IR A A A0 O A

a9y United State_s _ o
a2 Patent Application Publication o) Pub. No.: US 2023/0285636 A1

Alsberg et al.

US 20230285636A1

43) Pub. Date: Sep. 14, 2023

(54)

(71)

(72)

(21)

(22)

(63)

(60)

ENGINEERED TISSUE CONSTRUCTS

Applicants: CASE WESTERN RESERVE
UNIVERSITY, Cleveland, OH (US);
WORCESTER POLYTECHNIC
INSTITUTE, Worcester, MA (US)

Inventors: Eben Alsberg, Cleveland, OH (US);
Anna D. Dikina, Cleveland, OH (US);
Marsha W. Rolle, Worcester, MA (US)

Appl. No.: 17/968,476
Filed: Oct. 18, 2022
Related U.S. Application Data

Continuation of application No. 15/258,666, filed as
application No. PCT/US2015/019541 on Mar. 9,
2015, now Pat. No. 11,471,565.

Provisional application No. 61/970,633, filed on Mar.
26, 2014, provisional application No. 61/949,552,

filed on Mar. 7, 2014.

Publication Classification

(51) Int. CL
AGIL 27/38 (2006.01)
AG6IL 27/54 (2006.01)
CI2N 5/00 (2006.01)
(52) U.S. CL
CPC ... AGIL 27/3882 (2013.01); A61L 27/3804

(2013.01); A6IL 27/54 (2013.01);, CI2N
5/0075 (2013.01); A61L 2300/414 (2013.01);
A61L 2300/602 (2013.01); A61L 2300/62
(2013.01); A61L 2400/12 (2013.01); A61IL
2430/22 (2013.01); CI2N 2513/00 (2013.01);
CI12N 2531/00 (2013.01)

(57) ABSTRACT

A modular engineered tissue construct includes a plurality
of fused self-assembled, scatfold-free, high-density cell
aggregates. At least one cell aggregate mcludes a plurality
of cells and a plurality of biocompatible and biodegradable
nanoparticles and/or microparticles that are mcorporated
within the cell aggregates. The nanoparticles and/or micro-
particles acting as a bulking agent within the cell aggregate
to mcrease the cell aggregate size and/or thickness and
improve the mechanical properties of the cell aggregate as
well as to deliver bioactive agents.



Patent Application Publication Sep. 14, 2023 Sheet 1 of 17 US 2023/0285636 Al

e ) -
-
-
Y-,
v,
'\'\.H.
n
!
1
[
[
[
20 - f
_--'-'-'-'_-
d--'-'-'—-
.o-""'-d-'-d-
_____________
.,-'-'""-FF--FF
\
‘1
!
| \
—
'\—\_\_\_\_I-\_\_I-.\_\_‘_.\_
_
‘_\-\-\-\_\_\_\_\_\-H_\_ hhhhh
[
f#/
AT
1
1
-\-\.\_\_I_\_\_ . ]
.......... ]
____________________
o 2 2

Fig. 1



Patent Application Publication Sep. 14, 2023 Sheet 2 of 17 US 2023/0285636 Al

100

p

- 102
SOALTING AND EXPANDING A POPULATION OF CELLS |

Muvumunu“@muvum-v-muwmuvum-v-muvumuvumw|m|v|m|v|mw|m|wmuvum-v-muwmuvum-v-muvumuvum|-\.-|.-\.-\.-\.|-\.-|.-\.-\.-\.|-\.-|Mn.n.-|.-w\.|-\.-u.-\.-\.-\.u-\.-u.-\.-\.-\.u-\.-u.-\.-\.-\.u-\.-u.-w\.u-\.-u.-\.-\.-\.n.--.-\.-\.-\.|v|m|v|m|vum|v|m|v|mn.-|m|v|m|v|m|vu!|“nu-\.u-\.-\.|“|v|m|vum|v|m|v|mn.--.-\.-\.-\.u.-|.w\.|vum-v-muvumuvum-v-muvu.-w\.u-\.-u.-\.-\.-\.n.--.-\.-\.-\.u.-|m|vum-v-m|v|m|vum-v-m|v|m|vum-v-m|v|m|vum-v-m|v|m|vum-v-m|v|m|vum-v-m|v|m|v|m|vum|v|m|v|m |||||

CULTURING THE EXPANDED CELLS AND .
 MICROPARTICLES/NANOPARTICLES IN A WELL TO FORM 104
5 A CELL AGGREGATE WITH A DEFINED SHAPE

Mlvlmllm||“|“|v|m|v|mlvlmlvlmlvlmlvlmlvlmlvlm|v@lvlmlvlm|v|m|vlmlvlmlvlmlvlmlvlmlvlmlvlmlvlm|vlm|v|m|vlm|v|m|v|.-\.-\.-\.|'\.-|M'\.l'\.-lM'\.|v|.-\.-\.'\.|'\.-|M-\.lvlmlvlmlvlmlvlmlvlmlvlm|'\.-|m|v|m|vlmlvlﬂ-lzl'\.-l'\.-\.lvlmlvlmlvlmlvlmlvlmlvlm|'\.-l.-\.-\.'\.|-\.-|mlvlmlvlmlvlmlvlmlvlmlvlm|v|mlvlm|v|mlv|mlvlm|v|m|v|mlvlmlv|m|vlmlvlm|v|m|v|mlvlm|@|v|mlvlm|v|m|v|mlvlm|vlmlvlmlvlmlvlmlvlmlvlml

TRANSFERRING THE CELL AGGREGATE TO A SUPPORT |~ 106

v

CULTURING THE CELL AGGREGATE INACULTURE | 108
MEDIUM TO FORM AN ENGINEERED TISSUE
CONSTRUCT

Fig. 2



Patent Application Publication Sep. 14, 2023 Sheet 3 of 17 US 2023/0285636 Al

Y
Lrr

e
I

]

e
T :
SHECEH

o {-ql:

.'l;'.-\.
:
R

:.-_,’:_si%: A
i

R r
L
7

e

Yy

P

-’g __'\-@;.“\-__
S R
. BT

i
A

- -
5 S
- -\.\"S’ %#Wé?#}'?ﬁ e ::"S- :‘\\.
L m }}ﬂ%« S S
a}s?‘h{;‘{ﬁ%ﬁ‘% Lo {%
a::,c-

-

: .;'ﬁ%\ .x;%}%hg ﬁ_ «1“’% hi, i e @\&ﬁiﬁ%
T : o {, S Wﬁ
- %

?ﬁ %
3 ) {\
S

PR
el

o
Tt

HEat

b

HEeRa R

HHEH
R
R

)
A
-

T

iy
'\-:,j___..-’.-\.
S,
oty

o

i

L

s

.__+' ; et
-I:;i!. _i-.

L

e
i

e

L, 55
fahe
-""lc'q""'ﬂ.-"" i
R
He, A
e A

T

e
e
Lt

Lo
i HEREERTR
: . e A
G aai
bt i i
R
:

-

i T ;
“F{%‘hi\-} ] H -\.\,-. I i et L 5 T 4 . % L
E’?’E’"’q‘%?.-% T L3 ’ : I--\.H.. }?"'\:\. < i 1‘%"\- ;Eﬁi}é}:&
- . H H H oy

-“%’é’ﬁﬁgﬁsﬁr L ; = St - "E:‘\:\'-"I\':c --.-35:-:'
EHEA

LT -.-'-E‘-:.;""-Cx";_:- s

s
8 *ﬁﬁﬂi}ﬁﬁ

e 'l,:"t
i
o k""ﬁ’tﬁ. :

r

-.1:""
o
e
AR
=

o,
e
et
T

X
X
A

i

BRI T
\i‘;?ﬁ"ﬁll e lr‘utl'.l

T

,.‘_
oy
=

g

—
e

L
P
oL =
e

o

i

s
5

e

o

o

T

R
e T et
s " f

e
=
e
e
ﬂ:f,{:r
=

.-
DT

v
o
=

-t -
Ty
"‘.-_::"":.:,-

S
tﬁ"" 1
LY

!

e

3
er-irent:

H
Sndmna
e
e
o —
i

T
)
i

<
-
I
=
T
fﬁﬁt‘a‘-’?
5

D
x o

i F.Eiﬁ:. = S A
; L il

5 .-1-“1;12!'15‘ 5

EA

i %f’%
i’:},}g‘t’ﬁéﬁiﬁ

o
it
i

-2y
L=
=
e

e

T
=
s

i
e
s
o

E

i

i

il
i

s !

s o

Tl G

SR dﬁ'"*"!ﬁ':-. T
e ]

0 i

i i

At :{R '-"{rq\ig R
L

Ay 1'1, 2

R

b
mE

e

e

i

""«\ 1_:‘.-“‘ Il-._':: " 2l iy by

A 5
L

ST

i -‘5"@"?‘5‘;1'%%\1’&&?{5‘{11 S

it
"

ot

!

13 i

i e i
DL B

5 E{'t'i*;i&w‘#ﬂ?ﬁﬁk% "":':kft':!"a ?\*ﬂhﬁ‘i i',“ o

A .
N, '*::I o B e e e AL 7

ALY | A e ] 5 X X Ly 3
L

o

e
e
e

="

=

T

i

o -
...+.'3‘:_|: o .' )
_.-r-l'l"',%‘.‘_
e
Tt
et
e T
s #
=
i

s

".

T

e -
= —
ity T
o
i

1

e
i

i

i

_‘.-*ﬂl_:l, s :
A G e
E Ly Lt A TR
N

Fa.

B
T

o
it

s
S

T
o

i

)
T A
.-:"_ &
e
i
LT
=

;R
e
e
AL
e
s

o

0

e
o
L
=

===
- ks

i

T

-+
L
S
e
e

S

o
T
e

. ."\."\-'.
i

e,

S

T
e

T i .1__'-1. .
A

.

I
APl 1-."1:'!%'@;

L

ot
e
T
D

,
)
Y
s
5
ST
=

.-
LY
Ry
i
rarey-

STy
L

T ks

o

e - - - ]
T} - . .. .
= - P 2
S

T
T

,_.,.
S
oL

..

T

e
i I! =
e i

3
i ’{{PE& Lo
o
T
I

e
i
e

T

i

i {' \%1
L
A b=

T o e
- oy
e S S
Rt o et e i 7

=
i
e
R
i
ey

X

i

et

T

e = )
r'|' y ﬂ}:'# AR
S

e
o
e
T
ey
T

SR L LT ._._.._.
T ] . ow T . P R E

;,.-"f...
i
..-..-.':-"_.._F‘..-- =

=

=

)
I
W)

-
by
]
Ly

T T
T

e

rr;

E R e, )
IR
3 A &t‘ E‘l

; )
i lﬁgn,f_&. i
SRR
bt H G +

e
R
S

ok
e

R

A
O 2 I e
A, ':;-:;-111-'-.3,'-._ by L e
.'?.%*Ei'}“-f"f;:%:;‘iﬂﬂ.ﬁ' e H ek
- 0 e 0 RSy AL ot Ry

E
S
o
s
T

M

o
b
2

M

rivirbioiok W
&



Patent Application Publication Sep. 14, 2023 Sheet 4 of 17 US 2023/0285636 Al

My
IR




Patent Application Publication

Sep. 14, 2023 Sheet 5 of 17

US 2023/0285636 Al

Tifsau_e
Hings
3-Ring <
Tissue
Tubes

Eﬁﬁin_

win

o '\.'\"\-'_. H
S T -
e
HEP LR

LA L A LA A e

¥

s z &
h
PR NN N R N A R N R RN TP TR IR AL

=
RN RN R RN N N E A F RN N

-g-n..e.-\..-.e.-.e.n.l.l.e.u.e.-.e.e.ﬁl

=

[H

S ’
Aty
F*"C?,;.“'\--:
At i A
-"-:-_':"‘:'._:;'5:'- 5 f_f’-f b 5‘" :-f-
S

by
':@%%iﬁfa Ecins
ST

Figs. 7A-

lﬁ L \.‘{\.‘{?Ih‘lh"'\.‘l'ﬂ'm‘lwg

lat Trachea




Patent Application Publication Sep. 14, 2023 Sheet 6 of 17 US 2023/0285636 Al

nMsSC hMSC 4+ MS Hat Trachea

Tissue
Rings

[

Tissue
Tubes

fo g
AR

Figs. 10A-D



Patent Application Publication Sep. 14, 2023 Sheet 7 of 17 S 2023/0285636 Al

Ei

[HHS

L

HoHYH

NN

&
=
4
-
b
W
]
=
b
¥
w
3
)
e
¥
-\.-
¥
¥
:
o
%
4
2
=
4
2
b
%
=

HEOHDH SN L H A

HaeH

.
K

3
*
¥
3
¥
3
h]
3
Ll
1
3
)
b
3
(A
!
..i
4
*
)
(A
3
A
)
A
H
(A
H
i
H
)
%

.
by
K}
-:-
:
ks
)
.
i

Jene

' .
:
i
]
:
b
2
3 .
i
£
5
¥
£
5
E
e
i
v
:
k :
¥
: :
H H
w 3
; Z
" <
: . :

e e e e HEH

A AR AR Attt

-
=

M R e e e B e e e e e e
"

>
-

e e

pesenenn LILT RIITPRvPPPeey

L q

P

Figs. 11A-

4
3]

Ilemm iyl i g i

L1y

ERGTS

Irinmm e am el

Iylamm g inm gl

B L LT T T L O AR R P P T T LT

-

SR LD i mE LD e DD L A e

_..
w
L

F eyl e I e

&
b

He

HE R L L L R L At R At H

=
AR R N £ B - - o e AR e T T B T
. b

! ..:\.H???H{.‘\.'.H{ﬁ

hea '

RS .
Py
t B

-
-

st e

e e e e e e L e T L

by
e
H
k]
]
k]
]
k]
]

.
i
i
N
: "
Nl :
k
4
i
A e
i o
i
= =
kK ¥
. o
4 H
kS ;.
A ]
i A
A .
H - [0
I el
% H
i
X P
i H
% i
H H
A L
A H
i K
9
3 3
i "
] i,
& H
i "
ik,
"

3 ~i
i
”
-
RO EN L L
RO R R e P P ¥ i =,
i I
i . H b

Figs. 12A-



Patent Application Publication

Sep. 14, 2023 Sheet 8 of 17 US 2023/0285636 Al

et

TR
HEN
it

L,

g

;
s

o
o

e
e

o
e
e
'q"".-'\-::f.;\-\.*i.-
i

o
'H.__.. 0

-,
-

i,
I
<

T

L
'\-: .-"'\-\'-\.-'\.'-‘{'

AU,
i,
g

-

i,

.-:.-__.-:‘\-'

) {‘:_.“-'Q'\-__. :
B .:‘?

S

H
m
"
e
e
R
e
s

T,

n
S

W
s
e

oS

L

Fig. 13

Figs. 14A-B



Patent Application Publication Sep. 14, 2023 Sheet 9 of 17 US 2023/0285636 Al

Thickness 2mmrings

A T e Er T T PR T L IO

ey

e

o
"
3
i
[
b
i
=
=
]
°
i
=
. B
B
o
i
-
w
"
w
%
B
i
E‘_:
5
!.;:
-
;.‘;-:
-
°
i
b
i
L
EH
i
{.
4
o
i
-
4
i
B

e T T e e Tae® aTan w * ot

Figs. 15A-F



Patent Application Publication Sep. 14, 2023 Sheet 10 of 17 US 2023/0285636 Al

T
B

igs. 16A-D

e U.0 - ,
- é |
o YV J
)

(),

C U.4 -

X | |
O z

. ) |
— .

0.2 0.6
Microspheres/10° Cells (mg)
Figs. 17A-D



Patent Application Publication Sep. 14, 2023 Sheet 11 of 17  US 2023/0285636 Al

-

)

Figs. 18A-



Patent Application Publication Sep. 14, 2023 Sheet 12 of 17 US 2023/0285636 Al

0 02 06 ‘ 0 02 06
Microspheres/10° Cells (mg) Microspheres/10° Cells (mg)

Figs. 19A-D



atent Application Publication Sep. 14, 2023 Sheet 13 of 17  US 2023/0285636 Al

L
B

Ly
i
i

Figs. 20A-D



Patent Application Publication Sep. 14, 2023 Sheet 14 of 17 US 2023/0285636 Al

S ¥

o . T ——
Q}_.;E:_ ;’%:%g%% i ";%1%* o
] 4 Ry
L
iy R R
I %-ﬁx %;“%%? i
A S i
*ﬁ‘ 1_;133 5 ity
G
L

s

.&\: .;\::::-'
*ff“w““‘%

E

<
),

R
S
soaaiaans
e

Figs. 21A-L



Patent Application Publication Sep. 14, 2023 Sheet 15 of 17 US 2023/0285636 Al

0 0.2 0.6 | 0 0.2 0.6
Microspheres/108 Cells (mg) Microspheres/10° Cells (mg)

Figs. 22A-D



US 2023/0285636 Al

Sep. 14, 2023 Sheet 16 of 17

Patent Application Publication

e o ST R A e
P U e e
."..n....m..“.."..,.. T bt 2] e B A PR . .u..........,...,.,..,w&.m.,..vf

-

MS loaded
w/ TGF[1

M HrH

A

L)

*. F R L
K L L
EAl e
e
b
o
s
P
EAhes
R
S
o
pRy,
A

Y
g

. ..,m.w.h.?;..m#as??h.%hvfﬁﬁvi

s
i
22
:
3
-
.
:
"'\q. e
~1~
T
]
y
Gt}
‘:;::-i
"\-&-\5
£
e
,
-\.:,E
I
i
X
"
i
3
\-E_:-

1t
R, ., : A e N ATl LI A et
e R aicmwxaﬁﬂﬁvﬁh«mﬂdﬁ..x"........".."m...."....".“...“".m,.rfﬂ....,.. S
A e S H

A P e e D LT
L A e T Pt
A

: ot e
%ﬁﬂﬁhﬁkﬂﬂﬁ?ﬁfﬂh xﬁ....w.v.,;we..a,..mﬂ.,mrr b5 ........“..““. i

i

: A, "
e p e LA .m,,..,wr A .".u...,mfu..".ﬂaw.ﬂ..a.n.,u;w.nm.".w e
R CH R T ey
I e S
T A L e e A e e e
e e
connidii
i ; ;

o

X
R
0 e
P
HENEHH

. c..
R eI S
o A R
e B
R L AT
H ..Wx:n" ST e

T

?:!' ] '-‘\-:f':-"".l ]
?%ggjﬂ e
-;} i "P'ﬂ:'%

dadat
P
i
.,

S
]
i

pHLh

-

i

Yy

b
o .w...“ m........v.ﬁr..,“"y......a. AT
TR A
[ A
R R
A A
R .....,.........H..,...,.F.nﬂ,.."...
e
e T
T e T T B e
L e L L
R R I A m
HAE ety e E?ﬂiﬂﬂeﬁwﬁ“\ﬂw ) ., pY
H R Ly
; T A
R AT
R R
5

et

BN da e
An
i
i Q“i%ﬁ
% :.hig

2
i
¥
-
ES
=
i
iy,

7 &
e
S
MR

-
ks
Ry
L
:
L
i
-
H
:'l'
i
pey
M
<
bl
o]
35

- , = " i S e
2 e ".......““....ﬂ.“..,.“.. R .,......".m,.%ﬁww% 5
L T e
e A A Hl
o S RN e ....m........“..u....“.?.&.ﬂﬂv A

(

i

R T A o
e e H
e ..f.v,....ﬂ,..w..,..,...v....,..",.w.".,..

e

i

Hb s A
B ST

R R T A
S
)

Unloaded MS  Unloaded MS

b
i
ﬁ'%{}
o

%

S SRty
o
R
S

T
S

Iy A, :
R e e
e A s S e

- A HEE R i
e .,..rcu..vf..,"“.u...,..u. o ,.m.u.u.wf....,w...
e

H e
; H A M
e e A
; R R R
o A
T
3K ; i
A e T
e T e AN e e A . H
e T B
L .......,........................n.". H .,.....“.y......r. .,.,..........." .w.u. ﬂ.n....“”..”.". 1 ......... ..“.ﬂ.n. g i ...u.
e

exo TGFP1

AA
e .E:-‘"-\.-
-
Q-":.-'F-c
i
£
]
LI
Fo
i
P
éf“h
o
%
Fi
-
5
B

S
-

et i

= " H e H (L)

P AN r...m.m...“wa.."......"..”..ﬁm,u.s." P

R E :
R T HH SR t

R e A B e e,

No MS

(

-,

P

e

- - -
SSaUNOIY |

Figs. 23A-

rd

1.

0.

0.
TGFp1

Unloaded MS MS loaded

Unloaded MS

No MS

No MS

exo TGFB1

)

{+

S
.
LL
O
-
O
>
O
+

T e e

N e
..

Pt

e

i
3

0

B

:é’.\,:':
g
-
i

.‘;-

L
o

i

a5

e
S

| Py

......1.

LT

LS e
Aot A

i ....;..L....v. Lo

LEs
-

...
1

£
ot

5

#

& :

T

ke

R :
5

.

H L e byt )
i A ,,,...>..,".,,
Wt H e

Figs. 24A-



Patent Application Publication Sep. 14, 2023 Sheet 17 of 17 US 2023/0285636 Al

No MS No MS Unloaded MS  Unloaded MS MS loaded
(+) exo TGFB1 _ (+)exo TGFB1  w/ TGFB1

Figs. 26A-D



US 2023/0285636 Al

ENGINEERED TISSUE CONSTRUCTS

RELATED APPLICATION

[0001] Thas application 1s a Continuation-in-Part of PCT/
US2015/019541, filed Mar. 9, 2015, which claims priority
from U.S. Provisional Application No. 61/949,552, filed
Mar. 7, 2014. This application also claims priority to U.S.
Provisional Application Serial No. 62/384,400, filed Sep. 7,
2016, the subject matter of which are incorporated herein by
reference 1n their entirety.

GOVERNMENT FUNDING

[0002] This mvention was made with government support
under Grant Nos. RO1AR063194, T32AR007505, awarded
by The National Institutes of Health, and DGE1144804
awarded by the National Science Foundation. The United
States government has certain rights to the mvention.

TECHNICAL FIELD

[0003] The present application relates to engineered tissue
constructs, and systems and methods of forming the engi-
neered tissue constructs.

BACKGROUND

[0004] Narrowing or collapse of the trachea 1s a life threa-
tening condition because stenosis or malacia can prohibat
sufficient air transport to the lungs. The most common
cause of adult tracheal stenosis 1s trauma due to prolonged
intubation or tracheostomy, but other causes include peri-
chondritis, chondritis, tumor, burns and external trauma.
Typically, 1f the affected portion 1s less than half the entire
length of the trachea in adults or one third 1 children, the
diseased region can be resected and the healthy ends anasto-
mosed during tracheal reconstruction surgery. While short,
resectable stenoses are far more common, there are limited
treatments available for lengthy tracheal occlusions. Short-
term solutions for patients with long segment stenosis
include stents, T-tubes, laser surgery and amrway dilation.
However, a major drawback to these 1s the need for repeti-
tive treatment: periodic stent and tube replacement due to
granuloma formation or additional laser surgery and dilation
due to scarring and restenosis. As a result, biomaterial and
tissue engineering approaches have been pursued to develop
tracheal substitutes. A functional tracheal replacement must
first and foremost maintain airway patency during normal
breathing. Normally, healthy tracheal cartilage supports the
open windpipe. Acellular tracheal prostheses are made of
rigid materials and tissue engineered cell-laden technologies
are typically cartilagmmous structures that are designed to
mimic the trachea. A variety of tracheal replacement strate-
oies have been explored, mncluding cell-free artificial pros-
theses, autograits, native or decellularized allogratts which
are often seeded with the recipient’s cells, and autologous de
novo tissue engineered constructs. Despite the broad range
of approaches, each has shortcomings. Acellular tracheal
prostheses often result 1n tissue granulation, implant migra-
tion, progressive scar tissue formation and restenosis. Auto-
orafts and allogratts have limited availability, poor mechan-
1cal properties, and undergo remodeling upon implantation,
often leading to collapse, scarring, and airway occlusion.
Allogeneic donor tissue also carries a risk of disease trans-

Sep. 14, 2023

mission and immunogenicity; recipients of native tissues
must be immunosuppressed and extra care must be taken
to remove antigens from decellularized tissues. Tissue engi-
neered constructs comprised of autologous cells 1n scaffolds
circumvent immune response 1ssues, but the structural, phy-
sical and biochemical properties of the scatfold must be
carefully designed to guide cell behavior and neotissue for-
mation. It 1s also challenging to tune the scatfold degrada-
tion rate to match that ot cell proliferation and new extra-
cellular matrix (ECM) production, and biomateral
degradation byproducts may hinder tissue healing.

SUMMARY

[0005] Embodiments described herein relate to engineered
tissue constructs with defined shapes, such as engineered
tissue rings, systems and methods of forming modular engi-
neered tissue constructs and to the use of modular engi-
neered tissue constructs imn modular tissue assembly systems
for tissue repair and bio-artificial tissue engineering applica-
tions, such as engineered trachea constructs. The engineered
fissue constructs can include self-assembled, scaffold-free,
cell aggregates that are formed by culturing a plurality of
cells and nanoparticles and/or microparticles 1 wells with
defined shapes, e.g., rings, disks, or blocks, of a cell culture
apparatus or bioreactor. In some embodiments, the seli-
assembled, cell aggregate can include a population or plur-
ality of cells and plurality of nanoparticles and/or micropar-
ticles that are incorporated within the cell aggregate. The
nanoparticles and/or microparticles can act as a bulking
agent within the cell aggregate to increase the cell aggregate
size and/or thickness. Incorporation of the nanoparticles
and/or microparticles in the cell aggregate can also improve
the mechanical properties of the cell aggregate formed trom
the cells and nanoparticles and/or microparticles allowing
the cell aggregate to be readily manipulated and formed
into engineered tissue constructs.

[0006] In some embodiments, the nanoparticles and/or
microparticles can include at least one bioactive agent that
1s differentially and/or controllably released by the nanopar-
ticles and/or microparticles. In some embodiments, the
bioactive agent can be physically associated with the nano-
particles and/or microparticles and spatially and/or tempo-
rally released with a defined release profile from the nano-
particles and/or microparticles.

[0007] The engineered tissue constructs can be used 1 a
tissue assembly system to engineer human tissue containing,
for example, engineered cartilaginous, vascular, prevascu-
lar, muscular, and bone segments. The tissue assembly sys-
tem can permit fusion of engineered tissue constructs having
different properties together to generate modular constructs
with multiple types of tissues 1n a spatially-controlled pat-
tern. Culture of heterogeneous engineered tissue constructs
1in a hollow organ bioreactor can permit further modification
of the constructs, mcluding, for example, epithehalization,
of a surface of the construct.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] FIG. 1 1s a schematic 1llustration of a method of
forming an engimeered tissue construct 1n accordance with

an embodiment.
[0009] FIG. 2 1s a flow diagram showing a method of

forming an engineered tissue construct.
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[0010] FIGS. 3(A-D) illustrate images of heterogenous
cartilage tube with cartilaginous and non-cartilaginous por-
tions. Chondrogenesis was induced mm hMSC rings for (A-B)
5 days or (C-D) 12 days. SMC rings were cultured for (A-B)
10 days or (C-D) 5 days. Alternating hMSC and SMC rings
were fused into (A-B) 10-ring tubes over 7 days or (C-D) 4-
ring tubes over 8 days. (A) Fluorescence (hMSC labeled
with red cell tracker dye) and (B) brightfield images of
hMSC-SMC tubes. (C) hMSC-SMC tube after 8 days of
tusimg. (D) Cross-section of hMSC-SMC tube stained with
Satranin O / Fast Green for GAG (lumen 1s on bottom).
Scale bars: white=1 mm, black=500 um.

[0011] FIG. 4 1s a schematic of tissue ring and tube assem-
bly processes. A suspension of MSCs with growth factor
loaded microspheres (“hMSC + MS”) was seeded 1n custom
agarose wells and cultured 1n basal pellet media. Cell only
tissues (“hMSC”), which did not contamn microspheres,
were seeded and cultured m basal pellet media supplemen-
ted with TGF-f1. On day 2 of culture, rings (tan) were
removed from the culture wells using tweezers and were
stacked on silicone tubes (gray) to form 3- and 6-ring tubes.
[0012] FIG. 5 1llustrates a light photomicrograph of cross-
liked gelatin microspheres.

[0013] FIGS. 6(A-D) illustrate macroscopic mmages of
cartilage tissue rings and tubes in culture. Tissue rings
were formed by seeding a suspension of (A) hMSCs or (C)
hMSCs with microspheres 1n custom designed agarose
annular wells (white dotted outline) with 2 mm posts
(black dotted outline). (B, D) On Day 2, some of the rings
were stacked on silicone tubes, which were clamped 1n a
custom designed holder, to form 3-ring (white arrow) or 6-
ring (black arrow) tissue tubes. MS = Microspheres.

[0014] FIGS. 7(A-G) illustrate gross macroscopic pictures
of (A-C) hMSC-only cartilage rings and tubes, (D-F) micro-
sphere-contaming rings and tubes, and (G) native rat tra-
chea. (A, B, D, E) Rings and 3-ring tubes are shown 1n repli-
cates. (C, F, ). A representative hMSC or hMSC + MS 6-
ring tube and a rat trachea are presented from multiple per-
spectives. MS = Microspheres. Scale bar 1s 2 mm.

[0015] FIGS. 8(A-C) illustrate (A) DNA content, (B)
GAG content, and (C) GAG normalized to DNA 1n har-
vested rings and 3-ring cartilage tubes. MS = Microspheres.
Groups that do not share the same letter are significantly
different (p < 0.01).

[0016] FIGS. 9(A-E) illustrate photomicrographs of Saira-
nin O/Fast Green stamed tissue engineered (A, C) cartilage
rings and (B, D) cartilage tubes composed of (A, B) hMSCs-
only and (C, D) hMSCs + MS, and (E) rat trachea 1n axial
and vertical planes. Remnant gelatin microspheres (black
arrows) are visible in hMSC + MS tissues. MS = Micro-
spheres; I = axial plane; z = vertical plane; black scale
bars = 500 mm; white scale bars = 100 mm.

[0017] FIGS. 10(A-D) illustrate photomicrographs of Col-
lagen Type II/Fast Green stained tissue engineered (A, C)
cartilage rings and (B, D) cartilage tubes composed of (A,
B) hMSCs-only (A, B) and (C, D) hMSCs + MS 1n axial and
vertical planes. Type 1I collagen rich tissues are red. MS =
Microspheres; F = axial plane; z = vertical plane; black scale
bars = 500 mm; white scale bars = 100 mm.

[0018] FIGS. 11(A-B) illustrate ring thicknesses (A) and
tube outer diameters (B) measured 1n cartilage tissue engi-
neered rmgs and tubes, and rat tracheas. MS = Micro-
spheres. Groups that do not share a letter are significantly

different (p < 0.05).
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[0019] FIGS. 12(A-D) 1illustrate mechanical analysis of
tissue engineered cartilage rings and tubes, and rat tracheas.
(A) Ring maximum load at failure and (B) ultimate tensile
stress during uniaxial testing (A, 1nset); (C) tube load at 80%
collapse and (D) % recoil atter luminal collapse (C, mset).
MS = Microspheres. Groups that do not share the same letter
are significantly difterent (p < 0.03).

[0020] FIG. 13 1s an image showing repeated manual com-
pression and release of a representative hMSC tube, hMSC
+ MS Tube and a section of a rat tracheca. MS =
Microspheres.

[0021] FIGS. 14(A-B) 1illustrate 1mages showing gross
morphology of hMSC rmgs and tubes. Representative
rings (2-mm) and tubes (3X2-mm and 8X2-mm) of A)
hMSCs alone or B) hMSCs + GM + MCM cultured for
5 weeks m chondrogenic + exogenous TGF-P1 (2 weeks;
10 ng/ml) and osteogenic + BMP-2 (3 weeks; 100 ng/ml)
induction media. Scale bar = 2 mm.

[0022] FIGS. 15(A-F) illustrate graphs showing the thick-
ness and length analyses of hMSC osteogenic or bone rings
and tubes generated using the methods described herein. A,
B) 2-mm rings (N=4), C, D) 3x2-mm tubes (N=2), E, F)
8x2-mm tubes (N=1). hMSCs alone or hMSCs + GM +
MCM cultured for 5 weeks 1n chondrogenic + exogenous
TGF-Bl (2 weeks; 10 ng/ml) and osteogenic + BMP-2
(3 weeks; 100 ng/ml) induction media.

[0023] FIGS. 16(A-D) 1illustrate a schematic view of
microsphere incorporation within selt-assembled vascular
cell nngs. A, Cross-linked gelatin microspheres were
mixed 1 suspension with smooth muscle cells at 0, 0.2 or
0.6 mg microspheres per million cells. B, cells and micro-
spheres were seeded 1mnto agarose molds. Cells aggregate to
form self-assembled tissue rings with incorporated micro-
spheres (C). D, Photograph of an agarose mold with three
aggregated cell-microsphere rings cultured for 14 days.
Arrowheads point to self-assembled tissue rings on agarose
posts (2 mm post diameter).

[0024] FIGS. 17(A-D) illustrate images and a graph show-
ing microspheres mcreased tissue ring thickness. Images of
self-assembled vascular rings seeded with 0 (A), 0.2 (B), or
0.6 mg (C) of microspheres per million cells and cultured 1n
smooth muscle growth medium for 14 days. (D) Average
wall thicknesses of 14-day-old tissue rings with 0, 0.2, or
0.6 mg microspheres per million cells. Scale = 1 mm, n =
6, *p<0.03.

[0025] FIGS. 18(A-L) illustrate mmages showing gelatin
microsphere mcorporation and degradation within vascular
tissue rings. Tissue rings were seeded with 0, 0.2, or 0.6 mg
microspheres per million cells, collected at 7 or 14 days, and
stained with Hematoxylin and Eosin (A-F) and Picrosirius

Red/Fast Green stain. Scale = 100 um.
[0026] FIGS. 19(A-D) illustrate graphs showing mechan-

ical properties of vascular tissue rings loaded with gelatin
microspheres. Self-assembled cell rings were cultured for
14 days m growth medium and pulled to failure. Mean
values for ultimate tensile strength (UTS; A), maximum tan-
oent modulus (MTM; B), failure load (C) and failure strain
(D) were calculated from stress-strain curves for each ring
sample group. n = 6, *p<0.05.

[0027] FIGS. 20(A-D) illustrate an mmage and graph
showing microspheres mcreased ring thickness 1n tissues
cultured 1n smooth muscle differentiation medium. Rings
were seeded with 0 (A), 0.2 (B), or 0.6 mg (C) of micro-
spheres per mullion cells and cultured to 14 days. Rings
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were seeded m growth medium and switched to differentia-
tion medium on day 1. (D) Average wall thicknesses of 14-
day-old tissue rings with 0, 0.2, or 0.6 mg microspheres per
million cells. Scale =1 mm; n=8 for 0 mg; n=9 for 0.2 and
0.6 mg/million cells; *p<0.05.

[0028] FIGS. 21(A-L) illustrate mmages showing micro-
sphere incorporation within tissue rings cultured m smooth
muscle differentiation medum. Tissue rings were seeded 1n
growth medium with 0, 0.2, or 0.6 mg microspheres per
million cells, and switched to differentiation medmum at
day 1. Tissue nings were collected at 7 or 14 days, and
stamed with Hematoxylin and Eosin (A-F) and Picrosirius

Red/Fast Green stain. Scale = 100 um.
[0029] FIGS. 22(A-D) illustrate graphs showing the

mechanical properties of tissue rings cultured 1n differentia-
tion medium with microsphere 1ncorporation. Seli-
assembled cell rmgs were seeded mn growth medium,
switched to differentiation medium on day 1, and cultured
for 13 days m differentiation medium and harvested for
mechanical tests (14 days total culture). Mean values for
ultimate tensile strength (UTS; A), maximum tangent mod-
ulus (MTM; B), failure load (C) and failure stramn (D) were
calculated from stress-strain curves for each ring sample
oroup. n = 6, *p<0.05.

[0030] FIGS. 23(A-G) illustrate images and a graph show-
ing exogenous or microsphere-mediated TGF-B1 delivery to
self-assembled tissue rings. Rings were seeded 1n growth
medium, and switched to differentiation medium at day 1.
(A) Untreated control rings with no microspheres (n=6). (B)
Tissue rings treated with 10 ng/ml soluble TGF-p1 (n=8).
(C,D) Tissue rings with unloaded gelatin microspheres
(0.6 mg/million cells; n=6) untreated (C) or treated (D)
with 10 ng/ml exogenous TGF-1 (n=8). (E) Tissue rings
with microspheres pre-loaded with TGF-B1 (400 ng TGF-
(31/mg microspheres), but no exogenous TGF-B1 1 the
medium (n=7). Tissue rmgs contracted after they were
removed from agarose posts, resulting 1n a greater decrease
in diameter (F) and greater thickness () i rings exposed to
TGF-B1. Scale = I mm, *p<0.035.

[0031] FIGS. 24(A-J) 1llustrate 1mages showing hematox-

yvlin and eosin stain (A-E) at 14 days shows microsphere
degradation primarily in the groups with added TGF-BI1.
Collagen deposition m TGF-P1 groups 1s primarily seen
around ring edges. (A, F) Control (untreated) rings. (B, G)
Rings cultured with exogenous 10 ng/ml TGF-B1 added to
the medium. Rings with unloaded microspheres (0.6 mg per
million cells) untreated (C, H) or treated with 10 ng/ml exo-
genous TGF-P1 (D, I). Rings with TGF-P1 loaded micro-
spheres (0.6 mg microspheres per million cells) and no exo-
oenous TGF-P1 treatment (E, J). Scale = 100 um.

[0032] FIGS. 25(A-J) illustrate 1mages showing contrac-
tile protein expression 1n tissue rings treated with TGF-P1.
Rings were grown with either no microspheres or exogen-
ous TGF-B1 (A, F), no microspheres but treated with 10 ng/
ml exogenous TGF-B1 (B, G), with microspheres and no
exogenous TGF-P1 (C, H), with unloaded microspheres
and exogenous TGF-1 (D, I) or with TGF-B1 loaded micro-
spheres and no exogenous TGF-BI m the medium (E, ).
Rings were stained for either smooth muscle alpha actin
(A-E) or calponin (F-J). Nucle1 are shown 1 blue (Hoechst).
Scale = 100 um.

[0033] FIGS. 26(A-D) illustrate graphs showing the
mechanical properties of tissue nings treated with TGF-[31
after 14 days 1n culture. Rings were cultured in differentia-
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tion medium with no microspheres or exogenous TGF-B1,

no microspheres with 10 ng/ml exogenous TGF-BI,

unloaded microspheres with no exogenous TGF-PBI,

unloaded microspheres with 10 ng/ml exogenous TGF-]1,

or loaded microspheres (400 ng TGF-P1/mg microspheres)
and no exogenous TGF-PB1. Rings mn the group with no
microspheres and exogenous TGF-PBl1 had sigmificantly
higher ultimate tensile stresses than the loaded microsphere
ogroup (A), and the unloaded microspheres without TGF-1
oroup had significantly higher failure loads than rings with-
out microspheres or TGF-P1 (B). There were no significant
ditferences in MTM (C) or failure stram (D). *p<0.035.

DETAILED DESCRIPTION

[0034] Methods involving conventional molecular biol-
ogy techmiques are described herein. Such techniques are
oenerally known 1n the art and are described in detail 1n
methodology treatises, such as Current Protocols in Mole-
cular Biology, ed. Ausubel et al., Greene Publishing and
Wiley-Interscience, New York, 1992 (with periodic
updates). Unless otherwise defined, all technical terms
used herein have the same meaning as commonly under-
stood by one of ordinary skill in the art to which the present
mvention pertams. Commonly understood definitions of
molecular biology terms can be found 1n, for example, Rie-
oer ¢t al., Glossary of Genetics: Classical and Molecular,
Sth Ed., Springer-Verlag: New York, 1991, and Lewin,
Genes V, Oxford Umversity Press: New York, 1994, The
definitions provided heremn are to facilitate understanding
of certam terms used frequently herein and are not meant
to limat the scope of the present mvention.

[0035] As used herem, the term “autologous” refers to
cells or tissues that are obtained tfrom a donor and then re-
implanted into the same donor.

[0036] As used heren, the term “allogeneic” retfers to cells
or tissues that are obtained from a donor of one species and
then used m a recipient of the same species.

[0037] In the context of the present mvention, the term
“broactive agent” can refer to any agent capable of promot-
Ing tissue formation, destruction, and/or targeting a specific
disease state. Examples of bioactive agents can include, but
are not limited to, chemotactic agents, various proteins (e.g.,
short term peptides, bone morphogenic proteins, collagen,
glycoproteins, and lipoprotein), cell attachment mediators,
biologically active ligands, integrin binding sequence, var-
1ous growth and/or differentiation agents and fragments
thereof (e.g., eprdermal growth factor (EGF), hepatocyte
growth factor (HGF), vascular endothelial growth factors
(VEGF), fibroblast growth factors (e.g., bFGF), platelet
denived growth factors (PDGF), insulin-like growth factor
(e.g., IGF-I, IGF-II) and transforming growth factors (e.g.,
TGF-p I-1II), parathyroid hormone, parathyroid hormone
related peptide, bone morphogenic proteins (e.g., BMP-2,
BMP-4, BMP-6, BMP-7, BMP-12, BMP-13, BMP-14),
transcription factors, such as sonic hedgehog, growth ditfer-
entiation factors (e.g., GDF5, GDF6, GDF8), recombinant
human growth factors (e.g., MP52 and the MP-52 variant
rthGDF-5), cartilage-derived  morphogenic  proteins
(CDMP-1, CDMP-2, CDMP-3), small molecules that atfect
the upregulation of specific growth factors, tenascin-C, hya-
luronic acid, chondroitin sulfate, fibronectin, decorin,
thromboelastin, thrombin-derived peptides, heparin-binding
domams, heparmn, heparan sulfate, polynucleotides, DNA
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tragments, DNA plasmids, MMPs, TIMPs, interfering RNA
molecules, such as siRNAs, oligonucleotides, proteogly-
cans, glycoproteins, glycosaminoglycans, and DNA encod-
ing for shRNA.

[0038] As used herein, the terms “biodegradable” and
“broresorbable” may be used interchangeably and refer to
the ability of a material (e.g., a natural polymer or macro-
mer) to be fully resorbed 1n vivo. “Full” can mean that no
significant extracellular fragments remaimn. The resorption
process can 1nvolve elimination of the origmal implant
material(s) through the action of body fluids, enzymes,
cells, and the like.

[0039] As used heremn, the term “carrier material” can
refer to a material capable of transporting, releasing, and/
or complexing at least one bioactive agent.

[0040] As used herein, the term “cartilage™ refers to a spe-
cialized type of dense connective tissue consisting of cells
embedded 1n a matrix. There are several kinds of cartilage.
Translucent cartilage having a homogeneous matrix con-
taiming collagenous fibers 1s found 1n articular cartilage, n
costal cartilages, mn the septum of the nose, in larynx and
trachea. Articular cartilage 1s hyaline cartilage covering the
articular surfaces of bones. Auricular cartilage 1s cartilage
dertved from the auricle of the ear. Costal cartilage connects
the true ribs and the sternum. Fibrous cartilage contains col-
lagen fibers. Yellow cartilage 1s a network of elastic fibers
holding cartilage cells, which 1s primarily found in the epi-
olottis, the external ear, and the auditory tube. Cartilage 1s
tissue made up of extracellular matrix primarily comprised
of the organic compounds collagen, hyaluronic acid (a pro-
teoglycan), and chondrocyte cells, which are responsible for
cartilage production. Collagen, hyaluronic acid, and water
entrapped within these organic matrix elements yield the
unique elastic properties and strength of cartilage.

[0041] Asused herein, the term “chondrogenic cell” refers
to any cell which, when exposed to appropriate stimuli, may
differentiate and/or become capable of producing and
secreting components characteristic of cartilage tissue.
[0042] As used herein, the term “function and/or charac-
teristic of a cell” can refer to the modulation, growth, and/or
proliferation of at least one cell, such as a progenitor cell
and/or differentiated cell, the modulation of the state of dif-
ferentiation of at least one cell, and/or the induction of a
pathway 1n at least one cell, which directs the cell to grow,
proliferate, and/or differentiate along a desired pathway,
¢.g., leading to a desired cell phenotype, cell mgration,
anglogenesis, apoptosis, etc.

[0043] As used herein, the term “macromer” can refer to
any natural polymer or oligomer.

[0044] Asused herein, the term “polynucleotide” can refer
to oligonucleotides, nucleotides, or to a fragment of any of
these, to DNA or RNA (e.g., mRNA, rRNA, siRNA,
miRNA, tRNA) of genomic or synthetic origin which may
be single-stranded or double-stranded and may represent a
sense or antisense strand, to peptide nucleic acids, or to any
DNA-like or RNA-like material, natural or synthetic 1n ori-
oin, mcluding, ¢.g., IRNA, ribonucleoproteins (e.g., IRNPs).
The term can also encompass nucleic acids (1.e., oligonu-
cleotides) contamning known analogues of natural nucleo-
tides, as well as nucleic acid-like structures with synthetic
backbones.

[0045] As used heren, the term “polypeptide” can refer to
an oligopeptide, peptide, polypeptide, or protein sequence,
or to a fragment, portion, or subunit of any of these, and to
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naturally occurring or synthetic molecules. The term “poly-
peptide” can also include amino acids jomed to each other
by peptide bonds or modified peptide bonds, 1.€., peptide
1sosteres, and may contain any type of modified amino
acids. The term “polypeptide” can also include peptides
and polypeptide fragments, motits and the like, glycosylated
polypeptides, and all “mimetic” and “peptidomimetic” poly-
peptide forms.

[0046] As used herein, the term ““cell” can refer to any
progenitor cell, such as totipotent stem cells, pluripotent
stem cells, and multipotent stem cells, as well as any of
their lineage descendant cells, including more differentiated
cells. The terms “stem cell” and “progenitor cell” are used
interchangeably herein. The cells can derive from embryo-
nic, fetal, or adult tissues. Examples of progenitor cells can
include totipotent stem cells, multipotent stem cells,
mesenchymal stem cells (MSCs), hematopoietic stem
cells, neuronal stem cells, hematopoietic stem cells, pan-
creatic stem cells, cardiac stem cells, embryonic stem
cells, embryonic germ cells, neural crest stem cells, kidney
stem cells, hepatic stem cells, lung stem cells, hemangio-
blast cells, and endothelial progenitor cells. Additional
exemplary progenitor cells can include dedifferentiated
chondrogenic cells, chondrogenic cells, cord blood stem
cells, multi-potent adult progenitor cells, myogenic cells,
osteogenic cells, tendogenic cells, ligamentogenic cells, adi-
pogenic cells, and dermatogenic cells.

[0047] As used herein, the term “mature chondrocyte”
refers to a differentiated cell involved 1n cartilage formation
and repair. Mature chondrocytes can include cells that are
capable of expressing biochemical markers characteristic
of mature chondrocytes, mcluding, but not limited to, col-
lagen type II, chondroitin sulfate, keratin sulfate, and char-
acteristic morphologic markers including, but not limited to,
rounded morphology observed 1n culture and 1n vitro gen-
eration of tissue or matrices with properties of cartilage.
[0048] As used herein, the term “immature chondrocyte”
refers to any cell type capable of developmg mnto a mature
chondrocyte, such as a differentiated or undifferentiated
chondrocyte as well as mesenchymal stem cells that can
potentially differentiate mnto a chondrocyte Immature chon-
drocytes can include cells that are capable of expressing bio-
chemical and cellular markers characteristic of immature
chondrocytes, including, but not limited to, type I collagen,
cathepsimn B, modifications of the cytoskeleton, and forma-
tion of abundant secretory vesicles.

[0049] As used herein, the term “tracheal cartilage defect”
refers to any tracheal defect of, or mjury to, the trachea.
Tracheal cartilage defects may be caused by a variety of
tactors including, but not limited to, stenosis caused by
implanted prosthetic devices, penetrating or blunt trauma,
and tumors. Additionally, tracheal cartilage defects may be
caused by congenital defects ranging from the complete
absence of the trachea to an incomplete or malformed
trachea.

[0050] As used herein, the term “subject” can refer to any
animal, including, but not lmmited to, humans and non-
human amimals (e.g., rodents, arthropods, msects, fish
(e.g., zebrafish)), non-human primates, ovines, bovines,
ruminants, lagomorphs, porcines, caprines, equines,
canines, felines, aves, etc.), which 1s to be the recipient of
a particular treatment. Typically, the terms “patient” and
“subject” are used nterchangeably herein 1n reference to a
human subject.
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[0051] As used herein, the terms “inhibit,” “silencing,”
and “attenuating” can refer to a measurable reduction n
expression of a target mRINA (or the corresponding poly-
peptide or protein) as compared with the expression of the
target mRNA (or the corresponding polypeptide or protein)
in the absence of an interfering RNA molecule of the present
invention. The reduction m expression of the target mRNA
(or the corresponding polypeptide or protein) 1s commonly
referred to as “knock-down™ and 1s reported relative to
levels present following administration or expression of a
non-targeting control RINA.

[0052] As used heren, the term “aggregate” can refer to a
oroup or cluster comprising at least two or more cells (e.g.,
progenitor and/or differentiated cells).

[0053] Asused herein, the term “population” can refer to a
collection of cells, such as a collection of progenitor and/or
differentiated cells.

[0054] As used herein, the term “ditferentiated” as 1t
relates to the cells of the present invention can refer to
cells that have developed to a point where they are pro-
orammed to develop mto a specific type of cell and/or line-
age of cells. Stmilarly, “non-ditferentiated” or “unditferen-
tiated” as 1t relates to the cells of the present invention can
refer to progenitor cells, 1.¢., cells having the capacity to
develop 1nto various types of cells within a specified lincage
or in different lincages.

[0055] Embodiments described herein relate to engineered
tissue constructs, such as engineered tissue rings, sheets, and
disks, systems and methods of forming modular engineered
tissue constructs and to the use of modular engineered tissue
constructs m modular tissue assembly systems for tissue
repair and bio-artificial tissue engineering applications,
such as engineered trachea constructs, engineered bone con-
structs, engineered vascular constructs. The engineered tis-
sue constructs can include self-assembled, scatfold-tree, cell
ageregates with defined shapes, ¢€.g., rings, disks, or blocks,
that are formed by culturing a plurality of cells and nanopar-
ticles and/or microparticles 1in wells with defined shapes,
¢.g., rings, disks, or blocks, of a cell culture apparatus or
bioreactor. In some embodiments, the self-assembled, cell
ageregate can include a population or plurality of cells and
plurality of nanoparticles and/or microparticles that are
incorporated within the cell aggregate. The nanoparticles
and/or microparticles can act as a bulking agent within the
cell aggregate to increase the cell aggregate size and/or
thickness. Incorporation of the nanoparticles and/or micro-
particles 1n the cell aggregate can also improve the mechan-
1ical properties of the cell aggregate formed from the cells
and nanoparticles and/or microparticles allowing the cell
aggregate to be readily manipulated and formed mto engi-
neered tissue constructs, such as cartilage rings, bone
implants, and/or vascular rings. The nanoparticles and/or
microparticles can also include at least one bioactive agent
that 1s differentially and/or controllably released by the
nanoparticles and/or microparticles.

[0056] The engmeered tissue constructs can be used 1n a
modular tissue assembly system to engineer human tissue
containing, for example, engineered cartilaginous, bone,
and/or vascular segments. The tissue assembly system can
permit fusion of self-assembled, scattold-free, cell aggre-
pates with defined shapes together to generate modular tis-
sue constructs with multiple types of tissues 1 a spatially-
controlled pattern. Culture of the self-assembled, scaffold-
free, cell aggregates with defined shapes together 1n a hol-
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low organ bioreactor can permit further modification of the
constructs, including, for example, epithelialization of a sur-
face of the construct.

[0057] Advantageously, the tissue assembly system can
provide modular control over macroscopic tissue assembly
by integration of mdividual shaped tissue modules of differ-
ent cell types, permit controlled spatial and temporal presen-
tation of bioactive agents to cells m the constructs, and pro-
duce constructs of various sizes and geometries using
customizable wells. In one example, engineered trachea
constructs can be formed from engmeered cartilage rings
and perivascular rings and be used to rapidly fill a tracheal
defect 1n vivo. The engineered trachea constructs can avoid
tissue granulation, implant migration and restenosis seen 1n
acellular tracheal prostheses, overcome challenges regard-
ing polymer degradation rates and byproducts presented by
some scattold-based approaches, as well as increase cell-
cell interactions to help recapitulate de novo tissue forma-
tion by elimmating the need for a scaffold. In some embodi-
ments, the engineered trachea constructs can utilize cells
that are all of human origin and have the potential for auto-
logous application, circumventing immune 1ssues, potential
disease transmission and the need for donor tissue.

[0058] FIG. 1 1s a schematic 1llustration of an example of
an engineered tissue construct with a defined shape 1n accor-
dance with an embodiment of the application. The engi-
neered tissue construct 10 has a ring-shape and includes an
engineered tissue wall 12 with an mner annular surface 14
and outer annular surface 16 that extend along an axis 18
between a first end 20 and a second end 22 of the tissue
wall 12. The outer annular surface 16 defines an outer sur-
face of the engimeered tissue ring 10, and the mner annular
surface 14 defines an inner lumen 24 of the cartilage ring 10.
[0059] The outer annular surface 16 can be substantially
parallel to the mner annular surface 14 to provide the tissue
wall 12 and engineered tissue ring 10 with a substantially
uniform thickness. The thickness of the tissue wall 12 as
well as the diameter and length of the tissue ring 10 can be
readily tailored and/or engineered for particular bioengi-
neering applications. For example, the diameter of the tissue
ring 10 can be at least about 0.1 mm, about 0.5 mm, about
2 mm, about 3 mm, about 4 mm, about 5 mm, about 6 mm,
about 7 mm, about 8 mm, about 9 mm, about 10 mm, about
11 mm, about 12 mm about 13 mm, about 14 mm, about
15 mm, about 20 mm, about 30 mm, about 40 mm, about
50 mm, about 75 mm about, about 100 mm or more. The
length of the tissue ring can be about 0.1 mm, about 0.5 mm,
about 2 mm, about 3 mm, about 4 mm, about 5 mm, about
6 mm, about 7 mm, about 8 mm, about 9 mm, about 10 mm,
about 11 mm, about 12 mm about 13 mm, about 14 mm,
about 15 mm, about 20 mm, about 30 mm, about 40 mm,
about 50 mm, about 75 mm about, about 100 mm or more.
The thickness of the tissue ring can be about 0.1 mm, about
(0.5 mm, about 2 mm, about 3 mm, about 4 mm, about 5 mm,
about 6 mm, about 7 mm, about 8 mm, about 9 mm, about
10 mm, about 11 mm, about 12 mm about 13 mm, about
14 mm, about 15 mm, about 20 mm, or more.

[0060] While the outer surface and the mner surface 12
and 14 are depicted as bemng substantially circular, the
outer surface and mmner surface 12 and 14 can have other
geometries mcluding ellipsoid, toroid, frustoconical, and/or
other polygonal geometries. As discussed below, the geome-
try of the mner surface and the outer surface 12 and 14 of the
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engineered tissue ring 10 can be defined by the dimensions
ol the well used to form the engineered tissue ring 10.
[0061] It will be appreciated that the engineered tissue
construct can have other shapes besides annular or ring
shapes. These other shapes can include, for example, disc
shapes, wedge shapes, ellipsoid shapes, and other polygonal
shapes. The constructs can also mclude various cavities,
holes, and/or lumens. As discussed below, the specific
shape of the engineered tissue construct can be defined by
the shape of the well used to culture and form the engimeered
tissue construct.

[0062] The engineered tissue ring includes a seli-
assembled, scattold-free high density cell aggregate that 1s
formed by culturing a plurality of cells and nanoparticles
and/or microparticles 1 an annular well of a cell culture
apparatus or bioreactor. By high density cell aggregates, 1t
1s meant the cell aggregate has a cell density of at least about
1 x 105 cells/ml 1n cell growth medium, for example, at least
about 1 x 109 cells/ml, at least about 1 X 107 cells/ml, at
least about 1 x 102 cells/ml, at least about 1 x 10 cell/ml.
or at least about 1 x 1019¢cell/ml 1n cell growth medium.
[0063] By scaffold-free, 1t 1s meant the cells are not seeded
in a natural or artificial continuous polymer matrix scaffold
that defines the area or volume or at least a portion of the
area or volume of the cell aggregate. A scatfold-free cell
ageregate as used herem 1s meant to distinguish the cell
ageregate from engineered tissue constructs i which the
cells are seeded or embedded into a continuous polymer
matrix or scaffold, such as a hydrogel, that encompasses
the cells. In contrast, a scaffold-free cell aggregate can
include discrete or regions of polymer or matrix materials
that are mtermixed with the cells and can be m the form of

nanoparticles and/or microparticles.

[0064] DBy self-assembled, 1t 1s meant that the cells can
aggregate or assemble spontancously or by themselves and
without mechanical mampulation while 1n culture into cell
aggregates having defined shapes. Such assembly can be
caused by cell-cell interactions, mnteractions with the parti-
cles, or formation of a self-secreted extracellular matrix that
can bind to or permit the adhesion of cells 1n the aggregate.
[0065] In some embodiments, the self-assembled, scai-
fold-free, high density cell aggregate can include a popula-
tion of cells and a plurality of nanoparticles and/or micro-
particles that are dispersed with the cells within the cell
aggregate. The cell aggregate can also mclude extracellular
matrix material that 1s secreted by the cells and adheres or
binds the cells and nanoparticles and/or microparticles. In
some embodiments, the extracellular matrix can include col-
lagen; proteoglycan; glycoprotein; glycosamimoglycan
(GAG); as well as other extracellular matrix proteins.
[0066] The cells used to form the cell aggregate can be
autologous, xenogeneic, allogeneic, and/or syngeneic.
Where the cells are not autologous, 1t may be desirable to
administer immunosuppressive agents 1n order to mimimize
immunorejection. The cells employed may be primary cells,
expanded cells, or cell lines, and may be dividing or non-
dividing cells. Cells may be expanded ex vivo prior to mix-
ing with the nanoparticles and/or microparticles. For exam-
ple, autologous cells can be expanded 1n this manner if a
sufficient number of viable cells cannot be harvested from
the host subject. Alternatively or additionally, the cells may
be pieces of tissue, mcluding tissue that has some internal
structure. The cells may be primary tissue explants and pre-

Sep. 14, 2023

parations thereof, cell lines (including transformed cells), or

host cells.
[0067] In some embodiments, the cell can be an unditfer-

entiated or substantially differentiated progenitor cell, such
as mesenchymal stem cells, immature chondrocytes, or
mature chondrocytes, human umbilical vem, endothelial
cells (WUVEC), and smooth muscle cells. In other embodi-
ments, the progenitor cell can be an adult stem cell, such as a
mesenchymal stem cell. The stem cells can be 1solated from
animal or human tissues. The stem cell used for the produc-
tion of the engineered cartilage ring can be autologous or
allogeneic. In the embodiments described herein, the stem
cell can 1solated from, but not limted to, tendon/ligament
tissue, bone morrow, adipose tissue or dental pulp. The
cell aggregate can include at least about 30%, at least
about 60%, at least about 70%, at least about 80% cells
based on the total volume of the cell aggregate.

[0068] The nanoparticles and/or microparticles dispersed
with the cells can act as a bulking agent within the cell
aggregate to imncrease the cell aggregate size (e.g., thick-
ness). Incorporation of the nanoparticles and/or microparti-
cles 1n the cell aggregate can also improve the mechanical
properties (e.g., compressive equilibrium modulus and ten-
sile strength) of the cell aggregate and enable more uniform
extracellular matrix deposition compared to cell aggregates
without the nanoparticles and/or microparticles. This allows
the tissue rings formed from the cell aggregate to be readily
manipulated and formed mto tissue implants, such as tra-
chea implants with defined architectures. The nanoparticles
and/or microparticles can also potentially enhance cell func-
fion, such as differentiation, and/or enhance or accelerate
tissue formation.

[0069] The nanoparticles and/or microparticles that are
dispersed m the cell aggregate can be formed from a bio-
compatible and biodegradable material that 1s capable of
improving properties of the cell aggregate and which upon
degradation 1s substantially non-toxic. The microparticles
can have a diameter less than 1 mm and typically between
about 1 nm and about 200 um, ¢.g., about 20 um to about
100 um. The nanoparticles and/or microparticles can
include nanospheres, nanocapsules, microspheres, and
microcapsules, and may have an approximately spherical
geometry and be of fairly uniform size. The size and shape
of the nanoparticles and/or microparticles dispersed mn the
cell aggregate can vary to adjust the mechanical properties
of the cell aggregate and tissue construct formed from the
cell aggregate. In some embodiments, the nanoparticles and/
or microparticles dispersed 1n the cell aggregate can have
substantially uniform diameters; while 1n other embodi-
ments, the diameters of the dispersed nanoparticles and/or
microparticles can vary.

[0070] The nanoparticles and/or microparticles can
include nanospheres and/or microspheres that have a homo-
geneous composition as well as nanocapsules and/or micro-
capsules, which include a core composition (e.g., a bioactive
agent) distinct from a surrounding shell. For the purposes of
the present invention, for the purposes of the present mven-
tion, the terms “nanosphere,” “nanoparticle.” and “nanocap-
sule” may be used interchangeably, and the terms “micro-
sphere,” “microparticle,” and “microcapsule” may be used
interchangeably.

[0071] In some embodiments, the nanoparticles and/or
microparticles can be formed from a biocompatible and bio-
degradable polymer. Examples of biocompatible, biode-
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gradable polymers include natural polymers, such as col-
lagen, fibrin, gelatin, glycosaminoglycans (GAG), poly
(hyaluronic acid), poly(sodium alginate), alginate, hyaluro-
nan, and agarose. Other examples of biocompatible, biode-
oradable polymers are poly(lactide)s, poly(glycolide)s,
poly(lactide-co-glycolide)s, poly(lactic acid)s, poly(glycolic
acid)s, poly(lactic acid-co-glycolic acid)s, polycaprolac-
tone, polycarbonates, polyesteramides, polyanhydrides,
poly(amino acids), polyorthoesters, polyacetyls, polycya-
noacrylates, polyetheresters, poly(dioxanone)s, poly(alky-
lene alkylate)s, copolymers of polyethylene glycol and
poly(lactide)s or poly(lactide-co-glycolide)s, biodegradable
polyurethanes, and blends and/or copolymers thereof.
[0072] Still other examples of materials that may be used
to form nanoparticles and/or microparticles can mclude chit-
osan, poly(ethylene oxide), poly (lactic acid), poly(acrylic
acid), poly(vinyl alcohol), poly(urethane), poly(N-1sopropyl
acrylamide), poly(vinyl pyrrolidone) (PVP), poly
(methacrylic  acid), poly(p-styrene carboxylic acid),
poly(p-styrenesulfonic  acid), poly(vinylsulfonicacid),
poly(ethyleneimine), poly(vinylamine), poly(anhydride),
poly(L-lysine), poly(L-glutamic acid), poly(gamma-gluta-
mic acid), poly(carprolactone), polylactide, poly(ethylene),
poly(propylene), poly(glycolide), poly(lactide-co-glyco-
lide), poly(amide), poly(hydroxylacid), poly(sulifone),
poly(amine), poly(saccharide), poly(HEMA), poly(anhy-
dride), polyhydroxybutyrate (PHB), copolymers thereof,
and blends thereof.

[0073] In some embodiments, the biocompatible and bio-
degradable polymer 1s a biodegradable hydrogel, such as
oelatin. The biodegradable hydrogel can include a plurality
of natural macromers that can be cross-linked using a cross-
lmmking agent to provide a plurality of cross-links. Various
sugar derivatives, such as glyoxal, D-ribose, or genipin can
be used to cross-link the hydrogel. Other cross-linking
agents, such as glutaraldehyde, can also be used. Concentra-
tions of the crosshinking agent as well as time and tempera-
ture used for crosshinking can be varied to obtain the optimal
results

[0074] The number or percentage of cross-links linking
the macromers can be varied to control the mechanical prop-
erties, swelling ratios, and degradation profiles of the hydro-
dgel and nanoparticles and/or microparticles. The percen-
tage of cross-links can be varied between about 1% and
about 70% by weight, and, for example, between about
20% and about 75% by weight. By increasing the percen-
tage of cross-links, for example, the degradation rate of the
biodegradable hydrogel can be decreased. Additionally, the
compressive stifiness of the biodegradable hydrogel can be
increased by increasing the percentage of cross-links.
Further, the swelling behavior of the biodegradable hydro-
oel can be increased by decreasing the percentage of cross-
links. It should also be appreciated that the macromer scai-
told can be m either a hydrated or lyophilized state to
enhance the addition of bioactive agents.

[0075] The nanoparticles and/or microparticles can also be
modified to enhance cell function, such as differentiation,
and/or enhance or accelerate tissue formation as promote
cell adhesion. For example, the nanoparticles and/or micro-
particles can include at least one attachment molecule to
facilitate attachment of at least one cell thereto. The attach-
ment molecule can mclude a polypeptide or small molecule,
for example, and may be chemically immobilized onto
nanoparticles and/or microparticles to facilitate cell attach-
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ment. Examples of attachment molecules can include fibro-
nectin or a portion thereof, collagen or a portion thereof,
polypeptides or proteins containing a peptide attachment
sequence (e.g., arginine-glycine-aspartate sequence) (or
other attachment sequence), enzymatically degradable pep-
tide linkages, cell adhesion ligands, growth factors, degrad-
able amino acid sequences, and/or protein-sequestering pep-
tide sequences. In one example, an attachment molecule can
include a peptide having the amino acid sequence of SEQ ID
NO: 1 that 1s chemically immobilized onto the nanoparticles

and/or microparticles to facilitate cell attachment.
[0076] The nanoparticles and/or microparticles can also be

formed from 1morganic materials, such as calcium phosphate
materials including mineralite, carbonated nano-apatite, cal-
cium phosphate based muneralite, tri-calcium phosphate,
octa-calcium phosphate, calcium deficient apatite, amor-
phous calcium phosphate, hydroxyapatite, substitute apatite,
carbonated apatite-like minerals, highly substituted carbo-
nated apatites or a muxture therecof. Calcium phosphate
nanoparticles and/or microparticles can have an average
particle size of between about 1 nm and about 200 um. It
will be appreciated that smaller or larger calcium phosphate
nanoparticles and/or microparticles may be used. The cal-
cium phosphate nanoparticles and/or microparticles can
have a generally spherical morphology and be of a substan-
tially uniform size or, alternatively, may be 1irregular in mor-
phology. Calcium phosphate nanoparticles and/or micropar-
ticles may be complexed with surface modifymg agents to
provide a threshold surface energy sufficient to bind mate-
nal (e.g., bioactive agents) to the surface of the microparti-
cle without denaturing the material. Non-limiting examples
of surface moditying agents can mclude basic or modified
sugars, such as cellobiose, carbohydrates, carbohydrate
denivatives, macromolecules with carbohydrate-like compo-
nents characterized by an abundance of —OH side groups
and polyethylene glycol.

[0077] In some embodimments, the nanoparticles and/or
microparticles can include at least one, two, three, or more
bioactive agent(s) that 1s capable of modulating a function
and/or characteristic of a cell. For example, the bioactive
agent may be capable of modulating a function and/or char-
acteristic of a cell that 1s dispersed with the nanoparticles
and/or microparticles. Alternatively or additionally, the
bioactive agent may be capable of modulating a function
and/or characteristic of an endogenous cell surrounding a
tissue construct formed of the cell aggregate implanted n
a tissue defect.

[0078] In some embodiments, the at least one bioactive
agent can include, for example, polynucleotides and/or
polypeptides encoding or comprising, for example, tran-
scription factors, differentiation factors, growth factors,
and combinations thercof. The at least one bioactive agent
can also mclude any agent capable of promoting cartilage,
bone, or tissue formation. Examples of bioactive agents
include various proteins (e.g., short term peptides, bone
morphogenic proteins, collagen, glycoproteins, and lipopro-
tein), cell attachment mediators, biologically active ligands,
integrin binding sequence, various growth and/or differen-
tilation agents and fragments thereof (e.g., EGF), HGFE,
VEGEF, fibroblast growth factors (e.g., bFGF), PDGF, 1nsu-
lin-like growth factor (¢.g., IGF-I, IGF-II) and transforming
orowth factors (¢.g., TGF-B I-III), parathyroid hormone,
parathyroid hormone related peptide, bone morphogenic
proteins (e.g., BMP-2, BMP-4, BMP-6, BMP-7, BMP-12,
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BMP-13, BMP-14), sonic hedgehog, growth differentiation
tactors (e.g., GDF5, GDF6, GDFS8), recombinant human
orowth factors (e.g., MP-52 and the MP-52 wvariant
rthGDF-3), cartilage-derived  morphogenic  proteins
(CDMP-1, CDMP-2, CDMP-3), small molecules that affect
the upregulation of specific growth tactors, tenascin-C, hya-
luronic acid, chondroitin sulfate, fibronectin, decorin,
thromboelastin, thrombin-derived peptides, heparin-binding
domains, heparin, heparin sulfate, polynucleotides, DNA
fragments, DNA plasmids, MMPs, TIMPs, nterfering
RINNA molecules, such as siRNAs, miRNAs, DNA encoding
for an shRNA of interest, oligonucleotides, proteoglycans,
olycoproteins, and glycosamioglycans.

[0079] It will be appreciated at least one or more bioactive
agent can be incorporated on or within at least one micro-
particle. The at least one microparticle can differentially or
controllably release the at least one bioactive agent or be
taken up (e.g., via endocytosis) by at least one cell to mod-
ulate the function and/or characteristic of the cell, such as to
promote cartilage formation. The at least one bioactive
agent may be at least partially coated on the surface of the
at least one microparticle. Alternatively, the at least one
bioactive agent may be dispersed, incorporated, and/or
impregnated within the microparticle. For example, a bioac-
tive agent comprising a DNA plasmud (e.g., a plasmd
encoding BMP-2) can be coated onto the surface of the
microparticle. After forming the nanoparticles and/or micro-
particles with the bioactive agent, the nanoparticles and/or
microparticles can be coated with DNA or protein to prevent
nanoparticle aggregation and/or promote cellular uptake. It
will be appreciated that one or more of the same or different
bioactive agents can be incorporated on or within the at least

one nanoparticles and/or microparticles.
[0080] In some embodiments, a bioactive agent can com-

prise an mterfering RNA or miRNA molecule incorporated
on or within at least one microparticle dispersed on or within
the cell aggregate. The mterfering RNA or miRNA mole-
cule can include any RNA molecule that 1s capable of silen-
cing an mRNA and thereby reducing or mhibiting expres-
ston of a polypeptide encoded by the target mRNA.
Alternatively, the mterfering RNA molecule can include a
DNA molecule encoding for a shRNA of interest. For exam-
ple, the interfermg RNA molecule can comprise a short
interfering RNA (s1iRNA) or microRNA molecule capable
of silencing a target mRINA that encodes any one or combi-
nation of the polypeptides or proteins described above. The
at least one microparticle can differentially or controllably
release the at least one mterfering RNA molecule or be
taken up (e.g., via endocytosis) by at least one cell to mod-
ulate a function and/or characteristic of the cell.

[0081] The type, distribution, size, and/or crosslinking of
the nanoparticles and/or microparticles can also be modified
or configured to ditferentially, controllably, spatially, and/or
temporally release at least one bioactive agent 1n the cell
aggregate. In some embodiments, 1ndividual nanoparticles
and/or microparticles can be formed of different materials
or components, such as different polymers having ditferent
molecular weights or cross-linking. Moreover, the nanopar-
ticles and/or microparticles can be formed into particular
shapes or form to facilitate release of one or more bioactive
agents according to a specific temoral release profile. Alter-
natively, one or more materials or agents can be added to the
nanoparticles and/or microparticles to facilitate ditferential
and/or controlled release of one or more bioactive agents
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according to a temporal release profile. For example, during
formation of the nanoparticles and/or microparticles, the
concentration of bioactive molecules incorporated into the
nanoparticles and/or microparticles can be increased or
decreased to increase or decrease the concentration of the
bioactive molecules upon release from the nanoparticles
and/or microparticles.

[0082] In some embodiments, the cell aggregate can
include a plurality of first nanoparticles and/or microparti-
cles that can include or release one or more first bioactive
agent(s) and a plurality of second nanoparticles and/or
microparticles that can mclude or release one or more sec-
ond bioactive agent(s). The one or more first bioactive
agents and the one or more second bioactive agents may
comprise the same or different agents. The one or more
first bioactive agents and the one or more second bioactive
agents can be differentially, sequentially, and/or controllably
released from the first nanoparticles and/or microparticles
and second nanoparticles and/or microparticles to modulate
a different function and/or characteristic of a cell. It will be
apprecilated that the one or more first bioactive agents can
have a release profile that 1s the same or different from the
release profile of the one or more second bioactive agents
from the first nanoparticles and/or microparticles and the
second nanoparticles and/or microparticles. Additionally, 1t
will be appreciated that the first nanoparticles and/or micro-
particles can degrade or diffuse before the degradation or
diffusion of the second nanoparticles and/or microparticles
or allow for an increased rate of release or ditfusion of the
one or more first bioactive agents compared to the release of
the one or more second bioactive agents. The first and sec-
ond nanoparticles and/or microparticles may be dispersed
uniformly on or within the cell aggregate or, alternatively,
dispersed such that ditferent densities of the first nanoparti-
cles and/or microparticles and second nanoparticles and/or
microparticles are localized on or within ditferent portions
of the cell aggregate.

[0083] In some embodiments, the self-assembled, scaf-
fold-free cell aggregate can be formed by combining the
nanoparticles and/or microparticles with the cells and then
suspending the cells and the nanoparticles and/or micropar-
ticles 1n a culture medium. The nanoparticles and/or micro-
particles can be formed, for example, from a hydrogel, such
as gelatin, that 1s cross-linked with a cross-linking agent,
(e.g., gemipin). In some stances, the nanoparticles and/or
microparticles can have a diameter of about 20 um to about
100 um and a degree of crosslinking of about 20% to about
70%. The nanoparticles and/or microparticles can also
include a growth factor, such as TGFBI, that can be loaded
in the nanoparticles and/or microparticles and controllably
released from the nanoparticles and/or microparticles. Cell
aggregates 1ncorporated with fast degrading nanoparticles
and/or microparticles containing TGF-B1 produced signifi-
cantly more GAG and GAG per DNA.

[0084] FIG. 2 1s a schematic illustration of a method 100
of forming an engieered tissue construct that mcludes at
least one self-assembled cell aggregate. In the method, at
step 102, a population of cells can be 1solated and expanded.
[0085] The cells can include any totipotent stem cell, plur-
ipotent stem cell, or multipotent stem cell, and/or differen-
tiated cell. Progemitor cells can include autologous cells;
however, 1t will be appreciated that xenogeneic, allogeneic,
or syngeneic cells may also be used. The progenitor cells
employed may be primary cells, expanded cells or cell
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lines, and may be dividing or non-dividing cells. The cells
can be derived from any desired source. For example, the
cells may be dernived from primary tissue explants and pre-
parations thereof, cell lines (including transtformed cells)
that have been passaged once (Pl), twice (P2), or even
more times, or host cells (e.g., human hosts). Any known
method may be employed to harvest cells for use 1 the pre-
sent mmvention. For example, mesenchymal stem cells,
which can differentiate mto a variety of mesenchymal or
connective tissues (e.g., adipose tissue, osseous tissue, car-
tilagmous tissue, elastic tissue, and fibrous connective fis-
sues), can be 1solated according to the techniques disclosed
in U.S. Pat. No. 5,486,359 to Caplan et al. and U.S. Pat. No.
5,226,914 to Caplan et al., the entireties of which are hereby
incorporated by reference. In one example, the population of
cells can comprise a population of human mesenchymal
stem cells.

[0086] The cells used to form the cell aggregate can
include a mixture of different populations of cells or differ-
ent phenotypes of cells to modulate the properties of the
engineered tissue ring. For example, the cell aggregate that
forms the cartilage ring can include mixture of chondro-
ogenic cells, such as mesenchymal stem cells, vascular pro-
genitor cells, such as human umbilical vein endothelial
cells, and/or smooth muscle cells.

[0087] In one example, the population of cells can com-
prise a population of chondrogenic cells, such as human
mesenchymal stem cells. Chondrogenic cells may be 1s0-
lated directly from pre-existing cartilage tissue such as hya-
line cartilage, elastic cartilage, or fibrocartilage. More spe-
cifically, chondrogenic cells may be 1solated from articular
cartilage (from either weight-bearing or non-weight-bearing
joints), costal cartilage, nasal cartilage, auricular cartilage,
tracheal cartilage, epiglottic cartilage, thyroid cartilage, ary-
tenoid cartilage, and/or cricoid cartilage. Alternatively,
chondrogenic cells may be 1solated from bone marrow or
an established cell line.

[0088] Chondrogenic cells may be allogeneic, autologous,
or a combination thereof, and may be obtained from various
biological sources. Biological sources may include, for
example, both human and non-human organisms. Non-
human orgamisms contemplated by the present mvention
include primates, livestock anmimals (e.g., sheep, pigs,
cows, horses, donkeys), laboratory test animals (e.g., mice,
hamsters, rabbits, rats, guinea pigs), domestic companion
animals (e.g., dogs, cats), birds (e.g., chicken, geese,
ducks, and other poultry birds, game birds, emus, ostriches),
captive wild or tamed animals (e.g., foxes, kangaroos, din-
ooes), reptiles and fish.

[0089] After obtaining a tissue biopsy of auricular carti-
lage, for example, the chondrogenic cells may be released
by contacting the tissue biopsy with at least one agent cap-
able of dissociating the chondrogenic cells. Examples of
agents that can be used include trypsin and collagenase
enzymes. For example, a tissue biopsy may be sequentially
digested 1n about 0.25% trypsin/EDTA for about 30 minutes,
about 0.1% testicular hyaluromidase for about 15 minutes,
and about 0.1% collagenase type II for about 24 hours.
The digestion may be carried out at about 37° C. 1n about
a 20 ml volume. Any undigested tissue and/or debris can be
removed by filtering the cell suspension using a Nitex
70 um sterile filter followed by centrifugation. The viability
of the cells can be assessed by Trypan Blue dye exclusion
test. By digesting the tissue biopsy, a population of chondro-
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genic cells comprising mature chondrocytes, mmature
chondrocytes, or a combination thereot, may be successtully
1solated from the tissue biopsy.

[0090] The 1solated population of cells may next be
expanded 1n a conditioned growth media effective to pro-
mote expansion of the cells. For example, once the chondro-
oenic cells have been 1solated from the tissue biopsy, they
may be proliferated ex vivo in monolayer culture using con-
ventional techniques well known 1n the art. Briefly, the
chondrogenic cells may be passaged after the cells have pro-
liferated to such a density that they contact one another on
the surface of a cell culture plate. During the passaging step,
the cells may be released trom the substratum. This may be
performed by routinely pouring a solution containing a pro-
teolytic enzyme, such as trypsin, onto the monolayer. The
proteolytic enzyme hydrolyzes protemms which anchor the
cells on the substratum and, as a result, the cells may be
released from the surface of the substratum.

[0091] After 1solation and expansion of the cells, the cells
can be provided 1n a culture medium and mixed with nano-
particles and/or microparticles. In some embodiments, the
culture medium can also mclude bioactive agents that pro-
mote tissue formation. The nanoparticles and/or microparti-
cles may be dispersed with cells 1n the suspension 1n a sub-
stantially uniform manner. The culture medium can promote
self-assembly of cell aggregates comprising the cells and
nanoparticles and/or microparticles. In example, the culture
medium can mclude chemically defined basal pellet medium
(BPM) and an amount of TGF-P1 etfective to stimulate cell
orowth and aggregation.

[0092] At step 104, the suspension can then be provided 1n
a well, vessel, and/or chamber of a culture apparatus with a
defined shape, geometry, and/or architecture. The shape of
the well can define the shape of the self-assembled cell
aggregate and engineered tissue construct. In one example,
the well of the culture apparatus can have an annular shape
and mclude an annular post. An outer surface of the annular
post can be used to define an mner surface of a tissue ring so
formed. The well of the culture apparatus can be formed
from a biocompatible material, such as agarose, that pro-
motes self-assembly of the cell aggregates. In one example,
the agarose well can be formed by molding agarose with
negative molds of machined or 3-D printed polydimethylsi-
loxane (PDMNS).

[0093] The density at which the cells are seeded mto the
wells of the culture vessel can be, for example, about 1 x 10°

cells/mL to about 100 x 10° cells/mL.
[0094] The cells and nanoparticles and/or microparticles

can be cultured at a temperature and atmosphere effective
to promote formation of a selt-assembled cell aggregate that
has a shape defined by the well. For example, the cells may
be cultured at a temperature of about 37° C. 1 an atmo-
sphere of about 5% carbon dioxide at an about 90% to
about 95% humidity. The oxygen percentage can be varied
from about 1% to about 21%. Typically, the cells can be
cultured for about 1 day to about 3 or more weeks.

[0095] Following self-assembly of the cell aggregate, at
step 106, one or more of the self assembled cell aggregates
can be transferred from the well onto a support. In one
example, where the self-assembled cell aggregate 1s 1n the
shape of a ring, the ring-shaped self-assembled cell aggre-
gate can be transferred onto a cylindrical support or tube
such that the support extends through a lumen of the ring-
shaped cell aggregate(s). The support can be made of a bio-
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compatible material, such as silicone and have a diameter
and shape substantially the same or similar to the diameter
of the lumen of the ring-shaped cell aggregate(s).

[0096] At step 108, the cell aggregate(s) positioned on the
support can then be provided 1n a cell differentiation med-
1um, such as a chondrogenic mduction medium, mn a cell
culture vessel and cultured under conditions designed to
promote cell differentiation, ¢.g., cartilage formation. The
cells can be cultured at about 37° C. 1 about a 5% carbon
dioxide atmosphere at about 90% to about 95% humdity.
The oxygen percentage can be varied from about 1% to
about 21%. Cell differentiation medium, can be changed
daily or as needed and/or replaced with other cell culture
medium, such as osteogenic mduction to promote bone for-
mation. Other cell culture mediums can also be used, such as
angiogenic medium or vasculogenic medium. The cell
aggregate(s) can be cultured for a duration of time effective
to promote tissue formation, for example, from about
1 week to about 4 or more weeks.

[0097] During culturing, bioactive agent(s), such as TGF-
Bl and/or BMP-2, can be released from the nanoparticles
and/or microparticles via diffusion and/or as the nanoparti-
cles and/or microparticles begin to degrade. Controlled
release of the bioactive agent from the particles may be
dependent on the size and composition of the nanoparticles
and/or microparticles, as well as the composition of the
medium 1n which the aggregate 1s immersed. For example,
the release rate of the bioactive agent(s) can be selectively
controlled by changing the degree or percent of crosslinking
of the polymers used to form the nanoparticles and/or
microparticles, the size of the nanoparticles and/or micro-
particles, and the amount of bioactive agent that 1s loaded
into the nanoparticles and/or microparticles.

[0098] It will be appreciated that other bioactive agents
can also be added to the medium to enhance or stimulate
cell growth. Examples of other bioactive agents include
orowth {factors, such as transforming growth {factor-j
(TGF-P) (e.g., TGF-B1 or TGF-B3), platelet-derived growth
factor, mnsulin-like growth factor, acid fibroblast growth fac-
tor, basic fibroblast growth factor, eprdermal growth factor,
hepatocytic growth factor, keratinocyte growth factor, and
bone morphogenic protein. It will also be appreciated that
other agents, such as cytokines, hormones (e.g., parathyroid
hormone, parathyroid hormone-related protein, hydrocorti-
sone, thyroxine, msulin), fatty acids (e.g., Omega-3 fatty
acids such as al8:3 linolenate), and/or vitamins (e€.g., vita-
min D), may also be added or removed from the serum-iree
medium to promote cell growth. Additionally, the engi-
neered constructs can be mechanically stimulated to

enhance or stimulate cell growth.
[0099] The inclusion of the nanoparticles and/or micro-

particles 1n the cell aggregate can allow for substantially
more uniform spatial delivery of the bioactive agent
throughout the interior of the aggregate. The substantially
uniform distribution of the nanoparticles and/or microparti-
cles and relatively uniform release of the bioactive agent 1n
the cell aggregate 1s advantageous for several reasons,
including, but not limited to: (1) rapidly mducing uniform
cell differentiation; (2) providing control over the spatial
and temporal presentation of bioactive agents; (3) allowing
for the use of lower concentrations of bioactive agents as
compared to systems employing exogenously-supplied
orowth factors; (4) enhancing the spatial distribution of
extracellular matrix that 18 formed between the cells; and
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(5) enhancing the amount of extracellular matrix produced
in the cell aggregate. These enhanced properties allows and/
or provides for the formation of larger, more mechanically
robust tissue constructs.

[0100] It will be appreciated that the cell aggregate can
further include other nanoparticles and/or microparticles,
such as second, third, fourth, or more nanoparticles that
include other (e.g., second, third, fourth, or more) bioactive
agents. The other bioactive agents may be the same or dif-
ferent type of agent (described above). The other nanoparti-
cles and/or microparticles can differentially, sequentially,
and/or controllably release the different bioactive agents to
modulate the same or different function and/or characteris-
tics of at least one cell 1n the aggregate. The bioactive agents
can have the same or different release profiles from the first
nanoparticles and/or microparticles.

[0101] As aresult of culturing the cell aggregates with the
nanoparticles and/or microparticles, a mechanically robust
engmeered tissue construct with a defined shape can be
formed that can be readily shaped, transferred, and/or
manipulated to form the tissue construct. In one example,
an engimeered tissue ring formed from mesenchymal stem
cells can have a glycosamimoglycan (GAG) content that
can be substantially equal or stmilar to the GAG content of
native cartilage.

[0102] In some embodiments, multiple self-assembled cell
aggregates can be fused together to form a modular engi-
neered tissue construct. For example, multiple self-
assembled cell aggregates having substantially same com-
position can be positioned or stacked on a support such
that portions of the self-assembled cell-aggregates abut
on¢ another on the support. The stacked selt-assembled
cell-aggregates can be cultured mn the culture medium and
upon culturing can fuse together to form a continuous sub-
stantially homogenous modular engineered tissue construct.
After culturing, the continuous substantially homogenous
modular engineered tissue construct can be removed from
the culture vessel.

[0103] In one example, as shown m FIG. 4, multiple ring-
shaped cell aggregates having similar shapes formed 1n an
annular well can be positioned or stacked on a support such
that adjacent ring-shaped cell-aggregates abut one another
on the support. The stacked ning-shaped cell-aggregates
can be cultured 1n a chondrogenic medium and upon cultur-
ing can fuse together to form a continuous substantially
homogenous engineered tissue tube.

[0104] In other embodiments, a heterogenous modular
engmeered tissue construct can be formed that includes
defined regions or portions (e.g., rings) of differing or simi-
lar cell aggregate materials. The differing regions or por-
tions of the heterogenous modular engineered tissue con-
struct can be provided or formed with or without
nanoparticles and/or microparticles and can have similar or
different properties to vary the properties of the tissue con-
struct for particular tissue engineering applications.

[0105] In some embodiments, a heterogenous modular tis-
sue construct can be formed by fusing self-assembled cell
aggregates formed from different mixtures of cells with or
without nanoparticles and/or microparticles. For mstance, a
first mixture of cells with or without nanopaticles and/or
microparticles can be seeded mnto wells of a culture chamber
to form first self-assembled cell aggregates. A second mix-
ture of cells with or without nanoparticles and/or micropar-
ticles different than the first mixture can be seeded 1n the
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same or separate wells of a culture chamber to form second
self-assembled cell aggregates. The first mixture of nanopa-
ticles and/or microparticles and cells can include different
type, concentration, amount, and/or distribution, of cells,
nanoparticles and/or microparticles and/or potentially
bioactive agents as the second mixture of nanopaticles
and/or microparticles and cells to vary the compositions
and properties of the first selt-assembled cell aggregates
and the second self-assembled cell aggregates.

[0106] The first self-assembled cell aggregates and the
second self-assembled cell aggregates can be transferred
from the wells onto a support such that portions of the
self-assembled cell-aggregates abut one another on the sup-
port. In some embodiments, one or more first self-assembled
cell aggregates can be alternated with one more second seli-
assembled cell aggregates on the support such that ditferent
self-assembled aggregates are mm contact with each other.
The first and second self-assembled cell aggregate(s) posi-
tioned on the support can then be provided 1n a cell culture
medium 1n a cell culture vessel and cultured under condi-
tions designed to fuse the separate aggregates and form a
modular engineered tissue construct.

[0107] It will be appreciated that the heterogenous modu-
lar engineered tissue construct can be formed by fusing
more than two different types of self-assembled cell aggre-
gates. Each of the different self-assembled cell aggregates
can include differmg mixtures of cells with or without nano-
paticles and/or microparticles and be fused together in any
combination, e.g., alternating i series, etc. Additionally,
cach of the different self-assembled cell aggregates can
have different shapes so that engineered tissue constructs
tformed by fusing the ditferent selt-assembled cell aggre-

oates can be provided with complex shapes and geometries.
[0108] In one example, as shown i FIGS. 3, first ring-

shaped cell aggregates formed form a mxture of human
mesenchymal stem cells and TGF-pP1 loaded microparticles
and/or nanoparticles and second ring-shaped cell aggregates
formed from smooth muscle cells can be stacked on a sup-
port to provide alternating rings of the first rimg-shaped cells
ageregates and the second ring-shaped aggregates. The first
and second ring-shaped cell aggregate(s) positioned on the
support can then be provided 1 a cell culture medium 1n a
cell culture vessel and cultured under conditions designed to
fuse the rings and form multi-tissue type hMSC and smooth
muscle cell tubes with both cartilaginous and non-cartilagi-
nous portions.

[0109] In other examples, first ring-shaped cell aggregates
formed form a mixture of human mesenchymal stem cells
and TGF-B1 and/or BMP-2 loaded microparticles and/or
nanoparticles and second ring-shaped cell aggregates
formed from a mixture of human mesenchymal stem cells
and human umbilical vein endothelial cells (e.g., a 1:1 mix-
ture of MSCs to hUVEC) can be stacked on a support to
provide alternating rings of the first ring-shaped cells aggre-
gates and the second ring-shaped aggregates. The first and
second ring-shaped cell aggregate(s) positioned on the sup-
port can then be provided 1n a cell culture medium 1n a cell
culture vessel and cultured under conditions designed to
fuse the nngs and form multi-tissue type hMSC and
hUVEC tubes with both cartilaginous and prevascular
portions.

[0110] Optionally, a homogenous or heterogencous mod-
ular engineered tissue construct formed by the method
described herem can be further modified by seeding cells
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onto or within the homogenous or heterogeneous modular
engmeered tissue construct. In one example, where the
homogenous or heterogencous modular engineered tissue
construct 1s 1 the form of a ring or tube used for a trachea
implant, respiratory epithelial cells can be seeded on an
inner surface ot a lumen of the ring or tube to form a bilayer
cell tube or ring. It will be appreciated that other cells or cell
types can be seeded onto or within the homogenous or het-
erogencous modular engmeered tissue construct to modulate
the properties of the homogenous or heterogeneous modular
engimeered tissue construct and form a heterogenous or mul-
tilayer structure.

[0111] The homogenous or heterogeneous modular engi-
neered tissue construct produced by the method described
herein can find use m a variety of applications. One example
of such an application can include forming a whole or partial
portion of a trachea implant to treat a tracheal defect in a
subject. In some embodiments, the tracheal implant can
include a heterogeneous cartilage tube with alternating
fused cartilaginous and noncartilaginous portions and an
mner lumen 1n which 1s seeded epithelial cells to provide
an epithelial Iined implant. Depending upon the clinical
needs of the subject, homogenous or heterogeneous carti-
lage ring or tube produced by the methods described herein
may be used to form a whole trachea or only a portion of a
whole trachea. For example, a tracheal implant may be
tormed by first obtaining a homogenous or heterogeneous
modular engineered tissue ring or tube that include cartilage
rings and/or vascular rings and/or prevascular rings, with or
without epithelial cell liming. The tracheal implant may be
optimally sized to suit the needs of the subject. The implant
may be used to repair a tracheal cartilage defect as described
in greater detail below.

[0112] Repair of a tracheal cartilage defect may begin by
first identifying the defect. Tracheal cartilage defects may be
readily identifiable by visually identifying the defects during
open surgery of the trachea or, alternatively, by using com-
puter aided tomography, X-ray examination, magnetic reso-
nance mmaging, analysis of serum markers, or by any other
procedures known 1n the art.

[0113] Once the tracheal cartilage defect has been 1denti-
fied, an appropnately-sized tracheal implant may be
selected. For example, the tracheal mmplant may have a
siz¢ and shape so that when the tracheal mmplant 1s
implanted, the edges of the tracheal implant directly contact
the edges of native cartilage tissue. The tracheal mmplant
may be fixed 1n place by, for example, surgically fixing the
implant with bioresorbable sutures. Additionally or option-
ally, the tracheal implant may be fixed 1n place by applying a
bioadhesive to the region interfacing the tracheal immplant
and the tracheal cartilage defect. Examples of suitable
bioadhesives include fibrin-thrombin glues and synthetic
bioadhesives similar to those disclosed m U.S. Pat. No.
5,197.973.

[0114] 'The cartilage tissue defect may comprise a stenotic
portion of the trachea, such as two of the cartilages compris-
ing the trachea, caused by prolonged placement of a tracheal
T-tube. To reparr the tracheal cartilage defect, the stenotic
portion may first be surgically excised. Next, a tracheal
implant may be formed having a size and shape complemen-
tary to the s1ze and shape of the excised stenotic portion. The
tracheal implant may then be surgically fixed 1n place of the
excised stenotic portion by an end-to-end anastomosis.
After the tracheal implant has been suitably fixed 1n place,
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the surgical procedure may be completed and the tracheal
implant permitted to integrate into the native cartilage
tissue.

[0115] In an altermative example, the tracheal cartilage
defect may comprise a congenital defect, such as a missing
trachea, 1 a pediatric subject. A tracheal implant compris-
ing a whole trachea may be prepared and then surgically
implanted mmto the subject by an end-to-end anastomosis.
After the tracheal implant has been suitably fixed 1n place,
the surgical procedure may be completed and the tracheal
implant permitted to mtegrate 1into the native tissue. By pro-
viding the subject with a whole tracheal implant, the tra-
cheal implant may integrate into the native tissue and grow
along with the subject, thus removing the need to perform
additional surgeries as the subject ages.

[0116] It will be appreciated that the homogenous or het-
crogeneous modular engineered tissue construct produced
by the methods described herein can also be used to form
tissue constructs other than engineered trachea. Such tissue
constructs can include, for example, vasculature mmplants
tor vasculature repair, bone implants that potentially include
multiple layers or modular structures, tubular tissues or
organs, such as the esophagus, small mtestines, urethra,
vagina, and muscular tubes (e.g., cardiac and skeletal mus-
cle), other organs or tissue, or other implants used to repair
tissue or cartilage detects. Tissue defects 1n the context of
the present invention should also be understood to comprise
those conditions where surgical repair of tissue 1s required,
such as cosmetic surgery (e.g., nose, ear). Thus, tissue
defects can occur anywhere 1n the body where tissue forma-
tion 1s disrupted, where tissue 1S damaged or non-existent
due to a genetic defect, where tissue 1s important for the
structure or functioning of an organ (e.g., structures such
as meniscl, the ear, the nose, the larynx, the trachea, the
bronchi, structures of the heart valves, part of the costage,
synchondroses, enthuses, e¢tc.), and/or where tissue 1S
removed due to cancer, for example. For such applications,
the homogenous or heterogenous modular engineered tissue
construct can be shaped, molded, or configured mto a vari-
ety of configurations.

[0117] In still other embodiments, the homogenous or het-
cerogencous modular engimeered tissue construct produced
by the methods described herein can be combined with or
adhered to other tissue constructs to form a heterogeneous
tissue constructs. For example, a modular engineered tissue
ring or tube produced by the methods described herein can
be provided on, combined with or adhered to demineralized
bone matrix to provide and osteochondral tissue construct.
The tissue construct can be readily implanted and integrated

osteochondral defect.
[0118] In other embodiments, the DNA or cells m the

homogenous or heterogencous modular engineered tissue
construct produced by the methods described herein can be
removed or lysed to provide an acellular tissue construct that
includes the extracellular matrix so formed and, potentially,
the partially or completely degraded nanoparticles and/or
microparticles. Removal may be achieved by, for example,
detergent treatment, (e.g., SDS treatment) treatment with
DNase¢ and RNase, and/or freeze/thaw cycles. The acellular
tissue construct can then be used alone for tissue engineer-
ing application or in combination with other cell types or
orowth factors for the promotion of tissue repair. The acel-
lular tissue construct can be used as an acellular biomaternal
for tissue engineering application similar to the above after
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decellularization. When used alone, the acellular tissue can
be used to prevent or repair tissue defects, enhance host cell
attachment, mfiltration, differentiation, extension, and pro-
liferation. The acellular tissue construct as a decellularized
product can be used together with other known bioactive

agents and cell types for the promotion of tissue repair.
[0119] The following examples are for the purpose of

illustration only and are not intended to Iimit the scope of
the claims, which are appended hereto.

Example 1

[0120] In this Example a tracheal tissue replacement strat-
egy 1s demonstrated using a bottom-up approach for produc-
tion of human MSC (hMSC)-derived cartilagimous rings and
tubes through employment of custom designed culture wells
and an assembly system. This technology 1s then used to test
the hypothesis that incorporation of chondrogenic growth
factor-delivering microspheres mto the ring and tube-shaped
high-cell density constructs enhances chondrogenesis with
regard to mechanical properties and matrix production and
distribution to provide functional tracheal patency mn future
clinical applications.

Methods

Experimental Design

[0121] The work described here mvestigated the forma-
tion of engineered cartilaginous rings and tubes 1n custom
designed molds. hMSCs alone (“hMSC”) or with bioactive
factor-releasing biopolymer microspheres (“hMSC + MS™)
were seeded 1 annular agarose wells to form scaffold-free
self-assembled three-dimensional tissue rnings. Subse-
quently, tissue rings were stacked 1n 3-ring or 6-ring confor-
mations to fuse into tissue tubes. Chondrogenesis was
induced 1 rings and tubes during 22 days of 1n vitro culture
after which constructs were harvested for analysis. A sche-
matic of the ring and tube formation procedure 1s shown 1n
FIG. 4. hMSC 1solation and culture

[0122] hMSCs were 1solated from bone marrow aspirates
obtained from the Case Comprehensive Cancer Center
Hematopoietic Biorepository and Cellular Therapy Core
under Umversity Hospitals of Cleveland Institutional
Review Board approval, as previously described. Brieily,
bone marrow aspirates were washed with expansion media
(Dulbecco’s Modified Eagle’s Mediumelow glucose
(DMEM-LG; Sigma-Aldrich, St. Louis, MO)) containing
10% pre-screened bovine serum (Gibco Qualified FBS;
Life Technologies, Carlsbad, CA). Mononuclear cells were
separated using a Percoll gradient (Sigma-Aldrich), plated
in expansion media and cultured 1 a 37° C. humadified
incubator with 5% CO,. Non-adherent cells were washed
away during the first media change. Adherent cells recerved
fresh expansion media supplemented with 10 ng/ml fibro-
blast growth factor-2 (FGF-2, R&D Systems, Minneapolis,
MN) every 2-3 days. The hMSCs were subcultured at ~90%
contluence, and passage 3 cells were used 1n this study.

Microsphere Synthesis and Characterization

[0123] Gelatin microspheres (11.1 w/v% Type A; Sigma-
Aldrich) were synthesized 1 a water-in-o1l emulsion, as pre-
viously described, with slight modifications. Microspheres
were crosshinked with 1 w/v% genipin for 3 h (Wako Che-
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micals USA Inc., Richmond, VA), washed with deionized
H>O, lyophilized and rehydrated with Dulbecco’s Phos-
phate Buftered Saline (PBS; HyClone Laboratories,
Logan, UT) containing 400 ng TGF-bl (Peprolech, Rocky
Hill, NJ) per mg microspheres. Light microscopy images of
hydrated, crosslinked microspheres (N = 268) were acquired
on a TMS microscope (Nikon, Tokyo, Japan) with a Coolpix
995 camera (Nikon) to determine microsphere diameters,
which weremeasured using NIH Image J analysis software.
The degree of microsphere crosslinking was quantified via a
ninhydrin assay, based on a previously described protocol.
Here, the minhydrin solution was added to dry microspheres
and mcubated for 2.5 min.

Cell Culture Well Preparation

[0124] Agarose molds for cell culture were prepared as
follows. Briefly, a polycarbonate sheet (Small Parts Inc.,
Miramar, FL.) was machined to contain annular wells with
concentric 2 mm diameter posts surrounded by a 3.75 mm
wide trough. A polydimethylsiloxane (PDMS; Sylgard 184,
Dow Coming, Midland, MI) negative mold of the polycar-
bonate template was cured and steam autoclaved for sterili-
zation. Two percent w/v agarose (Denville Scientific Inc.,
Metuchen, NJ) in DMEM-LG was autoclaved and used to
fill the PDMS mold. After cooling, the ring-shaped culture
wells were removed from the PDMS mold, moved 1nto 6-
well plates (BD, Franklin Lakes, NJ) and mcubated over-
night 1n basal pellet medium (BPM) comprised of Dulbec-
co’s Modified Eagle’s Medium, high glucose (DMEM-HG;
Sigma Aldrich), 1% ITS p Premix (Corning Inc, Corning,
NY), 10-7 M dexamethasone (MP Biomedicals, Solon,
OH), I mM sodium pyruvate (HyClone Laboratories),
100 uM non-essential amino acids (Lonza Group, Basel,
Switzerland), 37.5 ug/ml ascorbic acid-2-phosphate (Wako
Chemicals USA Inc.) and 100 u/ml penicillin-streptomycin
(Corning Inc.).

Assembly of Microsphere-Containing Tissue Rings and
Tubes

[0125] Trypsinized hMSCs (400,000 cells) with or with-
out 0.3 mg TGF-B1 laden microspheres 1n 50 uLL. media were
seeded 1n a circular fashion 1n each custom designed annular
well. Microsphere-containing tissues (“hMSC + MS”) were
seeded and cultured 1n BPM. hMSC-only groups (“hMSC”)
did not contaimn microspheres and were seeded and cultured
in BPM supplemented with 10 ng/ml TGF-p1. After 24 h,
3 ml of experimental condition-specific media were added
to the agarose wells. On day 2, some of the self-assembled
rings were transterred from the annular wells onto 2 mm
silicone tubes (Specialty Manufacturing Inc., Sagmaw, MI)
to form 3- and 6-ring tissue tubes. Silicone tubes were sand-
wiched between custom engineered polycarbonate holders
and the developing tissue tubes were cultured horizontally
in 60 mm petr1 dishes (BD) contamning 4.8e¢6 million cells
and 9 ml of condition specific media. A schematic of the
tissue ring and tube assembly processes 1s shown m FIG.
S. A Galaxy S4 phone camera (Samsung, Seoul, Korea)
was used to capture immages of the custom culture set-up
right after tissue tube assembly. Tissue rings and tubes
with and without microspheres were grown 1n a humidified
cell culture incubator at 37° C. and 5% CO, for 22 days with
media changes every 2 and 3 days, respectively.
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Gross Morphological Assessment

[0126] On day 22 of total culture, rings (22 days of culture
as rings) and tubes (2 days of culture as rings followed by
20 days of culture as tubes) were harvested and photographs
of all tissues were taken with a Galaxy S4 phone camera.
Healthy, native rat tracheas (male NIH Nude rats 14¢l5
weeks old (N = 4); Taconic, Hudson, NY), freshly harvested
from rats sacrificed for another study mn accordance to a pro-
tocol approved by the Institutional Animal Care and Usage
Committee at Case Western Reserve Umiversity, were used
for comparison.

Biochemical Analysis

[0127] Tissue rings (N = 4) and 3-rmg tubes (N = 3) were
digested 1n papain solution (Sigma Aldrich) at 65° C. GAG
and DNA contents were measured using dimethylmethylene
blue (DMMB; Sigma-Aldrich) and PicoGreen (Invitrogen,
Carlsbad, CA) assays, respectively.

Histology and Immunohistochemuistry

[0128] Tissue rings and 3-ring tubes (N = 2) were fixed 1n
10% neutral buffered formalin overnight, embedded 1n par-
affin and sectioned at 5 microns. Rings were sectioned 1n
either axial or vertical planes. Tubes were sectioned first 1n
the axial plane and then reembedded 1 paratfin and sec-
tioned 1n the vertical plane. Mounted tissue sections were
deparatfinized and rehydrated. Safranin O (Acros Organics)
was used to stain for sulfated GAG content with a Fast
Green counterstain (Fisher Chemical). For mmmunohisto-
chemical staining, the presence of type II collagen was
detected using anticollagen type II primary antibody
(abcam ab34712, Cambnidge, UK) with a Fast Green coun-
terstam. A section of the human knee articular cartilage and
underlying subchondral bone served as a positive and nega-
tive control, respectively. Samples stained with 1sotype-
matched [g(G mstead of primary antibody also served as
negative controls. Histostain-Plus Bulk kit (Invitrogen)
with aminoethyl carbazole (AEC; Invitrogen) was used to
visualize the primary antibody. Images of stained tissues
were acquired usmng an Olympus BX61VS microscope
(Olympus, Center Valley, PA) with a Pike F-505 camera
(Allied Vision Technologies, Stadtroda, Germany).

Tissue Dimension Measurements and DBiomechanical

Analysis
Rings

[0129] Day 21 tissue engineered rings and rat tracheal sec-
tions were sent 1 chondrogenic media from Case Western
Reserve Umversity to Worcester Polytechnic Institute (tran-
sit time was 3 nights and 1 nmight, respectively). Rings were
then allowed to equilibrate for approximately 2 hn a 37° C.
incubator prior to mechanical testing. Tissue ring wall thick-
ness was measured 1n PBS using a machine vision system
(DVT Model 630; DVT Corporation, Atlanta, GA). Mea-
surements were taken 1n four locations around each ring
using edge detection software (Framework 2.4.6; DVT),
and the average thickness was used to calculate the average
cross-sectional area. Fach rat trachea was also measured 1n
four locations, but using calipers due to 1ts more uneven
shape. Tissue engineered rings with and without micro-
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spheres and rat trachea sections were tested 1n umaxial ten-
sion (ElectroPuls E1000 with a 50 N load cell; Instron, Nor-
wood, MA) using a modified version of a system described
previously. Briefly, small stamnless steel pins were bent 1nto
an “L” shape and served as grips for individual rings (FIG.
11A 1nset). After applying a 5 mN tare load, engimeered
rings were pulled in tension to failure at a rate of 10 mm/
min. PBS was dripped on tissues during testing to prevent
drying. From this test, the maximum load the rings could
withstand was calculated. The ultimate tensile stress (UTS)
was calculated by dividing the failure load by the cross-sec-
tional area. Each engineered ring was approximated as a
torus and each native trachea section was approximated as
a hollow cylinder. Tubes

[0130] Tissue engineered 6-ring tubes and 8 mm sections
of rat trachea were equilibrated in PBS with 0.1% protease
inhibitor (Sigma-Aldrich), and their outer diameters were
measured by applying a pre-load of 3 mN with an R Series
Controller mechanical testing device (Test Resources Inc.,
Shakopee, MN). Individual tubes and tracheas were tested
in luminal collapse as previously described with modifica-
tions. Each tube and trachea was compressed by 2 mm
(luminal diameter) at a rate of 0.5 mm/min. The load was
held for 6 min and then was removed at a rate of 60 mm/
min. The load to collapse the lumen by 80% (1.6 mm) was
used for comparison between the engineered tubes and rat
tracheas. This was done to ensure that only the load required
to collapse the lumen without compressing the walls of the
tube was analyzed. Tube outside diameter was measured
again after a 5 min no-load period. Percent luminal recoil
was calculated as the ratio of the final outer diameter/ 1nitial
outer diameter *100. Video recordings (Galaxy S4 phone
camera) were taken of a representative hMSC tube, hMSC
b MS tube and a section of rat trachea (after 1 freeze/thaw)
compressed by a hand-held pipet to show repetitive luminal
collapse and recoil of the tubes.

Statistical Analysis

[0131] One-way ANOVA with Tukey’s post hoc tests
were used to statistically analyze tissue engineered con-
structs and native tracheas via InStat 3.06 software (Graph-
Pad Software Inc., La Jolla, CA). All values are reported as

mean + standard deviation. Post tests were performed when
p < 0.05.

Results

Microsphere Characterization

[0132] Gelatin microspheres appeared blue as a result of
the crosslinking reaction with gemipin. They were 26.6 +
8.0% crosslinked, and their average diameter was 67.8 &
55.1 mm (N = 268). A representative light microscopy
1mage shows microspheres size variability (FIG. §). Several
hours after seeding, hMSC and hMSC + MS rings had seli-
assembled around the posts. After 2 days of culture, hMSC
microsphere-containing rings appeared thicker and darker
due to presence of microspheres compared to hMSC-only
tissues, which were opaque off-white (FIGS. 6A and C).
The surface of hMSC p MS rings was less smooth compared
to that of hMSC-only rings. Both hMSC-only and hMSC p
MS rings could be handled with tweezers for tissue tube
assembly mto 3-ring or 6-ring tubes (FIGS. 6B and D), but
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microsphere-containing rings held their toroid shape better
during transter from the agarose posts to the silicone tubes.

Gross Morphological Assessment

[0133] Tissues harvested after 22 days of total culture
were firm and could be easily handled. The thickness of
hMSC-only rings was more nrregular compared to micro-
sphere-contaiming rings, which were visually thicker and
slightly blue due to residual microspheres that were not
tully degraded (FIGS. 7A and D). Stacked rings tormed
fused 3-ring or 6-ring tissue tubes on the 2 mm silicone tub-
ing (FIGS. 7B-F). Rings and 3-ring tissue tubes were pink
due to residual media 1n the tissue, while 6-ring tissue tubes
and rat tracheas were rinsed 1n PBS before being photo-
oraphed. Similar to the muicrosphere-containing rings,
tubes with microspheres were visually thicker than hMSC-
only tubes. hMSC + MS tubes were also longer than the
hMSC-only tubes. Incorporation of microspheres contribu-
ted to formation of ridged surfaces on tubes compared to
smooth surtaces on hMSC-only tubes. Rat tracheas had visi-

bly thinner walls compared to tissue engineered tubes (FIG.
7G).

Biochemical Analysis

[0134] Individual rings and 3-ring tubes were analyzed
biochemically. As expected, DNA (FIG. 8A), an mdirect
measure of cell number, and GAG (FIG. 8B) content were
significantly greater 1n tubes compared to individual rings
because 3 rings were used for each tube. There was no sig-
nificant increase in GAG production per DNA (FIG. 8C) 1n
tissues grown 1n ring compared to tube geometries. Addition
of growth factor-delivermg microspheres did not signifi-
cantly atfect the cell number at the time of harvest as mea-
sured by amount of DNA. However, microspheres signifi-
cantly increased total GAG and GAG production per cell.
GAG/DNA was greater in hMSC p MS tissues than those
without MS by factors of 2.2 and 1.7 1 rings and tubes,
respectively.

Histology and Immunohistochemuistry

[0135] Satranin O with a Fast Green counterstain was
used to visualize the presence and distribution of GAG m
tissue engineered rmngs (FIGS. 9A and (), 3-ring tubes
(FIGS. 9B and D) and rat trachea (FIG. 9E). Rings and
tubes with microspheres (FIGS. 9C and D) stammed more
intensely for GAG compared to cell-only constructs
(FIGS. 9A and B), corroborating the biochemaical analysis.
hMSC + MS rings and tubes were also visually thicker and
had a more uniform GAG distribution with a smaller fibrous
capsule (stained blue/green by Fast Green) on the tissue per-
iphery compared to the hMSC-only tissues. The remaining
gelatin microspheres that were not tully degraded by cell-
secreted enzymes were visible i the hMSC p MS groups
(black arrows 1n FIGS. 9C and D). Cartilaginous portions
of the rat trachea had the most intense GAG staining. Verti-
cal cross sections of tissue engineered tubes of both compo-
sitions showed seamless rmg fusion. hMSC-only tubes
appeared to have lower GAG density 1n the mddle of the
constructs. Microsphere-contaming tubes maintained ridges
from the mndividual rings that were fused together. Cartilage
rings 1n the rat trachea were separated by noncartilaginous
fibrous tissue, which stained blue/green.
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[0136] The presence and distribution of collagen type II
were visualized via immunohistochemical staining (FIG.
10). hMSC and hMSC + MS rings and tubes both showed
strong staming for type II collagen, which was more preva-
lent on the mterior of the constructs. However, staining was
better distributed mm microsphere-containing tissues. Human
knee tissue control showed appropriate collagen type
staming of articular cartilage while not stamning the sub-
chondral bone.

Tissue Dmmension Measurements and Biomechanical

Analysis
Rings

[0137] The walls of engineered hMSC-only and hMSC +

MS cartilagimous rings were significantly thicker than those
of native rat tracheas (FIG. 11A). Incorporation of micro-
spheres resulted 1n rings that were significantly thicker
than their cell-only counterparts. Umaxial tension mechan-
ical testing (FIG. 12A 1nset) revealed that the maximum
force at failure (FIG. 12A) was similar 1n the engmeered
rings, but rat tracheal rings required a significantly smaller
load to rupture. However, when force at failure was normal-
1zed to loaded area (ultimate tensile stress; FIG. 11B),
microsphere-containing rings (2.44 £ 0.22 mm?2 Cross-sec-
tional area) behaved smmilarly to the rat trachea (1.22 +
0.16mmlong; 1.11 £ 0.19mm?2 cross-sectional area), while
hMSC-only rings (1.26 £ 0.24 mm?2 cross-sectional area)
exhibited significantly greater stress at failure than the
other two groups.

Tubes

[0138] Tissue engineered tubes had a significantly greater
outer diameter than the rat tracheas (FIG. 11B). In addition,
microspheres containing tubes had a significantly greater
outer diameter than hMSC tubes. In a gross biomechanical
assessment of the tissue tubes, the qualitative force required
to collapse the tubes with a hand-held pipet was the largest
tor the hMSC b MS tube (FIG. 13). Quantitative mechanical
analysis corroborated the qualitative findings. A force was
applied to collapse the tubes by 2 mm, the engmeered tis-
sues’ mner diameter (FIG. 12C mset). The force required to
collapse 80% of the lumen of engineered hMSC + MS tubes
were about 2.1-2.3 times greater than the force required to
collapse hMSC-only tubes and similarly-sized, 8 mm length
sections of rat tracheas (FIG. 12C). Cell-only tubes required
approximately the same load to achieve luminal collapse
compared to the hMSC + MS tubes. After the load was
removed, the outer diameters of the tubes were measured

again and 1t was found that all tubes recoiled to nearly

100% of their original diameters (FIG. 12D).
[0139] This Example demonstrates the ability to form car-

tilaginous rings from human bone marrow-dertved MSCs 1n
custom culture wells and stack the rings to generate fused
tissue tubes. Secondly, this work shows that incorporation of
microspheres delivering chondrogenic growth factor (1.e.,
TGFB1) into the self-assembled ring- and tube-shaped con-
structs would enhance neocartilage formation by increasing
matrix production, tissue dimensions and mechanical prop-
erties. Custom annular culture wells comprised of agarose
were used to successtully engineer hMSC-only and micro-
sphere containing rings. On day 2 of culture, rings could be
manipulated and stacked onto a silicone tube to fuse into
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tissue tubes. The two days of culture needed 1n this study
1s a much shorter time than the previously reported 3-
4 week culture period necessary for high-cell density chon-
drocyte sheets to achieve mechanical integrity required for
manual manmipulation. After approximately 3 weeks of cul-
ture, tubes were easily removed from the silicone support
and exhibited seamless fusion between rings as observed
via gross morphological and histological evaluation (FIGS.
7. 9 and 10). The homogenous fusion between 2-day-old
high-density hMSC-derived cartilage rings are consistent
with the previously reported fusion of high density hMSC
pellets undergoing chondrogenesis. The presence of GAG
(FIGS. 8 and 9) and collagen II (FIG. 10) indicated cartila-
ginous tissue formation after 22 days of total culture. These
findings confirmed that custom agarose molds can be used
to engineer cartilaginous rings and that these rings can be
fused 1nto tissue tubes.

[0140] While there are reports describing fabrication of
rabbit auricular chondrocyte-derived cartilage sheets that
were rolled to fuse mto a tube 1n vitro or 1 vivo, our
approach has advantages over these systems. First of all,
human bone marrow MSCs used here as the cell source for
autologous cartilage tissue formation avoids the need for
invasive and potentially detrimental harvest of mature carti-
lage tissues and provides the capacity for cell expansion to
achieve necessary numbers of cells capable of undergoing
chondrogenesis. In addition, the use of human cells 1n our
system 1s potentially a more translatable strategy, as
approaches utilizing cells from different species may result
in different chondrogenic outcomes compared to those with
human cells, delaying or inhibiting transfer of technology to
the clinical setting. Secondly, the hMSC-based cartilagimmous
rings were significantly thicker than previously reported
chondrocyte-based approaches. In just 3 weeks of culture,
hMSC derived cartilage rings were 0.89 mm (hMSC-only)
and 1.25 mm (hMSC + MS) thick compared to rabbit articu-
lar chondrocytedenived cartilage, which was 235 mm thick
after 8 weeks of culture, and rabbit auricular chondrocyte-
derived cartilage, which was about 500 mm thick after
6 weeks of culture and 553 mm thick after 8 weeks of cul-
ture. To achieve wall thicknesses similar to those found 1n
our hMSC-based rings, multiple cartilage sheets would need
to be stacked or folded. Thirdly, m terms of cartilage tube
fabrication, the ring assembly system does not require the
binding of tissue sheets with sutures or ties to form a tubular
construct. More importantly, our ring-based approach 1s a
modular system which could prove advantageous when gen-
crating multi-tissue type constructs because each ring could
serve as a tissue building block. Finally, the ring-to-tube
technology may be more favorable 1n resisting compression
in the axial plane, thereby maintamning tracheal patency in
future 1n vivo applications, compared to sheet-to- tube tech-
nologies which may have heterogeneous mechanical proper-
ties around the circumterence of the tube. While rat hepato-
cyte cell line rings and 2-ring tubes, normal human
fibroblast rings and smooth muscle cell rings and tubes
have been reported, the fabrication of scattold-free, stem
cell based cartilage-like rings and tubes using a custom
ring and tube assembly system has not yet been

demonstrated.
[0141] The degree of chondrogenesis was also compared

between tissues developed from high-density hMSC ring
and tube cultures containing proteolytically-degradable
TGF-Pl-loaded gelatin microspheres and hMSC-only (tis-
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sues grown 1n the same geometries with exogenously deliv-
ered growth factor. This high-cell density culture system
with bioactive microspheres has previously been shown to
enhance chondrogenesis, mechanical properties and/or tis-
sue thickness in hMSC-derived aggregate and sheet con-
structs. In the present work, tissues with bioactive micro-
sphere were visually thicker (both rings and tubes) and
longer (tubes) than hMSC-only constructs. Tubes created
from microsphere contaiming rings maintaimned outer ridge
morphology reminiscent of the rings used for fusion
(FIGS. 7E, F and 9D). It 1s possible that even after only
2 days of culture, mcorporation of TGF-f}1-loaded micro-
spheres encouraged greater and/or more mature matrix
deposition 1 tissue rings, making the remodeling of ECM
more challenging during the fusion process. Another possi-
ble reason for the presence of ridges in the hMSC + MS
tubes 1s that mcorporation of microspheres led to a more
uniform cartilagimous matrix distribution and a reduced
fibrous capsule, which has been reported to encourage car-
tilage tissue fusion. This GAG-poor capsule, sometimes
seen on the periphery of high-cell density cultures, was
more prevalent in hMSC-only tissues and may be the reason
for smoother surfaces found in hMSC-only tubes (FIGS. 9A
and B) compared to the GAG-rich, nbbed hMSC + MS

tubes (FIGS. 9C and D).
[0142] Incorporation of growth factor-loaded micro-

spheres enhanced chondrogenesis as detected by biochem-
ical and histological assays and measurement of tissue
dimensions. This finding 1s corroborated by previous reports
of improved cartilage formation 1n high-density hMSC sys-
tems with icorporated TGF-bl-loaded gelatin micro-
spheres. Compared to hMSC-only rings and tubes, hMSC
+ MS rmgs and tubes produced more GAG per DNA
(FIG. 8C) and stamed more intensely for GAG (FIG. 9)
and collagen type II (FIG. 10), which are all indicative of
neocartilage formation. Not only was the ECM more carti-
laginous, addition of growth factor loaded microspheres led
to mcreased tissue ring thickness and tube outer diameter
(FIG. 11). Taken all together, the biochemical, histological
and tissue dimension data supported our hypothesis that
incorporation of growth-factor-loaded microspheres 1nto
the hMSC high-cell density rings and tubes improved chon-
drogenesis 1 the constructs.

[0143] Upon mechanical evaluation of tissue engineered
rings and tubes, incorporation of microspheres decreased
ring tensile strength and did not affect tubular luminal elas-
ticity. Umaxial UTS values showed that incorporation of
microspheres resulted m a lower stress at failure (FIG.
12B). Even though the load at failure was only slightly
lower m hMSC + MS rings than hMSC-only rings (no sig-
nificant difference; FIG. 12A), the hMSC + MS rings had a
significantly greater cross-sectional area (FIG. 11A) result-
ing 1n a significantly smaller UTS. Still, reduced UTS values
were an unexpected finding since mcorporation of growth
tactor-laden microspheres has been shown to increase the
equilibrium compressive moduli of hMSC-derived engi-
neered cartilage sheets. However, the residual gelatin micro-
spheres that were not fully degraded could have been acting
as 1nclusions, thereby weakening the tissues’ tensile
strength. Another potential explanation for decreased UTS
1s the differences 1n biochemical make-up of the ECM 1n the
hMSC + MS compared to hMSC-only rings. The GAG con-
tent 18 a dominant contributor to increased tissue stiffness n
compression and collagen content 1s predominantly respon-
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sible for tensile properties 1n cartilage tissues. While the
addition of microspheres significantly mcreased GAG bio-
chemical content as well as GAG and type II collagen stain-
ing, 1t 1s possible that microspheres led to a greater relative
increase m GAG compared to collagen resulting 1n lower
tensile properties m the hMSC + MS rings than the hMSC-
only rings. Mechanical evaluation of tissue tubes showed
that all tissue tubes recoiled to almost the original outer dia-
meter, but microsphere-containing tissues required greater
force to collapse the tubes. However, microsphere contain-
ing tubes were also qualitatively longer than their cell-only
counterparts so 1t 1s difficult to examine the role that micro-
spheres played on the luminal elasticity mechanics of the
tissue tubes.

[0144] Tissue generation was influenced by culture 1n the
custom wells and assembly system 1n the ring and tube geo-
metries. Three-ring tubes had significantly greater DNA and
GAG content than individual rings, although these mcreases
were slightly less than the 3- fold proportional increases that
would be expected. However, GAG production per cell was
not significantly ditferent between ring and tube geometries.
Unexpectedly, with and without microspheres, both geome-
tries led to approximately two-fold greater GAG/DNA pro-
duction compared to high-cell density sheets grown on cell
culture mserts usmg same passage hMSCs from the same
donor as used. It 1s possible that the agarose culture wells
limited the diffusion of ECM molecules produced by cells
into the bulk medium, thereby mcreasing their effective con-
centration 1n the constructs and the probability of macromo-
lecule assembly and matrix maturation. For example, aggre-
can, a cartilage-specific proteoglycan which plays an
important role 1 resisting cartilage compression during
loading, 1s noncovalently bound to hyaluronic acid and sta-
bilized by link protemn to form large aggrecan aggregates
outside the cell. Collagen fiber bundles are also assembled
extracellularly. Additionally, proteoglycane collagen inter-
action 1s essential for cartilaginous ECM function. A poten-
tially similar biophysical approach called macromolecular
crowding, which incorporates large molecules as a means
of mcreasing medium density and limiting diffusion, has
been shown to drastically increase deposition of type I col-
lagen by fibroblasts 1n tissue culture. Another possibility for
improved chondrogenesis 1s the increased surface area to
volume ratio of the toroid compared to sheet culture for
the same number of cells, which could result 1n greater
availability of oxygen and nutrients and better removal of

waste via diffusion.
[0145] The custom well and assembly system 1n this

Example was used to engineer a tracheal replacement
which can be mitially tested in a small animal model for
tracheal defects 1 a rat. With regard to tissue dimensions,
rat tracheas have a similar lumen diameter but the walls of
engimeered rings were significantly thicker (FIG. 11A) and
tubes had significantly greater outer diameters (FIG. 11B)
compared to rat tracheas. Mechanical evaluation by uniaxial
UTS on the rings and luminal collapse and recoil on the
tubes showed that scatfold-free cartilaginous rings and
tubes perform at least as well as native rat trachea, suggest-
ing that these engineered tissues may be able to provide the
mechanical rigidity necessary to maintain airway patency in
the rat. It 1s promising that the tissue engineered micro-
sphere-containing neocartilaginous tubes required signifi-
cantly greater loads to collapse the lumen compared to the
similarly-sized rat tracheal segments because a trachea for
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clinical use 1n humans will likely need to be stitfer than a rat
trachea. While tissue engineered cartilage rings and tubes
appeared thicker than rat tracheal cartilage, they are very
similar to the thickness of human tracheal cartilage rings.
Unlike the tissue engineered torus rings with a circular
cross-section presented here, human tracheal cartilage
rings are toroid-like with a more rectangular-shaped cross-
sectional area which 1s typically about 1 mm radially and
about 4 mm vertically. Control over the vertical dimension
of engineered tubes can be achieved by fusing multiple rings
together, as shown 1 this Example. A longer engineered
trachea would simply require more cells, microspheres,
orowth factor and media, but tissue generation should not
be mhibited by the length of the construct. Adult human
trachea also has a much larger lumen, measuring at least
12 mm 1 diameter, but using this approach 1t will be possi-
ble to engineer larger diameter rings and tubes by modifying
the size of the cell culture annular wells for ring self-assem-
bly and the support strut for tube culture. Additionally, the
ocometry of the culture-wells and the tissue assembly
approach can be easily altered to produce selt-assembled
tissues of specific shapes (e.g., oval tissues with defined
wall thickness, cone like structures, or even figure-eight,
honeycomb and dog bone shaped constructs) for applica-
tions necessitating geometrical control over anatomical fea-
tures and/or tissue-level morphology.

[0146] A functional tracheal replacement may require
much more complexity mn tissue organization and function.
While the cartilaginous portion of the native trachea pro-
vides support to the airrway, mtervening vascularized fibrous
tissue 18 necessary to supply the cartilaginous rings and
mucosal and submucosal layers lining the tracheal lumen
with nutrients and oxygen. Our customizable tissue assem-
bly system may permit the integration of these vital tissue
components to replicate actual tracheal architecture and ulti-
mately function. Firstly, donor-specific needs with regard to
tissue anatomy may be addressed by employing annular
wells and support struts with custom geometry to engineer
the organ. Next, different cell sources and/or differentiation
conditions for the tissue unts can be used to engineer tissues
with requisite properties, such as rings with neovasculo-
genic capabilities or tubes of tracheal epithelium. Thirdly,
incorporation of bioactive microspheres with different com-
positions 1nto each type of tissue ring may allow for spatial
as well as temporal control of cell differentiation and neo-
tissue formation even after multi-tissue fusion. It 1s also pos-
sible that incorporation of growth factor-loaded micro-
spheres can decrease m vitro culture time by releasing
bioactive factors after implantation, and 1n doing so stimu-
late 1 vivo tissue maturation and physiological healing. The
use of bioactive microspheres 1n the modular custom culture
system described here 1s a promising approach for tracheal
tissue regeneration.

Example 2

[0147] 'This Example shows the generation of osteognic

rmgs and tubes from hMSC that include TGF-B1 and
BMP-2 loaded nanoparticles.

hMSC Isolation and Expansion

[0148] Human mesenchymal stem cells (hMSCs) were
1solated from the posterior 1liac crest of 3 healthy male
donors (43 £ 5 years) using a protocol approved by the Una-
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versity Hospitals of Cleveland Institutional Review Board
and cultured as previously described. Brietly, the aspirates
were rinsed with low-glucose Dulbecco’s modified Eagle’s
medium (DMEM-LG; Sigma-Aldrich, St. Louis, MO) with
10 % prescreened fetal bovine serum (Sigma-Aldrich).
Mononucleated cells were 1solated using a Percoll (Sigma-
Aldrich) density gradient then plated on tissue culture plas-
tic at a density of 1.8 x 10° cells per cm? 1n medium contain-
ing 10 ng/ml fibroblast growth factor-2 (FGF-2; R&D Sys-
tems, Minneapolis, MN) and cultured at 37° C. with 5%
CO,. Nonadherent cells were removed after 4 days. The
adherent cells, primary hMSCs, were cultured for another
10-14 days with media changes every 3 days. They were
then reseeded at 4 x 103 cells/cm? and expanded until pas-
sage 2, when they were stored 1n liquid nitrogen in DMEM -
LG with 10 % dimethyl sulfoxide (DMSO) until use.

Gelatin Microsphere (GM) Synthesis and TGF-1 Loading

[0149] Gelatin microspheres (GM) were synthesized
using a water-mn-o1l single emulsion technmique and cross-
linked with genipin for 2 hours as previously described.
Brietly, 11.1 % w/v acidic gelatin (Sigma-Aldrich) was dis-
solved 1n deironized water (diH,0), added drop-wise mto
250 ml preheated (45° C.) olive o1l (GiaRussa, Coitsville,
OH) and magnetically stirred at 500 RPM. Atter 10 minutes,
stirring ensued at 4° C. for 30 minutes. 100 ml acetone
chilled at 4° C. was added to the emulsion and again an
hour later. Stirring rate increased to 1000 RPM for 5 minutes
after which the solution was filtered and the resulting micro-
spheres were washed with acetone and drnied overmight.
Microspheres were then crosslinked with 1% w/v genipin
(Wako USA, Richmond, VA) on a magnetic stir plate at
RT. Atfter 2 hours, the crosslinked microspheres were rinsed
3 times with diH,O and lyophilized. Characterization of GM
can be found 1n Solorio et al. 2012. Prior to adding the
microparticles to the hMSC suspension, empty GM were
incubated with PBS for 2 hours at 37° C. For exogenous
orowth factor supplementation, TGF-B1 (Peprotech, Rocky
Hill, NJ) was added to the medium at 10 ng/ml.

Mineral-Coated Hydroxyapatite Microparticle (MCM)
Synthesis and BMP-2 Loading

[0150] Hydroxyapatite (HA) microparticles ranging from
3-5 um 1n diameter from Plasma Biotal LTD (Derbyshire,
UK) were mineral-coated in modified simulated body tluad
(mSBF) and loaded with BMP-2 as previously described.
Brietly, HA mucroparticles were added at 2 mg/ml to
mSBF (pH 6.8) contaiming 141 mM NaCl, 4.0 mM KCI,
0.5 mM MgSO,, 1.0 mM MgCl,, 20.0 mM HEPES,
5.0 mM CaCl,, 2.0 mM KH,PO, and 4.2 mM NaHCO;
(all from Fisher Scientific) The solution was stirred continu-
ously at 37° C. for 7 days with the mSBF refreshed daily. At
the end of the coating process, the MCMs were rinsed with
diH,O and lyophilized. Prior to adding the microparticles to
the hMSC suspension, empty MCM were 1ncubated with
PBS for 4 hours at 37° C. For exogenous growth factor sup-
plementation, BMP-2 (Dr. Walter Sebald, Department of
Developmental Biology, University of Wiirzburg, Ger-
many) was added to the medium at 100 ng/ml.
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Cell Culture Well Preparation

[0151] Agarose molds for cell culture were prepared as
previously described. Briefly, a polycarbonate sheet (Small
Parts Inc., Miramar, FL) was machined to contain annular
wells with concentric 2 mm diameter posts surrounded by a
3.75 mm wide trough. A polydimethylsiloxane (PDMS; Syl-
oard 184, Dow Corning) negative mold of the polycarbonate
template was cured and sterilized. Two percent w/v agarose
(Denville Scientific Inc., Metuchen, NJ) n DMEM-LG
(S1igma-Aldrich) was autoclaved and used to fill the PDMS
mold. After cooling, the ring-shaped culture wells were
removed from the PDMS mold, moved into 6-well plates
(BD Falcon), and incubated overnight 1n a serum-iree, che-
mically-defined basal pellet medium (BPM) containing
DMEM-HG (Sigma-Aldrich) with 10% ITS+ Premix
(Corming), 1 mM sodium pyruvate (HyClone), 100 uM
non-essential amino acids (Lonza), 100 nM dexamethasone
(MP Biomedicals, Solon, OH), and 0.05 mM L-ascorbic
acid-2-phosphate (Wako).

Assembly of Microsphere-contamning Tissue Rings and
Tubes

[0152] Trypsinized hMSCs (400,000 cells) with or with-
out 0.3 mg GM and 0.08 mg MCM 1n 50 uL. media were
seeded 1n a circular fashion 1n each custom designed annular
well and cultured m BPM + 10 ng/ml TGF-1. After
24 hours, agarose wells were flooded with media. On day
2, the self-assembled rings were transferred from the annu-
lar wells onto 2-mm glass tubes (Adams & Chittenden
Scientific Glass, Berkeley, CA) as individual 2-mm rings,
or to form 3x2-mm and 8x2-mm tubes. Glass tubes were
placed on top of custom engineered polycarbonate holders
and tissue rings/tubes were cultured horizontally in 60 mm
petr1 dishes (BD Falcon) i a humadified cell culture incu-
bator at 37° C. and 5% CO, for 2 weeks 1n chondrogenic
induction medium (BPM + 10 ng/ml TGF-31) followed by
3 weeks m osteogenic induction medium comprised of
DMEM-HG (Sigma-Aldrich) with 10% ITS+ Premix
(Corning), 1 mM sodium pyruvate (HyClone), 100 uM
non-essential amino acids (LLonza), 100 nM dexamethasone
(MP Biomedicals, Solon, OH), 0.173 mM L-ascorbic acid-
2-phosphate (Wako), and 5 mM PB-glycerophosphate
(Sigma-Aldrich) + 100 ng/ml BMP-2. The mduction
media were changed every 3 days.

Gross Morphological Assessment

[0153] After 5 weeks, rings and tubes were harvested and
oross 1mages of all tissues were taken. Thickness and length
measurements were performed using micro calipers (Fow-
ler). Four measurements were obtamed per specimen at the
12, 3, 6, and 9 o'clock positions.

Statistical Analysis

[0154] All data are expressed as mean £+ SD. The unpaired
Student’s t test was used to test for significant eftects with

p<0.05 considered significant. Data were analyzed using
GraphPad Prism 6.0 software (GraphPad Software Inc., La
Jolla, CA).
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Results
Morphological Assessment

[0155] The gross morphology of the rings and tubes was
visually assessed after 5 weeks of chondrogenic and osteo-
genic mduction mn presence of TGEF-}1 (2 weeks) and BMP-
2 (3 weeks). Tissue rings and tubes comprised of hMSCs
only were noticeably thinner compared to hMSC + GM +
MCM specimens. In contrast, the overall length of the
hMSC + GM + MCM rings and 3x2-mm tubes appeared
reduced, while the 8x2-mm tubes had comparable lengths
across groups (F1GS. 14).

[0156] Quantitative thickness and length analyses of the
rings and tubes were m agreement with the qualitative
assessment. Rings contamimng GM + MCM were signifi-
cantly thicker than hMSC rings alone (FIG. 15A; p<0.05).
Both tissue tubes (3x2-mm and 8x2-mm) revealed similar
trends (FIGS. 15C, E; p<00.001). In contrast, measurements
of the hMSC + GM + MCM rnings showed a sigmificant
length reduction (FIG. 15B; p<0.03) compared to the
hMSC rings alone, which was confirmed by the 3%2-mm
tubes (FIG. 15D; p<0.001). No differences were observed
in the length of 8xX2-mm tubes across groups (FIG. 15F).

Example 3

[0157] This Example shows the generation of vascular
rings and tubes from smooth muscle cells that include
TGF-PB1 loaded microparticles.

[0158] FIGS. 16 1illustrates a schematic view of micro-
sphere incorporation within self-assembled cell rings. A,
Cross-linked gelatin microspheres were mixed 1n suspen-
sion with smooth muscle cells at 0, 0.2 or 0.6 mg micro-
spheres per million cells. B, cells and microspheres were
seeded mto agarose molds. Cells aggregate to form self-
assembled tissue rings with mcorporated microspheres (C).
D, Photograph of an agarose mold with three aggregated
cell-microsphere rings cultured for 14 days. Arrowheads
point to self-assembled ftissue rings on agarose posts
(2 mm post diameter).

[0159] FIGS. 17 illustrates 1mages and a graph showing
microspheres mcreased tissue ring thickness. Images of
self-assembled cell rings seeded with 0 (A), 0.2 (B), or
0.6 mg (C) of microspheres per million cells and cultured
in smooth muscle growth medium for 14 days. (D) Average
wall thicknesses of 14-day-old tissue rings with 0, 0.2, or
0.6 mg microspheres per million cells. Scale = 1 mm, n =
6, *p<0.05.

[0160] FIGS. 18 1llustrates images showing gelatin micro-
sphere incorporation and degradation within tissue rings.
Tissue rings were seeded with 0, 0.2, or 0.6 mg micro-
spheres per million cells, collected at 7 or 14 days, and
stained with Hematoxylin and Eosin (A-F) and Picrosirius

Red/Fast Green stain. Scale = 100 um.
[0161] FIGS. 19 illustrates graphs showing Mechanical

properties of tissue rings loaded with gelatin microspheres.
Self-assembled cell nings were cultured for 14 days 1n
orowth medium and pulled to failure. Mean values for ulti-
mate tensile strength (UTS; A), maximum tangent modulus
(MTM; B), failure load (C) and failure strain (D) were cal-
culated from stress-strain curves for each ring sample group.
n = 6, *p<0.03.

[0162] FIGS. 20 1llustrates an 1mage and graph showing
microspheres mcreased ring thickness 1 tissues cultured 1n
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smooth muscle ditferentiation medium. Rings were seeded
with 0 (A), 0.2 (B), or 0.6 mg (C) of microspheres per mil-
lion cells and cultured to 14 days. Rings were seeded n
growth medium and switched to differentiation medium on
day 1. (D) Average wall thicknesses of 14-day-old tissue
rgs with 0, 0.2, or 0.6 mg microspheres per million cells.
Scale =1 mm; n =8 for 0 mg; n =9 for 0.2 and 0.6 mg/

million cells; *p<0.05.

[0163] FIGS. 21 illustrates 1mages showing microsphere
incorporation within tissue rings cultured m smooth muscle
differentiation medium. Tissue rings were seeded 1 growth
medium with 0, 0.2, or 0.6 mg microspheres per million
cells, and switched to differentiation medium at day 1. Tis-
sue rings were collected at 7 or 14 days, and stained with
Hematoxylin and Eosin (A-F) and Picrosirius Red/Fast
Green stain. Scale = 100 um.

[0164] FIGS. 22 illustrates graphs showing the mechani-
cal properties of tissue rings cultured 1n differentiation med-
ium with microsphere mcorporation. Self-assembled cell
rings were seeded 1 growth medium, switched to differen-
tiation medium on day 1, and cultured for 13 days 1n differ-
entiation medium and harvested for mechanical tests
(14 days total culture). Mean values for ultimate tensile
strength (UTS; A), maximum tangent modulus (M1TM; B),
failure load (C) and failure strain (D) were calculated from
stress-strain curves for each ring sample group. n = 6,
*p<0.05.

[0165] FIGS. 23 illustrates images and a graph showing
exogenous or microsphere-mediated TGF-Bl dehivery to
self-assembled tissue rings. Rings were seeded 1n growth
medium, and switched to differentiation medum at day 1.
(A) Untreated control rings with no microspheres (n=6). (B)
Tissue rings treated with 10 ng/ml soluble TGF-p1 (n=8).
(C,D) Tissue rings with unloaded gelatin microspheres
(0.6 mg/million cells; n=6) untreated (C) or treated (D)
with 10 ng/ml exogenous TGF-B1 (n=8). (E) Tissue rings
with microspheres pre-loaded with TGF-B1 (400 ng TGF-
Bl/mg microspheres), but no exogenous TGF-P1 1n the
medium (n=7). Tissue rings contracted after they were
removed from agarose posts, resulting 1n a greater decrecase
in diameter (F) and greater thickness (G) 1n rings exposed to
TGF-B1. Scale = 1 mm, *p<0.05.

[0166] FIGS. 24 illustrates images showing hematoxylin
and eosin stain (A-E) at 14 days shows microsphere degra-
dation primarily 1n the groups with added TGF-B1. Collagen
deposition (F-J, Picrosirius Red/Fast Green stain, red=colla-
gen green=counterstain) m TGF-B1 groups 1s primarily seen
around ring edges. (A,F) Control (untreated) rings. (B,G)
Rings cultured with exogenous 10 ng/ml TGF-B1 added to
the medium. Rings with unloaded microspheres (0.6 mg per
million cells) untreated (C,H) or treated with 10 ng/ml exo-
genous TGEF-BI (D,I). Rings with TGF-B1 loaded micro-
spheres (0.6 mg microspheres per million cells) and no exo-
oenous TGEF-B1 treatment (E, J). Scale = 100 um.

[0167] FIGS. 25 illustrates images showing Contractile
protein expression 1n tissue rings treated with TGF-BI.
Rings were grown with either no microspheres or exogen-
ous TGF-B1 (AF), no microspheres but treated with 10 ng/
ml exogenous TGF-P1 (B,G), with microspheres and no
exogenous TGF-Bl1 (C,H), with unloaded microspheres
and exogenous TGF-B1 (D,I) or with TGF-p1 loaded micro-
spheres and no exogenous TGF-B1 m the medmum (E,J).
Rings were stamed for either smooth muscle alpha actin
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(A-E) or calpomin (F-J). Nucle1 are shown 1 blue (Hoechst).
Scale = 100 um.

[0168] FIGS. 26 1llustrates graphs showing the mechani-
cal properties of tissue rings treated with TGF-P1 after
14 days 1n culture. Rings were cultured in differentiation
medium with no microspheres or exogenous TGF-PI, no
microspheres with 10 ng/ml exogenous TGF-B1, unloaded
microspheres with no exogenous TGF-1, unloaded micro-
spheres with 10 ng/ml exogenous TGF-B1, or loaded micro-
spheres (400 ng TGF-PB1/mg microspheres) and no exogen-
ous TGF-P1. Rings 1n the group with no microspheres and
exogenous TGF-B1 had significantly higher ultimate tensile
stresses than the loaded microsphere group (A), and the
unloaded microspheres without TGF-B1 group had signifi-
cantly higher failure loads than rings without microspheres
or TGF-B1 (B). There were no significant ditferences in
MTM (C) or failure strain (D). *p<0.05.

[0169] From the above description of the mnvention, those
skilled 1n the art will percerve improvements, changes and
modifications. Such improvements, changes, and modifica-
tions are within the skill of the art and are intended to be
covered by the appended claims. All patents and publica-
tions 1dentified heremm are incorporated by reference 1n
their entirety.

Having described the invention we claim:

1-10. (canceled)

11. A modular engineered tissue construct, comprising;

aplurality of fused self-assembled, scatfold-tree, high-den-

sity cell aggregates, wherein at least one cell aggregate
includes a plurality of cells and a plurality of biocompa-
tible and biodegradable nanoparticles and/or microparti-
cles that are incorporated within the cell aggregates, the
nanoparticles and/or microparticles acting as a bulking
agent within the cell aggregate to increase the cell aggre-
gate s1ze and/or thickness and improve the mechanical
properties of the cell aggregate.

12. The modular engineered tissue construct of claim 11,
wherein the self-assembled, scatiold-free, high-density cell
aggregates comprise differing aggregate materials, at least
one of the ring-shaped self-assembled, scatfold-free, high-
density cell aggregates being provided or formed with or
without nanoparticles and/or microparticles and having dif-
ferent properties than the other aggregates to vary the proper-
tiecs of the construct for particular tissue engineering
applications.

13. The modular engineered tissue construct of claim 11,
wherein the at least one of the tused ring-shaped selt-
assembled, scattfold-free, high-density cell aggregates com-
prises a plurality of chondrogenic cells that have been diftfer-
entiated to form engineered cartilage.

14. The modular engineered tissue construct of claim 11,
comprising alternating first engineered ring-shaped seli-
assembled, scaffold-free, high-density cell aggregates and
second enginecred ring-shaped self-assembled, scatfold-
free, high-density cell aggregates fused to form a heteroge-
nous modular tissue tube.

15. The engineered modular tissue construct of claim 14,
wherein the first engineered ring-shaped self-assembled,
scatfold-free, high-density cell aggregates define cartilagi-
nous portions within the tube and the second engineered
ring-shaped self-assembled, scaffold-free, high-density cell
aggregates define noncartilaginous portions within the tube.
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16. The engineered modular tissue construct of claim 11,
the nanoparticles and/or microparticles comprising a biocom-
patible and biodegradable polymer.

17. The engineered modular tissue construct of claim 11,
the nanoparticles and/or microparticles mcluding at least
one bioactive agent that 1s differentially and/or controllably
released by the nanoparticles and/or microparticles.

18. The engineered modular tissue construct 17, bioactive
agent including at least one of TGF-B1 and/or BMP-2.

19-28. (canceled)

29. An engineered trachea implant comprising:

a plurality of fused ring-shaped self-assembled, scattold-
free, high-density cell aggregates, at least one cell aggre-
gate including a plurality of cells and a plurality of bio-
compatible and biodegradable nanoparticles and/or
microparticles that are mcorporated within the cell
aggregates, the nanoparticles and/or microparticles act-
ing as a bulking agent within the cell aggregate to
increase the cell aggregate size and/or thickness and
improve the mechanical properties of the cell aggregate.

30. The engineered trachea implant of claim 29, wherein the
ring-shaped self-assembled, scatfold-free, high-density cell
ageregates comprise differing aggregate materials, at least
one of the ring-shaped self-assembled, scatfold-free, high-
density cell aggregates being provided or formed with or
without nanoparticles and/or microparticles and having dif-
ferent properties than the other aggregates to vary the proper-
ties of the tube for particular tissue engineering application.

31. The engineered trachea implant of claim 29, wherein the
at least one of the fused ring-shaped selt-assembled, scattold-
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free, high-density cell aggregates comprises a plurality of
chondrogenic cells that have been ditferentiated to form engi-
neered cartilage.

32. The engineered trachea implant of claim 29, comprising
alternating first engineered ring-shaped selt-assembled, scat-
fold-free, mgh-density cell aggregates and second engineered
ring-shaped self-assembled, scatfold-free, high-density cell
aggregates fused to form a heterogenous modular tissue tube.

33. The engineered tracheaimplant of claim 29, wherein the
first engineered ring-shaped self-assembled, scaffold-free,
high-density cell aggregates define cartilaginous portions
within the tube and the second engineered ring-shaped self-
assembled, scattold-free, high-density cell aggregates define
noncartilaginous portions within the tube.

34. The engineered trachea implant of claim 29, the nano-
particles and/or microparticles comprising a biocompatible
and biodegradable polymer.

35. The engineered trachea implant of claim 29, the nano-
particles and/or microparticles mcluding at Ieast one bioac-
tive agent that 1s differentially and/or controllably released
by the nanoparticles and/or microparticles.

36. The engimeered trachea implant of claim 29, bioactive
agent including at least one of TGF-31 and/or BMP-2.

37. The engineered trachea implant of claim 29, wherein an
mner lumen of the mmplant mmcludes a mucosal epithelial
lining.
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