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Growth Plate Cartilage and Articular Cartilage

Feature Growth Plate Cartilage -
o] ' soc
Location Found at metaphysis of long bones in - '
children i | Resting zone
Cartilage
Function Enables longitudinal bone growth : z’;ﬂifera"we
during development $
t
Joint cartilage Structure Hyaline cartilage E Hypertrophic
New cartilage organized into zones E% S | Zone
orms on this side =
cart Cell Types Chondrocytes in columns iy -
artilage . . . |
growfth plate (proliferative, hypertrophic) j VN | orimary
o pone Vascularization Avascular E ’ ) i|s"°"g'°sa
VO 4 3 |
\ 4 End Fate Undergoes endochondral ossification Chagin A.S. et al. Pediatr Res 87, 986-990 (2020).
Regenerative Capacit Active during growth; ceases after . .
? Pacty skeletal matﬂﬁty Longitudinal growth occurs by
; Clinical Relevance Growth disorders, limb length e.ndocllvondral ossification —
y discrepancies cartilage is gradually replaced by
bone
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Growth Plate Cartilage and Articular Cartilage

TR

Cartilage
growth plate

Joint cartilage

New cartilage
forms on this side

Cartilage
growth plate

Cartilage
becomes bone

Feature Articular Cartilage

Location Covers ends of bones in synovial
joints

Function Facilitates smooth joint movement;
absorbs shock

Structure Hyaline cartilage
with zonal organization

Cell Types Chondrocytes in lacunae

Vascularization

Avascular

End Fate

Maintains structure throughout life

Regenerative Capacity

Limited to None

Clinical Relevance

Osteoarthritis, cartilage injury

Haltmayer E. et al. PLOS ONE. 14. e0214709. 10.1371.
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Growth plate injuries can cause deformity

Normal growth plate Growth plate injury Bony bar formation
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Bony bar formation prevents localized endochondral bone
formation

Angular deformities

Limb length discrepancies

Devastating for patients and
limited clinical treatments
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Growth plate injuries: Current treatments

* bony bar spans <50%
of growth plate volume

e 2 years or 2 cm of
growth remaining
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Growth plate injuries: Current treatments

* bony bar spans <50%
of growth plate volume

e 2 years or 2 cm of
growth remaining
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Growth plate injuries: Current treatments

* bony bar spans <50%
of growth plate volume

e 2 years or 2 cm of
growth remaining

- bony bar spans >50% of

growth plate volume

NO treatment is attempting to regenerate the growth plate cartilage

)
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Cartilage injuries & lesions

Cartilage

CA RT“_AGt \\ |nJUr|eS ‘\ i L IRy ( A Cart”age
" & ' 1 \ \ ) .. N
, M /”\ . DAMIOLED ] o Injuries

- N\ 1 i i § S 728\ A
P W ] [ ey a5 \\
ey A ‘ | _.‘ 5 o L d K 5

\ | N 4 i MY -

! \

* Individuals with cartilage injuries are 4.2X more likely to
develop OA than those without an injury.

 Cartilage lesions do not heal on their own.
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Osteoarthritis (OA) & lesions

B
I

P \ VY14 Osteoarthritis
) N a0 Prevalent Expensive Debilitating Painful
2023 2040 Total cost o e o o
Absenteeism | $10.3B .
£ 5 ST
Individuals with OA

Data in the US alone & annually

« OAis the #3 cause of disability in the U.S.

 Inflammation-associated OA leads to cartilage degeneration and
formation of cartilage lesions.

 Cartilage lesions do not heal on their own.

No regenerative therapies exist for cartilage lesions

in OA or non-OA patients.
@J Orthopedics
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Growth Plate Chondrocyte Hypertrophy is an
Orderly Differentiation Process
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Articular Chondrocytes
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OA: Hypertrophy of Articular Chondrocytes
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Research Program

To develop regenerative medicine approaches
to treat growth plate injuries

Cartilage
Mimetic

Hydrogel

Restore Normal
Bone
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Rat model of growth plate injury: proximal tibia drill-hole defect

28 days after
no surgery surgery

Bony
bar
Injury site —
Drill —
track

ABH stain
Cartilage, Bone

Orthopedics
UNIVERSITY OF COLORADO

15



Rat model of growth plate injury: proximal tibia drill-hole defect

Injury site —

28 days after
Rat tibia no surgery surgery

Drill —)

track v

Inflammatory Osteogenic

DO-3 D8-14
Injured
Growth
Plate
Inflammatory cells @ MSCs migrate to v Angiogenesis and Complete bony bar by
injury site and - mineralized tissue day 25
: undergo osteogenesis
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COLORADO SCHOOL OF

Local delivery of a-VEGF MINES

Collaboration with
Melissa Krebs, PhD

a)

Alginate Chitosan Polyelectrolyte Complex (PEC) Hydrogel

+ anti-VEGF Ab

Ofthopedics M. A. Stager, et al. Macromol. Biosci. 2022, 22,2200126.
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Antibody release can be modulated in alginate-chitosan hydrogels

Y Antibodies

Hydragel :
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Study design

Chris Erickson, PhD

Treatment groups Outcomes
1 Intact - - *  MicroCT, histology
2 Untreated - - * Perfusion/Blood
vessels
3 Alginate:chitosan 90:10 Quick Release -

* N =38limbs total
(4 male, 4 female)

4 Alginate:chitosan 90:10 Quick Release + . i
+ anti-VEGF antibody + 0-VEGF pertime point per
, outcome
Alginate:Chitosan Hydrogel 5  Alginate:chitosan 50:50 Slow Release -
3¢ Anti-VEGF Antibody
~7ug anti-VEGF, . 6  Alginate:chitosan 50:50 + Slow Release +
anti-VEGF antibody + a-VEGF
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Local delivery of a-VEGF reduces bony bar formation

Untreated Quick Release Quick Release

VEGF

Slow Release

Slow Release \

(A) Bony Bar Formation
504
Untreated
) Quick Release O
— 404 @ Quick Release + u-VEGF| —
& O Slow Release -
O 4, ® SlowRelease +a-VEGF P *
=
T * [ ]
2 i e
S 204 ]
5 - * A
& Lo .
] e O .
104 &
0- : - ,
Day 14 Day 28

Mean +/- SD, one-way ANOVA, N = 8
*P<0.05 vs. Untreated same time point
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Local delivery of a-VEGF reduces vessel formation

(A) Physeal injury vessel volume Untreated Quick Release Quick Release Slow Release  Slow Release
124 + a-VEGF + a-VEGF
& Intact — - T e[t h_yf,‘ T A
Untreated . g e s 1y Lt
Quick Release O "j’ Tha ; A . : "ﬂ - 'i‘ »
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Slow Releasa W

eCe
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Day 14
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= q : 2
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= ] ] i ]
O : .
P By a0 i —-r#
4] TIl*5 | §
o A L *5 %«
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Day 28

Mean +/- SD, one-way ANOVA, N =8
*P<0.05 vs. Untreated same time point
$P<0.05 vs. QR same time point

; Erickson CB. et al. J Orthop Res. 2021;39(8):1658-1668
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Quick delivery of a-VEGF increases cartilage repair tissue

(A) Cartilaginous Repair Tissue Untreated Quick Release Quick Release | Slow Release  Slow Release
@ Untreated

80— O Quick Release —— — - — C['VF + G-VEG
= ® Quick Release +a-VEGF e ' ] o
“‘d'; « (O Slow Release
2 60- ® ® SlowRelease +o-VEGF =)
0 & =
i L S ik
= * # L
5 40- O ® :
G & @ #3
= @ P
qé 20- ﬁ 0
i | @ &

o= ; | e | r | B8 [ |

Day 14 Day 28
Mean +/- SD, one-way ANOVA, N = 8 ABH stain

*P<0.05 vs. Untreated same time point
#P<0.05 vs. QR+aVEGF same time point

Cartilage, Bone

Could modulation of angiogenesis be a preventative treatment for bony bar formation?

; Erickson CB. et al. J Orthop Res. 2021;39(8):1658-1668
Orthopedics
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Blocking VEGF improves articular cartilage repair

No cell control = MDSC only

Rat osteochondral

injury

Implant muscle-derived stem
cells (MDSCs) transduced to
express:

BMP4 (chondrogenic factor) B4
VEGF (angiogenesis)
sFIt1 (block angiogenesis)

Orthopedics Kubo S, et al. Arthritis Rheum. 2009 Jan;60(1):155-65.
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Regenerative Biomaterial to Treat Growth Plate Injuries

Bony Bar
Resection

g
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Clinical Problem:
Bony Bar in
Growth Plate
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Cartilage-Mimetic Hydrogel

Step 1. Step 2.
Tether TGFB3 to PEG Macromer Hydrogel Formation
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Clinical Problem: Growth Plate Injuries

Healthy Bony Bar in
Growth Plate Growth Plate

Epiphysis
T Metaphysis

cell differentiation
cell synthesizing capabilities

(Top view)

Cartilage
Ibiomimetric hydrogel




Multidisciplinary Team

Karin Payne, PhD

- Animal models of
growth plate injury

MBS _ Chondrogenic

@) Anschutz differentiation

Nancy Hadley Miller, MD

- Clinical expertise with
growth plate injuries

il 's Hospital Colorado

| 3D Printec

' Growth P
Mimeti
Composi

N

e

Virginia Ferguson, PhD

a\ Stephanie Bryant, PhD - Bone and cartilage tissue

- Cartilage mimetic hydrogel

2. v characterization
- 3D printing - 4 - 3D printing
= - Cartilage tissue engineering Robert McLeod, PhD characterization

- Additive manufacturing
- Photopolymers

Boulder

Boulder



Designing a 3D printed growth plate mimetic composite

Growth Plate: Area of Bone Growth

Cartilage

3D printed structure is infilled with hydrogel

pillar

ponnse : Resting Characte rize
. zonal properties
e cartioge _ Proliferative and morphology
forms on this side Zone .
rowrt it of the rabbit
g:zﬁz:bone grOWth plate
SS " Hypertrophic
S o Zone
TS N Calcification
S Zone
Orthopedics
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Hydrogel (green)canbe
injected in between the
individual pillars 28



Mechanical properties vary across the growth plate

Microindentation maps mechanical properties across the zones of the rabbit growth plate

epiphysis
Ly
metaphysis
=1.2 MPa \

1 MPa

=
wn

=

Y% growth
plate depth
(50 um spacing)

O
n

I::'l'lll 0.5 1

i Y% growth plate depth '
epiphysis metaphysis

Hertz Contact Modulus , E* (MPa)

0.5 MPa

3 Eckstein KN et al. J Mech Behav Biomed Mater. 2022;128:105102
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3D printed cartilage mimetic composite

Digital Light Processing

Poly(ethylene glycol) diacrylate (PEGDA)
» 61-98 pillars with lattice on top and bottom layers

*
| 1.5— *
*
E *
*
-
| T o ¥
3D print S 310
Hydrogel Components g -8
= 0
e sz [
(OB 0
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8-arm PEG 8 o 0.5
norbornene Gel + 3D print = 9 #
(top view) w o
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Crosslinker 0 [ [ |
Gel + 3D print Formulation Formulation Formulation
<« (sicle view) A B C
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Rabbit MSCs A;e';f;’e" C_JUnfilled 3D print [ Gel + 3D print

) Yu Y., Fischenich KM. et al. npj Regen Med 7, 60 (2022)
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Rabbit model of growth plate injury a

Bony Bar Formation

3 weeks

Defect

Surgery 2 (9 weeks old)

Bony Bar Resection Treatment

Untreated:

bony bar
resected, no
treatment

Fat graft:
infilled with
autologous fat

Gel only:
infilled with
hydrogel

Gel + 3D print:
infilled with
3D printed
structure with
hydrogel

go0

@J Orthopedics
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3D printed composite led to increased limb lengthening

Control Treatment x
- Untreated mm |
40 ok ok
—~ z2 Fatgraft mm ML
g ez Gelonly mm | I_I
;30_ ez Gel + 3D print mm
®))
‘c% Am V1
I_-"n'rl I_ ' 020- % % éé gé
r ) |ln’m"|,' c 7/ % g%
= %% % %%
& VA T2 7 B |
©
0
0
4 weeks 8 weeks
post treatment post treatment

*p<0.05 compared to other treatment groups

Orthopedics
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3D composite led to cartilage-like tissue at periphery

Alcian Blue Hematoxylin stain at 8 weeks post-treatment

Gel+ 3D

Normal Untreated Fat Graft Gel
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22 VN | =
Y B | (e -
500 um 500 im =

Cartilage, Bone

33

@ Or_th ope dl cS Yu Y., Fischenich KM. et al. npj Regen Med 7, 60 (2022)

UNIVERSITY OF COLORADO



Mineralization within 3D printed composite

Kristine Fischenich, PhD

higher density mineralization
closer to lattice structure

mineralization bridging

down length between

of pilllar center of
pillars

bridging between pillars at top
and bottom

Coronal slice Transverse slice

Yu Y., Fischenich KM. et al. npj Regen Med 7, 60 (2022)

Orthopedics
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Discussion

Biodegradable

Mechanical support

Cartilage
biomimetric hydrogel

« 3D printed structure infilled with cartilage-mimetic hydrogel
leads to

* Increased tibial lengthening — important functional outcome
« Some cartilage tissue formation
» Evidence of mineralized tissue around pillars

What happens at early timepoints???

@J Orthopedics
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What have we learned?

* Blocking angiogenesis is a potential avenue to prevent bony bar
formation and repair articular cartilage.

« 3D printed biomimetic composite postpones the onset of skeletal
deformities.

« Outcomes may be further improved to promote chondrogenesis.
 Test additional biological factors to recruit MSCs and/or add MSCs.
* Anchoring mechanisms.

« Technology can also be used for articular cartilage regeneration due to injury or
osteoarthritis.

@J Orthopedics
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