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The Becker Group

to develop translationally-relevant chemical methods that enable the Regioselective
placement of bioactive species on polymers
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The Becker Group

Degradable
Elastomers

Tissue Engineered

Hydrogels Vascular Grafts
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The problem we are trying to address

56% of war-injured patients have sustained
blast-related injuries (e.g., IEDs or RPGS)

Overall Casualties in OIF, OND, and OEF, 2001-2014
U.S. Service member Deaths 4,412
U.S. Service members Wounded in Action 31,949
Traumatic Brain Injuries >150,000

Photos from Ennio Tasciotti, HMRI
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UNMET MEDICAL NEED - SEGMENTAL BONE DEFECTS

Acute limb shortening
Inappropriate for large defects
Potentially poor functioning result

>1.9M bone graft procedures in 2012
~200,000 critical sized defects

Primary amputation
Cosmetic/psychological

Distraction Osteogenesis
Cumbersome
Infection
Painful

Autograft- Bone harvested from lliac Crest
Painful, expensive, recovery time

Allograft- Bone harvested from donor
_ Possible disease transmission
fibula tibia Limited availability
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Fracture Healing timeline

Marrow Cortical bone

Periosteum
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Nature Reviews Rheumatology 11, 45-54 (2015)
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}{ Unmet Medical Need:
Segmental defect following projectile Injury

Large Animal Model — Sheep Femur Repair
With Brad K Weiner & Ennio Tasciotti
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Amino-acid Based Poly (Ester Urea)s (PEU)

H N_H H H

R N_H HON-H N
s : O:gw O:g\‘ O:gw O:g\‘
[ = P
R - - R _H” _H _H _H
Ester bonds / / / /
H-bonding network

Semicrystalline: Thermal or solution-based processing offers a non-chemical method to tune the
mechanical properties, chemical stability and biodegradation rate.

Tunable Degradation:
Non-toxic byproduct: Amino acids, CO:, and readily metabolized diols
“Self” neutralization: No local acidic environment build up and acid-catalyzed degradation

Synthetic flexibility: Many combinations of amino acids and different diols possible

T. Kartvelishvili, G. Tsitlanadze, L. Edilashvili, N Japaridze, R. Katsarava Macromol. Chem. Phys., 1997 198,1921-1932.
K Stakleff, F Lin, LA Smith Callahan, MB Wadet, A Esterle, J Millert, M Graham, ML Becker* Acta Biomaterialia, 2013, 9, 5132-5142.

BECKER LABORATORY FOR FUNCTIONAL BIOMATERIALS



PEUS HAVE A BROAD RANGE OF PROPERTIES

triphosgene
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Gl Peterson, AV Dobrynin, ML Becker* ACS Macro Letters, 2016, 5 (10), 1176-1179.
Gl Peterson, H Li, EP Childers, AV Dobrynin, ML Becker* Macromolecules, 2017, 50 (11), 4300-4308.
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SYNTHESIS OF PEUS WITH DIFFERENT DIOLS

H,N_ _COOH 03 o
+ HO{\/}OH > 0 NH3*
m
m O SOz

Toluene
m=3,4,5,6 110 °C 21 h
(2.3eq)) (1eq.) Dean Stark Trap
yield ~85%
Interfacial Polymerization | Cl o _0.__C«Cl
Na,COs3 (3.1 eq.) Cl \ﬂ/ \KC|
H20 + CHCl3 ¢ o d
RT.N,2h (1.4 eq.)
yield ~90% '
i it
Samples My, Py TJ°C TjJ°C NH o{’\«};’ NH T
C6-PHE-PEU 50 k 1.79 286 54 O
C8-PHE-PEU 41k 1.90 287 32
_ —n
C10-PHE-PEU 63 k 2.1 287 11 m=3 C6-PHE-PEU
C12-PHE-PEU 34k  2.18 289 3 m=4 C8-PHE-PEU

m=5 C10-PHE-PEU

: : m=6 C12-PHE-PEU
JYu, FLin, Y Gao, P Lin, ML Becker, Macromolecules, 2014, 47(1), 121-129.
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TENSILE TEST OF PEUS wiTH DIFFERENT DioL CHAIN LENGTH

m=3 C6-PHE-PEU
m=4 C8-PHE-PEU
m=5 C10-PHE-PEU
m=6 C12-PHE-PEU
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JYu, F Lin, Y Gao, P Lin, ML Becker, Macromolecules, 2014, 47(1), 121-129.
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Scaffold for Large
Animal Model

Design criteria

1) Single surgery

2) No fixation hardware — glue

3) Tailorable to heights/ bone structure
4) Totally resorbable

5) Maintain structural integrity for 6 months

Orthopaedic surgeons use
hammers, saws & chisels...
It has to be simple

Collaboration w/
Brad Weiner & Ennio Tascotti — HMRI

BECKER LABORATORY FOR F & - -

o S
o N
A e, P
> \ il
N Y By
A T, L v
+ ~ . ,\. v
: AR S ."m"'l
L¢ ' B \"Hi- -
.8~ ¢ b
O g Wy ¥
; % wl h .a'p,
5 oy * T
R ALY
F = L]
AR b e il
-5 VAR e AP
o LA e, PR
. hTE Y v
B AT e T e
A Y Nl
4 ol "N . ";E“":' oy - |
(AN » L] . - -
A l-_\:,,{ TN e
.~ Q) A R
- o el \ X )
ST e 1 A
ol Nay e "};,‘f'\
.‘l‘”“ k'.w- S el "I .-‘-.4
» DGR
§ AT e e WY LW e
- - - ’ .
v - ." 1 ."‘:..!"\ ’
5 | PP VAT et 1 ‘\
' AS o RN » b LW
W e A T T Ly



Mold Design and Injection Molding

o
L

Partnership with Cook Medical PEU Shells - PCT/US15/30530

BECKER LABORATORY FOR FUNCTIONAL BIOMATERIALS



Mechanical Strength w/ Michael Moreno — Texas A&M BME

4 Point Bending Test

Ultimate Force: 1.1 £ 0.2 (103N)
Human Femur: 2~5 (10°N)
Dog metacarpal: 0.6 (103N)

Hold > 70 kg weight
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Degradable Poly(ester urea) Shells

Pre —op X Ray Bone removal Post —op X Ray

Brad K. Weiner, MD & Ennio Tascotti — Houston Methodist Research Institute
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Sheep Tibia X-Rays postop with Control

8 hours Post OP 4 weeks Post OP
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Histology shows Callus & quality bone formation

Polymer

Cortical bone Callus Formation
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Comprehensive Sheep Dynamics Study to assess
functional recovery
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Comprehensive Sheep Dynamics Study to Assess
Functional Recovery
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The Future: Patient Specific — Anatomically Correct

Digital Design

Only “works” when the optimal materials are available
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Pre-operative 3D Printing of Neurocranial Deficit
Implants

Preoperative Fabrication Saves OR Time ($150-300/minute) in Akron

Skull model (beige),
Surrogate (red),

Implant (white).

Dean D, Min K-J, Bond A: Computer Aided Design of Pre-fabricated Cranial Plates. J.
Craniofacial Surgery, 2003, 14:819-832,.
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3D Printing is not “New”

Types Description Materials
d - Mt extrigaon - Paly{kaciic acid)] (PLA)
- Thirgasgh a haaled nozele, pohymiar = Acrylonitrile butadinne shmens
! or ceramic is axinuded and printed Paly{winy| aloohal)
ha}r.ar by layar in tha x and i plana, Palycaprotattone}
=‘I whila a stage moves in the z plana, = Wylon
= Poly{carbonata)
b = Dot Mt g - Poly{caprotactona)
- & pofymer solution is exiruded - PLApolyiethylena glycol)
!E throwgh a nozzle in a layer-by- - Hydroxyapatite
- ook - Bioactive glasses
) - Prints with milder conditions to c;
E——— facilitate printing of blomalecides,

prodesna, and cells

- Mylons

- Poly{styremns)

- Eleead

= Titamum

= Composiles

- Gar@en sand

= Paly{carbonate)

/
I

- A layer-by-layer polyrmer powder
addition B fusediprinied by

sinkering each layer wilh 3 laser
- Full melling, parizal meliing, and

C - - Powder sintering
| Bguid phase sinlering

= Photo-polymerization = Paoly{propylane fumarate)
'F - A mowing platfrom allows a - Poiy{acrylate)
|_ podlymeer sodution to flow on top of - Trimethylens carbonate
the presvious kayver. Throwgh ultraviolet - g-caprolacions
treatment, the soluton is solidified - D L-lactide
friom the patbeming of the light
L BOUNTE.

EP Childers, M Wang, JP Fisher, ML Becker, D Dean* MRS Bulletin 2015, 40(2), 1119-1126.
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FDM 3D Printing

N Xu, X Ye, D Wei, J Zhong, Y Chen, G Xu, D He. ACS Applied Materials & Interfaces. 2014, 6, 14952-14963.
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Biologics Are Deactivated During FDM Printing

— Filament
Drivin Chemical T,(C) T,(C)
@ 9 structure
gears
O
PLLA %"ﬁ 60-65 173-178
n
Insulator O
PGA o 35-40 225-230
po A,
—~
(@)
Heater
PCL -65-60 58-63
——— Nozzle
too high for most
03 biologics to survive

| eated bed

Post-printing surface functionalization is needed.

1. PA Gunatillake, R Adhikari. Eur. Cell Mater. 2003, 5, 1- 16.

2. MI Sabir, X Xu, L Li. J. Mater. Sci. 2009, 44, 5713-5724.

3. S Wang, L Lu, MJ Yaszemski. Biomacromolecules. 2006, 7, 1976-1982.
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How do we incorporate biologics ? Contrast?

Sodium ascorbate
CuSO,
)

@ H,O/Ethanol

37°C,2h
Pepﬁde
~ - 70 ~ A N\
_* S & ° N;-Peptide - & \[ N
N
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Monomer Synthesis

H
SOgH
- OH O
. OH + HO NH; 1-PHE-6
2 5 toluene o
1 eq. 110°C, 21h
2.3¢eq 85% vyield
@] ! o 0]
NHBoc
HO NHBoc rt.,24h //O NHBoc rt.8h ///\O
1 eq. 2eq. 1eq. Compound 3
OH
Compound 1 Compound 2 HOM 1eq.
88% yield
DPTS/DIC, CH,Cl5
rt.,24 h
=
SN \\/O
. o {’\}O HCl/Dioxane 4 M 0
2 i, BocHN 0]
@] NH, HCI 0 NHBoc
1-pTYR-6 o 1 't 12h ™, T
96% yield
O/\\ O/\\\\\
1 eq.
Compound 5 Compound 4
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PEU Copolymer Synthesis

0
4-HEN OWO NH; @
© 305
1-PHE-6 T T

Cl.j.0. 0._j.Cl

PR (& o)

N
,3;/\0 Interfacial Polymerization f i
MasC04
) 0 H-O/CHC g i
Cl™ “HaN 0 - S0 o h h
3 O e e NH, CI 0°C, 2h ]
© Poly[(1-pTYR-6), 4,-co-(1-PHE-6
YI(i-p 0.02 0.98

| —-

e l

F |

1

b’ ¢ DMSO
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d
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L

6 4
Chemical Shift (ppm)
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PEUS SYNTHESIS & CHARACTERIZATION

Interfacial Polymerlzatlon
Na2CO3

aﬁpoootu J(\gl )H /$/
\% \%NH cl Wacfiréczfls % NO

PEU M, Dy T4°C T °C
Sample Composition  Polymer Filament Scaffold Polymer
Poly(1-PHE-6) 0:100 134k 105k 84k 1.7 294 59
Pon[(l-pTYR-6)0_02-co-(1-PHE-6)0_98] 2:98 108k 92k 85k 1.6 299 59
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FDM Printing — 200 um struts, 400 um pores

— Filament

——— Driving
gears

Insulator

Heater}

—— Nozzle

Heated bed
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Chromeo488-azide Attachment to Scaffold

Chromeo 488-azide
-

Sodium ascorbate
CuSO,
H,O/Ethanol
37°C,2h

Diameter: 8 mm; thickness: 1 mm; layer height: 150 um; fill density: 20%.
Strut size: 200 um; pore size: 400 um.
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Intensity (a.u.)

Concentrations via UV-Visible Spectroscopy

%MQW% /$ /étrﬁm

0.5~

W

0.4 1

o
w
]

o
N
1

sl

o
—
1

0.0

230 240 250 260 270 280 290 300 310
Wavelength (nm)

Intensity (a.u)

—
N
1 N

—
N
] N

o o
» o
I I

o
N
1

0.2

—_
(@]
. I .

Black curve: PEU + dye without Cu catalyst;

Red curve: PEU + dye with Cu catalyst.

~75 pmol/cm?
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Concentration Determination via Fluorescence

Black curve: Functionalized PEU (after EtO) + dye without Cu catalyst;
Blue curve: Functionalized PEU (after EtO) + dye with Cu catalyst;
Red curve: Functionalized PEU (before EtO) + dye with Cu catalyst.
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The surface functional group density is (75 5) pmol/cm?.
Functional group remains unaffected after EtO sterilization;
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Biologics into/ on Polymers Enhance Function

_ day 14 day 21
Rat cranial defect recovery - e

BMP-2 unloaded scaffold BMP-2 loaded scaffold
4 weeks

11 weeks

The bioactivity of biologics is concentration dependant.

JW Lee, KS Kang, SH Lee, JY Kim, BK Lee, DW Cho. Biomaterials, 2011,32, 744-752.
H Tao, B Marelli, M Yang, B An, MS Onses, JA Rogers, DL Kaplan, FG Omenetto. Advanced Materials, 2015, 27, 4273-4279.
NM Moore, NJ Lin, ND Gallant, ML Becker Acta Biomaterialia, 2011, 7, 2091-2100.
NM Moore, NJ Lin, ND Gallant, ML Becker Biomaterials, 2010, 31, 1604-1611.
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Bone Morphogenic Protein-2 (BMP-2)

N, —Linker- KIPKASSVPTELSAISTLYL

BMP binding to the heterodimeric receptor
induce the phosphorylation and
translocation of SMADS into the nucleus

nucleus |
gene transcription -  bone formation

NM Moore, NJ Lin, ND Gallant, ML Becker, Biomaterials. 2010, 31, 1604-1611
ND Gallant, KA Lavery, EJ Amis, ML Becker, Advanced Materials, 2007, 19(7), 965-969.
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Osteogenic Growth Peptide (OGP)

H-Ala-Leu-Lys-Arg-GIn-Gly-Arg-Thr-Leu- -OH
OGP [10-14]
_ Activation via
proteolysis
Dissociation
OGP[10-14]
OGP [10-14]

Cellular signaling

OGP[10-14]
Cell Membrane G; Protein

OGP [10-14]

40-140 pmol/cm?

Active domain drives mitogenic activity and differentiation of osteoblast cell lines

GM Policastro, ML Becker. Wires Nanomed and Nanobiotechnology. 2016, 8, 449-464.
NM Moore, NJ Lin, ND Gallant, ML Becker. Biomaterials. 2010, 31, 1604-1611.

BECKER LABORATORY FOR FUNCTIONAL BIOMATERIALS



Mineralization of hMSCs on Scaffolds

PEU PEU+OGP PEU+BMP-2

2 week \

Peptide introduction enhances hMSCs differentiation after 2 and 4 weeks culture.

S Li, Y Xu, J Yu, ML Becker* “Enhanced Osteogenic Activity of Poly(ester urea) Scaffolds using Facile Post-3D Printing
Peptide Functionalization Strategies”, Biomaterials 2017, 141, 176-187.
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S Li, K Hagan, D Luong, Y Xu, J Yu, ML Becker, 2017, submitted.
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1 month

S Li, K Hagan, D Luong, Y Xu, J Yu, ML Becker, 2017, submitted.
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Are the scaffolds strong enough?

3D printed scaffold
100 ¢

75% porosity

J

[0s]
o
T

o]
o

F
o

Scaffold by
Salt leaching
80% porosity

6000 N
No yield
No fracture

Compressive Modulus (MPa)

]
o

JYu,Y Xu, S Li, GV Siefert, ML Becker" Biomacromolecules 2017, 18 (12), 4171-4183.
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CONCLUSIONS:

POLY(ESTER UREA)S HAVE SHOWN PROMISE IN A NUMBER OF APPLICATIONS
BUFFERED DEGRADATION IS EMERGING SUCCESS HYPOTHESIS
FUNCTIONAL HEALING OF AN UNSUPPORTED SEGMENTAL DEFECT IS UNPRECEDENTED

HIGHLY TUNABLE - MECHANICALLY & CHEMICALLY & FUNCTIONALLY

REACTIVE HANDLES SURVIVE FILAMENT GENERATION AND 3D PRINTING.

THE PATIENTS ARE WAITING
SEEKING POSTDOCTORAL SCHOLARS — SYNTHESIS & BIOENGINEERING (BONE & DRUG DELIVERY)

TOMORROW'’S PROBLEMS WILL NOT BE SOLVED BY YESTERDAY'S MATERIALS
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