um) to about 100 pm. The term “microstructures” as
used herein, refers to imprint structures comprising
“microscale” features.

The term “nanoscale” 1s to be interpreted to include

15 any dimensions that are below about 1 um. The term
“nanostructures” as used herein, are imprint structures
comprising “nanoscale” or “submicron” features.

The word “substantially” does not exclude
completely” e.g. a composition which 1is
20 free from Y may Dbe completely Zfree from Y. Where

necessary, tThe word “substantially” may be omitted from

the definition of the invention.
Unless specified otherwise, the terms "comprising"
and ‘'"comprise", and grammatical variants thereof, are

25 intended to represent "open" or '"inclusive" language such
that they include recited elements but also permit
inclusion of additional, unrecited elements.

As used herein, the term "about", in the context of
concentrations of components of the formulations,

30 typically means +/- 5% of the stated wvalue, more
typically +/- 4% of the stated value, more typically +/-
3% of the stated value, more typically, +/- 2% of the

stated value, even more typically +/- % of the stated



value, and even more typically +/- 0.5% of thestated value. Throughout this disclosure, certain
embodiments may be disclosed in a range format, It should be understood 5 that the description in
range format is merely for convenience and brevity and should not be construed as an inflexible
limitation on the scope of the disclosed ranges. Accordingly, the description of a range should be
considered toshave, speotfically elisclosed alktheil(ipdssible’ suberangesces welkasstdividdal numerical
values within that range. For example, description of a range such as from 1 to 6 should be considered
to have spegiﬁcéllﬁ/'disclosed sub-ranges such as from 1 to 3, from 1 to 4, from 1 to 5, from 2 to 4,
from 2 to 6, from 1513rtousbtey s telkasdndividvah nembersniithin thathadge dotexamyple, 1, 2, 3, 4,

5, and 6. This appligs [egardless ofthe breadih gl fheange. ., Geftainembodimentsmay also be
described broadly an generlcaﬁly herein. Each of the narrower species and 2 subgeneric groupings
falling Withirtthetgerigrie diselesurerdldeformipart oftigedis€losues: Thissinchsdes!thie generic

description of the %@%%QJ@GQ{?@WEQM 921'581% ”,SH%‘%M%'"H%%t_i%‘ere&‘%}’é'}%% sujectmatter from
the genus, regardefess of whether or not the 25 excised material is specifically recited herein. Detailed
Disclosure offEmbadiments 1 imExemplary, ton-limitihg embbdiments of aeamethbdfbppromoting stem

cell chondragenesis will nowbe dislosed; 30 The methad for promoting stem.gell ahpngrogenesis

comprises the step of culturing a population of stem cells on a plurality of imprints disposed on a

substrate, tHeCIrHES BEing EBnfiglifedto sERIEVERIFbAOte chiottog@ttsis®f the sté cells. As

such, he disclosed, mnethad provides a means tgselect the degree.of ghondrogenesis of the stem
cells by choosing the type of imprints that will result in the desired degree of chondrogenesis. Hence,

thBrnayaﬂ&ﬁbﬁ%ﬁeﬁ&%ﬁ%ﬂythat range. For example, description of a

range such as from 1 to 6 should be considered to have

gspecifically disclosed sub-ranges such as from 1 to 3,

from 1 to 4, from 1 to 5, from 2 to 4, from 2 to 6, from

15 3 to 6 etc., as well as individual numbers within that

range, for example, 1, 2, 3, 4, 5, and 6. This applies
regardless of the breadth of the range.

Certain embodiments may also be described broadly

and generically herein. Each of the narrower species and

20 subgeneric groupings falling within the generic

disclosure also form part of the disclosure. This

includes the generic description of the embodiments with

a proviso or negative limitation removing any subject

matter from the genus, regardless of whether or not the

25 excised material is specifically recited herein.

Detailed Disclosure of Embodiments
Exemplary, non-limiting embodiments of a method for
promoting stem cell chondrogenesis will now be disclosed.
30 The method for promoting stem cell chondrogenesis
comprises the step of culturing a population of stem
cells on a plurality of imprints disposed on a substrate,
the imprints being configured to selectively promote

chondrogenesis of the stem cells. As such, the disclosed



5 and reproducibility when growing the stem cells on a scaffold or support to form an artificial tissue in
vitro. The imprints may be arranged in an ordered manner on the substrate. The imprints may be
arranged in an 10 ordered array on the substrate such that the distance between adjacent imprints is
of a set value. This distance may be obtained by measuring the distance between the center of one
imprint and thecbenter gfamotlierampant thietsis adjatent te tesfirst infgrint. 18<Bheeenterfto-center

distance between.adjacent imprin be the sam the center-to-centey dis of @nother pair
of adjacent %Irr%lgrrllr%%.d }% B‘%\E’iiﬁg tﬁg irrr?sgléntg’ %neinn %Sd%fgd %%n%?alrg 8%%&% ngotgln ?{ngrgdo?n
configuratiomythie irhprintstoan bevrieproduciblelduchiz0 tHat¢he éxtent of degresrsfsternicell

Ch_ondrogengﬁién‘%{!f%‘%mﬁé‘{‘és. cag.oceur ingg prediglive manner. The imprnts.may be o.the
micro-scale or may b€ in the nano-scale. The imprints may be in the micro-scale in which at least one
dimensfon cfitite imprncieight 125 lengthh@idthgbreadty or diemetdrymay beé ¥ themicro- scale

(herein after terrmed as "mjgro-imprat). The micrg -imprint may be;selected fram the graup consisting

ofmicro-pillar, micro-hole, micro-grill, micro-wire and micro-tube. The imprints may be in the
nano-scale ir2Z0-@hich at least one dimension of the imprint (height,

The imprints may be arranged in an ordered manner on

the substrate. The imprints may be arranged in an

10 ordered array on the substrate such that the distance
between adjacent imprints 1s of a set wvalue. This
distance may be obtained by measuring the distance
between the center of one imprint and the center of
another imprint that is adjacent to the first imprint.

15 The center-to-center distance between adjacent imprints
may be the same as the center-to-center distance of
another pair of adjacent imprints. By having the imprints
in an ordered manner (that is, not in a random
configuration), the imprints can be reproducible such

20 that the extent or degree of stem cell chondrogenesis on
the imprints can occur in a predictive manner.

The imprints may be in the micro-scale or may be in
the nano-scale. The imprints may be in the micro-scale in
which at least one dimension of the imprint (height,

25 length, width, breadth or diameter) may be in the micro-
scale (herein after termed as “micro-imprint”). The
micro-imprint may be selected from the group consisting
of micro-pillar, micro-hole, micro-grill, micro-wire and
micro-tube. The imprints may be 1in the nano-scale in

30 which at least one dimension of the imprint (height,
length, width, breadth or diameter) may be in the nano-
scale (herein after termed as “nano-imprint”). The nano-
imprint may be selected from the group consisting of

nano-pillar, nano-hole, nano-grill, nano-wire and nano-



length, width, breadth or diameter) may be in the nano- scale (herein after termed as "nano-imprint").
The nano- imprint may be selected from the group consisting of nano-pillar, nano-hole, nano-grill,
nano-wire and nano- tube. In general, stem cells grown on nano-imprints show a higher chondrogenic
potential than stem cells grown in micro-imprints. Where the nano-imprint is a nano-pillar,the diameter
of the nano-pillae mayrhegnaitke sdngessfabout 10 smotocaboud 500any abopt 18 nae tehbeut 300 nm,

about 200 ngn tgiat}?gt 3(;):9bcr)lrrln and S‘QQ“t 200 nmttjg 3#0%2%0 nrtnérjnn %n%%nbogim%mt, itple diameter
of the nano-pillar ﬁinay%e a ou?]é% Am. The pi?gh of the nano-pﬁlar mayebe in the 19 range of about
100 nm to aboatrt000npmiabeut 100 nm to about 500 nm, about 500 nn to about 1000 nm and about

400 nm to about 600 nm. In gne embodiment, the pitch of the Qano{g%%_ ay;be about 500 nm. The
00 rim, about 10 nm to about

. Nano- LHpr T 1 1
height of the nanopillar may be In the range of about 10 nm to about
300 nm; abolit 200w te abcute300nm apdlabout 280 nhretoiaboub 500 #ing4n ofie @mbotdiment, the
height of the,Rangpilar miay,he abot g0 M.l is tnfoe preciated hat e ahoveiagges are ot
particularly limited and can be adjusted as desired. 20 Where the nano-imprint is a nano-hole, the

diameter of &Onano-iiole #rgribe iPtherrangedf abontl0atA teabegt 5000mHA, atfdut 20 rim to about

300 rim, about 200.nm {9, 3RQUL3Q0 nm;ANd:abgut 200 nip to 40Ut 500 rimy i one embgdiment, the

diameter of the nano-hole may be about 25 225 rim. The pitch of the nano-hole may be in the range of
about 10 rinRleraisout 500%n, aborit P6 Fifitocdb ot 800#AS, dbblit 300 Y toPgbot# 4GEFim and

about 300 nm,to-aboyt SAQ 5. In gBe ambedimant, the digmpetar,of the napo-hele may be about 300

nm. The height of the nano-hole may be in the range of about 10 rim to about SOO rim, about 10 rim
to about 30GRRY BbeGC30TrimAtedbout 460 A &Rd aBBHIE3GF AM BraLRE 560t IrF BAe

embodiment,the-beighfnfithe;pana:hole mayhe aba O0Fim It istedep apprecigted:that the above
ranges are not particularly limited and can be adjusted as desired. The nano-imprint may be a
nanogrill haWig PbhdrRddinEPakis Bfat Bhits alof§ théengtf 8fthe?eight of  the

nancpillar may be in the range of about 10 nm to about
15 500 nm, about 10 nm to about 300 nm, about 200 nm to
about 300 nm and about 200 nm to about 500 nm. In one
embodiment, the height of the nano-pillar may be about
250 nm. It is to be appreciated that the above ranges are
not particularly limited and can be adjusted as desired.
20 Where the nano-imprint is a nano-hole, the diameter
of the nano-hole may be in the range of about 10 nm to
about 500 nm, about 10 nm to about 300 nm, about 200 nm
to about 300 nm and about 200 nm to about 500 nm. In one
embodiment, the diameter of the nano-hole may be about
25 225 nm. The pitch of the nano-hole may be in the range of
about 10 nm to about 500 nm, about 10 nm to about 300 nm,
about 300 nm to about 400 nm and about 3200 nm to about
500 nm. In one embodiment, the diameter of the nano-hole
may be about 300 nm. The height of the nano-hole may be
30 in the range of about 10 nm to about 500 nm, about 10 nm
to about 300 nm, about 300 nm to about 400 nm and about
300 nm to about 500 nm. In one embodiment, the height of

the nano-hole may be about 300 nm. It 1s to Dbe
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5 nano-grill and being perpendicular to the width of the nano-grill, the longitudinal axis being parallel to
the surface of the substrate. The width of the nano-grill may be in the range of about 10 nm to about
500 nm, about 10 nm to about 300 nm, about 200 nm to about 300 nm and 10 about 200 nm to about
500 nm. In one embodiment, the width of the nano-grill may be about 250 nm. The spacing between
adjacent nanpigrils {ertthé centertoitenterdistencepmay bhe irthe range i aboutlG ainto about 500
nm, about 19 nm fo gbo“?%oaﬁ% gbog{t.%%(%gg to atgjpeué 1}?@?%)0 nm and about 200 mm to about 500
nm. In one emglocﬁmen?ﬁ e Spacing SFthe nano-grﬁl may be about 250 nm. The height of the
nano-grill (as meastired froantheilbgitoin of thesandsgrill to theaop eftheldand:grildrgay be in the
range of abaut 10.nm to about 500 20,.nm, about 10 nm to-about 200 nm, abaut 10Q nm to about 500
1 and about L0 ik (5 Amoul 306 i - ong oM, (b heliht Of (o Aans-gri ey be about
150 nme It isterbe- gppretiatedthdt¢he abovemamyes ave aot particlagly limited and capiise adjusted
o st elad WY compec (e.slep oLiorDadne s ondhe sbeIRe. The
forming step is not particularly limited and may include any technique that is capable of forming an
ordered set eflipdgrirtts o a stisstrate Exentplary tebhaiquesitdfom thehitmpriaesoro3s-the substrate

may include,fhermal ngnojmarinting.or nancimpyint lithography, 5y o thesmal jmpringing, or
nanoimprint lithography, a mold having an imprint forming surface may be used. The mold may be
made of a micleridl tHak isi&lsle to Withstald the@fevatsPteMbefdurigsdd diltthgimpRatihg and may

be selggted frgm, the greHP GANSISING BESiliconmetal, glass, quartz, cranie Rk geMbinglions thereof.

The imprint forming surface of the mold may comprise imprints that are the inverse of the imprints that
are to be forfiéton fe SUB BB Themold May b&preset ontord sibistraieat aRRARET

temperatureg pregsure apa/ps time:in erderto;formmthe imprints op the substrate TyRically,-an elevated
temperature is used to at least 10 partially melt the substrate, forming a molten melt that can flow and

conform to tHé ShAPEdf tEMhoRE This Ma§ afdHFENSUFng RS Ethe ImpPFintsCard¥eHheP 81 the

substrate. In\gne embadiment, an imprintingdemperatuig 80€pa0dmprintingpressuteLf 60 bars, and
an imprintin%15 duration of 5 minutes may he used. The mold may be held together with the substrate

for a stfficient Peridd of B to%Erule tat the Mhprift2 aréF6Phted 6f the Blibstrat8 befdle demolding
the mold froenthessihstrate. Yhen semoldity the moidkfrom the gdrate, the 20 tempasatute is typically
reduced in order to harden the substrate. In one embodiment,_the (Lemolding temperature may be
room tempefatire Fhe Mofd aHtSF SubStrate Hay B trested With Shtantistichin dgert Before
imprinting inorderte aichthe demelding ok the-mold front the 2hesubsitates £ e methed may
comprise the Steﬂ?f coating the jmprints with a chongrorggnic indluOcin aggnt. The c@or%dor genic
inducing agéﬁlmay b&'3electad f‘r%mttﬂ% gFo%npgc?on%isti 0 8F¢hondroitih st phaa]?éj,%erum- ree

20 nm, about 10 nm to about 200 nm, about 100 nm to about

500 nm and about 100 nm to about 200 nm. In one
embodiment, the height of the nano-grill may be about 150
nm. It is to be appreciated that the above ranges are not
particularly limited and can be adjusted as desired.

25 The method may comprise the step of forming the
imprints on the substrate. The forming step is not
particularly limited and may include any technigue that
is capable of forming an ordered set of imprints on a
substrate. Exemplary techniques to form the imprints on

30 the substrate may include thermal nanoimprinting or
nanoimprint lithography.

In thermal imprinting or nancimprint lithography, a
mold having an imprint forming surface may be used. The

mold may be made of a material that is able to withstand
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30 DMEM, ascorbate, dexamethasone, L-prcline, sodium pyruvate, antibiotics and recombinant human
transforming growth factor pl. The chondrogenic inducing agent may be immobilized as a layer onto
the substrate. The chondrogenic inducing agent may be immobilized onto the substrate by chemical
bonding or conjugation with appropriate chemical functional groups on the substrate surface. For
example, if theecheddrogenit inthrcirgragentas chondraitine sulphatepthersubsyratersuirfaceymay be 5
treated with.an ami lution in order to form an aminolyzed surface._The aminolyze rface may be
then treated ith a ggr %%(l%m?d%osgoh%én %rdp&?on%?&ts?rji %Zﬁfb%%tesgrh&%h%& |i’rni}§1<§3 sgosﬁt’ion functions
to activate thg sarboxylaid groupsqereseriton the chondivitia L0 suiphatérsgasio alldkthe

activated" chondroffin sulphate to cayalently bind with the amino.functignal groups op.the substrate
surface in orcﬁg2 to form a ayer%hereon the substrate. The method ma!)?‘{gc%mperise tﬁ%%tep of choosing
the 15 SubstratHroara bidésmpatiblepolymef. Thabiodompatitle pdipmer raay betselebted from the

group consisting-af.carhomey, p@&%‘&'@&‘éeg!yc%é’oHé@@e&éip'yﬁétl%r%%ys%tﬁero%@a%hyd”de’

polyacrylate, polyvinyl acetate,polycarbonate,polyvinyl pyrrolidone,poly 20 carboxylic acid, poly
hydroxyacids pblygames/saccharide pehpshrticriate inikiies ahdcopelmersdf the polyiters and

monomers thereof, Af.exemplary bigcempgaijble polymerpay be selected from the-group consisting of
polycaprolactone, polymethyl methacrylate, polycarbonate, 25 polylactic acid and

poly(lactic-cEX¢Hlie Heid).2n  THEWTROU rhgfRdRpriséthelstep6fselectingthe S&#F Eells from

the greyp consistingof megsenchymal siemoells caeuralstemeells, haemepoisticisterpicglls,
endothelial stem cells and adipose-derived stem cells. 30 The method may comprise the step of
selecting thé fpe of Aipriits aEEBtamigto e d&Sired tiyfedf St8fh cBR thondrogendsds! When the

imprints are NpAo-pilarsasnanerjoles; the stem cellggnay selectively differentiatejntoceliswith
highchondrogenic , , o
substrate. In one embodiment, an imprinting temperature

80°C, an imprinting pressure of 60 bars, and an imprinting
15 duration of 5 minutes may be used. The mold may be held
together with the substrate for a sufficient period of
time to ensure that the imprints are formed on the
substrate before demolding the mold from the substrate.
When demolding the mold from the substrate, the
20 temperature 1is typically reduced in order to harden the
substrate. In one embodiment, the demolding temperature
may be room temperature. The mold and/or substrate may be
treated with an anti-stiction agent before imprinting in
order to aid the demolding of the wmold from the
25 substrate.

The method may comprise the step of coating the
imprints with a chondrogenic inducing agent. The
chondrogenic inducing agent may be selected £from the
group consisting of chondroitin sulphate, serum-free

30 DMEM, ascorbate, dexamethasone, L-proline, sodium

pyruvate, antibiotics and recombinant human transforming

growth factor Pl. The chondrogenic inducing agent may be
immobilized  as a layer onto the substrate. The

chondrogenic inducing agent may be immobilized onto the
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potential, when compared to stem cells cultured on a substrate not having any imprints thereon. When
the imprints are nano-grills, the stem cells may selectively differentiate into cells with low chondrogenic
potential., 5 when compared to stem cells cultured on a substrate not having any imprints thereon. The
different types of differentiated cells as derived from the various topographical surfaces can be applied
to different canilage type. Foryexanipte,icells withakigher chondrogenityspténtiat canvbe Applied to
hyaline cartilage while. cells with Igw r cho, ﬁro enic potential can be applied to fibrocartilage (which
o ot requi B e 1 e h At Ly be 15
provided on sustatfoid tofolm axartildge graft. theThebcartifagesgraft compvisesia pageiation of stem
cells differentiated,chopdrocytes dispesed oo a p&‘%{é"'tys‘?J}:JQkPEQ{%O”s%‘éLEQZ}ﬁt ?mlgg the

scaffold), the imprints being arranged ih an ordered manner and 20 configured to sefectively promote

chondrégenésisf €ite stehilcells  aAs entionéd above, the inpiiis m&@pbe arrangedrin an
ordered manner, omthe subsiyate; Lhe imprints may pejn the micro-scale gr.may pe in {hg,nano-scale.

The 25 imprint may be a micro-imprint selected from thé group consisting of micro-pillar, micro-hole,
micro-grill, nfiERRWRE aritirhitrodub€ aFempHtdRay Be Bifdsatimphnt selésted front-ade group

consisting otpangspillar, nano-holepanorgrlk hang wire aRd AaRedyBe<3Q Ihe imprinis may be
formed on the substrate by thermal imprinting or nanoimprint lithography as mentioned above. The
substrate may:Be £BiHEEFHRPatibRPSlyMBF SEeEtePFEMIARE crélp cSRSistind eFcaBomer

polyalkylene-glyeels paloxamer spolyester,polysther, npolyanhydride, pojyacrylate,pelyvinylacetate,
polycarbonate, polyvinyl pyrrolidone, poly carboxylic acid, poly hydroxyacid, polygalpolysaccharide,
polycarbonafé! Rixtires aritl cOpBRHErs of the pBRymErstand MiGhorRis thereBf Zn-exemplary

biocompatiblg-polymesmayhe selected friam the-group consistiag of pelycaprelagtong, polymethyl
methacrylate, polycarbonate, polylactic acid and poly(lactic-co-glycolic acid). The substrate may be

coated with 5¥hbRdfodehic SWPstrate.

The method may comprise the step of choosing the
15 substrate from a biocompatible polymer. The biocompatible

polymer may be selected from the group consisting of

carbomer, polyalkylene glycol, poloxamer, polyester,
polyether, polyanhydride, polyacrylate, polyvinyl
acetate, polycarbonate, polyvinyl pyrrolidone, poly

20 carboxylic acid, poly hydroxyacid, polygalpolysaccharide,
polycarbonate, mixtures and copolymers of the polymers
and monomers thereof. An exemplary biccompatible polymer
may be selected from the group consisting of
polycaprolactone, polymethyl methacrylate, polycarbonate,

25 polylactic acid and poly(lactic-co-glycolic acid).

The method may comprise the step of selecting the
stem cells from the group consisting of mesenchymal stem
cells, neural stem cells, haemopoietic stem cells,
endothelial stem cells and adipose-derived stem cells.

30 The method may comprise the step of selecting the
type of imprints according to the desired degree of stem
cell chondrogenesis. When the imprints are nano-pillars
oxr nanoc-holes, the stem cells may selectively

differentiate into cells with high chondrogenic
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10 inducing agent selected from the group consisting of chondroitin sulphate, serum-free DMEM,
ascorbate, dexamethasone, L-proline, sodium pyruvate, antibiotics and recombinant human
transforming growth factor pl. The substrate may he coated with the chondrogenic inducing 15 agent
as mentioned above. The population ofstem cellsdifferentiated chondrocytes may be derived from
stem cells selectadfiamn thewdreup consisiingdf mesenckymat stehs cells, Ineuralssteomcells,

haemopoietic stem cells, end%the{ilal stem 20 cells and adi ose-q%rlived stem %gshancgg{iaxtures
rti

thereof. %’He%%é:mtc%llsra?f erenﬁgtéla%ho%%}focyjfén? on tteS ca aegreegraft may%ave a morphology

selected frornthe growpreurd cemsistingoimerpholegy potygonal 25 mosph oteghearnd sgingle
morphology. iff,The c%rtil e g{g{j{(oma}yeeﬁ)vide‘ gur{ra%e f&[l cggu%gjinous tissue fg;rggt’ion and/or

. = ¥ oLen .
other tissue formation such as bone growth or repair. The cartilage grait may be implantable in a

patient in needethereofi 30 Ele cartilageyraferhay bealdomponent ofa prostietie fimbn®he cartilage
graft may b X gr ; rtilage_qr. y comprise,.i ition to opul ti@n of stem
%ﬁ’%ﬁo §Ey 1[s Gatilage, graft may Erﬁ’é ﬁTf%%qé%(e%{:co e%‘%é) a?

cell differentiat ndrocytes, genetically engineered cells that are s biological agents
such as protirfst grewthifactols, exeadellulapmatridenatedals (stichras colfagen vafildronectin) or

other chondiqgenesis stimulating.agents that are necessary g form the castilage geaft. These

biological agents may function to guide cell growth, synthesize extra cellular matrix or other biological
molecules, dinkfatiitae forfigiion of iPEtiorkFdigsues, cells with a higher

10 chondrogenic potential can be applied to  hyaline
cartilage while cells with lower chondrogenic potential
can be applied to fibrocartilage (which do not require
collagen type II formation) .

The stem cells differentiated chondrocytes may be

15 provided on a scaffold to form a cartilage graft.

The cartilage graft comprises a population of stem
cells differentiated chondrocytes disposed on a plurality
of imprints on a substrate (forming the scaffold), the
imprints being arranged in an ordered manner and

20 configured to selectively promote chondrogenesis of the
stem cells.

As mentioned above, the imprints may be arranged in
an ordered manner on the substrate. The imprints may be
in the micro-scale or may be 1in the nano-scale. The

25 imprint may be a micro-imprint selected from the group
consisting of micro-pillar, micro-hole, micro-grill,
micro-wire and wmicro-tube. The imprint may be a nano-
imprint selected from the group consisting of nano-
pillar, nano-hole, mnano-grill, nano-wire and nano-tube.

30 The imprints may be formed on the substrate by thermal
imprinting or nanoimprint lithography as mentioned above.

The gubstrate may be a Dbiocompatible polymer
selected from the group consisting of carbomer,

polyalkylene glycol, poloxamer, polyester, polyether,

14



The cartilage graft may be a two-dimensional nano- 10 topography scaffold. The cartilage graft may be
constructed into a three-dimensional scaffold, which may lead to higher stem cell chondrogehesis.

The cartilage graft may be used to treat a patient suffering from a disease or disorder selected from
the group consisting of osteochondritis dissecans, traumatic chondral fracture of the knee,

osteoarthritispdghondydplasia,costocipandriisirelegpseg polyvinyl acetate,
polychondrltl%iho%drrgma dchondr_cgsarcon?.The cartl?]gi1 O%rgft ma O’i\Iso bgau ed fo correct

congenital 20-edrs And nose defe&ts in Children of Used n r inoplas su}/gery. l%Qlyf'r\/ere IS also

provided a methdd of treatingya patiertshaming/a distase or disdrdee $elettetkfromaine geoup
consisting of oste dritis dissecans, traumatic 25 chondralfractureoftheknee,osteoarthritis,
achondropla%%aﬁ,yc%%t@cjgc%o%%ﬁﬁs, re %gé'lir%gva%loléc %n é%??@%ﬁ%mg,gch%ngo a%édfn%g, ear defect
and noSe defect, vomprising thé stesrdf.adndinisterirgthecartilage grafetol theepatieht, B0 Brief
Description Of Drawings The.accompanying drawings illustrate a disglosed embodiment and
serves to exp%gﬁm the princi%?es of the disclosed embodimer#?lt%to be understoo§ however, that the
drawings are@dEsighiedforptiposes pbillEratunlonh tAraotias-g defisition of rediimtits of the

invention. polylactic acid and poly(lactic-co-glycolic acid).

The substrate may Dbe coated with a chondrogenic
10 inducing agent selected from the group consisting of
chondroitin sulphate, serum-free DMEM, asccrbate,
dexamethasone, L-proline, sodium pyruvate, antibiotics
and recombinant human transforming growth factor Bl1. The
substrate may be coated with the chondrogenic inducing

15 agent as mentioned above.

The population of stem cells differentiated
chondrocytes may be derived from stem cells selected from
the group consisting of mesenchymal stem cells, neural
stem cells, haemopoiletic stem cells, endothelial stem

20 cells and adipose-derived stem cells, and mixtures
thereof.

The stem cells differentiated chondrocytes on the
cartilage graft may have a morphology selected from the
group consisting of round morphology, polygonal

25 morphology and spindle morphology.

The cartilage graft may provide a surface for
cartilaginous tissue formation and/or other tissue
formation such as bone growth or repair. The cartilage
graft may be implantable in a patient in need thereof.

30 The cartilage graft may be a component of a prosthetic
limb. The cartilage graft may be a bone graft.

The cartilage graft may comprise, in addition to the
population of stem cell differentiated chondrocytes,

genetically engineered cells that are able to express
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Fig. | is a process diagram of patterning a substrate with nano-topographical features via thermal
anoinprinting. Fig. 2 is a process diagram of the chemical conjugation of chondroitin Sulfate (CS)
on nano-patterned substrate films. 10Fig. 3a is a scanning electron microscopy (BEN) image of the
surface of a bolycaorolactone (PCL) substrate, patterned with nano-pillars. The inset is a magnified
image of thécsarmegThe $caledran o Figs3atis 1aam whiletthahef, theansetis 200G ant. db6Eig. 3b is a
SEM image 6%1; Ehrea%ur al%elofra PHCIZEIL_ supgtra;[[% g}t:tgg esd wiEg na oh%ItS-:‘s. 'I;:rg% se%3 |I§ a rgagnified
image of the same. The Scale bar otfﬁlg. 3b'is 1inn while that of the inset IS Am. Fig. 3cis a SEM

image of thef sinfacescfta RCL @0 subisteate, patierechwitle sanogsitls rithe insegis agragrified image

of the same, The scale bar of Fig. 3c is .m while that of the inset is 200 nm. ig. 3d is a SEM
( th of Fig. 1 p.m while ths e 1N o ﬁ% :
image of the sﬁ%acg%? a n%n-epscsltfaé‘?ﬁfed E%L g&bstrgtee. The scale bar of ,E%. dis 125 Am. Fig.

3eisa S_EMiiﬁrmbegijaé pattermsds ?ChasurfdoensftRign3atcoated With GS: IThe seaterbar, of Fig. 3e is
1 Fig. 3f.is, anfMimage. of the patterned PCL surtace 30,0f Fig, 3b, cogted with,G:3, The scale

bar of Fig. 3fis 1 Am. 3g is a SEM image of the patterned PCL surface of Fig. 3c, coated with
CS. The scale barvfEig. 3g is1dAm.facikigtah¢s a SEVNatagerof theihon-pateiedRPGL surface of
Fig. 3d, coated with CS. The scale bar of Fig. 3h 1 pm.

The cartilage graft may be a two-dimensional nano-

10 topography scaffold. The cartilage graft may be

constructed into a three-dimensional scaffold, which may
lead to higher stem cell chondrogenesis.

The cartilage graft may be used to treat a patient

suffering from a disease or disorder selected from the

15 group consisting of osteochondritis dissecans, traumatic

chondral fracture of the knee, osteocarthritis,
achondroplasia, costochondritis, relapsing
polychondritis, chondroma and chondrosarcoma. The

cartilage graft may also be used to correct congenital
20 ears and nose defects in children or used in rhinoplasty
surgery.

There 1is also provided a method of treating a
patient having a disease or disorder selected from the
group consisting of osteochondritis dissecans, traumatic

25 chondral fracture of the knee, osteocarthritis,
achondroplasia, costochondritis, relapsing
polychondritis, chondroma, chondrosarcoma, ear defect and
nose defect, comprising the step of administering the
cartilage graft to the patient.

30

Brief Description Of Drawings

The accompanying drawings d1llustrate a disclosed

embodiment and serves to explain the principles of the

disclosed embodiment. It i1is to be understood, however,
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Fig. 4 is a graph showing the quantitative amount of 5 CS conjugated on the non-patterned PCL films
at different CS concentration over a period of 24 hours. Fig. 5 is a graph showing the various cell
proliferation profiles on the different nano-patterned CS-coated PCL films in comparison with the
non-patterned 10 CS-coated PCL film at different culture times over a period of 28 days. Fig. Ea
shows the celhatorphology otickzondiggenicanducederespnefymal stem gellisdMSGEs) omthe

CS-coated n. piIIar;l\/{,JIi{moag@r 48 hI%Jrs ig a chongrcggeeﬂc %%culture.fTht séca(léa,é%qtof Fig. 6ais 5

pm. Fig. éjhsotﬁs ﬁ1e cell mo%hoﬁ)gy of ¢ orﬁrogenlc indiiced MSCs on the C5-coated
nano-hole PEL filhreafter48:howrs.in a chondrogenic culture. The scale bar of Fig. 6b is 5 pm. Fig.

Sc shows the cell morphology of chondrogeni r%d ce n the CS- g -grill PC film
after 48 hours in argggiidr(;)gpenié%ultl%e. ﬁjegygs%}a e ba%é\%%%glgc islaé un}fj.%lg%.8 dngﬁnl s the cell
morphdiogy ©fichbomerogenic. 25 indacet- MSBsor e CSlcodted horepattered PTfilmaalter 48 hours
ina chondrqggl%ci%wgt[pl%scale bar of Fig. Ed is 5 um. Fig. 7a is a pictorial representation of
the AFM cantilever used to cam out the indentation on the 30 center of the cell usinc 5 4.5 nm

diameter bead attaERéd to the AFM cantilevesrce ssFig e israpictorial representationicfahe deflection
in the cantil%/&{ja&@a@ieop tgg_ indentation gﬁri%qﬁ%th@@ntr&pf&g@l_@@g the 4.3 diameter
bead attached to the AFM cantilever.

substrate films.

10 Fig. 3a 1is a scanning electron microscopy (SEM)
image o©of the surface of a polycaprclactone (PCL)
substrate, patterned with nanopillars. The inset is a
magnified image of the same. The scale bar of Fig. 3a 1is
1 um while that of the inset is 200 nm.

15 Fig. 3b 1s a SEM image of the surface of a PCL
substrate, patterned with nanocholes. The inset 1is a
magnified image of the same. The scale bar of Fig. 3b is
1 um while that of the inset is 200 nm.

Fig. 3¢ 1is a SEM image of the surface of a PCL

20 substrate, patterned with nanogrills. The inset 1is a
magnified image of the same. The scale bar of Fig. 3¢ is
1 um while that of the inset is 200 nm.

Fig. 3d is a SEM image of the surface of a non-
patterned PCL substrate. The scale bar of Fig. 34 is 1

25 pm.

Fig. 3e 1s a SEM image of the patterned PCL surface

of Fig. 2a, coated with CS. The scale bar of Fig. 3e is 1

Fig. 3f is a SEM image of the patterned PCL surface
30 of Fig. 3b, coated with CS. The scale bar of Fig. 3f is 1

Fig. 3g is a SEM image of the patterned PCL surface

Fig. 3¢, coated with CS. The scale bar of Fig. 3g is 1
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Fig. 2 is a bar graph of the various cell elasticities of the MSCs obtained from the various rs coated
PCL films after 1 day and 3 days of culture, with P(x)=0.0172; P(*)=0.0381; P(**)=0.0124. Fig. 9ais
the rhodamine phalloidin stained F-actin and antil-integrin-stained fluorescent image showing the
F-actin reorganization and FA-Integrin expression of MSC 10 on the nano-pillar PCL film after 3 days
of culture under chéndrogetiic conditionsS.EMhe soaleshardf Figh®a isch4prtteFige®b BEN

immunochemistry image hEowing Ehde F-antic reorga ga lan a,?g VI.-Integrin ex re§si of MSC on 15
the nano-hole P i%ﬁmoaier gdays of cﬁﬁﬁrgeel%ndgelr%ho%%r'ogen?c g’ocnafﬁ%orr}? he scglr(]lagbar of Fig. 9b
is 1 pm. Fig.2%c is ammimmunochemistry image showing the F- actin reorganization and V-Integrin

expression of MSC.Ql 20 jhe gago-gglilgg?@gk%f% %g%yﬁ%%fa%%yﬁgygggr %Q\OM ae&jfc conditions.

The scale bar of Fig. 9c is 1 /Am. Fig. 9d 1s an immunochemistry image showing the F-actin
reorgariizati6¥ andfintegrincexpression oSG o 25the nBflpaitetned RCLIilmaftee Btdays of

_culture und%ghgag@&?pg%q%ti%eghg %ggﬁggr gfgzi‘gg_QQ&}gm. Fig. 10a i§ an
immunochemistry image showing th collagen type Il expression of the MSCs on nano-pillar 30 PCL
film surface.  Fig 1E0b is an irfunéchedisAytimagfecstiowing tHescollagen g || ex@tdssion on
nano*“ﬂeF§¥6@qE%¥§%¥bnA profiles on the different nano-patterned
CS-coated PCL films in comparison with the non-patterned
10 CS-coated PCL film at different culture times over a
period of 28 days.

Fig. 6a shows the cell morphology of chondrogenic
induced mesenchymal stem cells (MSCs) on the CS-coated
nanopillar PCL film after 48 hours in a chondrogenic

15 culture. The scale bar of Fig. 6a is 5 um.

Fig. 6b shows the cell morphology of chondrogenic
induced MSCs on the CS-coated nano-hole PCL f£ilm after 48
hours in a chondrogenic culture. The scale bar of Fig. 6b
is 5 um.

20 Fig. 6c shows the cell morphology of chondrogenic
induced MSCs on the CS-coated nano-grill PCL film after
48 hours 1in a chondrogenic culture. The scale bar of Fig.
6c is 5 um.

Fig. 6d shows the cell morphology of chondrogenic

25 induced MSCs on the CCS-coated non-patterned PCL film
after 48 hours in a chondrogenic culture. The scale bar
of Fig. 6d is 5 um.

Fig. 7a 1is a pictorial representation of the LAFM
cantilever used to carry out the indentation on the

30 center of the cell using a 4.5 um diameter bead attached
to the AFM cantilever.

Fig. 7b i1s a pictorial representation of the

deflection in the cantilever arm due to the indentation



Fig. 10c is an immunochemistry image showing the collagen type Il expression on nano-grill PCL film
surface. Fig. 1.0d is an immunochemistry image showing the 5 collagen type Il expression on
non-patterned PCL film surface. Fig. 10e is a Western blot showing the qualification of collagen
type Il expression of the MSCs on the different PCL films at week 4. 10Fig. 10f is a bar graph showing
the quantification ot dollagéen type i lexpressiomof thé MSCs by ELISA ap weeke4 dandweek 6. Fig.

ha is a bar ggg 5_188‘9"']9@%‘8 quan ig%%tgr%%f t@g eco%%%e% type. || énvarkers expressed by the MSCs

under chondrogenic conditions via the qRT-PCR met af week 2 and week 4 on the various types of
PCL film surfaces. FigFig. Bo isis bargraphshowingrthe goantifichtion ofthe @iggrecan hiarkers

expressed bythe M3¢s under 20 chgndregenic conditians yiathe gRTECR methad.at week 2 and

week 4 on the various types of PCL film surfaces. Fig. 11c is a bar graph showing the
quantifieationst thel SBXY nfarkevs expressed byabie MSCS underchohdogehicrconditiohs via the

gRI-PCR mgﬂ@g_g@é V\@PI/(QZ 25 ggg:%g%@ on tgq yagiggs M)Je[%s_of PCL film surfaces. Fig. lld is a

bar graph showing the quantification of the collagen X markers expressed by the MSCs under
chondrogenic conditichs vithéaRIEPCRIREfBE & welek 2L aAd eekPéntite Varpus Hypes of PCL
ﬁ”nsu”ace%ﬁ%)anti—ﬁ-integrin—stained fluorescent image showing the
F-actin reorganization and pBl-Integrin expression of MSC
10 on the nano-pillar PCL film after 3 days of culture under
chondrogenic conditions. The scale bar of Fig. 9a is 1
pm.
Fig. 9b 1is an immunochemistry image showing the F-
actin reorganization and fBl-Integrin expression of MSC on
15 the nano-hole PCL film after 3 days of culture under
chondrogenic conditions. The scale bar of Fig. 9b is 1
pm.
Fig. 9c 1is an immunochemistry image showing the F-
actin reorganization and fl-Integrin expression of MSC on
20 the nano-grill PCL film after 3 days of culture under
chondrogenic conditions. The scale bar of Fig. 9c is 1
pum.
Fig. 94 is an immunochemistry image showing the F-
actin reorganization and pl-Integrin expression of MSC on
25 the non-patterned PCL film after 3 days of culture under
chondrogenic conditions. The scale bar of Fig. 94 is 1
pm.
Fig. 10a is an immunochemistry image showing the
collagen type II expression of the MSCs on nano-pillar
30 PCL film surface.
Fig. 10b 1is an immunochemistry image showing the
collagen type II expression on nano-hole PCL film

surface.



Detailed Description of Drawings Fig. | is a process diagram showing the patterning of a substrate
surface 2 with nanoimprints 3. A mold 1 with nanoimprints 12 that are the inverse of a desired
nanoimprint 3 is prepared for contact with the substrate surface 2. The mold 1 was initially silanized
with an anti-stiction monolayer and then thermally imprinted onto the substrate surface 2 at an
elevated temperatréaand pressuie -pak0)i ftenaqiesiodsaftime i thedte mpératuregvas reduced in
order to aIIO\C/vOclelrQolging %f thg mq}? 1 f*gomrtgeS sgb%tratgﬁc,urfgce Z%eﬁéonpéger tgle dnc\amolding
step 101, nanmmpﬁn% 3 wéfe formed on the substrate sufface 2. 1 Ig. Z'is a process &iagram
showing theschefrical.conjugation of CS on the nano-patterned PCL film. Here, like reference

numerals that were_prese in the above. _gure are repeated here but with the prime (i) ) symbol.
The substrate surf?clé%évﬁg) the ﬁ%no?ﬁwloriﬁ%%vuv%gcl eiﬁgﬁggt%d i?ﬁmfnggmir%g %%Jﬁfﬁ%n %%‘)S period of
time (step 20%)ardnashedrte foih araminelyzed substrate s - Thé aminelyzed Substratens with
activated any'ggggggps 4 was treated with a carbodiimide solution and CS solution at a period of time
and temperature and then washed in step 20 202 to obtain the CS layer 6, resulting in the CS
immobilized substr&tes7. Exaemples Notiiitng examiplesofmthadnvertionwdll bé X5fuither described

in greater defail by teference ta specific;Examples. which.shoud nof be goastrued as in gny way

limiting the scope of the invention. In the examples, all assays were repeated with a minimum of 3
times. Data Wefé analyzed singSPS S210.08Bsdftware. Standard deviation was calculated by excel

softwarg. Statisticafly signifisant values were defined asyL1)}:(Q5hased on.one-way analysis of
variance (ANOVA and T-test).
of collagen type II expression of the MSCs by ELISA at
week 4 and week 6.

Fig. 1lla 1is a bar graph showing the gquantification

of the collagen type II markers expressed by the MSCs

15 under chondrogenic conditions via the gRT-PCR method at
week 2 and week 4 on the various types of PCL f£ilm
surfaces.

Fig. 1l1b is a bar graph showing the guantification
of the aggrecan markers expressed by the MSCs under

20 chondrogenic conditions via the gRT-PCR method at week 2
and week 4 on the various types of PCL film surfaces.

Fig. 1llc 1is a bar graph showing the quantification
of the Sox9 markers expressed by the MSCs under
chondrogenic conditions via the gRT-PCR method at week 2

25 and week 4 on the various types of PCL film surfaces.

Fig. 11d is a bar graph showing the quantification
of the collagen X markers expressed by the MSCs under
chondrogenic conditions via the gRT-PCR method at week 2
and week 4 on the various types of PCL film surfaces.

30
Detailed Description of Drawings
Fig. 1 is a process diagram showing the patterning

a substrate surface 2 with nanoimprints 3. A mold 1

g

oL

with nanoimprints 12 that are the inverse of a desired
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Cells were obtained from clinical patients. The chemicals were obtained as follows. Alginate, Cad",
EDTA, HA, chondro2 n-6 sulfate, acid organe Il, ascorbic acid, i-proline, dexamethasone, hemotoxylin,
fastgreen, Safranin Oand chitosan were obtained from Sigma-Aldrich (St Louis, Mossouri of the
UnitedStatesofAmerica).2-(N-morpholine)-ethane sulphonicacid(MES),3-dimethylaminopropyl-3-
ethylcarbodiimidel (EDC nand N4y dmwstremnedy@rochiovideatG{NME) wetd e bisiirst-frerheMerck

(Darmstadt, Ger, (P%MEM) fetalgé'a'ﬂ%?ﬂdsa'{ S%‘a{%‘)” (EIPLSSQJ.?#I”)%QL% $UAINUD; oy, o

Eagle' smedlum ovineserum (FBS), 0.05% trypsin wereo talned from Invitrogen(Grand
Island, NewaYdrk of the Uhitad State s af Aimerica).thgpe 151 woHaden (Cor2)vasiolstained from

Vitrogen (Cehgsion, technolagies,, alg Alto, Califorpia of the Ypited %@z%?%%’%ﬁ‘?éica:lﬁ@d

ITS+premix was obtained from BD Bioscience Inc. (Franklin Lakes, New Jersey of the United States of
America). AR BT reagents used wepé bf anditic 20yrades Exadnple i: Prepasation el

Na“m”mﬂnwﬁkgéﬁgéJ@QSwas reduced in order to allow demolding of
the mold 1 from the substrate surface 2 (step 101). After
the demolding step 101, nancimprints 3 were formed on the
substrate surface 2.

10 Fig. 2 1is a process diagram showing the chemical
conjugation of CS on the nano-patterned PCL film. Here,
like reference numerals that were presented in the above
figure are repeated here but with the prime (') symbol.
The substrate surface 2 having the nancoimprints 3 was

15 incubated in an amine solution for a period of time (step
201) and washed to form an aminolyzed substrate 5. The
aminoclyzed substrate 5 with activated amino groups 4 was
treated with a carbodiimide solution and CS solution at a
period of time and temperature and then washed in step

20 202 to obtain the €S layer 6, vresulting in the CS

immobilized substrate 7.

Examples

Non-limiting examples of the invention will Dbe
25 further described in greater detail by reference to
specific Examples, which should not be construed as in

any way limiting the scope of the invention.
In the examples, all assays were repeated with a
minimum of 3 times. Data were analyzed using SPSS 10.0
30 software. Standard deviation was calculated by excel
software. Statistically significant values were defined
as p<0.05 based on one-way analysis of variance (ANOVA

and T-test).
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PCL films were prepared by using a thermo-pressure method. The starting material, PCL beads, were
heat- 25 pressed at 80C, 500 bar for 12 hours in an argon environment, followed by cooling down to
room temperature overnight. The process of Fig. 1 was used to imprint a substrate 2 such as a
PCL film to form the nanoimprints 3 30 on the PCL films. The mold 1 such as a silicon mold was
commercially purchasetsforexampleithe imeld useddte form hanhoagrillspand ranc:holeston the PCL
films were og@i%eid fr m Insti&ruteé osMicir)%eIectr ics(ofSSinga 8Eei)0avqusd the oid ]ggedctGO form
nanopillars on the" 2CL5fwas Obtained from NIL echnoaiogy. The vanous molds were tabricated by
standard micta€lectraicsipracessinthdhémaldswere eleaned by seridation iryacetoneland
isopropanol (IPA), followed by oxygen plasma 5 |%Bfo , 250 mif r.r)ﬁfor 3.minutes..Next, the molds
were silanize‘g‘dg \?Vﬁ))tﬁgalncanti-s iction monolayer (F é\éz’l H% 1%‘(%%1 6f—l)-ﬁléﬂar}f(laﬂg)ll?(;%dbé%)s/I(fﬁr%%lorosilane)
using aSelf#Assemisted Monofayer Coater€AVC, Sofora)iandrinsegrwitlrbhlorsferm weget rid of

physisorbed FRTS ondhe-mold. 19 Faloyingwhich. the mlds were finsed uih agglong,and IPA, and
blown dry. The silanization treatment was used to reduce the surface energy of the molds to facilitate
easy de-moldingtefdhe sl feosm the PCL filnss: The)silicoremoid; thawivieedn imprirtSugface 12 that

was the inveéﬁgggg}gi%esired_g&&r&qﬂmprints(%ﬁ% P‘? imprin@%Q%%§§HQm§PW$§QU@Qted with the

PCL film via thermal nancimprinting using an Obducat AE Nanoimprinter at an‘imprinting temperature
of 80C and & presbopeBPe0 baisifor 5 FlRute IR |IBWIkGHhES #ee ierapefatdro@as 20icddled down to

25C and de-mglding was-perfagmed aLiis emperaiirecthe RCLflm was thugpafierned with the

desired nanoimprints 3 from the silicon mold. Here, three types of nanoimprints were patterned on the
respective PG filfs, &rid afe &) narégrif 250 aRMing!i256 hm Dulbecco’s minimum
Eagle's medium (DMEM) , fetal bovine serum (FRS),
0.05% trypsin were obtained from Invitrogen (Grand
Island, New York of the United States of America). Type
15 II collagen (Col2) was obtained from Vitrogen (Cohesion
Technologies, Palo Alto, California of the United States
of America) and ITS'premix was obtained from BD Bioscience
Inc. (Franklin Lakes, New Jersey of the United States of
America). All other reagents used were of analytical

20 grade.

Example 1: Preparation and Nanoimprinting of PCL films
PCL films were prepared by using a thermo-pressure

method. The starting material, PCL beads, were heat-

25 pressed at 80°C, 500 bar for 12 hours in an argon
environment, followed by cooling down to room temperature
overnight.

The process of Fig. 1 was used to imprint a
substrate 2 such as a PCL film to form the nanoimprints 3

300 on the PCL films. The mold 1 such as a silicon mold was
commercially purchased, for example, the mold used to
form nano-grills and nano-holes on the PCL films were
obtained from Institute of Microelectronics (of

Singapore) and the mold used to form nancpillars on the
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25 space and 150 nm height; (b) nano-pillar: 250 nm diameter pillar, 500 nm pitch and 250 nm height;
and (c) nano-hole: 225 nm diameter hole, 400 nm pitch and 300 nm height. After thermal
nancimprinting and demolding, the 30 morphology of the patterned PCL surfaces was examined by
SEM. The morphologies of the pristine PCL film and the three nano-patterned PCL films were
examined byasing SEM WEOL G608) riEhe stirtacesNafitherBChfdmsagyere Shatteracaated with about

20 nm gold film to prevent charging of the polymer film to facilitate better FE%ﬁ imaging. GEM
image showrganﬁﬂg%t thewselfr?acegonﬁwrelﬁﬁs ?r%g P&Yfilmsﬁfsnsfgr%g%tth (%?58)? N!%Iri%rgjg(é% of the
patterned PELtditras showed thatthersvitfasesweere contrefabkly 5 pattersed Wwitht-thedesiied

nancimprints,gg Oerlye: ngngpillasrg Wi'g)h %S%Em (dgg%lpter@n 1500v9e%mk9it0h 3a}§en@no-7ha(_)lesawith 225 nm
diameter and 200 nm pltgh (ﬁg. ﬁas; an nano-grills of 250 rim Iine and 250 im space %Ig}g. 3c). The
nanoimprints $v&fe wek-delinBated 10fand réliablyrreplicated fiam the silicon medld sExampie 2:

Chomﬂomné%ﬂﬁﬁagéﬁ'&H@%Ugﬁﬂgﬁti-stiction monolayer (FDTS, (1H, 1H,

2H, 2H) -Perfluorodecyltrichlorosilane) using a Self-
Assembled Monolayer Coater (AVC, Sorona) and rinsed with
chlorcform to get rid of physisorbed FDTS on the mold.
10 Following which, the molds were rinsed with acetone and
IPA, and blown dry. The gilanization treatment was used
to reduce the surface energy of the molds to facilitate
easy de-molding of the mold from the PCL £films. The
silicon mold, having an imprint surface 12 that was the
15 inverse of the desired nanoimprints 3 to be imprinted on
the PCL films, was contacted with the PCL film via

thermal nanoimprinting using an Obducat AB Nanoimprinter

at an imprinting temperature of 80°C and a pressure of 60

bars for 5 minutes. Following this, the temperature was

20 cooled down to 25°C and de-molding was performed at this
temperature. The PCL film was thus patterned with the
desired nanoimprints 3 from the silicon mold. Here, three
types of nanoimprints were patterned on the respective
PCL films, and are (a) nano-grill: 250 nm line, 250 nm

25 space and 150 nm height; (b) nano-pillar: 250 nm diameter
pillar, 500 nm pitch and 250 nm height; and {(c¢) nano-
hole: 225 nm diameter hole, 400 nm pitch and 300 omm
height.

After thermal nanoimprinting and demolding, the

30 morphology of the patterned PCL surfaces was examined by
SEM. The morphologies of the pristine PCL £film and the
three nano-patterned PCL films were examined by using SEM
(JEOL 5600). The surfaces of the PCL films were sputter-

coated with about 20 nm gold film to prevent charging of
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Fig. 2 shows the process of chemical conjugation of CS to the substrate 2' such as the PSI. films. The
various PCL films were incubated in 20% 1,6-Diaminohexane/ethanol solution for 15 minutes and the
films were washed by PBS 3 times for 30 minutes each time. The aminolyzed substrate 5 such as
aminolyzed PCL films were treated with a carbodiimide solution (48 mM EDC and 6 mM NHS in 20 50
mM MEG buffer, pidx5byand 1086 €8 MEGisolutians for24 doursEHE7 .S5Gagdthen washed by PBS
to obtain the,CS Igyesr 6 %negthhC filrgg. “ T1h§ scurfag%s ch the Crs’is%@?lg”izf PC ifﬂms were
imaged by d@l@lgusinghtﬁe methodo ogy described above: As B% can beé seen in ig. 3e tonlzig. 3h, no
significant marphotogicaltand Bimensibhal chafgesiwereeebserfved ba thesRCE filras afterthey were
subsequentl .cloaged V\gguo%@%droét'}ga%ulfatghghe am%:lnts of CS immobilized on t% P}:();L films were

m aceg ere COnLr alol
30 measnred based on the manufacturer a protocolf yscanT>Y - Biocolor Life Science Assays).

Briefly, the @@I‘gtﬁiﬁﬁs&@@re imirtersed iM250 udEl/mscan dyermdaplapedoha mechanieafshaker for 2
hours. The fﬂ%% |£q§g(§gagvg¥% baund were &aa%gelgy PB3 34 ean”?%‘é%“%? removed

compl vaiy an 0 gi dissociation reagent was used to cover the films for I hour to release bound
dye. The abserbanceofrebdissslvedidye wasimeasuréddnosawellgpiatet Sing FLUGStahOptima

plate reader(egiaﬁ):sorggr)lge vg@@legggbqung%. The standard curve, of CS wasgenergted from CS

standard solution. CS was used to provide the biochemi al cue for MSC chondrogenesis on the
PCL films. THe2&Rount 88CS é6njugatéd ontg atidtprpatiernatePeEL fmlwad eicaseméd 0 over a

period, gf 24-hours. g -4 showsthata higher copceniration,of &3 sluign resulted in a higher amount

of CS conjugation onto the non-patterned PCL film. With 10 mg/ml CS solution, the amount of
conjugated CS peaked (12.847mg 0.826) after 8 hours reaction. On the other

Example 2: Chondroitin Sulfate (CS) Immobilization
Fig. 2 shows the process of chemical conjugation of
C5 to the substrate 2’ such as the PCL films. The various
15 PCL films were incubated in 20% 1,6-Diaminochexane/ethanol
solution for 15 minutes and the films were washed by PBS
3 times for 30 minutes each time. The aminolyzed
substrate 5 sguch as aminolyzed PCL films were treated
with a carbodiimide solution (48 mM EDC and 6 mM NHS in
20 50 mM MES buffer, pH=5.5) and 10% CS MES solutions for 24
hours at 37.5°C and then washed by PBS to obtain the CS
layer 6 on the PCL films.
The surfaces of the CS-immobilized PCL films were
imaged by SEM using the methodology described above. As
25 can be seen 1in Fig. 3e to Fig. 3h, no significant
morphological and dimensional changes were observed on
the PCL films after they were subsequently coated with
chondroitin sulfate.
The amounts of CS immobilized on the PCL films were
30 measured based on the manufacturer’ s protocol (Blyscan™ -
Biocolor Life Science Assays). Briefly, the PCL films
were dmmersed 1in 250 ul Blyscan dye and placed on a
mechanical shaker for 2 hours. The films with Blyscan dye

bound were washed by PBS 3 times. Unbound dye was removed
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15 hand, the amount of conjugated CS using 5 mg/ml and 1 mg/ml CS solutions did not reach the
maximum conjugation even after 24 hours. Thus, 10 mg/ml CS solution was used to coat the PCL film
for subsequent experiments. 20Example 3: Cell Proliferation of MSCs on PCL films The cell
proliferations of MSCs on the various PCL films were calculated by the amount of DNA of MSCs on
the various surfacest #he DAAJandount was quantified=fluosametriealynusing:HoechstiDye>33258

solution. 25 ggi,\gg)é, Mt%ce:s o§r1i(t]fltgsvag%%s PlCLJ(iJIr_Q% w(gre I)ése einsc(_%all &Xgis b ff§r. Cell L¥ %tes were
diluted 10 times and incubatéd with equal Vvolume of i pg/m Ad6chest 5 S(’l@lblecu ar Probes)
solution for 2@ mintitesat roo tempeéiatare, wehile gratected fraom dight; éni96iwellbslaele30 plates.

Fluorescence,was determined usi FLUQstar Optima fluorescent plate reader (BMG Labtech,
Offonburg, GARCE S SEA8 st ot A e e DR 2ARGSr e of the
sample§, expeessedrasting per lites swerenextrapelated-fromestandardroiervegenerétedvusing calf DNA.

The prolifer%;[ioge@ée%%f I¥l§§%§ %gt%%%%gfﬁt%%b%%gg@@grﬂano-patterned DCL films were compared

against the CS-coated non-patterne NA quantification over a period of 28 days 5).
MSCs on nano-grilFéndwaen-pattetnécdsurfacesEhowed thelbighestpraliferation fate, yiélding

significantly bighes DINA amaunt af day 14 .compared fq day 1 (274.024), MSGs pralferatign on nano-

10 grill surface was similar to that on non-patterned surface. Comparatively, MSCs on nano-pillar and
nano-hole sg@acedandeiwentifegliyibieproliferatisrriad DRALaniourit thrgwghBeethe €atture period

was nQBSigrgﬁﬁ@ptlxéhig@%rit@an that atday 1,6250.201); The 15dafaimplied that tﬁ@@@iﬁeraﬂon
profile of MSCs was affected by the different nanoimprints on the PCL films. Example 4:

Characteriz&RH6FCHGdrogerié Irickice® MSCeMorpRa165F On PTLfiIMsERRIS #RréNMorphology
of PCL 20Films 5 368 9nReh flmswere qollected at A8hours and fixed by; 106 feymalin 15

minutes. The samples were dehydrated sequentially in 50%, 75%, 95%, and 100% ethanol solutions.

The dehydrated 8riplesSiere A dricd 25 bUEmR'ANE coatedBY §Ia F6FSER iRRRIFEAFESEM)
(JEOL 5600).1Ehes2Eyimages shewed, sigoificgntidiffarenceszindhen. on the other

15 hand, the amount of conjugated CS using 5 mg/ml and 1
mg/ml CS solutions did not reach the maximum conjugation
even after 24 hours. Thus, 10 mg/ml CS solution was used

to coat the PCL film for subsequent experiments.

20 Example 3: Cell Proliferation of MSCs on PCL films
The cell proliferations of MSCs on the various PCL
films were calculated by the amount of DNA of MSCs on the
various surfaces. The DNA  amount was quantified
fluorometrically using Hoechst Dye 33258 solution.
25 Briefly, MSCs on the various PCL films were lysed in cell
lysis Dbuffer. Cell Ilysates were diluted 10 times and
incubated with equal volume of 0.1 ug/ml Hoechest 33258
(Molecular Probes) solution for 10 minutes at room
temperature, while protected from light, in 96-well black
30 plates. Fluorescence was determined using a FLUOstar
Optima fluorescent plate reader (BMG Labtech, Offenburg,
Germany) at 350 nm excitation and 445 nm emission. The

DNA concentrations of the samples, expressed as mg per
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morphologies of chondrogenic induced MSCs on different CS-coated PCL films after 48 hours of

culture (Fig. 6a to 30 6d). Induced MSCs on nano-pillar (Fig. 6a) surface showed round morphology

with filipodial extrusion, while those on nano-hole (Fig. 6b) surface showed the polygonal morphology.

The morphologies of induced MSCs on nano- grill (Fig. 6¢) and non-patterned (Fig. 6d) surfaces

adopted similat sorphetogy, whith awré dotuspindte: shapenthe desuolts ineicgtedd hattcedl

morphologies fchongﬂg%g&induced MSCs had been influenced by different nanoi prints on the PCL
EM obs

films. In ad ﬁ%nc ervations of the surface morphologies of the PCL films also showed

some changes_ to ltﬁélﬁ)a@emldiﬁ\?n@mme%no-@rm%ﬁg. 6@1)1é:m.:tﬁein03_pillé;ﬁ1(6§ig.cﬁa) PCL films
cid not show signifieant ehanges in thel dimansians.after A8.hours, o Incubatian, 0 the patterning of

nano-hole (Fig. 6b) decreased after 48 hours culture. The nano-holes could not be observed in Fig. 6b
when cbmpéiing betwasen Fig! 62atbFgned using théisamelaghifitationaQualitagiwélyothis may

indicate that the,nanozhales, had reduced.in size:since the nane-15.grill, napo-pillar and pano-hole
were in the same dimensional range to begin with. Furthermore, the nano-holes should be observed
given the sapf& niYRIEANSA bUFERATt sEEIPYS expetted N2OERAhpl©5OMeaStRRIEHt and

Characterizatign.of GelLElastigity.anytherGhandrogenie dadyceghMSCa Sliredtonsay 14

compared to day 1 (P=0.024). MSCs proliferation on nano-

10 grill surface was similar to that on non-patterned

surface. Comparatively, MSCs on nano-pillar and nano-hole

surfaces underwent negligible proliferaticn; the DNA

amournt throughout the culture period was not

significantly higher than that at day 1 (P=0.201). The

15 data implied that the proliferation profile of MSCs was
affected by the different nanoimprints on the PCL films.

Example 4: Characterization of Chondrogenic Induced MSCs
Morphology on PCL films and Surface Morphology of PCL
20 Films

MSCs on PCL films were collected at 48 hours and
fixed by 10% formalin 15 minutes. The samples were
dehydrated sequentially 1in 50%, 75%, 95%, and 100%
ethanol solutions. The dehydrated samples were air dried

25 overnight and coated by gold for SEM imaging (FESEM)
(JEOL 5600) .

The SEM images showed significant differences in the
morphologies of chondrogenic induced MSCs on different
CS-coated PCL films after 48 hours of culture (Fig. 6a to

30 6d) . Induced MS8Cs on nano-pillar (Fig. 6a) surface showed
round morphology with filipodial extrusion, while those
on nano-hcele (Fig. 6b) surface showed the polygonal
morphology. The morphologies of induced MSCs on nano-

grill (Fig. 6c) and non-patterned (Fig. 6d) surfaces
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PCL Films A Nanoscope IV multimode AFM with a picoforce scanner (Digital Instruments Inc., USA)
was used to carry 25 out the experiments. Fig. 7a depicts the z-stage movement an of an AFM
cantilever 15 used to carry out the ion on the center of a cell using a 4.5 urn diameter bead 13
attached to the AFM cantilever 15. A modified silicon nitride AFM cantilever (NovaScan, USA) 30 15
having a sprnpearstantafi0h N/mmwittpadlogun diarheteh polystyrenebead tip 8iwasl esed to

indent the cel salo. .Du%jg the esx&figimerini,l 3'%'3%% 80"?558'!8 9 argyn v&‘/gg C$|C|>Si 10 Was mc%mteq on an
AFM stage TA'3Rd ‘the Cells 10 Wereﬁ<ept INtheir culture medium using atandard fibid call (Digital
InstrumentsdhonptdSédenic  induced MSCs had been influenced Dby
different nanoimprints on the PCL films.
5 In addition, SEM observations of the surface
morphologies of the PCL films also showed some changes to
the pattern dimensions. While nano-grill (Fig. 6c) and
nano-pillar (Fig. 6a) PCL films did not show significant
changes in their dimensions after 48 hours of incubation,
10 the patterning of nano-hcole (Fig. 6b) decreased after 48
hours culture. The nano-holegs could not be ocbserved in
Fig. 6b when comparing between Fig. 6a to Fig. 6d using
the same magnification. Qualitatively, this may indicate
that the nano-holes had reduced in size since the nano-
15 grill, nano-pillar and nano-hole were in the same
dimensional range to begin with. Furthermore, the nano-
holes should be observed given the same magnification but

were not seen as expected.

20 Example 5: Measurement and Characterization of Cell
Elasticity on the Chondrogenic Induced MSCs Cultured on
PCL Films

LA Nanoscope IV multimode AFM with a picoforce
scanner (Digital Instruments Inc., USA) was used to carry
25 out the experiments. Fig. 7a depicts the z-stage movement
301 of an AFM cantilever 15 used to carry out the
indentation on the center of a cell wusing a 4.5 um
diameter bead 13 attached to the AFM cantilever 15. 14
modified silicon nitride AFM cantilever (NovaScan, USA)
30 15 having a spring constant of 0.01 N/m with a 4.5 um
diameter polystyrene bead tip 8 was used to indent the
cells 10. During the experiment, a glass coverslip 9

grown with cells 10 was mounted on an AFM stage 14 and
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Fig. 7b depicts the z-stage movement distance 302 and the deflection in the cantilever arm 303 due to
the indentation carried out on the centre of a cell using the 1.5 pm diameter bear; LY attached to the
AFM cartilever 15/ during stage movement 301 . Likewise, reference numerals that were presented in
Fig. 7a are repeated here but with the prime V) svmbol. The relationship between 10 the indentation
depth 304 and¢hecddflertidrd ofibe eartigirer 303 isalsa illustiatedeOneglthercontach goiat 11 has
been identified, th lection-z posijtion, curve.is converted to a plot.of canti r, deflection against
indentation 85&1% A%fw IC lc(:%anctslein b((gjugéctf?o 1Er(lj%ri¥/leﬂ¥ﬁéla%p§necnt élaﬁ%%)modulus using the
Hertz's model. Fithis Mbdefi¢he apparéireelastic magduluseEsvan be dbtairet-asingdhe following
formula: 20 regist p elastic modu he rmiped,.v,is t oisson’ s ratio. R is
the radius o%\t%g %)%éri(g%@eé?%%%t%%n(@%m%ﬁq é%tﬁ?%t%s%%%ca%% ever geﬂ%%ticr}tngéetnd k is the
spring Gonstantefithetcantilever rThalcellwasassimned smdompressiblecand a 23Poissoi's ratio of 0.5
was used. , Thegellelasticities of chondragenie induced MSCs eultused,over 3 days on the various
P.M films were compared (Fig. 8). On day 1, MSCs on the nano-pillar surface acquired significantly
higher stiffnéss (793-80-90.39 P Tompearedic MSCS 0a'non-patterhed surfaces(@27<166.27 Pa),
while those anmang:Qrilksuriaceemainadsilan (493 +19.384Ra) Jo hat gl goa-paierned surface
Stiffness of MSCs on nano-hole surface increased significantly (P(x)=0.0172) from day 1 to day 3. On
day 3, M.."CBn rfahbbpillar Suiface maintainet thef stiffiéss (830 Pal+ 801634 PaFanid stiffness of

MSCs; gn nangshole surfacehadincrgased tosa level similanig thage on nang-pllas surfage (7699a +
70.398). MSCs on both nano-grill and non-patterned surfaces remained low and unchanged from day

1. Example 62fHtfBeRemidts) Studly 6= actinl lustrated. Once the contact
point 11 has been identified, the deflection-z position
curve 1s converted to a plot of cantilever deflection
against indentation depth 304, which can then be used to

15 derive the apparent elastic modulus using the Hertz' s
model.
In this model, the apparent elastic modulus, E, can

be obtained using the following formula:

o= ="

g

NRLY

20 where E 1s the apparent elastic modulus to be
determined, v is the Poisson’ s ratio. R 1is the radius of
the spherical bead, D is the indentation depth, H is the
cantilever deflection and k is the spring constant of the
cantilever. The cell was assumed incompressible and a

25 Poisson’ s ratio of 0.5 was used.

The cell elasticities of chondrogenic induced MSCs
cultured over 3 days on the various PCL films were
compared (Fig. 8). On day 1, MSCs on the nano-pillar
surface acquired significantly higher stiffness (793 +

30 90.39 Pa) compared to MSCs on non-patterned surface (327
+ 60.27 Pa), while those on nano-grill surface remained
similar (403 + 70.384Pa) to that of non-patterned

surface. Stiffness of MSCs on nano-hole surface increased
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10Reorganization and p-integrin Expression in Chondrogenic Induced MSCs on PCL Films
Chondrogenic induced MSCs on the various PCL films were collected at day 3 and fixed by 4%
paraformaidehyde in PBS for 15 minutes at room temperature, followed by 15 washing in PBS twice.
The samples were incubated in 0.1% Triton X-100 in PBS for 5 minutes at room temperature and then
washed in PBStvii€e CBings amples:were thén blockedby 289 BSA in RBS for 309ningtes at room
temperature,and all.sample re [ ree fi T les 2 incubated in
anti-3-integ??n’ a%qt%)&o%yq%gihﬁgé 1:fggg)%%degAfé%S%%Béigﬁ?ﬁ)ﬁﬁgﬁﬁ%g% rgggnﬁg%%é%ture. The
samples werf@ Wasthzd by PBS thié@aimes(ts minutdésieacsh) oA frédsiily prapares <l TEconjugated

second anti-hody (goat antmoyse) in 29 BSA/PBS salutign 25 was added oniq the samples and

incubated for 1 hour at room temperature. For double staining, tne samples were incubated in
TRITC-zonjugated Phallsidirs@iafee1:500 #PRBS) foP 13dUr at ¥Y&6ifa tafipérafite Afieraddition of

the second§¥§@gbodé(nghe sampleswashedby RBS three 30times (10 minuteg gach). Finally, the

DAPI/PBs (50 pg/ml) solutions were added onto the samples and incubated in the dark for 30 minutes
at room tempefatarg Theliragesavere taken by Laser confocal microscopy (Olympus FV-1000) and
processed by the software provided by Olympus. After 3 days of culture under chondrogenic
conditions, the MSCs were fixed and immunofluorescent stained for F-actin and Pl-integrin (Fig. 9a to

9d). MSCs on nano-gfika g 1Sc)CandEABHHPARBATREHS(ETY, 3thSi¥uRdcds @5rdEsed fibrous Fuactin
and presenteflas-spindleshaps. MRC$on neagmilardkig:- 833 856 nanodiRle dkigg 8h) surfaces

formed aggregates and F-actin organized at the cortical of the rounded cells surrounding the cell
cluster. The F-actin expression of 18WSEE HMRtE GPnBG-plitTeig. 9a) surface was stronger than

that on nano-hole (Fig2b}syEace. Thedntegiinexpeessian was highestor thedndueed MSCs
attached on nano-hole (Fig. ace. On the contrary, induced MSCs on nano-grill (Fiﬁ. 9c¢) and nano-pillar

15 (Fig. 9a) $GHGcELex5TE5EEH REakegtinBXpressio whle Afimédt SRR SrESsion was
detected on MSCsattagbed on theirer-patteined(d-g 9d):sprace: Example>11Analgsisgf
Chondrogenic Differentiation_of , , ,

157 washing in PBS twice. The samples were incubated in 0.1%
Triton X-100 in PBS for 5 minutes at room temperature and
then washed in PBS twice. The samples were then blocked
by 20% BSA in PBS for 30 minutes at room temperature and
all samples were washed in PBS three times. The samples

20 were incubated in anti-f-integrin antibody (diluted
1:1000) in 2% BSA/PBS sclution for 2 hours at zroom
temperature. The samples were washed by PBS three times
(15 minutes each). A freshly prepared FITC conjugated
second anti-body (goat anti-mouse) in 2% BSA/PBS solution

25 was added onto the samples and incubated for 1 hour at
room temperature. For double staining, the samples were
incubated in TRITC-conjugated Phalloidin (diluted 1:500

in PBS) for 1 hour at room temperature after addition of
the secondary antibody. The samples washed by PBS three
30 times (10 minutes each). Finally, the DAPI/PBS (50 ug/ml)
solutions were added onto the samples and incubated in
the dark for 30 minutes at room temperature. The images
were taken by Laser confocal microscopy (Olympus FV-1000)

and processed by the software provided by Olympus.
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20MSCs on PCL Films via Collagen Type Il Analysis The specific chondrogenic protein marker,
collagen type Il, had been analyzed by ELISA, Western blot and immunochemistry methods. For the
1ILISA method, the collagen type Il ELISA 25 followed the menefacturer's protocol (Chonarem).
Briefly, the samples were digested by pepsin in 0.05 M acetic acid for 4 days at 4C. The supernatant
was collected for tHefsubsequentlydagasurenient. ¢0 Ulvcatlagenttype || antibodiex>det00) were
added to each well.of the ELISA 30 and_ incubate 4 ernight. F [ ich,. the ELISA
plate was nghne%gi Sv%ih btﬁﬁe? 6 grlbﬁ%%s 188 r4%1 s{%a]ﬁggar% a%ée éarﬁgfgtén\}v%%g\%ﬁgg\%%og %gch well and
kept in roonetesiperature for 2-houwrsn Theavells wereavashed (@yiwash buffer ®timesmMEAfs41 detection
antibody was added to each well and incubated at rogm temperature for 2 hours. The samples were
washed agafti’6 tifes> 1904t ftr?gét?eptaafa?n p&f¥xadid® sdltion WwaS Added 1§ each Well and
incubated atsieonxtemperatuse éarskhour; One-vial offORBwwas dissalved ire 1@ mil«dilutianssolution
buffer, added to each We% and incuIQg%ed at room tem erlaiure for_30 mingutis. Thg reaction was
stopped by 56'a esuI% GHE acid an ?heOEnginp ate was l|Fea§jF<'3ng4‘90 fm. The coﬂ%élé)n Il amount
was extrapolatée: frofe the 10stollaganif starslardcumneel  adeprdhe Westean®loFrethod; the
samples were harvggtee% angL ;_Jligesttgcéﬂ3 by pe rscin/éLaOlN H%Jﬁ. for % hour. 'Ilfhe ggéuéionscvg re.
concentrategﬁ%afﬁ*er column (Millipore) an re-dissolvedin 0.0 Rﬁ-lCl. The samples were separated
15 in SDS prmrastgeldimgtrogen) L0V anth 80 runutéd)eTHe-geltwas collpctedsaiceording to the
manufacturr, toc nsferred to a ni lulose brang (50V, mperature,
overnight) ﬁ%%ans%?r%%gn%mégne \%llvaé%c%/lv s?dgby ngﬁr’ee tigrﬁa{ek}s an %%%%egd b&r 5%% 20 milk
for 2 hours atrvomadempétature thisd membraneavdassiheubafed in miduse entifdagraan ¢ollagen
antibody (1:4000.4g- 24 mulk) euerpioht at e, Thesmembrang wasayashed by, BRP thyee-imes (10

minutes each) and incubated with the secondary antibody (goat anti-mouse FIRE-antibody) for 1 25
hour at roonsteragératurenFinaip the VeestErtBlof devalspireatkit Was Used toerese the

chemi-lumineggence-angsimaged by YanRoc maghine, s ; ; For she immynochemistry method, the

immunochemistry staining method was the same as the immunochemistry 30 method used previously
in the #rftegriffstaining Meth®d? The TBllagERIFFE Adntibodly dildtiondatis wasaB0ts 1oNThe degrees

of Chondrqg%@mﬂéﬁ%@m@@n@ M3Gegn the wariousRCL films werg analysed By, igenostaining
and quantification of the expression level of the
attached on the non-patterned (Fig. 9d) surface.

Example 7: Analysis of Chondrogenic Differentiation of
20 MSCs on PCL Films via Collagen Type II Analysis
The specific chondrogenic protein marker, collagen
type II, had been analyzed by ELISA, Western blot and
immunochemistry methods.
For the ELISA method, the collagen type II ELISA

25 ollowed the manufacturer’ s protocol (Chondrex). Briefly,

th

the samples were digested by pepsin in 0.05 M acetic acid
for 4 days at 4°C. The supernatant was collected for the
subsequently measurement. 10 wl collagen  type II
antibodies (1:100) were added to each well of the ELISA
30 plate and incubated at 4°C overnight. Following which,
the ELISA plate was washed by wash buffer 6 times. 100 pul
standard and samples were added to each well and kept in
room temperature for 2 hours. The wells were washed by

wash buffer 6 times. 100 pl detection antibody was added
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chondrogenic marker, collagen type Il. In immunochemistry images (Fig. 10a to 10d), MSCs on
nano-pillar (Fig. 10a) surface shows the highest collagen type Il expression. Higher collagen density
also showed up in the nano-hole 5 (Fig. 10b) and nano-pillar 10a) surfaces compared to nano-grill
(Fig. 10c) and non-patterned (Fig. 10d) surfaces, which only presented around the MSCs. A similar
trend was also indicated by the \AedterrBlobanealgsis:sSee bign 10e3mbigr40eshowsothe 20

qualification,of collagen type.ll ssion on th ious PCL films by Weste lot 405 at week 4.
The qualificz?t?o%gc%f'cgﬁgger% t%/%eé(%%xpvﬁagsrs?orﬁﬁ Bgf\é\%égste%rﬁa@lgt A[fg(])S ggn ﬁgﬁo-gihgr %ifagéj 402 was
found to be highesttNaps-hoiaisurfape Uotaalss showet tigher deasityalBleficoliagers @xpression

compared tq,0310-gri 403 ang apn-patiamed 44 sufases. .., Collagen type l evel, sygasured by

ELISA was normalized to the DNA amount (Fig. 10f). Consistent with the qualitative results, MSCs on
nano-piflar stifage 20 exprésseththe Aighestamduntof collageh atia lavel of14 teB foldscmigher than

that on the m@@@qrnegéggace. MSCs gn.pang:hole surface expressed eollagen type I at a level of

3 folds higher, while those on nano-grill expressed similar level to that on non-patterned surface. 25
Example 8: REEPFHFE PR dridlysisPforQudhtficationof CResdrogenit Relateé@RIRNA Riarkers

Cells were coljected by tryosinization and. {ofal RNA was exragied uising thg RNeasy MiniKit (Qiagen,
30 Valencia, CA) following the manufacturer's protocol. RNA concentration was determined using the
NanoDrop (K&RoDfop Tethn6yiesd WiinfihgBRCODEY ahd feverse transeisidbnieattionsvere

performed with15Q Bg total RNAusing dSerptTM cDNA synthesis kit (Biorad Laboratories, Hercules,
CA). Real-time PCR reactions for GAPDH, Sox9, agarecan, collagen Il and collagen X were

conducted using thE3YBRYree e7&tBHT: Reat Time RER PeactionS UisintfiRe /A8 7500 Real Time
PCR System {Apelied-Biosems) werederfosped 8t 956/ for dQ minutess followed ay 4Greycles of

amplifications, which consisted of a denaturation step at 95C for 15 seconds, and an extension step at

60C for 1 mimTite THI RV TF @x51RRSIOR U tardet gbhé FRdmfhz88% GAPPIRRPESthen
calculated using the 231 asdfotmulaiwithpreferenge 10 thenundiferentiatefeMSCGseparated

15 in SDS precast gel (Invitrogen) (120V and 90 minutes).
The gel was collected according fto the manufacturer’ s
protocol and transferred to a nitrocellulose membrane
(50V, Room temperature, overnight). The transferred
membrane was washed by PBS three times and blocked by 20%

20 milk for 2 hours at room temperature. The membrane wasg
incubated in mouse anti-human collagen antibedy (1:1000,
in 2% milk) overnight at 4°C. The membrane was washed by
PBS three times (10 minutes each) and incubated with the
secondary antibody (goat anti-mouse HRP-antibody) for 1

25 hour at room temperature. Finally, the Western Blot
development kit was used to create the chemi-luminescence
and imaged by VanDoc machine.

For the immunochemistry method, the immunochemistry
staining method was the same as the immunochemistry

30 method used previously in the integrin staining method.
The collagen type II antibody dilution ratio was 1:500.

The degrees of chondrogenic differentiation of MSCs
on the various PCL films were analysed by immunostaining

and qguantification of the expression level of the
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Real-time PCR analysis was used to quantify the chondrogenic related mRNA markers from induced
MSCs on different nano-patterned surfaces versus the control non-patterned surface over week 2 and
week 4 of cell culture 15 under chondrogenic medium (Fig. 11a to 11d). Sox9 (see Fig. 11c), which is
one of the earliest markers expressed in cells undergoing chondrogenesis, was expressed at the
highest levetshomaang<pillar suface at week Ralgsrwasyowertaken by themano<uotesgrface at week 4.

20 Comparatively, S0x9 expressions on nano-gril non-pattern rface were r g e lower than
the nano-pilfﬁr?ga%/ Sna)lfw%-lﬁo]e §§r?a§e§ a? %fh’ Wgeflél g acr>1£ v%%e 54.%g§§r%%an§gn col a%ex [l markers
(see Fig. 11bantHizerespactivey)hwhibh didicdte cladndrogenic-adrix 25 egpressioniatigene levels,

were compatg HQQ”C§§JF1M§ e5n5h8¥a"§9im%fe§£ agoreran and gollaggn LmRNA synfhesis on

nano-pillar surface at both week 2 and week 4, followed by nano-hole surface. Non-patterned surface
presented véfilow ahtduntsoicaggratancand-esllagéin # -explessioa 30 Expressiont aggrecan and

collagen IT an nano-grill surface Was _nlyy@g)ér)enggltgd atthe gt@ggg}(;egping gg}glgekldo@ﬁllevels 4-

and 2-folds lower than that of nano-pillar. Collagen X mRNA (Fig. 11d), which represents hypertrophic
cartilage tissUErRaEBEexpressibn WHsy apaRzes at exkAaAd week'Bafter differentiation. At week 4,

induced MSCs on nangspillar.and mang-hole;surfages, have up-requiated expressiancof collagen X
mRNA, which persisted to week 6 in which significantly higher expression was detected with MSCs on
the nano-hofel Qifrfadeathaf oh thesfanolpillatddtace’ MISCs on hafo-grill Hreifon-pattetfed surfaces

exhibited noqipsfeguiation efcollagenoat altime chi%t@s,- Inrgonclusionstheaboveexapmples show
that MSC 10 chondrogenesis is sensitive to the type of nanoimprints or nano-topography on the
growth substiate: the aBote restREhavié sHEwh Fol MSES addpt siEcifit fifdrphiotogy- -tidergone

distinct cytogkgletak rearganization, changegallulaymembranesiifness as itwipdergoes 15
chondrogenesis at early stage and the onset of chondrogenesis on different surface topography. At

early stage EHSHdrogBnestso MSEIG Rard-plilarZHd A&iTo-Hole topGgraphy - atfopted a Sfherical and
polygonal meiphalegy. respastively.avhiledViSGs amnana-goll andwen-pattgraed 20 tepogyaphy
adopted a spindle-shape morpholoay. Furthermore, aggregated cells on nano-pillar and%zno-hole

topography Rad theit F28&ih c§toRkERforPreorgaRRRt Tto & Rorfiéal pattern,aggfégated €alls on
nano-grill angbro-patiemeddopography 2eqaresented fibrous F-actin. Cell membrane elasticity on

nano-pillar and nano-hqle topograph be%%mefiqfng jcantl eséifsfgg.c%mp%red tgﬁl}gie or‘lrggno-grilll and
non-patterned topo%?&gt?ﬁ?/gheﬁcﬁ%ée results were Corréxlated with choﬁﬁrogenlc marker analysis,
they providetosalzahbleed to the DNA amount (Fig. 10f). Consistent with

the qualitative vresults, MSCs on nano-pillar surface

20 expressed the highest amount of collagen at a level of 4
to 5 folds higher than that on the non-patterned surface.
MSCs on nano-hole surface expressed collagen type II at a
level of 3 folds higher, while those on nano-grill
expregssed similar level to that on non-patterned surface.

25

Example 8: Real Time PCR analysis for Quantification of
Chondrogenic Related mRNA markers
Cells were collected by trypsinization and total RNA
was extracted wusing the RNeasy Mini Kit (Qiagen,

30 Valencia, CA) following the manufacturer's protocol. RNA
concentration was determined using the NanoDrop (NanoDrop
Technologies, Wilmington, DE) and reverse transcription
reactions were performed with 50 ng total RNA using

iScriptTM cDNA synthesis kit (Riorad Laboratories,
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30 information and relationship between cell morphology, cytoskeletal reorganization and cellular
membrane stiffness with chondrogenic ability. Spindle cell shape at early stage chondrogenesis
predisposed cells to low chondrogenic ability whereas round and spread (polygonal) cell shapes
induce a higher chondrogenic potential. At the onset of chondrogenesis, aggregated cells with their
F-actin c tosketaeton esorgdliized iRtxa coitical patkernrand witrstifféocell GaémBranésare likely to

have enhanced chondrogenesis ability. Applicatj isclose od may be.ysed in tissue
engineeringgt %ﬁg&%’thg%%%p%? |€ta)g| |tya%158503(::0£%5 %S-Egvit st%rgn%cgﬁlgéﬁ%%d&%enesfé oi random
topographieshEhe Hivilosew: metlsats ey beRgsed t6 ynanfaRurecartificiaitissues oy cdrtikage that

contain ster cel choncrogytas of  desied marabolgoy agd biological charactsrsics, e stem cels

may be isolate elr original 15 biological environment (such as borie marrow) and used as
source tellsdor therdiffidreatiatbn°ét chomdrofytes.nut The distlosedafethvd 6P natiotbpégraphy

fabrication may allow ashigh degree of spatial cantrol over;the:surfage tapography,of the sybstrate or

scaffold not 70 present in other methods that produces random topography. The nano-topography
fabricated sé&ffdlg traytalso EnhafceHESstudied GHRuBSEqUIE i8S i fdspdhsés fd-thé ¥&pographical

cues of the seaffoldsupporkthese pano-iopograpbicalieairesmay Litheriglyengascall 25

proliferation, cell adhesion, growth, migration, and other differentiated functions. he disclosed
method may'&idi# #ie s mtcelISid BitfereftiatetiRertwoadifterRictal efArsmmenRedire to the presence

of theimprints o the substhate. 80Fhe disclosed nethog may Aot requitecemplicated techniques

such as phase separation, electrospinning or gel formation. ,
Real-time PCR analysis was used tc guantify the

chondrogenic related mRNA markers from induced MSCs on
different nano-patterned surfaces versus the control non-
patterned surface over week 2 and week 4 of cell culture
15 under chondrogenic medium (Fig. 1la to 11d). Sox9 (see
Fig. 11lc), which is one of the earliest markers expressed
in cells undergoing chondrogenesis, was expressed at the
highest levels on nano-pillar surface at week 2 but was
overtaken by the nano-hole surface at week 4.
20 Comparatively, Sox9 expressions on nano-grill and non-
patterned surfaces were relative lower than the nano-
pillar and nano-hole surfaces at both week 2 and week 4.
Aggrecan and collagen II markers (see Fig. 1lb and 1lla
respectively), which indicate chondrogenic matrix
25 expression at gene levels, were compared. Induced MSCs
showed highest aggrecan and collagen II mRNA synthesis on
nano-pillar surface at both week 2 and week 4, followed
by nano-hole surface. Non-patterned surface presented
very low amounts of aggrecan and collagen II expression.
30 Expression of aggrecan and collagen II on nano-grill
surface was only up-regulated at the later time point of
week 4, at levels 4- and 2-folds lower than that of nano-
pillar. Collagen X mRNA (Fig. 11d), which represents

hypertrophic cartilage tissue matrix expression was
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The disclosed cartilage graft may be used to solve issues associated with tissues or cells that have
poor self-regenerative capacity due to low cellular mitotic activities, low supply of progenitor cells and
their avascularization_ It will be apparent that various other modifications and adaptations of the
invention will be apparent to the person skilled in the art after reading the foregoing disclosure without
departing fremahe spitit and seope of thenidvertioh afd itﬁs@nemﬂieﬁfthawltt ‘sa(t;limodiﬂéations and

adaptations come W|£h|n the %co%oedof ]IQSt@g apggndgg %gl 1%%‘_1 1Cl%lms ) nano

Amethodforpromotlngétemce ndroaenesis, comprising the step of cu turlng ab pof))u ation of stem
cells on a plaratifypotdispesed o astibsirates daiekimpeintsibeing Configured4o sélestNEly promote

chondrogenesis of spid.slemiagls. ., 2LEhesmatiod aecodingde .l hereln sald 10 imprints
J 50 i #

are arranged in an ordered manner on said substrate.  3) The ethod according toclaim 1 or claim
whereird saicirppérits apa in thesnandescaiéed  witd) THéSHethoeraccoiding reekaimiQiet claim 3,

surface than on the nano-pillar surface. MSCs on nano-
grill and non-patterned surfaces exhibited no up-
regulation of collagen X at all time points.
In conclusion, the above examples show that MSC
10 chondrogenesis is sensitive to the type of nanoimprints
or nano-topography on the growth substrate. The above
results have shown how MSCs adopt specific morphology,
undergone distinct cytoskeletal reorganization, change
cellular membrane stiffness as it undergoes
15 chondrogenesis at early stage and the onset of
chondrogenesis on different surface topography. At early
stage chondrogenesis, MSCs on nano-pillar and nano-hole
topography adopted a spherical and polygonal morphology
respectively, while MSCs on nano-grill and non-patterned
20 topography adopted a spindle-shape morphology.
Furthermore, aggregated cells on nano-pillar and nano-
hole topography had their F-actin cytoskeleton
reorganized into a cortical pattern, while aggregated
cells on nano-grill and non-patterned topography
25 presented fibrous F-actin. Cell membrane elasticity on
nano-pillar and nano-hole topography became significantly
stiffer compared to those on nano-grill and non-patterned
topography. When these results were correlated with
chondrogenic marker analysis, they provided valuable
30 information and relationship between cell wmorphology,
cytoskeletal reorganization and cellular membrane
stiffness with chondrogenic ability. Spindle cell shape
at early stage chondrogenesis predisposed cells to low

chondrogenic ability whereas round and spread (polygonal)
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wherein said imprints are arranged in an ordered array on said substrate such that the distance
between adjacent imprints is of a set value. 5) The method according to any one of the
preceding claims, wherein said imprints are formed on saidsubstrateusingthermalnanoimprintingor
nano imprint lithography.  6) The method according to any one of the preceding claims, comprising
the step of coalihg sdid impriniswdithea chondiogenic inducidgagent. S0P dhermethbd aecording to
claim 6, whergin said chondrogenic inducing agent is_selected from the.group consisting .of chondroitin
sulphate, s:?uﬁr%-froe%sﬁf/lE ) zggeggr a é?%eex%%e?has%%%?f%%l?ﬁie, 56 ?ﬁ?n gylrﬁgat%,h gﬁﬁbiotics and
recombinanFhamantransforminglgrowth faetorgpinize8) Thetmethod-accordmny toxtaim3; wherein
said nano-imprint is s%lﬁcte fram the groyp consisting of nano-pillar,.nano-hole, nano-grill, nano-wire
and nano-tu%réf5n ‘6} e nﬁdéth%%]earccorcﬁl%g to gﬁ?%%%%ﬁhe %ge 1;3@013/ £SHRE
precedingclainiszwhekindaidsubstratets biocehphtible. polymer selected from the group consisting of
carbomer, polyalkylene glycol, poloxamer, polyester,

Applications
The disclosed method may be used in tissue
engineering to mitigate the unpredictability associated

10 with stem cell chondrogenesis on random topographies. The

Q

isclosed method may be used to manufacture artificial
tissues or cartilage that contain stem cell chondrocytes
of a desired morphoclogy and biological characteristics.
The stem cells may be isolated from their original

15 biclogical environment (such as bone marrow) and used as
source cells for the differentiation of chondrocytes.

The disclosed method of nano-topography fabrication
may allow a high degree of spatial control over the
surface topography of the substrate or scaffold not

20 present in other methods that produces random topography.
The nano-topography fabricated scaffold may also enhance
the studies of subsequent tissue responses to the
topographical cues of the scaffold support. These nano-
topographical features may further influences cell

25 proliferation, cell adhesion, growth, migration, and
other differentiated functions.

The disclosed method may allow the stem cells to
differentiate in a two-dimensional environment due to the
presence of the imprints on the substrate.

30 The disclosed method may not require complicated
techniques such as phase separation, electrospinning or
gel formation.

The disclosed cartilage graft may be used to solve

issues associated with tissues or cells that have poor
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polyether,polyanhydride,polyacrvlate,polyvinyl acetate,polycarbonate,polyvinyl pyrrolidone,poly 15
carboxylic acid, poly hydroxyacid, polygalpolysaccharide, bolycarbonate, mixtures and copolymers of
the polymers and monomers thereof. 1.0.)The method according to claim 9, wherein said 20
biocompatible polymer is selected from the group consisting of polycaprolactone, polymethyl
metbacrylategidlycarbenatea palytacticaacid angd palydactic-cagtycolic=acid)l 261 Iy The method
according to %’%yi(?fri%é’g tshe prlegvgdin cIaHns, w?ereir% saidnsitggrcellseﬁr sselgct d f{ m the croup
consisting of mesénc ymal stem cells, Utal stem gelfégﬁaemopoiéilc stém Ceél S, en othielial stem
cells and adipose<dervedstemaells. 30 12)The method according to any one of the preceding claims,
wherein when nang-pillats, or nano-holes are used, said stem cell ﬁ%'%‘:t{ig’g iQiffgrgcn%ia%eSinto cells

: . je; T ; T T
with high chondrogenic potentlaﬁE and'when nano- grlllgg‘r%ﬁgé‘g,sgl stemce ssejfec%vel?/

5 and adaptations of the invention will be apparent to the
person skilled in the art after reading the foregoing
disclosure without departing from the spirit and scope of
the invention and it is intended that all such
modifications and adaptations come within the scope of

10 the appended claims.
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differentiate into cells with low chondrogenic potential when compared to stem cells cultured on a
substrate not having any imprints thereon.  13) A cartilage graft comprising a population of stem
cells differentiated chcndrocytes disposed on a plurality of imprints on a substrate, said imprints being
arranged in an ordered manner and configured to 10 selectively promote chondrogenesis of said stem
cells.  14) The cartilage graft according to cl&idaii3svherein said imprint is a nano-- mprint selected
from the group consisting of nano-pillar, nano-hole, nano-grill, 15 nano-wire and nano-tube.  15) The
cartilage graft according to claim 13 or claim 14, wherein said substrate is a biocbmpatible polymer
selected from thelgroup c&nsistingebhecarbomef, 20 polyalkylene ghyrol, poldxamer, polgester,
polyether, pg%«%‘ﬁﬁ%%%ﬁx @Q%"CWI@%E%?E'%MI acefate, poé)éc bor}%e, ngv{ny}PMgolidgne, poly
carboxylic acid, poly roxyacid, polyualpo ysa%charlde, polycarbonate, mixtures and copolymers of
the polymers25warmciononters thérof. celdpThercardlage graft According to anyohatof claims 13

to is, whereigsaid stem cglls aresglected from the group.eqnsisting 0f mesenchymal.sier cells,

to selectively promote chondrogenesis of said stem cells.

2) The method according to claim 1, wherein said

10 imprints are arranged 1in an ordered manner on said

substrate.

3) The method
wherein said imprints

15
4) The methoed

wherein said imprints

according to claim 1 or claim 2,

are in the nano-scale.

according to claim 2 or claim 3,

are arranged in an ordered array on

gaid substrate such that the distance between adjacent
imprints is of a set value.
20

5) The method according to any one of the

preceding claims, wherein said imprints are formed on

said substrate using thermal nanoimprinting or

nanoimprint lithography.
25

6) The method according to any one of the

preceding claims, comprising the step of coating said

imprints with a chondrogenic inducing agent.

30 7) The method according to claim 6, wherein said

chondrogenic inducing agent 1is selected from the group

consisting of chondroitin sulphate, serum-free DMEM,

ascorbate, dexamethasone, L-proline, sodium pyruvate,



30 neural stem cells, haemopoietic stem cells, endothelial stem cells and adipose-derived stem cells.
17) The cartilage graft according to any one of claims 13 to 16, wherein said chondrocytes have a
morphology selected from the group consisting of round morphology, polygonal morphology and
spindle morphology. 18)The cartilage graft according to any one of 5 claims 13 to 17 for use in treating
a patient sufieringofromia disezsé orxhisorder selattedHfrom:the greups Consisting obasteadhondrit s
dissecans, traumatic chondralfractureoftheknee,osteoarthritis,
achondropld%?éﬁ&?ﬁo%ﬁondritis,relapsing 10 polychondritis, chondroma, chondrosarcoma, ear defect
and nose defect.

8) The method according to claim 3, wherein said
5 nano-imprint 1is selected from the group consisting of
nano-pillar, nano-hole, nano-grill, nano-wire and nano-

tube.

9) The method according to any one of the

10 preceding claims, wherein said substrate is a
biocompatible polymer selected from the group consisting

of carbomer, polyalkylene glycol, poloxamer, polyester,
polyether, polyanhydride, polvyacrylate, polyvinyl
acetate, polycarbonate, polyvinyl pyrrolidone, poly

15 carboxylic acid, poly hydroxyacid, polygalpolysaccharide,
polycarbonate, mixtures and copolymers of the polymers

and monomers thereof.

10) The method according to claim ¢, wherein said

20 bioccompatible polymer is selected from the group
consisting of polycaprolactone, polymethyl methacrylate,
polycarbonate, polylactic acid and poly({lactic-co-

glycolic acid) .

25 11) The method according to any one of the
preceding claims, wherein said stem cells are sgelected
from the group consisting of mesenchymal stem cells,
neural stem cells, haemopoiletic stem cells, endothelial
stem cells and adipose-derived stem cells.

30

12) The method according to any one of the
preceding claims, wherein when nano-pillars or nano-holes
are used, sald stem cells selectively differentiate into

cells with high chondrogenic potential and when nano-
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grills are used, said stem cells selectively
differentiate into cells with low chondrogenic potential
when compared to stem cells cultured on a substrate not

having any imprints thereon.

13) A cartilage graft comprising a population of
stem cells differentiated chondrocytes disposed on a
plurality of imprints on a substrate, said imprints being
arranged 1n an ordered manner and configured to

selectively promote chondrogenesis of said stem cells.

14) The cartilage graft according to claim 13,
wherein said imprint is a nano-imprint selected from the
group consisting of nano-pillar, nano-hole, nano-grill,

nano-wire and nano-tube.

15) The cartilage graft according to claim 13 or
claim 14, wherein said substrate 1is a biocompatible
polymer selected from the group consisting of carbomer,
polvalkylene glycol, poloxamer, polyester, polyether,
polyanhydride, polyacrylate, polyvinyl acetate,
polycarbonate, polyvinyl pyrrolidone, poly carboxylic
acid, poly hydroxyacid, polygalpolysaccharide,
polycarbonate, mixtures and copolymers of the polymers

and monomers thereof.

16) The cartilage graft according to any one of
claims 13 to 15, wherein salid stem cells are selected
from the group consisting of mesenchymal stem cells,
neural stem cells, haemopoietic stem cells, endothelial

stem cells and adipose-derived stem cells.

17) The cartilage graft according to any one of

claims 13 to 16, wherein said chondrocytes have a
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morphology selected from the group consisting of round

morphology, polygonal morphology and spindle morphology.

18) The cartilage graft according to any one of
claims 13 to 17 for use in treating a patient suffering

from a disease or disorder selected from the group

consisting of osteochondritis dissecans, traumatic
chondral fracture of the knee, ostecarthritis,
achondroplasia, costochondritis, relapsing

polychondritis, chondroma, chondrosarcoma, ear defect and

nose defect.
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