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THREE- DI MENSI ONAL FABRI CATI ON OF Bl OCOVPATI BLE STRUCTURES |MW“
SHAPES AND DI MENSI ONS FOR Tl SSUE ENG NEERI NG AND ORGAN REPL

WLD

CF | NVENTI ON The present invention relates to nmethods and appar atyses
i nvol ving bi oconpatible structures for tissue engineering and organ

repl acement and, nore 10specifically, to methods and apparat m
bioconpati bl e structures formed by three-dinmensional fabrica

engi neering and organ replacenent. BACKGROUND Ti ssue engi neeri ng.ggjgd: Or gan
transpl antation are principally concerned with the 15repiacement of tissue
and organs that have lost function duel-to injury or disease. In one
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THREE-DIMENSIONAL FABRICATION OF BIOCOMPATIBLE
STRUCTURES IN ANATOMICAL SHAPES AND DIMENSIONS FOR TISSUE
ENGINEERING AND ORGAN REPLACEMENT

FIELD OF INVENTION
The present invention relates to methods and apparatuses involving
biocompatible structures for tissue engineering and organ feplécement and, more
specifically, to methods and apparatuses involving biocompatible structures formed by

three-dimensional fabrication for tissue engineering and organ replacement.

BACKGROUND

Tissue engineering and organ transplantation are principally concerned with the
replacement of tissue and organs that have lost function due to injury or disease. In one
approach toward this goal, organs are transplanted into a patient. However, the side
effects of transplantation can be unpleasant, and can compromise the health of the organ
recipient. In another approach, cells are cultured in vitro on biodegradable p'olym.eric
scaffolds to form tissues or neo organs that are then implanted into the bédy at the
necessary anatomical site. .

Several techniques have been proposed for forming scaffolds for tissue growth.
For instance, U.S. Patent Publication No. 2002/0182241, entitled “Tissue Engineering of
Three-Dimensional Vascularized Using Microfabricated Polymer Assembly
Technology,” by Borenstein et al., describes two-dimensional templates that are
fabricated using high-resolution molding processes. These templates are then bonded to
form three-dimensional scaffold structures with closed lumens. 'U.S. Patent No.
6,176,874, entitled “Vascularized Tissue Regeneration Matrices Formed by Solid Free
Form Fabrication Techniques,” by Vacanti et al., describes solid free-form fabrication
methods used to manufacture devices for allowing tissue regenération and for seeding
and implanting cells to form organ and structural components. U.S. Patent Publication
No. 2003/0069718, cntitléd “Design Methodology for Tissue Engineering Scaffolds and
Biomaterial Implants,” by Hollister et al., describes anatomically shaped scaffold

architectures with heterogeneous material properties, including interconnecting pores.



approach toward this goal, organs are transplanted into a patient. However,
the side,effects of transplantatlon can be unpl easant, and can conprom se
the health of the organ recipient. In another approach, cells are cultured
im vitro on biodegradabl e polyneric scaffolds to formtissues or neo organs
that are then inplanted into the body at the 20necessary anatom cal site.
Several techniques have been proposed for form ng scaffolds for tissue
grow h. For instance, U.S. Patent Publication No. 2002/0182241, entitled.
"Ti ssue Engi neering of Three-Di nensional Vascul arized Using M crofabricated
Pol ymer Assenbly Technol ogy," by Borenstein et al., describes

t wo- di nensi onal tenplates that are 25fabricated using high-resol ution
nol di ng processes. These tenplates are then bonded to form

t hree-di nensi onal scaffold structures wth cl-osed [unens. U S. Patent No.

6, 176, 874, enti tPegite heabavasifotsy sipnificant dexe]epraens ingprnastionvath maped by

Solid Free iheda,fabhsicaatruatrese&pRiisIULhose dBholawant iepfiieldl o a&es&sruebﬂs solid
free-formfabrication nmethods used to manufacture devices IF | owi ng

tissue regeimited pothimpraveasnts@eaeedfd3o and i nplanting cells to for m or gan
and structural conponents. U.S. Patent Publication No. 2003/0069718,

enti.tl ed "Design Mt hodol ogy fO caf fol ds and _
Bi omat er) al | npl ants, " thﬁﬁifﬂﬁ[&%fﬁgg anat om cal | y shaped
scaf fol d archi taq&mb@mm 'praﬂaﬁlsesf RYSNRRUodPRipafibIRIstrREt@RE Fér tRSue | NCl udi ng
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|rrprovenrents ar.e, needed. t hods an

appar at useP" PRI} nﬁ??ga’BYIBEBWB‘a’f‘?slﬂsérugwwg’g’gf%rleaﬁ Qg FPHES i ng and
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20  constructed and arranged for use as a template for cell growth.

In another aspect, a method for forming an article for use as a template for cell -
growth is provided. The method comprises using a multi-photon lithography process to
form a structure comprising at least one wall defining a cavity, wherein the wall
comprises a plurality of pores having a cross-sectional dimension of less than 40 microns |

25 inatleasta po_rtion of the wall and permeating the wall, thereby enabling exchange of a
component between a portion interior to the cévity and a portion exterior to the cavity.

Other advantages and novel features of the present invention will become
apparent from the following detailed description of various non-limiting embodiments of
the invention when considered in cohjunction with the accompanying figures. In cases

30 where the present specification and a document incorporated by reference include
conflicting and/or inconsistent disclosure, the present specification shall control. If two

or more documents incorporated by reference include conflicting and/or inconsistent



20 constructed and arranged for use as a tenplate for cell grow h.

I n gnot her aspect, a nethod for formng an article for use as a tenplate
for cell growh is provided. The nmethod conprises using a multi-photon

| rt hogr aphy process to forma structure conprising at | east one wall
defining a cavity, wherein the wall conprises a plurality of pores having a
cross-sectional dinension of less than 40 mcrons 25 in at |east a portion
of the wall and perneating the wall, thereby enabling exchange of a
conponent between a portion interior to the cavity and a portion exterior
to the cavity. O her advant ages and novel features of the present
invention wll becone apparent fromthe foll ow ng detail ed description of
various non-limting enmbodiments of the {nvention when considered in
conjunction with the acconpanying figures. In cases 30 where the present
speci f i cat idisecloanet witlirespere tut eachn othey chieat thel dbgumient havémg theilatet effbetieoddté | ct i ng
and/ or inc%ﬂ%Lst nt di scl osure, the present specification shall control. If
two or noré & nts incorporated by reference include conflicting and/or
inconsistent - 3 - disclosure with respect to each other, then the
docunent having the |ater effective date shall control. - The present

i nvention al so provides any one of the enbodi nents di sclosed bel ow and
indicated with the nunbers 1 to 19. 1. An article for use as a tenplate
for cell growh, conprising: 5a structure conprising at |east one wall

defining a cavity; and a plurality of pores having a cross-sectional
di mension of less than 40 mcrons forned in at |east a portion of the wall
~and perneating the wall, thereby enabling exchange of a conponent between a

portion interior to the cavity and a portion exterior to the cavity,
10wherein the structure is constructed and arranged for use as a tenplate
for cell growth. 2. A method as in claim1, wherein the plurality of pores
have a cross-sectional : _



di rension of less than or equal to 20 mcrons. 15 3. A nethod as in claim
1, whereiin the plurality of pores have a cross-sectional dinension of |ess
than or equal to 10 m crons. 4. A nmethod as in claim1l1, wherein the
prurality of pores have a cross-sectional 20 di mension of |ess than or
equal to 1 micron. 5. A nethod as in chgim1, wherein at |east a portion
of the wall has a thickness of less than 30 microns. 25 6. A nmethod as in

I"ai m 1; [ h ' h [ di t f ), 43 ' .
Ot ook PSP B0y RO o A i g, W 3l o1

he™ ar I'S a process
conpri sing l.1i-phot l.jt hography. 30 - 3b- 9. A nethod as in claiml,
wher ei n thégBVﬁ7$ﬁ$F Olg‘?‘lgbres and the structure are fabricated by the sane
process. 10. A nmethod.as in claiml1, wherein the structure conprises a
first cavity portion 5 having a first inner dianmeter and a second cavity
portion having a second inner dianmeter. 11. A nethod as in claim 10, :
wher ei n t hd-fi r $tn article Serousnds a tamaplatd ifenetlgrewthy eordprisingzent . it) 12. A net hod
as in claim1l1i, ' [ ati f f i N diameter to the second
i nner di’amet er ia\gﬂ-gétgge{%eor sgl% a&&#.”&&%& dr?e%?'Lné Jalgrt?"gdngl aim1l, wherein
structure conpr jagpdurakitynfiipores having a cross-sectional dimension of less than 40 microns

formed in at least a portion of the wall and permeatirig the wall, thereby enabling
exchange of a component between a portion interior to the cavity and a portion exterior
to the cavity, ‘
10 wherein the structure is constructed and arranged for use as a template for cell
- growth. ' .

2. A method as in claim 1, wherein the plurality of pores have a cross-sectional

dimension of less than or equal to 20 microns.

3. A method as in claim 1, wherein the plurality of pores have a cross-sectional

dimension of less than or equal to 10 microns.

4. A method as in claim 1, wherein the plurality of pores have a cross-sectional

20 dimension of less than or equal to 1 micron.

5. A method as in claim 1, wherein at least a portion of the wall has a thickness of

less than 30 microns.

25 6. A method as in claim 1, wherein the cavity has an inner diameter of less than 300
microns. , '
7. A method as in claim 1, wherein the article is formed by a process comprising

multi-photon lithography..
30 | |
8. A method as in claim 1, wherein the article is formed by a process comprising

| twb-photon lithography.



1514. A nethod as in claim 13, wherein the ratio between an inner dianeter
of the structure to an inner dianeter of the substructure is greater than
10:1. 15. A nethod as in claim 13, wherein the substructure conprises a

wal | defining a cavity. 16. A nethod as in claim15, wherein the wall
of the substructure conprises a pluraligy_of pores formed in at least a
portion of the wall and perneating the wall, thereby enabling exchange of a

conponent between a portion interior to the cavity of the substructure and
a portion exterior to the cavity of the substructure. 17. A nethod as in
claim 16, wherein the portion exterior to the cavity of the substructure
conprises the portion interior to the cavity of the structure. 18. A

met hod of forming an article for use as a tenplate for cell growh,
conprising 30using a nulti-photon |ithography process to forma structure
conpri sing st | enaletinddeas\atlind ¢f windreig tiee plasalityy of vdrey andnhé ftmcnat hreconpri ses
a plural i.tyf of res, having a cross-sectional dinension of |ess than 40
mcrons in ﬁ?mlagegsbtytge PUPE PIOR*Bf the wall and - 3c pernmeating the wall,

t her eby enabling exchange of a conponent between a portion interior to the

cavity and 1%. por Im%ﬂlo%Xt & Ic:lg{mtlowllxertl'eein VsIt turé‘?br’énﬁ?égtalfﬁLt%aI/igr Hrign 35 4
tenpl ate for cel growtaﬁ, conprising: ba structure conprisin B P Rast one
- wal | defsi nilaging adfirei inyer didreetemandtasetand cayity poitiondwavidg arsetond infer dizgetarhan

- 300 m crons; and - aplurality of pores formed in at |east a portion
of the wall and perneating the wall, thereby enabling exchange of a
conponent bdt we el methedrasiin plaim d @y wherein ghe: first arsdsecondaingeraliamgtess 8r¢ ext eri or
to the cavififered@Wherein the structure is constructed and arranged for use
as a tenplate For cel | grow h.

10 12 A method as in claim 11, wherein the ratio of the ﬁ_rst inner diameter to the

second inner diameter is greater than 10:1.

13. A method as in claim 1, wherein structure comprises a substructure.

15 14, A method as in claim 13, wherein the ratio between an inner diameter of the

structure to an inner diameter of the substructure is greater than 10:1.

15. A method as in claim 13, wherein the substructure comprises a wall defining a
cavity.

20 .
16. - A method as in claim 15, wherein the wall of the substructure comprises a
plurality of pores formed in at least a portion of the wall and permeating the wall,
thereby enabling exchange of a component between a portion interior to the cavity of the
substructure and a portion exterior to the cavity of the substructure. .

25
17. A method as in claim 16, wherein the portion exterior to the cavity of the

~ substructure comprises the portion interior to the cavity of the structure.

18. A method of forming an article for use as a template for cell growth, comprising
30 using a multi-photon lithography process to form a structure comprising at least one wall
defining a cavity, wherein the wall comprises a plurality of pores having a cross-

sectional dimension of less than 40 microns in at least a portion of the wall and



- 3d - BRI EF DESCRI PTI ON OF THE DRAW NGS 5Non-|im ting enbodi nents of the
present invention will be described by way of exanple with reference to the
acconpanying figures, which are schematic and are not intended to be drawn
to scale. In the figures,. each identical or nearly identical conponent
illustrated is typically represented by;a_single numeral. For purposes of
clarity, not every conponent is |labeledIn every figure, nor is every
conponent of each 10 enbodi nent of the invention shown where illustration
is not necessary to allow those of ordinary skill in the art to understand
the invention. In the figures: FIG 1A is a high-resolution

mul ti-section conputed tonography scan of a bilateral carotid artery
stenosis (prior art); FIG 1B is an SEMinmage showi ng a cr-oss
.section .of a nouse kidney proxinml 15tubule (prior art); FI GS. 2A and
2B show sclperméating dheagily tbereby dmablizgenchhngerod acefpoaert betweea agortidasi onal
printing techniqu respectively, according to one enbodi nent of the

i nventi on; fnterior to the cavﬁ?'@&épgﬁg&ﬁex%“%{pg‘h? g%vr’iyc:at ed using the fabrication
t echni ques shown in FIGS. 20 2A and 2B according to anot her enbodi nent of

i nvention; 19. ArrdrGicle4osimeas agemplate fothaelleggroeth, zomprigiog:es f abri cat ed using

the techni ques shown in FIGS, 2A,and 2B rding 1o ot her .enbadi nent of
nventi gt % YRR Lednpind Ao AT PR R AR B Ay

syst em acconmbir dipneteran ddsh trana30P aaicrossitandf i nvention; 25FI G 6 shows one -
exanple of an e I I - 0 I

according to anéﬁ‘é&”@%@&%ﬁpﬁﬁ Liaﬁl\?é%ip%ﬁ?otn&tu wéﬁ&gg%e%ﬁ%ﬁgnw SEM

m cr ogr aphsvalk thergbyenabling dxgharnige of adomporent bgswpéroa portiontintererdp e cyiky em
accordi ng tﬁd%@%gﬁ‘:‘:x ol ﬁg?g\g% i nvention; FIG 8A-8D shows a

process for t Ication o ioartificial kidney 30 according to
anot herl%enbodi nevitereif thelstructppeisicpugtructed and arranged for use as a template for cell

growth.



FIG 9A is a schematic diagramshowi ng a structure that can be used for the
I nducti on of vessels according to another enbodi nent of the invention; - 4
- FIG 9B is a photograph of a structure fabricated by a

t hree-di nensi onal fabrication technique that can be used for the induction
of vessels according to another enbodiggng of the invention; FI G
10 is a photograph of a structure fabri %ted by a three-di nensi onal
5fabrication technique that can be used as a bl ood vessel according to

anot her enbodi ment of the invention; FIG 11 is a photograph of an
artificial liver lobule fabricated by a three- dinensional fabrication

t echni que according to another enbodi nent of the invention; FIG 12 is a
phot ograph of a structure fabricated by a three-di nensional 10fabrication
techni que that can be used to mimc the function of certain portions of the
urinary system according to anot her enbodi nent of the invention; - FI GS.
13A and 13B show a bl ock conprising a plurality of cavities according to
anot her enbodi nent of the invention; and FIG 14 is a photograph of an
structure fabricated by a three-dinensional 15fabrication technique that

can be used to mmc th%ﬂ%hg&“ﬁf’@wﬁg‘ﬁ%% | t o anot her

enbodi nent of the invention; an show schemati ¢ di agrans
of a baéksi de aiNbdnfliroiingieddbodimentsond thikepiespnt ofventiar Wbl degcritmddry veayodft di ng

t o anot her LWTRI ' Lo, shy ' cope | mge of
hol es fabr ieg%?@g s afeg%qcb %?'Q%%%%ﬁk&g{#%& ot E}e@ﬁéges{%n&‘géc %Pl(%é H‘%SA and
15B accor diimgnded te hodfam torsealeli Ingthe fighres,aaecinidentical or nearly identical :

component illustrated is typically represexited by a single numeral. For purposes of
clarity, not every component is labeled in every figure, nor is every component of each
10 embodiment of the invention shown where illustration is not necessary to allow those of
ordinary skill in the art to understand the invention. In the figures: -
FIG. 1A is a high-resolution multi-section computed tomography scan of a
bilateral carotid artery stenosis (prior art);
FIG. 1B is an SEM image showing a cross section of a mouse kidney proximal
15 tubule (prior art); - .
FIGS. 2A and 2B show schematic diagrams of horizontal and vertical three-
dimensional printing techniques, respectively, according to one embodiment of the
_invention; ’ | , '
_ FIG. 3 shows a pore fabricated using the fabrication techniques shown in FIGS.
20 2Aand2B éccqrding to another embodiment of invention;
FIG. 4 shows a plot characterizing pores fabricated using the techniques shown in
" FIGS. 2A and 2B according to another embodiment of invention,;
| FIG. § shows a flow chart of a two-photon lithography system according to
another embodiment of invention; |
25 FIG. 6 shows one example of an experimental setup of a twe-photon lithogfaphy
system according to another embodiment of invention;
FIGS. 7A-7D show SEM micrographs of structures fabricated by a two-photon
lithography system according to another embodiment of invention;
FIG. 8A-8D shows a process for the fabrication of a bioartificial kidney
30 according to another embodiment of the invention; |
FIG. 9A is a schematic diagram showing a structure that can be used for the

induction of vessels according to another embodiment of the invention;



FI G 15D shows an SEM mi crograph of holes created by overl appi ng | arger

- hol es acgording to anot her enbodi nent of invention; FIGS. 15E and 15F show
m croscope and SEM i nages, respectively, of holes created by overl appi ng

| arger hol es according to another enbodi nent of invention; 25FI G 15G shows
a cross-section of a porous polyner coating a tubular structure according
to anot her enbodi nent of invention; FI G- 15H shows a m crograph of

t He porous polyner shown in FIG 15G according to another enbodi nent of

i nvention; FIG 16A shows an SEM m crograph of the surface of a

hori zontal ly-printed 30 structure using an Eden 260 RPT according to

anot her enbodi nent of invention; FIG 16B shows.a profiler scan of the
surface shown in FIG 16A according to another enbodi nent of invention; -
5 - FIGS. 17A-17D show mi cr oscope'“i'rrages of cells seeded on the

surface shown i | G, . 16A ac di fw) e . pnvention;
FI G 18A shows E%Es%/fsn% ‘?%%%%?%a)‘{%‘{%gs“lé‘&@%%%gg{‘? at g%gg;{}%ncf?’%? }rul{}ct ure
~accor di ng tfabrizatiothtechegisotdiatneantbe gbed foy thetindietios B wssallg Brookding toanethsr

magni fi cati LIRIe : .face shown in FIG 18A according to anot her
enbodi nment cg}%ofhnven??%‘ﬁ?mnﬁ%’ FIG 19 shows -a profilometer scan of the

i nternal surfac&IGf 1Gistauthotagrapbiof astrueturefebrigatidhy & Gregrdimsasiorathodi ment  of

:om’ﬁ{‘teid%“? b RatitP R RIS HA PV F4:000150 vt el 3cStihg ¢S attithé hori zontal Iy

embodiment of the invention;
FIG. 11 is a photograph of an artificial liver lobule fabricated by a three-
dimensional fabrication technique according to another embodiment of the invention;
FIG.12isa photogfaph of a structure fabricated by a three-dimensional
10 fabrication technique that can be used to mimic the function of certain portions of the
urinary system according to another embodiment of the invention;
FIGS. 13A and 13B show a block comprising a plurality of cavities according to
another embodiment of the invention; and '
FIG. 14 is a photograph of an structure fabricated by a three-dimensional .
15  fabrication technique that can be used to mimic the function of a bladder according to
another embodiment of the invention;
FIGS. 15A and 15B show schematic diagrams of a backside and frontside surface
design of overlapping holes according to another embodiment of invention;
FIG. 15C shows a micrdscopc image of holes fabricated in a polymer according
20  to the design of FIGS. 15A and 15B according to another embodiment of invention;
FIG. 15D shows an SEM micrograph of holes created by overlapping- larger holes
according to another embodiment of ihvention;
. FIGS. 15E and 15F show microscope and SEM images, respectively, of holes
created by overlapping larger holes according to another embodiment of invention;
25 FIG. 15G shows a cross-section of a pordus polymer coating é tubular structure
according to another embodiment of invention;
FIG. 15H shows a micrograph of the porous polymer shown in FIG. 15G
according to another embodiment of invention;
FIG. 16A shows an SEM micrograph of the surface of a horizontally-printed
30  structure using an Eden 260 RPT according to another embodiment of invention;
FIG. 16B shows a profiler scan of the surface shown in FIG. 16A according to

another embodiment of invention;



10structure according to anot her enbodi ment of invention; FIG 20B
shows an,SEM m crograph of a surface of a vertically printed structure
according to anot her enbodi nent of invention; FI GS. 20C- 20F show
sturfaces of structures coated with various materials according to another
enbodi nent of invention; and 15FI G 21 shows a profilonmeter scan of
vertically and horizontally printed-structures according to anot her
errbodi ment of invention. DETAILED DESCRI PTI ON The present inventors have
realized the inportance of addressing geonetry, size, 20nechani cal
properties, and bioresponses in fabricating structures for tissue _
engi neering and organ replacenent, especially for structures invol ving
hol | ow and epithelial organs. As such, h?e nmet hods and appar at uses

descri bed herein have significant use i Tegenerati ve nedi ci ne. The present

i nvention rel at g3Gko1 7@ DD holcRRARE HHAR DAL PR L RERERRS DL

structures for tissue engineering and organ repl acement and, nore
speci fi cal IFG. 16A geqonding tanethes smbadimsatof inventionhg bi oconpati bl e structures

formed by three-lGMeglg SRR arf SN hiRldgPibhio?a dyhfshdf/1R8GbAEL HRAr&Nd Or gan
repl acenent. In sone enpbodinments, the bioconpatibl'e structures are
scaf fol ds fasfForgiog|te apqhgr embiedisgeny ebipveption; ssue engi neering tenpl at es and/ or

as artifsicial orgenssB IKFvsSS Kilk iabRificaloh iRt BF 8R-sudfcedhBRA S PIGAI18aNd can
mmc the shapes and dj nensi ons of tissues and/or organs, including the
mi cr oar chi t3&Eqrding @ ARPthescgdiodinant gf inveptian; ssyes and organs. For i nstance,

certain embodi MgGS 19EhdwWiG profiRMete? BcnT theintedRAli seAb @b laGubula!stdeupery
small features - 6 ess than 40 microns), such as small pore

. - (e.g., | han ¢
si zes, snalacudipgity arotherembodingnt gEINYFYIONhayvi ng thin walls. These features

are particul arl ¥igebdA shbivish SENI ricfogedpiof s suffd€d of I YbrehthDyprivited epi t hel i al
organs. In sone cases, a structure formegm% t hr ee-di nensi onal fabrication

conpri s¥s SUTREPTE EPTAHIEg 2aotheRARPAYARNt P4ty of pores in at least a
portion 5of the P3| 20B dikwvsaor SEMRivrogRiphl heuifie ofdl vertically paasd sabcter! ect ed
portions of thg,mall or . . .
according to another embodiment of invention;
FIGS. 20C-20F show surfaces of structures coated with various materials
according to another embodiment of invention; and
15 FIG. 21 shows a profilometer scan of vertically and horizontally printed

structures-according to another embodiment of invention.

DETAILED DESCRIPTION
The present inventors have realized the importance of addressing geometry, size,
20  mechanical properties, and bioresponses in fabricating structures for tissue engineering
and organ replacement, especially for structures involving hollow and epithelial organs.
As such, the methods and apparatuses described herein have significant use in
regenerative medicine.
The present invention relates to methods and apparatuses involving
25  biocompatible structures for tissue engineering and organ replacement and, more
specifically, to methods and apparatuses involving biocompatible structures formed by
three-dimensional fabricétion for tissue engineering and organ replacement. In some
embodiments; the biocompatible structures are scaffolds for cells that can be used as
tissue engineering templafes and/or as artificial organs. The structures may be three-
30 dimensional and can mimic the shapes and dimensions of tissues and/or organs,
including the microarchitecture and porosities of the tissu;s and organs. For instance,

certain embodiments of the invention can be fabricated to include very small features



all throughout the wall, and enabl e exchange of a conponent (e.g., a

nol ecul e ,and/or a cell) between a portion interior to the cavity and a
portion exterior to the cavity. For instance, pores may allow delivery of
mel ecul es, cell mgration, and/or generation of connective tissue between
the structure and its host environnment. Structures of the 10i nvention can
be inplanted into a mammal, or alternatively and/or additionally, can be
used ex vivo as bioartificial assist devices. I n sone enbodi nents,
structures for tissue engineering and/ or organ replacenent can be drawn,

| maged, "and/or scanned using a variety of tools, including conmputer-aided
design (CAD) tools, high-resolution multi-section conputed tonography (CT)
scans 15(FIG 1), and/or three-dinmensi-onal scanners. For-instance, FIG 1
shows a CT scan of a bil at eral carotid a@tery st enosi s, shovvi ng severe
stenosi s of r ot Thi s
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engi neering and/ or organ replacenent can al so be used I n one

embodi n¥nt , Inyentinp 6an b iveniattechinto p mammalcpriaktemativiie apd/oyaddifianglly.<am be at e
such structdgegsxv;{;tggsi,maﬁﬁ‘c@d]mugﬂags printing techni que may include the
use of a tool 30 such as the Eden 260 Rapid Prototyping Tool (RPT). The
Eden 260 RPT is I8 SpRF fbPIiMeafetiSihyesips tistie cReipecing aagmpr&&fléiﬂl@@@ea&
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pi ezoel ectrlc actuated nozzle. Using such too hr ee-
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many | ajer YFIG. 1), and/or three-dimensional scanners. For instance, FIG. 1 shows a CT scan of a’

bilateral carotid artery stenosis, showing severe stenosis of the left internal carotid artery,
as shown by the arrow. This and other image files can be converted into a proper file
format, and fed into systems that can produce the structures. A variety of techniques can
be used to form structures as described herein. These methods can, in some cases,
20 control compositions and micro-architectures of the structures. Appropriate systems and
’ techniques for fabricating structures for tiséue engineering and/or organ replacement
" include, but are not limited to, three-dimensional printing (e.g., three-dimensional
layering), multi-photon lithography, stereolithography (SLA), seléctive laser sintering
(SLS) or laser ablation, ballistic particle manufacturing (BPM), and fusion deposition
25 modeling (FDM). In certain preferred embodiments, structures are formed by three-
dimensional printing or multi-photon lithography techniques. Other techniques for
fabricating structures for tissue engineering and/or organ replacement can also be used.
In one embodiment, a three-dimensional printing technique is used to fabricate
such structures.. The three-dimensional printing téchnique may include the use of a tool
30  such as the Eden 260 Rapid Prototyping Tool (RPT). The Eden 260 RPT is a polymer
' dispensing system that can print droplets of polymer precursor (e.g., a build material) |

and sacrificial material using a piezoelectric-actuated nozzle. Using such tools, a three-



Each | ayer can then printed on top of each other, and the pol yner precursor
can ,be polynerized. In the enbodinent illustrated in FIGS. 2A and 2B, tools
1 and 2 dispense 5droplets 4 of different materials using one or nore
nezzles 6.. Droplets 4 may be printed to formstructure 8, supported by
substrate hol der 12. As shown in FIG 2A, structure 8 can be fornmed by a
vertical printing process; FIG 2B shows horizontal printing of structure
8  Afirst material to be printed may include, for instance, a build
material 10 conprising a W cross linkable polynmer that is not soluble in a
basi ¢ sol ution, which may be used to print the structure. Open areas (e.g.,
pores) in the design may be filled with a second nmaterial, i.e., a
sacrificial material, that is not UV cross linkable material but that:is
soluble in a basic solution. The first ahd second naterials can be '
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FIG 3 showsa: B8t i9861uBKaARILAsiOEoldtidi Thel SY dndab&shdusitéthlé b delfigpedfd RPT.
FIG 4 shows characterization of certain pores fabricated using this tool.
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t echni que. pym sonme enbodi nents, nore than one technique for introducing
porosity in a

Different methods of polymerization are pbssible, ihcluding polymerization by
UV radiation and by heat, which may depend on the particular material used. In one
particular embodiment, an image file of an organ can be printed in three dimensions in a

25  polymer, e.g., EDEN Fullcure 720 polymer, to form a structure. Other three-dimensional
fabrication tools can also be used to fabricate structures using this approach.

If desired, arrays o.f holes or pores can be drawn onto a scanned image to form a
porous skeleton of the imaged tissue or organ. In other words, the pores can be |
fabricated using the same fabrication technique used to form the structure. FIG. 3 shows

30  one example of a pore fabricated using the Eden 260 RPT. FIG. 4 shows

characterization of certain pores fabricated using this tool.



10 structure can be used. For instance, porosity can be induced in a
structure by nmethods such as solution casting, enulsion casting, polyner

bl endi ng, and phase transition induced porosity, as described in nore
detai |l bel ow I n sone enbodi nents, structures for tissue engineering
and/ or organ replacenment are forned using a multi-photon |ithography
system For instance, two-photon 15lithography or three-photon |ithography
systens may be used. Multi-photon polynerization nmay involve the use of an
ultra-fast infrared |aser (e.g., a fentosecond | aser operating at a

wavel engt h of 1028 nm), which can be focused into the volune of a

phot osensitive material. The pol ynmerization process can be initiated by
non-|inear absorption within the focal vplunme. By noving the focused | aser
t hr ee- di nensi onal | y 20t hrough the resin,”three-di nensional structures can
be fabricated. A sgructdel n&?%ls%@ﬁ%‘ri@@ﬂ&les & POty tRRRERS L] bl WiRHh 8RMn Syst em can -
be used to fabricate structures for tissue engineering and/or organ
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~structure has been I rized,.e.q., fr a block of resin or in a petri
di sh of nnﬁ%ﬁ@?,pwﬁgghﬁggﬁﬁggﬁjTH@%?SQPQ%%EW“be washed away with a suitable
sol vent, | eavi ndn behé exdbodimehis/satucairesifor tissae eddirecriag and/qtiergan Fepiements ed
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three- di nensional  devi Cos, SONBt1neEs I'nPLhree process st éps. leorrpar ed with
traditi onalabg:ﬁjpti_on within the focal volume. By moving the focused laser three-dimensionally
20 through the resin, three-dimensional structures can be fabricated.
In one embodiment, a two-photon lithography system can be used to fabricate
structures for tissue engineering and/or organ replacement. In a two-photon lithography
system, a monomer mixed with a photo initiator that absorbs UV light may be exposed to
an infra-red laser. Two photons of infra red light can be absorbed by the resin/chemicals
25 and a single photon of ultra-violet light can be released. The released photon can then be
absorbed by the photo initiator to produce free radicals which can cause polymerization
of the monomers. Since the two-photon absorption cross-section is very small, for the
release of sufficient UV light to induce free radical polymerization in the chemicals, a
large amount of energy (terawatt) can be delivered to the chemical by the laser. This
30  energy density could be generated at the focal point of a laser beam from an ultra-fast

(e.g., femtoéecond) pulse laser. Two-photon-absorption only occurs at the focal point of

the beam and not at the laser beam path, hence a very small volume (e.g., femtoliter) of



m cro-fabrication techniques, where nmultiple mask | ayers may be required to
bui l,d conpl ex three-di nensi onal devices, the two-photon |ithography system
may have a very sinple setup. However, in sone instances, the process of
fabricating such devices is a 15 serial process and device fabrication may
be slow, taking up to 13 mns for a 10gm x 10m x 10m device. In order to
build scaffolds of any significant volunme would require days of scanning,
this being unrealistic for many commerci al applications. Significant
upgrades to the two-photon system conpared to systens descri bed by others,
can be made, as discussed in the Exanples. 20FIG 5 shows a flow chart of a
t wo- photon |ithography systemand FIG 6 illustrates an exanple of an
experinmental setup of such a system FL@ﬁ. 7A- 7D show exanpl es of vari ous

structures that can be fabricated using a two-photon |ithography system as
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a thin layer o
days of scanning, this being unrealistic for many commercial applications. Significant

upgrades to the two-photon system, compared to systems described by others, can be
made, as discussed in the Examples.

20 FIG. 5 shows a flow chart of a two-photon lithography system and FIG. 6
illustrates an example of an experimental setup of such a system. FIGS. 7A-7D show
examples of various structures that can be fabricated using a two-photon lithography
system, as described in more detail in the Examples. It should be understood that other
structures (e.g., for use in tissue engineering and/or organ replacement) described herein

25  can also be fabricated using two-photon lithography. For example, in one embodiment, a
multi-photon lithography process can be used to form a structure comprising at least one
wall defining a cavity, wherein the wall comprises a plurality of pores having a cross-
sectional dimension of less than, e.g., 40, 30, 20, or 10 microns in at least a portion of the
wall and permeating the wall, thereby enabling exchange of a component between a

30  portion interior to the cavity and a portion exterior to the cavity.

In one embodiment, stereolithography can be used to form structures for tissue

engineering and/or organ replacement. Stereolithography may involve the use of a



powder can be spread evenly onto a flat surface, i.e., using a roller
mechani ssm The powder can be raster-scanned using a high-power | aser beam
The areas of the powder material where the | aser beam was focused can be
fused, while the other areas of powder can remain dissociated. Successive
| ayers of powder can be deposited and raster- 15scanned, one on top of
another, until an desired structure is obtained. In this process, each

| ayer can be sintered deeply enough to bond it to the preceding |ayer.

I n sone enbodi nments involving three-di nensional fabrication, variation of
the laser intensity and/or traversal speed can be used to vary the
crosslinking density within a structure. In sone cases, this allows the
properties of the material to be varied . from 20position to position with
the structure. Variation of the laser intensity and/or traversal speed can
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In some embodiments involving three-dimensional fabrication, variation of the

laser intensity and/or traversal speed can be used to vary the crosslinking density within
~ astructure. In some cases, this allows the properties of the material to be varied from
20  position to position with the structure. Variation of the laser intensity and/or traversal
speed can also control the degree of local densification within the maierial. For instance,
regions where the laser intensity is high or the traversal speed is low can create areas of
higher density.
Structures used as templates for cell growth can be formed in organic and/or
25  inorganic materials inclhding polymers, ceramics, gels, and glass, as described in more
detail below. Surface properties of the structures can be modified by various techniques.
In some cases, surfaces of a structure can be modified by coating and/or printing an
additive proximate the structure. In other casés, additives can be incorporated into the
material used to form the structure (i.e., embedded in the structure during fabrication), as
30  described in more detail below. Surfaces may be modified with additives such as
proteins and/or other suitable surface-modifying substances. For example, collagen,

fibronectin, an RGD peptide, and/or other extracellular matrix (ECM) proteins or growth



10material that inhibits cell adhesion, such as a surfactant (e.g.,

pol yet hyl ene glycol and pol ypropyl ene oxi de-pol yet hyl ene oxi de bl ock
copolynmers). For instance, areas of a structure where it is not desirable
for cellular gromh can be coated with such nmaterials, i.e., to prevent
excessive soft connective tissue ingrowh into the structure fromthe
surrounding tissue. In sone cases, nodification of surface properties of

t he structure can 15be used to position cells at specific sites within the
structure. In some enbodi nents, a conbination of cell-adhering and

cel |l -inhibiting substances can be incorporated into various portions of a
structure to sinultaneously facilitate and inhibit cell growh,
respectively. In sone enbodiments, a structure can be coated with a porous
material (e.g., a 20 polymer such as a ég i.e., prior to being coated

and/ or pri H&sksWhd Pe Soatddl a6 BreSREte, N, @Lebﬁttaﬂqspmﬁﬁate bibid 36 @espbiket he
embodi nent jllustrated in FIG 8, structure 9 can be fabricated usi ng a
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In some embodiments, a structure can be coated with a porous material (e.g., a

20  polymer such as a gel), i.e., prior to being coated and/or printed with a surface-modifying
substance. For instance, in the embodiment illustrated in FIG. 8, structure 9 can be
fabricated using a three-dimensional fabrication method to form a bioartificial kidney. In |
some instances, the structure can be modified with a substance (FIG. 8B), i.e., the
structure can be first coated with a porous polymer, and then with a surface-modifying

25  substance such as collagen, i.e., to facilitate cell adhesion. Cells 14 can then be seeded '
into and/or onto the modified structure (FIG. 8C). FIG. 8D shows an assembled device
comprising structure 9 seeded with cells (e.g., vascular cells). Structure 16 may include
another layer of cells (e.g., proximal tubule cells). The device may mimic the function of
a kidney, i.e., as blood flows according to arrow 18 and ultra-filtrate may flows

30 according to arrow 22.

A porous polymer coating a structure can be used for a variety of purposes. For

example, a porous polymer may be used to form small pores (i.c., having a cross



Surfaces of substructures may also be nodified, i.e., in a fashion

descri bed above. For exanple, in one enbodinent, a wall of the |arge vessel
may be nodified with a first gromh factor to induce growth of a first type
of cell on the wall of the |arge vessel, and a wall of the small vessel may
be nodified with a second growh factor to induce growh 150f a second type
of cell on the wall of the small vessel. Substructures nmay include pores

t hat al | ow exchange of a conponent between an interior cavity portion of °
the substructure and a portion exterior to the substructure, i.e., between
a cavity portion of the substructure and a cavity portion of a |arger
structure. A wide variety of artificial tissues and organs can be
fabricated as three- 20 di nmensional structures using nethods described
herein. In sone enbodi nents, the structgfés can be used as tenplates for
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pl ane can. B&scHBed bslgwe Pregopilimitiag e pLa, syitaBleporgyispe )Wi‘etrl‘ﬁ?f’ °BSV| ty
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cavity, as tlgees% gtlrub?urc i 4 cavxty portion of a larger structure. |
A wide variety of artificial tissues and organs can be fabricated as three-
20 dimensional structures using methods described herein. In some embodiments, the
structures can be used as templates for cell growth, which may be applied towards tissue
engineering and/or organ replacement. For structures to be used in vivo, cells and/or
tissues may be grown on a structure prior to the structure being implanted, or
alternatively, the structure may be positioned directly into a mammalian system where
25  the body’s cells naturally infiltrate the structure.
In some particular embodiments, structures may be formed in the shape of organs
that include a cavity.portion. For instance, structures including a cavity portion may
include hollow organs and/or epithelial organs such as vessels, lung, liver, kidney,
pancreas, gut, bladder, and ureter, as described in more detail below. A cavity of a
30  structure, as used herein, refers to a substé.ntially enclosed space defined by a wall of the
structure, in which a plane can be positioned to intersect at least one point within the

cavity and the structure, where it intersects the plane, completely surrounds that point.



detail bel ow. A cavity of a structure may vary in volunme and may
depend, in sonme instances, on the tissue or organ in which the structure
m m cs. The volunme of the cavity nay be, for instance, less than 1 L, |ess
than 500 nmL, less than 100 m., less than 10 nL, less 15 than 1 nL, |ess
than 100 microliters, less than 10 microliters, less than 1 microliter,

| ess than 100 nanoliters, or |less than 10 nanoliters, where volune is
measured as within that portion of the structure that is-enclosed. A
wal | of structure defining a cavity portion can vary in thickness, and may
al so depend on the tissue or organ in which the structure mmcs. In sone
cases, thick walls 20 (i.e., greater than 500 m crons thick) may be
suitable for certain structures (e.g., Badder) i.e., requiring slow or
relatively little exchange of conponents~bet ween portions interior and
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~In some instances, a cavity may be deﬁned_ by an inner diameter of a certain
30 distance. “Inner diameter”, as used herein, means the distance between any two opposed
points of a surface, or surfaces, of a cavity. For example, the inner diameter of a blood

vessel may be defined by the distance between two opposing points of the inner wall of



25plurality of pores having a cross-sectional dinmension of less than, e.g.,
40, 30, 20, 10, 5, or 1 mcron fornmed in at |east a portion of the wall and
pernmeating the wall, thereby enabling exchange of a conponent between a
portion interior to the cavity and a portion exterior to the cavity. The
structure may be constructed and arranged for use as a tenplate for cel
growth. 30In another enbodinent, an article for use as a tenplate for cel
growt h conprises a structure conprising at |east one wall defining a
cavity, the cavity having an inner dianeter of Iess than, e.g., 500, 400,
300, 200, or 100 mcrons, and a plurality of pores - 15 - fornmed in at
least a portion of the wall and perneating the wall, thereby enabling
exchange of a conponent between a portiqg.interior to the cavity and a
portion exterior to the cavity. The structure may be constructed and.
arranged f aghe uesselaslnwertd&ammters maycatsocbeIubecguoaiusctnbe&bn-sphefﬁogkmdgmtma&:jlas
and/ or or iffe o e.arrange
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vessel systaspihesgmbedimentep sisutere imay)includgia ﬁrsécanutrxg@vr(ngmfmangr dlameter
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cases, portjons of the heart become diseased, |.e., heart tissue may not

recei ve a ITATEFT Cb5IEyeatT handdl areptethafoti 1. Beateidhpm$il, grepigethan d8:1f or i ng
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inner diameters of the first and second portions may be 1:1. Additional examples of such
structures are described in more detail below.
Accordingly, in some embodiments, an article for use as a template for cell

growth com'prises a structure comprising at least one wall defining a cavity, and a

25  plurality of pores having a cross-sectional dimension of less than, e.g., 40, 30, 20, 10; 5,
or 1 micron formed in at least a portion of the wall and permeating the wall, thereby
enabling exchange of a component between a portion interior to the cavity and a bortion
exterior to the cavity. The structure may be constructed and arranged for use as a
template for cell growth. '

30 In another embodiment, an article for use as a template for cell growth comprises
a structure comprising at least one wall defining a cavity, the cavity having an inner

- diameter of less than, e.g., 500, 400, 300, 200, or 100 microns, and a plurality of pores



30 do not | et enough hlood flow through (i.e., stenosis), or when the

val ves dp not close properly, allowing blood to |eak into places where it
shoul dn't (i.e., inconpetence or regurgitation). In these instances, heart
val ves may need to be replaced. In one - 16 - enbodi ment, nethods
described herein can be used to fabricate heart valves (e.g., tricuspid,
pul monary, mtral, and/or aortic valves) that are coated with filns of
additives known to prevent blood clotting. In another enbodi ment, an
artificial valve may.incorporate additives such as antibiotics, which can
prevent endocarditis, an infection of 5the heart's lining or valves. In
sone cases, an artificial valve may conprise a conbination of additives,
such as the ones nentioned above. The hﬁgrt val ves can be used in vivo to
repl ace di seased heart val ves, and/or vitro as a scaffold tenplate for
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as described in more detail below.

In one aspect of the invention, tissues and organs of interest include those of the
circulatory system. The circulatory system includes the heart (coronary circulation), the
20 blood vessel system (systemic circulation), and the lungs (pulmonary circulation). The
circulatory system functions to délivcr oxygen, nutrient molecules, and hormones to the
Body, and to remove cai'bbn dioxide, ammonia and other metabolic waste from parts'of
the body.
- Coronary circulation refers to the movement of blood through the tissues of the .
25  heart. In some cases, portions of the heart become diseased, i.e., heart tissﬁe may not
_receive a normal supply of food and oxygen, or certain structures forming the heart, e.g.,
~ heart valves, may not be operating normally. In the latter case, when heart valves are
functioning properly, the flaps (also called leaflets or cusps) of the valves open and close
fully. Proper function of heart valves may cease when the valves do not open enough or
30  do not let enough blood flow through (i.e., stenosis), or when the valves do not close
properly, allowing blood to leak into places where it shouldn’t (i.e., incompetence or

regurgitation). In these instances, heart valves may need to be replaced. In one



30. to the cavity 20. Structure 10 may have a first end portion 30 and a
second end portion 35, which may be opened or closed. In sonme cases, end
portions 30 and 35 may be used to connect structure 10 to ducts of a
patient. The di mensions of structure 10 may vary - 17 - depending on the
particul ar body part the structure will mmc, where the structure will be
positioned in the body, the size of the patient, etc. For exanple,
structure 10 may have an inner dianeter 42 and/or outer dianmeter 44 of |ess
than 10 nm less than 5 mm (e.g., inner dianeter of 0.5 mm and outer
diameter of 1.5 mm, or less than 1 nm In 5 sone enbodi nents, structure 10
to be transplanted into a mammal i an body nay have | ength 40 between 10 mm
and 100 mm or 25 mmand 75 mm (e.g., 58 nm), inner diameter 42 of 0.5nmm
and outer diameter 44 of 1.5mm The thidRhess of wall 50 of the structure

may be def icfffddident Metfbds| REGHE hBRINVGEbeluBEElo fabAL i@k vdhaseigr s 42 and
44, respectively. Thicknesses of wall 50 can range froma few m crons
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500: 1. the cells. The capillaries are connected to the venules, the smallest veins in the body,

and the veins get bigger as they carry the blood back towards the heart. The capillaries
are the points of exchange between the blood and surrounding tissues. Components can
/20  cross in and out of the capillaries, i.e., by passidg _through or between the cells that line
the capillary. |
Structures for use as templates for cell growth can be designed to mimic a variety
structures of the blood vessel system. In some embodiments, structures can serve as
templates for triggering controlled in-growth of vascular structures (FIG. 9) or complete
25  artificial vessel replacements (FIG. 10). FIG. 9 shows structure 10, which can be used
for the induction of vessels in vivo. Structure 10 was fabricated by a three-dimensional
layering process, but 'oth'er three-dimensional fabrication processes can also be used. .
As illustrated in the embodiment shown in FIG. 9, structure 10 may be formed in
the shape of a tube including interior cavity portion 15 (FIG. 9B) and a portion exterior
30. to the cavity 20. Structure 10 may have a first end portion 30 and a second end portion
35, which may be opened or closed. In some cases, end portions 30 and 35 may be used

to connect structure 10 to ducts of a patient. The dimensions of structure 10 may vary



30FI G 10 shows structure 11, which can be used to replace a section of a
bl ood vessel in a patient. Structure 11 includes interior cavity portion 15
havi ng i nner dianmeter 17, portion 20 exterior to the cavity, first end 30,
and second end 35. .As shown in the - 18 - enbodinment illustrated in FIG
10, structure 11 also includes sections 70 and 75, which can be used as

i nterconnecting |unmens for connecting structure 11 to one or nore ducts of
a'patient. If desired, a structure can be designed to include a plurality
of such sections. Sections 70 and 75 may each be defined by cavity portions
having a certain 5inner dianeter. In sone cases, the ratio of the inner

di aneter of a first cavity portion (e.g., interior cavity portion 15) to
the inner dianeter of a second cavity Qq;gion (e.g., cavity portion of
section 70 or 75) can be equal to 1:1, greater than 1:1, greater than 2:1,
great er thaeﬂéminlgocéf?abagicmla?n%dg%a?mmggmﬁe “tinaimmw;“ﬁmegmea&ﬁ{mrtMn 50]:c 1,
or greater _than. - 1. of, structure may have a thickness o
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bet ween, substructures. For instance, structure 10 may be fabricated to include a substructure such

as a vessel. The substructure may be positioned in at least a portion within interior
cavity portion 15, or it may be positioned exterior to cavity 15 (i.e., in portion 20 exterior
to the cavity). In some cases, a substructure may pass across a pore (i.e., pore 66) of the
structure, or the substructure may be interwoven betWecn pores of the structure. As

25  such, structure 10 may include at least a first cavity (i.e., interior cavity portion 15) and a
second cavity (i.e., a cavity portion of the vessel). The ratio of the inner diameter of the
first cavity to the inner diameter of the second cavity may be greater than 1:1, greater
than 2:1, greater than 5:1, greater than 10:1, greater than 20:1, greater than 50:1, greater
than 100:1, greater than 200:1, or greater than 500:1.

30 FIG. 10 shows structure 11, which can be used to replace a section of a blood
vessel in a patient. Structure 11 includes interior cavity portion 15 ‘héving inner diameter

17, portion 20 exterior to the cavity, first end 30, and second end 35. As shown in the



- 19 - an interior cavity portion and a portion exterior to the cavity
(e.g., the surrounding tissues). The pores may allow certain snal
conponents such as certain dissolved nolecules (i.e., small ions) to pass
aeross the pores, but may inhibit |arger conponents such as proteins from
passi ng across. In another enbodi nent, exchange of conponents 5across a
capillary wall can occur by vesicles in the cells of the capillary wall

t hat pick up conponents fromthe blood (i.e., in the interior cavity
portion of the capillary), transport themacross the capillary walls, and
expel theminto.the surrounding tissue (i.e., into a portion exterior to

the cavity of the capillary). In yet other enbodi nent, conponents may
exchange between an interior cavity porié on and a portl on exterior to the
cavity via JO passage .through the cell [Tning. I.e., conponents may diffuse

fromthe blaﬁesidlhehpmm?at@@in FGO1 0, isHBctaAPl 1| A1 Mclvabd sectiGHId0tdparTs| Whieht he
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tissue may be grown onto structure 11. A layer of elastic fibers may also be grown onto

20  structure 11 to give it greater elasticity, if desired. In some embodiments, structure 11
can be made from a biodegradable polymer that degrades, i.e., after healthy tissues have
re-grown and have integrated into the body.

In some embodiments, structures formed by methods described herein are
designed to mimic capillaries, which can allow exchange of components such as

25  nutrients, wastes, hormones, and white blood cells, between the blood and surrounding
environment. The surrounding environment may include the interstitial fluid and/or
surrounding tissues. The artificial structure may include a cavity portion comprising a
wall having a thickness of 0.5 mm, fqr examnple, which can be lined with endothelial
cells. In some casee, a wall of the capillary has a thickness of a single cell. In one

30 embodiment, capillary structures may include small pores or holes that may be less than

. 50 microns, less than 10 microns (e.g., about 1 micron) in size between the cells of the

capillary wall, allowing certain components to pass in and out of capillaries, i.e., between



- 20 - arranged in plates. In between the hepatocyte pl ates,

bl oqd- cont ai ni ng si nusoi ds can be found. The center of the Iobule is the
central vein, and this vessel receives blood fromthe sinusoids. In some
enbodi ments, artificial structures in the shape of liver |obules can be
fabricated. FIG 11 shows structure 12, an artificial liver |obule, which
can be 5fabricated using a three-di nensional fabrication process. Structure
12 includes scaffold 80 for plating and grow ng hepatocytes. Scaffold 80
can be designed with a specific mcro-architecture that allows spati al
.control of the seeding of cells. Structure 12 al so includes sinusoi dal
structures 85, which can function as cavities for containing blood.- The
pl ates can be filled with hepatocytes ig the i nner space of scaffold 80,
and plate wall to90 adjacent center 95~ gn be coated wi th endot heli al

cells. In %ﬁﬁ@h& &@Rpgbaﬁﬂtaﬁd a%ﬁ,dnleuecrnolr Qbmle%wsa(g glaesdiotR@ngons of
approximately O mm_ Structure 12 can fabricated to have pores
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can be affected by diseases such as cancer, infection, etc. Diseased organs of the
20 digestive track typically require operations that include resections of the diseased
segment. These removed segments can be replaced with artificial structures of the
present invention. In some embodiments, structures can be fabricated to mimic a
diseased section. The structure may be used as a scaffold for the in-growing of natural
mucosa from healthy cells of a patient. This scaffold can then be implantéd into the
25 patient. In one embodiment, this approach is applied to so-called gut pouches to replace
~ the continence function of the gut. Like artificial structures of the circulatory system,
structures of the digestive track can be formed in biodegradable polymers. |
In another aspect of the invention, structures are fabricated to mimic gut-
associated glands. Gut-associated glands include the salivary glands, the liver, and the
30  pancreas. All three organs are made up of spécialized epithelial cells with endocrine and

exocrine functions. In one embodiment, structures can be fabricated to mimic portions

of the liver. The liver is comprised mainly of lobules containing hepatocytes that are



- 21 - pancreas can be fornmed in biodegradable polynmers if desired. These
artificial pancreatic structures may be used to treat di seases such as

di abetes nellitus. In another aspect of the invention, structures are
fabricated to m mc endocrine organs. The endocrine organs include the
adrenal s, thyroid, parathyroid, and pineal 5gl and. These organs are nade up
of endocrine (i.e., hornone-producing) cells that are | ocated very close to
the capillaries, as described above for the islets of Langerhans. The cl ose
proximty of these organs to the capillaries allows the blood circulating
factors to |leave the capillaries and becone bound to cell receptors on the
endocrine cells, triggering the rel ease of hornones. The rel eased hornones
diffuse into the capillaries, and are 1g§ubsequently distributed in the
body to bind with receptors in other tié§sSues. In sone enbodi nents,

endocri ne %Haﬂ%dlﬁ PPaté&s/n laew;fe@b mmp%cﬁe pl@sebldodREmhihing sHUSHiAs can be
architecture that allows the seeding of cells within certain |ocations of
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exchange of a component may occur, i.e., via pores, between the blood contained in
sinusoidal structures 85, i.e., an interior cavity portion, and the hepatocytes, which may
15 belocated ata portion exterior to the cavity. Pores can be fabricated to have a variety of
sizes. Generally, for liver lobules, pores may be fabricated to have a cross-sectional
dimension in the micron range.
In another embodiment, structures for tissue engineering and/or organ
replacement can be fabricated to mimic portions of the pancreas. The pancreas is a
20 mixed exocrine-endocrine gland that produces hormones such as insulin and glucagons,
as well as pancreatic enzymes that help digest acids and macromolecular nutriénts (e.g.,
proteins, fats and starch). The hormone-producing cells are aggregated in the islets of
Langerhans. Pancreatic islets are scattered throughout the pancreas. Like all endocrine
- glands, pancreatic islets secrete their hormones into the bloodstream and not into tubes or
25 ducts. Because of the need to secrete their hormones into the blood stream, pancreatic
islets are surrounded by small blood vessels (i.e., capillaries). The islets are also highly
vascularized, facilitating the exchange of hormones between the islets and the vessel
system. In certain embodiments of the invention, structures in the shape of island-like
structures are fabricated using techniques described herein. The artificial island-like
30  structures can be designed to have a specific mlcro-archltecturc that can enable endocrine
cells to be seeded in preformed locations, i.e., near structures that are designed to guide

the capillaries. Like the structures described above, structures that mimic portions of the



mechani cal properties to that of healthy trachea. For instance, the
artificial structure may include ring-like portions made froman elastic
pol ymer that resenbles cartilage. In sone cases, cartilage cells (e.qg.
hyal i ne cartilage) fromhealthy trachea can be seeded and grown into the
artificial structure. The artificial structures can be |lined wth ciliated
30 cells, used to renove foreign matter (e.g., dust) fromthe airway so

t hat they stay out of the lungs. - 22 - I n one enbodi nent, a
structure can be fabricated to replace diseased or damaged portions of the
| ung. The lungs include air-conducting segnents such as the bronchi ol es,
nunmerous small tubes that branch from each bronchus (a branch of the
trachea) into the lungs. The |ungs alsq:éqplude the alveoli, the
respiratory porti.ons where gas exchange "5takes place. The air-conducting
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al veol i e., an 30intefior cavity portion) an e intersti space
surr oundl nghq respistoelybteyn; The respirpiory sxstem includes the trachea and the lungs In one

embodiment, a structure can be fabricated to replace diseased or damaged portions of the

trachea. The trachea is a cartilaginous and membranous-ringed tube where air passes to
the lungs from the nose and mouth. The trachea bifurcates into right and left mainstem
25  bronchi. Artiﬁcial trachea may be fabricated to include similar architecture and
mechanical properties to that of healthy trachea. For instancé, the artificial structure may
include ring-like portions made from an elastic polymer that resembles cartilage. In
some cases, cartilage cells (e.g., hyaline cartilage) from healthy trachea can be seeded
and grown into the artificial structure. The artificial structures can be lined with ciliated
30 cells, used to remove foreign matter (e.g., dust) from the airway so that they stay out of

the lungs.



exterior to the cavity portion). Artificial alveolar structures may be
formed in an elastic material that gives the alveoli nechanical stability

while all owi ng expansion and - 23 - contraction of the structures. In sone-
cases, the artificial alveolar structures may form scaffolds for grow ng
cells, i.e., the structures may be lined with epithelial cells such as Type

1 and Type 2 pneunocytes. Artificial alveoli can be used to help increase

t he oxygen content in patients with respiratory deficiencies. 5l n another
aspect of the invention, structures are fabricated to mmc portions of
urinary system The urinary system conprises the kidneys, ureters, the
urinary bladder, and the urethra. In sonme cases, a structure can be
fabricated to replace di seased or damag portions of the kidney. The
kidney is formed froma plurality of népfirons, which include the gl onerul us

and the proxi malnajd embaa.alenf:qwﬁ&u;eeaantbubwr@&edw?e 1420 HRERYEY loH 8arh aesent
the filtration stations, which contain tuffs of capi I | ari es where t

ul trafiltrarestions ofithesiung: The lungsinslyde aisrerpdncting segmentsyuch s thedrenghi qb@

fabricated jmdb& Jn@hﬁl%@és tﬁat&?&ﬁﬂ%rohpéﬁéﬁ%r&{éﬁﬁi @ltratch W ehe t?déﬁkh)@x’?‘to%er ucture
13 shown in FIG_12. In_one enbodiment, structure 13 can be used as an

artificial Yrewerhsinees alse meludsbe alyeplbdheEsspirately Rosiqnsavhete gasexehangeed as

artificial tﬂk%lﬁ%' m@q{r%nﬂid&%%‘?oﬁﬁﬂyﬂicm&qv&éﬁ&l@ﬁkﬁﬁed BPrepiedbyyl N the
enbodi nent illustrated in . structure 13 can i ncl ude a pI urality of

| oops 100, mﬁﬁhe‘rP'Ea‘ﬁhlﬁlé'SdFSH%b@&” rgducing mureHs fiwgd psoms rasesgitpigi e ¢ 13
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Co e ey e SREE Sibe it stk Ehniite 8k oironaipat pBRiod CRADS al | ow
certain cormﬁﬁemighé artifieid iMd@puded Begrdirs biods taﬂﬁla&xtf@rdngrne%a@sweons of the
cavity, e. %Sgdl: on size,. char Qe cases rtions,
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ciliated cells, non-ciliated cells, and basal cells. In some particular embodiments, certain
artificial structures, such as tl_lose that mimic terminal bronchioles, can be fabricated to
include artificial alveoli in the walls of the struéture.

20 In some embodiments, structures are fabricated to mimic alveoli. Alveoli are
small, thin-walled air sacs (i.e., cavities) at the end of the bronchiole branches having
cross-sectional dimensions on the order of 200 microns. Proximate ihe alveolar walls are
pulmonary capillaries where gas exchange occurs between blood in the capillaries and
inhaled air in the alveoli. For instance, to reach the blood, oxygen diffuses through the

25 alveolar epithelium, a thin interstitial space, and the capillary endothelium; carbon
dioxide follows the reverse course to reach the alveoli. In certain embodiments of the
invention, artificial alveolar structures can be fabricated with natural dimensions and
with porous walls for gas exchange. Pores in the walls of the alveoli may allow
exchange of a component (e.g., a gas) between an interior portion of the alveoli (i.e., an

30 interior cavity portion) and the interstitial space surrounding the alveoli (i.e., a portion
exterior to the cavity portion). Artificial alveolar structures may be formed in an elastic

material that gives the alveoli mechanical stability while allowing expansion and



ultrafiltrate in such a way that the good substances (e.g., glucose and

am no acjds) 30becone reabsorbed, and the wastes (e.g., urea) get discarded
as urine. In certain enbodinents, structure 13 can act as a henofiltration
system Accordingly, structures - 24 - such as structure 13 can be used to
replace and/or aid the filtration function of the kidney. Sonme enbodi nents
of the invention include the formation of a plurality of cavities within a
structure. For exanple, in the enbodinent illustrated in FIG 13,
structures 14 and 15 are fornmed in the shape of a bl ock, and include wall
112 that defines a plurality of cavities 115. Cavities within the structure
may be separate, i.e., as shown in FIG 13A or they may be interconnected,
i.e., as showmn in FIG 13B. Cavities mn5§|n the structure may have the sane
or different geonetry and/or dinmensions™ Structures having a plurality of

cavities caam%nuﬁ eﬁme stlicthRS! B \ofe dales! ﬂ%raavﬁmal%e%% E AR @ mug lrore
10ratio in a henofiltration system i.e., for higher rate of reabsorptlon

of el ect r oFSATEYdsIQr groydngeells gietar tamn&ftﬁe%mmébabafq vith epithedipkeells suchage
cases, str4ghl @ad FfpaP BhQimokteTBR ridiciAURUNEHn B Lbedb elp iRdrbaditment s of

the invention. For instance, Structures 14 and/or 15 can be conmbined with
one or nor &X¥§an coptenkin RafERts WithirespatoRLAefiGiencifs- i n renal function with an

extracogporeal mPpahiRer abpecPbMBE inveicH) S@Sotures hreGhbH@%dd ndml fUrtidms gran 15be
conbined with one or nore artificial glonerull as an i npl ant abl e devi ce to

repl ace t h&TRRYSY$tERalTDE YHBRY SHSFTR cAmBERSEhs Kidneyss iugtars, the urinary bla

cases, Str 4fd theQfethrCIn 86mé tﬁgdgtals&e&uﬂeﬂcaarbd/f@tsmk&drmyepme ldisdsea@ne or nore
addi ti onal sub Eucture Far. iagnce uct re 14 an be fabricated

to incl ude 93ma “ser’Ff’ya kﬂé’%éﬁ fromAspIpalEy flen e
posi t i oned whichainclu@@gie gﬂ’orﬁéﬂxtuk@ﬂd e pz&ﬁaml and d|1§t5l, cdﬂﬁlollufedﬁﬁ)hlé%e Tesi ti oned
exteriagr to caV|t 115. ases, bstru e .may be interywven
bet weerl® o Blvesruld specseae RBEToR SaRts, Bl apiat s B ERRTs WETRES 14 may
i ncl ude at ultRdBtrata i préssed 6@V ilh Yorhé erﬁbodlﬁheﬁﬁvd $tytaciukd parpbedfaBricanindhe avi t y
RS YRR CO IR AT T N
than 1:1, gmbadmient,Batictdiell3 @hdausdd ztsharmﬂic’ial gZ&gérﬁBiseI[n iribam:r 10: 1, greater
than 20:1, eg)rbe xtmeernt sprgaurSeol:Sldan %re lexsaé[dears ag'thtacnal proxm'ial gnd?o tde stal convoluted
15 tubules. As shown in the embodiment illustrated in FIG. 12, structure 13 can include a
plurality of loops 100, which can be of the same or different dimensions. Structure 13
can include at least one wall 105 defining cavity 110 (i.e., a tubular portion). Cavity 110
can have the same inner diameter throughout the structure, i.e., of about 40;500 microns,
50-100 microns. Alternatively, a first portion of the cavity may have an inner diameter
20 different than that of a second portion of the cavity. The thickness of wall 105 can range
from about 1-500 microns (e.g., 2-500 microns), 1-100 microns, or 2-100 microns. Wall
105 may optionally include a plurality of pores that enable exchange of a component
(e.g., water and ions) between a portion interior to the cavity and é portion exterior to the
cavity. The pores may allow certain components to pass between interior and exterior
25 portions of the cavity, e.g., based on size, charge, etc. In some cases, all, or portions, of |
wall 105 can be cove'red with films of nanometer to micron thickness. These films can
form selective permeable membranes allowing certain components to pass between
interior and exterior portions of the cavity. Structure 13 may be used to process |
ultrafiltrate in such a way that the good substances (e.g., glucose and amino acids)
30 become reabsorbed, and the wastes (e.g., urea) get discarded as urine. . In certain

embodiments, structure 13 can act as a hemofiltration system. Accordingly, structures



200: 1, or greater than 500: 1. In sone cases, an artificial structure
can pe fabricated to replace di seased or damaged portions of the ureter
and/ or bl adder. The ureter and bl adder are holl ow organs that include a
wall, lined by a transitional epithelium defining a cavity portion.
30Sonetinmes, this epitheliumcan be affected by cancer. Typically, to treat
such a di sease, a surgical operation is necessary whereby portions of the
gut are renoved and used to replace the reservoir function of the bl adder,
or the conductive function of the ureters. In - 25 - some cases, this
procedure causes the urethra to be affected by infection, leading to
urethra stenosis. To circunvent these conplications, diseased portions of
the ureter and/or bl adder may be replac q using artificial structures of
the invention. Artificial structures may "al so be used to replace portions
of the uretggh aa%murbh@eg%e b Rdls ?e%iacéﬁﬁ’d)gﬂ didl GRSHIRHGSh Afclid Sahy

i hconti nence. tructures formed by three-dinensional fabrication

t echni ques ldéreybe used to replace portions of the ureters or urethra,. or,

they may be enplQyclerdbodiintib bPi}ﬁ'm%hB@méldale%@%hﬁauoﬂlﬁ‘asﬁlﬁﬂdﬁiwaes may be
used for tissue engineering and/or organ_ replacenent ivQ _or_ex vivo.
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may be mterwoven between more than one cavities of the structure. - As such, structu;c
14 may include at least a first cavity (i.e., a cavity 115) and a second cavity (i.e., a cavity
portion of the vessel), the ratio of the inner diameter of the first cavity to the inner
diameter of the second cavity being greater than 1:1, greater than 2:1, greater than 5:1,

25 greater than 10:1, greater than 20:1, greater than 50:1, greater than 100:1, greater than
200:1, or greater than 500:1. _

In some cases, an artificial structure can be fabricated to replace diseased or
damaged portions of the ureter and/or bladder. The ureter and bladder are hollow organs
that include a wall, lined by a transitional epithelium, defining a cavity portion.

30  Sometimes, this epithelium can be affected by cancer. Typically, to treat such a disease,
a surgical operation is necessary whereby portions of the gut are removed and used to

replace the reservoir function of the bladder, or the conductive function of the ureters. In



30is interlaced with the nuscul ar coat. The subnucous |.ayer can contain
bl oqd vessels, nerves, and in sone regions, glands; in some enbodi nents,

structure 16 can include such - 26 - mcro-architectures. Miscle cells
defining the nuscul ar |ayer may be positioned underneath the submucous
| ayer . A variety of materials can be used to fabricate structures of

the present invention. Materials used to formstructures for tissue

engi neering and/ or organ repl acement may be 5bi oconpatible, and can include
synthetic or natural polyners, inorganic materials, or conposites of
inorganic materials with polyners. In the description herein concerning the
use of appropriate materials to fabricate structures, those of ordinary
skill in the art can select materials, %gchniques, etc. based upon general
know edge of the art and avail abl e reférence material s-concerning certain

techni ques (AL chaB! thisaHrd@Burel Auskd BRTRERA o ¥R affebBd bl SnfEQRAM! IeREinRo her ei n.
I n sone enbodi ments, structures are fornmed in photocurable Polyners. For
i nstance, pEShEEANasse TpSirgwRYat theye Fereplirgiony diseased peionspl the ¥retgre- | i ght

curabl e pOlyaRF Blad&@ thiyCtH Rplabdd RidgPrafiiACdHEARr AT e Bvethe Mhufi&ard
pol yet hyl ene oxi de precursors termnated with photo-crosslinking end

groups. | n SEBeHres mayalsoke ysed tareplacepertisnsofshe vistar gppebledder it kfatde

conponent s cgudifioRSsudh 26 Bfhdry ZRonGdERce.2n am ne photo-initiator, and a
mul tifunctional acrylate nmononer. For exanple, pentaerythritol triacrylate

(PETIA) can forSuefEesdaenssohiehese-dimensiona) fbricatian jgehniques can be used to
Nnet hyl di etrdael petidts of MeEALtefs? uBRhMdSEY RS nfayBeQintplbybdtds aktificial afidafp0Si N Y

(2-, 4-, 5-. 7-tetrabronofl uorescein_ disodi um salt) gfn be used as a,
sensi ti zer WAfdersTihe suyeiehmay begsyhior fissye spepesingneiop rean reRfereaisak it al
regi on frorivaét éxOriROFIGN 4 3RevEstiuctife 6,06, artifidiall blsdder) Gfeludifg makrtdidgt on
| i t hography involvin 828 nm |l.aser . | n anot her ex gqje, an .
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be used t 0 ukdtlnal Saluetudd 16 fnchidad wall 14T ddfireng EHMty iporRne 22 rditiaaiinmgdand/ or
organ repl acenent . TEi mat erial .can.show hi r.anspar.ency in the visible
and near | RPRIPEr BAGLETDRPRUR, QHD RoBiomdd o JRaPBLG R mesiind By Bhn o
net wor k, caertiony,cnd@adityeportion §3Nofthe oupa i} sthirdabvigyortiea)d Gawithi gh opti cal
quality and Fi h @@nic .~and t her.mal sta?ilit d can @ bi oconpati bl e
for cert ai RoRyRRTEr 2 ol 2R eV e s okl o Aok 80124 Bk g
exanpl a5 a®c0il-2tren.aldsoaEoixytagmes, \ome kcsvigupditiars may haveydnainedr diarheret thydiol pr opane
triacryl at .txgsrt ere an ail ké)@/l attedo tr ithunct itongl 1,ack | at e est Sr_r 5an ble used
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that are altlsoratip gbetwmaﬁr’uie_k diama_tbrs/\atsecotsbdauhy pomian 102 and Bkt bzo/itfyq:orﬁon_ o
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exanpl e i ncludes pat yet hyl ene % yco _
than 20:1, greater than 50:1, or greater than 100:1.
20 Wall 140 may have a thickness ranging from 0.01-5 mm, or 0.01-2 mm,
. depending on the volume of liquid in the artificial bladder, and may be formed in a
flexible material to allow expansion and contraction of the bladder. In some cases, wall
140 is lined with cells and/or tissues before implanting the structure into a patient. For
instance, structure 16 may serve as a template for different layers of tissues that form the
25  bladder, i.e., the mucosa, submucosa, and muscularis layers. The mucosa includes the
transitional epithelium layer, which can serve as a selective barrier between the organ an
environment exterior to the organ. Undemeath the epithelium layer can include the
basement membrane, a single layer of cells separating the epithelial layer from the
submucous layer (lamina propria). The submucous layer includes connective tissue that
30 is interlaced with the muscular coat. The submucous layer can contain blood vessels,

nerves, and in some regions, glands; in some embodiments, structure 16 can include such



- 27 - tetraacrylate, whi'ch can be photopol ynerized with an argon | aser
under biplogically conpatible conditions, i.e., using an initiator such as
tri et hanol am ne, Nvinyl pyrrolidone, and eosin Y. Simlar photopol ynerizable
units having a poly(ethylene glycol) central block, extended with
hydr ol yzabl e ol i goners such as oligo(d,|-lactic acid) 5or oligo(glycolic
acid), and termnated with acrylate groups, may be used. A structure may be
formed in a material that is non-biodegradable or biodegradable (i.e., via
hydrol ysis or enzymatic cl eavage). In some enbodi nents, bi odegradabl e
pol yesters such as polylactide, polyglycolide, and other al pha-hydroxy
acids can be used to formstructures. By varying the nononer ratios, for
exanpl e, in 10l actide/glycolide copolyqagg, physi.cal properties and
degradation tines of the polymer can be“varied. For instance, poly-L-lactic
-aci d ( PLLAYicRatchpitdciures. WIGdi€ celis idefifiREfe mustulat layar Mbg be gegtigredof
crystallinity and, degrade relatively slowy, while copolyners of PLLA and
PGA, PLGAs"" ?EcﬁhﬁFﬁwgﬁgcﬂﬁﬂa$ﬁpidly degraded. In some cases, structures
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such 25Nt &PTAIE PR Hda oﬁga%lc aﬁdminorganic mat eri al s such as ceranics,
gl ass, hydr oxyapasorhe embadigieuts) starchoesadre forhie irephaocagidepslymass. ekl as drug
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polymers. Particular materials include acrylic systems, and polyethylene oxide

precursors terminated with photo-crosslinking end groups. In some cases, acrylate-based

15 photo-polymers can include components such as a sensitizer dye, an amine photo-
initiator, and a multifunctional acrylate monomer. For example, pentaerythritol
triacrylate (PETIA,) can form the backbone of the polymer network, N-
methyldiethanolamine (MDEA) can be used as a photo-initiator, and Eosin Y 2-, 4-, 5-,
7-tetrabromofluorescein disodium salt) can be used as a sensitizer dye. This system is

20 particularly sensitive in the spectral region from 450 to 550 nm, and can be used, for -
instance, in two-photon lithography involving a 1028 nm laser. In another example, an
organic-inorganic hybrid such as ORMOCER® (Micro Resist Technology) can be use.d
to fabricate artificial structures for tissue engineering and/or organ replacement. This
material can show high transparency in the \;isible and near infrared ranges, can contain a

25  highly crosslinkable organic network, can incorporate inorganic components that may
lead to high optical quality and high mechanical and thermal stability, and can be
biocompatible for certain types of cells and/or cellular components. In yet another
example, acrylate and epoxy polymers such as ethoxylated trimethylolpropane triacrylate
ester and alkoxylated trifunctional acrylate ester can be used to form structures.

30 In certain embodiments, photopolymerizable materials that are also
biocompatible and water-soluble can be used to form structures for tissue engineering

and/or organ replacement. A non-limiting example includes polyethylene glycol



In certain enbodi nents, additives can be added to a structure. Additives
may,, for .instance, increase a physical (e.g., strength) and/or. chem cal
(e.qg., hydrophilicity) 30 property of the material in which the structure
is formed. Additives can be dispersed throughout the material of a
structure, and/or can be incorporated within certain region(s) of a _
structure. In sone cases, additives can be incorporated during formation of
the - 28 - structure by a three-dinensional fabrication process; in other
cases, additives can be incorporated into the structure after the overal
shape of the structure has been fornmed. Additives can al so be incorporated
I ntto and/ or onto a structure by adsorption or by chemcally reacting the
additive onto the surface of the polyne 7. i.e., by coating or 5printing the
additive onto the structure. Non-limting exanples of additives include
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In some cases, structures formed in biocompatible polymers having low melting

15 temperaturés are desired. Non-limiting examples include polyethylene glycol (PEG) 400
(melting temperature = 4-80 °C), PEG 600 (melting temperature = 20-25 °C), PEG 1500
(melting temperature = 44-480 °C), and stearic acid (melting temperature = 70 °C).

Other polymers that can be used to form structures include ethylene vinyl acetate,

poly(anhydrides), polyorthoesters, polyphosphazenes, and protein polymers such as

20  albumin, ;::ollagcn, and polysaccharides. Examples of such polymers include, but are not
limited to, FullCure 720 from Obj'et® and RenShape SL Y-C9500 from Huntsman®.

In some embodiments, non-polymeric materials can be used to form structures

for tissue engineering and/or organ replacement. Non-limiting examples of such
25 materials include organic and inorganic materials such as ceramics, glass,

hydroxyapatite, calcium carboriate, buffering agents, as well as drug delivery carriers
(e.g., gels), which can be solidified by application of an adhesive or binder.

In certain embodiments, additives can be added to a structure. Additives may, for
instance, increase a physical (e.g., strength) and/or chemical (e.g., hydrophilicity)

-+ 30 ' property of the material in which the structure is formed. Additives can be dispersed

throughout the material of a structure, and/or can be incorporated within certain region(s)

of a structure. In some cases, additives can be incorporated during formation of the



formng the structure. The release rate of the additive can be determ ned,
I n sonme iLnstances, by the degradation rate of the polyner. The rel ease rate
of the additive can be controlled by the distribution of the additive

t hroughout the pol yner and/or by variation 250f the polynmer mcrostructure
(e.g., density of the polynmer) such that the degradation rate varies with
certain portions of the structure. A variety of nmethods can be used
to create porous structures that can vary in size and shape in

t hree- di nensi ons. For instance, pores can be fabricated directly by a

t hree-di nensi onal fabrication technique used to fabricate the structure. In
sone cases, to 30 reduce the pore size and/or to form overl apping pores in
a structure, pores can be designed and pginted with an offset. For

i nstance, FIG 15A shows a front-side design of overlapping pores; FIG 15B
shows ]Ehg atiktusd bhea ﬂﬁ'ed-dﬁ&legﬁ'ﬁh@rfabrﬁalﬁﬁl p%&sﬁﬁ%tlﬁdﬁ@ﬂﬁef,-adaﬁives Gance appi ng
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.In some cases, it is desirable to release an additive from portions of a structure

20  when the structure is in its environment of use (e.g., implanted in a mammalian body).
Release of an additive may include hydrolysis and/or degradation of the polymer
forming the structure. The release rate of the additive can be determined, in some
instances, by the degradation rate of the polymer. The rel_ease. rate of the additive can be
controlled by the distribution of the additivé throughout the polymer and/or by variation

25  of the polymer microstructure (e.g., density of the polymer) such that the degradation
rate varies witl'; certain portions of the structure.

A variety of methods can be used to create porous structures that can vary in size
and shape in three-dimensions. For instance, pores can be fabricated directly by a three-
dimensional fabrication technicjue used to fabricate the structure. In some cases, to

30 reduce the pore size and/or to form overlapping pores in a structure, pores can be
designed and printed with an offset. For instance, FIG. 15A shows a front-side design of '
overlapping pores; FIG. 15B shows the back-side of the design. FIGS. 15C-15F show



20 soluble in the polynmer, but which can be subsequently dissolved in a

sol vent that dissolves the particles, but not the polyner. In this case,
the polyner that forns the structure can be printed onto a bed of the
particles; the device can then be renoved fromthe powder bed and placed in
an appropriate solvent. For- exanple, a structure fornmed in polylactic acid
can be forned by printing a polylactic acid solution onto a bed of gl ucose
25 particles, and the glucose can subsequently be | eached with water. In
sone instances, a polyner solution can be printed onto a bed of particles
that are partially soluble in the printed solvent. For instance, a
polylactic acid solution can be printed onto a bed of pol yet hyl ene oxi de
particles, which can allow the pol yethylbene oxide to penetrate into the
surface of the polylactic acid. After pfinting, the polyethyl ene oxide can
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' ' solution onto a bed of particles (e.g., salt, sugar, and polyethylene oxide) that are not
20 soluble in the polymer, but which can be subsequently dissolved in a solvent that
dissdlves the particles, but not the polymer. In this case, the polymer that forms the
structure can be printed onto a bed of the particles; the device can then be removed from
the powder bed and placed in an appropriate solvent. For example, a structure formed in
polylactic acid can be formed by printing a polylactic acid solution onto a bed of glucose
25 _particleé, and the glucose can subsequently be leached with water. In some instances, a
polymer solution can be printed onto a bed of particles that are partially soluble in the
printed solvent. For instance, a polylactic acid solution can be printed onto a bed of
polyethylene oxide particles, which can allow the polyethylene oxide to penetrate into
the surface of the polylactic acid. After printing, the polyethylene oxide can be dissolved
30  and leached out of the polymer with water.

" In another embodiment, pores can be formed in a structure by printing a polymer



Surface roughness may be reduced using a variety of nmethods. Non-limting
exanpl es ,of nethods that can reduce surface roughness include coating
surfaces with a 25material (e.g., synthetic materials such.as cyanoacryl.ate
and pol ysul f one/ pol ynet hyl met hacryl ate (PMVA), or biomaterials); and
mani pul ating the print direction of the surface. FI G 18A shows an
SEM i mage of a surface of a structure (i.e., the internal surface of a tube
having a dianmeter of 2 nm fabricated by three-dinensional printing 30
after nodification of the surface with a coating of cyanoacrylate to reduce
surface roughness. FIG 18B is a high resolution SEMinmage of FIG 18A

FIG 19 shows a profilonmeter scan of the internal surface of the structure
after nodification using - 31 - cyanoacy yl ate. | nconsistencies in
measurements within area 170 of FIG 19 gre believe to be artifacts of the

probe tip UxfHidn bt ARAtdd WA 0P PEIRRE SIn Yot aRdthér dhbodaner Mo sCdaR B Fstheand t he
profiloneter scan, it was observed that surface roughness as well as the
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endothehal cells (HMEC-1) and tubule cells (MDCK) aligned to the grooves of the .
20 surfaces, as shown in FIGS. 17B and 17D, respectively. FIGS. 17A and 17C show
endothelial and tubule cells, respectively, on surfaces that were not coated with
fibronectin.
Surface roughness may be reduced using a variety of methods. Nen-limiting
examples of methods that can reduce surface roughness include coating surfaces with a
25  material (e.g., synthetic materials such as cyanoacrylate and
polysulfone/polymethylmethacrylate (PMMA), or biomaterials), and manipulating the
print direction of the surface. ' |
FIG. 18A shows an SEM image of a surface of a structure (i.e., the internal
surface of a tﬁbe having a diameter of 2 mm) fabricated by three-dimensiohal printing
30 after modification of the surface with a coating of cyanoacrylate to reduce surface
roughness. FIG. 18B is a high resolution SEM i.mage of FIG. 18A. FIG. 19 showsa

profilometer scan of the internal surface of the structure after modification using



25 structures is reduced (i.e., snmoothed). From SEM m crographs, it was
observed.that surface roughness of 3-4 mcrons can be reduced with a
coating of collagen or fibronectin. A porous nmaterial can also reduce
surface roughness and/or wavi ness of a surface. For instance, polysul phone
was spun at 2500 RPM onto the surface of a tube with internal dianmeter of
2mm and the material was allowed to polynerize and coat the 30i nner
surface of tube. This porous nmaterial was able to provide a simlar
snoot hness to that achi eved using cyanoacrylate. - 32 - The
foll owi ng exanples are intended to illustrate certain enbodi nents of the
present invention, but are not to be construed as limting and do not
~exenplify the full scope of the inventigg. EXAMPLE 1 5Characterization of
Pore Sizes Fabricated by Three-Di nensional Printing For the formation

of struct urgsdabiFlate ARcasistcied $n fnkAsddnts Withia QRROITONNTFIGSUrdte 88licvel ubl e
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10 respectively. FIG. 21 shows a profilometer scan of both surfaces shown in FIGS. 20A
and 20B. In these embodiments, the vertically printed membrane had high surface
roughness but was fairly flat with very little waviness observed. On the other hand, the
horizontally printed membrane had a fairly smooth surface but was wavy. In some
instances, structures formed by vertical printing may be more appropriate for cell culture.

15 Vertically and horizontally printed structures can be coated with other materials
such as collagen type 1, fibronectin, and porous materials such as polysulphone. FIG.
20C shows a surface that had been modified with collagen. FIG. 20D shows a
horizontally printed half-pipe covered with collagen with reduced surface roughness.
FIGS. 20E and 20F show a polysulphone coated half-pipe at high and low magnification,

20 respectively. At high magnification, (FIG. 20E) it can be observed that the polysulphone
coating on the surface of a printed superstructure provides a uniform density of pores on
the thin film, enhancing fluid transport from the cell through the porous thin film to the

~ macro pores on the printed structures into the outer compartment. FIG. 20F shows, at
" lower magnification, that surface roughness (in the range of 100 microns) of the printed

25  structures is reduced (i.e., smoothed). From SEM micrographs, it was observed that
surface roughness of 3-4 microns can be reduced with a coating of collagen or
fibronectin. A porous material can also reduce surface roughness and/or waviness of a
surface. For instance, polysulphone was spun at 2500 RPM onto the surface of a tube
with internal diameter of 2mm, and the material was allowed to polymerize and coat the

30 inner surface of tube. This porous.material was able to provide a similar smoothness to

that achieved using cyanoacrylate.



20 neasured with an Al phaStep profiler. The surfaces had a RVS roughness of
3 mcrons and wavi ness of 40 mcrons (peak to peak), as shown in FIG 16.
Typi cal sizes of cells seeded onto surfaces of printed structures ranged
from 10-30 pmin dianeter. To exam ne the influence of surface
roughness on cell culture, endothelial and tubule epithelial cells were
seeded onto printed sem -tubular structures. Madin-Darby 25 Cani ne Ki dney
célls (MDCK) were obtained from Anerican Type Culture Coll ection
(Rockville, USA). The endothelial cell type (HVEC-1) was provided by t he
Nati onal Center for Infectious D seases (Atlanta, USA). Al cell types were
cultured in DVEM (I nvitrogen Singapore, Singapore) wth 10%fetal calf
serum (I nvitrogen Singapore, Singapore)jgnd 1% anti bi otic-antinycotic
solution (lnvitrogen Singapore, Singaporeé) 30 Cells seeded on to the
structures vere PASPBANISY e'x&nE)iE?aﬁLiHeH&&i 198 MhsuteaRftail dnRAndrds Sray. To
observe cell adhesion on prin surfaces, cells were fixed in ice-cold

et hanol f orPrEEsnhinyeRtioR, b‘AfaE“eF"té‘é\l?%F%HS“PF%%%“‘WHSWHBHeé‘ﬁh%tte@%‘@f tefdd saline
(PBS), the=§a€p$ﬁ@euﬁ@§§n; were incubated with bl ocking solution containing
PBS, 10% fetal calf serum (FCS), and 1% bovine serum al bumin (BSA) for 30
m nutes. The primary anti bodies wer EXAMBEED] for 1.5 hours in bl ocki ng
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The tubes viasnakioned open with a scal pel and the internal surface of the
pi pe was exam ned with SEM (FIGS. 1 Rgﬂgg 18B) and a profiloneter scan
(FIG 19). From both the SEM nlcrogﬁéﬁﬁ ghe proflloneter scan, |t was

obser ved t h&lhagamrdrizmGon ofSiinfuee & 3 @briones qr-Di
structure was S|gn|f|cantly reduced byp. %ﬂgglng t he surface with these

materials. Experinments to reduce surf ughness were al so perfornmed by
coating Roughness of surfaces of structures fabricated using the EDEN 260 RPT were

20 measured with an AlphaStep profiler. The surfaces had a RMS roughness of 3 microns
and waviness of 40 microns (peak to peak), as shown in FIG. 16. Typical sizes of cells
seeded onto surfaces of printed structures ranged from 10-30 um in diameter.

To examine the influence of surface roughness on cell culture, endothelial and
tubule epithelial cells were seeded onto printed semi-tubular structures. Madin-Darby
- 25 Canine Kidney cells (MDCK) were obtained from American Type Culture Collection
' (Rockville, USA). The endothelial cell type (HMEC-1) was provided by the National
Center for Infectious Diseases (Aﬂanta, USA). All cell types were _cixltured in DMEM
(Invitrogen Singapore, Singapore) with 10% fetal calf serum (Invitrogen Singapore,
Singapore) and 1% antibiotic-antimycotic solution (Invitrogen Singapore, Singaporc).'

30  Cells seeded on to the structures were suspended in the culture medium and allowed to

grow. To observe cell adhesion on printed sux;faccs, cells were fixed in ice-cold ethanol

for 10 minutes. Afier several rinses with phosphate-buffered saline (PBS), the samples



collagen type 1 and fibronectin on the surface of a printed material in the
shape of .a tube. 25 The material surface was fabricated using a hydrophobic
Polyjet(tnm) material (Contact angle - , Dataphysics(tm OCA 30). The tube
was filled with collagen (1.5% (wt)) and then drained. The collagen

remai ning on the printed surface was allowed to gel overnight in a CO2

i ncubator at 37C. Roughness of the surface was reduced by 3-4 p.musing
coatings of these materials. 30An SEM study was perforned to exam ne the
coated surface of collagen. After the collagen was allowed to gel, the
sanples were rinsed wwth PBS, fixed in 2% gl utaral dehyde in PBS (24h, 40,
dehydrated in a series of ethanol and dried using - 34 - critical point
drier (Tousims, Maryland, USA). The sapples were sputtered with a platinum
thin filmwth’ the JSM 7400F sputter device (Jeol, Japan) and the speci mens
wer e exam Rade iftubged With bidiRirfgGanition gotthinddg RBS, moe«meaesérdmrcsﬂaaan). A

simlar ex nment t hat foII 0co) m)dlfled f or

fi bronecti ﬁs} \‘R&%‘“T}W’B ﬁﬁA&qu t}ﬁdw&{%? 21[1‘3 prim ﬁﬂtéodé")?a’(m'i? meubatets ¢ hat
r oughlness cﬁn-b Rs5 aumfsaﬁe&)cmgg sbﬁtlbﬁdlﬂﬁedtlbéﬁyqsaﬁtb@uih Bfoiﬁ%ﬁ&lﬁ@leﬁ Jeaftt eri al s.
Exampl e 4 ri i on ruct ur n aTwo ot on stem
T e PE S e fraTate PG TR e SpetheRiess meah BORE 38 Minite

usi ng a st wowiphthe aankdythmgg@pmwmemugaté&\&cpmﬁrpanﬁﬂoﬁbpghﬂplhyd Baemt em can
be setup in

.a dar tica t h aII nmodul es
control | ed UK EgﬁﬁéﬁP§§§°W§Wg§%§3§&l J&?km Tﬁ?‘@%‘esﬁfw CEAISt mage
file is firWest I(havztedUSAr)t Nutlear stomipg vas damdwith DAPI obchinedt feorh SigndiAtdtich

(Sinagpore). The sections were then analyzed using an IX71 Olympus microscope
(Tokyo, Japan). Images as shown in FIG. 17 were taken with a digital camera and

10 processed using Photoshop 5.5 (Adobe Systems, San Jose, CA).

EXAMPLE 3

. Reducing Surface Roughness by Coating Surfaces with Materials

Synthetic materials, cyanoacrylate and a polysulphone/PMMA solution, were
15 used to coat surfaces of structures made by thre_é-dimensional printing to reduce surface
roughness. Using printed tubular structures as described above, the tubes were filled
with cyanoacrylate and spun at 2500RPM for 1 min. The tubes were then left to stand for
2 hours to allow the solvent in the cyanacrylate to evaporate. The tubes was sliced open
with a scalpel and the internal surface of the pipe was examined with SEM (FIGS. 18A
20 and 18B) and a profilometer scan (FIG. 19). From both the SEM micrograph and the
profilometer scan, it was observ¢d that surface roughness as well as the waviness of
printed structure was significantly reduced by coating the surface with these materials.
Experiments to reduce surface roughness were also performed by cbating
collagen type 1 and fibronectin on the surface of a printed material in the shape of a tube.
25  The material surface was fabricated using a hydrophobic Polyjet™ material (Contact
angle - , Dataphysics™ OCA 30). The tube was filled with collagen (1.5% (wt)) and
then drained. The collagen remaining on the printed surface was allowed to gel
overnight in a CO; incubator at 37°C. Roughness of the surface was reduced by 3-4 pm
using coatings of these materials.
30 An SEM study was performed to examine the coated surface of collagen. After
the collagen was allowed to gel, the samples were rinsed with PBS, fixed in 2%
glutaraldehyde in PBS (24h, 4°C), dehydrated in a series of ethanol and dried using



15 two-di nensional cross-sectional slices. Each slice can be scanned and
the focus of the | aser can be progressively changed as each subsequent
cross-section (frame) is drawn. An overview of the |ithography systemis
provided by the flow chart in FIG 5 and the diagram of the experinental
setup in FIG 6. The two-photon |ithography system can be centered around a
Coherent (r) Chanel eon(tm Ti-Sapphire |laser, wth peak power of 1.5W20 (@
800nm pul se repetition 80MHZ, pul se width 120fs), to provide photo energy
for the polynerization of nononmer. Beamfromthe laser is guided into a
Scanl ab(tnm) scanner, piezoelectric scanner with a scan rate of 35 franes/s,
to raster the desired two dinensional slices. A third dinension for the

m cro-fabricated process can be prOV|deq by nodul ating the focus point of
the laser within-the chemcals with a nDtorlzed 250bj ective lens. Finally,

wehbeﬁm Meyitiegl pbtxgexhgd(mtmt Ma@uhagms‘ftyz m& sQr/]éi' : ledmf thhCr o?gg\ooe
th this setup, e_devi.ce e |l e fi of view

of a micr os‘g‘ﬁb’%‘“b nfilm V’é‘ﬁﬂr&ﬁg{’q& FNFHP(S‘ﬁ’ (Q?Pi '\t fffeetpac'mﬂ"%n ew of
a circle ofwekberanined Lén@ImT- les&ﬁﬁh dﬂgalkbh'eﬂﬁﬁlcroaé@pe Cﬁ@bl}?&ﬁﬁn}.h@sﬁﬂéh Ir a
notori zed stage was, U to,stitc evj ces . rogether to.forma C ger
Govi e S0RoPaTReT A SR FapTopEy | o hion EbfogsFim SR aeeIg Yib
syst em desditrbgdtinbove and by swi tching the shutter of the laser on and
off. Wth this tu | ex .t hree, di ne SIO dev r oduced,
e.g., as shown isﬁ‘ﬁ:?’eg’p?%%mﬁﬁfﬂgh‘?ﬁs cesﬁg’ ﬁs@ﬁaynﬁ% ¥yr aph of

t wo- di nensisnffatesstithuiahtdrigls. havi ng cross- sectl onal di nmensions of |ess .than
10 microns. FIG 7B shows a nagnifi eq%%an“tgqqe of the structure shown in FIG
7A, which illustrates the resol ution dct ures produced by a two-photon
| i t hography syst enramtﬁnoa@fsmeswrma:mm@m@mg@ formed by

st eppi t he notQri zed st or.m regul ar riodic W £ on a gl ass
subetr afe. i G s SRR IRV sl SRtheSivRon B pBRIMSRIBR T D
havi ng a mabvbghbtmldnhwap}fysgktemt 2 to 5 mcrons, whi ch was formed by the

t wo- photon litho S emd scri bed he rocess fQre,
fabricating hi gﬁgge(gg & %{g%ho & %e’ss'temc ag Te(?%’smaq lfrg%ms ;f)rogegs5

First, the qub@ttatae evmbhalbtmodulpq)mmmlledtmcssymnmbumed wsthtaraomteedf\ thrben t he
substrate n t v, ped The
fol low ng E,“?‘lé‘\g,. A} %r fﬁ?%’s f‘rsﬂ@ldeﬁ %@?ﬁé&i"’}ﬁgtﬁé’r a%yg;%ce%eﬁ intd 1E%t%§ubs trate
pr epar altsi ofwotdimensiorabrbods- mnonal tsh@sslid@btsha«t ean bq:cslcemg agd t;tt;sfowstdf the coati ng

o 21011 S0 5 ARG, BIRLIBELN 2 B S0Pk e o, D T
rinsi ng 15asmiovsroeived theHethvgmyhy Sz'ytemaxprowsﬂyabeﬂsw cHaCigBD Soad the pour ed
onto the gld?a}%gﬁ o?q'ﬁ e&gé’mﬁ%ﬂe{e&ﬁ%@; fﬂeﬂ‘% ngfimoﬂl%@éﬂ% s%terﬁ%ﬁ%gal and

spln rate ma etermn coat
centered around a Coherent® Chameleon"‘M Ti-Sapphire laser, with peak power of 1.5W

20 (@ 800nm, pulse repetition 80MHZ, pulse width 120fs), to provxde photo energy for the
polymerization of monomer. Beam from the laser is guided into a Scanlab™ scan_rier,
piezoelectric scanner with a scan rate of 35 frames/s, to raster the desired two
dimensional slices. A third dimension for the micro-fabrieated process can be provided
by modulating the focus point of the laser within the chemicals with a motorized

25  objective lens. Finally, the beam may be steered onto the substrate with an Olympus
BX51 microscope. With this setup, the device size may be limited to the field of view
(FOV) of a microscope objective; FOV of a Nikon ELWD 20X lens a field of view of a
circle of 150um in diameter has been achieved. To increase the FOV, a motorized stage
was used to stitch devices together to form a much larger device.

30 Porous three-dimensional devices can be fabricated using the system described

- above and by switching the shutter of the laser on and off. With this setup, complex three
dimensional devices can be produced, e.g., as shown in FIGS. 7A-7D. FIG. 7A shows



2) Scanning: To expose the substrate, the flow ng steps may be foll owed:
201). Turn the | aser from standby node to operational node. 2) Tune the

| aser to 745nm 3) Load the desired scan file into the conputer. 4) Place
gtass slide on to the stage of the. m croscope 5) Adjust the focus
of the laser onto the interface of the glass and RenShape SL Y-C 259500
chemical interface. 6) Turn the shutter of the laser on and start the scan
program 7) Once the scanning is-done turn off the |aser shutter and renove
gl ass slide. 3) Devel op: The unpol ynerized chemi cal on the glass slide may
be renoved fromthe surface through an al cohol wash and rinse cycle.
30Whi | e several enbodi nents of the present invention have been descri bed-
and illustrated herein, those of ordinary skill in the art will.readily
envision a variety of other means and/or structures for perfornming the
functions anEEM nqb.togtaphrwtw&auﬁaswntasst@aﬁ/r&mavmg%@)ss-semn@r dlmﬂﬁo&foﬂ he
advant ages descrlﬁgg hereln each of gggh varl tions an

modi fi cati JFE than irEepst &1 ge 'P‘H'YSH‘ magniliedjeaggof "B‘Fﬂfg%gl own g ELEi on.
More gener aid y»hlélhm%arz&ks dhL- %Z!:olulﬁoh beStarcturw ;brbdﬁ&adiylmpwo&ﬁi 1ah6grhptat al |
paraneters, dine S ﬁé#ﬁ onflcur tio 3) descri bed herelg are
oont (o beYERBTty JC b S i di Ao oS A by SRR oRetoriz

mat er i ?Iss sadgd/tmforﬁﬂﬂémlwﬁddw&amthds bnd@nfﬁldl}l]&tﬁﬁf& che $1Deh‘<b\i/si n Sl } cation
or applications achi of the nvent i i s/are
sed ThoodmSRIEFRB Pt -5 et B Boliom ey el Brickre e BOFY tamicranion

usi ng no nowldck hanfarmad bpmeemmqﬁholMEtabgmﬁhy syateyh dxgoibedl abots t o t he

speci fic enbodingnts of th |nvent|o ed herei [ t her ef ore,
T6°be under ot ood TEiRLTRH o PR G ERresE bR ARG ok Brigh e i, “way o
exanpl e onlproasd Fidsgthe snbithaterwhivh sammpe tief sttueBura jsyeockeskdc than e sabgrate

10 is scanned, and finally the scanned substrate is developed. The following provides a

brief summary of the three step process: _
1) Substrate preparation: In one embodiment, the substrate includes glass with a coating
of ethoxylated bis phenol A dimethacrylate coated on glass.

1) The glass substrate can be prepared by dip-pihg_ in hot piranha for 1 min, rinsing

15 and blowing them dry.

2) Next, Renshape SL Y-C 9500 can be poured onto the glass slide and spun to coat
the slide. The amount of chemical and spin rate may determine the height of the
final coating.

2) Scénning: To expose the substrate, the flowing steps may be followed:
20 - 1) Turn the laser from standby mode to operational mode.

2) Tune the laser to 745nm.

3) Load the desired scan file into the computer.

4) Place glass slide on to the stage of the microscope

5) Adjust the focus of the laser onto the interface of the glass and RenShape SL Y-C

25 9500 chemical interface.
6) Turn the shutter of the laser on and start the scan program.
7) Once the scanning is-done turn off the laser shutter and remove glass slide.
3) Develop: The unpolymerized chemical on the glass slide may be removed from the
surface through an alcohol wash and rinse cycle.
30 While several embodiments of the present invention have been described and
illustrated herein, those of ordinary skill in the art will readily envision a variety of other

means and/or structures for performing the functions and/or obtaining the results and/or.



equi val ents thereto, the invention may be practiced otherw se than as
specifically described and claimed. The present invention is directed to
each individual feature, system article, material, kit, and/or nethod
descri bed herein. In addition, any conbination of two or nore such
features, systens, articles, materials, kits, and/or 15nethods, if such
features, systens, articles, materials, kits, and/or nethods are not
mutual |y inconsistent, is included within the scope of the present

i nventi on. A definitions, as defined and used herein, should be
understood to control over dictionary definitions, definitions in docunents
i ncor porated by reference, and/or ordinary nmeani ngs of the defined terns.
20The indefinite articles "a" and ' égs used herein in the specification
and in the clainms, unless clearly indic €d to the contrary, shoul d be

under st 0od dQ i RHe ofthe ae@eitageysescnbed hereiilihﬁtdi%gétﬁéles cRUsHifons aRForsed
herein in the specification and in the clainms, shoul d be understood to nean

"ei t her or medifications isdeenied tbg yltbie the soBF AEHe present inangganMore gererallyar o

conj unct i vqi.arser;rcﬁeeﬁi. tHerSQiEre£AH/AppaR thidlinai ANGAANGEY, BRRASBhs, niht@faller
cases. NUItip e elenents listed mntﬁ "and/ or" should be construed in the

sane fashi dgd cpnfdgurationsdlesqribgd hereingire meantdp bgexraplary and thasitheaastualy ner

el enent g W%Qi%exertﬁixi Ysibs, RlaGSfRNR altl/&dontiPaatisdityifll RPEH SponRCidetGid! | ¥
i dentified by tne d/%r" cfaus mhetngngrefate or unr%iated‘%d hose

el ements s ﬁ@eiqutteaior 9pr'u=éii?wsrfprewhl°*rn’erstca‘a§n€é % Hi5-Rresent 'i“ii@“‘ié’%d?(ﬁ‘leé‘seda

reference trhosésiaed B thSart wild etopiod] or be GBRIte BiekiAln uwngiaiomeﬂﬁnd@dme
| anguage such as "conprising” can refer, in one enmbodinent, tg A only

(opti onal | YPXPAHEPERIFTRS- S1a8KERwivalgRt &e theisarrilly embodimpris REedmsaliPtent, to B
only (opti Qﬁa&riuedihaﬁaluu Clie Ekgtlﬁl-dﬂ?ﬁﬂfoﬂ)ccﬁnlﬂefstood tial the foRe@binf)embodinydits @80t her

enbodi nent , tob om ] udi ng ot ae et.c.

As used‘oherFEFsi"?“ie sogem %ati%t i"iif1 ng RS ﬂgt?'e'ﬂBPﬂ’“ daifaseié
under Ist ood etqewbmie théietosaﬁenraaﬁam Ay B8 pr@ndédxrtherassedﬁid zrﬁieaheaiﬁ | FOL
exanpl e, ltens 1h a "or' "a sha e
interprete ea%r%ﬁg 3 i H%‘i"hai'*ife‘”eie“b‘""e‘tti?é‘ it lcsetrch g gach mﬁtwfleb@f Whe, but

al so i ncl udiystgmpartiele! hﬁ&rﬁneu aid/d mﬂ&ﬁdeseﬁbddiiﬁteimftneﬁdamt sny and,
optionally, unl i sted terng clearl ted to the

Bﬁg tion %ens. nl Y i.ndi c

contrary, npllon § F‘Y/ rn'B"’E?fS“c}b eatIes, Y, ARICHP, matgral «itiiﬁn“t??éd in the
cl ai ns, 15" CGﬁ&thsi, ifGueH featurds), kysfeﬁfs@ﬁrti‘c&slxhﬂehﬂﬁ,lldﬂﬁ; amﬂ/dbfmﬁmtal‘@/ndlne el enent
of a nu rTbermutuallly lﬂCOl'(I)SflStel’llt ig?n% uded wnthgr?&% rsgode of the present invention.

All definitions, as defined and used herein, should be understood to control over
dictionary definitions, definitions in documents incorporated by reference, and/or
ordinary meanings of the defined terms.

120 The indefinite articles “a” and “an,” as used herein in the specification and in the
claims, unless clearly indicated to the contrary, should be ulnderstood to mean “at least
one.”
The phrase “and/or,” as used herein in the specification and in the claims, should
be understood to mean “either or both™ of the elements so conjoined, i.e., elements that
25  are conjunctively present in some cases and disjunctively present in other cases.
Multiple elements listed with “and/or” should be oonstrixed in the same fashion, i.e., “one
or more” of the elements so conjoined. Other elements may optionally be present other
than the elements specifically identified by the “and/or” clause, whether related or
unrelated to those elements speciﬁcaliy identified. Thus, as a non-limiting example, a
30 reference to “A and/or B”, when used in conjunction with open-ended language such as
“comprising” can refer, in one embodiment, to A only (optionally including elements

other than B); in another embodiment, to B only (optionally including elements other



i Othe term"or" as used herein shall only be interpreted as indicating
excl.usive alternatives (i.e. "one or the other but not both") when preceded
by-ternms of exclusivity, such as "either," "one of," "only one of," or
"exactly one of." "Consisting essentially of', when used in the clains,
shall have its ordinary nmeaning as used in the field of patent |aw. As used
herein in the specification and in the clainms, the phrase "at |east one,"
in 15 reference to a list of one or nore elenents, shoul d be understood to
mean at | east one el enment selected fromany one or nore of the elenents in
the Iist of elenents, but not necessarily including at | east one of each
and every elenent specifically listed within the |ist of elenents and not
excl udi ng any conbi nati ons of elenments [n the list of elenments. This
definition also allows that el ements nay’ optionally be present other than

the 20 el eiR)$inSReahdthéranbodiréith bb@dA Whd B Bpiidtally ifdluddhg sthenent s 10

whi ch the phrase "at | east one" refers, whether related or unrelated to
t hose el enBl§MEntslétS-fically identified. Thus, as a non-limting exanple,

"at | east one ofasAs@kbrEin if Me spSsifitatidh and hryﬁhe chiimb,e881sheid efunfer@iooB, " O,
equi valently "at |east one of g\ and/or, B"). can refer, in one embodj nent, to

at | east offthavgphe s MeANInEAs @R Asdeh P?f‘dﬂ?oaﬁe onexamplen When EER3FALSENt ( and

optionak !l yidmk iCa Héli 7> 8F @Yrs sliRlinteAReteBhs béxﬂg alemsn@n £hOficiBRh, to at
| east one, opti onalhé i ncludi ng nore than one A present (and

opt i onal | yOof #dFaskiPrry brl Alspipplud B‘SH%?‘ct“I‘i“a’rP“ﬁW Wﬂé}@f °ah%5t° gemsptsotfidment, to

at | east oapuorapplamaaidnm udni@{euddeﬁh@ m[)etehhﬁaleﬂ'l}emdﬁatealﬁdﬂ@tcoh@ﬂ?tsu@ﬂe
optionally |nclud| nor.e

% ”f one, and gtlo% an| udi n er

el enent s) | 23t¥Y 977 9 OF oTHagt A PRG,O be°ru‘ﬁ’ € Useddp thepgims, gpruging o ’ar"t"

i ndi cat ed te:fexttbehe:mamﬁlahysfexawgwe BIEﬁmbﬁlCtSfaCdlﬂrleEEdr i@ oeklemehB! I Beétletle nore
t han one step or agt, "‘B order of tge: s or. - 38 - acts cif t he nmet hod
i s not 'hecBEdE (S B H s allllé’"& ‘t"t‘i quaéll?’dc'??émgf:é usiyg aligrpalivey | e
et hod ar e(itee Coreast the other bult Rot Bith’g lvdieAprecaded B} ﬂenﬁ'Soﬂd’)kchlbﬂl@,Qﬁehﬁi cation

above, all transl‘tl 0 BB{ ases. Lsugh aﬁ "co I;I“ " "incl g, g " '
"carrying, " PR, oL@ %ﬁerﬂ ng " XACHY 8RG Phg }“éleﬁffnma WP ed
of ," and t hedl mlﬂ& cﬂzlixﬁlsl ﬂxabmawﬂemﬂtrﬁqdm‘emb@amauetmée‘dld of.patent fadv. MeAN

RREI NTI WH LR e R e
phrasess r efqendd toallisi ofxnesetmdre elethents, Hoald b unddrsfsiod te meknadaidst Ghd | ce
Manual  of epl%gn%ert se@é%ﬁiégrrrxl gnypgr(l)ecoq'%cgrg of th%ee énl'né)nrt]s 12njt}]1'e 118 of el]émentssbut not
necessarily including at least one of each and every element specifically listed within the
list of elements and not excluding any combinations of elements in the list of elements.
This definition also allows that elements may optionally be présent other than the -
20  elements specifically identified within the list of elements to which the phrase “at least
one” referé, whether related or unrelated to those elements specifically identified. Thus,
53 a non-limiting exa\mple, “at least one of A and B” (or, equivalently, “at least one of A
or B,” or, equivalently “at least one of A and/or B”) can refer, in one embodiment, to at
least one, optionally including more than one, A, with no B present (and optionally
25  including elements other than B); in another embodiment, to at least one, optionally
including more than one, B, with no A present (and optionally including elements other
than A); in yet another embodiment, to at least one, optionally including more than one,
A, and at least one, optionally including more than one, B (and optionally including other
elements); etc. .
30 It should also be understood that, unless clearly indicated to the contrary, in any

methods claimed herein that include more than one step or act, the order of the steps or



CLAIMS 1. A method of formng an article for use as a tenplate for cell
growt h, conprising using a multi-photon |ithography process to forma
structure conprising at |east one wall defining a 5 cavity, wherein the
wal | conprises a plurality of pores having a cross-sectional dinension of
| ess than 40 mcrons in at |least a portion of the wall and perneating the
wal I, thereby enabling exchange of a conponent between a portion interior
to the cavity and a portion exterior to the cavity. 102. A method as in
claim1l1, wherein the plurality of pores have a cross-sectional dinension of
| ess than or equal to 20 mcrons. 3. A nethod as in claim1l1, wherein the
plurality of pores have a cross-sectional dinension of |ess than or equal
to 10 mcrons. 15 4. A nethod as in clLggm 1, wherein the plurality of
pores have a cross-sectional dinmension of |éss than or equal to 1 mcron.
5. A net hodctgof the methodrisnot neressarily limit¢dtaghe erdgnintwhich the stepe onadts ofithe a
t hi ckness n 30 mcrons. 6. Anethod as in claim1, wherein
t he cavitygﬁgéﬁgﬁe?%%g? di aneter of |ess than 300 microns. 257. A nethod as
in claiml, wheldethe daimscasiwall as in thefspeeificatiop ajoyn, gl dragsitiona) pheapesgueines
photon | i { beghaRlie," infflain; RafAPhBOnaint A Clrtlifg” VRIS LhaiRg Yy al 1ty
of pores and the g%ructure are fabricated by the sane process. .

_ 5 “composed of,” and the like are to be understood to be open-endead, i.e., to mean

including but not limited to. Only the transitional phrases “consisting of” and

“consisting essentially of” shall be closed or semi-closed transitional phrases,

respectively, as set forth in the United Sta'tes Patent Office Manual of Patent Examining

Procedures, Section 2111.03. -
10



9. Anethod as in claim1, wherein structure conprises a substructure. 10.
A nethod.as in claim9, wherein the ratio between an inner dianeter of the
structure to an inner dianeter of the substructure is greater than 10:1.

11. A nethod as in claim9, wherein the substructure conprises a wall
defining a cavity. 12. A nethod as in_g¢jaim1ll, wherein the wall of the
substructure conprises a plurality of pores forned in at |east a portion of
the wal | apgpggneating the wall, thereby enabling exchange of a conponent
between a portron interior to the cavity of the substructure and a portion
exterior to the cavity of the substructure. 13. A nethod as in claim 12,
wherein the portion exterior to the cavity of the substructure conprises

the portiop intg&idodlo®drfigGRY%ikd o ust A& é&?l%tf&rc%ll ggoé\dh,%orggrgst@qlé@?fll_ n

claiml1, wherein at |least a portion of the structure conpri

20adherin gmﬁr_ﬁt}ﬁlbéﬂ @i%o@ﬂﬂhﬁrgée@@t% lorth %Eﬂu&r&oﬂf)rﬁstl X at %agtib?lg \%%ﬁ dé:fﬂlmérai}.l Z €s a

cell-inhibiting substanceé.” 15. The nethod as aim erein-t

articl es i scRgaRrierid Qe Rhi %&\%{:ﬁ a &ﬁr@“\? Re Wr&sﬂia(@ip%@%m@é%e%ﬁor&[ diﬁl@!%}j&ltol%UCt ure.

2516. A nethod as in claiml, erein the arti is a tenplate for grow ng
an artifi Cjegd thin ASHEroRS inQt BaRa ppﬁiélq-bfl'thél-z/all ﬁad"ﬁ%‘i@ﬂn@&e wéln,%éétmeﬁﬁzlin%her ein

the artificial tissue or organ is selected fromthe group consSisting of

tissues Or eRha3eSsf PlonipdRent béthtdndl REMonINSHE M tht EAHYESRd Qﬁor%miopifo ddre bl ood
vessel system tissues or organs of the digestive track, tissues or organs
of the gutsagpoci ated glands, tissues or organs of the respiratory system
or tissues or organs of the urinary system 18. A nethod as in claiml,
wherein the structure is fornmed usi ng a photocurable polyner. 19. A nethod
as in claim18, wherein the photocurabl e polyner conprises a crosslinking

densi typ t hat i savaiicads W didiinn, Ahédig R PudRy bi ﬁy?é Hale 4§ B8ssSbEtldaliUWifensiof0- A
nmethod as in claim1l, wherein the photocurable polyner conprises an

acryl at e- bgged tph ot aRal (¥ BB micrggnt aerythritol triacrylate, or an
organi c-inorganic hybrid material.

3. A method as in claim 1, wherein the plurality of pores have a cross-sectional dimension
of less than or equal to 10 microns.
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4, A method as in claim 1, wherein the plurality of pores have a cross-sectional dimension

of less than or equal to 1 micron.

5. A method as in claim 1, wherein at least a portion of the wall has a thickness of less

20  than 30 microns.

6. A method as in claim 1, wherein the cavity has an inner diameter of less than 300
microns.
25 1. A method as in claim 1, wherein the article is formed by a process comprising two-

photon lithography.



21. A nmethod as in claim1l1l, wherein the structure conprises an elastic

mat eri al .
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8. A method as in claim 1, wherein the plurality of pores and the structure are fabricated
by the same process.

9, A method as in claim 1, wherein structure comprises a substructure.
10. A method as in claim 9, wherein the ratio between an inner diameter of the structure to

an inner diameter of the substructure is greater than 10:1.
1. A method as in claim 9, wherein the substructure comprises a wall defining a cavity.

12. A method as in claim 11, wherein the wall of the substructure comprises a plurality of
pores formed in at least a portion of the wall and permeating the wall, thereby enabling
exchange of a component between a portion interior to the cavity of the substructure and a

portion exterior to the cavity of the substructure.

13, A method as in claim 12, wherein the portion exterior to the cavity of the substructure

comprises the portion interior to the cavity of the structure.

14, A method as in claim 1, wherein at least a portion of the structure comprises a cell-

adhering substance and at least a portion of the structure comprises a cell-inhibiting substance.

15. The method as in claim 1, wherein the article is adapted to allow cell growth within the

pores of the structure.

16. A method as in claim 1, wherein the article is a template for growing an artificial tissue

or organ.
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17. A method as in claim 16, wherein the artificial tissue or organ is selected from t_he
group consisting of tissues or organs of the circulatory system, tissues or organs of the bloqd
vessel system, tissues or organs of the digestive track, tissues or organs of the gut-associét:e.d:.

glands, tissues or organs of the respiratory system, or tissues or organs of the urinary system.
18. A method as in claim 1, wherein the structure is formed using a photocurable polymer.

19. A method as in claim 18, wherein the photocurable polymer comprises a crosslinking

density that is varied within different portions of the structure.

20. A method as in claim 1, wherein the photocurable polymer comprises an acrylate-based

photopolymer, pentaerythritol triacrylate, or an organic-inorganic hybrid material.

21. A method as in claim 1, wherein the structure comprises an elastic material.



